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“Science and art have that in common that the most ordinary, everyday thing appears to it as something entirely new and
attractive, as if metamorphosed by witchcraft and now seen for the first time. Life is worth living, says art, the beautiful
temptress; life is worth knowing, says science.”

Friedrich Nietzsche
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SUMMARY

Ewing sarcoma (ES) is a highly aggressive tumour of the bone and soft tissue that

typically affects children, adolescents, and young adults. The fusion protein EWSR1-FLI1 is
the main genetic alteration found that acts as a pioneer factor during early ES tumorigenesis.
EWSR1-FLI1 binds GGAA microsatellites causing remodelling of enhancers and genome
reprogramming. Among the proteins cooperating with EWSR1-FLI1 at enhancers, our
group has described that the Polycomb subunit RING1B co-localizes genome-wide and
promotes oncogene recruitment and transcriptional activation of key enhancer genes.
In this thesis, we show that RING1B is a critical factor for ES tumour growth and, together
with other E3 ubiquitin ligases, is deregulated by the neddylation pathway inhibitor
MLN4924 (pevonedistat). Treatment of ES cell lines with the inhibitor promotes RING1B
loss from EWSR1-FLI1-activated targets as well as eviction of EWSR1-FLI1, thereby
deregulating gene expression. Lack of neddylation caused by the drug appears to be the
mechanism behind the in vitro and in vivo degradation of RING1B.

We also study how introduction of EWSR1-FLI1 to a putative cell-of-origin deregulates
distribution of the histone repressive mark H3K27me3. Although the global levels of this
histone modification are maintained, we observe a perturbed distribution. Specifically,
gain or loss of H3K27me3 occurs in some EWSR1-FLI1-repressed or —activated regions,
respectively, which coincide with enrichment of its writer, EZH2, and its eraser, KDM6A,
in a transformed ES cell line. Finally, we demonstrate that targeting the tumorigenic
distribution of H3K27me3 by combined inhibition of EZH2 (with GSK126) and KDM6A
(with GSKJ4) causes a synergic cytotoxic response in ES cell lines.

Altogether, our data provide further insight into the epigenetic mechanisms underlying
EWSRI1-FLI1-mediated transformation and reveal new targets for future clinical trials.
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I. INTRODUCTION

1. A BRIEF INTRODUCTION TO PAEDIATRIC CANCER
1.1 Definition

The term paediatric cancer has classically referred to a heterogeneous group of solid
and haematological neoplasms occurring predominantly during childhood. However, this
isawide period of life, which spans from birth to adolescence. We and others have proposed
the designation of these tumours as developmental cancer from a biologically-oriented
definition, as these tumours arise during, and as a consequence of, the complex process
of development of an individual (Mora, 2012). Due to the terminological disparities in
the field, many epidemiological studies have restricted paediatric cancer to children aged
0-14 years. It was not until two years ago that a more extended worldwide study was
published that included the 15-19 year age group (Steliarova-Foucher et al., 2017). This
study presented an overall worldwide incidence rate of 140.6 per million person-years for
the age group 0-14 years, 155.8 per million person-years for the age group 0-19 years,
and 185.3 per million person-years specifically for the age group 15-19 years (from 2001-
2010 registries). Such incidence rates were overall slightly higher for boys and varied with
age, region, and diagnostic group. Paediatric cancer encompass a large variety of entities,
including leukaemia, lymphomas, central nervous system tumours, sarcomas of bone and
soft tissue, neuroblastoma (NB), retinoblastoma, rhabdoid tumours, liver tumours, renal

tumours, germ cell tumours, and other rare cancers.

One of the main biological features of paediatric tumours is that they resemble progenitor
tissue in all ways. In agreement with this, gene expression studies comparing various
stages of normal tissue development have demonstrated a close relationship between these
cancer cells and the immature cells of the developing organs from which these tumours
originate (De Preter et al., 2006; Rivera and Haber, 2005; Xia et al., 2002). However, critical
factors are not only the tissue or the cell of origin, but also the developmental time in
which these tumours appear. Accordingly, evidence from genetically engineered mouse
models suggest that paediatric tumours originate from stem or progenitor cells during a
particular developmental time window (Cozzio et al., 2003; Funato et al., 2014; Han et al.,
2016; Huntly et al., 2004; Li et al., 2005; Ng et al., 2015; Pathania et al., 2017; Vitte et al.,
2017).

Normal postnatal development is mathematically described by the infancy-childhood-
puberty (ICP) model proposed by Karlberg (1989). This model defines growth as an
additive function of three biological processes, distinguishing infancy, childhood, and
puberty growth. Infancy shows a rapidly decreasing growth curve, as it is largely nutrition-
dependent, yet with the fastest growth rate observed in postnatal life. Childhood is
represented as a polynomial regression curve and mainly depends on the initial influence
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of growth hormone (GH). Finally, puberty is a rapid phase of growth that culminates
the growth and development of an individual, and it is driven by collision of GH and sex
hormones. Considering all these governing forces and the fact that every tissue matures
in pre-specified growth periods during development, it is not surprising that paediatric
cancers can be classified according to the developmental period in which they appear
(Figure I. 1). For instance, retinoblastomas are typical infancy tumours, while in contrast
bone sarcomas are puberty tumours that rarely occur before adolescence (Mora, 2012).
Thus, understanding the forces that drive the appearance of these tumours has been a
matter of debate and is analysed in the next section.
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FIGURE I. 1 Growth velocity curve of normal human growth overlaps with the age curve presentation of
paediatric tumours.

Each graph shows the overlap between the age curve presentation (red) and the growth velocity curve
during 0-20 years of postnatal life. In the mathematical model described by Karlberg (1989), called ICP
model, three additive and partly superimposed components characterized by different types of growth can
be distinguished: infancy (left), childhood (middle) and puberty (right). In this regard, the first 2 years
of postnatal life are characterized by a deceleration growth phase, followed by a stable and slow growth
phase from 4-11 years of age. Finally, there is a growth spurt from 12-18 years of age, coinciding with
puberty. These growth stages overlap with age presentation of paediatric tumours, as indicated in the yellow
boxes below each graph. ALL, acute lymphoblastic leukaemia; AML, acute myeloblastic leukaemia; PNET,
primitive neuroectodermal tumour; SHH, sonic hedgehog homolog. Adapted from Mora (2012).
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1.2 Origins of paediatric cancer: hypothesis of embryonal tumorigenesis

During the prenatal and postnatal periods of development, tissue growth and differentiation
are regulated by complex cellular processes that involve precise regulation of cell division
and apoptosis. Defects in any of the pathways that control these processes could promote
transformation, making these developing cells particularly prone to tumorigenesis
(Scotting et al., 2005). Prenatal life is the highest proliferative stage of any individual
lifetime, characterized by an exponential growth phase that will accomplish, in 38 weeks,
42 cell divisions to fully form the 2 x 10'* cells of a newborn. It has been reported that
two-thirds of all spontaneous mutations accumulate as a result of cell division during the
growth and developmental stages of life (Paashuis-Lew and Heddle, 1998). Therefore, the
most accepted theory is that initiation of paediatric tumours with evidence of a prenatal
origin (such as leukaemia) require an “accidental” (chance) mutation aberration in the
embryonic tissue of origin (known as first hit). Although this is a necessary condition, it
is not sufficient to produce full-blown cancer. The following required events, named the
precancer-to-cancer transition, might be cell-intrinsic mechanisms to survive the hostile
early postnatal environment (second hit) and an accelerated pathway towards genomic
instability (third hit) (Marshall et al., 2014). Acute lymphoblastic leukaemia (ALL) has
been described as a paradigmatic two-step leukaemogenic process: a first premalignant
lesion formed in utero, and a second postnatal acquisition of genetic events that cooperate
with microenvironmental forces during maturation of the immune system (Greaves,
2018).

1.3 Why is paediatric cancer so different from adult cancer?

Adult and paediatric cancers usually have been wrongly understood as the same disease.
Despite sharing an uncontrolled division of abnormal cells, they differ in a substantial
way: adult cancer demonstrates an increasing incidence worldwide, whereas paediatric
cancer has a stable incidence. Moreover, adult cancer is mathematically defined as a
function of ageing, with increasing incidence over the lifetime of an individual. These data
suggest very different malignant transformation mechanisms for adult versus paediatric
cancers. Consistently, the adult tumorigenic process is understood as a linear process of
accumulation of mutations over years or decades, influenced by environmental factors,
following the Vogelstein colorectal carcinoma model (Fearon and Vogelstein, 1990).
In contrast, paediatric cancer is mostly independent of environmental cues and rather
is based solely on the growth and developmental forces governing development of each
organ (see Figure I. 1).

Genomic sequencing studies of paediatric tumours have recently demonstrated a
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substantially lower mutational burden for them as compared to adult cancers (Grobner et
al., 2018; Ma et al., 2018). The genomic events central to childhood oncogenesis include
mutations that most frequently occur in epigenetic modifiers or translocations, resulting
in fusion oncoproteins (Filbin and Monje, 2019). Striking examples of the most frequently
mutated epigenetic regulators in paediatric cancer are H3 histone family member 3A
(H3F3A) and other epigenetic regulators, including PHD finger protein 6 (PHF6), ATRX
chromatin remodeler (ATRX), lysine demethylase 6A (KDMG6A), SWI/SNF related,
matrix associated, actin dependent regulator of chromatin, subfamily A, member 4
(SMARCA4), ASXL transcriptional regulator 1 and 2 (ASXLI and ASXL2, respectively),
CREB binding protein (CREBBP), enhancer of zeste 2 (EZH2), lysine methyltransferase
2D (MLL2), ubiquitin specific peptidase 7(USP7), nuclear receptor binding set domain
protein 2 (NSD2), SET domain containing 2, histone lysine methyltransferase (SETD2),
structural maintenance of chromosomes 1A (SMCIA) and zinc finger MYM-type
containing 3 (ZMYM3) (Huether et al., 2014). The number of epigenetic alterations
suggests a locked-in epigenetic state during development that contributes to the final gene
expression and phenotype of the resulting childhood cancers (Filbin and Monje, 2019).
Given the importance of epigenetics in these malignancies, a more detailed explanation
on epigenetics is provided in the next chapters.

Another distinguishing fact is that 85% of adult cancers occur in the self-renewing epithelia
of various organs (including breast, lung, colon, and prostrate), in contrast to paediatric
tumours, of which 50% originate in the hematopoietic and central nervous system and
only 9% in epithelia (Mora, 2012). The prevalence of epithelial cancers in adults may be
due to the cumulative cell division during lifetime homeostasis. Even with exceedingly
low endogenous rates of mutations, tumorigenesis in these epithelial cancers increases
with age (Hinck and Nathke, 2014).

Finally, for paediatric cancer, the five-year survival rates have significantly increased in
the last two decades and now exceed 80% in developed countries. Efforts are currently
concentrated on optimizing the quality of longterm survival for diseases that respond
to cytotoxic agents (Hudson et al., 2014). In comparison, the 5-year combined relative
survival rate for all adult cancers is now approximately 68%, as reported by the National
Institute of Health (2010).

2. EWING SARCOMA

2.1 General background on paediatric sarcomas

Sarcomas account for over 20% of paediatric solid malignant cancers but less than 1%
of adult solid malignant tumours (Burningham et al., 2012). They include diverse types

10
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of malignancies that arise from bone, cartilage, or connective tissues, such as muscle,
fat, peripheral nerves, and fibrous or related tissues (Taylor et al., 2011). In line with
the diverse nature of tissues evolving from the mesenchyme, more than 50 histologic
sarcoma subtypes have been described, such as osteosarcoma (OGS), Ewing sarcoma (ES),
rhabdomyosarcoma (RMS), liposarcoma, synovial sarcoma (SS), and chondrosarcoma.

One of the main characteristics of paediatric sarcomas is their genetic make-up. These
tumours are composed of near-diploid cells with few genetic alterations, such as
translocations, or cells with complex and unbalanced karyotypes displaying multiple
genomic aberrations. Interestingly, the group of translocation-associated sarcomas display
recurrent chromosomal aberrations that are shared between different sarcoma subtypes,
suggesting that some regions of the genome are recurrent rearrangement breakpoints
(Taylor et al., 2011) (Figure I. 2). For instance, desmoplastic small round cell tumour and
ES share same translocated chromosomes but differ in the chromosome arms involved
in the rearrangement. Accordingly, some sarcoma subtypes share dysregulated biological
pathways. For instance, the insulin-like growth factor (IGF) pathway plays an important
role in ES, SS, and OGS (McKinsey et al., 2011; Rikhof et al., 2009; Xie et al., 1999).
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note, similarities in the fusion rearrangement partners between the different subtypes can be observed. The
outer ring represents genomic location (as labelled); cytobands are shaded, the centromere is in red, and
coloured curves join fusion partners (each colour defines a sarcoma subtype as indicated in the right panel
legend). Adapted from Taylor et al. (2011).

The question of how and why these translocations occur during sarcomagenesis has
recently been a matter of interest. In sarcomas, as in many leukemias, translocations seem
to be fundamentally random events that become fixed through natural selection within
the precursor cell (Taylor et al., 2011). Recently, it has been reported that some sarcoma
translocations might arise in complex loop-like rearrangements called chromoplexy,
rather than by simple reciprocal translocations. This event might occur as bursts in early
replicating DNA, as a primary event in the development of various sarcomas, including
ES (Anderson et al., 2018). Consistent with the embryonal tumorigenesis hypothesis,
chromoplexy in ES represents a primary event that may occur years before diagnosis.

Despite having common mesenchymal origin, each type of paediatric sarcoma has
unique features with respect to biology, epidemiology, clinical behaviour, and response to
treatment. The work in this thesis focuses on ES.

2.2 Defining Ewing sarcoma

ES is a malignant neoplasm of bone and soft tissue that mainly affects children and
adolescents and young adults (AYA)', representing 2.9% of all paediatric cancers (Howlader
et al., 2013). This tumour was previously known as “Ewing sarcoma family of tumours”
and included extraosseous ES, peripheral primitive neuroectodermal tumour (PNET),
and Askin’s tumour, due to common morphological, immunophenotypic, and genetic
features (Kovar, 1998). However, the World Health Organization (WHO) classification
of sarcomas in 2013 uniformly defined this group as “Ewing sarcoma” (de Alava et al.,
2013). This classification also created the term “Ewing-like sarcomas”, for those tumours
morphologically similar to ES but with different fusion genes as well as distinct clinical
and pathological features. Recent data have demonstrated that Ewing-like sarcomas are
indeed biologically distinct from ES (Watson et al., 2018).

2.3 Epidemiology

ES is the second most common bone malignancy affecting children and AYA after OGS,
with a global incidence of approximately 1.5 cases per million population (Grunewald
et al., 2018). However, according to the national Spanish paediatric tumour registry, the
annual incidence rate of ES in Spain is 5.2 cases per million population between the age of

1 Although there is so much controversy in the definition, and indeed even in the terminology, used
to describe the AYA cancer population between countries, the standard age used by the National Cancer
Institute (NCI) uses the 15 to 39 age range to define this group of patients (Aubin, 2011).

12
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0 and 14 years; this is almost twice as high as OGS, which is 3.5 cases per million (Mora
et al., 2017). ES tumours are aggressive malignancies mainly presenting during puberty,
when rapid bone growth occurs in normal development, with a median age at diagnosis of
15 years (Cotterill et al., 2000; Paulussen et al., 2001). Males are more affected than females
with a sex ratio of 3:2. In addition, ethnicity also affects incidence, as ES is predominantly
observed in European descendants (Caucasians), with a very low incidence in Asian or
African descendants and with a global annual rate of 0.8 and 0.2 cases per million children,
respectively (Fraumeni and Glass, 1970; Jawad et al., 2009; Jensen and Drake, 1970).

ES tumours are predominantly bone lesions, presenting preferentially in the pelvis,
extremities, and axial skeleton. Differing from other sarcomas of the bone such as OGS,
ES affects the diaphysis of the long bones rather than the metaphysis. Only 15% of these
malignancies are extraosseus, including deep soft paravertebral, thoracic and proximal
limb tissues, kidney, bladder, lung, prostrate, and meninges (Ushigome et al., 2002). Similar
to other sarcomas, ES display an aggressive behaviour with tendency toward recurrence
following surgical resection and a pronounced proclivity to early haematogenous
metastasis primary in lung (38%), bone (including spine; 31%) and bone marrow (11%),
being rare in the central nervous system (Pizzo P. A. and Poplack, 1996; Postovsky et al.,
2003; Riggi et al., 2009). Currently, patients with localized disease generally have a 5-year
overall survival (OS) rate of 70%-80%, which is lower for those presenting pelvic tumours,
large tumours, and/or incomplete tumour regression after neoadjuvant or adjuvant
chemotherapy. Patients presenting with systemic metastasis have a 5-year OS rate of less
than 30%. For the subgroup of patients with isolated pulmonary metastasis, the 5-year
OS rate is approximately 50% (Gaspar et al., 2015). Therefore, metastasis is an important
prognostic factor but is not unique. Recent evidence shows that age is associated with poor
OS (Lee et al., 2010; Miller et al., 2017; Verma et al., 2017). The largest multicentre study
of ES in Spain has shown age at diagnosis is an independent prognostic factor superior to
metastases, with 18 years as the strongest cut-oft (Mora et al., 2017).

2.4 Histopathology

ES was first described by James Ewing in 1921 as an undifferentiated bone endothelioma
appearing in the diaphysis of long bones that was radiosensitive but highly recurrent
(Ewing, 1972). Histologically, ES harbours sheets of small round haematoxylin-stained
cells (blue), usually with extended areas of tumour necrosis and haemorrhage that
typically lack immune cells or other inflammatory cell infiltrates. Tumour cells display
high nuclear-to-cytoplasmic ratio with stipple chromatin and usually lack nucleoli. In
many cases, deposits of glycogen can be observed in the form of positive periodic acid
Schift staining; due to the lack of matrix in tumour cells, they have negative reticulin
staining. In ES cases showing more differentiation traits (e.g. PNET tumours), tumour
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cells cluster in ill-defined groups of up to ten cells oriented towards a central space (or
rosette-like arrangements). They show higher expression of neuron-specific enolase and
neuroectodermal markers such as beta-1,3-glucuronyltransferase 1 (B3GAT1 or CD57)
than conventional ES (de Alava et al., 2013). A “large cell” or “atypical” variant of ES has
been reported (Nascimento et al., 1980); these cells mainly differ from typical ES cells by
having larger-size nuclei with irregular contours and conspicuous nucleoli with usually

negative periodic acid-Schiff staining (Grunewald et al., 2018) (Figure I. 3).

g™ s ’

3 v "% 00788 b 5.4 B
MR RS
[ i.". L “ 2_.‘.«7-

FIGURE I. 3 Histologic and immunohistochemical features of ES.

A) Hematoxylin and eosin (H&E) staining of ES, which appears as sheets of monotonous small round
blue cells with lack of matrix and regular round nuclei occupying the whole cell with fine chromatin
(magnification 10x). B) H&E staining showing an ES case with atypical morphology displaying a rosette-
like arrangement of tumour cells. These structures provide evidence of neural differentiation in a minority of
cases (magnification 40x). C) CD99 staining showing positivity for this ES tumour with diffuse and intense

plasma membrane expression. Images with an original magnification 20x. Adapted from Grunewald et al.
(2018).
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Notably, the morphological description reported for ES is not exclusive and can be
observed in many developmental tumours, like NB, or in other sarcomas, such as Ewing-
like sarcomas or other small round cell sarcomas. Hence, distinguishing each tumour type
would depend on the identification of specific histological markers and genetic traits. The
CD99 molecule (CD99) is a cell-surface glycoprotein used as a diagnostic marker for ES
(Ambros et al., 1991) and is expressed in 95% of ES cases (de Alava et al., 2013)). However,
it has very low specificity as it is also present in a large group of normal tissues and tumour
types, including other round cell sarcomas, lymphoblastic lymphomas, and leukaemia.
Characterization of the ES histopathology is essential for diagnostics as well as for the
assessment of tumour necrosis during treatment, as it correlates with patient OS (Gaspar
etal., 2015).

2.5 Diagnosis

An accurate diagnosis of ES is crucial for being able to precisely categorize and treat
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patients. Clinical diagnosis of ES is complex, as it may present with a very unspecific
history of intermittent pain, sometimes nocturnal, which tends to worsen over time. As
ES presents during the period of life characterized by skeletal growth, and as children
and adolescents commonly have injuries from sports or daily life activities, the clinical
suspicion is often blurred. Furthermore, as this disease can present in such a variety of
sites, symptoms are very diverse and only some patients have a palpable mass. Therefore,
the median time from initial symptoms to final diagnoses is 3-9 months (Widhe and
Widhe, 2000). This time delay, however, is not associated with clinical outcome (Alonso
et al., 2014).

The diagnostic process usually begins with imaging evaluation of the primary tumour. X-ray
generally shows a tumour-related osteolytic lesion in the metaphyseal-diaphyseal bone with
a multi-layered appearance, known as “onion skin” lesion. Computed tomography (CT)
scans can detect smaller lesions and identify bone destruction and periosteal involvement
in the lesion, while magnetic resonance imaging (MRI) provides higher definition of
the soft tissue component of the lesion. Finally, a metabolism-based method, fluorine-
18-fluorodeoxyglucose positron emission tomography (FDG-PET) is used to evaluate
evolution of the lesion and gives information about tumour regression or progression with
treatment (Kuleta-Bosak et al., 2010) (Figure I. 4). Definitive diagnosis eventually only
comes from the analysis of tumour biopsy, which allows for histopathological orientation
of a small round blue cell tumour with an immunohistochemical pattern compatible with
ES. The final molecular diagnostic confirmation is obtained by detection of the specific
translocation by different techniques, including fluorescence in situ hybridization (FISH)

technique and quantitative reverse-transcription PCR (RT-qPCR).

FIGURE I. 4 Characteristic radiological images of ES.

A) X-ray images in the right femur of a 14-year-old boy showing an anterioposterior osteolytic lesion with
involvement of the periosteal soft tissue that is indicative of ES (arrows). B) MRI scan (T2-weighted) of the
same patient showing a primary tumour with an infiltrated ES lesion with involvement of soft tissue and
changes in the bone marrow in the right femur with soft-tissue edema involvement (arrow). C) CT scan
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images of a 19-year-old male showing a pulmonary metastasis in the left lung (arrow). Adapted from Gru-
newald et al. (2018).

2.6 Treatment

Patients with newly diagnosed ES are usually treated with chemotherapy before local
treatment is applied, to reduce the size of the primary tumour as well as more importantly
to prevent metastatic disease progression. Local control includes surgery and/or
radiation, depending on the feasibility of tumour resection. Surgery in some cases may
imply amputation with or without reconstruction with endoprosthesis or allogenic or
autologous bone grafting. ES is radiosensitive, and many studies have demonstrated the
benefits of combining radiotherapy with chemotherapy (Foulon et al., 2016). Treatment
is finally completed with postoperatively multi-agent cytotoxic chemotherapy to eradicate
microscopically disseminated disease, the so-called minimal residual disease (MRD), that
could lead to metastatic progression, which is the major cause of death. Notably, 20% of
localized ES cases at diagnosis have disseminated tumour cells in bone marrow and blood
(Schleiermacher et al., 2003).

