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Abstract 

Soft tissue sarcomas (STS) are a rare, heterogeneous, and challenging group of 

cancers to treat effectively. The approval of pazopanib, as well as promising clinical 

trial data for a number of other multi-target tyrosine kinase inhibitors (TKI), has 

demonstrated that this family of drug could be employed in the effective treatment of 

a number of advanced STS subtypes. However, treatment of advanced STS patients 

with multi-target TKIs has been shown to universally result in drug resistance, either 

through an intrinsic resistance or an acquired resistance after an initial response. The 

mechanisms of multi-target TKI resistance in STS are currently poorly understood and, 

as a result, STS patients currently lack effective salvage therapies. There is therefore 

a clinically unmet need to better understand mechanisms of multi-target TKI resistance 

in STS. This increased knowledge will allow for the development of novel treatment 

strategies to combat the emergence of TKI resistance, as well as salvage therapies 

that could be employed to treat TKI-resistant disease.  

In order to answer these questions, this project employed patient-derived xenograft 

(PDX)-derived STS cells as models of acquired and intrinsic pazopanib resistance and 

these were subjected to small molecule inhibitor screens. The multi-target TKI 

dasatinib was found to be an effective salvage therapy in pazopanib-resistant STS 

cells, mediated through inhibition of the Src signalling pathway. Building on this, I 

attempted to establish upstream mediators of Src signalling activity in Src-dependent, 

pazopanib-resistant STS and subsequently identified integrin signalling as a potential 

upstream regulator. 
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Additionally, I determined that the TKIs erdafitinib and ponatinib were effective in the 

first-line treatment of the A204 and G402 malignant rhabdoid tumour (MRT) cell lines 

characterised by co-activation of PDGFRα and FGFR1. Further to this, in A204 models 

harbouring multi-target TKI resistance towards pazopanib, regorafenib, sitravatinib, 

and anlotinib, erdafitinib and ponatinib were also found to be effective salvage 

therapies. Interestingly, the acquisition of sitravatinib resistance resulted in the 

emergence of collateral sensitivity to selective FGFR inhibition by infigratinib. Upon re-

acquisition of resistance to infigratinib, I have also elucidated further-line strategies 

that can be utilised to control disease progression. Through these means, I have 

nominated a number of treatment strategies that could be employed in order to control 

disease progression and resistance in MRT, an aggressive paediatric STS subtype. 
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EV       Empty vector 

EWSR1       Ewing RNA binding protein 1 

EZH2       Enhancer of zeste homolog 2 

FAK       Focal adhesion kinase 

FBS       Foetal bovine serum 

FDA       Food and Drug Administration 

FDG-PET CT Fluorodeoxyglucose (18F)-positron emission tomography 
computerised tomography 

FDR       False discovery rate 

FGA       Fibrinogen α chain 

FGF(R)(1/2/3/4)      Fibroblast growth factor (receptor) (1/2/3/4) 

FGFRI       Fibroblast growth factor receptor inhibitor 

FOXO       Forkhead box O 

FRS2       Fibroblast growth factor receptor substrate 2 

GAB1       GRB2-associated-binding protein 1 
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GAP       GTPase-activating proteins 

GDP       Guanosine diphosphate 

GEF       Guanine nucleotide-exchange factor 

Gem       Gemcitabine 

GIMP       GNU image manipulation program 

GIST       Gastrointestinal stromal tumour 

GPCR       G-protein coupled receptor 

GRB2       Growth factor receptor-bound protein 2 

GSK3       Glycogen synthase kinase 3 

GTP(ase)       Guanosine triphosphate (hydrolase) 

H & E       Haematoxylin & eosin 

HAART       Highly active antiretroviral therapy 

HDAC       Histone deacetylase 

HEPES       4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HER(2/3)       Human epidermal growth factor receptor 2 

HGF       Hepatocyte growth factor 

HHV8       Human herpesvirus 8 

HIF       Hypoxia inducible factor 

HIV       Human immunodeficiency virus 

HMVEC       Human microvascular endothelial cell 

HR       Hazard ratio 

HRP       Horseradish peroxidase 

Hsp90       Heat shock protein 90 

HUVEC       Human umbilical vein endothelial cell 

IACR       International Association of Cancer Registries 

IC50       Inhibitory constant 

ICAM-1       Intercellular adhesion molecule 1 

ICI       Immune checkpoint inhibitor 

ICR       Institute of Cancer Research 

IGF1R       Insulin-like growth factor 1 receptor 

IKK(1/2)       IκB kinase (1/2) 

IL-(2(ra)/6/8/12p40)      Interleukin-(2(receptor α)/6/8/12 subunit p40) 

IMT       Inflammatory myofibroblastic tumour 

Inf       Infigratinib 

InsR       Insulin receptor 

Inv       Inversion 
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IRS(1/2/3/4)      Insulin receptor substrates (1/2/3/4) 

ITG(A2/3/6/7/10/V)(B1/3/4)     Integrin (α2/3/6/7/10/V)(β1/3/4) 

JAK(1/2)       Janus kinase (1/2) 

JNK(1/2/3)      c-Jun N-terminal kinase (1/2/3) 

Kd       Dissociation constant 

LAG3       Lymphocyte-activation gene 3 

LFS       Li-Fraumeni syndrome 

LIF       Leukaemia inhibitory factor 

LMB       Leiomyoblastoma 

LMS       Leiomyosarcoma 

LPS       Liposarcoma 

MACS       Magnetic-activated cell sorting 

MAPK       Mitogen-activated protein kinase 

MEK       Mitogen-activated protein kinase kinase 

MHC       Major histocompatibility complex 

miRNA       MicroRNA 

MLPS       Myxoid liposarcoma 

(m)OS       (Median) overall survival 

MPC3       Mitochondrial pyruvate carrier 3 

(m)PFS       (Median) progression-free survival 

MPNST       Malignant peripheral nerve sheath tumour 

mRNA       Messenger RNA 

MRT       Malignant rhabdoid tumour 

MSC       Mesenchymal stem cells 

MSKCC       Memorial Sloan Kettering Cancer Center 

mTOR       Mechanistic target of rapamycin 

n/a       Not available 

NCT       National Clinical Trial 

NF-1       Neurofibromatosis type 1 

NF1       Neurofibromin 1 

NGS       Next-generation sequencing 

NHS       National Health Service 

NOS       Not otherwise specified 

NSCLC       Non-small cell lung cancer 

N-terminal      Amino-terminal 

NTRK(1/2/3)      Neurotrophic tyrosine kinase receptor (1/2/3) 
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OD       Omni die (once daily) 

ORR       Objective/overall response rate 

OSR       Overall survival rate 

p       p (short) arm of chromosome 

P(0/1)       Passage number (0/1) 

PARP       Poly (ADP-ribose) polymerase 

Paz       Pazopanib 

PBS       Phosphate-buffered saline 

PCR       Polymerase chain reaction 

PD       Progressive disease 

PD-1       Programmed cell death protein 1 

PDGF(R)((A/α)/(B/β))     Platelet-derived growth factor (receptor) (α/β) 

PD-L1       Programmed death-ligand 1 

PDPK1       Phosphoinositide-dependent protein kinase 1 

PDX       Patient-derived xenograft 

PEComa       Perivascular epithelioid cell sarcoma 

PFR       Progression-free rate 

PI3K       Phosphoinositide 3-kinase 

PIK3CA       Phosphoinositide 3-kinase, catalytic, α polypeptide 

PIP2       Phosphatidylinositol (4,5)-biphosphate 

PIP3       Phosphatidylinositol (3,4,5)-triphosphate 

PLK1       Polo-like kinase 1 

PMID       PubMed Identifier 

PNET       Primitive neuroectodermal tumour 

PNS       Peripheral nerve system 

p.o.       Per os (by mouth) 

Pon       Ponatinib 

PR       Partial response 

PRC2       Polycomb repressive complex 2 

PRSA       Pazopanib, regorafenib, sitravatinib, and anlotinib 

P/R/S/A       Pazopanib, regorafenib, sitravatinib, or anlotinib 

PT       Previously treated with 

PTB       Phosphotyrosine-binding 

PTEN       Phosphatase and tensin homolog 

PTK2B       Protein tyrosine kinase 2β 

PTPN11       Phosphatase non-receptor type 11 
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PVDF       Polyvinylidene fluoride 

q       q (long) arm of chromosome 

qPCR       Quantitative polymerase chain reaction 

Raf       Rapidly accelerated fibrosarcoma 

Ras       Rat sarcoma 

RB1       Retinoblastoma protein 1 

RBC       Red blood cell 

RCOG       Royal College of Obstetricians and Gynaecologists 

RECIST       Response evaluation criteria in solid tumours 

Reg       Regorafenib 

RET       Rearranged during transfection 

RGC       Receptor guanylate cyclase 

RIP       Rest in peace 

RIPA       Radioimmunoprecipitation assay 

Rn       Reporter signal 

RNA       Ribonucleic acid 

RNase       Ribonuclease 

RPMI       Roswell Park Memorial Institute 

RRID       Research Resource Identifiers 

RTK(I)       Receptor tyrosine kinase (inhibitor) 

SAM       Significance analysis of microarrays 

S.D.       Standard deviation 

SCF       Stem cell factor 

SD       Stable disease 

SDH(A/B/C/D)      Succinate dehydrogenase (A/B/C/D) 

SDS       Sodium dodecyl sulfate 

SFT       Solitary fibrous tumour 

SH(1/2/3/4)      Src homology (1/2/3/4) 

SHC       Src homology 2 domain-containing 

SHH       Sonic hedgehog 

shRNA       Short hairpin RNA 

siRNA       Small interfering RNA 

Sit       Sitravatinib 

SMARCB1 SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily B member 1 

SNS Sympathetic nervous system 

SOS Son of sevenless 
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SrcK295M Dominant-negative Src 

SrcT338I Dasatinib-resistant Src 

SrcWT Wild-type Src 

SS       Synovial sarcoma 

SS18       Synovial sarcoma translocation, chromosome 18 

SSX1/2/4       Synovial sarcoma X 1/2/4 breakpoint proteins 

STAT(3)       Signal transducer and activator of transcription (3) 

STE Sterile kinase 

STR       Short tandem repeats 

STS       Soft tissue sarcoma 

SWI/SNF       Switch/sucrose non-fermentable 

t       Translocation 

TBS(T)       Tris-buffered saline (with 0.1% Tween 20) 

TCR       T cell receptor 

TGCT       Tenosynovial giant cell tumour 

TGF(α/β)(R)(1)      Transforming growth factor (α/β)(receptor)(1) 

TH01       Tyrosine hydroxylase intron 1 

TK(D)       Tyrosine kinase (domain) 

TKI       Tyrosine kinase inhibitor 

TKL       Tyrosine kinase-like 

TLS       Tertiary lymphoid structure 

TME       Tumour microenvironment 

TMT       Tandem mass tag 

TMZ       Temozolamide 

TP53       Tumour protein 53 

TPOX       Thyroid peroxidase intron 10 

TSC(1/2)       Tuberous sclerosis complex (1/2) 

UK       United Kingdom 

UPS       Undifferentiated pleomorphic sarcoma 

VEGF(R)(1/2/3)      Vascular endothelial growth factor (receptor)(1/2/3) 

Veh       Vehicle 

vWA       Von Willebrand factor type A domain protein 

WDLPS       Well-differentiated liposarcoma 

WHO       World Health Organization 
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1.1 Sarcoma 

1.1.1 Sarcoma overview 

Sarcomas are a rare and heterogeneous group of cancers that comprise 

approximately 1% of all adult malignancies diagnosed annually and currently consist 

of approximately 160 different histological subtype classifications (Figure 1.1) (Blay et 

al., 2019; Cancer Research UK, 2010; Cancer Research UK, 2017; WHO, 2020). The 

incidence increases to approximately 10% within paediatric (0-14 years) malignancies 

(Figure 1.1) (Cancer Research UK, 2006-2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Incidence of sarcomas in adult and paediatric malignancies per annum. (A) Annual incidence of 

sarcoma and the 20 most commonly diagnosed adult cancers in the United Kingdom (UK) for 2017 (Cancer Research 

UK, 2017). Sarcoma data are an amalgamation of newest available data for the UK from 2010 (for soft tissue sarcoma) 

A 
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and 2017 (for bone/cartilage sarcoma) (Cancer Research UK, 2010; Cancer Research UK, 2017). These data exclude 

non-melanoma skin cancer because of known under-reporting. (B) Average annual incidence of the 12 most commonly 

diagnosed paediatric cancers (0-14 years) in the UK for the years 2006-2008 (Cancer Research UK, 2006-2008). CNS; 

Central Nervous System, SNS; Sympathetic nervous system. 

Sarcomas are classified as malignant tumours that arise in tissues derived from cells 

of the embryonic mesenchyme (Sannino et al., 2017). During the early stages of 

embryogenesis, gastrulation of the blastula results in triploblasty where the embryo is 

separated into three distinct germ layers: an outer ectoderm, an inner endoderm, and 

a central mesoderm (Ferretti & Hadjantonakis, 2019). Whilst the ectoderm and 

endoderm form layers of epithelial cells, the mesoderm forms the majority of a type of 

early connective tissue called the mesenchyme, with a small contribution being 

derived from the neuroectoderm (Clark et al., 2005; Hay, 2005; Linch et al., 2014; 

MacCord, 2012). The mesenchyme consists of a loose network of motile 

mesenchymal cells embedded in a fluid extracellular matrix (ECM). A main 

characteristic of these mesenchymal cells is their ability to migrate and invade 

throughout the epithelial layers of the developing embryo. The mesenchyme is 

primarily a transient tissue existing during embryogenesis and early development, 

however mesenchymal stem cells (MSC) are present in various adult tissues such as 

bone marrow, adipose tissue, and dental tissues (Hay, 2005; Lamouille et al., 2014; 

MacCord, 2012; Ullah et al., 2015). Embryonic mesenchymal cells and MSC are 

multipotent and differentiate into a variety of discrete cell types comprising connective 

tissue structures such as bone, cartilage, muscle, fat, vasculature, stroma, and others 

(Figure 1.2) (Gaebler et al., 2017). Cancerous growth within these tissues results in 

the formation of sarcomas and, therefore, sarcomas can occur in any anatomical 

location throughout the body; most commonly in the extremities (WHO, 2020). As 

sarcomas originate from a variety of differing cell types, with the only common 

denominator being their mesenchymal ancestry, sarcomas are characterised by 

extreme clinical, molecular, and histological heterogeneity (Linch et al., 2014; 

Schaefer et al., 2018).  
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Figure 1.2: Mesenchymal cell differentiation and associated sarcomas. Schematic of mesenchymal cell 

differentiation and associated sarcomas that arise from these differentiated cells (adapted from Gaebler et al., 2017). 

Image was created using BioRender.  

Sarcomas are classified into two distinct sub-divisions (National Cancer Intelligence 

Network, 2013):  

 osteo/chondrosarcomas of bone and cartilage 

 soft tissue sarcomas (STS) of soft tissues such as muscles, fat, stroma, etc.  

There is a further, less distinct classification of sarcomas that arise from cells of both 

bone/cartilage and soft tissues, such as Ewing sarcoma (WHO, 2020). The vast 

majority of sarcomas are STS, which comprise approximately 85% of sarcoma 

diagnoses per annum (Cancer Research UK, 2010; Cancer Research UK, 2017).  

 

1.1.2 Soft tissue sarcoma 

STS are malignancies of the soft connective tissues of the body such as smooth 

muscle (leiomyosarcoma), skeletal muscle (rhabdomyosarcoma), fat (liposarcoma), 

blood vessels (angiosarcoma), and stroma (fibrosarcoma), among many others 

(Figure 1.3) (Clark et al., 2005; WHO, 2020). The latest classifications from the World 
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Health Organisation (WHO) have identified approximately 80 differing histological 

subtypes and, therefore, STS are highly heterogeneous in their pathology, disease 

presentation, and clinical response (WHO, 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Dendrogram of STS subtypes based on cell lineage. Dendrogram displays ~80 STS subtypes, as 

defined by WHO classifications (WHO, 2020). Figure excludes benign tumours. Dendrogram is ordered based on cell 

lineage, as well as prognostic and genetic similarities (anticlockwise from top left); fibroblastic/myofibroblastic (grey), 

fibrohistiocytic (cyan), uncertain differentiation (red), vascular (peach), pericytic (orange), GIST (black), smooth muscle 

(dark green), skeletal muscle (light green), peripheral nerve sheath (pink), chondro-osseous (blue), and adipocytic 

(yellow) (adapted from Taylor et al., 2011). Morphology codes are from the International Classification of Diseases for 

Oncology, third edition, second revision (IACR, 2019). Behaviour is coded /1 for unspecified, borderline, or uncertain 

behaviour, and /3 for malignant tumours (WHO, 2020). Bcl-6; B-cell lymphoma 6 protein, BCOR; Bcl-6 corepressor, 

CIC; Capicua transcriptional repressor, ETS; E26 transformation-specific, EWSR1; Ewing RNA binding protein 1, GIST; 

Gastrointestinal stromal tumour, RNA; Ribonucleic acid, STS; Soft tissue sarcoma, WHO; World Health Organization. 
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The approximation of 80 subtypes of STS excludes benign soft tissue tumours, which 

are 100 times more common than their malignant counterparts (Clark et al., 2005; 

WHO, 2020). For example, lipomas – benign tumours of mature adipocytes – are 

relatively common and occur in around 1% of the general population, with this 

incidence increasing in the elderly and obese populations (Cancer Research UK, 

2020; Johnson et al., 2018; WHO, 2020). Although frequently painless, harmless, and 

extremely unlikely to develop into malignant disease, benign soft tissue tumours can 

still have profound effects on patient health and wellbeing. For instance, fibroids (also 

known as uterine leiomyomas or myomas) are benign tumours that occur in the 

smooth muscle wall of the uterus and occur in around 50-60% of women (Donnez et 

al., 2018). A surgical technique called morcellation can be used to treat fibroids by 

cutting the uterine tumour tissue into smaller pieces that can be removed 

laparoscopically (RCOG, 2019). However, fibroids can harbour unexpected and 

undiagnosed malignant uterine leiomyosarcoma – a risk which increases with age – 

and morcellation of malignant tissue can result in the dissemination of the disease, 

thereby increasing patient mortality (Chen et al., 2018; George et al., 2014; Nobre et 

al., 2021; RCOG, 2019). Furthermore, due to the relative rarity of STS compared to 

the frequency of benign soft tissue tumours, as well as the extensive clinical, 

histological, and molecular similarities in benign and malignant tissues, STS are often 

initially misdiagnosed as benign tumours (Chen et al., 2018; Clark et al., 2005; 

Johnson et al. 2018; O’Donnell et al., 2013; WHO, 2020). Additionally, although 

exceptionally rare, benign tumours can develop into malignancies as is observed in 

the infrequent transformation (~9-15%) of benign plexiform neurofibromas of the 

peripheral nervous system (PNS) into malignant peripheral nerve sheath tumour 

(Evans et al., 2012; Uusitalo et al., 2016; WHO, 2020; Widemann, 2009). Misdiagnosis 

can therefore result in delays in proper diagnosis and specialist management, harmful 

and/or inappropriate surgeries, and the progression of undetected STS resulting in 

increased mortality.  

 

1.1.2.1 Epidemiology and aetiology 

As with sarcomas in general, STS are extremely rare, making up <1% of all adult 

malignancies diagnosed annually (Clark et al., 2005; WHO, 2020). This incidence 
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once again increases in children, with STS constituting ~6-8% of all paediatric (0-14 

years) cancers, with certain histologies occurring almost exclusively at this stage of 

development, such as embryonal rhabdomyosarcoma (Cancer Research UK, 2006-

2008; Sangkhathat, 2015; Skapek et al., 2019; WHO, 2020). As with almost all 

cancers, STS become more common with age however age-related incidences vary 

markedly dependent on subtype (Cancer Research UK, 2008-2010; White et al., 2015; 

WHO, 2020). For instance, liposarcoma, leiomyosarcoma, and undifferentiated 

pleomorphic sarcoma comprise the majority of geriatric malignancies, synovial 

sarcoma predominantly affects young adults, and approximately half of paediatric STS 

diagnoses are rhabdomyosarcomas (Jones et al., 2017; Parikh et al., 2018; Skapek 

et al., 2019; WHO, 2020).  

STS can arise throughout the body but most commonly (~75%) occur in the 

extremities, especially in the thigh, and ~20% are located in the trunk and 

retroperitoneum (Clark et al., 2005; Hoefkens et al., 2016; WHO, 2020). The aetiology 

of most STS are unknown and the majority of these malignancies are believed to arise 

de novo, without an apparent causative factor such as genetics, smoking/diet, or 

environmental factors (American Cancer Society, 2018; Clark et al., 2005; WHO, 

2020). Despite this, around 10% of STS are known to be associated with specific 

aetiologic agents such as viruses, genomic alterations, chemical carcinogens, and 

radiation (American Cancer Society, 2018; Cancer Research UK, 2015; Dow et al., 

2014; WHO, 2020).  

 

1.1.2.1.1 Viral aetiological factors 

One of the most well studied STS of this minority of aetiologically-certain malignancies 

is Kaposi sarcoma - caused by the infection of immunocompromised persons by 

human herpesvirus 8 (HHV8) - which gained widespread public attention during the 

height of the acquired immune deficiency syndrome (AIDS) epidemic in the early 

1980s (Cesarman et al., 2019; Dow et al., 2014). This notoriety is due to the 

opportunistic nature of HHV8 infection and subsequent Kaposi sarcoma incidence in 

human immunodeficiency virus (HIV)-positive immunocompromised populations 

(Cesarman et al., 2015; Dow et al., 2014). Kaposi sarcoma manifests as locally 

aggressive neoplasms of endothelial cells resulting in cutaneous lesions and nodules 
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that were, and continue to be, a highly stigmatising symptom of HIV infection 

(Cesarman et al., 2019; WHO, 2020). As the AIDS epidemic continues to rage 

throughout sub-Saharan Africa, Kaposi sarcoma remains the most common cancer in 

men, and second most common in woman, in countries such as Uganda, Malawi, and 

Zimbabwe (Cesarman et al., 2019; Harris, 2016; Jamison et al., 2006). Similarly, the 

Epstein-Barr virus (EBV) – another member of the herpesvirus family – has been 

associated as an opportunistic aetiological factor in leiomyosarcoma of the 

immunocompromised (Cancer Research UK, 2015; Deyrup et al, 2006; Shannon-

Lowe & Rickinson, 2019; WHO, 2020). It is important to differentiate virus-associated 

sarcomas from the majority of ‘normal’ STS as they usually require substantially 

different therapies (Cancer Research UK, 2018; Schneider & Dittmer, 2017). 

 

1.1.2.1.2 Genetic aetiological factors 

Although infrequent, a fraction of STS cases are notably associated with heritable 

cancer predisposition syndromes (Farid & Ngeow, 2016). These disorders are caused 

by inherited genetic mutations in one or more genes that result in the predisposition of 

the afflicted individual to the development of cancer, particularly early-onset cancers 

(Farid & Ngeow, 2016; Garber & Offit, 2005). An example of such a syndrome that is 

associated with the development of STS is Li-Fraumeni syndrome (LFS) (Farid & 

Ngeow, 2016; Gonzalez et al., 2009). LFS is a rare autosomal dominant disease 

caused by germline mutations in the tumour protein 53 (TP53) tumour suppressor 

gene (Gonzalez et al., 2009; Malkin, 2011). These mutations result in the aberrant 

activity of the TP53-encoded transcription factor p53, resulting in dysregulation of DNA 

repair, cell cycle, senescence, and apoptosis mechanisms, potentially leading to 

tumourigenesis (Mello & Attardi, 2018; Ognjanovic et al., 2012). LFS sufferers are 

therefore characterised by an increased predisposition towards early-onset cancer 

and an extremely high lifetime cancer risk, with STS making up the second most 

common (~11.6-17.8%) LFS-associated malignancy, behind only breast cancer 

(Bougeard et al., 2015; Farid & Ngeow, 2016;  Nichols et al., 2001; WHO, 2020). 

Another cancer predisposition syndrome associated with the development of STS is 

neurofibromatosis type 1 (NF-1). Similarly to LFS, NF-1 is an autosomal dominant 

disorder caused by inactivating germline mutations in the tumour suppressing NF1 
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gene encoding neurofibromin 1 (Emmerich et al., 2015; Farid & Ngeow, 2016; 

Gutmann et al., 2017). Neurofibromin 1 acts as a tumour suppressor through its 

activity as a negative regulator of the mitogen-activated protein kinase (MAPK) 

pathway – a pathway integral to physiological, as well as tumourigenic, cellular 

phenotypes such as growth, proliferation, and survival (Emmerich et al., 2015; Ratner 

& Miller, 2015; Yap et al., 2014;  Zhang & Liu, 2002). Neurofibromin 1 is highly 

expressed in the PNS (Ryu et al., 2019). Therefore, NF-1 results in the development 

of multiple neurofibromas of peripheral nerve sheaths and significantly increases (≥2-

fold increase) the risk of developing malignant peripheral nerve sheath tumour, with 

~5-13% of NF-1 patients developing these malignancies (De Raedt et al., 2003; Farid 

& Ngeow, 2016; Widemann, 2009). Furthermore, ~5-7% of NF-1 patients develop 

gastrointestinal stromal tumours (GIST), which are malignancies of the interstitial cells 

of Cajal that line the gastrointestinal tract (Corless et al., 2011; Farid & Ngeow, 2016; 

Nishida et al., 2016; WHO, 2020). In addition, a variety of other heritable syndromes 

are associated with the development and increased lifetime risk of GIST, such as 

Carney-Stratakis syndrome and familial GIST syndrome, which are caused by 

germline succinate dehydrogenase (SDH) and platelet-derived growth factor receptor 

α (PDGFRA)/KIT mutations, respectively (Farid & Ngeow, 2016; Li et al., 2005; 

Stratakis & Carney, 2009; WHO, 2020). In addition to the various cancer predisposition 

syndromes described, there are multiple other heritable disorders that have also been 

reported as being associated with an increased risk of developing STS, such as 

hereditary retinoblastoma, Gardner, and Werner syndromes, among many others 

(Cancer Research UK, 2015; Farid & Ngeow, 2016; Hatzimarkou et al., 2006; Lauper 

et al., 2013; WHO, 2020).  

These rare, inherited cancer predisposition syndromes account for a minute number 

of overall STS incident cases, however, a large, multicentre study has recently 

reported that potentially up to 50% of STS patients harbour inherited, putatively 

pathogenic and aetiological germline variants of known or novel cancer-associated 

genes (Ballinger et al., 2016). These results, if validated, suggest that a large 

proportion of sarcomas actually develop due to underlying genomic aberrations, 

contrary to the prior belief that the majority of STS develop de novo, which could have 

wide ranging implications in terms of familial genetic testing, screening, and therapy 

(Ballinger et al., 2016; Benjamin & Futreal, 2016; Thomas et al., 2012).  
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1.1.2.1.3 Chemical and radiation aetiological factors 

Chemical substances and radiation have long been known as causative factors in a 

wide range of cancers, especially in occupations highly exposed to such carcinogens 

(Cancer Research UK, 2015; Goodson 3rd et al., 2015). Numerous studies have 

highlighted the association between excess occupational exposure to chemical 

carcinogens, such as vinyl chloride, phenoxy herbicides, and dioxins, with an 

increased risk of developing STS (Eriksson et al., 1990; Hardell & Eriksson, 1988; 

NHS, 2019; Rhomberg, 1998; Zahm & Fraumeni Jr, 1997). However, more recent 

studies on phenoxy herbicides have not found a significant association and therefore 

the absolute risk of these chemicals in the development of STS is disputed and 

uncertain (Jayakody et al., 2015). These contemporary studies hypothesise that this 

loss of association could be due to the decrease of dioxin contamination in modern 

phenoxy herbicides (Jayakody et al., 2015; Zambon et al., 2007; WHO, 2020).  

Approximately 5% of all diagnosed STS are radiation-associated; most commonly as 

a result of prior radiotherapeutic irradiation in the management of other malignancies 

such as breast cancer and lymphoma (Brady et al., 1992; Clark et al., 2005; Karlsson 

et al., 1998; Mito et al., 2019; WHO, 2020). The risk of developing radiation-induced 

STS increases linearly with administered dose (to at least 40-50 Gy), with children 

being the demographic most at risk (Berrington de Gonzalez et al., 2012; Karlsson et 

al., 1998; WHO, 2020). Furthermore, there is also evidence that individuals suffering 

from hereditary cancer predisposition syndromes are more susceptible to developing 

radiation-induced STS (Berrington de Gonzalez et al., 2012). The most commonly 

diagnosed radiation-induced STS subtype is undifferentiated pleomorphic sarcoma, 

and the association with radiation frequently results in a more aggressive disease 

phenotype and a worse prognosis (Brady et al., 1992; Dineen et al., 2015; Gladdy et 

al., 2010; WHO, 2020). Despite the known association, radiation-associated STS 

occur in fewer than 1% of patients who receive radiation therapy and therefore the 

overall benefits of radiotherapy outweigh the minimally increased risk of sarcoma 

(Clark et al., 2005; Mito et al., 2019).  
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1.1.2.2 Classifications of soft tissue sarcomas 

The heterogeneity of STS can be broadly classified into two distinct subgroups based 

on their underlying genetic profiles and characteristics (Figure 1.4) (Bovée & 

Hogendoorn, 2010; Linch et al., 2014): 

1. Genetically “Simple” STS – comprise tumours with specific pathognomonic 

genetic alterations, recurrent aberrations, and relatively simple karyotypes 

(Table 1.1) 

2. Genetically “Complex” STS – comprise tumours with non-recurrent genetic 

alterations and relatively complex karyotypes. 

Despite this apparently simple distinction between subgroups, classification of STS 

can be more accurately based upon a spectrum of genomic characteristics and 

complexity (Figure 1.4) (Lim et al., 2015). Additionally, advanced and progressing 

tumours tend to display higher degrees of genomic complexity and mutational burden 

than the originating primary tumour (Bovée & Hogendoorn, 2010; Lim et al., 2015; 

Mariño-Enriquez & Bovée, 2016). Our ever-increasing understanding of the 

differences in genomic characteristics and complexities present in specific STS 

subtypes has and will continue to advance our ability to accurately diagnose patients, 

with the overall clinical aim being to provide and develop the most effective treatments 

based on underlying genetics and biology, as opposed to histology and morphology. 

Therefore, a continued advancement of our understanding of the genetic and 

biological processes underpinning STS subtypes will allow sarcoma clinicians to treat 

specific subtypes with effective biology-driven therapies, as opposed to a one-size-

fits-all treatment approach for the molecularly and clinically heterogeneous group of 

malignancies falling under the diagnostic umbrella of STS (Lim et al., 2015). 
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Table 1.1: Examples of STS subtypes with subtype-associated, recurrent genetic aberrations and oncogenic consequences. 

Subtype 
Subtype-associated, recurrent 

genetic aberration(s) 
Affected genes Oncogenic consequence 

Chromosomal translocations, inversions, & rearrangements (~15-20%) 

Alveolar 
rhabdomyosarcoma 

t(2;13)(q35;q14) PAX3-FOXO1 fusion 
Aberrant transcription 

t(1;13)(p36;q14) PAX7-FOXO1 fusion 

Alveolar soft part sarcoma t(X;17)(p11;q25) TFE3-ASPSCR1 fusion Aberrant transcription 

BCOR-rearranged 
sarcoma 

Inv(X)(p11p11) BCOR-CCNB3 fusion Aberrant transcription 

CIC-rearranged sarcoma 
t(4;19)(q35;q13) 

CIC-DUX4 fusion Aberrant transcription 
t(10;19)(q26;q13) 

Clear cell sarcoma t(12;22)(q13;q12) EWSR1-ATF1 fusion Aberrant transcription 

Desmoplastic small round 
cell tumour 

t(11;22)(p13;q12) EWSR1-WT1 fusion Aberrant transcription 

Dermatofibrosarcoma 
protuberans 

Supernumerary ring chromosomes;  
17 & 22 COL1A1-PDGFB fusion Oncogenic PDGFR signalling 

t(17;22)(q22;q13) 

Epithelioid 
haemangioendothelioma 

t(1;3)(p36;q25) WWTR1-CAMTA1 fusion 
Aberrant transcription 

t(X;11)(p11;q22) YAP1-TFE3 fusion 

Ewing sarcoma 
(Primitive neuroectodermal 

tumour) 

t(11;22)(q24;q12) EWSR1-FLI1 fusion 
Aberrant transcription 

t(21;22)(q22;q12) EWSR1-ERG fusion 

Extraskeletal myxoid 
chondrosarcoma 

t(9;22)(q22;q12) EWSR1-NR4A3 fusion 

Aberrant transcription t(9;17)(q22;q11) TAF15-NR4A3 fusion 

t(9;15)(q22;q21) TCF12-NR4A3 fusion 

Infantile fibrosarcoma t(12;15)(p13;q25) ETV6-NTRK3 fusion Oncogenic NTRK signalling 

Inflammatory 
myofibroblastic tumour 

t(1;2)(q22;p23) TPM3-ALK fusion 

Oncogenic ALK signalling t(2;19)(p23;p13) TPM4-ALK fusion 

t(2;17)(p23;q23) CLTC-ALK fusion 

Low-grade fibromyxoid 
sarcoma 

Supernumerary ring chromosomes;       
7 & 16 FUS-CREB3L2 fusion 

Aberrant transcription 
t(7;16)(q33;p11) 

t(11;16)(p11;p11) FUS-CREB3L1 fusion 

Mesenchymal 
chondrosarcoma 

t(8;8)(q13;q21) HEY1-NCOA2 fusion Aberrant transcription 

Myxoid liposarcoma 
t(12;16)(q13;p11) FUS-DDIT3 fusion 

Aberrant transcription 
t(12;22)(q13;q12) EWSR1-DDIT3 fusion 

Pseudomyogenic 
haemangioendothelioma 

t(7;19)(q22;q13) SERPINE1-FOSB fusion Aberrant transcription 

Sclerosing epithelioid 
fibrosarcoma 

t(11;22)(p11;q12) EWSR1-CREB3L1 fusion Aberrant transcription 

Solitary fibrous tumour Inv(12)(q13q13) NAB2-STAT6 fusion Aberrant transcription 

Synovial sarcoma (Figure 
1.5) 

t(X;18)(p11;q11) SS18-SSX1/SSX2 fusion Aberrant transcription 

Oncogenic mutations (~20%) 

Epithelioid sarcoma 
(Figure 1.5) 

Deletions/inactivating mutations/                                  
epigenetic silencing; 22q11 

SMARCB1 loss-of-function Tumour suppressor deactivation 

Gastrointestinal stromal 
tumour (Figure 1.5) 

Activating mutations; 4q12 
KIT, PDGFRA gain-of-function 

(~85%). 
Oncogenic PDGFR/KIT signalling  

Inactivating mutations/epigenetic 
silencing; 5p15/1p36/1q23/11q23 

SDH loss-of-function/dysfunction 
(~5-10%) 

Oncogenic succinate accumulation 

Malignant peripheral nerve  
sheath tumour 

Deletions/inactivating mutations;  
17q11 & 11q14 

NF1, SUZ12, EED loss-of-function Tumour suppressor deactivation 

Malignant rhabdoid tumour         
(Figure 1.5) 

Deletions/inactivating mutations/                               
epigenetic silencing; 22q11 

SMARCB1 loss-of-function Tumour suppressor deactivation 

PEComa 
Deletions/inactivating mutations;  

9q34 or 16p13 
TSC1, TSC2 loss-of-function Tumour suppressor deactivation 

Gene amplifications (~10-15%) 

Dedifferentiated 
liposarcoma 

Amplifications; 12q14-q15 & 1p32 MDM2, CDK4, JUN amplification Oncogene activation 

Intimal sarcoma Amplifications; 12q13-q15 & 4q12 
MDM2, CDK4, TSPAN31, GLI1, 

PDGFRA, KIT amplification 
Oncogene activation 

Well-differentiated 
liposarcoma 

Amplifications; 12q14-q15 MDM2, CDK4 amplification Oncogene activation 

Table displays the most common, recurrent, and characteristic genetic aberrations observed in specific STS subtypes and is not an exhaustive list of all 
know subtype-associated genetic abnormalities. Translocations with a prevalence of >5% are included. The approximate percentages shown are in the 
context of all STS.  Bcl-6; B-cell lymphoma 6 protein, BCOR; Bcl-6 corepressor, CIC; Capicua transcriptional corepressor, Inv; Inversion, NTRK; 
Neurotrophic tyrosine kinase receptor, p; p (short) arm of chromosome, PDGFR; Platelet-derived growth factor receptor; PEComa; Perivascular 
epithelioid cell sarcoma, q; q (long) arm of chromosome, STS; Soft tissue sarcoma, t; Translocation (Bovée & Hogendoorn, 2010; Guillou & Aurias, 2010; 
Linch et al., 2014; Schaefer et al., 2018; WHO, 2020). 
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Figure 1.4: Spectrum of genetic characteristics and complexity in STS. Translocation-associated STS typically display a simple genetic profile and stable genome with low mutational burden and 

normal diploid karyotype. “Relatively simple” STS display recurrent genetic aberrations and oncogenic driver mutations with increased mutational burden and background genome complexity. 

Pleomorphic STS are characterised by complex genomic profiles, numerous chromosomal abnormalities, and high mutational load. These STS lack recurrent or consistent genetic alterations. (Guillou 

& Aurias, 2010; Holland & Cleveland, 2012; Lim et al., 2015;  Linch et al., 2014; Mariño-Enriquez & Bovée, 2016; Setty et al., 2020). Examples of copy number profiles from Ewing sarcoma/PNET 

(“simple”), GIST (“relatively simple”), and UPS (“complex”) (adapted from Mariño-Enriquez & Bovée, 2016). DDLPS; Dedifferentiated liposarcoma, GIST; Gastrointestinal stromal tumour, MPNST; 

Malignant peripheral nerve sheath tumour, MRT; Malignant rhabdoid tumour, PNET; Primitive neuroectodermal tumour, UPS; Undifferentiated liposarcoma, WDLPS; Well-differentiated liposarcoma. 
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1.1.2.2.1 “Simple” soft tissue sarcomas 

The first group of STS comprise tumours with specific pathognomonic genetic 

alterations or oncogenic mutations with relatively simple karyotypes (~45-55% of STS) 

(Bovée & Hogendoorn, 2010; Guillou & Aurias, 2010; Linch et al., 2014) (Figure 1.5; 

Table 1). Approximately 15-20% of sarcomas are characterised by chromosomal 

translocations that produce fusion or chimeric genes. Most often, these genes encode 

aberrant transcription factors, such as is observed in synovial sarcoma, alveolar soft 

part sarcoma, alveolar rhabdomyosarcoma, and many others (Table 1.1) (Linch et al., 

2014; Schaefer et al., 2018).  

For example, >95% of synovial sarcomas are characterised by the t(X;18)(p11;q11) 

translocation which fuses the SS18 gene on chromosome 18 to one of the three SSX 

genes (SSX1/2/4) on the X chromosome (Figure 1.5A) (Stacchiotti & Van Tine, 2018; 

WHO, 2020). Of these translocations, the SS18-SSX1 fusion represents 

approximately two thirds of synovial sarcomas and SS18-SSX2 constitutes the 

remaining third, with the SS18-SSX4 presenting very rarely (Przybyl et al., 2012; 

WHO, 2020). Expression of these gene fusions synthesise the chimeric SS18-SSX 

protein that competes with wild-type SS18 for binding to switch/sucrose non-

fermentable (SWI/SNF) chromatin remodelling complexes (Kadoch & Crabtree, 2013; 

Svejstrup, 2013). Binding of the SS18-SSX1 fusion protein results in pathological 

alterations of SWI/SNF complexes, such as changes in subtype expression levels, 

molecular subunit constitution, and genomic distribution (Li et al., 2021). The 

tumourigenic SWI/SNF complexes subsequently bind DNA resulting in nucleosome 

and chromatin remodelling, as well as the recruitment of transcriptional machinery, in 

order to activate aberrant expression of oncogenes, such as SOX2, that result in 

oncogenic synovial sarcoma proliferation (Figure 1.5A) (Kadoch & Crabtree, 2013; 

Mittal & Roberts, 2020; Stacchiotti & Van Tine, 2018; Svejstrup, 2013).  

The remaining ~30-35% of “simple” STS are characterised by recurrent genetic 

alterations such gene amplifications, activating/inactivating/deleterious mutations, as 

well as epigenetic silencing, that additionally also tend to display more complex 

background genomic aberrations than translocation-associated STS (Table 1.1; 

Figure 1.4) (Linch et al., 2014; Schaefer et al., 2018).  
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An example of this subset of STS is GIST, which are characterised in ~85% of cases 

by activating mutations of the 4q12 locus that encodes the receptor tyrosine kinases 

(RTK) KIT and platelet-derived growth factor receptor α (PDGFRα) (Table 1.1; Figure 

1.4; Figure 1.5B) (Corless et al., 2014; WHO, 2020). The vast majority of GIST-

inducing RTK mutational events are mutually exclusive and lead to constitutive, ligand-

independent activity of the associated RTK resulting in oncogenic intracellular activity 

and tumourigenesis (Figure 1.5B) (Braconi et al., 2008; Corless et al., 2014; Schaefer 

et al., 2017). Most GISTs harbour mutations in KIT (~75%) with the primary site of 

mutation existing within the autoinhibitory juxtamembrane domain-encoding exon 11 

(~65%) (Figure 1.5B) (Corless et al., 2004; Corless et al., 2014). Less common 

mutation sites on KIT include exon 9 (~8%), 13 (~1%), 17 (~1%), and in extremely rare 

cases, exon 8 (Figure 1.5B) (Corless et al., 2014; Ito et al., 2014). Moreover, ~10% 

of GISTs are distinguished by PDGFRA mutations; most commonly in exon 18 (~8%), 

with rarer cases in exon 12 (~2%) and 14 (<1%) (Figure 1.5B) (Corless et al., 2014). 

These PDGFRA-mutant GISTs are characterised as far less aggressive cancers than 

their KIT-mutated counterparts due to their reduced metastatic potential, resulting in a 

stark disparity in harboured mutations in advanced-setting GIST (~83% for KIT vs. 

~2% for PDGFRA) (Emile et al., 2012; Joensuu et al., 2015; WHO, 2020). The 

remaining ~15% of wild-type KIT and PDGFRA GIST most commonly harbour 

inactivating mutations or promoter methylation epimutations of SDH subunit genes 

(SDHA-D) (~5-10%) (Table 1.1) (Ibrahim & Chopra, 2020; Killian et al., 2014; WHO, 

2020). These aberrations result in the loss-of-function/dysfunction of SDH, which is an 

essential component of several critical metabolic processes such as the respiratory 

electron transport chain and the citric acid cycle (Rutter et al., 2010). Physiological 

SDH functions by oxidising succinate to fumarate and, therefore, loss of SDH function 

results in oncogenic succinate accumulation (Ibrahim & Chopra, 2020; Rutter et al., 

2010). The presence of excess cellular succinate results in the overexpression of 

hypoxia-inducible factor (HIF) proteins and subsequent increased transcription of HIF-

regulated oncogenes resulting in GIST tumourigenesis (Ibrahim & Chopra, 2020). 

Additionally, in exceedingly rare instances of GIST (<5%), oncogenic mutations have 

also been reported in the oncogenes NF1 (inactivating), KRAS, and BRAF (activating) 

(Gasparotto et al., 2017; Miranda et al., 2012; WHO, 2020). 
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Furthermore, inactivating/deleterious mutations and epigenetic silencing epimutations 

are the most common aberrations presented in epithelioid sarcoma and malignant 

rhabdoid tumours (Kalimuthu & Chetty, 2016; Linch et al., 2014; Schaefer et al., 2018).  

For both of these subtypes, the pathognomonic genetic abnormality is the loss-of-

function of the SMARCB1 tumour suppressor; an occurrence that is observed in >90% 

of epithelioid sarcomas and ~95-98% of malignant rhabdoid tumours (Table 1.1; 

Figure 1.5) (Hornick et al., 2009; Kalimuthu & Chetty, 2016; Wang et al., 2019; WHO, 

2020). The loss of SMARCB1 function has been reported to be caused by a variety of 

mutational events such as point mutations, partial or whole gene deletions, and loss 

of heterozygosity (Brennan et al., 2013; Eaton et al., 2011;  Sullivan et al., 2013;  WHO, 

2020). Additionally, epigenetic miRNA silencing has been implicated in repressing 

SMARCB1 expression, especially in the context of epithelioid sarcoma (Papp et al., 

2014; Kia et al., 2008; Kohashi et al., 2014; Sápi et al., 2016). As described previously 

with synovial sarcoma, SMARCB1-deficient SWI/SNF complexes pathologically bind 

DNA and remodel the chromatin and nucleosome environment, thereby allowing for 

access of the relevant transcriptional machinery to the DNA, resulting in aberrant gene 

expression. Importantly, SMARCB1 loss leads to the increased expression and 

recruitment of enhancer of zeste homolog 2 (EZH2) - the critical enzymatic component 

of the polycomb repressive complex 2 (PRC2) - that has been shown to be an 

actionable target in the treatment of SMARCB1-deficient cancers (Bracken et al., 

2007; Gounder et al., 2017; Italiano, 2020). EZH2 operates by trimethylating histones 

which results in the transcriptional repression of a number of tumour suppressor 

genes, such as cyclin-dependent kinase inhibitor 2A (CDKN2A) at the INK4a/ARF 

locus, and the subsequent upregulation of oncogenic genes, such as MYC, β-catenin 

(CTNNB1), and sonic hedgehog (SHH) (Bracken et al., 2007; Italiano, 2020).  

The increased recognition and research into understanding the underlying and 

consistent molecular features and biology that underpin specific, “simple” STS 

subtypes, as opposed to attempting to solve the chaotic and extremely diverse biology 

of monolithic STS as a whole, has resulted in a number of advancements in the clinical 

setting. Importantly, it allows for the design and development of effective and novel 

therapies for patients with specific STS subtypes that target the pathobiology initiating 

and driving the specific disease. Additionally, this increased biological understanding 
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increases diagnostic and prognostic accuracy in the clinic, which is essential for 

determining the most effective treatment regimen for a specific patient.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Examples of genetically “simple” STS subtypes. (A) Synovial Sarcoma (SS). Chromosomal 

t(X;18)(p11.2;q11.2) translocation resulting in the fusion of the SS18 gene (chromosome 18) to the SSX1/2/4 (X 

chromosome) gene and subsequent downstream effects which lead to SS tumourigenesis (adapted from Kadoch & 

Crabtree, 2013; Li et al., 2021; Svejstrup, 2013). (B) Gastrointestinal Stromal Tumour (GIST). Distribution and 

prevalence of KIT or PDGFRα point mutations (by exon) which lead to aberrant intracellular signalling and the 

tumourigenesis of GIST (adapted from Corless, 2014; Oppelt et al., 2017). (C) Epithelioid Sarcoma (ES) & Malignant 

Rhabdoid Tumour (MRT) Loss, inactivation and/or epigenetic silencing of SMARCB1 subunit of the SWI/SNF 

chromatin remodelling complex leading to ES and MRT tumourigenesis (Le Loarer et al., 2014; Kalimuthu & Chetty, 

2016; Kim & Roberts, 2015; WHO, 2020). Images were created using BioRender. PDGFRα; Platelet-derived growth 

A 

B C 

Synovial sarcoma 

Gastrointestinal stromal tumour Epithelioid sarcoma &  

Malignant rhabdoid tumour 
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factor receptor α, p; short (p) arm, q; long (q) arm, SMARCB1; SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily B member 1, SS18; Synovial sarcoma translocation, chromosome 18, SSX1/2/4; 

Synovial sarcoma X 1/2/4 breakpoint proteins, SWI/SNF; Switch/Sucrose non-fermentable, t; Translocation. 

 

1.1.2.2.2 “Complex” soft tissue sarcomas 

The second group of STS is associated with relatively complex karyotypes and display 

no specific or recurrent genetic aberrations within subtypes (~45-55% of STS) (Figure 

1.4) (Guillou & Aurias, 2010; Linch et al., 2014). The karyotypic complexity of these 

STS are characterised by high genomic instability with inconsistent aberrations such 

as aneuploidy, unbalanced translocations, chromosomal segment amplifications and 

deletions, and chromoanagenesis (Figure 1.4) (Guillou & Aurias, 2010; Holland & 

Cleveland, 2012; Linch et al., 2014; Mariño-Enriquez & Bovée, 2016). Despite the 

erratic and chaotic nature of these tumours, “complex” STS frequently harbour loss of 

tumour suppressor genes such as TP53, retinoblastoma protein (RB1), and CDKN2A; 

with these events postulated to occur early within sarcomagenesis (Bui et al., 2019; 

Chudasama et al., 2018; Mariño-Enriquez & Bovée, 2016; Schaefer et al., 2018). 

Furthermore, although relatively low compared to other cancers, the mutational burden 

within this subgroup of STS is much higher and far more varied than is observed in 

the genetically “simple” STS (Petitprez et al., 2020). The higher mutational load, and 

resultant increase in tumour cell neoantigen expression, could potentially make these 

group of “complex” sarcomas a promising candidate for immune checkpoint 

immunotherapy (Lim et al., 2015; Petitprez et al., 2020).  

This subgroup of STS consists of some of the most frequently diagnosed STS 

subtypes; most notably leiomyosarcoma, liposarcoma, and undifferentiated 

pleomorphic sarcoma, with these three subtypes making up to approximately 40-50% 

of STS diagnoses per annum on their own (Ducimetière et al., 2011; Guillou & Aurias, 

2010; Hung et al., 2015; Linch et al., 2014; Parikh et al., 2018). Other rarer subtypes 

within this group including spindle cell sarcoma, myxofibrosarcoma, and 

angiosarcoma (Guillou & Aurias, 2010; Linch et al., 2014; WHO, 2020). Due to the 

great amount of heterogeneity and genomic complexity inherent within members of 

the “complex” subset of STS, there are currently no specific or recurrent molecular 

diagnostic markers for these malignancies (Mariño-Enríquez & Bovée, 2016). 

Therefore, diagnosis of these malignancies remains through standard 
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clinicopathological routes such as histopathological examination in order to identify 

tissue differentiation and evaluate morphology (Mariño-Enríquez & Bovée, 2016; 

Schaefer et al., 2018).  

As opposed to “simple” sarcomas that harbour recurrent, specific alterations that give 

rise to potentially targetable tumourigenic processes, genomically “complex” STS 

pose a greater challenge in terms of developing novel and effective therapies due to 

the vast heterogeneity displayed in terms of underlying biology and clinical response. 

Therefore, there is currently a push to develop efficient patient stratification techniques 

that are based on molecular signatures such as gene expression, tumour 

microenvironment, and mutational status. Not only would this allow for the stratification 

and identification of patients most likely to benefit from a currently available therapies, 

but it would also give insights into potentially actionable molecular targets for the 

discovery and development of novel therapies for “complex” STS.  

 

1.2 Receptor tyrosine kinase signalling  

The transduction of biological signals through reversible phosphorylation cascades is 

integral to the physiological molecular processes that mediate cellular survival, 

proliferation, growth, migration, differentiation, and many others (Ardito et al., 2017; 

Humphrey et al., 2015). Phosphorylation is catalysed by a family of enzymes known 

as kinases that facilitate the transfer of phosphate groups from high-energy, donor 

molecules (such as adenosine triphosphate (ATP) or guanosine triphosphate (GTP)) 

to substrates such as proteins, lipids, and carbohydrates (Duong-Ly & Peterson, 2014; 

Roy et al., 2019). Although both mediate phosphorylation, kinases are distinct from 

phosphorylases, which catalyse the addition of a phosphate group from an inorganic 

phosphate to a substrate (Pergolizzi et al., 2017). The human genome contains 538 

known protein kinases, making up approximately 2% of all human genes (Berndt et 

al., 2017; Schwartz & Murray, 2011).  

Protein kinases operate by phosphorylating substrate proteins at specific amino acid 

residues that contain free hydroxyl groups, namely serine, threonine, and tyrosine 

(although phosphorylation at other amino acid residues such as histidine and 

aspartate is also known) (Ardito et al., 2017; Schwartz & Murray, 2011). The majority 
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of human protein kinases are serine/threonine kinases and phosphorylation of these 

amino acid residues occurs far more commonly than is observed with tyrosine 

phosphorylation. In fact, tyrosine phosphorylation is estimated to occur in as low as 

~1-2% in the context of the whole phosphoproteome, compared to ~85% for serine 

and ~12% for threonine (Ardito et al., 2017; Fabbro et al., 2015; Nishi et al., 2014; Tan 

& Huang, 2017). 

Despite tyrosine phosphorylation being a relatively rare post-translational modification, 

tyrosine kinases constitute a large family of 90 known kinases and are an essential 

component in a variety of biochemical processes that maintain cellular homeostasis 

(Paul & Mukhopadhyay, 2004; Robinson et al., 2000). Of these 90 tyrosine kinases, 

RTKs constitute the vast majority with 58 currently known and which all share similar 

molecular architectures and structures (Lemmon & Schlessinger, 2010).  

RTKs are transmembrane, cell surface receptors that consist of an extracellular ligand-

binding domain, a transmembrane α-helix domain, and a cytoplasmic tyrosine kinase 

domain (TKD) (Figure 1.6) (Lemmon & Schlessinger, 2010). The majority of RTKs are 

expressed on the cell surface as inactive monomers with a few exceptions such as 

insulin-like growth factor 1 receptor (IGF1R) and insulin receptor (InsR) that pre-exist 

as inactive dimers (Lemmon & Schlessinger, 2010; Ward et al., 2007). In order to 

activate RTKs, receptor-specific ligands bind to the extracellular ligand-binding 

domains of monomeric RTKs, inducing them to form active dimers (and/or oligomers) 

with other ligand-bound RTK monomers (Figure 1.6) (Lemmon & Schlessinger, 2010). 

This ligand-induced dimerisation causes conformational changes to occur within the 

cytoplasmic TKDs, thereby initiating the kinase activity of the receptor.  
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Figure 1.6: Canonical RTK activation and signalling. Archetypal RTK examples including KIT, platelet-derived 

growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), and vascular endothelial growth factor 

receptor (VEGFR) shown with associated extracellular ligands, namely stem cell factor (SCF), PDGF, FGF, and VEGF, 

respectively. Ligand-induced dimerisation activates RTK autophosphorylation resulting in the recruitment of 

cytoplasmic effector proteins and activation of downstream signalling pathways MAPK, PI3K/Akt, Src, and others. 

Receptor tyrosine kinase inhibitors (RTKI) inhibit RTK phosphorylation through blockade of the ATP binding site in the 

tyrosine kinase domain (TKD) (Guo et al., 2020; Lemmon & Schlessinger, 2010; Sugiyama et al., 2019; Zhang & Yu, 

2012). Image was created using BioRender. ERK; Extracellular signal-regulated kinase, GAB1: GRB2-associated-

binding protein 1, GRB2; Growth factor receptor-bound protein 2, MAPK; Mitogen-activated protein kinase, MEK; 

Mitogen-activated protein kinase kinase, PI3K; Phosphoinositide 3-kinase, PIP2; Phosphatidylinositol (4,5)-

biphosphate, PIP3; Phosphatidylinositol (3,4,5)-triphosphate, Raf; Rapidly accelerated fibrosarcoma, Ras; Rat 

sarcoma, RTK; Receptor tyrosine kinase, SOS; Son of sevenless. 

The structure of TKDs are highly conserved within the RTK family however the 

activation mechanisms between family members differ significantly (Lemmon & 

Schlessinger, 2010; Roskoski Jr., 2005). TKDs consist of a bilobed architecture, 

composed of a smaller N-terminal lobe and a larger C-terminal lobe with a catalytic, 

ATP-binding site existing within the cleft of these lobes (Figure 1.7) (Roskoski Jr., 

2005). In an inactive state, conserved regulatory structures within the TKDs, such as 

the activation loop and the α-C-helix, are configured in such a way that ATP and/or 
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protein substrate binding is obstructed (Figure 1.7) (Lemmon & Schlessinger, 2005; 

Roskoski Jr., 2005). Additionally, in a subset of RTKs, regulatory elements exist within 

the juxtamembrane and C-terminal tail regions that significantly interact with TKD 

configuration in order to stabilise the inactive conformation (Lemmon & Schlessinger, 

2010; Roskoski Jr., 2005). These mechanisms of catalytic retardation are known as 

cis-inhibition and the specific mechanistic nature of this inhibition differs between RTK 

family members. However, in general, ligand binding and subsequent dimerisation 

results in rotation of the N- and C-terminal lobes and re-orientation of the α-C-helix 

and activation loop; opening the active site cleft for ATP to enter and bind for 

phosphate transfer (Figure 1.7) (Lemmon & Schlessinger, 2010; Roskoski Jr., 2005; 

Ségaliny, 2015). This initiates trans-autophosphorylation of activation loop tyrosine 

residues (and/or juxtamembrane/C-terminal tail regulatory tyrosine residues) and 

release of cis-autoinhibition, thereby stabilising the ATP-binding site and maintaining 

the TKD in its most catalytically active configuration (Lemmon & Schlessinger, 2010; 

Roskoski Jr., 2005).  

Further trans-autophosphorylation events occur, firstly to fully stabilise the active 

conformation and enhance catalytic activity, before creating C-terminal 

phosphotyrosine “docking” sites for downstream effectors proteins harbouring Src 

homology (SH) 2 and phosphotyrosine-binding (PTB) domains, such as Src, 

phosphoinositide 3-kinase (PI3K), and growth factor receptor-bound protein 2 (GRB2) 

(Figure 1.7) (Lemmon & Schlessinger, 2010; Roskoski Jr., 2005; Wagner et al., 2013). 

Recruitment of these signalling molecules results in the initiation of various 

downstream signal transduction pathways such as MAPK, PI3K/Akt, and Src 

pathways; signalling axes which are essential for many cellular phenotypes such as 

proliferation, differentiation, migration, and survival (Figure 1.7) (Mendoza et al., 2011; 

Vyse & Huang, 2019; Zhang & Yu, 2012). 
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Figure 1.7: Prototypical RTK kinase domain architecture. (A) Structure of a prototypical RTK (KIT) tyrosine kinase 

domain (TKD) showing N-terminal lobe (blue), C-terminal lobe (red), juxtamembrane region (grey), and central bilobular 

cleft allowing for access to ATP-binding site (black). Inset: Zoomed image of ATP-binding site cleft showing blockade 

of ATP access to catalytic site by a receptor tyrosine kinase inhibitor (RTKI) (sunitinib). (B) Cartoon ribbon 

representation of the secondary structure, catalytic sites, and regulatory elements of a prototypical TKD (KIT). The 

catalytically important ATP-binding loop (yellow) and catalytic loop (pink) are shown to surround the central ATP-

binding site. The regulatory C-α-helix (orange) and activation loop (green) are intrinsic to the activation and regulation 

of kinase activity. Images were created using PyMol 1.4 using the Protein Data Bank accession code 3G0E (KIT kinase 

domain in complex with sunitinib) (Gajiwala et al., 2009; Roskoski Jr., 2005). ATP; Adenosine triphosphate, C-terminal; 

Carboxyl-terminal, N-terminal; Amino-terminal, RTK; Receptor tyrosine kinase.  
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1.2.1 Mitogen-activated protein kinase signalling 

One of the most important signalling pathway cascades mediated by RTK activity is 

the MAPK signalling axis consisting of Ras, Raf, mitogen-activated protein kinase 

kinase (MEK), and extracellular signal-regulated kinase (ERK) (Figure 1.6) (McKay & 

Morrison, 2007; Mendoza et al., 2011). As described above, canonical RTK activation 

creates phosphotyrosine docking sites for adaptor molecules such as GRB2 that, in 

turn, recruits Son of sevenless (SOS) to the receptor interface (Mendoza et al., 2011; 

McKay & Morrison, 2007). To note, certain RTKs require additional unique docking 

proteins that bind and recruit GRB2 to propagate signals to the cell interior including 

the fibroblast growth factor receptor substrate 2 (FRS2) for fibroblast growth factor 

receptor (FGFR) signalling and insulin receptor substrates 1-4 (IRS1-4) for IGF1R/ 

InsR signalling (Boucher et al., 2014; Lemmon & Schlessinger, 2010; Mendoza et al., 

2011; Ornitz & Itoh, 2015). Furthermore, in certain RTK signalling contexts, the Src 

homology 2 domain-containing (SHC) family of docking proteins are utilised to localise 

GRB2 to the receptor interface (Ahmed & Prigent, 2017). SOS functions as a Ras-

guanine nucleotide-exchange factor (GEF) which are proteins that catalyse the 

substitution of guanosine diphosphate (GDP) for GTP in order to activate GTPases, in 

this case Ras-GTPase (Mendoza et al., 2011; Roberts & Der, 2007).  

Ras GTPases are critical membrane-anchored signalling proteins that exist either in 

an inactive GDP-bound state or an active GTP-bound state (Gorfe, 2010; Mendoza et 

al., 2011). RTK-complex bound SOS activates Ras by catalysing the release of bound 

GDP and facilitating the binding of GTP. Conversely, and counter-intuitively, GTPase-

activating proteins (GAP) inactive GTPases, such as Ras, by actuating the GTPases 

to hydrolyse their bound GTP to GDP and become inactive (Mendoza et al., 2011). 

Activated Ras recruits cytosolic Raf serine/threonine kinase and localises it to the 

plasma membrane. Ras-induced activation of Raf is highly complex and consists of a 

number of biological mechanisms, including cycles of 

phosphorylation/dephosphorylation, dimerisation, intra- and inter-protein interactions, 

and membrane localisation (McKay & Morrison, 2007; Terrell & Morrison, 2019). Once 

activated, Raf phosphorylates and activates the MEK dual-specificity kinases that, in 

turn, phosphorylates and activates the ERK serine/threonine kinases (Roberts & Der, 

2007). Finally, ERK phosphorylates and activates a large number of protein substrates 

(>160-~200) throughout the cell resulting in a wide array of cellular responses (McKay 
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& Morrison, 2007; Roberts & Der, 2007; Wortzel & Seger, 2011). However, the majority 

of ERK substrates are nuclear, such as transcription factors, owing to the ability of 

ERK to translocate to the nucleus. This therefore results in the modulation of gene 

expression, including critical genes regulating cellular proliferation, growth, and 

survival such as JUN, MYC, and BCL2 (Lavoie et al., 2020; Roberts & Der, 2007). 

Aberrant signalling within the MAPK pathway can therefore have neoplastic 

consequences. For instance, oncogenic mutations in both Ras and Raf are commonly 

implicated in a range of cancers. Although sources vary, a common consensus of 

between ~15-30% of all human cancers harbour mutations in one of the three major 

isoforms of Ras (KRAS, NRAS, and HRAS) (Davies et al., 2002; Downward, 2003; 

Hobbs et al., 2016; Prior et al., 2012; Roberts & Der, 2007). Similarly, activating 

mutations in the Raf isoform, BRAF, are also extremely common in cancers, especially 

melanomas (~50-60%), thyroid (~50-60%) and colorectal cancers (~8-15%) (Ascierto 

et al., 2012; Fanelli et al., 2020; Fukushima et al., 2003; Holderfield et al., 2014; Maurer 

et al., 2011). This therefore highlights the importance of physiological RTK-MAPK 

signalling axis activity and regulation in order to maintain healthy cellular processes 

and avoid tumourigenic phenotypes. 

 

1.2.2 Phosphoinositide 3-kinase/Akt signalling 

Another major downstream signalling pathway initiated by RTK activation is the 

PI3K/Akt signalling axis (Figure 1.7). Canonical RTK activation recruits the GRB2 

adaptor protein to the receptor complex (Lemmon & Schlessinger, 2010; Ornitz & Itoh, 

2015; Sugiyama et al., 2019). Following this, GRB2 recruits the docking protein GRB2-

associated binder 1 (GAB1) which then becomes phosphorylated by cytosolic kinases 

(Ornitz & Itoh, 2015; Sugiyama et al., 2019; Wang et al., 2015). This provides 

phosphorylated docking sites for PI3K recruitment to the signalling complex, thereby 

activating it. Similar to MAPK signalling, certain RTK members harbour subtle 

differences in their signal propagation to PI3K such as SHC docking protein utilisation, 

FGFR signalling requiring FRS2 to recruit GRB2, and IGFR1R/InsR signalling 

completely replacing the GRB2/GAB1 complex with IRS1-4 (Ahmed & Prigent, 2017; 

Boucher et al., 2014; Lemmon & Schlessinger, 2010; Ornitz & Itoh, 2015). In addition 

to indirect binding, PI3K can also bind directly to phosphotyrosine residues on RTKs 
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(Mendoza et al., 2011; Sugiyama et al., 2019). Activated PI3K acts as a lipid kinase 

that converts the phospholipid secondary messenger phosphatidylinositol 4,5-

biphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) on the inner cell 

membrane (Guo et al., 2015; Manning & Toker, 2017; Yang et al., 2019). Synthesis of 

PIP3 recruits the serine/threonine kinase Akt and phosphoinositide-dependent protein 

kinase 1 (PDPK1) to the cell membrane where Akt is phosphorylated and activated by 

PDPK1 (Guo et al., 2015; Mendoza et al., 2011; Yang et al., 2019). Activated Akt is 

then released from the cell membrane and travels to other subcellular locations to 

phosphorylate a wide array of substrates (~150) including mechanistic target of 

rapamycin (mTOR), glycogen synthase kinase 3 (GSK3), and forkhead box O (FOXO) 

(Agarwal, 2018; Guo et al., 2015; Manning & Toker, 2017). PI3K/Akt signalling is 

therefore a crucial component in mediating important cellular processes, such as 

proliferation, metabolism, and survival, and dysregulation of this pathway is one of the 

most common oncogenic occurrences in cancer (Janku et al., 2018; Madsen et al., 

2018; Manning & Toker, 2017).  

In fact, recent studies have shown that mutations/alterations in two core genes of the 

PI3K/Akt signalling axis, phosphoinositide 3-kinase, catalytic, α polypeptide (PIK3CA) 

and phosphatase and tensin homolog (PTEN), are the most frequently mutated genes 

in more than 12 different solid tumour types, behind only TP53 (Madsen et al., 2018). 

In an oncogenic capacity, activating mutations in the PIK3CA gene, which encodes 

the catalytic subunit of PI3K, have been shown to be the highly prevalent in a range 

of cancers, especially endometrial (~10-53%), breast (~7-35%), ovarian (~33%), and 

colorectal (~17-30%) (Madsen et al., 2018; Thorpe et al., 2015). Conversely, 

inactivation, suppression, or deletion of the tumour suppressor PTEN gene, also highly 

prevalent in many cancers (especially endometrial (~35%) and glioblastoma (~29%)), 

results in dysregulated and hyperactive PI3K/Akt signalling (Yin & Shen, 2008). This 

is due to the role of PTEN as a lipid phosphatase that dephosphorylates PIP3 to PIP2, 

thereby reversing PI3K activity and negatively regulating the PI3K/Akt signalling 

pathway (Milella et al., 2015; Sugiyama et al., 2019). Therefore, RTK signalling 

propagation via the PI3K/Akt signalling axis is an extremely important and tightly 

regulated signal transduction pathway in maintaining cellular homeostasis, with 

pathway dysregulation having potent oncogenic consequences.  
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1.2.3 Src signalling 

Src kinase is a critical cellular signalling node that belongs to the eponymous Src 

family kinase group of non-receptor tyrosine kinases (Zhang & Yu, 2012). Prior to 

activation, Src exists as a membrane-anchored kinase consisting of four SH domains 

(SH1-4) that interact with one another to autoinhibit kinase activity and hold Src in a 

kinase-inactive state (Fajer et al., 2017). In response to RTK activation, Src binds 

directly with RTK phosphotyrosine residues via its SH2 domain, thereby converting 

Src into a kinase-active conformation (Figure 1.7). This results in Src 

autophosphorylation and full activation of the kinase (Boczek et al., 2019). Activation 

of Src then results in the regulation of a wide variety of downstream signalling 

molecules such as Akt, MAPKs, signal transducer and activator of transcription 3 

(STAT3), and focal adhesion kinase (FAK) (Bromann et al., 2004; Yeatman, 2004). 

Therefore, Src signalling is integral in mediating numerous, disparate cellular 

phenotypes that are regularly hijacked by cancers to promote oncogenic progression 

and metastasis such as cellular proliferation, adhesion, and migration/invasion. For 

instance, Src phosphorylates and regulates FAK activity, an integral component of 

focal adhesion complexes that regulate cellular motility and is, therefore, a major driver 

of metastasis in cancer (Martínez et al., 2020; Yeatman, 2004). Additionally, Src-

mediated modulation of Akt, MAPK, and STAT3 signalling pathways induces cellular 

responses relating to proliferation and survival (Zhang & Yu, 2012).  

