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Abstract

Ewing sarcoma is the second most common sarcoma in adolescents, which originates in
skeletal (axial and non-axial) and extraskeletal sites (soft tissue). Skeletal Ewing sarcoma
metastasises most frequently to the lungs or bones, whereas the extraskeletal disease
spreads commonly to lymph nodes or bones. Current treatments have increased 5-year
survival rates for patients with the localised disease to 70%, although the outcomes for
patients with metastatic disease remains low. A newer class of drugs, proteasome inhibitors
(such as bortezomib, ixazomib, and carfilzomib) which have recently become FDA
approved in the treatment of multiple myeloma, are promising new drug candidates.
Bortezomib has undergone unsuccessful clinical trials against Ewing sarcoma and other
solid tumour types. However, recent studies provide hope for the efficacy of the newer

class proteasome inhibitors ixazomib and carfilzomib against solid tumours.

This project determined that proteasome inhibitors were more effective at reducing the
viability of mammalian Ewing cell lines than current chemotherapies, cisplatin, and
doxorubicin. Novel extraskeletal Ewing xenograft models were established, by introducing
human A673 cells into the muscle or the circulation of BALB/c nude mice. Subsequent
experiments revealed that bortezomib and ixazomib significantly increased the survival of
mice bearing intramuscular Ewing sarcoma xenografts, although this efficacy was
insufficient for clinical relevance. Intravenous inoculation with A673 cells resulted in

metastasis at multiple sites.

Patients with metastatic Ewing sarcoma have 5-year survival rates of below 30%,
highlighting the importance of developing more effective treatments in this field. Currently
published Ewing sarcoma metastatic mouse models report metastatic spread to the lungs
with little focus on other sites such as muscle, bone, liver, and brain tissue as seen in the
clinical setting. The Ewing sarcoma mouse models developed in this project could be used
to test drug efficacy to improve clinical outcomes and better understand the metastatic

disease.



Chapter 1: Introduction

1.1 Sarcomas overview

Sarcomas are a rare group of bone and soft tissue cancers which are of mesodermal origin
(Toroetal., 2006). They usually originate in soft tissue, cartilage or bone and are classified
based on their histology and chromosomal translocations (Fletcher et al., 2003). Overall,
soft tissue sarcomas are most prevalent with 4.3 to 6.1 diagnoses per 100,000 people per
year, whilst bone sarcomas afflict 1.5 to 2.6 people per 100,000 per year (Trautmann et al.,
2015). Although, in totality sarcomas represent 1% of all adult malignancies they are far
more prevalent in children as they account for over 10% of all paediatric cancers (Fletcher
etal., 2013). Osteosarcoma and Ewing sarcoma are the two most common sarcomas in the
0-24 age group whereas leiomyosarcomas are most common in patients over the age of 65

(Stiller et al., 2013) (Figure 1).
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Figure 1: Incidence rates per 100,000 for sarcomas by age. Relative incidence rates for various
sarcomas based on age group in Europe. Graph generated from published data (Stiller et al., 2013).
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On average, current 5-year survival rates for patients diagnosed with a soft tissue sarcoma
are 58%, compared to 62% for bone sarcomas (Stiller et al., 2013). Across all sarcoma
subtypes, the 5-year survival rate is at around 60-70%, which dramatically decreases for

patients with the metastatic disease (Figure 2).
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Figure 2: 5-year survival rates for primary and metastatic sarcomas. This graph shows the 5-year
survival rates for osteosarcoma, leiomyosarcoma, rhabdomyosarcoma and Ewing sarcoma for both the
primary and metastatic disease, graph generated from published data (Peng et al., 2014; Stiller et al.,
2013).

1.2 Sarcomas
1.2.1 Ewing sarcoma

Ewing sarcoma is a ‘round cell sarcoma’ which was first identified by James Ewing in
1921, when treating a 14 year old girl with a fractured ulna (Ewing, 1972). It is the second
most common sarcoma in children and young adults, behind osteosarcoma (Stiller et al.,
2013). This sarcoma commonly develops in extraosseous sites (Applebaum et al., 2011)
as well as in the femur, tibia and humerus bones, with metastasis in 30% of cases to the
lungs, surrounding bone and soft tissue (Cotterill et al., 2000; Rodriguez-Galindo et al.,
2007; Womer et al., 2012). When diagnosed primarily in the axial and non-axial skeleton

it is classified as skeletal Ewing sarcoma (Worch et al., 2018). In these cases, metastatic
11



spread most commonly is to the lungs or bones (Worch et al., 2018). Patients diagnosed
with extraskeletal Ewing sarcoma present most frequently with the localised disease in the
soft tissue surrounding bones (Huh et al., 2015). These tumours spread most prevalently
to lymph nodes, bones or lungs (Huh et al., 2015). Although extraskeletal Ewing sarcoma
metastasises most commonly to these sites, a significant minority of patients with this
disease have metastasis elsewhere such as abdominal organs, the peritoneum, the brain
(Huh et al., 2015) as well as cardiac muscle (Murad et al., 2019; Petrovic et al., 2016).
Older patients with Ewing sarcoma were shown to have a lower probability of presenting
with metastatic disease at diagnosis, whilst pelvic tumours were most likely to metastasise
in older patients compared to cranial, limb and spinal tumours (Shi et al., 2020). From the
SEER database, 2269 patients were diagnosed with Ewing sarcoma from 1983-2015, two
thirds were male whilst 70.1% of total cases were below 20 years of age (Shi et al., 2020).
The SEER database (Surveillance, Epidemiology and End Results database) in that study
was composed of 18 different cancer registries, accounting for about a third of the total US

population from 1983-2015 (Shi et al., 2020).

Around 80% of Ewing cases feature a translocation joining the EWSR1 gene (Ewing
sarcoma breakpoint region 1) on chromosome 22 to FLI1 (Friend leukemia virus
integration site 1) on chromosome 11, which enhances its metastatic potential (Chaturvedi
et al., 2014). The protein encoded by the EWS-FLI1 fusion gene has been shown to
function as a transcriptional activator upregulating the oncogene c-myc (Bailly et al., 1994)
and more recently as a transcriptional repressor by inhibiting the expression of tumour
suppressor genes, which drives tumour development (Sankar et al., 2013a). Knocking
down the expression of EWS-FLI1 caused an increase in cell adhesion and reduced
motility, which indicated that this translocation plays a role in tumour invasiveness and
metastasis (Chaturvedi et al., 2014). Therefore, therapeutically targeting the EWS-FLI1

oncogenic transcription factor is a promising field of research. Consequently, efficacy has
12



been identified in mouse models in which mRNA expression of EWS-FLI1 was disrupted
using transcriptional repressor drug and cells treated with these agents had reduced

replication rates and were sensitive to apoptosis (Jacques et al., 2016).

Current chemotherapy treatments for Ewing sarcoma include vincristine, doxorubicin and
cyclophosphamide with cycles of ifosfamide and etoposide, which have increased 5-year
survival rates for the primary disease from below 40% to 70% (Womer et al., 2012). Prior
to chemotherapies, low survival rates reflected the use of treatments that only combated the
localised disease through surgery and radiation (Nesbit, 1976). Fifty-percent of relapses
occur within 17 months of remission most frequently with patients presenting with
metastasis to bones and lungs (Heinemann et al., 2018). Overall 5-year survival rates drop
to 10% for patients developing distant recurrent Ewing sarcoma within two years of
remission, compared to 24% survival rates for local relapses (Barker et al., 2005; Leavey
et al., 2008; Stahl et al., 2011). Along with front-line chemotherapies, recurrent Ewing
sarcoma treatments also involve platinating agents such as cisplatin or carboplatin (van
Maldegem et al., 2015). Patients with pulmonary metastasis are treated via lung irradiation,
as well as the same chemotherapies as the primary disease but unfortunately these are less
effective against metastases; patients with the metastatic disease have 5-year survival rates
around 30% (Hamilton et al., 2017; Khannaet al., 2017). The most common mouse models
for studying Ewing sarcoma biology and treatment involve subcutaneous implantations in
the flanks of nude mice (Sankar et al., 2013b). Other models entail establishing primary
Ewing sarcoma by implanting Ewing cells into the tibia to study the effects that the tumour

has on the bone and surrounding tissues (Chaturvedi et al., 2014).
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1.2.2 Rhabdomyosarcoma

Rhabdomyosarcoma is the most common paediatric soft tissue sarcoma, presenting
commonly in the head and neck region and is associated with skeletal muscle (Ognjanovic
et al., 2009). The most common subtypes are embryonal rhabdomyosarcoma with an
annual incidence rate of 4.5 per million people in the US, compared to alveolar
rhabdomyosarcoma with 2.6 per million (Ognjanovic et al., 2009). Although less common,
the alveolar subtype is more fatal and is associated with a chromosomal translocation in the
PAX3 or PAX7 gene on chromosome 2 with FOXO1 on chromosome 13 (Barr et al., 1993,
Skapek et al., 2013). This translocation has been shown to enhance the functionality of the
RASSF4 gene which is involved in enhancing cell proliferation as well as inhibiting tumour
suppresser genes (Crose et al., 2014). Not all alveolar rhabdomyosarcomas present as
PAX-gene fusion positive; tumours that lack the fusion protein have a greater mutational
burden (number of somatic non-synonymous mutations per tumour genome) (Shern et al.,
2014). The most common somatic mutations presenting in rhabdomyosarcoma tumours
include NRAS, KRAS and PIK3CA which are involved in the receptor tyrosine kinase
pathway predominantly found in embryonal rhabdomyosarcoma tumours (Shern et al.,
2014). Other genes vital for cell cycle such as an E3 ubiquitin ligase, FBXW?7 were found
to be mutated at arginine residues although only found in PAX-gene fusion negative

alveolar subtypes (Shern et al., 2014).

The current rhabdomyosarcoma treatments of vincristine, actinomycin D and
cyclophosphamide have improved overall 5-year survival rates to around 70%, with
minimal impact on the metastatic disease since the 1970s (Crist et al., 1990; Ognjanovic et
al., 2009). Although, these same chemotherapy agents only increased 5-year survival rates
for alveolar rhabdomyosarcoma from 40% in the 1970s to 48% in the 2000s (Ognjanovic
et al., 2009).

14



Pleomorphic and spindle cell rhabdomyosarcomas are other subtypes which are
distinguishable based on their cell morphology and are usually diagnosed via histological
analysis of a patient’s biopsy (Ingley et al., 2020). Relatively recently, spindle cell
rhabdomyosarcoma was clinically distinguished from embryonal rhabdomyosarcoma by
the World Health Organisation (Bridge et al., 2013). Since then a genetic point mutation
in adult spindle cell rhabdomyosarcomas in the myogenic transcription factor MYOD1
Leul22Arg has been uncovered to distinguish between subtypes (Szuhai et al., 2014).
Although not all pleomorphic rhabdomyosarcomas possess this mutation, patients whose
tumours had the mutation had significantly poorer overall survival rates (Kohsaka et al.,
2014). Currently, around 35% of rhabdomyosarcoma patients develop metastases, most
commonly in surrounding bones, the lungs or less commonly the lymph nodes (Kim et al.,

2017).

1.2.3 Leiomyosarcoma

Leiomyosarcomas represent 24% of all soft tissue sarcomas making them the most common
smooth muscle sarcoma (Duman et al., 2012; Toro et al., 2006). The most prevalent site
of the primary tumour is the uterus (uterine leiomyosarcoma) representing 2% of all uterine
cancers (Toro et al., 2006). Other sites of this sarcoma include the abdomen, thorax/trunk,
gastrointestinal viscera as well as the genitourinary viscera (Agaram et al., 2016; Gladdy
etal., 2013). Leiomyosarcomas can also be classified on their level of smooth muscle cell
differentiation based on their histology (Demicco et al., 2015). In one study, primary
leiomyosarcomas were well differentiated in 53% of patients compared to 26% in the
metastatic disease (Demicco et al., 2015). Metastasis occurs in 81% of patients, most
frequently to the lungs or the peritoneum and surrounding bones (Tirumani et al., 2014).
Current screening methods of MRI and CT imaging have not been reliable in detecting
differences between malignant and non-malignant leiomyosarcomas, with biopsies only

15



verifying malignancies in around 50% of cases (Ricci et al., 2017; Skorstad et al., 2016).
Proteins such as Stathmin 1 (STMNZ1) which are involved with destabilising microtubules,
are used as biomarkers in the detection of primary uterine leiomyosarcoma and have been
shown to be expressed in all leiomyosarcoma cases (Allen et al., 2015). Leiomyosarcoma
can also feature frameshift, missense and in-frame deletion TP53 mutations and, less

commonly, deletions of the RB1 gene (Agaram et al., 2016).

Frontline therapies usually involve surgical resection of the tumour and complete removal
of the uterus in uterine leiomyosarcoma cases (Juhasz-Boss et al., 2018; Ricci et al., 2017).
Although less effective, radiotherapy and chemotherapies such as gemcitabine and
docetaxel or doxorubicin and ifosfamide are used (Ricci et al., 2017; Seddon et al., 2017),
with the most important predictor of survival being the stage of disease diagnosis (Foley et
al., 2015). Patients with stage | disease had an overall 5-year survival rate of 55.2%
compared to 21.7% if diagnosed with distant metastasis and stage IV leiomyosarcoma
(Zivanovic et al., 2012). A major hurdle in the treatment of leiomyosarcoma has involved
overcoming multi-drug resistance. This resistance to chemotherapies is believed to be due
to the overexpression of drug efflux transporters on the membrane of the sarcoma cells,
such as ATP binding transporter P-glycoprotein 1 (Hua et al., 2005; Hung et al., 2014).
Biomarkers involved in regular smooth muscle differentiation such as desmin correlated
with improved overall leiomyosarcoma patient survival and, less differentiated tumour

tissue correlated with poorer overall survival rates (Demicco et al., 2015).

1.3 Sarcoma mouse models

The development of immunocompetent and immunocompromised sarcoma mouse models
has provided a means of evaluating potential new drug candidates against sarcomas. A soft

tissue Ewing sarcoma mouse model was established via intramuscular A673 cell injections

16



in muscles surrounding the tibia which also caused intratibial metastasis (Odri et al., 2010).
Also, Ewing sarcoma Patient-Derived Xenografts have been shown to grow in the flanks
of immunodeficient mice, as a means for retaining tumour architecture (Ordoriez et al.,
2015). KHOS, a human osteosarcoma cell line (Duan et al., 2017) and JJ012, a
chondrosarcoma cell line (Liu et al., 2015) have been successfully incorporated into an
acellular Matrigel based-matrix providing a scaffold for tumorigenesis. This approach
resulted in successful primary sarcoma mouse models in CB-17 SCID mice achieved via
subcutaneous implantation of one million cells into the flanks of those

immunocompromised mice (Liu et al., 2015).

Genetically engineered mouse models which develop spontaneous sarcomas, and hence
have greater clinical relevance than implantation models, have been established for
osteosarcoma but unfortunately not to date for Ewing sarcoma. An osteoblast Cre-lox
deletion of tumour suppressors p53 and RB-1 in mice mimicked the fibroblastic
osteosarcoma phenotype in patients (Berman et al., 2008; Walkley et al., 2008). As a result
of this deletion the mice spontaneously developed osteosarcomas in the lower jaws, ribs
and hind legs with >39% of mice developing lung metastasis (Walkley et al., 2008).
Knockdown of p53 using shRNA led to the development of an osteoblastic model with
osteosarcomas spontaneously developing in the mice’s long bones with metastasis
primarily to the lungs (Mutsaers et al., 2013). Although successful in osteosarcoma,
potential Ewing sarcoma spontaneous models via the expression of the EWS-FLI1
transgene have yet to be established. Expression of this transgene using various promoters
in osteoblasts, neuronal tissue and ubiquitously all resulted in embryonic lethality or defects

in murine development (Minas et al., 2017).

Established metastatic Ewing sarcoma mouse models have involved the implantation of
cells into gastrocnemius muscles then, after a defined period of growth, the primary

17



tumours were surgically removed to allow the mice to survive long enough for lung
metastasis to grow (Hong et al., 2015; Lagares-Tena et al., 2016). These BALB/c nude
mice developed lung tumours, although 20% were required to be culled prior to endpoint
analysis due to tumour relapses post-surgery to tissues that were not resected (Lagares-
Tena et al., 2016). Other techniques used to develop metastatic Ewing sarcoma mouse
models have involved injecting immunodeficient mice intravenously with 2 x 10% A673
Ewing sarcoma cells (Lagares-Tena et al., 2016; Richter et al., 2009; Sainz-Jaspeado et al.,

2010), which led to detectable lung metastasis determined after endpoint analysis.

The efficiency of this “experimental” metastasis was found to be enhanced in other cancer
types by transiently depleting natural killer (NK) cells prior to the intravenous implantation
of cancer cells (Coupland et al., 2013; Harris et al., 2020c). Twenty-eight days post tail-
vein injection of luciferase-expressing osteosarcoma cells into mice, the sarcoma cells
became detectable in the lungs via bioluminescent imaging in most of the immunodeficient
mice whose NK cells had been depleted (Harris et al., 2020c). At the same time these cells
were not detected in any of the animals with unaltered NK cell levels (Harris et al., 2020c).
In a patient setting, a correlation has been shown between the number of circulating NK
cells and the progression of metastasis in patients suffering from gastrointestinal sarcoma
(Delahaye et al., 2011). It was identified that patients with high densities of NK cell
infiltration were less likely to present with metastases at diagnosis compared to patients
whose tumours contained fewer NK cells (Delahaye et al., 2011). This was also seen in
prostate cancer patients with high densities of CD56" natural killer cells demonstrating
lower seminal vesicle invasion (which is associated with increased risk of lymph node
metastasis in prostate cancer patients) (Gannon et al., 2009). These data demonstrate an
apparent role of NK cells in the prevention of tumour metastasis and the utility of their

temporary depletion in the development of a cancer metastatic model.
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1.4 Therapies

Although treating sarcoma patients with chemotherapies has improved survival rates, these
therapies have probably peaked their survival rates. Thus, further clinical success may
require new therapies with novel modes of action, possibly working in combination with
current treatments. This study examined the potential of four classes of molecularly

targeted therapies.

1.4.1 BH3 mimetics

The ability of cancer cells to avoid apoptotic mechanisms remains an ongoing challenge in
the treatment of many cancers. The B cell CLL/lymphoma 2 or BCL-2 family of proteins
is a pro-survival group of proteins which play a role in the evasion of apoptosis (Dai et al.,
2016; Vaux et al., 1988). A new class of drugs called BH3 mimetics act by mimicking
BH3 pro-apoptotic proteins, which inhibit pro-survival BCL-2 proteins as a means of
enhancing cancer cell death (Merino et al., 2018). Venetoclax (ABT-199) has been FDA-
approved in the treatment of relapsed or refractory chronic lymphocytic leukemia
(Stilgenbauer et al., 2016). A second generation BH3 mimetic navitoclax (ABT-263), is
an orally bioavailable BCL-2 and BCL-x_ inhibitor that in early studies was able to
demonstrate complete tumour regression in xenograft mouse models implanted with small-
cell lung cancer and chronic lymphocytic leukemia cells (Tse et al., 2008). To date,
navitoclax has been evaluated in numerous clinical trials (Rudin et al., 2012; Wilson et al.,
2010), none of which involved sarcomas. In one phase | study of solid tumour types,
navitoclax was well tolerated by patients whilst its efficacy towards small-cell lung cancer

was promising enough to be analysed further in a phase Il clinical trial (Gandhi et al., 2011).

Recent work undertaken using BH3-mimetics and sarcomas have involved ABT-737 (a

BCL-2 and BCL-x. inhibitor) and A-1331852 (a BCL-x. inhibitor) which synergistically
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enhanced the effect of Dinaciclib, a CDK inhibitor, against sarcomas in vitro (Rello-Varona
etal., 2019). In combination these therapies were able to enhance the degree of apoptosis
in DW982 and SK-LMS-1 sarcoma cells (Rello-Varona et al., 2019). Issues encountered
in an in vivo setting were that the BH3-mimetics used along with Dinaciclib caused major
liver toxicity in the mice (Rello-Varona et al., 2019). Via doxycycline inducible EWS-
FLI1 expression, BH3 mimetics were identified as potential novel treatments against Ewing
sarcoma cells with low and high EWS-FLI1 expression levels (Tsafou et al., 2018). EWS-
FLI1 low Ewing cells were found to be most sensitive to navitoclax and EWS-FLI-1 high
Ewing sarcoma cells responded best to obatoclax (a Bcl-2 inhibitor) out of the 3,325

compounds screened (Tsafou et al., 2018).

1.4.2 SMAC mimetics

SMAC (second mitochondria-derived activator of caspases) mimetics also engage cell
death pathways in cancer cells. They function by inhibiting the Inhibitor of Apoptosis
(IAP) proteins XIAP, clAP1 and clAP2 (Fulda, 2017). The role of clAP1/2 is to
polyubiquitinate RIPK1, which prevents the formation of the “Ripoptosome” resulting in
the evasion of cell death (Silke & Meier, 2013). XIAP (X-linked inhibitor of apoptosis
protein), is a tight binding inhibitor of the pro-apoptotic caspases-3, -7 and -9 (Eckelman
& Salvesen, 2006). SMAC is an endogenous antagonist of XIAP (Du et al., 2000), clAP1
and clAP2 (Yang & Du, 2004) which results in “Ripoptosome” activation, inducing both
apoptosis and necroptosis (Silke & Meier, 2013). Through the NF-kB pathway, SMAC
mimetics can induce TNFR-1 (Tumour necrosis factor receptor 1) induced cell death via
TNFa production (Vince et al., 2007). The SMAC mimetic LCL-161 has been used in
clinical trials on patients with advanced solid tumours such as colon, lung and pancreatic
cancers (Infante et al., 2014). In a phase | study the drug was able to substantially induce
the degradation of clAPs at doses which were generally tolerated by patients (Infante et al.,
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2014). In another phase I clinical trial with solid tumours and lymphomas, the SMAC
mimetic birinapant was shown to reduce clAP activity by 75% whilst stabilising the disease

for colorectal and liposarcoma patients (Amaravadi et al., 2015).

LCL-161 in combination with doxorubicin was published to reduce primary osteosarcoma
growth in nude mice as well as delaying the detection of lung metastasis (Shekhar et al.,
2019). Interestingly, SMAC mimetics GDC-0152 and LCL-161 were less effective in vitro
without TNFa than they were against osteosarcoma intramuscular mouse models (Shekhar

etal., 2019).