Cooperative group clinical trials have reported that treatment intensity and multidrug
treatment are relevant factors for outcome. Modern protocols consist of intense induction
chemotherapy with vinca alkaloids, alkylating agents, and anthracyclines. Three general
strategies for initial chemotherapy are most commonly used, which depend in part
on institutional preferences and patient age (Van Mater and Wagner, 2019). In North
America patients typically receive the combination of compressed regimens of vincristine,
doxorubicin, and cyclophosphamide (VDC), alternating with ifosfamide and etoposide
(VP-16), using an intensive time schedule with planned administration every two weeks
(Womer et al., 2012). In Europe, cyclophosphamide is omitted, and intensive treatment
with the aforementioned chemotherapeutics including ifosfamide (VIDE) is the initial
regimen used, which is administered for up to 14 total cycles (Juergens et al., 2006). For
adult patients, some centres have simplified the regimen to vincristine, ifosfamide, and
doxorubicin (VID) (Wagner et al., 2017). High-dose chemotherapy followed by autologous
haematopoietic stem cell rescue remains a controversial matter in the field and has not
been formally proven to help patients (Whelan et al., 2016).

Despite extensive therapies, at least one-fourth of patients with initially localized disease
will relapse after completing planned therapy. The recurrence rate is even higher for
those with initially metastatic disease, with treatment failure seen in 50-80% of patients
depending on the site of metastasis (Gaspar et al., 2015). For those patients, the chance
of long-term survival is very low, and there is an urgent need for better treatments. To
improve the outcome of these patients, many treatments have been proposed, such as
the addition of a gemcitabine and docetaxel regimen (Mora et al., 2017; Mora et al.,
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2009), or high-dose busulfan and melphalan chemotherapy with autologous stem cell
transplantation (Oberlin et al.,, 2006). However, the superiority of one regimen over
another has not yet been established. Many randomized clinical trials are currently
investigating the efficacy of new agents. Some ongoing trials include the addition of
monoclonal antibodies against the receptor of insulin-like growth factor 1 (IGF1) (trials
with both R1507 and robatumumab) to dose-compressed chemotherapy (Anderson et
al., 2016; Pappo et al., 2014). Therapies that inhibit the mTOR pathway (temsirolimus),
topoisomerase (irinotecan) or the DNA repair mechanism (temozolamide) are also under
research (Bagatell et al., 2014). Adjuvant immunotherapy with autologous lymphocytes,
tumour lysate, or keyhole limpet hemocyanin-pulsed dendritic cell vaccination with or
without recombinant human interleukin 7 (IL-7) has been shown to improve survival in
patients with metastatic paediatric sarcomas including ES (Merchant et al., 2016).

2.7 Genetic alterations in ES
2.7.1 ES translocation

ES is characterized by a recurrent and balanced chromosomal translocation (Aurias et
al., 1984; Becroft et al., 1984; de Chadarevian, 1984; Turc-Carel, 1983; Vigfusson et al.,
1986; Whang-Peng et al., 1984; Whang-Peng et al., 1986). In approximately 85% of ES
cases, translocation involves chromosomes 11 and 22, t(11;22)(q24;q12) (Delattre et al,,
1992). It fuses the EWSR1 RNA-binding protein 1 (EWSR1) gene of the FET (FUS/TLS,
EWSRI, TAF15) family (previously called TET) of RNA-binding proteins with a member
of the erythroblast transformation-specific (ETS) family, i.e. the Fli-1 proto-oncogene
gene (FLI1), leading to an EWSRI-FLII fusion gene. In approximately 15% of ES cases,
chromosomal rearrangements involving other members of these two families have been
reported, such as variants containing EWSRI fused to another ETS member like the ETS
transcription factor ERG (ERG) (Zucman et al., 1993). Finally, other still less frequent
translocations, found in approximately 1% of cases each, involve EWSRI rearrangements
with the ETS variant 1 (ETV1) or -4 (ETV4), or with FEV transcription factor gene (FEV)
(Jeon et al., 1995; Peter et al., 1997; Urano et al.,, 1998). Similarly, alternative variants
have also been described between ETS genes and EWSRI paralogues of the FET gene
family, for instance, the FUS RNA-binding protein gene (FUS) or the TATA-box binding
protein associated factor 15 gene (TAF15) (Ng et al., 2007; Watson et al., 2018). Table I. 1
summarizes all the FET-ETS fusions found in ES.
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Table I. 1 Chromosomal alterations frequently found in ES.
The most common rearrangements found in the clinics of TET/FET with ETS members are shown.
Frequency and chromosomal translocations are also included. (Adapted from Griinewald et al., 2018).

ETS .

FET Fusion .

art (5) part Gene Chromosomal translocation Frequency (%)

p (3>)
FLI1 | EWSRI-FLII t(11;22)(q24;q12) ~85%
ERG | EWSRI-ERG t(21;22)(q22;q12) ~10%

EWSR1 | ETV1 | EWSRI-ETVI t(7;22)(p22;q12) <1%
ETV4 | EWSRI-ETV4 t(17;22)(q21;q12) <1%
FEV | EWSRI-FEV 1(2;22)(q33;q12) <1%

FUS ERG FUS-ERG t(16;21)(p11;q22) <1%
FEV FUS-FEV t(2;16)(q35;p11) <1%

The EWSRI-FLII fusion gene contains the ubiquitously active promoter of EWSRI from
the FET family, which is constitutively expressed. Considering that the t(11;22)(q24;q12)
translocation is reciprocal, it also leads to the reverse fusion protein, FLII-EWSRI, whose
expression is regulated by the tissue-restricted ETS promoter and thus is commonly loss
or lowly expressed in ES (Zucman et al., 1993). Adding a layer of complexity to genetic
studies of ES tumours, at least 12 subtypes of in-frame chimeric transcripts with different
combinations of exons have been found in clinical specimens. The most common subtype,
designated as type 1, accounts for approximately 60% of EWSRI-FLII translocations and
consists of exon 7 from EWSRI fused to exon 6 of FLII. Type 2 includes the exon 5 of FLI1
and is present in 25% of EWSRI-FLII translocations (Zoubek et al., 1996). Although it was
initially believed that these fusion subtypes influenced prognosis, posterior data revealed
no association with patient outcome (Le Deley et al., 2010; van Doorninck et al., 2010).

All predicted fusion proteins for EWSRI-FLII have the potent SYGQ (serine-tyrosine-
glycine-glutamine-rich) region at the N-terminus that contains the transactivation
domain of EWSRI fused to the C-terminal DNA-binding domain of FLI1. This generates
a fusion protein capable of binding DNA that acts as an aberrantly active transcription
factor (TF) (Lessnick et al., 1995; May et al., 1993; Thompson et al., 1999). Due to the
similar DNA-binding domains of all ETS fusion rearrangements, these fusions have almost
the same binding specificity (Wei et al., 2010), suggesting a genetic redundancy for such
driving lesions. Consistently, EWSRI-FLI1 and EWSR1-ERG translocations have same
phenotypical and clinical alterations (Ginsberg et al., 1999). Figure I. 5 shows in detail the
domains of the FET-ETS fusions focused on EWSR1-FLII translocation.
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FIGURE 1. 5 Domain structures of the FET-ETS members and EWSRI1-FLI1 in detail.

A)Domain structures of the FET family of RNA binding proteins (including TLS/FUS, EWSRI, TAF15) (left)
and the ETS family of TF (including FLII, ERG, FEV, ETV1, and ETV4) (right). B) Wild-type EWSRI and
FLII and the resulting EWSRI-FLII fusion protein. The fusion protein conserves the SYGQ transactivation
domain of the FET family as well as the DNA-BD and Pro domains from the ETS family that permit DNA
binding as a TE. SYGQ, the serine-tyrosine-glycine-glutamine rich transactivation region; RGG, arginine-
glycine-glycine rich region; RRM, RNA-recognition motif; Zn, putative zing finger; PTD, pointed domain;
DNA-BD, DNA-binding domain; Pro, proline-rich activation domain; AD, alanine-rich region involved
in transcriptional repression. Arrows indicate breakpoints, which occur in the introns of wild-type genes;
after splicing, exons are joined to generate various chimeric fusions, including EWSR1-FLI1. Adapted from
Sankar and Lessnick (2011).

2.7.2 Additional recurrent mutations and copy number variations

In addition to key reciprocal translocation, ES have recurrent structural chromosomal
aberrations. Usually, they involve parts of chromosome arms or even whole chromosomes,
with chromosomal gains the most frequent alterations. These include trisomy of
chromosome 8 (found in 50% of cases) as well as gain of chromosome 2 and the long
arm of chromosome 1 (1q) (in 25% of cases) and gain of chromosome 20 (in 10-20% of
cases) (Kullendorff et al., 1999; Mugneret et al., 1988). Additional structural aberrations
are less common than numerical changes, although unbalanced rearrangements involving
chromosomes 1 and 16 have also been described. In the majority of these cases, the net
imbalance is gain of 1q with simultaneous loss of 16q, t(1;16), which is associated with
poor clinical outcome (Kullendorff et al., 1999; Mugneret et al., 1988; Stark et al., 1997).
The most frequent chromosomal deletions involve the small arm of the chromosome 9
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(9p), producing the loss of the tumour suppressor cyclin-dependent kinase inhibitor 2A
(CDKN2A), which has been associated with poor prognosis (Brohl et al., 2014; Crompton
etal.,, 2014).

Next-generation sequencing studies have demonstrated that these tumours, as most
developmental cancers, have a very low mutational burden (0.15 mutations/Mb) (Brohl
et al., 2014). Nevertheless, frequent loss-of-function mutations were found in the cohesin
complex family member stromal antigen 2 gene (STAG2) and tumour protein p53 (TP53),
in 20% and 5-20% of ES, respectively (Brohl et al., 2014; Crompton et al., 2014; Tirode et
al., 2014). Moreover, alterations in STAG2 alone or in combination with TP53 have been
reported to be associated with poor clinical outcome (Tirode et al., 2014). Less frequent
recurrent somatic mutations (2.7% of ES cases) were found in epigenetic regulators,
including EZH2, the BCL6 corepressor gene (BCOR), and ZMYM3. In addition, 12% of ES
cases had a mutated CDKN2A, suggesting that it is an important target to silence in ES, as
it is alternatively lost throughout deletion of chromosome 9p (Brohl et al., 2014; Brownhill
et al., 2007; Crompton et al., 2014; Tirode et al., 2014). Considering that these tumours
have very low mutational burdens, and that mutations are in epigenetic regulator genes,
epigenetics is thought to play a critical role in ES initiation and progression.

2.8 The enigma of the cell-of-origin

While other sarcomas, such as OGS and fibrosarcoma, present some lineage-specific
differentiation traits with a known lineage precursor, the cell-of-origin for ES is still
unknown. The uniformly and poorly differentiated phenotype of ES, together with the
fact that it can arise from either bone or soft tissue, has complicated the identification of its
histogenesis and has been a topic of research for decades. Novel DNA methylation studies
suggest that ES might arise from a specific cellular lineage, with different epigenetic states
at the time of cellular transformation (Sheffield et al., 2017).

In 1921, James Ewing proposed an endothelial origin based on cellular morphology and
the rareness of stroma (Ewing, 1972). Later, in 1971, a myelogenous origin was suggested
according to the structural features that resembled developing myelocytes (Kadin and
Bensch, 1971). Since then, several hypotheses regarding the histogenesis of ES with neural
crest stem cells (NCSC) and mesenchymal stem cells (MSCs) as the putative cells of origin
have been presented. A NCSC origin was purposed consistent with the potential of ES
cells to differentiate into neuronal lineage in vitro (Cavazzana et al., 1987), and some
observational studies have revealed that ES display some neural lineage markers (Franchi
A. etal,, 2001) as well as neurosecretory granules (Suh et al., 2002). Furthermore, ectopic
expression of EWSR1-FLI1 in NCSC can be well-tolerated and lead to an altered expression
of well-known ES target genes. In further support for a neuroectodermal origin, genome
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expression studies have revealed proximal genetic traits of ES tumours to NCSC (von
Levetzow et al., 2011).

In contrast to this hypothesis, emerging evidence in the last years has pointed to a
mesenchymal origin. Initial studies showed that knockdown of the ES translocation drives
the ES transcriptome towards MSC (Tirode et al., 2007). In parallel, other reports showed
that introduction of EWSR1-FLI1 into MSCs in vitro and in vivo increases their ability
to transform into sarcoma-like cells (Lin et al., 2011; Miyagawa et al., 2008; Rodriguez et
al., 2012). In further support of these data, CD99 is detected at low levels in MSCs and is
upregulated upon introduction of ES translocation into mouse MSCs (Castillero-Trejo et
al., 2005; Riggi et al., 2005). Moreover, ectopic expression of EWSR1-FLI1 in bone marrow-
derived MSCs lead to cell transformation and engraftment of ES-like tumours in vivo
(Riggi et al., 2005). Moreover, they display a transcriptional signature resembling that of
MSCs (Hancock and Lessnick, 2008; Riggi et al., 2010; Riggi et al., 2008). Considering that
MSCs can be derived from the neural crest (Nagoshi et al., 2008), and that ES translocation
induces a neural program (Hu-Lieskovan et al., 2005; Rorie et al., 2004; Staege et al., 2004),
the most accepted theory is a mesenchymal origin within a neural crest-derived progenitor
that is at transition to mesenchymal endothelial development (Staege et al., 2004).

2.9 Disease models

A large number of studies have used ES cell lines to investigate biological pathways and
testing drug efficacy in vitro and in vivo in xenograft models in immunodeficient mice
or zebrafish embryos, yet a faithful genetically engineered mouse model is still lacking
in the field (Minas et al., 2017). For the preclinical drug testing studies, one model that
shows promising results is the patient-derived xenografts (PdX) (Geier et al., 2015). Other
alternatives have been focused on creating orthotopic xenograft or patient-derived models
of the disease (Stewart et al., 2017; Wang et al., 2009).

Much effort has centred on overexpressing the fusion oncoprotein (traditionally using
EWSR1-FLI1) in a multiplicity of embryonic cells, such as NCSCs, MSCs, and allographs
of embryonic osteochondrogenic progenitors, giving rise to tumours that display most
of the characteristics of ES (Castillero-Trejo et al., 2005; Riggi et al., 2005; Riggi et al.,
2010; Tanaka et al., 2014; von Levetzow et al., 2011). However, the very restricted spatial-
temporal tolerance to the expression of this oncogene in development suggests that this
protein is not sufficient to induce ES tumorigenesis. Furthermore, ectopic expression of
EWSR1-FLI1 fails to activate similar genetic programs or transform most human cell lines,
indicating that cell specificity is a major determinant of the fusion oncogene (Lessnick et
al., 2002; Miyagawa et al., 2008; Riggi et al., 2008). Thus, many models have performed
concomitant p53 deficiency or forced expression of antiapoptotic family members, such
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as the BCL2 apoptosis regulator (BCL2), to overcome oncogene toxicity (Javaheri et al.,
2016; Leacock et al., 2012; Lin et al., 2008).

In our studies, we have used human paediatric-derived MSCs (hpMSCs). After introduction
of EWSR1-FLI1, these cells undergo a transcriptional program that resembles ES with
high fidelity (Riggi et al., 2010). Furthermore, many relevant chromatin studies have been
performed in these cells (Boulay et al., 2017; Boulay et al., 2018; Riggi et al., 2014; Tomazou
etal., 2015).

3. EPIGENETICS
3.1 Definition of epigenetics: a trip to its origins

The most commonly accepted definition of epigenetics comes from a back-translation of
“epi”, which means upon, above, or beyond, and “genetic”, which assigns a DNA sequence.
Thus, epigenetics refers to the layer of information beyond what is encoded in the DNA
sequence (Greally, 2018).

Epigenetics is a very old term that has drastically changed its meaning over time (Bird,
2007; Deans and Maggert, 2015; Felsenfeld, 2014). The first definition was formulated
in 1650 by the physician and physiologist William Harvey. Although he used the term
“epigenesis”, he defined it as the developmental and gradual process of increasing
complexity of the formation of an individual, in contrast with the organism preformation
theories of that period. It was not until 1942 that the term “epigenetics” was used by the
embryologist Conrad Waddington, defining it as the “whole complex of developmental
processes that lie between genotype and phenotype”. To explain his theory, he developed
an “epigenetic landscape” model, represented as a marble on the top of a hillside, in which
cell fate determination of a developing cell triggers a cascade of decisions or branching
pathways (named creodes). In 1942, he speculated that the choice of a path / creode that
determined cell fate was due to the actions of genes, thereby allowing a mutation to alter
cell fate (Waddington, 1942). Sixteen years after Waddington’s definition of the term,
David Nanney reformulated Waddington’s theory to propose that genetic components
were responsible for maintaining and perpetuating a library of genes, relating epigenetics
with cellular memory.

Our current definition of epigenetics bears no resemblance to Waddington’s original
concept. Epigenetics, from a molecular biology point of view, is commonly understood
as the heritable and reversible mechanisms that underlie the modification of DNA
without changing the sequence itself, determining whether, when, and how much of a
gene is expressed (Nichol et al., 2016).
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3.2 Chromatin structure

The 2-m long human genome is highly packaged into a macromolecular dynamic polymer,
known as chromatin. It is constituted by DNA, histones, and non-histone proteins, which
interact to condense the chromatin fibre down to 2-10 yum.

3.2.1 Histones

Histones are among the most evolutionary conserved proteins in eukaryotic cells. Five
different histone types are known: H1/H5, H2A, H2B, H3, and H4. Core histones (H2A,
H2B, H3, and H4) are essential small basic proteins with a common structure of a histone
fold domain (HFD) that consists of three a-helices separated by two loops (Arents and
Moudrianakis, 1995). They also have a short N-terminal tail that is highly positively
charged and disordered in solution. In contrast, histone H1/H5 (also known as the linker
histone) has a conserved tripartite structure with a globular domain with a preference
for recognition of the nucleosome throughout its winged helix fold (Ramakrishnan et al.,
1993; Singer and Singer, 1976).

Genes encoding canonical histones are located in clusters, and their transcription is tightly
coupled to DNA replication in order to restore duplicated chromatin during the S cell cycle
phase. Dysregulation of histone gene expression leads to defects in cell cycle progression,
genome stability, DNA damage response (DDR), and transcriptional regulation
(MacAlpine and Almouzni, 2013). Besides the canonical histones, many variants of the
core histones as well as of the linker histone H1 have evolved, which differ in their primary
amino acid sequences from their canonical paralogues. Genes encoding these variants
are typically found singly in the genome and are expressed at low levels during cell cycle
(Banaszynski et al., 2010; Weber and Henikoft, 2014). Histone variants have roles in a
range of processes including DNA repair, meiotic recombination, transcription initiation
and termination, sex chromosome condensation, and chromatin packaging in sperm cells
(Talbert and Henikoff, 2010).

3.2.2 The nucleosome

The basic unit of chromatin is the nucleosome, consisting of ~147 base pairs of DNA
wrapped 1.75 times in a left helix manner around a cylindrical octamer core of histone
proteins. Such an octamer comprises two heterodimers of histone H3-H4 associated as a
tetramer and is surrounded on both sides by a histone H2A-H2B dimer (Luger et al., 1997).
Further incorporation of the linker histone H1 by binding at the entry and exit at the dyad
axis stabilizes the nucleosome structure, forming the chromatosome (Woodcock et al.,
2006). Within the nucleosome particle, each core histone forms a histone fold structure,
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with their N-terminal flexible tail external to the nucleosome. Chemical modification of
these external tails constitutes one of the main points of epigenetic regulation, which will
be explained in the next sections.

3.2.3 The chromatin fiber

Linker DNA connects adjacent nucleosomes (each one spaced 10-60 bp). In low salt
conditions, nucleosomes adopt an extended beads-on-a-string conformation. However, in
physiological conditions, they organize in a much more complex structure constituted by
nucleosome-nucleosome interactions, leading to folded and oligomeric structures forming
a higher order condensed structure of the DNA fibre of 30 nm. It has been reported that
core histone tails mediate condensation of the fibre with the H4 tail having a particularly
critical role (Dorigo et al., 2003; Gordon et al., 2005; McBryant et al., 2009) (Figure I.
6). The maximum level of chromatin condensation is achieved when the chromatin fibre
measures from 700 nm to 1.4 um of depth during mitosis, leading to the easily recognized
X-shaped chromosomes (Woodcock and Dimitrov, 2001). In contrast, when cells are in
interphase and non-dividing, the genome is organized into discrete bodies.
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FIGURE I. 6 Levels of chromatin organization.

DNA compaction in the cell nucleus implies the formation of a hierarchy of histone-dependent interactions,
including the formation of the nucleosome, constituted by an octamer of histone proteins. Strings of
nucleosomes in a bead-on-a-string disposition are stabilized by linker histone H1 interactions with the
nucleosome particles, which constitute the chromatosome. Higher-order chromatin structures are performed
by short-range internucleosomal interactions leading to 30 nm fibres. The association of individual fibres by
long-range fibre-fibre interactions produces tertiary highly packaged structures that will be visualized as a
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chromosome in metaphase of the cell cycle; these can measure from 1.5 to 700 ym. Adapted from Fyodorov
etal. (2018).

Chromosomes are relaxed and compartmentalized into nuclear domains that are known
as chromosome territories, constituting a basic feature of nuclear architecture (Cremer
and Cremer, 2001). Two major chromatin structures can be classified according to their
level of condensation: heterochromatin and euchromatin. Heterochromatin resembles
a condensed structure that is characterized by lower levels of expression, whereas
euchromatin is transcriptionally permissive and displays a relaxed organization (Li and
Reinberg, 2011; Zhou et al., 2010).

3.3 Chromatin regulation

Chromatin is a highly ordered and dynamic structure. A precise regulation of chromatin
packaging will alter the accessibility of many DNA interacting protein complexes, such as the
transcriptional machinery complex (Kouzarides, 2007). Different epigenetic mechanisms
modulate access to DNA in response to upstream or external signals including DNA
methylation, nucleosome remodelling, histone post-translational modifications (PTM),
incorporation or replacement of histone variants and non-coding RNA (ncRNA) (Figure
I. 7). Remarkably, none of these mechanisms operates in isolation but rather work together
to create a complex interconnected epigenetic network that regulates gene expression. Due
to the critical role of these mechanisms in transcription, it is not surprising that over the
past decade epigenetic dysregulation has emerged as a prominent and recurrent theme in
cancer (Berdasco and Esteller, 2013). We will briefly describe all these epigenetic processes
with a specific focus on histone modifications and the enzymatic activities behind them.