Therefore, Src overexpression and overactivity has been reported in many tumour 

types including colorectal, lung, and breast cancer (Chen et al., 2014; Finn, 2008; Irby 

& Yeatman, 2000). Interestingly, activating SRC mutations are exceptionally rare in 

human cancers and oncogenic Src overactivity is primarily caused by increased gene 

expression (Wheeler et al., 2009). Therefore, due to the role of Src as an important 

central signalling hub controlling a diverse array of cellular processes and the potent 

tumourigenic progression and metastatic dissemination that can occur due to Src 

pathway dysregulation, Src kinase is an extremely attractive target for targeted cancer 

therapeutics. 
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1.2.4 RTK-associated signalling cascade crosstalk 

Although commonly modelled simplistically as linear signalling pathways downstream 

of RTKs, the MAPK, PI3K/Akt, and Src pathways have frequently been shown to 

engage in significant crosstalk. This crosstalk results in the signalling pathways co-

regulating one another as well as various, critical biological processes. For instance, 

it is well established that the MAPK and PI3K/Akt signalling pathways participate in 

extensive crosstalk and pathway integration downstream of RTK signalling (Manning 

& Toker, 2017; Mendoza et al., 2011). For example, ERK is known to phosphorylate 

the docking protein GAB1 at inhibitory phosphosites, thereby inhibiting GAB1-

mediated recruitment of PI3K. Conversely, activated Akt has been shown to 

phosphorylate and inhibit Raf resulting in negative regulation of the MAPK signalling 

pathway. In contrast to negative regulation, components of the MAPK signalling 

pathway can also activate PI3K/Akt constituents such as the allosteric activation of 

PI3K by GTP-bound, active Ras. Similarly, activated ERK has been shown to induce 

mTOR activity through phosphorylation and disassociation of the tuberous sclerosis 

complex 1/2 (TSC1/2) complex, an inhibitory complex of mTOR signalling (Manning & 

Toker, 2017; Mendoza et al., 2011). In addition to extensive crosstalk, many of the 

latter kinase components of the MAPK and PI3K/Akt pathway (e.g., ERK, Akt) have 

very broad substrate specificity resulting in significant overlap between target 

substrates. Therefore, ERK and Akt have often been reported to act upon the same 

substrate protein, such as FOXO, c-Myc, and GSK3, sometimes concurrently, to 

promote cell survival, proliferation, differentiation, and migration (Manning & Toker, 

2017; Mendoza et al., 2011).  

As discussed previously, Src is a critical cellular signalling node that transduces RTK-

associated signals to intracellular processes such as MAPK and PI3K/Akt signalling. 

Therefore, significant crosstalk exists between Src, MAPK and PI3K/Akt signalling 

pathways (Jiao et al., 2018; Zhang & Yu, 2012). For instance, extensive studies have 

shown that Src signalling has been shown to activate the PI3K/Akt pathway through 

various means such as direct Akt phosphorylation, PTEN inhibition, and indirect PI3K 

p85 subunit activation (Beadnell et al., 2018; Chen et al., 2001; Lu et al., 2003; Riggins 

et al., 2003; Zhang & Yu, 2012). Similarly, Src activation of Ras is very well established 

and Src phosphorylation of Raf has also been reported – both of which activate the 
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MAPK signalling cascade (Kim et al., 2009; Van der Geer et al., 1996, Williams et al., 

1992; Zhang & Yu, 2012).  

The MAPK, PI3K/Akt, and Src pathways represent critical biological processes that 

function to propagate biological signals from RTKs to the cell interior and nucleus, 

thereby regulating cell survival, proliferation, differentiation, and growth. In addition to 

their exclusive and independent processes, these signalling pathways extensively 

partake in inter-pathway crosstalk and signal convergence. In the context of cancer, 

these factors are important aspects to consider in the research of novel treatments 

and therapeutic resistance. This is because malignant cancer cells can evade 

therapeutic efficiency by co-opting and/or activating compensatory signalling networks 

in order to survive, proliferate, and grow (Grünewald et al., 2020; Logue & Morrison, 

2012; Trusolino & Bertotti, 2012; Von Manstein et al., 2013). 

 

1.2.5 RTK signalling in cancer 

Due to their intrinsic role in signal transduction to induce a variety of cellular processes, 

aberrant RTK signalling is often observed in a wide range of cancers. Within cancers, 

RTK signalling is primarily dysregulated via one of four mechanisms: 

overexpression/amplification, activating mutations, chromosomal translocations, or 

autocrine activation (Du & Lovly, 2018; Lemmon & Schlessinger, 2010).  

Genomic amplification and subsequent RTK overexpression are pathological events 

that lead to the accumulation of excessive RTK expression at the cell membrane. This, 

therefore, results in increased receptor dimerisation, dilution of negative regulatory 

mechanisms, and oncogenic signalling cascade overactivity (Du & Lovly, 2018). 

Consequently, RTK overexpression has been reported in a wide range of 

malignancies including PDGFRα in gliomas, epidermal growth factor (EGFR) in 

glioblastomas, FGFR1/3 in breast cancers, and human epidermal growth factor 

receptor 2 (HER2), MET, and EGFR in lung cancers (Alentorn et al., 2012; An et al., 

2018; Du & Lovly, 2018; Helsten et al., 2016; Hirsch et al., 2009; Lemmon & 

Schlessinger, 2010; Navid et al., 2020; Rosell et al., 2020; Selvaggi et al., 2004).  

The emergence of a gain-of-function mutation in RTKs results in unregulated receptor 

activation and subsequent aberrant signal transduction to the cell interior. As such, 
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activating RTK mutations are functional drivers in a variety of cancers, with notable 

examples including EGFR and KIT mutations in non-small cell lung cancer (NSCLC) 

and GIST, respectively (Du & Lovly, 2018; Harrison et al., 2020). In the case of EGFR, 

approximately 85-90% of EGFR mutations are described by the L858R point mutation 

or exon 19 deletions. These activating mutations destabilise the inactive receptor 

conformation resulting in increased receptor dimerisation and oncogenic activity (Du 

& Lovly, 2018; Harrison et al., 2020). For GIST, the majority of mutations (~65%) occur 

in exon 11 of KIT, which encodes the receptor’s autoinhibitory juxtamembrane domain 

(Corless et al., 2004; Corless et al., 2014). Therefore, mutations within this domain 

relieve the cis-autoinhibitory function, allowing for ligand-independent receptor 

dimerisation and activation (Corless et al., 2004; Lemmon & Schlessinger, 2010). 

Other rarer, gain-of-function mutational sites for both these receptors exist such as 

EGFR exon 20 mutations in NSCLC, EGFR vIII extracellular domain mutations in 

glioblastoma, and extracellular/TKD KIT mutations, as well as PDGFRA mutations, in 

GIST (An et al., 2018; Corless et al., 2004; Corless et al., 2014; Vyse & Huang, 2019). 

Activating mutations in other RTKs such as FGFR (e.g., FGFR3 S249C) and RET 

(e.g., M918T) have also been extensively reported in cancers such as urothelial 

carcinomas and thyroid cancers, respectively (Garje et al., 2020; Helsten et al., 2016; 

Lima et al., 2020; Romei et al., 2018). 

Chromosomal rearrangements that occur at RTK gene loci can lead to the formation 

of oncogenic RTK fusion proteins (Du & Lovly, 2018). Most often, these RTK fusion 

proteins consist of the TKD of the RTK fused to a section of another protein, thereby 

removing the regulatory RTK domains and resulting in a constitutively-active kinase 

(Du & Lovly, 2018; Medves & Demoulin, 2012). Therefore, RTK fusion proteins have 

commonly been identified as tumourigenic drivers in various cancer types including 

certain STS subtypes such as infantile fibrosarcoma and inflammatory myofibroblastic 

tumour (Antonescu et al., 2015; Church et al., 2018; Du & Lovly, 2018; Linch et al., 

2014; Schaefer et al., 2018). Within these STS subtypes, the gene fusions of ETV6-

NTRK3 and TPM3/TPM4/CLTC-anaplastic lymphoma kinase (ALK) are 

pathognomonic for infantile fibrosarcoma and inflammatory myofibroblastic tumour, 

respectively, and result in constitutive and oncogenic RTK signalling (Table 1.1) (Linch 

et al., 2014; Schaefer et  al., 2018; WHO, 2020). Oncogenic RTK signalling also occurs 

in dermatofibrosarcoma protuberans as a consequence of a chromosomal 
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rearrangement, however this occurs within the PDGFB ligand rather than the receptor 

itself. The collagen type I α 1 chain (COL1A1)-PDGFB fusion protein causes the 

constitutive transcription and expression of the PDGFB ligand, resulting in continuous 

receptor activation and subsequent oncogenic signal transduction (Noujaim et al., 

2015; Simon et al., 2001; Thway et al., 2016; WHO, 2020). Outside of sarcoma, 

chromosomal rearrangements of ALK, RET, and neurotrophic tyrosine kinase receptor 

(NTRK) RTKs have recurrently been detected in NSCLC and thyroid cancers, with 

ALK alterations being extremely common in anaplastic large cell lymphoma patients 

(Cocco et al., 2018; Corte et al., 2018; Du & Lovly, 2018; Pérot et al., 2014; Santoro 

et al., 2020; Solomon et al., 2009).  

The final principal mechanism of aberrant RTK signalling results from autocrine 

signalling (Du & Lovly, 2018; Lemmon & Schlessinger, 2010). RTK autocrine activation 

occurs when secreted growth factors and cytokines act upon the secretory cell itself 

rather than another target cell (Doǧaner et al., 2016). Dysregulated autocrine 

signalling in this manner creates constitutively activated signalling loops resulting in 

continuous RTK activation and subsequent tumourigenic intracellular signalling 

(Doǧaner et al., 2016). Furthermore, the intracellular signalling cascades often result 

in promoting expression of further growth factors or cytokines, thereby continuing the 

autocrine activation loop (Du & Lovly, 2018; Walsh et al., 1991). Oncogenic autocrine 

signalling loops have been reported in a variety of cancers but notable examples 

include transforming growth factor α (TGFα)-EGF and stem cell factor (SCF)-KIT in 

lung cancers, as well as hepatocyte growth factor (HGF)-MET in haematological 

malignancies (Ciardiello & Tortora, 2001; Du & Lovly, 2018; Hibi et al., 1991; Kentsis 

et al., 2012; Krystal et al., 1996). 

Although these four processes represent the principal pathological mechanisms, 

research into the emerging mechanisms that aberrantly activate RTKs such as miRNA 

modulation, tumour microenvironment alterations, and signal attenuation by negative 

regulators is ongoing (Du & Lovly, 2018; Ledda & Paratcha, 2007; Tan et al., 2018; 

Xu et al., 2021).  
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1.2.6 Targeting RTKs for cancer therapy with tyrosine kinase inhibitors  

Due to their critical role in the development and progression of many cancer types 

through various well-known and emerging mechanisms, RTKs represent an attractive 

target for cancer therapeutics. Therefore, developing tyrosine kinase inhibitors (TKIs) 

that target aberrant RTK signalling is a key goal in contemporary cancer research. In 

fact, there are now over 30 TKIs targeting RTKs (also termed RTKI) that have been 

approved for clinical use in cancer therapy (Thomson et al., 2021). TKIs can be 

classified in a number of ways, either through their selectivity or binding mechanism. 

Firstly, TKIs can either be multi-target or selective (Guo & Ma, 2020; Thomson et al., 

2021). The first class describes TKIs that target a broad range of kinases non-

specifically. Therefore, their inhibitory activity can have an effect on multiple 

intracellular signalling axes thereby increasing the potency of the inhibitor towards 

arresting cancer cell proliferation and/or survival. Additionally, the targeting of multiple 

pathways can aid to prevent signalling rewiring through compensatory signalling 

pathways, thereby helping to delay therapy resistance. However, this increased 

inhibition of multiple targets can also result in off-target effects and heightened toxicity 

in patients (Broekman et al., 2011). The second class consists of TKIs that target a 

specific kinase or a kinase family with highly conserved structures (e.g., FGFR1/2/3/4) 

(Nakamura et al., 2021). Although associated with reduced off-target effects, use of 

single-target TKIs often falls short of clinically meaningful activity in patients with 

cancers that are driven by multifactorial elements (Talevi, 2015).  

TKIs can also be categorised based on their mechanism of binding kinases such as 

RTKs; irreversible or reversible. Irreversible TKIs, as the name suggests, form a 

strong, irreversible covalent bond with the kinase active site, most frequently with a 

nucleophilic cysteine residue located adjacent to the ATP-binding pocket (Garuti et al., 

2011; Wu et al., 2015). This covalent bond holds the inhibitor in place and irreversibly 

blocks the binding of ATP to the kinase, thereby rendering the kinase inactive (Garuti 

et al., 2011; Wu et al., 2015). On the other hand, reversible TKIs form weaker 

intermolecular bonds, such as hydrogen bonds, with the kinase to elicit their inhibitory 

activity. These reversible TKIs can be further sub-divided into six different classes 

(Type I, I ½, II, III, IV, V) dependent on their mechanism and location of binding, as 

well as their inhibitor-bound kinase structure (Roskoski Jr., 2016; Thomson et al., 

2021; Wu et al., 2015). For this final point about inhibitor-bound kinase structures, an 
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important detail in the classification of TKIs, especially I, I ½, and II, is the orientation 

of the highly conserved DFG (Asp-Phe-Gly) motif within the activation loop of the TKD 

(Thomson et al., 2021; Roskoski Jr., 2016). As discussed previously, the activation 

loop controls access to the active site and ATP-binding pocket and the DFG 

component is an integral component of substrate binding and subsequent catalysis 

(Thomson et al., 2021; Roskoski Jr., 2016). 

Type I, I ½, and II TKIs are competitive inhibitors that bind to the ATP-binding site 

within the TKD of kinases. These TKIs compete with ATP molecules for binding into 

the adenine-binding pocket via hydrogen bonds to amino acid residues that exist within 

the active site cleft (Roskoski Jr., 2016; Thomson et al., 2021; Wu et al., 2015). Type 

I inhibitors bind to the active conformation of the TKD with the DFG motif-aspartate 

facing inwards towards the catalytic site. Similarly, type I ½ inhibitors also bind to the 

TKD with the DFG-aspartate facing inwards, however this class of inhibitor binds to 

the TKD in an inactive conformation. Type II inhibitors also bind to the inactive TKD 

conformation but with the DFG-aspartate protruding away from the catalytic, ATP-

binding site (Roskoski Jr., 2016; Thomson et al., 2021; Wu et al., 2015). These three 

types are further classified as either “A” or “B” subtypes depending on where exactly 

the inhibitor binds within the ATP-binding site (Roskoski Jr., 2016). “A” subtypes bind 

to both the front and back cleft, as well as near the gatekeeper residue, whilst “B” 

subtypes do not bind to the back cleft (Roskoski Jr., 2016). As opposed to competitive 

inhibitors, Type III and IV TKIs are allosteric inhibitors that do not interact with the ATP-

binding pocket. Type III inhibitors bind exclusively to proximal allosteric sites which are 

adjacent to the ATP-binding site. Conversely, type IV inhibitors bind to distal allosteric 

sites that are remote from the ATP-binding site (Roskoski Jr., 2016; Thomson et al., 

2021; Wu et al., 2015). Finally, type V inhibitors refer to bisubstrate or bivalent 

inhibitors that can concurrently bind to two differing regions of the TKD (Gower et al., 

2014; Roskoski Jr., 2016).  

In spite of these differences, the ultimate objective of utilising TKIs to inhibit kinases, 

including RTKs, is to block survival, migratory, and proliferation signalling pathways in 

cancer. However, although targeted TKI treatments are becoming increasingly 

widespread within contemporary cancer therapy, treatment with TKIs is susceptible to 

the acquisition of drug resistance in patients leading to disease relapse and 

progression. Additionally, patients can also harbour intrinsic resistance to treatment 
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and show no initial response at all (Lovly & Shaw, 2014). There is therefore a clinical 

need to understand the resistance mechanisms in response to TKI treatment in order 

to determine and develop salvage therapies that can be used to effectively treat TKI-

resistant cancers. 

 

1.3 Cancer therapeutics in soft tissue sarcoma 

1.3.1 Chemotherapeutic landscape in soft tissue sarcoma 

A subset of STS comprise aggressive cancers, with up to 50% of patients developing 

recurrent or metastatic disease despite optimal management of primary disease. At 

this advanced stage, STS are almost universally fatal with a median overall survival 

(mOS) of ~12-19 months (In et al., 2017; Kasper et al., 2014; Linch et al., 2014). The 

treatment of localised and primary disease is surgical resection with curative intent 

with or without adjuvant or neoadjuvant radio/chemotherapy (Dangoor et al., 2016). 

Unfortunately, STS are often primarily presented or frequently recur as inoperable and 

metastatic disease (Kasper et al., 2014; Linch et al., 2014). At this advanced stage, 

the cornerstone of first-line therapy remains cytotoxic anthracycline chemotherapy, 

most notably doxorubicin (Adriamycin®), with or without concomitant ifosfamide (Ifex®) 

(Figure 1.8) (D’Ambrosio et al., 2020; Martín-Broto et al., 2020). Although this 

treatment regimen remains the gold-standard for first-line therapy in advanced STS, 

certain histology-driven treatment paradigms are recommended (Linch et al., 2014). 

For instance, recent studies have shown that leiomyosarcoma and solitary fibrous 

tumour may benefit from doxorubicin plus dacarbazine (DTIC®) in the first-line 

advanced setting (D’Ambrosio et al., 2020; Martín-Broto et al., 2020; Martín-Broto et 

al., 2021; Smrke et al., 2021). Similarly, chemotherapeutic regimens involving taxanes, 

gemcitabine (Gemzar®), and liposomal doxorubicin (Caelyx®) have been indicated for 

use in patients diagnosed with angiosarcoma (Figure 1.8) (Blay et al., 2014; Linch et 

al., 2014; Martín-Broto et al., 2020). Differences in histological subtypes remain an 

important consideration for chemotherapeutic treatment decision making due to 

contrasting chemosensitivities. For example, Ewing sarcoma and embryonal 

rhabdomyosarcoma display very high chemosensitivity, synovial sarcoma and myxoid 

liposarcoma show potent, selective chemosensitivities to ifosfamide and trabectedin 

(Yondelis®), respectively, whilst certain sarcomas such as clear cell sarcoma, 
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dermatofibrosarcoma, and extraskeletal myxoid chondrosarcoma are highly 

chemoresistant (Blay et al., 2014; Ward & Odili, 2018). As treatment proceeds through 

second and later lines of therapy following anthracycline failure, chemotherapeutics 

commonly utilised to treat STS include trabectedin, eribulin (Halaven®), and 

gemcitabine-based regimens (Figure 1.8) (Linch et al., 2014; Martín-Broto et al., 

2020). Other considerations for chemotherapeutic selection are clinicopathological 

factors such as age and low performance status, where standard doxorubicin and 

ifosfamide-based chemotherapy would not be suitable due to cardiac toxicity and 

tolerability issues. In these cases, other chemotherapeutic tactics such as 

cyclophosphamide (Cytoxan®) plus prednisolone (Orapred®), or gemcitabine, would 

be more suitable (Figure 1.8) (Linch et al., 2014; Mir et al., 2011). 

Despite these various treatment paradigms for STS patients, marginal progress has 

been made over the past two decades to increase the survival rates of patients, 

thereby highlighting the urgent need for novel therapies and treatment regimens (In et 

al., 2017; Kasper et al., 2014; Linch et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Recommended treatment paradigms for advanced STS. Recommended treatment pathways for 

advanced STS driven by disease aspects such as histology, presentation, and clinicopathological factors. Vertical 

columns do not display hierarchy of which agents should be used in preference to another (adapted from Linch et al., 

2014). LPS; Liposarcoma, MLPS; Myxoid liposarcoma, NOS; Not otherwise specified, SFT; Solitary fibrous tumour, 

SS; Synovial sarcoma.  
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1.3.2 Current perspectives of targeted therapies in soft tissue sarcoma 

The heterogeneity of STS subtypes in terms of underlying biology and clinical 

response makes this group of neoplasms inherently difficult to treat effectively. The 

additional aspect of the rarity of the incorporated subtypes within the “STS” umbrella 

term results in difficulty in undertaking adequately powered phase III clinical trials in 

order to uncover novel treatments that can be used effectively in certain subtypes. As 

such, many clinical trials of potential therapies in STS are undertaken on a 

heterogeneous cohort that are made up of many differing subtypes, thereby resulting 

in a “one size fits all” paradigm where patients diagnosed with STS are given an 

identical treatment, regardless of the actual STS subtype presented (Mir et al., 2016; 

Van der Graaf et al., 2012).  

One important exception to this is within the subtype of GIST, the most common STS 

subtype (~20% of annual STS diagnoses) (Ducimetière et al., 2011; Judson et al., 

2017; Menge et al., 2018). The underlying pathology, treatment response, and 

resistance mechanisms of GIST are far better understood than other STS and the 

current gold-standard treatment paradigm and search for novel therapies are guided 

by this understanding. Due to the characteristic presence of activating mutations in 

KIT and PDGFRα RTKs (seen in ~85% of GISTs) (Table 1.1; Figure 1.5), the TKI 

imatinib (Glivec®) is indicated as the primary treatment of patients with advanced or 

inoperable GIST (Table 1.2). Following disease relapse and progression with imatinib 

therapy, patients are subsequently treated with second- and third-line therapies which 

utilise the multi-target TKIs sunitinib (Sutent®) and regorafenib (Stivarga®), 

respectively (Table 1.2) (Corless et al., 2011; Judson et al., 2017; Wilding et al., 2019). 

Recently, a fourth line therapy for GIST patients that have progressed on imatinib, 

sunitinib, and regorafenib, called ripretinib (Qinlock®), has been approved for clinical 

use (Table 1.2). Ripretinib is a switch control TKI that inhibits both KIT and PDGFRα 

through binding of both the kinase switch pocket and activation loop, forcing the RTK 

into an inactive conformation. This unique mechanism of TKI inhibition allows ripretinib 

to broadly inhibit all known clinically relevant KIT and PDGFRα primary and secondary 

mutations, including drug-resistance mutations that have arisen in response to 

previous multi-target TKI therapy (Smith et al., 2019; Blay et al., 2020). Additionally, in 

patients harbouring imatinib/sunitinib/regorafenib-resistant PDGFRA exon 18 

mutations, including the D842V mutation (the primary driver mutation in ~5-6% of 
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GIST), a new TKI therapy called avapritinib (Ayvakyt®) has been approved for use in 

these patients (Table 1.2) (Heinrich et al., 2020; Indio et al., 2018).  

In contrast, the mechanisms of targeted therapy response and resistance in non-GIST 

STS subtypes are currently not as well understood and approved targeted therapies 

for this broad range of malignancies are limited. Currently, there is only one TKI which 

has been approved for use in multiple subtypes of non-adipocytic, non-GIST STS and 

this is the orally bioavailable, multi-target kinase inhibitor pazopanib (Votrient®) (Table 

1.2) (Lee et al., 2019). Of note, there are targeted therapies that have been approved 

for a limited set of specific STS subtypes (Table 1.2). These subtypes of STS are in 

the first class of sarcomas that are characterised by specific pathognomonic genetic 

alterations but otherwise have relatively simple karyotypes (Table 1.1; Figure 1.4 & 

1.5). 

For instance, the multi-target TKI imatinib is approved for use in advanced and 

metastatic dermatofibrosarcoma protuberans (Table 1.2), a chemoresistant STS 

subtype that is one of the most common sarcomas of the dermis (McArthur et al., 2005; 

Noujaim et al., 2015). Dermatofibrosarcoma protuberans, in the majority of cases 

(>95%), is diagnosed via the presence of the COL1A1-PDGFB chimeric gene that 

fuses variable segments of the COL1A1 gene to all of the PDGFB gene except for 

exon 1, which is known to contain transcription/translation repressor elements for 

PDGFB expression (Simon et al., 2001; WHO, 2020). This, therefore, results in 

constitutive processing of the fusion gene that leads to synthesis of the COL1A1-

PDGFB fusion protein. This fusion protein is then proteolytically modified to create 

mature, wild-type PDGFB ligand that subsequently binds and activates PDGFRβ RTK 

in a constitutive and autocrine manner (Noujaim et al., 2015; Simon et al., 2001; Thway 

et al., 2016; WHO, 2020). Constitutive PDGFRβ activity results in overactivity of 

downstream intracellular, signalling cascades leading to oncogenic phenotypes such 

as unregulated cellular proliferation (Noujaim et al., 2015; Thway et al., 2016). 

Therefore, this dermatofibrosarcoma protuberans tumourigenesis pathway provides a 

rationale for targeting PDGFRβ via imatinib therapy, which has subsequently shown 

preclinical and clinical utility leading to regulatory approval of imatinib in this disease 

(Greco et al., 2001; McArthur et al., 2005; Rutkowski et al., 2010; Sjöblom et al., 2001; 

Wilding et al., 2019). However, translocation-negative dermatofibrosarcoma 
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protuberans remain resistant to imatinib therapy and further investigation into new 

therapies and regimens is needed for these tumours (Noujaim et al., 2015).  

Furthermore, the selective colony stimulating factor 1 receptor (CSF1R) inhibitor 

pexidartinib (Turalio®) has been approved for use in adult patients with symptomatic 

and unresectable tenosynovial giant cell tumours associated with severe morbidity 

and/or disabilities (Table 1.2) (Tap et al., 2019). Tenosynovial giant cell tumours are 

neoplasms that most often arise from synovial tissue of the joints and tendon sheaths 

and are characterised by the collagen type VI α 3 chain (COL6A3)-CSF1 translocation 

(Mastboom et al., 2019; Tap et al., 2019; West et al., 2006; WHO, 2020). Similarly to 

dermatofibrosarcoma protuberans, this translocation results in the COL6A3 promoter 

region being fused to the CSF1 gene, thereby giving rise to aberrant CSF1 ligand 

overexpression. Chronic CSF1 secretion by tenosynovial giant cell tumour cells 

recruits CSF1R-expressing inflammatory cells such as monocytes and macrophages, 

leading to an abnormal accumulation of cells to form the tumour mass. Therefore, the 

majority of cells within these lesions (~84-98%) are not neoplastic and do not harbour 

the pathognomonic fusion but do highly express the CSF1R RTK (Mastboom et al., 

2019; West et al., 2006). Therefore, pexidartinib is utilised to inhibit CSF1R activity in 

the recruited inflammatory cells thereby disrupting the neoplastic paracrine signalling 

events driving tenosynovial giant cell tumour progression (Palmerini et al., 2020; West 

et al., 2006). 

Additionally, the EZH2 inhibitor tazemetostat (Tazverik®) has been approved for 

metastatic, unresectable, and/or locally advanced epithelioid sarcoma after the 

findings of a phase II multicentre trial (Table 1.2) (Gounder et al., 2017; Stacchiotti et 

al., 2019). As described previously, the vast majority of epithelioid sarcomas are 

characterised by the loss of tumour suppressor SMARCB1 function (Table 1.1; Figure 

1.5). This results in destabilisation and pathological activity of the SWI/SNF 

remodelling complex and unregulated EZH2 histone methylation that, in turn, results 

in the transcriptional repression of a broad range of tumour suppressor genes 

(Bracken et al., 2007; Gounder et al., 2019). This understanding of the biology 

underpinning epithelioid sarcoma has resulted in the clinical evaluation and utilisation 

of tazemetostat in this rare disease. A 2019 clinical study of tazemetostat in epithelioid 

sarcoma showed complete (CR) (1.6%) or partial responses (PR) (13%) in a small 

subset of epithelioid sarcoma patients (objective response rate (ORR): 15%, according 



 

58 
 

to the response evaluation criteria in solid tumours (RECIST)) and a disease control 

rate (DCR) of 26% (Stacchiotti et al., 2019). 

In the distinct case of the virally induced Kaposi sarcoma, the immunomodulatory, 

thalidomide-analogue pomalidomide (Imnovid®) has recently been approved for use 

(Table 1.2). This indication is limited to AIDS-related Kaposi sarcoma patients that 

have previously been treated with highly active antiretroviral therapy (HAART), as well 

as HIV-negative patients (Gandhi et al., 2014; Polizzotto et al., 2016). Pomalidomide 

acts by binding and modulating the activity of cereblon; the substrate receptor of the 

cullin 4 ring E3 ubiquitin ligase complex (CRL4) (Davis et al., 2017; Gandhi et al., 2014; 

Lee et al., 2017). An integral component of ubiquitination, E3 ubiquitin ligases catalyse 

the transfer of ubiquitin molecules from E2 ubiquitin-conjugating enzymes to protein 

substrates, targeting the protein for proteasomal degradation. As a result of 

pomalidomide treatment, cereblon activity is modulated to recruit, ubiquitinate, and 

subsequently destroy the transcription factors Ikaros and Aiolos (Davis et al., 2017; 

Gandhi et al., 2014; Lee et al., 2017). Degradation of these substrates results in 

increased expression of interleukin-2 (IL-2) and other cytokines that are known to 

activate T cell function and immune response (Davis et al., 2017; Gandhi et al., 2014; 

Lee et al., 2017). These immunomodulatory effects of pomalidomide, in conjunction 

with observed antiangiogenic and antiproliferative properties, has resulted in effective 

antineoplastic responses in Kaposi sarcoma patients, regardless of HIV status 

(Polizzotto et al., 2016).  

Although not specific to STS, two tissue-agnostic small molecule inhibitors for the 

treatment of adult and paediatric patients with metastatic, advanced, and/or 

unresectable solid tumours harbouring NTRK gene fusions has recently been 

approved for use (Table 1.2). These inhibitors are larotrectinib (Viktrakvi®) and 

entrectinib (Rozlytrek®) which bind to and inhibit the activity of NTRK RTKs. NTRKs 

are receptors that are most commonly expressed on the surface of neural cells and 

bind neurotrophic growth factors to transduce biological signals. They are therefore an 

essential component of neuron cell survival, differentiation, and innervation (Marlin & 

Li, 2015). NTRK translocations and genetic aberrations can lead to the formation of 

oncogenic NTRK gene fusions that are aberrantly expressed. In addition to 

pathological overexpression, the resultant fusion protein is constitutively activated 

independent of ligand binding (Cocco et al., 2018; Wilding et al., 2020). NTRK fusions 
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have been found to occur in a diverse range of malignancies, with up to 1% of cancers 

postulated to harbour such mutations (Cocco et al., 2018; Drilon et al., 2018; Wilding 

et al., 2020). Within STS, NTRK fusions have been reported in various STS subtypes 

including uterine leiomyosarcoma, spindle cell sarcomas, and KIT/PDGFRA-mutation-

negative GIST. Importantly, the ETV6-NTRK3 fusion is the pathognomonic (~70% of 

cases), oncogenic driver of infantile fibrosarcoma, a locally aggressive malignancy 

occurring most commonly during infancy, with the remainder of cases primarily 

consisting of NTRK1/2/3 fused to other gene partners (Church et al., 2018; WHO, 

2020; Wilding et al., 2020). Approval of larotrectinib and entrectinib was based on the 

findings of multiple, multicentre clinical trials which enrolled patients with a variety of 

differing solid tumour types, including a relatively large proportion of STS, that 

harboured NTRK alterations (Drilon et al., 2017; Drilon et al., 2018; Wilding et al., 

2019). The findings of these trials displayed a significant antitumour effect in NTRK-

gene fusion tumours upon treatment with larotrectinib and entrectinib and therefore 

supports the use of these inhibitors in the treatment of NTRK-gene fusion positive STS 

(Doebele et al., 2015; Wilding et al., 2019; Wilding et al., 2020). Further work is 

currently ongoing for patients that progress on larotrectinib or entrectinib treatment 

due to the acquirement of drug resistance mutations, with the commencement of 

clinical phase I-II trials of selitrectinib (LOXO-195) (NCT03215511) (Hyman et al., 

2019). 

Similar to the tissue-agnostic approval of the NTRK inhibitors, the immunotherapy, 

humanised antibody pembrolizumab (Keytruda®) has been approved for use in 

advanced, unresectable solid tumours that are microsatellite instability-high, mismatch 

repair deficient, or tumour mutational burden-high (as determined by an FDA-

approved test), which have progressed on previous therapies and with no alternative 

satisfactory treatment (Table 1.2) (Le et al., 2015; Le et al., 2017; Marabelle et al., 

2020). Pembrolizumab is an immune checkpoint inhibitor that binds and inhibits 

programmed cell death protein 1 (PD-1) (Marabelle et al., 2020). In a physiologically 

healthy system, PD-1 is expressed on the surface of T lymphocytes (as well as other 

immune cells) and binds to programmed death-ligand 1 (PD-L1) on the surface of 

normal, healthy tissue, thus preventing T cell-mediated cell death of the PD-L1-

presenting cells (Vaddepally et al., 2020). Highly immunogenic cancer cells often 

overexpress PD-L1 to escape destruction by the immune system through binding PD-



 

60 
 

1 and inhibiting the T cell immune response. Pembrolizumab functions by blocking the 

binding of PD-1 to PD-L1, thereby activating and enhancing the T cell immune 

response in order to destroy the cancer cells (Vaddepally et al., 2020). 

Table 1.2: Currently approved targeted therapies for use in STS with given clinical indications and molecular targets. 

Approved 
targeted 
therapies 

Trade 
name 

Indication 
FDA  

approval date 
Molecular target(s) 

Clinical trial(s) 
leading to 
regulatory 
approval 

Pazopanib Votrient® 
Adv. non-adipocytic/GIST STS PT. 

chemotherapy 
2012 

Multiple RTKs 
including PDGFRs, 
VEGFRs, and KIT 

NCT00753688; 
Van der Graaf et 

al., 2012 

Imatinib Glivec® 

Adv. GIST 2002 Multiple kinases 
including Abl1, Bcr-
Abl1, PDGFRs, and 

KIT 

Demetri et al., 
2002 

Adv. DFSP 2006 
NCT00122473; 
McArthur et al., 

2005 

Sunitinib Sutent® Adv. GIST PT. imatinib 2006 
Multiple RTKs 

including PDGFRs, 
VEGFRs, and KIT 

NCT00075218; 
Demetri et al., 

2006 

Regorafenib Stivarga® Adv. GIST PT. imatinib/sunitinib 2013 
Multiple RTKs 

including PDGFRs, 
VEGFRs, and KIT 

NCT01271712; 
Demetri et al., 

2013 

Avapritinib Ayvakyt® 
Adv. GIST with PDGFRA exon 18 

mutations, including D842V 
mutations 

2020 

KIT/PDGFRα, 

including PDGFRα 

D842V & KIT D816V 
mutations 

NCT02508532; 
Heinrich et al., 

2020 

Ripretinib Qinlock® 
Adv. GIST PT. 

imatinib/sunitinib/regorafenib 
2020 KIT/PDGFRα 

NCT03353753; 
Blay et al., 2020 

Tazemetostat Tazverik® 
Adv. Epithelioid sarcoma not 
eligible for complete resection 

2020 EZH2 
NCT02601950; 
Stacchiotti et al., 

2019 

Larotrectinib Viktrakvi® 

Adv. solid tumours harbouring 
NTRK fusions, with no known 

acquired resistance mutations or 
alternative satisfactory treatment 

2018 NTRKs 

NCT02122913; 
NCT02637687; 
NCT02576431; 

Drilon et al., 2018 

Entrectinib Rozlytrek® 

Adv. solid tumours harbouring 
NTRK fusions, with no known 

acquired resistance mutations or 
alternative satisfactory treatment 

2019 NTRKs 
NCT02097810; 
NCT02568267; 

Drilon et al., 2017 

Pexidartinib Turalio® 
Adv. symptomatic TGCT with severe 
morbidity/functional limitations and 

surgically unresponsive 
2019 CSF1R 

NCT02371369; 
Tap et al., 2019 

Pomalidomide Imnovid® 
AIDS-related Kaposi sarcoma PT. 
HAART and HIV-negative Kaposi 

sarcoma 
2020 Cereblon 

NCT01495598; 
Polizzotto et al., 

2016 

Pembrolizumab Keytruda® 

Adv. unresectable solid tumours 
that are microsatellite instability-
high or mismatch repair deficient, 

with no alternative satisfactory 
treatment 

2017 

PD-1 

NCT01876511; Le 
et al., 2015; Le et 

al., 2017 

Adv. unresectable solid tumours 
that are tumour mutational 

burden-high (as determined by an 
FDA-approved test), with no 

alternative satisfactory treatment 

2020 
NCT02628067; 
Marabelle et al., 

2020 

Adv.; Advanced, AIDS; Acquired immunodeficiency syndrome, Bcr; Breakpoint cluster region protein, CSF1R; Colony stimulating factor 1 
receptor, DFSP; Dermatofibrosarcoma protuberans, EZH2; Enhancer of zeste homolog 2, FDA; Food & Drug Administration, GIST; 
Gastrointestinal stromal tumour, HAART; Highly active antiretroviral therapy, NTRK; Neurotrophic tyrosine kinase receptor, PD-1; Programmed 
cell death protein 1, PDGFR(A/α); Platelet-derived growth factor receptor (A/α), PT; Previously treated with, RTK; Receptor tyrosine kinase, 
STS; Soft tissue sarcoma, TGCT; Tenosynovial giant cell tumour, VEGFR; Vascular endothelial growth factor receptor. 

 

Broadly speaking, STS are considered relatively non-immunogenic with low tumour 

mutational burden compared to other cancer types and therefore the utility of immune 

checkpoint inhibitors in STS may be limited (Petitprez et al., 2020; Vyse et al., 2021). 

Despite this, a recent study has reported that within the genetically “complex” STS 

subgroup exists a subset of relatively immunogenic STS that harbour high levels of 

tumour mutational burden, immune infiltrate, and tertiary lymphoid structures (TLS) 
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(Petitprez et al., 2020). Petitprez et al. reported that these immunogenic STS had 

improved survival and high response rate to pembrolizumab therapy compared to the 

remainder of the evaluated STS cohort. Although further investigation into predictive 

biomarkers and patient stratification techniques is warranted, this study provides 

compelling, preliminary evidence to the existence of a group of immunogenic STS 

patients that may be more likely to significantly benefit from immune checkpoint 

immunotherapy (Petitprez et al., 2020; Vyse et al., 2021). 

Despite the progress made in developing approved therapies for specific, genomically 

“simple” STS (as well as tissue-agnostic therapies selective for particular molecular 

signatures and genotypes), limited approved targeted therapies exist for a broad range 

of STS subtypes, especially the more genetically “complex” sarcomas such as 

liposarcoma, leiomyosarcoma, and undifferentiated pleomorphic sarcoma. 

Additionally, there are currently no targeted therapy treatment options to combat first-

line targeted therapy resistance for non-GIST STS. There is therefore an unmet clinical 

need to develop further novel and effective targeted therapies for a broader range of 

STS subtypes.  

 

1.3.3 Multi-target tyrosine kinase inhibitors in soft tissue sarcoma 

As shown in Table 1.2, the majority of approved targeted therapies for clinical use in 

STS are multi-target TKIs that primarily target angiogenic and growth-promoting RTKs 

such as VEGFRs, PDGFRs, FGFRs, and KIT (Davis et al., 2011; Zopf et al., 2016; 

Patwardhan et al., 2016; Wilding et al., 2019; Xie et al., 2018). Despite this, there is 

currently only one TKI - pazopanib - that is approved for a broad range of STS subtype 

and this therapy has well-described issues with clinical efficacy and drug resistance 

(Lee et al., 2019). In order to develop more treatment options for patients with STS, 

investigation into the preclinical and clinical efficacy of further multi-target TKIs in STS 

remains a cornerstone of contemporary sarcoma research. There are currently a wide 

variety of multi-target TKIs that are undergoing various stages of clinical evaluation in 

STS including regorafenib, sitravatinib, anlotinib, sunitinib, sorafenib (Nexavar®), 

axitinib (Inlyta®), cediranib (Recentin®), dasatinib (Sprycel®), imatinib, crizotinib 

(Xalkori®), and nintedanib (Ofev®/Vargatef®) (Table 1.3; Figure 1.9). These TKIs 

primarily target multiple RTKs (Table 1.3; Figure 1.9) and elicit their inhibition through 
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reversible blockade of the TKD ATP-binding pocket, thereby inhibiting trans-

autophosphorylation and activation of downstream signalling cascades (Jiao et al., 

2018).  

Table 1.3: Selectivity profiles of commonly targeted tyrosine kinases by multi-target TKIs that are currently undergoing clinical 
evaluation in STS, with either known or proposed binding mode type. 

TKIs (type) Commonly targeted tyrosine kinases in order of selectivity References 

Pazopanib (I) 
PDGFRβ < KIT < PDGFRα < CSF1R < VEGFR1 = VEGFR2 < VEGFR3 << FGFR2 < RET < 

Abl1 < FGFR3 < FGFR1 << MET < ALK < FGFR4 = Src (Kd) 
Davis et al., 2011 

Regorafenib (II) 
RET < PDGFRβ < PDGFRα < VEGFR1 < Abl1 < KIT < VEGFR3 < CSF1R < VEGFR2 << 

NTRK3 (Kd) 
Zopf et al., 2016 

Sitravatinib (II) 
VEGFR3 < VEGFR2 = NTRK1 < VEGFR1 = KIT < NTRK2 < MET < PDGFRα < RET << Src << 

CSF1R < Abl1 (IC50) 

Patwardhan et al., 

2016 

Anlotinib (II) VEGFR2 < VEGFR3 < KIT < VEGFR1 << PDGFRβ (IC50) Xie et al., 2018 

Sunitinib                  
(I½ - II) 

PDGFRβ < KIT < PDGFRα < VEGFR2 < VEGFR1 < CSF1R < RET << VEGFR3 << NTRK1 << 
ALK << Abl1 < FGFR3 << FGFR1/2 < NTRK2 << FGFR4 = Src << NTRK3 << MET (Kd) 

Davis et al., 2011 

Sorafenib (II) 
RET < CSF1R = KIT < VEGFR1 < PDGFRβ < VEGFR2 < PDGFRα < VEGFR3 < Abl1 << 

NTRK3 << NTRK2 << FGFR2 < FGFR1 << FGFR3 << FGFR4 < NTRK1 (Kd) 
Davis et al., 2011 

Axitinib (II) 
PDGFRα < PDGFRβ < KIT < VEGFR1 < VEGFR2 < CSF1R < Abl1 < FGFR2 < RET < VEGFR3 

< FGFR3 < FGFR1 << MET << NTRK1 (Kd) 
Davis et al., 2011 

Cediranib                    
(I or II) 

PDGFRβ < KIT < PDGFRα < VEGFR1 < VEGFR2 < VEGFR3 < RET < RET < FGFR3 < FGFR2 
< FGFR1 < Src < Abl1 << EGFR << MET << FGFR4 << ALK (Kd) 

Davis et al., 2011 

Dasatinib                  
(I – I½) 

Abl1 < Src < PDGFRα < CSF1R < PDGFRβ < KIT << EGFR << RET << FGFR2 << VEGFR2 << 
FGFR1 < FGFR3 << VEGFR1 (Kd) 

Davis et al., 2011 

Imatinib (II) Abl1 < CSF1R < KIT < PDGFRβ < PDGFRα (Kd) Davis et al., 2011 

Crizotinib                     
(I – I½) 

MET < ALK < NTRK2 << Abl1 < NTRK3 < NTRK1 << CSF1R << Src << RET < VEGFR1 < 
EGFR < FGFR3 (Kd) 

Davis et al., 2011 

Nintedanib (II) 
VEGFR2 < NTRK1 < KIT < PDGFRβ < PDGFRα < NTRK2 < ALK < RET < NTRK3 < CSF1R < 

VEGFR1 < FGFR1 < FGFR3 < VEGFR3 << MET < Abl1 << FGFR2 << Src << FGFR4 (Kd) 
Davis et al., 2011 

Key: Kd or IC50 (x) of; x ≤ 1 nM, 1 < x < 10 nM, 10 ≤ x < 50 nM, 50 ≤ x < 100 nM, x ≥ 100 nM 

ALK; Anaplastic lymphoma kinase, CSF1R: Colony stimulation factor 1 receptor, FGFR(1/2/3/4); Fibroblast growth factor receptor (1/2/3/4), 
IC50; Inhibitory constant, Kd; Dissociation constant, NTRK(1/2/3); Neurotrophic tyrosine kinase receptor (1/2/3), PDGFR(α/β); Platelet-derived 
growth factor receptor (α/β), RET; Rearranged during transfection, TKI; Tyrosine kinase inhibitor, VEGFR(1/2/3); Vascular endothelial growth 
factor receptor (1/2/3) (adapted from Wilding et al., 2019) (Jiang et al., 2021; Roskoski Jr. et al., 2016; Wedge et al., 2005; Xie et al., 2018). 
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Figure 1.9: Kinase selectivity maps. Kinome-wide profiling measuring the dissociation constant (Kd) or inhibitory 

constant (IC50) of the TKIs outlined in Table 1.3 (adapted from Wilding et al., 2019). The Kd data for pazopanib, sunitinib, 

sorafenib, axitinib, cediranib, dasatinib, imatinib, crizotinib, and nintedanib were obtained from PMID: 22037378 (Davis 

et al., 2011). The Kd data for regorafenib were obtained from PMID: 27734608 (Zopf et al., 2016). The IC50 data for 

sitravatinib and anlotinib were obtained from PMID: 26675259 and PMID: 29446853, respectively (Patwardhan et al., 

2016; Xie et al., 2018). AGC; Protein kinases A, G, and C, CAMK; Ca2+/calmodulin-dependent protein kinase, CK1; 

Casein kinase 1, CMGC; Cyclin-dependent kinase, mitogen-activated protein kinase, glycogen synthase kinase, and 

cyclin-dependent-kinase-like kinase, PI3K; Phosphoinositide 3-kinase, PMID; PubMed identifier, RGC; Receptor 

guanylate cyclase, STE; Sterile kinase, TK; Tyrosine kinase, TKL; Tyrosine kinase-like.  
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1.3.3.1 Preclinical characterisation of multi-target tyrosine kinase 

inhibitors 

The preclinical characterisation of the multi-target, antiangiogenic TKIs listed in Table 

1.3 have mostly followed parallel drug discovery pathways starting with the 

identification of candidate compounds through biochemical screens of VEGFR2 

kinase inhibition (Dumas et al., 2005; Harris et al., 2008; Hu-Lowe et al., 2008; Roth 

et al., 2009; Sun et al., 2003; Wedge et al., 2005; Xie et al., 2018). Exceptions to this 

are sorafenib, imatinib, crizotinib, and dasatinib which were discovered through 

biochemical kinase screens to assess for potent inhibition of C-Raf, Abl kinases, MET, 

and Src family kinases, respectively (Buchdunger et al., 1996; Lombardo et al., 2004; 

Wilhelm et al., 2004; Zou et al., 2007). Additionally, the preclinical characterisation 

data for sitravatinib are not currently publicly available (Wilding et al., 2019).  

For those inhibitors discovered via VEGFR2 kinase inhibitory screens, as well as 

sorafenib, these multi-target TKIs have been found to potently inhibit VEGF-induced 

VEGFR2 autophosphorylation in human umbilical vein endothelial cells (HUVECs), 

with associated decreases in endothelial cell proliferation, migration, and tube 

formation (Gomez-Rivera et al., 2007; Hilberg et al., 2008; Hu-Lowe et al., 2008; 

Kumar et al., 2007; Mendel et al., 2003; Roth et al., 2009; Schmieder et al., 2014; 

Wedge et al., 2005; Wilhelm et al., 2004; Wilhelm et al., 2011; Xie et al., 2018). The 

preclinical antiangiogenic properties of these TKIs were also found to translate into an 

in vivo setting. Treatment of murine xenograft models of various cancer types with 

these TKIs resulted in significant reductions in microvessel area, microvessel density, 

and/or qualitative tumour vascularity (Daudigeos-Dubus et al., 2015; Gomez-Rivera et 

al., 2007; Hilberg et al., 2008; Hu-Lowe et al., 2008; Kumar et al., 2007; Liu et al., 

2006; Mendel et al., 2003; Rössler et al., 2011; Schmieder et al., 2014; Wedge et al., 

2005; Wilhelm et al., 2004; Xie et al., 2018; Zhang et al., 2009). Additionally, these 

TKIs were found to elicit antimetastatic in vivo effects on tumour xenograft models of 

various cancers with significant decreases in tumour perfusion, vascular permeability, 

extravasation, and/or formation of metastases. (Gril et al., 2011; Hilberg et al., 2008; 

Hu-Lowe et al., 2008; Murray et al., 2003; Najy et al., 2012; Rössler et al., 2011;  

Schmieder et al., 2014; Yin et al., 2010; Zhang et al., 2009). As well as their 

antiangiogenic and antimetastatic attributes, these multi-target TKIs were also found 

to exhibit direct antitumour effects through their potent inhibition of growth-promoting 
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RTKs such as PDGFRs, FGFRs, and KIT (Table 1.3; Figure 1.9). This inhibitory 

capability has been extensively reported to result in reductions in proliferation and 

migration in various cell line models across differing cancer types, as well as 

reductions in bulk tumour growth in a range of xenograft models (Daudigeos-Dubus et 

al., 2015; Gomez-Rivera et al., 2007; Hilberg et al., 2008; Hu-Lowe et al., 2008; Kumar 

et al., 2007; Liu et al., 2006; Mendel et al., 2003; Murray et al., 2003; Najy et al., 2012; 

Patwardhan et al., 2016; Rössler et al., 2011; Roth et al., 2009; Schmieder et al., 2014; 

Sun et al., 2003; Wedge et al., 2005; Wilding et al., 2019; Wilhelm et al., 2004; Wilhelm 

et al., 2011; Xie et al., 2018; Yin et al., 2010; Zhang et al., 2009; Zopf et al., 2016).  

Similar preclinical characterisation data has been reported with imatinib, crizotinib, and 

dasatinib. For instance, treatment of in vitro and in vivo preclinical models of solid and 

haematological malignancies with imatinib, crizotinib, or dasatinib has extensively 

been reported to result in antitumour and antimetastatic effects (Araujo & Logothetis, 

2010; Beran et al., 1998; Buchdunger et al., 1996; Carroll et al., 1997; Deininger et al., 

1997; Druker et al., 1996; Heinrich et al., 2000; Lombardo et al., 2004; O’Hare et al., 

2005; Shah et al., 2006; Tuveson et al., 2001; Zou et al., 2007). Additionally, crizotinib 

has also been shown to have antiangiogenic properties in both in vitro and in vivo 

models. For example, in HUVEC and human microvascular endothelial cells 

(HMVECs), crizotinib was found to inhibit HGF-stimulated MET phosphorylation and 

endothelial tube formation (Zou et al., 2007). This effect was translated into an in vivo 

effect where crizotinib treatment reduced microvessel area in MET-dependent murine 

xenografts of glioblastoma, lung, and gastric cancers (Wilding et al., 2019; Zou et al., 

2007).  

Building on the promising anticancer properties of these targeted therapies in a variety 

of preclinical cancer models, the effectiveness of multi-target TKIs in the context of 

STS has been extensively evaluated in a number of preclinical and clinical studies.  

 

1.3.3.2 Pazopanib 

As stated previously, pazopanib is the first, and currently only TKI, that is approved for 

the treatment of a broad range of advanced, non-adipocytic, non-GIST STS subtypes, 

following disease progression on chemotherapy (Figure 1.8; Table 1.2). Pazopanib is 

an orally bioavailable, multi-target, type I TKI that is often described as an 
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antiangiogenic therapy through its inhibition of VEGFR-mediated angiogenesis but is 

also thought to have direct antitumour effect through its inhibition of growth-promoting 

RTKs such as PDGFR, FGFR, and KIT (Table 1.3; Figure 1.9) (Roskoski Jr., 2016). 

Pazopanib was firstly approved for use in advanced renal cell carcinoma before going 

on to be evaluated preclinically and clinically for use in advanced STS (Cella & 

Beaumont, 2016; Lee et al., 2019). The skeletal formula structure of pazopanib is 

shown in Figure 1.10. 

 

 

 

 

 

 Figure 1.10: Skeletal formula structure of pazopanib. Figure was created using ChemOffice+ Cloud (PerkinElmer). 

 

1.3.3.2.1 Preclinical evaluation of pazopanib in soft tissue sarcoma 

The vast majority of preclinical cell models of STS have been shown to be relatively 

resistant to pazopanib treatment in vitro (Becker et al., 2016; Teicher et al., 2015; 

Wong et al., 2016). However, pazopanib has shown potent antiproliferative effects in 

cell line and patient-derived cell models within certain subtypes of STS including 

malignant rhabdoid tumour, leiomyosarcoma, synovial sarcoma, clear cell sarcoma, 

and intimal sarcoma (Fleuren et al., 2017; Hosaka et al., 2012; Lanzi et al., 2019; 

Outani et al., 2014; Qiao et al., 2017; Sanada et al., 2019; Teicher et al., 2015; Vyse 

et al., 2018; Wong et al., 2016). These antiproliferative effects were almost universally 

concurrent with decreases in PDGFRα and Akt phosphorylation, with blockade of the 

MAPK and MET pathways also occasionally reported (Fleuren et al., 2017; Hosaka et 

al., 2012; Lanzi et al., 2019; Outani et al., 2014; Wong et al., 2016). Furthermore, the 

antiproliferative effects of pazopanib were found to be primarily cytostatic, rather than 

cytotoxic, with many publications reporting pazopanib-induced cell cycle arrest, 

thereby suppressing in vitro cell growth, but with no significant concurrent increases 

in apoptosis (Hosaka et al., 2012; Outani et al., 2014).  
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Despite limited pazopanib-sensitive in vitro models of STS, pazopanib has far greater 

antitumour activity within in vivo xenograft models of STS. This is putatively regarded 

as being due to the supplementary antiangiogenic effects of pazopanib in vivo, in 

addition to the inhibitor’s antiproliferative properties (Fleuren et al., 2017). For 

instance, pazopanib has been shown to significantly stall or regress the growth of a 

range of STS subtype cell line or patient-derived xenograft models, including intimal 

sarcoma, liposarcoma, undifferentiated pleomorphic sarcoma, and synovial sarcoma 

(Becker et al., 2016; Fleuren et al., 2017; Hosaka et al., 2012; Igarashi et al., 2017; 

Igarashi et al., 2019; Kawaguchi et al., 2019;  Kiyuna et al., 2018; Lanzi et al., 2019; 

Li et al., 2014). Within these sensitive xenograft models, commonly reported 

histological changes associated with pazopanib treatment included significant 

reductions in microvessel density, total vascularity, and mitotic activity, with concurrent 

significant increases in apoptosis and tumour necrosis (Fleuren et al., 2017; Igarashi 

et al., 2017; Igarashi et al., 2019; Kiyuna et al., 2018; Li et al., 2014). However, the 

efficacy of pazopanib in these xenograft models appears to be model- and subtype-

specific. This is because several studies in further xenograft models of liposarcoma 

and undifferentiated pleomorphic sarcoma, as well as in models of follicular dendritic 

cell sarcoma, rhabdomyosarcoma, Ewing sarcoma, and solitary fibrous tumour 

subtypes, have reported robust resistance to pazopanib treatment (Becker et al., 2016; 

Keir et al., 2012; Miyake et al., 2019; Oshiro et al., 2019; Stacchiotti et al., 2014). 

 

1.3.3.2.2 Clinical evaluation of pazopanib in soft tissue sarcoma 

The first study of note was a phase II study of pazopanib in patients with advanced 

STS conducted by the European Organisation for Research and Treatment of Cancer 

(EORTC) (Sleijfer et al., 2009). Patients were stratified into four cohorts based on 

histology: liposarcoma, leiomyosarcoma, synovial sarcoma, and “Other”. An initial 

accrual of 17 patients for each cohort were treated with 800 mg pazopanib omni die 

(OD – once daily) until consent withdrawal, toxicity, or disease progression. The OD 

dose of 800 mg pazopanib is the standard dosing regimen for this TKI as determined 

by Hurwitz et al. in a pan-cancer phase I trial that found that steady-state exposure 

was achieved at ≥ 800 mg OD (Hurwitz et al., 2009). The EORTC phase II study was 

expanded to at least 37 patients (and max. 41 patients) in each cohort if 4/17 of the 
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initial enrolment experienced non-progressive disease after 12 weeks of pazopanib 

treatment (progression-free rate (PFR) at 12 weeks ≥ 24%) (Sleijfer et al., 2009). All 

of the histological cohorts reached the 12-week PFR endpoint for increased enrolment, 

except for the liposarcoma cohort that only reached 3/17 patients showing non-

progression. Therefore, further enrolment to the liposarcoma cohort was terminated. 

Within the expanded cohorts, the PFRs at 12 weeks for leiomyosarcoma, synovial 

sarcoma, and “Other” were 44%, 49%, and 39%, respectively (Table 1.4) (Sleijfer et 

al., 2009).  

These PFRs met the primary endpoint of the study which was set at 11/37 patients 

(30%) showing non-progression after 12 weeks of pazopanib. Additionally, the 

progression-free survival (PFS) and OS rates of these three non-adipocytic cohorts 

were increased when compared to historical controls for these histological subtypes 

(Table 1.4) (Van Glabbeke et al., 2002). These clinical results indicated that further 

clinical evaluation of pazopanib in these STS cohorts was warranted.  

Based on the findings of the EORTC phase II trial, pazopanib activity in non-adipocytic, 

advanced STS was evaluated in the placebo-controlled, phase III PALETTE study 

(Van der Graaf et al., 2012). The PALETTE study was a multicentre, international 

clinical trial that randomly allocated 369 STS patients 2:1 to either receive 800 mg 

pazopanib OD or placebo until consent withdrawal, toxicity, or disease progression. 

Enrolled patients were TKI treatment-naïve with advanced STS that had progressed 

despite previous chemotherapy. The primary endpoint of the study was PFS and, after 

a median follow-up of 25 months, a statistically significant improvement in median PFS 

(mPFS) was reported in the pazopanib arm compared to the placebo arm (mPFS: 4.6 

vs. 1.6 months, p < 0.0001) (Table 1.4). This significant elongation in PFS was, 

however, not translated into a significant mOS benefit in patients treated with 

pazopanib compared to placebo (mOS: 12.5 vs. 10.7 months, p = 0.25) (Table 1.4) 

(Van der Graaf et al., 2012). Based on the findings of the PALETTE phase III trial, 

pazopanib was approved for use in advanced, non-adipocytic, non-GIST STS 

following disease progression with previous lines of chemotherapy.  

In addition to these seminal studies, other clinical evaluations of pazopanib effect in 

STS have been undertaken. Firstly, several post-hoc analyses of the PALETTE phase 

III trial have been reported. Using only the Japanese cohort (n=47) of the PALETTE 
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trial, Kawai et al. reported that the safety and efficacy of pazopanib in the Japanese 

subpopulation was similar to those observed in the global population (Table 1.4) 

(Kawai et al., 2016). Furthermore, and in conjunction with data from the EORTC phase 

II trial, Benson et al. reported that pazopanib efficacy in uterine sarcoma was broadly 

similar to non-uterine sarcomas when compared to placebo (Table 1.4) (Benson et 

al., 2016).  

In separate phase II clinical trials or prospective/retrospective case series of specific 

STS subtypes, pazopanib was found to have effective activity and manageable 

toxicities in patients with solitary fibrous tumour, alveolar soft part sarcoma, 

dermatofibrosarcoma protuberans, extraskeletal myxoid chondrosarcoma, 

desmoplastic small round cell tumour, and desmoid tumour (Table 1.4) (Delyon et al., 

2021; Frezza et al., 2014; Kim et al., 2019; Martín-Broto et al., 2019; Martín-Broto et 

al., 2020; Maruzzo et al., 2015; Menegaz et al., 2018; Stacchiotti et al., 2014; 

Stacchiotti et al., 2018; Stacchiotti et al., 2019; Toulmonde et al., 2019; Urakawa et 

al., 2020). Furthermore, in vascular sarcomas such as angiosarcoma, epithelioid 

haemangioendothelioma, and intimal sarcomas, pazopanib was reported to show 

promising clinical activity (Table 1.4) (Kollár et al., 2016). However, in retrospective 

case series of other specific subtypes such as epithelioid sarcoma, the antitumour 

activity of pazopanib was limited, indicating that pazopanib may not be a worthwhile 

treatment in these STS subtypes (Table 1.4) (Frezza et al., 2018).  

Additionally, clinical trials of pazopanib in the geriatric population, as well as those 

patients that are not candidates for cytotoxic chemotherapy, have corroborated the 

findings of effective pazopanib activity in STS as described in the EORTC and 

PALETTE trials. Firstly, the SPIRE retrospective study, conducted in a compassionate 

use setting, demonstrated that pazopanib had activity and tolerable toxicities in heavily 

pre-treated patients diagnosed with a broad range of advanced, non-adipocytic STS 

subtypes (Table 1.4) (Gelderblom et al., 2017). In a further phase II clinical study in 

geriatric patients (age: ≥60 years), pazopanib was found to be non-inferior to gold-

standard doxorubicin treatment in elderly STS patients but with decreased incidences 

in neutropenia (Table 1.4). Additionally, in a study conducted in patients that are not 

suitable for cytotoxic chemotherapy due to age or co-morbidities, pazopanib was found 

to have suitable activity and toxicity profiles, nominating this therapy for use in a first-

line setting for patients with negligible chemotherapeutic options (Table 1.4) (Hirbe et 
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al., 2020). This highlights the potential of pazopanib as a first-line therapeutic option 

in elderly patients, as well as non-geriatric patients not suitable for cytotoxic 

chemotherapy, where standard anthracycline cytotoxic chemotherapy would not be 

appropriate due to heightened toxicity issues (Table 1.4; Figure 1.8) (Grünwald et al., 

2020).  

Furthermore, despite the exclusion of liposarcoma from the approved indications for 

pazopanib, the utility of pazopanib for this relatively common STS subtype remains 

controversial. Firstly, despite the termination of the liposarcoma cohort in the EORTC 

phase II trial, two patients that had initially been categorised into one of the other 3 

cohorts were later found on central histopathology review to have liposarcoma (Sleijfer 

et al., 2009). Both of these patients had met the 12-week PFR endpoint for the study 

and, therefore, the overall 12-week PFR in the liposarcoma arm was actually 26% 

(compared to the originally reported 18%). This revised percentage would have 

surpassed the threshold for expanding the liposarcoma cohort (Sleijfer et al., 2009). 

Additionally, a phase II study of pazopanib in advanced liposarcoma reported a 12-

week PFR of 68% and, after 24 weeks, 44% of patients experienced tumour control 

(combined PR and stable disease (SD)) (Samuels et al., 2017). The study also 

reported a mPFS and mOS of 4.4 and 12.6 months, respectively, which are 

comparable with the survival data observed for the cohorts in the PALETTE study 

(Table 1.4) (Samuels et al., 2017). In a further phase II clinical trial of pazopanib in 

advanced liposarcoma, the study reported pazopanib activity in well-differentiated and 

dedifferentiated liposarcoma (12-week PFR: 43%, mPFS: 3.5 months, mOS: 16.4 

months) but not in myxoid or round-cell liposarcoma (12-week PFR: 13%, mPFS: 2.0 

months, mOS: 22.3 months) (Table 1.4) (Valverde et al., 2016). Furthermore, Nakano 

et al. has also reported some promising activity of pazopanib in liposarcoma patients 

that warrants further evaluation (Nakano et al., 2015). Conversely, a number of studies 

have corroborated the decreased pazopanib activity in liposarcoma compared to non-

adipocytic STS subtypes as was initially reported in the EORTC phase II trial (Table 

1.4) (Nakamura et al., 2016; Yoo et al., 2015). Therefore, further evaluation of 

pazopanib utility and activity in liposarcoma is warranted, especially within the 

individual subtypes of liposarcoma (Chamberlain et al., 2019; Lee et al., 2019). 

More recent studies of pazopanib activity in advanced, non-resectable STS are in the 

context of combination therapy alongside cytotoxic chemotherapies such as 
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gemcitabine, topotecan (Hycamtin®), doxorubicin, ifosfamide, and paclitaxel (Taxol®) 

(Pautier et al., 2020; Pink et al., 2021; Schmoll et al., 2021; Schulte et al., 2021; 

Somaiah et al., 2021; Weiss et al., 2020). Data from these clinical evaluations have 

been mixed. On the one hand, several combinations have been reported as having 

high rates of severe toxicities, such as topotecan and pazopanib, thereby making them 

unsuitable for use (Schulte et al., 2021). Conversely, other combinations, such as 

gemcitabine and pazopanib, have displayed acceptable toxicity profiles with improved 

responses in STS patients when compared to pazopanib monotherapy, as well as 

other gemcitabine-based chemotherapeutic combinations (Schmoll et al., 2021; 

Schulte et al., 2021; Somaiah et al., 2021). Therefore, further clinical evaluation is 

required into the combinatorial efficacy and safety of concurrent pazopanib and 

cytotoxic chemotherapy in the treatment of STS patients. 

A major clinical hurdle in the utilisation of pazopanib in STS is the issue of drug 

resistance. Clinical experience with pazopanib therapy in STS has shown that patients 

either have intrinsic resistance to pazopanib or develop an acquired resistance after 

an initial response to therapy (Lee et al., 2019). As opposed to GIST treatment 

paradigms, where the underlying pathology, response to targeted therapy, and 

resistance mechanisms are relatively well-understood leading to the development of 

several lines of approved targeted therapy, the mechanisms of multi-target TKI action 

and drug resistance in the remainder of STS are poorly understood (Lee et al., 2019). 

This therefore limits our ability to develop treatment strategies that can be used to 

effectively treat pazopanib-resistant STS. Additionally, there are currently no clinically 

validated biomarkers for determining which patients are more likely to display an 

increased clinical benefit to pazopanib over those patients that are likely to have 

intrinsic resistance (Lee et al., 2019). Due to the lack of OS benefit observed with 

pazopanib therapy in STS, the clinical efficacy and cost-effectiveness of pazopanib 

therapy in STS is limited and, for these reasons, the National Health Service (NHS) 

funding for pazopanib therapy by the Cancer Drugs Fund was terminated in 2015 (Lee 

et al., 2016). 

Therefore, there is an unmet clinical need to develop a greater understanding of the 

underlying biology of STS resistance mechanisms in response to pazopanib therapy. 

This increased knowledge will help guide the development of future potential 
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therapeutic regimens for STS treatment that can be utilised to effectively treat 

pazopanib-resistant STS. 
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Table 1.4: Clinical evaluations of pazopanib activity in non-GIST STS. 