1.4.3 HDAC inhibitors

Cancer proliferation is not only dependent on the evasion of apoptosis but also involves
epigenetic processes such as DNA histone modifications and DNA methylation. Histone
deacetylases are a family of enzymes which cleave an acetyl group from an &-N-acetyl
lysine amino acid causing deacetylation of both histone (Edrissi et al., 2013) and non-
histone proteins (Soriano et al., 2013). At homeostasis there is a balance between the
activity of histone acetylases and deacetylases, but in a tumourigenic state there is an
increase in the activity of deacetylases (Parbin et al., 2014). The removal of acetyl groups
by deacetylases increases gene transcription, as a mouse lacking HDAC-1 had a
deregulation in 7% of its genes (Zupkovitz et al., 2006). The HDAC inhibitors which
suppress this pathway include vorinostat, which is FDA-approved for the treatment of
cutaneous T-cell lymphoma (Mann et al., 2007) and Panobinostat, which was FDA-

approved for multiple myeloma in 2015 (Moore, 2016).

HDAC-1 and HDAC-2 inhibitor romidepsin was more effective at reducing the cell
viability in vitro of Ewing sarcoma cells than current clinical treatments of doxorubicin,

vincristine and cyclophosphamide (Welch et al., 2019). The most significant synergistic
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combinations identified in vitro involved romidepsin with vincristine against Ewing
sarcoma cells (Welch et al., 2019). The HDAC-1 inhibitor MS-275 was shown to enhance
reactive oxygen species accumulation in Ewing sarcoma and osteosarcoma cells which led
to major reductions in cell viability (EI-Naggar et al., 2019). More significantly, this drug
was able to prevent the invasion of CHLA-10 Ewing sarcoma tumours in

immunocompromised mice (EI-Naggar et al., 2019)

1.5  The proteasome and proteasome inhibitors

1.5.1 The proteasome

The proteasome is an ATP-dependant protease which degrades ubiquitin tagged proteins to
maintain intracellular homeostasis (Budenholzer et al., 2017). The human 26S proteasome
is composed of a 20S core particle for protein degradation as well as two 19S regulatory
subunits involved in exposing tagged proteins to the core (Budenholzer et al., 2017; Groll
et al., 1997; Schweitzer et al., 2016). There are three subunits of the 20S core particle
which are involved in proteolytic activities: the 1 (caspase-like), B2 (trypsin-like) and 5
(chymotrypsin-like) subunits, of which the 5 subunit is responsible for the majority of 26S
associated protein degradation (Kisselev et al., 2006). The Rpnl10 receptor on the 26S
proteasome is the main subunit involved in ubiquitin substrate recognition (Matyskiela et

al., 2013).

Proteasome activity is elevated in cancer cells as the protein production rate is higher in
these rapidly proliferating cells, which then causes the concentration of misfolded proteins
to increase, so proteasome activity increases accordingly to deal with this (Bianchi et al.,
2009; Kambhampati & Wiita, 2020). Multiple myeloma cell lines that contained
proteasomes which were only just keeping up with the volume of misfolded proteins

(misfolded proteins versus capacity) were more sensitive to proteasome inhibition than
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those with reduced proteasome capacity workload (Bianchi et al., 2009). At the same time,
multiple myeloma cell lines with higher proteasome activity also contained more than
double the cell division rates and hence protein synthesis rates were also increased (Cenci
et al., 2012). This supported the explanation that proteasome activity increased to account
for more misfolded proteins as a result of increased protein synthesis rates in rapidly
proliferating cells (Cenci et al., 2012). Chen & Madura identified heterogeneity in the
increase in proteasome activity amongst human primary breast cancer samples, with some
specimens demonstrating less than a 2-fold increases in activity compared to the control
tissue whilst others were elevated up to 35-fold (Chen & Madura, 2005). Although only
using a small sample size, benign tumours did not have elevated levels of proteasome
activity compared to controls, supporting the idea that proteasome activity is specifically
upregulated in neoplastic cells (Chen & Madura, 2005). Furthermore, chemotherapy
resistant tumour lines were shown to be more sensitive to proteasome inhibition than
normal human fibroblasts demonstrating a specificity for rapidly proliferating cancer cells
(Tsvetkov et al., 2018). Proteasome inhibition of these tumour lines caused cancer cell
arrest and apoptosis compared to normal human fibroblasts, which remained viable post
treatment (Tsvetkov et al., 2018). Consequently, inhibition of the 26S proteasome has

provided potential new therapies in the treatment of cancers.

1.5.2 Proteasome inhibitors

In 2003, bortezomib (PS-341) became the first FDA-approved proteasome inhibitor, for the
treatment of multiple myeloma (Soave et al., 2017). It is a reversible peptide boronic acid
inhibitor with high affinity for the B5 subunit of the 20S proteasome, and lower affinity for
the B1 and B2 subunits (Altun et al., 2005; Soave et al., 2017). In a murine setting,
bortezomib can inhibit the proteasome in the liver, kidney and heart by up to 90% one hour
post treatment, with recoveries in the 20S activity by at least 60% by 24 hours (Mlynarczuk-
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Bialy et al., 2014). Bortezomib prevents the proteolytic breakdown of the NF-kB inhibitor
IkB (Hideshima et al., 2001) which is important for cell survival and overexpressed in
various tumours (Faria et al., 2017; Teng et al., 2020). Compared to chemotherapy
sensitive human multiple myeloma cells, those resistant to chemotherapy contained higher
levels of NF-xB and consequently were more sensitive to bortezomib treatment (Ma et al.,
2003). In another study, multiple myeloma cells with reduced proteasome expression and
an increase in workload were more sensitive to bortezomib-induced apoptosis and cell
death (Bianchi et al., 2009). This demonstrated that an increase in protein synthesis and
therefore stresses on cancer cells highlights their reliance on proteasome activity for
survival and how bortezomib is able to cause apoptosis via this mechanism (Bianchi et al.,
2009). While bortezomib is effective in treating multiple myeloma, it has subjected patients
to side effects such as peripheral neuropathy and nephrotoxicity (Reece et al., 2011), and
its prolonged use has led to drug resistance (Moreau et al., 2011). This led to the synthesis

of the newer class proteasome inhibitors such as carfilzomib and ixazomib.

The second generation inhibitor carfilzomib (PR-171) is a tetrapeptide-epoxyketone which
forms an irreversible covalent bond specifically with the B5 subunit of the proteasome
(chymotrypsin-like activity) (Demo et al., 2007). It showed a more sustained response than
bortezomib in early preclinical studies (Demo et al., 2007) as well as being more effective
than bortezomib at increasing survival in patients with multiple myeloma (Dimopoulos et
al., 2019). Extremely high concentrations of over 1 uM were required in order to observed
minor interactions of carfilzomib with the Bl and B2 subunits of the proteasome,
demonstrating its enhanced B5 specificity compared to bortezomib (Kuhn et al., 2007).
Carfilzomib inhibited proteasome activity in adrenal, heart, liver and whole blood samples
in rodents to a similar extent to bortezomib, although the inhibition persists for longer due
to carfilzomib’s irreversibility (Demo et al.,, 2007). Due to its irreversible nature,

carfilzomib displayed a sustained and widespread pharmacodynamic response in rodents
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whilst its plasma half-life was only 15 minutes (Demo et al., 2007). In human blood cells,
carfilzomib demonstrated a dose dependant inhibition of the chymotrypsin-like activity by
up to 75% one hour post treatment compared to pre-treated samples, with ultimate
reduction in activity approaching 90% with subsequent treatments (O'Connor et al., 2009).
In 2013 carfilzomib became FDA-approved for treating resistant or relapsed multiple
myeloma (Herndon et al., 2013). Similarities were seen in efficacy of carfilzomib
compared to bortezomib in a phase 111 trial against multiple myeloma, though carfilzomib
was more likely to cause adverse side effects such as hyperglycaemia, dyspnoea and
thromboembolic events (Kumar et al., 2020) Current common side-effects presenting in
patients treated with carfilzomib are fatigue, nausea and diarrhoea, with minor respiratory

symptoms of coughing and dyspnea (O'Connor et al., 2009).

Further research led to the synthesis of the first orally administered proteasome inhibitor,
ixazomib. Ixazomib (MLN2238), a boronic acid inhibitor, demonstrated to be a more
potent inhibitor of the B5 subunit of the proteasome in blood and tumour tissue than
bortezomib (Kupperman et al., 2010). It also displayed a proteasome dissociation half-life
almost six times shorter than that of bortezomib (18 mins compared to 110 mins), which
was believed to improve its tissue distribution (Kupperman et al., 2010). Patients treated
with a single dose of ixazomib at its maximum tolerated dose of 1.76 mg/m? exhibited a
maximum 20S proteasome inhibition in the blood of 60%, and activity levels returned to
pre-treatment levels within 24 hours (Smith et al., 2015). Ixazomib is administered as the
pro-drug ixazomib citrate which is hydrolysed to its biologically active form when exposed
to the blood plasma under physiological conditions (Kupperman et al., 2010; Offidani et
al., 2014). Like other drugs of its class in 2015 ixazomib was also FDA-approved for the
treatment of multiple myeloma in combination with previous treatments of lenalidomide
and dexamethasone (Moreau et al., 2016). Common side effects seen by patients treated

with ixazomib are minor skin and soft tissue disorders such as dermatitis and maculo-
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papular rashes as well as reduced platelet count (thrombocytopenia) (Gupta et al., 2016;

Smith et al., 2015).

Newer class proteasome inhibitors currently being evaluated include delanzomib, a peptide
boronic acid inhibitor with a similar chemical profile to bortezomib (Berkers et al., 2012).
It inhibits chymotrypsin and caspase-like sites of the 26S proteasome to a similar extent to
bortezomib, with no impact on the tryptic activity (Berkers et al., 2012). Delanzomib (also
known as CEP-18770) has undergone phase | clinical trials against multiple myeloma
(Gallerani et al., 2013; Vogl et al., 2017) and a range of solid tumour types including
colorectal cancer and non-small cell lung cancer (Gallerani et al., 2013). No significant
improvements were seen in patients treated with delanzomib, so its clinical development
was discontinued (Gallerani et al., 2013; Vogl et al., 2017). More recently delanzomib has
been shown to sensitize breast cancer (Wang et al., 2019) and cervical cancer (Guo et al.,
2017) cell lines to doxorubicin induced apoptosis, providing hope that combination

regimens including delanzomib may benefit patients.

The second-generation proteasome inhibitor oprozomib (PR-047) is an orally bioavailable
epoxyketone derivative with a similar structure to the irreversible inhibitor, carfilzomib
(Zhou et al., 2009). Oprozomib has been shown to rapidly reach maximal levels in the
blood stream within 1-2 hours, whilst also being eliminated rapidly (Hari et al., 2019).
Oprozomib has undergone a phase Ib/Il clinical trial against advanced multiple myeloma
and Waldenstrom macroglobulinemia (Ghobrial et al., 2019). It exhibited a 25-40% overall
response rate (defined as a partial or complete response in patients) (Ghobrial et al., 2019).
The largest concerns raised by that study were the common gastrointestinal side effects in
patients (Ghobrial et al., 2019). At its maximum tolerated dose, two patients died from

gastrointestinal haemorrhaging, although gastrointestinal side-effects were reduced by
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using a step-up dosing regimen as well as administering antidiarrhoeal medications

(Ghobrial et al., 2019).

The inhibition of overactive proteasomes in cancer cells render them sensitive to cell cycle
arrest and apoptosis because of the accumulation of cell cycle checkpoint inhibitors,
otherwise degraded with an overactive proteasome (Huang et al., 2011; Rastogi & Mishra,
2012). Consequently, these treatments have been shown to disrupt the cell cycle which is
the process of mitotic cell division which consists of G1 (Gap one), S (DNA synthesis) and
G2 (Gap 2) phases then mitosis and cytokinesis (Israels & Israels, 2001). When melanoma
cells (Beaumont et al., 2016), colon cancer (Hong et al., 2012) or osteosarcoma cells
(Patatsos et al., 2018) were treated with bortezomib they demonstrated a dose-dependent

G2 cell cycle arrest.

1.5.3 Sarcomas and proteasome inhibitors

Although less research has been undertaken on proteasome inhibitors in sarcomas than
carcinomas, there is some evidence that sarcoma cells rely on proteasome activity for
growth and survival. The EWS-FLI1 positive Ewing sarcoma cell line CHP100 contained
627 upregulated genes which were involved in the protein ubiquitination pathway (Shukla
etal., 2016). Interestingly, sShRNA-mediated knockdown of two of these genes (USP14 or
UCHLY5) in other EWS-FLI1 positive Ewing sarcoma cells (A673, TC-71) diminished
expression of the proteins they encode, and diminished cell viability (Shukla et al., 2016).
This showed the importance of the overactive protein ubiquitination pathway in the

viability of human Ewing sarcoma cells.

In vitro studies have revealed that sarcomas are sensitive to proteasome inhibitors.
Bortezomib was able to induce cell death and GO/G1 phase arrest in chondrosarcoma cells

in vitro (Bao et al., 2017). It was also shown that bortezomib, ixazomib and carfilzomib
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greatly reduced cell viability in human and canine osteosarcoma cells in vitro at 10% of the
concentration theoretically achievable in the blood-stream of treated patients (Patatsos et
al., 2018). Bortezomib also inhibited the growth of a selection of various Ewing sarcoma
cell lines in vitro at doses substantially lower than those achieved in patients’ blood (Lu et
al., 2008). Ixazomib was able to effectively reduce cell viability of osteosarcoma cells in
vitro at theoretically achievable concentrations as well as reducing the levels of matrix

metalloproteinases involved in cellular invasion (Liu et al., 2017).

Although proteasome inhibitors were identified as promising drug candidates for sarcomas
on the basis of in vitro assays, animal experiments and clinical trials data did not support
the in vitro data. However, it should be noted that bortezomib is the only proteasome
inhibitor to have been examined in previous in vivo experiments against sarcomas. In one
experiment, mice were implanted subcutaneously with rhabdomyosarcoma, rhabdoid or
Ewing sarcoma cells, all of which were shown to be sensitive towards bortezomib in vitro
(Houghton et al., 2008). The mice were treated with 1 mg/kg of bortezomib, but no effect
was observed on rhabdoid or Ewing sarcoma growth and only minor tumour regression was
reported in rhabdomyosarcoma-implanted mice (Houghton et al., 2008). A phase Il clinical
trial was undertaken using sarcoma patients suffering from recurrent or metastatic tumours
of various sarcoma types, most notably from leiomyosarcoma, Ewing sarcoma and
liposarcoma (Maki et al., 2005). Of the 21 patients, only one showed a minimal response
to bortezomib, whilst others had no response to treatment and some patients were excluded

due to drug toxicity (Maki et al., 2005).

Bortezomib also provoked no response in patients with other solid tumour types (Irvin et
al., 2010). One hypothesis for this disappointing finding was that poor vascularisation of
these solid tumours reduced the ability of bortezomib to penetrate and elicit a response.
This was apparent in a study in which bortezomib was unable to reduce tumour volume in
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poorly vascularised tumours but was active in well vascularised tumours (Williamson et
al., 2009). On a more promising front, newer generation proteasome inhibitor ixazomib
showed preclinical efficacy against the solid tumour type hepatocellular carcinoma
(Augello et al., 2018), significantly reducing primary tumour volume in this mouse model
compared to vehicle (Augello et al., 2018). Similarly, in a human xenograft prostate mouse
model, ixazomib reduced the average tumour volume to a greater extent than bortezomib
(Kupperman et al., 2010). However, the clinical testing of ixazomib in an advanced solid

tumour setting has so far yielded limited results (Smith et al., 2015).

Recently, vorinostat and the VEGF inhibitor pazopanib was more effective than vorinostat
plus ixazomib in a phase | clinical trial of patients with metastatic TP53 mutant solid
tumours including sarcomas, colorectal cancer and breast cancer (Wang et al., 2020).
Although the authors concluded that ixazomib “did not elicit an objective response”, only
4 out the 59 patients were sarcoma patients (Wang et al., 2020). Consequently, studies
such as these provide hope for potential clinical efficacy of the newer class proteasome

inhibitors against solid tumour types including various sarcomas.

1.6 Sarcomas and the immune system

The immune system is known to play a major role in the growth and proliferation of
tumours, and immunotherapies are very effective against some cancer types (Riley et al.,
2019). Therefore, understanding the tumour-infiltrating lymphocyte composition is
important when selecting new drug candidates to treat cancer. The most common immune
cell type seen in sarcomas is macrophages, which accounted for around a third of
lymphocytes in the tumour (Zhu & Hou, 2020). Sarcoma patients with high levels of NK
and CD8 T cells and lower levels of macrophages had relatively good survival rates (Zhu

& Hou, 2020). This finding indicated the importance in understanding the composition of
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immune cells within a tumour microenvironment. In another study using soft tissue
sarcomas, the leiomyosarcomas were classified as “immune desert” with very few immune
cells and low vasculature compared to de-differentiated liposarcomas which were immune
rich most namely, T cells and NK cells (Petitprez et al., 2020). Comparing the differing
groups, those patients with minimal tumour immune cell filtration had lower overall
survival rates than those with overall immune rich tumours (Petitprez et al., 2020). The use
of immunotherapies in that study such as a PD-1 inhibitor showed the greatest effect on the
tumours with higher compositions of immune cells (Petitprez et al., 2020). In a cohort of
osteosarcoma and Ewing sarcoma patients no significant differences were seen in NK cells,
T and B cells compared to normal patients in their blood stream, although lower levels of
lymphocytes and higher levels of granulocytes were detected (Hingorani et al., 2015).
These studies illustrated the importance of understanding the composition of the tumour
microenvironment in sarcomas, as some express high whilst others express low levels of
immune cells which could impact the effectiveness of immunotherapies against these

cancers.

1.7 Aims of project

The aims of this project were to evaluate potential new therapies for sarcomas, initially
through determining the in vitro sensitivity of cell lines from a range of sarcoma types to a
panel of anti-cancer drugs. This panel of drugs included BH3 mimetics, SMAC mimetics,
HDAC inhibitors as well as proteasome inhibitors. The most potent response produced was
triggered by bortezomib, a proteasome inhibitor, against Ewing sarcoma cells, so further
drug screening was undertaken using the newer class proteasome inhibitors ixazomib and
carfilzomib, with a focus on Ewing sarcoma. To enable in vivo testing of proteasome
inhibitors and other agents against Ewing sarcoma, novel extraskeletal Ewing xenograft
models were established, via inoculation of A673 human Ewing sarcoma cells into the
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muscle or the circulation of BALB/c nude mice. The aim was then to determine the efficacy
of these proteasome inhibitors in vivo in both a primary setting, within the muscle, as well
as establish a metastatic mouse model for Ewing sarcoma. This was an important aspect
of this project as previous studies only reported metastasis to the lungs in mice, however
Ewing sarcoma spreads to a wide number of sites in patients. Understanding the spread
and growth of the metastatic disease was imperative as it resulted in poorer clinical
outcomes for Ewing sarcoma patients. Other goals of this project were to investigate the
impact that proteasome inhibitor therapies had on the cell cycle, proteasome, and caspase
activity in Ewing sarcoma cells, as well as whether they could cooperate with current

treatments.
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Chapter 2: Materials and Methods

2.1  Cell culturing and drugs

The sarcoma cell lines A673, SK-UT-1, RD-1, SK-PN-DW were supplied by Lucy
Coupland from Australian National University and CHLA-10 was provided by Dr Mark
Hulett from La Trobe University. The PT67 cell line was supplied by Dr Belinda Parker

(La Trobe University).

All human sarcoma cell lines (A673, SK-UT-1, RD-1, SK-PN-DW, CHLA-10) were
maintained in a humidified incubator at 37 °C in air supplemented with 5% CO,. A673,
SK-UT-1, RD-1 and SK-PN-DW were cultured in DMEM media (+ 4.5 g/L D-glucose, L-
Glutamine, 110 mg/L sodium pyruvate) (Thermo Fisher Scientific; MA, USA)
supplemented with 10% Foetal Calf Serum (FCS). The Ewing sarcoma cell line CHLA-10
was cultured in IMDM media (+ L-Glutamine, 25 mM HEPES) (Thermo Fisher Scientific)
supplemented with 20% FCS and Insulin Transferrin Selenium containing 10 mg/L Insulin,
5.5 mg/L Transferrin and 0.0067 mg/L Selenium (Thermo Fisher Scientific). All adherent
cells were washed in Phosphate Buffered Saline (PBS) (135 uM potassium chloride, 500
MM phosphate buffer, 6.85 mM sodium chloride, pH 7.4) then detached using Trypsin-
EDTA (5.3 mM potassium chloride, 0.44 mM potassium phosphate monobasic, 4.2 mM
sodium bicarbonate, 138 mM sodium chloride, 0.34 mM sodium phosphate dibasic, 5.56
mM D-Glucose, 0.91 mM EDTA, 0.03 mM phenol red, 0.11 mM trypsin) (Thermo Fisher

Scientific).

The drugs temozolomide, SN38, vincristine, doxorubicin, navitoclax and LCL-161 were
purchased from Selleck Chemicals (TX, USA), whilst bortezomib, carfilzomib, ixazomib,

delanzomib, oprozomib, cisplatin, vorinostat were purchased from Sigma-Aldrich (NSW,
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Australia). All drugs were dissolved in DMSO except for doxorubicin which was dissolved

in Milli-Q water.

2.2  CD44 staining

A673 and KRIB luc-4 cells were harvested, collected, and resuspended in 1:100 Mouse
Anti-Human CD44-FITC (SouthernBiotech; Birmingham, USA) or 1:100 of the isotype
control Mouse 1gG2s-FITC (SouthernBiotech). They were then immediately run on the
FACS CytoFLEX (BD Biosciences) and plots were analysed to compare differences in

peak shift for the FL1-A: FITC-A channel.

2.3  Pharmacodynamics (proteasome and caspase activity assays)

Protein was extracted for enzyme assays according to published method (Kisselev &
Goldberg, 2005), with minor adaptations. A673, SK-PN-DW and CHLA-10 cells were
seeded and left to adhere overnight before being treated with the proteasome inhibitors
bortezomib, ixazomib and carfilzomib. These cells were then collected at 1, 24, and 48
hours and the pellets were stored at -20 °C until required. The pellets were then
homogenised on ice using a Microson Ultrasonic Cell Disruptor (Misonix) using a
hypotonic lysis buffer (50 mM HEPES, pH 8.0, 1 mM DTT (added fresh)) (Kisselev &
Goldberg, 2005). The solution was then centrifuged at 13,000 g for 20 minutes at 4 °C and
the supernatant was mixed 1:1 with stabilisation solution (40 mM HEPES pH 8.0, 1 mM
EDTA, 20% glycerol) (Kisselev & Goldberg, 2005) and stored at -80 °C. Using a micro
BCA kit (Thermo Fisher Scientific) as per the manufacturers protocol, the protein in each
sample was quantified. The proteasome activity assay was prepared on ice in a clear
curved-bottom 96 well plate standardised with 30 g of protein per sample along with an
equal volume of proteasome activity buffer (0.5 mM ATP, 1 mM DTT, 0.5 mg/ml BSA)

(Kisselev & Goldberg, 2005) containing 100 uM of Suc-LLVY-AMC substrate (Enzo Life
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Sciences; NY, USA). The fluorescence was measured over a 3-hour period using a
SpectraMax M5° (Molecular Devices) and fluorescence readings were compared to a no

protein lysate control.

