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The cure for anything is salt water: sweat, tears or the sea.

- Isak Dinesen, The Deluge at Norderney, 1934






Chapter 1

Outline of the thesis



affecting bone, after osteosarcoma. This aggressive small blue

round cell tumour also occurs in soft tissue, predominantly at older
age, however in general the majority of patients are under the age of
20. Ewing sarcoma has an annual incidence rate of 2.93 cases per
million, and responds well to chemotherapy combined with surgery and/
or radiation. However, a quarter of all patients present with metastases
at the time of diagnosis, and their outlook is unfavourable with event-
free survival rates of 20-30%. In order to devise and improve treatment
options for these patients, Ewing sarcoma is studied in a variety of
assays ranging from cell culture to murine models. As the precise
origin of Ewing sarcoma has not been determined as of yet, generating
transgenic models to accurately recapitulate the disease has proven to
be problematic. Various attempt at generating a murine transgenic line
resulted in embryonic lethality.

Ewing sarcoma is the second most common pediatric sarcoma

In the last 15 years, the zebrafish (Danio rerio) has steadily been gaining
ground as a model organism for cancer research. Transgenic lines have
been made for various types of cancer, and xeno- and allotransplantation
of cancer cells has been performed in both adult and embryonic
zebrafish. Engraftment of cancer cells in an embryonic zebrafish is
especially attractive for several reasons: large numbers of transparent
embryos can be obtained from one pair of adults, they are transparent
and thus highly suitable for non-invasive live imaging of various cancer-
related processes. This imaging is aided by the wide availability of
transgenic fluorescent reporter lines. Furthermore, development of the
innate and adaptive immune systems are segregated in time, preventing
graft rejection. In this thesis we have employed the zebrafish as a model
organism for Ewing sarcoma research.

The two following chapters are written to provide background knowledge
for the research performed in the other chapters. Chapter 2 provides a
general introduction on Ewing sarcoma, with an overview on what is
currently known about the genetics and molecular processes affected
in this disease. It summarizes current disease management, and
alternative treatment regimens considered based on novel insights.
Chapter 3 reviews zebrafish as a model for cancer. The main focus of
the chapter lies on automation, and how state-of-the-art technologies
aid in increasing the throughput of the various zebrafish cancer models.

In chapter 4, we introduce a zebrafish Ewing sarcoma xenograft
model. The behaviour of Ewing sarcoma cells is described, as well as
their interaction with the host innate immune system. Furthermore, a
combinatory treatment targeting both p53 regulation and transcriptional
activity of the EWSR1-FLI1 oncogenic driver gene is presented.

Chapter 5 covers the mechanism of NOTCH-induced tumour suppression,
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via Sirtuin 1 (SIRT1) inhibition. SIRT1 is a protein that suppresses p53
activation via deacetylation, and is associated with metastatic Ewing
sarcoma. Restoration of NOTCH signaling, which is abrogated in Ewing
sarcoma, leads to suppression of SIRT1 via HEY1. The subsequent
activation of p53 by lack of SIRT1 suppression leads to cell death in vitro
and inhibition of proliferation and metastatic spread in vivo.

In chapter 6, the previously established Ewing sarcoma xenograft model
is altered to investigate its potential for high-throughput drug screening.
We investigate how behavior of Ewing sarcoma cells robotically
implanted in zebrafish embryos at blastula stage differs from that of
Ewing sarcoma engraftments in the 2-day-old xenograft model, and
compare the applicability both models for different drug efficacy testing .

Chapter 7 describes a transgenic zebrafish model for Ewing sarcoma.
By placing the EWSR1-ERG driver gene under an UAS promoter, it is
solely in cells where GAL4 is also expressed. With this binary system, the
effects of EWSR1-ERG expression could be examined in various tissues.
RNAseq analysis is performed on embryos expressing EWSR1-ERG
in neurons. In chapter 8 investigations using this model are continued,
by relating the alterations in protein expression as a consequence of
EWSR1-ERG expression in the neurons.

Finally, in chapter 9, an overview is given of the different zebrafish
models developed for Ewing sarcoma research. The chapter highlights
the benefits and limitations of each model, and for which type of study
they are most suited. Novel findings using the models as described in
this thesis are summarized and their significance to the field of Ewing
sarcoma research is discussed.
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Chapter 2

Introduction on Ewing sarcoma



tissue sarcoma affecting children and young adults, and is most

prevalent in Caucasian males under the age of 20 (Figure 1)."2 First
described by James Ewing in 1921 as “diffuse endothelioma of bone” 3,
this tumour is composed of small round cells expressing CD99 on the
membrane, and is characterised by an EWSR1-ETS translocation, most
commonly EWSR1-FLI1.!

Ewing sarcoma (EWS) is the second most common bone- and soft

Tumour localisation and site of origin

Common sites of skeletal >20 years
involvement (~85%) old <10 years
10% old
\ 25%

10-20
years old
65%

Common sites of soft tissue
involvement (~15%)

Lower extremities
Paravertebral region

Long bones ~35%
Pelvis and ribs ~30%

Figure 1. Characteristic of Ewing sarcoma. Histological presentation of
EWS is characterised as small, blue round cells expressing CD99 on the
membrane, usually with glycogen deposition. Peak incidence is between 10
and 20 years old, with a slight majority of male patients (1.4:1 ratio). Most
common sites of skeletal involvement (~85% of all cases) are the long bones,
pelvis and ribs (Darker red indicates higher incidence of involvement)." Most
common sites of extraskeletal involvement (~15% of all cases) are the lower
extremeties and paravertebral region.™*
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EWS occurs primarily in the long bones and pelvis.? Circa 25% of patients
present with metastasis at the time of diagnosis *7, most commonly in
the lung, but also in bone and bone marrow.? It is currently unknown
from which cell type EWS arises. Based on ultrastructural features and
biomarkers, it has been ascribed to endothelial, reticuloendothelial,
hematopoietical, neural crest and mensenchymal cells.®'® Evidence
points to the latter two as the most likely candidates, and in the following
paragraphs arguments supporting these theories are expanded on.

A neural-crest derived cell has long been hypothesised to
be the EWS cell of origin. Upon stimulation with cyclic adenosine
monophosphate, EWS cells may undergo neural differentiation and
express neural-associated enzymes like enolase 2 and choline
esterase.” Gene expression profiling confirms a high expression of
neuroectodermal associated genes.'?' Occasionally, tumours have
rosette ultrastructures comparable to Homer-Wright rosettes found in
neuroblastoma.’ However, expression of EWSR1-FLI1T or EWSR1-
ETV1 can drive neural differentiation in cells of various origins, not only
derived from the neural crest.’®'® This suggests that not the cell of origin
but the oncogene is responsible for these features.

Various studies showed that introduction of EWSR71-ETS was
only tolerated by immortalised cells, or cells lacking p19RF, p16'N%4A  or
TP53.71° Such deletions are not found in the majority of EWS tumours?,
pointing to the existence of a non-mutated primary cell type that can
tolerate expression of EWSR1-ETS without adverse effects.?’ Murine
bone-marrow derived mesenchymal progenitor cells (MPCs) were
first shown to be able to sustain proliferation upon expression of the
fusion gene, without the presence of other genetic adaptations. MCPs
expressing EWSR1-FLI1 adopted histological and genetic hallmarks
of EWS.?" Later, human mesenchymal stem cells (MSCs) with ectopic
EWSR1-ETS expression also displayed similar gene expression profiles
to EWS tumours.??? Inversely, when EWSR171-ETS knockdown was
performed in EWS, cells took on features of MSCs 2425, The discovery
that MSCs can derive from the neural crest 2628 is an interesting point
in the debate on the origin of EWS, and may reconcile the two lines of
thought.

Genetic alterations

In 85% of all EWS cases, there is a reciprocal t(11;22)(q24;912)
translocation, merging EWSR1 (ES Breakpoint region 1) to FLI/1 (Friend
leukemia virus integration site 1)(Figure 2)." The fusion of EWSR1 with
ERG, 1(21;22)(q11;q12), makes up for another 10% of EWS cases.?3°
Both FLI/1 and ERG are members of the erythroblast transformation-
specific (ETS) transcription factor family and share a conserved DNA
binding domain structure. Fusion of the N-terminal region of EWSR1,
which contains a transcriptional activation domain®'-*?, and these DNA
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binding domains causes aberrant transcription of a multitude of genes.
In addition to the more common EWSR71-FLI1 and EWSR1-ERG
translocation events, other fusions between members of the TET family
of proteins (including EWSR1 and FUS) and members of the ETS
transcription factor family have been identified. In some cases, tumours
with histological, radiological and clinical features are identified without
rearrangement between TET members and ETS members. These
‘Ewing-like’ tumour do bear other chromosomal translocations, such as
the CIC-DUX4 or BCOR-CCNB3.3**An overview of these more rare
type of translocations found in EWS is given in Table 1.

Besides the characteristic EWSR7-ETS translocation, other
genetic events are observed in EWS. Chromosomal copy number
alterations such as a gain of chromosomes 8, 12, 2, 5 or 9 have been
described with various implications for clinical outcome.*®53 Anunbalanced
der(16)t(1;16) translocation leading to partial tri- or tetrasomy of 1q and
partial monosomy of 16 is found in 10 to 30% of cases.*®%% Gain of
1q was repeatedly correlated to an adverse clinical prognosis®'%5” and
overexpression of CDT2, encoding a protein involved in the ubiquitin
ligase activity, is suggested to underlie this aggressive phenotype.®’
Mutation or downregulation of CDNKZ2A is reported in 10 to 30% of
EWS cases.?586" Encoding P16"™K4A loss of CDNK2A has been shown
to correlate with a poor prognosis.?0°%62  Qther mutations, such as in
TP53 have also been shown to lead to a poor prognosis, although
these mutations are infrequent (less than 15% of cases).®® Inactivating
mutations in STAGZ2 are reported in 9 to 21% of EWS cases®%, appear
to be mutually exclusive with CDKNZ2A, while co-associating with TP53
mutations.®¢ This latter combination of mutations leads to a poor outlook
with the current treatment regimes, and alternative therapies should be
considered for these patients.

Transactivating domain RNA binding domain
P i /—,/\._\
EWSR1 123 4 "5 & 7 8 11 12 13 14 15 16 17

Transactivating domain DNA binding domain

o —
FLIT o < fr ol - fe— —

EWSRI1-FLIT qggmammermenrs 8IE TS

(type 1)

Figure 2. Scheme of the t(11;22)(g24;q912) translocation resulting in the
EWSR1-FLI1 fusion gene. Adapted from Burchill, 2008.33
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Table 1. Rare chromosomal rearrangements found in Ewing sarcoma.

TET and non-ETS family of

EWSR1-POU5SF1

t(20;22)(p21;912)

Table 1. Rare Fusion gene Chromosomal rearrangement Reference

chromosomal

rearrangements found

in Ewing sarcoma

Rearrangement between EWSR1-ETV1 t(7;22)(p22;q12) Jeon et al.*®

TET and ETS family of EWSR1-ETV4 1(17;22)(q21;q12) Urano et al.”’

genes EWSR1-FEV t(2;22)(q35;912) Peter et al.*®
FUS-ERG 1(16;21)(p11;q22) Shing et al.*®
FUS-FEV t(2;16)(q35;p11) Ng et al.”

Rearrangement between EWSR1-NFATC2 t(20;22)(g13;912) Szuhai et al. **

Yamaguchi et al.”

genes EWSR1-SMARCA5  t(4;22)(q31;q12) Sumegi et al.®
EWSR1-PATZ t(1;22)(p36.1;q12)(with inv(22))  Mastrangelo et al. **
EWSR1-SP3 t(2;22)(q31;q12) Wang et al.*®

Rearrangement between CIC-DUX4 t(4;19)(q35;q13) Kawamura-Saito et

non-TET and non-ETS al®

family of genes CIC-FOX04 (X;19)(q13;913.3) Brohl et al.*
Sugita et al.”’
BCOR-CCNB3 inv(X)(p11.4p11.22) Pierron et al.*®

Current treatment regime and clinical outcome

Overall survival rates of EWS patients with localised disease have starkly
improved since the introduction of systemic therapy to the treatment
regime.?2 Patients with localised disease currently have an overall
event free survival of 60% to 70%.%" In a quarter of patients, metastatic
disease is observed at the time of diagonosis. These patients have an
unfavourable prognosis, with event-free survival rates of 20% to 30%.>
76869 Patients who solely have lung-metastases seem to fare somewhat
better than patients with metastases in bone or bone-marrow.”’°
Standard protocol for treatment of Ewing sarcoma upon diagnosis is
chemotherapy followed by surgical resection and/or radiotherapy. 772
In Europe, the chemotherapeutic regime consists of multiple cycles of
vincristine, ifosfamide, doxorubicine and etoposide (VIDE, see table
2_). 72,73

When patients have recurrent disease, the 5 year post-recurrence
event free survival rates have been reported between 5% and 35%.7+
% For these patients, no standardised therapeutic protocol is in place.
Further treatment depends on the site of recurrence and prior methods
of treatment. Strategies include surgery, radiation and further (high-
dose) chemotherapy followed by autologous stem cell rescue.”” High-
dose therapy was found to improve the prognosis of patients with both
bone(marrow) and lung metastases, or patients with an early relapse
event (<2 years after initial treatment).”®8° However, incidence of relapse
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remains high and more targeted therapeutic strategies are desirable to
improve the prognostic outlook for these patients.

Molecular processes affected in Ewing sarcoma

Immunoprecipitation and yeast two-hybrid studies show that EWSR1-
FLI1 protein interacts with a multitude of other proteins involved in
transcription and mRNA splicing. Such interactions can increase the
transactivating potency of EWSR1-FLI1, leading to an increase of
deviant transcriptional activity.®'82 Moreover, some resultant alternative
transcriptional products regulate transcription themselves, like ID2, GLI1
and EGR1.8"838 This leads to a higher amount of aberrant transcription,
which complicates determining which expressional changes are critical
for oncogenesis, versus those whose differential expression plays no
significant part. Nonetheless, in recent years several signalling pathways
have been implicated to play a key role in the pathogenesis of EWS and
were proposed as candidates for targeted therapy.

One of these candidate targets for treatment is the IGF-pathway:
both the IGF ligand and the IGF1 receptor (IGF1R) are upregulated in a
vast majority of EWS cases, resulting in a autocrine loop.® The activation
of the IGF-pathway leads to MAPK and PI3K-AKT-mTOR signalling,
resulting in cellular proliferation and survival.?” Inhibitors interfering with
IGF1R signalling were shown to be effective both in vitro an in vivo?&,
although primary results from clinical trials were disappointing. In the
clinic, only ~10% of patients showed partial response to treatment with
antibodies against IGF1R?®, indicating that alternative signalling routes
are involved. Potratz et al. show that sensitivity to IGF1R kinase inhibitor
could be induced in highly drug-resistant cell lines by targeting MST1R

Table 2. Class and action of therapeutics used in Ewing sarcoma
treatment.

Name Class Mode of action
Vincristine Vinca alkaloid Inhibition of microtubule
formation
Ifosfamide Nitrogen mustard alkylating | DNA alkylation
agent
Doxorubicine Anthracycline antibiotic DNA intercalation, free
radical production
Etoposide Podophyllotoxin Topoisomerase Il inhibitor
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(Macrophage Stimulating 1 Receptor, a cMET related tyrosine kinase,
also known as RON) with siRNA.?2 OSI-906, a dual inhibitor targeting
IR in addition to IGF1R is also being tested, and may provide a better
therapeutic benefit, though as of yet there are not enough clinical data to
support this.®” Besides IGF 1R, other tyrosine kinases receptors such as
PDGFR®39, K|T®997 and FGFR1%%, are also found to be upregulated
in cases of EWS. These kinase receptors may provide an alternative
route to migrational and proliferational activation. Additionally, the serine/
threonine kinase receptor TGFB-RII, which has a tumour-suppressive
function, is down-regulated by EWSR1-ETS proteins. 00101

Not only kinase receptors are targeted by EWSR1-FLI1. In
cell cycle regulation, EWSR1-FLI1 downregulates p21WA"! expression,
possibly by impairing the histone deacetylation activity of transcriptional
coactivator p300.12 Loss of p21YWAF" expression is observed in ~55% of
the Ewing family of tumours.®® Low expression of another cell cycle
inhibitor, p57¢* is also found in EWS cell lines.® Induced expression or
depletion of EWSR1-FLI1 caused respectively a decrease or increase
of p57XI® expression.'®1% The protein kinase PKC-B (PRKCB) was
upregulated by EWSR1-FLI1 presence, and plays a role in modulation of
various signalling pathways crucial for EWS survival, as well as affecting
transcriptional regulation by chromatin remodelling.

Mechanisms of intrinsic chemotherapy resistance are also worth
considering, as circa 23% of the patients show little to no response to
initial chemotherapy.’® EWS tumours have been described to express
ABCB1 (P-glycoprotein) and/or ABCC1 (previously MRP1).1% Both genes
belong to the ATP-Binding Cassete transporter family, and their products
fuction as transmembrane drug-efflux proteins. One study shows that
at mRNA level, ABCC1 is expressed in 80% of samples, independent
of prior chemochemical treatment, while ABCB1 is expressed in only
30% of samples.™® Another study, investigating ABCB1 expression via
immunohistochemistry, observed P-glycoprotein expression in 51 to
62% samples.’”” They also observed that half the tumours negative for
P-glycoprotein before treatment did have expression after treatment.
Besides ABC transporters, glutathione-S-transferase enzyme 4 (GSTM4,
involved in detoxification of xenobiotics) expression is regulated by
EWSR1-FLI1. Inhibition of this enzyme has been shown to confer an
increased sensitivity to some chemotherapeutics.0810

Most studies on potential novel treatment regimens are initially
conducted in vitro, then tested in murine models, before being considered
for clinical trials. While testing of compounds in mammalian models is an
essential step before moving on the patient trials, the high cost and long
duration of these experiments limits the rate at which compounds can be
screened. We propose the zebrafish as an additional model organism in
the process of getting novel treatment from bench to bedside. Zebrafish
can provide a model in which to screen promising compounds in vivo
in rapid and cost-effective fashion. In this thesis, various different
zebrafish models for Ewing sarcoma research are described, from
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xenotransplantation models to transgenic models.
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Abstract

large numbers at low costs, embryos develop externally and in

limited space, making them highly suitable for high-throughput
cancer studies and drug screens. Non-invasive live imaging of various
processes and their manipulations within the larvae is possible due to
their transparency during development, and a multitude of available
fluorescent transgenic reporter lines.

In high-throughput studies, handling large amounts of embryos
and larvae is involved. With such high numbers, even the most minute
tasks may become time-consuming and arduous. In this chapter, an
overview is given of the developments in the automation of various
steps of large scale zebrafish cancer research for discovering important
cancer pathways and drugs for the treatment of human disease. The
focus will lie on various tools designed for cancer cell implantation,
embryo handling and sorting, microfluidic systems for imaging and drug
treatment, and image acquisition and analysis. Examples will be given of
employment of these devices within the fields of toxicology and cancer
research.

Zebrafish embryos can be obtained for research purposes in

Introduction

The use of zebrafish in cancer research has become increasingly
widespread, and different models have been generated for a variety
of cancer types. In initial models, tumour development was induced
by the exposure of embryos, fry or adult fish to carcinogens, and gave
rise to hepatic, mesenchymal, neural and epithelial neoplasms.’3
Then, with improvement of techniques to generate transgenic animals,
Langenau et al. designed the first transgenic cancer model in zebrafish,
in which expression of murine mMyc in lymphoid cells drove the onset
of leukemia.* Other transgenic cancer models followed®>', such as
activated human BRAF'®%E |eading to invasive melanoma formation
in p53-deficient fish’, or an embryonic model for rhabdomyosarcoma
induced by activated human RAS.®° In addition to transgenic models,
xenotransplantation models were developed, and tumours cells from a
range of cancer types and species were shown to be able to proliferate,
migrate and induce neovascularization in zebrafish.'®2* In these
models, cells can be implanted at different stages, from blastula and
embryonic stages to (immunosuppressed) adults, as well as in different
sites, like the yolk, Duct of Cuvier®, perivitelline space'” or brain cavity.?
In addition to xenotransplatation with cancer cells of human or murine
origin, allotransplantation with cells from transgenic zebrafish cancer
models or zebrafish transformed cells have been performed.?”:?8

Many papers highlight the opportunity provided by these animals
to perform large-scale chemical screens in aid of finding novel anti-
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cancer drugs. Before gaining ground as a model for cancer, zebrafish
embryos were used in a screen identifying small molecules affecting
development®, and immersion of embryos in compounds is now an
established technique for treatment.??*' With the development of various
cancer models in zebrafish, performing screens with large libraries of
compounds to find improved treatment strategies for patients is a logical
next step. However, performing large scale screens can be a labour-
intensive, monotonous task, and automation of different steps of the
process would both increase speed, precision and reproducibility of
results.

Automated systems for injection, compound treatment, imaging
and data analysis are being developed. Many of these new systems
are designed with zebrafish embryos in mind, not adults, so the main
application will be for engraftment models, or transgenic models where
there is a distinct phenotype in larval stages. Here, we will provide an
overview of the advances in automation regarding each stage of cancer
research in zebrafish embyos and larvae.

Automated microinjection systems

Microinjection is an indispensable technique in zebrafish research, with
many applications. Microinjection is used for generation of transgenic
lines, mutant lines (using the TALEN or CRISPR/Cas9 system), transient
gene knock-down (using morpholinos, siRNA or antibodies), transient
gene overexpression (by mRNA injection), infection studies (by injection
of microbes) and cancer cell engraftment. Most of these injections
are performed in embryos up to 16 cell stage, and currently available
automated injection systems are designed with this stage in mind.
At these early stages, the yolk cell is the largest cell in the embryo,
and compounds injected there will be taken up by neighboring cells.
However, with the rapid development that embryos are undergoing,
injections have to be performed at high rate, to ensure proper uptake by
all the cells of the embryo.

Two automated injection systems for zebrafish were reported
in 2007. In the first system, published by Wang et al., embryos were
positioned using a 5x5 vacuum-based holding grid.*? Using image
recognition software, different structures in the embryos could be
recognized, and the site of injection was determined based on this
information. In this first injection system, twenty-five embryos were
injected per 2-minute run, with an accuracy of 99%. The second injection
system, published by Hogg et al., was primarily designed for injection
of south-African clawed frog Xenopus laevis oocytes, but utility for
zebrafish microinjections was also shown.?® Here, embryos were placed
in commercially available 96-well microplates with conical wells, and the
site of injection was based on the spacing between wells. This negated
the need for image capturing and recognition software. The setup had
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a plunger-driven injection system, which allowed automated cleaning
and refilling of the injection needle, making it possible to inject up to 7
different solutions. Up to 600 injections could be performed per hour.

In 2011 Carvalho et al. published an automated injection system
that, in addition to being suitable for gene disruption injection in early-
stage embryos, could also be applied to inject pathogens such as
Mycobacterium marinum into the yolk of embryos of up to 1024-cell
stage.®* In this injection system, embryos were positioned in an agarose
grid with a honeycomb pattern of hemispherical wells, and the site of
injection was based on the consistent spacing between the wells (Figure
1A). The freshly cast agarose grid could be designed according to the
experiment in mind, with a variety in number of wells for small or large
scale experiments, or multiple small grids of wells to distinguish groups
of embryos injected with different compounds or parameters (Figure
1B). With a built-in camera, the volume of the injected droplet could be
calibrated on-screen, and easily adapted during the run of the experiment,
if desired. With this robotic injection method, the authors showed that
embryos could be infected with M. marinum bacteria at a rate of 2000
embryos per hour. High rate of infection makes it an attractive tool for high-
throughput screens. Furthermore, successful morpholino injection at 1-2
cell stage has been described in this system, as well as the possibility
to perform gene knockdown by injection of antibodies or siRNAs, and
generating transgenic lines by DNA injection.®® For additional details,
refer to publications by Veneman et al. for an overview of the setup®,
and its application in Staphylococcus epidermidis infection.®”

The possibilities to do cancer research in zebrafish by manual
xenotransplantation has been shown in a large number of papers.
Therefore the applicability of this automated injection system for cancer
cell xenografts was also investigated. A follow-up paper from the group
of Prof. H. Spaink reports that cells of a number of different cancer
types could be successfully injected into the yolk of embryos between
2 and 4 hours post-fertilisation (hpf) (Figure 1C).*> Osteosarcoma
cells (from the SJSA-1 cell line), cutaneous melanoma (Mel57), and
prostate cancer cells (PC3 and LNCap) were all found to disseminate
and proliferate at 6 days post-injection (dpi) and onwards. The injection
system operated largely in the same manner as described by Carvalho
et al., with only a few adaptations to injection parameters. Due to the
larger size of tumour cells when compared to bacteria, needles with a
larger opening were used for these injections. Additionally, the larger
tumour cells tended to sediment in the needle more rapidly, and clump
together, which could cause needle clogging. A higher concentration of
14% polyvinylpyrrolidone-40 (PVP-40) carrier solution PVP was used
to prevent this from happening. With these two changes, successful
implantation rates were 80 to 90%, and showcases the suitability of the
system for high-throughput applications. Some optimization of injection
parameters may have to be performed for each cancer cell line to be
injected. In addition, it is recommended to exclude the possible effects

36



Computer controlling

Needle with cells —— S
injection parameters

Motorised stage with
srgriizctene
mount eggs o e 00 e 0 ale 0 s e e

"""""""

Camera

Figure 1. High-throughput injection platform for zebrafish embryos. A)
Schematic representation of the injection platform described by Carvalho

et al.* Embryos are positioned into an agarose-cast grid of hemispherical
wells. The agarose grid is cast on a glass slide, the size of a well plate. A
needle filled with cancer cells, mounted above the agarose plate, is computer-
controlled to deliver one or multiple injections per embryo. A camera mounted
beneath the agarose plate is used in calibrating the parameters of injection

at the beginning of the experiment. The motorised stage moves between
injections, positioning each embryo beneath the stationary needle. B) Example
of agarose cast grid in different forms: the dark grey areas show a grid-pattern
when multiple injection parameters are used, or different compounds are
injected. Each dark grey square holds 100 embryos. The light and dark grey
areas combined can hold up to 1024 embryos. Grid-molds for holding up to
2580 embryos are available. C) Embryo injected with cancer cells (magenta),
30 minutes after implatation.
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of the embryonic developmental program on the cancer cells injected at
this stage.3®

Thus far, the described automated injection systems are primarily
used to achieve injections into the yolk cell of early stage embryos.
However, when looking at cancer cell engraftment models established
in zebrafish, often engraftment takes place in the yolk of older embryos
from two days post fertilisation. At this point, the embryos are less fragile,
and thus more likely to survive higher numbers of engrafted cells. As well
as tolerating larger volumes, another key difference of older stages is
that it is also possible to engraft in compartments other than the yolk
sac. Engraftment into the bloodstream is achieved via injection into the
Duct of Cuvier? or the heart cavity, and enables following extravasation
processes and micrometastases formation. For studying angiogenesis,
an engraftment model of cancer cells into the perivitelline space (PVS)
close to the subintestinal vessel complex has been described."”” The
PVS was also used as an implantation site in a recent publication by
the group of Prof. Y. Cao, which studies the effect of tumour associated
macrophages in the tumour microenvironment on intravasation and
metastasis formation.*® The effect of the zebrafish microenvironment on
Glioblastoma multiforme cells was investigated by performing injections
to the midbrain/hindbrain boundary.?® In infection studies, injection of
bacteria in the hindbrain have been performed to study macrophage
recruitment*®42, and injection of bacteria into the otic vesicle induce
macrophage and neutrophil recruitement.** Similar injections could
be of use in investigation of leukocyte recruitment in cancer research.
However, a limiting factor for achieving successful automation of these
types of injections is the inter-individual variations in body shape of
the embryos. As the injections mentioned in this paragraph are largely
high-precision maneuvers concerning minute structures, the slightest
deviation in injection site or depth will result in a failed engraftment.
Furthermore, with the loss of radial symmetry during embryonic
development, positioning of the embryos is also a more time-consuming
process.

A system for performing these kinds of injections was recently
published by the group of Prof. M.F. Yanik.** This system positions
zebrafish larvae in an array of hydrogel droplets, using a microfluidic
dispensing system. Each droplet contains one larva, which can be
orientated in either a dorsal orientation by several pulses of mechanical
vibration (eliciting the ‘startle’ response), or in the lateral orientation
by addition of an anesthetic to the hydrogel. After orientation of the
embryos, the hydrogel will solidify after a brief period of cooling. Using a
high-speed camera and image-recognition software, the position of each
embryo within a droplet is identified and can be zoomed in on. The eyes
and posterior-anterior axis serve as reference coordinates to determine
the site of implantation with a front-loaded micropipette. This system
achieved a success rate between 84% and 93% of implanting 4 dpf
larvae in different orientations in a variety of organs such as forebrain,
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midbrain, ventricles, eyes, heart and liver.