TKI Study Study type Patient # Therapy regimen Subtypes (n) Response Survival 

P
a
z
o

p
a

n
ib

 

NCT00753688;                                             
Van der Graaf et al., 2012 

Placebo-
controlled 

phase III trial 
369 

2:1 randomisation to pazopanib 
800 mg OD or placebo 

LMS (165) 
SS (44) 

Other (160) 

PR: 6% 
SD: 67% 
PD: 23% 

mPFS: 4.6 vs. 1.6 months in placebo (p < 0.0001) 
mOS: 12.5 vs. 10.7 months in placebo (p = 0.25) 

NCT00297258;            
Sleijfer et al., 2009 

Single-arm 
phase II trial 

142 Pazopanib 800 mg OD 

LMS (42) PR: 2% 
mPFS: 3.0 months 
mOS: 11.8 months 

PFR at 12 weeks: 44%  

SS (38) PR: 13% 
mPFS: 5.4 months 
mOS: 10.3 months 

PFR at 12 weeks: 49% 

LPS (19) PR: 0% 
mPFS: 2.7 months 
mOS: 6.6 months 

PFR at 12 weeks: 26% 

Other (43) PR: 7% 
mPFS: 3.0 months 
mOS: 10.0 months 

PFR at 12 weeks: 39% 

NCT01861951;  
Grünwald et al., 2020 

Double-arm 
phase II trial 

120 
2:1 pazopanib 800 mg OD or 

Doxorubicin 75 mg/m2 triweekly 

LMS (34) 
UPS (23) 
LPS (18) 

Other (45) 

Paz/Dox CR: 1%/0% 
Paz/Dox PR: 11%/15% 
Paz/Dox SD: 51%/39% 
Paz/Dox PD: 37%/46% 

mPFS: 4.4 (Paz) vs. 5.3 months (Dox) (p = n/a) 
mOS: 12.3 (Paz) vs. 14.3 months (Dox) (p = 0.74) 

NCT02300545;  
Hirbe et al., 2020 

Single-arm 
phase II trial 

56 Pazopanib 800 mg OD 

UPS (22) 
LMS (21) 
LPS (2) 

Other (11) 

CR/PR: 2%/7% (9%) 
SD: 50% 
PD: 29% 
n/a: 13% 

mPFS: 3.7 months 
mOS: 14.2 months 

NCT02066285;  
Martín-Broto et al., 2019 

Single-arm 
phase II trial 

36 Pazopanib 800 mg OD 
SFT (malignant-
dedifferentiated) 

(36) 

RECIST/Choi PR: 6%/51% 
RECIST/Choi SD: 60%/26% 
RECIST/Choi PD: 34%/23% 

mPFS: 5.6 months 
mOS: Not reached 

OSR at 24 months: 73% 

NCT02066285;  
Martín-Broto et al., 2020 

Single-arm 
phase II trial 

31 Pazopanib 800 mg OD SFT (typical) (31) 
PR: 58% 
SD: 39% 
PD: 3% 

mPFS: 12.1 months 
mOS: 49.8 months 

NCT02066285;  
Stacchiotti et al., 2019 

Single-arm 
phase II trial 

26 Pazopanib 800 mg OD ESMC (23) 
PR: 18% 
SD: 73% 
PD: 9% 

mPFS: 19.0 months 
mOS: Not reached 

NCT02113826;  
Kim et al., 2019 

Single-arm 
phase II trial 

6 Pazopanib 800 mg OD ASPS (6) 
PR: 17% 
SD: 83% 

mPFS: 5.5 months 
mOS: Not reached 

Urakawa et al., 2020 
Single-arm 

phase II trial 
8 Pazopanib 800 mg OD 

ASPS (5) 
RECIST/Choi PR: 20%/60% 
RECIST/Choi SD: 40%/0% 

RECIST/Choi PD: 40%/40% 

mPFS: 15.6 months 
mOS: Not reached 

ES (2) 
RECIST/Choi PR: 0%/50% 

RECIST/Choi SD: 50%/50% 
RECIST/Choi PD: 50%/0% 

mPFS: 4.9 months 
mOS: Not reached 

CCS (1) 
RECIST/Choi PR: 0%/0% 
RECIST/Choi SD: 0%/0% 

RECIST/Choi PD: 100%/100% 

mPFS: 10.3 months 
mOS: 23.2 months 

NCT01876082;  
Toulmonde et al., 2019 

Single-arm 
phase II trial 

48 Pazopanib 800 mg OD DT (48) 
PR: 37% 
SD: 59% 
PD: 4% 

mPFS: Not reached 
PFR at 24 months: 67% 

mOS: Not reached 
OSR at 24 months: 97% 

NCT01059656;  
Delyon et al., 2021 

Single-arm 
phase II trial 

23 Pazopanib 800 mg OD DFSP (23) 

ORR: 30% 
PR: 9% 
SD: 55% 
PD: 36% 

n/a 
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NCT01692496;  
Valverde et al., 2016 

Single-arm 
phase II trial 

52 Pazopanib 800 mg OD 

WDLPS/DDLPS 
(37) 

n/a 
mPFS: 3.5 months 
mOS: 16.4 months 

PFR at 12 weeks: 43% 

Myxoid/Round-cell 
LPS (15) 

n/a 
mPFS: 2.0 months 
mOS: 22.3 months 

PFR at 12 weeks: 13% 

NCT01506595;  
Samuels et al., 2017 

Single-arm 
phase II trial 

41 Pazopanib 800 mg OD LPS (41) 
PR: 2% 
SD: 42% 
PD: 66% 

mPFS: 4.4 months 
mOS: 12.6 months 

PFR at 12 weeks: 68% 

Maruzzo et al., 2015 
Prospective 
case series 

13 Pazopanib 800 mg OD SFT (13) 
RECIST/Choi PR: 9%/46% 

RECIST/Choi SD: 73%/36% 
RECIST/Choi PD: 18%/18% 

mPFS: 4.7 months 
mOS: 13.3 months 

Nakano et al., 2015 
Retrospective 
case series 

47 Pazopanib 800 mg OD 

LMS (9) 
SS (9) 

LPS (7) 
Other (22) 

Overall ORR: 11% 
PALETTE-eligible: 11% 

PALETTE-ineligible ORR: 11% 

Overall PFS: 4.3 months 
mPFS: 4.5 (PALETTE-eligible) vs. 2.9 months (PALETTE-

ineligible) (p = 0.15) 
Overall mOS: 9.6 months 

mOS: 10.7 (PALETTE-eligible) vs. 7.8 months (PALETTE-
ineligible) (p = 0.55) 

Nakamura et al., 2016 
Retrospective 
case series 

156 Pazopanib 800 mg OD 

LPS (33) 

PR: 0% 
SD: 27% 
PD: 39% 
n/a: 33% 

mPFS: 1.8 months 
mOS: 7.3 months 

UPS (30) 

PR: 10% 
SD: 63% 
PD: 13% 
n/a: 13% 

mPFS: 3.5 months 
mOS: 9.5 months 

LMS (21) 

PR: 0% 
SD: 57% 
PD: 29% 
n/a: 14% 

mPFS: 4.3 months 
mOS: 20.1 months 

SS (18) 

PR: 11% 
SD: 56% 
PD: 22% 
n/a: 11% 

mPFS: 3.8 months 
mOS: 10.6 months 

Other (54) 

PR: 15% 
SD: 44% 
PD: 20% 
n/a: 20% 

mPFS: 3.4 months 
mOS: 7.2 months 

Yoo et al., 2015 
Retrospective 
case series 

43 Pazopanib 800 mg OD 

LMS (9) 
AS (6) 

UPS (5) 
Other (23) 

PR: 17% 
SD: 44% 
PD: 39% 

mPFS: 5.0 months 
mOS: 8.2 months 

Kawai et al., 2016 
Retrospective 
case series 

47 Pazopanib 800 mg OD 

LMS (13) 
UPS (8) 
SS (5) 

Other (21) 

PR: 16% 
SD: 65% 
PD: 19% 

mPFS: 5.7 vs. 1.6 months in placebo (p < 0.01) 
mOS: 15.4 vs. 14.9 months in placebo (p = 0.69) 

Gelderblom et al., 2017 
Retrospective 
case series 

211 Pazopanib 800 mg OD 

LMS (87) 
SS (24) 

NOS (19) 
Other (81) 

Observed CBR: 46% 
mPFS: 3.0 months 
mOS: 11.1 months 

Frezza et al., 2014 
Retrospective 
case series 

9 Pazopanib 800 mg OD DSRCT (9) 
PR: 22% 
SD: 56% 
PD: 22% 

mPFS: 9.2 months 
mOS: 15.4 months 
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Benson et al., 2016 
Retrospective 
case series 

44 Pazopanib 800 mg OD Uterine (44) 
PR: 11% 
SD: 57% 
PD: 32% 

mPFS: 3.0 (uterine) vs. 4.5 months (non-uterine) (p = n/a) 
mOS: 17.5 (uterine) vs. 11.0 months (non-uterine)             

(p = 0.35) 

Stacchiotti et al., 2018 
Retrospective 
case series 

30 Pazopanib 800 mg OD ASPS (30) 
CR/PR: 3%/24% (27%) 

SD: 59% 
PD: 14% 

mPFS: 13.6 months 
mOS: Not reached 

Frezza et al., 2018 
Retrospective 
case series 

18 Pazopanib 800 mg OD ES (18) 
PR: 0% 
SD: 50% 
PD: 50% 

mPFS: 3.0 months 
mOS: 14.0 months 

Kollár et al., 2017 
Retrospective 
case series 

52 Pazopanib 800 mg OD 

AS (40) 

CR/PR: 0%/20% (20%) 
SD: 18% 
PD: 58% 
n/a: 2% 

mPFS: 3.0 months 
mOS: 9.9 months 

EHE (10) 

CR/PR: 10%/10% (20%) 
SD: 40% 
PD: 30% 
n/a: 10% 

mPFS: 26.3 months 
mOS: 26.3 months 

Intimal (2) 
CR/PR: 0%/100% (100%) 

SD: 0% 
PD: 0% 

n/a 

Menegaz et al., 2018 
Retrospective 
case series 

29 Pazopanib 800 mg OD DSRCT (29) 
CR/PR: 3%/3% (6%) 

SD: 55% 
PD: 38% 

mPFS: 5.6 months 
mOS: 15.7 months 

Stacchiotti et al., 2014 
Retrospective 
case series 

6 Pazopanib 800 mg OD SFT (6) 
RECIST/Choi PR: 0%/17% 

RECIST/Choi SD: 50%/33% 
RECIST/Choi PD: 50%/50% 

mPFS: 3.0 months 
mOS: n/a 

AS; Angiosarcoma, ASPS; Alveolar soft part sarcoma, CCS; Clear cell sarcoma, CR; Complete response, DDLPS; Dedifferentiated liposarcoma, DFSP; Dermatofibrosarcoma protuberans, Dox; Doxorubicin, DSRCT; Desmoplastic small 
round cell tumour, EHE; Epithelioid haemangioendothelioma, ES; Epithelioid sarcoma, ESMC; Extraskeletal myxoid chondrosarcoma, LMS; Leiomyosarcoma, LPS; Liposarcoma, mOS; Median overall survival, mPFS; Median 
progression-free survival, n/a; Not available, NCT; National Clinical Trial, NOS; Not otherwise specified, OD; Omni die (Once daily), OSR; Overall survival rate, ORR; Objective response rate, Paz; Pazopanib, PD; Progressive disease, 
PFR; Progression-free rate, PR; Partial response, RECIST; Response evaluation criteria in solid tumours, SD; Stable disease, SFT; Solitary fibrous tumour, SS; Synovial sarcoma, STS; Soft tissue sarcoma, TKI; Tyrosine kinase inhibitor, 
UPS; Undifferentiated pleomorphic sarcoma, WDLPS; Well-differentiated liposarcoma (adapted from Lee et al., 2019). 
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1.3.3.3 Regorafenib 

Regorafenib is another multi-target TKI from the same family as pazopanib that 

strongly inhibits many of the same targets and is currently undergoing clinical 

evaluation for use in advanced STS (Attia et al., 2017; Marrari et al., 2020; Mir et al., 

2016; Penel et al., 2020; Riedel et al., 2020; Stacchiotti et al., 2021)  (Table 1.3; Figure 

1.9). As with pazopanib, regorafenib has previously been approved for use in non-STS 

cancer types, namely advanced hepatocellular carcinoma and colorectal cancer 

(Goel, 2018; Liu et al., 2019). Additionally, regorafenib has been approved for use in 

advanced GIST following disease progression on imatinib and sunitinib therapies 

(Ferraro & Zalcberg, 2014). In addition to these advanced cancer types, regorafenib 

has also been undergoing preclinical and clinical assessment of efficacy in non-GIST 

STS. Regorafenib is a type II TKI and the skeletal formula structure of regorafenib is 

shown in Figure 1.11 (Roskoski Jr., 2016). 

 

 

 

 

 

 Figure 1.11: Skeletal formula structure of regorafenib. Figure was created using ChemOffice+ Cloud (PerkinElmer). 

Within the preclinical setting, regorafenib has shown promising results in STS models 

of leiomyosarcoma, malignant rhabdoid tumour, and solitary fibrous tumour. For 

instance, regorafenib has been shown to significantly reduce proliferation in malignant 

rhabdoid tumour and leiomyosarcoma cell line models (Daudigeos-Dubus et al., 2015; 

Teicher et al., 2015). Furthermore, regorafenib was reported to have the greatest 

antitumour effect in a xenograft model of solitary fibrous tumour when compared to a 

panel comprising antiangiogenic TKIs and bevacizumab – a humanised therapeutic 

antibody that blocks VEGF binding to VEGFR (Stacchiotti et al., 2014; Wilding et al., 

2019). The greater effect of regorafenib compared to the other therapies assessed 

was attributed to a concurrent decrease in both PDGFRβ and VEGFR2 

phosphorylation in the xenograft tumours 4 weeks after treatment with regorafenib. In 

contrast, the remainder of the antiangiogenic therapies inhibited only one or neither of 
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these targets, thereby explaining the reduced efficacy of these therapies compared to 

regorafenib (Stacchiotti et al., 2014).  

As discussed previously with pazopanib, antiangiogenic multi-target TKIs have been 

reported as having clinically meaningful activity in the treatment of advanced STS (Van 

der Graaf et al., 2012). With pazopanib showing improved PFS but not an OS benefit 

in STS, regorafenib has undergone clinical trial evaluation in order to potentially 

provide necessary alternative options for treating advanced STS (Grothey et al., 2020; 

Mir et al., 2016; Van der Graaf et al., 2012). The utilisation of regorafenib in STS was 

evaluated in the randomised, placebo-controlled phase II REGOSARC trial (Table 

1.5). (Mir et al., 2016). The trial recruited adult patients with advanced STS of various 

subtypes that had undergone previous chemotherapeutic treatments with 

anthracycline-based therapy. These patients were randomised 1:1 to receive either 

placebo or 160 mg regorafenib once daily and then stratified into one of four cohorts 

based on histological subtype; liposarcoma, leiomyosarcoma, synovial sarcoma, or 

“Other”. The study found that regorafenib significantly prolonged mPFS in patients with 

non-adipocytic STS relative to placebo (mPFS: 4.0 vs. 1.0 months; p < 0.0001 [pooled 

analysis of leiomyosarcoma, synovial sarcoma, and “Other” cohorts]) (Grothey et al., 

2020; Mir et al., 2016). Conversely, but similarly to pazopanib, regorafenib failed to 

improve PFS in liposarcoma compared to placebo (mPFS: 1.0 vs. 1.7 months, p = 

0.70) (Table 1.5) (Mir et al., 2016). Additionally, as seen with pazopanib, regorafenib 

efficacy in prolonging mPFS did not translate into an OS benefit (Table 1.5) (mOS: 

13.4 vs. 9.0 months; p = 0.059 [pooled analysis of leiomyosarcoma, synovial sarcoma, 

and “Other” cohorts]) (Mir et al., 2016; Van der Graaf et al., 2012). These results were 

corroborated in an updated analysis of the REGOSARC trial that confirmed the 

prolonged mPFS benefit with regorafenib but concurrently reported a nonsignificant 

difference in OS between patients treated with regorafenib compared to placebo 

(Brodowicz et al., 2018). However, both studies also state that this could be partially 

explained due to the high rate of patient crossover from placebo to regorafenib upon 

disease progression (Brodowicz et al., 2018; Mir et al., 2016).  

A subsequent analysis on a fifth cohort of the REGOSARC trial focussing on 

pazopanib-pre-treated, advanced, non-adipocytic sarcomas supported the findings of 

the originating REGOSARC study, with regorafenib treatment significantly increasing 

mPFS when compared to placebo (mPFS: 2.1 vs. 1.1 months, p < 0.01) (Table 1.5) 
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(Penel et al., 2020). Interestingly, and despite treatment cross-over, the study also 

observed a clinically relevant mOS benefit with regorafenib treatment compared to 

placebo (mOS: 17.8 vs. 8.2 months, p = 0.07) (Table 1.5) (Penel et al., 2020). 

However, the authors note that the trial was not designed to demonstrate an mOS 

benefit due to treatment cross-over and limited sample size (Penel et al., 2020). The 

results of this REGOSARC analysis highlights the potential of regorafenib use in 

pazopanib-refractory, non-adipocytic, advanced STS and therefore further clinical 

evaluation of regorafenib use in pazopanib-resistant STS is warranted (Penel et al., 

2020). These results also suggest that regorafenib and pazopanib, despite having very 

similar selectivity profiles, operate via differing mechanisms of action in advanced 

STS. 

A separate phase II study of regorafenib conducted in advanced, pre-treated STS also 

observed regorafenib activity in patients with a clinical benefit rate (CBR) of 62% and 

mPFS and mOS comparable to those observed in the REGOSARC trial for non-

adipocytic STS (mPFS: 3.8 months, mOS: 14.8 months) (Table 1.5) (Marrari et al., 

2020). Additionally, and in further corroboration to the liposarcoma results reported in 

REGOSARC, the placebo-controlled phase II SARC024 trial described no mPFS 

benefit (mPFS: 1.9 vs. 2.1 months, p = 0.62) or mOS benefit (mOS: 6.5 vs. 4.9 months, 

p = 0.28) in liposarcoma patients treated with regorafenib compared to placebo (Table 

1.5) (Riedel et al., 2020). Despite this, the SARC024 trial has elucidated the potential 

activity of regorafenib in patients with advanced soft tissue Ewing sarcoma. In a single-

arm, phase II sub-study of the SARC024 trial, composed of both bone and soft tissue 

Ewing sarcoma (bone: 12 patients, soft tissue: 18 patients), patients treated with 

regorafenib had a mPFS of 3.6 months and 73% were progression-free after 8 weeks, 

thereby meeting the sub-study’s primary 8-week PFS endpoint (Table 1.5) (Attia et 

al., 2017). Further analysis into the soft tissue Ewing sarcoma cohort within this trial 

will further clarify the potential activity of regorafenib within this STS subtype. 

Furthermore, another instance of subtype-specific regorafenib efficacy was observed 

in patients with solitary fibrous tumour (Stacchiotti et al., 2021). This recent study 

showed that regorafenib induced a CBR of 78%, with a mPFS and mOS of 3.7 and 

15.7 months, respectively (Table 1.5) (Stacchiotti et al., 2021). 

The clinical data discussed shows that regorafenib may have efficacy in treating a 

broad range of non-adipocytic STS subtypes, as well as specific subtypes such as 
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Ewing sarcoma and solitary fibrous tumour (Attia et al., 2017; Mir et al., 2016; 

Stacchiotti et al., 2021). Furthermore, analysis by Penel et al. of the REGOSARC trial 

has highlighted the potential efficacy of second-line regorafenib in pazopanib-

refractory, advanced STS (Penel et al., 2020). However, the REGOSARC trial also 

describes increasing rates of disease progression over the course of 9 months with 

regorafenib therapy (PFR at 9 months: leiomyosarcoma = 18%, synovial sarcoma = 

38%, “Other” = 27%) (Mir et al., 2016). Additionally, the publication by Penel et al. 

reported that all pazopanib-refractory patients had experienced disease progression 

with regorafenib therapy by the time of analysis, with a median follow-up of 27.2 

months (Penel et al., 2020). This further highlights the continuous issue of drug 

resistance with multi-target TKI therapy and underscores the need for a greater 

understanding of multi-target TKI resistance mechanisms in STS. 

 

1.3.3.4 Sitravatinib 

Sitravatinib is a recently developed member of the multi-RTK inhibitor family (Table 

1.3; Figure 1.9) and preclinical studies of sitravatinib in STS are currently limited to a 

solitary study. However, this study has shown that sitravatinib possesses promising 

preclinical activity in models of STS (Patwardhan et al., 2016). Sitravatinib is proposed 

to be a type II TKI and the skeletal formula structure of sitravatinib is shown in Figure 

1.12 (Jiang et al., 2021).  

 

 

 

 

 

 

 Figure 1.12: Skeletal formula structure of sitravatinib. Figure was created using ChemOffice+ Cloud (PerkinElmer).  

The study by Patwardhan et al. reports the potent, antiproliferative properties of 

sitravatinib within in vitro cell line and in vivo xenograft models of liposarcoma and 

malignant peripheral nerve sheath tumour (Patwardhan et al., 2016). In cell line 
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models of liposarcoma and malignant peripheral nerve sheath tumour, sitravatinib was 

shown to potently inhibit phosphorylation of a number of growth-promoting RTKs, 

namely PDGFRβ, MET, and IGF1R, as well as blockading downstream Akt signalling, 

at low nanomolar concentrations (Patwardhan et al., 2016). When compared to other 

broad-spectrum TKIs such as pazopanib, crizotinib, and imatinib, the authors found 

that sitravatinib had a superior antiproliferative effect in the liposarcoma and malignant 

peripheral nerve sheath tumour cell lines. Immunoblotting revealed sitravatinib 

potently and concurrently inhibited multiple RTKs compared to the other three TKIs. 

Combination therapy of crizotinib and imatinib phenocopied the increased 

antiproliferative effects seen with sitravatinib monotherapy, with simultaneous 

inhibition of MET, PDGFRβ, and downstream Akt signalling. By utilising siRNA-

mediated RTK knockdown, the study determined that the increased potency observed 

with sitravatinib is due to the concurrent inhibition of multiple RTKs, which the other 

evaluated TKIs only block individually (Patwardhan et al., 2016). The superior in vitro 

antiproliferative properties of sitravatinib translated into an in vivo effect, with 

sitravatinib significantly suppressing tumour growth, with increased inhibition of RTK 

and PI3K/Akt pathways, in xenograft models compared to imatinib and crizotinib 

(Patwardhan et al., 2016).  

The promising results observed in this preclinical study, especially the potent activity 

towards models of liposarcoma, have led to the commencement of clinical evaluations 

of sitravatinib in advanced STS, with a particular emphasis on liposarcoma (Table 1.5) 

(Ingham et al., 2017; Oza et al., 2021). The prominence of liposarcoma within the 

clinical study of sitravatinib in advanced STS is of high importance as there are 

currently no targeted therapies approved for use in this relatively common STS 

subtype. In a single-arm, phase II clinical trial of sitravatinib in 29 patients with either 

well-differentiated or dedifferentiated liposarcoma that had progressed on previous 

chemotherapy, 41% of patients were progression-free at 12 weeks, which met the 

primary endpoint for activity in this study (Oza et al., 2021). This primary endpoint was 

based upon historical controls that stated a 12-week PFR of ≥ 40% was considered 

promising therapeutic activity (Oza et al., 2021; Van Glabbeke et al., 2002). The study 

concluded that sitravatinib had superior clinical activity in liposarcoma than was 

observed in the EORTC phase II trial of pazopanib and that sitravatinib warranted 

further clinical evaluation in this STS subtype that currently lacks targeted treatment 
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options (Table 1.4-1.5) (Oza et al., 2021; Sleijfer et al., 2009). However, comparing 

the two clinical trials shows that the mPFS are identical (mPFS: 2.7 months), with 

sitravatinib showing negligible improvement in ORR when compared to pazopanib 

(ORR: pazopanib = 0%, sitravatinib = 3%) (Table 1.4-1.5) (Oza et al., 2021; Sleijfer et 

al., 2009). Therefore, this current clinical trial of sitravatinib in liposarcoma actually 

appears to show very similar levels of clinical activity to those observed with pazopanib 

in the EORTC phase II clinical trial (Oza et al., 2021; Sleijfer et al., 2009). Further 

results from this trial are eagerly awaited in order to fully determine whether sitravatinib 

has superior therapeutic activity in liposarcoma compared to pazopanib and whether 

this activity of sitravatinib in liposarcoma is clinically meaningful. Additionally, the 

clinical trial conducted by Oza et al. once again underlined the ubiquitous problem of 

TKI resistance with 76% of patients progressing on sitravatinib therapy, therefore 

further highlighting the importance of understanding mechanisms of multi-target TKI 

resistance in STS (Oza et al., 2021). 

  

1.3.3.5 Anlotinib 

Anlotinib (also known as catequentinib) is a recently developed multi-target TKI and, 

as such, preclinical studies in STS are currently limited (Wilding et al., 2019). Anlotinib 

is proposed to be a type II TKI and the skeletal formula structure of anlotinib is shown 

in Figure 1.13 (Xie et al., 2018).  

 

 

 

 

 

 

 Figure 1.13: Skeletal formula structure of anlotinib. Figure was created using ChemOffice+ Cloud (PerkinElmer). 

In a preclinical study of synovial sarcoma in both cell line and xenograft models, 

anlotinib was found to significantly inhibit cell proliferation and tumour growth 

compared to controls (Tang et al., 2019). Within the synovial sarcoma cell line model, 
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microarray profiling found that anlotinib significantly reduced the expression of GINS1, 

a subunit of the GINS DNA replication complex required for replication initiation, when 

compared to control (Tang et al., 2019). The study further reported that expression of 

GINS1 in synovial sarcomas is associated with a poorer prognosis in synovial sarcoma 

patients when compared to GINS1-negative synovial sarcoma patients. In the same 

cell line model of synovial sarcoma, shRNA-mediated knockdown of GINS1 was found 

to phenocopy the antiproliferative and pro-apoptotic effects of anlotinib. The study 

concludes by stating that the downregulation of downstream GINS1 expression in 

response to anlotinib treatment was important in achieving anlotinib’s antitumour effect 

and nominates GINS1 as a novel target for future cancer therapeutics in synovial 

sarcoma (Tang et al., 2019). However, the study does not describe the inhibitory 

mechanism of anlotinib that results in downstream GINS1 gene downregulation (Tang 

et al., 2019). In a further preclinical study of anlotinib in STS, anlotinib was found to 

significantly inhibit tumour growth of undifferentiated pleomorphic sarcoma xenografts 

in a dose-dependent manner, when compared to vehicle control (Wang et al., 2020). 

Histological analysis of tumours treated with anlotinib revealed significantly increased 

necrosis and apoptosis, with concurrent decreases in cellular proliferation, CD31 

expression, and microvessel density, when compared to control. These results 

therefore highlighted the antiproliferative and antiangiogenic properties of anlotinib in 

a xenograft model of undifferentiated pleomorphic sarcoma (Wang et al., 2020).  

Clinical evaluations of anlotinib in advanced STS have shown very promising results 

in phase II trials demonstrating a clinically meaningful activity in a broad range of TKI-

treatment naïve STS who had progressed on previous chemotherapy. In the 

ALTER0203 phase II clinical trial conducted by Chi et al., anlotinib was shown to 

significantly improve mPFS when compared to placebo, in a heterogeneous mix of 

STS subtypes (mPFS: 6.3 vs. 1.5 months, p < 0.0001) (Table 1.5) (Chi et al., 2018; 

Tang et al., 2019). Additionally, the study found significant increases in DCR and ORR 

in patients treated with anlotinib compared to placebo (DCR: 56% vs. 23%, p < 0.0001, 

ORR: 10% vs. 1%) (Chi et al., 2018) (Table 1.5). This activity has been corroborated 

by a number of single-arm phase II trials and retrospective case series, in both 

heterogeneous or subtype-specific cohorts (Table 1.5) (Chi et al., 2018; Huang et al., 

2021; Li et al., 2021; Tian et al., 2020). Notably, the retrospective study conducted by 

Li et al. focussed on a cohort of liposarcoma patients and, therefore, anlotinib activity 
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in this subtype nominates another potential treatment in this currently hard-to-treat 

STS subtype (Table 1.5) (Li et al., 2021).  

Based on the findings of the ALTER0203 phase II trial, the phase III APROMISS 

clinical trial was initiated (Van Tine et al., 2021). The APROMISS trial is being 

conducted in patients diagnosed with advanced synovial sarcoma, leiomyosarcoma, 

or alveolar soft part sarcoma, and is comparing the activity of anlotinib to intravenous 

dacarbazine chemotherapy (Table 1.5) (Van Tine et al., 2021). Additionally, a further 

indication for a second cohort of leiomyosarcoma patients is being undertaken where 

anlotinib activity is being compared to placebo rather than intravenous dacarbazine. 

At present, only the results of the synovial sarcoma cohort have been reported with 

the leiomyosarcoma and alveolar soft part sarcoma cohorts either currently 

undergoing recruitment or analysis (Table 1.5) (Van Tine et al., 2021). Synovial 

sarcoma patients were randomised 2:1 to either receive 12 mg anlotinib OD or 

dacarbazine 1g/m2 triweekly with a primary endpoint of the study being PFS. The study 

reported that anlotinib had a significantly improved mPFS when compared to 

dacarbazine (mPFS: 2.9 vs. 1.6 months, p < 0.01) with a 12-month PFR of 27% (Table 

1.5) (Van Tine et al., 2021). The study therefore reports anlotinib as a clinically 

meaningful treatment option with some activity in patients with advanced synovial 

sarcoma (Van Tine et al., 2021).  

The clinical trial results of anlotinib in a variety of STS subtypes have demonstrated 

that anlotinib has clinically meaningful activity in advanced STS, including 

liposarcoma. Further results of the APROMISS phase III clinical trial for the 

leiomyosarcoma and alveolar soft part sarcoma cohorts are highly anticipated and 

may guide future approval for this multi-target TKI in STS. 
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Table 1.5: Clinical evaluations of regorafenib, sitravatinib, and anlotinib activity in non-GIST STS. 

TKI Study Study type Patient # Therapy regimen Subtypes (n) Response Survival 

R
e
g

o
ra

fe
n

ib
 

NCT01900743;       
Mir et al., 2016 

Placebo-controlled 
phase II trial 

182 
1:1 randomisation to 

regorafenib 160 mg OD 
or placebo 

LMS (56) 

PR: 0% 
SD: 86% 
PD: 11% 
n/a: 3% 

mPFS: 3.7 vs. 1.8 months in placebo (p < 0.01) 
mOS: 21.0 vs. 9.1 months in placebo (p = 0.056) 

LPS (43) 
PR: 0% 
SD: 45% 
PD: 55% 

mPFS: 1.1 vs. 1.7 months in placebo (p = 0.70) 
mOS: 4.7 vs. 8.8 months in placebo (p = 0.21) 

SS (27) 
PR: 8% 
SD: 77% 
PD: 15% 

mPFS: 5.6 vs. 1.0 months in placebo (p < 
0.0001) 

mOS: 13.4 vs. 6.7 months in placebo (p = 0.79) 

Other (56) 

PR: 11% 
SD: 67% 
PD: 22% 
n/a: 3% 

mPFS: 2.9 vs. 1.0 months in placebo (p < 0.01) 
mOS: 12.1 vs. 9.5 months in placebo (p = 0.37) 

NCT01900743; 
Penel et al., 2020 

Placebo-controlled 
phase II trial 

37 
1:1 randomisation to 

regorafenib 160 mg OD 
or placebo 

LMS (24) 
UPS (6) 
Other (7) 

PR: 0% 
SD: 72% 
PD: 28% 

mPFS: 2.1 vs. 1.1 months in placebo (p < 0.01) 
mOS: 17.8 vs. 8.2 months in placebo (p = 0.07) 

NCT02048371; 
Riedel et al., 2020 

Placebo-controlled 
phase II trial 

48 
1:1 randomisation to 

regorafenib 160 mg OD 
or placebo 

LPS (48) No responses observed with regorafenib 
mPFS: 1.9 vs. 2.1 months in placebo (p = 0.62) 
mOS: 6.5 vs. 4.9 months in placebo (p = 0.28) 

NCT02307500; 
Marrari et al., 2020 

Single-arm phase II 
trial 

21 Regorafenib 160 mg OD 

LMS (13) 
SS (5) 

ASPS (2) 
AS (1) 

PR: 5% 
SD: 57% 
PD: 24% 

n/a 

mPFS: 3.8 months 
mOS: 14.8 months 

NCT02048371; 
Attia et al., 2017 

Single-arm phase II 
trial 

30 Regorafenib 160 mg OD Ewing sarcoma (30) 

PR: 10% 
SD: 60% 
PD: 23% 

n/a: 6% 

mPFS: 3.6 months 
mOS: n/a 

PFS at 8 weeks: 73% 

Stacchiotti et al., 
2021 

Single-arm phase II 
trial 

18 Regorafenib 160 mg OD SFT (18) 
RECIST/Choi PR: 7%/43% 
RECIST/Choi SD: 71%/36% 
RECIST/Choi PD: 21%/21% 

mPFS: 3.7 months 
mOS: 15.7 months 

S
it

ra
v

a
ti

n
ib

 

NCT02978859; 
Oza et al., 2021;  

Ingham et al., 2017 

Single-arm phase II 
trial 

29 
Sitravatinib 120-150 mg 

OD 
LPS (29) ORR: 3% 

mPFS: 2.7 months 
mOS: n/a 

PFR at 12 weeks: 41% 
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NCT03016819; 
Van Tine et al., 

2021 

Double-arm phase 
III trial 

79 

2:1 randomisation to 
anlotinib 12 mg OD or 

dacarbazine 1 g/m2 
triweekly 

SS (79) n/a 

mPFS: 2.9 (Anlo) vs. 1.6 months (Dac)                    
(p < 0.01) 
mOS: n/a 

PFR at 12 months: 27% 

NCT02449343;   
Chi et al., 2018; 
Tang et al., 2019 

Placebo-controlled 
phase II trial 

233 
2:1 randomisation to 

anlotinib 12 mg OD or 
placebo 

SS (57) 
ASPS (56) 
LMS (41) 
Other (79) 

ORR: 10% 
DCR: 56% 

mPFS: 6.3 vs. 1.5 months in placebo (p < 
0.0001) 

mOS: n/a 

NCT01878448;  
Chi et al., 2018 

Single-arm phase II 
trial 

166 Anlotinib 12 mg OD 

SS (47) 
LMS (26) 
UPS (19) 
FS (18) 

LPS (13) 
Other (43) 

PR: 13% 
SD: 61% 
PD: 26% 

mPFS: 5.6 months 
mOS: 12.0 months 

PFR at 12 weeks: 68% 

NCT03792542; 
Huang et al., 2021 

Single-arm phase II 
trial 

29 Anlotinib 12 mg OD 

LPS (8) 
UPS (5) 
FS (5) 
SS (4) 

Other (7) 

PR: 4% 
SD: 92% 
PD: 4% 

mPFS: Not reached 
mOS: n/a 

Tian et al., 2020 
Retrospective case 

series 
29 Anlotinib 12 mg OD 

SS (7) 
UPS (5) 
LMS (3) 
LPS (2) 

Other (12) 

PR: 14% 
SD: 41% 
PD: 45% 

mPFS: 6.0 months 
mOS; n/a 

Li et al., 2021 
Retrospective case 

series 
17 Anlotinib 12 mg OD LPS (17) 

PR: 0% 
SD: 65% 
PD: 35% 

mPFS: 6.4 months 
mOS: 13.0 months 

PFR at 24 weeks: 59% 

Anlo; Anlotinib, AS; Angiosarcoma, ASPS; Alveolar soft part sarcoma, Dac; Dacarbazine, DCR; Disease control rate, FS; Fibrosarcoma, LMS; Leiomyosarcoma, LPS; Liposarcoma, mOS; Median overall survival, mPFS; Median 
progression-free survival, n/a; Not available, NCT; National Clinical Trial, OD; Omni die (once daily), ORR; Objective/overall response rate, PD; Progressive disease, PFR; Progression-free rate, PR; Partial response, RECIST; 
Response evaluation criteria in solid tumours, SD; Stable disease, SFT; Solitary fibrous tumour, SS; Synovial sarcoma, TKI; Tyrosine kinase inhibitor, UPS; Undifferentiated pleomorphic sarcoma (adapted from Wilding et al., 
2019). 
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1.3.3.6 Landscape of multi-target tyrosine kinase inhibitors in soft tissue 

sarcoma 

As well as the four TKIs discussed above, a variety of other multi-target TKIs have 

been clinically evaluated for use in STS, with some showing efficacy in specific 

subtypes or tumours with specific, underlying biological characteristics. This sub-

chapter will discuss these clinical evaluations by focussing on the multi-target TKIs 

sunitinib, imatinib, sorafenib, axitinib, dasatinib, cediranib, nintedanib, and crizotinib 

(Table 1.6).  

Sunitinib was one of the earliest multi-target TKIs to undergo phase II clinical trial 

evaluation within STS (George et al., 2009; NCT00474994). Unfortunately, this phase 

II trial reported that sunitinib had inconclusive or modest activity in a heterogeneous 

cohort of STS subtypes (Table 1.6) (George et al., 2009). Despite this lack of overall 

activity, subtype-specific analysis of this heterogeneous STS trial found that sunitinib 

activity was more pronounced and potentially warranted further evaluation in specific 

subtypes such as desmoplastic small round cell tumour and solitary fibrous tumour 

(George et al., 2009; NCT00474994) (Table 1.6). Furthermore, in a single-arm, phase 

II trial conducted by Jo et al. on a cohort of advanced desmoid tumour, sunitinib was 

found to possess promising antitumour activity in this locally aggressive neoplasm 

(Table 1.6) (Jo et al., 2014).  

Similarly, imatinib was inactive in a heterogeneous cohort of advanced STS in a single-

arm, phase II multicentre trial (Chugh et al., 2009; NCT00031915). However, in 

specific subtypes such as dermatofibrosarcoma protuberans and desmoid tumour, 

imatinib has shown potent antitumour activity in a number of phase II clinical trials 

(Chugh et al., 2010; Kasper et al., 2017; Penel et al., 2011; Rutkowski et al., 2010). 

Within dermatofibrosarcoma protuberans, a pooled analysis of two phase II clinical 

trials reported a CBR of 71% and a 57% PFR at 12 months (Table 1.6) (Rutkowski et 

al., 2010; NCT00084630; NCT00085475). The composite trials in this pooled analysis 

had to be curtailed due to slow accrual and regulatory body approval, thereby 

providing a targeted therapy option for this chemoresistant STS subtype (Rutkowski 

et al., 2010). Furthermore, in a number of phase II clinical trials conducted in desmoid 

tumour, imatinib has shown strong activity with high rates of disease control (CBR; 
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84%, 92%, 42%) and progression-arrest (Table 1.6) (Chugh et al., 2010; Kasper et 

al., 2017; Penel et al., 2011; NCT00031915; NCT00287846; NCT01137916) 

In a ground-breaking phase III placebo-controlled study of sorafenib in desmoid 

tumour patients, Gounder et al. reported a significantly improved mPFS with sorafenib 

when compared to placebo (mPFS: Not reached vs. 11.3 months, p < 0.001) (Table 

1.6) (Gounder et al., 2018; NCT02066181). Additionally, sorafenib induced a durable 

response in a substantial number of desmoid tumour patients with 33% showing CR 

or PR and 55% presenting SD (Table 1.6) (Gounder et al., 2018). These data therefore 

present compelling evidence for the approval of sorafenib in desmoid tumour. 

Furthermore, in a heterogeneous mix of STS subtypes, a single-arm, phase II study 

of sorafenib was found to have significant activity against angiosarcoma but minimal 

activity against other STS (Table 1.6) (Maki et al., 2009; NCT00245102). However, in 

a subsequent phase II trial focussing on angiosarcoma, sorafenib activity was found 

to be disappointing, with a mPFS in the range of 1.8-3.8 months, depending on tumour 

location (Table 1.6) (Ray-Coquard et al., 2012; NCT00874874). Further subsequent 

analyses of the same clinical trial on vascular sarcomas have elucidated the potential 

activity of sorafenib in small cohorts of solitary fibrous tumour and epithelioid 

haemangioendothelioma, thereby warranting potential further evaluation in these 

specific subtypes (Chevreau et al., 2013; Valentin et al., 2013; NCT00874874).  

Further clinical trials of multi-target TKIs in solitary fibrous tumour have been 

conducted with varying degrees of success. On the positive side, the phase II clinical 

trial conducted by Stacchiotti et al. found that axitinib exhibited high activity in 

advanced solitary fibrous tumour, with a CBR of 88%, as per RECIST (Table 1.6) 

(Stacchiotti et al., 2019; NCT02261207). In the same phase II trial, axitinib also 

showed activity in solitary fibrous tumour patients that had progressed on previous 

antiangiogenic treatments, such as pazopanib, highlighting the potential of axitinib use 

in a multi-line TKI setting (Stacchiotti et al., 2019; NCT02261207). The utility of axitinib 

is also currently being evaluated in a phase II trial of advanced angiosarcoma, where 

patient enrolment has recently been completed (NCT01140737).  

Conversely, the SARC009 single-arm, phase II trial of dasatinib in STS found that 

dasatinib efficacy in solitary fibrous tumour was limited with a PFR at 6 months of only 

30% (Schuetze et al., 2017; NCT00464620). Furthermore, the solitary fibrous tumour 
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patients were embedded within a heterogeneous mix of rare STS subtypes and, within 

the clinical trial analysis as a whole, dasatinib did not meet the primary endpoint of 6-

month PFR of ≥50% (Table 1.6) (Schuetze et al., 2017; NCT00464620). This analysis 

corroborated the findings of an earlier evaluation of the same SARC009 phase II trial 

conducted upon more common advanced STS subtypes, such as liposarcoma, 

undifferentiated pleomorphic sarcoma, and leiomyosarcoma, where dasatinib 

displayed low activity in the vast majority of enrolled STS subtypes (CBR ≤ 25%) 

(Table 1.6) (Schuetze et al., 2016; NCT00464620). Despite this, some specific 

subtypes did show promising activity with dasatinib therapy including undifferentiated 

pleomorphic sarcoma (CBR ≥ 25%) and alveolar soft part sarcoma (6-month PFR; 

62%) that potentially warrant further clinical evaluation (Schuetze et al., 2016; 

Schuetze et al., 2017; NCT00464620).  

Within alveolar soft part sarcoma, cediranib has been found to have specific activity in 

this rare STS subtype. The placebo-controlled CASPS phase II trial, building on the 

positive results from the single-arm, phase II trial conducted by Kummar et al. (CBR: 

95%), found that cediranib significantly reduced tumour size when compared to 

placebo (Median percentage change in sum of diameters of target lesions: -8.3% vs. 

+13.4%, p = 0.001), which was the primary endpoint of the study (Judson et al., 2019; 

Kummar et al., 2013; NCT00942877; NCT01337401). No significant difference 

between cediranib and placebo were observed in mPFS or mOS but the authors 

postulate that this is due to treatment crossover (Judson et al., 2019). An ongoing trial 

of cediranib in alveolar soft part sarcoma is highly anticipated in order to elucidate 

reliable survival outcomes (NCT01391962). The high efficacy of cediranib in alveolar 

soft part sarcoma is a major development in the contemporary treatment of this 

chemoresistant disease which has a poor prognosis and high metastatic incidence.  

Unfortunately, a phase II trial comparing the efficacy of nintedanib versus ifosfamide 

in a heterogeneous cohort of advanced STS did not report sufficient nintedanib activity 

to warrant further evaluation (Schöffski et al., 2021; NCT02808247). The 1:1 double-

arm trial showed that nintedanib treatment resulted in inferior response rates (CBR; 

50% vs. 63%, p = 0.368) and survival outcomes (mPFS; 2.5 months vs. 4.4 months, 

p = 0.07) compared to ifosfamide, with a 12-week PFR (36%) falling short of the 

expansion criteria (53%). The trial was therefore ceased for futility (Schöffski et al., 

2021). However, new targeted therapies are constantly being developed and a number 
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of other multi-target TKIs not discussed previously have recently entered into clinical 

evaluation for advanced STS including cabozantinib (Cabometyx®), brivanib, and 

apatinib (Jones et al., 2019; Li et al., 2018; Schöffski et al., 2020) 

Finally, biomarker-driven basket trials have been undertaken on cohorts harbouring 

particular biological “fingerprints” that suggests that they would be susceptible to 

targeted TKI therapy. For instance, results from the single-arm CREATE phase II trial 

has shown that crizotinib, a potent ALK/MET inhibitor, has clinically meaningful activity 

in STS subtypes possessing ALK and/or MET activation (Table 1.6) (Schöffski et al., 

2017; Schöffski et al., 2018; Schöffski et al., 2018; NCT01524926). This includes MET-

positive alveolar soft part sarcoma and clear cell sarcoma, as well as ALK-positive 

inflammatory myofibroblastic tumour, where crizotinib was found to achieve high rates 

of disease response and control (MET-positive alveolar soft part sarcoma DCR: 91%, 

MET-positive clear cell sarcoma DCR: 69%, ALK-positive inflammatory 

myofibroblastic tumour ORR: 50%) (Table 1.6) (Schöffski et al., 2017; Schöffski et al., 

2018; Schöffski et al., 2018). The success of the CREATE biomarker-driven basket 

trial provides a good model for the future design of biomarker-driven trials in STS. It is 

anticipated that biomarker-driven clinical trials in STS will move treatment paradigms 

of STS away from one-size-fits-all approaches based on histology towards a 

personalised treatment strategy based on a patient’s tumour biology. This would not 

only benefit patients and improve responses, but also improve cost-effectiveness of 

treatments (Wilding et al., 2019). 
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Table 1.6: Notable clinical evaluations of other multi-target TKIs in non-GIST STS.  

TKI Study Study type Patient # Therapy regimen Subtypes (n) Response Survival 

S
u

n
it

in
ib

 NCT0047994; 
George et al., 2009 

Single-arm 
phase II trial 

48 Sunitinib 37.5 mg OD 

LMS (11) 
NOS (5) 
SS (4) 

Other (28) 

PR: 2% 
SD: 20% 
PD: 78% 

mPFS: 1.8 months 
mOS: n/a 

Jo et al., 2014 
Single-arm 

phase II trial 
19 Sunitinib 37.5 mg OD DT (19) 

PR: 26% 
SD: 42% 
PD: 32% 

PFR at 24 months: 75% 
OSR at 24 months: 94% 

S
o

ra
fe

n
ib

 

NCT02066181; 
Gounder et al., 2018 

Placebo-
controlled phase 

III trial 
87 

2:1 randomisation to sorafenib 
400 mg OD or placebo 

DT (87) 
CR/PR: 2%/31% 

SD: 55% 
PD: 12% 

mPFS: Not reached vs. 11.3 months in placebo (p < 0.001) 
mOS: n/a 

NCT00245102;  
Maki et al., 2009 

Single-arm 
phase II trial 

147 Sorafenib 400 mg BD 
LMS (42) 
AS (40) 

Other (65) 

CR/PR: 1%/4% 
SD: 51% 
PD: 44% 

mPFS: 3.2 months 
mOS: 14.3 months 

NCT00874874; Ray-
Coquard et al., 2012 

Single-arm 
phase II trial 

41 Sorafenib 400 mg BD AS (41) 

CR/PR%: 5%/10% 
SD: 10% 
PD: 61% 
n/a: 15% 

mPFS: 1.8-3.8 months 
mOS: 9.0-12.0 months 

A
x
it

in
ib

 

NCT02261207; 
Stacchiotti et al., 

2019 

Single-arm 
phase II trial 

17 Axitinib 5 mg BD SFT (17) 
RECIST/Choi PR: 6%/41% 
RECIST/Choi SD: 82%/35% 
RECIST/Choi PD: 12%/24% 

mPFS: 5.1 months 
mOS: 25.3 months 

C
e
d

ir
a
n

ib
 NCT01337401; 

Judson et al., 2019 

Placebo-
controlled phase 

II trial 
48 

2:1 randomised to cediranib 
30 mg OD or placebo 

ASPS (48) 
PR: 11% 
SD: 50% 
PD: 39% 

mPFS: 10.1 vs. 4.9 months in placebo (p = 0.28) 
mOS: 27.8 vs. 47.3 months in placebo (p = 0.48) 

PFR at 12 months: 39% vs. 34% in placebo 
Median % change in sum of diameters of target lesion: -8% vs. 

+13% in placebo (p = 0.001) 
Best median change in sum of diameters of target lesion: -16% 

vs. +1% in placebo (p < 0.0001) 

NCT00942877; 
Kummar et al., 2013 

Single-arm 
phase II trial 

46 Cediranib 30 mg OD ASPS (46) 
PR: 35% 
SD: 60% 
PD: 5% 

DCR at 24 weeks: 84% 

D
a
s
a

ti
n

ib
 

NCT00464620; 
Schuetze et al., 

2017 

Single-arm 
phase II trial 

109 Dasatinib 100 mg BD 

SFT (25) 
ASPS (12) 

ES (7) 
Other (65) 

RECIST/Choi ORR: 1%/18% 
mPFS: 5.8 months 
mOS: 21.6 months 

PFR at 6 months: 48% 

NCT00464620; 
Schuetze et al., 

2016 

Single-arm 
phase II trial 

200 Dasatinib 100 mg BD 
LMS (49) 
UPS (48) 

Other (103) 
CBR: < 25% 

mPFS: 1.9 months 
mOS: 8.0 months 
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Im
a
ti

n
ib

 

NCT00031915;  
Chugh et al., 2009 

Single-arm 
phase II trial 

190 Imatinib 300 mg BD 

LPS (31) 
UPS (30) 
LMS (29) 

Other (100) 

CBR: 15% 
mPFS: 1.9 months 

mOS: n/a 

NCT00031915;  
Chugh et al., 2010 

Single-arm 
phase II trial 

51 Imatinib 100-300 mg BD DT (51) 
SD: 84% 
PD: 10% 
n/a: 6% 

mPFS: Not reached 
PFR at 2 months: 94% 
PFR at 4 months: 88% 

NCT00287846;  
Penel et al., 2011 

Single-arm 
phase II trial 

40 Imatinib 400 mg OD DT (40) 
CR/PR: 3%/9% 

SD: 80% 
PD: 9% 

mPFS: 25.0 months 
PFR at 2 years: 55% 
mOS: Not reached 

OSR at 2 years: 95% 

NCT01137916; 
Kasper et al., 2017 

Single-arm 
phase II trial 

38 Imatinib 800 mg OD DT (38) 

PR:18% 
SD: 24% 
PD: 42% 
n/a: 16% 

PFR at 24 months: 45% 
OSR at 24 months: 100% 

NCT00085475; 
NCT00084630; 

Rutkowski et al., 2010 

Single-arm 
phase II trial 

24 Imatinib 400-800 mg OD DFSP (24) 

PR: 46% 
SD: 25% 
PD: 17% 
n/a: 13% 

mPFS: 20.4 months 
PFR at 12 months: 57% 

mOS: Not reached 
OSR: 88% 

C
ri

z
o

ti
n

ib
 

NCT01524926; 
Schöffski et al., 2018 

Single-arm 
phase II trial 

40 Crizotinib 250 mg BD 
MET-positive 
ASPS (40) 

PR: 3% 
SD: 88% 
PD: 10% 

PFR at 24 months: 38% 
OSR at 24 months: 97% 

NCT01524926; 
Schöffski et al., 2018 

Single-arm 
phase II trial 

20 Crizotinib 250 mg BD 

ALK-positive IMT 
(12) 

ORR: 50% PFR at 12 months: 73% 

ALK-negative IMT 
(8) 

ORR: 14% PFR at 12 months: 54% 

NCT01524926; 
Schöffski et al., 2017 

Single-arm 
phase II trial 

26 Crizotinib 250 mg BD 
MET-positive CCS 

(26) 

PR: 4% 
SD: 65% 
PD: 31% 

mPFS: 4.3 months 
mOS: 9.1 months 

N
in

te
d

a
n

ib
 

NCT02808247; 
Schöffski et al., 2021 

Double-arm 
phase II trial 

80 

1:1 randomisation to 
nintedanib 200 mg BD or 

ifosfamide 3 g/m2 
triweekly 

LMS (31) 
LPS (22) 

Other (27) 

PR: 5% 
SD: 45% 
PD: 48% 
n/a 3% 

mPFS: 2.5 (Nin) vs, 4,4 months (Ifos) (p = 0.07) 
mOS: 13.7 (Nin) vs. 24.1 months (Ifos) (p = 0.11) 

ALK; Anaplastic lymphoma kinase, AS; Angiosarcoma, ASPS; Alveolar soft part sarcoma, BD; Bis die, CBR; Clinical benefit rate, CCS; Clear cell sarcoma, CR; Complete response, DCR; Disease control rate, DFSP; 
Dermatofibrosarcoma protuberans, DT; Desmoid tumour, ES; Epithelioid sarcoma, IMT; Inflammatory myofibroblastic tumour, LMS; Leiomyosarcoma, LPS; Liposarcoma, mOS; Median overall survival, mPFS; Median progression-
free survival, n/a; Not available, NCT; National Clinical Trial, NOS; Not otherwise specified, OD; Omni die (Once daily), ORR; Objective/overall response rate, OSR; Overall survival rate, PD; Progressive disease, PFR; Progression-
free rate, PR; Partial response, RECIST; Response evaluation criteria in solid tumours, SD; Stable disease, SFT; Solitary fibrous tumour, SS; Synovial sarcoma, TKI; Tyrosine kinase inhibitor, UPS; Undifferentiated pleomorphic 
sarcoma (adapted from Wilding et al., 2019). 
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1.3.3.7 Tyrosine kinase inhibitor resistance mechanisms in cancer 

One of the main challenges in the contemporary targeted therapy of cancers, including 

STS, is the ubiquitous problem of drug resistance. Clinical experience with pazopanib 

has shown that patients either have tumours that display intrinsic resistance or develop 

an acquired resistance after an initial response (Lee et al., 2019). Due to the 

similarities in molecular targets and clinical trial data, other multi-target TKIs evaluated 

within STS, such as regorafenib, sitravatinib, and anlotinib, are predicted to encounter 

similar issues. Regarding this, there are several reported mechanisms of TKI 

resistance that have been reported across the spectrum of cancers, including STS. 

This sub-chapter will discuss some of the most widely reported TKI resistance 

mechanisms that occur in cancer including secondary resistance mutations, tumour 

heterogeneity, TME alterations, metabolomics, and compensatory signalling 

pathways. 

The first is secondary resistance mutations that arise on the targeted kinase. These 

mutations result in the inability, or reduced ability, of TKI binding, and subsequent 

inhibition, of the oncogenic kinase. These mutations are well-documented in cancer 

research with notable examples being the T790M and C797S EGFR mutations in 

NSCLC in response to EGFR TKI therapy (Vyse & Huang, 2019). Within an STS 

setting, treatment of GISTs with TKIs is frequently associated with the acquisition of 

secondary resistance mutations. In first-line therapy, advanced GIST is treated with 

imatinib, and the vast majority of patients experience disease progression after 

approximately 2 years due to the emergence of secondary mutations in KIT (e.g., 

V654A or T670I) or PDGFRA (e.g., D842V) (Table 1.2) (Lostes-Bardaji et al., 2021). 

Upon disease progression with imatinib, sunitinib and regorafenib are utilised as 

second- and third-line therapies, respectively (Table 1.2). This multi-line therapeutic 

strategy has been guided by the biological understanding of resistance mechanisms 

and the mechanism of TKI action in GIST (Bauer et al., 2021). For instance, sunitinib 

has been shown to have high efficacy against the most prevalent imatinib-resistance 

secondary mutation V654A, whilst regorafenib is preferentially effective against 

imatinib/sunitinib-resistant activation loop secondary mutations (Lostes-Bardaji et al., 

2021; Serrano et al., 2019). In the fourth-line setting, ripretinib can be employed as it 

has broad activity against all known, clinically relevant KIT and PDGFRA secondary 

mutations due to the novel switch control mechanism of action that the inhibitor 
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employs (Smith et al., 2019) (Table 1.2). Similarly, avapritinib has been approved for 

use in GIST patients harbouring refractory PDGFRA exon 18 resistance mutations, 

most notably D842V, which renders the tumour resistant to imatinib, sunitinib, and 

regorafenib treatment (Heinrich et al., 2020; Lostes-Bardaji et al., 2021). However, 

continued research is needed due to the reported emergence of ripretinib and 

avapritinib resistance mechanisms (Bauer et al., 2021; Blay et al., 2020; Grunewald 

et al., 2021). In contrast to GIST, the targets and mechanisms of action of TKIs in the 

vast majority of STS are not currently well understood and secondary resistance 

mutations in targeted molecules in response to TKI therapy have not been reported. 

Secondary resistance mutations primarily arise due to the outgrowth of pre-existing, 

resistant, sub-clonal populations harbouring these mutations in response to TKI 

therapy (Grünewald et al., 2020). This is due to the nature of intratumoural 

heterogeneity where cells of the same tumour exhibit significant differences in 

genetics, epigenetics, metabolomics, and/or transcription, such as differences in p53 

expression, miRNA epigenetic regulation, and glycolytic metabolism (Wang et al., 

2019; Xiao et al., 2019; Xue et al., 2019). Another important consideration in terms of 

tumour heterogeneity is the existence of drug-tolerant persister cells (De Conti et al., 

2021; Grünewald et al., 2020; Vallette et al., 2019). These are cells without pre-

existing resistance mutations but survive TKI therapy nonetheless due to their slow or 

non-cycling nature with additional altered metabolism, epigenetics, signalling, and/or 

transcription (De Conti et al., 2021; Vallette et al., 2019). These drug-tolerant 

populations of cells can then give rise to cellular progeny with genetic and/or non-

genetic resistance mechanisms and lead to tumour relapse and growth (De Conti et 

al., 2021; Vallette et al., 2019). Additionally, a small fraction of a tumour is often made 

up of cancer stem cells which possess the potential for self-renewal and the 

development of de novo resistance mechanisms that can cause disease relapse and 

metastases (Ferguson et al., 2021; Grünewald et al., 2020). The existence of drug-

tolerant and sarcoma stem cells and their promotion of drug-resistant cellular states 

have been reported in a number of STS subtypes (Cao et al., 1998; Grünewald et al., 

2020; Rogers et al., 2014; Vallette et al., 2019). Therefore, intratumoural heterogeneity 

and the cellular subpopulations that exist within a tumour are important considerations 

in contemporary research of TKI resistance in STS. 
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Furthermore, the interaction between heterogeneous populations of cells within a 

tumour and their surrounding tumour microenvironment (TME) further increases the 

complexity and heterogeneity of tumours and plays an important part in the response 

and resistance to targeted therapies such as TKIs (Grünewald et al., 2020; Ferguson 

et al., 2021; Son et al., 2017; Tan et al., 2018). The TME comprises tumour cells, 

embedded within ECM, and the surrounding components of cellular tissues such as 

immune cells, vasculature, MSCs, and cancer-associated fibroblasts. The biological 

interplay between components of the TME significantly influences the tumourigenic 

behaviour and therapy response in tumour cells. For example, ECM remodelling has 

frequently been associated with drug resistance by promoting drug-resistant 

phenotypes in tumours including epithelial-mesenchymal transition induction, 

apoptosis evasion, and increased expression of drug efflux pumps (Henke et al., 2020; 

Januchowski et al., 2014; Son et al., 2017; Winkler et al., 2020). Additionally, 

increased ECM density can impair drug access to the tumour thereby protecting the 

tumour from therapeutically effective doses of treatment (Henke et al., 2020; 

Januchowski et al., 2014). Furthermore, the level of immune infiltration, vascularity, 

and paracrine signalling within the TME have been shown to have profound effects on 

tumour response to cytotoxic and targeted therapies (Ferguson et al., 2021; 

Grünewald et al., 2020; Khalaf et al., 2021; Petitprez et al., 2020; Son et al., 2017; Tan 

et al., 2018). Various studies have corroborated the role of the TME on therapy 

response and resistance in sarcomas (Bai et al., 2015; Heymann et al., 2019; 

Grünwald et al., 2020). Most of these studies are primarily based on osteosarcoma 

and are focussed on cytotoxic chemotherapies. There is therefore an unmet need to 

study the effects of the TME and ECM upon targeted therapy response and resistance 

in STS. 

A further important consideration when discussing mechanisms of resistance is drug 

metabolism and efflux by proteins such as cytochrome P450 (CYP450) and p-

glycoprotein (Grünewald et al., 2020; Mansoori et al., 2017; Wilding et al., 2019). For 

the majority of the TKIs discussed, the CYP450 pathway is the primary avenue of 

metabolism for removal of these compounds from the body (Wilding et al., 2019). 

Therefore, patients with increased activity of CYP450 or those harbouring activating 

CYP450 polymorphisms will result in increased metabolism of TKIs, thereby reducing 

the activity of the TKI upon the tumour and increasing drug resistance. Similarly, 
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increased activation levels and activating polymorphisms in p-glycoprotein, for which 

the majority of TKIs discussed are also substrates, results in increased drug efflux 

from target tumour cells (Grünewald et al., 2020; Wilding et al., 2019). Therefore, high 

inter-patient variability has been shown in STS patients treated with TKIs, with 

increased activity of metabolic and/or efflux proteins having a profound effect on drug 

response and resistance (Wilding et al., 2019). Recent discussions have focussed on 

employing therapeutic drug monitoring techniques to subvert the TKI resistance issues 

caused by increased metabolism and/or efflux (Herviou et al., 2016; Wilding et al., 

2019). This involves maintaining the TKI plasma concentration within an effective 

range by altering the TKI dosage dependent on patient pharmacokinetics and temporal 

considerations, without administering a toxic dosage which would result in adverse 

side effects (Wilding et al., 2019). 

Finally, in response to TKI therapy, tumours have been extensively reported to alter 

their cellular signalling to activate compensatory signalling pathways to bypass the 

antitumour effects of therapy (Grünewald et al., 2020; Logue & Morrison, 2012; 

Trusolino & Bertotti, 2012; Von Manstein et al., 2013). As discussed in Chapter 1.2.4, 

there is extensive crosstalk between differing critical, intracellular signalling pathways 

with negative feedback loops, cross activation/inhibition, and pathway convergence. 

Therefore, inhibition of a specific signalling pathway can result in the activation of a 

bypass survival signal that circumvents the TKI-induced pathway blockade in order to 

elicit drug resistance and disease progression. Various mechanisms of compensatory 

signalling pathways have been reported in the literature. Firstly, in response to 

inhibition of a specific RTK, pathway redundancies can occur through the increased 

and/or constitutive signalling via an alternative, non-inhibited receptor. These can 

include other alternative RTKs, as well as other receptor types, such as integrins and 

transforming growth factor β receptor (TGFβR). These alternative receptors lead to 

the activation of the same signalling pathways previously activated by the inhibited 

RTK, thereby overcoming the antitumour consequence of RTK inhibition (Logue & 

Morrison, 2012; Niederst & Engelman, 2013; Von Manstein et al., 2013). Similarly, the 

activity of another receptor can be enhanced that activates a distinct pro-survival 

signalling pathway, thereby bypassing TKI-induced signalling pathway blockade. This 

therefore negates the tumour’s dependency upon the targeted RTK pathway, resulting 

in drug resistance (Logue & Morrison, 2012; Niederst et al., 2013; Von Manstein et al., 
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2013). The increased activation of compensatory RTKs and/or non-RTK receptors can 

be due to various reasons such as receptor amplification, increased autocrine and 

paracrine ligand expression, and/or positive feedback loops by hyperactivated cellular 

signalling nodes (Jiao et al., 2018; Logue & Morrison, 2012; Trusolino & Bertotti, 2012; 

Von Manstein et al., 2013). Furthermore, the emergence of activating mutations within 

critical intracellular signalling components such as N-Ras and B-Raf can also elicit 

bypass signalling pathways to overcome the antiproliferative effects of TKI therapy 

(Lanzi et al., 2019; Logue & Morrison, 2012; Von Manstein et al., 2013; Watanabe et 

al., 2020).  

 

1.3.3.7.1 Current literature of multi-target TKI resistance specific to non-GIST 

soft tissue sarcoma 

The mechanisms of multi-target TKI resistance in non-GIST STS are poorly 

understood and the current literature on the topic is limited to a handful of studies. In 

this sub-chapter, studies evaluating mechanisms of resistance to multi-target TKIs in 

STS will be discussed, both in the acquired and intrinsic resistance settings. 

 

1.3.3.7.1.1 Acquired multi-target TKI resistance in soft tissue sarcoma 

The study by Yokoyama et al. derived two pazopanib-resistant synovial sarcoma 

models by exposing two relatively sensitive synovial sarcoma cell lines to chronic 

pazopanib exposure (Yokoyama et al., 2017). Gene expression microarray analysis 

revealed that the acquisition of pazopanib resistance resulted in the downregulation 

of dual specificity phosphatase 6 (DUSP6) expression, a phosphatase that is known 

to regulate ERK1/2 activity. Through the utilisation of CRISPR knockdown of DUSP6, 

the authors confirmed that DUSP6 downregulation results in the increased activity of 

ERK1/2 and subsequent resistance to pazopanib treatment in synovial sarcoma cell 

line models (Yokoyama et al., 2017). Therefore, treatment with the MEK inhibitor 

trametinib was found to be effective in these cell line models. Furthermore, the study 

reports that dual treatment with pazopanib and low-dose trametinib significantly 

decreased the growth of murine synovial sarcoma tumours (Yokoyama et al., 2017).  
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Shiozawa et al., once again utilising acquired resistance synovial sarcoma cell line 

models generated through chronic pazopanib exposure, reported that secreted 

miRNA-761 levels (enclosed within extracellular vesicles) were found to be increased 

in resistant cells compared to parental cells. The study also found that miRNA-761 

targeted proteins such as sirtuin-3 and lamin A, whose knockdown have previously 

been shown to confer chemotherapeutic resistance in cancer (Shiozawa et al., 2018). 

Employing identical models in a subsequent study, Shiozawa et al. also reported that 

pazopanib-resistant synovial sarcoma secreted increased levels of extracellular 

vesicles containing Wnt signalling pathway components, when compared to parental 

cells (Shiozawa et al., 2018). This corroborates with previous findings that have shown 

the critical nature of Wnt signalling in the growth and survival of synovial sarcoma 

(Baird et al., 2005; Barham et al., 2013). 

Furthermore, the study by Wong et al. generated acquired resistance models of 

malignant rhabdoid tumour through the chronic exposure of initially sensitive A204 

cells to increasing concentrations of the multi-target TKIs pazopanib, dasatinib, and 

sunitinib (Wong et al., 2016). Within the TKI-resistant sublines, PDGFRα expression 

was found to be lost compared to parental cells, with subsequent signalling bypass of 

the downstream Akt signalling pathway. The TKI-resistant cells had thereby lost their 

initial PDGFRα signalling dependency and, as a result, became resistant to PDGFRα-

targeting TKIs. The authors determined that targeting of the FGFR pathway – a 

pathway known to be activated in A204 cells – was an effective salvage therapy in this 

model (Wong et al., 2016).  

Finally, the study by Vyse et al. undertook a phosphoproteomic analysis upon the 

A204 TKI-resistant sublines described previously by Wong et al., excluding the 

sunitinib-resistant model. This evaluation found that pazopanib-resistant cells were 

found to display elevated phosphorylation in cytoskeletal regulation pathways, whilst 

dasatinib-resistant cells showed an upregulation of IGF1R/InsR signalling activity, 

when compared to parental cells (Vyse et al., 2018). 

 

1.3.3.7.1.2 Intrinsic multi-target TKI resistance in soft tissue sarcoma 

The study by Qiao et al. focussed on determining tyrosine kinases associated with 

intrinsic pazopanib resistance in synovial sarcoma cell lines (Qiao et al., 2017). The 
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study determined that the 1273/99 cell line had robust intrinsic resistance to pazopanib 

compared to the other synovial sarcoma cell lines evaluated. Immunoblotting and 

subsequent siRNA evaluation found that expression of the RTKs PDGFRβ, MET, and 

protein tyrosine kinase 2β (PTK2B) were elevated and driving proliferation in the 

pazopanib-resistant 1273/99 model compared to the remaining relatively sensitive 

synovial sarcoma cell lines (Qiao et al., 2017). Additionally, phosphoproteomic 

analysis conducted on the synovial sarcoma cell line panel found that the increased 

activity of the tyrosine kinases FGFR3, RET, VEGFR1, NTRK1, Src, ephrin A2 

(EphA2), and EphA4 were correlated with pazopanib resistance (Qiao et al., 2017).  

The existence of activating mutations in STS with intrinsic multi-target TKI resistance 

has also been reported. In synovial sarcoma cell line and xenograft models with 

intrinsic pazopanib resistance, activating N-Ras Q61R mutations were found to be 

driving pazopanib resistance and could be overcome with dual pazopanib and low-

dose MEK inhibition (Lanzi et al., 2019). Activating Ras mutations have also been 

reported in STS patients with intrinsic pazopanib resistance. For instance, Saturno et 

al. described a G12V K-Ras-activating mutation in a patient diagnosed with spindle 

cell sarcoma that was intrinsically resistant to pazopanib therapy (Saturno et al., 2021). 

Subsequent therapy with a pan-Raf inhibitor was found to result in significant clinical 

benefit and an unconfirmed PR (Saturno et al., 2021). 

Finally, Lanzi et al. also reported the overactivation of IGF1R/InsR with subsequent 

downstream Akt signalling in a synovial sarcoma cell line with intrinsic pazopanib 

resistance (Lanzi et al., 2019). The authors determined that combination therapy of 

pazopanib and IGF1R/InsR inhibitor overcomes intrinsic pazopanib resistance in this 

cell line model (Lanzi et al., 2019). 

 

1.4 Hypothesis and aims 

The mechanisms of multi-target TKI resistance in STS are poorly understood and this 

limits our ability to develop effective treatment strategies to treat multi-target TKI-

resistant STS. 
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The hypothesis of the project is that TKI-resistant STS tumours alter their cellular 

signalling pathways in response to treatment to overcome the antiproliferative effects 

of multi-target TKIs. To address this hypothesis, the project has the following aims: 

 

Aim 1: Derive and characterise models of acquired and intrinsic multi-target TKI 

resistance. Utilising patient-derived xenograft (PDX)-derived cells, immortalised cell 

lines, and murine xenografts, I seek to derive and characterise STS models of 

acquired and intrinsic multi-target TKI resistance. 

 

Aim 2: Define signalling alterations associated with multi-target TKI resistance 

in STS models. Perform proteomic analysis and chemical inhibitor screens in STS 

models to define signalling alterations associated with multi-target TKI resistance. 

 

Aim 3: Characterise mechanisms driving multi-target TKI resistance and 

develop new salvage therapies in STS. Characterise the mechanisms by which 

genes/proteins identified previously confer multi-target TKI resistance. Exploit this 

knowledge to develop new therapeutic strategies that can effectively be used to treat 

multi-target TKI-resistant STS. 

 

By achieving these aims, I seek to address the gap in the current knowledge of multi-

target TKI resistance mechanisms which could allow us to design future therapies for 

STS patients.  
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Chapter 2 

Materials and methods 
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2.1 Mammalian cell culture and phenotypic assays 

2.1.1 Cell culture and derivation of acquired resistance sublines 

The SARC-209 cell model was generated from a patient-derived xenograft (PDX) 

derived from a percutaneous core needle biopsy of a post-relapse abdominal wall 

metastasis in a spindle cell sarcoma patient from the Royal Marsden Hospital Sarcoma 

Unit. Biopsied cells were implanted subcutaneously into nude mice by Champions 

Oncology to form a PDX. The J000104314 cell model was generated from a PDX 

model derived from a synovial sarcoma patient. The PDX was obtained from The 

Jackson Laboratory.  

SARC-209 and J000104314 tumour tissue was collected from mice and minced 

samples were dissociated in 1x dissociation media (Dulbecco’s modified Eagle 

medium (DMEM):Ham’s F12 1:1 + 15 mM HEPES, 0.1x insulin-transferrin-selenium A 

(Gibco), 10 μg/mL epidermal growth factor (EGF) (Peprotech), 10 mg/mL 

hydrocortisone (Sigma Aldrich), 10 μM Y-27632 (LC Laboratories), 0.5 mg/mL 

collagenase (Sigma Aldrich), 0.1 mg/mL hyaluronidase (Sigma Aldrich), 100 units/mL 

DNase I (Sigma Aldrich), 5% foetal bovine serum (FBS) (Gibco), and 0.5% 

penicillin/streptomycin) for 2 hours at 37 °C on a rotator at 100 rpm. Cell pellet was 

collected, washed with phosphate-buffered saline (PBS) (spiked with 10 μM Y-27632), 

and centrifuged for 5 minutes at 1400 rpm. Cell pellet was resuspended in red blood 

cell (RBC) lysis buffer (Invitrogen) and incubated for 1 minute at room temperature. 