EPIGENETIC MECHANISMS

DNA methylation Incorporation of histone variants Regulatory non-coding RNA

ncRNA
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FIGURE 1. 7 Epigenetic mechanisms regulating chromatin.
Five main epigenetic mechanisms control chromatin structure and thus the accessibility of transcriptional
machinery leading to changes on gene expression: i) modification of DNA nucleotides by methylation,
which is associated to transcriptional repression; ii) incorporation or replacement of histone variants of the
nucleosome core, mediated by chaperone proteins; iii) regulatory non-coding RNA, such as microRNA, that

Histone post-translational
modifications
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can block gene transcription or translation of coding genes; iv) nucleosome remodelling, which promotes
sliding, eviction or incorporation of nucleosomes into chromatin; and v) post-translational modification of
histones on the N-terminal tail, which are exposed at the external soluble part of the nucleosome, providing
a further level of chromatin regulation. (Created with Biorender.com)

3.3.1 DNA methylation

DNA methylation is a chemical epigenetic modification that occurs at the fifth carbon
of the pyrimidine ring of the DNA nucleotide cytosine, forming the modified nucleotide
of 5-methylcytosine (5mC). This modification mainly occurs at cytosine followed by
guanine dinucleotides (CpG) of the genome and is much less commonly observed at non-
CpG sites, such as cytosine followed by adenine, thymine or another cytosine (CpA, CpT
and CpC) (Gruenbaum et al., 1981; Woodcock et al., 1987). The human genome contains
about 30,000 CpG islands (CGI), which are areas full of such CpG dinucleotides that are
defined as 0.5 kb stretches of DNA with a GC content superior of 55%, typically found in
the promoter region (Goldman, 2001). De novo methylation of DNA is catalysed by DNA
methyltransferase 3 alpha and beta (DNMT3A and DNMT3B, respectively) and is then
maintained by the major DNA methyltransferase 1 (DNMT1), with participation from
DNMT3A and DNMT3B (Jones and Liang, 2009). The identification of 5mC oxidases of
the ten-eleven translocation (TET) family led to the discovery that DNA methylation can
be reversibly modified (Wu and Zhang, 2010). Methylated CpG are recognized by a family
of proteins harbouring a methyl-CpG-binding domain (MBD) that recruits chromatin
remodellers or histone modifiers associated with gene repression. Thus, this modification
is fundamentally associated to the heritable transcriptional repression of transposable
elements in the genome, monoallelic expression of imprinted genes, inactivation of X

chromosome in female cells, and the selective exposure of promoters to TFs.

DNA methylation has been reported to be altered in many cancers. In particular, tumour
cells display an abnormal pattern of methylation characterized by a widespread loss of DNA
methylation that contrasts with the starkly CGI hypermethylation of tumour suppressors
(Baylin et al., 1986; Jones and Baylin, 2002). These alterations have been associated to
age (Maegawa et al., 2010; Teschendorft et al., 2010), consistent with the age-incidence
association of adult cancer (see section 1.3). In paediatric tumours, DNA methylation
alterations have also been described, for instance in posterior fossa group A ependymomas,
which exhibit CpG-island hypermethylation compared to other ependymomas subtypes
(Bayliss et al., 2016).

3.3.2 Incorporation or replacement of histone variants

Histone variants have the potential to displace the canonical histones from the nucleosome
octamer, altering its nature either by inducing structural changes or by perturbing its
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interaction with other factors (e.g. remodelling complexes, transcription machinery, or
other nucleosomes). Incorporation or replacement of histone variants relies on the activity
of histone chaperones. Five H3 variants have been identified in mammals with very different
functions: centromere protein A (CENP-A), H3.1, H3.2, H3.3 and H3.1t. The H3.1 and
H3.2 variants mediate gene repression (Hake et al., 2006), while H3.3 is associated with
transcriptionally active regions (Bernstein and Hake, 2006). Other examples are found
on the variants of canonical H2A, including H2A.X, H2A.Z, macroH2A and H2A.Bbd.
H2A X, for instance, has an important role during DNA double-stranded breaks, whereas
H2A.Z has been implicated in the formation of heterochromatin (Jin et al., 2005).

3.3.3 Nucleosome remodelling

Nucleosomes are relatively stable entities due to the cumulative effect of many weak
DNA-histone interactions, occurring in approximately every 10 bp of DNA (Luger
and Richmond, 1998). However, three essential movements control its positioning
in chromatin: sliding along the DNA molecule, exchange by another nucleosome, and
eviction from the DNA fibre. These movements are critical for gene expression, as they
can inhibit access of DNA-binding proteins to DNA, facilitate transcription, or bring
distal regulatory sites into proximity (He et al., 2010; Thomas and Elgin, 1988). Chromatin
remodelling requires biochemical coupling to adenosine triphosphate (ATP) hydrolysis.
Nucleosome remodellers involve multiprotein complexes that are organized into four
subfamilies according to their ATPase catalytic subunit and flanking domains. They
include the switch/sucrose non-fermenting (SWI/SNF) complex, imitation switch (ISWI),
chromodomain helicase DNA binding (CHD) and inositol requiring 80-like (INOS80)
families. All remodelling enzymes have unique flanking domains that serve as platforms for
chromatin effectors. For instance, the SWI/SNF ATPases contain bromodomains (BRD)
for recognising acetylated histones; ISWI ATPases containa HAND/SANT/SLIDE domain
for recognizing internucleosomal DNA; the CHD ATPases contain chromodomains that
specifically interact with methylated lysines, and the INO80-like ATPases have a long
peptide chain between their two helicase domains that has been proposed to fit DNA
junctions during replication (Giles et al., 2019).

Nucleosome remodellers play important roles in regulating the initiation and elongation
of transcription. They are often recruited to target genes through interactions with
sequence-specific TF to serve as coactivators or corepressors. Once recruited to target gene
promoters, chromatin remodellers alter the local chromatin organization by nucleosome
movement or displacement, which can facilitate either gene activation or repression
(Becker and Workman, 2013). For example, the SWI/SNF complexes have transcriptional
activating roles, whereas the nucleosome remodelling and deacetylase complex (NuRD;
also known as Mi-2) belongs to the CHD family of nucleosome remodellers and is
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involved in transcription repression (Denslow and Wade, 2007). Given the determinant
role of these complexes on nucleosome remodelling and consequently on gene expression,
mutations in these complexes have been reported in many cancers in the last years. The
SWI/SNF complex is the most frequently mutated chromatin regulator observed in
adult cancers. At least nine genes encoding this complex are recurrently mutated, with a
collective frequency nearing that of the “master” tumour suppressor p53 (Kadoch et al.,
2013). This is in agreement with sequencing studies of paediatric tumours, in which the
SWI/SNF complex was one of the eight recurrently mutated epigenetic nodes, including
mutations in SWI/SNF-related, matrix associated, actin dependent regulator of chromatin,
subfamily 4 and 1, member A and C (SMARCA4 and SMARCI, respectively), actin-
like 6B (ACTL6B) and AT-Rich interaction domain 1A and 1B (ARIDIA and ARIDIB,
respectively) (Huether et al., 2014).

3.3.4 Regulatory non-coding RNA

Non-coding RNA (ncRNA) represents a subclass of RNA that is not translated into protein.
Based on function, ncRNAs can be classified as either housekeeping or regulatory ncRNAs.
Housekeeping ncRNAs are constitutively expressed and include messenger, transfer
and ribosomal RNA (mRNAs, tRNAs and rRNAs, respectively), which are involved in
transcriptional and translational regulation, and small nuclear RNA (snRNAs) and small
nucleolar RNA (snoRNAs), with essential roles on RNA biogenesis and maturation. The
second group, regulatory ncRNAs, can be subdivided in two major groups based on an
arbitrary threshold of 200 nucleotides length, namely short ncRNAs (sncRNAs) and long
ncRNAs (IncRNAs). Short ncRNAs include microRNAs (miRNAs), small interfering
RNAs (siRNAs) and P-element-induced wimpy testis (PIWI)-associated RNAs (piRNAs),
all of which regulate gene expression. IncRNAs are a group of large, heterogeneous ncRNAs
that represent an important point for epigenetic regulation, as they can interact with genes
to alter gene transcription, silence translation or guide methylation. They exhibit a wide
range of secondary and tertiary structures, have introns and display epigenetic marks,
indicating their ability to be differentially expressed (Srijyothi et al., 2018). An emerging
number of studies have begun to elucidate particular ncRNAs dysregulated across
multiple cancer types (Huarte, 2015). However, due to their relatively low abundance and
reduced conservation across species as compared to coding RNA, studying ncRNAs is
quite difficult.

3.3.5 Histone post-translational modifications (PTM)
Post-translational modifications (PTM) of histones occur in the N-terminal tails that

protrude from the nucleosome. These are dynamic and reversible covalent modifications
that include acetylation, methylation, phosphorylation, ubiquitylation, neddylation,
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sumoylation and ADP-ribosylation. Such modifications influence chromatin accessibility,
providing binding platforms for chromatin remodellers, histone chaperones, DNA/
histone modifying enzymes and general TFs (Allis and Jenuwein, 2016; Kouzarides, 2007).
Consequently, PTMs have a crucial role in DNA transcription, replication and repair.
Dysregulation of histone PTMs has been related to developmental defects and cancer (Chi
etal., 2010).

Currently, 18 different PTMs on at least 400 residues that can affect both canonical and
histone variants, have been described (Bannister and Kouzarides, 2011; Huang et al.,
2014). Indeed, histone PTMs act in a combinatorial way influencing one another so that
one modification can activate or recruit chromatin-modifying complexes to generate
another histone PTM. This is referred to “histone crosstalk” and can lead to thousands
of combinations that occur along the N-tail of the same histone (named “in cis”) or affect
histones of different nucleosomes (“in trans”). Such complex functional links between
PTM modifications constitute the so-called “histone code” that considerably extends the
information potential of the genetic code (Bannister and Kouzarides, 2011; Jenuwein
and Allis, 2001). Combinations of various histone PTMs, together with TFs and RNA
polymerase IT (RNAPII), are referred as chromatin states and have been used to define
regulatory elements of the genome such as promoters or enhancers (Ernst and Kellis,
2010). For example, H3K4mel combined with H3K27ac mark active enhancers. Active
promoters are characterized by a detectable level of H3K4me3 coupled with a high ratio
of H3K4me3 to H3K4mel, whereas the presence of H3K27me3 or H3K9me3 is associated
with repressive chromatin states. Poised or bivalent promoters show occupancy of
H3K4me3 together with H3K27me3 (Figure I. 8).
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FIGURE 1. 8 Chromatin states involve recurrent histone PTM combinations that define regulatory
elements of the genome.
Chromatin states are defined by different combinations of histone modifications, TFs, and RNA Pol II
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binding. In this example, a typical repressive state (gray) is characterized by high H3K27me3 signal or
H3K9me3 signal; an enhancer state (yellow) shows a high occupancy ratio of H3K4mel to H3K4me3, as
well as high H3K27ac; the promoter state (red) shows a high occupancy ratio of H3K4me3 to H3K4mel and
of RNA Pol II binding at the promoter; and the poised promoter state (magenta) shows the occupancy of
H3K4me3 and H3K27me3, which combination of both constitute the bivalent domains. Actively transcribed
regions (green) are characterized by a high occupancy of H3K36me3 with some RNAPII binding along the
gene body. TFBS indicates the sequence of TF binding sites. Retrieved from Jiang and Mortazavi (2018)»11I.

A large number of histone modifiers have been identified. According to their function they
can be classified as “writer”, “eraser” and “reader” (Figure I. 9). Writers are those proteins
or protein complexes that place the epigenetic histone PTM, whereas erasers remove them.
Readers have a domain that is able to recognize a histone PTM, or a combination of them,
leading to the recruitment of additional chromatin-modifying complexes to transduce the
epigenetic signal. Numerous reader proteins have been identified that display characteristic
domains that enable the epigenetic signal to be recognized and transduced (Giles et al.,
2019).

Readers
e.g., bromodomains,
Epigenetic chromodomains
writer and Tudor domains Epigenetic

reader

Erasers
e.g., HDACs
and KDMs

Epigenetic
eraser

Writers
e.g., HATs, HMTs
or PRMTs ‘

FIGURE 1. 9 Writers, erasers, and readers of histone PTM:s.

Histone PTMs includes a wide range of modifications, such as methylation (Me), acetylation (Ac), and
phosphorylation (P). In general, three enzymatic activities regulate histone PTM: epigenetic writers set the
corresponding histone PTMs and include histone acetyltransferases (HAT), methyltransferases (HMT),
and protein arginine methyltransferases (PRMT); epigenetic readers recognize PTMs throughout their
particular domain and include bromodomains (BRD), chromodomains, and Tudor domains; and epigenetic
erasers are responsible for the removal of the histone marks and include histone deacetylases (HDAC), lysine
demethylases (KDM), and phosphatases. The reading process of the histone modification recruits epigenetic
effectors that can lead to local structural changes on chromatin affecting gene expression. Addition and
removal of these PTMs on histone tails may affect other histone PTMs in a highly complicated histone code.
Adapted from Falkenberg and Johnstone (2014).
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The most common histone PTMs are as follows.
a) Histone acetylation

Histone acetylation was the first histone PTM described, showing a strong association
with actively transcribed genes (Allfrey et al., 1964; Pogo et al., 1966). This modification
is highly dynamic and typically occurs in the lysine (K) residues of histones. In a few
cases, it can be found at serine (S), threonine (T) and tyrosine (Y) residues (Huang et al.,
2014; Rothbart and Strahl, 2014). Acetylation neutralizes the positive charge of K residues,
so that charge-dependent interactions between histones and chromatin, linker DNA or
adjacent histones are weakened, which leads to an increased accessibility of the DNA to
the transcription machinery. Consequently, this modification is associated with cellular
processes that require DNA access, such as prior to DNA replication (Unnikrishnan et
al,, 2010), during transcription or during DNA repair (Xu and Price, 2011). Specifically,
histone acetylation can be found at cis-regulatory regions, such as active promoters and
enhancers, and it is present in some cases within gene bodies of active genes (Dawson and
Kouzarides, 2012; Rajagopal et al., 2014). For instance, acetylation of H3K27 is typically
found in active enhancers.

Histone acetyltransferases (HAT) include all the enzymes responsible for catalysing
acetylation of histones, by transferring acetyl group from acetyl-CoA. Besides histones, a
variety of non-histone substrates are acetylated by HATs. Based on their cellular location
in the nucleus or cytoplasm, HATs are classified as type A or B, respectively. Type A HATs
are further subdivided into five families according to their homology and acetylation
mechanisms and include the Gen5-related N-acetyltransferase (GNAT) family, the MYST
family (according to the acronyms of their members) and several steroid receptors and
transcription co-activators families (Bowers et al., 2010; Chen et al., 1997; Spencer et
al., 1997; Voss et al., 2009). The GNAT family includes the CREB binding protein (CBP)
and E1A binding protein P300 (p300), which are the main writers responsible for setting
H3K27ac (Jin et al., 2011; Raisner et al.,, 2018). Type B HATs also have cytoplasmic
substrates and can acetylate the newly synthesized histones (Blanco-Garcia et al., 2009). On
the other hand, histone deacetylases (HDAC) antagonize the enzymatic activity of HATs
by removing histone acetylation (Figure I. 10). In humans, 18 HDAC enzymes can use
either zinc or nicotinamide adenine dinucleotide (NAD) to deacetylate histone residues
(Seto and Yoshida, 2014). Sirtuins (SIRT) are the classic example of NAD-dependent
deacetylases that have been related to longevity, aging-related diseases and metabolic
homeostasis (Guarente, 2011). Acetylated lysine residues are “read” by a large number of
histone effectors containing BRD domains, which is an extensive area of research.

Altered global levels of histone acetylation through mutation or dysregulation of HATs or
HDAC s is a common event in cancer including paediatric cancer (Grobner et al., 2018;
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Ma et al., 2018; Ropero and Esteller, 2007). Loss of acetylated K16 and trimethylated K20
in histone H4, for instance, has been linked to a variety of tumours (Fraga et al., 2005)
with potential prognostic value (Seligson et al., 2009). In addition, some fusion partners
in leukaemia are rearranged with CBP or physically interact with other HATs leading to
an aberrant acetylation pattern that is essential for the leukemogenic process (Ayton and
Cleary, 2001; Perez-Campo et al., 2013).

Transcription

—

Histone DNA—chromatin complex

FIGURE I. 10 Histone acetylation and its effects on gene transcription.

Histone acetyltransferases (HAT) settle acetylation residues on lysine residues (K) leading to a more
accessible chromatin fibre and thus promoting gene activation. In contrast, histone deacetylases (HDAC)
remove such acetyl groups from histone proteins, leading to a more compacted structure and hence
blocking gene transcription. The red cross indicates transcriptional repression. Adapted from Kazantsev
and Thompson (2008).

b) Histone phosphorylation

Phosphorylation is a histone PTM that occurs in the S, T, Y or histidine (H) residues,
imparting a negative charge to the histone tail. This modification, together with the negative
charge of the phosphates of the DNA backbone, creates charge repulsion between histones
and DNA. Thus, phosphorylation of histones, similarly to acetylation, increase chromatin
opening (Banerjee and Chakravarti, 2011). Histones are phosphorylated in a variety of
biological contexts. For instance, phosphorylation of H2A.X in S139 (producing yH2A.X)
by ATM Serine/Threonine Kinase (ATM) or ATR Serine/Threonine Kinase (ATR) kinases
during DDR, leads to more accessible chromatin facilitating the recruitment of the DNA
repair machinery (Paull et al., 2000).

¢) Histone ADP-ribosylation or PARylation

ADP-ribosylation or PARylation is a reaction catalysed by most members of the poly-ADP-
ribose polymerase (PARP) family that comprises 17 proteins in humans (Barkauskaite et
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al., 2015). With the exception of PARP9 and PARP13, PARP proteins transfer a single
mono-ADP-ribose group from NAD* to their target proteins on arginine (R), aspartate (D),
glutamate (E), K and S residues. This modification is thought to act similarly to acetylation
and phosphorylation, leading chromatin to adopt a more relaxed structure (Messner and
Hottiger, 2011). During DDR ADP-ribosylation is catalysed by PARP1-3 near sites of
DNA damage which promotes recruitment of DNA repair factors via recognition of the
ADP-ribose (PAR) domains. The DNA-dependent activity of these DDR PARPs requires
the presence of a conserved Tyr-Gly-Arg (WGR) domain, which is present in PARPs 1-3
(Barkauskaite et al., 2015).

d) Histone ubiquitylation

Ubiquitin is a small, highly conserved, mainly globular protein consisting of 76 amino
acids that controls a multitude of biological processes including protein degradation,
endocytosis, autophagy, immunity, DNA repair, inflammation, and transcription
(Husnjak and Dikic, 2012).

Ubiquitination is the process that leads to the activation and transfer of ubiquitin to target
proteins in a coordinated three-step enzymatic cascade (Figure I. 11). Ubiquitin is first
activated by an ATP-dependent reaction by E1 enzymes, followed by a transferring step
to an ubiquitin-conjugating enzyme, or E2. The final step is carried out by an ubiquitin
ligase E3, which first recognizes and recruits a target protein (designated as the substrate)
and then transfers and conjugates ubiquitin from the E2 onto a K residue of the substrate.
Ubiquitin itself contains seven K residues, which serve as acceptors for the second
ubiquitin molecule, leading to polyubiquitylation of the substrate after multiple rounds
of this reaction. There are two known El enzymes (including the ubiquitin activating
enzyme or UAE), 38 known E2 enzymes and more than 600 known E3 ubiquitin ligases. E3
ligases are classified into three families according to their functional domain: homologous
to E6-AP carboxy terminus (HECT) type, a really interesting new gene (RING) type
or U-box domain-containing (U-box) type (Ardley and Robinson, 2005). The family
of RING/U-box-type E3 ligases can be either single-subunit proteins or multi-subunit
complexes. For example, the RING-finger protein 2 (RING1B) and the cullin-containing
RING-finger E3s (CRLs) are both RING-type E3 ligases; but for the first, the RING-finger
and substrate binding domain are contained on the same polypeptide, whereas for CRL,
these are separated into different subunits acting as a scaffold (explained in more detail
in Section 4.4.2). The ubiquitinated substrates are recognized by a variety of ubiquitin-
binding domains (UBD) or ubiquitin receptors that contain at least one UBD within their
structure (Dikic et al., 2009). The activity of the E1-E2-E3 ubiquitinating enzymes in the
cell is counterbalanced by the activity of 100 identified deubiquitinating enzymes (DUB),
which remove ubiquitin from the targeted proteins (Amerik and Hochstrasser, 2004).
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FIGUREI. 11 Ubiquitination cascade.

Ubiquitination of proteins, including histones, requires the sequential action of three enzymes: E1, E2, and
E3. E1, or ubiquitin-activating enzyme, catalyzes the ATP-dependent activation of ubiquitin and formation
of a thioester bond between the ubiquitin C-terminus and the catalytic cysteine on E1. Ubiquitin is then
transferred to a catalytic cysteine of E2 (ubiquitin-conjugating enzyme) and through the E3 (ubiquitin
ligase) to the substrate. Ubiquitin is covalently attached through its C-terminus to the lysine’s e-amino
group or (less frequently) to the N-terminus of proteins by forming an isopeptide bond. This modification
is required for many cellular processes, including protein degradation by the proteasome, cell cycle
progression, transcriptional regulation, DNA repair, and signal transduction. Retrieved from Morreale and
Walden (2016).

As histones are the most abundant ubiquitinated proteins, their ubiquitination plays
critical roles in many processes in the nucleus, including transcription, maintenance of
chromatin structure, and DNA repair. This PTM occurs at all four histones, but it has been
well characterized in H2A and H2B, especially in the context of DDR. Ubiquitination of
H2A on residues K13/15, K119 and K127/129 by RING-finger protein 168 (RNF168),
RING1B and BRCA1 DNA repair-associated (BRCA1), respectively, defines regulatory
zones during DDR, preventing transcription as well as conditioning the repair pathway
choice (through homologous or non-homologous recombination responses) (Uckelmann
and Sixma, 2017). Consistently, deregulation of H2A variants as well as their PTMs has
been linked to tumorigenic processes. For instance, deubiquitination of histone H2A.Z
mediates androgen-receptor oncogenic gene activation in prostate cancer (Corujo and
Buschbeck, 2018).

e) Histone modification by ubiquitin-like proteins: neddylation

Ubiquitin-like proteins (UBL) are related by sequence and structure to include the small
ubiquitin-like modifier (SUMO) and the neural precursor cell expressed, developmentally
down-regulated 8 (NEDD8). UBL are conjugated to substrates via biochemical mechanisms
that are homologous to the ubiquitination cascade, each one having its specific E1, E2, and
in some cases E3. The functional consequences of the modification are distinct depending
on the UBL and substrate involved. For NEDDS, the neddylation cascade starts with an
activation step that involves its cleavage by cell hydrolases, such as ubiquitin C-terminal
hydrolase L3 (UCHL3) and SUMO peptidase family member NEDD8 specific (SENPS).
After this processing, NEDDS is activated in an ATP-dependent reaction by an E1, leading
to its transfer to an E2 NEDDS conjugating enzyme, which shuttles it to an E3 ligase that
will conjugate NEDDS to its specific substrate. In contrast to the ubiquitination cascade,
very few enzymes in the NEDD8 pathway have been identified so far: only one E1 (the
NEDDS8-activating enzyme (NAE)) and two E2 (ubiquitin conjugating enzyme E2 M
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(UBE2M) and ubiquitin conjugating enzyme E2 F (UBE2F)). Very few E3 are known,
and most of them contain a RING-finger domain, for instance RING-finger protein 111
(RNF111) or RING box 1 (RBX1) (Zhao et al., 2014).