Similarly, the caspase activity assay was prepared in a clear curved-bottom 96 well plate
on ice using universal citrate buffer (10 mM HEPES pH 7.0, 10% sucrose, 0.1% CHAPS,
100 mM NaCl, 1 mM EDTA, 0.65 M citrate) (Bloomer et al., 2019) with 10 mM DTT and
50 uM Ac-DEVD-AFC with equal volumes of 30 ug of protein lysate per sample. The
fluorescence was then read using the SpectraMax M5¢ (Molecular Devices) over a 1-hour

period.

2.4 In vitro screening assays (MTT, CellTiter-Glo)

Non-adhered cell viability assays:

All drugs were prepared in clear (MTT assay) or white (CellTiter-Glo) flat-bottomed 96
well plates at double their desired concentrations and frozen at -80 °C until required (the
cells were later added to this drug containing media in equal volumes to achieve the desired

drug concentrations).

Once thawed for MTT assays, 5000 cells were added to the plates and incubated for 24
hours in a humidified chamber at 37 °C and 5% CO.. MTT was added to a final
concentration of 0.83 mg/ml per well and incubated for a further 4 hours. The formazan
crystals were dissolved in acidified sodium dodecyl sulphate (SDS) (10% (w/v) in 0.01 M
HCI) and returned to the incubator overnight where the absorbance was then read at 570
nm (Tada et al., 1986). The readings were taken on a SpectraMax M5¢ (Molecular Devices;
San Jose, USA), where absorbance of wells containing media alone was subtracted from

the treatments.
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To quantify ATP levels after treatments using the CellTiter-Glo assay, 2000 cells were
counted and added to the thawed drug plates and incubated at 37 °C for either 24, 48 or 72
hours. Samples were analysed using CellTiter-Glo 2.0 (Promega) as per the manufacturer’s
instructions, using half the quantity of CellTiter-Glo reagent specified and the
luminescence measured using a SpectraMax M5° (Molecular devices). The luminescence
for all samples were subtracted from wells containing media alone. All 1Cso values were
calculated using non-linear regression on GraphPad Prism 8.0.1 (GraphPad Software; La
Jolla, California). CompuSyn (CompuSyn Inc; Paramus, New Jersey) was used to calculate
the combination index for the synergy/antagonism of the drug combinations of

bortezomib/ixazomib with cisplatin/doxorubicin (Chou, 2010).

Adhered cell viability assay:

CellTiter-Glo assays on adhered cells were undertaken by seeding either 2000 cells per well
for 72-hour treatments or 5000 cells per well for 24- or 48-hour treatments in white-
bottomed 96-well plates. The cells were left overnight to adhere in a 37 °C incubator, then
the media in the wells was replaced with drug containing media. After the incubation, cell
viability was measured in the same manner as the non-adhered viability assays described
above using CellTiter-Glo 2.0 (Promega) and drug cooperation was analysed using

CompuSyn.

2.5  Flow cytometry

One hundred thousand A673, CHLA-10 or SK-PN-DW cells were seeded per well in a 24
well plate and left overnight to adhere. The media was then replaced with the desired
concentration of drug containing media and the plates were returned to the 37 °C incubator
for 24 hours. After the appropriate drug incubations, the media containing the non-adhered

cells was collected and the adherent cells were washed with PBS, detached with 0.25%
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Trypsin-EDTA (Thermo Fisher) and collected in the same tube. They were then pelleted
at 1200 g for 5 minutes at room temperature and the pellet was washed with PBS then
repelleted. The pellets were then resuspended in binding buffer (10 MM HEPES, 140 mM
NaCl, 2.5 mM CaCly, pH 7.4) with 10 pg/mL propidium iodide (PI; Sigma-Aldrich) and
750 ng/ml Annexin V-FITC (Abcam; Cambridge, England). The samples were run on the
FACS Canto Il (BD Biosciences) and analysed for Pl and Annexin V-FITC positive cells

using FlowJo version 10.6.0 (FlowJo; USA).

For cell cycle analysis post drug treatment, the cells were fixed in 70% cold ethanol (added
dropwise) and kept at 4 °C overnight. The fixed cells were then repelleted and washed with
PBS before being treated with 50 pg/ml Pl and 100 pg/ml RNAse A (Qiagen; Maryland).
Treated and untreated samples were analysed on a FACS Canto |1, where the sub-G1, G1,
S and G2/M phases were determined based on PI fluorescence (reflecting DNA content)

using FlowlJo (Becton, Dickinson, and company; Ashland, Oregon).

2.6 Lentiviral infection

PT67 packaging cells were seeded to 50% confluency and cultured overnight in DMEM
substituted with 10% FCS in a P75 flask at 37 °C, 5% CO.. The following day the media
was replaced with fresh media. Next, 36 pg of pMSC-mcherry-luc-IRES plasmid (from
Dr Belinda Parker) was prepared in 500 ul of serum free media. A second tube was
prepared with 450 pl of serum free media and 50 ul of Lipofectamine 2000 and the tubes
were left to incubate for 5 minutes. Next 125 pul of the plasmid solution was added to an
equal volume of the Lipofectamine solution and left for 20 minutes to incubate. Following
this incubation, the plasmid/Lipofectamine solution was added dropwise to the PT67 cells.
The media was replaced on the packaging cells after 8 hours and returned to the incubator

for a further 36 hours (until day three). On day two, 100,000 A673 cells were seeded into
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wells of a 6-well plate to be used for the infection. On day three, the lentiviral supernatant
from the PT67 cells was filtered through a 0.45 uM filter and 4 pg/ml of polybrene (Sigma-
Aldrich) was added. Next, the filtered supernatant was diluted to 15 ml with fresh DMEM
media and added to A673 cells. The plate was spun at 1800 rpm for 45 mins at 25 °C. The
plates were then returned to 37 °C incubator and the media was replaced on the cells the
next morning. On day five, the infection was repeated for a second time on the same cells

to improve the uptake efficiency.

2.7 A673 stable transfection

A673 cells were seeded to 50-60% confluency in a 10 cm plate. The following day 100,000
A673 cells were seeded into wells of a 6-well plate and left overnight to adhere. 14 pg of
the pcDNAS3.1(+)/Luc2=tdT plasmid (Addgene) was prepared in 700 pl of serum free
media. A second tube was prepared with 18 ul of Lipofectamine 2000 and made up to 250
pl using serum free media and incubated for 5 minutes. Next 125 pl of each tube were
added together and incubated for 20 minutes. During this time the media was replaced on
the A673 cells with 2 ml of fresh DMEM media containing 10% FCS. Next 250 pl of the
Lipofectamine/plasmid solution containing 2.5 pug of the plasmid and 9 ul of Lipofectamine
2000 was added dropwise per well and, without mixing the contents, the plate was returned
to the incubator. To determine ideal transfection conditions the media was replaced in the
separate wells after 4, 16, (2ml fresh media added after 8 hours then replaced after 16 hours)
or 24 hours later. Three days post transfection, the cells were analysed for tomato
fluorescence using the PE channel on the FACS CytoFLEX Flow Cytometer (Beckman
Coulter Life Sciences) to determine transient transfection efficiency and then sorted using

the FACSAria 111 (BD Biosciences).
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2.8 Sorting and screening of luciferase clones

The cells which had undergone the infection using the pMSC-mcherry-luc-IRES plasmid
were resuspended in sorting buffer (PBS, 4% FCS, 5mM EDTA) and sorted into
monoclonal populations by Dr Tanmay Shekhar using the FACSAria I11 (BD Biosciences).
The transfected A673 cells using the pcDNA3.1(+)/Luc2=tdT plasmid were also
resuspended in sorting buffer and sorted into 1 cell/well and 10 cells/well by Dr Margaret
Veale using the FACSAria Il (BD Biosciences). The monoclonal (1 cell/well) and
polyclonal (10 cells/well) A673 populations were cultured in wells of a clear flat-bottom
96 well plate with DMEM media containing 20% FCS and 100 units/ml of penicillin and
100 pg/ml of streptomycin, and expanded to larger plates as required. As an early means
to detect tomato positive cells (pcDNA3.1(+)/Luc2=tdT plasmid), the colonies were
observed under an Olympus 1X81 using the TRITC filter cube. The proportion of mCherry
or tomato positive cells in the populations were determined via harvesting and resuspending
the cells in PBS before being analysed on the FACS CytoFLEX (Beckman Coulter Life
Sciences). To assess luciferase activity of the clones, 5000 cells were seeded from the
monoclonal populations into a 96 well flat-bottom plate before being incubated with 150
pg/ml of D-luciferin (Gold Biotechnology, USA) and their luminescence was immediately

measured using the SpectraMax M5°¢ (Molecular devices).

2.9  Limiting dilution of A673 tomato clones

A673 cells transfected with pcDNA3.1(+)/Luc2=tdT plasmid (Addgene) were sorted to
isolate tomato positive cells. Aliquots mathematically containing 0.9 cells were added to
individual wells of a 96 well plate, which was expected to result in 37% of wells containing
a single cell and a 22% of wells containing more than one cell according to Poisson’s

distribution (Fuller et al., 2001; Gross et al., 2015). Monoclonal populations were selected
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via microscopy through the identification of a single colony within the well. Monoclonal

transfectants generated from this process were denoted A673 LuclL, A673Luc2L etc.

2.10 G418 treatment of transfected A673 cells

A673 cells were transfected with the G418-selectable pcDNA3.1(+)/Luc2=tdT plasmid or
the control (puromycin-selectable) pEF plasmid (Hawkins et al., 1996) as stated in 2.7.
Two days post transfection, the cells were expanded into 10 cm plates where they were
treated with either 0, 50, 100, 250, 500 or 1000 pg/ml of G418. Once all cells appeared
dead in the plate containing cells transfected with the pEF control plasmid, individual
colonies were selected from the pcDNAS3.1(+)/Luc2=tdT plasmid treated at the identical
concentration of G418. Colonies were then harvested under a light microscope into media
containing 1000 pg/ml of G418 and 100 units/ml of penicillin and 100 pg/ml of
streptomycin. To ensure the A673 colonies selected were of a clonal nature, sparsely
distributed colonies were chosen. Sterility was maximised by wiping down all equipment
with ethanol prior to use and removing lids off cells only when necessary. All monoclonal
populations generated from this protocol were named numerically using the nomenclature

A673 LuclG, A673 Luc2G etc.

2.11  Luciferase gene PCR

DNA was extracted from sarcoma cells using the DNeasy Blood and tissue kit (Qiagen,
Victoria, Australia) as per manufacturer’s instructions. Sets of luciferase primers designed
by Dr Christine Hawkins for the luciferase gene were tested to determine the most specific
pair for the A673-Luc clones (from lentiviral infection with pMSC-mcherry-luc-IRES

plasmid) (Table 1).
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Table 1: PCR primers for luciferase and vimentin gene

Primer#, gene, Forward primer Reverse primer
(expected size)

1978-1979, luciferase | GCAACCAGATCATCCCCGA | GCTGCGCAAGAATAGCTCCT
(146 bp) C

1976-1977, luciferase | CCGGCTTCAACGAGTACGA | CTCCTCCTCGAAGCGGTACA
(293 bp) C

1980-1981, luciferase | TGCAGTTCTTCATGCCCGT | GCTCACGAATACGACGGTGG
(131 bp) G

1982-1983, vimentin | AGCTGCTAACTACCAGGAC | CGAAGGTGACGAGCCATCTC
(81 bp) ACTATTG

Primers used to amplify the vimentin gene (1982-1983; Table 1) were as previously
published (Rautela et al., 2015). PCR was prepared using OneTag DNA Polymerase (New
England Biolabs; MA, USA) and 100 ng of DNA per sample for consistency. The
conditions used for this PCR were an initial incubation at 95 °C for 2 minutes, then 39
cycles of [95 °C for 15 seconds, 56 °C for 15 seconds and 72 °C for 1 minute]. The samples
were run on a 1.8% agarose gel containing 1X SYBR Safe (Thermo Fischer Scientific, MA,

USA) and imaged in a G:BOX F3 (Syngene, Cambridge, UK).

2.12 A673 -xenograft models

The tumourigenicity and efficacy experiments in this project were all approved by the La
Trobe Animal Ethics Committee (AEC17-76), using 6-week-old BALB/c nude mice
(Animal Resource Centre, Murdoch, WA). For the primary Ewing sarcoma model, 50,000
AG673 Luc-4 cells were implanted in the tibialis anterior using a 26 gauge needle in the left
hind leg of five BALB/c nude mice, with a 1:1 ratio of media containing cells and Cultrex

(Trivigen, MD, USA), as published (Shekhar et al., 2019). Once tumours were detected,
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primary tumour size was monitored three times a week using calipers (as luminescence was
not detected in any A673 luciferase clones generated using the mCherry/luciferase plasmid)
and the tumour volume was determined via the equation (Tumour length (mm) * (Tumour

width (mm))2)/2).

For the metastatic mouse model, 150,000 or 500,00 A673 Luc3L tomato positive cells
(generated via limiting dilution cloning of transfectants) were intravenously implanted in
ten BALB/c nude mice, 24 hours after half of which had been administered 50 pl of anti-
asialo-GM1 (Wako, Osaka, Japan) antibody via intraperitoneal injection and the other half
were administered 50 ul of saline. The mice were anesthetised twice weekly for four weeks
via the inhalation of 2.5% isoflurane and administered 150 mg/kg of D-luciferin via
intraperitoneal injections. Bioluminescence emitted by the tumour cells was detected once
per minute for 10 minutes using an in vivo imaging system (IVIS) (Perkin Elmer; MA;
USA). The peak luminescence reading over this period was recorded. All bioluminescent
organs also underwent ex vivo analysis at the endpoint by harvesting them and soaking

them in 15 mg/ml D-luciferin and instantly reading the bioluminescence.

2.13 A673 efficacy using proteasome inhibitors bortezomib and ixazomib

Mice intramuscularly implanted with A673 Luc-4 cells were monitored daily until tumours
were detected by eye and palpation and were then sorted into treatment groups. Eight mice
received twice-weekly doses of saline via intraperitoneal injection using a 26-gauge needle,
eight mice received 5 mg/kg of ixazomib (twice weekly) via oral gavage and eight mice
were administered 1 mg/kg of bortezomib (twice-weekly) via intraperitoneal injection
using a 26-gauge needle. The primary tumour size was measured three times a week using
callipers and tumour volume calculated using the equation in section 2.12. The mice were

treated twice weekly for up to four weeks after the detection of a primary tumour, followed

41



by two weeks without treatments before the endpoint. Culling was performed before the
planned endpoint if their movement was impaired by the tumour, if they displayed
breathing difficulties, the tumour became ulcerated or if the primary tumour volume

reached the limit of 1000 mm?3, specified by the ethics committee.

2.14  A673 Luc-4 ex vivo sensitivity

One quarter of the primary tumour from each mouse was resected at the endpoint of the
primary efficacy experiment and incubated in collagenase/dispase 1 mg/ml (Sigma-
Aldrich) at 37 °C for 3-4 hours. This cell sample was passed through a 0.45 pm filter into
DMEM media containing 10% FCS and cultured in a 37 °C incubator. One week after
culturing the cells, they were washed with PBS and the media was replaced before
undergoing a CellTiter-Glo experiment the following day using bortezomib and ixazomib

as described in 2.4.

2.15 Immunophenotyping

Organs from the A673 Luc3L tumour-bearing mice were collected at the endpoint of the
500,000 A673 Luc3L metastatic model experiment, along with a mouse spleen without any
detectable metastasis. All the organs were minced finely using a scalpel blade and then
placed into 1 ml of digestion solution (0.1% collagenase A and 0.2% dispase Il (Sigma-
Aldrich)) and incubated at 37 °C shaking gently for 30 minutes. The suspension was
transferred to a 50 ml tube containing DMEM media (+ 4.5 g/L D-glucose, L-Glutamine,
110 mg/L sodium pyruvate) (Thermo Fisher Scientific; MA, USA) supplemented with 10%
FCS and gravity filtered through 70 UM strainer. The process was repeated for the
remaining minced tissue for a further 30 minutes. During the second incubation the mouse
spleen was mashed using the serrated end of the syringe plunger in DMEM media and the

solution was centrifuged at 1200 g for 5 minutes. The pellet was resuspended in filter-
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sterilized red blood cell lysis buffer (10 mM potassium bicarbonate, 0.15 M ammonium
chloride, and 0.1 mM ethylenediaminetetraacetic acid (EDTA)) and incubated at room
temperature for 10 minutes and then resuspended in 3 ml of fresh media. After the second
incubation, the 50 ml tubes containing the tumour cells were then pelleted at 1200 g for 5
minutes and resuspended in 10 ml of fresh DMEM media. Parental A673 cells, cultured
A673 Luc3L cells, spleen cells, as well as cells from each tumour-bearing organ were
stained with Ly-6G-APC clone 1A8 #560599 (BD Biosciences, Franklin Lakes, NJ),
CD335/NKp46-BV421 clone 29A1.4 #562850 (BD Biosciences) and F4/80-Pe-Cy7 clone
BM8 #25-4801-82 (ThermoFisher Scientific) antibodies diluted 1/300 (or their isotype
controls, sourced from the same companies) for 30 minutes. The samples were then washed
with PBS and resuspended in sorting buffer (PBS containing 4% FCS, 1mM EDTA) and

analysed using the FACS CytoFLEX (Beckman Coulter Life Sciences).

2.16 Hematoxylin & Eosin staining

Organs from tumour-bearing mice were placed in cassettes and stored in formalin. Next,
the tissue was processed in 70% ethanol for 1 hour, 100% ethanol for 1 hour, fresh solutions
of 100% ethanol twice for 1.5 hours each, three consecutive incubations in xylene for 1
hour, one incubation in xylene for 1.5 hours and lastly three incubations in paraffin wax
(60 °C) for 1 hour each. The tissue was then embedded in molten paraffin wax and the
block was left at room temperature overnight to solidify. The block was then sectioned
using a microtome to a thickness of 4 um before the ribbon was added to a 42 °C water
bath and placed immediately on the positive (+) surface of a clean glass slide. The slides

were then H & E stained using the protocol shown in table 2 below (Cardiff et al., 2014).
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Table 2: Protocol for H & E staining

Part 1: Dewaxing

1. Xylene (two incubations) 4 minutes
2: 100% ethanol (two incubations) 2 minutes
3: Tap water 5 minutes
Part 2: Haematoxylin and Eosin staining:

1: Mayer’s Haematoxylin 3 minutes
2: Tap water 10 seconds
3: Scott’s tap water 1 minutes
4: Tap water 1 minutes
5: 1% Aqueous Eosin 3 minutes
6: Tap water Rinse

Part 3: Dehydrating in alcohols and clearing in xylene

1: 100% Ethanol (three incubations) 10 dips

2: Xylene (two incubations) 2 minutes
*Slides were then mounted in DPX (Sigma-Aldrich, NSW, Australia)

All reagents for staining purchased form Amber scientific, WA, Australia.

The slides were then imaged on an Olympus 1X81 using the Olympus UPLSAPO 10X

objective lens.

2.17 Mouse experimental workload

The workload involved in weighing the mice was evenly split between Carmelo Cerra and
Michael Harris. The mouse intramuscular injections, IVIS imaging and mouse treatments
were done by Carmelo with assistance from Michael. Carmelo and Michael contributed
equally to the removal of mouse organs at the endpoints of these mouse studies.
Intravenous injections were administered by animal technicians at the La Trobe Animal

and Teaching Facility (LARTF).

2.18 Statistical calculations

All statistical calculations were generated using the GraphPad Prism software. A one-way
ANOVA with Tukey’s multiple comparisons was used to compare proteasome activity
means 1 h to 48 h post drug treatment. A one-way ANOVA with Sidak’s post-tests was
used to compare A673 primary tumour volume between saline, bortezomib and ixazomib

treated mice in the primary efficacy experiment. To compare the survival rate of the mice
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between the different treatment groups (saline, bortezomib, ixazomib) in the A673 primary
efficacy experiment, a Mantel-Cox test with Bonferroni correction for multiple
comparisons (2) was used. A one-way ANOVA with Dunnett’s multiple comparisons was
used to compare the ex vivo sensitivity of each of the A673 primary mouse tumours to the

proteasome inhibitors.
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Chapter 3: Results

3.1 In vitro sarcoma cell line drug sensitivity screening

Three cell lines representing different sarcoma types were screened in an in vitro setting
against current and novel anti-cancer agents at their maximum peak plasma concentration
achievable in patients (Cmax). The Cmax were chosen to predict which drugs could possibly
have activity in vivo. Treating cells with concentrations that would be experienced by cells
within the tumour would be ideal, but those drug concentrations have not been determined
for these sarcomas. Cmax IS the next best option as it reflects the highest dose a cell could

theoretically receive, but is probably higher than what will reach the tumour tissue.

An initial screen was achieved using an MTT assay to compare differences in cell metabolic
activity (as a surrogate measure of cell viability) (Prabst et al., 2017; Tada et al., 1986) after
the treatment of a cell lines derived from a Ewing sarcoma (A673), rhabdomyosarcoma
(RD-1) and leiomyosarcoma (SK-UT-1) with various anti-cancer agents for 24 h (Figure
3). The purpose of this was to identify the most effective drug candidate for further in vitro
sarcoma screening. Bortezomib, a proteasome inhibitor, was the most effective agent on
average at reducing metabolic activity. The Ewing sarcoma cell line A673 and to a lesser

extent the leiomyosarcoma cell line SK-UT-1 were particularly sensitive to this drug.
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Drug Crmax Reference
Temozolomide 35 uM (Brada et al., 1999)
SN-38 45 nM (Hamaguchi et al., 2010)
Vincristine 3.9uM | (Shahetal., 2016)
Doxorubicin 1.7 uM | (Rushing et al., 1993)
Cisplatin 55uM | (van Hennik et al., 1987)
Navitoclax 6.6 UM | (Wilson et al., 2010)
Vorinostat 1.8 uM | (Hummel et al., 2013)
Bortezomib 580 nM | (Moreau et al., 2012)
LCL 161 12 uM (Infante et al., 2014)
TNFa (endogenous) | 12 pg/ml | (Xiao et al., 2014)

Figure 3: Ewing sarcoma cells are most sensitive to the proteasome inhibitor bortezomib. Three
sarcoma cell lines, Ewing sarcoma (A673), rhabdomyosarcoma (RD-1) and leiomyosarcoma (SK-UT-
1), were incubated for 24 h with various anti-cancer agents all at their respective Cmax. (A) All
treatments were standardised relative to the untreated samples and averages (n = 9) for each drug were
determined. The metabolic activity was measured via an MTT assay as an indirect measure of cell
viability (n = 3, +/- SEM). (B) The Cmax concentration for each drug used in the MTT assay.
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To determine whether bortezomib sensitivity of A673 cells reflected a general sensitivity
of Ewing sarcoma cells to proteasome inhibitors, two Ewing sarcoma cell lines, one derived
from a muscle tumour (A673) and one derived from a bone tumour (SK-PN-DW) were
treated with various proteasome inhibitors (Figure 4). A range of clinically relevant
proteasome inhibitors which have been previously FDA-approved in treating multiple
myeloma including bortezomib, ixazomib and carfilzomib as well as newer class inhibitors

oprozomib and delanzomib were used.