Another aspect to consider when aiming to perform high-
throughput screens, is the amount of embryos needed. Variation of
response, loss of individual embryos during the experiment, and the
intention to use multiple concentrations per compound means that tens
of thousands of reproducibly injected embryos are needed to screen a
typical compound library. While the robotic injection systems described
above will allow these reproducible injections, acquiring such numbers
of uniformly staged embryos is the first necessary step. Commonly, to
acquire embryos at the same developmental stage, single couples of
zebrafish are placed in small tanks in which a spacer is placed between
the female and male. This spacer prevents the fish from spawning, and
is only removed once spawning is desired. Setting up these types of
crosses when very large amounts of eggs are required, is laborious and
takes up large amounts of time and space. A solution for these was
presented in a paper by Addato et al., which describes development of a
large breeding vessel, in which 180 zebrafish can be place at a time.** In
the breeding vessel, females and males are separated until the desired
spawning time, when the researcher removes the barrier separating the
fish. Subsequently, eggs can be harvested at multiple time intervals from
the bottom of the vessel. In this way, in a relatively short time, around
8000 eggs were collected on average.

Embryo-to-plate dispensing systems

Commonly, drug testing in zebrafish is performed in 96- or 384- well
plates. In these plates, individual embryos can be treated with small
volumes of compound to be taken up from the water in which they are
immersed. Benefits of this setup are that the required volumes are
relatively small, and liquid handling robots for these standardized plates
are commercially available, having been previously developed for cell
culture systems. Furthermore, embryos may be imaged directly in the
plates in which they receive compound treatment. Confocal microscopy
is possible in plates with an optical bottom, or sideview plates in which
prisms allow viewing embryos from two different angles.*®

Manually filling these plates with embryos is a laborious undertaking in
large drug screens. Various systems have been developed to automate
the dispensing of embryos to well plates, and are described in the
following paragraphs.

Pfriem et al. developed a fish sorting system intended for
dispensing embryos from a Petri dish to a well plate that works by
taking a photograph of a plate with anaesthetized embryos (hatched or
unhatched), and analyzing this image to determine coordinates of each
embryo.*” They are then subsequently taken up from the Petri dish via
a pipette tip, whilst a built-in sensor detects if the embryos are indeed

39




aspirated. The same sensor is able to detect if the aspirated embryo is
living or coagulated. Living embryos are transferred to the well plate,
either of 96- or 384-well format. As no fluorescent screening step is
incorporated, the simple design may be cheaper than other available
embryo sorters. Notably, this fish sorting system is compatible with other
robots performing a variety of different tasks, in a ‘modular cube’ system.
This modular design allows the addition or removal of parts, dependent
on the design and needs of the researcher.

A similar system is described by Mandrell et al., where a 4-axis
Selective Compliant Assembly Robot Arm (SCARA, Denso Inc.) picks up
5-6 hpf embryos from a Petridish based on coordinates obtained from a
photograph.*® Here, the distinction between living and dead embryos is
made based on rapid analysis of the same photographic record. Living,
semi-transparent embryos are taken up with the pipette mounted on the
SCARA. Dead embryos will appear bright white and will not be aspirated.

In addition to such ‘pick-and-place’ devices, other flow-based
sorting systems are available. One such system is the COPAS from
Union Biometrica.*® This ‘Complex Object Parametric Analyzer and
Sorter’ takes up embryos from a reservoir in the system, and leads them
through tubing past a sensor measuring the time-of-flight (to get an
indication of length), the optical density (to get an indication of thickness),
and the presence and intensity of fluorescent signal within the embryos.
By gating the parameters, the system can deposit the embryos in well
plates of various formats, or discard them if they do not comply with
defined factors. Since it is possible to analyze the intensity and presence
of fluorescent signal, this system can be employed to perform selection
based on the presence and amount of fluorescent tumour cells. This can
be particularly useful in combination with an automated injection system,
to separate the embryos implanted with sufficient amounts of cancerous
cells from those with little to no cells.

Another flow-based system, called the ZebraFactor, was
described by Graf et al.’® The ZebraFactor consists of two devices
working in sync. The CellSorter unit uses a static and a sliding ring to
create a circular fluidic channel in which suspended embryos are caught
via drag and friction forces. Cameras placed to visualize a part of the
channel can be used to observe and sort the embryos. Single embryos
are pushed, by redirection of the buffer, into the WellPlateFeeder. This
second unit will dispense the embryos in wells of a 96-well plate. This
setup makes use of light barriers to control opening and closing of
various valves, to ensure correct embryo placement.

Microfluidic systems

The ability to automate the dispense of embryos in microtiter plates is a
great boon to zebrafish research. But the well plate format is not always
the ideal experimental setup. When analysis of the embryos requires
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a staining procedure, a multitude of washing steps are involved. Such
steps are not easily carried out in the well plate format. An alternative
are microfluidic systems, or Lab-On-Chip (LOC) devices. These devices
have been designed to perform rapid fluid perfusion, and to allow in-
device imaging. A number of devices are designed to generate a
continuous flowthrough of fresh medium, which aids in the survival of
embryos when they are kept in low volumes of medium.

An in-depth explanation of the rationale of design and
mechanics of LOC devices for zebrafish handling can be read in the
papers by Khoshmanesh et al.>' and Akagi et al.*?, from the group of Dr
D. Wlodkovic. In short, PDMS chips bonded to microscope slides are
designed to have a small fluidic channel in which embryos are loaded.
The channel goes past an array of interconnected embryo traps. When
embryos (within their chorions) are introduced into this channel via the
inlet of the LOC device, hydrodynamic forces cause the docking and
immobilization of embryos at these traps, whilst allowing remaining
embryos to pass. After loading the chip with embryos, drugs or dyes
can be completely perfused through the system via the inlet and outlet
in a matter of minutes, without disrupting the positioned embryos. The
internal volume of the described LOC device in these papers was under
1 mL, highlighting the small amounts of fluids necessary. As the devices
are made with microscopic glass slides, in-device microscopy can be
performed for easy imaging and analyzing of the embryos.

As a proof of concept, Akagi et al. perform an on-chip
angiogenesis assay.%? After loading transgenic TG(fli1:EGFP) embryos
with fluorescent vasculature into the chip, they are perfused by eggwater
with either vehicle control, or Tivozanib, a VEGFR inhibitor effectively
inhibiting angiogenesis. The development of intersegmental blood
vessels could be monitored in the array for a period of 48 hours. In
follow-up papers, the group of Wlodkovic describe a further developed
LOC device (Figure 2A).5*** The new design includes a small suction
channel connected to each well, to increase immobilization efficiency
via combined gravitational sedimentation and low-pressure suction
forces. Additionally, the chips are fitted out with an integrated electronic
automation interface, and include an automated stage and fluorescent
microscope. This integrated LOC device allows automated loading of
embryos, liquid perfusion control, microenvironment maintenance, and
fluorescent imaging of embryos over time.

Other presented LOC devices have their own unique features.
The device described by Zheng et al. *°° (Figure 2B) is a device where
the embryos are loaded manually into the open wells of the chip. What
makes this an interesting system is that actuator-regulated monolithic
valves are present in the channels leading into and out of each
individual well of the chip. This allows for rapid, automated aspiration
and reperfusion of the wells. This LOC device was used to demonstrate
the ability to monitor effects of drug treatment on the cancer-associated
hedgehog pathway and vasculature development.®® Both this study
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Figure 2. Microfluidic devices for imaging or compound treatment
purposes. Arrows indicate the direction of flowthrough. A) Schematic
representation of the cross-section a microfluidic device described by Wang

et al.>* Embryos are loaded at the inlet through the main channel, along which
embryo traps are present. Each embryo trap is connected via a small channel
to a suction channel underneath. Via combined gravitational sedimentation
and low-pressure suction forces, embryos are immobilized in the embryo
traps. In this LOC device, embryos can be imaged from above. The array

was integrated in a platform with an electronic interface regulating automated
embryo immobilization, culture, treatment and time-resolved image acquisition.
B) Schematic representation of the cross-section of one well of a microfluidic
device described by Zheng et al.*® In this device, consisting of 24 wells

of 40ul, each well is open and embryos are loaded from above. Channels
feeding into the wells have actuator-controlled monolithic valves, which open
and close independantly from eachother as old medium is removed (upper
panel) and fresh medium is added (lower panel). C) Schematic representation
of a microfluidic array, described by Zhu et al.*" In this device, embryos are
immobilized via combined gravitational sedimentation and low-pressure
suction forces. As suction channels are positioned on the side of the embryo
traps, imaging can be performed in both upright- and inverted imaging setups.
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The whole array is the size of a 96-well plate, and can contain 252 embryos.
D) Schematic representation of the ZEBRA device described by Bischel et al.
%8 The device employs passive pumping to drive embryos through the device.
Embryos are trapped in individual channels. Dependant on the manner of
loading embryos (head-first or tail-first), embryos are trapped allowing side-
view or in dorsal/ventral view.

and that of Akagi et al. °2 show that it is possible to investigate cancer-
related processes in these LOC devices, with only very small amounts
of compound necessary.

In the device presented by Wielhouwer et al.®®, embryos
are manually loaded into the wells of a chip, where a constant flow-
through of medium is attained via the presence of multiple in- and out-
let channels. Furthermore, this chip has integrated heating channels,
making it possible to maintain stable temperature gradients on a small
scale.

Another device, described by Zhu et al.*” (Figure 2C) is an array
of multiple identical microfluidic segments, the size of a 96-well plate. It
employs combined gravitational and suction forces to trap the embryos,
and can contain up to 252 individual embryos. The suction channels are
positioned on the side of each embryo trap, enabling the possibility to
image in both upright and inverted microscope settings. As the array is
shaped as a conventional 96-well plate, it is compatible with automated
imaging setups designed for well plates.

A limiting feature of the above described LOC devices, is that
they are unsuitable for embryos older than 72 hpf, as at this time the
larvae will break out of their chorions. A different microfluidic device,
developed by Bischel et al. (Figure 2D), is designed for older embryos.*
In the Zebrafish Entrapment By Restriction Array (ZEBRA), embryos
are guided through small channels via surface-tension driven passive
pumping. Depending on if embryos are loaded head-first or tail-first,
they will be positioned laying on their side, or dorsal/ventral side facing
upward, respectively. The design includes small access ports above the
location where the larvae will be trapped, for an easy and rapid method
to add dyes or compounds. This device was shown to be suitable for
imaging 3-5 dpf larvae without the need for agarose embedding, which
is time consuming and can impair embryonic development due to
constriction.

Image acquisition

Much of the read-out of zebrafish experiments is based on microscopic
imaging and analysis. Often, embedding in agarose with a low melting-
temperature is used to fix embryos and larvae (anaesthetized with
tricaine) in position for high-end microscopy. In this method, each
embryo has to be positioned individually, before the agarose solidifies.
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This technique is not suited for large-scale experiments. In the previous
section on microfluidic devices, the possibility of doing image acquisition
in the LOC devices has already been discussed. In microtiter plate
format, optical glass bottom plates allow confocal imaging.*®® As
embryos are still small relative to one well of a 96-well plate, the use of
predefined imaging coordinates is hampered. Plates can be modified
with an array of agarose molds, to restrict the space the embryo will
occupy.®’ Additionally, Physical Sciences, Inc. (Andover, MA, USA) has
manufactured the Sideview Microplate. Inthis plate, the wells are designed
as narrow retangles, so that embryos are limited in their orientation.
Prisms placed adjacent to the wells allow imaging the embryos from the
side of the well as well as the bottom. In a microscope with an automated
stage, complete 96-well plates of consistently oriented embryos can be
imaged with minimal effort of the investigator. Alternatively, if embryo
orientation within the well is not fixed, microscopes are developed with
integrated detection software to locate and recognize the orientation of
the embryo.%3

A flow-based device, called the Vertebrate Automated Screening
Technology (VAST, Figure 3A)%¢ similarly takes up anesthetized
embryos from a suspension cup or plate and leads them through tubing
pasta sensor. When an embryo is detected, the water flow is adjusted and
eventually stopped so that the embryo is positioned in a glass capillary
mounted under a microscope. This capillary is immersed in water and
has a similar refractive index to it, making microscopy with high numeric
aperture water dipping objectives possible. Motors drive the rotation of
the capillary, so that the embryo within can be imaged from any angle.
In this system, optic manipulations and even laser microsurgery can
be performed®®, before the embryo is deposited in a bulk receptacle.
Figure 3B shows low-magnification imaging of an 8 dpf zebrafish
larvae engrafted with MDA-MB-157 breast cancer cells, imaged from
multiple angles. Figure 3C shows high-magnification imaging of an 8 dpf
zebrafish larvae engrafted with PC3-Pro4 prostate cancer cells, imaged
from multiple angles.

Non-image based data acquisition

In various experimental setups, the final read-out of the assay is based
on the presence or change in amount of fluorescence. Often, this is
quantified post-experiment from microscopic images. However, this is
not a necessity. In the section dealing with embryo-to-plate dispensing
devices, the COPAS system has already been mentioned. As each
individual embryo passes the beams of various lasers, excitation levels
can be measured and recorded. This information is used in the selection
and sorting of embryos during dispensing, but can be of equal use to
analyze the difference in presence of various fluorescent markers in
post-treatment groups. In this setup, no actual images of the embryos
are generated as they pass through the system. However, there is a
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Figure 3. Automated imaging using Vertebrate Automated Screening
Technology (VAST). A) Schematic representation of the Vertebrate
Automated Screening Technology (VAST) setup. Briefly, embryos are taken
up from a well plate (or bulk receptacle) and guided through tubing past a
sensor. As an embryo is detected by the sensor, fluid flowthrough stops or is
reverted, until the embryo is positioned in a glass capillary mounted beneath
a microscope. Two stepper motors on either end of the capillary can cause it
to rotate, allowing the embryo to be imaged from multiple sides. After imaging,
fluid flowthrough is reinitiated, and the embryo is guided to a bulk receptacle.
B) Example of images taken in the VAST setup, using a 2x objective.
Bright-field and fluorescent overlays of fixed 6 dpi TG(fli1:EGFP) embryo
(vasculature in green) implanted with breast-cancer cells (MDA-MB-157,
magenta) are shown at multiple angles. C) Example of images taken in the
VAST setup, using a 4x objective. Bright-field and fluorescent overlays of fixed
6 dpi embryo implanted with prostate-cancer cells (PC3-Pro4, magenta) are
shown at multiple angles.
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profile generated, showing the outline of the embryo in combination
with the fluorescence signal. This could be used to detect where the
fluorescent signal is located within the embryo body, and determine
how much distance there is between the site of injection (yolk) and
metastases (tail).

For high-throughput reporter-based assays in zebrafish, a tool
called ARQiv_(Automated Reporter Quantification in vivo) was presented
by Walker et al.®®* ARQiv does not use image analysis, but quantifies the
presence and intensity of fluorescent signal directly using a microplate
reader. By eliminating microscopy from the process, higher throughput
levels can be achieved than in other systems. The system was
demonstrated to allow detection of inter-individual variation of expression
of several reporters. ARQiv was shown to detect cell loss, although cell
regeneration could not be as robustly measured. Furthermore, as the
process is rapid and non-invasive, alterations of expression levels can
be followed within individual embryos over time.

Image analysis

In development and toxicology research, alterations in phenotype of
the embryo is an important readout. For this purpose, automated image
analysis software packages designed for recognizing various structures
within the embryo are now available.®': €66

To assess fluorescent tumour cell burden in zebrafish, several
different analysis programs are available, each with unique attributes.
Pixel-counting programs are available and are a useful tool to quickly
determine differences in fluorescent (tumour cell) burden. With this type
of analysis, care needs to be taken that the detected fluorescent signal
indeed comes from the tumour cells within the fish, and not from debris
which may be visible in the background of an image. A way to reduce
the interference of non-relevant signal, is to use recognition software
to find the zebrafish body, and only count fluorescent signal within this
area of the image.”® Pixel-counting is a rapid analysis tool, but provides
no information on the migration capabilities of cancer cells within the
zebrafish.

An automated image analysis tool specifically designed for
analyzing cancer cell engraftment models in zebrafish, was presented
by Ghotra et al.®® Here, a macro is able to detect the body of the larvae,
no matter in which orientation the image was taken, and the fluorescent
tumour cell burden within. Based on the body plan of the larva and its
tumour cell burden, the site of implantation is determined. For each
individual tumour cell cluster, the size and migration distance away from
the site of implantation is determined (Figure 4).

In another program called zeblAT, developed by Annila et al., a
body plan is mapped to the image of engrafted embryos, and segregated
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Figure 4. Automated image analysis tool. A) Schematic of embryos
imaged in glass-bottom 96-well plate. Based on a macro written for Image-
Pro Analyzer software (Media Cybernetics, USA) which determines the body
axis of the larva based on signal of the green fluorescent channel, all images
are rotated so that the body axes of all larvae align. B) In the correctly re-
orientated images, the same macro uses the red fluorescent signal to identify
all tumour cell foci (represented in magenta). Simultaneously, based on the
larval body axes, the site of implantation (SOI) is determined (indicated by a
yellow X, top panel). Of each larva, the number of tumour cell foci, the size
and intensity, and the distance of migration away from the SOl is recorded.
The coordinates of each tumour cell cluster is plotted in a dot plot, where the
SOl corresponds to the origin (lower panel). C) A Microsoft Excell (Microsoft
Corporation, USA) based macro is used to summarize data required from all
embryos in one group (left panel), and generates a dot plot (right panel).

into 12 differenttissues/structures.” ZeblAT canthen assess the presence
of tumour cells per region. The program is not fully automated as of
yet, as there is a requirement for manually identifications of part of the
landmarks needed to map all structures. However, this software provides
useful information on the seeding amount and preference of cells to
home to certain organs or structures and warrants further development
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to allow analysis of large data sets generated in engraftment screens.

One method to quantify the tumour burden, presented by Corkery
et al.”? does not make use of images of whole embryos containing
engrafted cells, but images fluorescent cancer cells ex vivo. For this
purpose, engrafted embryos are dissociated, the cells pelleted and then
resuspended in PBS. Images of fluorescent cells are analysed in silico
using a semi-automated ImagedJ (National Institutes of Health, USA)
macro, and was shown to allow detecting of difference in proliferation
between drug- treated and untreated groups. Although not providing
information on migration or establishment of metastases, the sensitivity
of this approach is advantageous for when there are only limited
numbers of embryos per group, which is likely the case in large-scale
drug screens.

Concluding remarks

The zebrafish is inherently a very suitable model organism for high-
throughput applications. Adults can be housed relatively cheaply,
embryos are produced in large numbers, and the external development
makes them accessible for various kinds of manipulations. Furthermore,
multiple well-characterized cancer models have been established
in zebrafish on a smaller scale, ready to be adapted for large scale
studies. In this chapter, we show the effort that has been made in recent
years to conduct such studies. Development in automation has been
achieved on all levels of zebrafish research, from embryo handling, to
manipulation, drug screening, data acquisition and analysis. As these
various tools are continuously being refined, we look forward to see how
the described tools and methods will aid in taking the field of cancer
research forward and prove the translational value of discoveries made
in zebrafish for clinical application.
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Abstract

leading to the EWSR1-FLI1 fusion protein, are the hallmark of

Ewing sarcoma. Despite knowledge of this driving molecular event,
an effective therapeutic strategy is lacking. To test potential treatment
regimes, we established a novel Ewing sarcoma zebrafish engraftment
model allowing time-effective, dynamic quantification of Ewing sarcoma
progression and tumour burden in vivo, applicable for screening of single
and combined compounds. In Ewing sarcoma the tumour-suppressor
gene TP53is commonly found to be wild-type, thus providing an attractive
target for treatment. Here, we study TP53-wild-type (EW7, CADO-ES1
and TC32) and TP53-deleted (SK-N-MC) Ewing sarcoma cell lines to
investigate the potentiating effect of p53 reactivation by Nutlin-3 on
treatment with YK-4-279 to block transcriptional activity of EWSR1-FLI1
protein. Blocking EWSR1-FLI1 transcriptional activity reduced Ewing
sarcoma tumour cell burden irrespective of TP53 status. We show that
simultaneous YK-4-279 treatment with Nutlin-3 to stabilize p53 resulted
in an additive inhibition of TP53-wild-type Ewing sarcoma cell burden,
whilst not affecting TP53-deleted Ewing sarcoma cells. Improved
inhibition of proliferation and migration by combinatorial treatment was
confirmed in vivo with zebrafish engraftments. Mechanistically, both
compounds together additively induced apoptosis of tumour cells in
vivo by engaging distinct pathways. We propose reactivation of the
p53 pathway in combination with complementary targeted therapy by
EWSR1-FLI1 transcriptional activity disruption as a valuable strategy
against p53-wild-type Ewing sarcoma.

Translocations involving ETS-transcription factors, most commonly

Introduction

Ewing sarcoma (EWS) is the second most common sarcoma of bone
in children and young adults." Transformation is believed to be caused
by a chromosomal translocation fusing the EWSR1 gene to a member
of the ETS transcription factor family of genes, resulting in a highly
deregulated transcription factor.? The two most common gene fusions
are EWSR1-FLI1 (85% of the cases) and EWSR1-ERG (10% of the
cases).>* Around 25% of patients have metastasis present at the time
of diagnosis.® Currently, these patients have a 2-year event-free survival
of ~20%°® and a satisfactory treatment regime is lacking. Inactivation
of the transcriptional activity of EWSR1-ETS oncogene in combination
with reactivation of p53, which is wild-type in ~90% of these tumours,
could provide a potential treatment strategy.” To test this hypothesis,
two potential drugs operating via a different mode of action were
used in this study: Nutlin-38, a p53 activator, and YK-4-279, a small-
compound inhibiting the interaction between EWSR1-ETS protein and
RNA helicase A and thereby inhibiting its gene-transactivating function.®
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Individually, these compounds are known to modulate EWS tumour
growth. Treatment with YK-4-279 elicited a marked reduction of EWS
tumour growth in mice xenografts®, and reactivation of the p53 pathway
by Nutlin-3 induced an apoptotic response of EWS cell lines in vitro."
Here, we show how the combination of these compounds affects EWS
tumour behaviour both in culture and in a newly-established zebrafish
xenotransplantation model.

Zebrafish (Danio rerio) are increasingly used as a model
organism to study cancer." Benefits include large cluich size, ex
utero development, temporal separation between innate and adaptive
immunity, transparency and easy of manipulation of embryos.'? There is
high conservation of oncogenes and tumour-suppressor genes between
zebrafish and human', and various oncogenic transgenic zebrafish
lines have been developed.’ The histology of zebrafish tumours has
been shown to be highly similar to tumours found in human cancers.'
The adaptive immune system in zebrafish does not reach maturity until
4 weeks post-fertilisation', allowing circumvention of cell graft-host
rejection by using zebrafish in early stages.

Zebrafish embryos can absorb various small molecular weight
compounds from water, which is advantageous when screening for
anti-cancer compounds.'?" Use of transgenic lines with fluorescent
vasculature or neutrophil granulocytes?*%, allows live imaging of cancer
development and interaction with the microenvironment in vivo within 1
week.

We established a zebrafish model for EWS development,
applicable for real-time in vivo monitoring of tumour progression at single
cell level, by recording induction of angiogenesis, EWS proliferation
and migration, as well as tumour cell interaction with the host immune
system. The model was utilised to investigate combinatorial treatments
with multiple drugs. Such multi-hit approaches have until now been
limited in test animals due to lack of throughput.

In this chapter, we show both in culture and in vivo that p53
stabilisation by Nutlin-3 has an additive effect on the ability of YK-4-279
to reduce tumour burden via EWSR1-ETS transcriptional deactivation.
Both compounds caused tumour cell apoptosis in vivo via distinct
pathways. We propose p53 reactivation in combination with targeted
EWSR1-ETS transcriptional deregulation as an attractive therapeutic
strategy for patients with p53-wild-type Ewing sarcoma.

Materials and Methods

Cell culture

Ewing sarcoma cell lines (CADO-ES, EW3, EW7, L1062, TC32, TC71
and SK-N-MC) were present in the LUMC and authenticated by Promega
Powerplex assay. Cells were cultured in IMDM (Life Technologies)
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with 10% fetal bovine serum (Life Technologies) at 37°C and 5% CO,,.
Stably fluorescent lines were produced by transduction with mCherry-
expressing lentiviral vectors (kindly provided by Prof. Dr. Hoeben,
LUMC). Non-fluorescent lines were labelled using Celltracker CM-Dil
(Life Technologies), according to manufacturers instructions.

Zebrafish maintenance

ABTL, Albino, Casper, TG(fli1:EGFP), TG(mpo:GFP)i114 and tp531214K
zebrafish lines were handled compliant to local animal welfare regulations
and maintained according to standard protocols (www.ZFIN.org). Animal
experiments were approved by the animal care committee of the Faculty
of Medicine, Leiden University (UDEC10027).

Tumour cell implantation

Embryos or 35dpf juveniles were anaesthetized with 0.001% tricaine
(Sigma-Aldrich). Single-cell suspension in 2% polyvinylpyrrolidone-40
(Sigma-Aldrich) was loaded into 1.0mm OD x 0.78mm ID borosilicate
needles (Harvard Apparatus). 500-800 cells were injected into the yolk or
eye, using a Pneumatic PicoPump (World Precision Instruments) (10-20
psi, 100-400 ms). Larvae were maintained at 34°C. For 35dpf juveniles,
water temperature was raised from 28°C to 34°C over the course of
a week prior to implantation. Juveniles were immunosuppressed by
addition of 10 pg/mL dexamethazone (Sigma-Aldrich) to the water,
refreshed every other day, starting 2 days before implantation.?*

In vivo toxicity test of chemical compounds and analysis

Racemic (x)Nutlin-3 (Cayman Chemical, USA) and racemic YK-4-279
(kindly provided by Dr. Toretsky) stock solutions were dissolved to a
concentration of 1mM in DMSO. Six embryos were placed per well of a
24-well plate in a volume of 1mL Instant Ocean egg water supplemented
with chemical compounds, with daily refreshing of the solutions. Embryos
were fixed overnight (O/N) in 4% paraformaldehyde (PFA) at 4°C.
Embryos were imaged in glass-bottom 96-wells plates using a NIKON3
confocal microscope (4x lens). Image processing was performed with
Imaged 1.43 (National Institutes of Health, USA). ImagePro Analyzer 7.0
(Media Cybernetics) analysis was performed as described previously.?®

Proliferation assay in cell culture

For measurement of relative EWS cell survival of each treatment, 3000
or 5000 cells/well were seeded in triplicate in full medium in a 96-wells
microtiter plate. Next day, medium was replaced with medium containing
indicated compound or vehicle concentrations. After indicated times,
relative growth was measured using a WST-1-based colorimetric assay
(Roche Diagnostics), according to the manufacturer’s instructions. For
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synergy studies, effects were calculated as ‘affected fraction’ of treated
versus untreated cells, according to the method of Chou.?® Dose—effect
analyses were performed using CompuSyn software (Compusyn).

Western blotting

Western blots were performed as described previously.?” Gels were
loaded with 10-15 ng total protein lysates. The following antibodies
were used: Anti-p53 (DO-1 (1:500); Santa Cruz Biotechnology),
Anti- HDM2 (SMP14 (1:500); Santa Cruz Biotechnology), Anti-HDMX
(Rabbit polyclonal A300-287A (1:2000), Bethyl Laboratories or mouse
monoclonal 8C6 (1:1000), Millipore), anti-p21 (CP74 (1:500), Upstate
Biotechnology), anti-PARP (#9542 (1:1000), Cell Signaling Technology)
and anti-Vinculin (hVIN1 (1:1000), Sigma-Aldrich).

Immunohistochemistry and TUNEL staining

Whole-mount zebrafish immunohistochemistry was performed as
described previously.?® The following antibodies were used: CD99-013
(Covance), L-plastin (kindly provided by Dr. A. Huttenlocher), Alexa
Fluor 488 (Life Technologies), Alexa Fluor 568 (Life Technologies).
TUNEL staining was performed using ApopTag Peroxidase in situ
apoptosis detection kit (Merck-Millipore) and TSA-Plus Fluorescein
system (Perkin-Elmer). For tissue-section staining, embryos were fixed
in 4% PFA, embedded in paraffin, cut into 4 micron sections and stained
with H&E, CD99-013 and Periodic acid-Schiff (PAS). Quantification of
apoptosis was performed by counting TUNEL-positive versus TUNEL-
negative cells, for >4 embryos per condition, and noted in the text as
mean percentage apoptotic cells + SEM.

Statistical Analysis

Aone-way ANOVA test with a Dunnet’s post-test was utilized to determine
the in vivo drug treatment effects. All statistical tests were two-sided.
Values were expressed as means with 95% confidence intervals. P
values less than 0.05 were considered statistically significant, and are
indicated with one star (*). P values less than 0.01 were indicated with
two stars (**). Statistical analyses were performed using GraphPad

Prism V4.
Results

Characterization of the behaviour of EWS cells within the zebrafish

xenotransplantation model
Previous reports have shown that zebrafish can be used as a host
organism to study the progression of various types of cancer, either by
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using transgenic or xenograft models.” To determine if zebrafish is a
suitable model organism for Ewing Sarcoma progression, a panel of
EWS cell lines was implanted in the yolk of two days post-fertilisation
(dpf) embryos (Fig. 1A-C).

Cell lines derived from metastatic and primary tumours were
selected for different translocation types, and status of the p53 pathway
(Table 1). Induction of angiogenesis was scored 24 hours post-
implantation (hpi) (Fig. 1D-F), as described by Nicoli and Presta.3*3°
Implanted cell lines differed in potential to induce angiogenesis, ranging
from angiogenesis observed in 25% of fish (EW3, n=52), to no observed
angiogenesis (CADO-ES, n=31). To ensure specificity of the angiogenic
response by implanted cells and exclude response to injection-induced
wounding, zebrafish fibroblast cells and cancer cells that underwent
several freeze-thaw cycles were implanted. Neither zebrafish cells nor
cell fragments were able to elicit an angiogenic response (Supporting
Information Fig 1, n=35).