Cells were washed with PBS (spiked with 10 μM Y-27632) and centrifuged for 5 

minutes at 1400 rpm. Cell pellet was resuspended in warm 0.05% trypsin/EDTA 

(Gibco) (spiked with 10 μM Y-27632). Cells were agitated by pipetting, incubated for 

8 minutes at 37 °C, agitated again, before trypsin inactivation with Y-media 

(DMEM:Ham’s F12 1:1 + 15 mM HEPES, 1% L-glutamine, 5 μg/mL insulin (Sigma 

Aldrich), 0.4 μg/mL hydrocortisone, 10 ng/mL EGF, 250 ng/mL amphotericin 

(ThermoFisher Scientific), 9.62 ng/mL cholera toxin (Sigma Aldrich), 5 μM Y-27632, 

10% FBS, and 0.5% penicillin/streptomycin). Cells were pelleted before resuspension 

in a 1:1 mix of DNase solution (1 mg/mL DNase I and 10 μM Y-27632 in PBS) and Y-

media, before incubation for 5 minutes at 37 °C. Cells were washed with PBS (spiked 

with 10 μM Y-27632) and centrifuged for 5 minutes at 1400 rpm. Cells were 

resuspended in Y-media and agitated through pipetting. Cells were filtered through a 
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70 μm filter, pelleted, and then resuspended in 1x magnetic-activated cell sorting 

(MACS) buffer, diluted in PBS from a stock 20x solution (20x MACS buffer; 5 g bovine 

serum albumin (BSA) (Sigma Aldrich), 4 mL 0.5 M EDTA (Sigma Aldrich) in 50 mL 

PBS), with 10 μM Y-27632. Superparamagnetic nanoparticle (MicroBead)-conjugated 

antibodies targeted towards mouse-specific antigens (Mouse Cell Depletion Kit, 

Miltenyi Biotec 130-104-694) were added and agitated by pipetting to mix. Solution 

was incubated on ice for 15 minutes. Further 1x MACS buffer was added to the sample 

solution before the sample was loaded into a 1x MACS-buffer-equilibrated 

quadroMACS magnet LS column (Miltenyi Biotec). The column was washed twice with 

1x MACS buffer. The magnetic column allowed non-murine cells to pass through and 

elute, whilst retaining antibody-bound murine cells. Eluted cells were resuspended in 

Y-media. PDX-derived cells were frozen in 10% dimethyl sulfoxide (DMSO) (Sigma 

Aldrich) in FBS plus 10 μM Y-27632. SARC-209 and J000104314 cells were cultured 

in vitro in Y-media. HEK-293T, A204, and G402 cell lines were obtained from the 

American Type Culture Collection (ATCC). HS-SY-II cell line was obtained from the 

Riken BioResource Research Center. All other cell lines were a gift from Professor 

Janet Shipley. Cell lines were cultured in DMEM (A204, G402, SAOS2, U2OS, 

HT1080, MESSA, SW684, SW872, Hs729T, RUCH3, T91-95, SW982, and HEK-

293T) or Roswell Park Memorial Institute (RPMI) 1640 media (SJSA1 and RMS-YM), 

supplemented with 10% FBS and 0.5% penicillin/streptomycin. Cell lines were frozen 

in 10% DMSO in FBS. All cells were cultured in 95% air:5% CO2 at 37 °C. Media was 

replenished twice weekly.  

Pazopanib, regorafenib (LC Laboratories), sitravatinib, and anlotinib (Selleck 

Chemicals) were used to derive acquired resistance in the A204 cell line. Cells were 

initially grown in media containing a tyrosine kinase inhibitor (TKI) concentration at the 

determined inhibitory constant (IC50) values from cell viability assays. Inhibitor 

concentration was incremented stepwise to 1 μM, 2 μM, and 3 μM, until a final inhibitor 

concentration of between 3-5 μM was maintained in resistant cells. Resistance was 

determined using cell viability and colony formation assays. Media and inhibitors were 

replenished twice weekly.  
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2.1.2 Cell viability assay 

Cells (2,000/well) were seeded into 96 well plates. After 24 hours, cells were treated 

with inhibitors at the indicated concentrations and incubated for 72 hours prior to cell 

viability measurement by CellTiter-Glo assay (Promega), following the manufacturer’s 

recommendations. Measurements were undertaken on Victor X5 (PerkinElmer), Spark 

(Tecan), or FLUOstar Omega (BMG Labtech) plate readers. IC50 data were generated 

from dose response curves using four-parameter regression fit in PRISM (Graphpad). 

Combination indices for combinatorial treatments were calculated using Equation E1 

(Chou, 2010). 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏: Combination index = (
AxB

A
) + (

ABx

B
)  

Equation E1: Combination index calculation. A; the IC50 value of inhibitor A, B; the IC50 value of inhibitor B, AxB; the 

concentration of constituent inhibitor A within the IC50 concentration of combination treatment AB, ABx; the 

concentration of constituent inhibitor B within the IC50 concentration of combination treatment AB, IC50; Inhibitory 

constant.  

Inhibitors included pazopanib, regorafenib, ponatinib, dasatinib (LC Laboratories), 

sitravatinib, anlotinib, infigratinib, and erdafitinib (Selleck Chemicals).  

 

2.1.3 Temporal (27 day) cell viability assay 

The initial sensitivities to sitravatinib and infigratinib (Selleck Chemicals) were 

evaluated in parental A204 cells (2,000/well) via cell viability assays, as per the 

protocol outlined previously. Using the same flask of parental A204 cells, cells 

(1,000,000/flask) were seeded into x2 T75 flasks. After 24 hours, x1 T75 was treated 

with DMSO (Sigma Aldrich) and the remaining x1 T75 was treated with 1 μM 

sitravatinib. Cells were allowed to grow for four weeks post-seeding in their respective 

treatments. Media and inhibitors were replenished twice weekly. Cells were 

maintained at between 70-90% confluency. After 4-, 7-, 14-, 21-, and 28-days post-

seeding, cells from the x2 flasks were evaluated for temporal changes in their 

sensitivities to sitravatinib and infigratinib via cell viability assays, as per the protocol 

outlined previously.  
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2.1.4 Apoptosis assay 

Cells (2,000/well) were seeded into 96 well plates. After 24 hours, cells were treated 

with inhibitors at the indicated concentrations and incubated for 24 hours prior to 

apoptosis measurement by Caspase-Glo 3/7 assay (Promega), following the 

manufacturer’s recommendations. Measurements were undertaken on Victor X5 

(PerkinElmer) or FLUOstar Omega (BMG Labtech) plate readers. Inhibitors included 

pazopanib, regorafenib, ponatinib, dasatinib (LC Laboratories), sitravatinib, anlotinib, 

infigratinib, and erdafitinib (Selleck Chemicals).  

 

2.1.5 Small molecule inhibitor screen 

Cells (2,000/well) were seeded into 96 well plates. After 24 hours, cells were treated 

with inhibitors at 0.5 μM and incubated for 72 hours prior to cell viability measurement 

by CellTiter-Glo assay (Promega), following the manufacturer’s recommendations. 

Measurements were undertaken on Victor X5 plate readers (PerkinElmer). A list of the 

small molecule inhibitors utilised along with their primary target and supplier is 

presented in Table 1.2. Data was clustered two-way based on Euclidean distance 

using the Perseus software (Tyanova et al., 2016). 

Table 2.1: Small molecule inhibitors utilised within the small molecule inhibitor screens with primary 
target(s) and supplier. 

Small molecule inhibitor Primary target(s) Supplier 

Axitinib * Broad spectrum: RTKs LC Laboratories 

Cabozantinib * Broad spectrum: RTKs LC Laboratories 

Cediranib Broad spectrum: RTKs LC Laboratories 

Foretinib Broad spectrum: RTKs LC Laboratories 

Imatinib Broad spectrum: RTKs, Abl1 LC Laboratories 

Lenvatinib Broad spectrum: RTKs LC Laboratories 

Nintedanib * Broad spectrum: RTKs LC Laboratories 

Pazopanib Broad spectrum: RTKs LC Laboratories 

Ponatinib Broad spectrum: RTKs, Abl1 LC Laboratories 

Regorafenib Broad spectrum: RTKs LC Laboratories 

Sitravatinib *** Broad spectrum: RTKs Selleck Chemicals 

Sorafenib Broad spectrum: RTKs, C-Raf, B-Raf LC Laboratories 

Sunitinib Broad spectrum: RTKs LC Laboratories 

Vandetanib Broad spectrum: RTKs LC Laboratories 

Entrectinib NTRK1/2/3, ROS1, ALK Selleck Chemicals 

GW441756 NTRK1 Selleck Chemicals 

Ceritinib ALK Selleck Chemicals 

Crizotinib ALK, MET LC Laboratories 

NVP-TAE684 ALK Selleck Chemicals 

Osimertinib (AZD-9291) EGFR Selleck Chemicals 

EAI045 EGFR Selleck Chemicals 

Erlotinib EGFR LC Laboratories 

Gefitinib EGFR LC Laboratories 

Lapatinib EGFR, HER2 LC Laboratories 

Neratinib EGFR, HER2 LC Laboratories 
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Infigratinib (BGJ-398) FGFR1/2/3 Selleck Chemicals 

Erdafitinib (JNJ-42756493) ** FGFR1/2/3/4 Selleck Chemicals 

Linsitinib IGF1R LC Laboratories 

NVP-AEW541 IGF1R, InsR Selleck Chemicals 

Cilengitide trifluoroacetate Integrins αvβ3, αvβ5 Selleck Chemicals 

Bosutinib Src, Abl1 LC Laboratories 

Dasatinib Src, Abl1, Broad spectrum: RTKs LC Laboratories 

Nilotinib * Bcr-Abl1 LC Laboratories 

Saracatinib Src Selleck Chemicals 

PF562271 FAK Selleck Chemicals 

TAE226 FAK Selleck Chemicals 

BI-2536 PLK1 Selleck Chemicals 

BX-795 PDPK1 Sigma Aldrich 

Dactolisib (BEZ235) PI3K, mTOR LC Laboratories 

Rapamycin (Sirolimus) mTOR LC Laboratories 

Binimetinib MEK1/2 LC Laboratories 

Trametinib MEK1/2 LC Laboratories 

Dabrafenib B-Raf V600E Selleck Chemicals 

Adezmapimod (SB203580) p38 MAPK Selleck Chemicals 

SP600125 JNK1/2/3 Selleck Chemicals 

Capivasertib (AZD-5363) Akt1/2/3 Selleck Chemicals 

MK2206 Akt1/2/3 Selleck Chemicals 

Momelotinib JAK1/2 Selleck Chemicals 

Niclosamide STAT3 Selleck Chemicals 

SH-4-54 STATs Selleck Chemicals 

Galunisertib TGFβR1 Selleck Chemicals 

BMS345541 IKK1/2 Sigma Aldrich 

Alisertib Aurora A Selleck Chemicals 

Rabusertib (LY2603618) Chk1 Selleck Chemicals 

MK8776 Chk1 Selleck Chemicals 

Palbociclib CDK4/6 Selleck Chemicals 

Silmitasertib CK2 Selleck Chemicals 

Talazoparib PARP Selleck Chemicals 

Rucaparib PARP Selleck Chemicals 

XAV-939 Tankyrase Selleck Chemicals 

Navitoclax Bcl-2, Bcl-w, Bcl-xL Selleck Chemicals 

GSK126 EZH2 Selleck Chemicals 

JQ1 BET bromodomains Selleck Chemicals 

Luminespib (NVP-AUY922) Hsp90 LC Laboratories 

ADP; Adenosine diphosphate, ALK; Anaplastic lymphoma kinase, Bcl-(2/xL); B-cell lymphoma (2/extra large) protein; 
Bcl-w; Bcl-2-like protein 2, Bcr; Breakpoint cluster region protein, BET; Bromo- and extra-terminal domain, CDK(4/6); 
Cyclin-dependent kinase (4/6); Chk1; Checkpoint kinase 1, CK2; Casein kinase 2, EGFR; Epidermal growth factor, 
EZH2; Enhancer of zeste homolog 2, FAK; Focal adhesion kinase, FGFR(1/2/3/4); Fibroblast growth factor receptor 
(1/2/3/4), HER2; Human epidermal growth factor receptor 2, Hsp90; Heat shock protein 90, IGF1R; Insulin-like 
growth factor 1 receptor, IKK(1/2); IκB kinase (1/2), InsR; Insulin receptor, JAK(1/2); Janus kinase (1/2), JNK(1/2/3); 
c-Jun N-terminal kinase (1/2/3), MAPK; Mitogen-activated protein kinase, MEK; Mitogen-activated protein kinase 
kinase, mTOR; Mechanistic target of rapamycin, N-terminal; Amino-terminal, NTRK(1/2/3); Neurotrophic tyrosine 
kinase receptor (1/2/3) PARP; Poly (ADP-ribose) polymerase, PDPK1; Phosphoinositide-dependent protein kinase 
1, PI3K; Phosphoinositide 3-kinase, PLK1; Polo-like kinase 1, (B/C)-Raf; Rapidly accelerated fibrosarcoma, RTK; 
Receptor tyrosine kinase, STAT(3); Signal transducer and activator of transcription (3), TGFβR1; Transforming 
growth factor β receptor 1. (* = SARC-209/J000104134 screens only, ** = A204/G402 screens only, *** = Screen 
utilised in Figure 4.6A only.  

 

2.1.6 Tyrosine kinase inhibitor sequential treatment assay 

Cells (500/well) were seeded into x13 sets of black-walled 96 well plates. After 24 

hours, one plate set was fixed with 10% neutral-buffered formalin solution (Sigma 

Aldrich) and stored at 4 °C. The remaining plate sets were treated with DMSO (Sigma 

Aldrich) or 1 μM of inhibitor for a period of two weeks (Table 2.2). After a period of two 

weeks, the administered inhibitor was continued or altered as per the protocol outlined 
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in Table 2.2 before undergoing a further two weeks of treatment. After this secondary 

period of two weeks, the administered inhibitor was continued or altered as per the 

protocol outlined in Table 2.2 before undergoing a final two weeks of treatment. 

Formalin fixing of plate sets was repeated twice weekly for the duration of the 6-week 

assay. Media and inhibitors were replenished every 72 hours. Fixed cells were stained 

with Hoescht 33342 (R & D Systems) for 10 minutes at 37 °C, followed by PBS 

washes. Direct cell count was undertaken using a Celigo Image Cytometer 

(Nexcelcom BioScience). Cell count for a particular inhibitor sequence was ceased 

upon both technical replicates reaching overconfluency. Inhibitors used include 

pazopanib, regorafenib, ponatinib (LC Laboratories), sitravatinib, anlotinib, infigratinib, 

and erdafitinib (Selleck Chemicals). 

Table 2.2: Protocol schedule for 6-week TKI sequential 
treatment assay. 

  
2 weeks 2 weeks 2 weeks 

1 2 3 

S
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u
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n
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l 
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a
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n

ts
 

P/R/S/A 

Paz   

Reg   

Sit   

Anlo   

Pon   

Inf 

Inf 

P/R/S/A 

Inf + P/R/S/A 

Pon 

Erda 

Erda 

P/R/S/A 

Erda + P/R/S/A 

Pon 

M
o

n
o

th
e
ra

p
ie

s
 

DMSO DMSO DMSO 

Paz Paz Paz 

Reg Reg Reg 

Sit Sit Sit 

Anlo Anlo Anlo 

Inf Inf Inf 

Erda Erda Erda 

Pon Pon Pon 

D
u

a
l Inf + P/R/S/A Inf + P/R/S/A Inf + P/R/S/A 

Erda + P/R/S/A Erda + P/R/S/A Erda + P/R/S/A 

DMSO; Dimethyl sulfoxide, Erda; Erdafitinib, Inf; Infigratinib, 
P/R/S/A; Pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), 
or anlotinib (Anlo), Pon; Ponatinib, TKI; Tyrosine kinase inhibitor.  
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2.1.7 Growth curve assay 

Cells (1,000/well) were seeded into x14 black-walled 96 well plates. After 24 hours, 

one plate was fixed with 10% neutral-buffered formalin solution (Sigma Aldrich) and 

stored at 4 °C. Formalin fixing was repeated once daily upon a single plate for the 

duration of the 14-day assay. Media was replenished every 72 hours. After 14 days, 

cells were stained with Hoescht 33342 (R & D Systems) for 10 minutes at 37 °C, 

followed by PBS washes. Direct cell count was undertaken using a Celigo Image 

Cytometer (Nexcelcom BioScience).  

 

2.1.8 Colony formation assay 

Cells (10,000/well) were seeded into 6 well plates. After 24 hours, cells were treated 

with inhibitors at the indicated concentrations for a duration of 2 weeks. Media and 

inhibitors were replenished every 72 hours. After 2 weeks, cells were fixed using 

Carnoy’s fixative (3:1 methanol:acetic acid) and stained with 1% crystal violet solution 

(Sigma Aldrich). Plates were digitally imaged using ChemiDoc Touch Imaging System 

(Bio-Rad) or G-Box Chemi-XX6 (Syngene) imagers. Densitometry analysis was 

performed using the ImageJ software program (National Institutes of Health). Inhibitors 

used include pazopanib, regorafenib, ponatinib, dasatinib (LC Laboratories), 

sitravatinib, anlotinib, infigratinib, and erdafitinib (Selleck Chemicals).  

 

2.1.9 Xenograft assay 

Harvested SARC-209-originating PDX tumours were cut into 3x3x3 mm3 pieces and 

implanted into the left flank of 5-6 week old female NCR nude mice aged. Mice were 

from the ICR Sutton breeding unit. Tumour size and body weight were measured twice 

a week. Tumour size was measured using calipers with volume calculated using 

Equation E2. 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝐄𝟐: Tumour volume =  
L ×  W2

2
 

 Equation E2: Tumour volume calculation. L; length of tumour, W; width of tumour. 
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Body weight was measured using a weighing balance. Sample sizes were decided to 

ensure a minimum of 5 mice, with the maximum number being 10. Mice (n=19) with 

tumours over 250 mm3 were randomly allocated into different treatments and treated 

daily p.o. with vehicle (80 mM sodium citrate pH 3.0) (n=9) or 30 mg/kg dasatinib 

(n=10) (LC Laboratories). Dasatinib and vehicle treatments were made up by the same 

member of staff at the Biological Services Unit (BSU) at the ICR. Experiment was 

undertaken by licenced staff at the BSU. The BSU follows the regulations and ethics 

as set out in the Animals (Scientific Procedures) Act 1986 (ASPA). The ICR, and those 

undertaking the work at the BSU, carry the requisite licences to permit animal studies, 

namely the establishment, project, and personal licences. Mice with tumour volume 

over 500 mm3 at the start of treatment (n=1 vehicle), mice whose tumours were 

erroneously slow-growing (relative to majority of tumours) prior to the start of treatment 

(n=2 vehicle), or mice whose tumour spontaneously and erroneously regressed 

between adjacent timepoints indicating poor measurements (n=1 vehicle) were 

removed from the final analysis. Neither the measurements nor the analyses were 

blinded. Final analysis included mice (n=15) consisting of vehicle-treated (n=5) and 

dasatinib-treated (n=10). Mice were sacrificed once tumours exceeded 1000 mm3. 

Upon sacrifice, tumour samples (both fixed and frozen) were taken for downstream 

analysis. Outcomes measurements were survival data and tumour volume. Statistical 

analyses undertaken are stated within the figure legend. Reporting of mouse study 

was undertaken in accordance with the ARRIVE guidelines 2.0 (Percie du Sert et al., 

2020).  

 

2.2 Molecular biology techniques 

2.2.1 Retroviral plasmid production and transduction 

Retroviruses were produced using HEK-293T cells with the pUMVC packaging 

plasmid and the pCMV-VSV-G envelope protein plasmid (Stewart et al., 2003). The 

SRC constructs included pBABE-hygro empty vector (EV), pBABE-SRC-Rescue wild-

type (SrcWT), pBABE-SRC-Dasatinib-resistant T338I (SrcT338I), and pBABE-SRC-

Dominant-negative K295M (SrcK295M) (Table 2.3) (Morgenstern & Land, 1990; Stewart 

et al., 2003; Zhang et al., 2009).  
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Table 2.3: Plasmids utilised for retroviral transductions with Addgene repository plasmid identifiers. 

Plasmid Addgene plasmid # Addgene reference RRID 

pUMVC #8449 http://n2t.net/addgene:8449 Addgene_8449 

pCMV-VSV-G #8454 http://n2t.net/addgene:8454 Addgene_8454 

pBABE-hygro empty vector (EV) #1765 http://n2t.net/addgene:1765 Addgene_1765 

pBABE-SRC-Rescue wild-type 
(SrcWT) 

#26983 http://n2t.net/addgene:26983 Addgene_26983 

pBABE-SRC-Dasatinib-resistant 
T338I (SrcT338I) 

#26980 http://n2t.net/addgene:26980 Addgene_26980 

EV; Empty vector; RRID; Research Resource Identifiers, SrcT338I; Dasatinib-resistant SrcWT; Wild-type (Morgenstern & Land, 
1990; Stewart et al., 2003; Zhang et al., 2009). 

 

The SrcK295M construct was engineered from pBABE-SRC-Rescue wild-type plasmid 

using the Q5 site-directed mutagenesis kit (New England BioLabs) and Stellar 

competent cells (Takara Bio), following the manufacturer’s recommendations. The 

primers (Sigma Aldrich) that were used are displayed in Table 2.4. 

The CXCR1 and CXCR2 constructs were cloned into linearised pBABE-hygro EV 

plasmid through amplification of the open-reading frame of CXCR1 or CXCR2 cDNA 

packaged into pMD18-T vectors (Sino Biological). Cloning was undertaken using the 

In-Fusion HD cloning kit, CloneAmp HiFi polymerase chain reaction (PCR) premix, 

NucleoSpin Gel and PCR clean-up kit, and Stellar competent cells (Takara Bio), 

following the manufacturer’s recommendations. Sanger sequencing was undertaken 

using the Eurofins Genomics TubeSeq service, as per the service recommendations. 

The primers (Sigma Aldrich) that were used are displayed in Table 2.4. 

Table 2.4: Site-directed mutagenesis and cloning primers. 

Primer Forward (5'-->3') Reverse (5'-->3') 

Src mutagenesis primers 

SrcK295M GTGGCCATAATGACTCTGAAGCCC TCTGGTGGTGCCGTTCCA 

CXCR1/CXCR2 cloning primers 

CXCR1 
GGCGCCGGCCGGATCCATGTCAAATA 

TTACAGATCCACAGATGTGGGA 
CACCACACTGGGATCCTCAGAGGTTGG 

AAGAGACATTGACAGA 

CXCR2 
GGCGCCGGCCGGATCCATGGAAGATT 

TTAACATGGAGAGTGACAGCTT 
CACCACACTGGGATCCTTAGAGAGTAG 

TGGAAGTGTGCCCTGA 

CXCR(1/2); C-X-C motif chemokine receptor (1/2), SrcK295M; Dominant-negative Src, SrcY527F; Constitutively-active Src. 

 

pBABE-hygro EV was linearised using BamHI-HF restriction enzyme (New England 

BioLabs) and purified using the QIAquick gel extraction kit (Qiagen), following the 

manufacturer’s recommendations.  

http://n2t.net/addgene:8449
http://n2t.net/addgene:8454
http://n2t.net/addgene:1765
http://n2t.net/addgene:26983
http://n2t.net/addgene:26980
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Transduced cells were selected using 200 μg/mL hygromycin B (Invivogen) and 

maintained in culture with 100 μg/mL hygromycin B. Transduction was confirmed 

through immunoblotting or quantitative PCR (qPCR).  

 

2.2.2 Quantitative polymerase chain reaction 

Cells (350,000/well or 600,000/T25) were seeded into 6 well plates or T25 flasks. After 

24 hours, cells were lysed and RNA extracted using QIAshredder and RNeasy kits 

(Qiagen), following the manufacturer’s recommendations. For A204 TKI-resistant 

qPCR experiments, cells (100,000/well) were seeded into 6 well plates. After 24 hours, 

media was replenished with fresh media without TKI addition. After a further 72 hours, 

cells were lysed as per the methodology outlined above. Contaminating DNA was 

degraded by RQ1 RNase-free DNase (Promega) followed by cDNA synthesis utilising 

the SuperScript III First-Strand Synthesis kit (ThermoFisher Scientific), following the 

manufacturer’s recommendations. qPCR was undertaken using SYBR green 

fluorescent dye (ThermoFisher Scientific), following the manufacturer’s 

recommendations, on Applied Biosystems QuantStudio 6 or 7 Flex Real-Time PCR 

systems (ThermoFisher Scientific). PCR conditions and primers (Sigma Aldrich) that 

were used are displayed in Table 2.5. A melt curve was also undertaken post-reaction 

to assess primer and experiment quality. 
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Table 2.5: qPCR primers and conditions. 

Primer Forward (5'-->3') Reverse (5'-->3') 

ACTB primers 

ACTB GACAGGATGCAGAAGGAGATCAC TGATCCACATCTGCTGGAAGGT 

CXCL8 (IL-8) primers 

CXCL8 GCTCTGTGTGAAGGTGCAGTT TGGCATCTTCACTGATTCTTGGA 

CXCR1/CXCR2 primers 

CXCR1 TCCTTTTCCGCCAGGCTTACCA GGCACGATGAAGCCAAAGGTGT 

CXCR2 CCTGTCTTACTTTTCCGAAGGAC TTGCTGTATTGTTGCCCATGT 

Integrin primers 

ITGA2 GGGAATCAGTATTACACAACGGG CCACAACATCTATGAGGGAAGGG 

ITGA3 TGTGGCTTGGAGTGACTGTG TCATTGCCTCGCACGTAGC 

ITGA6 GGCGGTGTTATGTCCTGAGTC AATCGCCCATCACAAAAGCTC 

ITGA7 TATTGACTCGGGGAAAGGTCT CCAGCCATCACTGTTGAGG 

ITGA10 AACATCACCCACGCCTATTCC GTTGGTAGTCACCTAAGTGGC 

ITGB1 CAAGAGAGCTGAAGACTATCCCA TGAAGTCCGAAGTAATCCTCCT 

ITGB3 AGTAACCTGCGGATTGGCTTC GTCACCTGGTCAGTTAGCGT 

ITGB4 GCTTCACACCTATTTCCCTGTC GACCCAGTCCTCGTCTTCTG 

ITGAV AATCTTCCAATTGAGGATATCAC AAAACAGCCAGTAGCAACAAT 

RTK primers 

PDGFRA GACTTTCGCCAAAGTGGAGGAG AGCCACCGTGAGTTCAGAACGC 

FGFR1 GCACATCCAGTGGCTAAAGCAC AGCACCTCCATCTCTTTGTCGG 

FGFR2 GTGCCGAATGAAGAACACGACC GGCGTGTTGTTATCCTCACCAG 

FGFR3 TCCATCTCCTGGCTGAAGAACG TGTTCTCCACGACGCAGGTGTA 

FGFR4 AACACCGTCAAGTTCCGCTGTC CATCACGAGACTCCAGTGCTGA 

qPCR conditions 

Step Temperature (°C) Time (seconds) Cycle(s) 

1 50 120 Hold 

2 95 120 Hold 

3 95 15 40 

4 
58 (for CXCL8)                                                     

& 60 (for the remainder) 
60 40 

ACTB; β-actin, CXCL8; Chemokine C-X-C motif ligand 8, CXCR(1/2); C-X-C motif chemokine receptor (1/2), FGFR(1/2/3/4); 
Fibroblast growth factor receptor (1/2/3/4), IL-8; Interleukin-8, ITG(A2/3/6/7/10/V)(B1/3/4): Integrin (α2/3/6/7/10/V)(β1/3/4), 
PDGFRA; Platelet-derived growth factor receptor α, qPCR; Quantitative polymerase chain reaction, RTK; Receptor tyrosine 
kinase. 

 

2.2.3 SS18-SSX fusion polymerase chain reaction 

Cells (350,000/well) were seeded into 6 well plates. After 24 hours, cells were lysed 

and RNA extracted using QIAshredder and RNeasy kit (Qiagen), following the 

manufacturer’s recommendations. Contaminating DNA was degraded by RQ1 RNase-

free DNase (Promega) followed by cDNA synthesis utilising the SuperScript III First-

Strand Synthesis kit (ThermoFisher Scientific), following the manufacturer’s 

recommendations. PCR was undertaken using GoTaq DNA polymerase (Promega), 
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following the manufacturer’s recommendations. PCR conditions and primers (Sigma 

Aldrich) that were used are displayed in Table 2.6. PCR product was loaded onto 1% 

agarose (Invitrogen) gel, stained with ethidium bromide (Sigma Aldrich), and digitally 

imaged using a Bio-Rad ChemiDoc Touch Imaging System (Bio-Rad). Samples 

yielding PCR products of the predicted amplicon size (108 bp) for the fusion gene were 

deemed positive as synovial sarcoma (Lan et al., 2016). The cell line HS-SY-II, with a 

known SS18-SSX1 gene fusion, was used as a positive control (Sonobe et al., 1992).  

Table 2.6: SS18-SSX fusion PCR primers and conditions. 

Primer Forward (5'-->3') Reverse (5'-->3') 

ACTB primers 

ACTB GACAGGATGCAGAAGGAGATCAC TGATCCACATCTGCTGGAAGGT 

SS18-SSX fusion primers 

SS18-SSX1 AGACCAACACAGCCTGGACCAC ACACTCCCTTCGAATCATTTTCG 

SS18-SSX2 AGACCAACACAGCCTGGACCAC GCACTTCCTCCGAATCATTTC 

SS18-SSX4 AGACCAACACAGCCTGGACCAC GCACTTCCTTCAAACCATTTTCT 

ACTB PCR conditions 

Step Temperature (°C) Time (seconds) Cycle(s) 

1 95 120 Hold 

2 

95 15 

40 60 15 

72 60 

3 72 300 Hold 

SS18-SSX fusion PCR conditions 

1 95 420 Hold 

2 

94 45 

Annealing 66 (annealing temperature) 45 

72 90 

Step 2 cycle was repeated 9 further times with annealing temperature reduced by 1 °C each cycle 

until 57 °C 

3 

94 45 

30 56 45 

72 90 

4 72 300 Hold 

ACTB; β-actin, PCR; Polymerase chain reaction, SS18; Synovial sarcoma translocation, chromosome 18, SSX(1/2/4); 
Synovial sarcoma X (1/2/4) breakpoint protein. 

 

2.2.4 Short tandem repeat analysis 

Cells (350,000/well) were seeded into 6 well plates. After 24 hours, cells were lysed 

and DNA extracted using DNeasy blood and tissue kits (Qiagen), following the 

manufacturer’s recommendations. Human Cell Line Authentication via short tandem 

repeat (STR)/DNA profiling was undertaken using the Eurofins Genomics Cell Line 

Authentication service, as per the service recommendations.  
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2.3 Protein analysis techniques 

2.3.1 Immunoblotting 

Cells (350,000/well) were seeded into 6 well plates. After 24 hours, cells were treated 

with inhibitors at the indicated concentrations and/or durations. If no inhibitor or 

cytokine treatment indicated, cells were lysed 24 hours post-seeding. For 6-hour and 

72-hour A204 TKI-resistant experiments, cells (350,000/well or 300,000/flask, 

respectively) were seeded into 6 well plates or T25 flasks, respectively. After 24 hours, 

cells were treated with DMSO (Sigma Aldrich) and incubated for a further 6 or 72 

hours. For serum-starved conditions for interleukin-8 (IL-8) (Peprotech) stimulation 

experiments, cells (250,000/well) were seeded into 6 well plates. After 24 hours, media 

was replenished with serum-free media, following several PBS washes, and serum-

starved overnight. Cells were then treated with IL-8 at the indicated concentration and 

duration. After the indicated time period post treatment, cells were lysed in 

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris.Cl pH 7.6, 150 mM NaCl, 

1% IGEPAL CA-630 (NP-40) (Sigma Aldrich), 0.1% sodium dodecyl sulfate (SDS) 

(Sigma Aldrich), and 0.5% sodium deoxycholate (Sigma Aldrich)), supplemented with 

HaltTM protease and phosphatase inhibitors and EDTA #78442 (ThermoFisher 

Scientific) at 4 °C. Protein quantification was undertaken using a Pierce bicinchoninic 

acid (BCA) assay kit (ThermoFisher Scientific), as per the manufacturer’s 

recommendations. Lysates were loaded onto NuPAGE Novex 4-12% Bis-Tris gels 

(Invitrogen), followed by blotting onto iBlot polyvinylidene fluoride (PVDF) membranes 

(Invitrogen). Membranes were blocked for 4-5 hours at room temperature with either 

5% dried skimmed milk (Marvel) (for total protein) or 5% BSA (Sigma Aldrich) (for 

phosphoprotein) in 1x tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) (Sigma 

Aldrich). Blots were subsequently incubated with primary antibodies (diluted in the 

respective blocking agent) at 4 °C overnight. Membranes were then washed at room 

temperature with 3 x 10 minutes of TBST incubation. Following this, membranes were 

incubated at room temperature with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (diluted in 5% dried skimmed milk) for 1 hour. Membranes were 

subsequently washed for a further 3 x 10 minutes of TBST incubation at room 

temperature. Primary and secondary antibodies utilised within this thesis are outlined 

in Table 2.7 with associated dilutions. Immunoreactive bands were visualised by 
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SuperSignal West Pico PLUS chemiluminescence substrate (ThermoFisher Scientific) 

and the blots were digitally imaged using ChemiDoc Touch Imaging System (Bio-Rad) 

or G-Box Chemi-XX6 (Syngene) imagers. Blots were analysed using Image Lab (Bio-

Rad) and GNU image manipulation program (GIMP). Inhibitors used include 

pazopanib, regorafenib, ponatinib, dasatinib, cabozantinib, neratinib, crizotinib (LC 

Laboratories), sitravatinib, anlotinib, infigratinib, erdafitinib, cilengitide trifluoroacetate, 

NVP-AEW541, osimertinib, and NVP-TAE684 (Selleck Chemicals).  

Table 2.7: Primary and secondary antibodies utilised for immunoblotting with associated dilutions. 

Antibody Dilution Supplier and catalogue number 

Primary antibodies 

anti-pSTAT3 (Y705) D3A7 (Rabbit) 1:1000 Cell Signalling Technology (#9145) 

anti-STAT3α D1A5 (Rabbit) 1:1000 Cell Signalling Technology (#8768) 

anti-pSrc family (Y416) (Rabbit) 1:1000 Cell Signalling Technology (#2101) 

anti-Src (Rabbit) 1:1000 Cell Signalling Technology (#2108) 

anti-pAkt (S473) 193H12 (Rabbit) 1:1000 Cell Signalling Technology (#4058) 

anti-Akt (pan) C67E7 (Rabbit) 1:1000 Cell Signalling Technology (#4691) 

anti-p44/42 MAPK (ERK1/2) 
(T202/Y204) D13.14.4E (Rabbit) 

1:1000 Cell Signalling Technology (#4370) 

anti-p44/42 MAPK (ERK1/2)                     
137F5 (Rabbit) 

1:1000 Cell Signalling Technology (#4695) 

anti-PDGFRα D1E1E (Rabbit) 1:1000 Cell Signalling Technology (#3174) 

anti-FGFR1 [EPR806Y] (Rabbit) 1:1000 Abcam (ab76464) 

anti-α-tubulin (Mouse) 1:5000 Sigma Aldrich (#T5168) 

Secondary antibodies 

anti-Rabbit HRP-linked antibody 
For total protein: 1:5000 

Cell Signalling Technology (#7074) 
For phosphoprotein: 1:2000 

anti-Mouse HRP-linked antibody 1:5000 SignalChem (#G32-62G-1000) 

ERK1/2; Extracellular signal-regulated kinase 1/2, FGFR1; Fibroblast growth factor receptor 1, HRP; Horseradish peroxidase, 
PDGFRα; Platelet-derived growth factor receptor α, STAT3; Signal transducer and activator of transcription 3. 

 

2.3.2 Temporal (27 day) immunoblotting 

Parental A204 cells (350,000/well) were seeded into 6 well plates. After 24 hours, cells 

were lysed for immunoblotting, as per the protocol outlined previously. Using the same 

flask of parental A204 cells, cells (1,000,000/flask) were seeded into x2 T75 flasks. 

After 24 hours, x1 T75 was treated with DMSO (Sigma Aldrich) and the remaining x1 

T75 was treated with 1 μM sitravatinib. Cells were allowed to grow for four weeks post-

seeding in their respective treatments. Media and inhibitors were replenished twice 

weekly. Cells were maintained at between 70-90% confluency. After 4-, 7-, 14-, 21-, 

and 28-days post-seeding, cells from the x2 flasks were evaluated for temporal 

changes in protein expression and phosphorylation status via immunoblotting, as per 

the protocol outlined previously. This experiment was run concomitantly with the same 
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flasks of cells used for the temporal (27 day) cell viability assays outlined in Chapter 

2.1.3.  

 

2.3.3 Temporal (14 day) immunoblotting 

Cells (1,000,000/flask) were seeded into x2 T75 flasks. After 24 hours, x1 T75 was 

treated with DMSO (Sigma Aldrich) and the remaining T75 was treated with 1 μM 

sitravatinib (Selleck Chemicals). Cells were allowed to grow for two weeks in their 

respective treatments. Media and inhibitors were replenished twice weekly. Cells were 

maintained at between 70-90% confluency and cells were split into T175s one-week 

post-seeding. After two weeks of treatments, the x2 T75 flasks were split and seeded 

as follows: 

1. x1 6 well seedings (350,000/well) of DMSO pre-treated cells. 

2. x3 6 well seedings (350,000/well) of Sit pre-treated cells. 

After 24 hours, cells were treated for 6 hours as follows: 

1. Well 1 (DMSO pre-treated cells): Treated with DMSO. 

2. Well 2 (Sitravatinib pre-treated cells): Treated with DMSO. 

3. Well 3 (Sitravatinib pre-treated cells): Treated with 1 μM sitravatinib. 

4. Well 4 (Sitravatinib pre-treated cells): Treated with 1 µM infigratinib. 

After 6 hours of treatment, cells were lysed for immunoblotting, as per the protocol 

outlined previously.  

 

2.3.4 Phospho-receptor tyrosine kinase antibody array 

Cells (1,000,000/flask) were seeded into x4 T75 flasks. After 24 hours, x2 of T75s 

were treated with DMSO (Sigma Aldrich) and remaining x2 T75s were treated with 1 

μM sitravatinib (Selleck Chemicals). Cells were allowed to grow for two weeks in their 

respective treatments. Media and inhibitors were replenished twice weekly. Cells were 

maintained at between 70-90% confluency and cells were split into T175s one-week 

post-seeding. After two weeks of treatments, the x4 T75s were treated for 6 hours as 

follows: 
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1. Flask 1 (DMSO pre-treated cells): Media changed plus DMSO. 

2. Flask 2 (DMSO pre-treated cells): Media changed plus 1 μM infigratinib (Selleck 

Chemicals). 

3. Flask 3 (Sitravatinib pre-treated cells): Media changed plus 1 μM sitravatinib. 

4. Flask 4 (Sitravatinib pre-treated cells): Media changed plus 1 μM infigratinib. 

After 6 hours of treatment, cells were lysed and lysates collected using the Proteome 

Profiler Human Phospho-receptor tyrosine kinase (RTK) Array kit (R & D Systems), as 

per the manufacturer’s recommendations. Protein quantification was undertaken using 

a Pierce BCA assay kit (ThermoFisher Scientific), as per the manufacturer’s 

recommendations. Lysates were incubated and blotted onto phospho-RTK antibody 

arrays using the Proteome Profiler Human Phospho-RTK array kit, as per the 

manufacturer’s recommendations. RTK arrays were digitally imaged using the G-Box 

Chemi-XX6 (Syngene) imager. Array was analysed using Image Lab (Bio-Rad) and 

GIMP. 

 

2.3.5 Mass spectrometry 

Cells (1,000,000/flask) were seeded into T175 flasks. After 24 hours, media was 

replenished with fresh media without TKI addition. After a further 72 hours, cells were 

lysed in 8 M urea (Sigma Aldrich) at 4 °C. Protein quantification was undertaken using 

a Pierce BCA assay kit (ThermoFisher Scientific), as per the manufacturer’s 

recommendations. Using 600 μg total protein, lysates were prepared by reduction with 

dithiothreitol (Sigma Aldrich), alkylation with iodoacetamide (Sigma Aldrich), dilution 

with ammonium bicarbonate (Sigma Aldrich), and overnight trypsinisation with 

sequence grade modified trypsin (Promega). Trypsinised samples were acidified with 

10% trifluoroacetic acid (Sigma Aldrich), desalted using Sep-Pak C18 Plus cartridges 

(Waters), and dried on a SpeedVac (Eppendorf) for 3 hours. Samples were 

resuspended and peptide quantification was undertaken using a Pierce BCA assay 

kit, as per the manufacturer’s recommendations. Once quantified, samples were 

diluted and split into 33 μg samples and re-dried on a SpeedVac along with a reference 

pooled sample. Samples were frozen at -80 °C prior to mass spectrometry preparation 

and experimentation.  
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Each sample was resuspended in 100 mM tetraethylammonium bicarbonate (Sigma 

Aldrich) buffer and aliquots of 33 μg were labelled with 1/3rd of Tandem Mass Tag 

(TMT) 11-plex Isobaric Mass Tag Labelling Reagents (ThermoFisher Scientific), as 

per the manufacturer’s recommendations.  

Prior to addition to samples, TMT label reagents were equilibrated at room 

temperature and dissolved in liquid chromatography-mass spectrometry grade 

anhydrous acetonitrile (Sigma Aldrich). Individual TMT label reagents were added to 

individual samples and incubated for 1 hour at room temperature. Reactions were 

quenched by addition of 5% (w/w) hydroxylamine (Sigma Aldrich) and incubated for 

15 minutes at room temperature. Individual samples were combined at equal amounts 

into a single sample, desalted on a Sep-Pak C18 Plus cartridge, and dried in a 

SpeedVac. Combined sample was then fractionated by reverse phase liquid 

chromatography at basic pH using UltiMate 3000 ultra-high performance liquid 

chromatography system (ThermoFisher Scientific). Dried sample was resuspended in 

0.1% (v/v) hydroxylamine (in water) and loaded onto 2.1 x 150 mm XBridge C18, 5 

μm column (Waters). Peptides were eluted at a flow rate of 200 μL/min by 0.1% (v/v) 

hydroxylamine (in acetonitrile) with a linear gradient of 5-40% of 0.1% (v/v) 

hydroxylamine (in acetonitrile) over 45 minutes and 90 fractions were collected overall 

(1 fraction every 30 seconds) during the gradient elution. Every 9th fraction was pooled 

resulting in a total number of 10 fractions which were dried in a SpeedVac.  

Dried pooled fractions were resuspended in 2% (v/v) acetonitrile, 0.1% (v/v) formic 

acid (ThermoFisher Scientific) and aliquots equivalent to 6 μg of peptides were 

analysed by liquid chromatography-tandem mass spectrometry using UltiMate 3000 

RSCLnano liquid chromatography system coupled to Orbitrap Fusion Lumos 

(ThermoFisher Scientific) mass spectrometer. Peptides were separated on 75 μm x 

50 cm Acclaim PepMap 100 C18, 3 μm column (ThermoFisher Scientific) with a linear 

gradient of 2-28% acetonitrile in 0.1% formic acid over a duration of 120 minutes at a 

flow rate of 250 nL/min. The spectra of the full mass spectrometry scan (m/z 375-

1600) were acquired in the Orbitrap mass analyser at 120,000 resolution for a 

maximum injection time of 50 ms with an automatic gain control target value of 3e6. 

Up to 15 precursors were selected for tandem mass spectrometry analysis with an 

isolation window of 0.7 Th and the dynamic exclusion time was set to 20 seconds. 

Precursors were fragmented by higher-energy C-trap dissociation using a normalised 
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collision energy of 33% at 60,000 resolution for a maximum injection time of 120 ms 

with an automatic gain control target value of 1e5. Precursor ions with unassigned 

charge state as well as charge state of 1+, or superior to 7+, were excluded from 

fragmentation selection. 

Acquired data were processed by Proteome Discoverer version 2.2 (ThermoFisher 

Scientific) and searched against the human protein database Swiss-Prot (Swiss 

Institute of Bioinformatics) using Mascot (Matrix Science) and Sequest HT (University 

of Washington) search engine with the following parameters: 

 Precursor search peptide tolerance of 10 ppm. 

 Mass spectrometry-3 reporter ion quantification with reporter ion mass 

tolerance of 0.1 Da. 

 Trypsin digestion with maximum 2 miscleavages. 

 Fixed modification: carbamidomethylation of cysteines, TMT label on lysine, 

and peptide N-terminus.  

 Variable modifications: oxidation of methionine and deamidation of 

asparagine/glutamine. 

 1% false discovery rate threshold on peptide and protein level. 

Data was filtered for master proteins with a false discovery rate (FDR) < 0.01, a 

minimum of 2 peptides, and no missing values. Data was then log2 transformed and 

normalised by cross sample median-centring followed by within sample 

standardisation. Differentially expressed proteins between parental cells and x4 TKI-

resistant sublines were identified by significance analysis of microarrays (SAM) 2-

class unpaired tests and significance was determined at q-value < 0.01. All heatmaps 

were generated by unsupervised hierarchical clustering using Pearson’s correlation 

distance. All analysis were performed in R version 4.0.2, using the packages tidyverse, 

samr, ComplexHeatmap, and circlize.  
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Pazopanib-resistant soft tissue sarcomas 

are vulnerable to targeting of the Src 

pathway 
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3.1 Introduction 

In order to effectively study multi-target tyrosine kinase inhibitor (TKI) resistance in soft 

tissue sarcoma (STS), clinically relevant disease models that recapitulate drug 

resistance are required. Although immortalised cell line models of STS exist and 

provide functional, cost-effective, and practical tools for studying this disease 

preclinically, questions persist about their ability to accurately recapitulate disease 

(Capes-Davis et al., 2010; Kaur & Dufour, 2012). This is due to a variety of problems 

such as the perpetual culturing of cells resulting in genetic drift and genetic alterations 

upon continuous passaging, whereby the cell lines are no longer accurately modelling 

the disease (Hughes et al., 2007; Kaur & Dufour, 2012). Furthermore, in some 

instances, genetic manipulations of the cells are undertaken in order to induce the 

immortalised phenotype, and this may alter the characteristics and properties of the 

cell models (Capes-Davis et al., 2010; Kaur & Dufour, 2012).  

In comparison, patient-derived and patient-derived xenograft (PDX)-derived cells are 

a more clinically relevant model of disease than immortalised cell lines. Low passage, 

patient-derived and PDX-derived models tend to maintain the cellular and molecular 

heterogeneity of the originating tumour and, therefore, therapy response and 

resistance can be more accurately modelled preclinically (Brodin et al., 2019; Bruna 

et al., 2016; Huo et al., 2020; Pauli et al., 2017). Notably, previous studies have 

highlighted the utility of patient-derived and PDX-derived models in accurately 

recapitulating TKI resistance in vitro and in vivo, for the express purpose of 

determining and evaluating novel therapeutic strategies that can be utilised to treat 

TKI-resistant cancers (Crystal et al., 2014; Kim et al., 2016; Kodack et al., 2017). 

In this chapter, two PDX-derived cellular models of STS were established and 

characterised in order to provide clinically relevant and robust models for evaluating 

multi-target TKI resistance in STS. These models were subjected to pharmacological 

screens to elucidate potential signalling pathway dependencies with the aim to identify 

any salvage therapies that can be utilised in the treatment of multi-target TKI-resistant 

STS. 
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3.2 Results 

3.2.1 Generation of PDX-derived cell models of soft tissue sarcoma 

The SARC-209 cell model was generated from a PDX that had been derived from a 

percutaneous core needle biopsy of a post-relapse abdominal wall metastasis from a 

patient diagnosed with spindle cell sarcoma (Figure 3.1). Generation of the PDX 

model from originating patient biopsy was undertaken by Champions Oncology.  

The J000104314 cell model was generated from a PDX model obtained from The 

Jackson Laboratory (Figure 3.1). The PDX was generated from a surgical resection 

of a synovial sarcoma patient that had undergone neoadjuvant chemotherapy with 

cyclophosphamide and topotecan and was naïve to pazopanib therapy (Figure 3.1).  

PDX tumour tissue was harvested and dissociated into single-cell suspensions. 

Following this, cell suspensions underwent mouse cell depletion to remove 

contaminating murine cells and retain PDX-derived human cancer cells (Figure 3.1). 

These PDX-derived cell models, termed SARC-209 and J000104314, were utilised at 

low-passage (< 10 passages following mouse cell depletion) for subsequent in vitro 

evaluation (Figure 3.1). 

Short tandem repeat (STR) analysis was undertaken to record a genomic profile of the 

SARC-209 PDX-derived cell model (Table 3.1). Work is currently undergoing to 

generate a STR profile of the SARC-209-originating PDX in order to compare genomic 

profiles. This will allow for the evaluation of whether the genomic characteristics of the 

PDX model are being recapitulated within the SARC-209 PDX-derived cell model. STR 

analysis for the J000104314 PDX-derived cell model and originating PDX are also 

currently undergoing. 
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Figure 3.1: Generation of SARC-209 and J000104314 PDX-derived cell models. Patient-derived xenografts (PDX) 

were generated from patient tumour biopsy or surgical resection. Viable tumours were grown in PDX before being 

harvested and dissociated into single-cell suspensions. For in vivo evaluation of drug effectiveness, SARC-209-

originating PDX tumours were taken and implanted into NCR nude mice. Mice were then treated with differing arms of 

treatment to determine survival outcomes. Single-cell suspensions underwent mouse cell depletion via magnetic cell 

separating columns to result in the PDX-derived cell models, SARC-209 and J000104314. PDX-derived cell models 

were utilised at low-passage for subsequent in vitro evaluation. Image was created using BioRender.  

Table 3.1: STR analysis of the SARC-209 PDX-
derived cell model. 

STR loci Allele (Repeat no.) 

D8S1179 9, 12 

D21S11 30, 32.2 

D7S820 9, 12 

CSF1PO 9, 12 

D3S1358 15, 16 

TH01 6, 9 

D13S317 11, 13 

D16S539 12, 12 

D2S1338 17, 24 

D19S433 12, 13 

vWA 14, 18 

TPOX 8, 9 

D18S51 16, 17 

AMEL X, X 

D5S818 11, 12 

FGA 20, 23 

AMEL; Amelogenin, CSF1PO; Colony stimulating 
factor 1 receptor proto-oncogene, FGA; Fibrinogen α 
chain, PDX; Patient-derived xenograft, STR; Short 
tandem repeat, TH01; Tyrosine hydroxylase intron 1, 
TPOX; Thyroid peroxidase intron 10, vWA; Von 
Willebrand factor type A domain protein. 
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The SARC-209 PDX-derived cell model originated from a patient diagnosed with 

spindle cell sarcoma who was treated with pazopanib at the Royal Marsden Hospital 

Sarcoma Unit, after previous treatment with radiotherapy and chemotherapy. The 

patient displayed an initial long-term response to pazopanib with tumour 

regression/suppression for approximately 12 months before disease relapse, 

progression, and the development of further metastases (Figure 3.2A). Upon disease 

progression, pazopanib treatment was ceased, at which point a core needle biopsy 

was taken from the abdominal wall tumour and this biopsy was used to generate a 

PDX model. The morphology of spindle cell sarcoma was confirmed by Dr. Khin 

Thway, a histopathologist at the Royal Marsden Hospital Sarcoma Unit, in both the 

PDX and the originating patient tumour (Figure 3.2B). Given the clinical history of this 

patient, where an initial long-term response to pazopanib is followed by eventual 

disease progression, the SARC-209 PDX-derived cell model was predicted to have 

acquired resistance to pazopanib (Figure 3.2A). 

Furthermore, the morphology of synovial sarcoma was also evaluated by 

histopathological analysis of the J000104314-originating PDX tumour by Dr. Khin 

Thway and was determined to have histopathology consisted with synovial sarcoma 

diagnosis (Figure 3.2C). Synovial sarcomas are characterised in 90% of cases by the 

SS18-SSX gene fusion (Ladanyi, 2001). To confirm the existence of the 

pathognomonic SS18-SSX gene fusion within the J000104314 PDX-derived cell 

model, a polymerase chain reaction (PCR) was performed to detect the fusion, using 

the HS-SY-II synovial sarcoma cell line as a positive control (Figure 3.3) (Sonobe et 

al., 1992). This work was undertaken by Will Kerrison, a PhD student in our lab. Both 

the HS-SY-II and J000104314 samples displayed bands at approximately 108 bp – 

the expected amplicon size for the pathognomonic gene fusion – for the SS18-SSX1 

fusion, thereby molecularly confirming the diagnosis of synovial sarcoma for the 

J000104314 PDX-derived cell model (Figure 3.3).
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Figure 3.2: Patient clinical history and histopathological evaluation of STS subtypes. (A) Schematic overview of 

the clinical history of a patient with initial, long-term pazopanib response and subsequent acquisition of resistance. 

Schematic shows the time and location of the core-needle biopsy (Bx) that was used to derive the PDX and subsequent 

SARC-209 PDX-derived cell model. Schematic also shows tumour location and burden, treatment paradigm, and 

computerised tomography (CT) scans to show reduction in initial tumour burden observed with pazopanib therapy 

(green and yellow arrows). Figure was adapted from work by Dr. Alex Lee. Haematoxylin and eosin (H & E) staining of 

(B) originating spindle cell sarcoma patient tumour, SARC-209-originating PDX (P0 & 1), and (C) J000104314-

originating PDX (P0 & 1). The scale bar shown is 100 μm. H & E slides were used by Dr. Khin Thway to confirm 

histopathological diagnosis of STS subtypes. FDG-PET CT; Fluorodeoxyglucose (18F)-positron emission tomography 

computerised tomography, Gem; Gemcitabine, P(0/1); Passage number (0/1), PDX; Patient-derived xenograft, RIP; 

Rest in peace, TMZ; Temozolamide. 

 

 

 

 

 

 

 

Figure 3.3: Molecular diagnosis of synovial sarcoma in the J000104314 PDX-derived cell model. PCR gel image 

displaying the presence of the SS18-SSX1 translocation in the J000104314 PDX-derived cell model, with the HS-SY-

II cell line acting as a positive control. Image is representative of three separate experiments (n=3). Work was 

undertaken by Will Kerrison. Bp; Base pairs, PCR; Polymerase chain reaction, PDX; Patient-derived xenograft, SS; 

Synovial sarcoma, SS18; Synovial sarcoma translocation, chromosome 18, SSX(1/2/4); Synovial sarcoma X (1/2/4) 

breakpoint protein. 

 

3.2.2 SARC-209 and J000104314 PDX-derived cell models are resistant to 

pazopanib in vitro 

To evaluate whether SARC-209 and J000104314 PDX-derived cell models were 

resistant to pazopanib treatment in vitro, cell viability assays were undertaken to 

compare pazopanib sensitivity to a known pazopanib-sensitive cell line model, A204 

(Wong et al., 2016). As shown in Figure 3.4A-B, both SARC-209 and J000104314 

have significantly higher IC50 values (8.22 μM and > 10 μM, respectively) than the 

known pazopanib-sensitive cell line A204 (0.56 μM) (Table S1). These results indicate 

that SARC-209 can be utilised as an in vitro model for acquired pazopanib resistance. 

Additionally, due to its pazopanib-naïve patient history, J000104314 can be used as a 

model of intrinsic pazopanib resistance (Figure 3.4A-B). 
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Figure 3.4: Cell viability assays to determine pazopanib sensitivity in SARC-209 and J000104314 PDX-derived 

cell models. (A) Cell viability assays of A204, SARC-209, and J000104314 cells treated with increasing concentrations 

of pazopanib to determine IC50 values (Table S1). (B) Bar plots displaying cell viability at 0.5 μM pazopanib. Cell 

viability was normalised to DMSO control (n=3). Statistical analysis of IC50 values not possible as certain models did 

not reach 50% cell viability. Statistical analysis was undertaken by one-way ANOVAs with Tukey’s multiple comparison 

tests (** = p ≤ 0.01). Error bars represent standard deviation. ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, 

IC50; Inhibitory constant, PDX; Patient-derived xenograft.  

 

3.2.3 A small molecule inhibitor screen identifies dasatinib as an effective 

salvage therapy for pazopanib-resistant soft tissue sarcomas 

To elucidate pathway dependencies within the PDX-derived cell models and 

potentially identify salvage therapies for pazopanib-resistant STS, a small molecule 

inhibitor screen was undertaken (Figure 3.5 & 3.6). SARC-209 and J000104314 PDX-

derived cell models were subjected to treatment (0.5 μM) with a panel of 62 small 

molecule inhibitors (Table 2.1) and cell viability was assessed after 72 hours (Figure 

3.5-3.6A & C). The screen comprised mostly of kinase inhibitors that target major 

cellular signalling pathways associated with cancer survival and progression. 

Additionally, the screen also contains non-kinase inhibitors targeting heat shock 

protein 90 (Hsp90) (luminsespib (NVP-AUY922)), STAT (niclosamide and SH-4-54), 

integrins (cilengitide trifluoroacetate), B-cell lymphoma 2 protein (Bcl-2) (navitoclax), 

EZH2 (GSK126), tankyrase (XAC-939), bromo- and extra-terminal domain (BET) 

bromodomain (JQ1), and poly (adenosine diphosphate(ADP)-ribose) polymerase 

(PARP) (rucaparib and talazoparib), which are undergoing preclinical and/or clinical 

assessment in cancer. Pearson’s correlation analysis was performed to assess the 

reproducibility of biological replicates (n=2) within the small molecule inhibitor screens. 

Pearson’s analysis showed strong correlation (r2 > 0.80) between biological replicates 

for all the inhibitor screens undertaken, indicating high reproducibility (Figure 3.6B & 

D).  

A B 
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To identify inhibitors that have efficacy in STS models of both acquired and intrinsic 

pazopanib resistance, an overlap analysis of inhibitors showing efficacy (≤ 60% cell 

viability compared to DMSO control) in both PDX-derived cell models was conducted. 

As shown in Figure 3.6E, consistent sensitivities with the dual PI3K/mTOR inhibitor 

dactolisib (BEZ235), polo-like kinase 1 (PLK1) inhibitor BI-2536, BET bromodomain 

inhibitor JQ1, and the multi-kinase inhibitor dasatinib were observed (Figure 3.6E; 

Table S2). However, dactolisib, BI-2536, and JQ1 have been shown to be universally 

cytotoxic in a wide range of human cancer cell models regardless of cancer type or 

underlying genetics (Seashore-Ludlow et al., 2015). Therefore, further investigation 

into these compounds was not pursued. Several inhibitors were found to be 

exclusively effective in only one of the PDX-derived cell models (Table S2). Therefore, 

the multi-target kinase inhibitor dasatinib was chosen for functional mechanistic 

investigation to understand the mechanism of dasatinib sensitivity within the PDX-

derived cell models of pazopanib resistance. 
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Figure 3.5: Small molecule inhibitor screens of SARC-209 and J000104314 PDX-derived cell models. Small 

molecule inhibitor screens of SARC-209 and J000104314 cells at an inhibitor concentration of 0.5 μM. Cell viability 

was normalised to DMSO control (n=2). Two-way hierarchical clustering based on Euclidean distance was performed 

by Perseus software (Tyanova et al., 2016). DMSO; Dimethyl sulfoxide, PDX; Patient-derived xenograft. 
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Figure 3.6: Analysis of small molecule inhibitor screens of SARC-209 and J000104314 PDX-derived cell 

models. Small molecule inhibitor screens of (A) SARC-209 and (B) J000104314 cells at 0.5 μM inhibitor concentration. 

Cell viability was normalised to DMSO control (n=2). X-axis represents the 62 inhibitors and is ordered by descending 

cell viability. Pearson’s correlation analysis of biological replicates for (C) SARC-209 and (D) J000104314. Y-axes 

show the results of biological replicate 1 and the x-axes show the results of biological replicate 2. (E) Venn diagram 

showing the inhibitor overlap between effective (≤ 60% cell viability compared to DMSO control) inhibitors from small 

molecule inhibitor screens of pazopanib-resistant STS cell models SARC-209 and J000104314 (Table S2). DMSO; 

Dimethyl sulfoxide, STS; Soft tissue sarcoma.  

 

3.2.4 Pazopanib-resistant soft tissue sarcomas are sensitive to inhibition of the 

Src pathway by dasatinib 

To confirm enhanced dasatinib sensitivity in the pazopanib-resistant SARC-209 and 

J000104314 PDX-derived cell models compared to pazopanib, I undertook full dose 

response cell viability assays. From these assays, cell viability was significantly lower 

with dasatinib (SARC-209; IC50 = 0.64 μM, J000104314; IC50 = 0.18 μM) treatment 
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compared with pazopanib (SARC-209; IC50 = 8.46 μM, J000104314; IC50 > 10 μM) 

treatment (Figure 3.7A-D; Table S3). Consistent with the reduction in cell viability 

observed in these short-term assays, long-term colony formation assays found that 

dasatinib treatment displayed a significant decrease in colony formation compared to 

pazopanib treatment in both the SARC-209 and J000104314 cell models (Figure 

3.7E-H).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Cell viability and colony formation assays of SARC-209 and J000104314 PDX-derived cell models 

treated with pazopanib and dasatinib. Cell viability assays of (A) SARC-209 and (B) J000104314 cells treated with 
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increasing concentrations of pazopanib (Paz) and dasatinib (Das) to determine IC50 values (Table S3). Bar plots 

displaying cell viability at 0.5 μM inhibitor for (C) SARC-209 and (D) J000104314 cells. Cell viability was normalised to 

DMSO control (n=3). Statistical analysis of IC50 values not possible as certain models did not reach 50% cell viability. 

Colony formation assays of (E) SARC-209 and (F) J000104314 cells treated with increasing concentrations of Paz and 

Das over a period of 2 weeks. Images are representative of three separate experiments (n=3). Quantification of colony 

formation assays was normalised to DMSO control for (G) SARC-209 and (H) J000104314. Statistical analysis was 

undertaken using Student’s unpaired T tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars 

represent standard deviation. DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant.  

Having determined the enhanced antiproliferative activity of dasatinib compared to 

pazopanib, I next wanted to assess for whether dasatinib had greater cytotoxicity than 

pazopanib in the pazopanib-resistant STS models. I therefore performed apoptosis 

assays evaluating caspase 3/7 cleavage to evaluate the pro-apoptotic activities of 

dasatinib and pazopanib treatment in the PDX-derived cell models (Figure 3.8A-B). 

Dasatinib treatment was found to significantly increase apoptosis compared to DMSO 

control (~2-fold enhancement) and pazopanib (~1.7- to 2-fold enhancement) treatment 

in both models (Figure 3.8A-B). Together with the cell viability and colony formation 

assay results, these data demonstrate that dasatinib was an effective treatment in 

pazopanib-resistant STS cells. 

 

 

 

 

 

Figure 3.8: Apoptosis assays of SARC-209 and J000104314 PDX-derived cell models treated with pazopanib 

and dasatinib. Bar plots displaying the fold change in caspase 3/7 activity in the (A) SARC-209 and (B) J000104314 

cells treated with two concentrations of pazopanib (Paz) and dasatinib (Das) for 24 hours. Fold change was normalised 

to DMSO control (n=3). Statistical analysis was undertaken using one-way ANOVAs with Tukey’s multiple comparison 

tests (* = p ≤ 0.05, ** = p ≤ 0.01). Error bars represent standard deviation. ANOVA; Analysis of variance, DMSO; 

Dimethyl sulfoxide. 

In order to evaluate the signalling components that are modulated upon treatment with 

pazopanib and dasatinib, immunoblotting of key intracellular signalling proteins Src, 

Akt, ERK1/2, and STAT3 was undertaken on SARC-209 and J000104314 cell models 

after treatment with 1 μM pazopanib or dasatinib for 2 or 6 hours (Figure 3.9A-B). 

This allowed for the determination of signalling pathways associated with dasatinib 

sensitivity in pazopanib-resistant STS cells. The immunoblots show potent inhibition 
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of Src phosphorylation in both PDX-derived cell models with dasatinib treatment 

compared to DMSO and pazopanib treatment. Additionally, dasatinib treatment also 

resulted in a marked increase in total Src levels; a phenomenon which has previously 

been observed but the mechanism by which this occurs is not yet understood (Figure 

3.9A-B) (Goc et al., 2014; Konig et al., 2008; Shor et al., 2007). In the SARC-209 

model, the only other signalling component which was altered by dasatinib treatment 

was a minor and transient (2 hr) reduction in ERK1/2 phosphorylation (Figure 3.9A). 

However, both Akt and ERK1/2 phosphorylation in the J000104314 model were 

decreased upon both 2- and 6-hour dasatinib treatment compared to DMSO and 

pazopanib treatment (Figure 3.9B). STAT3 signalling was not affected by any of the 

treatments. Pazopanib treatment had no noticeable effects on the phosphorylation 

status of any of the signalling components analysed (Figure 3.9A-B). Due to the 

common reductions in Src phosphorylation observed with dasatinib treatment in both 

PDX-derived cell models of pazopanib resistance, I decided to evaluate the 

association between dasatinib efficacy and Src signalling in pazopanib-resistant STS. 

 

 

 

 

 

 

 

 

 

Figure 3.9: Immunoblots of SARC-209 and J000104314 PDX-derived cell models treated with pazopanib and 

dasatinib. Immunoblots of total levels and phosphorylation status of the major signalling proteins Src, STAT3, Akt, and 

ERK1/2 in the (A) SARC-209 and (B) J000104314 cells after treatment with 2 or 6 hours of DMSO, 1 μM pazopanib 

(Paz), or 1 μM dasatinib (Das). Images are representative of two separate experiments (n=2). DMSO; Dimethyl 

sulfoxide, ERK1/2; Extracellular signal-regulated kinase 1/2, STAT3; Signal transducer and activator of transcription 3.  

As discussed in Chapter 1.3.3, dasatinib is a multi-target TKI with a broad spectrum 

of targeted kinases, including Src, Abl1, PDGFRs, KIT, and CSF1R (Table 1.3; Figure 
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1.9). Given this broad kinase inhibitory profile of dasatinib, I undertook experiments to 

establish whether Src is the kinase responsible for the observed sensitivity to dasatinib 

in the pazopanib-resistant STS models. To achieve this, a rescue experiment was 

performed utilising the avian Src gene harbouring the T338I gatekeeper mutation 

(SrcT338I). This mutation exchanges the gatekeeper threonine-338 residue, located at 

the ATP-binding site, for a hydrophobic and bulky isoleucine residue. Dasatinib binding 

to Src occurs at this ATP-binding site through hydrogen bonding with the amide 

backbone, as well as an additional hydrogen bond with the hydroxyl side chain of 

threonine-338. Substitution of threonine with the hydrophobic and bulkier side chain 

of isoleucine removes this critical hydrogen bond and also results in steric clashes with 

the dasatinib molecule, thereby blocking dasatinib access into the binding pocket 

preventing Src inhibition (Krishnamurty & Maly, 2010; Kwarcinski et al., 2012). 

Therefore, if sensitivity is caused by dasatinib inhibition of Src, then expression of 

SrcT338I will rescue viability of the cells in the presence of dasatinib. 

SARC-209 cells were stably transduced with a SrcT338I plasmid construct as well as 

empty vector (EV) and wild-type Src (SrcWT) controls (Figure 3.10). The experiment 

was only carried out in the SARC-209 cells due to the relative ease of viral plasmid 

transduction into the SARC-209 cells compared to the J000104314 cells, where 

transductions proved unsuccessful.  

 

 

 

 

 

 

 

 

Figure 3.10: Generation of Src construct-expressing SARC-209 cells. pBABE vectors expressing wild-type avian 

Src (SrcWT), dasatinib-resistant Src with T338I mutation (SrcT338I) or empty vector (EV) were packaged into retrovirus 

via co-transfection of HEK293T cells with envelope and packaging plasmids. SARC-209 PDX-derived cell model was 
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retrovirally transduced with EV, SrcWT, and SrcT338I plasmids and allowed to recover from viral infection. Successfully 

transduced cells were selected via exposure to antibiotic (hygromycin). Image was created using BioRender. 

To confirm successful viral transduction of Src constructs, immunoblotting was 

performed to monitor changes in phosphorylation status and total Src levels in EV-, 

SrcWT-, and SrcT338I-expressing SARC-209 cells in the presence of DMSO or 1 μM 

dasatinib for 6 hours. Firstly, total and phosphorylation levels of Src were increased in 

cells with SrcWT and SrcT338I compared to EV at baseline, confirming expression of 

transduced Src (Figure 3.11A). As observed previously in the parental SARC-209 

cells, dasatinib treatment resulted in the abolishment of Src phosphorylation and an 

increase in total Src levels in the EV and SrcWT cells. However, whilst the increase in 

total Src was still observed in the SrcT338I cells upon treatment with dasatinib, there 

was also a large increase in the phosphorylation of Src, confirming that dasatinib was 

unable to inhibit this mutant (Figure 3.11A). The increased activation of gatekeeper-

mutated Src has been previously reported (Higuchi et al., 2021). Consistent with my 

results, Higuchi et al. reported that dasatinib treatment of a breast cancer cell line 

transduced with SrcT338I resulted in a dose-dependent increase in Src phosphorylation. 