The cell viability was determined using a CellTiter-Glo assay as it is a more precise and
sensitive technique than MTT (Harris et al., 2020a), with the ability to detect below 300
cells in a sample (Appendix 1). This assay quantifies the ATP in each sample as a measure

of the change in cell viability in different treatment groups.

These 48 hour in vitro CellTiter-Glo assays confirmed that Ewing sarcoma cells were very
sensitive to the entire class of proteasome inhibitor therapies at clinically relevant
concentrations. This was important as it implied that the sensitivity in Figure 3 was a

general feature of this drug class and cell type.
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Figure 4: Ewing sarcoma cells are sensitive many proteasome inhibitors. A673 (A) and SK-PN-DW
(B) cells were treated for 48 h with varying doses of Crax 0f the proteasome inhibitors bortezomib (580
nM (Moreau et al., 2012)), ixazomib (300 nM (Richardson et al., 2014)), carfilzomib (3500 nM (Quach
et al., 2017)), delanzomib (800 nM (Gallerani et al., 2013)) and oprozomib (1400 nM (Infante et al.,
2016)). (n = 3, +/-SEM). The cell viability was determined using the CellTiter-Glo assay, with the
signals from all samples expressed relative to untreated cells.
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The results in Figures 3 and 4 led to the focus for the remainder of this project on

proteasome inhibitors and Ewing sarcoma.

The sensitivity of the Ewing sarcoma cell lines A673 (derived from a muscle) (Giard et al.,
1973), CHLA-10 (from a thoracic lymph node) (Batra et al., 2004) and SK-PN-DW
(derived from a bone) (Potluri et al., 1987) was investigated further using additional
incubation times and cells both adhered and not adhered prior to drug treatments. These
Ewing sarcoma cell lines were treated with bortezomib, ixazomib and carfilzomib
compared to current chemotherapy drugs cisplatin and doxorubicin over a range of
concentrations, using the CellTiter-Glo assay (Figure 5,6). Cisplatin is used for recurrent
Ewing sarcoma patients (van Maldegem et al., 2015), whilst doxorubicin is used as a first-
line treatment for Ewing sarcoma (Womer et al., 2012). This process was undertaken on
Ewing cell lines before they had adhered to the plate (Figure 5) and once they had adhered

to the plate (Figure 6), to observe the impact that cell adhesion had on drug sensitivity.

Overall, A673 cells were the most sensitive Ewing sarcoma cell line to the proteasome
inhibitors at 24, 48 and 72 h. Bortezomib was the most effective drug at reducing cell
viability in all three Ewing cell lines. Also, bortezomib and carfilzomib were just as
effective and, in some cases, more effective at reducing ATP levels than current
chemotherapies in the SK-PN-DW and CHLA-10 cells. Using this data, the concentrations
of the drugs required to reduce ATP levels by half (ICso) were calculated for both the non-
adhered (Table 3) and adhered cell (Table 4) experiments. To put these concentrations into
further clinical relevance the percentage Cmax required for each 1Cso was calculated as a

means of comparing drug effectiveness between treatments.

In general, the adhered cells tended to be slightly less sensitive to all treatments although

similar sensitivity profiles were observed within each of the two experiments (non-adhered
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vs adhered cells). This may have been due to changes in cell morphology or cell adhesion-
mediated drug resistance discussed in section 4.1.3 (Damiano et al., 2001; Huang et al.,
2019). The adhered ICso’s were used for all further experiments in this project, unless
otherwise specified for consistency to the literature as these Ewing sarcoma cells are all
adherent cells. Also, since Ewing sarcoma is a solid tumour type in vivo it would be

expected that the cells would be more likely to be in an adhered morphology in a patient.
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Figure 5: Ewing sarcoma cell lines (non-adhered protocol) are sensitive to the proteasome inhibitors,
compared to current chemotherapies. Three Ewing sarcoma cell lines A673 (A), CHLA-10 (B) and
SK-PN-DW (C) were incubated for either 24, 48 or 72 h with the proteasome inhibitors bortezomib (Cmax=
580 nM), ixazomib (Cmax= 300 nM) and carfilzomib (Cmax= 3500 nM) as well as current treatments
cisplatin (Cmax= 5500 nM) and doxorubicin (Cmax= 1700 nM) (n = 3, +/-SEM). The levels of ATP were
determined using the CellTiter-Glo assay, with all samples compared relative to untreated cells.
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Table 3: The calculated concentrations of each drug required to reduce ATP levels by half (1Cso),
for the Ewing sarcoma lines A673, CHLA-10, SK-PN-DW (non-adhered protocol), after 24, 48 or
72h. In each case the values in brackets indicate the percentage Cmax required to achieve this 1Cso (n=3,
+/- SEM). Where the Cmax was taken from the following references bortezomib (Moreau et al., 2012),
ixazomib (Richardson et al., 2014), carfilzomib (Quach et al., 2017), cisplatin (van Hennik et al., 1987),

doxorubicin (Rushing et al., 1993).

A673

CHLA-10
24 h

SK-PN-DW

A673

CHLA-10

48 h

SK-PN-DW

A673

CHLA-10

72h

SK-PN-DW

Bortezomib
(Cmax=580 n M)

9.17 £0.893 nM
(1.58 £ 0.02%)

132 +23.6 nM
(22.7 + 0.04%)

21.5+1.79nM
(3.70+£0.31%)

6.80 £ 0.89 nM
(1.17 £ 0.15%)

22.1+1.41nM
(3.81£0.24%)

9.03+£0.89 nM
(1.56 £ 0.15%)

3.46 £ 0.05 nM
(0.60 £ 0.01%)

13.1+1.08 nM
(2.25 + 0.19%)

451+£0.12nM
(0.78 £ 0.02%)

Ixazomib
(Cmax=300 n M)

43.7 £6.87 nM
(14.6 £ 2.30%)

379+91.1 nM
(126 + 30.4%)

105 +37.0 nM
(35.0%)

31.7£5.00 nM
(10.6 £ 1.67%)

116 £4.13 nM
(38.7 £1.38%)

37.7+4.28 nM
(12.6 £1.43%)

24.8+0.85 nM
(8.26 £ 0.28%)

78.2+4.38 nM
(26.1 £ 1.46%)

36.9+£2.02nM
(12.3 £0.67%)

Carfilzomib
(Cmax=3500 I’]M)

10.9+32.5nM
(0.31£0.93%)

2.60%0.74 pM
(74.1 £ 0.02%)

16.8 £3.07 nM
(0.48 £ 0.09%)

64.9 £7.06 nM
(1.85+0.20%)

118 +12.4 nM
(3.37 £0.35%)

71.1+16.5nM
(2.05 £0.47%)

45.6 £3.09 nM
(1.30 £ 0.09%)

227 £5.44 nM
(6.48 £0.16%)

65.7+10.4 nM
(1.88 £ 0.30%)

Cisplatin
(Cmax=5500 n M)

4.03+0.27 uM
(73.3 £ 0.01%)

9.64 +0.63 uM
(175 +3.18%)

8.17+1.40 uM
(149 £ 0.03%)

1.05 + 0.05 uM
(19.0  0.001%)

1.09 £ 0.13 pM
(19.9 + 0.002%)

1.42 +0.17 uM
(25.8 + 0.003%)

173 +£3.08 nM
(3.15 £ 0.06%)

389 +42.9 nM
(7.06 + 0.78%)

368 + 25.6 nM
(6.70 £ 0.47%)

Doxorubicin
(Cmax=1700 nM)

871+125nM
(51.2 £7.35%)

651 +9.61 nM
(38.3£0.57%)

213+9.60 nM
(12.5 £ 0.56%)

204 £13.5nM
(12.0 £ 0.79%)

44.9 +2.54 nM
(2.64 £ 0.15%)

34+12 nM
(2.00 £0.71%)

15.7 £0.90 nM
(0.93 £ 0.05%)

15.7 £ 6.44 nM
(0.92 £0.38%)

18.5+1.95nM
(1.10 £ 0.12%)
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Figure 6: Ewing sarcoma cell lines (adhered cell protocol) are sensitive to the proteasome
inhibitors. Three Ewing sarcoma cell lines, A673 (A), CHLA-10 (B) and SK-PN-DW (C) were seeded
into plates then the next day were incubated for either 24, 48 or 72 h with the proteasome inhibitors
bortezomib (Cmax= 580 nM), ixazomib (Cmax= 300 nM) and carfilzomib (Cmax= 3500 nM) as well as
current treatments cisplatin (Cmax= 5500 nM) and doxorubicin (Cmax= 1700 nM) (n = 3, +/-SEM). The
levels of ATP were determined using the CellTiter-Glo assay, with all samples compared relative to
untreated cells.
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Table 4: The calculated concentrations of each drug required to reduce ATP levels by half (1Cso),
for the Ewing sarcoma lines A673, CHLA-10, SK-PN-DW (adhered cell protocol), after 24, 48 and
72h incubations. In each case the values in brackets demonstrate the percentage Cmax required to achieve
this 1Cso (n = 3, +/- SEM).

24 h

48 h

72 h

A673

CHLA-10

SK-PN-DW

A673

CHLA-10

SK-PN-DW

A673

CHLA-10

SK-PN-DW

Bortezomib
(Cmax=580 n M)

11.2 £ 0.89 nM
(1.93 £ 0.15%)

246 +32.4 nM
(42.4 £ 5.60%)

32.7+8.27nM
(5.64 + 1.43%)

6.62 +0.19 nM
(1.14 £ 0.03%)

12.6 + 0.36 nM
(2.17 £ 0.06%)

8.41 £ 0.56 nM
(1.45 + 0.10%)

5.07 +0.23 nM
(0.87 + 0.04%)

9.97 £0.43 nM
(1.72 £ 0.07%)

8.49 £0.19 uM
(1.46  0.03%)

Ixazomib
(Cmax=300 n M)

71.8 +9.54 nM
(23.9 +3.18%)

33.6 + 0.63 uM
(11205 + 209%)

372 +80.0 nM
(124 £ 26.7%)

48.5 +3.82 nM
(16.2 £ 1.27%)

177 +30.3 nM
(59 + 10.1%)

82.7+£3.12nM
(27.6 + 1.04%)

38.9 +1.09 nM
(13 + 0.36%)

86.9 £3.41 nM
(29 + 1.14%)

70.6 + 1.56 nM
(23.5 + 0.52%)

Carfilzomib
(Cmax=3500 n M)

807 + 86.8 nM
(23.1 % 2.48%)

19.1+2.73 uM
(545 + 77.9%)

618 + 80.2 nM
(17.7 £ 2.29%)

63.1+16.9 nM
(1.80 + 0.48%)

1.31+0.26 uM
(37.3 £ 7.39%)

124 +27.9 nM
(3.54 + 0.80%)

33.0+3.39nM
(0.94 + 0.10%)

617 + 196 nM
(17.6 + 5.59%)

114 +7.52 nM
(3.26 £ 0.21%)

Cisplatin
(Cmax=5500 n M)

6.37 + 0.809 pM
(116 + 14.7%)

10.1 + 6.29 uM
(184 + 114%)

5.70 +0.77 uM
(104 + 14.0%)

896 + 437 nM
(16.3 + 7.95%)

812 +43.1nM
(14.8 + 0.78%)

2.26 +0.05 uM
(41.0 £ 0.97%)

655 + 9.65 nM
(11.9 £ 0.18%)

747 +40.2 nM
(13.6 £ 0.73%)

1.95 + 0.24 uM
(35.5 + 4.31%)

Doxorubicin
(Cmax=1700 n M)

716 + 253 nM
(42.1 £ 14.9%)

118 + 6.04 nM
(6.94 £ 0.36%)

119 +31.1 nM
(7 +1.83%)

104 + 26.9 nM
(6.12 £ 1.58%)

86.9 + 7.64 nM
(5.11 £ 0.45%)

35.6 + 6.46 nM
(2.09 £ 0.38%)

92.1+1.06 nM
(5.42 + 0.06%)

20.7 £5.63 nM
(1.22 £ 0.33%)

11.5+0.61 nM
(0.68 + 0.04%)
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As a further means of determining the sensitivity of Ewing sarcoma cells to proteasome
inhibition, a flow cytometry experiment was undertaken to measure cell death post
treatments with Annexin V-FITC and Propidium lodide staining (Figure 7). These stains
allow for the detection of early apoptotic and dead cells respectively (Banfalvi, 2017).
Annexin V-FITC has high affinity for phosphatidylserine which is found on the inner
surface of the plasma membrane in viable cells and becomes exposed when a cell undergoes
apoptosis (Wlodkowic et al., 2012). Propidium iodide is a DNA binding dye which stains
cells which have accessible DNA usually due to the damage or the absence of nuclear

membranes (Nicoletti et al., 1991).

The proteasome inhibitors induced apoptosis in all three cell lines at 10% theoretically
achievable concentrations in patients’ blood. A673 and SK-PN-DW were more sensitive
to the drugs than CHLA-10 cells. Thiswas highlighted as at least 50 % of these cells bound
annexin V 24 hours post treatment with Cmax doses. This supports previous CellTiter-Glo
data that CHLA-10 cells were the least sensitive cell line to the proteasome inhibitors as

well as confirming that the A673 cells were most sensitive to bortezomib.
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Figure 7: The proteasome inhibitors induce high levels of apoptosis in Ewing sarcoma cell lines.
The Ewing sarcoma cell lines A673 (A), CHLA-10 (B) and SK-PN-DW (C) were treated with the
proteasome inhibitors bortezomib (580 nM), ixazomib (300 nM) and carfilzomib (3500 nM) at their
Cmax and analysed via Annexin V/PI Flow cytometry after 24 h, (UT = untreated) (n = 3, +/-SEM).

56



To explore the mode of cell death provoked by the proteasome inhibitors, a caspase activity
assay was completed (Figure 8). A673, SK-PN-DW and CHLA-10 cells were treated with
doses of 5 and 10 nM bortezomib and 50 and 100 nM of ixazomib for 1, 24 and 48 h and
levels of caspase activity was monitored. Caspase activity was measured using the
fluorogenic substrate Ac-DEVD-AFC which can be efficiently cleaved by active caspase-
3 and less efficiently caspase-7 (McStay, 2016; Vickers et al., 2013). Proteasome inhibitors
have been shown to enhance caspase activity within osteosarcoma cells (Patatsos et al.,
2018). It was expected that the more effective the drug, the larger the increase in caspase

activity following treatments (Lau et al., 2006; Staib et al., 2005).

In all three cell lines, the proteasome inhibitors induced high levels of caspase activity at
the higher drug concentrations (10 nM bortezomib and 100 nM ixazomib) with a peak at
24 hours. At the lower drug concentrations (5 nM bortezomib and 50 nM ixazomib)
caspase activity did not reach the same levels and instead the overall activity peaked at 48
hours, consistent with previous studies using bortezomib and chondrosarcoma cells
(Lohberger et al., 2016). This was supported by the Annexin V-FITC, PI flow cytometry
experiment (Figure 7), as the detection of apoptosis by the staining implied caspases were
activated against Ewing sarcoma cells when treated with the proteasome inhibitors. As a
result, it was confirmed that the treatments activated caspases and induced apoptosis in

vitro.
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Figure 8: Proteasome inhibitors induce high levels of caspase activity in Ewing sarcoma cells. The
Ewing sarcoma cell lines A673 (A), SK-PN-DW (B) and CHLA-10 (C) were treated with 5 and 10 nM
of bortezomib and 50 and 100 nM of ixazomib for 1, 24 or 48 h (UT = Untreated cells). Caspase activity
was determined over a 1 h period using the fluorogenic substrate Ac-DEVD-AFC. (n = 3, +/-SEM).
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To investigate whether proteasome inhibitors induced apoptosis through causing a
reduction in proteasome activity, a proteasome activity assay was conducted (Figure 9).
This involved treating A673, SK-PN-DW and CHLA-10 cells with previously calculated
48 h ICsp (Table 4) concentrations of bortezomib, ixazomib and carfilzomib for 1, 24 and
48 hours to monitor changes in activity. The changes in proteasome activity were recorded
using the fluorogenic substrate Suc-LLVY-AMC, specific for the chymotrypsin-like sites

of the 26S proteasome (Kisselev & Goldberg, 2005).

With all the Ewing sarcoma cell lines, the proteasome inhibitors were able to significantly
reduce proteasome activity compared to untreated cells. Also, a pattern was observed, that
although proteasome activity was greatly reduced 1-hour post treatment, the levels began
to return to untreated levels by 48 hours. There were statistically significant differences in
the proteasome activity means at the 1-hour time point compared to 48 hours, with only
A673 cells treated with ixazomib and carfilzomib not demonstrating significant recovery
in activity. This finding confirmed that proteasome inhibitors were performing their role
of reducing 26S proteasome activity in Ewing sarcoma cells. The vast reductions in their
chymotrypsin-like sites of the 26S proteasome within Ewing sarcoma cells affected their

viability, highlighting the importance of this pathway in the viability of Ewing sarcomas.
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Figure 9: Proteasome inhibitors significantly reduce proteasome activity in Ewing Sarcoma cells.
A673 (A), SK-PN-DW (B) and CHLA-10 (C) cells were incubated with the proteasome inhibitors
bortezomib, ixazomib and carfilzomib at previously determined 48 h ICsg (adhered cell protocol) for 1,
24 and 48 h. The level of proteasome activity was determined using the substrate Suc-LLVY-AMC (n
= 3, +/-SEM), compared relative to untreated cells (UT). Statistical analysis was undertaken to compare
1 h to 48 h treatment means using a One-way ANOVA with Tukey’s multiple comparisons, with all p-
values shown on the graph (significant p < 0.05, not significant p > 0.05).
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A frequently-reported activity of proteasome inhibitors is to cause cell cycle arrest, as a
result of preventing the degradation of cell cycle checkpoint inhibitors (Dou et al., 2003;
Thibaudeau & Smith, 2019). Proteasome inhibitors have previously been shown to induce
G2 cell cycle arrest in osteosarcoma cells (Patatsos et al., 2018) and human non-small cell
lung cancer lines (Ling et al., 2003) and G1 cell cycle arrest in multiple myeloma cells (Li
et al., 2020). Consequently, a cell cycle experiment was performed to observe the effect of
proteasome inhibitors on the cell’s DNA content and therefore their impact on the cell cycle
(Figure 10). The purpose of this experiment was to determine whether proteasome
inhibitors induced cell cycle arrest in A673 cells and the timeframe in which the cells could

overcome this.

In this experiment A673 cells were incubated with either 5 nM of bortezomib or 30 nM of
ixazomib and the changes in DNA content were determined from 8 h to 32 h post treatment
using flow cytometry. Compared to untreated A673 cells, there were increases in the
percentage of cells in the G2/M phase when treated with the proteasome inhibitors. This
was consistent across both proteasome inhibitors used in this study. By 32 h, in both cases,
the overall DNA content profile returned towards untreated levels. Although the changes
were subtile, probably due to the low concentrations of drug used, these data indicate that

these drugs induced G2/M cell cycle arrest.
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Figure 10: Proteasome inhibitors cause G2 cell cycle arrest in A673 cells. A673 cells were treated
with either 5 nM bortezomib or 30 nM ixazomib for 8 h, 16 h, 16 h then 8h fresh media or 32 h, their
DNA content was then determined via propidium iodide (PI) flow cytometry. (n =3, +/-SEM)

An experiment was performed to determine any potential drug combinations which could
be used in vivo for treating Ewing sarcomas. A673, SK-PN-DW and CHLA-10 cells were
treated with bortezomib, or ixazomib, with doxorubicin (Figure 11) or cisplatin (Figure 12),
alone and in combination to observe any potential cooperation in vitro, using the Chou-
Talalay (Cl = combination index) method (Chou, 2010). The drugs were either added
together for 48 h or applied in sequential 24 h incubations. This time point of 24 h was
chosen to unveil any potential drug antagonism if the cell cycle arrest caused by the
proteasome inhibitors (Figure 10) impaired the toxicity of chemotherapies, which require

an active cell cycle to cause cytotoxicity and cell death (Mills et al., 2018).