Certain neddylated substrates are E3 enzymes, and it has been reported that conjugation
of NEDD8 regulates their ligase activity (Flotho and Melchior, 2013; Kerscher et al.,
2006). For instance, activation of the CRL E3 ligases requires the conjugation of NEDD8
at a certain K residue (Zhou et al,, 2019). On the other hand, most substrates can be
both ubiquitylated and neddylated. Furthermore, overexpression of NEDD8 leads to
conjugation to substrates of the ubiquitin pathway (Hjerpe et al., 2012). Thus, neddylation
and ubiquitylation pathways appear to be connected.

Histones are frequently neddylation substrates (Li et al., 2014). During DDR, poly-
neddylation of histone H4 functions as a signal for amplification of the DDR cascade
through its recognition by RNF168 (see histone ubiquitination) (Ma et al., 2013). Since
DDR is an important dysregulated pathway in cancer, the role of histone neddylation
during DDR highlights potential new roles for NEDDS in cancer.

f) Histone methylation

Histone methylation is based on the transfer of a methyl group from a molecule of
S-adenosyl methionine (SAM) to a K or R residue of histone tails (Shi and Whetstine,
2007). There are three different methylation states: mono- (me), di- (me2, which can
be symmetric or asymmetric) and tri- (me3) methylation. Commonly methylated sites
are K4, -9, -27, -36 and -79 of histone H3, and K20 of histone H4. Since none of the
methylation states change the electronic charge of the amino acid chain (Taverna et al.,
2007), these PTM lead to different outcomes in the regulation of chromatin structure and
function (Martin and Zhang, 2005). In general, H3K4, H3K36 and H3K79 methylation is
considered to mark active transcription, whereas H3K9, H3K27 and H4K20 methylation is
associated with silenced chromatin states (Black et al., 2012) (Figure I. 12). Nevertheless,
promoters of some developmental genes in ESCs are marked simultaneously by activating
H3K4me3 as well as repressing H3K27me3 marks; these are known as bivalent domains.
The coexistence of these two marks is believed to play a decisive role in the maintenance of
pluripotency, poising genes for subsequent activation during cell-fate decision (Bernstein
et al., 2006; Di Croce and Helin, 2013).

Histone methyltransferases (HMT) catalyse the addition of methyl groups donated from
SAM molecules to histones and non-histone proteins. Three families of HMT have been
identified so far, including the Su(var)3-9, Enhancer of Zeste, Trithorax (SET)-domain-
containing proteins, DOT1-like proteins and protein N-methyltransferase family (PRMT).
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While SET-domain and DOT1-like HMT methylate K residues, members of the PRMT
family have been shown to methylate R residues (Martin and Zhang, 2005).
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FIGURE I. 12 Transcriptional effects of histone methylation on residues K27 and K4 of histone H3.
Methylation of histone H3 has different effects on gene activation depending on the methylated residue.
For example, methylation of K27 residue, which is mediated by the Polycomb repressive complex 2 (PRC2),
leads to a more compact chromatin structure that prevents binding of TFs to promoter region, thus the
gene is silenced. In contrast, methylation of K4 in the same histone, which is mediated by mixed lineage
leukaemia (MLL) complex (containing MLL, WDR5, RbBP5, and Ash2L), relaxes the chromatin structure,
and then TFs have access to the promoter, resulting in transcriptional activation. Adapted from Wen et al.
(2008).

Methylation of histone residues was thought to be relatively permanent and only removed
by histone exchange or by dilution during cell division. Thus, it was not until 2004 that the
first histone demethylase (HDM) activities were published. Two evolutionary conserved
families of HDMs have been described according to the enzymatic reaction used to remove
methylation marks: the flavin (FAD) and the Jumonji C (JmjC) families (Black et al., 2012).
FAD-demethylases were the first identified that perform an amine oxidation with FAD-
dependant reduction. FAD-demethylases include the lysine demethylase 1A (KDM1A),
also known as LSD1, which catalyses demethylation of H3K4mel and H3K4me2. It has
the ability to additionally demethylate H3K9mel and H3K9me2 but cannot demethylate
tri-methyl residues. In contrast to FAD demethylases, the second family of demethylases,
JmjC, perform a dioxygenase reaction that is dependent on iron and a-ketoglutarate
for demethylating mono-, di- and trimethylated residues. This family consists of 30
homologous members, of which 18 display HDM activity, including lysine demethylases
-2 to -6 (KDM2-6) (Kooistra and Helin, 2012). Readers of histone methylation contain a
wide variety of domains including chromodomains, PHD finger domains, WD40, Tudor,
double/tandem Tudor, MBT, Ankyrin repeats, zf-CW and PWWP, among a long list that
is continually growing. Table I. 2 summarizes the principal HMT and HDM identified
regarding histone H3 and H4 as well as their reader proteins.

36



I. INTRODUCTION

In this thesis, we focus on H3K27me3, and especially on its writers and erasers, which are
presented in detail on the next section.

TABLEL 2 Principal HMT and their HDM and readers on histones H3 and H4. The star symbol (*) indicates
that the HMT subunit constitutes part of the complex associated with Setl or COMPASS complexes, with
ASH2L, RBBP5, and WDR5 components. SET1A/1B-containing complexes additionally contain WDR82
and CXXC1; MLL1/2 complexes contain Menin, and the MLL3/4 COMPASS complexes contain PTIP, PA-1,
and NCOAG6. Domain indicates the reader domain to recognize the histone PTM. Chromo, chromodomain;
PHD, PHD finger domain; TTD, Tandem Tudor domain, BAH, bromo-adjacent homology domain; MBT,
malignant brain tumor domain. Adapted from Hyun et al. (2017).

Residue HMT (writer) HDM (eraser) Reader Domain Sl ro‘les of K
methylations
SET1A/KMT2E* LSD1/KDM1A CHD1 Chromo Chromatin remodeller
SET1B/KMT2F* LSD2/KDM1B BPTF PHD NURF complex subunit
MLLI/KMT2A* NOG66/MAPJD TAF3 PHD Transcription 1n1t.1at10n factor
subunit
Crosstalk between H3K-
*
MLL2/KMT2B JARID1A/KDM5A Sgf29 Tudor 4me2/3 and H3 acetylation
H3K4 MLL3/KMT2C* JARID1B/KDM5B ING4 PHD G/M cell cycle arrest
MLL4/KMT2D* JARID1C/KDM5C CFP1 PHD Binds to unmethylated CpG
SMYD1/KMT3D JARID1D/KDMS5D PH§AZ7/§D— PHD Oxygen sensor in normoxia
SMYD2/KMT3C - SPIN1 PHD Senescence and apoptosis
SET7/9/KMT7 - PHF23 PHD Autophagy
PRDM9/KMTSB - PYGO?2 pyp | Self-renewal of mammary
progenitor cells
SUVTSI%XH_/];(M' JHDM2A/KDM3A HPla/B Chromo | Heterochromatin formation
G9a/KMT1C JHDM2B/KDM3B HP1y Chromo Transcription elongation
GLP/KMT1D JHDM2C/KDM3C UHRF1 TTD DNA methylation
H3K9 | SETDBI/KMTIE | JHDM3A/KDM4A - - -
JHDM3B/KDM4B
JHDM3C/KDM4C
PRDM family JHDM3D/KDM4D - - -
PHE8/KDM7B
PHF2/KDM7C
EZH1/KMT6B UTX/KDM6A inti i
CBX7 Chromo Transcriptional depression of
UTX/KDM6A PRC complex target gene
UTY/KDM6C EED WD40 Spreads H3K27 methylation
H3K27 i i
EZH2/KMT6A JMJD3/KDM6B BAHDI pay | Facultative heterochromatin
formation
KIAA1718/KDM7A NSD2 PWWP Transcription elongation
PHF8/KDM7B - - -
SETD2/KMT3A JHDM1A/KDM2A DNMT3A PWWP DNA methylation
H3K36 NSD1/KMT3B JHDM1B/KDM2B LEDGF PWWP DNA repair
NSD2/KMT3G JHDM3A/KDM4A NBS1 - DNA repair
NSD3/KMT3F JHDM3B/KDM4B Ku70 - DNA repair
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SMYD2/KMT3C JHDM3C/KDM4C MRG15 Chromo RNA splicing
H3K36 ASH1L/KMT2H JHDM3D/KDM4D ZMYNDI11 PWWP RNA splicing
SETD3
SETMAR

H3K79 DOTI1L/KMT4

SET8/KMT5A PHEF8/KDM7B TPs3BPL Tudor DDR

SUIX;/[-%;)EI/ PHF2/KDM7C L3MBTL1 MBT Chromatin compaction
H4K20 ORCl1 BAH

SUIXSI-;;)EZ/ LSD1 ORCA rz;z t Replication

Pdpl PWWP

3.4 Polycomb group and KDM6 histone modifiers
3.4.1 Polycomb and their role in development with Trithorax

Polycomb proteins (PcG) are transcriptional regulatory factors that control gene
expression, being a paradigmatic model of epigenetic regulation of gene silencing (Aranda
et al., 2015). They were first identified in Drosophila melanogaster, when in 1942, Slifer
described a mutation that caused the development of partial sex combs (a specialized
row of distinctive bristles in the thoracic legs of adult males flies and named the mutation
extra sex combs (esc). In 1947, a dominant mutation with a similar phenotype conferring
additional sex combs was described and named Polycomb (Pc). Later, all these genes were
termed PcG. In 1978, Lewis postulated that PcG negatively regulates a set of developmental
genes named as BX-C, which would explain why mutations on these regulators cause
such pronounced developmental defects, known as homeotic phenotypes. It was further
discovered that homeotic genes controlled by PcG (in mammals known as HOX genes)
are multiple, clustered and very conserved from arthropods, such as fly, to mammals, due
to their role in the generation of different body segments, regulating morphogenesis and
organogenesis (Kassis et al., 2017).

Once the idea of a global repressor of the BX-C genes was proposed, the suggestion of
a global activator soon followed. Consistently, the identification of trithorax (trx), was
identified as a positive regulator of such developmental genes (Schuettengruber et al.,
2011). Similar as PcG, the wide number of subunits was grouped into the Trithorax group
of proteins or TrxG. Given the numerous steps required for transcriptional activation,
TrxG involves many DNA-binding, histone-modifying and chromatin remodelling
proteins. Such TrxG-associated proteins group into complexes such as the complex protein
associated with Setl (COMPASS) or COMPASS-like complexes. They all generally include
HMT with a SET domain (see Table I. 2) and a variety of protein members, such as the WD
repeat domain 5 (WDR5), ASH2 like, histone lysine methyltransferase complex subunit
(ASH2L), that dictate the function of the complex (Geisler and Paro, 2015). For instance,
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a complex with lysine methyltransferases MLL3/MLL4 and KDM6A (see Section 3.4.6)
targets methylation of H3K4 through its SET domain to some hormone-responsive genes,
whereas a COMPASS complex with MLL1/MLL2 and menin 1 (MEN1) orchestrates
activation of HOX genes (Schuettengruber et al., 2011).

Both PcG and TrxG are critical for maintaining cellular identity required for normal cell
differentiation (Di Croce and Helin, 2013). Cell fate identity is regulated by differential
spatiotemporal genetic programs that become activated or repressed by a cascade of
maternal and zygotic TF in the early stages of development. At later developmental stages,
these factors disappear and PcG and TrxG maintain such predetermined transcriptional
patterns (for example in HOX genes) to stably transmit them during cell division or
replication (Schuettengruber et al., 2011).

3.4.2 Polycomb complexes and their recruitment to chromatin

Since the discovery of PcG in flies, 18 PcG genes have been identified in Drosophila. In
mammals this number has expanded during evolution, most likely by multiple duplication
events, with a total of 37 members (Aranda et al., 2015). PcG proteins associate into two
functional transcriptional repressive complexes (PRC), known as PRC1 and PRC2. PRC1
complexes have the core subunit RING-finger protein 1 (RING1A) or RING1B, which
displays a E3 ligase activity that monoubiquitinates histone H2A at lysine 119 (H2Aub).
The second complex PRC2, contains the core subunit enhancer of zeste homolog 1 (EZH1)
or EZH2 with HMT activity, which is mainly involved in generating H3K27me2/3.

It is intriguing how PRC complexes are recruited to chromatin. In Drosophila, the PcG
binding regions, called Polycomb responsive elements (PRE), were identified as DNA
motifs for sequence-specific DNA binding proteins such as TF (Miiller and Kassis, 2006).
Consistently, a classical or hierarchical recruitment model was proposed in which (i)
PRC2 might be recruited to these PREs through interactions with TFs, (ii) recruitment
stimulates H3K27 methylation that (iii) provides a docking site for the PRC1 complex
to bind. However, this model does not explain why PRC1-bound regions are devoid of
H3K27me3. Therefore, an alternative model proposes that context-dependent interactions
between TF, PRC1 and PRC2 are cooperative rather than hierarchical (Aranda et al., 2015;
Schuettengruber et al., 2017) (Figure 1.13).

In certain genomic contexts, both PRC complexes can be recruited independently of
each other to chromatin. Therefore, additional factors have been found to mediate PcG
recruitment to chromatin, including sncRNA or IncRNA, cooperative interactions with TF
and histone PTMs, such as the recognition of H3K9me3 that induces PRC2 recruitment
(Schuettengruber et al., 2017).
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FIGURE I. 13 Models for PcG recruitment to chromatin.

Two models explaining PcG recruitment to chromatin have been proposed: the classical and the
alternative models. The first model suggests that PRC2 first binds chromatin and deposits H3K27me3. This
modification is then recognized by the CBX subunit of the canonical PRC1 complex, which in turn catalyses
monoubiquitination of H2A on K199 (H2AK119ub). Thus, recruitment of PRC to chromatin by this model
is hierarchical. The alternative model, however, points to a coordinated recruitment in which ncPRCI is
targeted to unmethylated CpG islands (CGI) through its FBXL10/KDM2B subunit. ncPRC1 seems to be
responsible for the majority of the H2AK119ub modifications present at PcG-target sites, which might
facilitate the recruitment of PRC2. H3K27 methyl marks can be erased by histone demethylases, such as
UTX/KDM6A and JMJD3/KDM6B, while several deuquibitinases (including BAP1, USP16, and USP21)
can remove the monoubiquitin moiety from histone H2A. Adapted from Schuettengruber et al. (2017).

3.4.3 Polycomb and transcriptional regulation

PcG complexes mediate transcriptional regulation by altering the chromatin environment
through its catalytic dependent and independent activities. First, through its enzymatic
activities, PcG complexes impose monoubiquitination of H2A on K119 and the di-/tri-
methylation of H3K27 at the gene bodies, which directly block gene transcription. In
addition, in bivalent promoters marked by H3K27me3 and H3K4me3, PcG complexes
hold the poised RNAPII at the transcriptional start site, thereby inhibiting its release.
PRCI-mediated H2A ubiquitination was initially suggested to play an important role in
PcG-mediated repression by interfering with multiple steps of the transcription process.
However, more recent data have demonstrated that it is not required for PcG repression
in flies and mammals (Illingworth et al., 2015; Pengelly et al., 2015), suggesting that the
catalytic activity of PRC2 might be a key effector for such silencing. Secondly, PcG can
induce chromatin condensation in a catalytic independent manner, rendering chromatin
inaccessible to transcriptional machinery and inhibiting the SWI/SNF chromatin
remodelling complexes (Aranda et al.,, 2015; Schuettengruber et al., 2017). Additional
mechanisms exist for PcG-mediated gene repression, for instance by inhibiting the
acetyltransferase activity of CBP, thereby favouring H3K27 methylation of the same K by
PRC2 (Tie et al., 2016).

In recent years, a radically contrasting scenario has emerged that places PcG complexes
as activators of gene expression (Cohen et al., 2018; Creppe et al., 2014; Frangini et al.,
2013; Gao et al,, 2014; Morey et al., 2013; Morey et al., 2015; Schaaf et al., 2013). For
instance, during ESC differentiation toward an ectodermal fate, PRCI is required for the
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initial activation of developmental genes (Creppe et al., 2014). Another example of PRC1
mediating transcriptional activation is found in quiescent lymphocytes, where PRCI is
recruited to actively transcribed genes independently of PRC2, enabling the processivity
of RNAPII (Frangini et al., 2013). A component of the PRC1 complex, activator of
transcription and developmental regulator (AUTS2), triggers the recruitment of p300 to
the complex, which acetylates histone tails favouring transcription activation (Gao et al.,
2014). This switch from PRCI’s role from repressor to activator has been proposed to be
related to a change in the subunits conforming the complex (Creppe et al., 2014) or due
to a phosphorylation of the catalytic subunit of PRC1 that severely reduces its enzymatic
activity (Gao et al., 2014). Finally, a PRCI role facilitating long-range promoter-enhancer
interactions in the developmental gene Meis homeobox 2 (MEIS2) has been shown to
promote gene activation (Kondo et al., 2014).

3.4.4 The PRC1 complex

PRC1 complexes have diverse compositions and can be divided into canonical and non-
canonical complex. All share a conserved protein core composed by the catalytic activity
of RING1A/B and one of the six Polycomb group RING-finger (PCGF1-6) proteins. Thus,
six different groups of PRC1-containing PCGF complexes can be found, named PRC1.1-6
(Figure I. 14). PRC1-containing PCGF2/4 (known as MEL18 and BMI-1, respectively)
subunits constitute the canonical PRC1 complex 1.2 and 1.4 (cPRC1.2 and cPRC1.4,
respectively). These complexes are specified by the presence of one chromobox protein
(CBX2,4,6-8) that binds to H3K27me3, and of a polyhomeotic homolog 1-3 (PHCI-
3) that contains a sterile alpha motif domain essential for PcG-mediated repression.
These accessory proteins regulate the recruitment of the complex to specific chromatin
domains and/or modulate the catalytic activity of the core complex. The group of non-
canonical complexes of PRC1 (ncPRC1) contain RING1B Yyl-binding protein (RYBP)
or its homolog YY1 associated factor (YAF2). These subunits associate with PCGF1,
PCGF3, PCGF5 or PCGF6 to form ncPRCI.1, ncPRC1.3, ncPRC1.5 and ncPRCI1.6
complex, respectively. PRC1.1 complex contains the H3K36-specific demethylase lysine
demethylase 2B (KDM2B) and BCL6 co-repressor (BCOR). However, this classification
excludes the complexes containing RYBP and RING1B that are associated with PCGF2
and PCGF4 (Aranda et al., 2015).

At the molecular level, cPRC1 and ncPRC1 complexes co-occupy common as well as
distinct subsets of target genes, with cPRC1-CBX correlating with higher H3K27me3
binding as compared to ncPRC1-RYBP. Furthermore, genes occupied by ncPRC1-RYBP
are moderately expressed as compared to the robust gene silencing imposed by cPRC1-
CBX complexes (Morey et al., 2013).
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FIGUREI. 14 PRCI complexes.

Different compositions of the PRC1 complex are shown. The core of PRC1 (RING1A/B and PCGF1-6) can
associate to a variety of proteins, thereby defining the canonical or the non-canonical PRC1 complexes
(cPRC1 and ncPRCIl, respectively). Both ¢cPRC1 and ncPRC1 contain the PCGF2/4 subunit, but while
cPRC1 contains PHC and CBX proteins, ncPRC1 complex is defined by the presence of RYBP/YAF2. The
different subtypes of ncPRC1 are named according to the PCGF recruited. In this regard, PCGF1 constitutes
the ncPRCI.1, PCGF6 the ncPRC2.6, and PCGF3/5 the ncPRC1.3/5. Adapted from Schuettengruber et al.
(2017).

a) RING1B in cancer

Overexpression of RING1B is commonly associated with tumorigenesis in many cancers,
including liver, uterine, cervical, lung breast, prostate, bladder and colon cancers (Bosch et
al., 2014; Hernandez-Ruiz et al., 2018; Sanchez-Beato et al., 2006). As ES is a developmental
tumour, it is not surprising to find many alterations in developmental regulators, such as
PcG proteins, in this disease. In this regard, the PRC1 PcG subunit PCGF2 (or BMI1)
was reported to be overexpressed in the vast majority of ES tumours (Cooper et al., 2011;
Douglas et al., 2008). BMI-1 promotes ES tumorigenicity independently of CDKN2A
repression, a major target of PcG complexes, but blocks differentiation and cell-matrix
adhesion pathways (Douglas et al., 2008). Likewise, our group has shown that RING1B is
highly expressed in primary ES tumours, contributing to ES development through sodium
channel, voltage gated, type VIII, alpha subunit (Nav1.6), and NF-kB-mediated repression
(Hernandez-Muiioz et al., 2016).

According to the new activating roles in transcription for RING1B, emerging evidence

suggests a tumorigenic activating function of this PcG subunit in cancer (Chan et al., 2018;
Rai et al., 2015). In melanoma, RING1B exerts an oncogenic and prometastatic role that
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is dependent on both transcriptional activation and repressive functions. Mechanistically,
E3 ligase activity of RING1B is necessary for the invasive behaviour of the tumour through
repression of the latent transforming growth factor beta binding protein 2 (LTBP2)
promoter. On the other hand, RING1B drives proliferation of melanoma cells through
direct transcriptional upregulation of the cell cycle regulator cyclin D2 (CCND?2) (Rai et
al., 2015). Moreover, recent evidence shows that RING1B regulates enhancer activity and
gene transcription in breast cancer cells, by promoting the expression of oncogenes but
also by regulating chromatin accessibility (Chan et al., 2018). Furthermore, high levels
of RINGIB in these studies correlate with lower survival of breast cancer patients. In
further support with these data, in Drosophila, PRC1 redistributes genome-wide to sites
decorated with active enhancer marks, such as H3K27ac, during oncogenesis (Loubiére
et al., 2016). Further evidence for RING1B being involved in tumorigenesis came from
our group, which recently found that RING1B co-localizes genome-wide with EWSR1-
FLI1 in ES cells. While retaining its repressive canonical activity, we found RING1B to be
necessary for the recruitment of the fusion oncogene to key activated targets including
NK2 Homeobox 2 (NKX2-2), SRY-Box 2 (SOX2) or IGF1 (Sanchez-Molina et al., 2019).

b) Targeting RING1B

There is currently a lack of small molecule inhibitors that can prevent RING1B recruitment
to specific genomic sites. These drugs would be especially important for tumours in
which RINGIB exerts an oncogenic transcription activation role. The only specific
inhibitor available currently for RING1B is PRT4165, which inhibits the E3 enzymatic
activity of RING1A and RING1B. This inhibitor thus seems to be valuable in studying the
contribution of H2A ubiquitylation to gene repression (Ismail et al., 2013), rather than
the contribution of RING1B on enhancer activation. Therefore, development of RING1B-
specific inhibitors is currently an area of active research.