The authors postulate that binding of inhibitors to the Src molecule results in the 

“paradoxical activation of Src” whereby the inhibitor induces a conformational change 

to shift Src from an inactive conformation to an active conformation. This 

“conformational activation” results in the recruitment of FAK, however activation of 

FAK by Src remains inhibited by the bound inhibitor. However, the authors propose a 

model whereby dasatinib treatment of SrcT338I-expressing cells results in increased 

dasatinib-induced “conformational activation” of Src, resulting in subsequent FAK 

recruitment, but the reduced binding affinity of dasatinib to SrcT338I results in the 

accelerated dissociation of the molecule, removing the inhibitory block and increasing 

Src phosphorylation and activity (Higuchi et al., 2021).  

Undertaking cell viability assays in the panel of Src-expressing cells, SrcT338I cells were 

found to rescue the phenotype of dasatinib sensitivity with a significant increase in cell 

viability compared to EV and SrcWT cells (Figure 3.11B-C; Table S4). The rescued 

phenotype was also observed in colony formation assays which showed a significant 

decrease in colony formation upon dasatinib treatment in the EV and SrcWT cells but 

not in the SrcT338I cells (Figure 3.11D-E). The results of these rescue experiments 

demonstrate that the sensitivity of the pazopanib-resistant SARC-209 cells to dasatinib 
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was due to the inhibition of Src phosphorylation and not other kinase targets of 

dasatinib.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: SrcT338I expression rescues the phenotype of dasatinib sensitivity in SARC-209 cells. (A) 

Immunoblot of total levels and phosphorylation status of Src in empty vector (EV), wild-type Src (SrcWT), and dasatinib 

(Das)-resistant Src (SrcT338I) SARC-209 cells after treatment with 6 hours of DMSO or 1 μM Das. Image is 

representative of two separate experiments. (B) Cell viability assays of EV, SrcWT, and SrcT338I SARC-209 cells treated 

with increasing concentrations of Das to determine IC50 values (Table S4). (C) Bar plots displaying cell viability at 0.5 

μM Das. Cell viability was normalised to DMSO control (n=3). Statistical analysis of IC50 values not possible as certain 

models did not reach 50% cell viability. (D) Colony formation assays of EV, SrcWT, and SrcT338I SARC-209 cells treated 

with increasing concentrations of Das over a period of 2 weeks. Image is representative of three separate experiments. 

(E) Quantification of colony formation assay was normalised to DMSO control (n=3). p values corresponding to colony 

formation assay quantification are displayed in the adjacent table. Statistical analysis was undertaken using one-way 

ANOVAs with Tukey’s multiple comparison tests (**** = p ≤ 0.0001). Error bars represent standard deviation. ANOVA; 

Analysis of variance, DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant.  
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To further establish if Src signalling is integral to the growth of pazopanib-resistant 

cells, genetic inactivation of Src kinase activity was undertaken to evaluate the effects 

on the proliferation of the SARC-209 model. This was achieved by stably transducing 

the cells with the SrcK295M plasmid construct, as per the methodology outlined in 

Figure 3.10. This mutation results in a dominant-negative, kinase-dead Src molecule. 

Substitution of the catalytic kinase site lysine-295 with a methionine residue leads to 

a catalytically inactive Src, which also exerts a dominant-negative effect on 

endogenous Src molecules (Destaing et al., 2008).  

Immunoblotting confirmed increased expression of Src in the SrcK295M cells, with a 

comparable baseline total level compared to SrcWT but an increase in expression 

relative to EV (Figure 3.12A). As expected, the SrcK295M cells had reduced basal Src 

phosphorylation levels compared to SrcWT cells and comparable levels to EV cells 

(Figure 3.12A). These results confirmed the presence of the dominant-negative 

phenotype. Consistent with previous results, dasatinib treatment of SrcK295M cells 

resulted in the abolishment of Src phosphorylation and a concurrent increase in total 

Src levels (Figure 3.12A).  

To evaluate the effect of the SrcK295M mutation on pazopanib-resistant SARC-209 cell 

proliferation, a 2-week growth curve assay measuring the number of cells on a daily 

basis was undertaken. Figure 3.12B shows that there was a significant decrease in 

the number of SrcK295M cells compared to SrcWT. This result phenocopies the chemical 

blockade of Src signalling by dasatinib and demonstrates that Src signalling is integral 

to the growth of pazopanib-resistant SARC-209 cells. 

 

 

 

 

 

Figure 3.12: SrcK295M expression reduces the proliferation of SARC-209 cells. (A) Immunoblot of total levels and 

phosphorylation status of Src in empty vector (EV), wild-type Src (SrcWT), and dominant-negative Src (SrcK295M) SARC-

209 cells after treatment with 6 hours of DMSO or 1 μM dasatinib (Das). Image is representative of two separate 

experiments (n=2). (B) Growth curve assays of SrcWT and SrcK295M SARC-209 cells to measure the fold change in cell 

number over a period of two weeks. Fold change was normalised to day 1 control (n=3). Statistical analysis was 
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undertaken using Student’s unpaired T tests (* = p ≤ 0.05, ** = p ≤ 0.01). Error bars represent standard deviation. 

DMSO; Dimethyl sulfoxide.  

To establish if dasatinib is an effective treatment for pazopanib-resistant STS in vivo, 

SARC-209-originating PDX tumour tissue was implanted into NCR nude mice to 

establish xenografts (Figure 3.1). Xenograft-bearing mice were stratified into two 

arms: a vehicle-treated control arm (n=5) and a dasatinib-treated arm (n=10). Mice 

were treated twice a week via oral gavage with either vehicle (80 mM sodium citrate, 

pH 3.0) or 30 mg/kg dasatinib. Mice were sacrificed once the tumour mass exceeded 

1000 mm3. The Kaplan-Meier and tumour volume curves in Figure 3.13A-B show that 

there was a significant improvement in the survival of mice and a concurrent reduction 

in tumour volume growth in the dasatinib arm compared to the vehicle arm. This result 

shows that the antiproliferative phenotypes observed in vitro with dasatinib were 

translated into an antitumour effect in vivo (Figure 3.10A-B). 

 

 

 

 

 

Figure 3.13: In vivo evaluation of dasatinib in mouse xenograft models of STS. (A) Kaplan-Meier curves of 

xenografts generated by implantation of mice with SARC-209-originating PDX tumours. Mice were treated twice a week 

via oral gavage with either vehicle (Veh) (n=5) (80 mM sodium citrate, pH 3.0) or 30 mg/kg dasatinib (Das) (n=10). 

Mice were sacrificed when tumour mass exceeded 1000 mm3. p value was determined by logrank Mantel-Cox test and 

hazard ratio (HR)/95% confidence interval (CI) of ratio was determined by Mantel-Haenszel test (** = p ≤ 0.01). (B) 

Average tumour volume curves of SARC-209 xenografts treated with either Veh (n=5) or Das (n=10). Least squares 

regression between two immediately adjacent datapoints was used to calculate tumour volume for days when no 

measurement for a particular individual xenograft was taken. Statistical analysis was undertaken using Welch’s 

unpaired T test (* = p ≤ 0.05). Error bars represent the standard error of the mean.  

Taken together, these results demonstrate that the TKI dasatinib is an effective 

treatment in pazopanib-resistant models of STS both in vitro and in vivo. Dasatinib 

mediates its antiproliferative effect through blockade of the Src signalling pathway; an 

integral pathway in the proliferation and survival of pazopanib-resistant STS cells. 

Therefore, these results nominate dasatinib as a candidate salvage therapy for 

treating pazopanib-resistant STS through targeting of the Src pathway. 
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3.3 Discussion 

The critical intracellular signalling node Src has extensively been shown to play a 

prominent role in many hallmarks of tumourigenesis including proliferation, migration, 

and metastasis (Zhang & Yu, 2012). Additionally, numerous preclinical studies have 

reported the efficacy of Src inhibition in abrogating tumour growth and progression 

(Zhang & Yu, 2012). Notably, several publications have reported that dasatinib 

possesses potent antitumour activity in preclinical models of STS (Aslam et al., 2014; 

Brodin et al., 2019; Lopez-Acevedo et al., 2014; Michels et al., 2013; Mukaihara et al., 

2017; Shor et al., 2007; Sievers et al., 2015; Teicher et al., 2015; Wong et al., 2016; 

Yeung et al., 2013; Zhang & Yu, 2012). 

In a study by Brodin et al., dasatinib was found to have activity in a panel of primary, 

patient-derived cell models of translocation-associated STS. Pharmacological screens 

of patient-derived cell models of alveolar rhabdomyosarcoma, synovial sarcoma, and 

alveolar soft part sarcoma found significant and universal activity with dasatinib 

therapy in the STS subtypes evaluated (Brodin et al., 2019). Additionally, dasatinib 

has also shown potent antitumour effects in further preclinical cell and xenograft 

models of STS subtypes that are characterised by “simple”, pathognomonic genetic 

aberrations including rhabdomyosarcoma, synovial sarcoma, alveolar soft part 

sarcoma, and malignant rhabdoid tumour (Aslam et al., 2014; Michels et al., 2013; 

Mukaihara et al., 2017; Shor et al., 2007; Teicher et al., 2015; Wong et al., 2016; 

Yeung et al., 2013). The reported preclinical activity of dasatinib is not just limited to 

“simple” STS subtypes however, with multiple studies reporting activity in “complex” 

subtypes such as liposarcoma, malignant peripheral nerve sheath tumour, and 

leiomyosarcoma (Lopez-Acevedo et al., 2014; Shor et al., 2007; Sievers et al., 2015; 

Teicher et al., 2015). Throughout these publications, dasatinib-induced Src inhibition 

is commonly shown as the causative factor in effectuating the antiproliferative and 

antitumour properties of dasatinib (Michels et al., 2013; Mukaihara et al., 2017; Shor 

et al., 2007; Sievers et al., 2015).  

However, the activity of dasatinib in preclinical models of STS has not currently been 

successfully translated into meaningful activity in phase II clinical trials. The SARC009 

trial has evaluated the efficacy of dasatinib in advanced STS. In two analyses of the 

SARC009 trial, dasatinib failed to meet the primary endpoint in either study (Table 1.6) 
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(Schuetze et al., 2016; Schuetze et al., 2017). In the first study, Schuetze et al. 

reported that dasatinib fell short of the primary endpoint of 25% clinical benefit rate 

(CBR) in a cohort of advanced STS (Table 1.6) (Schuetze et al., 2016). Similarly, in a 

subsequent analysis on patients diagnosed with alveolar soft part sarcoma, epithelioid 

sarcoma, and solitary fibrous tumour, dasatinib once again failed to reach the primary 

endpoint of the trial (≥ 50% progression-free rate (PFR) at 6 months) (Table 1.6) 

(Schuetze et al., 2017). Despite these disappointing results, dasatinib did show 

potential activity in a small subset of patients diagnosed with undifferentiated 

pleomorphic sarcoma and alveolar soft part sarcoma subtypes (Schuetze et al., 2016; 

Schuetze et al., 2017). A significant proportion of the patients enrolled onto the 

SARC009 trial had received previous lines of anticancer therapy however it is currently 

unclear if, and how many, of these patients received pazopanib. Therefore, the utility 

of dasatinib therapy in pazopanib-refractory STS patients has not yet been evaluated.  

The data outlined in Chapter 3.2 demonstrates that the multi-target TKI dasatinib 

shows both in vitro and in vivo efficacy in PDX-derived STS cell models of acquired 

and intrinsic pazopanib resistance. Through subjecting pazopanib-resistant models to 

small molecule inhibitor screens, dasatinib was proposed as a potential salvage 

therapy for pazopanib-resistant STS. Comparative assessment of dasatinib with 

pazopanib determined that dasatinib possessed superior antiproliferative and 

antitumour properties than pazopanib within these PDX-derived cell models, with 

significant decreases in cell viability and colony formation, as well as concurrent 

increases in apoptotic activity. Functional assessment determined that these 

phenotypes were mediated through the inhibition of Src phosphorylation. Through the 

utilisation of functional Src gatekeeper mutants, the antiproliferative effects of 

dasatinib were found to be as a direct consequence of Src pathway blockade. 

Additionally, dominant-negative Src experiments determined that Src signalling is 

integral to the growth and proliferation of pazopanib-resistant STS cells. Finally, the 

antitumour activity of dasatinib was translated into an in vivo effect, where dasatinib 

was found to significantly improve murine survival outcomes when compared to 

vehicle control. Therefore, these results nominate dasatinib as a candidate salvage 

therapy for pazopanib-resistant STS through targeting of the Src pathway. The results 

are consistent with previous findings by Qiao et al. who showed that synovial sarcoma 

models with pazopanib resistance exhibited increased levels of Src phosphorylation 
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(Qiao et al., 2017). In a further phosphoproteomic analysis, Wong et al. also reported 

the upregulation of Src family kinase members in pazopanib-resistant cells (Wong et 

al., 2016). Furthermore, Saturno et al. reported that utilisation of a dual Src and pan-

Raf inhibitor, CCT3833, provided prolonged clinical benefit, as well as an unconfirmed 

partial response (PR), in a patient diagnosed with spindle cell sarcoma that had 

progressed on previous pazopanib therapy (Saturno et al., 2021).  

Dasatinib has also shown clinically meaningful activity in non-STS cancer types and 

is currently approved for the treatment of Philadelphia chromosome-positive acute 

lymphoblastic leukaemia and chronic myeloid leukaemia (Nekoukar et al., 2021). 

These leukaemias are characterised by the expression of the oncogenic Bcr-Abl1 

fusion protein, encoded on the translocated Philadelphia chromosome 

(t(9;22)(q34;q11)) (Kang et al., 2016). The Bcr-Abl1 fusion protein is a constitutively 

activated tyrosine kinase that aberrantly activates downstream signalling pathways to 

induce tumourigenic phenotypes such as enhanced proliferation and apoptotic 

evasion (Kang et al., 2016). Dasatinib is an effective treatment for Philadelphia 

chromosome-positive leukaemias due to its potent inhibition of Abl1 – in keeping with 

its characteristics as a multi-target TKI (as outlined in Table 1.3) (Davis et al., 2011; 

Reddy & Aggarwal, 2012). Therefore, the potential importance of Abl1 inhibition by 

dasatinib within my models of pazopanib-resistant STS should be considered in future 

studies. This is especially true of the SARC-209 model which showed potent sensitivity 

towards another Abl1 inhibitor, the multi-target TKI ponatinib (Reddy & Aggarwal, 

2012). Future work will firstly focus on whether RNAi-induced knockdown (either by 

siRNA or shRNA) of Src phenocopies the antiproliferative effect observed with 

dasatinib treatment within my cell models of pazopanib-resistant STS. Additionally, 

utilisation of Src-specific inhibitors, such as PP2 and SU6656, will be utilised to 

observe whether specific Src inhibition mimics the effects observed with dasatinib 

(Blake et al., 2000; Hanke et al., 1996; Hua et al., 2019; Yu et al., 2021). Building on 

this work, I will also study the expression levels of Abl1 before determining whether 

dasatinib treatment inhibits Abl1 phosphorylation within these models. Through these 

means I aim to fully elucidate whether Src inhibition is the sole cause of the 

antitumoural effects observed within the pazopanib-resistant sarcoma models, or 

whether Abl1 inhibition (or indeed any other signalling pathway) is also concurrently 

involved. 
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The results also highlighted the clinically relevant benefit of utilising low-passage, 

PDX-derived cells as surrogates in the study of drug resistance in STS. As shown in 

Chapter 3.1, the in vitro cell cultures derived from PDX models retained the molecular, 

histological, and therapeutic response characteristics of the originating tumour. 

Previous studies utilising patient-derived models in STS have demonstrated the 

clinically relevant nature of these models to predict patient response and identify 

effective therapies for STS patients (Brodin et al., 2019; Stebbing et al., 2014). The 

current limitations of using such models to aid personalised patient treatments is the 

amount of time that it takes to progress from tumour biopsy to pharmacological 

screens, which can often stretch into several months, by which time the patient’s 

disease is likely to have progressed (Brodin et al., 2019). However, the development 

of several PDX databases containing large numbers of patient-derived models of STS 

(e.g., Champions TumorGraft® and XenoSarc databases), as well as the development 

of extremely thorough pharmacological screens, hold promise for the use of patient-

derived and PDX-derived models as predictive models of drug sensitivity in STS 

patients (Cornillie et al., 2019; Schöffski et al., 2019; Stebbing et al., 2014; Wells et 

al., 2021).  

In relation to the data in Chapter 3, there are currently outstanding questions related 

to the mechanisms of Src signalling in pazopanib-resistant STS, and whether Src 

signalling is a causative factor of resistance. For instance, the upstream receptors and 

kinases that mediate Src activity, as well as downstream Src signalling effectors, 

remain to be determined in pazopanib-resistant STS.  
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Chapter 4 

Understanding the mechanistic basis of 

Src dependency in pazopanib-resistant 

soft tissue sarcoma 
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4.1 Introduction 

As shown in Chapter 3, pazopanib-resistant sarcoma cell lines are sensitive to 

targeting of the Src pathway. However, the mechanisms of Src activation and its 

downstream signalling in pazopanib-resistant soft tissue sarcoma (STS) are not yet 

understood. 

Src has been identified as a central signalling node in a variety of signalling pathways 

that mediate numerous biological processes. For instance, Src has been shown to be 

a downstream effector of numerous receptor tyrosine kinases (RTKs), including 

platelet-derived growth factor receptors (PDGFRs), fibroblast growth factor receptors 

(FGFRs), and MET (as well as many others), in the transduction of proliferation, 

growth, and survival signals (Bromann et al., 2004). Similarly, survival, migratory, and 

proliferation signals transduced by Src activity have been reported to be directly 

regulated by cytokine receptors, such as type I/II cytokine receptors, chemokine G-

protein coupled receptors (GPCRs), and transforming growth factor β receptors 

(TGFβRs) (Luttrell & Luttrell, 2004; Rane & Reddy, 2002; Zhang et al., 2015). 

Additionally, Src signalling has extensively been shown to be an important component 

of integrin receptor signalling (Playford et al., 2004). In response to extracellular matrix 

(ECM) binding to integrins, Src is recruited to an intracellular protein scaffold at the 

integrin interface alongside other proteins such as focal adhesion kinase (FAK) and 

paxillin (Playford et al., 2004). The ECM-induced external signal is therefore 

transduced through this scaffold to induce intracellular cytoskeletal remodelling, 

thereby affecting migratory, metastatic, and morphological phenotypes, and the 

activation of survival and proliferation signals (Desgrosellier & Cheresh, 2015; Playford 

et al., 2004). 

In addition to various upstream mediators, Src is known to possess wide substrate 

specificity, resulting in the phosphorylation and subsequent activation of a variety of 

downstream effector proteins. As well as the previously discussed MAPK, PI3K/Akt, 

and STAT3 pathways that result in cellular phenotypes such as survival, proliferation, 

growth, and differentiation (Chapter 1.2.3), Src has also been shown to mediate Abl1, 

phospholipase C-γ, FAK, p130Cas, and c-Myc pathways. Further to their mitogenic 

consequences, these pathways also induce migration, invasion, and growth of healthy 

and cancerous cells (Bromann et al., 2004; Yeatman, 2004). 
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Therefore, understanding the upstream and downstream components of Src signalling 

in Src-dependent, pazopanib-resistant STS will allow for the determination of further 

potential vulnerabilities for targeted therapy. Chapter 4.2 will focus on the upstream 

mediators of Src activity in pazopanib-resistant STS. In this chapter, the role of 

interleukin-8 (IL-8) signalling in pazopanib-resistant STS and the association with Src 

signalling will be assessed. Additionally, I performed a screen of inhibitors to identify 

upstream regulators of Src activity in pazopanib-resistant STS. 

 

4.2 Results 

4.2.1 IL-8 signalling does not confer pazopanib resistance through autocrine 

signalling in soft tissue sarcoma models of pazopanib resistance 

In order to determine potential mechanisms of acquired pazopanib resistance, tumour 

biopsies were obtained from a patient diagnosed with spindle cell sarcoma that had 

displayed an initial long-term response to pazopanib before acquiring resistance. 

Biopsies were taken from the abdominal wall metastases preceding pazopanib 

treatment (at which point the tumour was pazopanib sensitive) and 2 months following 

the cessation of pazopanib (at which point the tumour had acquired pazopanib 

resistance) (Figure 4.1).  

Analysis of significant, temporal changes in gene expression between the two biopsies 

was undertaken by Dr. Alex Lee – a clinical PhD student working in our group. The 

analysis found that the inflammatory cytokines leukaemia inhibitory factor (LIF), IL-6, 

and IL-8 were significantly upregulated in the acquired pazopanib resistance setting 

compared to the pre-pazopanib tumour (Figure 4.1). These cytokines play critical 

roles in a number of biological pathways, most notably inflammation and immune 

response. However, through both paracrine and autocrine mechanisms, these 

cytokines have also been shown to promote tumour progression, metastasis, 

angiogenesis, and survival in a number of cancer types (Hirano, 2021; Waugh & 

Wilson, 2008; Zhang et al., 2021). 
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Figure 4.1: Clinical history of a STS patient with acquired pazopanib resistance and significant gene 

expression changes between biopsies. Schematic overview of the clinical history of a patient diagnosed with spindle 

cell sarcoma with an initial, long-term pazopanib response and subsequent acquisition of resistance. Schematic shows 

the time and location of the pre-pazopanib treatment excision biopsy and post-pazopanib treatment core needle biopsy. 

Schematic also shows tumour location and burden, as well as treatment paradigm. Gene expression fold change is 

shown for IL-8, IL-6, and LIF. Figure was adapted from work by Dr. Alex Lee. Bx; Biopsy, FDG-PET CT; 

Fluorodeoxyglucose (18F)-positron emission tomography computerised tomography, Gem; Gemcitabine, IL-(6/8); 

Interleukin-(6/8), LIF; Leukaemia inhibitory factor, PDX; Patient-derived xenograft, RIP; Rest in peace, TMZ; 

Temozolomide. 

Upregulation of these cytokines have previously been reported to confer tyrosine 

kinase inhibitor (TKI) resistance, as well as act as potential biomarkers, in several 

models of cancer including lung and prostate cancer (Fernando et al., 2016; Kutikov 

et al., 2011; Liu et al., 2015; Tamura et al., 2018). Similarly, high levels of IL-8 and IL-

6 expression have been found to be correlated with increased tumour grade and 

aggressiveness, as well as being associated with an overall worse prognosis in STS 

patients (Highfill et al., 2014; Rutkowski et al., 2002).  

I therefore wanted to assess whether IL-8 signalling causes pazopanib resistance in 

STS, and whether IL-8 signalling mediates its effects via the Src pathway in 

pazopanib-resistant STS. I decided to focus on IL-8 as this cytokine was shown to 

have a far higher expression level fold change than LIF or IL-6 in pazopanib-resistant 

tissue, when compared to pre-pazopanib tissue (Figure 4.1). However, the cytokine 
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measurements determined by gene expression analysis of biopsies taken from the 

patient could be from both tumour and/or stromal cells. It is therefore important to 

determine the levels of IL-8 expression in STS tumour cells.  

In order to answer these questions, I firstly wanted to determine the levels of IL-8 

expression within the pazopanib-resistant, PDX-derived STS cell models (SARC-209 

and J000104314), as well as a panel of sarcoma cell lines. It is important to re-iterate 

that the SARC-209 cells were derived from a PDX generated from the same tumour 

biopsy as was used to determine the IL-8 gene expression levels in the pazopanib-

resistant setting (Figure 4.1). The panel of sarcoma cell lines is outlined in Table 4.1 

and consists of varying sarcoma histological subtypes (Table 4.1). Furthermore, 

previous work by Wong et al. has shown that all the cell lines within the panel (with the 

exception of A204 and G402) are resistant to in vitro pazopanib treatment (Wong et 

al., 2016).  

Table 4.1: Panel of 14 sarcoma cell lines with subtype, Cellosaurus accession codes, and additional comments. 

Cell line Subtype 
Cellosaurus accession code 

(Bairoch et al., 2018) 
Comments 

A204 MRT CVCL_1058 Initially misclassified as RMS (Hinson et al., 2013) 

G402 MRT CVCL_1221 Initially misclassified as LMB (Brenca et al., 2021) 

HT1080 Fibrosarcoma CVCL_0317  

SW684 Fibrosarcoma CVCL_1726  

MESSA Uterine sarcoma CVCL_1404  

SW872 Liposarcoma CVCL_1730  

Hs729T eRMS CVCL_0871  

RMS-YM eRMS CVCL_A792  

RUCH3 eRMS CVCL_C541  

SW982 Synovial sarcoma CVCL_1734 
Potentially misclassified as does not contain 
pathognomonic SS18-SSX1/2/4 translocation              

(Kawano et al., 2017) 

SAOS2 Osteosarcoma CVCL_0548  

U2OS Osteosarcoma CVCL_0042  

SJSA1 Osteosarcoma CVCL_1697  

T91-95 aRMS 
n/a 

(Lee et al., 2003; 
 Martins et al., 2011) 

T91-95 have also been described as normal fibroblast cells 
(Gryder et al., 2017) 

aRMS; Alveolar rhabdomyosarcoma, CVCL; Cellosaurus accession code, (e)RMS; (Embryonal) rhabdomyosarcoma, LMB; 
Leiomyoblastoma, MRT; Malignant rhabdoid tumour, SS18; Synovial sarcoma translocation chromosome 18, SSX(1/2/4); Synovial 
sarcoma X (1/2/4) breakpoint protein.  

 

To determine whether the sarcoma cell models expressed IL-8, I undertook real-time 

quantitative polymerase chain reaction (qPCR) to assess for the levels of CXCL8 (the 

gene encoding the IL-8 cytokine) mRNA (Figure 4.2). As a positive control for CXCL8 

expression, the cell line SW982 was used. SW982 is a synovial sarcoma cell line that 

is characterised by high expression of inflammatory cytokines such as IL-8 and IL-6, 

and, as such, is commonly used as a cellular model to study rheumatoid arthritis (Lv 

et al., 2013; Yamazaki et al., 2003). Figure 4.2A shows that the majority of evaluated 
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STS cell models express CXCL8 mRNA to at least a quantifiable level, but expression 

was very heterogeneous across the panel. The data was normalised to the cell line 

that exhibited the median level of CXCL8 expression, U2OS. The PDX-derived, 

pazopanib-resistant cells, SARC-209 and J000104314, were shown to both 

moderately express CXCL8 compared to the remainder of the cell line panel.  

 

 

 

 

 

 

Figure 4.2: CXCL8 (IL-8) expression levels in a panel of sarcoma cell lines and PDX-derived models. (A) qPCR 

data displaying the log10 fold change of CXCL8 (IL-8) mRNA, normalised to the osteosarcoma cell line U2OS (n=3). 

Error bars represent standard deviation. CXCL8; Chemokine C-X-C motif ligand 8, IL-8; Interleukin-8, mRNA; 

Messenger RNA, PDX; Patient-derived xenograft, qPCR; Quantitative polymerase chain reaction, RNA; Ribonucleic 

acid.  

IL-8 mediates its intracellular effects through binding to one of two membrane-bound 

GPCRs, termed C-X-C motif chemokine receptor 1 (CXCR1) and CXCR2. These two 

receptors are highly homologous to each other and are expressed on the cell surface 

of immune cells, such as leukocytes and neutrophils, as well as tumour cells. Due to 

this expression within immune and tumour cells, the IL-8-CXCR1/2 signalling axis has 

been implicated in playing an important role within the tumour microenvironment to aid 

cancer progression (Ha et al., 2017; Waugh & Wilson, 2008). Additionally, expression 

of CXCR1 and CXCR2 on the surface of IL-8-secreting tumour cells has been shown 

to result in oncogenic autocrine signalling loops, thereby driving cancer cell 

proliferation and migration (Brew et al., 2000; Lang et al., 2002; Takamori et al., 2000). 

Autocrine signalling refers to the secretion of signalling molecules by a cell, which in 

turn, bind to receptors on the same cell, resulting in biological changes occurring within 

the cell (Doğaner et al., 2016).  

Therefore, having determined that the majority of sarcoma cell models express CXCL8 

to at least a quantifiable level, I wanted to determine whether the sarcoma cell models 

expressed CXCR1 and/or CXCR2 mRNA. I postulated that if the cell models were 



 

148 
 

found to express both the cytokine and receptor(s), then an autocrine signalling loop 

potentially driving proliferation could be at work. However, preliminary evaluation via 

qPCR found that none of the sarcoma cell lines within the panel expressed CXCR1 or 

CXCR2 to a readily quantifiable level (data not shown). 

To confirm these preliminary findings, I wanted to create a positive cell model control 

for CXCR1 and CXCR2 expression. I therefore decided to transduce the SARC-209 

PDX-derived cell model with CXCR1- or CXCR2-expressing plasmids. These 

plasmids were generated by inserting the open-reading frame of CXCR1 or CXCR2 

cDNA into linearised pBABE vectors (Figure S1-S2). Following this, the SARC-209 

cells were stably transduced with empty vector (EV)-, CXCR1- or CXCR2-expressing 

plasmids via retroviral infection, as outlined in Figure 4.3A.  

To confirm the successful transduction of CXCR1- and CXCR2-expressing plasmids, 

I undertook qPCR analysis on the transduced SARC-209 cells to observe for CXCR1 

or CXCR2 DNA amplification (Figure 4.3B-C). Consistent with preliminary results, no 

amplification was observed in the SARC-209 EV control (Figure 4.3B-C). However, 

SARC-209 cells transduced with the CXCR1 plasmid were found to selectively 

express CXCR1, with no amplification of CXCR2 (Figure 4.3B). The reverse is true 

for the SARC-209 cells transduced with the CXCR2 plasmid (Figure 4.3C). As no 

amplification was observed in the EV control for either receptor, the reporter signal 

(Rn) from raw qPCR data was normalised to the Rn of the housekeeping gene, β-actin 

(ACTB). Therefore, if the gene of interest is expressed, the Rn curve will display a bell-

shaped or flat-line trajectory as the Rn tends towards 0 after 40 PCR cycles. Cells not 

expressing the gene of interest will always display a negative drop in Rn. Figure 4.3B-

C show that CXCR1 and CXCR2 were successfully transduced into the SARC-209 

cells. 
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Figure 4.3: Generation of CXCR1- and CXCR2-expressing SARC-209 cells. (A) pBABE vectors expressing CXCR1, 

CXCR2, or empty vector (EV) were packaged into retrovirus via co-transfection of HEK293T cells with envelope and 

packaging plasmids. SARC-209 PDX-derived cell model was retrovirally transduced with EV, CXCR1, and CXCR2 

plasmids and allowed to recover from viral infection. Successfully transduced cells were selected via exposure to 

antibiotic (hygromycin). Image was created using BioRender. Reporter signal (Rn), normalised to β-actin (ACTB), of 

(B) CXCR1 and (B) CXCR2 expression in SARC-209 EV, CXCR1- and CXCR2-expressing cells. Image is 

representative of three separate experiments (n=3). CXCR(1/2); C-X-C motif chemokine receptor (1/2), PDX; Patient-

derived xenograft. 

I therefore incorporated the SARC-209 CXCR1- or CXCR2-expressing cells into the 

qPCR analysis of CXCR1 and CXCR2 expression in the panel of sarcoma cell lines 

and PDX-derived cell models. Figure 4.4 shows that, consistent with the preliminary 

results, none of the parental sarcoma cell models evaluated expressed either receptor 

to a quantifiable level.  

 

 

 

  

 

 

Figure 4.4: CXCR1 and CXCR2 expression levels in a panel of sarcoma cell lines and PDX-derived models. 

qPCR data displaying the relative mRNA expression of (C) CXCR1 and (D) CXCR2 normalised to SARC-209 CXCR1- 

and CXCR2-expressing cell controls, respectively (n=3). Error bars represent standard deviation. CXCR(1/2); C-X-C 

A B 

A B 
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motif chemokine receptor (1/2), mRNA; Messenger RNA, PDX; Patient-derived xenograft, qPCR; Quantitative 

polymerase chain reaction, RNA; Ribonucleic acid.  

As none of the sarcoma cell models expressed CXCR1 or CXCR2, it can therefore be 

determined that IL-8 expressed by the sarcoma cell models is not having an autocrine 

effect. Therefore, if the upregulation of IL-8 expression observed in the pazopanib-

resistant patient tissue is associated with pazopanib resistance, it is more likely to be 

due to IL-8 paracrine signalling. Paracrine signalling refers to cellular signalling 

between nearby cells within a local microenvironment. In cancerous tissue, paracrine 

signalling occurs between tumour cells and cells of the surrounding tumour 

microenvironment (TME), such as immune cells, cancer-associated fibroblasts, and 

other stromal cells. In corroboration with the hypothesis of IL-8 paracrine signalling 

potentially driving pazopanib resistance in STS, CXCR1 and CXCR2 receptors are 

known to be ubiquitously expressed in immune cells and have been reported to be 

associated with the recruitment of pro-tumourigenic immune cells to the TME 

(Acharyya et al., 2012; Najjar et al., 2017; Susek et al., 2018). 

 

4.2.2 IL-8 stimulation does not affect Src pathway activity in pazopanib-

resistant soft tissue sarcoma 

The IL-8-CXCR1 & CXCR2 signalling axis has been shown to activate a variety of 

downstream signalling cascades, most commonly the PI3K/Akt and MAPK pathways 

(MacManus et al., 2017; Waugh & Wilson, 2008). IL-8 signalling has also been shown 

to operate through the Src signalling pathway in cell line models of prostate cancer 

(Lee et al., 2004).  

The data shown in Chapter 4.2.1 reports that due to the lack of the IL-8 receptors, 

CXCR1 and CXCR2, IL-8 signalling cannot be an upstream mediator of Src signalling 

in the sarcoma cell models evaluated. However, I wanted to assess whether IL-8 could 

activate Src signalling in STS tumours should they express the receptor(s).  

I therefore stimulated the SARC-209 CXCR1- and CXCR2-expressing cells with 

exogenous IL-8 and assessed for subsequent cytokine-induced signalling modulations 

in critical downstream effector proteins, including Akt, ERK1/2, STAT3, and Src. I 

performed this experiment through stimulating serum-starved SARC-209 EV, CXCR1-

, and CXCR2-expressing cells with 5 minutes of 100 ng/mL IL-8. This treatment 
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resulted in a marked increase of Akt and ERK1/2 phosphorylation within the receptor-

expressing cells but not in the EV control (Figure 4.5). Additionally, IL-8 stimulation of 

the EV cells resulted in no noticeable changes in the signalling of any of the proteins 

evaluated. Finally, IL-8 stimulation had no effect on the phosphorylation of Src and 

STAT3 in any of the cell models (Figure 4.5).  

 

 

 

 

 

 

 

Figure 4.5: Immunoblot of exogenous IL-8 stimulation of SARC-209 CXCR1- and CXCR2-expressing cells. 

Immunoblot of total levels and phosphorylation status of the major signalling components Akt, ERK1/2, Src, and STAT3 

in serum-starved SARC-209 empty vector (EV), CXCR1-, and CXCR2-expressing cells after stimulation with 5 minutes 

of exogenous IL-8. Image is representative of two separate experiments (n=2). CXCR(1/2); C-X-C motif chemokine 

receptor (1/2), ERK1/2; Extracellular signal-regulated kinase 1/2, IL-8; Interleukin-8, STAT3; Signal transducer and 

activator of transcription 3.  

These data demonstrate that IL-8 does not signal via the Src pathway in STS cells 

expressing exogenous CXCR1 and CXCR2 receptors. Instead, the data shows that 

IL-8 stimulation of the CXCR1 and CXCR2 receptors activates the MAPK and Akt 

signalling pathways. Therefore, IL-8 does not mediate its activity via the Src pathway 

in pazopanib-resistant STS, even when the cells express the requisite receptors. 

 

4.2.3 Integrin signalling is a potential upstream receptor of Src signalling in 

pazopanib-resistant soft tissue sarcoma 

Having determined that IL-8 signalling is not an upstream mediator of Src signalling 

activity in my STS cell models, I wanted to evaluate a range of other receptors for their 

ability to activate Src signalling in pazopanib-resistant models of STS. I therefore 

exposed the SARC-209 pazopanib-resistant cells to a panel of 12 inhibitors that target 
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signalling receptors and evaluated for the ability of these inhibitors to decrease Src 

phosphorylation.  

The 12 inhibitors (Table 4.2) were chosen for the following reasons: 

1. They are inhibitors of specific receptor types, and/or 

2. They displayed relatively high efficacy in reducing cell viability in the SARC-209 

small molecule inhibitor screen (Figure 3.6A & 4.6A) 

For the first point, infigratinib (BGJ-398), crizotinib, and Osimertinib (AZD-9291) were 

chosen due to their selective inhibition of FGFRs, ALK/MET, and epidermal growth 

factor receptor (EGFR), respectively (Table 4.2) (Cui et al., 2011; Finlay et al., 2014; 

Guagnano et al., 2011).  

For the second point, as reported in Chapter 3, I showed that inhibiting Src activity in 

the SARC-209 cells resulted in significant decreases in cell viability and proliferation. 

I therefore posited that inhibitors with relatively high efficacy in reducing cell viability, 

as determined by the inhibitor screen, could be inducing the antiproliferative effect 

through inhibition of the Src signalling pathway. 

Of the small molecule inhibitors showing relative efficacy (< 85% cell viability 

compared to DMSO control) in the small molecule inhibitor screen (Figure 4.6A), 

NVP-AEW541, cilengitide trifluoroacetate, neratinib, and NVP-TAE684 are also 

selective inhibitors of insulin-like growth factor 1 receptor (IGF1R)/insulin receptor 

(InsR), integrins, EGFR/HER2, and ALK, respectively (Table 4.2 & Figure 4.6A) 

(Galkin et al., 2007; García-Echeverría et al., 2004; Rabindran et al., 2004; Reardon 

et al., 2008). I therefore included these inhibitors in the panel based on these 

combined properties (Table 4.2). 

Finally, the multi-target TKIs cabozantinib, ponatinib, and sitravatinib, which target a 

broad range of RTKs including PDGFRs, FGFRs, and vascular endothelial growth 

factor receptors (VEGFRs), were also included (Table 4.2). This was due to their 

relatively potent activity (< 75% cell viability compared to DMSO control) upon SARC-

209 cells in the small molecule inhibitor screen (Figure 4.6A). Pazopanib and 

dasatinib were also included in the screen as controls (Table 4.2). 

Pazopanib-resistant SARC-209 cells were treated with 1 μM for 6 hours with the small 

molecule inhibitors listed in Table 4.2 (Figure 4.6B). As shown previously in Figure 
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3.9A, pazopanib had no effect on Src phosphorylation or total Src levels, whilst 

dasatinib abolished Src phosphorylation with a concurrent increase in total Src levels 

(Figure 4.6B). Furthermore, treatment with ponatinib induced an increase in total Src 

levels, as seen with dasatinib, but with no noticeable effect on Src phosphorylation 

(Figure 4.6B).  

Interestingly, treatment of SARC-209 cells with the potent αvβ3 and αvβ5 integrin 

inhibitor cilengitide trifluoroacetate resulted in an observable decrease in Src 

phosphorylation (Figure 4.6B). The remaining inhibitors evaluated did not show any 

noticeable differences in either Src phosphorylation or total Src levels upon treatment 

(Figure 4.6B). Currently, only a single replicate has been undertaken for this 

experiment and therefore further replicates are required to confirm this finding. 

However, integrin signalling is an extensively reported upstream component of Src 

signalling and further research into the role of integrin signalling in mediating Src 

activity in Src-dependent, pazopanib-resistant STS is needed (Mitra & Schlaepfer, 

2006; Shattil, 2005). 

Table 4.2: Reference table displaying small molecule inhibitors utilised within the Src phosphorylation screen with 
primary target(s) and rationale for inclusion. 

Small molecule 
inhibitor 

Figure 
4.6A # 

Primary target(s) Rationale for inclusion 

Pazopanib 1 Broad spectrum: RTKs Control 

Dasatinib 2 Src, Abl1, Broad spectrum: RTKs Control 

Infigratinib (BGJ-398) 3 FGFR1/2/3 Selective inhibitor 

NVP-AEW541 4 IGF1R, InsR 
Selective inhibitor & relative efficacy in screen 

(Figure 4.6A) 

Cilengitide 
trifluoroacetate 

5 Integrins αvβ3, αvβ5 
Selective inhibitor & relative efficacy in screen 

(Figure 4.6A) 

Neratinib 6 EGFR, HER2 
Selective inhibitor & relative efficacy in screen 

(Figure 4.6A) 

Cabozantinib 7 Broad spectrum: RTKs Relative efficacy in screen (Figure 4.6A) 

NVP-TAE684 8 ALK 
Selective inhibitor & relative efficacy in screen 

(Figure 4.6A) 

Crizotinib 9 MET, ALK Selective inhibitor 

Osimertinib (AZD-
9291) 

10 EGFR Selective inhibitor 

Ponatinib 11 Broad spectrum: RTKs, Abl1 Relative efficacy in screen (Figure 4.6A) 

Sitravatinib 12 Broad spectrum: RTKs Relative efficacy in screen (Figure 4.6A) 

ALK; Anaplastic lymphoma kinase, EGFR; Epidermal growth factor receptor, FGFR(1/2/3); Fibroblast growth factor receptor 
(1/2/3), HER2; Human epidermal growth factor receptor 2, IGF1R; Insulin-like growth factor 1 receptor, InsR; Insulin receptor, 
n/a; Not available, RTK; Receptor tyrosine kinase.  
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Figure 4.6: The integrin inhibitor cilengitide trifluoroacetate decreases Src phosphorylation. (A) Small molecule 

inhibitor screen of SARC-209 at 0.5 μM inhibitor concentration. Selected inhibitors are labelled with red dots and 

numbers. Key to numerical labelling is given in Table 4.2. Cell viability was normalised to DMSO control (n=2). (B) 

Immunoblot of total levels and phosphorylation status of Src in the SARC-209 cells after treatment with 6 hours of 

DMSO or 1 μM of the indicated small molecule inhibitor. Image is representative of a single experiment (n=1). AEW541; 

NVP-AEW541, Cil Trifluoro; Cilengitide trifluoroacetate, DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant, TAE684; 

NVP-TAE684. 

Integrins are cellular receptors that form a critical signalling link between external 

signals from the ECM and resultant intracellular processes, such as cytoskeletal 

remodelling and the activation of pro-survival pathways (Mitra & Schlaepfer, 2006; 

Shattil, 2005). Integrins are composed of heterodimers of α and β subunits, whose 

combination determine which ECM component the integrin dimer binds (e.g., laminin, 

fibronectin, and collagen) (Hynes, 2002).  

As this preliminary data indicates a potential link between the inhibition of integrin 

signalling and downstream Src activity, I wanted to evaluate whether the pazopanib-

resistant, PDX-derived STS cell models expressed a number of integrin subunits, 

especially those targeted by cilengitide trifluoroacetate (integrins αV and β3). To 

achieve this, primers were designed for a variety of integrin subunits, including ITGAV 

(αV) and ITGB3 (β3), in order to assess integrin mRNA expression within SARC-209 

and J000104314 cell models via qPCR. The evaluated integrins are shown in Table 

4.3 and this work was performed by Valeriya Pankova, a PhD student in our lab. 

Currently only a single replicate has been undertaken. Unfortunately, data for ITGA1 

and ITGB5 had to be dropped from analysis due to inconsistent results.  
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Table 4.3: Panel of assessed integrin subunits. 

Integrins Gene 

Integrin α2 ITGA2 

Integrin α3 ITGA3 

Integrin α6 ITGA6 

Integrin α7 ITGA7 

Integrin α10 ITGA10 

Integrin β1 ITGB1 

Integrin β3 ITGB3 

Integrin β4 ITGB4 

Integrin αV ITGAV 

 

Figure 4.7 displays the cycle threshold (Ct) which is defined as the number of cycles 

required for the fluorescent Rn to cross the background level threshold (Figure 4.7). 

Ct values are inversely proportional to gene expression (i.e., lower Ct value = higher 

gene expression; higher Ct value = lower gene expression). From previous 

experience, and qPCR platform guidelines, Ct values for expressed gene should fall 

between the range of 12 to 35 (Applied Biosystems, 2016). Ct values > 35 indicate 

negligible to zero expression of the target gene. Conversely, Ct values < 12 indicate 

contamination, poor primer design, or experimental error. Ct values that fall outside of 

this range should be viewed with scepticism unless subsequent biological replicates 

with fresh materials reproduce the findings (Applied Biosystems, 2016; Ruiz-Villalba 

et al., 2021). The purpose of this experiment was to assess whether these two cell 

models express the indicated integrin subunits rather than evaluating any potential 

differences in integrin expression levels. Figure 4.7 shows that both the pazopanib-

resistant SARC-209 cells and J000104314 cells express a wide variety of integrin 

receptors, including the cilengitide trifluoroacetate-targeted integrin subunits αv and 

β3 (Figure 4.7).To note, for integrin β4, the Ct value was > 35 in the J000104314 cell 

model suggesting very low to negligible expression which can be confirmed by 

subsequent replicates (Figure 4.7).  
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Figure 4.7: Evaluating the expression of a panel of integrin subunits in pazopanib-resistant STS models. qPCR 

data displaying the cycle threshold (Ct) values of integrin subunit mRNA expression (blue bars) in SARC-209 and 

J000104314 cells, with housekeeping gene β-actin (ACTB) (black bars) (n=1). Ct values are inversely proportional to 

gene expression (i.e., lower Ct value = higher gene expression; higher Ct value = lower gene expression). Dotted lines 

indicate Ct values < 12 and > 35. ITG(A2/3/6/7/10/V)(B1/3/4); Integrin (α2/3/6/7)(β1/3/4).  

All together, these preliminary data indicate the expression of many integrin subunits, 

including the cilengitide trifluoroacetate-targeted subunits αv and β3, in two cell 

models of pazopanib-resistant STS. Building upon this work, future research will focus 

on the role of the integrin signalling pathway in mediating Src activity in Src-dependent, 

pazopanib-resistant STS. 

 

4.3 Discussion 

In this chapter, several strategies were employed to determine the upstream mediators 

of Src activity in Src-dependent, pazopanib-resistant STS. The first strategy utilised 

previously determined molecular data from a STS patient who had developed an 

acquired resistance to pazopanib therapy after a prolonged initial response. These 

data determined that the expression of the cytokine IL-8 was significantly upregulated 

in the pazopanib-resistant tumour when compared to the pre-pazopanib sensitive 

tissue, indicating a potential association between IL-8 expression and the accrual of 

pazopanib resistance. Additionally, IL-8 signalling has previously been shown to be an 

upstream regulator of Src activity in preclinical models of cancer, and I wanted to 

determine whether IL-8 signalling operates via the Src pathway in pazopanib-resistant 

STS (Lee et al., 2004).  
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Associations between IL-8 expression and TKI resistance have previously been shown 

in studies of lung cancer where increased IL-8 expression resulted in increased 

resistance to the TKIs erlotinib and gefitinib (Fernando et al., 2016; Liu et al., 2015). 

Similarly, other groups have reported that IL-8 expression is increased in response to 

chemotherapy and is associated with poor chemotherapeutic response (Collins et al., 

2000; Lev et al., 2004; Park et al., 2014). Therefore, the expression levels of CXCL8 

(IL-8) were evaluated in a panel of sarcoma cell lines and PDX-derived, pazopanib-

resistant cells. The vast majority of sarcoma models (including SARC-209 and 

J000104314) expressed IL-8 to at least a quantifiable level, with notable heterogeneity 

of CXCL8 expression observed across the panel. However, similar expression level 

analysis of the IL-8 receptors, CXCR1 and CXCR2, found that none of the models 

within the sarcoma cell panel expressed these receptors. These findings indicate that 

IL-8 signalling does not having an autocrine effect upon sarcoma cells. Furthermore, 

in CXCR1- and CXCR2-expressing pazopanib-resistant STS cells, exogenous IL-8 

stimulation did not affect Src activity but instead operated via MAPK and PI3K/Akt 

signalling pathways. 

Taken together, these findings suggest that if IL-8 is linked to pazopanib resistance in 

STS, then it is likely to be due to paracrine effects with cells of the TME rather than an 

autocrine effect. Furthermore, the data shows that IL-8 is not an upstream regulator of 

Src activity in Src-dependent, pazopanib-resistant STS. Despite this, other 

publications have highlighted the role that Src activity has in the expression of IL-8 

with several studies reporting that Src is a direct upstream signalling modulator of 

CXCL8 (IL-8) transcription (Lin et al., 2006; Trevino et al., 2005). Therefore, future 

research will focus on the effects of Src upon downstream IL-8 expression and the 

subsequent potential paracrine signalling associations in pazopanib-resistant STS.  

Although there are previous studies reporting the autocrine IL-8 activation of CXCR1 

and CXCR2 receptors on the surface of tumour cells, CXCR1 and CXCR2 are 

primarily and ubiquitously expressed upon the cell surface of immune cells, as well as 

other cells of the TME (Brew et al., 2000; Kamohara et al., 2007; Susek et al., 2018; 

Takamori et al., 2000). The extensive expression of CXCR1 and CXCR2 within cells 

of the TME, combined with the data from Chapter 4, suggest that if IL-8 is associated 

with pazopanib resistance in STS then it is due to paracrine signalling by tumour-

secreted IL-8 to induce TME remodelling and/or a pro-tumourigenic immune response. 
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Recent studies have shown that paracrine signalling by tumour-derived IL-8 promotes 

the recruitment of neutrophils and myeloid-derived suppressor cells into the TME, 

which can dampen antitumour immune response, induce targeted therapy resistance, 

and drive disease progression (David et al., 2016; Tan et al., 2018). Additionally, IL-8 

paracrine signalling with TME endothelial cells has been shown to have an angiogenic 

and metastatic effect in the growth and dissemination of tumours (Waugh & Wilson, 

2008). Therefore, future work will focus on the potential role of IL-8 paracrine signalling 

in mediating pazopanib-resistance in STS.  

However, due to the lack of TME components within standard, two-dimensional in vitro 

monolayers, different models that incorporate the three-dimensional nature of the TME 

are essential in determining the role of IL-8 paracrine signalling in pazopanib-resistant 

STS. Although in vivo animal models remain the best option for accurately 

recapitulating tumour interactions with the TME, these models suffer from issues such 

as high expense and low-throughput (Fontana et al., 2021). Therefore, a number of 

high-throughput, three-dimensional modelling techniques have been developed that 

can accurately reproduce the interactions between tumour cells and the TME (Fontana 

et al., 2021; Goers et al., 2014; Rodrigues et al., 2021). For instance, co-culturing 

experiments where tumour cells are cultured alongside cells of the TME, all of which 

are embedded within ECM scaffolds, can provide biologically relevant models of 

tumour-TME interactions, and can be used to accurately evaluate the effects of 

paracrine signalling (Wu et al., 2010; Wu & Swartz, 2014). Co-culturing experiments 

can be undertaken using various three-dimensional methodologies such as hydrogels, 

organoids/(hetero)spheroids, and microfluidic systems, which can be precisely 

tailored, such as altering cytokine gradients, ECM stiffness, and TME cell composition 

(Fontana et al., 2021; Goers et al., 2014; Rodrigues et al., 2021; Wu et al., 2010). 

Three-dimensional, co-cultured models have previously been shown to provide 

accurate models for researching tumour-TME interactions in various cancer types, 

including colon, gastric, and breast cancers (Dolznig et al., 2011; Sun et al., 2013; 

Phan-Lai et al., 2013). Therefore, development of a three-dimensional co-culture 

model of pazopanib-resistant STS would provide an accurate model to determine the 

potential paracrine role of IL-8 signalling in mediating pazopanib resistance in STS.  

Finally, this chapter also elucidated that integrin signalling is a potential upstream 

mediator of Src activity in pazopanib-resistant STS. In a panel of receptor inhibitors 
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that showed antiproliferative activity in pazopanib-resistant SARC-209 cells and/or 

possess selective inhibitory profiles, only cilengitide trifluoroacetate (together with 

dasatinib) was found to inhibit Src phosphorylation. Cilengitide trifluoroacetate is a 

potent inhibitor of αvβ3 and αvβ5 integrins and these cell surface receptors have 

extensively been shown to transduce extracellular signals through the Src pathway in 

the progression of cancer (Mitra & Schlaepfer, 2006; Shattil, 2005). Both αvβ3 and 

αvβ5 bind to ECM proteins containing the RGD (Arg-Gly-Asp) motif, such as 

fibronectin and vitronectin, to induce cellular responses (Kapp et al., 2017). Cilengitide 

is a cyclic pentapeptide that contains the RGD motif and, as such, targets and inhibits 

certain RGD-binding integrins from binding their physiological ligands (Mas-Moruno et 

al., 2010; Reardon et al., 2008; Reardon et al., 2011). Further to this, analysis of 

integrin subunit expression in pazopanib-resistant STS models showed that these 

cells express a wide variety of integrin subunits. Despite the frequent preclinical data 

demonstrating the role of integrins in cancer progression, clinical trials to date have 

been disappointing and there is an unmet need to develop novel integrin inhibitors with 

greater clinical efficacy (Alday-Parejo et al., 2019). However, these preliminary results 

warrant further research into the role of integrin signalling upon Src signalling in Src-

dependent, pazopanib-resistant STS. Future work to help elucidate the link between 

integrin and Src signalling in these models could include integrin subunit genetic 

knockdown/out (mediated by siRNA/shRNA and/or CRISPR), integrin activation by 

subunit-specific antibody/agonist stimulation, as well as incubating cells within ECM 

matrices (2.5 dimensional-culture) with differing compositions (e.g., RGD-based, 

collagen-based, laminin-based vs. plastic) (Byron et al., 2009; Langhans, 2018; 

Shamir & Ewald, 2014; Ye et al., 2012). Through these means, I can assess the 

downstream effects upon Src activity and subsequent changes in cellular phenotypes 

such as pazopanib resistance, proliferation, migration, and apoptosis.  

In conclusion, the results of Chapter 4 have shown that IL-8 does not operate via an 

autocrine mechanism and that IL-8 signalling is not an upstream mediator of Src 

activity in pazopanib-resistant STS. Furthermore, preliminary results have shown that 

integrins may have potential activity in mediating downstream Src signalling in Src-

dependent, pazopanib-resistant STS. These initial results warrant further research into 

the role of integrin signalling in mediating Src signalling in pazopanib-resistant STS. 

Future work into determining the downstream effectors of Src activity and their effects 
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upon gene expression in pazopanib-resistant STS is required. Through understanding 

the upstream and downstream components of Src signalling in Src-dependent, 

pazopanib-resistant STS, this will allow for the determination of further potential 

vulnerabilities that could be targeted with salvage therapies. 
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Characterisation of multi-target tyrosine 

kinase inhibitor sensitivity in cell line 

models of soft tissue sarcoma 
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5.1 Introduction 

The only approved targeted therapy for the vast majority of soft tissue sarcomas (STS) 

in the advanced setting is the multi-target tyrosine kinase inhibitor (TKI) pazopanib. 

Despite regulatory body approval based on significant improvements in median 

progression-free survival (mPFS) versus placebo, pazopanib therapy in STS did not 

result in an overall survival (OS) benefit (Van der Graaf et al., 2012). There is therefore 

an ongoing effort to develop and assess other multi-target TKIs for improved efficacy 

in treating advanced STS. Some inhibitors currently undergoing clinical trial evaluation 

in advanced STS include the TKIs regorafenib, sitravatinib, and anlotinib (Chapter 

1.3.3) – multi-target TKIs with overlapping kinase targets to one another, as well as 

pazopanib (Table 1.3) (Davis et al., 2011; Patwardhan et al., 2016; Xie et al., 2018; 

Zopf et al., 2016).  

However, the mechanisms of action of multi-target TKIs in the majority of STS 

subtypes is currently poorly understood. The antitumour activity of pazopanib, 

regorafenib, sitravatinib, and anlotinib are thought to be due to their antiangiogenic 

properties, mediated by inhibition of vascular endothelial growth factor receptor 

(VEGFR) receptor tyrosine kinase (RTK) signalling (Table 1.3) (Lee et al., 2019; 

Wilding et al., 2019). Additionally, these multi-target TKIs are also hypothesised as 

having direct antitumour effect through inhibition of growth-promoting RTKs such as 

platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor 

(FGFR), and KIT (Table 1.3) (Lee et al., 2019; Wilding et al., 2019). 

The data outlined in Chapter 5 focussed on identifying STS cell line models that are 

sensitive to the multi-target TKIs pazopanib, regorafenib, sitravatinib, and anlotinib. 

Following this, the antitumour activity of these TKIs in sensitive STS cell line models 

was characterised, with the aim of determining their mechanisms of action. 

Furthermore, building on a previous study by Wong et al., the antitumour effects of 

these multi-target TKIs in combination with selective FGFR inhibitors was investigated 

in order to provide potential first-line therapies with enhanced antitumour activity.  
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5.2 Results 

5.2.1 The malignant rhabdoid tumour cell lines A204 and G402 are sensitive to 

multi-target tyrosine kinase inhibitors 

As previously discussed in Chapters 1.3.3 and 5.1, pazopanib, regorafenib, 

sitravatinib, and anlotinib are multi-target TKIs that are either approved or undergoing 

clinical evaluation for use in advanced STS (Chi et al., 2018; Ingham et al., 2017; Mir 

et al., 2016; Oza et al., 2021; Van der Graaf et al., 2012; Van Tine et al., 2021). In 

order to determine sarcoma subtypes and cell line models that are sensitive to these 

TKIs in vitro, a panel of 14 sarcoma cell lines of varying histological subtypes (Table 

5.1) was subjected to cell viability assays (Figure 5.1A-E). Only the malignant 

rhabdoid tumour (MRT) cell lines A204 and G402 were found to be significantly 

sensitive to all four of the TKIs evaluated (Figure 5.1A-D & 5.2A-D; Table S5).  

Table 5.1: Panel of 14 sarcoma cell lines that were subjected to cell viability assays with pazopanib, regorafenib, sitravatinib, 
and anlotinib. 

Cell line Subtype 
Cellosaurus accession code 

(Bairoch et al., 2018) 
Comments 

A204 MRT CVCL_1058 Initially misclassified as RMS (Hinson et al., 2013) 

G402 MRT CVCL_1221 Initially misclassified as LMB (Brenca et al., 2021) 

HT1080 Fibrosarcoma CVCL_0317  

SW684 Fibrosarcoma CVCL_1726  

MESSA Uterine sarcoma CVCL_1404  

SW872 Liposarcoma CVCL_1730  

Hs729T eRMS CVCL_0871  

RMS-YM eRMS CVCL_A792  

RUCH3 eRMS CVCL_C541  

SW982 Synovial sarcoma CVCL_1734 
Potentially misclassified as does not contain 
pathognomonic SS18-SSX1/2/4 translocation              

(Kawano et al., 2017) 

SAOS2 Osteosarcoma CVCL_0548  

U2OS Osteosarcoma CVCL_0042  

SJSA1 Osteosarcoma CVCL_1697  

T91-95 aRMS 
n/a 

(Lee et al., 2003; 
 Martins et al., 2011) 

T91-95 have also been described as normal fibroblast cells 
(Gryder et al., 2017) 

aRMS; Alveolar rhabdomyosarcoma, CVCL; Cellosaurus accession code, (e)RMS; (Embryonal) rhabdomyosarcoma, LMB; 
Leiomyoblastoma, MRT; Malignant rhabdoid tumour, SS18; Synovial sarcoma translocation chromosome 18, SSX(1/2/4); Synovial 
sarcoma X (1/2/4) breakpoint protein.  
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Figure 5.1: Cell viability assays of a panel of sarcoma cell lines to determine sensitivities to pazopanib, 

regorafenib, sitravatinib, and anlotinib. Cell viability assays of a panel of 14 sarcoma cell lines (Table 5.1) treated 

with increasing concentrations of (A) pazopanib (Paz), (B) regorafenib (Reg), (C) sitravatinib (Sit), or (D) anlotinib 

(Anlo) to determine IC50 values (Table S5). (E) Plot displaying cell viabilities of the sarcoma cell line panel at 0.5 μM 

concentration of Paz, Reg, Sit, and Anlo. Cell viability was normalised to DMSO control (n=3). Statistical analysis of 

IC50 values not possible as certain models did not reach 50% cell viability. Statistical analysis was undertaken by one-

way ANOVAs with Tukey’s multiple comparison tests (*** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent standard 

deviation. ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant. 

 

 

 

 

 

 

 

 

 

A B 

C D 

E 



 

165 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Statistical significance grids of the sarcoma cell line panel evaluating sensitivity to pazopanib, 

regorafenib, sitravatinib, and anlotinib. Grids displaying the statistical significance between cell viability of sarcoma 

cell lines treated with 0.5 μM (A) pazopanib (Paz), (B) regorafenib (Reg), (C) sitravatinib (Sit), or (D), anlotinib (Anlo). 

Cell viability was normalised to DMSO control (n=3). Statistical analysis of IC50 values not possible as certain models 

did not reach 50% cell viability. Statistical analysis was undertaken by ANOVAs with Tukey’s multiple comparison tests 
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(* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, 

IC50; Inhibitory constant, ns; Non-significant. 

Previous studies have shown that A204 and G402 cells are characterised by high 

expression of both PDGFRα and FGFR1 RTKs (Bai et al., 2012; Wöhrle et al., 2013; 

Wong et al., 2016). Previous work by Wong et al. has also shown that PDGFRα and 

FGFR1 are drivers in the proliferation of both A204 and G402 cells (Wong et al., 2016). 

Furthermore, PDGFRα and/or FGFR1 are RTKs that have previously been shown to 

be targets of pazopanib, regorafenib, sitravatinib, and anlotinib (Lin et al., 2011; 

Patwardhan et al., 2018; Wilding et al., 2019; Wilhelm et al., 2010; Wong et al., 2016). 

I therefore wanted to assess the levels of PDGFRα and FGFR1 expression in the A204 

and G402 cells, compared to the rest of the cell line panel (Figure 5.3). Figure 5.3 

shows that across the cell line panel, only A204 and G402 cell lines highly express 

both PDGFRα and FGFR1. The two MRT cell lines were therefore chosen as 

appropriate models to evaluate multi-target TKI sensitivity in STS, especially STS 

driven by PDGFR and FGFR signalling. 

 

 

 

 

 

Figure 5.3: Evaluation of PDGFRα and FGFR1 expression levels in the sarcoma cell line panel. Immunoblot of 

basal expression profiles of the sarcoma cell line panel displaying expression of PDGFRα and FGFR1. Image is 

representative of two separate experiments. FGFR1; Fibroblast growth factor receptor 1, PDGFRα; Platelet-derived 

growth factor receptor α.  

 

5.2.2 Multi-target tyrosine kinase inhibitors have antiproliferative and pro-

apoptotic activity in malignant rhabdoid tumour cell line models 

Having determined that the MRT cell lines A204 and G402 are sensitive to multi-target 

TKI treatment in short-term cell viability assays, I wanted to determine whether these 

short-term effects were recapitulated in longer-term assays. Firstly, I performed long-

term (2 week) colony formation assays of A204 and G402 cells treated with pazopanib, 

regorafenib, sitravatinib, or anlotinib. I found that treatment with the four multi-target 
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TKIs significantly reduced colony formation compared to DMSO control in a dose-

dependent manner (Figure 5.4A-J). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Evaluation of long-term sensitivity of A204 and G402 cells to pazopanib, regorafenib, sitravatinib, 

and anlotinib treatment. Colony formation assays of (A) A204 and (B) G402 cells treated with increasing 

concentrations of pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), or anlotinib (Anlo) over a period of 2 weeks. 

Images are representative of three separate experiments (n=3). Quantification of A204 colony formation assays was 
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normalised to DMSO control for (C) pazopanib, (D) regorafenib, (E) sitravatinib, or (F) anlotinib. Equivalent treatments 

in G402 cells are shown in (G-J), respectively. Statistical analysis was undertaken using one-way ANOVAs with 

Dunnett’s multiple comparison tests (compared to DMSOl) (*** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent 

standard deviation. ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide.  

The proliferation of MRT cell lines over 6 weeks in the presence of 1 µM multi-target 

TKI or DMSO treatment was also measured. I found that the multi-target TKIs 

significantly reduced cellular proliferation compared to DMSO treatment in both cell 

lines (Figure 5.5A-D). Additionally, these results highlighted significant differences 

between the potencies of the multi-target TKIs in repressing the growth of A204 and 

G402 cell lines. For instance, in the A204 model, I found that anlotinib had a 

significantly increased activity in impairing cellular proliferation compared to the other 

three TKIs (Figure 5.5A & C). In the G402 model, anlotinib and sitravatinib were found 

to both significantly reduce cellular proliferation when compared to pazopanib and 

regorafenib (Figure 5.5B & D). Finally, this experiment also illustrated that both A204 

and G402 cells will eventually develop an acquired resistance to all four multi-target 

TKIs, albeit at different rates (Figure 5.5A-D).  

 

 

 

 

 

 

 

Figure 5.5: Evaluation of A204 and G402 proliferation in response to treatment by pazopanib, regorafenib, 

sitravatinib, and anlotinib for 6 weeks. Growth curve assays of (A) A204 and (B) G402 cells to measure the fold 

change in cell number of a period of six week. Cells were treated with either DMSO or 1 μM of pazopanib (Paz), 

regorafenib (Reg), sitravatinib (Sit), or anlotinib (Anlo). Data collection for a specific treatment regimen was ceased 

once the cells had reached overconfluency within the 96 well plate and the Celigo cytometer could no longer accurately 

distinguish between individual cells. Fold change was normalised to day 1 control (A204; n=4, G402; n=2). Grids 

displaying the statistical significance between the different treatments in the (C) A204 and (D) G402 cells in the 6-week 

growth curve assays. Statistical analysis was undertaken using one-way ANOVAs with Tukey’s multiple comparison 

  4 7 11 14 18 21 25 28 
DMSO vs. Paz * ** **** **         
DMSO vs. Reg ** ** **** **         
DMSO vs. Sit ** ** **** ***         

DMSO vs. Anlo ** ** **** ***         
Paz vs. Reg ns ns ns ns ns ns ns ns 
Paz vs. Sit ns ns * ns * *** *** *** 

Paz vs. Anlo ns ns * ns * *** *** *** 
Reg vs. Sit ns ns ns ns ns *** *** *** 

Reg vs. Anlo ns ns ns ns ns *** *** *** 
Sit vs. Anlo ns ns ns ns ns ns ns ns 

 

 4 7 11 14 18 21 25 28 
DMSO vs. Paz **** **** **** ****     
DMSO vs. Reg **** **** **** ****     
DMSO vs. Sit **** **** **** ****     

DMSO vs. Anlo **** **** **** ****     
Paz vs. Reg ns ns ns * ** * ns ns 
Paz vs. Sit ns ns ns ns ns ns ns ns 

Paz vs. Anlo ns ns ns ns * ** ** *** 
Reg vs. Sit ns ns ns * * ns ns ns 

Reg vs. Anlo ns ns ns *** **** **** **** **** 
Sit vs. Anlo ns ns ns ns * ** *** *** 

 

A B 

C D 

A204 G402 

Days Days 



 

169 
 

tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent standard deviation of the 

mean. ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, ns; Non-significant.  

Further to their antiproliferative properties, I sought to assess the pro-apoptotic 

capabilities of pazopanib, regorafenib, sitravatinib, and anlotinib in the A204 and G402 

cell line models. To achieve this, I treated the cells with 24 hours of two differing 

concentrations (0.5 μM and 1 μM) of multi-target TKI before evaluating for changes in 

caspase 3/7 cleavage when compared to DMSO. I found that multi-target TKI 

treatment significantly increased apoptosis in both the A204 (0.5 μM: > 1.75-fold, 1 

μM: >3-fold increase) and G402 (0.5 μM: >2.5-fold, 1 μM: >4.5-fold increase) cell lines 

when compared to DMSO (Figure 5.6A-D). 

In addition, I also observed significant differences between the pro-apoptotic 

capabilities of the four multi-target TKIs in the evaluated cell lines. These apoptotic 

differences corroborated with the antiproliferative phenotypes observed in the 6-week 

growth curve assays shown in Figure 5.5. For instance, anlotinib was found to 

significantly increase apoptosis (0.5 µM: ~3-fold, 1 µM: ~10-fold increase relative to 

DMSO) in A204 cells compared to the remaining TKIs (0.5 µM: ~2-fold, 1 µM: ~4-fold 

increase relative to DMSO) (Figure 5.6A & C). Furthermore, at 1 μM concentration, 

anlotinib and sitravatinib were found to significantly increase apoptosis in G402 cells 

(~7-fold increase relative to DMSO) when compared to pazopanib and regorafenib 

(~5-fold increase relative to DMSO) (Figure 5.6B & D).  

The data shown in Figures 5.4 to 5.6 demonstrated that the MRT cell lines A204 and 

G402 are sensitive to pazopanib, regorafenib, sitravatinib, and anlotinib treatment, 

with these multi-target TKIs displaying significant antiproliferative and pro-apoptotic 

properties in these STS models. Figures 5.5 & 5.6 also highlight the different 

potencies of the four multi-target TKIs in their antitumour activities in A204 and G402. 