Treatment of Ewing sarcoma cells with a proteasome inhibitor along with doxorubicin or
cisplatin in combination for 48 h yielded average Cl values of around 1-1.5 indicating slight
to moderate drug antagonism. Only minor synergy/additive effects were seen with SK-PN-

DW cells treated with ixazomib and cisplatin (Ix+C) and CHLA-10 cells treated with
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bortezomib and cisplatin (B+C). Furthermore, treating these cells sequentially with the
drugs in different orders yielded differences in drug interactive effects. Overall, when the
chemotherapy agents (cisplatin, doxorubicin) were added prior to the addition of the
proteasome inhibitor, lower average combination index values were recorded. This finding
indicated that the order of drug addition was important to avoid antagonism with these drug
combinations. Unfortunately, major synergy was not observed in any cases. Before
contemplating clinical application of combined chemotherapy and proteasome inhibitor

drugs, mechanisms for avoiding antagonism should be explored.
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Figure 11: The order of drug addition alters the drug interaction effect on Ewing sarcoma cells
between proteasome inhibitors and doxorubicin. A673 (A), SK-PN-DW (B) and CHLA-10 (C) cells
were treated with the previously calculated 48 h ICso for adhered cells. The cells were treated either
with bortezomib and doxorubicin together for 48 h (B+D), doxorubicin for 24 h, then bortezomib for 24
h (D>B) or bortezomib for 24 h then doxorubicin for 24 h (B>D). The same was also achieved for the
ixazomib and doxorubicin combination. The viability was quantitated comparing ATP levels using a
CellTiter-Glo assay. The combination indices (CI) from each treatment were calculated using the Chou-
Talalay method using CompuSyn (n = 3, +/-SEM). Strong antagonism CI>3.3, antagonism
1.45<CI<3.3, slight/moderate antagonism 1.1<Cl<1.45, approximately additive 0.9<CI<1.1,
slight/moderate synergy 0.7<Cl1<0.9), synergy 0.3<CI<0.7, strong/very strong synergy CI<0.3. The
fraction affected denotes the fraction of cells which have been killed due to the treatment. (I1) The
average combination index (CI) was also graphed to compare between drug combinations. Overall CI
> 1 denotes antagonism, Cl = 1 signifies an additive effect (identified by solid lineat Cl =1)and Cl < 1
denotes synergy.
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Figure 12: The order of drug addition alters the drug interaction effect on Ewing sarcoma cells
between proteasome inhibitors and cisplatin. A673 (A), SK-PN-DW (B) and CHLA-10 (C) cells
were treated with the previously calculated 48 h ICso for adhered cells. The cells were treated either
with bortezomib and cisplatin together for 48 h (B+C), cisplatin for 24 h, then bortezomib for 24 h (C>B)
or bortezomib for 24 h then cisplatin for 24 h (B>C). The same was also achieved for the ixazomib and
doxorubicin combination. The viability was quantitated comparing ATP levels using a CellTiter-Glo
assay. The combination indices (CI) from each treatment were calculated using the Chou-Talalay
method using CompuSyn (n = 3, +/-SEM). Strong antagonism CI>3.3, antagonism 1.45<CI<3.3,
slight/moderate antagonism 1.1<Cl<1.45, approximately additive 0.9<Cl<1.1, slight/moderate synergy
0.7<Cl<0.9), synergy 0.3<ClI<0.7, strong/very strong synergy CI<0.3. The fraction affected denotes the
fraction of cells which were killed due to the treatment. (I1I) The average combination index (CI) was
also graphed to compare between drug combinations. Overall Cl > 1 denotes antagonism, Cl = 1
signifies an additive effect (identified by solid line at Cl = 1) and CI < 1 denotes synergy.
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3.2 Lentiviral infection of A673

The in vitro sensitivity of Ewing sarcoma cells toward proteasome inhibitors justified
testing their efficacy in an in vivo setting, using mice implanted with Ewing sarcoma cells.
The A673 cell line was chosen over the other Ewing sarcoma lines as it was previously
published to be tumourigenic in BALB/c nude mice (Rouleau et al., 2015), whilst being
sensitive to bortezomib and ixazomib in vitro (Figures 4, 5, 6). A673 cells were virally
infected to express luciferase by the candidate and cell-sorted with the help of Dr Tanmay
Shekhar (Figure 13). The purpose of tagging these cells was to provide a means of
detecting and quantifying tumour burden via bioluminescent imaging, which is a more
sensitive and accurate measure of tumour burden than using callipers. This would also
provide a way of detecting and monitoring any metastasis in the mice and evaluating the
effects of treatments on the primary and metastatic disease. The cells were transduced with
a virus encoding luciferase and mCherry (pMSC-mCherry-luc-IRES). The levels of
mCherry positive cells (which were deemed to have been successfully transduced) were
compared in the infected verses untreated A673 samples (Figure 13). This flow cytometry
plot confirmed a successful, although very inefficient infection of the A673 cell line, when
comparing mCherry intensity in the A673 cells to OSCA40 luc-2 (Appendix 2). Single
cells were then sorted based on their mCherry fluorescence into a 96 well plate, to derive

monoclonal populations (Figure 13C).
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Figure 13: Lentiviral infection of A673 cells using Luciferase-mCherry plasmid. (A) After the
infection, the percentage of mCherry positive cells was determined via flow cytometry compared to the
untreated A673 parental cells. The cells were single cell sorted into monoclonal populations by
comparing mCherry fluorescence between the parental A673 (B) and the infected A673 cells (C).

Once sorted, the mCherry-positive monoclonal populations were cultured and expanded to
generate clones. To select an appropriate A673 expressing subclone for in vivo
implantation, four clones that exhibited normal morphology and growth rates were tested
for sensitivity towards bortezomib and ixazomib (Figure 14A). This was performed to
select a clone which had comparable sensitivity to the parental cells for in vivo use. The
four transduced clones as well as the polyclonal population all had similar sensitivity to the
parental A673 cell line after 24 h incubations with varying doses of bortezomib and

ixazomib.

The luciferase activity of each clone was determined after an incubation with D-luciferin,
with immediate detection of the luminescence emitted (Figure 14B). D-luciferin is
converted via the luciferase enzyme with oxygen into 1,2-dioxetane, which is unstable and
decays emitting one photon of light per second (Baklaushev et al., 2017). Although these
monoclonal populations were selected from mCherry positive cells (indicating cells had

undergone a successful infection), none of the cell lines except the positive control (OSCA-
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40 luc-2) expressed any detectable luminescence after a D-luciferin incubation. Therefore,
the transduced clones could not be used for bio-luminescence imaging in an in vivo setting

to monitor primary tumour growth/regression or detect metastasis.
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Figure 14: Luciferase clones have similar drug sensitivity (cell metabolic activity) profiles to the
parental A673 cells but lack luciferase activity. (A) Four monoclonal populations as well as the
polyclonal A673 populations were numbered and incubated with either bortezomib (Al) or ixazomib
(Al for 24 h and their residual metabolic activity was determined via an MTT assay (n=3, +/- SEM).
The concentrations of drug used were increments of the drugs Cmax (580 nM for bortezomib and 300
nM for ixazomib) and all the calculated cell metabolism was compared relative to the untreated sample.

(B) The clones were then incubated with D-luciferin and emitted luminescence was measured
immediately (n=3, +/- SEM).
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No luciferase activity was detected in the subclones (Figure 14B) that emitted low mCherry
fluorescence (Appendix 2), so the next step was to test whether the luciferase gene was
present in the cell lines. Using PCR and three sets of primers specific for the luciferase
gene, it was identified that clone A673 Luc-4 contained the luciferase gene (Figure 15).
Using the parental A673 and virally transduced KRIB cells as negative and positive
controls respectively, the most specific primer set with minimal non-specific binding was
determined to be primer set 1976 and 1977. To detect the presence of the luciferase gene,
four separate samples of DNA were extracted from each luciferase sub-clone and treated
as separate templates in PCR reactions and run on a gel (Figure 16). The PCR results
suggested that sub-clones 1, 2 and 4 contained the luciferase gene. Although the lower
intensity of the product formed in the reaction using genomic DNA from the A673 clones
suggested a lower viral insertion copy number than in the positive control cell line KRIB
luc-4 (Shekhar et al., 2019). Possible mechanisms that could account for the presence of
luciferase DNA but not enzymatic activity in the virally-transduced A673 clones are
presented in section 4.2.1. While the cells could not be detected via luminescence in vivo,
this PCR finding indicated that the transduced clones could be useful, as tumour burden
could be guantitated in organs of tumour-bearing mice after culling using luciferase-

specific PCR.

Primer pair: Primer pair: Primer pair: Primer pair:
1976-1977 1978-1979 1980-1981 1982-1983

100 bp markers
No template
A673 Luc-4
Parental A673
Notemplate
Parental A673
KRIB Luc-4
AB73 Luc-4
Blank well
 Parental AG73
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Figure 15: The most specific luciferase primer set for A673 Luc-4 is 1976-1977. Luciferase primers
1976-1977, 1978-1979 and 1980-1981 were tested for specificity against subclone A673 Luc-4. The
vimentin primers 1982-1983 were used as loading control. Parental A673 was used as a negative control
and KRIB Luc-4 as a positive control. Each PCR reaction used 100 ng of genomic DNA as a template
and was loaded on a 1.8% agarose gel.

69



AB73 Luc-1 AB73 Luc-2 AB73 Luc-3 AB73 Luc-4
[ 1 [ | [ 1 [

100 bp markers
No template
Parental A673
KRIB Luc-4

1000 bp

1000b
500
300
100bp

Figure 16: PCR confirmation that A673 sub clones contain luciferase gene. The top gel used the
luciferase primer set 1976 and 1977 and bottom gel used vimentin control primer set 1982-83. Four
individual samples of DNA from each subclone underwent separate PCR reactions, using 100 ng of
genomic DNA as templates, and were run on a 1.8% agarose gel.

3.3 Tumourigenicity of A673 cells in BALB/c nude mice

Although no luciferase expression was detected from the subclones, the presence of the
luciferase gene (which may facilitate PCR-based quantitation of tumour burden) made
those derivatives preferable, compared to the parental cells, for a tumourigenicity
experiment. Based on sensitivity and cell morphology, A673 Luc-4 was chosen to develop
a BALB/c nu/nu Ewing sarcoma mouse model. Previous Ewing sarcoma studies in nude
mice have used subcutaneous implantation (Stolte et al., 2018) but the muscle is a more
relevant site for Ewing tumours as the A673 cell line originated from a muscle tumour
(Giard et al., 1973). After tibialis anterior implantation, all mice had detectable primary
tumours by day 14, measured using callipers (Figure 17A). At the endpoint (day 28), all
mice had similar sized primary tumours (Figure 17A). With the assistance of Michael
Harris, a Hematoxylin & Eosin stained section of each primary A673 tumour revealed

invasion of the muscle by A673 tumour tissue (Figure 17B).
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Figure 17: A673 cells are tumourigenic in BALB/c nude mice. (A) 50,000 A673 Luc-4 cells were
implanted intramuscularly into the tibialis anterior leg muscle of five nude mice and the tumour size
was measured by callipers over a four-week period. At the endpoint of the experiment the primary
tumours from each mouse were weighed. (B) The primary tumour from each mouse (I: mouse 579, II:
mouse 580, Il mouse 581, IV: mouse 582, V: mouse 583) underwent H & E Staining, tumour cells
(arrow), muscle tissue (asterisk). (Scale = 100 um). The tissue for staining was processed by Michael
Harris and the photos were taken by Carmelo Cerra.
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3.4  Efficacy of bortezomib and ixazomib against primary Ewing sarcoma

Based on successful tumourigenicity data, nude mice were implanted with A673 Luc-4
cells into the tibialis anterior and separated into three equivalent treatment groups once
tumours were detected by eye (Figure 18). The doses of bortezomib and ixazomib had
been previously established by Dr Tanmay Shekhar (in the Hawkins laboratory) to be
tolerated by nude mice. Mice were treated with saline (Figure 18A) or the maximum
tolerated doses of bortezomib (1 mg/kg, twice weekly) (Figure 18B), or ixazomib (5 mg/kg,
twice weekly) (Figure 18C). The intent was to treat them twice weekly for four weeks, but

due to the aggressive nature of the tumours none of the mice survived to this point.
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Figure 18: Bortezomib and ixazomib reduced A673 primary tumour size and progression. BALB/c
nude mice were implanted with 50,000 A673 Luc-4 cells intramuscularly into the tibialis anterior and
were randomised into groups of eight once the tumour was detected (n = 8). From detection they were
treated twice weekly with either saline (A), bortezomib (B) or ixazomib (C), with the endpoint primary
tumour weight of each mouse also shown.
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On average, mice treated with the proteasome inhibitors bortezomib and ixazomib had
reduced primary tumour growth compared to the saline treatment group (Figure 19A).
From days 15 to 23, bortezomib was able to significantly reduce primary tumour volumes
compared to the saline treatment group (p = 0.0018), with no significant differences
identified between ixazomib and saline (p= 0.5209). The bortezomib-treated mice also
survived significantly longer (p = 0.0112) than the saline treated mice (Figure 19B). To a
lesser extent this was also the case for the mice treated with ixazomib compared to saline
(p=0.0246). Similarly, by day 26 all saline treated mice were culled, whereas all ixazomib
treated mice were culled by day 29 and bortezomib mice by day 34. These data support
the in vitro data that the A673 cells are sensitive to proteasome inhibitors. Although
statistically significant, the magnitude of the effect of these drugs would not be expected to

translate into a clinical response.
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Figure 19: Bortezomib and ixazomib prolong survival of BALB/c nude mice bearing primary A673
tumours. Mice were implanted with A673 Luc-4 cells and treated twice weekly until the endpoint. (A)
The average tumour volume was measured via callipers for mice treated with either saline, bortezomib
or ixazomib as well as the average tumour weight at the endpoint of the experiment (n = 8). The black
arrows indicate treatment days, whilst the colour coded numbers below the x-axis shows the number of
mice from each treatment group that were culled on each day. A one-way ANOVA with Sidak’s post-
tests, identified a significant difference in tumour volume from day 15 to 23 between saline and
bortezomib treated mice **(p = 0.0018) and no significant difference with ixazomib treated mice (p =
0.5209). A one-way ANOVA with Dunnett’s multiple comparisons identified no significant differences
in average endpoint tumour weight (saline vs. bortezomib p = 0.8123, saline vs ixazomib p = 0.2820).
(B) The survival curve for all mice included in this efficacy experiment, Mantel-Cox test with Bonferroni
correction for multiple comparisons (2) was used to compare survival rate of the different treatment

groups, *saline vs ixazomib (p = 0.0246), **saline vs bortezomib (p = 0.0112).
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3.5  Exvivo sensitivity

The primary A673 tumours were removed from the mice and a small section was used for
ex vivo sensitivity analysis (Figure 20) to determine whether their sensitivity changed to
bortezomib or ixazomib after in vivo growth and/or drug exposure. If this was the case it
could provide a reason for limited efficacy seen in vivo even though the cells were sensitive
to proteasome inhibitors in vitro. Tumour cells from the saline, bortezomib and ixazomib
treated mice were separately incubated for 24 h with the 1Cso (Table 3) concentrations of
bortezomib or ixazomib for A673 cells. Some tumours became significantly more resistant
to the proteasome inhibitors, although drug exposure in vivo did not impact on the tumour’s
sensitivity to these proteasome inhibitors. Note that mouse 592 was not analysed in this
section due to contamination during the tissue processing for cell culturing. This indicated
that changes in drug sensitivity because of in vivo growth may be one small aspect as to

differences seen in drug sensitivity of Ewing sarcoma cells in vivo compared to in vitro.
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Figure 20: Ex vivo Ewing sarcoma sensitivity. All primary tumours (except 592) from efficacy
experimental groups saline (A), bortezomib (B), ixazomib (C) were cultured ex vivo and treated for 24
h with previously calculated 1Cso (non-adhered ICsp) of either bortezomib (9.17 nM) or ixazomib (43.7
nM). The sensitivity was compared to A673 Luc-4 which was initially implanted in the mice to generate
tumours via CellTiter-Glo (n = 3, +/- SEM). Averages for each group were also calculated and mouse
samples were ordered from earliest culled to last culled, from left to right respectively. The average in
each group is shown on the right of each graph in black. A one-way ANOVA with Dunnett’s multiple
comparisons was used to compare the sensitivity of each separate tumour sample (technical replicates)
and average (biological replicates) to the sensitivity of A673 Luc-4. Significant p values were shown
above the bar graphs, the bars without any p values were determined to be not significant compared to
A673 Luc-4 sensitivity.
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3.6  Primary Ewing sarcoma Haematoxylin & Eosin staining

Tumour samples from the primary A673 mouse efficacy experiment were stained with
Haematoxylin and Eosin to further analyse their tumour anatomy (Figure 21). These slides
revealed the invasiveness of the A673 tumour (purple) within the smooth muscle (pink) as
shown in four independent tumour samples. This finding also confirmed that the Ewing
sarcoma cells were implanted correctly in the mice as they grew primarily within the

mouse’s leg muscle. Other H & E stained images of primary tumours are in appendix 5.

Figure 21: Primary A673 invasiveness in smooth muscle. Primary tumour samples were stained under
H & E with tumour tissue in purple (arrow) and muscle tissue shown in pink (asterisk) with a selection
from four independent mice to analyse tumour anatomy. A cross section of (A) mouse # 592 (saline
treated), (B) mouse #595 (saline treated), (C) mouse #613 (ixazomib treated) and (D) mouse #604
(bortezomib treated) were used. (scale = 100 um). The tissue was sectioned and stained by Michael
Harris and the photos were taken by Carmelo Cerra.

78



The lungs of the tumour-bearing mice then underwent H & E staining as a way of
identifying any potential metastasis (Figure 22). The lungs were chosen as they were
identified in patients as being one of the most common metastatic sites for Ewing sarcoma
(Chen et al., 2014). In previous Ewing mouse models the subcutaneous implantation of
A673 cells provoked metastasis to the lungs (Ambati et al., 2014) but no prior data has
shown this from an intramuscular implantation. This staining revealed that intramuscular
A673 Ewing sarcoma tumours were able to metastasise to the lungs, allowing the
establishment of a metastatic Ewing sarcoma mouse model. Unfortunately, time did not

permit a comparison of any potential lung metastasis between treatment groups.

o

ce. Lungs were removed from mice in
the primary efficacy experiment and stained with H & E. Panel A shows three healthy mouse lung
tissues and panel B shows three mouse lungs (I: #581 (from tumourigenicity and was untreated), 1l:
#604 (efficacy- bortezomib treated), I11: #596 (efficacy-saline treated) with A673 tumour metastasis
(identified with yellow arrow). (Scale = 100 pm). The tissue was sectioned and stained by Michael
Harris and the photos were taken by Carmelo Cerra.
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3.7  A673 stable transfection (tomato/luciferase plasmid)

To generate a metastatic mouse model and observe the spread of Ewing sarcoma cells in
live nude mice, a non-viral method was used to enforce luciferase expression in A673 cells.
It seemed possible that viral elements may have led to silencing of the reporter genes using
the retroviral vector employed in the previous model. A673 cells were stably transfected
with the pcDNAS3.1(+)/Luc2=tdT plasmid (Figure 23). A 4 h incubation with the
Lipofectamine 2000 and plasmid solution generated around 15% tomato positive
(successfully transiently-transfected) cells which was determined as being the ideal
transfection conditions for this cell line and plasmid (Figure 23A). Using this condition,
transfected cells were then single cell sorted via flow cytometry (FACSAria) based on their
fluorescence in the PE channel for tomato fluorescence (Figure 23B). The flow cytometry
sorting was undertaken by Dr Margaret Veale, part of the Bioimaging platform at La Trobe
University. A polyclonal population was also generated, which was analysed weeks later
to ensure that all single cells selected via flow cytometry contained the plasmid of interest.
The analysis of this population (A673 Luc-polyclonal-1) only detected 1.14% tomato
positive cells (Figure 23C). Consequently, the flow cytometry sorting to generate clonal
A673 luciferase/tomato populations was deemed unsuccessful and other means of sorting

were explored to achieve clonal populations.
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Figure 23: A673 Stable transfection analysis using the pcDNA3.1(+)/Luc2=tdT plasmid. (A) A673
cells were transfected with the tdTomato plasmid and levels of tomato fluorescence were compared
between A673 parentals (1), A673 cells transfected with pEF plasmid (I1) and A673 cells transfected for
4 h with pcDNA3.1(+)/Luc2=tdT plasmid (lI1). (B) The cells were then sorted using the FACSAria
with both parental (1) and A673 cells (4 h transfection) (11) with cells gated for tomato fluorescence
using the PE channel. (C) A673 luciferase/tomato polyclonal (A673 Luc-polyclonal-1) cells were then
analysed on the FACS CytoFLEX using the PE channel for tomato fluorescence.
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A smaller polyclonal population (A673 Luc-polyclonal-2) which was also sorted via the
flow cytometry method described above (Figure 23) was later deemed to contain a greater
frequency of tomato positive cells than the initial A673 Luc-polyclonal-1 population
(Appendix 7). This population was used to generate A673 clonal populations via limiting
dilution (Fuller et al., 2001; Gross et al., 2015), with clones denoted A673 LuclL, A673
Luc2L etc. Other clones were generated via transfecting A673 parental cells with
pcDNA3.1(+)/Luc2=tdT then treating them with G418. Only the cells which had taken up
the plasmid (contain the antibiotic resistant marker) survived the treatment and formed
colonies. Those colonies were harvested and each clone denoted A673 LuclG, A673

Luc2G etc.

Clones with appropriate luciferase activity were required for the generation of a metastatic
Ewing sarcoma mouse model. All clones produced via limiting dilution and G418 selection
were incubated with D-luciferin and the luminescence was measured immediately (Figure
24A) as in section 3.2 in Figure 14. Luminescence was compared to KRIB Luc-20 cells,
used previously by the Hawkins lab in mouse studies (Harris et al., 2020b; Harris et al.,
2020c). All clones with detectable luciferase activity contained higher luminescence
readings than the positive control KRIB Luc-20, whilst A673 Luc2L-6L had no detectable
luminescence. The clones were then analysed via flow cytometry for tomato fluorescence
to ensure they were clonal (Figure 24B, C). A673 LuclL-6L and 1G contained appropriate

luciferase activity and tomato intensity for this study.

The clones were then treated with varying doses of bortezomib and ixazomib to check
whether the transfection experiment altered the A673 cells’ drug sensitivity compared to
the parental cells (Figure 25). All 12 clones generated exhibited similar proteasome
inhibitor sensitivity to the parental cells (Figure 25). Taking into consideration all the data
presented in Figures 24 and 25, A673 Luc3L was chosen for generating the mouse model
as it contained appropriate luciferase activity, was clonal and had similar proteasome

inhibitor sensitivity to parental A673 cells.
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A AG673 clone luciferase activity
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Figure 24: Stably transfected A673 luciferase clones have appropriate fluorescence intensity and
luciferase activity and are of a clonal nature. (A) A673 clones generated via limiting dilution denoted
A673-LuclL and clones generated via G418 treated denoted A673-LuclG were treated with 15 mg/kg
of D-luciferin and emitted luminescence was measured immediately (n = 3, +/- SEM). (B) The tomato
fluorescence for each clone was determined by running the samples on the FACS CytoFLEX and
analysed using the PE channel (n = 3, +/- SEM). (C) The fluorescence readings on the PE channel was
compared between parental A673 cells (1) and selected clone A673 Luc3L (l1) after they were analysed
on the FACS CytoFLEX.
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Bortezomib clone sensitivity (24 h)
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Figure 25: Stably transfected A673 luciferase clones have similar proteasome inhibitor drug
sensitivity to A673 parental cells. A673 luciferase stable transfected clones were treated with varying
Cmax doses of the proteasome inhibitors bortezomib-580 nM (A) and ixazomib- 300 nM (B). The ATP
content was determined via a CellTiter-Glo assay and all luminescence was calculated relative to the
untreated cells, where all cell viability was compared to the A673 parental cells (n = 3, +/- SEM). All
clones are denoted in shorthand in the legend, i.e. Luc 1L= A673 LuclL.
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3.8 A673 Metastatic mouse model

The next aim was to establish a Ewing sarcoma metastatic mouse model that could be used
to screen novel therapies as a means of improving outcomes for patients with the metastatic
disease. It has previously been shown that NK cells are important in destroying circulating
cancer cells to prevent metastatic spread, with nude mice injected intravenously with
osteosarcoma cells only showing detectable metastatic disease if previously treated with an
anti-asialo-GM1 (NK depletion) antibody (Harris et al., 2020c). Previously published
Ewing sarcoma metastatic mouse models established lung metastasis requiring 1-2 million
cells (Lagares-Tena et al., 2016; Richter et al., 2009). It seemed likely that NK depletion

may enable the establishment of a more efficient experimental metastasis model.