3.4.5 The PRC2 complex

The PRC2 complex is an essential chromatin modifier that is conserved in organisms
from plants to flies and humans that mediates mono-, di-, or trimethylation of H3K27
(Schuettengruber and Cavalli, 2009). This complex comprises the HMT EZH1 or EZH2,
the embryonic ectoderm development (EED), suppressor of Zeste (SUZ12), and the histone
binding proteins RB binding protein 4 (RBBP4) or -7 (RBBP7). EZH1/2 are the core subunits
that contain the conserved SET domain, which permits the HMT activity of the complex.
Importantly, EZH1 and EZH2 are mutually exclusive in the complex. EZH1 has only a minor
HMT activity in vitro and in vivo as compared to EZH2 and is mostly expressed in adult
tissues and non-dividing cells. In contrast, EZH2-containing complexes are closely associated
with embryonic tissues and actively dividing cells (Margueron et al., 2008; Shen et al., 2008).
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Similar to PRCI, a diversity of accessory proteins can associate to the core complex,
modulating the HMT activity or chromatin target sites. Two fundamental alternative
assemblies linked to PRC2 can be found, namely PRC2.1 and PRC2.2 (Figure I. 15). The
first complex, PRC2.1, is defined by its mutually exclusive binding of one of the three
Polycomb-like homologs (PCL), named PHD finger protein 1 (PHF1), -19 (PHF19), or
metal response element binding transcription factor 2 (MTF2), which stimulate efficient
enzymatic activity for methylating the H3K27me2 substrate. PRC2.2 is defined by the
presence of AE binding protein 2 (AEBP2) and Jumonji and AT-Rich interaction domain
containing 2 (JARID2), which also enhance the enzymatic activity and regulate chromatin
binding of the PRC2 complex. Finally, the elongin BC and Polycomb Repressive Complex
2 associated protein (EPOP) and ligand dependent nuclear receptor corepressor (LCOR)
can be additionally recruited to PRC2 complexes (Schuettengruber et al., 2017). Despite
efforts to identify all PRC2-related subunits, the functional importance of many of them
in a developing organism has yet to be determined.
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FIGURE I. 15 PRC2 complexes.

Different compositions of the PRC2 complex are shown. The core of the PRC2, constituted by EZH1/2,
SUZ12, EED, and RBBP4/7, can associate with a variety of accessory proteins. PRC2.1 is formed by
association of PCL1-3, EPOP, and LCOR, while PRC2.2 is formed by association of AEBP2 and JARID2.
Adapted from Schuettengruber et al. (2017).

a) EZH2in cancer

First evidence suggesting PRC2 may have a role in cancer was the observation that there
was a positive correlation between the level of EZH2 and poor prognosis in prostate and
breast cancer (Kleer et al., 2003; Varambally et al., 2002). This data was subsequently
corroborated by identification of somatic mutations in the catalytic domain of EZH2 (e.g.
mutations in Y641) in patients with non-Hodgkin’s lymphoma, follicular lymphoma, and
diffuse large B-cell lymphoma (DLBCL), which lead to hyper-activation of its catalytic
activity. Additional somatic mutations and amplifications have been related to non-small-
cell lung cancer, prostate cancer, colon cancer, and melanoma (Kim and Roberts, 2016).
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Whole-genome sequencing studies of paediatric tumours have found PRC2 complex as
one of the eight recurrently mutated epigenetic nodes. In this regard, genes encoding
the subunits EZH2, EED, AEBP2, ASXL1 and ASXL transcriptional regulator 2 (ASXL2)
are highly frequently mutated (Huether et al., 2014). Over half of the mutations found
in this study within PRC2 complexes occurred in paediatric leukaemia. Consistent with
these results, loss-of-function mutations of EZH2 have been reported in T-ALL, in which
EZH2 acts as a tumour suppressor (Ntziachristos et al., 2012). Even though gain-of-
function mutations in EZH2 are rare in paediatric tumours, EZH2 overexpression has
been found in several of these malignancies, including high-risk NB and ES (Chen et al.,
2018; Staege et al., 2004). In ES, EZH2 is a directly activated target of EWSR1-FLI1, which
drives tumour growth and metastasis in vivo (Richter et al., 2009). This study proposed
that EZH2 exerts its oncogenic role in ES by blocking endothelial and neuroectodermal
differentiation programs. Likewise, in high-risk NB, EZH?2 is a critical factor repressing
neuronal differentiation programs as well as critical tumour suppressors, such as the
insulin-like growth factor binding protein 3 (IGFBP3) (Chen et al., 2018).

DIPG represents a paradigmatic model of EZH2 exerting a tumorigenic role due to
perturbed distribution of its enzymatic activity. In this disease, a mutation in histone
H3 that converts the lysine 27 to methionine (K27M) leads to a global decrease in
H3K27me3, causing dysfunction of the HMT activity of EZH2. This in turn prevents
methylation of the wild-type H3K27, resulting in de-repression of gene expression
that promotes gliomagenesis (Bender et al., 2013; Lewis et al., 2013). Recent data have
shown that the PRC2 complex is redistributed to poised enhancers in H3.3K27M mutant
cells, contributing to tumorigenesis in part by locally increasing H3K27me3 in tumour
suppressor genes and thereby leading to its repression (Fang et al., 2018).

Overall, in paediatric cancer EZH2 can have a either tumour suppressor or, in stark
contrast, an oncogenic role, indicating a context-dependent functional switch.

b) Targeting EZH2

Given the gain-of-function mutations or overexpression of EZH2 in a wide range of
cancers, development of EZH2-specific inhibitors has been an active area of investigation.
In general, HMTs transfer a methyl group from the SAM universal methyl donor to
the K side chain of histones, forming S-adenosyl-L-homocysteine (SAH) as a product.
Consistently, many EZH2 inhibitors have been developed exploiting such enzymatic
activity. 3-deazaneplanocin A (DZNep) was the first inhibitor developed that was widely
used for experimental work. However, despite its potentially promising results in vitro
and in vivo, DZNep has a very short plasma-life, confers nonspecific inhibition of histone
methylation, and is toxic in animal models (Miranda et al., 2009). In an attempt to reduce
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the toxicity and improve the specificity of EZH2 inhibitors, several SAM-competitive
inhibiting compounds were released in 2012, including GSK126. This inhibitor had a
1000-fold selectivity for EZH2 as compared to the other 20 HMTs, and 150-fold selectivity
as compared to EZH1 (Kim and Roberts, 2016). Promising preclinical results with
GSK126 led to the development of a phase I clinical trial in B-cell lymphoma. However,
disappointing data have been published for this trial proposing a combinatorial strategy for
future developments (Huang et al., 2019). Novel, more potent EZH?2 inhibitors have been
released, such as EPZ-6438 or tazemetostat, which have a more than 4500-fold selectivity
for EZH2 over 14 other HMTs, and 35-fold over EZH1. Promising results were reported
with this inhibitor for rhabdoid tumours, resulting in decreased levels of H3K27me3 and
a dose-dependent tumour regression (Knutson et al., 2013). Derived from preclinical
studies, tazemetostat is currently in 10 phase II clinical trials, including rhabdoid, DLBCL,
and non-Hodgkin’s lymphoma (National Institute of Health, 2019).

3.4.6 Histone lysine demethylases of the KDM6 family

KDMS6 is a subfamily of HDMs tightly linked to gene activation that, through their
JmjC domain, specifically demethylates H3K27me2 and H3K27me3, with preference for
H3K27me3 in vitro and in vivo (Agger et al., 2007; Lee et al., 2007; Van der Meulen et al.,
2014). It consists of three members: KDM6A (or UTX), lysine demethylase 6B (KDM6B),
and ubiquitously transcribed tetratricopeptide repeat containing, Y-linked (UTY or
KDM6C). KDM6 members contain a zinc-binding domain that provides specificity toward
H3K27, excluding the near-cognate H3K9. Although all KDM6 members display a JmjC
domain, only KDM6A and UTY transcripts show high homology (with 88% sequence
similarity). In contrast, KDM6B has low homology with the other members (with only
29%), which is suggestive of very different functions. As the name implies, both KDM6A
(UTX) and UTY genes are located on the X and Y chromosomes, respectively. Thus, it
was first thought that UTY was an inactive degenerate form of the KDM6A gene with no
functional activity. However, recent studies suggest that UTY catalyses demethylation of
H3K27 in vitro, analogously to KDM6A and KDM6B, but with reduced activity due to
point substitutions involved in substrate binding (Walport et al., 2014).

KDMG6A plays an important role in activating HOX gene expression during development,
regulating body patterning (Agger et al., 2007). Moreover, its histone demethylase catalytic
activity facilitates formation of induced pluripotent stem cells (iPSC) (Mansour etal.,2012).
This study reported a unique requirement for KDM6A in the induction of pluripotency,
as this function was not reconstituted by overexpressing other KDM6 family members,
such as KDM6B or UTY. On the other hand, KDM6B is induced upon inflammation or
viral stimuli, differing from other KDM6 members (Anderton et al., 2011; De Santa et
al., 2007). Furthermore, KDM6B mediates the inflammatory response by inducing genes
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important for the activation of macrophages (De Santa et al., 2007) (Figure I. 16).
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FIGURE L. 16 KDM6A and KDMG6B antagonize PRC2 HMT activity in various contexts.

A) KDM6A and KDM6B are specific H3K27 di- and trimethyl demethylases that antagonize the activity
of the core subunit of the PRC2 complex, EZH2, that methylates this residue. B) During development,
MLL and PRC2 maintain the poised state of bivalent genes, which are decorated with both H3K27me3
and H3K4me3 marks. Upon a differentiation stimulus, KDM6A participates on resolving these poised
genes by removing H3K27me3. In parallel, MLL methylates H3K4, and as a result these genes become
transcriptionally activated. C) KDM6B is induced upon activation of macrophages by inflammatory stimuli.
In macrophage activation, the enzyme has the capacity to resolve bivalent domains, for example at the
promoter of BMP-2, to enhance expression of target genes. Retrieved from Swigut and Wysocka (2007).

KDMG6A constitute the H3K4 HMT complexes containing MLL2-MLL4 (Cho et al., 2007;
Lee et al., 2007), which together with RBBP5, ASH2L, and WDR5 is known as COMPASS-
like complex. Additional demethylase independent activities for KDM6 members have
been reported; for instance, KDM6A has been recently linked to drive a feedforward
regulatory loop, setting up active enhancers by facilitating recruitment of MLL4 and p300
in a demethylase-independent manner (Wang et al., 2017).

Recent work revealed a sex-dependent effect after KDM6A knock-out in ESC and

mice. Some male KDM6A-deleted littermates survived to birth, probably due to UTY
compensating activity. In contrast, females with KDM6A deletion did not survive
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(Shpargel et al., 2012; Welstead et al., 2012). Interestingly, KDMG6A is also known to escape
X chromosome inactivation, resulting in a dosage imbalance between males and females
(Greenfield et al., 1998).

a) KDM®6A in cancer

In 2009, somatic loss-of-function mutations and deletions affecting KDM6A were
identified. Since then, a broad range of mutations or deregulation affecting this protein
have been described in several malignancies. Consistently, loss-of-function mutations
have been identified in multiple myeloma, oesophageal, renal, and bladder cancer (Van
der Meulen et al., 2014). Indeed, together with different PcG subunits, KDM6A is in one of
the eight epigenetic nodes most frequently mutated in paediatric tumours (Huether et al.,
2014). Although KDMG6A represents a bona fide tumour suppressor gene in most cancers,
its role in some tumours is more ambiguous. Such disparities are well studied in T-ALL, in
which KDM6A was initially described as a tumour suppressor (Ntziachristos et al., 2014).
However, new data show that in a small group of T-ALL, KDM6A acts as a coactivator,
thereby supporting oncogenic reprogramming (Benyoucef et al., 2016). The fact that
KDMBS6A is located on the X-chromosome yet escapes from X-chromosome inactivation
adds another layer of complexity to such studies. For instance, in medulloblastoma,
subgroups 3 and 4 are marked by a disturbed gender distribution towards males.
Mutations affecting KDM6A might partially explain the higher prevalence of males in
these medulloblastoma subgroups. Moreover, female patients harbouring KDM6A defects
showed bi-allelic KDM6A inactivation, suggesting that complete loss of KDM6A is
required for malignant transformation (Robinson et al., 2012).

b) Targeting KDM6A

Generic inhibitors of JmjC demethylases have been identified, including N-oxalyglycine,
methylstat, and 2,4-dicarboxypyridine, which mimic the a-ketoglutaric acid necessary for
the demethylation reaction. Other inhibitors include the iron-chelating agent deferoxamine
or the pyridine hydrazine JIB-04 and catechols. However, all these compounds are selective
against some or all the JmjC enzymes, and hence highly unspecific for the KDM6 family.
In this regard, the development of GSK-J4 inhibitor and its ethyl ester derivative GSK-J1
represents a significant improvement to selectively targeting these demethylases (Van der
Meulen et al., 2014). GSK-J4 is a prodrug that is converted in vivo to GSK-J1, which has
been shown to increase cellular H3K27 methylation as a result of inhibiting KDM6A and
KDM6B. However, Heinemann et al. (2014) showed that GSKJ1 is only 5-10-fold more
potent against KDM6B and KDM6A as compared to other JmjC demethylases, like the
lysine demethylase 5 (KDMS5) family. Furthermore, they demonstrated that GSK-J4 also
inhibits the catalytic activity of KDM5 demethylases with similar potency. Nevertheless,
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this is the only pharmacological tool currently available to inhibit KDM6 proteins. In fact,
GSK-J4 has proven to be pre-clinically active in malignancies such as NB, DIPG, T-ALL,
and AML (Hashizume et al., 2014; Li et al., 2018; Lochmann et al., 2018).

4. CHROMATIN REMODELLING AND EPIGENETIC MECHANISMS IN ES
4.1 GGAA repeats in ES

EWSRI1-FLI1, FLI1, and other ETS family members can bind DNA at a specific motif, the
“‘ACCGGAAGT” also known as GGAA repeats, through a conserved ETS high-affinity
DNA binding domain (Bailly et al., 1994; Lamber et al., 2008). It has been demonstrated
that both FLI1 and EWSR1-FLI1 display similar DNA binding affinity and specificity
towards this motif (Mao etal., 1994); however, EWSR1-FLI1 is a more potent transactivator
than wild-type EWSR1 (Gangwal et al., 2008). Indeed, binding of EWSR1-FLI1 may not
be limited to bona fide ETS binding sites as it also binds to multimeric repeats of GGAA
with high affinity (Figure I. 17).
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FIGUREI. 17 EWSRI-FLII binds GGAA repeats leading to transcriptional activation.

EWSRI-FLI1 and FLI1 have similar DNA binding affinities. Due to the prion-like domain conferred
from EWSRI, which has a potent activation domain, only EWSRI-FLI1 has the ability for transcriptional
activation, leading to aberrant activation of ES target genes. Adapted from Boulay et al. (2017).
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Johnson etal. (2017) reported that approximately 3.5 million of GGAA repeat regions exist
in the human genome, of which 99% have only 2 motifs. These motifs have likely happened
by chance and consequently might have no function, but a subset of these regions serve
as EWSR1-FLI1 response elements. Given that there is a poor cross-species conservation
of these repetitive elements, recruitment of EWSR1-FLII to its target genes might not be
conserved between human and mice, although they have similar EWSR1-FLI1 targets.
This might explain in part why development of an ES mice model has not been developed
yet (Minas et al., 2017). Moreover, the GGAA microsatellite regions are interestingly very
polymorphic between European and African genetic backgrounds (Beck et al., 2012),
probably explaining the rareness of ES in African descendants that was reported long ago
(Jensen and Drake, 1970).

In the ES genome, the GGAA repeats are sufficient to induce EWSR1-FLI1-mediated
activation of their adjacent targets (Gangwal et al., 2008; Guillon et al., 2009; Patel et al.,
2012; Riggi et al., 2014; Tomazou et al., 2015). Moreover, silencing of a specific repeat
controlling the expression of a key gene in ES is sufficient to impair the growth of ES
xenografts (Boulay et al., 2018). Hence, these are critical regulatory elements of ES where
EWSRI1-FLI1 can bind to exert its oncogenic activity. These data are in agreement with
previous studies showing that a minimum of 4 consecutive repeats are necessary for
EWSR1-FLI1 to bind (Gangwal et al., 2008), whereas a maximum of approximately 18-26
repeats allow for an optimal configuration of EWSR1-FLI1 at these sites providing maximal
transcription function (Johnson et al., 2017). Some of these EWSR1-FLI1-bound multiple
GGAA repeats are de novo super-enhancers created by the fusion oncoprotein. De novo
super-enhancers function in long-range regulation with open chromatin areas depleted
of nucleosomes, reduced DNA methylation, and enrichment of activating histone marks
such as H3K27ac and H3K4mel (Boulay et al., 2017; Riggi et al., 2014; Sheffield et al,,
2017; Tomazou et al., 2015). 78% of EWSR1-FLI1 binding sites display H3K27ac in ES cell
lines and primary tumours, both harbouring highly concordant chromatin states (Riggi et
al., 2014). Indeed, this enhancer mark is significantly lost when performing EWSR1-FLI1
knockdown experiments in ES cell lines (Tomazou et al., 2015). Furthermore, essentially
all (99%) promoters bound by EWSR1-FLII in ES cell lines and primary tumours carried
the active transcription initiation histone mark H3K4me3 (Riggi et al., 2014). Moreover,
these studies also indicated no overlap between EWSR1-FLI1-binding sites with the
PcG repressive mark H3K27me3 and neither H3K9me3, in agreement with the active
transcriptional state of these regions (Patel et al., 2012; Riggi et al., 2014; Tomazou et al.,
2015).

Studies from Patel et al. (2012) showed that, in HUVEC cells and other cell lines tested as

part of the ENCODE consortium, repressive marks such as H3K27me3 were commonly
present at the GGAA repeats bound by EWSR1-FLI1. Moreover, promoters containing
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GGAA repeats in MSC are enriched in H3K27me3 and following introduction of EWSR1-
FLI1 loss this histone modification, resulting in a marked gene activation (Boulay et al.,
2018). Likewise, in other cellular models, such as NCSC, overexpression of EWSR1-FLI1
leads to loss of H3K27me3 in developmentally repressed loci, such as homeobox D11
(HOXD11) (Svoboda et al., 2014). Overall, the transition of such GGAA repeats from a
basal H3K27me3-enriched repressive state to an active chromatin state (i.e. H3K27ac,
H3K4me3 or H3K4mel) following EWSRI1-FLI1 introduction in MSC remains to be
elucidated. Indeed, the mechanistic basis of such loss in developmental loci such as the
HOX genes upon overexpression of EWSR1-FLI1 is currently missing as well.

4.2 Epigenetic reprogramming in ES

EWSRI1-FLI1 is considered a pioneer factor of ES tumorigenesis (Braun et al., 1995). By
binding the GGAA repeats, EWSRI1-FLI1 drives a widespread epigenetic reprogramming
that leads to altered transcriptional programs consisting of activation as well as repression.
Although the mechanism by which EWSR1-FLI1 activates or represses its targets is still
unknown, it is hypothesized that distance and overall chromatin landscape may be
contributing factors in EWSR1-FLI1-mediated active or repressive functions (Johnson et
al,, 2017) .

Several chromatin-remodelling complexes and transcriptional partners have been
related to the transcriptional activation of EWSR1-FLI1. At the GGAA repeats, EWSR1-
FLI1 interacts with members of the COMPASS and SWI/SNF chromatin remodelling
complexes, such as WDR5 and BRG1/BRM associated factor (BAF), respectively, and
the acetyltransferase p300. This leads to chromatin remodelling, promoting chromatin
opening and subsequent activation of ES transcriptional programme (Boulay et al., 2017;
Riggi et al., 2014). In addition, a member of the bromodomain and extraterminal (BET)
family of proteins, BRD4, a reader of histone acetylation, binds to H3K27ac in addition to
other acetylated K residues on histone H4, thereby regulating enhancer activity and gene
expression in ES cells (Gollavilli et al., 2018).

A transcription repressive function for EWSR1-FLI1 is also required for the transformed
phenotype of ES (Sankar et al., 2013). Riggi et al. (2014) proposed a mechanism by which
EWSRI1-FLI1 binds active enhancers in mesenchymal contexts to promote repression.
These sites might be non-repeat canonical ETS binding sites at which EWSR1-FLI1
might compete and displace wild-type ETS to promote gene repression and thus block
differentiation. Bilke et al. (2013) described that the interactions of EWSR1-FLI1 with
the E2F transcription factor 3 (E2F3) at the promoter region generally has an activation
effect, whereas EWSR1-FLI1-complexes lacking E2F3 might be responsible for repression.
A more detailed mechanism proposed by Sankar et al. (2013) suggests that the NuRD
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repressive complex might help through direct binding with EWSRI1-FLI1 to mediate
repression, with the histone deacetylase LSD1/KDMI1A playing a key role. They also
speculated that part of the repressive mechanism mediated by EWSR1-FLI1 might be
indirect, through upregulation of transcriptional repressors. The classical example of such
type of regulation is NKX2-2, an EWSRI1-FLI1-induced TF known to mediate oncogenic
transformation via transcriptional repression (Owen et al., 2008). Likewise, other studies
point to the PRC2 enzymatic subunit EZH2, which is upregulated by EWSR1-FLI1 and
blocks neurectodermal and endothelial differentiation (Richter et al., 2009). Nevertheless,
additional studies are required to elucidate the exact mechanisms by which EWSR1-FLI1-
mediates repression, either direct or indirect.

4.3 Genetic programs and key targets in ES

EWSRI-FLI1 plays a critical role in establishing and maintaining the tumorigenic
phenotype of ES (Ouchida et al., 1995; Prieur et al., 2004). Nevertheless, ectopic expression
of the fusion oncogene fails to activate similar genetic programs or transform most human
cell lines (Lessnick et al., 2002; Miyagawa et al., 2008; Riggi et al., 2008). Furthermore,
ectopic expression of EWSR1-FLI1 in adult MSC as compared to hpMSC revealed that
ES target genes were generally induced in the paediatric models as compared to the
adult counterparts (Riggi et al., 2010). Therefore, cellular background is crucial for the
establishment of transcriptional ES signature.

In the last years, suppression of EWSR1-FLI1 by antisense technologies has led to the
identification of several hundred EWSRI-FLI1 target genes that act in key molecular
pathways involved in ES pathogenesis (Figure I. 18).
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FIGURE I. 18 Genetic reprogramming of ES mediated by EWSRI1-FLII.
The EWSRI1-FLI1 fusion oncoprotein acts as an aberrant TF that is considered to be the driver of ES. It
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deregulates many cellular processes, including angiogenic, metastatic, and proliferative pathways, as well as
resistance to cell death, leading to a tumorigenic genetic program that is crucial for ES cell survival. Tumour
biology is thus highly dependent on the action of EWSR1-FLI1, leading to the term “oncogene addiction”
Adapted from Potratz et al. (2012).

A larger number of EWSR1-FLI1-activated targets have been described than repressed
targets. Among such upregulated targets, many TF have been identified, resulting in the
activation of multiple pathways that maintain the ES tumorigenic program (Kauer et al.,
2009). These include known mediators of transformation as well as genes involved in
cellular differentiation, cell-cycle regulation, cell migration, signal transduction, chromatin
architecture, telomerase activity and many other pathways. Table I.3 summarizes many of
the EWSR1-FLI1 targets that have been studied in this thesis.

TABLE 1. 3 EWSRI-FLII target genes and their associated function in ES. List of EWSR1-FLI1 target
genes transcriptionally activated (A) or repressed (R) in ES. Function of the targets in ES is indicated

together with the reference publication.