Haematogenous dissemination of all tested cell lines was
observed to fins, head and body (Fig. 1G-N, Table 1) of the zebrafish
larvae within 6 dpi. In addition, some cell lines (TC32, TC71, EW7) were
capable of forming tumour-cell outgrowths, primarily in proximity of the
abdomen (Fig. 1H). Proliferation of cells was scored by the amount of
red fluorescent signal per larvae. At 6 dpi, a variation in the amount of
cell burden could be observed for different cell lines.

All tested cell lines proliferate and migrate within the embryo and
most EWS cells were showed the ability to induce angiogenic response
(Table 1), independent of translocation type or p53 status, with EW7
having the most potent tumour progression properties.

Migration of EWS cell within the zebrafish host
EWS cells showed strong metastatic capacities in the zebrafish larvae.

Figure 1. Workflow of xenotransplantation experiment. A) Cells stably
expressing mCherry or labelled with fluorescent membrane marker. B) Schematic
view of injection in a 2 dpf embryo. Magenta: EWS cells; green: vasculature of
tail and yolk. C) 2 dpf TG(fli1:EGFP) embryo with green vasculature??, injected
with EWS cells (magenta), 3 hours after implantation. D) Regular development
of the subintestinal vein complex of an uninjected 3 dpf TG(fli1:EGFP) embryo.
E) Angiogenic sprouting of vessels from the subintestinal vein complex induced
by the implanted EWS cells in TG(fli1:EGFP) embryo, 1 dpi. F) Interaction
(white arrows) between implanted EWS cells and vasculature of TG(fli1:EGFP)
embryo, 1dpi. G, H, |, J) Proliferation, outgrowth and migration to head of ABTL
embryo implanted with EWS cells, 6 dpi. K) Migration to eye. L) Migration to
jaw. M) Migration to brain. N) Migration to otic vesicle. Data are representative
images of >10 independent, highly reproducible experiments.
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Further analysis on engrafted larvae was performed to get an insight into
the migration mechanism.

High-magnification imaging at sites of dissemination revealed
that EWS cells resided both inside and out of the blood vessels (Fig.
2A, B), suggesting a role of the circulatory system in their migration.
Immunohistochemistry demonstrated that migratory cells were positive
for EWS markers (CD99, PAS) (Fig. 2C and Supporting Information Fig
2), thus retaining EWS properties in vivo.

Major organ systems are still in development in zebrafish
larvae. To determine if EWS cells could home to specific organs, cells
were implanted via vessels in the eye into the bloodstream of fully-
developed 35 dpf Casper zebrafish juveniles lacking melanocytes
and iridiophores®®, enabling non-invasive late-stage microscopy. Cells
were observed in the abdomen of the zebrafish at 6 dpi with live stereo
imaging. Immunohistochemical analysis at 6 dpi showed cells in the gut
and kidney of the larvae (Supporting Information Fig 3, n=12), proving

Table 1. Overview of EWS cell properties. Tumour burden is classified
according to the following definitions: High — High tumour cell burden in >80%
of larvae. Medium - High tumour cell burden in 50%-80% of larvae. Low —
minimal amounts of tumour cells in >50% of larvae. Migration is represented
as the percentage of embryos which showed cells migrating away from the
site of implantation. All xenograft data was collected from 3 or more individual
experiments with n>30 and no more than 80% lethality per group.

Behaviour in zebrafish embryonic xenograft

Primary or TP53 Tumour Migration

Cell line metastasis Translocation status burden (95% ClI) Angiogenesis
CADO-ES* Metastasis EWSR1-ERG Wild-type Medium 48.5%-86.1% No
EW3%# Primary EWSR1-ERG  Wild-type Low 57.2%-70.8% Yes
EW7°° Primary EWSR1-FLI1 Wild-type Medium 74.8%-78.6% Yes
L1062% Primary EWSR1-FLI1 Mutant High 37.7%-62.3% Yes
SK-N-MC*'  Metastasis = EWSRT-FLI1 Deletion High 61.1%-92.3% Yes

TC71% Recurrent EWSR1-FLI1 Mutant Medium 69.5%-73.3%  Not analysed
TC32% Metastasis ~ EWSR71-FLI1 Wild-type Medium 56.7%-64.5% Yes

Figure 2. Behaviour of EWS cells within embryo host. A) EWS cells
(magenta) inside and next to blood vessels in the gills of TG(fli1:EGFP) embryo,
5 dpi. B) Detail of 2A, showing cells within the lumen of the blood vessel. C)
Paraffin section of 5 dpi embryo with CD-99 positive EWS cells (magenta) in
the muscle (Grey: H&E; magenta: CD99; green: PAS). D) Confocal overview
image of TG(fli1:EGFP) embryo with EWS cells spreading to the head, muscles
and fins, 5 dpi. E) TG(mpx:GFP)i114 embryo showing EWS cells (magenta)
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Neutrophils

interacting with neutrophils (green), 5 dpi, head. F) TG(mpx:GFP)i114 embryo
showing EWS cells (magenta) interacting with neutrophils (green), 5 dpi, tail.
G) ABTL embryo showing EWS cells (magenta) interacting with macrophages
(blue), 5 dpi, head. H) ABTL embryo showing EWS cells (magenta) interacting
with macrophages (blue), 5 dpi, tail. Data are representative images of >10
independent, reproducible experiments (each n>30).
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that migration of EWS in embryos resembles metastatic behaviour in
adult zebrafish stages.

To exclude false-positive results for migration due to cell debris
taken up and transported by embryonic leukocytes (primarily neutrophils
and macrophages at this stage of development), cells were implanted
into embryos expressing GFP in the neutrophils.?®> Neutrophils and
various EWS cells were shown to interact (Fig. 2E, F), but uptake of
EWS cell material by neutrophils was not observed.

Atthe time of the experiment, transgenic embryos with fluorescent
macrophages were not available yet. To examine if macrophages
played a role in migration, leukocytes were detected by whole-mount
immunohistochemistry against L-plastin (a zebrafish pan-leukocyte
marker). Co-localization of L-plastin and red fluorescent cells showed
that some, but not all EWS cells in the body of the larvae were taken
up by leukocytes (Fig. 2G, H), suggesting that EWS cells disseminate
mainly due to active migration. No neutrophil uptake was observed in
previous experiments, indicating that macrophages are responsible for
the observed partial phagocytosis of EWS cells.

Effect of Nutlin-3 and YK-4-279 on p53-wildtype and p53-deletion

EWS cell lines

In ~90% of EWS tumours, p53 is found to be wild-type’, providing an
interesting target for treatment strategies. Previous reports showed
Nutlin-3 to have an adverse effect on the malignant potential of EWS
cells¥, via the stabilization of the p53 protein and subsequent apoptotic
pathway activation. Nevertheless, single-compound treatments may
allow the escape of non-respondent cells, which can be reduced by
adding drugs with a different target simultaneously. For this purpose,
we used YK-4-279, a small molecule reported to disrupt EWS-FLI1
transcriptional activity by blocking the interaction between RNA helicase
A and EWS-FLI1 protein®.

We tested the sensitivity of p53-wild-type EW7, CADO-ES1
and TC32 and p53-deletion SK-N-MC cell lines in culture for various
concentrations of Nutlin-3 or YK-4-279, or a combination of both, by
comparing the relative growth of the cells after 72h of treatment.

Nutlin-3 reduced the growth of EW7 in a dose-dependent manner
(EC-50=0.97uM, Fig. 3A), as well as CADO-ES1 and TC32 (Supporting
Information Fig. 4). SK-N-MC cells, which lack a full-length p53 protein,
were essentially not affected by Nutlin-3 treatment (EC-50>100uM,
Fig. 3B). YK-4-279 reduced growth of all four cell lines with SK-N-MC
appearing slightly more sensitive than EW7 (respectively EC-50=0.46uM
and EC-50=0.65uM, Fig. 3A, B, Supporting Information Fig. 4). The
combination of Nutlin-3 and YK-4-279 was found to have a synergistic
inhibitory effect on the growth of EW7, CADO-ES1 and TC32 but not on
SK-N-MC (Fig. 3A, B, and Supporting Information Fig. 4).

Cell culture experiments confirmed that, as Nutlin-3 works largely
in a p53-dependent and YK-4-279 mainly in a p53-independent manner,
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Figure 3. The effect of Nutlin-3 and YK-4-279 on EWS cells in culture and
zebrafish embryos. A) WST-1 assay for measuring relative survival of EW7
cells treated for 72 hours with Nutlin-3 (EC-50: 0.97uM), YK-4-279 (EC-50: 0.65
MM) or a combination thereof. All measurements were performed in triplicates.
Error bars represent 95% confidence interval. B) WST-1 assay for measuring
relative survival of SK-N-MC cells treated for 72 hours with Nutlin-3 (EC-50 > 100
uM), YK-4-279 (EC-50: 0.46 uM) or a combination thereof. All measurements
were performed in triplicates. Error bars represent 95% confidence interval. C)
Toxicity test of compounds on albino embryos treated from 2 dpf onwards. N>24
per condition. D) Effect of treatment on albino embryos compared to tp53"214K
embryos treated from 2 dpf onwards. N=72 per condition.
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cell lines with a differential p53 expression have dissimilar responses to
the applied compounds.

Effect of Nutlin-3 and YK-4-279 on p53-wild-type and p53-mutant

zebrafish

Immersion is a well-established method for drug treatment of zebrafish
larvae.’?® To determine if our xenotransplantation model was suitable
for drug testing, Nutlin-3 and YK-4-279 were applied to embryos injected
with EWS cells.

As pathways concerned with cancer can be involved in larval
development, we initially performed toxicity tests on mock-injected
larvae. For both compounds, a concentration of 2uM had a strong
inhibitory effect in culture but allowed sufficient survival in vivo (Fig. 3C).
No significant difference in lethality was observed when compounds were
applied to tp53"2'*K mutant zebrafish (Fig. 3D), excluding a lethal effect of
Nutlin-3 by activation of wild-type zebrafish p53. In addition to stabilizing
p53, Nutlin-3 may also upregulate TAp73 levels.?*#° This protein plays
an important role in embryonic development of zebrafish, and may be
responsible for the higher toxicity of Nutlin-3 in these experiments.*
At concentrations of 4 pyM, both Nutlin-3 and YK-4-279 caused >40%
lethality (Supporting information Fig 5), so further experiments were
performed with concentrations of 2 uM, in p53-wild-type zebrafish, to
simulate the typical microenvironment as close as possible.

Effect of Nutlin-3 and YK-4-279 on EWS cells in the

xenotransplantation model

After implantation with EW7 and SK-N-MC cells in larvae, treatment with
Nutlin-3, YK-4-279, or a combination thereof, was started 24 hpi. At 6
dpi, quantitative analysis was performed on confocal images, providing
information on the amount, size and migration of tumour cell foci per
embryo (Fig. 4A shows two examples of the readout). Mean reduction

Figure 4. The effect of Nutlin-3 and YK-4-279 on EWS cells in vivo. A)
Quantitative analysis? of embryos implanted with SK-N-MC cells, treated with
DMSO or Nutlin-3 and YK-4-279. Algorithms use the green channel to find the
outline of the TG(fli1:EGFP) embryo and estimate the site of implantation (white
X). Using the mCherry signal from EWS cells, all tumour cell foci (objects) are
outlined and numbered. To determine tumour burden per embryo, number of
objects was multiplied by the average size of objects. Migration away from the
site of implantation was determined per object and represented in scatter dot
plots. B) Tumour burden of EWS cells in embryos, 6 dpi, normalized against
DMSO. Differences between means were obtained by one-way analysis of
variance (ANOVA) with a Dunnett’s post-test. One star indicates a P value <
0.05; two stars indicate a P value <0.01; N.S. indicates no significant difference.
Error bars represent 95% confidence interval. C) Scatter dot plot for migration.
Each colour represents one embryo per group, each dot one cluster of tumour
cells. Site of implantation: (X, Y =0, 0).
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of tumour burden (MR), as obtained by the cumulative area of tumour
foci, and 95% confidence intervals (Cl) was determined per group,
compared to DMSO controls. Our quantification revealed that larvae
treated with both Nutlin-3 and YK-4-279 showed a significantly reduced
growth of EW7 (MR=41%, Cl=1%-81%; P<0.05 and MR=48%, CI=8%-
88%; P<0.05, respectively), as well as CADO-ES1 and TC32 (Fig. 4B).
The combination of compounds had an additive effect on this decrease
of wild-type EWS growth (EW7: MR=61.6%, Cl=22.7%-100%; P<0.01).
The growth of SK-N-MC was significantly reduced in the embryos
treated with YK-4-279 (MR=46.6%, Cl=7.3%-85.9%; P<0.05), but not
by Nutlin-3, and minimal additive effects were observed for double
treatment (MR=53.8%, CI=10.0%-97.6%; P<0.05).

Migration from the site of implantation was determined for all
tumour foci per larvae (N>20 per panel) and represented per group
in scatter dot plots (Fig. 4C, Supplementary Information Fig. 6).
Quantification of these plots by mean cumulative migration distance
of tumour cell foci (MCD, Supporting Information Fig. 7) indicate that
treatment with both Nutlin-3 and YK-4-279 reduced the number of tumour
cell foci migrating from the site of implantation.

Our in vivo results substantiate our findings regarding growth
in cultured cells with equal treatment time (Supporting Information Fig.
7), as well as previously described research on single treatments with
these compounds on EWS cells.®?*” Additionally, we managed to rapidly
investigate the synergistic effects that these two compounds had on
EWS, showing an additive effect of combined treatment on the reduction
of tumour burden in vivo.

Induction of apoptosis by Nutlin-3 and YK-4-279 on EWS cells in

vivo and in culture
To further assess the effect of Nutlin-3 and YK-4-279 on EW7 and SK-N-
MC cells implanted in larvae, we performed whole-mount TUNEL staining
to analyse the apoptotic response. DMSO-treated larvae revealed only
a fraction of the grafted EWS cells undergoing apoptosis at 96 hpi (Fig.
5A). Upon administration of Nutlin-3 on grafted embryos, the apoptotic
response was increased more effectively in EW7 cells than SK-N-MC
cells (from 43.3%%15.7 to 71.0%%8.2 and 35.4%+8.3 to 40.8%%11.5
respectively), while both cell lines responded equally effective to YK-
4-279 treatment (to 86.4%5.4 for EW7 and 86.6%6.2 for SK-N-MC).
Treatment with both compounds simultaneously showed that the majority
of cells underwent apoptosis in both EW7 (92.0%6.4) and SK-N-MC
(90.6%4.6).

Protein analysis of cells treated in culture (Fig. 5C, corresponding
WST-1 proliferation assays for these conditions are found in Fig. 5B)
revealed that in EW7, both compounds increased p53 protein levels,
p21 and cleaved PARP. This increase resembles induction of cell-cycle
arrest and apoptosis by both YK-4-279 and Nutlin-3. In SK-N-MC, full-
length p53 and p21 are undetectable, but YK-4-279 could induce cleaved
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PARP, an apoptotic marker.

The data obtained both in vivo and in culture show that YK-4-279
induces apoptosis in EWS cells in a p53-independent manner, whilst
apoptosis induced by Nutlin-3 is p53-dependent. Combined treatment
increased apoptosis of tumour cells by engaging these mechanistically
distinct pathways simultaneously.

Discussion

In this study, we investigated the additive effect of p53 reactivation
on disruption of EWSR1-FLI1 transcriptional activity as a therapeutic
strategy against Ewing sarcoma. EWS is a highly aggressive, malignant
bone and soft-tissue tumour for which currently, when presented with
metastatic spread, no satisfactory treatment regime has been developed.
TP53 is wild-type in ~90% of EWS cases’, and up-regulation provides
an attractive approach for intervention. EWS cells have been shown
to lose viability upon forced wild-type p53 expression*?. Alterations of
TP53 as well as CDKN2A/CDKN2B (p16), another important regulator
of G1/S transition, are described to be correlated with an unfavourable
prognosis.*4°

We applied a newly-developed zebrafish EWS-engraftment
model to assess reactivation of p53 by Nutlin-3 as a treatment approach
against these tumours. EWS cell lines implanted in zebrafish embryos
could induce angiogenesis, migrate and proliferate within a week after
implantation mimicking the human situation in a model system. As the
embryos can take up a range of compounds from the water, the zebrafish
model allows rapid medium-to-high-throughput screening of preclinical
compounds in multiple subjects and can be a useful complement to
established rodent models. Two practical matters need to be taken into
account: the compounds need to be water-soluble and taken up by the
embryo. Further, in the timeframe of the experiment embryonic cells are
rapidly dividing and migrating, which might pose a problem, as these are
features that many anti-cancer drugs are targeting. In treatment strategy
design, we took into consideration that pathways that are important
in cancer development can also be involved organ developmental
processes. We observed less toxicity when compounds were applied at
3 dpf, when the larvae have already undergone some of the most crucial
developmental processes. All compounds in the described experiments
were tested for their toxicity; concentrations administered to engrafted
embryos were chosen as high as possible to maximise the effect on
EWS cells, whilst still ensuring sufficient survival to perform analyses.
The use of {p53Y2'*K mutant larvae, which fail to undergo apoptosis in
response to y-radiation indicating aberrant p53 signalling*®, determined
that Nutlin-3 worked specifically on EWS cells, and not via host cells.

To inhibit EWS progression via inactivation of two essential
tumourigenic mechanisms and investigate their therapeutic value in vivo,
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we applied Nutlin-3 and YK-4-279 on EWS cell engraftments in zebrafish.
Nutlin-3 was used to stabilise p53 by blocking its interaction with MDM2,
whilst YK-4-279 blocks interaction between RNA helicase A and EWS-
FLI1 protein, deregulating gene trans-activation and inducing apoptosis.
EWS cells with a different p53 status were used, to show specificity of
the reduction of tumour cell burden by these compounds in vivo. Tumour
burden of both cell lines was significantly reduced by addition of YK-
4-279, while Nutlin-3 reduced tumour growth only of the p53-wild-type
cells. Interestingly, although the tumour burden of p53-deletion cells was
not significantly affected by treatment with Nutlin-3, a slight induction
of apoptosis in vivo was observed, suggesting a less straightforward
response than found in culture data. Combinatory treatment had an
additive effect on reduction of tumour burden of p53-wild-type cells by
engaging distinct pathways of apoptosis, and confirmed that the model
is applicable to study possible synergy between compounds.

In this model, treatments were applied relatively soon after
implantation, to achieve the longest possible treatment time before
additional immune-systems become activated and engraftments may be
rejected. As Ewing sarcoma patients often present with metastases at
time of diagnosis, any promising treatment found needs to be tested
in @ model where tumours are already established. Either immune-
suppressed zebrafish or murine models should provide additional
information before taking these compounds to clinical trials.

Several Phase | clinical trials with RO5045337, an analogue of
Nutlin-3 suitable for oral administration, have been completed. Currently,
a follow-up trial is active for various cancer types, amongst which patients
presenting with soft tissue sarcoma (NCT01677780). Additionally, clinical
trails with other HDM2 antagonists are also ongoing (NCT01877382,
NCT01462175)*, and could perform a similar synergistic function as
Nutlin-3. A racemic mixture of YK-4-279 was used for all tests performed

Figure 5. Apoptosis of EWS cells in 4 dpi wild-type embryos. A) Whole-
mount TUNEL staining of EWS cells in the muscle, fins or abdomen of ABTL
embryo, 72h after treatment. Apoptotic EWS cells are indicated by circles, non-
apoptotic EWS cells by triangles. A certain amount of background apoptosis
(<5%) was observed in all groups, independent of treatment (unmarked green
cells). Data are representative images of >3 independent experiments (each
n>25). B) The relative survival of EW7 cells and SK-N-MC cells treated with
various concentrations of Nutlin-3 and YK-4-279 or a combination thereof, for
72h (EWT7) or for 48h (SK-N-MC) was determined by WST-1 assay as described
in Materials and Methods. All measurements were performed in triplicates.
Error bars represent 95% confidence interval. C) Western blot for EW7 and SK-
N-MC cells treated for 72h or 48 h, respectively, with 2 uM Nutlin-3, 2 uM YK-4-
279 or a combination thereof. The earlier time point was chosen for SK-N-MC
because 2 uM of YK-4-279 caused such a high lethality in SK-N-MC cells after
72h, making it impossible to harvest cells to make protein extracts.
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in this study. Recent investigations show that the (S)-YK-4-279
enantiomer has enhanced therapeutic potency compared to a mixture
of this compound.*® This increased specificity could minimize off-target
effects and brings this compound one step further to the initiation of
clinical trials.

In conclusion, using the high throughput zebrafish model we
found that simultaneous induction of the p53 pathway and disruption
of EWS-FLI1 transcriptional activity to have an additive effect on the
reduction of EWS malignancy in vivo. Combining different treatment
strategies with reactivation of the p53 pathway in this tumour type may
be a promising therapeutic strategy for the subset of EWS patients
harbouring wild-type p53, and should be investigated in further detail in
murine models, before initiating clinical trials.
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Supplementary information S

Figure S1. Angiogenesis controls. Upper panel) Angiogenic sprouting

of vessels from the SIV complex induced by the implanted EWS cells
L1062, 1dpi. Middle panel) Lack of angiogenic sprouting after cell fragment
engraftment, 1 dpi. Bottom panel) Lack of angiogenic sprouting after
engraftment of zebrafish fibroblasts PAC2, 1 dpi.
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Figure S2. High-resolution histology images of 5 dpi embryo with CD-99
positive EWS cells. Left) RGB image of paraffin section. Middle) Spectral
unmixing of paraffin section showing CD99 in magenta and PAS staining in
green. Right) Colocalisaton of CD99 and PAS, indicated in yellow.

Figure S3. Implantation in bloodstream of 35 dpf zebrafish juveniles
with EWS cells. A) Site of implantation into vessels behind the eye. B) Cells
visible in abdomen of live fish, 6 dpi. C) Immunohistochemical analysis at 6 dpi

showing cells in the gut of the larvae.
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Figure S4. In culture effect of Nutlin-3 and YK-4-279 on TC32 and CADO-
ES1.WST-1 assay for measuring relative survival of CADO-ES1 cells (Left)
or TC32 cells (Right) treated for 72 hours with Nutlin-3, YK-4-279 or a
combination thereof. All measurements were performed in triplicates. Error
bars represent 95% confidence interval.
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Figure S5. Zebrafish survival curves. Effect of treatment at 4uM compound
concentrations on {p53“21*K embryos treated from 2 dpf onwards. N=24per
condition.
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Figure S7. In culture effect of Nutlin-3 and YK-4-279 on EWS cells for
prolonged exposure. WST-1 assay measuring relative survival of EW7 (Left)
or SK-N-MC cells (Right) treated for 120 hours with Nutlin-3, YK-4-279 or a
combination thereof. All measurements were performed in triplicates. Error
bars represent 95% confidence interval.
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Chapter 5

Suppression of deacetylase SIRT1
mediates tumor-suppressive
NOTCH response and offers a novel
treatment option in metastatic
Ewing Sarcoma
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Abstract

he developmental receptor NOTCH plays an important role in

various human cancers as a consequence of oncogenic mutations.

Here we describe a novel mechanism of NOTCH-induced tumor
suppression involving modulation of the deacetylase SIRT1, providing
a rationale for the use of SIRT1 inhibitors to treat cancers where this
mechanism is inactivated because of SIRT1 overexpression. In Ewing
sarcoma cells, NOTCH signaling is abrogated by the driver oncogene
EWS-FLI1. Restoration of NOTCH signaling caused growth arrest due
to activation of the NOTCH effector HEY 1, directly suppressing SIRT1
and thereby activating p53. This mechanism of tumor suppression was
validated in Ewing sarcoma cells, B-cell tumors, and human keratinocytes
where NOTCH dysregulation has been implicated pathogenically.
Notably, the SIRT1/2 inhibitor Tenovin-6 killed Ewing sarcoma cells in
vitro and prohibited tumor growth and spread in an established xenograft
model in zebrafish. Using immunohistochemistry to analyze primary
tissue specimens, we found that high SIRT1 expression was associated
with Ewing sarcoma metastasis and poor prognosis. Our findings
suggest a mechanistic rationale for the use of SIRT1 inhibitors being
developed to treat metastatic disease in patients with Ewing sarcoma.

Introduction

NOTCH signaling is an evolutionarily conserved pathway involved in
tissue patterning and cell specification during normal development. It is
initiated following interaction of a cell surface expressed ligand (JAG1,
JAG2, DLL1, 3 and 4) with a transmembrane monomeric NOTCH
receptor (NOTCH1-4). Binding of the ligand is followed by two successive
proteolytic cleavage steps catalyzed by TNFa-converting enzyme and
the presenilin-y secretase complex that release the NOTCH intracellular
domain (NICD) to the cytoplasm. Upon translocation to the nucleus,
NICD activates the transcription factor CSL. The amplitude and duration
of the NOTCH response are regulated by acetylation of NICD on specific
lysine residues.! Only few CSL targets are known, most prominently the
HES and HEY family of transcriptional repressors. In many mammalian
cell types, the NOTCH pathway enhances stem cell potential and
suppresses differentiation, whereas in others, it exerts an opposite
role suppressing tumor development.?2 Oncogenic NOTCH pathway
activation by mutation occurs in many cancers including T-cell leukemia
and a variety of solid tumors including breast, colorectal, ovarian, and
non—small cell lung cancers. Accordingly, a number of pharmacologic
NOTCH inhibitors are currently in early clinical development. However,
the consequences of activated NOTCH signaling are cell-type—specific
and there is a growing list of tissues and neoplasms in which NOTCH
activation has a tumor-suppressive effect, including keratinocytes,
tumors of the prostate, liver, skin, lung, gastrointestinal stromal tumors, a

86



wide range of B-cell malignancies, and in Ewing sarcoma.? Currently, the
mechanisms of tumor-suppressive NOTCH signaling remain unknown.

Ewing sarcoma pathogenesis is driven by the chimeric ETS
oncogene EWS-FLI1. EWS-FLI1 acts as an aberrant oncogenic
transcription factor with both activating and repressive gene regulatory
properties.* We have previously reported that EWS-FLI1 represses
JAG1 expression keeping NOTCH signaling off.> We found that
silencing of EWS-FLI1 results in activation of tumor cell autonomous
NOTCH signaling, leading to a strong transcriptional induction of HEY1,
which was paralleled by activation of the tumor suppressor TP53 and
consequently upregulation of the cell-cycle inhibitor p21 and cell-cycle
arrest.®> We showed that HEY1 was sufficient to elicit a TP53 response
in Ewing sarcoma cell lines, but the mechanism of TP53 activation
remained unknown.

We here demonstrate that knockdown of EWS-FLI1 and induction
of HEY1 result in TP53 acetylation. Carboxy terminal acetylation by
p300 was demonstrated to be essential for TP53 transcriptional activity.®
Consequently, factors that lead to deacetylation of TP53 interfere with
TP53 stress response.” We now report SIRT1 as a HEY1-repressed
deacetylase preventing TP53 acetylation downstream of suppressed
NOTCH signaling in Ewing sarcoma and other tissues in which NOTCH
acts tumor suppressive.

Sirtuins are an evolutionarily highly conserved protein family
homologous to yeast silent information regulator 2 (sir2) and link cellular
metabolism to tissue homeostasis and differentiation. Sirtuins have
recently attracted considerable interest due to their role in inflammation,
protection from neurodegenerative diseases, organismal longevity, and
theiremerging importance for cancer.t Of the seven members of this family
in man, SIRT1, 3, 6, and 7 localize mainly to the nucleus, whereas SIRT2
resides exclusively in the cytoplasm and SIRT4 and 5 in mitochondria.
SIRT1, 2, 3, and 5 catalyze NAD*-dependent deacetylation of targets,
whereas SIRT4 and 6 mediate ADP-ribosylation of protein substrates.
SIRT1 has originally been identified as a class Il histone deacetylase
removing histone H1K26, H3K9, H3K56, and H4K16 acetylation marks,
thus facilitating heterochromatin formation. In addition, it plays a role in
the repression of euchromatic gene regulation as part of a corepressor
complex with the demethylase LSD1 and associated proteins. Among
others, this complex binds to CSL and represses genes regulated by
the NOTCH signaling pathway including HEY1.° In addition, SIRT1 can
modulate NICD activity by deacetylation as demonstrated in endothelial
cells.” Gene regulation by SIRT1 is also affected by deacetylation of
other transcription factors including AR, FOXO, E2F1, HIC1, BCL6, NF-
kKB, and notably TP53 (for review, see ref. 10). SIRT1 physically interacts
with TP53 and deacetylates Lys382, thus reducing the transcriptional
activity of TP53.”"" Knockdown of SIRT1 allows for TP53 acetylation,
which is an indispensable prerequisite for the destabilization of the
TP53—-MDM2 interaction, inducing transcriptional activity and enabling
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TP53 stress response.?