To test this hypothesis, ten nude mice were intravenously inoculated with 150,000 A673
Luc3L cells, with half the mice receiving anti-asialo-GM1 (NK depletion) antibody 24 h
prior and the others receiving saline (Figure 26). Metastatic spread was monitored via
bioluminescent signals over a 28-day period (Figure 26A). Only two mice (mouse 766,
767) from the NK-depletion group had detectable metastatic disease in vivo, with no tumour
burden detected in any mice from the saline group. In the subsequent experiment, all organs
were removed from the mice and tumour burden was quantified ex vivo (Figure 26B), by
soaking the organs in D-luciferin. Bioluminescence was detected in numerous sites such
as the brain, liver, kidneys, adipose tissue, muscle, and heart in the NK depletion group.
Less frequently, some smaller metastases were detected ex vivo in the saline treated mice.
Also, mice 767-770 had weak widespread signals in vivo that were only detected on day 28
(Figure 28C). The in vivo finding of small widespread weak signals in mice 767-770 on
day 28 along with luminescence detected in numerous organs ex vivo demonstrated small

widespread metastasis which was not as significant in the saline group. The in vivo and ex
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vivo bioluminescent images (Figure 26C) demonstrated the site and intensity of the A673
tumours.

These data indicate that, NK depletion did assist with the overall formation of metastasis,
although only two mice developed detectable in vivo metastatic sarcomas within four
weeks. Some of the smaller tumours detected ex vivo indicated the variability and spread
of this cell line. We explored the possibility that this could be enhanced with an increase

in cell inoculation numbers.
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Figure 26: NK depletion facilitates the formation of small Ewing sarcoma metastases in nude mice
inoculated with 150,000 A673 Luc3L cells. (A) BALB/c nude mice were intravenously inoculated
with 150,000 A673 Luc3L cells and bioluminescence was detected twice weekly for 4 weeks via D-
luciferin administration. 24 h prior to cell administration half the mice received NK depletion (anti-
asialo-GM1) antibody (766-770) and half received saline (761-765). In vivo bioluminescence was
compared in lungs (Al), abdomen (All) and extremities/skull (Alll). (B) All tissue samples from the
mice in this study were removed and their luminescence was determined ex vivo at the endpoint (day
28). (C) Invivo images of each mouse are shown taken along the entirety of this experiment (ClI) and a
representative image of ex vivo analysis of mouse #766 and its tissue, luminescence was indicated using
a colour scale. N.D (not detectable) denotes a luminescence reading of 20,000 or below which is the
detection limit.
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In the hope of increasing the reproducibility of the model, the previous experiment was
repeated with 500,000 A673 Luc3L cells (Figure 27), 24 h after the nude mice received NK
depletion antibody or saline. Four out of the five NK depleted mice had detectable
metastatic disease in vivo in the lungs, rib cage (later determined via ex vivo analysis) and
in the leg. These tumours were detected in 4 to 5 consecutive imaging sessions with the
signal intensity doubling every few days. In contrast, none of the saline-treated mice
formed any metastatic disease that could be detected in vivo. Subsequent ex vivo analyses
of the mice’s tissue showed a similar pattern to the previous experiment in which fewer
cells were introduced, with bioluminescence only detected in mice whose NK cells were
depleted prior to cell inoculation. There was a wide variety of metastatic sites detected
encompassing the lungs, brain, liver, kidneys muscles and bones (Figure 27B). An
indication of the spread and intensity of the metastasis can be seen in the IVIS images both

in vivo and ex vivo (Figure 27C).

Four out of five of the mice whose NK cells were depleted prior to A673 cell inoculation
formed large detectable in vivo metastases, hence an A673 metastatic nude mouse model
was successfully established. Considerable heterogeneity was observed in the sites of
metastatic tumour growth (mirroring the diversity in metastatic sites of clinical extra-
osseous (extraskeletal) Ewing sarcomas). This variability, coupled with time constraints,
led to the abandonment of the initial plan of evaluating the efficacy of proteasome inhibitors

against metastatic Ewing sarcoma.
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Figure 27: Inoculation of 500,000 A673 Luc3L cells facilitates widespread metastasis following NK
depletion in nude mice. Mice 776-780 were administered anti-asialo-GM1 (NK depletion antibody)
and mice 771-775 were administered saline 24 h prior to being inoculated with 500,000 A673 Luc3L
cells. (A) The mice’s bioluminescence was detected twice weekly. Detectable metastases were graphed
according to their anatomical location; either lungs (1), abdomen (1) and extremities/skull (111). (B) At
day 28 (endpoint) the mouses organs were all removed and quantified for tumour burden via ex vivo
analysis (TA muscle = tibialis anterior muscle). (C) Images of each mouse are shown (1) as well as the
luminescence detected ex vivo from organs in mouse 776 (1), all luminescence was indicated using
colour scales. N.D (nhot detectable) denotes a luminescence reading of 20,000 bioluminescence or lower
which is the detection limit.
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The immune system plays a major role in the growth and maintenance of the tumour
microenvironment (Gonzalez et al., 2018) and provides an insight into the potential use of
immunotherapies, so the composition of immune cells in Ewing sarcoma tumours was
explored (Figure 28A). Metastases from the A673 Luc3L metastatic mouse model were
stained with antibodies recognising natural Kkiller cells (CD335/NKP46-BV421),
neutrophils (Ly-6G-APC), and macrophages (F4/80-PE-Cy7). Two independent tumours
(from the aorta and lung) used in this experiment were extracted from mouse 776. A
healthy mouse spleen was used as positive control to gate the detected immune cells
(Appendix 8). Overall, immune cells made up less than one quarter of the cells within the
tumours. The more prevalent immune cells in the descending aorta tumour were
macrophages and neutrophils, but neutrophils were the least common immune cell in the
lung tumour. Low immune cell infiltration was seen in the aorta and lung metastasis in
mouse 776, demonstrating a potential minimal role of immune cells in these
microenvironments, although conclusions could not definitively be made with a small
sample size using immunodeficient mice. As immunotherapies are more effective in
immune rich environments (Bonaventura et al., 2019) a larger sample size would be

required to determine if they could be a viable therapy against Ewing sarcoma.

Ewing sarcoma metastases were stained using H&E (Figure 28B). Successfully stained
lung, muscle, and liver tissue from mice with detectable tumours indicated these metastases
formed via extravasation rather than embolisms. This is vital in this model as embolisms
form when a cluster of cells dislodge and grow in a blood vessel (Mitchell et al., 2007),
whereas most tumour metastasis in patients start from extravasation events (Chen et al.,
2013; Pachmayr et al., 2017). Undertaking H&E indicated that this model is consistent to

what occurs in a patient setting.
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Figure 28: A673-derived experimental metastases contain relatively few immune cells and are not
embolisms. (A) Tumours from mouse #776 (500,000 A673 Luc3L tumourigenicity experiment) were
stained with antibodies recognising Ly6G (neutrophils), F4/80 (macrophages), NKp46 (NK cells) and
then quantitated via flow cytometry (raw values in appendix 8). (B) Mouse tissues from animals
intravenously inoculated with A673 Luc3L cells after NK depletion were subjected to H&E staining
after endpoint organ removal. The tissues used for this staining were from mouse #766 left quad (I) and
right quad (1), #767 lungs (I11), mouse #767 liver (1V), as well as mouse #766 lungs (V), (V1). Indicative
tumours are highlighted using black rectangles. Note: blue line denotes 100 pum.
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Chapter 4: Discussion

With a median age of diagnosis of 15 years, Ewing sarcoma is the second most common
malignant bone cancer in adolescents, exceeded only by osteosarcoma (Paulussen et al.,
2009). Treatment of Ewing sarcoma prior to the 1960s involved surgery and radiation
which led to overall 5-year survival rates below 20% (Nesbit, 1976). More recently,
concurrent chemotherapy using vincristine, cyclophosphamide, doxorubicin with
alternating cycles of ifosfamide and etoposide increased 5-year survival rates for patients
with the primary disease to 70% (Womer et al., 2012). Unfortunately, 5-year survival rates
remain below 40% for the metastatic disease with identical chemotherapies to the primary
disease (Karski et al., 2016). These survival rates provide scope for new research into

combating the primary and metastatic diseases.

Proteasome inhibitors have become a new promising drug class for the treatment of
cancers, after being FDA-approved for multiple myeloma (Gandolfi et al., 2017). The
proteasome inhibitor bortezomib was ineffective in clinical trials against Ewing sarcoma
and other solid tumour types (Muscal et al., 2013). Publications suggested that ixazomib
may have better tumour penetration against solid tumours (Kupperman et al., 2010). These
data, along with the in vitro sensitivity of proteasome inhibitors against Ewing sarcoma
cells (Figure 4,5,6) led to these drugs becoming the focus of this project. Where a goal of
this project was to observe the primary and metastatic extraskeletal Ewing sarcoma disease

in a mouse model as A673 cells were resected from a primary muscle tumour.
4.1 In vitro sensitivity

Ewing sarcoma cells were sensitive to the proteasome inhibitors, as measured via MTT,

CellTiter-Glo and flow cytometry.
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4.1.1 Initial sarcoma drug screen

In an in vitro setting, sarcoma cells were more sensitive to the proteasome inhibitor
bortezomib than BH3 mimetics, HDAC inhibitors and SMAC mimetics including current
treatments of vincristine and doxorubicin (Figure 3). Other sarcoma types such as
rhabdomyosarcoma (RD-1) and uterine leiomyosarcoma (SK-UT-1) cell lines were less
sensitive in general to all treatments compared to Ewing sarcoma A673 cells. Whilst this
is the case, BH3 mimetics in combination with other therapies have been effective in vitro
against soft tissue sarcomas (Rello-Varona et al., 2019), whilst synovial sarcoma cells were
sensitive to HDAC inhibitors (Laporte et al., 2017). Osteosarcoma cells were sensitive to
SMAC mimetics even at concentrations well below what’s achievable in a patient’s blood
stream (Shekhar et al., 2019). Whilst BH3 mimetics, HDAC inhibitors and SMAC
mimetics have been shown to be effective in vitro against various sarcomas, no previous
work has been done using Ewing sarcoma cells. Other previous work in this field has
shown that bortezomib has been effective at inducing cell cycle arrest and apoptosis in a
variety of Ewing sarcoma cells in vitro (Lu et al., 2008; Nakamura et al., 2007). Whilst
embryonal and alveolar rhabdomyosarcoma cells exhibited high sensitivity to the
proteasome inhibitor bortezomib through the activation of caspase 3 and 7 (Bersani et al.,
2008) and leiomyosarcomas were also sensitive to bortezomib induced proteasome
inhibition in vitro (Perez et al., 2016). These publications supported the sensitivity data of
bortezomib against the Ewing sarcoma and leiomyosarcoma cells in this project. The lack
of drug potency seen against rhabdomyosarcoma cells compared to published data (Bersani
et al., 2008) could be due to different drug incubation periods and cell lines used between
the studies. As a result of this finding, the project’s focus shifted to better understanding

the effectiveness of proteasome inhibitors against Ewing sarcoma.
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4.1.2 Ewing sarcoma sensitivity towards proteasome inhibitors in vitro

Ewing sarcoma cells were sensitive to proteasome inhibition at clinically achievable
concentrations (Figures 4,5,6). This was confirmed via CellTiter-Glo and flow cytometry

analysis.

The entire class of proteasome inhibitor therapies were able to reduce viability to below
5% at 50% Cmax after 48 hours (Figure 4). A673 and SK-PN-DW Ewing cell lines
demonstrated the greatest sensitivity at even 10% the dose of bortezomib, ixazomib and
carfilzomib that is theoretically achievable in patients (Cmax) (Figure 5,6). To put this in
context, to achieve 50% reduction in ATP content (ICso) in A673 cells, it required less than
1% Cmax of bortezomib and carfilzomib compared to around 12% and 5% of Cmax for

cisplatin and doxorubicin (Table 4).

The flow cytometry experiment was undertaken as another means of determining how
effective the proteasome inhibitor therapies were in reducing cell viability and causing
apoptosis in Ewing sarcoma cells. The data confirmed what was seen via CellTiter-Glo,
where the A673 and SK-PN-DW lines were more sensitive than CHLA-10 cells to
proteasome inhibition derived apoptosis. The similarities in the Annexin V* and PI*
profiles between the A673 and SK-PN-DW cells further confirmed their similarities in
sensitivity to proteasome inhibition as seen via CellTiter-Glo. As this was the case, the
A673 cell line was deemed to be the most sensitive cell line to proteasome inhibitors at 24
hours due to having a greater quantity of cells in late apoptosis (Annexin V*, PI"), compared

to early apoptosis (Annexin™,PI").

Various studies have demonstrated the apparent sensitivity of Ewing sarcoma cells to
proteasome inhibition in vitro (Lu et al., 2008; Nakamura et al., 2007). Other upstream

proteasome inhibitors, b-AP15 and VLX1570 (proteasome deubiquitinating enzyme
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inhibitors) were shown to be effective against Ewing sarcoma, both in vitro and in vivo
(Shukla et al., 2016). Both b-AP15 and VLX1570 inhibited proteasome function through
inhibiting USP14 and UCHLY5, which were both deubiquitinating enzymes, demonstrating
an upstream inhibition in the proteasome pathway compared to bortezomib and it’s
analogous (Shukla et al., 2016). Proteasome inhibition through deubiquitinating inhibition
of USP19 also caused a depletion in Ewing sarcoma cell growth and delayed tumour growth
in mouse xenografts (Gierisch et al., 2019). These papers support the findings that Ewing
sarcoma cells rely on proteasome activity for growth and metabolism and are therefore
sensitive to cell death when this process is inhibited. Whilst these publications
demonstrated how sensitive Ewing sarcoma cells were to proteasome inhibition, no
previous work has been undertaken using the inhibitors ixazomib, carfilzomib, delanzomib
and oprozomib against Ewing sarcoma. Consequently, it was worth exploring this aspect
further due to the sensitivity of Ewing sarcoma cells in vitro to proteasome inhibition. This
presented a potential novel treatment for Ewing sarcoma which was more effective in vitro
than current treatments. It could be especially important for patients with recurrent and
refractory Ewing sarcoma, with 5-year survival rates below 20% (Leavey et al., 2008; Xu
et al., 2019), considering there is no standard second-line of therapy for these patients (Xu

etal., 2019).

It would be interesting to repeat the flow cytometry experiment in the future with 48- and
72-hour incubations of the proteasome inhibitors with these Ewing cell lines as a
comparison to the viability data generated via CellTiter-Glo. Previous in vitro research in
this field has shown the effectiveness of bortezomib to inhibit cell proliferation in numerous
Ewing sarcoma cell lines (Lu et al., 2008). The sensitivity data generated on the other
proteasome inhibitors highlights how sensitive Ewing sarcoma cells were to proteasome
inhibition and consequently how important proteasome activity must be in the growth and

maintenance of these tumours.
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4.1.3 Adhered versus suspension Ewing sarcoma cells sensitivity

Ewing sarcoma cells which were adhered to the plate prior to drug incubations were overall
less sensitive to all treatments, compared to experiments where a cell suspension was added
to wells containing the drug (Figure 5,6) and (Tables 3,4). Although not published for
Ewing sarcoma cells, it has been shown that adhered K562 chronic myelogenous leukemia
cells (Damiano et al., 2001) and human myeloma cell lines (Damiano et al., 1999; Huang
et al., 2019) were more resistant to DNA damaging agents when adhered to a plate, than
when grown in suspension. This phenomenon was termed cell adhesion-mediated drug
resistance (Hazlehurst & Dalton, 2001). The exact reason as to why this occurs is not well
understood but is believed to occur through multiple mechanisms such as increased p27+iP?
which is a cell cycle regulatory protein, as well as increases in topoisomerase Il activity
and changes in cell architecture (Shain & Dalton, 2001). This was also seen in a clinical
setting with patients with multiple myeloma, where myeloma cells once adhered to the bone
marrow or fibronectin displayed increased drug resistance towards chemotherapies (Abdi
et al., 2013; Noborio-Hatano et al., 2009). Also, multiple myeloma cells with a higher
expression of adhesion molecules such as ICAM-1 (intercellular adhesion molecule 1),
VLA-4 (very late antigen 4) and VCAM (vascular adhesion molecule) had increased drug
resistance to chemotherapies (Schmidmaier et al., 2006). These findings aligned with what
was seen in this study as it seems as if Ewing sarcoma cells when adhered to the plate were
also undergoing cell adhesion-mediated drug resistance against the proteasome inhibitors.
As Ewing sarcoma is a solid tumour type, the adhered cell set-up was more likely to mirror
an in vivo context which was the intention of this experiment. Because the suspension cells
were trypsin-treated prior to being incubated with drug, this would have caused a
proteolysis of many transmembrane proteins including those involved in cell adhesion
(Huang et al., 2010). This may explain why the suspension cells were more sensitive to

the proteasome inhibitors than these same cells adhered to the plate. Future experiments
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could be undertaken using 3D cell culturing which would provide an improved technique
for testing drug sensitivity that imitated an in vivo setting (Huang et al., 2013). This has
previously been established using a 3D electrospun PCL scaffold, where it was
demonstrated that TC-71 Ewing sarcoma cells had reduced growth rates compared to 2D
cell culture, but which mimicked in vivo xenografts (Fong et al., 2013). At the same time
this apparent drug resistance to proteasome inhibitors when adhered (which is a similar
morphology to what is seen in a solid Ewing sarcoma tumour) may also explain as to why
previous clinical trials with bortezomib have been ineffective against solid tumours (Huang
et al., 2014). If this could be overcome, then there could be further clinical success with

bortezomib in the clinic.

4.1.4 Proteasome and caspase activity assays

Proteasome inhibitors bortezomib and ixazomib induced high levels of caspase activity
(Figure 8). A673 and SK-PN-DW cells demonstrated similar drug sensitivity profiles
towards bortezomib and ixazomib which correlated to similar levels of caspase activity post
treatments. As expected, the proteasome inhibitors induced significantly lower caspase
activation in the less sensitive CHLA-10 Ewing cell line, at the same drug concentrations.
The overall pattern observed in two out of three cell lines was that at low drug
concentrations (5 nM bortezomib, 50 nM ixazomib) caspase activity peaked at 48 hours
post treatment, compared to 24 hours post treatment at higher proteasome inhibitor
treatments (10 nM bortezomib, 100 nM ixazomib). This pattern was similar to previously
published data, showing higher doses of bortezomib induced maximal caspase activity in
chondrosarcoma cells at 24 hours but caspase activity peaked at 48 hours after exposure to
a lower dose (Lohberger et al., 2016). A plausible hypothesis for this finding was that those

cell lines were more sensitive to proteasome inhibition triggered caspase activity and
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apoptosis (by 24 hours) and by 48 hours fewer viable cells were present to undergo

apoptosis, reducing the overall caspase activity.

Previous literature has demonstrated that proteasome inhibitors b-AP15 and VLX1570
(deubiquitinate proteasome inhibitors) were able to induce high levels of caspase activity
in Ewing sarcoma cell lines in vitro (Shukla et al., 2016). Although these therapies induce
proteasome inhibition in a different manner to bortezomib (and other inhibitors used in this
project) they induced caspase activation most significantly in A673 cells compared to other
Ewing sarcoma cell lines tested (CHP100,TC-71) (Shukla et al., 2016). This confirmed the
data generated using the proteasome inhibitors in this project, specifically highlighting the
sensitivity of A673 to proteasome inhibition. To further confirm the requirement for
caspase activity in cell death triggered by proteasome inhibition, the cells could be treated
with pan-caspase inhibitor Q-VD-OPh (Caserta et al., 2003). Caspase-dependant cell death
could be confirmed if proteasome inhibitors had no effect on cell viability of Ewing
sarcoma cells with prior pan-caspase treatment (Patatsos et al., 2018). The ability of Ewing
sarcoma cells to undergo apoptosis could be further analysed in the future using the other
proteasome inhibitors (carfilzomib, delanzomib, oprozomib) and longer timepoints to

observe any effects after 48 hours.

The proteasome inhibitors were able to mostly induce reductions in proteasome activity
below 25% 1-hour post treatments in the Ewing sarcoma cell lines in vitro (Figure 9). The
rationale for this experiment was to explore the kinetics and extent of proteasome inhibition
in Ewing sarcoma cells, given the drugs tested vary in their reversibility. As expected, from
1 to 48 hours bortezomib and ixazomib both recovered in activity due to their reversible
mode of action. On the other hand, it was expected that the proteasome would recover to
a lesser extent when treated with the carfilzomib due to its irreversibility for the 26S
proteasome. This was seen in A673 treatments, also the proteasome did not recover as
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significantly when treated with carfilzomib compared to the other proteasome inhibitors in
SK-PN-DW cells. Alternatively, the CHLA-10 cells recovered their proteasome activity
quickly, regardless of which proteasome inhibitor they had been exposed to. This provided
a possible justification that CHLA-10 cells were not as sensitive to proteasome inhibitor
therapies due to their ability to recover proteasome activity more significantly than A673
and SK-PN-DW lines. The activity of the proteasome in A673, SK-PN-DW and CHLA-
10 cells recovered but did not approach untreated levels until at least 48 hours post
treatment. Only A673 and SK-PN-DW cells fully recovered by 48 hours when treated with

bortezomib, with other cell lines recovering to 40% activity by this timepoint.

In contrast, published data using melanoma mouse models treated with bortezomib
demonstrated a similar reduction in proteasome activity 1-hour post treatments, which
significantly recovered closer to untreated levels by 24 hours (Mlynarczuk-Bialy et al.,
2014). In other clinical settings bortezomib has been shown to inhibit the proteasome
activity at the maximum tolerated dose of 1 mg/kg by up to 60% one hour post treatment
(Orlowski et al., 2002). Bortezomib was able to reduce proteasome activity levels to 10%
by 4 hours which only recovered to around 50% at 48 hours in vitro, using previously
calculated ICsp values against renal cell carcinoma cells (Vaziri et al., 2009). The authors
also saw concentration dependant changes in proteasome activity where lower doses of this
drug only reduced proteasome activity to 25% after 4 hours and 75% by 48 hours (Vaziri
et al., 2009). Although this was the case it did seem to be cell line dependant as renal cells
derived from lymph node metastasis showed minimal proteasome activity recovery by 48

hours (Vaziri et al., 2009).

The results in this study were compared to previously published data for bortezomib, as
these assays have not been undertaken for other proteasome inhibitors, to which similar
patterns in proteasome inhibitions and recoveries post treatments were observed.
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Understanding the kinetics and extent of proteasome activity would be an important aspect
when designing better treatments for Ewing sarcoma. Ewing sarcoma cells rely on a
functional overactive 26S proteasome, as treatments render these cells apoptotic, so
designing drugs with reduced side effects that could prolong inhibition would be of great

clinical relevance in the treatments of Ewing sarcoma patients.

Future experimentations could be undertaken using these proteasome and caspase activity
assays in an in vivo setting to provide an insight into how these treatments were able to
reduce proteasome activity and induce apoptosis in patients. At the same time, they would
help determine how well proteasome inhibitor treatments were able to penetrate these solid

tumours based on the localisation of apoptotic cells within these tumours.