EWSRI1-FLI1 target gene (A/R) Reported function in ES References
CAVI A Modulates the ES ability to metas- Tirado et al. (2006)
tasize
Nuclear receptor subfamily 0 group B Required for ES transformed .
member 1 (NROBI) A phenotype Kinsey et al. (2006)
NKX2-2 A Blocks mesenchymal genetic Smith et al. (2006)
programs
Fc fragment of IgG, receptor, transpor-
ter, alpha (FCGRT) A - Gangwal et al. (2008)
Calcium voltage-gated channel auxi- A i Monument et al.
liary subunit Beta 2 (CACNB2) (2012)
Cyclin D1 (CCND1I) A Dysregulation O.f .Gl/s cell cycle Kennedy et al. (2015)
transition
IGF1 A Regulates cell growth and survival Cironi et al. (2008)
Jumonji and AT-rich interaction do- A i Riggi et al. (2010);
main containing 2 (JARID2) Riggi et al. (2008)
SOX2 A Regulates ES cell .d1ﬁe'r§nt1at1on and Riggi et al. (2010)
tumorigenicity
. S Cell cycle dependent kinase invol- Lo
VRK serine/threonine kinase 1 (VRK1) A ved in G2-M transition Riggi et al. (2014)
EZH2 A Blocks neuroegto.dermal differen- Richter et al. (2009)
tiation
Insulin-like growth factor binding .
protein 3 (IGFBP3) R Related to IGF1 pathway Prieur et al. (2004)

4.4 Experimental therapies in ES targeting chromatin remodelling
Novel therapeutic approaches are clearly needed in ES to, first, increase survival of

patients with relapsed or metastatic disease, whose outcome is especially low; and second,
to improve survival of patients with localized disease by decreasing toxicity and secondary
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effects derived from the traditional cytotoxic treatments. The first therapeutic option one
might think of is to target EWSR1-FLI1. A rationale behind such therapies is consistent
with the fact that synthetic RNA interference (RNAi) targeting the fusion oncoprotein,
leads to inhibition of tumour growth in vitro and in vivo (Ouchida et al., 1995; Takigami
et al., 2011). Although these results were encouraging, in vivo delivery of RNAi has been
proven to be a difficult process (Ramon et al., 2013). Moreover, the difficulty of targeting
the EWSR1-FLI1 fusion protein is further supported by the fact that it is currently not
druggable, as it lacks any enzymatic activity. An indirect approach to inhibit its TF activity
is disruption of the transcriptional complex recruited by EWSR1-FLI1, with an inhibitor
of the RNA helicase A (RHA), such as YK-4-279. This compound reduced tumour growth
in orthotopic xenografts (Erkizan et al., 2009) and is currently under investigation in
phase I clinical trials.

Given the importance of chromatin remodelling in ES, novel preclinical and experimental
therapies targeting this process will be presented.

4.4 Targeting DNA damage pathways with PARP inhibitors

ES tumours are highly sensitive to alkylating agents that promote DNA damage. Consistent
with the role of PARP proteins in DNA repair (see Section 3.3.5¢), ES cells are also highly
sensitive to PARP-1 inhibitors such as olaparib (Brenner et al., 2012; Ordénez et al., 2015).
Furthermore, homologous recombination DDR is impaired in ES (Gorthi et al., 2018).
However, studies extending the use of olaparib or other PARP inhibitors as monotherapy
in xenograft models have reported limited effectiveness, consistent with no objective
responses from a phase II study of olaparib. Nonetheless, studies testing combinatorial
treatments of PARP inhibitors with other drugs, such as the DNA alkylating agent
temozolamide, have reported enhanced sensitivity in ES with several clinical trials ongoing
(Vanden Heuvel et al., 2018). Furthermore, a combination of olaparib with trabectedin
enhances the activity with relevant antitumor activity in preclinical models (Ordéiez et al.,
2015). Therefore, combination therapies with olaparib represent a promising therapeutic
tool for ES treatment.

4.4.2 Ubiquitination pathway inhibitors: MLN4924

The ubiquitin proteasome system (UPS) is a major clearance system for maintaining
protein homeostasis by degrading unwanted proteins, including misfolded, damaged,
and short-lived proteins (Ciechanover, 1998). This system is perturbed in many diseases,

including cancer (Ciechanover and Schwartz, 2004).

The successful development of the first-in-class proteasome inhibitor bortezomib for the
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treatment of multiple myeloma and relapsed mantle cell lymphoma (Orlowski and Kuhn,
2008) has demonstrated that UPS is an attractive anticancer target. More specific inhibitors
of the system, associated with reduced secondary effects, have been developed in the last
years, including MLN4924 (Pevonedistat). MLN4924 is a potent first-in-class selective
inhibitor of the NAE enzyme (see Section 3.3.5e) that resembles adenosyl monophosphate
(AMP) and consequently binds preferentially to the adenylation site of NAE, forming
a sulphamate adduct that inhibits NEDD8 activation. As a result, the first steps of the
neddylation cascade are blocked (Figure I. 19).
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FIGURE 1. 19 Inhibition of neddylation by MLN4924 and its effects on CRL.

Activation of CRLs requires the covalent addition of a NEDD8 (N8) molecule to the cullin protein. NEDDS8
is activated by an E1 NEDDS8-activating enzyme (NAE), transferred to an E2 NEDD8-conjugating enzyme
and ultimately shuttled to an E3 ligase that tags NEDDS to its specific substrate, in this case cullins, a
subunit of CRL. Cullin neddylation disrupts inhibitory binding by CAND1 (Cullin-associated and NEDD8-
dissociated-1), thereby maintaining CRLs in an active conformation to enable ubiquitination (Ub) and
degradation of CRL substrates. MLN4924 inhibits NAE and prevents downstream cullin neddylation and
CRL activity, leading to an accumulation of CRL substrates that are involved in key cellular processes. This
triggers the induction of DNA damage, apoptosis, autophagy and senescence, all of which inhibit tumour
growth. CRLs are composed of a cullin protein tightly bound to a RING-finger-containing protein and
various adaptor and receptor components that permit substrate recognition. Retrieved from Yang et al.
(2018).

The best characterized and fully validated neddylation targets of MLN4924 are the

cullin component of the E3 ligases CRL (see Section 3.3.5d). As neddylation of cullins is
necessary for CRL activity, CRLs are entirely inactivated by this drug, and their substrates
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accumulate. As CRL control the ubiquitination and turnover of many key substrates with
important roles in cell cycle control, DNA replication and repair, cell survival, oxidative
stress response, and hypoxia, their accumulation by MLN4924 triggers DNA damage,
senescence, or apoptosis (Soucy et al., 2009).

ES cell lines and xenografts are highly sensitive to MLN4924 (Mackintosh et al., 2012;
Smith et al., 2012). Furthermore, MLN4924 has been demonstrated to be preclinically
highly active against several paediatric cancers, such as AML, ALL and lymphoma, being
currently in phase I clinical trials (Soucy et al., 2009; Zhao et al., 2014). In ES, specifically,
it has been shown that MLN4924 alters the cell cycle causing a delay in G2/M and S-phase
progression triggering apoptosis. In addition, the cell cycle arrest is thought to be related
to an accumulation of the WEE1 G2 Checkpoint Kinase (WEE1), a CRL substrate
(Mackintosh et al., 2012).

4.4.3 Targeting chromatin erasers and readers

The chromatin remodelling process mediated by EWSR1-FLI1 to create de novo enhancers
requires BRD4 proteins (Gollavilli et al., 2018). Consistently, the BET inhibitor JQ1 has
shown in vitro and in vivo activity against ES cell lines and other EWSR1-ETS-driven
sarcomas (Bid et al., 2016).

Other efforts have focused on inhibiting HDAC with generic inhibitors such as vorinostat
(SAHA), but these have demonstrated limited activity in patients (Keshelava et al., 2009).
Recent in vitro studies with the sodium butyrate inhibitor (NaB) have been reported to
impair cell growth, improve survival, and induce differentiation in ES tumours (Souza et
al., 2018).

Inhibition of HDM is apparently an additional promising epigenetic strategy in this tumour.
KDM1A/LSD1 is highly expressed in ES tumours, as one of the molecules together with
the NuRD complex that is recruited by EWSR1-FLI1 to mediate transcriptional repression
(Sankar et al., 2013). Inhibition of this demethylase with HCI-2509 is effective in multiple
xenografts models of ES (Sankar etal.,2014). Additional studies with the reversible inhibitor
SP-2509 also show promising cytotoxic results in ES (Pishas et al., 2018). LSD1 inhibitors
are currently in phase I clinical studies. Finally, in contrast to the enzymatic activity of
KDM1A/LSD1, HMT of H3K4 KMT2A/MLL1, was shown to be highly expressed in ES
(Svoboda et al., 2017). Indeed, the same study revealed that inhibition of the MEN1-MLL1
interaction to chromatin by MI-503 leads to loss of tumorigenicity.
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[Il. HYPOTHESIS AND AIMS

ES represents a paradigm of a pathognomonic chromosomal translocation
operating as an aberrant transcription factor that is necessary for the tumorigenic process.
Considering the simplicity of the ES genome, more recent efforts have focused on studying
the complex epigenetic mechanisms underlying EWSR1-FLI1-mediated transformation,
to identify potential drug targets that could improve patient outcome, especially for
patients with metastasis or recurrence.

In this context, our overall hypothesis is that future therapeutic strategies in ES might be
improved by the identification of novel epigenetic targets. Consistently, we hypothesize
that RING1B and the enzymatic activities underlying H3K27me3, i.e. EZH2 and KDMS,
might be potential targets involved in the chromatin remodeling process mediated by
EWSRI1-FLI1. To fulfill this, we have the following aims:

« Aim 1: Analyze the contribution of RING1B to ES tumorigenesis in ES xenografts.

o Aim 2: Characterize the potential inhibition of the transcriptional activating role
of RING1B upon MLN4924 treatment in ES cell lines.

o Aim 3: Analyze the genome-wide distribution of H3K27me3 and the enzymatic
activities setting this mark, and their roles in transcriptional programs in ES

models and cell lines.

o Aim 4: Evaluate the potential targeting of aberrant H3K27me3 distribution using
the epigenetic inhibitors GSK126 and GSKJ4.
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1. MATERIALS AND METHODS

1. MATERIALS

1.1 Oligonucleotide sequences

All oligonucleotides (primer) sequences used in this work were synthetized by
Sigma Aldrich. For gene expression analysis, oligonucleotides were developed by KiCqStart
SYBR Green from Sigma Aldrich. Primers targeting the promoter and enhancer region of
a particular gene (genomic primers) were designed with the UCSC Primer3 online tool
(Rozen and Skaletsky, 1999) using the DNA sequence downloaded from the Euchariotic
Promoter Database (EPD) (Kuleshov et al., 2016) or directly from the region of interest in
the Genome Browser. All primer sequences shown in Table III. 1 satisfy the conditions to

be properly amplified by quantitative PCR.

TABLE III. 1 Genomic and cDNA primers used for RT-PCR.
A list of the type and direction (forward or reverse) of the sequences of each primer is shown. Type indi-
cates if the primer sequence targets a region of the cDNA or a genomic region, for gene expression or for
ChIP techniques, respectively.

Primer Forward (5’-3’) Reverse (5’-3’) Type
AURKB ATTGGAGTGCTTTGCTATG TTTAGGTCCACCTTGACG cDNA
B4GALT6 GATGATGACCTTTGGAACAG CTATGGTGATGAGGAATTGAC cDNA
CACNB2 TACTCCAGTAAATCAGGAGG TGATGGAGGTGTTGATTTTC cDNA
CAMK2N1 ATTCTGTATGTTGCACCTTG TTGAGACACAGGAACAATTC cDNA
CAV1 CAGGGACATCTCTACACC TCAAAGTCAATCTTGACCAC cDNA
CDH13 AAGATCAACAATACACACGC CTGAGATCTGTGATATTCGTC cDNA
EGFR AGTGCCTGAATACATAAACC GTAGTGTGGGTCTCTGC cDNA
EWSRI1-FLI1 CCAAGTCAATATAGCCAACAG GGCCGTTGCTCTGTATTCTTA cDNA
EZH2 AAGAAATCTGAGAAGGGACC CTCTTTACTTCATCAGCTCG cDNA
FCGRT TATTGGGAGAAAGAGACCAC GAAATTCATGAACTCCTCGC cDNA
FOXD1 ACAACTAAGCCTTTTTGAGG AAAAGTACACCAGACAAGTG cDNA
GAPDH CTTCAACAGCGACACCCACT GTGGTCCAGGGGTCTTACTC cDNA
IGF1 CCCAGAAGGAAGTACATTTG GTTTAACAGGTAACTCGTGC cDNA
JAM3 AACATTGGCGGAATTATTGG GGTTCTTGTAACTTTCTCCATC cDNA
JARID2 CTCAGGAAAAAGAAGTGGTC CTTCCCTTATAGATGCACTTG cDNA
KCNK9 AAGTCCGTTTAGGGGAAC CACTTGAGAAGGCAGAAATC cDNA
KDM6A GTGGGCAATTAAAGCATTTC TTCACTTTGAACATAAGCCC cDNA
KDM6B CAGGAGAATAACAACTTCTGC CACAGGAATATTGGATGCATAG cDNA
NKX2-2 CTTCAGTACTCCCTGCAC CTTGGAGAAAAGCACTCG cDNA
NROB1 CAGTCAGCATGGATGATATG CACAGCTCTTTATTCTTCCC cDNA
NRXN1 AGAACTGCATATACACCAGG GATTCTTCAATGGCGATGTC cDNA
RING1B CAGACAAACGGAACTCAACCATT CTGTTATTGCCTCCTGAGGTGTT cDNA
SH3RF3 TACGTGGAGCTCAATGAC CTGCTTAAAGTGGGACTTG cDNA
SOX2 ATAATAACAATCATCGGCGG AAAAAGAGAGAGGCAAACTG cDNA
TBP TTCGGAGAGTTCTGGGATTGTA TGGACTGTTCTTCACTCTTGGC cDNA
TLE1 TATTCCAGTCCAAAGAGTCC AGATGACTTCATAGACTGTAGC cDNA

65



1. MATERIALS AND METHODS

VRK1 AGGTGTACTTGGTAGATTATGG ATCTTTTGGGGTCTTCTTTG cDNA
AURKB TATGCATGTAGAGGCTCAACAAT TCTGGAAGTGAGGGAAGCAT Genomic
CACNB2 GCAAGACTGTAAGCCCCATGG CTAGGACACATTCAGAATCTGGC Genomic
CAMK2N1 AAGAAGGGATTCCGTCAGGT TGTCTGACACCCCCTTTTTC Genomic
CAV1 GGTTCAAGAGTACATGTGCAGG GGGAGTAGGCTTTGTAGCTGG Genomic
CAV2 TTTTGCTGACCCATGCTTCTC GCTCTATACCCCAACATTTTCTGTG | Genomic
CCND1 GAGACAAGGTCCCACTCTGTCG GAGACAAGGTCCCACTCTGTCG Genomic
CDH13 TATCTGCCATGCAAAACGAG AAGCATTGGGTAGAGGCTGA Genomic
DICER TCTTTTCCCCGATCTGTTGC TTGCTTCAGCCCAGGATTTC Genomic
ENC1 GCTGACACTGGTCCCCAAAG AGCAGATGCCTTGGGTTTGA Genomic
EZH2 GACACGTGCTTAGAACTACGAACAG TTTGGCTGGCCGAGCTT Genomic
FCGRT GAAAGCAGATGAATGGTTGCCAGG CTGTCACCTCTATCCGAGTTCC Genomic
FEZF1 GTGCGGCTAACCTGTTCTACG GGTCTGGCTCCTGTGTGC Genomic
FOXD11 CGGGATTCCTACCTTCTTCC CCCTGTCCAGTGTCGAGAAC Genomic
HOXA1 GTGTGGGGAAAGAACTGAGC GCCCTTCTCCGCTTACTGTT Genomic
HOXD11 TTGGCGAGCGTTGATATAGA CTTGGGCCAGGATCAACTAA Genomic
IGF1 TCTATTTTCAGCATTGCAGGGG GGATCCCTGCTGTTTTGGC Genomic
IGFBP3 CCTGCCTGGATTCCACAG CTGCATGACGCCTGCAAC Genomic
JARID2 TGGTTTACATGGGGCCTGTT TGGATGGCCAGATTTATGTGC Genomic
KCNA5 GCTGAAGGTTGCATCTGCT GGCCCTGACGTCAAGAAG Genomic
KCNK9 AGCTGGAGCTGGTGATCCT TGACCGTGATCGCAAAGTAG Genomic
KIAA1797 GTAGGTGACCTAGAGGGCC GAAGGCAGGTGGTAAAGCAGG Genomic
NKX2-2 AAGGATGGAAACTTGGCCTCA AAGAGTTAGTGGTCTTCCCATCCA | Genomic
NROB1 GATTCTGTATCAGCTGGTATATACC GCATCAGGAAGCCTGGATCC Genomic
NRXN1 ATGGAAATGGTGGATGTGGT CTTTGGATAGTCCCGCTCAC Genomic
SOX2 GAAGTGCACCCTATGCCAGT CAAGTCCTCTGTGGGGGTTA Genomic
TAL1 GGACACAACGAAATCAGTCAAAC GTTCTCAGCAGGGATCTGATTCT Genomic
TLE1 GGATATGGCTGCAGGAGAGA CCTTTGGGCTCCTTCCTACT Genomic
VRK1 TGGCTCAGGCCTTTGTCATC TGAAGACCATTGCCCCATCT Genomic

Primer sequences used for sequencing experiments are listed in Table III. 2.

TABLE III. 2 Sequencing primers used for EWSRI-FLI1-pLIV amplification.

Information related to the sequence and the melting temperature of the primers used in the sequencing

experiments.

1.2 Interference RNA oligonucleotides

Primer Sequence (5°-3’)

Melting Temperature

pLIV A

GCCTCGAGGTTTGTAATACGAC

49°C

EFB

CCAAGTCAATATAGCCAACAG

46°C

Knockdown experiments were performed with interference RNA using either small interfering
RNA (siRNA) or short hairpin RNA (shRNA) sequences, as shown in Table III. 3.
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TABLE III. 3 Interference RNA sequences used.

Information about the sequence, source and type of interference RNA used in this work.

Primer Type Sequence (5’-3’) Source
Luciferase control siRNA CUUACGCUGAGUACUUCGA Sigma Aldrich
NEDDS seq#1 siRNA GUGGCAAGCAGAUGAAUGA Sigma Aldrich
NEDDS seq#2 siRNA GCUUCCCUCUCUUAUGACU Sigma Aldrich
KDMG6A sh78 shRNA AAGTTTCACATCTATGGTA Dharmacon
KDMG6A sh99 shRNA GGGAAGTACAGACACTATT Dharmacon
Non target control shRNA Patented Dharmacon

1.3 Plasmids

DNA plasmids used are listed in Table III. 4.

TABLE I11. 4 DNA plasmids used.
Detailed information about the type, the selection marker and the source of the DNA plasmids used in this

work.

Plasmid Type Resistance Source
EWSRI1-FLI1-pLIV Lentiviral Ampicillin From Dr Nicolo Riggi
EWSRI1-FLI1-pEGFPN1 | Recombinant DNA plasmid | Ampicillin Generated in our lab
KDM6A-Flag-pCS2 Recombinant DNA plasmid | Ampicillin From Dr Marian Martinez Balbas
PAXS8 DNA plasmid Ampicillin From Dr Marian Martinez Balbas
VSV-G DNA plasmid Ampicillin From Dr Marian Martinez Balbas
1.4 Antibodies

Primary antibodies and the specific technique used are listed in Table III. 5. Western blot
antibodies were diluted in PBS with 0.1% Tween 20 (Sigma Aldrich) and 0.01% bovine

serum albumin (BSA) (Sigma Aldrich) and stored at -20°C.

TABLE II1. 5 Primary antibodies used for Western blot (WB) and antibodies used for chromatin immu-
noprecipitation (ChIP), immunofluorescence (IF) and immunoprecipitation (IP) experiments.

Table provides detailed information relative to the dilution, use, source and the reference of each antibody.

Antibody Use Working Dilution Reference Source
WB; CHIP; IHQ 1:1000; 5-10 uL; 1:500 D139-3 MBL
RINGI1B
P 5uL 5694 Cell Signalling
KI67 IHQ 1:50 PA0230 Leica
CD9%9 IHQ 1:20 187-L-CE Leica
p53 WB 1:1000 sc-126 Santa Cruz
p27 WB 1:1000 554069 BD Pharmigen
ACTIN WB 1:30.000 A2228 Sigma Aldrich
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TUBULIN WB 1:30.000 T6199 Sigma Aldrich
FLI1 WB; ChIP 1:2505 25 uL. MBS373012 MyBiosource
WB 1:250 sc-356 Santa Cruz
WB 1:1000 5246 Cell Signalling
EZH2
ChIP 10 uL pAb-039-050 Diagenode
H2Aub WB 1:1000 D27C4 Cell Signalling
H4 WB 1:1000 ab10158 Abcam
NEDDS8 WB 1:1000 ab81264 Abcam
WB; IF 1:1000; 1:250 07-449 Millipore
H3K27me3
CHIP 5uL ab6002 Abcam
H3K27ac WB 1:1000 ab4729 Abcam
H3K4me3 CHIP 5ul ab8580 Abcam
WB 1:500 A302-374 Bethyl
KDM6A
ChIP; IF; IHQ 10 pL; 1:250 33510 Cell Signalling
KDM6B WB 1:500 ab38113 Abcam
GFP WB 1:500 A-11122 Invitrogen
Cleaved PARP WB 1:1000 5625 Cell Signalling

Secondary antibodies are listed in Table III. 6.

TABLE III. 6 Secondary antibodies used for Western blot(WB) or Immunofluorescence experiments(IF).
Information about the usage, dilution, reference and source is detailed for each antibody.

Antibody Use | Dilution Reference Source
IRDye 680LT donkey anti-rabbit IgG WB 1:10000 925-68023 LI-COR
IRDye 800CW donkey anti-mouse IgG WB 1:10000 926-32212 LI-COR
IRDye 800 CW goat anti-rabbit IgG WB 1:10000 926-32211 LI-COR
IRDye 680RD goat anti-mouse IgG WB 1:10000 926-68070 LI-COR
Alexa Fluor 647 goat anti-rabbit IgG (H+L) IF 1:500 10123672 Thermo Fisher Scientific
Alexa Fluor Plus 488 goat anti-mouse [gG | 1 1:500 15626746 | Thermo Fisher Scientific
(H+L)
Alexa Fluor® 594 conjugate goat anti-rabbit ) .
TG (HL) IF 1:500 A-11012 Applied Biosystems
Alexa Fluor® 594 conjugate goat anti-mouse ) 1
TG (H+L) IF 1:500 A-11032 Applied Biosystems
2. SAMPLES

2.1 ES tumour samples

Paraffin blocks from 18 ES tumour samples from patients of our institution at the debut
were provided by the Biobank of Hospital Infantil per a la Recerca (BHISJDI) from
Hospital Sant Joan de Deu (HSJD, Barcelona) following the guidelines and approval of the
local ethics committee (Clinical Research Ethics Committee from Fundaci6 Sant Joan de
Deu). Clinical information regarding to these samples is available under request.
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2.2 Animal samples

In vivo studies were performed with approval from the Institutional Animal Research
Ethics Committee. Nude Hsd: Athymic Nude-Foxnl™ mice (Envigo) were injected
subcutaneously with 5 x 10° cells for SK-ES-1 shCTRL in 100 uL of Matrigel (Becton
Dickinson) and PBS each flank (5 mice; n = 10). The same procedure was performed in
parallel for the SK-ES-1 shRING1B cell line. Tumour growth was monitored three times
a week by measuring tumour volume with a digital calliper. Mice were sacrificed when
tumours reached a size of 1.5 cm in any dimension. At the end of the experiment, tumours
were excised, and half of each specimen was frozen in liquid nitrogen for RNA experiments
and the other half was fixed in 10% formalin for immunohistochemistry experiments.