We here report that modulation of SIRT1 by HEY1 provides a
feedback mechanism that couples NOTCH signaling to TP53 activation
in tissues in which NOTCH activity acts tumor suppressive. We
demonstrate that in Ewing sarcoma, SIRT1 expression is specifically
confined to metastases and that pharmacologic inhibition of SIRT1
activity efficiently kills SIRT1-positive Ewing sarcoma cells in vitro and
prohibits growth and migration of tumor cells in vivo.

Materials and Methods

Cell lines, transfections, and drug treatments

Cell lines of this study are summarized in Supplementary Table S4A.
All cell lines were verified by short tandem repeat (STR) analysis and
are routinely subjected to mycoplasma and SMRV testing in regular
intervals. Ewing sarcoma cell lines and keratinocytes were transfected
with Lipofectamine Plus reagent (Invitrogen) and subjected to puromycin
selection (1 pg/mL) the next day. Ninety-six hours posttransfection,
puromycin-selected cells were harvested, washed, and subjected
to RNA and protein extraction. “697” and Nalm-6 were transfected
by electroporation (Gene Pulser XCell, Bio-Rad) using commercial
electroporation buffers from Bio-Rad. Tenovin-6 (Tnv-6; DundeeCell)
and MG132 (Alexis, Biochem) were used at concentrations and time
periods indicated in the figures. Plasmids and siRNA targeting sequences
used in the study have previously been published and are listed in
Supplementary Table S4B and S4C.

Proliferation and viability assays

Cell viability was assessed using the colorimetric MTT metabolic activity
assay. Briefly, Ewing sarcoma cells (2 x 10* cells per well) were cultured
in 96-well plates at 37°C and exposed to varying concentrations of Tnv-
6. Solvent (DMSO)-treated cells served as a negative control group.
Seventy two hours after treatment, 20 uL of MTT solution (Sigma-Aldrich;
5mg/mLin PBS) was then added and incubated for another 3 hours. Half-
maximal inhibitory concentration (IC, ) values were calculated by using
Spotfire (TIBCO; duplicate analysis). All experiments were performed at
least 3 times in quadruplicates.

Western blot analyses and immunoprecipitations

For immunoblot analysis, total proteins were resolved by 8.5% or 10%
SDS-PAGE and processed according to standard protocols. Antibodies
in the study are listed in Supplementary Table S4D. For monitoring
antibody binding, blots were incubated for 1 hour with either horseradish
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peroxidase—coupled secondary antibody for chemiluminescent
detection with Super Signal West Pico chemiluminescent substrate
(Pierce Biotechnology, THP) or with fluorescent dye—coupled secondary
antibodies (DyLight 649 and DyLight 800, Pierce Biotechnology, THP)
for detection by the Odyssey infrared imager (LI-COR Biosciences).
TP53 was precipitated with either CM1 or DO1 antibodies and probed
with either acetylation-specific or DO1 antibodies.

Reporter gene assays

For promoter activity analysis, TC252 Ewing sarcoma cells were plated
at an initial concentration of 10* cells/mL into 24-well plates. Cells
were transiently transfected with 50 ng of each SIRT1-firefly reporter
construct plus 100 ng of pSport HEY1 and pSuper empty vector, using
Lipofectamine (Invitrogen). Luciferase reporter assays were then
performed using Renilla as internal control. All plasmids used are listed
in Supplementary Table S4B.

Gene expression analysis

Changes in gene expression profiles upon knockdown of EWS-FLI1 were
followed on Affymetrix HGU133A arrays (Affymetrix, Inc.) as previously
reported.?

Quantitative real-time RT-PCR

Total RNA was extracted from cells using the RNeasy Mini Kit (QIAGEN)
and quantitative analysis by TagMan reverse transcriptase PCR (qRT-
PCR) was performed as previously described [3]. The relative expression
levels of the genes assessed were calculated by the 2-22% method.

Immunohistochemistry on tissue microarrays and formalin-fixed,

paraffin-embedded tumor sections

Three different Ewing sarcoma tissue microarray (TMA) series were
used in this study: one (TMA1) previously described' containing 280
samples (277 Ewing sarcoma and three unclassified samples from
Rizzoli Institute, Bologna, Italy); one (TMAZ2) containing 112 de-identified
Ewing sarcoma samples from the University of Michigan (Ann Arbor, MI);
and one previously described TMA from St. Jude Children's Hospital
containing primary tumor samples with complete clinical follow-up from
43 patients (Supplementary Table S2; ref. 14). In addition, formalin-fixed,
paraffin-.embedded (FFPE) tissue blocks from 14 paired primary Ewing
sarcoma tumor and corresponding metastasis tissues were obtained
from the University College London (see also Supplementary Materials).
Tissue processing, antibody staining (Supplementary Table S4C),
and interpretation of staining results were performed as previously
described.”™ Two pathologists blind to the origin and identity of cases
independently evaluated the percentage and intensity of stained cells (l.
Machado, A. Llombart-Bosch). Statistical differences in staining patterns
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were evaluated using the 2 x 2 Fisher exact (2-tailed) probability test.

Zebrafish embryo xenotransplantation and in vivo Tnv-6 treatment
TG(fli1:EGFP) zebrafish were handled compliant to local animal welfare
regulations and maintained according to standard protocols (www.ZFIN.
org). Two-day-old zebrafish embryos were anaesthetized with 0.001%
tricaine (Sigma-Aldrich). TC252 and A673 stably expressing mCherry
were loaded as a single-cell suspension in 2% polyvinylpyrrolidone-40
(Sigma-Aldrich) into 1.0 mm OD x 0.78 mm ID borosilicate needles
(Harvard Apparatus). Circa 500 cells were injected into the yolk, using a
Pneumatic PicoPump (World Precision Instruments, Inc.; 10-20 psi, 100—
400 ms). Larvae were maintained at 34°C. One day after implantation,
six embryos were placed per well of a 24-well plate, in a volume of 1
mL Instant Ocean eggwater supplemented with either DMSO or Tnv-6,
with daily refreshing of the solutions. After 3 days of treatment, embryos
were fixed overnight (O/N) in 4% paraformaldehyde at 4°C. Embryos
were imaged in glass-bottom 96-well plates using a NIKON3 confocal
microscope (4% lens). Image processing was performed with ImageJ
1.43 (NIH, Bethesda, MD). ImagePro Analyzer 7.0 (Media Cybernetics)
analysis was performed as described previously.'

Results

Identification of candidate genes mediating HEY1 induced TP53

stabilization downstream of EWS-FLI1

We previously showed that the NOTCH effector HEY1 stabilizes and
activates TP53 in Ewing sarcoma upon silencing of EWS-FLI1, but
the mechanism behind remained unknown.® Because TP53 stability
is largely regulated by posttranslational modifications (PTM), we
hypothesized that HEY1 represses a TP53 interacting protein involved
in the destabilization of TP53. We considered either a repression of
the MDM2/MDM4 ubiquitin ligase complex (Supplementary Results
and Supplementary Fig. S1) or of an enzyme involved in destabilizing
posttranslational TP53 modification.

HEY1 was ectopically expressed in TC252 cells and genome-
wide gene expression changes were compared with the EWS-FLI1
signature previously obtained by knockdown in five different Ewing
sarcoma cell lines (TC252, WE68, STA-ET-1, STA-ET-7.2, SK-N-MC;
ref. 4). Of 45 genes with relevance to TP53 modification 16-18, five
fulfilled the criterion of being significantly suppressed in response to both
HEY1 expression in TC252 and EWS-FLI1 silencing in all five tested
Ewing sarcoma cell lines (Supplementary Table S1): PRKDC, encoding
DNA-dependent protein kinase; YEATS4, whose product GAS41 is
involved in dephosphorylation of TP53 Ser36619; PPA1, stabilizing
MDM4 and dephosphorylating TP53 at Ser1520,21; PPP2R5C, a
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component of protein phosphatase 2A dephosphorylating TP53 at
various residues including Thr55, Ser37, and Ser4622-24, and SIRT1,
a type Il deacetylase known to target histone and non-histone proteins
including TP53. While suppression of PRKDC is expected to perturb
the DNA damage checkpoint25, HEY 1 mediated suppression of GAS41,
or protein phosphatases 1 and 2, and specifically of the deacetylase
SIRT1 has the potential to lead to TP53 stabilization and activation.
We observed a marked upregulation of SIRT1 RNA expression in 59
primary Ewing sarcoma samples as compared with 89 normal tissues
(Fig. 1A) and acetylation of TP53 in response to EWS-FLI1 knockdown
and ectopic HEY1 expression in the Ewing sarcoma cell line TC252
(Fig. 1B). Because acetylation and deacetylation play a central role in
the regulation of the TP53 pathway16, we therefore focused our further
analysis on SIRT1.

SIRT1 mediates TP53 stabilization by HEY1 downstream of NOTCH

and of EWS-FLI1 silencing

Ectopic HEY1 consistently reduced SIRT1 expression leading to TP53
stabilization and consequently to the induction of CDKN1A expression
in wild-type TP53 cell types, for which NOTCH activation has been
reported to act tumor suppressive. This is demonstrated for three Ewing
sarcoma cell lines (TC252, VH64, and WEG8; Fig. 1C), the B-ALL cell
line 697, the B-cell lymphoma cell line Nalm-6, and primary human
keratinocytes lacking endogenous HEY1 expression (Supplementary
Fig. S2). SIRT1 modulation is dependent on the concentration of ectopic
HEY1 as demonstrated in HEK293 cells carrying doxycycline-inducible
Flag-tagged HEY1, where it was completely reversible upon release
from doxycycline-dependent HEY 1 induction (Supplementary Fig. S3A).
Conversely, knockdown of endogenous HEY1 in the osteosarcoma cell
line U20S by siRNA increased SIRT1 accompanied by TP53 modulation
(Supplementary Fig. S3B). These results indicate that the mechanism of
TP53 activation by HEY 1-mediated SIRT1 suppression is not restricted
to Ewing sarcoma but also operative in other tissues and tumors.

Consistent with HEY1 acting downstream of activated NOTCH
signaling, ectopic NICD1 expression also induced SIRT1 downregulation
and TP53 stabilization (Fig. 1D). To confirm dependence of EWS-
FLI1—dependent SIRT1 regulation on HEY1 in Ewing sarcoma cells,
we performed EWS-FLI1 knockdown in the absence and presence of
siRNA to HEY1. Silencing of EWS-FLI1 by shRNA resulted in a marked
induction of HEY1 and a strong downregulation of SIRT1, which was
completely rescued upon concomitant inhibition of HEY1 expression
(Fig. 1E).

HEY proteins are known to preferentially bind to class B E-box
sequences.?*?” The SIRT1 promoter region contains a (GACGTG)
motif at -373 base pairs from the transcriptional start site (Fig. 1F). In
reporter gene assays with a 562 base pair SIRT1 promoter fragment
driving luciferase expression in TC252 cells, HEY1 reduced the
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activity more than 3-fold. This transcriptional repressive effect was
completely lost upon mutation of the E-box element (Fig. 1F). Together
with published chromatin immunoprecipitation sequencing data from
HEK293 embryonal kidney cells®, K562 myeloid leukemia, and HepG2
hepatocellular carcinoma cells (ENCODE; ref. 28) that demonstrated
HEY1 binding to the SIRT1 promoter at about 300 base pairs upstream
of the transcription start site, these results confirm SIRT1 as a direct
HEY1 target gene.

Inhibition of SIRT1 leads to Ewing sarcoma cell death in vitro
Modulation of SIRT1 in Ewing sarcoma cells was sufficient to induce
acetylation of TP53 and activation of TP53 target genes such as CDKN1A
(Fig. 2A), as also observed upon HEY1 expression (Fig. 1C). In fact,
ectopic expression of increasing amounts of SIRT1 in the presence of
HEY1 was able to abolish HEY1-induced TP53 acetylation already at
the lowest levels (Fig. 2B). These results suggest that SIRT1 expression
in Ewing sarcoma is involved in functional impairment of TP53 activity,
which can be restored by activation of the NOTCH signaling pathway
through HEY1 induction upon knockdown of EWS-FLI1.

We next tested for the impact of SIRT1 modulation on cell fate of
Ewing sarcoma cells. Knockdown of SIRT1 but not of SIRT2 induced TP53
acetylation and cell death in TC252 cells (Fig. 3A). This result suggested
that SIRT1 expression may serve as a promising pharmacologic target
in Ewing sarcoma. We therefore tested the sensitivity of Ewing sarcoma
cell lines to the small-molecule SIRT1/2 inhibitor Tnv-6.2° As shown in
Fig. 3B, Tnv-6 killed Ewing sarcoma cell lines with IC,, values between
0.8 and 8.0 umol/L. The lowest IC, values were found in cell lines with
wild-type TP53, which also expressed the highest levels of SIRT1,

Figure 1. HEY1 induces TP53 acetylation via direct modulation of deacetylase
SIRT1 upon silencing of EWS-FLI1. A, SIRT1 RNA expression in 59 primary
Ewing sarcoma (ES) samples as compared with 89 human tissues from the
Novartis gene expression atlas. The box and whiskers plot shows the log,
expression levels on Affymetrix arrays as described (4). The box contains
data within the upper and lower quartile; the median of the data is shown

as horizontal line within the box; the whiskers extend at maximum to 1.5 x
IQD (interquartile distance = distance between upper and lower quartile);
more extreme data points (outliers) are depicted as circles. The difference
between the groups is highly significant (P = 2.2e-16, Wilcoxon test). See
also Supplementary Table S1. B, immunoblot of immunopurified TP53. TC252
cells were transfected with control empty vector, EWS-FLI1 directed shRNA
(EF30), HEY1 expression plasmid, or, for positive control, a p300 expression
construct. Cells were lysed and TP53 was immunoprecipitated using anti-
TP53 antibody. Equal amounts of immunopurified TP53 were probed with
pan-acetylation antibody and for control of equal TP53 loading, DO-1. C,
modulation of SIRT1 and induction of TP53 and CDKN1A by ectopic HEY1

92



B Co EF30 HEY1 p300

o P53
7-
- o

>

N N
C » Qg}\ ® Qg}\ ® Qg‘} D co nicp1
4 g - e | SIRT1
8 Pt W 4w gy === | SIRT1 2 A

— em| R o= W b

Log, fold SIRT1 mRNA expression (Affymetrix)
o

— | [-Actin

50primES 89 tissues
-4 ~— | coknia

s soen, SEDemy GRS | 3-Actin

TC252 VH64 WE68

E Co EF30 EF30
siCo_siCo siHEY1 E-box (ggaagACGTGgaa) Fold change luciferase activity
0 1
S s [EWS-FLIT F \‘\ ; : R
561 & 0 Cod1

| wt SIRT1 promoter

d change

HEY1

-
(@-PCR) :: 20? E-box (ggaagACTGTgaa) Co.

f

mRN.

A | D i
_561 @ 0 + HEY1

P on - S|RT1

mut SIRT1 promoter

—— ey e | -Actin

expression in three Ewing sarcoma cell lines (TC252, VH64, and WEG8).

Co, empty vector control transfection. D, NICD1 downregulates SIRT1 and
induces TP53 protein expression in TC252 cells. E, knockdown of EWS-FLI1
modulates SIRT1 expression in a HEY1-dependent way. TC252 cells were
transfected with either control scrambled shRNA (Co) or EWS-FLI1 targeting
shRNA EF30 in the presence of either nontargeting siRNA control (siCo)

or HEY1-specific siRNA. Because of the unavailability of sensitive HEY1-
specific antibodies, HEY1 expression was monitored by real-time quantitative
RT-PCR (mean values +SEM of three determinations), whereas EWS-FLI1,
SIRT1, and B-actin were followed on the protein level. F, HEY1 suppresses
the SIRT1 promoter by binding to an E-box element. Firefly luciferase reporter
assays were conducted in TC252 cells upon cotransfection of the indicated
reporter vectors carrying a SIRT1 promoter fragment with the E-box in either
wild-type or mutant configuration®® with either empty vector control or HEY1
expression plasmid. Mean + SEM of three independent experiments is shown.
*, significant (P = 0.011) by 1-sample t test. n.s., not significant (P > 0.05).
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Figure 2. Modulation of SIRT1 results in TP53 acetylation. A, knockdown of
SIRT1 in TC252 cells by shSIRT1 results in TP53 K382 acetylation and TP53
target gene activation (monitored representatively by CDKN1A induction). B,
ectopic expression of SIRT1 counteracts HEY1-induced TP53 acetylation.
TC252 cells were transfected with empty vector control or HEY1 expression
vector plus increasing amounts of SIRT1 expression vector (left to right).
TP53 was immunoprecipitated with rabbit polyclonal aTP53 antibody CM1,
and Western blot analyses of flow-through and immunoprecipitates were
probed with aSIRT1, pan-acetylation antibody, and pan-TP53 antibody DO1.
Experiments indicate that in the absence of HEY1, TP53 remains deacetylated
because of the activity of endogenous SIRT1. Upon HEY1 transfection, SIRT1
is suppressed and TP53 is acetylated. Titrating-in increasing amounts of
SIRT1 rescues TP53 deacetylation in the presence of HEY1.

consistent with the induction of acetylated TP53 and of CDKN1A as
a marker of TP53 transcriptional activation (Fig. 3C). Dependence of
Tnv-6—induced cell death on TP53 was best demonstrated by rescue of
cell viability without any change in SIRT1 expression levels if TP53 was
knocked down before Tnv-6 treatment in wild-type TP53 TC252 cells
(Fig. 3D). Cell death induction by Tnv-6 was dependent on SIRT1 but
not on SIRT2, as SIRT2 knockdown failed to rescue TC252 cell death
induced by drug treatment (Fig. 3E). Together, these results indicate that
Ewing sarcoma cells are highly sensitive to Tnv-6 treatment and that the
IeveISof sensitivity depends on the presence or absence of intact TP53
and SIRT1.

The SIRT1/2 inhibitor Tnv-6 inhibits Ewing sarcoma growth and

spread in a zebrafish xenotransplantation model

Because inhibition of SIRT1 was able to kill Ewing sarcoma cell
lines, we tested Tnv-6 for tumor-inhibitory activity in an established
xenotransplantation model in zebrafish embryos.*® Two cell lines with
high and low SIRT1 expression and distinct Tnv-6 in vitro sensitivity
(Fig. 3B), the wild-type TP53 cell line TC252 and the TP53-mutant cell
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line A673, were fluorescently labeled with mCherry and injected into the
yolk sac of fli1:EGFP transgenic zebrafish embryos. Implanted embryos
were either treated with solvent (DMSO) or 6 pmol/L Tnv-6 for 4 days,
and growth and spread of tumor cells through the embryo body were
monitored by confocal microscopy (Fig. 4A). Figure 4B combines the
results for all embryos injected in three independent replica experiments
in a scatter plot that visualizes the distance and direction of migration for
each object (cluster of tumor cells) for each embryo. As quantified in Fig.
4C, Tnv-6 not only significantly reduced tumor burden (P < 0.0001) but
also significantly inhibited migration of TC252 cells (P < 0.0001) but not
of A673 cells. These data show that pharmacologic inhibition of SIRT1
interferes with Ewing sarcoma growth and migration in vivo.

SIRT1 expressionin Ewing sarcoma primary tumors and metastases
To validate SIRT1 expression in primary tumors, we screened 392
paraffin-.embedded, formalin-fixed Ewing sarcoma samples on two series
of TMAs (TMA1 and TMAZ2; Supplementary Fig. S4) for SIRT1 positivity
by immunohistochemistry (IHC). Cases were scored semiquantitatively,
and five groups were formed according to the percentage and intensity
of mainly nuclear stained cells. Cases were scored as noninformative
(necrosis, scant material, or artifact), negative (mild < 5%), 1+ (mild
staining in 5%—10% of cells), 2+ (moderate staining in 10%—-50% of
cells), or 3+ (strong staining in >50% of cells). Two hundred ninety-eight
samples gave informative results, of which 272 samples and 26 samples
were obtained from primary tumors and metastases, respectively. For
248 cases, information on disease extent was available (Supplementary
Fig. S4). Figure 5A provides examples for the distinct staining patterns
obtained. One hundred thirty-one (48%) primary tumors tested negative
and 54 (20%) showed only mild staining, whereas 65 (24%) and 22 (8%)
displayed moderate and strong nuclear SIRT1 staining, respectively
(Fig. 5B). Focusing on primary tumors from patients with localized
disease 109 (51%), 41 (19%), 53 (25%), and 11 (5%) showed no,
mild, moderate, and strong staining. Corresponding numbers obtained
for primary tumors from patients who presented with metastases at
diagnosis were 12 (35%), 10 (29%), 5 (15%), and 7 (21%), suggesting a
nonsignificant tendency toward higher positivity in patients with primary
disseminated disease (P = 0.550). The site of metastasis was known
for the informative primary tumors from patients with metastatic disease
on TMA1 in 29 cases (Supplementary Table S2). Here, primary tumors
associated with lung metastasis and primary tumors from patients with
bone metastases tested positive in 50% and 40%, respectively.
Strikingly, this tendency turned into a significant difference (P
< 0.001) when focusing on 26 informative metastasis-derived samples
(Fig. 5B, last column). Here, two thirds of metastases showed SIRT1
expression in more than 10% of cells (8 moderately positive, 9 highly
positive), whereas four samples tested negative and five metastases
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showed SIRT1 positivity in less than 10% of cells (Fig. 5B).
To validate our finding of increased SIRT1 positivity in Ewing

sarcoma metastases, we tested an independent series of 14 paired
tissue samples for SIRT1 expression by IHC (Table 1, cases 1-14).
Including 4 paired samples available from TMA1 and TMA2 (Table 1,
cases 15-18), we found lung metastases to score positive in 88% and
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Figure 3. Knockdown or pharmacologic inhibition of SIRT1 but not of SIRT2
kills Ewing sarcoma cells in vitro. A, silencing of SIRT1 but not of SIRT2

in TC252 cells induces TP53 acetylation and PARP1 cleavage (left) and
reduces TC252 cell growth (right). The number of trypan blue-excluding cells
was counted 4 days after transfection with the indicated constructs and is
displayed relative to control scrambled shRNA transfection. Mean and SD for
three experiments are shown. B, dose-response curves to Tnv-6 treatment
and determination of IC, values for five Ewing sarcoma cell lines with distinct
SIRT1 protein expression (inserted immunoblot) and TP53 gene status. VH64
and TC252 cells express wild-type TP53, STA-ET-7.3 expresses mutant,
SK-N-MC truncated, and A673 no TP53 due to gene deletion (37). C, Tnv-6
induces acetylated TP53 and CDKN1A expression in TC252 cells but not in
A673 cells. D, the growth-inhibitory effect of Tnv-6 depends on the presence
of wild-type TP53. TC252 cells were transfected with control scrambled or 5
TP53 shRNA and treated with 8 umol/L Tnv-6 72 hours posttransfection.
Trypan blue-excluding cells were counted after 72 hours of Tnv-6 treatment,
and mean results and SDs from one representative of two experiments,

each performed in triplicate, are shown relative to control treatment. TP53
modulation by shP53 and SIRT1 expression were monitored by immunoblot
analysis. E, sensitivity of TC252 cells to Tnv-6 is independent of SIRT2.
TC252 cells transfected with either control scrambled shRNA (pControl), or
shRNA specific for SIRT1, or shRNA to SIRT2 were either treated with solvent
(DMSO) or 8 umol/L Tnv-6 for 72 hours 4 days posttransfection. Changes in
cell numbers were determined relative to the number of cells before start of
Tnv-6 treatment. Mean values + SEM from three independent experiments
performed in triplicates are shown relative to control transfections.

bone marrow metastases in 55% of cases similar to the frequency in the
primary tumors of these metastatic patients (61%), a frequency twice
as high as observed on the TMAs for the primary tumors of patients
with localized disease. These results suggest that Ewing sarcoma
metastases, specifically lung metastases are predominantly highly
positive for SIRT1 by IHC, and that this positivity can frequently already
be observed in the corresponding primary tumors at diagnosis.
Because this finding may imply a prognostic relevance of
SIRT1 positivity, we independently tested a third previously published
cohort of 43 patients with Ewing sarcoma with complete clinical follow-
up for a median of 154 months for SIRT1 expression by IHC (TMAG3;
Supplementary Fig. S4; ref. 14). Six of 32 localized tumors (19%) and
6 of 11 tumors from patients with metastatic disease at diagnosis (55%)
tested highly or moderately SIRT1 positive. Intriguingly, 5-year survival
probability for the 12 SIRT1-positive patients was 25% as compared
with 70% for the 31 SIRT1-negative patients (Supplementary Table
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Figure 4. Effect of Tnv-6 treatment on Ewing sarcoma cells in zebrafish
embryos. Five hundred cells of either wild-type TP53, high SIRT1 expressing
TC252, or TP53 mutant low SIRT1 A673 cell lines were implanted into the yolk
sac of the indicated numbers of TG(fli1:EGFP) transgenic zebrafish embryos
2 days after fertilisation, and embryos were either control (DMSO) or Tnv-6

(6 ymol/L) treated from day 1 to 4 after implantation. A, representative picture
and quantitative analysis of TC252 implanted fish embryos. Algorithms use the
green channel to find the outline of the TG(fli1:EGFP) embryo and estimate
the site of implantation (X). Using the mCherry signal from ES cells, all tumor
cell foci (objects) are outlined and numbered. To determine tumor burden per
embryo, the number of objects was multiplied by the average size of objects.
The distance of migration away from the site of implantation was determined
per object and cumulative results for all embryos from three independent
experiments are presented in scatter dot plots in B. Here, each color
represents one embryo per group, each dot one cluster of tumor cells. Site of
implantation: (x, y = 0, 0). C, cumulative results of tumor burden and migration
of TC252 and A673 cells in embryos after three days of drug treatment, 4 days
postinjection, normalized against DMSO. Shown are means + SEM of three
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independent experiments with a total of 214 and 126 embryos for TC252 and
AG673, respectively. Statistical significance of results was analyzed by unpaired
t test. n.s., no significant difference.
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Figure 5. SIRT1 expression in primary human Ewing sarcoma samples

by IHC. A, representative staining patterns for classification of SIRT1
positivity. Scale bars, top, 100 um; bottom, 50 ym. B, combined results for
the distribution of SIRT1 positivity levels among informative primary tumor
samples and metastases from TMA1 and TMA2 (see Supplementary Fig. S2
for details). Numbers of tumors per SIRT1 positivity level are indicated in the
bars. 3+ and 2+ staining patterns corresponding to >50% and >10% cells
with nuclear SIRT1 staining are considered positive and indicated in red and
yellow; 0 (no staining) and 1+ (<10% of SIRT1 staining cells) are considered
as negative and are indicated in shades of blue. Statistical significance

was assessed by 2 x 2 Fisher exact (2-tailed) test and is indicated for each
comparison on top of the figure. See also Supplementary Table S2.
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S3 and Supplementary Fig. S5). Although these results call for larger
prospective studies to validate the potential prognostic importance of
SIRT1 in Ewing sarcoma, our combined data strongly imply SIRT1 as
a candidate therapeutic target in patients with Ewing sarcoma with
metastatic disease.

Discussion

The NOTCH signaling pathway is well known for its complexity. Its role in
cancer has been extensively studied in the context of oncogenic NOTCH
mutations but little was known about its tumor-suppressive mechanisms.
We here reportonthe mechanism by which HEY1 downstream of activated
NOTCH induces TP53 and demonstrate that this mechanism is operative
not only in Ewing sarcoma but also in other malignancies and tissues for
which NOTCH activity has been linked to tumor suppression. We find
that HEY 1 consistently suppresses SIRT1 in Ewing sarcoma, B-ALL, and
B-cell ymphoma cell lines and primary human keratinocytes, leading to
TP53 acetylation, stabilization, and transcriptional activation. SIRT1 has
previously been described to be involved in the epigenetic transcriptional
repression of the HEY1 promoter. In the absence of NOTCH activation,
SIRT1 forms a corepressor complex with LSD1, CoREST1, and CtBP1,
leading to concerted repressive histone H4K16 deacetylation and H3K4
demethylation at the HEY1 promoter. Because we find SIRT1 (shown
here) and also LSD1%®' to be consistently expressed in Ewing sarcoma,
and concomitantly HEY1 to be completely turned off®, this mechanism
is likely operative in Ewing sarcoma. Upon activation and nuclear
translocation of NICD and binding to the NOTCH regulated transcription
factor CSL, this corepressor complex is replaced by mastermind-like
(MAML) and co-activators, including the histone lysine acetyltransferase
p300/CBP, leading to transcriptional activation.® In addition, NICD stability
has been reported to be prolonged by acetylation, which is modulated
by SIRT1, with negative consequences on duration and amplitude of
the NOTCH response.! Also, SIRT1 represses NOTCH1 transcription
from a highly conserved region in the NOTCH1 promoter in endothelial
cells.*?> By demonstrating suppression of SIRT1 expression by HEY1,
our results add an important negative feedback loop to NOTCH-driven
gene regulation (Fig. 6).

Italso adds a putative feedback mechanism of potential prognostic
value to the regulation of TP53. Not only does SIRT1 modulate TP53
stability and activity but also TP53 has been demonstrated to suppress
SIRT1 expression through transcriptional repression via binding to a
TP53 response element in the SIRT1 promoter® and posttranscriptional
regulation via TP53-activated microRNA hsa-mir-34a (Fig. 6; ref. 34).
Interestingly, hsa-mir-34a and two other SIRT1 regulatory microRNAs,
hsa-mir-132 and hsa-mir-93, were recently described components of
a favorable prognostic signature in Ewing sarcoma.* Because we find
SIRT1 positivity in Ewing sarcoma mainly associated with metastases,
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Table 1. SIRT1 staining results for paired primary tumor and metastasis-
derived Ewing sarcoma samples.