4.1.5 Cell cycle analysis and drug cooperation

Proteasome inhibitors were able to induce G2 cell cycle arrest in Ewing sarcoma cells 24
hours post treatment (Figure 10). Although the changes in DNA content were not major,
which could be related to the fact that low concentrations of drug were used (below the 24
h ICsp), to minimise cell death during this assay, they were significant enough to identify
cell cycle arrest through increases in DNA in the G2/M phase compared to untreated cells.
Bortezomib was previously reported to stimulate G2 cell cycle arrest in other Ewing
sarcoma cell lines (Lu et al., 2008). In contrast, melanoma (Beaumont et al., 2016) and
mesothelioma (Gordon et al., 2008) cells experienced cell cycle arrest in both G1 and G2
phases following bortezomib treatment. Proteasome inhibitors are thought to impact on the
cell cycle by upregulating cyclin dependent kinase inhibitors p21 and p27 (Hideshima &
Anderson, 2012). The protein p21 has demonstrated to promote cell cycle arrest, resulting
in the inhibition of DNA synthesis and cell proliferation (Abbas & Dutta, 2009). Also,

proteasome inhibition has also demonstrated to lead to an accumulation of the tumour
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suppressor p53, that is involved in G1 and G2 cell cycle arrest, as a result of mdm2 ligase
which tags p53 for proteasomal degradation and is upregulated in cancer cells (Marine &
Lozano, 2010; Rastogi & Mishra, 2012). The purpose of this cell cycle analysis was to
assess possible drug antagonism with combination therapies involving proteasome
inhibitors and chemotherapies as most chemotherapy drugs only function at particular
stages of the cell cycle. Therefore, they require a fully functional cell cycle to elicit their

optimal response.

Interpretation of any cooperation between current chemotherapy drugs along with
proteasome inhibitors would provide an important insight into potential clinical
applications of combination therapies. The proteasome inhibitors bortezomib and ixazomib
used in combination with doxorubicin (Figure 11) and cisplatin (Figure 12) demonstrated
overall additive to slight antagonistic effects on Ewing sarcoma cells. Synergistic effects
between bortezomib and cisplatin have been published in human ovarian cancer cell lines
(Al-Eisawi et al., 2011). However, antagonism between chemotherapy drugs and
proteasome inhibitors has also been noted previously in other contexts. For example, in
vitro, doxorubicin could activate 20S proteasome peptidases in purified 20S proteasomes
in a test tube which are inhibited by proteasome inhibitor therapies, thereby causing drug
antagonism (Liu et al., 2008). The combination of bortezomib and cisplatin was able to
cause drug antagonism at low concentrations and synergism at higher concentrations in
malignant pleural mesothelioma cells (Gordon et al., 2008). The ability of proteasome
inhibitors to induce cell cycle arrest conflicts with the mode of action of cisplatin (Fuertes
et al., 2003) and doxorubicin (Thorn et al., 2011) which require and are specific to causing
DNA damage in proliferating cancer cells. Studies indicated that cells are most sensitive
to doxorubicin when in the S phase of the cell cycle (El-Far et al., 2020; Wahl et al., 2001),
whilst cells are most sensitive to cisplatin treatment when in the G1 phase (Donaldson et

al., 1994). This is a possible reason as to why drug antagonism was seen especially in
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cases where a proteasome inhibitor was added in combination with a chemotherapy drug
for an entire 48 hours i.e. (B+D) (Figure 11,12). As the proteasome inhibitors would have
tended to cause cells to accumulate in G2, fewer would be in the G1 or S phases where they
are maximally sensitive to cisplatin and doxorubicin respectively. Likewise, based on the
cell cycle plots in figure 10, the apparent overcoming of cell cycle arrest after 24 hours (as
the DNA content begins to return to untreated levels by then) was the reason why the drugs
were also added at 24 hour intervals to avoid this arrest. Interestingly, the addition of a
chemotherapeutic followed by a proteasome inhibitor i.e. (D>B) yielded the lowest
combination index values, indicating that these were the most synergistic combinations.
Also, in most cases the staggered addition of the proteasome inhibitor followed by the
chemotherapeutic i.e. (B>D), induced a more synergistic effect than the two drugs applied
simultaneously (B+D), although not as favourable as the staggered combination in the
opposite order (D>B). Proteasome inhibitors induced cell cycle arrest and therefore some
of the cells may still have been arrested 24-hours post treatment, which might explain why
the staggered treatments with proteasome inhibitor applied first were not more effective.
Interestingly, in CHLA-10 and SK-PN-DW cells concurrent bortezomib and cisplatin
(B+C) induced a more synergistic response than the staggered drug combinations. Cell
cycle analysis was not undertaken on these cell lines, but it is possible that their cell cycle
arrest was less pronounced or more rapidly overcome, allowing for greater periods of drug
synergism. Future experiments could involve treating the cells for 36 or 48 hours staggered
per drug at a low enough concentration that not all cells died but high enough to observe
any effects on the cell cycle. It would also be meaningful to establish the impact that
proteasome inhibitors have on the cell cycle of SK-PN-DW and CHLA-10 cells, to
determine a more efficient timepoint of drug addition to potentially overcome drug
antagonism. These data highlighted the importance of understanding and overcoming drug

antagonism in order to develop effective drug combination regimens for in vivo use.
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4.2  Primary Ewing Sarcoma mouse model

4.2.1 Generation of virally-transduced luciferase cells

The Ewing sarcoma cell line A673 was chosen for in vivo experimentation due to its
sensitivity to both bortezomib and new class inhibitors ixazomib and carfilzomib as well
as being previously published to be tumourigenic in BALB/c nude mice (Rouleau et al.,
2015). In previous studies, A673 cells have been successfully virally-transduced to express
luciferase in order to generate and image metastatic tumour xenografts (Minas et al., 2017).
The infection of A673 cells with a virus encoding luciferase and mCherry (pMSC-mcherry-
luc-IRES plasmid) was initially deemed to be successful via the flow cytometry (Figure 13).
By comparing differences in mCherry expression in transduced versus parental A673 cells,
monoclonal populations were only cultured from mCherry positive cells which had
undergone a successful infection. After expansion, however, the clones did not express
significant mCherry fluorescence (Appendix 2) or luciferase enzyme activity (Figure 14C),

yet contained the luciferase gene (Figure 15, 16).

A number of mechanisms could account for this frustrating absence of reporter gene
expression, despite successful genomic integration. Gene expression can be dampened by
DNA methylation, in which methyl groups are added to CpG islands to prevent promoter
access by transcriptional machinery (Smith & Meissner, 2013). Another possible reason
for the loss of gene expression involves histone modifications such as histone deacetylation
(HDAC) which condenses the chromosome and causes a reduction of gene expression
(Bannister & Kouzarides, 2011). Gene silencing is also believed to provide a protective
mechanism to cells by preventing the invasion of foreign DNA (Mok & Lever, 2007) . It
is therefore possible that the virally-derived sequences within the integrated DNA triggered

transcriptional silencing. The reactivation of retrovirally repressed GFP genes has been
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reported in HeL a cells after treatment with HDAC inhibitors (Katz et al., 2007). As a result,
treatments with demethylating agents or HDAC inhibitors could have revealed the
mechanism of silencing and provided ways of reversing it, but this would not render the
cell line useful for in vivo imaging or determining tumour burden after culling. All clones
exhibited approximately similar sensitivity towards the proteasome inhibitors. The clone
which was most similar in sensitivity to parental cells, A673 Luc-4, was chosen for the

generation of the primary Ewing sarcoma nude mouse model.

Other possible biomarkers were studied for detecting A673 Luc-4 in amouse model. CD44
was overexpressed in some Ewing sarcoma patients with enhanced tumour invasiveness
(Paulis et al., 2015), though minimal levels of this biomarker were detected in the A673
cells used for tumour implantation (Appendix 6). Hence it could not be used for post-
mortem determination of tumour burden. Another biomarker which could be explored to
detect Ewing sarcoma cells in vivo is CD99, a membrane glycoprotein that is highly
expressed in tumour cells from Ewing sarcoma patients (Kovar et al., 1990; Rocchi et al.,
2010). The presence of the reporter genes (notwithstanding the lack of their protein
products) presumably could have facilitated detection of tumour cells in mouse organs after
culling through qPCR, but neither this or CD99 expression could be explored in the A673
Luc-4 mouse model in this project due to time constraints. As the viral origin of the reporter
genes may have led to their silencing (Bannister & Kouzarides, 2011; Mok & Lever, 2007,
Smith & Meissner, 2013), a non-viral method of enforcing reporter gene expression was
subsequently used in A673 cells. This was successful (section 4.3.1), lending credence to
the hypothesis that viral silencing was the problem with the initial approach. But before
this approach was pursued, the virally transduced A673 cells were used, and calliper
measurements, to explore proteasome inhibitor efficacy in vivo against primary Ewing

sarcoma.
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4.2.2 Ewing sarcoma primary mouse model

A BALB/c nu/nu mouse model was established by implanting 50,000 (A673 Luc-4) Ewing
sarcoma cells intramuscularly into the tibialis anterior of nude mice (Figure 17). All five
mice implanted with the cells developed detectable tumours in the muscle by day 14. An
advantage of this model over other Ewing mouse models such as subcutaneous
implantation is that cells were implanted in an orthotopically relevant site, as A673 cells
were resected from a Ewing muscle tumour (Giard et al., 1973). Relatively few cells were
required in this model, making it more efficient compared to other models that require one
to three-million A673 cells injected subcutaneously to reliably generate a primary tumour
(Rouleau et al., 2015). This is the first intramuscular Ewing sarcoma mouse model to be
established. Italso provides a platform for testing the proteasome inhibitors and other drugs
against primary Ewing sarcoma in vivo. Although the cells did not generate any detectable
luciferase activity, they were deemed appropriate for this study as primary tumour growth

could be detected via calliper measurements.

4.2.3 Efficacy of proteasome inhibitors against primary Ewing Sarcoma

A reliable Ewing sarcoma nude mouse model, in which all implanted mice developed
tumours, enabled evaluation of the efficacy of proteasome inhibitors in vivo. The
proteasome inhibitors bortezomib and ixazomib significantly increased the lifespan of
Ewing sarcoma implanted mice compared to the saline treatment group (Figure 19).
Furthermore, bortezomib delayed the growth of the primary tumour on average compared
to saline treated mice, but no significant differences were seen in the ixazomib treatment
group (Figure 19). These data established that bortezomib (administered at 1 mg/kg, twice
weekly) was more effective at reducing primary tumour growth than ixazomib at (given at

5 mg/kg, twice weekly). Nevertheless, the effects of ixazomib were not pronounced

105



enough for clinical relevance. This echoed bortezomib’s ineffectiveness against solid
tumours in clinical trials, although Ewing sarcoma cells have previously been shown in this

study to be very sensitive to proteasome inhibition in vitro.

Overall, clinical trial data has demonstrated that bortezomib is generally ineffective against
solid tumours (Huang et al., 2014) also seen with Ewing sarcoma patients (Maki et al.,
2005; Muscal et al., 2013). This was evident in a phase Il clinical trial against recurrent
and metastatic sarcomas, which involved Ewing, rhabdomyosarcomas as well as other soft
tissue sarcomas (leiomyosarcoma) (Maki et al., 2005). Bortezomib was classified as
ineffective against these sarcomas in all patients except for a single patient with
leiomyosarcoma (Maki et al., 2005). Although this was established the authors
recommended future studies using bortezomib along with agents with preclinical synergy
rather than recommending to no longer use this treatment (Maki et al., 2005). The rarity of
sarcomas meant that only very few Ewing sarcoma patients were included in these trials,
so it is difficult to draw conclusions as to the impact bortezomib had on Ewing sarcoma.
At the same time, animal experiments have suggested that newer proteasome inhibitors
such as ixazomib may be more effective than bortezomib against solid tumours in vivo
(Kupperman et al., 2010), hence why ixazomib was chosen for further research in this
project against Ewing sarcoma. Disappointingly, although it was published in vivo that
ixazomib had better solid tumour penetrance than bortezomib (Kupperman et al., 2010),
major improvements in efficacy compared to bortezomib were not identified in this

intramuscular Ewing sarcoma model.

Other preclinical data suggested that well vascularised solid tumours improved
bortezomib’s preclinical efficacy against prostate cancer mouse models (Williamson et al.,
2009). This suggested that limited tumour penetration related to poor tumour
vascularisation may explain its lack of efficacy in clinical trials against solid tumours and
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in this study against Ewing sarcoma. Perhaps if the tumour cells could experience similar
concentrations in vivo to those applied in vitro, then improvements could be seen with
bortezomib against solid tumours in the clinic. The ability to determine vascularisation of
solid tumours which did not respond to Ewing sarcoma therapies would be an important
experiment which could be undertaken in this field. It could be achieved via MicroCT
vascular casting of a mouse after its endpoint through which casts of the vasculature could
be prepared and MicroCT imaging done to maintain and observe tumour vasculature
(Williamson et al., 2009). If there were certain mice which did not respond as well to
treatments it could be determined through this method if it was because of lack of tumour
vascularisation. Also, attempts have been made to encapsulate bortezomib in a liposome
to improve its tumour penetrance and efficacy (Deshantri et al., 2019; Zuccari et al., 2015).
Bortezomib was formulated within a liposome that is specifically targeted for the tumour
vasculature, but early issues in its synthesis were related to the drug’s non-polar nature that
caused it to freely leak across the bilayer before reaching the tumour vasculature (Zuccari
et al.,, 2015). This was overcome by forming a boronic ester with bortezomib which
improved its entrapment within the liposome (Zuccari et al., 2015). Preclinically,
bortezomib did not exhibit any anti-tumour effects against a neuroblastoma mouse model,
whist the encapsulated bortezomib demonstrated enhanced anti-tumour activity against
neuroblastoma with reduced side effects (Zuccari et al., 2015). In another similar study,
bortezomib was encapsulated into a hollow mesoporous silica nanosphere particle, which
was able to reduce the growth of subcutaneously implanted human non-small lung cancer
carcinoma cells in nude mice by greater than 50% compared to bortezomib (Shen et al.,
2014). Although encapsulated bortezomib treatments have yet to be tested in the clinic,
they provide hope to overcome bortezomib’s poor solid tumour penetrance with greater
preclinical success against the solid tumour types neuroblastoma and non-small lung cancer

carcinoma.
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Potential tumour drug resistance was examined via ex vivo drug sensitivity analysis of the
primary Ewing sarcoma nude mice tumours (Figure 20). This experiment was undertaken
to assess whether acquired drug resistance was the reason why proteasome inhibitors were
effective in vitro but not in vivo. This is relevant in a clinical setting as bortezomib drug
resistance has been observed in multiple myeloma patients (Bai & Su, 2021; Zaal et al.,
2017). In this experiment Mouse number 606 in the bortezomib treatment group had the
most significant response to treatment, with no tumour detected from days 20 to 25. The
cells from this tumour did not show any resistance to bortezomib in ex vivo analysis
compared to the in vitro-cultured A673 Luc-4 cells (Figure 20). Tumour drug resistance
was identified but did not seem to be related to prior in vivo treatments (cells were cultured
to ensure no muscle cells were included in the assays). The most significant resistance was
identified in mice in the saline treatment group. Six out of seven tumours became more
resistant to ixazomib during the in vivo growth in that group. Some Ewing tumours became
more resistant to proteasome inhibitors in vivo seemingly because of the changes in tumour
microenvironment compared to 2D cell culture rather than any treatments. This ex vivo
data provided a possible explanation as to why there were differences seen between the
sensitivity of Ewing sarcoma cells in vivo compared to in vitro. One recent hypothesis
involving cancer stem-like cells, describes a small number of cells within tumours which
are responsible for metastasis and drug resistance (Fujiwara & Ozaki, 2016). These cells
have been identified using a CD133 marker and reported in osteosarcoma (Fuijii et al., 2009;
Gibbs et al., 2005) and Ewing sarcoma (Suva et al., 2009). Ewing sarcoma cells lacking
this marker failed to grow in NOD/SCID mice but as few as 2,500 CD133" cells were
required for tumour formation (Suva et al., 2009). These stem cells when present in higher
guantities were able to demonstrate and enhance drug resistance in Ewing and
osteosarcoma cells (Fujii et al., 2009). It would be informative to apply this technique to

compare proteasome inhibitor sensitivity of CD133 positive and negative Ewing sarcoma
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cells. It could also be used to identify whether tumours generated in this mouse model that
were resistant to therapies contained higher quantities of CD133" cells. Another possible
hypothesis as to why the treatments were not as effective in vivo as in vitro was due to the
fact that cells from solid tumours proliferate slower in vivo than in vitro as seen in a 2D
versus 3D Ewing sarcoma model (Fong et al., 2013). So, they may not rely as much on
proteasome activity and this could also render proteasome inhibitors less effective. This
theory could be tested by developing 3D models for Ewing sarcoma and observing their

growth rates and proteasome activity compared to their 2D counterparts.

Better efficacy may have been observed in the primary setting if treatments were
commenced earlier or if less cells were implanted in the mice due to their fast growth rate.
However, the model used is more clinically relevant, as patients present to the clinic once
the tumour has been physically detected, rather than at earlier pre-symptomatic stages. It
would be interesting to repeat this experiment in the future with luciferase tagged A673
cells to monitor metastasis. Such an experimental design could reveal whether proteasome
inhibitors like ixazomib could delay the formation of Ewing sarcoma metastases, as was
seen in an osteosarcoma study (Harris et al., 2020b). The authors found that bortezomib
and ixazomib (at 5 mg/kg) had minimal impact on the growth of primary osteosarcomas
but ixazomib was able slow the progression and growth of pulmonary and abdominal
osteosarcoma metastases (Harris et al., 2020b). It would be therefore informative to
observe whether these drugs were able to disrupt the growth and spread of metastatic Ewing
sarcoma, which is more life-threatening than the localised form of the disease. The
differences between in vivo and in vitro sensitivity profiles for Ewing sarcoma was
somewhat mirrored in the differences in sensitivity between adhered (at site of solid
tumour) and non-adhered (in the blood stream) Ewing sarcoma cells (Figure 5,6). The non-
adhered cells were shown to be more sensitive to treatments as discussed in 4.1.3. So if

this finding was translated into an in vivo setting there is a possibility that a similar finding
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may have been observed as the study by Harris et al. (2020b) between circulating and non-

circulating sarcoma cells.

No studies have been published on the efficacy of ixazomib to primary and metastatic
Ewing sarcoma tumours, hence the data yielded by this study was novel. Although
ixazomib was not more successful than bortezomib in this study, whilst being effective in
vitro suggested that acquired drug resistance, poor tumour penetrance because of poor
tumour visualisation and cell-adhesion drug resistance may have all played a role in this
disappointing finding. Patients are not usually treated with single agent therapies; it would
therefore be beneficial to observe whether ixazomib along with current therapies vincristine
and cyclophosphamide were synergistic and apply this to attempt to improve primary

Ewing sarcoma efficacy.

4.3  Metastatic Ewing sarcoma mouse model

H & E staining revealed that nude mice developed lung tumours when A673 cells were
implanted in the tibialis anterior which has not been previously shown from this site
(Figure 22). One way to quantify the metastasis in these mice would involve removing the
lungs and determining tumour burden via quantitative PCR (gPCR) for the luciferase gene
which was determined to be present in the A673 Luc-4 cell line (Figure 15,16). This is an
important aspect to study as the 5-year survival rates for patients with metastatic Ewing
sarcoma is 30% (Hamilton et al., 2017) compared to 70% for patients with localised disease
(Womer et al., 2012). Whilst lung metastasis was detected, extraskeletal Ewing sarcoma
has been shown to spread to many different sites in patients (Huh et al., 2015). Because
A673 cells were able to grow in sites outside of the primary leg muscle, this implied that it

may be plausible to develop a metastatic Ewing sarcoma mouse model using these cells.
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4.3.1 Stable transfection of A673 cells

The A673 Luc-4 cells contained inadequate levels of luciferase activity so were unable to
be used for quantification of tumour growth and metastasis in vivo. Consequently, A673
cells underwent a stable transfection (with the pcDNA3.1(+)/Luc2=tdT plasmid) and sorted
to generate luciferase tagged A673 cells (Figure 23). The expectation was this transfection
would be more successful than the virally-transduced experiment discussed in 4.2.1, as this
method would avoid any potential viral silencing that may have occurred in the A673 Luc-
4 cells. The flow cytometry single cell sorting of the stable-transfected cells was not
successful due to a defect in the FACSAria Accudrop function. Hence the polyclonal
population A673 luc-polyclonal-2 (Appendix 8) which was sorted by the defective
FACSAria and composed of a large quantity of tomato positive cells was used to generate
A673 luciferase expressing clones via limiting dilution (Fuller et al., 2001; Gross et al.,
2015), with the nomenclature A673 LuclL, A673 Luc2L. Other clones were generated via
the G418 antibiotic selection of clones post stable transfection, denoted A673 LuclG, A673

Luc2G.

The clones were considered based on their clonicity, luciferase activity (Figure 24) as well
as sensitivity to the proteasome inhibitors (Figure 25). Previous studies by the lab into
generating metastatic osteosarcoma mouse models in which the metastatic spread was
monitored via IVIS imaging used the KRIB Luc-20 cell line (Harris et al., 2020b; Harris et
al., 2020c) (Figure 24A). Consequently, a clone with similar or higher levels of luciferase
activity was sought. Based on these data, all clones generated via limiting dilution were
appropriate. A673 Luc3L was selected as it contained intermediate luciferase activity,
comparable to KRIB Luc-20. A673 LuclG was the only clone amongst the G418 resistant
clones (A673 LuclG-6G) which contained appropriate luciferase activity. The reason for
this was not determined although it could be related to the dampening of gene expression
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as discussed in section 4.2.1 as a result of DNA methylation (Smith & Meissner, 2013),
histone modifications (Bannister & Kouzarides, 2011) or as a protective mechanism against
foreign DNA (Mok & Lever, 2007). It could not be determined for sure without further
experimentation, which was deemed unnecessary for this project as an appropriate clone

was selected.

4.3.2 A673 Ewing sarcoma metastatic nude mouse model

The current ineffectiveness of chemotherapies against metastatic Ewing sarcoma has led to
minimal improvements in survival over recent times, with current 5-year survival rates of
below 30% (Hamilton et al., 2017). Due its severity it was deemed important to generate
a metastatic mouse model in this project to better understand the metastatic growth and
spread of Ewing sarcoma. Extraskeletal Ewing sarcoma presents with the localised disease
in soft tissues most commonly surrounding the pelvis and thorax, with common
occurrences of metastasis to the lymph nodes or bones (Huh et al., 2015). Other less
common sites of detectable metastasis were the lungs, abdominal organs, peritoneum and
the brain (Huh et al., 2015; Murthy et al., 2020). On the other hand, skeletal Ewing sarcoma
presents in the axial and non-axial skeleton most frequently in long tubular bones and flat
bones (ribs, pelvis and vertebrae)(Murthy et al., 2020), with metastasis commonly to the
lungs or bones (Worch et al., 2018). A673 cells are of extraskeletal origin due to being

resected from a primary Ewing sarcoma muscle tumour (Giard et al., 1973).