ES xenograft samples treated with MLN4924 at 30 mg/kg, 60 mg/kg, or 90 mg/kg (as
published in Mackintosh et al. (2012), provided by Dr Enrique de Alava’s group (Instituto
de Biomedicina de Sevilla [IBIS], Sevilla). Samples from ES PdX models treated with 60
mg/kg or 90 mg/kg of MLN4924 in monotherapy (unpublished results) were also provided
by Dr. Enrique de Alava and Dr. Angel Montero (Insitut de Recerca Hospital Sant Joan de
Deu [IRS]D], Barcelona). Both ES xenografts and PdX were embedded in OCT cryostat
medium.

3. CELL CULTURE TECHNIQUES
3.1 Cell culture

ES cell lines were purchased from the American Type Culture Collection (ATCC), having
distinct types of EWSR1-FLI1 translocation such A4573 (type III), SK-ES-1 (type II),
A673, and TC-71 (both type I). Human embryonic kidney cells immortalized with the
SV40 Large T-antigen (HEK 293T) were also purchased from ATCC. All cell lines were
cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS)
(HyClone, Lonza), 5 mM of L-glutamine, and 10,000 U/mL of penicillin-streptomycin
(both from Gibco). Cells were frozen in fetal bovine serum (FBS) with 10% DMSO (Sigma
Aldrich).

Primary human umbilical vein endothelial cells (HUVEC) were also purchased from
ATCC. These cells were grown at low confluence in endothelial basal medium (EBM)
(Lonza, Cultek) supplemented with 10% FBS and growth factors of the EGM SingleQuots
kit (Lonza, Cultek). These factors include human epithelial growth factor (hEGF),
hydrocortisone, ascorbic acid, and bovine brain extract. A stock of frozen vials of cells at a
very low passage number was generated in FBS with 10% of DMSO for these experiments.
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All cell cultures were sub-cultured using Trypsin-EDTA (0.25%), phenol red (Gibco)
before the cells reach confluence, and washed with phosphate buffered saline (PBS) pH
7.4 (Gibco). Cell cultures were maintained at 37°C in a humidified atmosphere containing
5% CO,.

3.2 Isolation and characterization of hpMSCs
3.2.1Isolation and cell culture

hpMSCs extracted from the healthy bone marrow of paediatric donors were provided by Dr.
Mireia Camos from the Haematology Unit of our institution (HS]JD, Barcelona) following
the guidelines and approval of the hospital’s Ethics Committee for Clinical Investigation.
Dr. Cinzia Lavarinos group performed all isolation and immunocharacterisation
experiments in collaboration with Dr. Montserrat Torrebadell from the Haematology
Unit of our institution (HSJD, Barcelona), according to previously described protocols
(Riggi et al., 2008; Suva et al., 2004; Suva et al., 2008). hpMSC cells were cultured at low
confluency with Iscove’s Modified Dulbecco’s Medium (Thermo Fisher Scientific, Gibco),
supplemented with 10% fetal newborn calf serum (Thermo Fisher Scientific, Gibco), 1%
penicillin-streptomycin (Thermo Fisher Scientific, Gibco), and 10 ng/mL of recombinant
human platelet derived growth factor BB (PDGF-BB) (PeproTech). Cells were maintained
at 37°C in a humidified atmosphere containing 5% CO.; after growing several days in
T-25 flasks, they were trypsinized and expanded into T-75 flasks. A stock of frozen vials of
cells at a very low passage number was generated in fetal bovine serum (FBS) with 10% of
DMSO for use in all experiments.

3.22 Characterization of the mesenchymal stem cell features by their
differentiation potential

The MSC signature was evaluated based on their differentiation potential to osteogenic,
chondrogenic, and adipogenic lineages, according to the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular Therapy (ISCT) (Dominici et
al., 2006). For this purpose, MSCs were exposed to three different differentiation media,
including the StemMacs AdipoDiff, the StemMACS OsteoDiff Media, and the StemMACS
ChondroDiff Media (Miltenyi Biotec). Cells were seeded in two 6-well plates containing
5 x 10* cells/well and grown with the adipogenic or the osteogenic differentiation media,
which was replaced every 3 days. After 10 days, cells cultured with the osteogenic media
were fixed in 4% paraformaldehyde (PFA) (Sigma Aldrich) and stained for 10 min at
room temperature with 1 tablet of a buffered solution containing 5-bromo-4-chloro-3-
indolylphosphate (BCIP)/nitro blue tetrazolium (NBT), pH 9.5 (Sigma Aldrich), which is
the substrate for alkaline phosphatase whose blue-purple product can be visually observed.
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For the adipogenic culture, cells were fixed at day 21 in 4% PFA and stained with 0.5%
Oil Red O solution in isopropanol (Sigma Aldrich). To evaluate the chondrogenic ability,
2.5x10° cells were pelleted and grown in suspension with the chondrogenic differentiation
media. At day 21, the generated chondrogenic cellular nodule that was visibly without aid
was formalin fixed, embedded in paraffin, and processed according to standard protocols.
Alcian blue with nuclear fast red (BHD Chemicals) staining was used to detect positive
chondrogenic cells. Staining of chondrogenic, adipogenic, and osteogenic lineages for
hpMSCs is shown in Figure III. 1.

A

CTRL

OSTEOBLAST ADIPOCYTE

CTRL

CHONDROBLAST
DIFF.

FIGURE III. 1 Differentiation of hpMSCs into adipogenic, osteogenic, or chondrogenic lineages

A) Phase-contrast images showing hpMSCs grown adherent and cultured with adipogenic, and osteogenic
differentiation media and control media (left columns). At 21- or 10-days incubation with adipogenic or
osteogenic differentiation media, respectively, differentiated cells were further stained with oil red and
alkaline phosphatase. All images were captured at 10x magnification except for the far-right images, which
were captured at 40x. B) Microscope images of paraffin embedded tissue from hpMSCs cultured with
chondrogenic media after 21 days and stained with Alcian blue and nuclear fast red showing positivity for
chondrocytes. A control colon tissue was used in parallel to evaluate positivity of Alcian blue staining. Scale
bar represents 100 (white bar) and 50 pm (yellow bar).
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3.3 Transfection and infection techniques

Transfection is the process of introducing nucleic acids into cells by non-viral methods,
whereas infections imply the use of virus to introduce such material.

3.3.1 Transient transfections

In transient transfections, cells express the foreign gene transiently, as it cannot be
integrated in the genome and is lost through cell division.

a) Transfection of plasmid DNA

In order to transiently overexpress a transgene of a DNA plasmid (see Table III. 4),
1.5 x 10° cells of HEK 293T cells were seeded in 10-cm dishes and incubated for 24 hours
at 37°C in a humidified incubator. Cell transfection was performed the following day
by incubating a multi-component non-liposomal reagent, such the X-tremeGENE HP
transfection reagent (Roche), with 7.5 ug of total DNA, and diluted in 1 mL serum-free
OPTIMEM media (Thermo Fisher Scientific). To induce formation of the transfection
complex, diluted DNA was incubated for 20 min at room temperature. The transfection
complex was then transferred dropwise to the cell culture and incubated for 48 hours, at
which point cells have had enough time to express the transfected transgene. Then, cells
were harvested and collected for further experiments.

b) Transfection of siRNA

Transient transfection of a particular siRNA (see Table III. 3) was performed in 6-well
dishes containing 3.5 x 10* cells per well. The siRNA-lipid complex was produced by
diluting 25 pmol of siRNA in OPTIMEM media with 10 uL of Lipofectamine RNAIMAX
Reagent (Invitrogen) following the protocol guidelines of the manufacturer. The
transfection complex was then added dropwise to the culture media and incubated for 72
hours, and then cells were collected for further experiments. All quantities refer to well.

3.3.2 Generation of stable cell lines by infection

a) Infection of ES cell lines
Transient transfection of Lenti-X 293T cells (Cultek) was used to produce the lentiviral
particles expressing the transgene (in this case, the shRNA sequence). Cells were grown in

10-cm dishes containing 3 x 10°cells at very low passage number. X-tream gene HP DNA
transfection reagent (Roche) was used to transfect cells with 7.5 pg of the shRNA plasmid
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(see Table III. 3) and the lentiviral packaging vectors (see Table III. 4 for the packaging
vectors). In this regard, two vectors manage the production of the lentivirus, including
the envelope plasmid PAX8 and the packaging plasmid vesicular stomatitis G protein
(VSV-G). PAX8, with the lentiviral env gene, encodes for the viral surface glycoprotein
gpl160, essential for the virus entry into the host cell as they enable binding to cellular
receptors and fusion with cellular membranes. VSV-G plasmid contains gag and pol genes,
which encode structural proteins and enzymes required for viral reproduction; it also
contains tat and rev, both of which are essential for the expression of the viral genome.
Using two vectors to produce the lentiviruses is known as a second-generation system.
More information about this system is given in Figure III. 2.

po[ T rev |
gag PR/RT/IN
packaging plasmid [elielilels MA/CA/NC/p6 !

envelope — polyA

transfer us W/RRE promoter Transgene u3
5'LTR 3'LTR

FIGURE III. 2 Schematic representation of the second generation of lentiviral plasmids

In addition to the transfer plasmid containing the transgene (e.g., the empty and EWSR1-FLI1-pLIV plasmids),
two plasmids were used in this second generation system to produce the virus: the packaging and the envelope
plasmids. Packaging plasmids contain the gag, pol, rev, and tat genes necessary for the virus to be functional
when transfected into packaging cells. The envelope plasmid (VSV-G) contains the env gene, which is necessary
to encapsulate the viruses produced. The viral accessory genes vif, vpu, vpr, and nef were removed in this
system. Rev-responsive elements (RRE) and long terminal repeats (LTR) are present in the viral genome. U3,
R, and U5 are different regions inside such LTR sequences. The polyadenylation (poly A) tail stabilizes the
genomic structure. (Adapted from Second generation recombinant lentiviral vectors (2019).

The supernatant of lentiviruses expressing the shRNA sequence was collected at 48-hours
post-transfection. Then, it was transferred to the ES cell line culture at 3:1 ratio in the
presence of 10 pg/mL hexadimethrine bromide (Polybrene) (Sigma-Aldrich), a cationic
polymer that promotes binding of the viral envelope with cell membrane increasing
infection efficacy. Cell media containing lentiviruses was removed after 15-18 hours,
and cells were washed 3 times with PBS and replaced with fresh media containing
antibiotic. Given that shRNA vectors contain an antibiotic-resistance gene to puromycin
it is possible to positively select infected cells. Thus, different puromycin (Sigma Aldrich)
concentrations were used to select transduced cell lines with 1 pg/mL for A673 cells, and
0.5 ug/mL for SK-ES-1 cells, for 72 hours. A control dish was selected with puromycin in
parallel to ensure that non-transduced cells were killed. Cells were then expanded and
frozen in liquid nitrogen in aliquots of FBS with 10% DMSO.

The A673 and SK-ES-1 ES cell lines expressing stable knockdown for RING1B were
published in Hernandez-Muiioz et al. (2016). Stable knockdown of EZH2 in the A4573 and
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A673 ES cell lines was kindly provided by Dr. Inma Herndndez-Muifioz (Institut Hospital
del Mar d’Investigacions Mediques IMIM, Barcelona). Stable knockdown of KDM6A in
A673 and SK-ES-1 ES cells was generated in our laboratory.

b) Infection of primary cell cultures

In primary cells, such as hpMSC and HUVEC, the efficient delivery of DNA or RNA
with standard transfection protocols is typically challenging. For this work, the viral
transduction method was used to overexpress EWSR1-FLII in target cells by using
lentiviruses, which can productively infect non-dividing cells, which is a critical point for
primary cell cultures.

Empty and EWSFLI1-pLIV expressing lentiviruses were produced in 10-cm dishes
containing 3 x 10° cells of Lenti-X 293T packaging cells (Cultek) at a low passage number.
For each plate, 7 ug of the lentiviral plasmid, 5 pg of VSV-G, and 6 ug of PAX8 were
prepared and introduced by calcium phosphate transfection, according to standard
protocols. Over the next 12-18 hours, the cellular media was replaced and supernatant
containing lentiviruses was collected at 48 hours post-transfection and filtered with 0.45
um filters. One day prior to infection, target cells were seeded at low confluence (5500
cells/cm? for hpMSC; 3000 cells/cm? for HUVEC) and transduced with 3:1 of the lentiviral
supernatant with fresh media containing Polybrene (Sigma Aldrich) at 6 ug/mL and
incubated for 15-18 hours. Then, cells were washed 3 times with PBS and incubated with
fresh growth media containing puromycin (0.3 pg/mL in HUVEC; 0.75 pg/mL in hpMSC)
and selected for 72 hours, when cells were collected for further experiments. A control
dish without the transduction media was also treated with puromycin to ensure killing of
cells. After selection step, cells resembled no phenotypical differences between control and

EWSR1-FLI1+ cells (see Figure III. 3).
ctrl pLIV EWSR1-FLI1-pLIV

HUVEC

hpMSC

7 e A

FIGURE III. 3 Phenotypic traits of HUVECs and hpMSCs infected with empty or EWSRI-FLI1-pLIV
Phase-contrast images showing no phenotypical differences between control and EWSR1-FLI1 cells in HU-

74



1. MATERIALS AND METHODS

VEC cells. Despite lower numbers of cells at 5 days post-infection, hpMSCs infected with EWSR1-FLI1-
pLIV resemble a subtle elongated phenotype, as indicated by arrows, in comparison to cells infected with
empty pLIV; and HUVEC cells infected with EWSR1-FLI1-pLIV show a rounder phenotype compared to
control. Images were captured with a 10x magnification.

3.4 Pharmacological treatments of cell cultures

Pharmacological treatments and drugs used in vitro in this work are summarized in Table
III. 7. All treatments and combinations were evaluated at 72 hours, except for MG132
and aphidicolin treatments; specifically, MG132 was added 8 hours before the end of
the experiment, and aphidicolin treatment lasted 48 hours. Doxycycline hyclate (Sigma
Aldrich) was added to A673 and SK-ES-1 cell cultures at 0.5 and 2 pg/mL for 72 hours to
induce the expression of the shRNA sequences targeting KDM6A.

TABLE I11. 7 In vitro inhibitors used in this work.
Table provides information regarding to the inhibitors used in this thesis with information about the con-

centration, vehicle, and source.

Inhibitor Concentration used (uM) Vehicle Source
Aphidicolin 0.5 ethanol Sigma Aldrich
GSK126 10 DMSO Selleck Chemicals
GSK-J4 1.5-25-5 DMSO Selleck Chemicals
MG132 10 DMSO Sigma Aldrich
MLN4924 (Pevonedistat) 0.05-0.1-0.125 DMSO From Dr. de Alava group

3.5 Cell viability studies
3.5.1 MTS assays

Cell viability experiments were performed in 96-well plates and analysed by The CellTiter
96° AQueous One Solution (Promega), which contains the tetrazolium compound
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium,inner salt; MTS] and a stable electron-coupling reagent (phenazine ethosulfate;
PES). 10 uL of this solution was added per well to the cell culture and incubated for 2
hours in a humidified incubator (37°C, 5% CO,). The principle of this assay is that the
tetrazolium compound (Owen’s reagent) can be reduced by dehydrogenase enzymes of
metabolically active cells (viable cells), forming a yellow coloured product named formazan
that is soluble in the culture medium. The absorbance reading after this incubation period
at 490 nm with a 96-well plate reader (Infinite M Nano+, Tecan) is directly proportional
to the number of living cells in culture.

3.5.2 Clonogenic assays with crystal violet staining

Plates (6-well) were seeded with 3000 or 6000 cells per well, treated the following day, and
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incubated for a minimum of 6 days in a humidified cell incubator (37°C, 5% CO,) until
colonies in the control were clearly visible without aid. Cells were then washed with PBS,
fixed for 10 min with 4% PFA, washed with PBS, and then incubated at room temperature
with a crystal violet solution (2% W/V, 20% methanol, in PBS) until cell colonies visibly
stained. After several washes to remove crystal violet excess, plates were dried upside
down at room temperature. Images from the stained dishes were captured in the Audio-
visuals unit of HSJD to obtain the proper image quality.

3.6 Flow cytometry studies
3.6.1 Cell cycle studies with propidium iodide staining

Evaluation of the cellular DNA content by flow cytometry is a rapid and precise method to
study the cell cycle phases of different experimental conditions. It is based on the ability of
a fluorogenic compound (such as propidium iodide) for intercalating into the nucleic acids
of the cell stoichiometrically, so that fluorescence emission is proportional to the DNA
content of a cell (Riccardi and Nicoletti, 2006). This assay gives an idea of the different
proportion of cells in each phase of the cell cycle as well as ploidies. In this regard, cells in
the replication phase or S-phase of the cell cycle because they have more DNA than cells in
G1 will therefore take up proportionally more dye and will fluoresce more brightly. Cells
in G2 phase will be approximately twice as bright as cells in G1 phase. Advanced apoptotic
cells because they loss DNA appear as a subG1 peak. However, this peak is not exclusive to
apoptotic cells, as necrotic cells, nuclear fragments, clumps of chromosomes, micronuclei,
or nuclei with normal DNA content but different chromatin structure are also represented
in this peak.

Cultured cells were collected and fixed in 70% ethanol for at least 30 min at -20°C.
Ethanol was then extracted by two centrifugation cycles at 1800 rpm with PBS washes.
Cells were then incubated with 0.5 pg/mL of RNase and 25 pg/mL of propidium iodide
for 30 min at 37°C. After incubation, the cellular RNA is degraded and propidium iodide
only binds double-stranded nucleic acids (in this case, DNA). Using a flow cytometer and
measuring the fluorescence of propidium iodide with an excitation/emission wavelength
of a maximum of 493/636 nm, diploid cells show a narrow peak of intensity. The Gallios
(Beckman Coulter) flow cytometer was used for these experiments to study the cell cycle,
and the MultiCycle AV Standalone software (see section 8) was used to quantify the
proportion of cells in each phase of the cell cycle and the subG1 peak.

3.6.2 Cell death studies with annexin V staining

Annexin V staining reveals the number of apoptotic cells by discriminating the early and
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late phase of apoptosis and the necrotic fraction of cells. It is based on the detection of
a phosphatidyl serine phospholipid in cells. In normal conditions this phospholipid is
present in the inner cytoplasmic surface of the lipid bilayer of the cell membrane; but
in apoptotic cells it is translocated to the outer lipid layer, exposing it to the external
cellular environment (van Engeland et al., 1998). Annexin V is an anticoagulant particle
circulating in blood that has high affinity to phosphatidyl serine molecules exposed in the
outer layer of the cell membrane. Incubation of cells to annexin V conjugated to an Alexa
Fluor 488 antibody from the Dead Cell Apoptosis Kit (Invitrogen) and propidium iodide
staining of DNA enables the number of viable cells versus apoptotic (early or late) and
necrotic cells to be measured. Using this kit, 100 puL of 1 x 10° cells/mL resuspended in
annexin-binding buffer were labelled with 5 uL of annexin V conjugated antibody and 5
uL of propidium iodide and incubated in the dark for 15 min at room temperature. After
incubation, 400 pL of the buffer was added to the cells and rapidly analysed by the Gallios
(Beckman Coulter) flow cytometer by measuring the fluorescence with an excitation/
emission wavelength of 499/521 for annexin V and 535/617 nm for propidium iodide. By
flow cytometry, viable cells are characterized by negative propidium iodide and annexin V
staining, whereas apoptotic cells will display high intensity of annexin V fluorophore. The
early and late apoptotic fraction can be distinguished by the intensity of propidium iodide,
which deeply penetrates the cell membrane when cells are in advanced apoptosis due to a
loss of membrane integrity. Necrotic cells show a positive propidium iodide staining with

a negative annexin V signal.

4. DNA MOLECULAR BIOLOGY TECHNIQUES

4.1 Obtainment and analysis of plasmid DNA

4.1.1 Bacterial transformation and isolation of DNA plasmid

DNA plasmids (Table III. 4) were amplified using the Escherichia coli DH5a strain
(Invitrogene, Life Technologies). The EWSR1-FLI1-pLIV lentiviral vector was amplified
by the One Shot Stbl3 chemically competent bacteria cells derived from the HB101
Escherichia coli strain (Invitrogen, Life Technologies), which is recommended for unstable
inserts such as lentiviral DNA-containing repeats. All plasmids were transformed by heat
shock following the manufacturer’s instructions. An outgrowth step was introduced by
adding 500 pL of S.0.C. medium (Thermo Fisher Scientific) without antibiotic to the cells,
which were grown for 45 min at 37°C in a shaking incubator. Two different volumes of
transformed bacteria were spread in Lysogeny broth (LB) agar plates in the presence of 100
ng/mL of ampicillin, to ensure growth of well-spaced colonies and incubated overnight at
37°C. The following day, single colonies were picked and grown in suspension in 5 mL
LB with ampicillin for 12-18 hours in a shaking incubator at 37°C. Two millilitres of the

77



1. MATERIALS AND METHODS

mini-culture was transferred to 200 mL of LB with antibiotic and grown overnight at 37°C.
Bacteria were then pelleted at 4000 rpm for 15 min, and plasmid DNA was extracted using
the NucleoBond Xtra-plasmid midi/maxi plus kit (Macherey Nagel) and eluted in 500 uL
of Tris buffer supplied with the kit. Isolated plasmid DNA was quantified with Nanodrop
1000 spectrophotometer (Thermo Fisher Scientific).

4.1.2 Validation of amplified DNA plasmid by Sanger sequencing

Polymerase chain reaction (PCR) was originally developed in 1983 by Kary Mullis and is
a molecular biology technique used to make multiple copies of a particular DNA region
(Mullis et al., 1986). The PCR reaction relies on a thermostable DNA polymerase that
would synthesize the new strands of DNA from a DNA template, and DNA primers
designed specifically for the DNA region of interest. The reaction is repeatedly cycled
through a series of temperature changes, which allow many copies of the target region
to be produced. Following the PCR amplification step a concrete region of DNA can be
sequenced by Sanger sequencing. This technique was developed by Fred Sanger in 1977
and is still used to sequence regions of DNA up to about 900 base pairs in length (Sanger
and Coulson, 1975). The Sanger sequencing reaction consists of a DNA template, a DNA
polymerase enzyme, a primer sequence that is the template for the polymerase to start
sequencing, and dideoxy or chain-terminating nucleotides, which are versions of all
four nucleotides but each labelled with a different dye. The Sanger reaction adds normal
nucleotides as well as these terminating nucleotides to the amplification chain. Terminating
nucleotides lack a hydroxyl group on the 3’ carbon of the structure, blocking the addition
of subsequent nucleotides. This will be repeated several round of amplification cycles, and
by the time reaction is completed, sample will contain fragments with different lengths,
all labelled with a specific colour dye of the terminal nucleotide. The sequencer will then
transform the colour signal and the fragment length information to a genomic sequence.
Isolated and quantified plasmid DNA from bacterial colonies was amplified with specific
primer sequences, targeting regions outside the multicloning site of the vector and inside
the insert. PCR mixes and reactions using such primers were performed as shown in Table
III. 8.