For instance, the significantly decreased proliferation rates observed with anlotinib 

treatment in A204 were associated with a significantly increased apoptotic activity, 

when compared to the remaining TKIs evaluated. A similar phenotype was also 

observed in the treatment of G402 cells with sitravatinib and anlotinib.  
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Figure 5.6: Evaluation of apoptosis levels in A204 and G402 cells in response to treatment by pazopanib, 

regorafenib, sitravatinib, and anlotinib. Bar plots displaying the fold change in caspase 3/7 activity in the (A) A204 

and (B) G402 cells treated with two concentrations of pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), or anlotinib 

(Anlo) for 24 hours. Fold change was normalised to DMSO control (n=3). Grids displaying the statistical significance 

between the different treatments at the two different concentrations in the (C) A204 and (D) G402 cells as determined 

by caspase 3/7 apoptosis assays. Statistical analysis was undertaken using one-way ANOVAs with Tukey’s multiple 

comparison tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent standard deviation. 

ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, ns; Non-significant.  

 

5.2.3 Evaluation of combination therapy with multi-target TKIs 

Chapter 5.2.2 revealed that the four multi-target TKIs possessed differing levels of 

antiproliferative and pro-apoptotic potency in the A204 and G402 cell line models of 

MRT. I therefore assessed for whether dual treatment combinations of the TKIs had 

an enhanced antiproliferative effect when compared to single agent treatment. I 

performed this experiment by treating the MRT cell line models with dual treatment 

combinations of the four multi-target TKIs, as well as single agent treatments, before 

assessing for cell viability after 72 hours (Figure 5.7; Table S6). As shown in Figure 

5.7, none of the dual treatment combinations resulted in an enhanced combinatorial 

effect in reducing cell viability when compared to the effects of the constituent single 

agents (Figure 5.7; Table S6). These results suggest that the four multi-target TKIs 

operate via the same or similar mechanism of action in order to exert their 

antiproliferative effects.  

  DMSO Paz Reg Sit Anlo 
DMSO   **** **** **** **** 

Paz ****   ns *** ** 
Reg **** ns   *** ** 
Sit **** *** ***   ns 

Anlo **** ** ** ns   
 

  DMSO Paz Reg Sit Anlo 
DMSO   **** **** **** **** 

Paz ****   ns * ns 
Reg **** ns   ** ** 
Sit **** * **   ns 

Anlo **** ns ** ns   
 

  DMSO Paz Reg Sit Anlo 
DMSO   ** * ** **** 

Paz **   ns ns ** 
Reg * ns   ns ** 
Sit ** ns ns   * 

Anlo **** ** ** *   
   DMSO Paz Reg Sit Anlo 
DMSO   * * ** **** 

Paz *   ns ns **** 
Reg * ns   ns **** 
Sit ** ns ns   *** 

Anlo **** **** **** ****   
 

0.5 μM 0.5 μM 

1 μM 1 μM 

A B 

C D 

A204 G402 



 

171 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Cell viability assays evaluating the combinatorial effect of pazopanib, regorafenib, sitravatinib, and 

anlotinib dual treatment in A204 and G402 cells. Cell viability assays of (A-F) A204 and (G-L) G402 cells treated 

with increasing concentrations of the indicated multi-target TKI combinations. Dose response curves were used to 
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determine IC50 values (Table S6). Cell viability was normalised to DMSO control (n=3). Error bars represent standard 

deviation. DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant, TKI; Tyrosine kinase inhibitor.  

 

5.2.4 Multi-target TKIs potently reduce Akt phosphorylation in malignant 

rhabdoid tumour cell line models 

As previously outlined in Table 1.3, pazopanib, regorafenib, sitravatinib, and anlotinib 

are multi-target TKIs that target a range of RTKs including PDGFRs, vascular 

endothelial growth factor receptors (VEGFRs), KIT, and FGFRs (Davis et al., 2011; 

Patwardhan et al., 2016; Xie et al., 2018; Zopf et al., 2016). Inhibition of these RTKs 

will result in alterations in downstream signalling pathways associated with tumour 

progression, such as PI3K/Akt and MAPK (Regad, 2015). Therefore, alterations in 

phosphorylation of major components of these pathways, namely Akt and ERK1/2, 

upon treatment with the four multi-target TKIs were analysed with immunoblotting 

(Figure 5.8A-B). Treatment of A204 and G402 cells with the multi-target TKIs resulted 

in the consistent reduction of Akt phosphorylation in a dose-dependent manner 

(Figure 5.8A-B). 

Treatment with the multi-target TKIs had no noticeable effect on ERK1/2 

phosphorylation at either 0.1 µM or 1 µM, except for a single condition. This outlying 

condition was 1 μM anlotinib treatment of A204 cells which resulted in the inhibition of 

ERK1/2 phosphorylation. This effect was not observed at 0.1 μM anlotinib in the A204 

cells (Figure 5.8A).  

These data indicate that pazopanib, regorafenib, sitravatinib, and anlotinib primarily 

exert their downstream effects through blockade of the PI3K/Akt pathway (Figure 

5.8A-B). This is consistent with my hypothesis from the combinatorial evaluations 

(Figure 5.7) that these four multi-target TKIs employ a similar mechanism of action to 

exert their antiproliferative effects. Additionally, 1 μM anlotinib has also been shown to 

display a supplementary ability to block MAPK signalling in the A204 cell line (Figure 

5.8A). Significantly, the dual ability of 1 μM anlotinib to block Akt and ERK1/2 signalling 

correlated with the enhanced apoptotic and antiproliferative effects of anlotinib in A204 

cells (Figure 5.5 & 5.6 & 5.8). This is when compared to the other evaluated multi-

target TKIs that only resulted in Akt blockade at the evaluated timepoints and 

concentrations (Figure 5.5 & 5.6 & 5.8). 
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Figure 5.8: Immunoblots of A204 and G402 cells treated with two concentrations of pazopanib, regorafenib, 

sitravatinib, and anlotinib. Immunoblots of Akt and ERK1/2 signalling modulations in (A) A204 and (B) G402 cells 

after 6 hours of treatment with either 0.1 or 1 μM pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), or anlotinib 

(Anlo). Images are representative of two separate experiments (n=2). DMSO; Dimethyl sulfoxide, ERK1/2; Extracellular 

signal-regulated kinase. 

 

5.2.5 Investigation into combinatorial multi-target TKI plus FGFR inhibitor 

treatment strategies to provide enhanced antitumour activity 

The previous study by Wong et al. revealed that dual inhibition of PDGFRα and FGFR1 

RTKs in cell line models of MRT led to the blockade of downstream Akt and MAPK 

signalling, resulting in synergistic antitumour effects (Wong et al., 2016). The Wong et 

al. study employed the PDGFRα-targeting sunitinib, dasatinib, and pazopanib in 

combination with the selective FGFR inhibitor infigratinib (BGJ-398) (Wong et al., 

2016).  

I therefore wanted to determine whether the multi-target TKIs regorafenib, sitravatinib, 

and anlotinib, in combination with FGFR inhibitors, could result in a similar phenotype 

in the A204 and G402 cell line models. Two selective FGFR inhibitors, infigratinib and 

erdafitinib (JNJ-42756493) were utilised for this assessment (Guagnano et al., 2011; 

Perera et al., 2017).  

A204 and G402 cells were subjected to combination therapy with one of the four multi-

target TKIs (pazopanib, regorafenib, sitravatinib, or anlotinib) plus FGFR inhibitor – 

either infigratinib or erdafitinib – and the effects on cell viability were compared to multi-

target TKI and FGFR inhibitor monotherapy (Figure 5.9). A204 and G402 cells were 

found to be relatively resistant to treatment with infigratinib monotherapy (IC50: A204; 

1.68 μM, G402; 1.85 μM) (Figure 5.9A-H; Table S7).  
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However, combination treatments of infigratinib plus multi-target TKI showed a 

synergistic, combinatorial effect in reducing cell viability compared to the constituent 

single agent treatments in both cell line models (Figure 5.9A-H; Table S7). This result 

suggests that infigratinib operates by a differing mechanism of action compared to the 

four multi-target TKIs.  

To quantify the level of synergism, the combination indices for the IC50 values were 

calculated using Equation E1, outlined in the materials and methods (Chou, 2010) 

(Table 5.2). Using this equation, for a combination to be considered synergistic, the 

combination index must be < 1, with the degree of synergism increasing as the value 

tends towards 0. Table 5.2 shows that each of the combinations of infigratinib plus 

multi-target TKI resulted in high levels of synergism (combination index < 0.5).  

In contrast to infigratinib monotherapy, erdafitinib monotherapy displayed potent 

efficacy in reducing cell viability in the A204 and G402 cell lines, with IC50 values that 

are mostly lower than those seen with multi-target TKI monotherapy (A204 IC50: 0.25 

μM, G402 IC50: 0.15 μM) (Figure 5.9I-P; Table S7). Combination treatment of 

erdafitinib plus multi-target TKI treatment also resulted in synergism, albeit lower than 

the synergism observed with infigratinib combinations (Table 5.1). Despite this 

reported synergism, the dose response curves in Figure 5.9I-P show that the levels 

of enhanced combinatorial effect compared to erdafitinib monotherapy were minimal 

or negligible in the combination treatments incorporating pazopanib, regorafenib, and 

anlotinib (Figure 5.9I-P; Table S7). This result indicates that erdafitinib, pazopanib, 

regorafenib, and anlotinib share a mechanism of action that result in the observed 

antiproliferative effects. However, combination treatment of erdafitinib and sitravatinib 

in both cell lines continued to display a strong combinatorial effect when compared to 

constituent monotherapies (Figure 5.9I-P; Table S7). This result suggests additional 

kinase target(s) that are inhibited by sitravatinib treatment but not with pazopanib, 

regorafenib, or anlotinib treatment (Figure 5.9K & O; Table S7).  
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Figure 5.9: Cell viability assays evaluating the synergistic, combinatorial effect of multi-target TKI plus FGFR 

inhibitor treatment in A204 and G402 cells. Cell viability assays of (A-D, I-L) A204 and (E-H, M-P) G402 cells treated 

with increasing concentrations of multi-target TKI plus FGFR inhibitor combinations. Multi-target TKI plus infigratinib 

(Inf) combination efficacies evaluated in A204 cells with (A) pazopanib- (Paz), (B) regorafenib- (Reg), (C) sitravatinib- 

(Sit), and (D) anlotinib (Anlo)-based treatments. Equivalent combinations in G402 cells are shown in (E-H), respectively. 

Multi-target TKI plus erdafitinib (Erda) combination efficacies evaluated in A204 cells with (I) Paz-, (J) Reg-, (K) Sit-, 

and (L) Anlo-based treatments. Equivalent combinations in G402 cells are shown in (M-P), respectively. Dose response 

curves were used to determine IC50 values and combination indices (Table 5.2 & S7). Cell viability was normalised to 
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DMSO control (n=3). Combination indices were calculated using Equation E1. Error bars represent standard deviation. 

DMSO; Dimethyl sulfoxide, FGFR; Fibroblast growth factor receptor, IC50; Inhibitory constant, TKI; Tyrosine kinase 

inhibitor. 

Table 5.2: A204 and G402 cells treated with combinations of the TKIs pazopanib 
(Paz), regorafenib (Reg), sitravatinib (Sit), anlotinib (Anlo), infigratinib (Inf), and 
erdafitinib (Erda), with associated combination indices.  

TKI treatment 
A204 G402 

Combination index Combination index 

Paz + Inf < 1 (0.20) < 1 (0.23) 

Reg + Inf < 1 (0.27) < 1 (0.42) 

Sit + Inf < 1 (0.13) < 1 (0.13) 

Anlo + Inf < 1 (0.31) < 1 (0.35) 

   

Paz + Erda < 1 (0.33) < 1 (0.52) 

Reg + Erda < 1 (0.52) < 1 (0.84) 

Sit + Erda < 1 (0.15) < 1 (0.22) 

Anlo + Erda < 1 (0.42) < 1 (0.58) 

IC50; Inhibitory constant, TKI; Tyrosine kinase inhibitor.  

 

Building on the synergistic, antiproliferative effects observed in cell viability assays, I 

also wanted to evaluate whether combination treatment of the multi-target TKIs 

(pazopanib, regorafenib, sitravatinib, or anlotinib) plus FGFR inhibitor resulted in 

enhanced apoptotic activity. Assessment of caspase 3/7 activity in both the A204 and 

G402 cells after 24 hours of treatment (0.5 μM and 1 μM) showed that the combination 

of infigratinib plus multi-target TKI significantly enhanced apoptosis relative to 

monotherapy multi-target TKI (~1.5 to 3-fold enhancement) or infigratinib (~3- to 5-fold 

enhancement) (Figure 5.10A-P). 

Similarly, combination of erdafitinib with multi-target TKI also significantly increased 

apoptosis when compared to monotherapy multi-target TKI (~1.5 to 3-fold 

enhancement) in the majority of treatments (Figure 5.10A-P). The single exception to 

this is with 1 μM anlotinib treatment in A204 cells, where the significantly increased 

apoptotic effects of anlotinib compared to the other multi-target TKIs (Figure 5.6A) 

were found to be similar to the apoptotic effects observed with erdafitinib plus anlotinib 

treatment (~10- to 13-fold increase relative to DMSO) (Figure 5.10D & H).  

Treatment of both cell lines with 1 μM of combined erdafitinib plus multi-target TKI was 

not found to significantly increase apoptosis when compared to 1 μM erdafitinib 

monotherapy (Figure 5.10A-P). At this concentration, Figure 5.10 shows that 

erdafitinib monotherapy was found to consistently mirror the enhanced apoptotic 

effects that were seen with combination therapy of multi-target TKI plus FGFR inhibitor 

(~9- to 12-fold increase relative to DMSO), with marginal differences in apoptosis 

observed upon combination of erdafitinib plus multi-target TKI (Figure 5.10A-P).  
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Focussing on the observed enhanced pro-apoptotic activity with erdafitinib 

monotherapy, this FGFR inhibitor was found to significantly enhance apoptosis in both 

cell lines when compared to multi-target TKI (~1.5- to 3-fold enhancement) or 

infigratinib (~2.5- to 3.5-fold enhancement) (Figure 5.10A-P). The single exception to 

this is anlotinib treatment in A204 cells, which was found to mimic the apoptotic effects 

observed with erdafitinib at both concentrations (0.5 μM; ~3-fold, 1 μM; ~10-fold 

increase relative to DMSO) (Figure 5.10D & H).  
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Figure 5.10: Assays evaluating changes in apoptosis levels in A204 and G402 cells upon combination therapy 

of multi-target TKIs plus FGFR inhibitors. Bar plots displaying the fold change in caspase 3/7 activity in the (A-H) 

A204 and (I-P) G402 cells treated with two concentrations of multi-target TKI and FGFR inhibitor combinations for 24 

hours. Multi-target TKI plus infigratinib (I/Inf) or erdafitinib (E/Erda) combination efficacies evaluated in A204 cells with 

(A) pazopanib- (P/Paz), (B) regorafenib- (R/Reg), (C) sitravatinib- (S/Sit), and (D) anlotinib (A/Anlo)-based treatments. 
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Equivalent combinations in G402 cells are shown in (I-L). Fold change was normalised to DMSO control (n=3). Grids 

displaying the statistical significance between the different treatments at two different concentrations in the (E-H) A204 

cells for (E) Paz-, (F) Reg-, (G) Sit-, and (H) Anlo-based treatments in the apoptosis assays. Equivalent statistical 

significance grids for G402 are shown in (M-P), respectively. Statistical analysis was undertaken using one-way 

ANOVAs with Tukey’s multiple comparison tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error 

bars represent standard deviation. ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, FGFR; Fibroblast growth 

factor receptor, ns; Non-significant, TKI; Tyrosine kinase inhibitor.  

These results show that dual therapy of pazopanib, regorafenib, sitravatinib, or 

anlotinib plus the selective FGFR inhibitor infigratinib recapitulated similar pro-

apoptotic phenotypes in MRT cell lines as was observed upon dual PDGFRα and 

FGFR1 inhibition by Wong et al. (Wong et al., 2016).  

Furthermore, single agent erdafitinib was found to significantly enhance apoptosis 

levels in both A204 and G402 cells, at levels similar to combined multi-target TKI and 

infigratinib treatment. The work by Wong et al., 2016 reported similar single agent 

activity with the dual PDGFRα/FGFR1 inhibitor ponatinib to what I have reported with 

erdafitinib (Wong et al., 2016). Therefore, the effects of ponatinib upon cell viability 

and apoptosis were evaluated in the MRT cell lines and compared to erdafitinib, as 

well as dual multi-target TKI plus FGFR inhibitor therapy.  

Consistent with Wong et al., both the A204 and G402 cell lines were found to be 

extremely sensitive to ponatinib (IC50: A204; 0.05 μM, G402; 0.05 μM), with reduced 

IC50 values compared to multi-target TKI and infigratinib monotherapy (Table 5.3). 

Additionally, ponatinib was more potent in reducing IC50 when compared to erdafitinib 

monotherapy (IC50: A204; 0.25 μM, G402; 0.15 μM), as well as dual multi-target TKI 

plus FGFR inhibition in the majority of combinations (Table 5.3). Interestingly, 

ponatinib monotherapy was found to produce near identical IC50 values when 

compared to sitravatinib plus FGFR inhibitor (Table 5.3).  
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Table 5.3: A204 and G402 cells treated with combinations of the TKIs pazopanib (Paz), regorafenib 
(Reg), sitravatinib (Sit), anlotinib (Anlo), infigratinib (Inf), erdafitinib (Erda), and ponatinib (Pon), 
with associated IC50 values (μM).  

TKI treatment 
A204 G402 

IC50 (μM) (± S.D.) IC50 (μM) (± S.D.) 

Sit + Erda 0.03 (± 0.01) 0.04 (± 0.01) 

Pon 0.05 (± 0.01) 0.05 (± 0.01) 

Sit + Inf 0.05 (± 0.01) 0.06 (± 0.01) 

Paz + Erda 0.11 (± 0.05) 0.12 (± 0.01) 

Anlo + Erda 0.11 (± 0.02) 0.13 (± 0.03) 

Paz + Inf 0.14 (± 0.04) 0.17 (± 0.02) 

Reg + Erd 0.18 (± 0.04) 0.20 (± 0.04) 

Anlo + Inf 0.15 (± 0.05) 0.24 (± 0.05) 

Sit 0.20 (± 0.06) 0.25 (± 0.10) 

Erda 0.25 (± 0.08) 0.15 (± 0.03) 

Reg + Inf 0.23 (± 0.03) 0.38 (± 0.11) 

Anlo 0.29 (± 0.02) 0.42 (± 0.07) 

Paz 0.47 (± 0.08) 0.46 (± 0.07) 

Reg 0.56 (± 0.13) 0.61 (± 0.09) 

Inf 1.68 (± 0.28) 1.85 (± 0.50) 

IC50; Inhibitory constant, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor.  

 

In addition to the potent antiproliferative activity of ponatinib in A204 and G402 cells, 

ponatinib was also found to significantly induce apoptotic activity in A204 and G402 

cells (Figure 5.11A-B). In the A204 cells, ponatinib was found to significantly increase 

apoptosis (0.5 μM; ~15-fold, 1 μM; ~ 40-fold increase relative to DMSO) compared to 

all evaluated multi-target TKI and FGFR inhibitor treatments, both monotherapy and 

dual therapy (Figure 5.11A). In the G402 cells, ponatinib was found to enhance 

apoptotic activity (0.5 μM; ~8.5-fold, 1 μM; ~10-fold increase relative to DMSO) to a 

similar level to those observed with erdafitinib monotherapy, as well as combined 

multi-target TKI plus FGFR inhibitor treatment (Figure 5.11B). Additionally, I also 

observed that ponatinib induced notably higher levels of apoptotic activity in the A204 

cells (0.5 μM; ~15-fold, 1 μM; ~ 40-fold increase relative to DMSO) compared to the 

G402 cells (0.5 μM; ~8.5-fold, 1 μM; ~10-fold increase relative to DMSO) (Figure 

5.11A-B).  
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Figure 5.11: Apoptosis assays evaluating the pro-apoptotic effects of ponatinib therapy in A204 and G402 

cells. Bar plots displaying the fold change in caspase 3/7 activity in the (A) A204 and (B) G402 cells treated with two 

concentrations of ponatinib (Pon), multi-target TKIs, and FGFR inhibitor combinations for 24 hours. Fold change was 

normalised to DMSO control (n=3). Statistical analysis was undertaken using one-way ANOVAs with Dunnett’s multiple 

comparison tests (compared to Pon) (**** = p ≤ 0.0001). Error bars represent standard deviation. A/Anlo; Anlotinib, 

ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, E/Erda; Erdafitinib, FGFR; Fibroblast growth factor receptor, 

I/Inf; Infigratinib, P/Paz; Pazopanib, R/Reg; Regorafenib, S/Sit; Sitravatinib, TKI; Tyrosine kinase inhibitor. 

To further confirm the association between enhanced cell death and the dual blockade 

of Akt and MAPK signalling pathways downstream of targeted RTKs that was 

previously reported by Wong et al., immunoblotting of Akt and ERK1/2 signalling was 

undertaken on cells treated with combinations of multi-target TKI plus FGFR inhibitor, 

as well as monotherapy FGFR inhibitors and ponatinib (Figure 5.12). In contrast to 

pazopanib, regorafenib, sitravatinib, and anlotinib, the selective FGFR inhibitor 

infigratinib had no effect on Akt phosphorylation in either MRT cell line. However, 

infigratinib did instead reduce ERK1/2 phosphorylation in the A204 cell line model 

(Figure 5.12A). Interestingly, no notable change was observed in ERK1/2 

phosphorylation in the G402 model with infigratinib monotherapy after 6 hours of 1 μM 

treatment (Figure 5.12B). However, both erdafitinib and ponatinib monotherapies 

were found to potently inhibit both the Akt and ERK1/2 pathways in both cell lines, 

consistent with their enhanced pro-apoptotic and antiproliferative activities. 

Furthermore, combination therapy of multi-target TKI plus infigratinib resulted in the 
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concurrent suppression of both ERK1/2 and Akt phosphorylation (Figure 5.12A-B). 

This result is consistent with the enhanced apoptotic and antiproliferative activities 

observed with these combination therapies when compared to monotherapy multi-

target TKI treatment. 

Taken together, the results from Chapter 5.2.5 suggest that blockade of both the Akt 

and MAPK pathways, caused by upstream RTK inhibition by TKIs, results in enhanced 

apoptotic activity and antiproliferative activity in both cell line models of MRT.  

 

 

 

 

 

 

Figure 5.12: Immunoblots of A204 and G402 cells treated with monotherapies or dual therapies to assess for 

dual Akt and ERK1/2 signalling blockade. Immunoblots of Akt and ERK1/2 signalling modulations in (A) A204 and 

(B) G402 cells after 6 hours of treatment with DMSO or 1 μM TKI. Images are representative of two separate 

experiments (n=2). A/Anlo; Anlotinib, DMSO; Dimethyl sulfoxide, E/Erda; Erdafitinib, ERK1/2; Extracellular signal-

regulated kinase 1/2, I/Inf; Infigratinib, P/Paz; Pazopanib, Pon; Ponatinib, R/Reg; Regorafenib, S/Sit; Sitravatinib, TKI; 

Tyrosine kinase inhibitor. 

 

5.2.6 Treatment of malignant rhabdoid tumour cells with first-line erdafitinib, 

ponatinib, or combination therapy suppresses the emergence of drug 

resistance 

Although pazopanib, regorafenib, sitravatinib, and anlotinib were found to have potent 

antitumour activities in cell line models of MRT, Figure 5.5 showed that cells will 

acquire resistance to treatment after prolonged and chronic treatment. Having 

determined treatment strategies with enhanced pro-apoptotic and antiproliferative 

properties compared to these four multi-target TKIs, I wanted to evaluate whether 

treating A204 cells with erdafitinib, ponatinib, or combination therapy (multi-target TKI 

plus FGFR inhibitor) resulted in the development of acquired resistance if treated in 

the first-line setting (Figure 5.13). I therefore treated A204 parental cells with 1 μM of 

indicated treatment over 6 weeks and recorded the increase in cell number over the 
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course of treatment. Figure 5.13 shows that treatment of A204 cells with combination 

therapies and erdafitinib monotherapy showed notably decreased cellular proliferation 

compared to multi-target TKI and infigratinib monotherapies (Figure 5.13). However, 

despite this prolonged antiproliferative phenotype, a small population of cells tolerate 

treatment and remain during the course of the 42 days of treatment, indicating 

potential residual disease that may give rise to subsequent drug resistance (Figure 

5.13). On the other hand, exposure to ponatinib treatment resulted in the complete 

elimination of cells (Figure 5.13). This is consistent with previous results by Wong et 

al. who were unable to derive a ponatinib-resistant A204 subline (Wong et al., 2016). 

Taken together, these results therefore nominate erdafitinib, ponatinib, or combination 

therapy (multi-target TKI plus FGFR inhibitor) as effective first-line treatments 

warranting further evaluation in MRT, as well as other STS driven by PDGFR and 

FGFR signalling.  

 

 

 

 

 

 

 

Figure 5.13: Erdafitinib, ponatinib, and combination therapies suppress the growth of TKI-resistant cells in the 

first-line setting. Growth curves of A204 to measure the fold change in cell number over a period of 6 weeks in cells 

treated with indicated treatments. Data collection for a specific treatment regimen was ceased once the cells had 

reached overconfluency within the 96 well plate and the Celigo cytometer could no longer accurately distinguish 

between individual cells. Fold change was normalised to day 1 control (n=2). Error bars represent standard error of the 

mean. A/Anlo; Anlotinib, Erda; Erdafitinib, FGFRI; Fibroblast growth factor inhibitor, Inf; Infigratinib, P/Paz; Pazopanib, 

Pon; Ponatinib, P/R/S/A; Pazopanib, Regorafenib, Sitravatinib, or Anlotinib, R/Reg; Regorafenib, S/Sit; Sitravatinib, 

TKI; Tyrosine kinase inhibitor.  

 

5.3 Discussion 

The work presented in Chapter 5 shows that cell line models of MRT, a highly 

aggressive, paediatric STS subtype with historically dismal outcomes, are sensitive to 
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the multi-target TKI therapies pazopanib, regorafenib, sitravatinib, and anlotinib 

(Geller et al., 2015). Additionally, the antitumour activity of these multi-target TKIs in 

the MRT cell lines was found to correlate with the downstream blockade of Akt 

signalling. Future work employing direct PI3K/Akt pathway inhibitors (e.g., dactolisib 

(BEZ235), MK2206) will focus on exploring whether Akt blockade is the causative 

factor resulting in the antitumour phenotypes observed with multi-target TKI treatment. 

The finding of pazopanib and regorafenib activity in MRT cell lines has previously been 

described (Daudigeos-Dubus et al., 2015; Teicher et al., 2015; Wong et al., 2016). 

However, the work outlined in Chapter 5 is the first to show the efficacy of sitravatinib 

and anlotinib within this STS subtype.  

Chapter 5 also replicates many of the findings by Wong et al. but with additional multi-

target TKIs, namely regorafenib, sitravatinib, and anlotinib. The Wong et al. study 

reported that dual blockade of Akt and MAPK pathways by upstream RTK inhibition in 

MRT cell line models resulted in enhanced apoptotic activity when compared to multi-

target TKI and FGFR inhibitor monotherapy. This was determined through the 

treatment of MRT cells with combinations of multi-target TKIs plus the selective pan-

FGFR inhibitor infigratinib, as well as dual PDGFRα/FGFR1 inhibitor single agent 

treatments such as ponatinib. Consistent with this study, the work presented in 

Chapter 5 has replicated the association between the dual blockade of Akt and MAPK 

pathways and enhanced pro-apoptotic and antiproliferative effects, by employing 

additional multi-target TKIs and FGFR inhibitors. Future studies will work on 

determining whether dual Akt and MAPK blockade caused by the TKIs employed in 

Chapter 5 are causing the observed enhanced antitumour effects. This will be 

achieved through the utilisation of inhibitors that directly target the PI3K/Akt (e.g., 

dactolisib) or MAPK pathways (e.g., trametinib).  

The previous work by Wong et al. described that the multi-target TKIs pazopanib, 

dasatinib, and sunitinib inhibited PDGFRα phosphorylation, with downstream 

blockade of Akt signalling, in the A204 cell line model (Wong et al., 2016). The work 

presented in Chapter 5 has not yet confirmed whether the multi-target TKIs 

regorafenib, sitravatinib, and anlotinib inhibit PDGFRα in the A204 and G402 cell lines. 

However, both regorafenib and sitravatinib have previously been shown to potently 

target and inhibit PDGFRα (regorafenib Kd: 21 nM, sitravatinib IC50: 30 nM) (Figure 

5.1; Table 1.3) (Patwardhan et al., 2016; Zopf et al., 2016). Additionally, although the 
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inhibitory activity of anlotinib has not yet been evaluated in PDGFRα, anlotinib has 

been shown to be a potent inhibitor of the highly homologous PDGFR family members 

KIT and PDGFRβ (anlotinib KIT IC50: 14.8 nM, PDGFRβ: 8.7-115 nM) (Figure 5.1; 

Table 1.3) (Bauer et al., 2020; Lin et al., 2018; Lu et al., 2021; Xie et al., 2018). In 

addition to target overlap with the multi-target TKIs evaluated in Wong et al., 

regorafenib, sitravatinib, and anlotinib also produced similar phenotypes in terms of 

dose response, increased apoptosis levels, and Akt pathway blockade in the A204 cell 

line. I therefore hypothesise that regorafenib, sitravatinib, and anlotinib inhibit 

PDGFRα signalling, resulting in the downstream Akt blockade phenotype and 

subsequent antiproliferative and pro-apoptotic consequences, in the MRT cell line 

models (Figure 5.14). Future work will be undertaken to confirm this hypothesis. 

Firstly, immunoprecipitation will be undertaken to confirm the inhibition of PDGFRα by 

regorafenib, sitravatinib, and anlotinib. Following this, inhibitor-resistant PDGFRα 

mutants (e.g., T674I/M, D842V, Y288C) will be employed to determine whether the 

anticancer effects exerted by the multi-target TKIs can be rescued (Ip et al., 2018; 

Weisberg et al., 2010). This will allow us to confirm that inhibition of the PDGFRα/Akt 

signalling pathway by multi-target TKIs results in the downstream antitumour 

phenotypes, such as reduced cell proliferation and enhanced cell death. 

Chapter 5 also shows that erdafitinib treatment results in the dual blockade of Akt and 

MAPK as a single agent in the MRT cell line models A204 and G402. Additionally, I 

found that 1 μM anlotinib treatment also resulted in this dual blockade phenotype but 

only in the A204 cell line model. The dual pathway inhibition caused by erdafitinib and 

anlotinib phenocopies the effects observed with combination therapy of PDGFRα 

inhibitor plus FGFR inhibitor described by Wong et al., as well as single agent 

PDGFRα/FGFR1 inhibitor ponatinib. I therefore postulate that erdafitinib acts as a 

potent dual PDGFRα/FGFR1 inhibitor in both MRT cell lines. I also hypothesise that 

anlotinib acts as a potent dual PDGFRα/FGFR1 inhibitor in the A204 model, with 

anlotinib having a reduced potency for FGFR1 inhibition in the G402 cell line. Previous 

studies evaluating the kinase selectivity profiles of erdafitinib and anlotinib in cell-free 

kinase assays support this hypothesis. 

For instance, although erdafitinib is primarily described as a selective pan-FGFR 

inhibitor, investigation into the kinase binding activity of erdafitinib towards non-FGFR 

RTKs reveals a non-selective, multi-target profile (Perera et al., 2017). In the study 
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that discovered erdafitinib by Perera et al., this TKI was found to be a potent inhibitor 

of all four FGFRs, with Kd values of 0.24, 2.2, 1.1, and 1.4 nM for FGFR1, 2, 3, and 4, 

respectively (Perera et al., 2017). However, the authors also reported that erdafitinib 

had a similar potency towards inhibiting PDGFRα (Kd: 3.4 nM) as has been previously 

reported with pazopanib (Kd: 4.9 nM), with both studies employing identical assays 

(Davis et al., 2011; Perera et al., 2017). Regarding anlotinib, the work by Lin et al. 

reported that this multi-target TKI was an effective inhibitor of FGFR1 activity (IC50: 

11.7 nM), at levels similar to PDGFR inhibition (IC50: 8.7 nM), in cell-free kinase assays 

(Lin et al., 2018). 

To confirm my hypothesis that erdafitinib and anlotinib have dual inhibitory activity 

upon PDGFRα and FGFR1, I will employ immunoprecipitation techniques to confirm 

inhibition of phosphorylation of these receptors upon treatment. In addition to the 

inhibitor-resistant PDGFRα mutants described above, I will also employ rescue 

experiments utilising the FGFR1 gatekeeper mutation V561F/M in MRT cells. This will 

allow for the determination of the direct association of dual PDGFRα/FGFR1 inhibition 

and subsequent anticancer activities, including enhanced cell death and reduced 

proliferation. Taken together, the hypothesised mechanisms of action of the evaluated 

TKIs in MRT cell line models, based on the results presented in Chapter 5 and the 

studies discussed above, are outlined in Figure 5.14. 

 

 

 

 

 

 

 

 

Figure 5.14: Hypothesised mechanism of action of the discussed TKIs in MRT cell line models. ERK; 

Extracellular signal-regulated kinase, FGFR1; Fibroblast growth factor receptor 1, PDGFRα; Platelet-derived growth 

factor receptor α (adapted from Wong et al., 2016). Image was created using BioRender. 
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The results outlined in Chapter 5 nominate a number of therapeutic combinations 

whose antitumour properties are associated with concurrent blockade of Akt and 

MAPK signalling as effective first-line treatments in the MRT subtype of STS. 

However, combination therapies are often associated with clinical issues such as 

unacceptable toxicities and negative pharmacokinetic/dynamic interactions in patients 

(Lopez & Banerji, 2017). The work presented in Chapter 5 has shown that erdafitinib 

and ponatinib are single agents that blockade both Akt and MAPK pathways with 

associated enhanced cell death in MRT cell line models, comparable or exceeding 

those seen with combination therapy. These data replicate the findings of Wong et al. 

for ponatinib, however the determination of erdafitinib as a dual inhibitor of Akt and 

MAPK signalling with potent antitumour activity in MRT models is a novel discovery. 

Previous studies have shown that patients diagnosed with MRTs express both 

PDGFRs and FGFRs (Chauvin et al., 2017; Wöhrle et al., 2013; Wong et al., 2016). 

This knowledge, coupled with the high preclinical potency observed with ponatinib and 

erdafitinib within Chapter 5, nominate erdafitinib and ponatinib as potential first-line 

therapeutics warranting further evaluation in this subtype of STS, as well as other STS 

subtypes driven by expression of PDGFR and FGFR.  

In fact, erdafitinib has been undergoing clinical evaluations in patients with advanced 

solid tumours harbouring FGFR alterations. For instance, a phase I trial assessing the 

safety and pharmacokinetics/dynamics of erdafitinib in advanced solid tumours 

reported that the TKI had tolerability and encouraging preliminary activity in patients 

harbouring targetable FGFR alterations (clinical benefit rate (CBR): 42% in patients 

with FGFR alterations vs. 27% in all enrolled patients) (Bahleda et al., 2019). Building 

on these promising initial results, two phase II clinical trials of erdafitinib in advanced 

solid tumours are actively recruiting patients whose tumours harbour FGFR 

alterations. The first of these (NCT03210714) focusses on paediatric malignancies 

(age ≤ 21 years) with eligible STS subtypes including MRT, rhabdomyosarcoma, soft 

tissue Ewing sarcoma, as well as other STS subtypes. Similarly, in a study of adults 

and adolescents (age ≥ 12 years) (NCT04083976), the trial is currently recruiting 

patients with advanced solid tumours possessing FGFR alterations, including STS 

subtypes, to assess the clinical utility of erdafitinib in these patients (Pant et al., 2021). 

In addition to undergoing clinical evaluation in STS, erdafitinib has also shown 

preclinical activity in both cell and murine models of FGFR2-driven undifferentiated 
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pleomorphic sarcoma (Toulmonde et al., 2020). In a study by Toulmonde et al., 

FGFR2 expression was found to be significantly upregulated in immune-low 

undifferentiated pleomorphic sarcoma patients, when compared to other 

undifferentiated pleomorphic sarcoma patients. By utilising cell line and xenograft 

models derived from patient samples, the authors reported that erdafitinib selectively 

decreased cell viability and tumour growth in FGFR2-overexpressing, immune-low 

undifferentiated pleomorphic sarcoma, with concurrent inhibition of FGFR2 and 

downstream MAPK signalling (Toulmonde et al., 2020).  

Ponatinib has also been found to have extensive preclinical activity in models of STS. 

In addition to the previously described activity in MRT cells by Wong et al., ponatinib 

has also been shown to have potent antiproliferative properties in cell line models of 

synovial sarcoma, soft tissue Ewing sarcoma, and leiomyosarcoma (Kim et al., 2019; 

Teicher et al., 2015; Wong et al., 2016). Furthermore, in cellular and murine models 

of FGFR4-driven rhabdomyosarcoma, ponatinib reduced cell proliferation, tumour 

growth, and FGFR4 phosphorylation, with concurrent inductions of apoptosis and cell 

cycle arrest (Li et al., 2013).  

In addition to FGFR inhibition, the ability of ponatinib to potently inhibit members of the 

PDGFR RTK family was highlighted by the molecule’s ability to suppress KIT-driven 

liposarcoma cell line proliferation in a study by Kanojia et al. (Kanojia et al., 2017). 

Further to antiproliferative properties in these cell line models, ponatinib was also 

shown to induce cell cycle arrest and enhance apoptosis, with concurrent KIT 

signalling inhibition. These in vitro properties were found to translate into an in vivo 

effect, with ponatinib significantly supressing tumour growth in murine KIT-driven 

liposarcoma xenografts, when compared to vehicle, with decreased KIT and FGFR 

phosphorylation (Kanojia et al., 2017). 

However, despite the promising preclinical activity of ponatinib in STS models, the 

clinical use of ponatinib is limited due to severe side effects. Ponatinib was approved 

by the FDA for use in patients with chronic myeloid leukaemia and Philadelphia 

chromosome-positive acute lymphoblastic leukaemia but was soon removed from the 

market due to the high rates of life-threatening arterial occlusions. The drug has since 

returned to the market but with black box warnings to indicate the severe side effects 

(Zinger et al., 2020). Despite these significant problems, there are ongoing efforts to 
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assess strategies to employ effective ponatinib therapy whilst reducing severe side 

effects. These include trials utilising low-dosing regimens in heavily pre-treated GIST 

(NCT03171389) or encapsulating ponatinib molecules in lipid nanoparticles for more 

accurate drug delivery to the tumour, thereby reducing toxic off-target effects in healthy 

tissues (Falkenhorst et al., 2020; Zinger et al., 2020).  

Recent articles have reported that targetable FGFR alterations occur in approximately 

4% of STS, with particular subtypes, such as dedifferentiated liposarcoma, exhibiting 

extremely high rates (> 90%) of FGFR overactivity (Chudasama et al., 2017; 

Napolitano et al., 2021). Additionally, oncogenic PDGFR signalling has been shown 

to be implicated in the progression of several STS subtypes (Cornillie et al., 2019; 

Kilvaer et al., 2010). Therefore, utilising inhibitors that can simultaneously inhibit 

PDGFRs and FGFRs in STS, such as ponatinib (and potentially erdafitinib), could 

prove to be efficient strategies in the first-line setting of STS driven by PDGFRs and/or 

FGFRs. Additionally, the targeting of multiple growth-promoting RTKs reduces the 

potential of cancer cells to develop acquired resistance (Tan et al., 2017).  

Finally, despite the proven activity of the multi-target TKIs pazopanib, regorafenib, 

sitravatinib, and anlotinib in MRT cell line models of STS, Figure 5.5 shows that these 

cells universally develop acquired resistance to all four TKIs. This phenomenon 

recapitulates the TKI-resistance phenotypes observed clinically with chronic multi-

target TKI therapy in STS patients. Therefore, utilising these initially sensitive STS 

models, Chapter 6 will aim to determine resistance mechanisms associated with 

acquired multi-target TKI resistance and elucidate potential salvage therapies that can 

be utilised in subsequent multi-line therapies upon the acquisition of multi-target TKI 

resistance in STS.  
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Determination of effective salvage therapy 

regimens for multi-target TKI-resistant 
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6.1 Introduction 

Clinical experience of treating advanced soft tissue sarcoma (STS) patients with the 

multi-target TKI pazopanib has shown that patients either harbour intrinsic resistance 

or rapidly develop an acquired resistance on treatment (Lee et al., 2019). Additionally, 

upon disease progression with pazopanib therapy, STS patients currently have limited 

treatment options (Linch et al., 2014). Clinical trial data has also shown that advanced 

STS patients invariably develop resistance towards other multi-target TKIs currently 

undergoing clinical evaluation in STS, such as regorafenib, sitravatinib, and anlotinib 

(Mir et al., 2016; Oza et al., 2021; Penel et al., 2020; Van Tine et al., 2021). The 

mechanisms of action of multi-target TKIs and the resultant resistance mechanisms in 

STS are currently poorly understood and this limits our ability to effectively treat 

patients with TKI-resistant STS. By increasing our understanding of the resistance 

mechanisms that arise in response to multi-target TKI therapies, we can design 

effective treatment strategies that provide new treatment options for patients with 

multi-target TKI-refractory STS. 

In order to determine mechanisms associated with the acquisition of multi-target TKI 

resistance, there is a need to derive experimental models of acquired resistance in 

STS. The current literature reports several experimental methods that have allowed 

researchers to identify and evaluate underlying mechanisms that lead to the 

acquisition of drug resistance in cancer. These include genome-wide knockdown, 

knockout, and activation screens, as well as the evaluation of matched clinical biopsy 

samples (pre- and post-treatment) from patients that have acquired therapy resistance 

(Finn et al., 2020; Sanson et al., 2018; Wander et al., 2020; Wei et al., 2019). 

However, the most extensively reported method of modelling acquired resistance is 

using cell culture models. This method typically consists of treating initially sensitive 

cell models with increasing concentrations of a specific therapy, thereby leading to the 

eventual outgrowth of drug-resistant cells. The biological differences between the 

sensitive, parental cells and the resistant cells can then be evaluated for their 

association with the acquisition of resistance. This methodology of investigating 

mechanisms of acquired drug resistance has frequently been shown to recapitulate 

clinically relevant mechanisms of acquired resistance (Engelman et al., 2007; 

Michaelis et al., 2019; Vander Velde et al., 2020). For instance, the increased 
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expression of the drug efflux pump p-glycoprotein in drug-resistant cells compared to 

sensitive parental cells was first discovered in ovarian cells that had been subjected 

to chronic colchicine (an anti-gout corticosteroid) treatment (Juliano & Ling, 1976).  

More recently, this method has also been employed in modelling acquired tyrosine 

kinase inhibitor (TKI) resistance in cancer. For instance, the study by Engelman et al. 

exposed gefitinib-sensitive non-small cell lung cancer (NSCLC) to increasing gefitinib 

concentrations over the course of 6 months, thereby deriving a gefitinib-resistant 

subline (Engelman et al., 2007). When compared to the sensitive parental cells, the 

resistant subline was shown to harbour MET amplifications which resulted in gefitinib 

resistance through the activation of human epidermal growth factor 3 (HER3)-

dependent PI3K signalling (Engelman et al., 2007). Therefore, the authors concluded 

that MET inhibition is a potential salvage therapy in gefitinib-resistant NSCLC 

(Engelman et al., 2007).  

Similarly, the study by Vander Velde et al., 2020 derived acquired resistance in an 

ALK-positive NSCLC cell line through chronic and escalating treatment with ALK 

inhibitors, such as crizotinib and ceritinib (Vander Velde et al., 2020). This study 

reported multifactorial and cooperating resistance mechanisms driving ALK inhibitor 

resistance in the NSCLC model and also highlighted the emergence of collateral 

sensitivities. The acquired resistance model therefore allowed the authors to 

determine potential salvage therapies to target these collateral sensitivities and 

effectively treat TKI-resistant disease (Vander Velde et al., 2020).  

Building on the results in Chapter 5, Chapter 6 reports the derivation and 

characterisation of TKI-resistant sublines of the initially sensitive A204 malignant 

rhabdoid tumour (MRT) cell line model to the multi-target TKIs pazopanib, regorafenib, 

sitravatinib, and anlotinib. Following the acquisition of resistance, the TKI-resistant 

sublines were assessed by mass spectrometry to determine proteomic alterations 

associated with the acquisition of multi-target TKI resistance. The TKI-resistant 

sublines were also subjected to small molecule inhibitor screens to elucidate potential 

effective salvage therapies. Building on the findings of the inhibitor screen, sequential 

TKI treatment strategies were evaluated for their ability to suppress or delay multi-

target TKI resistance in the A204 model of MRT.  
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6.2 Results 

6.2.1 Derivation of multi-target TKI acquired resistance in the A204 cell line 

In order to model acquired multi-target TKI resistance in vitro, the initially sensitive 

A204 cells were subjected to chronic and escalating dose treatments of pazopanib, 

regorafenib, sitravatinib, or anlotinib (Figure 6.1). A204 cells were initially grown in 

media containing the multi-target TKI at the IC50 concentrations as determined from 

cell viability assays (~0.5 μM) (Table S5). The multi-target TKI concentration was 

increased stepwise once cells had proliferated to near confluency alongside minimal 

visible cell death. A final TKI concentration of 5 μM was maintained in the pazopanib-

, regorafenib-, and sitravatinib-resistant cells. For anlotinib, a final TKI concentration 

of 3 μM was maintained as 5 μM consistently resulted in universal cell death.  

 

 

 

 

 

Figure 6.1: Schematic outlining the experimental process of deriving acquired multi-target TKI resistant 

sublines from the sensitive, parental A204 cells. Image was created using BioRender. TKI; Tyrosine kinase inhibitor. 

Chronic and escalating TKI treatment resulted in the derivation of pazopanib-resistant 

(A204PazR), regorafenib-resistant (A204RegR), sitravatinib-resistant (A204SitR), and 

anlotinib-resistant (A204AnloR) A204 sublines. To confirm that the cells had 

developed resistance to their relative TKIs, cell viability assays and long-term colony 

formation assays against the respective TKIs were performed (Figure 6.2). The cell 

viability assays determined that the resistant sublines were significantly more resistant 

to their respective TKI than the parental A204 cells (A204PazR IC50: ~7.5-fold 

increase, A204RegR IC50: ~8-fold increase, A204SitR IC50: ~8.5-fold increase, 

A204AnloR IC50: ~3.5-fold increase) (Figure 6.2A-H; Table S8). Consistent with the 

data from these short-term assays, longer-term colony formation assays also showed 

significant increases in colony formation in the resistant sublines treated with their 

respective inhibitor, when compared to parental A204 cells (Figure 6.2I-P).  
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Figure 6.2: Confirmation of multi-target TKI acquired resistance in derived A204 TKI-resistant sublines. Cell 

viability assays of (A) A204PazR, (B) A204RegR, (C) A204SitR, and (D) A204AnloR cells treated with increasing 
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concentrations of their respective inhibitor to determine IC50 values (Table S8). Bar plots displaying IC50 values for (E) 

A204PazR, (F) A204RegR, (G) A204SitR, and (H) A204AnloR, compared to A204 parental cells. Cell viability was 

normalised to DMSO control (n=3). Colony formation assays of (I) A204PazR, (J) A204RegR, (K) A204SitR, and (L) 

A204AnloR treated with increasing concentrations of their respective inhibitor over a period of 2 weeks. Images are 

representative of three separate experiments (n=3). Quantification of colony formation assays was normalised to 

DMSO control for (M) A204PazR, (N) A204RegR, (O) A204SitR, and (P) A204AnloR. Statistical analysis was 

undertaken using Student’s unpaired T tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars 

represent standard deviation. Anlo; Anlotinib, DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant, Paz; Pazopanib, 

Reg; Regorafenib, Sit; Sitravatinib, TKI; Tyrosine kinase inhibitor.  

Having determined that the resistant sublines had derived acquired resistance to their 

respective multi-target TKIs, the resistant cells were also subjected to cell viability 

assays against the other three TKIs to assess whether the cells were cross-resistant 

(Figure 6.3A-H). Figure 6.3A-H shows that the resistant sublines were cross-resistant 

to all evaluated multi-target TKIs, with significantly increased resistance compared to 

parental cells and similar IC50 levels to one another. This result suggests a shared 

mechanism of action between these four TKIs (Figure 6.3A-H; Table S9).  

However, noticeable differences in the level of resistance between multi-target TKIs 

were observed. Figure 6.3I-Q shows that A204 TKI-resistant sublines had significantly 

increased resistance to pazopanib and regorafenib compared to sitravatinib and 

anlotinib. In TKI-resistant cells treated with pazopanib and regorafenib, the IC50 values 

were in the range of 6-10 μM (Figure 6.3I-Q; Table S9). This was found to be 

significantly higher than the IC50 values observed in TKI-resistant cells treated with 

anlotinib and sitravatinib, which were in the range of 1.5-3 μM (Figure 6.3I-Q; Table 

S9). The heatmap in Figure 6.3Q displays the differences in IC50 values in the A204 

TKI-resistant sublines.  

However, if the acquired resistance to a particular inhibitor is viewed as a fold change 

compared to the original sensitivity of the parental A204 cells, then this pattern 

changes. For instance, compared to the original pazopanib sensitivity within the 

parental A204 cells (IC50: 0.42 µM), the IC50 of the TKI-resistant sublines to pazopanib 

(IC50: 6-9 µM) has increased roughly 15- to 20-fold (Figure 6.3R; Table S9). 

Furthermore, the IC50 fold change of the TKI-resistant sublines to regorafenib and 

sitravatinib have both increased roughly 10-fold (Regorafenib IC50: 6.5-9.5 µM, 

Sitravatinib IC50: 1.5-3 µM)  when compared to the original sensitivities of the parental 

cells to these inhibitors (Regorafenib IC50: 0.73 µM, Sitravatinib IC50: 0.23 µM) (Figure 

6.3R; Table S9). Finally, the TKI-resistant sublines showed a relatively modest fold 
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change in IC50 when treated with anlotinib, with only a roughly 3- to 4-fold increase 

(IC50: 1.5-2.5 µM) compared to parental A204 cells (IC50: 0.57 µM) (Figure 6.3R; Table 

S9). The heatmap in Figure 6.3R displays the fold differences in IC50 value of the TKI-

resistant sublines treated with the multi-target TKIs when compared to the baseline 

sensitivities of the originating A204 parental cells. 
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Figure 6.3: Evaluation of cross-resistance in the A204 multi-target TKI-resistant sublines. Cell viability assays of 

A204 multi-target TKI-resistant sublines treated with increasing concentrations of (A) pazopanib (Paz), (B) regorafenib 

(Reg), (C) sitravatinib (Sit), and (D) anlotinib (Anlo) to determine IC50 values (Table S9). Bar plots displaying IC50 values 

for (E) Paz, (F) Reg, (G) Sit, and (H) Anlo treatment in the A204 resistant sublines. Cell viability was normalised to 

DMSO control (n=3). Cell viability of (I) A204PazR, (J) A204RegR, (K) A204SitR, and (L) A204AnloR cells treated with 

increasing concentrations of Paz, Reg, Sit, or Anlo to determine IC50 values (Table S9). Bar plots displaying IC50 values 

for (M) A204PazR, (N) A204RegR, (O) A204SitR, and (P) A204AnloR. Cell viability was normalised to DMSO control 
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(n=3). The data shown in (A-P) are the same data but presented in different ways. (Q) Heatmap displaying the 

differences in IC50 values of the A204 TKI-resistant sublines treated with the four multi-target TKIs. (R) Heatmap 

displaying the fold change in IC50 values in the A204 TKI-resistant sublines treated with the four multi-target TKIs when 

compared to the original sensitivity in the A204 parental cells. Statistical analysis was undertaken using one-way 

ANOVAs with Dunnett’s (compared to A204 parental) (E-H) or Tukey’s (M-P) multiple comparison tests (* = p ≤ 0.05, 

** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent standard deviation. ANOVA; Analysis of variance, 

DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant, TKI; Tyrosine kinase inhibitor.  

 

6.2.2 Multi-target TKI-resistant A204 cells harbour reduced PDGFRα 

expression and Akt signalling activity 

Previous work has shown that the receptor tyrosine kinases (RTKs) platelet-derived 

growth factor receptor α (PDGFRα) and fibroblast growth factor receptor 1 (FGFR1) 

are highly expressed and co-activated in the A204 cell line model (Bai et al., 2012; 

Wong et al., 2016). As these RTKs are targets of multi-target TKIs such as pazopanib, 

regorafenib, sitravatinib, and anlotinib, immunoblotting was undertaken to evaluate 

potential changes in RTK expression upon the acquisition of TKI resistance. As shown 

in Figure 6.4A-B, PDGFRα expression is notably decreased in the TKI-resistant 

sublines compared to parental control. Conversely, no effect upon FGFR1 expression 

was observed with the acquisition of multi-target TKI resistance (Figure 6.4A-B). 

These immunoblots were undertaken in the absence of inhibitor, with the cells instead 

treated with DMSO and cultured for 6 or 72 hours, after an initial seeding of 24 hours. 

Figure 6.4B shows that the loss of PDGFRα expression in the TKI-resistant sublines 

compared to parental cells was consistent in both the 6 hour and 72 hour experiments. 

Following this, I wanted to investigate potential differences in the phosphorylation 

levels of downstream effector proteins Akt and ERK1/2 in the TKI-resistant sublines 

and parental A204 cells, both in the presence and absence of inhibitor. I therefore 

subjected the cells to 6 hours of 1 µM of their respective inhibitor (or DMSO), after an 

initial seeding of 24 hours (Figure 6.4C). I found that baseline Akt phosphorylation 

was notably reduced in the TKI-resistant sublines compared to parental A204 cells. 

Conversely, ERK1/2 phosphorylation remained unchanged upon the acquisition of TKI 

resistance. Although Figure 6.4C shows a consistent increase in ERK1/2 

phosphorylation in the A204 TKI-resistant sublines when compared to parental cells, I 

found that this was not a robust and reproducible phenotype in later experiments. 
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Finally, treatment of the TKI-resistant A204 sublines with their respective inhibitor had 

no noticeable effect upon either Akt or ERK1/2 phosphorylation (Figure 6.4C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Immunoblots of A204 parental and TKI-resistant sublines to evaluate PDGFRα and FGFR1 

expression and downstream effector phosphorylation profiles. Immunoblots of PDGFRα and FGFR1 expression 

levels in A204 parental and TKI-resistant sublines after (A) 6 hours or (B) 72 hours, after an initial 24-hour seeding 

period. (C) Immunoblot of PDGFRα, FGFR1, Akt, and ERK1/2 expression and/or phosphorylation levels after 6 hours 

of treatment with 1 μM of indicated TKI or DMSO. Images are representative of two separate experiments (n=2). Anlo; 

Anlotinib, DMSO; Dimethyl sulfoxide, ERK1/2; Extracellular signal-regulated kinase 1/2, FGFR1; Fibroblast growth 

factor receptor 1, Paz; Pazopanib, PDGFRα; Platelet-derived growth factor receptor α, Reg; Regorafenib, Sit; 

Sitravatinib, TKI; Tyrosine kinase inhibitor. 

 

6.2.3 Proteomic analysis of A204 TKI-resistant sublines reveal common 

alterations associated with multi-target TKI resistance 

To assess for proteomic differences that are consistently observed in TKI-resistant 

cells compared to parental cells, global proteomic assessment by mass spectrometry 

A B 
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was performed (Figure 6.5). This analysis allowed for the determination of proteins 

that are associated with multi-target TKI resistance in MRT. Subsequently, this will 

allow for future evaluation of whether these proteins are causative factors in the 

emergence of acquired TKI resistance in cell models of MRT. Cell lysates were 

collected from parental and TKI-resistant cells after 72 hours of culturing without 

inhibitor, following an initial 24 hours of seeding. Two biological replicates were 

collected for each of the TKI-resistant sublines and the A204 parental cells. Biological 

replicates were performed upon consecutive cell passages and the collected lysates 

were run as a single batch in the mass spectrometry machine. Running of the mass 

spectrometry machine was conducted by Dr. Lukas Krasny – a post-doctoral fellow 

within our lab – and the bioinformatic analysis was performed by Jessica Burns – a 

PhD student within our lab.  

The analysis identified 4300 proteins across the A204 parental cells and TKI-resistant 

sublines. As expected, the proteomic profiles of biological replicates were found to 

cluster together (Figure 6.5). Furthermore, the proteomic profiles of the resistant 

sublines A204PazR, A204RegR, and A204SitR were found to cluster with one 

another, whilst A204AnloR clustered with the A204 parental cells (Figure 6.5).  
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Figure 6.5: Heatmap of global proteomic analysis of A204 parental cells and TKI-resistant sublines. Data was 

filtered for master proteins with a false discovery rate (FDR) < 0.01, a minimum of 2 peptides, and no missing values. 

Data was log2 transformed and normalised by cross sample median-centring followed by within sample standardisation. 

Heatmap was generated by unsupervised hierarchical clustering using Pearson’s correlation distance (n=2 biological 

replicates). Analysis was performed in R version 4.0.2, using the packages tidyverse, samr, ComplexHeatmap, and 

circlize, 

Pearson’s correlation was used to cluster the data and determine the reproducibility 

between biological replicates. Although the Pearson’s correlation coefficient is 

relatively low in certain inter-replicate comparisons (labelled with red squares on 

Figure 6.6) (e.g., SitR; r2 = 0.39), the coefficients between replicates was found to be 

higher than in any of the other cross-sample comparisons (Figure 6.6).  
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Figure 6.6: Pearson’s correlation of proteomic A204 parental and TKI-resistant subline biological replicates. 

Values indicate Pearson’s correlation coefficient (r2). 1 indicates high positive correlation, 0 indicates no correlation, 

and -1 indicates high negative correlation. Analysis was performed in R version 4.0.2, using the packages tidyverse, 

samr, ComplexHeatmap, and circlize. AnloR; Anlotinib-resistant, Par; Parental, PazR; Pazopanib-resistant, RegR; 

Regorafenib-resistant, SitR; Sitravatinib-resistant.  

Using the data generated in Figure 6.5, significance analysis of microarrays (SAM) 2-

class unpaired tests identified 11 proteins whose expression was significantly (q value 

< 0.01) different in the TKI-resistant sublines compared to parental A204 cells (Figure 

6.7). Figure 6.7 shows that the 11 proteins were commonly and significantly 

downregulated in the TKI-resistant sublines when compared to the parental cells. To 

note, the analysis did not reveal any proteins that were commonly and significantly 

upregulated in the TKI-resistant sublines compared to parental A204 cells.  

Table 6.1 outlines the general function of these proteins, as well as the central 

biological pathways in which they are involved. Several examples of these include 

proteins involved in FGF signalling (FGFBP1), purine and carbohydrate metabolism 

(AMPD2, CHST14, GALNT7), and Wnt signalling (FZD2). It must be noted however 

that CRH and FGFBP1, despite being significantly downregulated compared to 

parental, was still found to be highly expressed in the A204AnloR cells compared to 

the remaining TKI-resistant sublines. The data outlined in Figure 6.7 warrants further 

evaluation into whether the downregulation of these proteins is a causative factor in 

the emergence of acquired multi-target TKI resistance in MRT. 
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Figure 6.7: Heatmap of proteins found to be differentially expressed in multi-target TKI-resistant sublines 

compared to A204 parental cells. Differential protein expression was determined by comparison of TKI-resistant 

subline data to parental cells utilising SAM 2-class unpaired tests with significant differences of q value < 0.01. Heatmap 

was generated by unsupervised hierarchical clustering using Pearson’s correlation distance (n=2). SAM; Significance 

analysis of microarrays. 
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Table 6.1: Differentially expressed proteins in TKI-resistant sublines compared to parental cells, with protein names, 
general function, and gene ontology annotations. 

Gene Protein General function Gene ontology annotations 

CRH Corticotropin releasing hormone 
Neuropeptide 

hormone 
Signalling receptor binding 

Neuropeptide hormone activity 

FGFBP1 FGF binding protein 1 FGF carrier protein FGF and heparin binding 

AMPD2 
Adenosine monophosphate 

deaminase 2 
Purine metabolic 

enzyme 
Deaminase activity 

SCG2 Secretogranin II 
Neuroendocrine 
secretory protein 

Cytokine activity 
Chemoattractant activity 

TMEM9 Transmembrane protein 9 
Binds and facilitates 

assembly of ATPases 
Protein assembly and function 

KCNMA1 
Potassium calcium-activated 

channel subfamily M α1 
Voltage-gated 

potassium channel 
Actin binding 

Voltage-gated potassium channel activity 

LOX Lysyl oxidase Lysyl oxidase 
Copper ion binding 

Protein-lysine 6-oxidase activity 

CHST14 
Carbohydrate sulfotransferase 

14 
Sulfotransferase 

Sulfotransferase activity 
N-acetylygalactosamine 4-O-sulfotransferase activity 

FZD2 Frizzled class receptor 2 Wnt-pathway GPCR 
GPCR activity 

PDZ domain binding 

SSR3 
Signal sequence receptor 

subunit 3 
ER receptor Protein translocation across ER 

GALNT7 
Polypeptide N-

acetylgalactosaminyltransferase 
Galactosyltransferase 

Carbohydrate binding and metabolism 
Polypeptide N-acetylgalactosaminyltransferase activity 

ATPase; Adenosine triphosphate hydrolase, ER; Endoplasmic reticulum, FGF; Fibroblast growth factor, GPCR; G-protein coupled 
receptor.  

 

6.2.4 A small molecule inhibitor screen identifies salvage therapies for TKI-

resistant malignant rhabdoid tumour 

In order to elucidate pathway dependencies in the A204 TKI-resistant sublines and 

identify potential salvage therapies for multi-target TKI-resistant MRT, the previously 

described (Chapter 3.2.3) small molecule inhibitor screen was utilised with a number 

of minor variations (Table 6.2; Figure 6.8A). Firstly, the multi-target TKIs 

cabozantinib, nintedanib, nilotinib, and axitinib had not yet been incorporated into the 

inhibitor screen at the time of the experiment outlined in Figure 6.8A. Secondly, due 

to the potent antitumour activity observed with erdafitinib (JNJ-42756493) in Chapter 

5, this TKI was included in the inhibitor screen shown in Figure 6.8A. The inhibitors 

utilised within this screen are outlined in Table 6.2. 
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Table 6.2: Small molecule inhibitors utilised within the A204 parental and TKI-resistant subline 
screens 

Small molecule inhibitor Primary target(s) 

Cediranib Broad spectrum: RTKs 

Foretinib Broad spectrum: RTKs 

Imatinib Broad spectrum: RTKs, Abl1 

Lenvatinib Broad spectrum: RTKs 

Pazopanib Broad spectrum: RTKs 

Ponatinib Broad spectrum: RTKs, Abl1 

Regorafenib Broad spectrum: RTKs 

Sorafenib Broad spectrum: RTKs, C-Raf, B-Raf 

Sunitinib Broad spectrum: RTKs 

Vandetanib Broad spectrum: RTKs 

Entrectinib NTRK1/2/3, ROS1, ALK 

GW441756 NTRK1 

Ceritinib ALK 

Crizotinib ALK, MET 

NVP-TAE684 ALK 

Osimertinib (AZD-9291) EGFR 

EAI045 EGFR 

Erlotinib EGFR 

Gefitinib EGFR 

Lapatinib EGFR, HER2 

Neratinib EGFR, HER2 

Infigratinib (BGJ-398) FGFR1/2/3 

Erdafitinib (JNJ-42756493) FGFR1/2/3/4 

Linsitinib IGF1R 

NVP-AEW541 IGF1R, InsR 

Cilengitide trifluoroacetate Integrins αvβ3, αvβ5 

Bosutinib Src, Abl1 

Dasatinib Src, Abl1, Broad spectrum: RTKs 

Saracatinib Src 

PF562271 FAK 

TAE226 FAK 

BI-2536 PLK1 

BX-795 PDPK1 

Dactolisib (BEZ235) PI3K, mTOR 

Rapamycin (Sirolimus) mTOR 

Binimetinib MEK1/2 

Trametinib MEK1/2 

Dabrafenib B-Raf V600E 

Adezmapimod (SB203580) p38 MAPK 

SP600125 JNK1/2/3 

Capivasertib (AZD-5363) Akt1/2/3 

MK2206 Akt1/2/3 

Momelotinib JAK1/2 

Niclosamide STAT3 

SH-4-54 STATs 

Galunisertib TGFβR1 

BMS345541 IKK1/2 

Alisertib Aurora A 

Rabusertib (LY2603618) Chk1 

MK8776 Chk1 

Palbociclib CDK4/6 

Silmitasertib CK2 

Talazoparib PARP 

Rucaparib PARP 

XAV-939 Tankyrase 

Navitoclax Bcl-2, Bcl-w, Bcl-xL 

GSK126 EZH2 

JQ1 BET bromodomains 

Luminespib (NVP-AUY922) Hsp90 

ADP; Adenosine diphosphate, ALK; Anaplastic lymphoma kinase, Bcl-(2/xL); B-cell lymphoma (2/extra 
large) protein; Bcl-w; Bcl-2-like protein 2, Bcr; Breakpoint cluster region protein, BET; Bromo- and extra-
terminal domain, CDK(4/6); Cyclin-dependent kinase (4/6); Chk1; Checkpoint kinase 1, CK2; Casein kinase 
2, EGFR; Epidermal growth factor, EZH2; Enhancer of zeste homolog 2, FAK; Focal adhesion kinase, 
FGFR(1/2/3/4); Fibroblast growth factor receptor (1/2/3/4), HER2; Human epidermal growth factor receptor 
2, Hsp90; Heat shock protein 90, IGF1R; Insulin-like growth factor 1 receptor, IKK(1/2); IκB kinase (1/2), 
InsR; Insulin receptor, JAK(1/2); Janus kinase (1/2), JNK(1/2/3); c-Jun N-terminal kinase (1/2/3), MAPK; 
Mitogen-activated protein kinase, MEK; Mitogen-activated protein kinase kinase, mTOR; Mechanistic target 
of rapamycin, N-terminal; Amino-terminal, NTRK(1/2/3); Neurotrophic tyrosine kinase receptor (1/2/3) 
PARP; Poly (ADP-ribose) polymerase, PDPK1; Phosphoinositide-dependent protein kinase 1, PI3K; 
Phosphoinositide 3-kinase, PLK1; Polo-like kinase 1, (B/C)-Raf; Rapidly accelerated fibrosarcoma, RTK; 
Receptor tyrosine kinase, STAT(3); Signal transducer and activator of transcription (3), TGFβR1; 
Transforming growth factor β receptor 1. 
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The inhibitor screens were carried out in the parental A204 cell line and the TKI-

resistant sublines, with cells treated with 0.5 µM inhibitor and cell viability assessed 

after 72 hours. I performed subsequent overlap analysis to evaluate the different and 

common sensitivities between models (Figure 6.8A-B). To assess the reproducibility 

of the small molecule inhibitor screens, Pearson’s correlation analysis was performed 

between biological replicates (n=2). Pearson’s correlation analysis reported very high 

correlation (r2 > 0.80) for all the inhibitor screens performed, thereby confirming high 

reproducibility between biological replicates (Figure 6.8C-G). 

Two-way hierarchical clustering determined that the TKI-resistant A204 cells shared 

similar inhibitor response profiles to one another when compared to parental A204 

cells (Figure 6.8A). Consistent with previously described cytotoxicity in a wide variety 

of human cancer cell models regardless of underlying pathology, dactolisib (BEZ235) 

and BI-2536 were shown to be highly potent in both the parental and TKI-resistant 

cells (Figure 6.8A-B) (Seashore-Ludlow et al., 2015). The screen also displayed the 

potent sensitivities of both the parental cells and TKI-resistant sublines to the Hsp90 

inhibitor, luminespib (NVP-AUY922), thereby recapitulating the findings by Vyse et al. 

in dasatinib- and pazopanib-resistant A204 models (Vyse et al., 2018). 

The screen also showed that the TKI-resistant sublines became collaterally resistant 

to a number of inhibitors which the originating A204 parental cells were sensitive to. 

Collateral resistance refers to the emergence of resistance towards a particular drug 

that the resistant cells have not been exposed to. As shown in Figure 6.8B, I found 

that all of the TKI-resistant sublines became collaterally resistant to nine inhibitors, 

with eight of these being multi-target TKIs (sorafenib, sunitinib, pazopanib, imatinib, 

regorafenib, lenvatinib, cediranib, and dasatinib) (Table S10). The collateral 

resistance of pazopanib and regorafenib is consistent with the cross-resistance data 

reported in Figure 6.3 for the TKI-resistant sublines. Furthermore, the collateral 

resistance to sunitinib and dasatinib in multi-target TKI-resistant A204 cells is 

consistent with previous work by Wong et al. (Wong et al., 2016).  

Additionally, the screen also replicated the findings by Wong et al. that found that TKI-

resistant A204 cells retained high sensitivities towards ponatinib treatment (Figure 

6.8A-B) (Wong et al., 2016). The screen also elucidated previously undescribed 

vulnerabilities and collateral sensitivities. Firstly, the TKI-resistant sublines were found 
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to be vulnerable to erdafitinib treatment, which clustered alongside ponatinib (Figure 

6.8A-B). Therefore, erdafitinib, as well as ponatinib, was taken forward for further 

evaluation in the A204 TKI-resistant sublines.  