The metastatic mouse model in this project was established via administering the nude mice
with an anti-asialo-GM1 (NK depletion) antibody prior to intravenous A673 Luc3L cell
inoculation, which has previously been shown to be effective using osteosarcoma cells in
nude mice (Harris et al., 2020c). This method has not previously been attempted using

Ewing sarcoma cells. Natural killer cells (NK cells) are cells of the innate immune system
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which recognise foreign molecules in the body mainly via the interaction with the self-
major histocompatibility complex (MHC)-I (Abel et al., 2018). MHC class | receptors are
expressed on the surface of healthy cells which prevent their destruction by NK cells, whilst
virus invaded cells or cancer cells lose their MHC class | expression (Abel et al., 2018).
As a result these foreign or infected cells are recognised by NK cells and destroyed by the
activation of death receptors by TNFa and IFN-y secretion as well as the release of cytolytic
molecules (Abel et al., 2018). In a clinical setting NK cells play a major role in the rate
and severity of metastasis, with higher circulating NK cells correlating with reduced
metastasis and with greater clinical outcomes in gastrointestinal sarcomas (Delahaye et al.,
2011) and prostate cancer patients (Gannon et al., 2009). Whilst it has not been reported
for Ewing sarcoma patients, in a murine setting treating Ewing sarcoma xenograft mice
with NK cells expanded ex vivo significantly limited pulmonary metastasis, with little effect
on the primary disease (Tong et al., 2017). Consequently, it would be useful to transiently
deplete NK cells in a mouse as a means of enhancing metastatic spread to successfully

develop a Ewing sarcoma metastatic mouse model.

The nude mice in this project were either administered saline or NK depletion prior to
intravenous inoculation with either 150,000 (Figure 26) or 500,000 (Figure 27) A673
Luc3L cells. When inoculated with 150,000 A673 Luc3L cells only two mice (both in the
NK depletion group) had detectable in vivo metastasis. This was insufficient for the model
to be used in drug efficacy studies. Via endpoint ex vivo analysis bioluminescence was
detected in numerous mouse organs including the lungs, brain, liver, kidneys, stomach,
muscle, and adipose tissue (Figure 26). Smaller tumours were detected ex vivo in the saline
treated mice highlighting the importance of the NK depletion to generate a metastatic
mouse model. While this was the case, weak widespread signals were detected in vivo on
day 28 in the NK depletion mice 767-770 in the lower body which may have been liver

metastasis which was detected ex vivo. These small widespread signals were not counted
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as detectable in vivo metastasis as they were only present in a single imaging session
without a distinct hotspot site of tumour growth. This demonstrated that in this model in
particular NK cells were able to discourage growth and rate of growth of Ewing sarcoma
metastasis. The murine metastatic model was attempted again, this time successfully by
increasing the cell dosage to 500,000 A673 Luc3L cells per nude mouse (Figure 27). Four
out of five NK depletion mice had detectable metastasis in vivo in the legs, rib cage and
lungs. On further analysis, metastatic disease was also detected ex vivo in the lungs, brain,
liver, kidneys, heart, muscles, and bones. This is consistent with metastatic spread in
extraskeletal Ewing sarcoma patients. At the same time, all five saline treated mice had no
detectable in vivo or ex vivo metastasis at any time during this study, further highlighting
the importance and novelty of using NK depletion in this model. In the metastatic mouse
model generated in this project, no mice were required to be culled because of cancer
related symptoms at the endpoint of day 28. It would be useful to repeat this experiment
and monitor metastatic spread in the mice until the onset of symptoms rather than a set
endpoint. This would allow for further detection of metastasis as well as demonstrating
whether the saline mice with 500,000 A673 Luc3L cells were ever able to develop any

detectable metastasis or whether circulating NK cells were preventing this from occurring.

Previously published models used 1-2 million A673 cells which were intravenously
inoculated into nude mice, with only lung metastasis reported (Garcia-Monclus et al., 2018;
Lagares-Tena et al., 2016; Sainz-Jaspeado et al., 2010). Although the authors were able to
generate metastasis without NK depletion, it seemed as if these protocols were inefficient
with small tumours detected 45 to 60 days post cell inoculation even though up to four
times as many cells were administered in those mice compared to this study (Garcia-
Monclus et al., 2018; Lagares-Tena et al., 2016; Sainz-Jaspeado et al., 2010). The only
recorded metastatic sites in these models were the lungs with no metastatic disease reported

at other sites. There is a possibility that other sites were not analysed by the authors or their
114



models were far less effective at generating widespread metastasis as seen in the clinic

compared to the model generated in this project.

Interestingly the only mouse model showing widespread metastatic spread with A673 cells
were in NOD/SCID mice (Chaturvedi et al., 2014). In that model metastatic spread was
detected in the lungs, tibia, rib cage and spine following injection of A673 cells into the
tibia (Chaturvedi et al., 2014). A major difference between NOD/SCID mice compared to
the nude mice used in this study is that NOD/SCID mice lack NK cells (Shultz et al., 1995).
This may explain why the authors were able to detect A673 metastasis without NK
depletion. At the same time, this process was quite invasive on the mice as it required
predrilling the tibia of the mice prior to cell inoculation, compared to intravenous injections
used here. A flaw with the model developed by Chaturvedi et al. (2014) was that they
initiated primary tumour growth in the tibia which was not the orthotopically relevant site
of A673 cells which were resected from a muscle tumour. Other disadvantages of the
NOD/SCID published metastatic model (Chaturvedi et al., 2014) were that although it
identified as a metastatic Ewing sarcoma mouse model the mice still contained a primary
Ewing sarcoma tumour, which was not the case in the model developed in this study. The
impacts of the primary tibial tumour on the mice may require them to be culled early as a
result of reported osteolysis (Chaturvedi et al., 2014) which would hinder the ability to use

that model for efficacy in a longer experiment against metastatic Ewing sarcoma.

Future sarcoma nude mouse experiments could be undertaken by transfecting SK-PN-DW
and CHLA-10 cells with a luciferase containing plasmid as a means of comparing the
metastatic spread in a skeletal versus an extraskeletal cell line. SK-PN-DW cells were
derived from the lower spine in the presacral mass (Potluri et al., 1987), so it would be
informative to compare how sites of metastasis differed with Ewing cells from different
primary origins, as seen in the clinic (Huh et al., 2015). Both SK-PN-DW (Hingorani et
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al., 2011) and CHLA-10 (El-Naggar et al., 2019) cells have been previously published to
grow in the flanks or renal capsules of immunodeficient mice, with no description of any
metastasis. Since it has been highlighted in this project how important depleting NK cells
were for the growth of Ewing sarcoma tumours it would be interesting to compare the levels
of NK cells in organs of favourable tumour growth versus those less favourable. A previous
publication has identified that without NK depletion, 10% of circulating cells in nude mice
are NK cells (Harris et al., 2020c) which was evidently enough to prevent the formation of
Ewing sarcoma metastases in mice 771-775 (Figure 27). One day post NK depletion,
circulating NK levels dropped to 0.6% (Harris et al., 2020c), which provided a favourable
outcome for A673 tumour formation, returning to normal NK levels one week later (Harris
et al., 2020c). The role of NK cells inhibiting tumour metastasis in nude mice has been
previously reported in hepatocellular carcinoma (Hong et al., 2016). The authors
established a protocol where NK cells were stained with a fluorescent dye cleaved via the
cell’s cytoplasm, and implanted in nude mice to observe the localisation and impact of NK
cells in a hepatocellular carcinoma model (Hong et al., 2016). They only reported NK cell
localisation to the liver, as it was their site of interest, but this experiment would be
beneficial to observe the localisation of NK cells in the metastatic Ewing sarcoma mouse
model generated in this project. NK cells have been implicated in impeding metastasis in
clinical contexts too: patients with high levels of NK cells in the blood stream show fewer
and less severe metastasis in gastrointestinal sarcoma (Delahaye et al., 2011) and prostate
cancer (Gannon et al., 2009). This has been exploited in patients via the use of CAR-NK
cell therapies. These involved isolating NK cells from cancer patients and transducing
them using a viral vector to express CAR, a chimeric antigen receptor, as a result the NK
cells are able to be specifically targeted for particular antigens of interest such as those on
cancer cells (Basar et al., 2020). This technique of cellular immunotherapy has been shown

to be safe in patients (Tang et al., 2018), with many current studies attempting to target
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metastatic solid tumours to improve tumour selectivity by targeting antigens commonly
upregulated in solid tumours such as HER2 and MUC1 (Xie et al., 2020). Although CAR-
NK cell therapies have yet to be tested for Ewing sarcoma, the inability of proteasome
inhibitors to penetrate solid tumours along with the effectiveness of NK cells to assist in
reducing metastatic disease in various patients would make it a viable option for future

experimentation.

4.4  Evaluation of primary and metastatic A673 nude mouse models

Whilst the primary Ewing sarcoma nude mouse model required 50,000 A673 Luc-4 cells
to develop large detectable tumours, the successful metastatic mouse model required the
intravenous inoculation of 500,000 A673 Luc3L cells after NK depletion. Benefits of the
A673 primary model were that the cells grew consistently in all mice implanted in the
tibialis anterior in both the tumourigenicity and efficacy experiments. This consistency
meant that an efficacy experiment could be undertaken using the proteasome inhibitors and
any differences identified in tumour growth could be attributed to the treatments rather than
any potential variability in the models. On the other hand, disadvantages of the primary
model with the A673 Luc-4 cells were as previously discussed that the cells did not contain
luciferase activity to observe any metastatic spread. Also, as efficacy experiments could
only commence once the tumours were palpable, the delay in starting treatments may have
impacted any potential drug efficacy. This could have been overcome with luciferase
expressing cells as tumour growth would have been detected at earlier stages of the
experiment. Alternatively, a beneficial aspect of the metastatic mouse model was that
tumour growth rates were consistent, with luminescence readings doubling every few days,
whilst the large number of metastatic sites mimicked what is seen in the clinic for
extraskeletal metastasis. Whilst this was the case, variability in metastatic sites would
complicate the design of experiments aimed at evaluating the efficacy of drugs against
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metastases in particular anatomical sites. Although bioluminescence provides information
about the location of metastases, it is not precise. This was illustrated in the 500,000 A673
Luc3L model, in which mice 777 and 778 had similar luminescence readings detected in
their right legs. It was only determined through ex vivo analysis at the endpoint that mouse
777 had metastatic spread to both the muscles and femur whereas mouse 778 had a larger
metastasis in the muscle only with no bone involvement. These potential drawbacks of the
A673 Luc3L metastatic model along with the variability in the site of metastasis detected
would require much larger mouse numbers to determine any significance in treatments
tested. Although the mouse models generated in this project have both advantages and
drawbacks, and may be useful for identifying potentially useful therapies, it is important to
apply these results into more clinically relevant settings. This could be achieved by
applying findings of this project as to why tumours grew at certain sites or why treatments
were not more effective in vivo to improve drug efficacy against primary and metastatic

Ewing sarcoma in the clinic.

45  A673 tumours and the immune system

Tumours from the A673 metastatic mouse model contained relatively few immune cells
(Figure 28A). The frequencies of immune cells in these tumours were evaluated to observe
whether immune involvement was playing a role in the growth of these tumours and
consequently if immunotherapies could be potentially tested against Ewing sarcoma. In
the two tumours analysed from mouse 776, the descending aorta tumour contained a
slightly greater proportion of immune cells, including macrophages and neutrophils than
the lung sample. NK cells accounted for <3% of cells in both tumours. As stated above,
the relatively low levels of NK cells in these tumours compared to previously published
NK cell levels in the bloodstream of nude mice (10%) (Harris et al., 2020c) provided a
potential insight into why these two sites were favourable for A673 tumour growth. At the
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same time these experiments only stained for neutrophils, macrophages, and NK cells so
the remaining 20-30% of each of the tumours denoted ‘other’ could potentially be other
immune cells present in these tumours. These Ewing tumours were generated in athymic
nude mice, so was expected that they would be composed of fewer immune cells than in a
clinical setting, as they lack a thymus so are unable to produce mature functional T cells as
well as containing significantly lower circulating lymphocytes compared to mice with a
functional thymus (Pantelouris, 1968). In a study analysing the immune tumour
microenvironment for Ewing sarcoma via computational analysis of gene expression
microarrays, it was identified that macrophages were the most common leukocyte in Ewing
sarcoma tumours (Stahl et al., 2019). The second most common cell type were T-cells,
where neutrophils and NK cells made up 3 and 6% of all leukocytes in these tumours (Stahl
etal., 2019). Other studies have identified that Ewing sarcoma tumours did not have major
immune involvement compared to osteosarcomas which were enriched in T and B cells
(Dyson et al., 2019). These studies confirmed that whilst Ewing sarcoma tumours were
composed of minimal immune filtration that the most common immune cells identified
were macrophages, as seen in the Ewing sarcoma tumours from mouse 776 in this study.
The authors were able to identify that low levels of neutrophils, high levels of active NK
cells and high levels of T cells in Ewing sarcoma tumours correlated with significantly
improved overall survival rates (Stahl et al., 2019). To further confirm these findings more
immunophenotyping experiments could be undertaken on A673 metastatic tumours in other
sites such as the muscle, liver, and brain. The purpose of understanding immune filtration
in these Ewing sarcoma tumours was to evaluate whether immunotherapies would be worth
pursuing against Ewing sarcoma, as these therapies are more effective in immune rich
tumours (Bonaventura et al., 2019). Although little immune infiltration was identified in
these tumours, the study only analysed a very small number of tumours and the tumours

grew in nude mice who lack an entire immune system. Therefore, to better understand the
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composition of immune cells in Ewing sarcoma tumours it would be ideal to use patient’s
biopsies in the future rather than from nude mice. It would also be advantageous to use a
larger panel of immune cell recognition antibodies for dendritic cells, osteoclasts, and
granulocytes for greater understanding of the remaining tumour composition of these A673

tumours denoted ‘other’.

H & E staining of the A673 metastatic tissue confirmed that the tumour growth at these
sites were not embolisms (Figure 28B). Embolisms are intravascular deposits of tumour
cells which grow like regular tumours and cause thrombus and blockages of blood vessels
(Roberts et al., 2003). Staining various tissue samples of the leg muscle, lungs, and liver,
identified that the A673 tumours were growing within the tissue rather than within blood
vessels. Although they are a rare phenomenon, pulmonary embolisms have been identified
in solid tumours in the clinic in adenocarcinoma (Masoud et al., 2017) and
myxofibrosarcoma (Latchana et al., 2017) patients. At the same time, pulmonary
embolisms have also been identified clinically in a few occasions in Ewing sarcoma
patients (Chang et al., 1996; Villa & Knowling, 2010). No embolisms detected in this
metastatic mouse model indicated that the model faithfully represented the extravasation
and colonisation steps of metastasis (Fares et al., 2020). Consequently, this model could
be used in the future to test drug efficacy against Ewing sarcoma metastases without
embolisms in various anatomical sites in nude mice. The advantage of developing a
metastatic mouse model which lacks a primary tumour was that the efficacy of drug

treatments could be observed directly without impacts from the primary tumour.

4.6 Conclusions and future directions

A673 human Ewing sarcoma cells were able to grow and metastasise in BALB/c nude mice

following implantation into the tibialis anterior. Experimental metastases could also be
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achieved via intravenous inoculation of A673 cells. In a primary tumour setting, both
bortezomib and ixazomib both significantly increased the lifespan of mice bearing
intramuscular Ewing sarcomas compared to the saline treatment group. On average,
bortezomib was able to reduce tumour progression to a greater extent than ixazomib.
However only slight reductions in tumour growth rates were observed. A673 cells were
also able to successfully form tumours in an experimental metastatic model of extraskeletal
Ewing sarcoma, exhibiting spread to many sites such as the lungs, brain, liver, kidneys, and
muscle, as seen in patients. The model generated in this project was novel as it achieved
Ewing sarcoma metastasis in organs other than the lungs. Consequently, this project was
able to generate two A673 nude mouse models to further understand the growth and

metastasis of extraskeletal Ewing sarcoma.

In future it would be important to analyse why the proteasome inhibitors showed limited
efficacy to primary (intramuscular) Ewing sarcoma, despite the cells that formed those
tumours being very sensitive in vitro. This finding is a general observation for all solid
tumours which have undergone unsuccessful clinical trials with bortezomib (Huang et al.,
2014; Maki et al., 2005; Muscal et al., 2013). Therefore, if it was possible to overcome the
in vivo resistance, proteasome inhibitors may be broadly useful for many cancer types. One
reason for this being the inability of the drugs to penetrate the Ewing tumour tissue, as
previous studies have demonstrated the importance of a well vascularised solid tumour for
improved drug effectiveness of bortezomib (Williamson et al., 2009). This could be tested
by culling intramuscular implanted mice when the tumours were smaller and undertaking
proteasome and caspase activity assays. These experiments would allow for the evaluation
of drug penetration in proteasome inhibitor treated tumours via examining whether cells in
the centre of the tumour were affected as much as those on the outer. Other potential
reasons for differences between in vitro and in vivo sensitivity of Ewing sarcoma to

proteasome inhibitors were related to differences in proliferation rates in Ewing cells. As
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in a 3D model Ewing cells proliferate at slower rates than 2D culture so they may not rely
as much on proteasome activity for survival (Fong et al., 2013). If, as expected protein
synthesis rates are lower when the cells proliferate slower in tissue than when cultured in
suspension or adhered to plastic, the cells may not rely as much on proteasome activity for

survival rendering proteasome inhibitors less effective.

Future directions in this project could also involve establishing other primary and
metastatic Ewing sarcoma mouse models with luciferase tagged Ewing sarcoma cells, like
SK-PN-DW which had similar sensitivity in vitro to bortezomib and carfilzomib (Figure
5,6). Other longer-term goals could be to further study synergy in vitro between the
proteasome inhibitors and other current treatments for Ewing sarcoma such as vincristine
and cyclophosphamide, and/or to investigate ways to overcome drug antagonism with
cisplatin and doxorubicin. If any synergy was present these treatments could be tested
against the primary and metastatic disease in the models developed in this project. Even
though metastasis was detected in a variety of sites in A673 intravenous model, consistent
growth in the leg and chest regions would make this experiment feasible, although
relatively large numbers of mice would be needed given the heterogeneity in metastasis
sites. These Ewing mouse models could also evaluate the in vivo efficacy of BH3 mimetics
such as navitoclax, which was the second most effective agent at reducing cell viability of

A673 cells in vitro (Figure 3).

Other goals for this project would be to test the effectiveness of proteasome inhibitors
towards Ewing sarcoma tumour patient samples cultured ex vivo from various sites of
origin. This would enable an ability to compare the effectiveness of these therapies in
heterogenous patient samples previously treated with chemotherapies which could also
alter the drug effectiveness of proteasome inhibitors. Ultimately, the goals for this project
would be to find a combination treatment possibly involving a proteasome inhibitor and
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current chemotherapy agent to provide a second line of treatment for Ewing sarcoma

patients.
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Appendix

AB73 24h (CellTiter-Glo) SK-PN-DW 24h (CellTiter-Glo) CHLA-10 24h (CellTiter-Glo)
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Appendix 1: CellTiter-Glo provides a more sensitive measure of viable cells than MTT assay. Three
Ewing sarcoma cell lines A673, CHLA-10, SK-PN-DW were seeded at various cell humbers, then
underwent either MTT (top graphs) or CellTiter-Glo assays (bottom), n = 3, +/- SEM. The blank was
not subtracted to compare differences in cell count.
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Appendix 2: Infected A673 clones have low levels of mCherry positive cells. The A673(WT) (A)

along with a positive control (OSCA40 Luc-2) (B), a polyclonal A673 infected population (C) and
subclones A673 Luc-1 (D), 2 (E), 3 (F), 4 (G) were harvested and processed on the FACS Cytoflex
using the FL11-H channel for mCherry fluorescence. The percentage of gate cells in the box on the
right of each plot demonstrates the percentage of mCherry positive cells in each population.
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A Saline treated mice weights B Bortezomib treated mice weights
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Appendix 3: Mouse weights of BALB/c nude mice in A673 Luc-4 efficacy experiment. The daily
weights of saline (A), bortezomib (B) and ixazomib (C) treated mice throughout the primary A673
efficacy experiment (n = 8). Note that the day of tumour implantation was treated as day one.
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Appendix 4: A673 Luc-4 implanted mice culled mainly due to endpoint tumour size (Primary
efficacy experiment). (A) During the treatment of A673 intramuscular implanted mice with saline
(grey), bortezomib (purple) and ixazomib (blue), the mice were required to be culled due to size or
ulceration. (B) Images of mouse 608, 611 culled due to size and 614 culled due to ulceration. (C)
Changes in morphology of mouse 606 primary Ewing sarcoma tumour.
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Appendix 5: A673 tumour invasiveness in smooth muscle (part 2). A further representation of
primary tumour samples from A673 Luc-4 intramuscularly implanted mice stained via H & E. The
tumour tissue in purple is identified by an arrow and the muscle tissue in pink is highlighted using an
asterisk. (scale = 100 um). The tissue was sectioned by Michael Harris and photos were taken by
Carmelo Cerra.
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KRIB CD44 isotype
A673 CD44
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FL1-A: FITC-A

Appendix 6: A673 cells do not express CD44. A673 (purple) and KRIB (red) (positive control) were
incubated in an antibody for CD44 and an isotype control A673 (blue) and KRIB (black) and analysed
on the FACS CytoFLEX.
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Appendix 7: A673 stable transfected polyclonal populations contain partially tomato positive cells.
Another polyclonal population (A673 Luc-polyclonal-2) was generated from the initial FACSAria
sorting of A673 cells transfected with the tomato/luciferase (pcDNA3.1(+)/Luc2=tdT) plasmid. (A) The
cells were analysed via fluorescence microscopy using the bright field (I) and TRITC (I1) channels. (B)
This population was analysed via flow cytometry for tomato fluorescence using the PE channel on the
FACS CytoFLEX.
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Appendix 8: A673 metastases are composed of relatively few immune cells. A mouse spleen, 776
lung metastasis and 776 descending aorta metastases were stained with antibodies F4/80-PE-Cy7
(macrophages), CD335/NKP46-BV421 (NK cells) and Ly-6G-APC (neutrophils) as well as their
respective isotype controls. The amounts of immune cells were determined by subtracting the difference
between the two for the tumours. The amount of A673 Luc3L cells was also determined for the spleen,

lungs, and aorta via flow cytometry analysis for tomato fluorescence.
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