Case Origin® Primary tumor BM met Lung met

1 FFPE 3+ 3+

2 FFPE 1+ 1+

3 FFPE 2+ 2+

4 FFPE 3+ 3+

5 FFPE 1+ 3+

6 FFPE 0 0

7 FFPE 0 1+

8 FFPE 0 1+

9 FFPE 3+ 3+
10 FFPE 3+ 3+
11 FFPE 3+ 3+
12 FFPE 3+ 0
13 FFPE 3+ 2+
14 FFPE 3+ 3+
15 TMA1 1+ 3+
16 TMA1 2+ 2+ 3+
17 TMA1 0 0

18 TMA2 2+ 3+

% SIRT1 pos 61% 55%  88%
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it is intriguing to speculate that the TP53/hsa-mir-34a/SIRT1 gene
regulatory module plays a role in the suppression of metastases. In fact,
our results in a zebrafish xenotransplantation model demonstrated that
inhibition of SIRT1 prohibits Ewing sarcoma cell dissemination. Because
the yolk sac, the site of tumor cell injection, is only poorly vascularized
(as is visible from the absence of fli:EGFP—positive endothelial cells in
Fig. 4), and tumor cells in control-treated animals migrated not only to
the tail but also to the head region of the embryos, Tnv-6 likely inhibited
active tumor cell migration, consistent with the documented role of SIRT1
in the regulation of cortactin .*¢ This migration inhibitory effect could not
be studied in vitro because of the strong cytotoxic effect of Tnv-6 and of
SIRT1 knockdown observed in the Ewing sarcoma cell lines. Cell death
induction upon perturbation of SIRT1 expression or activity was mainly
due to activation of TP53 and could be rescued upon knockdown of
TP53. In fact, sensitivity to pharmacologic SIRT1 inhibition was highest
in wild-type TP53 cell lines, which are representative of more than 90% of
Ewing sarcoma.® However, also mutant TP53 cell lines proved sensitive
to Tnv-6 treatment, albeit at much higher doses, which is likely due to
the broad transcriptional and epigenetic roles of SIRT1 in genome-wide
gene regulation as has previously been observed.? Although it cannot
be excluded that part of the in vitro cytotoxic activity of Tnv-6 may be
due to a non-SIRT1/non-TP53-related activity such as induction of
autophagy as previously observed in CLL®, it did not play a role in the
zebrafish xenotransplantation model. Here, drug activity was dependent
on high SIRT1 expression and the presence of wild-type TP53.

Our IHC study performed on a total of four independent
ES cohorts reproducibly indicated increased SIRT1 expression in
metastases, specifically in lung metastases. However, results for the
frequency of SIRT1-positive staining in the primary tumors of patients
presenting with metastases differed between the series. The UCL and
the St. Jude cohorts implied high SIRT1 in metastatic patients, whereas
in the Rizzoli and the Michigan cohorts, the frequency of SIRT1-positive
primary tumors in localized and metastatic disease were comparable,
still with a tendency toward higher numbers of positively staining tumor
cells in metastatic cases. It is possible that tumor cell heterogeneity
and focal SIRT1 expression might have led to an underestimation of
SIRT1-positive cases in the primary tumors of metastatic patients on
these TMAs. Also, we cannot exclude that decalcification of bone tumor
specimens might have led to false negativity in some cases. Intriguingly,
outcome results of the small retrospective St. Jude cohort suggested
that not only metastatic patients but also patients with localized but
SIRT1-positive tumors had an adverse prognosis. These results need to
be confirmed on larger, prospectively collected sample series.

While there is already evidence that Sirtuin activators are clinically
well tolerated, early clinical trials with SIRT1 inhibitors have only recently
been initiated. Metastases are the main cause of treatment failure and
death in cancer. Our findings of high SIRT1 positivity in metastases of
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Figure 6. Model of the NOTCH/TP53 feedback regulatory loop and its
regulation by EWS-FLI1 in Ewing sarcoma. 1, binding of the NOTCH ligand
JAG1 to a NOTCH receptor results in 2 (proteolytic cleavage of NICD, which
activates HEY1). 3, we show that HEY1 transcriptionally represses SIRT1.
4, SIRT1 suppresses TP53 activation by NAD* dependent deacetylation.

5, TP53, when active, suppresses SIRT1 by direct binding to its promoter3?
and indirectly, by 6 (activating SIRT1 targeting microRNAs including miR-
34a; ref. 40). 7, SIRT1 also modulates NOTCH activation by deacetylation
of NICD" and by 8 (transcriptional regulation; ref. 32). 9, SIRT1 feeds back
on its negative regulator HEY1 by epigenetically silencing its promoter.®
While NOTCH activation via HEY1 is able to suppress SIRT1, several
additional mechanisms are known to activate or repress SIRT1, including
transcriptional regulators HIF1 and 2 and HIC13°4!, microRNAs*’, kinases*?*,
and sumoylation*® that integrate microenvironmental signals with SIRT1
expression/activity and may be responsible for the specific upregulation of
SIRT1 observed in ES lung metastases in 10. 11, EWS-FLI1 directly binds
to the SIRT1 promoter*® and modulates SIRT1 regulatory microRNAs (no.
12; ref. 50), whereas 13 suppresses cell autonomous NOTCH activation by
transcriptional repression of JAG1.
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patients with Ewing sarcoma and sensitivity of SIRT1-positive tumor
cell lines to SIRT1 inhibition in vitro and in vivo may therefore open an
exciting new avenue to cancer treatment.
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Chapter 6

Development of a high-throughput
zebrafish xenograft model for
Ewing sarcoma drug discovery



Abstract

adults. Circa one in four patients presents with metastatic disease

at time of diagnosis. These patients have a poor outlook, and novel
therapeutic agents are needed to provide a better projected survival.
We propose automated robotic implantation of Ewing sarcoma cells into
blastula-stage zebrafish embryos as a means to perform rapid screening
of compound libraries.

In a previous study we have shown engraftment of Ewing
sarcoma cells in 2-day-old zebrafish embryos provides a rapid method
of screening drug-efficacy in a vertebrate in vivo setting. By immersing
embryos in compounds with anti-cancer activity, reduction of proliferation
and migration of Ewing sarcoma cells was observed in vivo.

To further expand upon this model and make it available for high-
throughput screenings, we studied how manual and robotic engraftment
of Ewing sarcoma cells in the yolk of blastula-stage zebrafish embryos
compared to the previously described manual injections to the yolk of
2-day-old embryo . At blastula stage, the uniform shape of the embryos
makes them more suited for large scale manipulation. Ewing sarcoma
cells engrafted at blastula stage were able to proliferate, but migrated
in relatively few cases. However, the readout of this model could be
obtained more quickly than with the previous model, which is beneficial
in large screening.

Automated robotic implantation was optimised, and using this
method we have tested the effect of Vincristine, active (S)-YK-4-279 and
inactive (R)-YK-4-279 compounds on the proliferation of Ewing sarcoma
in vivo in three different cell lines. Response of the Ewing sarcoma
cells in vivo was mostly comparable to in vitro results, though there were
some discrepancies. These incongruities highlight the importance of
testing drug efficacy in multiple cell lines in animal models. We conclude
that promising initial findings warrants further expansion of this model to
aid Ewing sarcoma research.

Ewing sarcoma tumours occurs predominantly in children and young

Introduction

Ewing sarcoma (EWS) is a bone- and soft tissue tumour affecting
primarily children and young adults.’? Metastases at the time of diagnosis,
indicative of a poor prognostic outlook, are found in approximately
a quarter of all patients.? For these patients it is essential that newly
developed compounds rapidly move from the lab bench to the clinic. In
this study, we present a high-throughput zebrafish xenograft model for
screening of anti-cancer compounds.

Employing zebrafish as a model for cancer development has
become more prevalent over the recent years. Optical transparency
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and external development of the embryos make them highly suitable for
real-time in vivo visualization of processes involved in cancer and have
led to transgenic*® and xenotransplantation models®’ for various cancer
types, amongst which EWS.21° Simultaneously, their low maintenance
cost, high fecundity and ability to take up small molecule compounds
from water, prompted their use in high-throughput chemical screens for
a multitude of purposes, ranging from development' and teratogenicity2
to inflammation™ and cancer.™ For melanoma, a presently on-going
phasel/ll clinical trial of leflunomide combined with vemurafenib is the
first to arise from one such zebrafish screens.’>®

Anti-cancer compound screens in zebrafish are currently
based on the analysis of deregulated processes by checking abnormal
developmental phenotypes in embryos.'”'8 Signalling pathways involved
in oncogenesis are often also involved in embryonic development, so
these screens can provide valuable insights into tumour progression.™
However, specific models are lacking for many cancer types, and well-
defined xenotransplantation models are based on manual microinjection.
Manual injection, while relatively fast, is a labour-intensive method for
generating large numbers of implanted embryos for screening purposes.
In 2006, Wang et al. first describes a fully automated robotic microinjection
system for zebrafish embryos.?® Designed to perform injections for
genetic modulations (such as morpholino or mRNA injection), this
system injects embryos within a few hours after proliferation, at a rate
of 25 embryos per 2 minutes. In our group, a robotic injection system
was developed which could perform such injections at a rate of 2000
embryos per hour.?" Moreover, this system could also be employed
to inject other substances, for example Mycobacterium marinum
bacteria for tuberculosis modelling. With this system for automated
robotic implantation of cancer cells, sufficient amounts of embryos
bearing human tumour cells may be obtained for extensive compound
screening.?? In this study, we demonstrate the utility of this automated
robotic implantation system for EWS research.

Previously, we have described a xenotransplantation model
where we manually implant EWS cells in the yolk of 2-day-old zebrafish
larvae.”® These cells induced angiogenesis in the larvae and could
proliferate and migrate. Compounds known to be effective against EWS
could severely impede these processes, showing the applicability of this
model for testing anti-cancer properties of compounds. Here we have
adapted this model to a high-throughput method, by engrafting EWS
cells in an early embryonic blastula stage (between 2 and 4 hours post-
fertilisation) by robotic implantation. We compared EWS cell behaviour
after manual engraftment in the yolk of blastula stage embryos versus
2-day-old embryos. Subsequently, we optimised conditions to enable
robotic injection of EWS cells, to generate large numbers of embryos
bearing engraftments. Three cell lines were implanted and embryos were
treated with different compounds to show the potential of this method for
high-throughput screening.
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Compounds chosen to validate the model were vincristine, and
two enantiomers of YK-4-279. Vincristine is a classic chemotherapeutic
agent employed in the treatment of Ewing sarcoma.? It is a member of
the vinca alkaloid class of drugs, preventing microtubule formation by
binding tubulin and blocking mitotic division.?* The second compound
used to inhibit EWS proliferation in this model was YK-4-279. YK-
4-279 blocks the interaction between EWSR1-ETS, the oncogenic
fusion protein characteristic for EWS, and RNA helicase.? This causes
deregulation of transcription and has been shown to be effective in the
inhibition of EWS growth in culture, mice and zebrafish.®?® The YK-4-
279 molecule bears a chiral centre, giving rise to two enantiomers, which
Barber-Rotenberg et al. have separated with chiral HPLC.?® They found
that (S)-YK-4-279 is the functional enantiomer which blocks interaction
between EWSR1-ETS and RNA helicase, whilst (R)-YK-4-279 cannot.
In this study, we show that the robotic engraftment of EWS in blastula-
stage embryos provides a rapid means of separating functional from non-
functional compounds with regard to EWS inhibition. Both Vincristine
and (S)-YK-4-279 were able to significantly reduce EWS proliferation in
the zebrafish larvae, whilst (R)-YK-4-279 was not able to do so.

Materials and Methods

Cell culture

Ewing sarcoma cell lines (A673, EW7 and TC32) were cultured in IMDM
(Life Technologies Europe, Bleiswijk, The Netherlands) supplemented
with 10% fetal bovine serum (Life Technologies Europe) at 37°C and
5% CO,. Stably fluorescent lines were produced by transduction with
mCherry-expressing lentiviral vectors (kindly provided by Prof. Dr. R.C.
Hoeben , LUMC).

Zebrafish maintenance

ABTL wildtype and TG(fli1:EGFP) zebrafish lines were handled compliant
to local animal welfare regulations and maintained according to standard
protocols (www.ZFIN.org). Fish were set up for mating in single-cross
tanks with spacers, where one male and one female are placed on either
side in the tank. Removing spacers at the same time ensured all eggs
were fertilised at roughly the same time, an important requirement for
automated injection.

Tumour cell implantation

Single-cell suspensions were diluted in 14% polyvinylpyrrolidone-40
(Sigma-Aldrich) at 2*108 cells/ml. For implantation, we used either 1.0mm
OD x 0.78mm ID borosilicate needles (Harvard Apparatus, Holliston,
MA) broken open manually around a 15 ym diameter, or custom-made
needles with a 20 ym diameter opening (Qvotek, Mississauga, Canada).
For robotic injection, zebrafish eggs up to 1K cell stage were placed on
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a 1% agarose grid with a honeycomb pattern of 512 hemi-speherical
wells, for optimal alignment. For manual injections, eggs were placed in
a 1% agarose grid with Tmm wide grooves, in which eggs were placed
side-by-side. Embryos of 2 dpf were placed on 1% agarose coated
dishes, and water was removed to the point that the embryos were
immobilized on the agarose surface. Per embryo, 4 nL of cell suspension
was injected into the center of the yolk sac of embryos. After injection,
embryos were rinsed and maintained with Instant Ocean egg water with
0,5 ppm methylene blue at 28°C. Two hours post-injection embryos were
placed at 34°C, after removal of unfertilised and dead eggs.

In vivo toxicity test of chemical compounds and analysis

At 1 dpf, six embryos were placed per well of a 24-well plate, in a volume
of 1mL Instant Ocean eggwater supplemented with chemical compounds
or DMSO at a concentration equivalent to the highest concentration of
chemicals compounds to be tested. Solutions were refreshed every
other day for toxicity tests, or once at 4 dpf for treatment of injected
cells, and surviving embryos were counted. At 5 dpf, embryos were fixed
overnight (O/N) in ice-cold 4% paraformaldehyde (PFA) at 4°C. Embryos
were imaged in glass-bottom 96-wells plates using a NIKON3 confocal
microscope (4x lens). Image processing was performed with ImagedJ
1.43 (National Institutes of Health, USA) and NIS-Elements Viewer
(Nikon Instruments, Tokyo). ImagePro Analyzer 7.0 (Media Cybernetics,
Rockville, MD) analysis was performed as described previously.?’

Proliferation assay in cell culture

For measurement of relative EWS cell survival of each treatment, 3000
cells/well in a volume of 100 yL were seeded in triplicate in full medium in
a 96-wells microtiter plate. Next day, medium was replaced with medium
containing indicated compound or vehicle concentrations. After indicated
times, relative growth was measured using a WST-1-based colorimetric
assay (Roche Diagnostics, Almere, The Netherlands), according to the
manufacturer’s instructions.

Immunohistochemistry and TUNEL staining

Whole-mount zebrafish immunohistochemistry was performed as
described previously. The following antibodies were used: CD99-0O13
(Covance, Rotterdam, The Netherlands), L-plastin (kindly provided
by Dr. A. Huttenlocher), secondary anti-rabbit Alexa Fluor 488 (Life
Technologies Europe), secondary anti-mouse Alexa Fluor 568 (Life
Technologies Europe). TUNEL staining was performed using ApopTag
Peroxidase in situ apoptosis detection kit (Merck-Millipore, Amsterdam,
The Netherlands) and TSA-Plus Fluorescein system (Perkin-Elmer,
Groningen, The Netherlands).
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Statistical Analysis

A one-way ANOVA test with a Dunnet’s post-test, or unpaired t-test was
utilized to determine the in vivo drug treatment effects. All statistical tests
were two-sided. Values were expressed as means with 95% confidence
intervals. P-values less than 0.05 were considered statistically significant.
Statistical analyses were performed using GraphPad Prism software V4
(GraphPad Software Inc, La Jolla, CA).

Results

Kinetics in EWS cell proliferation and migration differ between

blastula and larval xenograft models

Zebrafish xenograft models for cancer are largely carried out in 2 days
post-fertilisation (2 dpf) embryos by engrafting the cells in the yolk.
Previously, we have described a 2 dpf zebrafish xenograft model for
EWS, looking at proliferation and migration of EWS cells, as well as
their interaction with the host. In order to adapt this xenograft model
for high-throughput applications such as anti-cancer drug screenings,
it is desirable that embryos engrafted with cancer cells are generated
in an automated manner. Currently, automated injection systems
for zebrafish are designed to inject embryos at early stages (up to 4
hours post-implantation (hpf)), as these are most easily handled and
manipulated. In initial experiments, we sought to investigate how the
blastula xenograft model compared to the 2 dpf xenograft model. TC32
EWS cells were manually implanted into the yolk of either 2 dpf (Figure
1A) or 2-4 hpf embryos (Figure 1B). From 4 days post-implantation (dpi),
scoring was done of the percentage of embryos that showed 3 or more
cells migrating out of the yolk area where cells were initially implanted.
An example of migrating cells can be found in Figure 1C. Consistent with
previous findings, in the 2 dpf xenograft model EWS cells migrated in
subset of embryos from 4 dpi onwards, and migration increased during
the course of the experiment (Figure 1D). In the blastula xenograft
model, no migrating cells were found until 7 dpi, at which point few (1%)
embryos showed migration. At 8 dpi, this percentage increased to 18%
(Figure 1E).

Next, we looked at the kinetics of proliferation of EWS cells in the
different xenograft models. As shown in Figure 1F and G, at 1 dpi initial
tumour cell load per embryo (as determined by counting fluorescent
pixels) differed between the two models. This difference is caused at
the time of cell implantation: 2 dpf embryos are more robust, and up to
800 cells can be implanted into the yolk. Blastula stage embryos are
more fragile, and implanting more than 250 cells per embryos will cause
high lethality (data not shown). In kinetics, proliferation between the two
models varied. The 2 dpf xenograft model showed an increase of tumour
cell burden half-way through the course of the experiment at 3 dpi, which
plateaued at 6 dpi. The blastula xenograft model showed an increase
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Figure 1. Comparison of 2 dpf and blastula zebrafish xenograft models.
A) Schematic drawing of cell implantation in the 2 dpf xenograft model. The
site of implantation in the yolk of a 2-day-old larva is indicated with a magenta
circle. B) Schematic drawing of cell implantation in the blastula xenograft
model. The site of implantation in the yolk of a 2- to 4-hour-old embryo is
indicated with a magenta circle. C) Example of a 8 dpf zebrafish larva with
migrating EWS cells (magenta; migrating cells indicated with arrowheads). D)
Percentage of embryos with 3 or more cells migrating away from the site of
implantation, from 4 dpi until 6 dpi in the 2 dpf xenograft model. E) Percentage
of embryos with 3 or more cells migrating away from the site of implantation,
from 4 dpi until 8 dpi in the blastula xenograft model. F) Tumour cell pixel
count, indicative of proliferation, at 1, 3 and 6 dpi in the 2 dpf xenograft model.
G) Tumour cell pixel count at 1, 5 and 8 dpi in the blastula xenograft model.

of burden half-way through the run of the experiment (5 dpi), and a
subsequent reduction of tumour cell burden at the end of the experiment
at 8 dpi.
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Survival of blastula-stage engrafted EWS cells and interactions

with the zebrafish host

In order to see if the cell burden reduction observed at 8 dpi in the
blastula model was caused by increased cell death compared to the
2 dpf xenograft model, apoptotic cells were visualised using a whole-
mount TUNEL staining (Figure 2A, B). The percentage of apoptotic
cells present was tallied at 8 dpf, i.e. 6 dpi in the 2 dpf xenograft model,
and 8 dpi in the blastula xenogaft model. At this timepoint, both models
had comparable percentages of apoptotic EWS cells (20% and 26%,
respectively).

A C

2 dpf xenograft model

B Healthy cells
O Apoptotic cells

B Healthy cells
T~ Apoptotic cells

Figure 2. Behaviour of EWS cells in blastula xenograft model . A) Left
panel: representative image of whole-mount TUNEL staining of EWS cells

in the yolk of an 2 dpf-engrafted embryo, 6 dpi. Healthy cells are seen in
magenta, TUNEL-stained apoptotic cells are green. Right panel: Proportion

of healthy EWS cells vs apoptotic cells. (N_ .. =15). B) Left panel:
representative image of whole-mount TUNEL stalnlng of EWS cells in the
yolk of an blastula stage-engrafted embryo, 8 dpi. Healthy cells are seen in
magenta, TUNEL-stained apoptotic cells are green. Right panel: Proportion

of healthy EWS cells vs apoptotic cells. (N, .. =15). C) Whole-mount
immunohistochemical staining of blastula stage engrafted embryos with CD99,
showing implanted EWS cells. D) Whole-mount immunohistochemical staining
of blastula stage-engrafted embryos with L-Plastin, showing EWS cells
(magenta) interacting with leukocytes (green).
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In addition to observed cell burden reduction in the blastula, EWS
cells also migrated less in this model. A possible explanation of the low
amount of migration is reprogramming of EWS cells due to factors within
the embryonic environment. Previous research states that loss of CD99
in EWS cell lines reduces their ability to migrate and form metastases.?®
We performed an immunohistochemical stain with the EWS marker
CD99, which was still present on the cells (Figure 2C).

Cells engrafted in the blastula xenograft model may be taken
up by leukocytes present in the host. An L-plastin immunohistochemical
staining was performed on 8 dpi larvae, marking leukocytes (Figure 2D).
Leukocytes were present near the engrafted EWS cells, and interacted
with them. However, uptake was only observed in 2 out of 34 embryos
within the experiment.

Optimisation of the blastula injection model for high-throughput

robotic injection

While the blastula xenograft model did not result in many embryos with
migrating cells in this time course, the data it gives on tumour-cell burden
is valuable for investigation of anti-proliferative effects of compounds on
EWS. For this, experiments could be run until 5 dpf, 3 days shorter than
the previously described in 2 dpf xenotransplant model. For screening
purposes, such a rapid initial readout is a benefit. Therefore, we continued
investigations on how to automate blastula injections, which resulted in
the following method.

Figure 3A shows a schematic representation of the robotic
injector developed for the injection of Mycobacterium marinum.?'
Embryos between 2 and 4 hpf are placed on a 1% agarose grid of 512
or 1024 hemispherical well roughly the size of an zebrafish egg, which
allows for easy placement of the embryos at regular intervals using a
small brush. A picture of an agarose grid with (injected) embryos can
be seen in Figure 3B. The agarose grid with embryos is placed on a
motorised stage which is computer-controlled. This computer similarly
regulates injections parameters such as injection time, pressure, depth
and speed. The motorised needle-holder grips glass capillary needles
which are loaded with cell suspension, and inject the embryo by moving
vertically. The motorised stage will position embryos underneath the
needle. A camera underneath this set-up provides means to check of
injections are performed correctly during the run.

Right after implantation, embryos with cells implanted in the yolk
(Figure 3C) are placed at 28°C for an hour to recover from injection,
before being placed at 34°C. The next day, embryos are checked under
a fluorescent microscope: correctly implanted embryos (Figure 3D)
are separated from non-implanted or incorrectly implanted embryos.
Embryos are incorrectly implanted when cells are present in the body
of the embryo (Figure 3E) or when cells are implanted in the yolk but
simultaneously display a fluorescent glow throughout the yolk (Figure
3F).
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The rate of successful implantation is highly dependent on
the needle used for implantation. As the needle is mounted vertically
in the needle holder, as opposed to the ~45° angle used with manual
implantation, the cells will sink to the needle opening much faster. This
is partially delayed by using high-viscosity 14% PVP to re-suspend cells,
but needle-shape proved to be an important factor. Needles commonly
used for manual implantation (Figure 3G, left needle) have long-drawn
tips which can easily be broken open with tweezers to provide an opening
with a small diameter which does minimal damage to the embryo. With

A

Computer controlling

Needle with cells e
injection parameters

Motorised stage with
agarose plate to
mount eggs

Camera

Figure 3. Automated robotic implantation of blastula zebrafish. A)
Schematic drawing of the automated robotic set-up for cell implantation in

the blastula xenograft model. B) Part of an agarose grid with zebrafish eggs
implanted with EWS cells, immediately after implantation. C) Example image
of a correctly implanted embryo, 30 minutes after implantation. D) Example
image of a correctly implanted embryo, 24 hours after implantation, showing
EWS cells in the yolk of the embryo. E) Example image of an incorrectly
implanted embryo, 24 hours after implantation, showing EWS cells in the body
of the embryo. F) Example image of an embryo, 24 hours after implantation,
showing cells EWS cells in the yolk of the embryo, as well as a faint glow
throughout the yolk. G) Different glass capillary needles used for implantation.
Right and middle: closed needles pulled using different programmes of a
Harvard Apparatus P-97 Micropipette Puller. Left: Commercially available
needle with a 20 um opening, custom made by Qvotek.
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these needles clogging was a common problem, leading to interruptions
to the experiment to reload a different needle, or low efficiency of
injection. Using needles with a wider tip (Figure 3G, middle needle)
reduced clogging, but there was more variation in upon breaking open
the needle. Often, these needles had a large opening, which caused
more damage to the embryos, and resulted in higher lethality. This could
be reduced by opening the needles by grinding the tips down, rather
than manually breaking open the needles with tweezers. Best results
were achieved with custom-made Qvotek needles with a 20 um opening
(Figure 3G, right needle).

Finally, diligence in culturing conditions, confluence and cell
suspension preparation were essential to ensure minimal clogging.
After optimisation, a successful-injection percentage of 88% could be
reached, with a capacity to inject 1024 embryos in a 30 minute run.

Effects of vincristine and two YK-4-279 enantiomers in vitro

To confirm the applicability of the automated robotic injection system
for screening large compound libraries, we performed a test with three
different compounds. Vincristine is a classic therapeutic agent used in
the clinic to treat patients with EWS, often in combination with ifosfamide,
doxorubicin and etoposide.?% YK-4-279 was shown previously to affect
EWS growth in vivo in both mouse models and the 2 dpf zebrafish
xenograft model."®? Separation of the racemic mixture into an active
(S)- and an inactive (R)-enantiomer provides a positive and negative
control for testing the model. Before moving to in vivo experiments,
compounds were tested in culture.

Vincristine treatment of three EWS cells (A673, EW7 and TC32)
caused a relative reduction of survival of 50% after 24 hours of treatment
(Figure 4A). At this timepoint, with these concentrations, there was no
dose-dependent response. TC32 cells were less sensitive to Vincristine
treatment than A673 or EW7.

(S)-YK-4-279 reduced the survival of all three cell lines after
24 hours of treatment (Figure 4B). While a concentration of 3 uM (S)-
YK-4-279 decreased EWS cell survival more than 1 uM, no difference
was observed between concentrations of 3 yM or 30 uM at this time-
point. No effect on cell survival was observed after 24 hours of treatment
with (R)-YK-4-279 (Figure 4C).

Cell culture experiments confirmed sensitivity of the three EWS
cell lines to Vincristine and (S)-YK-4-279, whilst not being affected by
(R)-YK-4-279.

Effects of Vincristine and two YK-4-279 enantiomers in vivo

Before applying compounds to the treatment of embryos engrafted with
EWS cells, toxicity of these compounds to zebrafish embryo needed
to be established. Treatment of embryos was started 1 dpf, when the
embryo had undergone gastrulation, and segmentation. Results of these
toxicity tests on non-injected wild-type embryos can be found in Figure
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5. Both Vincristine and (S)-YK-4-279 caused lethality in over 80% of fish
at the highest tested concentration (1 pg/mL and 5uM, respectively).
Final concentrations to be used for treatment of the engrafted embryos
were chosen to allow >80% survival of embryos in the case of Vincristine
(i.e. 0.5 yg/mL) and (S)-YK-4-279 (i.e. 3 uM). The concentration of (R)-
YK-4-279 was chosen to be equal to the (S)-YK-4-279 enantiomer.
After implantation with A673, EW7 or TC32 cells in blastula-stage
embryos, treatment with Vincristine or YK-4-279 enantiomers was
started at 1 dpi. At 5 dpi, quantitative analysis as previously described?’
was performed on confocal images, providing information on the amount
and size of tumour cell foci per embryo. Tumour burden (as obtained by
the cumulative area of tumour foci) in treated groups was plotted relative
to the DMSO control group in Figure 6.