Interestingly, the inhibitor screen shows that the acquisition of sitravatinib or anlotinib 

resistance in the A204 cells results in the development of potent infigratinib (BGJ-398) 

collateral sensitivity. Collateral sensitivity is a phenomenon whereby drug-resistant 

cells acquire sensitivity towards a drug that the originating parental cells were resistant 

to (Pluchino et al., 2012). In the instance of collateral sensitivity outlined in Figure 

6.8A-B, the parental A204 cells were resistant to infigratinib treatment at 0.5 µM 

concentration. However, upon acquisition of sitravatinib or anlotinib resistance, the 

cells become sensitive to infigratinib. Furthermore, I found that this phenotype was 

exclusive to cells that had become resistant to sitravatinib or anlotinib, with A204PazR 

and A204RegR continuing to display resistance towards infigratinib (Figure 6.8A-B). 

Therefore, infigratinib was also taken forward for further analysis in the A204 TKI-

resistant sublines. 
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Figure 6.8: Small molecule inhibitor screens of parental A204 cells and TKI-resistant sublines. (A) Small 

molecule inhibitor screens of A204 and TKI-resistant sublines at an inhibitor concentration of 0.5 μM. Cell viability was 

normalised to DMSO control (n=2). Two-way hierarchical clustering based on Euclidean distance was performed by 
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Perseus software (Tyanova et al., 2016). (B) Venn diagram showing the inhibitor overlap between effective (≤ 60% cell 

viability compared to DMSO control) inhibitors from small molecule inhibitor screens of parental A204 and TKI-resistant 

sublines (Table S10). Pearson’s correlation analysis of biological replicates for (C) A204, (D) A204PazR, (E) 

A204RegR, (F) A204SitR, and (G) A204AnloR. Y-axes show the results of biological replicate 1 and the x-axes show 

the results of biological replicate 2. DMSO; Dimethyl sulfoxide, TKI; Tyrosine kinase inhibitor.  

 

6.2.5 Confirmation of erdafitinib and ponatinib activity in multi-target TKI-

resistant A204 sublines 

I firstly wanted to validate the findings of the inhibitor screen in relation to erdafitinib 

and ponatinib activity in the A204 TKI-resistant sublines. To achieve this, I undertook 

cell viability assays of the TKI-resistant sublines treated with full dose response of 

erdafitinib, ponatinib, or the TKI-resistant subline’s respective inhibitor (e.g., either 

pazopanib, regorafenib, sitravatinib, or anlotinib) (Figure 6.9A-H). As shown in Figure 

6.9A-H, both erdafitinib and ponatinib significantly reduced cell viability compared to 

the subline’s respective TKI (Table S11).  

For instance, treatment of the TKI-resistant sublines with erdafitinib resulted in an IC50 

value that was ~4.5- to ~9-fold smaller (A204PazR: 1.22 μM, A204RegR: 1.02 μM, 

A204SitR: 0.24 μM, A204AnloR: 0.23 μM) than compared to treatment with the 

subline’s respective multi-target TKI (A204PazR: 5.55 μM, A204RegR: 7.02 μM, 

A204SitR: 2.12 μM, A204AnloR: 1.50 μM) (Figure 6.9A-H; Table S11). Similarly, 

treatment with ponatinib resulted in IC50 values in the range of 0.20-0.27 μM, which 

was found to be a ~26-fold decrease (for A204PazR and A204RegR) or ~9-fold 

decrease (for A204SitR and A204AnloR) when compared to treatment with the 

subline’s respective multi-target TKI (Figure 6.9A-H; Table S11).  

Following this, I wanted to evaluate whether long-term treatment of TKI-resistant 

sublines with erdafitinib and ponatinib could reduce the ability of cells to proliferate 

and form colonies. Consistent with the short-term cell viability assays, the 2-week 

colony formation assays displayed in Figure 6.9I-J showed that both erdafitinib and 

ponatinib significantly reduced the ability of TKI-resistant sublines to form colonies 

compared to DMSO (Figure 6.9I-J). In fact, treatment with ponatinib consistently 

resulted in the complete inability of cells to form colonies (Figure 6.9I-J).  
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Figure 6.9: Confirmation of A204 multi-target TKI-resistant subline sensitivities to erdafitinib and ponatinib. 

Cell viability assays of (A) A204PazR, (B) A204RegR, (C) A204SitR, and (D) A204AnloR treated with increasing 

concentrations of erdafitinib (Erda), ponatinib (Pon), or their respective multi-target TKI to determine IC50 values (Table 

S11). Bar plots displaying IC50 values for (E) A204PazR, (F) A204RegR, (G) A204SitR, and (H) A204AnloR. Cell 

viability was normalised to DMSO control (n=3). Colony formation assays of A204 TKI-resistant sublines treated with 

1 μM inhibitor over a period of 2 weeks. Image is representative of three separate experiments (n=3). (J) Quantification 

of colony formation assays was normalised to DMSO control. Statistical analysis was undertaken using one-way 

ANOVAs with Dunnett’s multiple comparison tests (compared to respective multi-target TKIs for cell viability assays) 

(compared to DMSO for colony formation assays) (*** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent standard 

deviation. Anlo; Anlotinib, ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, IC50; Inhibitory constant, Paz; 

Pazopanib, Reg; Regorafenib, Sit; Sitravatinib, TKI; Tyrosine kinase inhibitor. 

Having determined the antiproliferative activity of these TKIs, I next evaluated whether 

erdafitinib and ponatinib had pro-apoptotic activity in the A204 TKI-resistant sublines. 

Caspase 3/7 apoptosis assays determined that treatment of the TKI-resistant sublines 

with their respective inhibitor did not significantly alter apoptosis levels, consistent with 

the resistance phenotype observed in proliferation assays (Figure 6.10A-H). 

However, treatment with erdafitinib and ponatinib significantly enhanced apoptosis in 

the majority of A204 TKI-resistant sublines, compared to both DMSO (erdafitinib: >2-

fold, ponatinib: >4-fold enhancement) and the subline’s respective multi-target TKI 

A B C D 

H 

I J 

E F G 

PazR RegR SitR AnloR 



 

211 
 

(erdafitinib: >2-fold, ponatinib: >3-fold enhancement) (Figure 6.10A-H). Interestingly, 

although ponatinib treatment was found to significantly induce apoptosis in the 

A204RegR subline (>7-fold increase relative to DMSO), significant pro-apoptotic 

effects were not observed with erdafitinib treatment (Figure 6.10B & F). Figure 6.10B 

shows that treatment of A204RegR cells with erdafitinib treatment resulted in apoptotic 

levels similar to those observed with DMSO and regorafenib treatments (Figure 6.10B 

& F). 

I next wanted to assess the effects of erdafitinib and ponatinib treatment on the activity 

of downstream effector proteins Akt and ERK1/2 in the A204 TKI-resistant sublines. I 

therefore subjected the cell models to 6 hours of 1 µM treatment with either erdafitinib 

or ponatinib and subsequently evaluated for phosphorylation changes via 

immunoblotting. I found that both erdafitinib and ponatinib treatment suppressed 

ERK1/2 phosphorylation in the parental A204, A204PazR, A204SitR, and A204AnloR 

models, when compared to DMSO (Figure 6.10I). 

As Akt is intrinsically suppressed in these sublines, these results are consistent with 

the findings of Chapter 5 and Wong et al., whereby the dual suppression of Akt and 

ERK1/2 pathways correlate with enhanced apoptosis in the A204 cell models (Figure 

6.10A-I). Consistent with this, erdafitinib treatment was found to have no effect on 

ERK1/2 phosphorylation in the A204RegR subline, with this signalling pathway 

remaining highly activated in this model (Figure 6.10I). This phenotype corresponded 

with no significant increase in A204RegR apoptosis levels with erdafitinib treatment 

(Figure 6.10B & F). Interestingly, ponatinib continued to suppress ERK1/2 

phosphorylation in the A204RegR subline, correlating with enhanced apoptosis. 

However, whilst dual suppression of Akt and ERK1/2 may be associated with 

enhanced apoptosis, inhibition of ERK1/2 alongside intrinsic Akt suppression does not 

fully describe the antiproliferative effects observed with erdafitinib and ponatinib. This 

is because the inhibitor screen did not reveal activity of the MEK inhibitor trametinib in 

the A204 TKI-resistant sublines. If ERK1/2 inhibition was sufficient to explain the 

antiproliferative effects of erdafitinib and ponatinib, it would be expected that a direct 

MAPK pathway inhibitor, such as trametinib, would recapitulate this effect. 

Furthermore, erdafitinib was found to have antiproliferative effects in the A204RegR 

subline, despite not having an effect on ERK1/2 phosphorylation. These results 
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suggest that erdafitinib and ponatinib treatment are inhibiting additional, currently 

unknown signalling pathway(s) that are resulting in the observed antiproliferative 

effect. Future exploration focussing on the effects of erdafitinib and ponatinib upon 

additional downstream signalling pathways of RTK is warranted, such as Src, STAT3, 

and phospholipase C γ. Future work will also aim to determine the reason behind why 

erdafitinib treatment does not inhibit ERK1/2 phosphorylation in the A204RegR 

subline, but ponatinib continues to do so.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: Apoptotic and signalling modulations in response to erdafitinib and ponatinib treatment of A204 

TKI-resistant sublines. Bar plots displaying the fold change in caspase 3/7 activity in the (A) A204PazR, (B) 

A204RegR, (C) A204SitR, and (D) A204AnloR cells treated with two concentrations of erdafitinib (Erda), ponatinib 

(Pon), or respective multi-target TKI for 24 hours. Fold change was normalised to DMSO control (n=3). Grids displaying 

the statistical significance between the different treatments at two difference concentrations in the (E) A204PazR, (F) 

A204RegR, (G) A204SitR, and (H) A204AnloR cells in the apoptosis assays. (I) Immunoblot of PDGFRα, FGFR1, Akt, 

and ERK1/2 expression and/or phosphorylation levels after 6 hours of treatment with 1 μM of indicated TKI or DMSO. 

Image is representative of two separate experiments (n=2). Statistical analysis was undertaken using one-way 
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ANOVAs with Tukey’s multiple comparison tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error 

bars represent standard deviation. Anlo; Anlotinib, ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, ERK1/2; 

Extracellular signal-regulated kinase 1/2, FGFR1; Fibroblast growth factor receptor 1, ns; Non-significant, Paz; 

Pazopanib, PDGFRα; Platelet-derived growth factor receptor α, Reg; Regorafenib, Sit; Sitravatinib, TKI; Tyrosine 

kinase inhibitor. 

 

6.2.6 Assessment of infigratinib collateral sensitivity in the multi-target TKI-

resistant A204 sublines 

The small molecule inhibitor screen also revealed the collateral sensitivities of 

A204SitR and A204AnloR sublines to the selective FGFR inhibitor infigratinib. As per 

Chapter 6.2.5, I validated the findings of the inhibitor screen by subjecting the TKI-

resistant sublines to full dose response assays with infigratinib (Figure 6.11A-B). As 

shown in Figure 6.11A-B, I found that infigratinib treatment was significantly more 

effective in reducing cell viability in the A204SitR and A204AnloR sublines compared 

to the A204 parental cells (Figure 6.11A-B; Table S12). In these specific sublines, the 

level of sensitisation to infigratinib (A204SitR IC50; 0.39 µM, A204AnloR; 0.63 µM) was 

similar to the IC50 of sitravatinib (IC50; 0.23 µM) and anlotinib (0.57 µM) treatment in 

the parental A204 cells (Table S9 & S12).  

As with erdafitinib and ponatinib evaluation in Chapter 6.2.5, I wanted to determine 

the pro-apoptotic effects of infigratinib treatment in the A204 TKI-resistant sublines 

and subsequently evaluate whether enhanced apoptosis correlated with dual 

suppression of MAPK and Akt activity (Figure 6.11C-J). Figure 6.11C-J shows that 

infigratinib treatment enhanced apoptosis compared to both DMSO (~2- to 3-fold 

enhancement) and the subline’s respective multi-target TKI (~2-fold enhancement) in 

the A204PazR, A204SitR, and A204AnloR sublines (Figure 6.11C-J). Correlating with 

these enhanced apoptotic effects, infigratinib was found to suppress ERK1/2 

phosphorylation in these sublines, resulting in concurrent Akt and ERK1/2 suppression 

(Figure 6.11K). As per the findings with erdafitinib in Chapter 6.2.5, apoptosis was 

not significantly affected by infigratinib treatment in the A204RegR subline, with no 

noticeable reduction in ERK1/2 phosphorylation (Figure 6.11E, I, & K). 
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Figure 6.11: Evaluation of infigratinib activity in A204 TKI-resistant sublines. (A) Cell viability assays of A204 

parental and TKI-resistant sublines treated with increasing concentrations of infigratinib (Inf) to determine IC50 values 

(Table S12). (B) Bar plot displaying IC50 values for A204 parental and TKI-resistant sublines. Cell viability was 

normalised to DMSO control (n=3). Bar plots displaying the fold change in caspase 3/7 activity in (C) A204PazR, (D) 

A204RegR, (E) A204SitR, and (F) A204AnloR treated with two concentrations of Inf for 24 hours. Fold change was 

normalised to DMSO control (n=3). Grids displaying the statistical significance between the different treatments at two 

different concentrations in the (G) A204PazR, (H) A204RegR, (I) A204SitR, and (J) A204AnloR cells in the apoptosis 

assays. (K) Immunoblots of PDGFRα, FGFR1, Akt, and ERK1/2 expression and/or phosphorylation levels after 6 hours 

of treatment with 1 μM Inf or DMSO. Image is representative of two separate experiments (n=2). Statistical analysis 
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was undertaken by one-way ANOVAs with Dunnett’s (cell viability) (compared to A204 parental) or Tukey’s (apoptosis) 

multiple comparison tests (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001). Error bars represent standard 

deviation. Anlo; Anlotinib, ANOVA; Analysis of variance, DMSO; Dimethyl sulfoxide, ERK1/2; Extracellular signal-

regulated kinase 1/2, FGFR1; Fibroblast growth factor receptor 1, ns; Non-significant, Paz; Pazopanib, PDGFRα; 

Platelet-derived growth factor receptor α, Reg; Regorafenib, Sit; Sitravatinib, TKI; Tyrosine kinase inhibitor.  

As discussed in Chapter 6.2.5, the correlation between dual suppression of Akt and 

ERK1/2 phosphorylation by infigratinib treatment is not sufficient to explain the 

antiproliferative effects seen in the A204SitR and A204AnloR TKI-resistant sublines. 

As stated in Chapter 6.2.5, if this were the case then direct MAPK signalling inhibition 

by trametinib would result in similar antiproliferative effects in the A204SitR and 

A204AnloR TKI-resistant sublines as was observed with infigratinib treatment in the 

inhibitor screen. These data instead suggests that infigratinib treatment, as well as 

blockading the ERK1/2 pathway, is having an additional, currently unknown effect in 

the A204SitR and A204AnloR to produce the potent antiproliferative effects. 

 

6.2.7 Determining the reproducibility and characteristics of selective 

infigratinib collateral sensitivity 

The utilisation of FGFR inhibition as an effective salvage therapy in multi-target TKI-

resistant STS models has previously been shown by Wong et al. (Wong et al., 2016). 

Through a similar methodology of deriving acquired TKI-resistant sublines to that 

described in Figure 6.1, Wong et al. generated pazopanib-resistant A204 cells and 

subsequently found potent collateral sensitivities to infigratinib monotherapy in this 

pazopanib-resistant subline. However, the work presented in Chapter 6 did not 

replicate the findings that pazopanib-resistant A204 are sensitive to infigratinib. 

However, this could be due to the stochastic nature of the development of resistant 

cells in response to treatment. Therefore, in order to determine the robustness and 

reproducibility of FGFR inhibitor collateral sensitivity in sitravatinib- and anlotinib-

resistant A204 cells, I undertook sequential TKI treatment strategies, whereby 

administered inhibitors are changed over time. The methodology is outlined in Figure 

6.12.  

These experiments consisted of treating parental A204 cells with 14 days of 1 µM 

pazopanib, regorafenib, sitravatinib, or anlotinib single agent treatment, which resulted 

in the acquisition of resistance and an increase in the proliferation of cells (Figure 6.12 
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& 6.13A-D). At day 14, the cells treated with a specific TKI were stratified into 5 arms 

– pazopanib, regorafenib, sitravatinib, anlotinib, and infigratinib – and then treated with 

the indicated TKI for a further 14 days (Figure 6.12 & 6.13A-D). The proliferation of 

cells treated with a specific sequence of inhibitors was evaluated at various timepoints 

across the course of 28 days by direct cell count using a Celigo cytometer. 

 

 

 

 

 

 

 

 

 

Figure 6.12: Schematic outlining methodology for sequential TKI treatment experiments. A204 cells were 

identically seeded for 24 hours into nine 96 well plates. After 24 hours, one plate was taken and analysed before 

treatment and this acts as the day 1 control for fold change normalisation. Cells within the remaining eight plates were 

then treated with either 1 µM pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), or anlotinib (Anlo) for 14 days. At 

days 4, 7, 11, and 14, a single plate was taken and evaluated for cell growth. At day 14, the cells treated with a specific 

TKI were stratified into five arms – 1 µM Paz, Reg, Sit, Anlo, or infigratinib (Inf) – and treatment was continued for a 

further 14 days. At days 18, 21, 25, and 28, a single plate was taken and evaluated for cell growth. Cells were evaluated 

for cell growth using a Celigo cytometer. Image was created using BioRender.  

As shown in Figure 6.13A-D, the assays confirmed that upon increased proliferation 

of A204 cells treated with any one of the four multi-target TKIs, switching treatment to 

one of the other three evaluated multi-target TKIs did not stall proliferation. This is 

consistent with the cross-resistance phenotype observed in the A204 TKI-resistant 

sublines in Figure 6.3. 

Furthermore, Figure 6.13A-B also corroborates the finding that infigratinib treatment 

in cells pre-treated with pazopanib or regorafenib does not notably affect cellular 

proliferation. Additionally, in cells pre-treated with anlotinib, infigratinib was not found 

to have a long-term effect in suppressing cellular proliferation, with cells treated with 

infigratinib rapidly outgrowing cells treated with continuous anlotinib (Figure 6.13C). 
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However, in A204 cells pre-treated with sitravatinib, sequential infigratinib treatment 

induced a robust and reproducible effect in suppressing proliferation (Figure 6.13D).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: Growth curve assays evaluating infigratinib as a second-line therapy in multi-target TKI pre-

treated A204 cells. Growth curve assays of A204 cells to measure the fold change in cell number over a period of 4 

weeks in cells treated initially with 1 μM (A) pazopanib (Paz), (B) regorafenib (Reg), (C) anlotinib (Anlo), or (D) 

sitravatinib (Sit) for 2 weeks before switching to the other multi-target TKIs indicated or infigratinib (Inf) (1 μM). Fold 

change was normalised to day 1 control (n=2). Error bars represent standard error of the mean. TKI; Tyrosine kinase 

inhibitor.  

As shown previously in Figure 6.4, the TKI-resistant A204 sublines harboured reduced 

expression of PDGFRα and suppression of Akt signalling, when compared to A204 

parental cells. I therefore wanted to assess whether these phenotypes were replicated 

in A204 parental cells pre-treated with 14 days of sitravatinib. The A204 parental cells 

were treated with either DMSO or 1 μM sitravatinib for 14 days. After 14 days of 

treatment, A204 cells pre-treated with sitravatinib were then further treated with either 

DMSO, sitravatinib, or infigratinib for 6 hours. In parallel, DMSO pre-treated A204 cells 

were also treated with an additional 6 hours of DMSO. Immunoblotting for PDGFRα, 

FGFR1, and downstream signalling proteins was subsequently performed (Figure 

6.14).  
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Figure 6.14 shows that A204 cells pre-treated with 14 days of sitravatinib resulted in 

decreased PDGFRα expression and abrogation of Akt signalling, compared to cells 

pre-treated with 14 days of DMSO. Additionally, in cells pre-treated with sitravatinib, 

subsequent infigratinib treatment resulted in the abolishment of ERK1/2 

phosphorylation, an effect not observed with DMSO or sitravatinib treatment (Figure 

6.14). This result shows that A204 cells pre-treated with sitravatinib recapitulated the 

phenotypes of PDGFRα loss and decreased Akt signalling that was observed in the 

A204SitR TKI-resistant subline. 

 

 

 

 

 

 

 

 

Figure 6.14: Immunoblot of A204 cells pre-treated with either DMSO or sitravatinib. Immunoblot of PDGFRα, 

FGFR1, Akt, and ERK1/2 expression and/or phosphorylation levels after 14 days of DMSO or 1 μM sitravatinib (Sit) 

treatment. After 14 days of treatment, Sit pre-treated cells were further treated for 6 hours with DMSO or 1 μM of 

indicated TKI. Similarly, after 14 days of treatment, DMSO pre-treated cells were further treated for 6 hours with DMSO. 

Image is representative of two separate experiments (n=2). DMSO; Dimethyl sulfoxide, ERK1/2; Extracellular signal-

regulated kinase 1/2, FGFR1; Fibroblast growth factor receptor 1, Inf; Infigratinib, PDGFRα; Platelet-derived growth 

factor receptor α, TKI; Tyrosine kinase inhibitor.  

Previous studies have shown that collateral sensitivities can be temporal during the 

evolution of acquired drug resistance (Vander Velde et al., 2020; Zhao et al., 2016). I 

therefore wanted to evaluate how the collateral sensitivity towards infigratinib 

treatment changes over the course of acquiring sitravatinib resistance in A204 cells. 

The methodology of this experiment is outlined in Figure 6.15A.  

Parental A204 cells were firstly assessed for their baseline sensitivity towards 

infigratinib and sitravatinib. Parental A204 cell lysates for immunoblotting were also 

collected. Consistent with my previous data, A204 parental cells were relatively 

resistant to infigratinib (IC50 > 2 μM) and sensitive to sitravatinib (IC50 ~ 0.5 μM) (Figure 
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6.15B-D). Parental A204 cells were then stratified into two arms; either treated with 

DMSO or 1 μM sitravatinib (Figure 6.15A). The two experimental arms were treated 

with their respective treatment for 27 days, with cell viability assessments of infigratinib 

and sitravatinib sensitivities performed at days 3, 6, 13, 20, and 27 (Figure 6.15A). 

Lysates for immunoblotting were also collected on these days (Figure 6.15A). As 

expected, A204 cells pre-treated with sitravatinib became incrementally resistant to 

sitravatinib treatment over the course of 27 days of treatment (IC50: 1.0-1.5 μM) 

(Figure 6.15B & D). Conversely, DMSO pre-treated cells remained sensitive to 

sitravatinib treatment over the course of 27 days of treatment (IC50: ~ 0.5 μM) (Figure 

6.15B & D).  

In sitravatinib pre-treated A204 cells, infigratinib collateral sensitivity was found to 

occur after only 3 days of sitravatinib treatment and remained sensitive over the course 

of the 27 days (IC50 < 0.50 μM) (Figure 6.15C-D). This is in contrast to DMSO pre-

treated cells which remained resistant to infigratinib (IC50 > 1.8 μM) throughout the 27 

days (Figure 6.15C-D). Immunoblotting confirmed the reproducible loss of PDGFRα 

expression in sitravatinib pre-treated A204 cells (compared to DMSO pre-treated), with 

concurrent suppression of Akt signalling, and these phenotypes are retained 

throughout the course of the experiment (Figure 6.15E).  
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Figure 6.15: Temporal assessment of infigratinib collateral sensitivity in A204 sitravatinib pre-treated cells. (A) 

Schematic outlining the experimental protocol for assessing the temporal emergence of infigratinib (Inf) collateral 

sensitivity in sitravatinib (Sit) pre-treated A204 cells. Schematic outlines the stratification and treatment of cells, as well 

as the days where cell viability assessment and lysate collection were performed. Image was created using BioRender. 

Temporal cell viability assays of A204 parental cells pre-treated with DMSO or 1 μM Sit over the course of 27 days and 

the sensitivities to (B) Sit or (C) Inf evaluated at the indicated timepoints. (D) Heatmap displaying the IC50 values for 

the temporal cell viability assays. (E) Immunoblot mapping the changes in PDGFRα, FGFR1, Akt, and ERK1/2 

expression and/or phosphorylation levels in cells treated with either DMSO or 1 μM Sit over the course of 27 days. 

“Baseline” refers to A204 parental cells before treatment with either DMSO or Sit. Image is representative of a single 
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experiment (n=1). Error bars represent standard deviation (cell viability). DMSO; Dimethyl sulfoxide, ERK1/2; 

Extracellular signal-regulated kinase 1/2, FGFR1; Fibroblast growth factor receptor 1, IC50; Inhibitory constant, 

PDGFRα; Platelet-derived growth factor receptor α, TKI; Tyrosine kinase inhibitor. 

 

6.2.8 Investigation into the causal factors of selective infigratinib collateral 

sensitivity in sitravatinib-resistant cells 

As infigratinib is a selective pan-FGFR inhibitor, I postulated that there could be 

differential expression in FGFR levels between the A204SitR cells when compared to 

the remaining TKI-resistant sublines and parental cells, thereby resulting in selective 

infigratinib collateral sensitivity in the sitravatinib-resistant cells. 

I therefore decided to assess for the levels of FGFR mRNA expression by real-time 

quantitative polymerase chain reaction (qPCR) in the A204 parental cells and the TKI-

resistant sublines (Figure 6.16). Previous studies have reported that A204 parental 

cell lines do no express FGFR2 (Harttrampf et al., 2021; Wöhrle et al., 2013). By 

utilising the known FGFR2-expressing HS-SY-II cell line, I confirmed that the A204 

cell lines and all of the TKI-resistant sublines did not express FGFR2 to a readily 

quantifiable level by qPCR (data not shown) (Ishibe et al., 2005). Therefore, the 

expression levels of FGFR1, 3 & 4, which are known to be expressed in A204 parental 

cells, were assessed by qPCR (Figure 6.16A-C) (Wöhrle et al., 2013). The expression 

levels of PDGFRA were also assessed in the TKI-resistant A204 sublines and, 

consistent with the loss of PDGFRα in the TKI-resistant sublines observed by 

immunoblotting, found that PDGFRA mRNA expression was significantly reduced in 

the TKI-resistant cells compared to parental cells (Figure 6.16D). Figure 6.16A-C 

shows that the expression levels of FGFR1, 3, and 4 were not significantly different 

between any of the TKI-resistant cells or the parental cells. 
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Figure 6.16: FGFR1/3/4 and PDGFRA expression levels in A204 parental and TKI-resistant sublines. qPCR data 

displaying the fold change of (A) FGFR1, (B) FGFR3, (C) FGFR4, and (D) PDGFRA mRNA, normalised to A204 

parental cells (n=3). Statistical analysis was undertaken using one-way ANOVAs with Tukey’s (FGFR1/3/4) or 

Dunnett’s (PDGFRA) (compared to parental cells) multiple comparison tests. ANOVA; Analysis of variance, 

FGFR(1/3/4); Fibroblast growth factor receptor (1/3/4), mRNA; Messenger RNA, ns; Non-significant, PDGFRα; 

Platelet-derived growth factor receptor α.  

Due to the lack of differential FGFR expression levels, I next wanted to assess for 

potential alterations in RTK phosphorylation levels, including FGFRs, that occur upon 

the acquisition of sitravatinib resistance in A204 cells, and the subsequent effects of 

treating these cells with infigratinib. This experiment could therefore provide a platform 

for further evaluation into RTK signalling pathways that are selectively rendering 

sitravatinib-resistant A204 cells sensitive to FGFR inhibition.  

In order to evaluate phosphorylation alterations in a broad range of RTKs, including 

all four FGFRs, I employed a phospho-RTK antibody array. The experimental protocol 

is outlined in Figure 6.17. A204 parental cells were treated with either DMSO or 1 μM 

sitravatinib for 14 days. After 14 days, the DMSO and sitravatinib pre-treated A204 

cells were either subsequently treated with a further 6 hours of continued treatment 

(either DMSO or sitravatinib (1 μM)) or 6 hours of 1 μM infigratinib (Figure 6.17).  
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Figure 6.17: Schematic outlining the experimental protocol employed for the phospho-RTK antibody array. 

Parental A204 cells were treated with either DMSO or 1 μM sitravatinib (Sit) for 14 days. After 14 days of DMSO 

treatment, DMSO pre-treated A204 cells were treated with either DMSO or 1 μM infigratinib (Inf) treatment for 6 hours. 

After 14 days of Sit treatment, Sit pre-treated A204 cells were treated with either 1 μM Sit or Inf treatment for 6 hours. 

Lysates were collected and evaluated using phospho-RTK arrays. Image was created using BioRender. DMSO; 

Dimethyl sulfoxide, RTK; Receptor tyrosine kinase. 

As expected, the phospho-RTK arrays showed that A204 parental cells pre-treated 

with sitravatinib had noticeably reduced PDGFRα phosphorylation levels compared to 

DMSO pre-treated cells (Figure 6.18), consistent with the observed reduced 

expression levels of PDGFRα in both sitravatinib pre-treated A204 cells and the 

A204SitR subline. Furthermore, corroborating previous studies employing identical 

phospho-RTK antibody arrays in A204 cells, FGFR phosphorylation was not observed 

in any of the treatment regimens (Figure 6.18) (Bai et al., 2015). 

Further phosphorylation alterations were also noted between A204 cells pre-treated 

with sitravatinib compared to DMSO pre-treatment. For instance, A204 cells pre-

treated with sitravatinib were found to have decreased levels of discoidin domain 

receptor 2 (DDR2) phosphorylation compared to DMSO pre-treated cells (Figure 

6.18). Sitravatinib has previously been shown to be a potent inhibitor of DDR2 (IC50: 

0.5 nM), even more so than PDGFRα (IC50: 30 nM) (Patwardhan et al., 2016). This 

result potentially indicates that a similar downregulation of DDR2 expression occurs in 

response to the acquisition of sitravatinib resistance as has been observed with 

PDGFRα. Further evaluation is warranted to determine the role of DDR2 activity in 

mediating collateral sensitivities in the A204 model of MRT.  

Furthermore, phosphorylation of ephrin A7 (EphA7) was found to be increased in 

sitravatinib pre-treated A204 cells compared to DMSO pre-treated cells (Figure 6.18). 
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Additionally, infigratinib treatment was found to modestly inhibit the increased 

phosphorylation of EphA7 in the sitravatinib pre-treated A204 cells (Figure 6.18). 

Interestingly, previous studies have reported increased ephrin signalling acting as a 

mechanism of acquired resistance in both gastric and lung cancers (Amato et al., 

2016; Chen et al., 2019; Cioce & Fazio, 2021; Koch et al., 2015; Pasquale, 2010). 

These preliminary data outlined in Figure 6.18 therefore also warrants further 

research into the role of EphA7 signalling in modulating collateral sensitivities in MRT 

models. Infigratinib treatment was also found to inhibit ALK phosphorylation in both 

the DMSO pre-treated and sitravatinib pre-treated A204 cells (Figure 6.18). 

Interestingly, infigratinib treatment of the sitravatinib pre-treated A204 cells was found 

to further inhibit PDGFRα phosphorylation. Furthermore, this phenotype was not 

observed with infigratinib treatment of A204 cells pre-treated with DMSO (Figure 

6.18). This implies that in sitravatinib pre-treated A204 cells, infigratinib is inhibiting 

any residual PDGFRα activity that remains after sitravatinib treatment-induced 

PDGFRα signalling loss. Further investigation into this finding will help elucidate 

whether this effect is the causal factor of infigratinib collateral sensitivity in sitravatinib 

pre-treated A204 cells, compared to A204 cells pre-treated with the other three multi-

target TKIs (Figure 6.18).  
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Figure 6.18: Phospho-RTK antibody array of DMSO or sitravatinib pre-treated A204 cells. Phospho-RTK array was performed upon A204 cells that had either been pre-treated with 

14 days of DMSO or 1 μM sitravatinib (Sit). After 14 days, cells were then either continued on their respective treatment (DMSO or 1 μM Sit) for 6 hours or switched to 1 μM infigratinib (Inf) 

for 6 hours. Spots in the top left/right and bottom left of the array are reference spots. RTK phosphorylation alterations of interest are circled and colour-coded. Images are representative of 

a single experiment (n=1). Densitometry was not performed due to the high background. ALK; Anaplastic lymphoma kinase, DDR2; Discoidin domain receptor 2, DMSO; Dimethyl sulfoxide, 

EphA7; Ephrin A7, PDGFRα; Platelet-derived growth factor receptor α.  
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6.2.9 Sitravatinib pre-treated A204 cells and the A204SitR subline re-acquire 

resistance to infigratinib following longer-term and chronic infigratinib 

exposure 

Despite the potent and reproducible collateral sensitivity observed with infigratinib 

treatment in sitravatinib pre-treated A204 cells, continued and chronic treatment with 

infigratinib resulted in the re-acquisition of infigratinib resistance (Figure 6.19A-B). As 

shown in Figure 6.19A-B, despite an initial regression of cell growth in sitravatinib pre-

treated A204 cells and a growth plateau of approximately 11 days, longer-term 

exposure to infigratinib resulted in increasing proliferation after approximately 24 days 

of infigratinib treatment (Figure 6.19A-B). Furthermore, in colony formation assays 

conducted over the course of 2 weeks, the A204SitR TKI-resistant subline was found 

to be readily able to form colonies when exposed to long-term infigratinib treatment 

(Figure 6.19C). I therefore wanted to determine potential treatments that could be 

effectively utilised upon the re-acquisition of infigratinib resistance in sitravatinib pre-

treated A204 cells in order to control cellular proliferation and subvert resistance 

(Figure 6.19B). 

Based on the results outlined in Chapters 5 & 6, I postulated that treatment of the 

cells at the emergence of infigratinib resistance re-acquisition with either combination 

therapy of sitravatinib plus infigratinib or the single agent PDGFRα/FGFR1 inhibitor 

ponatinib could effectively control cell growth. I therefore treated the A204 parental 

cells with sitravatinib treatment for 14 days before either switching to infigratinib or 

continuing with sitravatinib treatment. After a further 14 days of treatment (day 28), 

sitravatinib pre-treated cells that were treated with second-line infigratinib were 

stratified into four arms of treatment – sitravatinib, infigratinib, sitravatinib plus 

infigratinib, or ponatinib – for a further 14 days of treatment (Figure 6.19B).  

I found that treatment of the cells with sitravatinib at day 28 onwards mimics the effects 

seen if the cells were continued on infigratinib treatment, suggesting that the cells now 

harbour a mechanism of resistance that renders them dually resistant to both 

sitravatinib and infigratinib monotherapy (Figure 6.17B). However, treatment at day 

28 with combination therapy suppressed cellular proliferation and the cell number 

continued to plateau. Additionally, ponatinib treatment resulted in the regression of 

growth, resulting in the complete lack of cells at day 42 (Figure 6.17B).  
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These results therefore nominate a potential TKI sequential treatment strategy that 

could be employed in the multi-line therapy of MRT, as well as potentially other STS 

driven by PDGFR and FGFR. The nominated sequential strategy consists of first-line 

sitravatinib with second-line infigratinib FGFR inhibition upon disease progression. 

Following re-acquisition of resistance to infigratinib, further lines of therapy such as 

ponatinib or combination therapy of sitravatinib plus infigratinib could be employed as 

effective strategies.   

 

 

 

 

 

Figure 6.19: Collateral sensitivity to infigratinib is temporary and cells re-acquire resistance after prolonged 

exposure. (A-B) Growth curve assays of A204 parental cells to measure the fold change in cell number over a period 

of 6 weeks in cells treated with 1 μM of the indicated treatments. Data collection for a specific treatment regimen was 

ceased once the cells had reached overconfluency within the 96 well plate and the Celigo cytometer could no longer 

accurately distinguish between individual cells. Fold change was normalised to day 1 control (n=2). (C) Colony 

formation assays of A204SitR TKI-resistant subline treated with 1 μM inhibitor over a period of 2 weeks. Image is 

representative of three separate experiments (n=3). DMSO; Dimethyl sulfoxide, I/Inf; Infigratinib, Pon; Ponatinib, S/Sit; 

Sitravatinib.   

 

6.2.10 Second-line treatment with erdafitinib and ponatinib suppresses cellular 

proliferation following progression on first-line multi-target TKI treatment 

As I showed previously in Figure 6.10, and have reiterated in Figure 6.20A, erdafitinib 

notably reduced the ability of the A204SitR TKI-resistant subline to form colonies, 

when compared to DMSO. Figure 6.20A also shows that erdafitinib reduced the ability 

of the A204SitR cells to form colonies when compared to infigratinib treatment (Figure 

6.20A).  

I therefore wanted to evaluate whether erdafitinib was an effective second-line therapy 

in sitravatinib pre-treated A204 cells and whether the cells acquired resistance to 

erdafitinib after prolonged and chronic exposure (Figure 6.17D). To answer this 

question, I treated parental A204 cells with 14 days of sitravatinib before switching to 

A B C 
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28 days of subsequent erdafitinib and monitoring the changes in cell number (Figure 

6.20B). The results were then compared to sitravatinib pre-treated A204 cells that 

were subsequently treated with either infigratinib or continuous sitravatinib. 

As shown in Figure 6.20B, treatment with erdafitinib mimics the initial suppressive 

effect seen with infigratinib up to day 31. However, at day 35 and onwards, whilst 

infigratinib treatment results in an increasing number of cells signifying an acquisition 

of treatment resistance, erdafitinib continues to suppress cellular proliferation for the 

remainder of the experiment (day 42). The plateau of cell number observed with 

erdafitinib treatment does suggest the existence of a population of drug-tolerant cells 

(Figure 6.20B). Further evaluation is warranted to explore whether the existence of 

these cells will eventually give rise to a drug-resistant population.  

 

 

 

 

 

 

Figure 6.20: Erdafitinib is an effective second-line therapy in controlling cell growth of A204SitR and 

sitravatinib pre-treated A204 cells. (A-B) Growth curve assays of A204 parental cells to measure the fold change in 

cell number over a period of 6 weeks in cells treated with 1 μM of the indicated treatments. Fold change was normalised 

to day 1 control (n=2). (C) Colony formation assays of A204SitR TKI-resistant subline treated with 1 μM inhibitor over 

a period of 2 weeks. Image is representative of three separate experiments (n=3). (D) Growth curve assays of A204 

parental cells to measure the fold change in cell number over a period of 6 weeks in cells treated with 1 μM of the 

indicated treatments. DMSO; Dimethyl sulfoxide, Erda; Erdafitinib, Inf; Infigratinib, Pon; Ponatinib.  

I next wanted to assess whether the long-term suppression of proliferation with 

erdafitinib was specific to A204 cells pre-treated with sitravatinib or an effect also 

observed in pazopanib, regorafenib, and anlotinib pre-treated A204 cells.  

I therefore undertook the same experiment outlined in Figure 6.20 but with cells pre-

treated with 14 days of pazopanib, regorafenib, or anlotinib before switching to 

erdafitinib treatment. Due to the similar preclinical phenotypes observed with ponatinib 

therapy to erdafitinib in MRT cell lines and the A204 TKI-resistant sublines, the effect 
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of ponatinib was also assessed in pazopanib, regorafenib, sitravatinib, or anlotinib pre-

treated A204 cells (Figure 6.21A-D).  

Figure 6.21A-C shows that treatment with erdafitinib following pazopanib, 

regorafenib, or anlotinib pre-treatment in the A204 cells resulted in the long-term (28 

days) suppression of cellular proliferation. This suppression of cell growth with second-

line erdafitinib treatment was especially apparent compared to second-line treatments 

with multi-target TKI or infigratinib monotherapies (Figure 6.21A-C). As seen with the 

sitravatinib pre-treated A204 cells, second-line erdafitinib treatment resulted in a cell 

number plateau for the remainder of the experiment (42 days), again suggesting the 

existence of a small population of drug-tolerant persister cells (Figure 6.21A-C). 

Additionally, second-line treatment with ponatinib was found to regress cell number, 

with each growth curve tending towards 0 indicating that the cells are not surviving 

chronic and long-term treatment with ponatinib (Figure 6.21A-D).  

Taking these results together, I further nominate erdafitinib and ponatinib as potential 

second-line therapies following MRT disease progression on first-line multi-target TKI 

therapy. 
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Figure 6.21: Second-line treatment with erdafitinib and ponatinib suppresses cellular proliferation following 

progression on first-line multi-target TKI treatment. Growth curves of A204 cells to measure the fold change in cell 

number over a period of 6 weeks in A204 cells pre-treated with two weeks of (A) pazopanib (Paz), (B) regorafenib 

(Reg), (C) anlotinib (Anlo) (D), or sitravatinib (Sit) before undergoing subsequent indicated treatment schedules. Fold 

change was normalised to day 1 control (n=2). Error bars represent standard error of the mean. DMSO; Dimethyl 

sulfoxide, Erda; Erdafitinib, Inf; Infigratinib, Pon; Ponatinib, TKI; Tyrosine kinase inhibitor.  

 

6.3 Discussion 

The work in Chapter 6 reports the derivation of acquired TKI-resistant models of the 

initially sensitive A204 cell line model of MRT. This was achieved through the chronic 

and escalating exposure of cells to the multi-target TKIs pazopanib, regorafenib, 

sitravatinib, and anlotinib. In addition to resistance towards the treated inhibitor, TKI-

resistant models were found to be collaterally cross-resistant to the other evaluated 

TKIs suggesting that pazopanib, regorafenib, sitravatinib, and anlotinib share a similar 

mechanism of action. Replicating the results previously seen by Wong et al. in 

sunitinib-, dasatinib-, and pazopanib-resistant A204, I found that the acquisition of 

regorafenib, sitravatinib, and anlotinib resistance in the A204 cells resulted in loss of 

PDGFRα expression and bypass of the Akt pathway. The study by Wong et al. 

determined that bypass of the Akt signalling pathway acts as a mechanism of 
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pazopanib resistance in A204 cells by determining that the TKI-resistant cells had lost 

their dependency on Akt signalling for survival. Wong et al. also showed that PDGFRα 

is regulated by SMARCB1 expression (Wong et al., 2016).  As the MRT subtype is 

highly characterised by SMARCB1 loss, Wong et al. found that re-expressing 

SMARCB1 in the A204 and G402 models resulted in reduced PDGFRα expression, 

showing that the oncogenic activity of PDGFRα in MRT models is regulated by 

SMARCB1 expression (Wong et al., 2016).  

Future work will focus on whether re-introducing PDGFRα expression into the multi-

target TKI-resistant sublines rescues the phenotypes of TKI resistance and Akt 

suppression. Furthermore, direct Akt/PI3K pathway inhibitors, such as MK2206 and 

dactolisib, will be employed to determine whether the multi-target TKI-resistant 

sublines employed in my work have lost their survival dependency on Akt signalling. 

Through these means, I hope to elucidate the causal role of PDGFRα loss and 

subsequent Akt signalling suppression as a mechanism of resistance in the multi-

target TKI-resistant A204 cells. 

Furthermore, mass spectrometry analysis revealed several proteins that were 

universally downregulated in the TKI-resistant sublines compared to parental cells. 

Proteomic data revealed downregulation of proteins involved in such biological 

processes such as FGF signalling, purine and carbohydrate metabolism, and Wnt 

signalling, all of which have been previously shown to be associated with drug 

resistance in cancer (Lin et al., 2019; Wood et al., 1973; Zhong et al., 2020; Zhou et 

al., 2020). Future investigations into whether these downregulated proteins cause 

acquired TKI resistance in models of STS, primarily focussed on gene knockdown or 

silencing techniques within TKI sensitive cells, are required. Contrary to the data 

presented within Chapter 6, PDGFRα expression was not discovered by the 

proteomic analysis to be downregulated within the TKI-resistant sublines when 

compared to parental. This is because the analysis reported missing values within the 

dataset for PDGFRα expression across the samples and, as a result, PDGFRα 

expression was removed from subsequent analyses. This is a known limitation of the 

type of mass spectrometry data generation that we utilised, namely data-dependent 

acquisition, which only fragments the most abundant precursor ions (Beeton-Kempen, 

2021). Therefore, peptides of lower abundance are missed in quantification and 

creates gaps within the resultant data. Data-independent acquisition, although more 
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expensive, complex, and time consuming, results in all precursor ions being 

fragmented and all peptides being included in the analysis (Beeton-Kempen, 2021). 

Future work utilising this approach can provide a much more complete dataset and 

deeper proteome coverage. 

Small molecule inhibitor screens and subsequent validations in the TKI-resistant A204 

sublines revealed the emergence of collateral sensitivity to the selective pan-FGFR 

inhibitor infigratinib in the A204SitR and A204AnloR sublines. This phenomenon was 

exclusive to A204 sitravatinib- and anlotinib-resistant sublines and was not observed 

in cells that had derived acquired pazopanib or regorafenib resistance. This is in 

contrast with previous work by Wong et al. where pazopanib-resistant A204 cells were 

found to be sensitive to FGFR inhibition. However, many studies have shown that the 

emergence of drug resistance and subsequent collateral sensitivities is an inherently 

stochastic phenomenon, wherein cells harbouring different mechanisms of resistance 

and collateral sensitivities may expand under the selective pressure of therapy in 

separate replicates (Dhawan et al., 2017; Nichol et al., 2019; Scarborough et al., 

2020). Therefore, the derivation of collateral sensitivities and resistance phenotypes 

are not necessarily reproducible despite utilising the same cell lines and inhibitors. 

Despite this, the work presented in Chapter 6 revealed that infigratinib collateral 

sensitivity in A204 cells that had been pre-treated with sitravatinib was found to be a 

robust and reproducible phenotype. This result therefore provides rationale for further 

evaluation into employing selective FGFR inhibition as a second-line treatment 

strategy in MRT patients that have progressed upon sitravatinib, as well as potentially 

other STS driven by PDGFR and FGFR signalling.  

However, Chapter 6 also reports that prolonged and chronic treatment of the 

sitravatinib pre-treated A204 cells with infigratinib will eventually result in the re-

acquisition of infigratinib resistance, despite an initial response and plateau of growth. 

Previous studies, primarily in antibiotic-resistant bacteria, have shown the applicability 

of drug cycling and sequential techniques in suppressing the outgrowth of drug-

resistant cells (Imamovic & Sommer, 2013; Nichol et al., 2015). For instance, the work 

by Imamovic & Sommer demonstrated that Escherichia coli cells initially treated with 

drug “A” soon become resistant and can be collaterally sensitised by drug “B” 

(Imamovic & Sommer, 2013). Upon subsequent acquisition of resistance to drug “B”, 

cycling and sequential therapies can be employed either by returning to drug “A” or a 
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new drug “C” that has a compatible collateral sensitivity profile. This will allow for the 

long-term control of cellular proliferation and resistance (Imamovic & Sommer, 2013). 

Imamovic & Sommer concluded that the efficacy of drug sequencing or cycling of 

collateral sensitivities in antibiotic-resistant bacteria can be employed in other 

diseases with evolutionary drug resistance mechanisms, such as cancer (Imamovic & 

Sommer, 2013). The hypothesis behind this strategy, incorporating the inhibitors used 

in Chapter 6, is outlined in Figure 6.22. 

 

 

 

 

 

 

 

 

 

Figure 6.22: Drug cycling and sequential strategies to control disease progression through the targeting of 

collateral sensitivities. Image was created using BioRender.  

Several studies in drug-resistant cancers and bacteria have highlighted the potential 

of utilising collateral sensitivity networks and sequential strategies to control disease 

and prevent the emergence of refractory resistance (Acar et al., 2020; Nichol et al., 

2015). These studies state that upon the acquisition of resistance, evolutionary trade-

offs occur to make cells resistant to the primary treatment but reveal collateral 

vulnerabilities that could be exploited therapeutically. The studies utilise a strategy 

termed “evolutionary steering”, which refers to the use of treatment strategies and 

sequences that steer cells towards a population that become collaterally susceptible 

to a subsequent, sequential therapy (Acar et al., 2020). It is therefore feasible that 

upon the re-acquisition of resistance to the sequential therapy, collateral sensitivity 

networks and “evolutionary steering” can be re-deployed in adaptive therapies to 

manage and control disease in a long-term fashion.  
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Furthermore, recent studies have revealed the emergence of temporally-restricted 

windows of collateral sensitivities in ALK inhibitor-resistant NSCLC, Bcr-Abl1 inhibitor-

resistant leukaemia, and chemotherapy-resistant Ewing sarcoma (Dhawan et al., 

2017; Scarborough et al., 2020; Zhao et al., 2016). These collateral sensitivities target 

vulnerabilities that occur during intermediate evolutionary stages of emerging drug 

resistance. These studies postulate that the use of sequential treatment strategies can 

exploit temporal collateral sensitivities that could prevent the derivation of refractory 

resistance and allow for the long-term management of disease.  

Therefore, future research will focus on the applicability of employing drug cycling and 

sequential treatments to target collateral sensitivities, including temporally-restricted 

collateral sensitivities, in order to control progression and treatment resistance in MRT 

models. This approach will aim to answer outstanding questions related to the work 

from Chapter 6. These outstanding questions include whether cycling between 

sitravatinib and infigratinib therapies can control disease progression and resistance 

by exploiting collateral sensitivities in the A204 MRT model. Further to this, 

determining potential collateral sensitivities in sitravatinib pre-treated A204 cells that 

had re-acquired infigratinib resistance can provide answers to sequential therapies 

that can be employed in the further-line setting. 

Furthermore, the reason behind the exclusive and reproducible effect observed in 

sitravatinib pre-treated A204 cells, compared to the other three multi-target TKI pre-

treated cells, remains elusive. I hypothesise that the robust infigratinib collateral 

sensitivity is likely to be due to an additional and reproducible sitravatinib-induced 

effect which is as yet undetermined, but one which does not occur in cells treated with 

the other multi-target TKIs. Work presented in Chapter 6 highlights avenues of 

potential research to answer this question. These include phenotypes that were 

observed in sitravatinib pre-treated A204 cells that weren’t observed in DMSO pre-

treated cells including the ability of infigratinib to inhibit residual PDGFRα activity, 

decreased levels of DDR2 activity, and an increase in EphA7 activity.  

However, despite these outstanding questions, employment of ponatinib or 

combination therapy of infigratinib plus sitravatinib upon the re-acquisition of 

infigratinib resistance was found to control or regress cellular growth, thereby 

nominating these therapies in the further-line setting in this treatment paradigm 
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(Figure 6.23). It is yet to be determined whether the incorporation of erdafitinib into 

the subsequent treatment following infigratinib resistance re-acquisition is a viable 

option. However, the similar antitumour and signalling modulation phenotypes 

observed between erdafitinib and combination therapy/ponatinib therapy over the 

course of Chapters 5 and 6 suggests that erdafitinib is likely to be effective in this 

multi-line treatment paradigm.  

The inhibitor screens also revealed that treatment with erdafitinib and ponatinib could 

potentially be employed as effective salvage therapies for multi-target TKI-resistant 

MRT. Furthermore, following increased A204 cellular progression upon first-line multi-

target TKI treatment, second-line sequential treatments with erdafitinib or ponatinib 

were found to result in long-term suppression of cell growth. These results therefore 

nominate erdafitinib and ponatinib for further evaluation as effective second-line 

therapies in the treatment of MRT that progress upon first-line multi-target TKI therapy, 

as well as other STS driven by PDGFR and FGFR activity (Figure 6.23).  

There is a limiting caveat to the results reported in Chapter 6. Importantly, derivation 

of TKI-resistant models and subsequent evaluations were only performed within a 

single cell line – A204. Derivation of resistance to another model of STS driven by 

PDGFRα and FGFR1, G402, was being undertaken but had to be curtailed due to the 

initial and subsequent COVID-induced lockdowns. Upon return to laboratories, there 

was insufficient time to re-derive the G402 TKI-resistant sublines before submission. I 

therefore decided to focus on the A204 cell line for the purpose of Chapter 6. However, 

future work will focus on re-deriving the G402 TKI-resistant sublines, as well as other 

STS models driven by PDGFR and FGFR signalling. This will allow for the 

determination of whether the results described in Chapter 6 are specific to the A204 

cell line or whether the effects are consistent within other models of PDGFR- and 

FGFR-driven STS.  

Despite this limitation, Chapter 6 has highlighted a number of potential sequential 

strategies that could be employed in the long-term disease control of MRT, as well as 

potentially other STS driven by PDGFR and FGFR signalling (Figure 6.23). The 

nominated sequential treatment strategies are outlined in Figure 6.23. Further work 

evaluating drug cycling or sequential treatment strategies that target collateral 

sensitivities in the long-term disease management of STS is warranted in order to 



 

236 
 

further potentially determine novel strategies that exploit resistance-induced 

vulnerabilities. 

 

 

 

 

 

 

 

 

 

Figure 6.23: Nominated sequential treatment strategies outlined in Chapter 6 as effective long-term treatment 

regimens for disease control in MRT, and potentially other STS driven by PDGFR and FGFR signalling. FGFR; 

Fibroblast growth factor receptor, Sit; Sitravatinib, TKI; Tyrosine kinase inhibitor. 
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7.1 Introduction 

Patients diagnosed with advanced soft tissue sarcomas (STS) currently have limited 

targeted therapy options, with only the multi-target tyrosine kinase inhibitor (TKI) 

pazopanib currently approved for use. Furthermore, clinical experience has revealed 

that effective pazopanib treatment is restricted by drug resistance, with patients either 

harbouring intrinsic resistance or developing an acquired resistance. There has 

therefore been a recent push to develop and evaluate further multi-target TKIs for their 

activity in advanced STS. However, multi-target TKIs currently undergoing clinical 

evaluation in STS have all shown similar problems regarding the existence or 

emergence of drug resistance. There is an unmet clinical need to better understand 

the mechanisms of multi-target TKI resistance, in order to develop more effective 

treatment strategies for patients with advanced STS. This chapter will place my work 

in the context of contemporary STS research and discuss some of the outstanding 

challenges for improving the efficacy of multi-target TKIs in STS patients. In addition, 

this chapter will also discuss a number of emerging therapeutic strategies that could 

soon be entering into clinical use for advanced STS patients.  

 

7.2 Outstanding challenges for increasing the 

efficacy of multi-target TKI therapy in soft tissue 

sarcoma 

The clinical efficacy of the multi-target TKI pazopanib in the treatment of advanced 

STS is limited and patients treated with this drug have been shown to have no 

significant survival benefit, when compared to placebo (Van der Graaf et al., 2012). 

The clinical efficacy is limited as we currently have no way of determining which 

subsets of patients are more likely to derive a benefit from pazopanib therapy 

compared to patients that harbour intrinsic resistance. Additionally, STS patients will 

universally acquire resistance to pazopanib through resistance mechanisms that 

urgently need identifying to provide new therapies. These resistance mechanisms may 

be due to tumour heterogeneity, where subclonal resistant populations exist within an 

overall tumour clonal population that, upon therapeutic pressure, gives rise to 
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treatment-resistant disease and subsequent progression. There is therefore an urgent 

unmet need to develop predictive biomarkers of multi-target TKI response in STS, as 

well as a greater understanding of STS intratumoural heterogeneity. This sub-chapter 

will discuss these outstanding challenges and how my preclinical work may give rise 

to future avenues to overcome these hurdles. 

 

7.2.1 Predictive biomarkers of multi-target TKI response in soft tissue sarcoma 

Predictive biomarkers of targeted therapy response in cancer are invaluable tools that 

can help guide treatment choice for patients. They provide a means of stratifying and 

selecting patients for targeted therapy based on how likely they are to respond to that 

particular therapy (Ben-Hamo et al., 2020). There are a number of validated predictive 

biomarkers that are currently routinely employed in the clinic (Bedard et al., 2013; Ulivi, 

2020). For instance, non-small cell lung cancer (NSCLC) patients harbouring 

epidermal growth factor receptor (EGFR) exon 19 or 21 mutations can be treated with 

EGFR inhibitors, which are effective therapies in this subset of patients compared to 

non-EGFR mutated NSCLC (Rosell et al., 2010). Therefore, patients harbouring these 

predictive biomarker mutations can be specifically selected to receive effective EGFR 

inhibitor therapy, whilst patients without such mutations are spared an ineffectual 

therapy (Rosell et al., 2010).  

However, there are currently a lack of validated predictive biomarkers for multi-target 

TKI therapy response in STS (Lee et al., 2019; Wilding et al., 2019). This therefore 

outlines a critical unmet need to determine predictive biomarkers that allow for the 

prospective stratification of patients, allowing for the selection of STS patients most 

likely to benefit from multi-target TKI therapy. This would not only improve multi-target 

TKI clinical efficacy and cost-effectiveness, but also ensures that patients unlikely to 

respond to TKIs are not treated with ineffective therapies. This sub-chapter will discuss 

a number of studies that have highlighted potential predictive biomarkers of multi-

target TKI therapy response in advanced STS.   

In a small retrospective analysis of 18 patients with advanced STS treated with 

pazopanib (and 1 patient treated with sunitinib), Koehler et al. employed next-

generation sequencing (NGS) to assess the mutational status of TP53. The authors 

reported that patients with TP53 mutations had a significantly improved median 
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progression free survival (mPFS) compared to patients with wild-type TP53 (mPFS; 

3.5 vs. 2.0 months, p = 0.036) (Koehler et al., 2016). Although a small study that 

requires independent validation in larger cohorts, this study highlights a promising 

potential biomarker predictive of pazopanib resistance in STS (Koehler et al., 2016). 

In a further cohort of STS patients treated with pazopanib therapy, Sleijfer et al. 

undertook baseline analysis of serum cytokine and angiogenic factors to assess their 

potential utility as predictive biomarkers of pazopanib response (Sleijfer et al., 2012). 

Through analysis of 85 patients from the EORTC phase II clinical trial of pazopanib in 

advanced STS, low baseline plasma levels of hepatocyte growth factor  (HGF) and 

basic nerve growth factor (bNGF) were found to be associated with a better PFS. 

Additionally, several further cytokine and angiogenic factors were found to correlate 

with increased 12-week progression-free rate (PFR) (low interleukin-12 subunit p40 

(IL-12p40) and mitochondrial pyruvate carrier 3 (MPC3)) and increased overall 

survival (OS) (low intercellular adhesion molecule 1 (ICAM-1) and interleukin-2 

receptor α (IL-2ra)). However, the authors call attention to the caveats of high false 

discovery rates (FDRs) (20-50%) and therefore conclude that these correlations could 

be false positives (Sleijfer et al., 2012). Additionally, as was the case for the study by 

Koehler et al., independent validation is required.  

Predictive biomarkers of regorafenib response have also been investigated in 

advanced STS. Brodowicz et al. investigated potential predictive biomarkers for 

regorafenib response in patients enrolled in the REGOSARC trial (Brodowicz et al., 

2020). The authors assessed 134 enrolled patients and assessed for the predictive 

properties of 57 potential biomarkers. Unfortunately, although several promising 

biomarkers were found to exist within the evaluated cohort, none were found to be 

viable as predictive biomarkers for regorafenib response (Brodowicz et al., 2020).  

However, the CREATE trial has shown the utility of employing ALK and MET 

expression as predictive biomarkers of crizotinib response in three STS subtypes 

commonly associated with overactivity in these receptor tyrosine kinases (RTKs) 

(Schöffski et al., 2017; Schöffski et al., 2018; Schöffski et al., 2018). The first of these 

is alveolar soft part sarcoma which harbour the pathognomonic TFE3-ASPSCR1 

translocation that frequently leads to MET overexpression (Jun et al., 2010). Secondly, 

50% of inflammatory myofibroblastic tumours are characterised by ALK translocations 
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resulting in oncogenic overactivity (Butrynski et al., 2010). Finally, clear cell sarcomas 

are characterised by the EWSR1-ATF1 translocation which activates the oncogenic 

expression of MET (Davis et al., 2010). The CREATE phase II trial reported that 

crizotinib had clinically meaningful activity in MET-positive alveolar soft part sarcoma 

and clear cell sarcoma, as well as ALK-positive inflammatory myofibroblastic tumour 

(Schöffski et al., 2017; Schöffski et al., 2018; Schöffski et al., 2018). Therefore, in 

addition to these select subtypes, ALK and MET expression could be employed as 

predictive biomarkers in order to stratify STS patients to select for ALK and/or MET-

positive patients that are more likely to respond to crizotinib therapy.  

Finally, the seminal work by Chibon et al. highlighted the utility of transcriptomic 

biomarker signatures and gene expression profiles in order to stratify STS patients 

(Chibon et al., 2010). By designing a 67 gene transcriptomic-based risk classifier, 

termed CINSARC, the authors were able to stratify STS patients based on likely 

prognosis and predict patients at high risk of developing metastases (Chibon et al., 

2010). Therefore, similar gene expression-based classifiers, integrated with other 

potential predictive biomarkers, could be designed. These classifiers could 

subsequently be implemented in order to determine subgroups of STS patients 

harbouring specific biomarker signatures that make them more likely to respond 

positively to multi-target TKI therapy (Merry et al., 2021). These patients can therefore 

be selectively treated with multi-target TKI therapy, thereby increasing clinical efficacy 

and cost-effectiveness of the drug. 

The work presented in this thesis has shown that dasatinib therapy is an effective 

treatment strategy in pazopanib-resistant STS, through targeting of the Src signalling 

pathway, in both acquired and intrinsic resistance models. This work therefore 

provides rationale for determining and stratifying advanced STS patients based on 

levels of Src expression and activity. Future work should focus on whether Src 

expression can be employed as a predictive biomarker for advanced STS patients, in 

order to selectively stratify STS cases with relatively high Src expression that could be 

more effectively treated with dasatinib therapy. Similarly, this work has shown the 

utility of first-line erdafitinib and ponatinib in MRT cell lines driven by PDGFRα and 

FGFR1. My work has postulated that these two inhibitors mediate their antitumour 

activities in these models by concurrent inhibition of the PDGFRα and FGFR1 

signalling pathways. Therefore, future work should explore whether the expression of 
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PDGFR and/or FGFR in STS subtypes could be employed as a potential predictive 

biomarker in stratifying STS cases with elevated expression of these RTKs. This could 

further elucidate a subset of STS patients that could be more effectively treated with 

either erdafitinib or ponatinib therapy. 

The elucidation of predictive biomarkers for multi-target TKI response are essential in 

improving the efficacy of treating patients with advanced STS. Further determination 

of predictive biomarkers will progress our current treatment strategies away from the 

one-size-fits-all treatment strategy for heterogeneous STS cohorts towards a 

personalised medicine approach, where the right STS patient with a particular 

underlying pathology is treated with the right therapy.  

 

7.2.2 Intratumoural heterogeneity and liquid biopsies 

It is now well-understood that tumours are composed of a complex population of cells 

with varying genetics, epigenetics, and metabolomics and these differences will 

determine how each individual cell responds to a therapy (Vitale et al., 2021). Such 

intratumoural heterogeneity is now an important consideration in understanding 

targeted therapy response and resistance. For instance, whilst the administered 

targeted therapy may have antitumour activity in the majority of cells within a tumour, 

a subpopulation of cells will harbour biological traits that confer a survival benefit. 

These cells will therefore out-compete the sensitive cells and lead to therapy-resistant 

disease. Furthermore, a large range of studies across cancer have shown that the 

degree of intratumoural heterogeneity positively correlates with poorer prognosis and 

an increase in the rate of targeted therapy resistance (Andor et al., 2016; Mroz et al., 

2013; Patel et al., 2014; Suda et al., 2016). 

Despite the established association between intratumoural heterogeneity and the 

emergence of drug resistance, studies evaluating tumour heterogeneity and drug 

resistance mechanisms to targeted therapy in STS are currently lacking. However, a 

study of rhabdomyosarcoma tumours has reported the existence of subclonal 

populations within heterogeneous tumours that may provide selective advantages 

upon therapy to result in drug-resistant populations (Chen et al., 2015). This study by 

Chen et al. found that rhabdomyosarcoma patient tumours were composed primarily 

of a dominant clone, with typically over 80% representation. Whole-genome 
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sequencing determined the existence of subclonal populations that harboured 

additional point mutations in oncogenes including ABL1, HER2, and KDR (VEGFR2), 

which were not present in the dominant clonal population. The authors postulate that 

these genomic alterations, exclusive to the subclonal populations, could give rise to 

drug-resistant populations upon therapeutic treatment. The authors caveat this 

hypothesis by stating that experimental validation is required (Chen et al., 2005). 

Furthermore, by conducting single-cell RNA sequencing, two studies focussed on 

Ewing sarcoma patient tumours found the existence of subclonal populations of cells 

with extensive alterations in terms of epigenetics, metabolomics, and transcriptomics, 

compared to the dominant clonal population (Aynaud et al., 2020; Sheffield et al., 

2017). Additionally, it was reported that patients harbouring increased levels of these 

subclonal populations, and therefore increased tumour heterogeneity, had more 

aggressive disease and increased metastasis (Sheffield et al., 2017). However, there 

is a current unmet need to evaluate the association between subclonal populations 

that pre-exist within heterogeneous STS tumours and the emergence of targeted 

therapy resistance.  

The existence of drug-tolerant persister cells and cancer stem cells have also been 

described as important considerations when assessing intratumoural heterogeneity 

and therapy resistance (Cabanos & Hata, 2021). Drug-tolerant persister cells are a 

subpopulation of cells that are not inherently resistant to therapy, but exist in a 

quiescent, slowly proliferating state that renders them tolerant to therapy. These 

tolerant cells can subsequently give rise to drug-resistant progeny resulting in 

therapeutic resistance and disease relapse (Cabanos & Hata, 2021). These cells and 

their role in drug resistance have frequently been described in a number of cancer 

types, including lung and breast cancers, however studies focussed on their role in 

STS therapy resistance are currently lacking (Hata et al., 2016; Vinogradova et al., 

2016). Furthermore, cancer stem cells represent a small population of tumour cells 

that have the capability of self-renewal and differentiation, as well as the ability to exist 

within a quiescent state. These properties can render cancer stem cells resistant to 

anticancer therapies, and these cells can promote subsequent disease relapse and 

progression (Cojoc et al., 2015; Phi et al., 2018; Yu et al., 2012). Although cancer stem 

cells and their association with therapy resistance have frequently been reported in 

osteosarcoma, studies focussing on STS are currently limited to a single study 
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conducted in leiomyosarcoma (Fourneaux et al., 2019; Hatina et al., 2019). In this 

study, Fourneaux et al. revealed that leiomyosarcoma cell line and xenograft models 

that had derived an acquired resistance to PI3K/mTOR inhibition displayed 

significantly higher levels of cancer stem cell markers (e.g., SOX2, ALDH1A2) than 

the sensitive parental cells (Fourneaux et al. 2019). The authors found that treatment 

of the resistant cell population with an EZH2 inhibitor resulted in the elimination of 

cancer stem cells and re-sensitised the overall resistant cell population to PI3K/mTOR 

inhibition (Fourneaux et al., 2019). Therefore, the existence of cancer stem cells within 

STS tumours are an important factor in the response to therapy and the emergence 

of resistance.  

The work presented in this thesis revealed PDGFRα loss, and associated downstream 

Akt signalling suppression, as a potential mechanism of resistance in the A204 TKI-

resistant sublines. This work did not determine whether this effect is due to the 

outgrowth of pre-existing PDGFRα-deficient subclones within the parental A204 

population or whether this phenotype arose within drug-tolerant cells in response to 

the TKI exposure. However, previous work by Wong et al. with pazopanib-, sunitinib-, 

and dasatinib-resistant A204 cells found that PDGFRα loss was likely to be due to the 

survival of drug-tolerant cells that produce progeny with PDGFRα-deficiency leading 

to a TKI-resistant cellular population (Wong et al., 2016). This therefore postulates that 

a similar effect has occurred within my TKI-resistant sublines. Future avenues of work, 

such as single cell experiments and barcoding, could look into the potential of targeting 

the mechanisms by which drug-tolerant cells survive multi-target TKI treatment in my 

employed STS models and thereby eradicate the cellular population that give rise to 

resistance.   

In the clinic, a potential methodology to assess intratumoural heterogeneity is to 

employ liquid biopsies. Liquid biopsies are taken from patient blood samples and 

assess for circulating tumour cells (CTCs) and circulating tumour DNA/RNA 

(ctDNA/RNA) (Wei et al., 2020). This is in contrast to the current standard of tumour 

assessment which is to take solid tumour biopsies. Solid tumour biopsies are the 

mainstay medical technique for cancer diagnosis, disease staging, and informing 

treatment selection. However, these are invasive procedures that can only take a 

snapshot of a specific area of the tumour at a specific time, thereby neglecting the 

temporal and spatial dynamics and heterogeneity of tumour biology. Liquid biopsies 
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on the other hand are non-invasive and can readily be repeated through the course of 

treatment. Not only does this allow for the dynamic and real-time monitoring of 

treatment response, but it can also evaluate temporal and spatial tumour 

heterogeneity, even in distant metastatic lesions. Furthermore, this technique could 

allow for the early detection of recurrence and therapeutic resistance (Wei et al., 

2020).  

The use of liquid biopsies in STS however is still in its relative infancy and is primarily 

used for diagnostic purposes (Wei et al., 2020). However, Jung et al. showed the utility 

of liquid biopsies in determining the emergence of therapy resistance in 

dedifferentiated liposarcoma patients treated with targeted MDM2 inhibitor therapy 

(Jung et al., 2016). MDM2 activity results in the abrogation of p53 activity, frequently 

resulting in tumourigenesis. Therefore, MDM2 inhibition represents an attractive 

method of restoring p53 activity and controlling disease progression. However, 

treatment with MDM2 inhibitors has been shown preclinically to lead to the emergence 

of mutated p53 which results in therapeutic resistance. Through the use of liquid 

biopsies in dedifferentiated liposarcoma patients treated with MDM2 inhibitors, Jung 

et al. reported increasing prevalence of mutated TP53 ctDNA that correlated with 

increasing tumour size and therapy resistance (Jung et al., 2016).  