Vincristine treatment of EWS cells in the xenograft transplantation
model could significantly reduce tumour cell burden in embryo for all
three EWS cell lines (Figure 6A-C). The mean reduction of tumour
burden (MR) was highest in embryos engrafted with EW7 cells: 49%,
with a 95% confidence interval (Cl) of 30%-67% (p<0.001). MR was the
lowest in the A673-engrafted group (MR=28%, Cl=6%-50%, p<0.01).
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However, while the MR was slightly lower in TC32-engrafted embryos,
variance within this group was much higher (MR=30%, CI=0.1%-60%,

p<0.05).
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Figure 5. The effect of Vincristine
and YK-4-279 enantiomers on
zebrafish embryos. Toxicity test of
(A) Vincristine, (B) (S)-YK-4-279 or
(C) (R)-YK-4-279 on ABTL embryos
treated from 1 dpf onwards. Embryos
were checked twice daily, and
deceased embryos were removed
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Compounds were refreshed every
other day. N=36 per condition.
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Figure 6. The effect of Vincristine and YK-4-279 enantiomers on EWS
cells in vivo. A-C) Tumour burden of EWS cells in (robotic) blastula injected
embryos at 5dpi, treated with 0.5 pg/mL Vincristine, 1-5 dpi, normalized
against DMSO. D-E) Tumour burden of EWS cells in embryos, treated with

3 UM (S)-YK-4-279 or 3 uM (R)-YK-4-279, 5 dpi, normalized against DMSO.
Differences between means were obtained by an unpaired t-test, or one-way
analysis of variance (ANOVA) with a Tukey post-test. One star indicates

a P-value < 0.05; two stars indicate a P-value <0.01; three stars indicate a
P-value <0.001; no star indicates no significant difference with the DMSO
control. Error bars represent standard error of the mean.

Treatment of engrafted embryos with the two enantiomers of
YK-4-279 yielded a more varied response for the different EWS cell
lines (Figure 6B). (R)-YK-4-279 did not induce a reduction of tumour
burden in any of the groups, as expected based in previous research
and in vitro tests. A673 engrafted embryos had the highest reduction of
tumour cell burden (MR=39%, Cl=21%-56%, p<0.001). Reduction was
less pronounced in the TC32 engrafted group (MR=25%, CI=3%-55%,
p<0.05). Treatment of EW7 with (S)-YK-4-279 did not elicit any response
in terms of reduction of tumour cell burden in these experiments. It was
previously shown that in the 2-day-old engraftment model a racemic
mixture of YK-4-279 was able to inhibit proliferation of this cell line in
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vivo. Difference may in part be explained by differences in treatment
timespan.

These in vivo results largely recapitulated results previously
found in culture, or what is known from literature and clinical data. We
show that the model is suited to test the efficacy of multiple compounds
on different EWS cells in vivo in a relatively short time.

Discussion

In this study, we investigated the possibility to develop an automated
robotic injection system for engrafting Ewing sarcoma cells into blastula-
stage zebrafish embryos. EWS is a malignant bone tumour affecting
primarily children and young adults, a quarter of whom will have metastatic
disease at the time of diagnosis. Prognostic outlook for these patients is
poor, and novel therapeutic strategies are needed to improve event-free
survival rate. We propose to employ the automated xenograft zebrafish
model described here to facilitate high-throughput drug screenings.

As observed in our experiments with EW7 cells and (S)-YK-4-279,
response of tumour cell in vitro to certain treatment regimens is not
always recapitulated in an in vivo model. Responses are more complex
as the microenvironment in which the tumour cells reside will also
influence tumour cell survival and behaviour. Therefore it is essential to
have thorough screening in in vivo settings before drugs are considered
for clinical trials. The automated robotic implantation system we describe
here can aid in speeding up such screenings. Compounds which are
shown to be effective against EWS in vitro in initial screens can be
selected further for their ability to reduce cancer cell malignancy in vivo
in zebrafish. This way, compounds with the most potential can be further
tested in murine models. Such models are costly and time consuming,
and reducing the number of compounds with minimal influence in vivo
will be helpful to get more effective compounds to clinical trials quicker.

While we focus on automated implantation here, more aspects
can be considered to fully adapt this system for high-throughput drug
screenings. When using large numbers of embryos, as is desirable for
screening purposes, manual sorting of embryos correctly implanted
embryos, transferring these to well plates and applying compounds
can become a vast amount of work. To optimise the high-throughput
pipeline, these tasks can be performed using a flow cytometer capable
of analyzing, sorting and dispensing live multicellular organisms based
on size, optical density and fluorescence intensity. Further optimisation
in terms of image acquisition is also needed. Currently, confocal
analysis is done in a semi-automated way, which is possible to do with
large numbers of embryos, but labour-intensive. A VAST (Vertebrate
Automated Screening Technology) Biolmager platform developed by
Union Biometrica is currently being tested to further automate imaging.
This platform can take up embryos from a well plate, send them to a
glass capillary mounted over a confocal microscope. By rotating the
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capillary, embryos can be imaged in any orientation. This system, in
addition to rapidly capturing images of the embryos, may also eject
imaged embryos to different well plates, which provides the option to
screen tumour cell response at multiple time points.

Screening at multiple time-points will provide more data on the
kinetics of tumour cell expansion and migration with the embryonic host.
This may be of interest not only for the blastula-stage xenograft model,
but also the 2 dpf xenograft model. The latter model provides more
information on the migration capabilities of the EWS cells, for which
the blastula model is not well-suited. In the future, data on effective
compounds discerned in initial large-scale screening in the blastula
model can be augmented with data on effects on migration from the 2
dpf model. Furthermore, it should be noted that one drug on its own may
not be sufficiently effective in curing EWS. As patients of this tumour are
primarily children and young adults, it is imperative to have a complete
curative effect as a goal, lest relapses occur later in life. Therefore, the
effect of a combination of compounds with different targets is important
to investigate, as well as their effects over a longer period of time.

In conclusion, here we describe the benefits of the blastula
zebrafish xenograft model for the purpose of high-throughput anti-
EWS drug screening applications. We show the applicability of this
model for compound screening by applying Vincristine and two YK-4-
279 enantiomers on 3 different EWS cell lines. Promising initial results
certify further expansion of this model for the benefit of Ewing sarcoma
research.
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Chapter 7

A versatile transgenic zebrafish
model recapitulates genetic and
histological features of
Ewing sarcoma



Abstract

characterized by the presence of a translocation between EWSR1

and a member of the ETS family of genes, most commonly FL/1 or
ERG. Despite knowledge of this key feature of Ewing sarcoma, so far
no transgenic mouse models have been established that can accurately
recapitulate this disease. The exact cell of origin for Ewing sarcoma is
unknown, confounding which promoter is suitable to drive the expression
of EWSR1-ETS. Thus far, attempts to make a murine model have led
to embryonic death. Here, we have generated a zebrafish transgenic
model for Ewing sarcoma, where expression of GFP-tagged EWSR1-
ERG protein is driven by a Gal4-responsive UAS promoter. By crossing
TG(14xUAS:GFP-EWSR1-ERG) fish with different transgenic driver
lines expressing Gal4 by various tissue-specific promoters, we observed
that neuronal cells are more permissive of EWSR1-ERG expression than
cells in the notochord or muscles of the fish. Histology shows that these
cells in the zebrafish larvae have round nuclei and scant cytoplasm, and
bear a resemblance to cell features of human EWS tumour biopsies.
Using next generation sequencing of embryos with neuronally expressed
EWSR1-ERG, we validate how the zebrafish genes regulated in these
embryos by the human oncogene compare to a previously described
core EWSR1-FLI1-regulated gene set. The zebrafish TG(14xUAS:GFP-
EWSR1-ERG) line provides a flexible method to investigate the effects
of EWSR1-ERG expression in different background tissues and it
is a promising tool to study processes involved in Ewing sarcoma
development and testing potential treatments.

Ewing sarcoma, a highly malignant bone and soft-tissue tumour, is

Keywords: Ewing sarcoma, transgenic animal model, zebrafish, gene
expression profiling, oncogenic transformation

Introduction

Ewing sarcoma (EWS), the second most common bone sarcoma found
primarily in children and young adults, is characterized by a reciprocal
translocation between EWSR171 and genes from the ETS family .
The resultant chimeric protein has strong transcriptional activity .2
Additionally, it interacts with other transcription factors, causing further
transcriptional deregulation.?® In 85% of all EWS cases, a t(11;22)
(924;912) chromosomal location is found, which results in the oncogenic
fusion gene EWSR1-FLI1.5 Another 10% of cases has an EWSR1-ERG
fusion gene with t(21;22)(q22;q12) translocation.”® Gain of 1q, as well as
alterations of TP53 and CDKN2A/CDKNZ2B (p16), have been described
to be correlated with an unfavourable prognosis.®'?

A quarter of EWS patients present with metastasis at the time of
diagnosis®, and have a 2-year event-free survival of 20%." The 5-year
event-free survival is 10% in case of recurrence.' Finding more effective
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treatments for these patients is needed, and in addition to established in
vitro and xenotransplantation models, a transgenic animal model would
be desirable for studying the mechanism of action of the chimeric protein
in vivo, which potentially can lead to novel treatment regimes.

Despite knowing the genetic aberration responsible for driving
oncogenesis of EWS, thus far no transgenic murine models have been
established. A major issue hampering the development of a transgenic
animal model for EWS is its elusive cell of origin, and toxicity of EWSR1-
ETS to most normal cells. Stable expression of exogenous EWSR1-
FLI1 in cells in vitro has caused apoptosis or senescence in most
normal cells, and many of such models depend on additional cellular
modifications to tolerate expression of the chimeric protein.’®'® To date,
only mesenchymal stem cells have been found to tolerate EWSR1-ETS
expression and take on features of EWS.'*2 While this knowledge points
to a mesenchymal origin of EWS, and can aid in finding suitable tissues
to express the oncogene, all attempts at establishing transgenic mouse
models have until now been unsuccessful. Similar to in vitro toxicity,
expression of exogenous EWSR1-FLI1 in one murine model resulted in
embryonic lethality.?" In another mouse model there was development of
leukemia, but no formation of tumours resembling EWS.%

In zebrafish, transient expression of human or zebrafish
EWSR1-FLI1 led to mitotic defects in the developing embryo.® A stable
transgenic zebrafish line with expression of EWSR1-FLI1 developed
solid tumours with histologic features of small round blue cell tumours
in a p537- background.? This confirms that zebrafish provides a suitable
background to research the role of EWSR1-FLI1 in tumour formation.
However, this model simultaneously gives rise to malignant peripheral
nerve sheet tumours, and tumours histologically similar to EWS are
found in <10% of fish. Additionally, p53 mutations are found in only
10% of EWS patients?, so further optimization is needed to mimic the
situation in patients more closely.

To circumvent the problem of embryonic lethality upon expression
of EWSR1-FLI1, we used the Gal4/UAS binary system to drive expression
of the oncogene in zebrafish.?® In this system, the gene of interest is
placed under control of a UAS promoter, which becomes activated only
in the presence of Gal4 element, expressed in transgenic lines under
different promoters. Therefore, by placing EWSR1-ETS genes under
control of the UAS promoter and introducing this construct into the
germline, there will be no transcription of the gene until the transgenic
fish is crossed with another fish line expressing Gal4. Simultaneously,
the binary system provides a greater flexibility in expression than placing
the gene of interest directly under a promoter. Crossing the UAS line
with different Gal4 driver lines will allow expression at specific times
and in specific tissues. This is an attractive feature for Ewing sarcoma
research, considering the exact cell of origin for this cancer is, as of yet,
unknown.

In this study, we show the transforming capabilities of human
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EWSR1-FLI1 and EWSR1-ERG transiently expressed in zebrafish
embryonic stages, and describe the establishment of TG(UAS:GFP-
EWSR1-ERG), a stable transgenic line to model EWS. Using different
driver lines, we explore possible tissue tolerances to EWSR1-ERG
expression. Expression in the notochord and muscle cells was mostly
lost after 24 hours, but expression in the neurons of embryos was
tolerated until at least 4 days post-fertilisation (dpf). Next generation
sequencing and quantitative PCR showed that EWSR1-ERG regulated
genes involved in cell structure, motility, proliferation and differentiation.
Overlap between the zebrafish up- and down-regulated gene set and
a core EWSR1-FLI1 regulated gene set was found. Furthermore, we
explore possible routes of investigation for novel treatment regimes in
zebrafish transgenic model

Materials and Methods

Zebrafish husbandry

Zebrafish lines were handled compliant to local animal welfare regulations
and maintained according to standard protocols (www.ZFIN.org). During
experiments, embryos were maintained in eggwater (60ug/ml Instant
Ocean salts in demiwater) at 28.5°C and, when needed, anaesthetized
with 0.001% tricaine (Sigma-Aldrich, St. Louis, MO). For wildtype fish,
the standard laboratory strain AB/TL was used. The Et(E1b:Gal4-VP16)
s1101t, TG(UAS:Kaede)s1999t line was generated in an enhancer trap
screen described by Scott et al.?” The Et(kita:GalTA4,UAS:mCherry)
hzm1 line was generated in an enhancer trap screen described by Distel
et al.?® The TG(hsp70l:GAL4)1.5kca4 line was previously described
by Scheer et al.?® The TG(14xUAS:GFP-EWSR1-ERG) was newly
generated in this study. Generation of novel transgenic zebrafish was
approved by the animal care committee of the Leiden University Medical
Center (UDEC1135).

Generation of the TG(UAS:GFP-EWSR1-ETS) expression vectors
The coding sequence for GFP-EWSR1-FLI1 and GFP-EWSR1-
ERG were amplified out of the pDEST225+GFP-EWSR1-
FLI1 and pDEST225+GFP-EWSR1-ERG plasmids. The
5-TCACAATTGGCAGAGCTGGTTTAGTGAACCG TC-‘3forward primer
introduced an Mfel restriction site at the 5’ end of the GFP-EWSR1-
ETS ORF, whilst the 5-TCAGCGGCCGCTCTAGATCCGGTGGATCA
TCACCAC-3 reverse primer introduced a Notl at the 3’ end. The
resultant amplicon was cloned into the 14xUAS E1b Tol2 transposon-
based vector (kindly provided by Prof. Dr. H. Baier, Max Planck Institute
of Neurobiology, Martinsried, Germany).

Generation of TG(UAS:GFP-EWS-ETS) transgenic zebrafish lines
Tol2 transposase mMRNA was generated by using a linearized pCS2FA-
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transposase plasmid (kindly provided by Prof. Dr. K. Kawakami, National
Institute of Genetics, Shizuoka, Japan)*® as a template for mRNA
synthesis with the mMMESSAGE mMACHINE SP6 transcription kit (Life
Technologies, Carlsbad, CA). mRNA was purified using the RNeasy
MinElute Cleanup kit (Qiagen, Venlo, The Netherlands). The UAS:GFP-
EWSR1-FLI1 or UAS:GFP-EWSR1-ERG construct (final concentration:
30ng/ul) was mixed with transposase mRNA (final concentration: 50ng/
Ml), phenol red (0.05%) and 1xDanieu’s buffer (58mM NaCl, 0.7mM KCl,
0.4mM MgSO,, 0.6mM Ca(NO,),, 5mM Hepes, pH 7.6). Of this mixture,
1nl was injected into the cell of eggs at the 1-cell stage. Injected embryos
were raised to adulthood, and FO founders were identified by genotyping
24 hpf offspring via PCR. F1 fish and subsequent generations were
genotyped by PCR on finclips. For genotyping, DNA was amplified using
forward primer 5-GTCTCAGCCTCACTTTGAGC-3’ and reverse primer
5-AGATGAACTTCAGGGTCAGC -3..

Zebrafish embryonic heatshock

The transgenic TG(hsp70l:GAL4)1.6kca4 and TG(14xUAS:GFP-
EWSR1-ERG) lines were crossed, and their offspring were heatshocked
at 6 hpfor 1 dpffor 2.5 hours by transferring them to eggwater prewarmed
to 37°C, in a 37°C incubator. The next day, heatshocked embryos were
checked for expression of GFP.

Histology

Embryos of TG(14xUAS:GFP-EWSR1-ERG) x Et(E1b:Gal4-
VP16)s1101t, TG(UAS:Kaede)s1999t were fixed at 1 dpf with 4%
paraformaldehyde (PFA) for 2 hours at room temperature. After 3 rinses
with PBS-T (PBS containing 0.1% Tween-20), embryos were gradually
dehydrated by sequential 30 min incubations in 70%, 80%, 90%, 98%
and 100% MeOH. Embryos were then embedded in paraffin blocks and
cut into 2uM sections. Sections were stained with H&E and analysed on
histologic features of EWS.

RNA isolation

RNA isolation was performed by homogenizing 15 embryos per sample,
using a Bullet Blender Homogenizer (Next Advance, Averill Park, NY),
and subsequently extracting RNA using the RNeasy Micro Kit (Qiagen)
according to the manufacturer’s instructions.

RNAseq analysis

RNA samples of 3 dpf TG(14xUAS:GFP-EWSR1-ERG) x Et(E1b:Gal4-
VP16)s1101t, TG(UAS:Kaede) s1999t and wildtype siblings were
sequenced by ZF-Screens BV (Leiden, The Netherlands) on an lllumina
HiSeq2500. Resulting FastQ files were uploaded on the GeneTiles
website (www.genetiles.com). The GeneTiles software aligned reads to
the ENSEMBL Zv9 zebrafish genome predicted cDNA sequences, and
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uses DESeq to normalize the data and analyse differential expression
between samples. The complete dataset has been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO Series
accession number GSE62273.

Information on enrichment was obtained by first converting zebrafish
ENSEMBL gene IDs to human ENSEMBL gene IDs. These lists were
uploaded on Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7 3132

cDNA synthesis and quantitative reverse transcriptase PCR (q-RT-

PCR)

Complementary DNA synthesis from RNA samples of 3 dpf
TG(UAS:GFP-EWSR1-ERG) x TG(S1101T:Gal4;,UAS:Kaede) and
wildtype siblings was achieved by combining 1 ug of RNA with 4 uL of
5x iScript reaction mix and 1 yL iScript reverse transcriptase (Bio-Rad
Laboratories, Hercules, CA) in a total volume of 20 uL. These mixtures
were incubated at 25°C for 5 min, 42°C for 30 min, and 85°C for 5
min, and diluted 1:25 in water. For each g-RT-PCR reaction, 5 pL of
cDNA was mixed with 12.5 pl of 2x iQ SYBR Green Supermix (Bio-Rad
Laboratories) and 10 pmol of each primer, in a total volume of 25 pL. In
a iCycler Thermal Cycler (Bio-Rad Laboratories), samples underwent
the following cycling parameters: 95°C for 3 min, followed by 40 cycles
of denaturation at 95°C for 15 and annealing/extension at 60°C for 45
s, followed by 1min at 95°C and melting curve generation by 10 s at
55°C to 95°C, the temperature increasing with 0.5°C increments over
80 cycles. Fluorescence measurements were taken at the end of each
cycle. Normalisation was done against the B-actin housekeeping gene,
and results were analysed using the AACt method.

Sequences for forward and reverse primers are given in Supplementary
Table 1.

Statistical analysis

Statistical analysis was performed on g-RT-PRC data using a unpaired
t-test. P values less than 0.05 were considered statistically significant,
and are indicated with one star (*). P values less than 0.01 were indicated
with two stars (**). Statistical analyses were performed using GraphPad
Prism V4 (GraphPad, La Jolla, CA).

Results

Transient expression of human EWSR1-ETS in zebrafish embryos

leads to oncogenic transformation

In order to establish a Ewing sarcoma (EWS) transgenic model, initial
experiments sought to determine whether the introduction of the human
translocation genes could result in oncogenic transformation in zebrafish
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embryos. To test this, constructs bearing human EWSR7-FLI1 or
EWSR1-ERG with a GFP fluorescent tag, driven by a CMV ubiquitous
promoter, were injected into 1- to 8-cell stage embryos (Figure 1A).
At 6 hpf, GFP-positive cells could be found among the cell mass for
both constructs (Figure 1B shows an GFP-EWSR1-ERG injected
embryo). At 1dpf, similarly, mosaic expression of both constructs was
observed, with transformed cells located in the head, trunk or tail (Figure
1C, 1D). At 3dpf, whilst some embryos had lost the fluorescent cells,
others maintained expression in clusters of GFP positive cells (Figure
1E), perhaps owing to a more permissive cellular background. Higher
magnification microscopy showed that some cells expressing EWSR1-
ERG underwent division, whilst others showed membrane blebbing,
indicating the onset of apoptosis (Figure 1F). Embryos were followed up
to 5 dpf, at which point only few clusters of GFP positive cells remained.

Neuronal tissue is permissive for EWSR1-ERG expression

Using the Tol2 transposon principle (Figure 2) we generated a stable
transgenic line, TG(14xUAS:GFP-EWSR1-ERG); unfortunately our
effortsto generate an UAS:GFP-EWSR1-FLI1were notsuccesful. Further
experiments were carried out with progeny of the TG(14xUAS:GFP-
EWSR1-ERG) line, which will be referred to as UAS:EWS-ERG.

To determine which Gal4 driver line was suitable to investigate
the zebrafish EWS model further, crosses with different Gal4 driver
lines were performed. First was UAS:EWS-ERG was crossed with
TG(hsp70l:GAL4)1.5kca4, a line in which Gal4 expression is driven by
the heatshock protein 70 promoter (hsp70). Hsp70 is normally expressed
in the lens of developing embryos, but will be expressed throughout the
embryo afterheatshock at37°C. Offspring from TG(hsp70l:GAL4)1.5kca4
x UAS:EWS-ERG were given a heatshock at 6 hpf or 1 dpf. Heatshock at
6hpf resulted in expression of GFP- EWS-ERG in the yolk and part of the
muscle cells of the embryos (Figure 3A, bottom left panel) at 24 hours
post-heatshock (hph). In addition, muscles and notochord were poorly
defined in these embryos compared to heatshocked control embryos
(Figure 3A, upper middle panel). Fluorescence in these embryos was
lost 48 hph, while abnormal muscle structure remained (Figure 3A,
bottom middle panel).

Crossing UAS:EWS-ERG with Et(kita:GalTA4,UAS:mCherry)
hzm1 (hereafter referred to as kita:Gal4) produced offspring that
expressed GFP-EWS-ERG primarily in cells along the notochord of
the fish (Figure 3B, upper right and bottom left panel). In all embryos,
expression of GFP present at 1 dpfwas reduced at 3dpf (Figure 3B,bottom
middle panel), and completely lost at 4 dpf (data not shown). As loss of
fluorescence may be due to cell death, attempts to prevent this were
made by injecting a morpholino against TP53. TP53 knockdown can
reduce cell death in zebrafish 33, but did not avert loss of fluorescent cells
in these embryos (Figure 3B, bottom right panel).

Finally, UAS:EWS-ERG fish were crossed with Et(E1b:Gal4-
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Figure 1. Transient expression of human EWSR1-ERG in zebrafish. A)
Schematic of CMV:GFP-EWSR1-ETS constructs injected in to 1- to 8-cell
stage wildtype embryos. B) Mosaic expression of GFP-EWSR1-ERG in a 6
hpf embryo. C) Mosaic expression of GFP-EWSR1-ERG in the head of a 30
hpf embryo. D) Mosaic expression of GFP-EWSR1-ERG in the tail of a 30 hpf
embryo. E) Mosaic expression of GFP-EWSR1-ERG in the trunk of a 3 dpf
embryo. Panels B-E are stereo microscopy images, original magnification:

20x F) Confocal image (original magnification: 60x) of dividing cells, and an
apoptotic cell expressing GFP-EWSR1-ERG. Transient expression of EWSR1-
FLI1 gave similar phenotypes (data not shown).
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Figure 2. Generation of transgenic zebrafish Ewing sarcoma model.
ABTL wildtype embryos were injected in the cell at 1-cell-stage with a mixture
of a 14xUAS E1b Tol2-transposon-based DNA construct (containing either
GFP-EWSR1-FLI1 or GFP-EWSR1-ERG) and Tol2 transposase mRNA.
Injected embryos were raised to adulthood, and a PCR reaction on DNA
isolated from their 24hpf was preform to confirm the insertion of the construct
into the germline of FO founder fish. This way, a FO founder was found bearing
the GFP-EWS-ERG construct, which we named TG(UAS:GFP-EWSR1-ERG).
An FO founder bearing the GFP-EWS-FLI1 was not found.
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VP16)s1101t, TG(UAS:Kaede)s1999t fish (hereafter referred to as
S1101T:Gal4). In the offspring of this cross, expression of GFP-EWS-
ERG and Kaede is localised to the neurons of the embryo, as early
as 6 hpf (Figure 3C, bottom left panel). At 1 dpf, embryos expressing
GFP-EWS-ERG were severely underdeveloped, with expression found
throughout the body of the embryo (Figure 3C, middle panel). From the
embryos showing this phenotype, embryos expressing the brighter, photo-
convertible Kaede were removed, as not to complicate interpretation of
the observed expression patterns. After dissociating these embryos,
counting fluorescent versus non-fluorescent cells indicated tat 40% of
the cells were GFP-positive(95% confidence interval: 37%-43%). GFP-
EWS-ERG expressing embryos maintained expression at least until
4 dpf. Development continued to the point where embryos showed
rudimentary fins and a rhythmically contracting patch of cells at the site
of t?)e heart (Figure 3C, left panel, shows a representative embryo at
3dpf).

Transcriptome analysis of S1101T:Gal4/UAS:EWS-ERG transgenic

zebrafish shows involvement of cancer-associated pathways

After observing the various phenotypes obtained by crossing UAS:EWS-
ERG with a selection of Gal4 driver lines, further genetic profiling was
performed. S1101T:Gal4 was chosen as a driver line, as these fish
retained fluorescent cells for the longest period of time, and a large
portion of cells in these fish were transformed.

Deep sequencing of the transcriptome was performed on whole-
embryo RNA samples from S1101T:Gal4/UAS:EWS-ERG and control
siblings at 3dpf. The generated fastq files were analysed via GeneTiles,
a bioinformatic software package developed within our research group
to allow straightforward RNAseq analysis (www.genetiles.com).**

To evaluate quality of the obtained expression data, variation
between samples of the same group was calculated using Pearson
product-moment correlation coefficient. There was little variation found
between the samples, as seen by the mean R-values close to 1: mean
R _ =0,9851, mean R = 0,9656.

control S1101T:EWS-ERG

Data was divided into two lists: genes at least 1.5-fold significantly

Figure 3. Expression of EWSR1-ERG in different Gal4 driver lines.

A) Offspring of UAS:EWS-ERG fish crossed with Hsp70:Gal4 were given
heatshock at 6 hpf and 1 dpf, and fluorescence was checked 24 hours post
heatshock (hph) and 48 hph. Embryos heatshocked at 6 hpf showed few
fluorescent cells and undefined notochord and muscle structure 24 hph
(bottom left panel) compared to heatshocked controls at the same timepoint
(upper middle panel). These embryos lost fluorescent signal 48 hph, while
muscle structure remained abnormal (bottom middle panel), compared to 2 dpf
controls (upper right panel). Embryos given heatshock at 1 dpf showed single
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UAS:EWS-ERG S1101T:Gal4

cells with GFP expression 24hph. B) UAS:EWS-ERG crossed with Kita:Gal4
resulted in expression in cells along the notochord. Images taken of the same
embryo at 1 dpf and 3 dpf (upper right, bottom left and bottom middle panel)
show that cells expressing GFP-EWSR1-ERG disappear over time. This loss
of GFP+ cells could not be rescued by P53 morpholino injection (bottom left
panel). C) UAS:EWS-ERG crossed with S1101T:Gal4 resulted in expression in
the neurons from 6 hfp onwards (left panel), and causes malformation of the
developing embryo at 1 dpf (middle panel). Expression of GFP-EWSR1-ERG
remained stable at 3 dpf (right panel).
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(p<0,05) wupregulated, and genes at least 1.5-fold significantly
downregulated. This way, 574 up- and 948 downregulated genes were
found. When compared to the gene expression pattern of the EWS adult
transgenic zebrafish model described by Leacock et al.?%, there was
overlap of six genes (upregulated: cathepsin L. 1; downregulated: annexin
Aba, defensin beta-like 1, 3-hydroxy-3-methylglutaryl-CoA synthase
1, transferrin-a, zgc:195245). This low number of commonly regulated
genes could be due to comparing an embryonic whole-body expression
profile to an adult tumour-only expression-profile. When we compared
our model to the embryonic transgenic model described in the same
paper, we similarly observed impaired development. With enrichment
analysis, we aimed to look further into this and other biological processes
on a genetic level.

For enrichment analysis, the zebrafish ENSEMBL gene IDs were
first converted to human ENSEMBL gene IDs, and analysed using the
Database for Annotation, Visualization and Integrated Discovery (DAVID)
v6.7.3132 Table 1 shows enrichment in gene ontology (GO) terms and
KEGG Pathways for the upregulated and downregulated gene set. The
abnormal development of these embryos is reflected in the enrichment
of terms such as ‘Developmental process’, ‘P53 signalling pathway’ and
‘Apoptosis’. The expression of EWS-ERG specifically in the neurons of
the embryos can explain the extremely low p-value for enrichment of
‘Neurological systems process’. Introduction of the oncogene caused a
significant downregulation of genes involved in neuron differentiation. In
addition to these expected enrichments, introduction of EWS-ERG also
affects biologic processes and pathways linked to cancer, such as the
MAPK signalling pathway that plays an important role in orchestrating
cell survival and division. Genes involved in cell adhesion and motility
are both altered, as well as cytoskeleton organization.