Furthermore, studies conducted upon gastrointestinal stromal tumour (GIST) patients 

have reported the utility of liquid biopsies in the early detection of the emergence of 

secondary resistance mutations (Kang et al., 2015; Wada et al., 2016). For instance, 

Kang et al. analysed matched pre-treatment and post-treatment ctDNA samples 

obtained from liquid biopsies of GIST patients treated with imatinib (Kang et al., 2015). 

In the post-treatment sample, the authors were able to identify the emergence of 

imatinib-resistant KIT and platelet-derived growth factor receptor α (PDGFRA) 

mutations which were found to correlate with reduced sensitivity of the tumour to 

imatinib treatment (Kang et al., 2015). This was consistent with the findings of Wada 

et al. who were able to detect the early emergence of secondary KIT mutations in GIST 

patients that developed imatinib resistance (Wada et al., 2016). 

Liquid biopsies can therefore be used to accurately monitor and evaluate tumour 

heterogeneity and response to targeted therapies. This represents a therapeutic 

opportunity that could allow for the temporal monitoring of treatment response and the 
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implementation of reactive treatment strategies that could be employed to pre-empt 

significant disease progression and resistance. 

 

7.3 Emerging therapies for the treatment of soft 

tissue sarcoma 

Despite significant advancements in our understanding of STS pathology and the 

approval of a number of therapeutics to treat advanced STS, there has been marginal 

progress over the past two decades to increase the survival times of patients (Kasper, 

2019; Lee et al., 2021). There is therefore a clinically unmet need to develop novel 

treatments, and this sub-chapter will describe some of the emerging therapeutic 

strategies that could be employed in the future treatment of advanced STS. These 

therapeutic strategies include adaptive therapies, immunotherapies, and personalised 

medicine. 

 

7.3.1 Adaptive sequential therapy and collateral sensitivity 

The development of drug resistance in cancer operates via the Darwinian model of 

natural selection where the survival of the fittest cells in a heterogeneous tumour result 

in the outgrowth of drug-resistant cells and therapeutic failure (Greaves & Maley, 

2012). However, the emergence of drug resistance often comes at the expense of an 

evolutionary trade-off whereby drug-resistant cells may become sensitive to a 

previously ineffective drug. This phenomenon is termed collateral sensitivity and has 

been extensively researched in the field of antibiotic-resistant bacteria, as well as in 

some cancer types (Acar et al., 2020; Efferth et al., 2020; Pál et al., 2015; Pluchino et 

al., 2012; Zhao et al., 2016). 

For instance, Imamovic & Sommer derived antibiotic-resistant Escherichia coli 

lineages to a panel of clinically relevant antibiotics (Imamovic & Sommer, 2013). 

Through determination of the collateral sensitivities that arose in response to 

resistance acquisition, the authors created a collateral sensitivity network and 

identified a number of collateral sensitivity cycles that could be employed to control 

and suppress antibiotic resistance in bacteria (Imamovic & Sommer, 2013). These 
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cycles operate on the basis that if a cellular population becomes resistant to drug 1, 

treatment can be switched to a collaterally sensitive drug 2, and then, once again 

switched back to drug 1 upon re-acquisition of resistance. Hypothetically, the cycle 

can also be a sequence of treatments where upon acquisition of resistance to drug 2, 

a third drug can be employed to target further collateral sensitivities, with this process 

continued for further-line treatments. Through this proof-of-principle study in bacteria, 

the authors postulate that similar adaptive drug cycling/sequential strategies, designed 

based on collateral sensitivity networks, could be employed in other evolutionary-

driven diseases, such as drug-resistant cancers (Imamovic & Sommer, 2013). 

Indeed, Dhawan et al. further reported the design of potential sequential drug protocols 

leveraging on cycling collateral sensitivities in NSCLC cell lines (Dhawan et al., 2017). 

Through the escalating dose derivation of in vitro ALK inhibitor resistance in NSCLC 

cell lines, the authors derived a mathematical model based on pharmacological 

screens performed on resistant sublines. This mathematical model was able to predict 

which anticancer compounds, when treated in the second-line setting in response to 

ALK inhibitor resistance, would be the most likely treatment to induce collateral 

sensitivity and result in an effective salvage therapy (Dhawan et al., 2017). The model 

further reported the design of drug cycling protocols, whereby drug sequences are 

employed that continuously exploit collateral sensitivities that arise in cells acquiring 

resistance to the preceding drug within the sequence. The authors reported 84 unique 

cycles of varying lengths of between 2-7 drugs. For instance, the authors highlighted 

the collateral sensitivity cycle of crizotinib, etoposide, paclitaxel, and luminespib (NVP-

AUY922), before the cycle returns to crizotinib (Dhawan et al., 2017). Despite the 

authors having not yet experimentally validated such cycles in their cell line models, 

the study reveals a notable experimental method that could be used to determine 

therapy cycling and sequencing strategies in cancer, including STS. 

Further to the work by Dhawan et al., several studies have been researching the 

potential of generating predictive computational models that can be used to 

mathematically map the emergence of collateral sensitivities in response to 

therapeutic resistance (Aulin et al., 2021; Nichol et al., 2015; Zhao et al., 2016). Such 

predictive models would be an incredibly powerful tool that could help clinicians design 

treatment sequences and strategies to control therapy resistance, whereby an 
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administered therapy is switched upon the acquisition of resistance to a subsequent 

drug that induces a collateral sensitivity. 

However, several studies, both in bacteria and cancer, have shown that the evolution 

of drug resistance is stochastic and difficult to predict (Nichol et al., 2019; Scarborough 

et al., 2020). Furthermore, the majority of studies assessing drug resistance do not 

take into consideration temporal considerations in the evolutionary process of acquired 

drug resistance. For instance, studies by Zhao et al. and Vander Velde et al. have 

shown the existence of temporal collateral sensitivities that exist at intermediate 

stages during the evolution of drug resistance in preclinical cell models of cancer 

(Vander Velde et al., 2020; Zhao et al., 2016).  

The study by Zhao et al. describes the process of tumour evolution as a dynamic 

process whereby states of intermediary collateral sensitivity exist temporally during 

the acquisition of drug resistance (Zhao et al., 2016). The authors utilised a murine-

derived Philadelphia chromosome-positive acute lymphoblastic leukaemia cell line 

which they exposed to dose-escalating concentrations of Bcr-Abl1 inhibitors, such as 

bosutinib and dasatinib. Throughout the course of resistance derivation, Zhao et al. 

undertook pharmacological screens in the cells to map collateral sensitivities through 

the evolutionary course of resistance acquisition. The authors found that acquisition 

of Bcr-Abl1 inhibitor resistance resulted in the collateral sensitivity towards the multi-

target TKIs crizotinib, foretinib, vandetanib, and cabozantinib, a phenotype that was 

found to translate into an in vivo murine model. However, upon the continued 

acquisition of increasing levels of Bcr-Abl1 inhibitor resistance, the levels of collateral 

sensitivity significantly decreased. Subsequently, the authors found that temporal 

collateral sensitivities to the multi-target TKIs were caused by the emergence of a 

single Abl1 point mutation (V299L) (Zhao et al., 2016). Upon the continued inhibitor 

exposure and resultant loss of temporal collateral sensitivity, the TKI-resistant cells 

were found to harbour V299L compound mutations. The work by Zhao et al. therefore 

reports temporal states of collateral sensitivity that could potentially be exploited 

therapeutically, and which did not exist in fully Bcr-Abl1 inhibitor-resistant cells (Zhao 

et al., 2016). 

Temporal collateral sensitivities in drug-resistant cancers were also reported by 

Vander Velde et al. (Vander Velde et al., 2020). In this study, an ALK-positive lung 
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cancer cell line was exposed to increasing concentrations of ALK inhibitor alectinib to 

derive a resistant subline. As EGFR and HER2 upregulation was previously found to 

correlate with the acquisition of ALK inhibitor resistance, the authors treated the 

alectinib-resistant cells with the EGFR inhibitor lapatinib throughout the course of 

resistance derivation. As expected, prior to alectinib exposure, parental cells were 

relatively resistant to lapatinib. As the cells were exposed to alectinib and evolved 

resistance, potent temporal collateral sensitivity to lapatinib emerged that gradually 

decreased as the cells became increasingly more resistant to alectinib (Vander Velde 

et al., 2020).  

Furthermore, the incorporation of drug holidays – time periods whereby treatment is 

ceased for a significant length of time – into adaptive treatment schedules have also 

been found to significantly alter collateral sensitivities in resistant cells (Dhawan et al., 

2017). Through the derivation of ALK inhibitor-resistant NSCLC sublines, Dhawan et 

al. found that the incorporation and length of drug holidays significantly affected 

collateral sensitivities in the resistant cells. For instance, temporal collateral 

sensitivities to lorlatinib in ceritinib-resistant cells fluctuated over the course of a 21-

drug holiday, with assessments of cell viability taking place on day 1, 3, 7, 14, and 21. 

Interestingly, the study also highlighted the potential of treatment strategies of the 

same TKI but incorporating drug holidays into the treatment schedule. This was based 

on the observation that alectinib-resistant cells re-acquired alectinib sensitivity after 

only 14 days of drug holiday (Dhawan et al., 2017).  

These studies therefore identify potential sequential treatment strategies that consider 

temporal states of collateral sensitivity, whereby upon the acquisition of intermediary 

levels of resistance, treatment can be switched to a collaterally sensitive drug, before 

the emergence of robust resistance mechanisms that attenuate any potential collateral 

sensitivities (Vander Velde et al., 2020; Zhao et al., 2016). Furthermore, the 

incorporation of drug holidays into treatment strategies is an important consideration 

within the future design of adaptive sequential therapies (Dhawan et al., 2017). 

Finally, a recent seminal study by Acar et al. has discussed the utility of “evolutionary 

steering” – an adaptive therapy strategy designed to control disease progression and 

manage the emergence of refractory resistance (Acar et al., 2020). “Evolutionary 

steering” refers to the employment of a sequence of drugs that “steer” cellular 
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populations towards collaterally sensitive states, which could then be exploited by a 

subsequently administered drug, whilst avoiding drug-resistant states. Furthermore, 

adaptive therapy via “evolutionary steering” differs from other forms of adaptive 

therapy as the drug treated in the first-line does not even need to be the most effective 

drug currently available, but rather one that “steers” the population towards a more 

readily treatable population of cells through the emergence of collateral sensitivities 

(Acar et al., 2020; Nichol et al., 2015). This method has previously been shown to be 

an effective strategy in subverting and controlling antibiotic resistance in bacteria, and 

a recent study by Acar et al. has also shown utility of the method in drug-resistant 

cancer (Acar et al., 2020; Nichol et al., 2015). Within this study, gefitinib- and 

trametinib-resistant NSCLC were generated following chronic high-dose inhibitor 

treatment (Acar et al., 2020). Subsequent genomic analysis revealed the existence of 

treatment-resistant clones with MET amplifications (gefitinib-treated) and CDKN2A 

loss (trametinib-resistant), both in the parental pre-treatment and the TKI-resistant 

populations. The study reported that the gefitinib-resistant clones harbouring MET 

amplifications were sensitive to MET inhibition by capmatinib compared to the parental 

cells (Acar et al., 2020). These results indicate the potentiality of designing an adaptive 

sequencing strategy that alternates between gefitinib and capmatinib to control 

disease and prevent the emergence of a drug-resistant population. Similarly, the 

results of the study also indicated the potential utility of cycling between trametinib and 

palbociclib, a cyclin-dependent kinase (CDK) 4/6 inhibitor (as CDKN2A loss leads to 

CDK4/6 upregulation), in controlling disease and resistance (Acar et al., 2020). 

These studies in other cancer types and the work presented in this thesis may provide 

the platform for further evaluation of adaptive sequential therapy to target collateral 

sensitivities in the treatment of advanced STS. My work has shown that, similar to the 

work by Acar et al., the development of sitravatinib resistance in the A204 cell line 

model of malignant rhabdoid tumour (MRT) – a paediatric STS subtype - results in a 

cellular population that is exquisitely sensitive to subsequent infigratinib therapy (Acar 

et al., 2020). Building on this finding, as well as previous studies highlighting the utility 

of drug cycling protocols, future work will focus on whether cycles of infigratinib and 

sitravatinib therapy can effectively control cellular proliferation and prevent the 

outgrowth of resistant MRT, as well as other STS models that are driven by PDGFR 

and FGFR signalling (Dhawan et al., 2017; Imamovic & Sommer, 2013). The 
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incorporation of drug holidays and the evaluation of temporal collateral sensitivities, 

as described by the papers discussed above, are also important future considerations 

in the design of evaluating collateral sensitivity drug cycles and my future work will 

employ such techniques (Dhawan et al., 2017; Vander Velde et al., 2020; Zhao et al., 

2016). The concept of “evolutionary steering” also opens up the potentially exciting 

avenue of pre-treating STS models that harbour intrinsic multi-target TKI resistance 

with a particular treatment in order to generate a subsequent population of cells that 

may be sensitive to second-line multi-target TKI therapy, as well as other second-line 

treatments (Acar et al., 2020; Nichol et al., 2015).  

Adaptive therapy represents an attractive treatment strategy for the long-term control 

of disease through the continual targeting of collateral sensitivities that emerge in 

treatment-resistant cells. Therefore, rather than attempting to cure disease, cancers 

are treated with the aim of controlling progression and resistance, thereby avoiding 

the outgrowth of refractory disease. However, the majority of studies discussing such 

strategies are currently limited to in vitro and mathematical modelling studies. 

Additionally, studies in STS evaluating the utility of adaptive sequential therapies are 

currently lacking. In order to fully assess the utility of adaptive therapy in disease 

control for patients, in vivo and clinical evaluations are required.  

 

7.3.2 Immunotherapy 

The vastly improved understanding of the critical interplay that occurs between the 

immune system and cancer cells has resulted in the emergence of effective anticancer 

immunotherapies. Many anticancer immunotherapies have been approved for clinical 

use over the past decade, including the anti-PD-1 antibody pembrolizumab, which was 

approved for solid tumours with specific indications (Table 1.2). There has therefore 

been a push to determine the efficacy of immunotherapies in the treatment of 

advanced STS, with the majority of studies focussed on immune checkpoint inhibitors 

(ICIs) (Table 1.7). This type of immunotherapy functions by inhibiting interactions that 

block the stimulation of anticancer immune responses (Ramos-Casals et al., 2020). 

The most commonly inhibited immune checkpoint interactions are those involving PD-

1/PD-L1 or CTLA-4. In the former of these interactions, immunogenic cancer cells 

often highly express PD-L1 on their cell surface. This ligand binds to PD-1 on the 
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surface of a number of immune cells, most notably T lymphocytes. This interaction 

inactivates the T cell, with the cancer cells thereby evading T cell-mediated cell death. 

Similarly, CTLA-4 is expressed on the surface of T lymphocytes and inactivates the T 

cell when bound to either CD80 or CD86 on the surface of antigen-presenting cells. 

ICIs targeted towards PD-1, PD-L1, or CTLA-4 thereby release the immune blockade, 

resulting in the activation of T lymphocytes and a subsequent anticancer immune 

response (Ramos-Casals et al., 2020).  

Table 7.1: Immunotherapies currently undergoing clinical evaluation in STS. 

NCT identifier Study Treatment Molecular target(s) 

Trials with reported data 

n/a Maki et al., 2013 Ipilimumab CTLA4 

NCT02304458 Davis et al., 2020 Nivolumab PD-1 

NCT02428192 Ben-Ami et al., 2017 Nivolumab PD-1 

NCT02500797 D’Angelo et al., 2018 Nivolumab + Ipilimumab PD-1 + CTLA4 

NCT02301039 
Tawbi et al., 2017; 

Burgess et al., 2019 
Pembrolizumab PD-1 

NCT03141684 Naqash et al., 2021 Atezolizumab PD-L1 

NCT02815995 Somaiah et al., 2020 Durvalumab + Tremelimumab PD-L1 + CTLA4 

NCT02636725 Wilky et al., 2019 Pembrolizumab + Axitinib PD-1 + TKI 

NCT03396211 Chawla et al., 2019 Nivolumab + Apatinib PD-1 + TKI 

NCT03851614 Ayodele et al., 2021 Durvalumab + Olaparib/Cediranib PD-L1 + PARP inhibitor/TKI 

NCT01643278 D’Angelo et al., 2017 Ipilimumab + Dasatinib CTLA4 + TKI 

NCT03138161 Gordon et al., 2020 Ipilimumab + Nivolumab + Trabectedin CTLA4 + PD-1 + DNA alkylator 

NCT02888665 Pollack et al., 2020 Pembrolizumab + Doxorubicin 
PD-1 + Topoisomerase II 

inhibitor 

NCT02406781 Italiano et al., 2021 Pembrolizumab + Cyclophosphamide PD-1 + DNA alkylator 

NCT03899805 Nathenson et al., 2020 Pembrolizumab + Eribulin 
PD-1 + Microtubule assembly 

inhibitor 

Ongoing trials 

NCT04784247 MSKCC phase II trial Pembrolizumab + Lenvatinib PD-1 + TKI 

NCT04095208 CONGRATS Nivolumab + Relatlimab PD-1 + LAG-3 

NCT03475953 REGOMUNE Avelumab + Regorafenib PD-L1 + TKI 

NCT04874311 TRUST Bintrafusp α + Doxorubicin 
Dual PD-1/TGFβ + 

Topoisomerase II inhibitor 

ADP; Adenosine diphosphate, CTLA4; Cytotoxic T-lymphocyte-associated protein 4, DNA; Deoxyribonucleic acid, LAG3; 
Lymphocyte-activation gene 3, MSKCC; Memorial Sloan Kettering Cancer Centre, NCT; National Clinical Trial, PARP; 
Poly (ADP-ribose) polymerase, PD-1; Programmed cell death protein 1, PD-L1; Programmed death-ligand 1, TGFβ; 
Transforming growth factor β, TKI; Tyrosine kinase inhibitor. 

 

Despite their increasing use in contemporary cancer therapy, STS on the whole are 

relatively non-immunogenic compared to other cancer types and single agent 

checkpoint blockade immunotherapies in STS cohorts have reported limited activity. 

For instance, a pilot study conducted by Maki et al. assessed the utility of the anti-

CTLA4 antibody ipilimumab in synovial sarcoma patients and reported no clinical 

benefit, with a RECIST response rate of 0% (Maki et al., 2013). Similarly, monotherapy 

with the anti-PD-1 antibody nivolumab has repeatedly shown no clinically significant 

activity in a number of phase II trials performed in both paediatric and adult cohorts of 

heterogeneous STS subtypes (Ben-Ami et al., 2017; D’Angelo et al., 2018; Davis et 

al., 2020). However, further assessment of the utility of nivolumab in combination with 
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ipilimumab are ongoing, with preliminary phase II data showing promising activity in 

certain “complex” STS subtypes, such as undifferentiated pleomorphic sarcoma and 

leiomyosarcoma (Table 7.1) (D’Angelo et al., 2018; NCT02304458; NCT02428192).  

Consistent with the promising results of immunotherapy in subtype-specific STS 

reported by D’Angelo et al., certain histological subtypes have shown encouraging 

responses to checkpoint blockade immunotherapy (D’Angelo et al., 2018). For 

instance, the phase II SARC028 trial of pembrolizumab monotherapy in a 

heterogeneous STS cohort reported limited activity, with the trial falling short of the 

study’s primary endpoint of 20% objective response rate (ORR) (Tawbi et al., 2017). 

However, subtype-specific analysis of the study reported clinically meaningful activity 

in “complex” STS subtypes with increased mutational burden, namely undifferentiated 

pleomorphic sarcoma and liposarcoma (undifferentiated pleomorphic sarcoma ORR; 

40%, liposarcoma ORR; 20%) (Tawbi et al., 2017). Unfortunately, a subsequent 

analysis on an expanded SARC028 cohort of undifferentiated pleomorphic sarcoma 

and liposarcoma did not confirm the activity of pembrolizumab monotherapy in 

liposarcoma (ORR; 10%) (Burgess et al., 2019). Despite this, activity of 

pembrolizumab in undifferentiated pleomorphic sarcoma continued to achieve the 

primary endpoint for efficacy (ORR; 23%) (Burgess et al., 2019).  

In addition to certain genetically “complex” STS, ICIs have been shown to possess 

clinical activity in patients with alveolar soft part sarcoma (Groisberg et al., 2020). For 

example, in a phase II study of advanced alveolar soft part sarcoma patients treated 

with anti-PD-L1 atezolizumab, Naqash et al. described promising monotherapeutic 

activity with durable responses of ~16-17 months (ORR; 37%, stable disease (SD); 

58%) (Groisberg et al., 2020; Naqash et al., 2021). Similarly, in a phase II study 

conducted on a heterogeneous cohort of advanced STS, anti-PD-L1 durvalumab plus 

anti-CTLA4 tremelimumab was found to be specifically effective in alveolar soft part 

sarcoma, with 90% 12-week progression-free rate (PFR) and 50% of patients 

displaying partial responses (PRs) (Somaiah et al., 2020).  

Building on the broad lack of activity within the vast majority of STS subtypes with ICI 

monotherapy, the combination of ICI plus other anticancer agents such as TKIs and 

chemotherapeutics have been evaluated (Table 7.1). In a phase II trial conducted on 

a heterogeneous STS cohort, Wilky et al. found that the combination of 
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pembrolizumab plus multi-target TKI axitinib resulted in promising preliminary activity 

(clinical benefit rate (CBR); 53%), with notable enhanced activity in alveolar soft part 

sarcoma (CBR; 72%) (Wilky et al., 2019). Furthermore, a phase I trial undertaken by 

Chawla et al. in a cohort of solid malignancies, including STS, reported that 

combination therapy of the multi-target TKI apatinib plus nivolumab resulted in 40% of 

evaluable patients displaying tumour shrinkage (Chawla et al., 2019). Similarly, early 

reports from a phase II study of leiomyosarcomas has shown the potential efficacy of 

combining the multi-target TKI cediranib, or PARP inhibitor olaparib, with ICI 

durvalumab, with 30% of patients displaying SD (Ayodele et al., 2021).  

Conversely, the combination modality of dasatinib plus ipilimumab in GIST and non-

GIST STS had limited combinatorial efficacy in a phase Ib study (D’Angelo et al., 

2017). Additionally, the study also noted that dasatinib did not favourably alter the TME 

to synergise with concomitant immune checkpoint inhibition (D’Angelo et al., 2017). 

This highlights the important consideration of which multi-target TKI is incorporated 

into combinatorial immunotherapeutic strategies, with multi-target TKIs targeting 

VEGF signalling within the TME postulated to play a critical factor in determining 

efficacy (Lee et al., 2020).  

The multi-target TKIs discussed within this thesis – pazopanib, regorafenib, 

sitravatinib, and anlotinib – are all potent inhibitors of VEGF signalling, in addition to 

their direct targeting of tumour growth-promoting RTKs. Previous successes with other 

VEGF-targeting TKIs in combination with ICIs therefore warrants further evaluation of 

the efficacy of pazopanib, regorafenib, sitravatinib, and anlotinib in combinatorial 

immunotherapeutic strategies. In fact, a preliminary case study of a single 

undifferentiated pleomorphic sarcoma patient treated with combination of pazopanib 

plus pembrolizumab resulted in very promising results, with disease regression 

observed over the course of 10 months (Arora et al., 2020). This finding warrants 

further exploration in larger cohorts of STS patients to evaluate this promising activity. 

Additionally, a phase I/II clinical trial of regorafenib plus avelumab (REGOMUNE) is 

currently being undertaken in a heterogeneous cohort of advanced STS patients and 

the results are eagerly awaited (NCT03475953). Although the activity of regorafenib, 

sitravatinib, and anlotinib combinations with ICIs have not yet been reported in 

advanced STS, they have shown utility in immunotherapeutic combinations in other 

solid malignancies, such as NSCLC and colorectal cancer (Cousin et al., 2021; Leal 
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et al., 2017; Yang et al., 2020; Zhai et al., 2021). Further clinical trial evaluations 

assessing the combinatorial efficacy of VEGFR-inhibiting multi-target TKIs plus 

immunotherapy in advanced STS are currently undergoing (NCT03396211; 

NCT04784247). There is a need for a greater understanding of the effects of multi-

target TKIs upon the immune microenvironment, as well as other aspects of the TME, 

in addition to their direct antitumour effect. Work in our group is currently underway to 

create three-dimensional STS models that incorporate aspects of the TME, such as 

immune cells, for accurate modelling of TME-tumour interactions. Using these models, 

I hope to better understand the immunomodulatory effects of multi-target TKI 

treatment in STS and assess for the combinatorial efficacy of these TKIs plus ICIs. 

Immunotherapeutic strategies incorporating chemotherapies have also elucidated 

potential efficacies in advanced STS. Firstly, the SAINT phase II trial examined the 

efficacy of a triple combination of ipilimumab, nivolumab, and topoisomerase II 

inhibitor trabectedin in a heterogeneous STS cohort (Gordon et al., 2020). The SAINT 

trial reported that the triple combination elicited high levels of disease control (disease 

control rate (DCR; 88%), whilst maintaining safe levels of toxicities (Gordon et al., 

2020). Furthermore, the phase I/II trial by Pollack et al. assessed for the efficacy of 

pembrolizumab plus doxorubicin in a heterogeneous STS cohort (Pollack et al., 2020). 

Despite the trial not meeting the predefined primary endpoint of the study (ORR; 35%), 

survival outcomes were favourable in relation to historical controls. In addition, Pollack 

et al. described promising disease control in more immunogenic “complex” STS 

subtypes, such as undifferentiated pleomorphic sarcoma (PR; 67%) and 

dedifferentiated liposarcoma (PR; 50%) (Pollack et al., 2020). However, certain 

combinations of ICI and chemotherapy have been reported to lack activity in STS. For 

instance, an interim analysis of a phase II trial of leiomyosarcoma patients treated with 

eribulin – a microtubule assembly inhibitor – plus pembrolizumab did not meet the 

predefined primary endpoint for efficacy of 60% 12-week PFR (Nathenson et al., 

2020). The liposarcoma and “other” STS subtype cohorts within this phase II trial have 

recently finished enrolling and results are awaited (Nathenson et al., 2020) 

(NCT03899805).  

Interestingly, recent studies have shown that STS patients can be stratified based on 

their immunogenic profiles, as well as the existence of tertiary lymphoid structures 

(TLS), for enhanced responses to ICI immunotherapy (Italiano et al., 2021; Petitprez 
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et al., 2020). In a recent study, Petitprez et al. reported that STS patients can be 

classified based on their immune profiles – immune-low, immune-high, or highly 

vascularised (Petitprez et al., 2020). The study found that the cohort of immune-high 

STS patients, characterised by high B cell counts, demonstrated improved PFS and 

significantly increased response rate to anti-PD-1 pembrolizumab monotherapy, 

compared to the remainder of the cohort (ORR; 50% vs. 25%, p = 0.026) (Petitprez et 

al., 2020). Additionally, the study found that the cohort of immune-high STS were 

characterised by the presence of TLS. TLS are ectopic aggregates of immune cells 

such as lymphocytes and dendritic cells that form at the tumour site as part of an 

immune response to disease, and their presence has correlated with favourable 

prognosis in solid tumours (Sautés-Fridman et al., 2019). Therefore, recent 

immunotherapy studies have focussed on stratifying STS patients based on the 

presence of TLS at the tumour site. For instance, the PEMBROSARC phase II study 

of pembrolizumab in combination with cyclophosphamide has shown that STS patients 

harbouring TLS had a significantly improved response (ORR; 27%, 6-month PFR; 

40%), when compared to the cohort as a whole (ORR; 2%, 6-month PFR; 4%) (Italiano 

et al., 2021). Following the success of this trial, further immunotherapy phase II trials 

utilising TLS-based stratification methods (e.g., CONGRATS, REGOMUNE, TRUST) 

have been designed and are currently recruiting (Table 7.1) (NCT03475953; 

NCT04095208; NCT04874311). 

The wave of ICI immunotherapy trials currently occurring in STS patients provide a 

promising future for further therapeutic options in advanced STS. Additionally, through 

a greater understanding of the TME of STS, patients can be more effectively stratified 

to enhance the efficacy of ICI immunotherapies and improve disease outcomes. In 

addition to ICI immunotherapies described above, vaccine and adoptive T cell transfer 

immunotherapies have also been undergoing clinical evaluation in STS. 

 

7.3.2.1 Vaccine immunotherapy 

Vaccine therapies in sarcoma are based on the concept of exogenously activating 

antigen-presenting dendritic cells to present a sarcoma-specific antigen to T cells. This 

therefore targets cytotoxic T cells towards the antigen-presenting tumour cells. Early 

studies based on this concept administered synovial sarcoma patients with synthetic 



 

257 
 

SS18-SSX fusion-derived peptide vaccines and reported encouraging preliminary 

results in a subset of patients (Kawaguchi et al., 2012). The exogenous peptide is 

recognised as a foreign antigen by the immune system, thereby producing an immune 

response that targets synovial sarcoma cells expressing the SS18-SSX antigen 

(Kawaguchi et al., 2012). More recently, a phase II trial conducted by Chawla et al. 

evaluated the utility of the vaccine regimen CMB305 in combination with the ICI 

atezolizumab in a large cohort of 89 patients with advanced synovial sarcoma or 

myxoid/round-cell liposarcoma (Chawla et al., 2021). CMB305 targets the NY-ESO-1 

antigen that is highly expressed on the cell surface of specific STS subtypes, namely 

synovial sarcoma (61%) and myxoid/round-cell liposarcoma (88%) (Iura et al., 2017; 

Lai et al., 2012). Additionally, expression of the NY-ESO-1 antigen outside of tumours 

is limited to tissues of the testes and is not expressed in other healthy tissues (Iura et 

al., 2017). CMB305 contains a lentiviral vector (LV305) that targets and transduces 

dendritic cells to express NY-ESO-1 antigens at their cell surface. Additionally, 

CMB305 also contains a lipid agonist that activates dendritic cells. Naïve T cells bind 

the NY-ESO-1 antigen upon activated dendritic cells and generate tumour-specific 

cytotoxic T cells that can subsequently target and kill tumour cells expressing the NY-

ESO-1 antigen (Albershardt et al., 2016; Chawla et al., 2021). Unfortunately, despite 

increases in anti-NY-ESO-1 immune responses, the combination of CMB305 vaccine 

plus atezolizumab did not significantly improve survival outcomes in patients 

compared to atezolizumab monotherapy (Chawla et al., 2021). Despite the lack of 

improved survival outcomes, the trial sets a benchmark for the large-scale feasibility 

of such treatments in specific STS subtypes, especially within combinatorial 

immunotherapeutic strategies (Chawla et al., 2021; NCT03450122). 

 

7.3.2.2 Adoptive T cell immunotherapy 

The use of adoptive T cell therapies has also shown early clinical promise in the 

treatment of advanced STS, most notably synovial sarcoma and myxoid/round cell 

liposarcoma. This immunotherapeutic technique utilises T cells, commonly from the 

patient being treated, that are genetically manipulated ex vivo in order to enhance their 

targeting of cancer cells. The modified T cells are then re-introduced into the patient 

to elicit their cytotoxic and immunostimulatory activity. Adoptive T cell therapies that 
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have shown promising efficacy in STS include engineered T cell receptor (TCR) 

therapy and chimeric antigen receptor T (CAR-T) therapy. These differ based on the 

type of antigen they can bind, with TCRs limited to antigens bound to major 

histocompatibility complexes (MHC) (Zhao & Cao, 2019).  

 

7.3.2.2.1 T cell receptor therapy 

In TCR therapy, the patient’s own T cells are harvested and genetically altered in order 

to express modified TCRs at the T cell surface. These TCRs are designed to 

specifically target cancer-associated antigens that are presented by MHCs on the 

surface of tumour cells. Upon re-introduction of the modified T cells into the patient, 

they target antigen-presenting tumour cells, thereby eliciting a cytotoxic activity to kill 

the cancer cell, as well as producing an immunostimulatory response in other immune 

cells. This, therefore, propagates an enhanced anticancer immune response towards 

further cells that express the specific cancer-associated antigen (Tsimberidou et al., 

2021).  

D’Angelo et al. have shown the utility of TCR therapies targeting the NY-ESO-1 

antigen that is highly expressed in synovial sarcomas in a phase I trial (D’Angelo et 

al., 2018). The utilised T cells were genetically modified to express affinity-enhanced 

TCRs directed towards the NY-ESO-1 antigen before being introduced into 12 synovial 

sarcoma patients. The study reported that the genetically-modified T cells expanded 

and persisted in the body for a prolonged duration (6 months), with an impressive ORR 

of 50% that was characterised by tumour shrinkage over the course of several months 

(D’Angelo et al., 2018). Building on the findings of this exploratory study, D’Angelo et 

al. developed the TCR therapeutic letetresgene autoleucel (lete-cel), designed to 

specifically target NY-ESO-1-positive STS (D’Angelo et al., 2021). The authors 

evaluated the efficacy of letetresgene autoleucel, following either high- or low-dose 

lymphodepletion, in a phase II study conducted on a cohort of myxoid/round-cell 

liposarcoma patients (D’Angelo et al., 2021). Lymphodepletion refers to short courses 

of chemotherapy (in this case fludarabine plus cyclophosphamide) that are employed 

to kill endogenous T cells before treatment with immunotherapeutic T cells. This is 

performed in order to enhance the therapeutic activity, expansion, and persistence of 

the immunotherapy (Bechman & Maher, 2021). D’Angelo et al. reported clinically 
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meaningful activity of a single letetresgene autoleucel treatment after high dose 

lymphodepletion, with prolonged (2.7-10.6 months) SD of 50% and durable (1-7.8 

months) ORR of 40% (D’Angelo et al., 2021). Building on the promising results, a 

further phase II clinical trial of letetresgene autoleucel in the treatment of advanced 

synovial sarcomas and myxoid/round-cell liposarcomas is currently recruiting 

(D’Angelo et al., 2020; NCT03967223). Furthermore, combinatorial trials of this 

immunotherapy in combination with chemotherapy, CMB305 vaccine therapy, and 

aldesleukin – a synthetic IL-2 mimic – in NY-ESO-1-positive sarcomas is currently 

undergoing (NCT03450122).  

In addition to letetresgene autoleucel, the MAGE-A4-targeting TCR therapy 

afamitresgene autoleucel is also undergoing clinical evaluation in advanced synovial 

sarcomas and myxoid/round cell liposarcomas. Similarly to NY-ESO-1, MAGE-A4 is a 

testes antigen that is highly expressed in synovial sarcomas (82%) and myxoid/round-

cell liposarcomas (68%), but not in the majority of healthy tissue (Iura et al., 2017). 

Therefore, D’Angelo et al. conducted a phase II study to evaluate the efficacy of 

afamitresgene autoleucel in a cohort of heavily pre-treated synovial sarcoma and 

myxoid/round-cell liposarcoma patients (D’Angelo et al., 2021). This trial found that 

the treatment was well tolerated with very promising response rates (ORR: 40%, SD: 

44%) (D’Angelo et al., 2021). Owing to the promising nature of these initial results, the 

trial is currently recruiting further synovial sarcoma and myxoid/round cell liposarcoma 

patients in an expanded cohort (NCT04044768). 

 

7.3.2.2.2 Chimeric antigen receptor T cell therapy 

CAR-T cell immunotherapy is a revolutionary method of anticancer therapy that has 

recently been approved for use in B-cell lymphoma and acute lymphoblastic 

leukaemia. In addition to their success in haematological malignancies, recent 

preclinical studies have shown that CAR-T cell immunotherapy also has a potential 

efficacy in solid tumours, including sarcoma (Marofi et al., 2021; Thanindratarn et al., 

2020). CAR-T cells are the patient’s own T cells that have been manipulated ex vivo 

in order to express synthetic CARs on the T cell surface. Upon reintroduction of the 

CAR-T cells into the patient, the CARs recognise and directly bind specific tumour-

associated antigens on the cancer cell surface, without the need for MHCs. This direct 
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binding results in T cell-induced cancer cell death and subsequent immunostimulation 

(Feins et al., 2019; Thanindratarn et al., 2020). A number of recent studies have 

revealed the existence of several sarcoma-associated antigens that can be targeted 

by CAR-T cell therapy, including HER2, disialoganglioside GD2, and insulin-like 

growth factor 1 receptor (IGF1R) (Thanindratarn et al., 2020). Utilising these sarcoma-

associated antigens, several clinical trials have been completed or are actively 

recruiting. For instance, in a cohort of HER2-positive sarcomas, HER2-CAR-T therapy 

showed promising preliminary, prolonged, and non-toxic activity (NCT00902044) 

(Ahmed et al., 2015). The authors postulate that combining CAR-T cells with other 

immunotherapies could result in the enhancement of CAR-T activity and persistence 

in STS (Ahmed et al., 2015; Grünewald et al., 2020). Additionally, further early-stage 

clinical trials utilising CAR-T cells targeted towards GD2, EGFR, or other sarcoma-

associated antigens are actively recruiting STS patients (NCT02107963; 

NCT03618381; NCT03356782).  

Although both CAR-T and TCR cells are known to face increased challenges in solid 

tumours compared to haematological malignancies, such as TME blocking 

immunotherapeutic penetration to the tumour, the identification of sarcoma-associated 

antigens highlights the potential value of adoptive T cell immunotherapy in STS 

(Thanindratarn et al., 2020). 

 

7.3.2.3 Immunotherapy and IL-8 signalling 

Previous work by our group (conducted by Dr. Alex Lee) has shown that increased IL-

8 levels correlated with pazopanib resistance in a patient with acquired resistance 

(Figure 4.1). This is consistent with previous studies in cellular preclinical models of 

lung cancer that have reported that IL-8 signalling activity confers acquired TKI 

resistance (Fernando et al., 2016; Liu et al., 2015). Furthermore, high IL-8 expression 

has commonly been associated with increased tumour grade and aggressiveness, as 

well as worse prognosis in various cancer types, including STS (Feng et al., 2018; 

Highfill et al., 2014; Rutkowski et al., 2002; Tobin et al., 2019). The work presented in 

Chapter 4 determined that IL-8 autocrine signalling did not induce pazopanib 

resistance in pazopanib-resistant cell models of STS. This was because the IL-8 

receptors, CXCR1 and CXCR2, were not found to be expressed in any of the 
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evaluated cell models. As CXCR1 and CXCR2 are known to be highly expressed on 

the surface of immune cells and other cells of the TME, I therefore hypothesised that 

if pazopanib resistance in STS is mediated by IL-8 signalling, then it is more likely to 

be due to paracrine signalling between the IL-8-excreting tumour cells and the 

surrounding TME. This hypothesis is consistent with previous studies that have shown 

that IL-8 paracrine signalling promotes the recruitment of immunosuppressive cells, 

notably myeloid-derived suppressor cells, to the TME. This activity thereby subdues 

antitumour immune response and T cell activity, as well as inducing targeted therapy 

resistance (David et al., 2016; Tan et al., 2018). Interestingly, the recruitment of such 

immunosuppressive cells into the TME by tumour-secreted IL-8 has also been shown 

to correlate with worse prognosis in patients treated with ICI immunotherapy (Schalper 

et al., 2020; Yuen et al., 2020).  

There has therefore been recent activity to develop and assess therapeutics that 

abrogate the activity of the IL-8-CXCR1 & -CXCR2 pathways for improved cancer 

therapy. Studies have reported a number of immunotherapeutic treatments that 

directly target IL-8 paracrine signalling in order to abrogate chemotaxis of 

immunosuppressive cells to the TME (Bilusic et al., 2019; Casili et al., 2005). This 

effect thereby overcomes IL-8-induced immunosuppression, resulting in an enhanced 

anticancer immune response (Bilusic et al., 2019; Casili et al., 2005). These include 

reparixin (repertaxin), which is a small molecule inhibitor of CXCR1 and CXCR2, and 

the humanised monoclonal antibody HuMax-IL8 that directly binds free IL-8 ligand, 

thereby preventing receptor binding (Bilusic et al., 2019; Casili et al., 2005). Due to 

known correlation between increased IL-8 paracrine signalling and therapeutic 

resistance, observed by both our lab and reported in previous studies, my future work 

will focus on whether using anti-IL-8 signalling therapies, in combination with multi-

target TKIs and/or ICIs, could potentiate the anticancer activity of the latter treatments 

and overcome therapeutic resistance in STS. In fact, building on a phase I clinical trial 

of HuMax-IL8 that reported safe toxicity profiles, a phase I/II trial of HuMax-IL8 plus 

nivolumab in advanced solid tumours is currently recruiting patients to assess whether 

HuMax-IL8 increases the anticancer activity of ICI immunotherapy (NCT03400332) 

(Bermejo et al., 2018). Furthermore, previous studies have shown that Src signalling 

is a direct upstream activator of CXCL8 (IL-8) expression (Lin et al., 2006; Trevino et 

al., 2005). Further work will therefore explore whether dasatinib, which I have shown 
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to be an effective treatment strategy in pazopanib-resistant STS cells, has a further 

collateral effect on paracrine IL-8 signalling and TME remodelling, in order to produce 

an anticancer immune response. 

Finally, interesting work by Jin et al. has reported preclinical utility of employing CAR-

T cells with transduced expression of CXCR1 or CXCR2 in murine models of solid 

tumours (Jin et al., 2019). As IL-8 is frequently highly expressed in high-grade and 

aggressive tumours, the authors found that expressing the IL-8 receptors in CD70-

targeted CAR-T cells resulted in an enhanced localisation of the cytotoxic T cells to 

the IL-8-secreting tumour site (Jin et al., 2019). CD70 is a tumour-associated antigen 

that has been shown to be potential target of CAR-T cell immunotherapy in solid 

tumours such as glioma, ovarian, and pancreatic cancers (Akce et al., 2018; Jin et al., 

2018; Jin et al., 2019). Jin et al. reported that the increased localisation of CXCR1- or 

CXCR2-expressing CAR-T lymphocytes at the tumour site (compared to CAR-T cells 

lacking IL-8 receptor expression) resulted in a significantly enhanced antitumour 

response (Jin et al., 2019).  

These results therefore suggest that similar strategies employing CXCR1- or CXCR2-

expressing T cell immunotherapies that target sarcoma-associated antigens (such as 

those discussed in Chapter 7.3.2.2) could potentially be effective in the treatment of 

STS tumours characterised by high IL-8 expression. In this way, rather than directly 

targeting the IL-8 signalling pathway, we could instead co-opt high IL-8 activity in STS 

tumours and use it to our advantage to guide immunotherapeutic cytotoxic T cells to 

the tumour site, thereby enhancing treatment efficacy, and potentiating a subsequent 

antitumour immune response. 

 

7.3.3 Personalised medicine and MULTISARC 

Personalised medicine is the ultimate goal of cancer therapy, where ‘the right drug, 

with the right dose, at the right time” is administered to individual patients to achieve 

the best possible response (Mathur & Sutton, 2017). This does not mean that each 

patient is treated differently to one another, which would be economically untenable, 

but rather genetic, transcriptomic, clinical, and epigenomic data is integrated and 

subsequently evaluated in order to stratify patients to be treated with the most effective 

therapy.  



 

263 
 

In regard to personalised medicine in STS, Lucchesi et al. have reported that up to 

41% of STS patients harbour potentially targetable genomic alterations (Lucchesi et 

al., 2018). Therefore, the authors postulate that genomic profiling could be employed 

to determine the presence of actionable genomic alterations in STS, with the aim of 

tailoring personalised therapy towards targeting the oncogenic consequences of the 

observed genomic aberrations (Lucchesi et al., 2018). Based on this hypothesis, the 

MULTISARC trial is a double-arm, randomised trial that will evaluate whether 

employment of NGS to guide therapy choice in the treatment of STS patients will 

improve their survival outcomes (NCT03784014). The trial will also assess whether 

the implementation of NGS in a large cohort is feasible without unreasonable delays. 

The MULTISARC trial will split STS patients 1:1 into two arms - an experimental and 

a standard arm. Within the experimental arm, NGS will be undertaken via exome and 

RNA sequencing and the results will be discussed within a multidisciplinary tumour 

board to provide a therapeutic decision for that patient based on their genomic profile. 

If a targetable genomic alteration is observed, subsequent targeted therapy will be 

employed based on the nature of the genetic aberration (Table 7.2). Conversely, the 

standard arm will contain patients treated with standard systemic therapy and will not 

be guided by NGS. The trial is currently actively recruiting, and the highly anticipated 

results are expected in 2024. The findings of this trial will further guide treatment 

strategies away from the one-size-fits-all paradigm of treating heterogeneous STS 

cohorts towards subtype-agnostic therapies based on molecular characteristics and 

underlying biology. 

Table 7.2: Treatment paradigms employed in the MULTISARC trial based 
on targetable genomic alterations determined via NGS. 

Targeted therapy Targetable genomic alterations 

Nilotinib KIT, PDGFRα, CSF1R 

Ceritinib ALK, ROS1 

Capmatinib MET 

Lapatinib HER2, EGFR 

Trametinib Ras, PTPN11, NF1, MEK 

Trametinib + Dabrafenib Ras, PTPN11, NF1, MEK, B-Raf 

Olaparib + Durvalumab PDL1, PARP 

Palbociclib CDK4/6 

Glasdegib Smoothened 

Futibatinib (TAS-120) FGFR 

ADP; Adenosine diphosphate, ALK; Anaplastic lymphoma kinase, CDK4/6; 
Cyclin-dependent kinase 4/6, CSF1R; Colony stimulating factor 1 receptor, 
EGFR; Epidermal growth factor receptor, FGFR; Fibroblast growth factor 
receptor, HER2; Human epidermal growth factor receptor 2, MEK; Mitogen-
activated protein kinase kinase, NGS; Next-generation sequencing, NF1; 
Neurofibromin 1, PARP; Poly (ADP-ribose) polymerase, PDGFRα; Platelet-
derived growth factor receptor α, PD-L1; Programmed death-ligand 1, 
PTPN11; Phosphatase non-receptor type 11, Raf; Rapidly accelerated 
fibrosarcoma, Ras; Rat sarcoma. 



 

264 
 

7.4 Concluding remarks and future directions 

There is currently only a single targeted therapy approved for the vast majority of 

advanced STS subtypes – the multi-target TKI pazopanib. However, clinical 

experience has revealed that STS patients treated with pazopanib universally 

encounter drug resistance, either through an intrinsic resistance or through the 

acquisition of resistance after prolonged treatment. Furthermore, patients treated with 

pazopanib were not found to live for significantly longer than if treated with placebo 

(Van der Graaf et al., 2012). There has therefore been a recent push to clinically 

evaluate other multi-target TKIs for improved efficacy in the treatment of advanced 

STS (Wilding et al., 2019). Unfortunately, findings from clinical trials have indicated 

that these evaluated multi-target TKIs are likely to suffer from the same drug 

resistance hurdles as pazopanib in the clinic (Mir et al., 2016; Oza et al., 2021; Van 

Tine et al., 2021; Wilding et al., 2019). Furthermore, upon disease progression with 

pazopanib treatment, STS patients currently lack approved salvage therapies for the 

effective treatment of pazopanib-resistant disease. There is therefore an unmet clinical 

need to better understand the resistance mechanisms of multi-target TKIs in advanced 

STS. This increased understanding will allow for the design of novel treatment 

strategies that can be employed to subvert the emergence of resistance or effectively 

treat TKI-resistant disease.  

By employing targeted pharmacological screens, this work identified dasatinib as an 

effective treatment in PDX-derived models of pazopanib-resistant STS. Rescue 

experiments determined that dasatinib mediates its antiproliferative properties through 

direct inhibition of the Src signalling pathway. Additionally, Src was found to be critical 

to the proliferation of pazopanib-resistant STS. The activity of dasatinib also translated 

into an in vivo antitumour effect. Although dasatinib has been found to have limited 

clinical activity in heterogeneous cohorts of STS, the work presented in this thesis 

provides preclinical evidence that nominates dasatinib for future clinical evaluation as 

a salvage therapy in pazopanib-refractory STS (Schuetze et al., 2016; Schuetze et al.; 

2017). Additionally, future work into determining enhanced Src activity in STS patients 

that harbour or develop pazopanib resistance may help to select for patients that are 

more likely to benefit from dasatinib first-line or salvage therapy.  
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Building on the finding that Src signalling is critical in pazopanib-resistant STS cell 

models, this work aimed to elucidate upstream signalling modulators of Src, with an 

initial focus on IL-8 signalling. However, IL-8 was not found to be an upstream 

regulator of Src activity in pazopanib-resistant STS due to the absence of IL-8 

autocrine signalling. Further exploration into the potential regulation of IL-8 expression 

by upstream Src activity and subsequent IL-8 paracrine signalling within the TME, in 

order to evaluate the association between Src activity, IL-8 signalling, and pazopanib 

resistance in STS provides an exciting avenue for future work. Preliminary work has 

also revealed that integrin activity may be an upstream mediator of Src activity in 

pazopanib-resistant STS. Future preclinical work is required to explore the link 

between integrin and Src signalling, as well as associated pathways, in order to 

understand the mechanisms of Src activity and potentially reveal further targetable 

vulnerabilities in pazopanib-resistant STS. It is also yet to be determined whether the 

activity of Src within these models is the cause of pazopanib resistance. Future work 

employing a matched pre-pazopanib model from the same tumour from which SARC-

209 was generated (whereby the tumour was responsive to pazopanib) will hopefully 

aim to elucidate this outstanding question. Additionally, positive and negative genome-

wide CRISPR screens could elucidate candidate genes that are associated with 

pazopanib resistance within the SARC-209 and the pre-pazopanib matched model. 

The putative model of Src mechanism in the SARC-209 cell model and the effects of 

dasatinib inhibition are outlined in Figure 7.1.  

 

 

 

 

 

 

 

Figure 7.1: Candidate model of Src activity within the SARC-209 pazopanib-resistant STS model. Dashed lines 

indicate potential links that require further evaluation to be fully confirmed. Image was created using BioRender. 
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This work also describes a number of potential treatment strategies that could be 

employed to subvert or control multi-target TKI resistance in MRT, and potentially 

other STS driven by PDGFR and FGFR signalling. Firstly, by working with PDGFRα- 

and FGFR1-driven MRT cells (A204 and G402), which acquire resistance to multi-

target TKI therapy after an initial sensitivity, I nominated erdafitinib and ponatinib as 

effective first-line therapies with potent antiproliferative and pro-apoptotic effects that 

result in the long-term abrogation of drug resistance. Further exploration into the in 

vivo efficacy of these treatments is required. I also derived TKI-resistant cells through 

the long-term exposure of A204 cells to the multi-target TKIs pazopanib, regorafenib, 

sitravatinib, and anlotinib. As per the findings in Wong et al., the TKI-resistant sublines 

were found to harbour reduced expression of PDGFRα and reduced Akt signalling 

when compared to the parental A204 cell line. Although further evaluation is required 

to prove causality of these phenotypes with multi-target TKI resistance, the 

consistency with the work by Wong et al. highly implies that loss of PDGFRα 

expression and subsequent loss of signal dependency on the Akt pathway is a 

mechanism of multi-target TKI resistance in these models. The putative model of multi-

target TKI resistance in the A204 TKI-resistant models is outlined in Figure 7.2. Future 

work will aim to answer these outstanding questions. Firstly I will evaluate whether re-

introduction of PDGFRα expression into the TKI-resistant sublines rescues multi-

target TKI sensitivity. Furthermore, I will undertake direct inhibition of the PI3K/Akt 

pathway in the TKI-resistant sublines and compare the effects to those seen in the 

parental cell line. This would be to elucidate whether the TKI-resistant sublines have 

indeed lost their dependency on Akt signalling for proliferation and survival.  

 

 

 

 

 

 

Figure 7.2: Candidate model of multi-target TKI resistance in the A204 TKI-resistant sublines. Dashed lines 

indicate potential links that require further evaluation to be fully confirmed. Image was created using BioRender. 
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Proteomic evaluation of these resistant sublines revealed a number of common 

alterations correlating with TKI resistance, and future work will focus on assessing the 

role that these changes have in the acquisition of TKI resistance. Targeted 

pharmacological screens and subsequent evaluations on the TKI-resistant cells 

revealed that erdafitinib and ponatinib, as well as their first-line efficacy, could also 

potentially be employed as salvage therapies in TKI-resistant STS driven by PDGFRs 

and FGFRs. Interestingly, the screen also revealed selective collateral sensitivity to 

infigratinib treatment in cells with an acquired resistance to sitravatinib. This nominates 

the possibility of employing an adaptive therapeutic approach whereby cells are pre-

treated with sitravatinib before switching to infigratinib upon the emergence of 

resistance. However, outstanding questions surrounding this collateral sensitivity 

remain. The reason behind the selective nature of infigratinib collateral sensitivity in 

response to sitravatinib pre-treatment and resistance is not yet understood. 

Preliminary research has opened up avenues of future research to answer this 

question including infigratinib inhibition of residual PDGFRα activity in sitravatinib-

resistant cells, as well as the potential roles of DDR2 and ephrin signalling. 

Furthermore, continuous treatment of sitravatinib pre-treated A204 cells with 

infigratinib results in the re-acquisition of resistance, and further modelling is required 

to determine potential collateral sensitivity cycles and sequences that could be 

employed in further lines of therapy. Through these means I hope to develop 

sequential or cycling strategies that leverage on the emergence of predictable 

collateral sensitivities that could effectively control tumour growth and provide a long-

term treatment benefit for a subset of advanced STS patients. 

To conclude, the following section will discuss the aims that were set out at the start 

of the thesis and discuss whether these have been achieved and where further work 

is needed. 

Aim 1: Derive and characterise models of acquired and intrinsic multi-target TKI 

resistance. This thesis discusses the derivation and characterisation of a number of 

STS models of TKI-resistance. Firstly, two PDX-derived models of acquired or intrinsic 

pazopanib resistance were generated and subsequently utilised to determine 

dasatinib as an effective salvage therapy in pazopanib-resistant STS. Furthermore, 

the SARC-209 PDX-derived cells were used to generate mouse models for in vivo 

confirmation of dasatinib efficacy in pazopanib-resistant STS, when compared to 
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vehicle. Finally, using immortalised cell line models with intrinsic pazopanib sensitivity, 

I was able to generate four TKI-resistant sublines through chronic exposure of the 

parental cell line to the multi-target TKIs pazopanib, regorafenib, sitravatinib, or 

anlotinib.  

Aim 2: Define signalling alterations associated with multi-target TKI resistance 

in STS models. Through proteomic evaluation of the A204 TKI-resistant sublines I 

have determined a number of consistent alterations that correlate with multi-target TKI 

resistance that warrant further future evaluation. Furthermore, and building on 

previous work by Wong et al., this project showed that the A204 TKI-resistant sublines 

harboured consistent loss of PDGFRα expression and Akt signalling when compared 

to the sensitive parental cells. Although Src was found to be critical to cell survival and 

proliferation in the PDX-derived cell models of pazopanib-resistant STS (SARC-209 

and J000104314), it is yet to be determined whether Src activity is the cause of 

pazopanib resistance within these models. Future work utilising CRISPR screens and 

matched pazopanib-sensitive models will aim to define signalling alterations 

associated with pazopanib resistance in these models. 

Aim 3: Characterise mechanism driving multi-target TKI resistance and develop 

new salvage therapies in STS. This project has determined a number of salvage 

therapies and therapeutic strategies that can be utilised in multi-target TKI-resistant 

STS. Firstly, I found that dasatinib is an effective salvage therapy for pazopanib-

resistant STS models. Secondly, the project has also discussed a number of 

therapeutic strategies involving infigratinib, erdafitinib, and ponatinib for the treatment 

of MRT. The first of these is the first-line treatment of MRT with erdafitinib or ponatinib 

was found to subvert the emergence of resistance. Building on this I also found that 

second-line treatment with erdafitinib or ponatinib following the emergence of multi-

target TKI resistance was an effective strategy in controlling resistance. Finally, the 

project has also revealed a therapeutic regimen leveraging on collateral sensitivity 

whereby pre-treatment with sitravatinib results in a population of cells that are 

selectively sensitive to infigratinib treatment. Despite the determination of these 

salvage therapies and treatment regimens for multi-target TKI-resistant STS, the 

project currently lacks any definitive resistance mechanisms. The project has 

uncovered a number of associated signalling alterations with multi-target TKI but 
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further work (as discussed throughout the thesis) is required to fully confirm the 

causative role of these alterations in generating multi-target TKI resistance.  
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Figure S1: Genomic sequencing results of SARC-209 CXCR1-expressing cells. Genomic sequencing was 

undertaken using Eurofins Genomics’ TubeSeq service. CXCR1; C-X-C motif chemokine receptor 1.  
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Figure S2: Genomic sequencing results of SARC-209 CXCR2-expressing cells. Genomic sequencing was 

undertaken using Eurofins Genomics’ TubeSeq service. CXCR2; C-X-C motif chemokine receptor 2.  
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Table S1: A204, SARC-209, and J000104314 cells treated with pazopanib (Paz), with associated IC50 (μM). 

Cell model Paz IC50 (μM) (± S.D.) 

A204 0.56 (± 0.30) 

SARC-209 8.22 (± 1.28) 

J000104314 > 10 (n/a) 

IC50: Inhibitory constant, n/a; Not available, S.D.; Standard deviation, Green indicates IC50 < 1 µM. Red indicates IC50 > 2 µM. 

 

Table S2: Inhibitors with ≤ 60% cell viability (compared to DMSO control) in small molecule inhibitor screens of SARC-209 
and J000104314 cells. 

SARC-209 (n=8) J000104314 (n=6) 

Dasatinib Dasatinib 

Dactolisib (BEZ235) Dactolisib (BEZ235) 

BI-2536 BI-2536 

JQ1 JQ1 

Alisertib Navitoclax 

Talazoparib Luminespib (NVP-AUY922) 

Neratinib   

Ponatinib   

DMSO; Dimethyl sulfoxide. 

 

Table S3: SARC-209 and J000104314 cells treated with the TKIs pazopanib (Paz) and dasatinib (Das), with associated IC50 
values (μM). 

Cell model Paz IC50 (μM) (± S.D.) Das IC50 (μM) (± S.D.) 

SARC-209 8.46 (± 2.74) 0.64 (± 0.05) 

J000104314 > 10 (n/a) 0.18 (± 0.03) 

IC50: Inhibitory constant, n/a; Not available, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. 
Red indicates IC50 > 2 µM. 

 

Table S4: EV, SrcWT, and SrcT338I cells treated with dasatinib (Das), with associated IC50 values (μM). 

Cell model Das IC50 (μM) (± S.D.) 

EV 0.87 (± 0.32) 

SrcWT 0.50 (± 0.27) 

SrcT338I > 10 (n/a) 

EV; Empty vector, IC50: Inhibitory constant, n/a; Not available, S.D.; Standard deviation, SrcT338I; Dasatinib-resistant Src, SrcWT; Wild-
type Src. Green indicates IC50 < 1 µM. Red indicates IC50 > 2 µM. 
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Table S5: Panel of 14 sarcoma cell lines treated with the TKIs pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), and 
anlotinib (Anlo), with associated IC50 values (μM). 

Cell line Paz IC50 (μM) (± S.D.) Reg IC50 (μM) (± S.D.) Sit IC50 (μM) (± S.D.) Anlo IC50 (μM) (± S.D.) 

A204 0.37 (± 0.10) 0.83 (± 0.16) 0.30 (± 0.06) 0.62 (± 0.18) 

G402 0.38 (± 0.05) 0.71 (± 0.06) 0.23 (± 0.10) 0.41 (± 0.41) 

SAOS2 > 10 (n/a) 5.92 (± 0.09) 3.46 (± 0.69) 3.48 (± 0.65) 

U2OS > 10 (n/a) 8.97 (± 2.51) 2.38 (± 0.79) 3.27 (± 0.37) 

HT1080 > 10 (n/a) > 10 (n/a) 4.01 (± 1.37) 2.67 (± 0.93) 

MESSA > 10 (n/a) > 10 (n/a) 1.73 (± 0.40) 3.84 (± 0.87) 

SJSA1 > 10 (n/a) > 10 (n/a) 3.66 (± 0.09) 4.02 (± 0.06) 

SW684 8.26 (± 0.45) 6.89 (± 2.46) 1.95 (± 0.74) 1.68 (± 0.22) 

SW872 > 10 (n/a) > 10 (n/a) 3.57 (± 0.88) 4.50 (± 0.55) 

Hs729T > 10 (n/a) > 10 (n/a) 2.61 (± 1.84) 4.20 (± 0.83) 

RMS-YM 5.34 (± 1.50) 4.27 (± 0.93) 0.84 (± 0.17) 1.64 (± 0.50) 

RUCH3 > 10 (n/a) > 10 (n/a) 2.91 (± 1.23) 4.27 (± 0.74) 

T91-95 > 10 (n/a) 7.99 (± 0.33) 2.10 (± 0.16) 1.44 (± 0.21) 

SW982 4.68 (± 0.72) > 10 (n/a) 1.13 (± 0.15) 3.18 (± 1.40) 

IC50; Inhibitory constant, n/a; Not available, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. 
Orange indicates IC50 of 1-2 µM. Red indicates IC50 > 2 µM. 

 

Table S6: A204 and G402 cells treated with combinations of the TKIs pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), 
and anlotinib (Anlo), with associated IC50 values (μM). 

TKI treatment 
A204 G402 

IC50 (μM) (± S.D.) IC50 (μM) (± S.D.) 

Paz 0.44 (± 0.12) 0.32 (± 0.12) 

Reg 0.59 (± 0.16) 0.51 (± 0.04) 

Sit 0.14 (± 0.07) 0.28 (± 0.11) 

Anlo 0.30 (± 0.06) 0.41 (± 0.01) 

Paz + Reg 0.39 (± 0.05) 0.51 (± 0.07) 

Paz + Sit 0.13 (± 0.03) 0.29 (± 0.03) 

Paz + Anlo 0.27 (± 0.03) 0.42 (± 0.09) 

Reg + Sit 0.14 (± 0.05) 0.40 (± 0.05) 

Reg + Anlo 0.32 (± 0.09) 0.50 (± 0.13) 

Sit + Anlo 0.16 (± 0.02) 0.35 (± 0.05) 

IC50; Inhibitory constant, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. 

 

Table S7: A204 and G402 cells treated with combinations of the TKIs pazopanib (Paz), regorafenib (Reg), sitravatinib (Sit), 
anlotinib (Anlo), infigratinib (Inf), erdafitinib (Erda), and ponatinib (Pon), with associated IC50 values (μM).  

TKI treatment 
A204 G402 

IC50 (μM) (± S.D.) IC50 (μM) (± S.D.) 

Paz 0.47 (± 0.08) 0.46 (± 0.07) 

Reg 0.56 (± 0.13) 0.61 (± 0.09) 

Sit 0.20 (± 0.06) 0.25 (± 0.10) 

Anlo 0.29 (± 0.02) 0.42 (± 0.07) 

Inf 1.68 (± 0.28) 1.85 (± 0.50) 

Erda 0.25 (± 0.08) 0.15 (± 0.03) 

Paz + Inf 0.14 (± 0.04) 0.17 (± 0.02) 

Reg + Inf 0.23 (± 0.03) 0.38 (± 0.11) 

Sit + Inf 0.05 (± 0.01) 0.06 (± 0.01) 

Anlo + Inf 0.15 (± 0.05) 0.24 (± 0.05) 

Paz + Erda 0.11 (± 0.05) 0.12  (± 0.01) 

Reg + Erda 0.18 (± 0.04) 0.20 (± 0.04) 

Sit + Erda 0.03 (± 0.01) 0.04 (± 0.01) 

Anlo + Erda 0.11 (± 0.02) 0.13 (± 0.03) 

Pon 0.05 (± 0.01) 0.05 (± 0.01) 

IC50; Inhibitory constant, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. Orange indicates IC50 
of 1-2 µM. 
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Table S8: A204 parental cells and TKI-resistant sublines treated with the TKIs pazopanib (Paz), regorafenib (Reg), 
sitravatinib (Sit), or anlotinib (Anlo), with associated IC50 values (μM). 

Cell model Paz IC50 (μM) (± S.D.) Reg IC50 (μM) (± S.D.) Sit IC50 (μM) (± S.D.) Anlo IC50 (μM) (± S.D.) 

A204 0.77 (± 0.08) 0.67 (± 0.20) 0.54 (± 0.16) 0.57 (± 0.09) 

A204PazR 5.74 (± 1.33)  
 

 A204RegR 

 

5.23 (± 0.57) 

A204SitR 
 

4.71 (± 0.55) 

A204AnloR  1.95 (± 0.22) 

IC50; Inhibitory constant, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. Orange indicates IC50 
of 1-2 µM. Red indicates IC50 > 2 µM. 

 

Table S9: A204 parental cells and TKI-resistant sublines treated with the TKIs pazopanib (Paz), regorafenib (Reg), 
sitravatinib (Sit), and anlotinib (Anlo) to assess cross-resistance, with associated IC50 values (μM). 

Cell model Paz IC50 (μM) (± S.D.) Reg IC50 (μM) (± S.D.) Sit IC50 (μM) (± S.D.) Anlo IC50 (μM) (± S.D.) 

A204 0.42 (± 0.08) 0.73 (± 0.09) 0.23 (± 0.06) 0.57 (± 0.04) 

A204PazR 7.89 (± 1.60) 6.73 (± 1.18) 2.29 (± 0.59) 1.90 (± 0.25) 

A204RegR 8.89 (± 0.11) 8.45 (± 1.89) 1.99 (± 0.31) 1.71 (± 0.37) 

A204SitR 6.53 (± 1.04) 9.24 (± 1.39) 2.82 (± 0.63) 1.72 (± 0.15) 

A204AnloR 6.03 (± 2.25) 7.85 (± 1.87) 1.65 (± 0.13) 2.28 (± 0.23) 

IC50; Inhibitory constant, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. Orange indicates IC50 
of 1-2 µM. Red indicates IC50 > 2 µM. 

 

Table S10: Inhibitors with ≤ 60% cell viability (compared to DMSO control) in small molecule inhibitor screens of A204 and 
A204 TKI-resistant sublines. 

A204 (n=16) A204PazR (n=5) A204RegR (n=5) A204SitR (n=7) A204AnloR (n=6) 

Ponatinib Ponatinib Ponatinib Ponatinib Ponatinib 

Erdafitinib                        
(JNJ-42756493) 

Erdafitinib                     
(JNJ-42756493) 

Erdafitinib                           
(JNJ-42756493) 

Erdafitinib                        
(JNJ-42756493) 

Erdafitinib                              
(JNJ-42756493) 

Luminespib                     
(NVP-AUY922) 

Luminespib                   
(NVP-AUY922) 

Luminespib                       
(NVP-AUY922) 

Luminespib                       
(NVP-AUY922) 

Luminespib                          
(NVP-AUY922) 

BI-2536 BI-2536 BI-2536 BI-2536 BI-2536 

Dactolisib (BEZ235) Dactolisib (BEZ235) Foretinib Dactolisib (BEZ235) Dactolisib (BEZ235) 

Foretinib 

 

Infigratinib (BGJ-398) Infigratinib (BGJ-398) 

Neratinib Neratinib  

JQ1 

 

 

Dasatinib  

Cediranib  

Lenvatinib  

Regorafenib  

Imatinib  

Pazopanib  

Sunitinib  

Sorafenib  

 

 

 

 

DMSO; Dimethyl sulfoxide, TKI; Tyrosine kinase inhibitor.  

 

Table S11: A204 TKI-resistant sublines treated with combinations of the TKIs pazopanib (Paz), regorafenib (Reg), 
sitravatinib (Sit), anlotinib (Anlo), erdafitinib (Erda) and ponatinib (Pon), with associated IC50 values (μM). 

TKI treatment A204PazR  A204RegR A204SitR A204AnloR 

Paz IC50 (μM) (± S.D.) 5.55 (± 0.26)    

Reg IC50 (μM) (± S.D.)  7.02 (± 0.49)   

Sit IC50 (μM) (± S.D.)   2.12 (± 0.08)  

Anlo IC50 (μM) (± S.D.)    1.50 (± 0.34) 

Erda IC50 (μM) (± S.D.) 1.22 (± 0.15) 1.02 (± 0.35) 0.24 (± 0.02) 0.23 (± 0.09) 

Pon IC50 (μM) (± S.D.) 0.21 (± 0.06) 0.27 (± 0.27) 0.22 (± 0.06) 0.20 (± 0.06) 

IC50; Inhibitory constant, S.D.; Standard deviation, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. Orange indicates IC50 
of 1-2 µM. Red indicates IC50 > 2 µM. 
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Table S12: A204 parental cells and TKI-resistant sublines treated with infigratinib (Inf), with associated IC50 values (μM). 

TKI treatment A204 A204PazR A204RegR A204SitR A204AnloR 

Inf IC50 (μM) 1.68 1.91 (± 0.87) 0.98 (± 0.25) 0.39 (± 0.06) 0.63 (± 0.09) 

IC50; Inhibitory constant, TKI; Tyrosine kinase inhibitor. Green indicates IC50 < 1 µM. Orange indicates IC50 of 1-2 µM. Red indicates 
IC50 > 2 µM. 
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