Gene expression profile of S1101T:Gal4/UAS:EWS-ERG transgenic

zebrafish overlaps with core EWSR1-FLI1 regulated gene set

Next, we investigated how the gene expression profile found in these
transgenic S1101T:Gal4/UAS:EWS-ERG embryos compared to other
transcriptome sequencing studies performed in human and murine in
vitro models. A core gene set regulated by EWSR1-FLI1 was described
by Hancock and Lessnick, by comparing 13 such studies.?* From the
574 genes upregulated in embryonic the transgenic zebrafish model
, 20 human orthologues were also identified within the core EWSR1-
FLI1 upregulated gene set. For the downregulated gene set, 22 out of
948 zebrafish genes showed overlap with the gene set described by
Hancock and Lessnick. These genes were involved in various processes
such as metabolism, signalling and transcriptional and translational
activity (Figure 4A). The change in expression of these genes was
validated by quantitative q-RT-PCR (Figure 4B). One of the upregulated
genes is gstm, encoding a glutathione-S-transferase enzyme which is
involved in detoxification of xenobiotics.®® Inhibition of these enzymes
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Table 1. Enrichment analysis of S1101T:Gal4/UAS:EWS-ERG
transgenic zebrafish.

Uprequlated genes

GO Term Number of P-value

genes

Regulation of cell proliferation

Apoptosis 50 5.8E-4
Developmental process 195 7.1E-4
Cytoskeleton organization 35 7.5E-3
Cell surface receptor linked signal transduction 110 4 4E-2

KEGG Pathway Number of P-value
genes

Regulation of actin cytoskeleton 31 1.1E-56

MAPK signaling pathway 28 5.4E-3

P53 signaling pathway 11 7.2E-3

Cell adhesion molecules (CAMs) 16 1.3E-3

Downrequlated genes

GO Term Number of  P-value

genes
Neurological system process 175 1.1E-20
Neuron differentiation 63 1.3E-7
Response to drug 33 6.0E-5
Developmental process 275 71E-5
Cell adhesion 75 3.5E-4
Vesicle-mediated transport 56 1.5E-2
KEGG Pathway Number of

genes
Glycolysis / Gluconeogenesis 18 6.4E-7
PPAR signaling pathway 18 5.3E-6
Drug metabolism 13 3.5E-5
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Figure 4. Comparison of transgenic zebrafish Ewing sarcoma model

to human Ewing sarcoma and murine models. A) Transcriptional profile
of genes differentially expressed in S1101T:Gal4xUAS:EWS-ERG at 3 dpf,
as determined by deep-sequencing, which additionally show overlap with a
core regulated gene-set as determined by comparison of human and murine
microarray experiments. B) Relative fold change of genes as determined by
RNAseq or quantitative RT-PCR. For g-RT-PCR, p-values were calculated

by unpaired t-test, and significance indicated as follows: *p<0,05; **p<0,01;
***p<0,001. C) H&E staining of sections from S1101T:Gal4xUAS:EWS-ERG at
1dpf (maginification: 40x), showing muscle tissue in the trunk of the embryo,
interspersed with clusters of cells with scant cytoplasm (¢’: 60x maginification
of boxed region). D) H&E staining of sections from human EWS tumour.
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has been shown to increase sensitivity of EWS cell lines to conventional
chemotherapeutics.*® Also upregulated were Janus Kinase 1 (jak7) and
N-Myc and STAT interactor (nmi). JAK inhibition was shown to decrease
EWS cell growth in vitro via deactivation of STAT3.¥ Among the
downregulated genes, lysyl oxidase (lox) was found. This gene acts as
a tumour suppressor when ectopically re-expressed in EWS cell lines,
preventing cell proliferation.®

Cells expressing human EWS-ERG in zebrafish share histologic

features with EWS biopsies

S1101T:Gal4/UAS:EWS-ERG embryos were fixed at 1 dpf, and
embedded in paraffin for sectioning and H&E staining, to compare
morphology of transformed cells to those found in EWS tumour biopsies.
In Figure 4C and 4c’, within regular muscle tissue, clusters of cells were
observed with round nuclei and little cytoplasm, bearing a resemblance
to cell features of H&E stained sections of EWS tumour biopsies.

Discussion

In this study, we have aimed to generate a transgenic zebrafish model
for Ewing sarcoma (EWS) to facilitate in vivo research on these tumours,
for future usage of this model for preclinical screens in searching for a
new drug treatments. Thus far, the generation of a transgenic murine
model has been unsuccessful, due to the toxicity of EWSR1-FLI1, the
oncogenic fusion protein characteristic for EWS. Similar difficulties were
found with the only other stable transgenic model, a zebrafish which
can produce small blue round cell tumours expressing EWSR1-FLI1
within one year.?* These fish required a p53-mutated background, found
in <10% of actual EWS patients, for these tumours to arise in addition
to malignant peripheral nerve sheet tumours. A previous transient
embryonic zebrafish model, where mRNA for human EWSR1/FLI1
or zebrafish ewsr1a/flila was injected, resulted in mitotic defects and
neurologic, trunk and tail malformation.?

We circumvented problems of embryonic lethality by placing the
expression of the EWSR1-ERG and EWSR1-FLI1 oncogene under a
UAS promoter, which is silent in the absence of Gal4, allowing transgenic
fish to reach adult stages. Even though integration of EWSR17-FLI1 was
not sucesfull, we were able to generate for the first time a transgenic
fish expressing human EWSR1-ERG oncogene. By the crossing these
fish with a variety of driver-lines of fish expressing Gal4 under different
promoters, we could study the effect of GFP-tagged EWSR1-ERG
expression in various tissues in zebrafish larval stages. We observed
the toxic effects of EWSR1-ERG expression as most embryos lost
expression of the GFP-tagged oncogene. This could be due to apoptosis
of the cells. With the heatshock-inducible Gal4 driver line, it is possible
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to induce local heatshocks with a focused laser. Performing these in
different locations at different stages of development may improve
survival of cells expressing the oncogene. Another possible cause of
losing oncogene expression, is silencing of the gene. The 14xUAS
promotor is prone to methylation, which can cause transcriptional
silencing.® Using a promoter with fewer UAS copies may diminish this
event.

Embryos resulting of a cross between the TG(UAS:GFP-EWSR1-ERG)
and a fish expressing Gal4 in its neurons so far has proved the most
tolerant of EWSR1-ERG expression. This observation was interesting
considering various lines of evidence point to neural crest as the currently
unknown tissue of origin for EWS*3, a tissue which also gives rise to
neurons. However, characterization of EWSR1-ERG expression in other
tissues at other time points is a good possibility for further investigation.
More detailed characterization of the embryos neuronally expressing
EWSR1-ERG revealed an overlap of genes regulated in the embryonic
zebrafish transgenic model, and a core set identified by comparison of
various other transcriptional studies investigating the role of EWSR1-
FLI1 in EWS.3* Several of the genes found this way have been shown to
be involved in different processes of EWS tumourigenesis and survival.
It would be interesting to see how the phenotype of the transgenic
embryos is affected by targeting pathways linked to these genes. This
can be done with chemical inhibitors added to the water of the embryos,
or by genetic modulation with morpholino injection. For example, knock
down of gstm, encoding glutathione-S-transferase, should increase
sensitivity of EWS transformed cell to conventional chemotherapeutics.
Also, inhibition of Janus Kinase 1 (jak1) or re-expression of lysyl oxidase
(lox) should decrease EWS cell growth in the zebrafish model.

It should be noted that the core gene set identified by Hancock and
Lessnick is based on datasets investigating gene expression profiles
as regulated by EWSR1-FLI1, and RNAseq in this study was performed
on offspring of TG(UAS: GFP-EWSR1-ERG) fish. This could be one
explanation as to why there was a relatively low overlap between the
two data sets. However, genes which did show overlap may belong to
a set of genes regulated by both EWSR1-FLI1 and EWSR1-ERG, and
possibly other EWSR1-ETS fusion products. Such similarities despite
different translocation types could point to key genes essential for EWS
malignancy, filtering out those specific for one particular translocation.
Furthermore, sequencing was performed on whole-embryo RNAisolates,
where part of the cells do not express EWSR1-ERG. This causes an
underestimation of regulated genes within the samples.

In conclusion, we have generated a transgenic zebrafish model to aid in
the research of Ewing sarcoma. The flexibility of expression of EWSR1-
ERG provided by the use of the Gal4/UAS binary system allows for
adaptation of the model as knowledge about the tissue of origin of Ewing
sarcoma grows. Furthermore, the current neuronal-expression model
shows overlap with other studies previously done, validating its use for
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further investigation of these genetic pathways in the progression of this
disease.
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Supplementary Table 1. Primer sequences

cebpb FW
cebpb REV
nmi FW

nmi REV

isl1 FW

isl1 REV

lox FW

lox REV
ncamb1 FW
ncamb1 REV
tdo2a FW
tdo2a REV
B-actin FW
B-actin REV
eb1 FW

gfp REV
mfel-EWS FW
EWS-Noitl
REV

GCAGGCAACCTATCACCTACATAC
CGCAAGTTTCACCGACTACAAGT
CCTGCTCGCTAATATCGGCT
GTGCTCTCGTCCTGAAACTGA
TAGTCGGCAGCTCATCCCA
GGGCTCTGCTGCCATTTGTAAAG
GAGGTTTCCACAGCGAGTCA
CTGTGGTAGTGCTGATGGCA
TCTGCTATCAACGGCAAGGG
GAGGACTGGGCTCTCCTTGA
AGGTCAGAGGAGGCTGTCTT
TCTAGGCTCCTCCCTGTAGA
GGCACCCAGCACAATGAAGAT
AAGTCATAGTCCGCCTAGAAGCAT
GTCTCAGCCTCACTTTGAGC
AGATGAACTTCAGGGTCAGC
TCACAATTGGCAGAGCTGGTTTAGTGAACCGTC
TCAGCGGCCGCTCTAGATCCGGTGGATCATCA
CCAC

g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
g-RT-PCR
genotyping
genotyping
cloning

cloning
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Chapter 8

Quantitative analysis of protein
expression in zebrafish embryos
neuronally expressing human
EWSR1-ERG oncogene



Abstract

is characterized by a translocation event which merges between

EWSR1 and a member of the ETS family of genes. In 85% of the
patients an EWSR1-FLI1 fusion gene is present, another 10% of patients
harbor an EWSR1-ERG fusion gene. While much is known about the
effects that these EWSR1-ETS fusions can have on a transcriptomic
level, much less studies have been dedicated to investigate the
proteome after introduction or knockdown of EWSR1-ETS. Previously,
a zebrafish binary transgenic model for Ewing sarcoma was described
where expression of human EWSR17-ERG is driven by the conditional
UAS promotor. This promoter is silent and requires Gal4 element for
its activation. Crossing UAS-GFP-EWS-ERG fish with fish expressing
Gal4 under neuronal promoter generates offspring with EWSR1-ERG
expression localized to the neurons as monitored by GFP expression.
Massive expression of EWSR1-ERG transformed cells leads to
developmental malformations notable from 1 day post-fertilisation (dpf)
onwards. At this stage, the majority of embryos with neuronal EWSR1-
ERG expression have no discernable tissues or organs, and show a mix
of GFP-expressing and non-expressing cells in no obvious organized
pattern. This phenotype is maintained until at least 4 dpf. A number
of embryos form rudimentary structures like eyes, fins or contracting
patches of cells, but do not resemble normally developing siblings.
In this study, we have performed comparative LC-MS/MS on the wild
type embryos and embryos expressing a driver of Ewing sarcoma at 3
dpf, to investigate the effect of the human EWSR1-ERG oncogene on
the zebrafish proteome. We show the up- and downregulation of proteins
in various pathways which are transcriptionally regulated in EWS. For
example, we found that Notch proteins levels were lower in transgenic
embryos in comparison to wild type embryos. The downregulation of the
Notch protein was confirmed in vivo in zebrafish embryos expressing
Notch reporter and is in line with previously described transcriptional
downregulation of Notch pathway in EWS by the EWSR1-FLI1 oncogene.

Ewing sarcoma, a pediatric sarcoma affecting bone and soft tissue,

Introduction

EWSR1-FLI1 and EWSR1-ERG are the two most commonly occurring
translocations in Ewing sarcoma (EWS), in respectively 85% and 10%
of all cases.™ The cell or tissue of origin of these tumours is not yet
known; the two main candidates are currently mesenchymal stem cells,
or the neural crest. In previous work, we have shown how the exogenous
expression of human EWSR1-ERG in zebrafish embryos can give rise
to clusters of cells expressing the gene that are undergoing proliferation
and apoptosis (chapter 7 of this thesis). Additionally, when using a GAL4/
UAS expression system, we observed variances in permissiveness of
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expression of this gene in different tissues and at different time points.
The transcriptomic profile of embryos expressing EWSR1-ERG in the
neurons, as determined by RNAseq at 3 days post-fertilisation (dpf),
showed that various cancer-associated pathways were affected in these
embryos. Simultaneously, a number of genes identified in a core set of
EWSR1-FLI1 regulated genes (based on microarray expression profiling
of various EWS models®), were also found to be significantly up- or
down-regulated in our model.

While there have been numerous studies published on the effect
of EWSR1-FLI1 knockdown or ectopic expression in cell lines on an
RNA level, much less is known on a protein level. The direct involvement
of EWSR1-FLI1 on a protein level has been investigated by looking at
the interactome®, or by knockdown of EWSR1-FLI1 and investigating
changes in the phosphorylation profile in A673 cells.” Other studies
described changes in protein expression after interference with genes of
interestin EWS.2° Here, we have applied LC-MS/MS to quantify changes
in protein expression in 3 dpf zebrafish embryos neuronally expressing
EWSR1-ERG.

LS-MS/MS with spectral counting is a label-free method to
quantify the most abundant proteins present in a sample. Label-free
quantification is a relatively rapid method of protein quantification.
It offers a cheaper alternative to stable-isotope labeling, which is
important in large-scale experiments. Furthermore, although stable-
isotope labeling approaches have been used in zebrafish to study tissue
regeneration and organ protein expression profiling, it is challenging to
find appropriate isotopically enriched feed for both larvae and adults.™
Label-free quantification provides a method to measure the relative
amount of abundantly expressed proteins in two or more samples.

This study shows the effects of expression of human EWSR1-
ERG in the neurons of 3-day-old zebrafish embryos on the proteome,
using LC-MS/MS. Analysis of the protein quantification reveals that
embryos expressing EWSR1-ERG have altered protein expression
enriched in various pathways which are relevant for EWS progression.
Many proteins were enriched in the gene ontology term ‘oncogenesis’,
and proteins of the Wnt and Notch pathway were also found to be altered.
Downregulation of Notch was confirmed in vivo, using Notch signaling
reporter fish.

Materials and Methods

Zebrafish husbandry

Zebrafish lines were handled compliant to local animal welfare
regulations and maintained according to standard protocols (www.ZFIN.
org). During experiments, embryos were maintained in eggwater (60ug/
ml Instant Ocean salts in demiwater) at 28.5°C and, when needed,
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anaesthetized with 0.001% tricaine (Sigma-Aldrich, St. Louis, MO). The
TG(14xUAS:GFP-EWSR1-ERG) was newly generated in the Leiden
University laboratory. Generation of novel transgenic zebrafish was
approved by the animal care committee of the Leiden University Medical
Center (UDEC1135). The Et(E1b:Gal4-VP16)s1101t, TG(UAS:Kaede)
s1999t line was generated in an enhancer trap screen described by
Scott et al."! The TG(EPV.Tp1-Mmu.Hbb:nlsmCherry)?” notch reporter
line was generated by Schiavone et al.’?, and was used to create the
Et(E1b:Gal4-VP16)s1101t, TG(EPV.Tp1-Mmu.Hbb:nlsmCherry)?’ line.

Proteomics sample preparation

For proteomics, 20 zebrafish embryos anesthetized using 0.001%
tricaine (Sigma-Aldrich, St. Louis, MO) were placed in an Eppendorf
tube, and deyolked using deyolking buffer (116 mM NaCl, 2.9 mM KCI,
5.0 mM HEPES, 0.3 mM PMSF, 1 mM EDTA, pH 7.2) and trituration
with a 200 pL pipette tip. Deyolked embryos were rinsed several times
in calcium-free Ringer’s solution (116 mM NaCl, 2.9 mM KCI,5.0 mM
HEPES, pH 7.2) and snap-frozen in liquid nitrogen until further use.

10 pl of urea buffer containing 8 M urea, 75 mM NaCl, 50 mM Tris-HCL pH
8.2, 50 U/mL benzonase (E1014-5KU, Sigma-Aldrich), 2 mM MgCI2, and
protease inhibitors (cOmplete ULTRA tablets, mini, EDTA-free, Roche,
Basel, Switzerland) was added to the samples. For homogenization
0.5 mm zirconium oxide beads were added and the samples were
homogenized in the Bullet Blender (Next Advance, Averill Park, NY) at
speed setting “8” for 3 min. Subsequently placed at 4 °C for 30 minutes,
centrifuged at 16,000g at 4 °C for 15 min and the supernatant was
taken. A second protein extraction was performed using 10 pl SDS buffer
containing 1% SDS, 50 U/mL benzonase, and 2 mM MgCl,, followed
again by homogenization and centrifugation. Protein concentration of
both extractions were measured by a bicinchoninic acid (BCA) protein
assay kit (Thermo Fischer Scientific, Waltham, MA)

Circa 40 pg of protein was loaded on a 1 mm 10-well 4-12%
NuPAGE® Bis-Tris gel (Invitrogen, Carlsbad, CA). Proteins were
separated in the gel for 90 min at 180 V. The gel was stained in NUPAGE®
Colloidal Blue (Invitrogen) overnight at room temperature and de-
stained with milli-Q water until the background was transparent. The gel
lanes were cut into 48 identical slices fractions using a custom-made
OneTouch Mount and Lane Picker (The Gel Company, San Francisco,
CA). Each slice was placed into one well in a 96-well polypropylene
PCR plate (Greiner Bio-One, Frickenhausen, Germany). Using 50 and
250 pL Rainin 8-channel multi-pipettors, each gel slice was washed
twice for 30 minutes at room temperature with 30% acetonitrile in 25 mM
ABC. Cystines were reduced by addition of 75 yL 10 mM DTT in 25 mM
ABC and the plate incubated at 56°C for 20 minutes. After discarding
the DTT solution, cysteines were alkylated by addition of 75 yL 55 mM
iodoacetamide in 25 mM ABC with incubation at room temperature in
darkness for 20 minutes. The gel pieces were washed again as above
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and the supernatant discarded. The proteins were digested in-gel by
addition of 15 pL of 5 ng/puL porcine trypsin (Promega, Madison, WI) and
incubation for ~12 hours at 37°C, after which the digestion was quenched
with the addition of 1 pL 5% trifluoroacetic acid (TFA). The solution was
removed, followed by a second extraction with 20 uL 0.1% TFA for 1 h
and the solution pooled with the first extraction. The plate was stored at
—-80°C until analysis by LC-MS/MS.

Liquid Chromatography — Tandem Mass Spectrometry

For each analysis, 10 uL of sample was loaded and desalted on a C18
PepMap 300 pm, 5 mm-i.d., 300 A precolumn (Thermo Scientific) and
separated by reversed-phase liquid chromatography using two identical
150 mm 0.3 mm-i.d. ChromXP C18CL, 120 A columns (Eksigent,
Dublin, CA) coupled parallel and connected to a split less NanoLC-Ultra
2D plus system (Eksigent) with a linear 45-minute gradient increasing
from 4 to 35% acetonitrile in 0.05% formic acid and with a constant flow
rate of 4 yL/minute. The LC system was coupled to an amaZon speed
ETD ion trap (Bruker Daltonics, Billerica, MA) configured with an Apollo
II ESI source. After each MS scan, up to 10 abundant multiply charged
species in the mass range of 300-1300 m/z were selected for tandem
mass spectrometry and actively excluded for one minute after having
been selected twice. The LC system was controlled by HyStar 3.2 and
the ion trap by trapControl 7.1.

The raw LC-MS/MS data was first converted to mzXML™ using
compassXport version 3.0.4. These mzXML files contain all MS/MS
data from each acquired spectrum, and in trans proteomic pipeline they
were searched with X!Tandem™ using the k-score against a Danio
rerio sequence database (UniProtKB, 20120403, 39559 proteins). A
theoretical probability was assigned using Peptide Prophet. Afterwards
the raw LC-MS/MS data were searched against a zebrafish Spectral
library using SpectraST." The data of both searches were combined
using IProphet.®

Gene ontology/pathway analysis

Enrichment analysis was performed using DAVID (Database for
Annotation, Visualization and Integrated Discover, v6.7, Frederick,
MD)'"1® or GATHER ." For the DAVID analysis, the identifiers of all
significantly regulated proteins were first converted to the ENSEMBL gene
IDs of their closest human orthologue. Lists of these ENSEMBL gene
IDs were uploaded to DAVID, and GO term enrichment was checked,
as well as involvement of specific pathways (using the Panther, KEGG
and Reactome databases). For analysis in GATHER, lists of regulated
protein names could be uploaded directly for analysis. GATHER returns
GO term enrichment values, as well as performing KEGG pathway
analysis.
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In vivo imaging

Expression of Notch was analysed in embryos anesthetized with 0.001%
Tricaine at 2 dpf after embedding in 1% low melting point agarose
(Sigma Aldrich). Confocal images were made on a Zeiss LSM5 Exciter
/ AxioObserver with a 10x objective, or on a Leica MZ16FA stereo
fluorescent microscope with a DFC420C digital colour camera.

Results

Quantitative analysis of protein expression

In order to asses changes on a protein level in embryos expressing human
EWSR1-ERG, crosses were made between the TG(74xUAS:GFP-
EWSR1-ERG) and Et(E1b:Gal4-VP16)s1101t, TG(UAS:Kaede)s1999t
lines. Offspring of these fish that receive both a copy of the UAS-
driven GFP-EWSR1-ERG gene and the Gal4 gene have EWSR1-ERG
expression localized to the neurons. As the EWSR1-ERG protein is
tagged with a fluorescent reporter, expression of the protein can be
confirmed using a stereo microscope. An example of such an embryo
at 3 dpf (from now on referred to as EWS-ERG), and a wild-type sibling
(referred to as WTcontrol), can be found in Figure 1A and B.

Deyolking and protein isolation was performed on 20 embryos
of 3dpf. A simplified schematic in Figure 1C shows how these samples
were prepared for LC-MS/MS, which is also described in higher detail in
the material and methods. Briefly, deyolked embryos were taken up in
NuPAGE® LDS Sample Buffer and separated on gel. For each sample,
two lanes were used, which were subsequently cut into 2x 48 pieces,
which were then placed in a 96 well plate. Reduction of disulphide bonds
with DTT and digestion of the protein with trypsin took place in the pieces
of gel in the plate. Subsequently, the 96 samples were measured by
LC-MS/MS using a 45 minute gradient. For each group, WTcontrol and
EWS-ERG, two replicates were made and measured.

Using LC-MS/MS, 1849 proteins were identified to be present
in at least one of the samples. To evaluate the quality of the obtained
protein expression data, variation between replicates from the same
group was calculated. Correlation was high, as seen by the coefficients
of determination: R, . 2= 0.9942 and R, . ...>= 0.9624 (seen also in
Figure 2A and B, respectively). SubsequenWy, fhe fold changes between
the WTcontrol and EWS-ERG were calculated for both sets of samples,
and 1245 consistently upregulated and 369 consistently downregulated
proteins were identified in the EWS-ERG groups, compared to the
WTcontrol groups.

Calculating P-values to determine if the observed fold changes
were significant would not be proper, as there were only two replicates for
each group. Therefore, inspiration was drawn from a common analysis
method used for SILAC experiments. Analysis of these experiments
can be problematic when isotype incorporation is not efficient, as in
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Figure 1. Sample preparation for LC-MS/MS analysis. A) 3dpf embryos
resultant from a cross between the TG(14xUAS:GFP-EWSR1-ERG) and
Et(E1b:Gal4-VP16)s1101t, TG(UAS:Kaede)s1999t zebrafish line, neuronally
expressing human EWSR1-ERG tagged with GFP (green). B) A wildtype
sibling resultant from the same cross as in (A), with expression of Kaede
(green) in the neurons. C) Schematic overview of sample preparation for LC-
MS/MS. For each sample, 20 3dpf embryos were deyolked in using deyolking
buffer, before being snap-frozen until further use. Proteins were taken up in
sample buffer and loaded onto gel for separation. Each gel lane was cut into
48 pieces, which were placed in a 96 well plate, after which proteins were
digested in-gel using porcine trypsin. Each fraction of proteins was then
analysed using liquid chromatography — tandem mass spectrometry (LC-
MS/MS). Using X!Tandem and PeptideProphet, peptides and proteins were
identified from the tandem mass spectra.
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Figure 2. Quantitative analysis of protein expression. Plots showing

the correlation of read-percentages for replicates of the A) wildtype control
group (R2=0.9942), and B) EWS-ERG expressing group (R?=0.9624). C)
Scatterplot illustrating the correlation of the fold changes between biological
replicates. The excess of protein fold changes in quadrants 1 and 3 are due
to agreement and reproducibility between biological replicates. Since there
are also a number of proteins with small fold changes in Q2 and Q4, where
the direction of the change was not reproducible, we removed (grey circle)
proteins with similar small fold changes also from Q1 and Q3. The remaining
proteins (black) represent up- (Q1) and down- (Q3) regulated proteins in the
EWS-ERG samples of both replicates compared to the control group with an
approximate FDR of 0.05.
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primary cell lines with low longevity and replication time. Therefore, it is
suggested by Park et al. to perform a label swap for such experiments,
where the stable isotope is first incorporated in one, and then the other
experimental condition.?’ Protein fold changes can then be plotted
against each other for the label-swapped biological replicates. Such a
graph was generated based on fold changes between EWS-ERG and
WTcontrol for the two replicates, with a FDR of 0.05, shown in Figure
2C. In this graph, the significantly regulated proteins (FDR = 0.05)were
indicated with black dots, whereas the remaining proteins are indicated
in grey. After this cut-off, 294 and 100 proteins were found to be up- and
downregulated, respectively.

Analysis of deregulated proteins

Further investigation into the up- and down regulated proteins
was done by analyzing their enrichment in various pathways and
biological processes using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) v6.7.'® For this purpose, the
obtained protein names were first converted to the ENSEMBL gene
ID of their human homologs, as DAVID is most suited for this type of
input. Additionally, protein names were also run through GATHER (Gene
Annotation Tool to Help Explain Relationships)'®, for further annotation.
Table 1 shows a selection of gene ontology terms (GO terms), biological
processes, and pathways for both the up- and downregulated genes, as
were found to be enriched using DAVID and GATHER.

In the upregulated gene set, various processes and pathways
were found to be enriched. Amongst these, ‘apoptosis’ and ‘cell cycle
checkpoints’ are reflecting the abnormal development of these embryos.
The highest number of genes could be grouped under the GO term
‘oncogenesis’. One of the proteins categorized in this group is Necdin-
like 2. Necdin is a member of the melanoma antigen (MAGE) family
of proteins, and promotes the differentiation and survival of neurons.
Necdin has been shown in mice to increase the binding between Sirt1 and
p53.2" Sirt1 in turn suppresses p53-mediated apoptosis by regulating the
p53 acetylation. Interestingly, SIRT1 has previously been linked to EWS,
via NOTCH and HEY1.2 NOTCH is downregulated by EWSR1-FLI1;
when NOTCH expression is restored in EWS cells, the HEY1 effector
suppresses SIRT1 expression and activates TP53. In the LC-MS/MS
data, protein levels of Notch2 were also found to be downregulated in
the embryos with EWSR1-ERG expression.

Another enriched pathway was ‘signalling by wnt. Two
upregulated proteins were Wnt5a, and Frizzled homolog 8b (Fzd8b).
Analysis of several EWS cell lines revealed expression of various WNTs
and FZDs on RNA level.?® In another study, WNT5a was shown to
promote cellular migration in Ewing sarcoma, via regulation of CXCR4
expression levels.

With a FDR of 0.05, 100 proteins were found to be downregulated.
However, 24 of these proteins could not be characterized. A further
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number of identified proteins could not be converted to a human
homologue, which is needed for analysis with DAVID. With this relatively
low number of proteins, enrichment analysis yielded only few significantly
regulated processes of pathways, shown in Table 1. Most genes were
found in the broad GO term ‘cellular process’. For other significantly
enriched terms and pathways only one or two genes relevant to the
downregulated dataset were involved.

In vivo analysis of Notch signaling

For in vivo analysis of Notch activity, the TG(EPV.Tp1-Mmu.
Hbb:nlsmCherry)?” was used. In this line, the expression of mCherry is
driven by a Notch-responsive box containing 12 copies of the Epstein Barr
Virus terminal protein 1 (TP 1) promoter with 12 Rbp-Jk binding sites. This
line was crossed with the Ef(E1b:Gal4-VP16)s1101t, TG(UAS:Kaede)
s1999t line. Fish without UAS:Kaede were selected, as the Kaede signal
may interfere with interpretation of the mCherry Notch activity reporter.
The Et(E1b:Gal4-VP16)s1101t, TG(EPV.Tp1-Mmu.Hbb:nlsmCherry)
a7 fish were crossed with the TG(14xUAS:GFP-EWSR1-ERG) line, to
generate embryos expressing human GFP-tagged EWSR1-ERG in
the neurons, in which Notch activity could also be monitored. Due to
heterozygosity of the parents for 14xUAS:GFP-EWSR1-ERG, not all
embryos expressed EWSR1-ERG. These siblings were used as the
wildtype control.

In the regular development of zebrafish embryos, mRNA of
Notch homologs of maternal origin can be found in the 2-cell stage,
and maintains present in all cells until gastrulation. During gastrulation
and stages thereafter, Notch expression remains present in different
patterns throughout the development of the embryo.? When introducing
neuronally targeted EWSR1-ERG, no Notch activity could be observed
in embryos at 1, 2 and 3 dpf. In the wildtype siblings without EWSR1-
ERG expression, regular expression patterns of Notch activity could be
observed (Figure 3).

Discussion

EWSR1-ERG is the second most commonly occurring translocation in
EWS patients, and is found in 10% of EWS cases. The most common
translocation occurs between EWSR1 and FLI1, and there have been
many investigations in the effect of knockdown or exogenous expression
of EWSR1-FLI1 on a transcriptomic level. On a protein level, much less
is known about the effects of either EWSR1-FLI1 or EWSR1-ERG.
Here, for the first time, the effect of exogenous expression of EWSR1-
ERG in vivo is shown. For this purpose, we have employed LC-MS/
MS on 3 dpf zebrafish embryos expressing human EWSR1-ERG in
the neurons. Numerous proteins were identified this way, the majority
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Table 1. Enrichment analysis of up- and downregulated proteins.

Uprequlated proteins

GO Terms Number of P-value
proteins
Oncogenesis 33 8.2E-19
Cellular catabolic process 19 5.9E-3
Cellular respiration 6 2.0E-3
Cell organization and biogenesis 11 1.0E-2
Translation 9 1.2E-2
Cell surface receptor linked signal transduction 2 2.0E-2
Transcription activator activity 9 3.5E-2

Pathways (KEGG, Panther, Reactome) Number of P-value

proteins

Oxidative phosphorylation 5 1.0E-3
Proteasome 5 2.0E-3
Apoptosis 7 3.5E-3
Signalling by Wnt 5 5.3E-3
Gene expression 11 5.9E-3
Cell cycle checkpoints 6 9.3E-3
Lysosome 5 4.6E-2

Downregulated proteins

GO Terms Number of P-value
proteins

Nucleoside, nucleotide and nucleic acid metabolism 14 1.3E-2

Cellular process 28 3.4E-2

Positive regulation of small GTPase mediated signal

transduction 2 3.6E-2

Cell differentiation 8 5.0E-2

Pathways (KEGG, Panther, Reactome) Number of P-value

proteins

Notch signalling pathway 1 9.0E-3
Starch and sucrose metabolism 1 1.0E-2
Angiogenesis 3 3.2E-2
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Figure 3. In vivo expression of Notch. A) Two representative 2 dpf embryos
resultant from a cross between the TG(14xUAS:GFP-EWSR1-ERG) and
Et(E1b:Gal4-VP16)s1101t, TG(EPV.Tp1-Mmu.Hbb:nlsmCherry)” line. These
embryos express GFP human EWSR1-ERG in the neurons (middle panel),
while there is an absence of Notch reporter activity in these embryos, as

seen by the lack of fluorescent signal in the right panel. B) A wild-type sibling
without expression of EWSR1-ERG, showing Notch reporter activity in various
tissues.

of which upregulated (294, versus 100 downregulated proteins). The
significantly regulated proteins were involved in a variety of pathways
and processes, such as oncogenesis, transcription and translation, and
cellular respiration. Some of the proteins deregulated by EWSR1-ERG
in this model are known to be involved in EWS, from previous studies.
Several WNT proteins and Frizzled proteins have been shown
to be expressed in EWS cell lines; this includes WNT5a and FZD8, of
which homologs were found expressed in this model.?* The Wnt/Frizzled
pathway active in EWS cells is suggested to be regulated (in part) by the
Whnt inhibitor Dickkopf1 (DKK-1), which is repressed by EWSR1-FLI1.%
Furthermore, WNT5a specifically has been shown to mediate EWS
migration via CXCR4 expression.?* Although CXCR4 was not found
regulated in these samples (possibly due to protein levels below the
detection threshold), previously performed RNA-seq analysis did show
regulation of cxcr4 and its ligand cxcl12. The CXCR4-CXCL12 axis has
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been shown to play a role in EWS tumour growth.?’

Another protein identified was Necdin-like 2. Its murine homolog
Necdin has been shown to be involved in the neuronal development, by
regulating post-mitotic neuronal apoptosis.?' It suppresses apoptosis by
increasing the interaction between Sirt1 and p53. This increased binding
causes an increase in deacetylation of p53 by Sirt1, which leads to its
deactivation. Not only Necdin, but also NOTCH has previously been
shown to be linked to regulation of TP53 via SIRT1 activity.?? In EWS
cell lines, NOTCH induced the reactivation of TP53 via HEY 1 activation,
which is a direct suppressor of SIRT1. Upon chemical treatment with
a SIRT1/2 inhibitor, EWS cells engrafted in zebrafish showed reduced
capacity of proliferation and migration. In this study, Notch2 was shown
to be downregulated, and notch signalling overall was lost in these
embryos, as observed via the Notch activity reporter fish in vivo. These
results strengthen the case for investigating reactivation of the notch
pathway as a therapeutic strategy.

In conclusion, this is the first proteomic analysis of an in vivo
EWS model system. Using LC-MS/MS with spectral counting, we could
quantify the changes in protein abundance as an effect of EWSR1-ERG
expression in zebrafish in a time- and cost-effective manner. Various
proteins, processes and pathways identified in this model, such as the
downregulation of notch signalling, were comparable to other EWS
models. Therefore, we believe that this model provides relevant insights
into the effect of EWSR1-ERG in vivo and can be of great benefit in the
search of a targeted therapy against EWS.
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Chapter 9

Summary and concluding remarks



Summary and concluding remarks

therapeutic strategies. Itis the second most common bone- and soft-

tissue sarcoma affecting children and young adults, and a quarter
of patients present with metastases at the time of diagnosis. When
metastases are present, the outlook of patients diminishes greatly: from
an event-free survival rate of 60-70% in the case of localised disease,
to only 20-30% when metastases are present. In this thesis, zebrafish is
brought forth as an innovative model organism for EWS research. The
zebrafish has been increasingly used in cancer research over the years.
Between human and zebrafish, there is a high conservation of tumour
suppressor genes and oncogenes, which supports the translational
value of transgenic zebrafish cancer models. With regard to xenograft
models, an attractive feature of the zebrafish is the segregation in
time of innate and adaptive immune system development. Before 4
weeks post-fertilisation, there is no mature adaptive immune system,
permitting the engraftment of human cancer cells without additional
immunosuppression until this time point.

The zebrafish engraftment model (employed in Chapter 4 and
Chapter 5), where EWS cells are implanted to the yolk of 2-day-old
zebrafish, is a useful new tool in the field of EWS research. It provides
a rapid method of looking at the proliferation and migration properties
of cancer cells in vivo, and the changes of these behaviours upon
compound treatment or gene interference. An attractive feature of this
model is its supreme aptness for doing non-invasive live in vivo imaging.
While only used sparingly in this thesis, zebrafish embryos can be
used for time-lapse microscopy by embedding them in low melt-point
agarose; with a correct setup, this can even be done over a period of
multiple days. A whole array of transgenic and mutant zebrafish lines
is available, aiding in the investigation of interactions of tumour cells
with the vasculature, the immune system, and other components of the
microenvironment in the host. Fluorescent reporter lines for specific
signalling pathways (such as the TG(EPV.Tp1-Mmu.Hbb:nlsmCherry)
a7 fish for the Notch pathway, used in Chapter 8) allow monitoring of
pathway activity in live embryos in real-time. With the development of the
CRISPR/Cas9 system, producing mutant zebrafish lines has become a
relatively quick and easy feat. This is in addition to the long-standing
morpholino technology, which can produce transient gene knockdown
by injection of oligonucleotides. All these available technologies make it
a very flexible model to study the process of EWS progression. However,
no technique is without its limitations: this model is designed primarily for
early stages of tumour development. Starting with circa 800 cells in the
yolk, migration away from the site of injection can be observed, and also
the proliferation of these cells. Due to the timeframe of the experiment,
we have not followed the development of cells that have settled at these
distant locations. These micro-metastases were occasionally observed

Ewing sarcoma (EWS) is a disease with a high need for novel
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at 4 dpi, though usually at 6 dpi, which coincides with the final day of most
zebrafish experiments due to local animal experimentation regulations.
Although regulatory permission to investigate tumour formation in the
xenograft model beyond this timepoint must be requested, other factors
then will come into play, such as the need for immunosuppression once
the immune system develops further. Considering the tumour burden
is relatively high for the embryos, especially at the site of injection,
lethality may be significantly increased in these embryos when they are
maintained for a longer time frame. As such, the major appeal of the
presented 2-day-old engraftment model will be for rapid investigation of
early processes of EWS tumour development.

As is demonstrated in Chapter 3, many efforts are ongoing to
utilize the full potential of the zebrafish embryonic model organism for
high-throughput screenings for drug discovery. We present the work we
have done with this goal in mind in Chapter 6, and show the dynamics
of EWS cell behaviour after robotic implantation into blastula-staged
embryos. Implantation into blastula-staged embryos differed in some
aspects from engraftment into two-day-old embryos. Firstly, the embryos
at this stage of development are more fragile, and cannot withstand
a high number of cells, as lethality will become a problem. Secondly,
EWS cells engrafted in these embryos do not show much migration.
This may be due to reprogramming of the EWS cells under influence
of the embryonic environment. While these cells were still positive for
the expression of EWS marker CD99, further characterization of these
cells would be interesting to see how they are affected by the embryonic
microenvironment. Another possible explanation of the lack of migration
would be that there are simply too little amount of cells to achieve
migration. Only a subset of EWS cells are migratory, as is also seen in
the manual xenograft model in 2-day-old embryos. In the same line of
thought, perhaps this subset of cells is stimulated by other cells in the
microenvironment to achieve migratory properties. Considering that the
blastula model has three to four times less cells implanted than in the
manual model, it could be that no cells are triggered to move from their
current microenvironment. Despite this lack of migration, however, this
model is useful in screens to look at drug-treatment response. We showed
in Chapter 6 that the effect of drugs in vitro does not always comply with
the same conditions in vivo. While most EWS cell line/drug treatment
combinations concurred between the two experiments, EW7 failed to
respond to treatment with (S)-YK-4-279 in this model. Interestingly, in
the 2-day-old engraftment model a racemic mixture of YK-4-279 was
able to inhibit proliferation of this cell line in vivo. A large amount of
developed drugs do not make it from the bench to the clinic, partially due
to inadequate effects in vivo. It is important to remove these compounds
from the testing pipeline as early as possible, to avoid investing time
and costs into their development. The proposed model allows for testing
of compounds in an in vivo setting, while at the same time, being a
rapid screening method with relatively low costs. Additionally, both the
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engraftment models presented in Chapter 2 and Chapter 3 may be
further developed to use for patient-derived xenografts (PDX). These
experiments would be quick and use relatively low amounts of cells,
which is advantageous when little tumour material is available.

In addition to the xenograft model, this thesis also describes
a novel transgenic zebrafish model for EWS in Chapter 7. As the cell
of origin for EWS is unknown, making transgenic animal models for
this disease has proven to be a difficult task. The defining molecular
aberration in EWS, an EWSR17-ETS translocation gene, is highly
toxic when introduced in cells, and caused embryonic lethality when
expressed in mice. A previous attempt to introduce the EWSR1-FLI1
gene in zebrafish with mutated p53 did lead to tumour formation in a
subset of fish reaching adulthood. However, the majority of these were
malignant peripheral nerve sheet tumours arisen from the p53-mutated
background. About 5% of the fish presented with solid small round blue
cell tumours (SRBCTs). Another 3% of fish in the same group developed
more diffuse, leukaemia-like SRBCTs. Possibly the low amount of fish
presenting with SRBCTs is due to the cellular context in which EWSR1-
FLI1 was expressed. Therefore, in our design of a transgenic zebrafish
model, we anticipated the need of flexibility of expression by using a
binary expression system. By placing EWSR1-FLI1 and EWSR1-ERG
under control of a UAS promotor, expression only takes place when a
there is also GAL4 present to activate the UAS promotor. Using different
GAL4 driver lines, EWSR1-ETS expression can be targeted to various
tissues at different times. One setback in these experiments was that we
were not able to generate the EWSR1-FLI1 transgenic line, to represent
the most common translocation in EWS. Possibly, this may be due to
leakiness of the promoter: if there is inadvertent expression of EWSR1-
ETS in early development, the fish may die in embryonic stages. In
the case of the EWSR1-ERG transgenic line, out of circa 150 injected
embryos raised to adulthood, only one founder fish was identified. The
expected percentage of founders when using the Tol2 transposase
system is around 10%, so this is quite low and may be explained by
similar leakiness of the promoter. Nonetheless, with the progeny of
the EWSR1-ERG founder we did identify, we could investigate which
GAL4 lines were suitable to drive expression. Neuronal expression of
EWSR1-ERG was shown to have pronounced effects on embryonic
development. The expression of EWSR1-ERG was maintained in these
embryos, whereas it was lost in embryos were expression was targeted
to different tissues. Further investigation into the transcriptome showed
that there was an overlap of genes expressed in these embryos and a
core set of genes identified to be regulated by EWSR1-FLI1 in other
models, suggesting that the expression of the human driver of EWS
resulted in partial transformation of zebrafish embryonic cells, and has
a translational value. These findings are a promising start, and further
investigation with this model by combination with other GAL4 driver lines
should vyield interesting insights into the mechanisms of the EWSR1-
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ERG oncogene.

Additional characterization of the transgenic model was done
by a proteomic analysis of embryos neuronally expressing EWSR1-
ERG at 3dpf (Chapter 8). Using LC-MS/MS with spectral counting,
we could identify significantly regulated proteins, several of which are
known to be involved in EWS pathogenesis. One upregulated protein
identified in the proteomics study of Chapter 8 was necdin. This protein
was interesting because upregulation of Necdin in a murine model was
shown to increase the binding between Sirt1 and p53, as a mechanism
to regulate post-mitotic neuronal apoptosis. In Chapter 5, SIRT1 was
also implicated in EWS malignancy. It was shown that restoration of
Notch signalling in human cells caused SIRT1 suppression via HEY1,
which in turn caused reactivation of p53 signalling. In the proteomics
study of Chapter 8, one of the downregulated proteins was notch2. By
using signalling reporter lines, the downregulation of Notch signalling in
these embryos was confirmed in vivo.

In conclusion, in this thesis three novel in vivo models for EWS
research are presented. The manual xenograft model into two-day-old
embryos and the high-throughput xenograft model into blastula-staged
embryos provide two rapid methods of testing the efficacy of chemical
or genetic inhibition on EWS malignancy. The transgenic model can
provide a more fundamental understanding of the effects of exogenous
expression of EWSR1-ERG in a variety of cellular contexts. Given the
relative ease with which the zebrafish genome can be manipulated, the
models can be adapted as further insights in EWS development are
obtained, and so provide a lasting, valuable contribution to the field of
EWS research and the search for novel patient treatment regimens.

171







Chapter 10

Nederlandse samenvatting



Samenvatting en afsluitende commentaren

Ewing sarcoom (EWS) is een ziekte waarvoor er grote behoefte is aan
nieuwe therapeutische strategieén. Hetis hettweede meestvoorkomende
bot- en weke delen sarcoom wat kinderen en jongvolwassenen aangrijpt,
en een kwart van patiénten presenteert met metastasen op het moment
van diagnose. Wanneer metastasen aanwezig zijn, is het vooruitzicht
van de patiént slecht: waar er met lokale ziekte een 60-70% kans van
overleven zonder terugval is, neemt dit af naar slechts 20-30% in het
geval van aanwezige metastasen. In dit proefschrift wordt de zebravis
naar voren gebracht als een innovatief model organisme voor EWS
onderzoek. De zebravis is gedurende de laatste decennia meer en
meer gebruikt in het veld van kankeronderzoek. Er is een hoge mate
van conservatie van tumor suppressie genen en oncogenen tussen
mens en zebravis, wat de translationele waarde van transgene zebravis
kankermodellen ondersteunt. Met betrekking tot xenograft modellen, is
de scheiding in tijd tussen ontwikkeling van het aangeboren en adaptief
immuunsysteem een aantrekkelijk kenmerk van de zebravis. Tot 4 weken
na fertilisatie is er geen volledig ontwikkeld adaptief immuunsysteem,
wat toelaat humane kanker cellen te implanteren zonder additionele
immunosuppressiva tot dit tijdspunt.

Het zebravis implantatie model (toegepast in Hoofdstuk 4 en
Hoofdstuk 5), waarbij EWS cellen worden geimplanteerd in de dooier
van 2 dagen oude zebravis embryo’s, is een nuttige nieuwe techniek in
het veld van EWS onderzoek. Het biedt een snelle methode om te kijken
naar deling en migratie van kanker cellen in vivo, en de veranderingen
van deze eigenschappen wanneer behandeling met chemische stoffen
of genetische ingrepen worden toegepast. Een waardevol kenmerk
van dit model is diens buitengewone bekwaamheid voor het uitvoeren
van niet-invasieve, live microscopie in vivo. Hoewel slechts incidenteel
toegepast in dit proefschrift, kunnen zebravis embryo’s gebruikt worden
voor het maken van timelapse-videos door ze in te bedden in agarose
met een laag smeltpunt; met de juiste opstelling, kunnen deze zelfs
over een periode van meerdere dagen worden uitgevoerd. Er is een
batterij aan transgene en mutante zebravis lijnen beschikbaar, wat
uitkomst biedt bij het onderzoek naar interactie tussen tumor cellen en
het bloedvatenstelsel, het immuunsysteem, en andere componenten
van de tumor micro-omgeving in de gastheer. Fluorescente reporter
lijnen voor specifieke signalleringsroutes (zoals de TG(EPV.Tp1-Mmu.
Hbb:nlsmCherry)?” vis voor de Notch signalleringsroute, gebruikt in
Hoofdstuk 8) maken het mogelijk de activiteit van signaaltransductie in
levende embryo’s te volgen. Met de ontwikkeling van het CRISPR/Cas9
systeem is het produceren van mutante zebravislijnen en relatief snel
en makkelijk proces geworden. Hiernaast is tevens de veelgebruikte
morpholino technologie beschikbaar, waarmee transiénte verlaging van
genexpressie wordt bewerkstelligd door injectie van oligonucleotiden.
Al deze beschikbare technologieén samen maken de zebravis een zeer
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flexibel model om het proces van EWS voortgang in te bestuderen.
Echter, geen enkele techniek is zonder haar beperkingen: dit model
is ontworpen met vooral de eerste stadia van tumor progressie in
gedachte. Beginnend met circa 800 cellen in de dooier, kan migratie weg
van de plek van implantatie waargenomen worden, evenals proliferatie
van deze cellen. Door het tijdsbestek van deze experimenten, hebben
we de verdere ontwikkeling van cellen gevestigd op secundaire locaties
niet gevolgd. Deze micrometastasen werden soms waargenomen op 4
dagen post-injectie (dpi), maar meestal op 6 dpi, wat samenvalt met de
laatste dag van het merendeel van zebravis experimenten als gevolg
van geldende proefdier regelgeving. Hoewel het mogelijk is toestemming
aan te vragen om de tumor ontwikkeling na dit tijdspunt in het implantatie
model, zullen andere factoren in zulke experimenten een rol spelen.
Bijvoorbeeld de noodzaak van immunosuppressiva, naarmate het
immuun systeem zich verder ontwikkelt. Gezien de tumor massa relatief
groot is voor de embryo’s, vooral op de plek van implantatie, is het goed
mogelijk dat sterfte significant toeneemt in de embryo’s wanneer zij
voor een langere tijd aangehouden worden. Als zodanig zal de grote
aantrekkingskracht van het gepresenteerde implantatie model zijn voor
snel onderzoek naar vroege processen in de ontwikkeling van EWS
tumoren.

Zoals is aangetoond in Hoofdstuk 3, zijn er veel ontwikkelingen
gaande om het volledige potentieel van het embryonale zebravis
model organisme te benutten voor hoge-doorvoer screenings met als
doel het ontdekken van nieuwe medicijnen. Wij presenteren het werk
gedaan met dit doel in ogen in Hoofdstuk 6, en laten de dynamiek van
EWS cel gedrag zien na geautomatiseerde implantatie in embryo’s op
blastula stadium. Implantatie in blastula-stadium embryo’s verschilde in
enkele aspecten van implantatie in 2 dagen oude embryo’s. Allereerst
zijn de embryo’s op blastula stadium kwetsbaarder, en tolereren geen
groot aantal cellen, gezien dit een hogere mate van letaliteit als gevolg
heeft. Daarnaast vertonen EWS cellen geimplanteerd op dit stadium
niet veel migratie. Dit is mogelijk een gevolg van herprogrammering van
de cellen door de embryonale omgeving. Hoewel deze cellen nog altijd
positief waren voor de EWS marker CD99, zou verdere karakterisering
van deze cellen interessant zijn, om te zien hoe zij beinvloed worden
door de embryonale micro-omgeving. Een andere mogelijke verklaring
voor het gebrek aan migratie kan zijn dat er simpelweg te weinig cellen
aanwezig zijn voor het plaatsvinden van migratie. Slechts een deel
van de cellen kunnen migreren, wat ook geobserveerd werd in het
handmatige implantatie model in 2 dagen oude embryo’s. Ook wordt
deze deelverzameling van cellen mogelijk tot migratie gestimuleerd door
andere cellen in de micro-omgeving. Gezien het blastula model 3 tot 4
keer minder cellen geimplanteerd in de dooier heeft dan het handmatige
injectiemodel, kan het zijn dat de cellen niet gestimuleerd worden om
uit hun huidige micro-omgeving te migreren. Ondanks het gebrek aan
migratie, is dit model echter nog altijd nuttig voor het screenen van
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respons op behandeling met potentiele geneesmiddelen. In Hoofdstuk 6
laten we zien dat het effect van medicijnen in vitro niet altijd overeenkomt
met dezelfde condities in vivo. Hoewel de meeste EWS cellijn/
geneesmiddel behandeling combinaties dezelfde resultaten gaven
tussen de verschillende experimenten, vertoonde EW7 geen respons
na behandeling met (S)-YK-4-279 in dit model. Opmerkelijk genoeg was
een racemische mix van YK-4-279 in het handmatige implantatie model
in 2 dagen oude vissen wel in staat tot het verminderen van deling van
deze cellijn in vivo. Een groot deel van ontwikkelde geneesmiddelen
halen het niet van werkbank naar de kliniek, deels door ontoereikende
effecten in vivo. Het is belangrijk deze medicatie zo snel mogelijk uit
de pijplijn te verwijderen, zodat er zo min mogelijk tijd en geld in hun
ontwikkeling wordt gestoken. Het in dit hoofdstuk voorgestelde model
staat toe geneesmiddelen in vivo te testen, terwijl het tegelijk een snelle
screening methode is met relatief lage kosten. Daarnaast kunnen zowel
de implantatie modellen gepresenteerd in Hoofdstuk 2 als Hoofdstuk
3 verder ontwikkeld worden voor implantatie van patiént-afgeleide
xenografts (PDX). Deze experimenten zouden snel zijn, en relatief weinig
cellen gebruiken, wat voordelig is wanneer er weinig tumor materiaal
beschikbaar is.

Naast het implantatie model, beschrijft dit proefschrift een nieuw
transgeen zebravis model voor EWS in Hoofdstuk 7. Daar de cel van
oorsprong onbekend is voor EWS, is het maken van een transgeen
diermodel moeilijk gebleken voor deze ziekte. De definiérende
moleculaire afwijking, een EWSR1-ETS translocatie gen, is zeer
toxisch wanneer geintroduceerd in cellen, en veroorzaakt embryonale
letaliteit wanneer tot expressie gebracht in muizen. Een voorgaande
poging om het EWSR1-FLI1 gen in zebravis met p53 mutaties te
introduceren, leidde tot tumor ontwikkeling in een deel van de vissen die
het volwassen stadium bereikten. Echter, het merendeel waren maligne
perifere zenuwschedetumoren, die ontstonden als gevolg van de p53-
gemuteerde achtergrond. Ongeveer 5% van de vissen presenteerden
met solide tumoren bestaande uit kleine ronde cellen (Engels: small
round blue cell tumours, afgekort als SRBCTs). Verder ontwikkelde 3%
van de vissen uit dezelfde groep meer diffuse, leukemie-achtige SRBCTs.
Mogelijk is het lage aantal vissen met SRBCTs te verklaren door de
cellulaire context waarin EWSR1-FLI1 tot expressie werd gebracht.
Hierom hebben wij in ons transgene zebravis model geanticipeerd op
een behoefte aan flexibiliteit van expressie, en gebruik gemaakt van
een binair expressie systeem. Door EWSR1-FLI1 en EWSR1-ERG
onder controle van een UAS promotor te plaatsen, vindt expressie
alleen plaats wanneer er ook GAL4 aanwezig is om de UAS promotor te
activeren. Gebruik makend van verschillende GAL4 lijnen kan EWSR1-
ETS expressie in verscheidenen weefsels en op specifieke tijden tot
expressie gebracht worden. Een tegenslag in deze experimenten was
dat wij niet in staat waren de EWSR1-FLI1 transgene lijn te genereren,
die de meest voorkomende translocatie representeert. Mogelijk komt dit
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door het “lekken” van de promotor: wanneer er ondanks afwezigheid
van GAL4 toch expressie is van EWSR1-ETS in vroege stadia van
ontwikkeling, kunnen de vissen sterven in het embryonale stadium.
In the geval van de EWSR1-ERG transgene lijn is er, uit circa de 150
geinjecteerde embryo’s die volgroeid zijn tot volwassen, slechts één
‘founder’ vis gevonden (een vis met het beoogde transgen geintegreerd
in de kiemlijn). Het verwachte percentage founders, wanneer gebruik
wordt gemaakt van het Tol2 transposase systeem, ligt rond de 10%.
Het gevonden percentage is dus relatief laag, en zou eveneens door
het lekken van de promotor verklaard kunnen worden. Desalniettemin,
met het nageslacht van de gevonden EWSR17-ERG founder konden we
onderzoeken welke GAL4 lijnen geschikt waren om op expressie van
het gen aan te drijven. Neuronale expressie van EWSR1-ERG toonde
aanzienlijke effecten op de embryonale ontwikkeling. De expressie van
EWSR1-ERG werd door deze embryo’s in stand gehouden, waar het
verloren ging in embryo’s die het gen in andere weefsels tot expressie
brachten. Verdieping in het transcriptoom liet zien dat er een overlap was
tussen de genen tot expressie gebracht in de embryo’s met neuronale
EWSR1-ERG, en een set aan genen gedefinieerd als de kern-set van
gereguleerde genen in EWS aan de hand van andere modellen voor de
ziekte. Dit suggereert dat de expressie van het humane gen dat EWS
aanstuurt, in zebravis embryonale cellen een gedeeltelijke transformatie
bewerkstelligd, en van translationele waarde is. Deze bevindingen zijn
een veelbelovend uitgangspunt, en verder onderzoek met dit model in
combinatie met andere GAL4 lijnen zou interessante inzichten in de
mechanismes van werking van het EWSR1-ERG oncogen op kunnen
leveren.

Verdere karakterisatie van het transgene model is gedaan door
een analyse op eiwit niveau (proteomics) van drie-dagen-oude embryo’s
die EWSR1-ERG neuronaal tot expressie brachten (Hoofdstuk 8).
Gebruik makend van LC-MS/MS met spectral counting, konden wij
significant gereguleerde eiwitten identificeren, waarvan van meerdere
reeds bekend was dat zij betrokken zijn bij EWS pathogenese. Een van
de omhoog gereguleerde eiwitten geidentificeerd door proteomics in
Hoofdstuk 8 was necdin. Dit eiwit is interessant omdat in voorgaande
studies in een muismodel de inductie van Necdin binding tussen Sirt1 en
p53 stimuleerde, als mechanisme op post-mitotische neuronale apoptose
te reguleren. In Hoofdstuk 5 is SIRT1 ook betrokken bij EWS maligniteit.
Het is aangetoond dat herstel van Notch signallering in humane cellen
SIRT1 onderdrukt via HEY1, wat op zijn beurt reactivatie van p53
signallering als gevolg heeft. In de proteomics studie van Hoofdstuk 8,
is notch2 een van de gereduceerde eiwitten. Door gebruik te maken
van vislijnen die signallering activiteit aan kunnen tonen middels aan-
of afwezigheid van fluorescente signalen, kon deze vermindering van
Notch signalering activiteit in de embryo’s bevestigd worden in vivo.

Ter conclusie; er zijn in dit proefschift drie nieuwe in vivo modellen
voor EWS onderzoek gepresenteerd. Het handmatige xenograft
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model in twee-dagen-oude embryo’s en het geautomatiseerde model
in blastula-stadium embryo’s voor hoge-doorvoer doeleinden bieden
twee snelle methonden om de efficientie van genetische of chemische
inhibitie op EWS voortgang vast te stellen. Het transgene model kan
een meer fundamenteel inzicht bieden in het effect van exogene
EWSR1-ERG expressie in verschillende weefsels of celtypen. Gezien
het gemak waarmee het zebravisgenoom gemanipuleerd kan worden,
kunnen de modellen aangepast worden naarmate verdere inzichten in
EWS ontwikkeling verkregen worden. Hiermee bieden zij een blijvende,
waardevolle contributie aan het veld van EWS onderzoek en de
zoektocht naar nieuwe patient behandel methodes.
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