TABLE I11. 8 Sanger sequencing mix preparation.
Detailed information about the reagents as well as the quantity used of each in the sequencing mix
preparation prior to Sanger sequencing. The final volume was adjusted with nuclease-free water. All reagents

were from Applied Biosystems.

Mix Quantity (V,= 12 uL)
BigDye 0.25uL
BigDye Buffer 5x 2 uL
Primer 10 uM 0.38 uL.

Template 250 ng
DMSO 5% 0.6 L. 0.6 pL
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Amplification of the template was performed in the GeneAmp PCR System 9700 Fast
Thermal Cycler (Applied Biosystems) by denaturing the DNA 3 min at 94°C, followed by
40 cycles amplification at 96°C for 15 seconds, using melting temperature of each primer
(see Table III. 2) for 15 seconds, and 60°C extension for 4 min. PCR products were
cleaned up with ExoSAP-IT PCR Clean-up Kit (GE Healthcare) and sequenced using
the 96-capillary 3730x] DNA Analyzer of the Genomics core facility of the Universitat
Pompeu Fabra (UPE Barcelona). Sequencing results were visualized with Bioedit software,
and sequence alignment was performed with Blastn online tool from National Institute
of Health (NIH). Sequences obtained from amplification of different regions of the empty
and EWSR1-FLI1-containing vectors are shown in Figure III. 4.
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FIGURE III. 4 Schematic images representing the sequences obtained by Sanger sequencing using two
different pair of primers in empty and EWSRI-FLI1-pLIV vectors

Example of a sequenced plasmid vector. Images were obtained in Chromas Lite software and show amplified
sequences for pLIV and EWSRI-FLI1-pLIV using two different primers (a and b) designed close to the
multicloning site (MCS) region of the vector and in the EWSR1-FLI1 sequence, respectively. Amplification
with the pLIV A primer (a) shows differences in the sequences obtained for pLIV and EWSR1-FLI1-pLIV,
whereas amplification of the vectors using the EF B primer (b), designed to amplify a region of EWSRI-FLI]I,
only amplifies in the sample containing EWSR1-FLI1-pLIV sample, hence indicating the presence of the
EWSRI1-FLII insert.

4.2 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) technique identifies interactions between DNA
and the proteins interacting with it, including TFs, coactivators, and histones. After
fixation of DNA, an antibody targeting a protein of interest is used to pull down the DNA
associated to that protein and to amplify a suspected region by quantitative PCR. This
information gives a direct snapshot of specific protein-DNA interactions in a cell at a

specific moment or experimental condition.
ChIP assays were performed as previously described (Sanchez-Molina et al.,, 2014).

Cultured cells were fixed using 1% of methanol-free formaldehyde (Thermo Fisher
Scientific) for 10 min at room temperature, and crosslinking was stopped by adding 500
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uL glycine (1.25 M). For ES cell lines, lysis was performed in soft lysis buffer (0.1% sodium
dodecyl sulfate [SDS], 0.15 M NaCl, 1% Triton X-100, 1 mM Ethylenediamine tetraacetic
acid [EDTA], and 20 mM Tris pH 8) supplemented with 1 mg/mL of protease inhibitors
(Roche). For hpMSCs, a stronger lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris pH
8) with 1 mg/mL of protease inhibitors was used. Lysates were sonicated in a Bioruptor
Pico (Diagenode) in 10 cycles until chromatin was sheared to an average fragment length
of 200 bp. After centrifugation, a small fraction of eluted chromatin was measured with
Qubit dsDNA HS kit (Thermofisher Scientific) and checked for chromatin fragments using
Bioanalyzer (Agilent) or by loading 1 ug of fragmented DNA in 1% SeaKem LE agarose
(Lonza) diluted in TAE buffer (40 mM Tris, 20 mM acetic acid, and 500 mM EDTA) with
1:10000 dilution of SYBR Safe Gel DNA Stain (Thermo Fisher Scientific) and run for 30
min at 100V. The 1 kb DNA ladder and the 5X GoTaq green loading dye (Promega) were
also used. Starting with 30 pg of sample, immunoprecipitations for each antibody (see
Table III. 5) were performed overnight. The following day, 50 uL of Dynabeads Protein A
(Invitrogen) were added to samples, and the slurry was incubated for 2 hours to capture
the chromatin fragments bound to the antibody. Immunoprecipitates were washed with
buffers TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8, 150 mM
NaCl), TSE II (the same as TSE I but with 500 mM NaCl), and TSE III (0.25 M LiCl, 1%
Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8) and two times with
Tris-EDTA buffer. All incubation and washing steps were performed in a rotating wheel at
4°C to avoid protein degradation. DNA captured by the beads was eluded by adding 120
uL of a solution containing 1% SDS, 0.1 M NaHCO, in a decrosslinking step that heats the
samples at 65°C for 5 hours with gentle shaking. Genomic DNA fragments from ChIP samples
were purified with QIAquick PCR Purification kit (Qiagen) and eluted in 50-100 uL.

Quantitative PCR (qPCR) permits to determine absolute or relative quantities of a
known sequence that is amplified in a PCR reaction. By using a fluorescent reporter (e.g.
SYBR green) in the reaction that intercalates with DNA, amplified DNA would emit a
fluorescence intensity that is proportional to the amount of DNA. Thus, it is possible
to monitor the reaction in real time and measure the synthesis of DNA. Differences in
DNA content from ChIP assays were determined by qPCR using the 7500 Real Time PCR
System (Applied Biosystems) and SYBR Green master mix. qPCR was performed in 96- or
384-well plates (Themo Fisher Scientific) in 7500 Real Time PCR (Applied Biosystems)
for the 96-well plates or QuantStudio 6 Flex (Applied Biosystems) for the 384-well plates.
Reaction was carried out with 2 pL. of DNA from ChIP samples 5 pL SYBR Green PCR
Master Mix (Applied Biosystems), and 0.2 pL each of forward and reverse primer pairs
at 10 uM (for primer sequences, see Table III. 1) in a final volume of 10 pL per well.
Every immunoprecipitation was done in triplicate and qPCRs were carried out using fixed
amounts of input and immunoprecipitated DNA. The reported data represent qJPCR values
normalized to input DNAs with the percentage of input method of the bound/input signal.
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For experiments with more than one condition, data were calculated with the percentage
of input method subtracting the corresponding IgG value to the immunoprecipitated
samples.

4.3 ChIP sequencing and bioinformatic analysis

DNA from ChIP can be used to study genome-wide all DNA fragments bound to the
protein of interest by sequencing techniques. Library preparation and quality controls
of ChIP material was performed by the Functional Genomics Service of the Institut
for Research in Biomedicine (IRB) and the Genomics Unit of Centre for Genomic
Regulation (CRG). Libraries were prepared using the NEBNext Ultra DNA Library Prep
for Illumina (New England Biolabs) according to manufacturer’s protocol. In brief, this
protocol uses 2-5 ng of input and ChIP for end repair and addition of the “A” bases to
3’ ends, ligation of adapters, and excision. All purification steps were performed using
Agen Court AMPure XP beads (Qiagen). Library amplification was performed by PCR
using NEBNext Multiplex oligonucleotides for Illumina (New England Biolabs). Final
libraries were analysed using Agilent High Sensitivity Chip to estimate the quality and
check size distribution, and quantified by qPCR using the KAPA Library Quantification
Kit (KapaBiosystems). Finally, they were amplified with Illumina’s cBot, and libraries were
loaded onto the flowcell sequencer 1 x 50 on Illumina’s Hiseq 2500.

ChIP-seq data was analysed by Dr. Enrique Blanco from Dr. Luciano Di Croce’s group
(CRG, Barcelona) in collaboration with Pol Castellano (Biomarkers and Nutritional and
Food Metabolomics from University of Barcelona, Barcelona). ChIP-seq samples were
mapped against the hgl9 human genome assembly using BowTie with the option -m
1 to discard reads that could not be uniquely mapped to just one region (Langmead et
al., 2009). MACS was run with the default parameters but with the shift-size adjusted to
100 bp to perform the peak calling against the corresponding control sample (Zhang et
al., 2008). The genome distribution of each set of peaks was calculated by counting the
number of peaks fitted on each class of region according to RefSeq annotations. Promoter
region was the region within 2.5 Kb upstream and downstream the transcription start
site (TSS). The rest of the gene, excluding the promoter region, was considered as a
genic region. Peaks that did not belong to promoter or genic regions were classified into
intergenic regions, and peaks that overlapped with more than one genomic feature were
proportionally counted the same number of times. Each set of target genes was retrieved
by matching the ChIP-seq peaks in the region 2.5 Kb upstream of the TSS until the end of
the transcripts as annotated in RefSeq. The UCSC genome browser was used to generate
the screenshots of each group of experiments along the thesis (Kent et al., 2002). Publicly
available ChIP-seq tracks from the gene expression omnibus (GEO2R) accession number
GSE106925 (samples GSM2857585, GSM2857586, GSM2857578, GSM2857579) and
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GSE61944 (samples GSM1517562, GSM1517565) were used in this thesis.
5. RNA MOLECULAR BIOLOGY TECHNIQUES
5.1 RNA extraction

Cell pellets were collected and subsequently lysed for RNA extraction or stored frozen at
-20°C. Total RNA from cellular pellets was isolated and purified using the RNAeasy Mini
Kit (Qiagen) following manufacturer’s instructions and eluted in 50 pL of the RNase-free
water supplied with the kit. For in vivo samples, tumours of sacrificed animals were frozen
at -80°C. RNA was extracted from 20-30 mg of the tumour using the same kit as for cell
lines but including 2-mercaptoethanol in the cellular lysis step and a hand tissue grinder
for homogenization. RNA quantification of samples was performed using the Nanodrop
1000 spectrophotometer (Thermo Fisher Scientific).

5.2 Quantitative reverse transcription PCR (RT-qPCR)

Purified RNA (1 ug) was reverse transcribed using 0.5 pg of random hexadeoxynucleotides
or random primers (Promega) in a total volume of 12 pL of water. The mix was run for 3
min at 85°C in GeneAmp PCR System 9700 Fast Thermal Cycler (Applied Biosystems) to
induce the annealing with the template, and then 4 pL reverse transcriptase buffer, 2 uL
dNTPs (10 mM), 1 pL RNase inhibitor (2500 U/uL), and 1 pL Moloney Murine Leukemia
Virus Reverse Transcriptase (M-MLV RT) (200 U/pL) (all from Promega) were added
to a final volume of 20 uL. The retrotranscriptase (RT) reaction was performed in the
thermocycler for 1 hour at 44°C followed by 10 min amplification at 92°C to inactivate
the enzyme. The cDNA obtained (approximately 10 ng/uL) was diluted 1:5 with 80 uL of
RNase free water and then stored at -20°C or analysed by quantitative PCR (qPCR). qPCR
was performed in 96- or 384-well plates (Themo Fisher Scientific) with 2 uL diluted cDNA,
5 uL SYBR Green PCR Master Mix (Applied Biosystems), and 0.2 pL each of forward and
reverse primer pairs (for primer sequences, see Table III. 1) in a final volume of 10 puL
per well. Each cDNA sample was run in triplicate, and its levels were analysed using the
7500 Real Time PCR (Applied Biosystems) for the 96-well plates or QuantStudio 6 Flex
(Applied Biosystems) for the 384-well plates. The obtained qPCR data was analysed using
the comparative 2-AACT method with GAPDH or TBP as housekeeping genes.

5.3 PCR amplification of cDNA and resolution in agarose gels

cDNA obtained from RNA samples was amplified with specific primer sequences (Table
III. 1) and amplified by PCR with the PCR mixes shown in Table III. 9.
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Table III. 9 PCR mix preparation.
Detailed information about the reagents as well as the quantity used of each before PCR amplification. The
final volume was adjusted with nuclease-free water. All reagents were purchased in Promega.

. uanti

e (e 2001
10X Buffer 2 uL
25 mM MgCl, 1.2puL
10 mM dNTPs 1.2puL
10 uM primer Fwd 0.4 uL
10 uM primer Rv 0.4 uL
Taq-polymerase 0.2 uL
DNA template (1 pg) 4 uL

Templates were amplified in the GeneAmp PCR System 9700 Fast Thermal Cycler (Applied
Biosystems) by denaturing the DNA 10 min at 94°C, followed by 40 cycles amplification
at 94°C for 30 seconds, 62°C for 30 seconds and 72°C for 59 seconds, followed by an
extension step at 72°C for 7 min. Subsequently, amplified material was run in 2% agarose
gels with SYBR Safe Gel DNA Stain (Thermo Fisher Scientific) at 100V for 30 min. Sample
(5 uL) and the 1 kb DNA ladder (Promega) were loaded into the gel with 3 uL of 5- GoTaq
green loading dye (Promega). Visualization of the DNA bands in the gel was performed
by UV light exposure by using the Gel Doc EZ Imager (BioRad). An agarose gel with
EWSRI1-FLI1 fusion type I amplification from ¢cDNA samples of infected HUVEC cells
with EWSRI-FLI1-pLIV vector, as compared to ES cell lines fusions, is presented in
Figure IIL.5.
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FIGURE III. 5 Detection of EWSR1-FLI1 in HUVEC cells infected with the EWSR1-FLI1-pLIV vector
Image showing the agarose gel result after amplification of EWSR1-FLI1 and TBP in HUVEC cells infected
with control and EWSR1-FLI1-pLIV, compared to ES cell lines. A standard PCR protocol of the Molecular
Diagnostics Unit of HSJD was used to detect expression of EWSRI-FLII from cDNA samples. A673, SK-
ES-1, and A4573 ES cells amplify EWSR1-FLI1 fusion type 1, 2, and 3, respectively, represented in the gel
as bands with different lengths. HUVEC cells infected with EWSR1-FLI1 display the type I fusion protein.
TC466 does not amplify with EWSR1-FLI1 primers since it harbours EWSR1-ERG fusion. TBP was used as
an amplification control. NTC is the non-template control.
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5.4 Expression microarrays and functional analysis

A gene expression microarray was performed at the Microarray Analysis Service of Insitut
Hospital del Mar d’Investigacions Mediques (IMIM, Barcelona). RNA samples were
amplified and labelled according to GeneChip WT PLUS Reagent kit and hybridized to
Human Gene 2.0 ST (Affymetrix) in a GeneChip Hybridation Oven 640. Washing and
scanning were performed using the Expression Wash, Stain and Scan Kit and the GeneChip
System of Affymetrix (GeneChip Fluidics Station 450 and GeneChip Scanner 3000 7G).
After quality control of raw data, they were background corrected, quantile-normalized,
and summarized to a gene-level using the robust multi-chip average (RMA); a total of
26599 transcript clusters, excluding controls, were obtained, which roughly corresponds
to genes and other RNAs, such lincRNAs and miRNAs. NetAffx 36 annotations based on
human genome 19 were used to summarize data into transcript clusters and to annotate
analysed data. Linear Models for Microarray (LIMMA) (Smyth, 2004), a moderated
t-statistics model, was used for detecting differentially expressed genes between conditions.
Microarray Analysis Service (IMIM, Barcelona) and Pol Castellano (Biomarkers and
Nutritional and Food Metabolomics from University of Barcelona, Barcelona) performed
all microarray analyses. All data analyses were performed in R (version 1.42.0) with
limma (version 3.34.9), genefilter, gplots, Vennerable, and hugene20sttranscriptcluster.db
packages. The cut-oft for considering significant differentially expressed genes was settled
with 0.32 log fold change with P-value less than 0.05. For functional analysis, EnrichR
(Kuleshov et al., 2016) or DAVID Bioinformatic Resources (Huang et al., 2008) were used
to study enriched pathways from MLN4924 and shRING1B data.

5.5 Supervised analysis of expression database from ES tumours

Public available gene expression data from 184 debut ES tumours and reference 73 adult
MSCand 17 embryonal stem cell (ESC) analysed by Affymetrix Human Genome U133 Plus
2.0 Array were downloaded from Gene Expression Omnibus data base (GEO2R) (https://
www.ncbi.nlm.nih.gov/geo/) (ES tumours accession numbers: GSE17679, GSE34620 and
GSE37371; Reference Accession Numbers: GSE13828, GSE7896, GSE8884, GSE9440,
GSE9510, GSE10315, GSE13604, GSE6460, GSE7637, GSE9451, GSE9520 and GSE9593).
All microarray analysis was performed by Dr. Soledad Gémez (HSJD DAI-Omics unit).
Data were imported using the oligo package (R/Bioconductor) and normalized using
the RMA algorithm (Irizarry et al., 2003). A correlation heatmap was used to ensure
quality control of the data. Unsupervised analysis of data was performed using a standard
deviation cut-off of 1.5 (n=2702 of total 54675 probes). Supervised analysis of KDM6A
using the limma package was performed using the 203992_s_at probe, displaying a
binomial distribution with 7.023 log2 mean in ES tumours (adjusted P-value >0.05; log
FC =1; FDR method). R packages oligo, limma, rgl, ggplot, and RColorBrewer were used
for this analysis.
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6. PROTEIN MOLECULAR BIOLOGY TECHNIQUES
6.1 Protein extraction from cell cultures

Cultured cells were collected using the cell scraper or with trypsin-EDTA (0.25%) with
phenol red (Gibco), and centrifuged to obtain the cell pellet, which was immediately
processed or stored at —20°C. Total cellular extracts of such pellets were prepared in RIPA
buffer (10 mM Tris-HCI pH 8, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS, and 140 mM NacCl) containing the phosphatase and the
EDTA-free Protease Inhibitor Cocktail (Roche). Cell lyses were incubated on ice for 30
min, and samples were then centrifuged at 12,000 rpm for 15 min at 4°C. Histone extracts
of cultured cells were isolated using the EpiQuick Histone Extraction kit (Epigentek)
by following the manufacturer’s instructions. Protein supernatants were collected and
quantified by Bradford assay (Sigma Aldrich) at 575 nm in the Infinite M Nano+ (Tecan)
spectrophotometer.

6.2 Protein extraction from mouse samples

ES xenografts and PdX tumour samples treated with MLN4924 were stored at -80°C.
Small pieces of tumours were smashed in dry ice and weighed in AS R analytical
balance (Radwag). RIPA protein extraction buffer with protease inhibitor mixture was
subsequently added according to the weight of the tumour piece. Stainless-steel beads
(0.2 mm diameter) were added, and samples were homogenized in the Bullet Blender
(Nex Advance) at 12,000 rpm for 1 minute. Supernatant was collected, and samples were
lysed by three cycles of cooling in ice for 15 min and vortex. Samples were centrifuged at
12,000 rpm for 15 min at 4°C, and protein supernatants were collected and quantified by
Bradford assay in the same way as proteins from cell cultures.

6.3 Western blot

About 30-50 pg of protein extracts, or 5 ug of histone extracts, were mixed with 5x
Laemmli sample buffer (0.6 M Tris-HCl pH 6.8, 0.5 mM DTT, 25% glycerol, 2% SDS, and
0.1% Bromophenol blue) and boiled at 95°C in a digital dry block heater to denature the
protein structure. Samples were then loaded in sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) with different concentrations of acrylamide (8-15%),
according to the weight of the protein sample to be detected. Acrylamide gels were prepared
in two sections: the stacking and the resolving part. Electrophoresis was performed at 35
mA/gel during approximately 1 hour in running buffer (1% SDS, 25 mM Tris, and 192
mM glycine) using a Mini-PROTEAN Tetra Cell electrophoresis chamber connected to
a PowerPac Basic power supply (all from Biorad). The PageRuler Plus Prestained Protein
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Ladder (Bio-Rad) was used as a molecular weight. Gels were then blotted in 0.45 pm pore
nitrocellulose membranes (GE Healthcare Life Sciences) for 1.5 hours in transfer buffer
(20% methanol, 25 mM Tris, and 192 mM glycine) using Mini Trans-Blot Cell blotting
chambers and a PowerPac Basic power supply at 250 mA at 4°C. Non-specific binding
was blocked by incubating the membranes with 3% BSA or 5% skim milk powder (Sigma
Aldrich) in PBS for 1 hour at room temperature. Membranes were then washed in PBS with
0.1% Tween 20 (PBST) (Sigma Aldrich) and incubated overnight at 4°C with the primary
antibody (see Table III. 5). Actin, tubulin, or histone H4 were used as loading controls
and were incubated at room temperature for 1 hour. After primary antibody hybridization,
membranes were washed in PBST 3 times for 10 min each and incubated 1 hour at room
temperature with the corresponding secondary antibody, whose type depends on the host
species of the primary antibody (see Table III. 6). Membranes were washed 3 times as
previously described and visualized using the near infrared fluorescence-based imaging
system Odyssey CLx (LI-COR Biosciences).

6.4 Protein immunoprecipitation

Protein immunoprecipitation (IP) is used to identify physiologically relevant protein-
protein interactions. The principle of this assay is the usage of specific antibodies targeting
the proteins of interest of a whole cell lysate. Capturing the immunocomplex with high-
affinity beads, such as agarose protein A or G beads, allows all the unbound material to
be discarded. Finally, the immunocomplex is denaturalized, and the antigens are analysed
by SDS-PAGE and Western blot. Here, a soft lysis buffer without SDS, such as IPH buffer
(50 mM Tris-HCI pH 8, 150 mM NaCl, 5 mM EDTA, and 0.5% NP-40) with protease
inhibitors, was added into the cell pellets to preserve the interactions between proteins
in the lysate. Cells were lysed for 30 min on ice and centrifuged at 12,000 rpm for 15
min. The protein supernatant was then precleared by adding 40 pL of Protein A/G plus
agarose beads (Santa Cruz Biotech) for 1 hour. Samples were centrifuged at 1,800 rpm for
2 min to precipitate the beads, which were discarded, as they contained the non-specific
binding fraction of the lysate. 10% of the cell lysate was collected in 5x Laemmli sample
buffer and stored at -20°C for the input fraction. Supernatant was transferred into a new
tube and incubated overnight with the antibodies targeting the protein of interest (see
Table IIL.5). IgG was used as the negative control of the immunoprecipitation step. The
following day, the same amount of beads was added to the samples, and the slurry was
incubated for 2 hours at 4°C. The supernatant was then discarded, and beads containing
the immunocomplex with the protein of interest were washed three times with IPH buffer
with protease inhibitor and incubated for 10 min at 4°C. All centrifugations of beads were
done at 1,800 rpm for 2 min at 4°C, and incubations were performed in a rotating wheel at
4°C. Supernatants were discarded, and beads were mixed with 5x Laemmli sample buffer
and 2 pL of 2-mercaptoethanol (Sigma Aldrich). Input samples and immunoprecipitated
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samples were then boiled at 95°C for 5 min to denature protein structure and protein
binding to the beads.

For GFP-tagged proteins, the GFP-Trap magnetic beads (Chromotek) were used to
immunoprecipitate the protein complex. As GFP-Trap magnetic beads have a small
recombinant alpaca antibody with high affinity to GFP covalently bound to the surface of
agarose magnetic beads, the antibody incubation step is shorter, and isolation of the beads
from the non-bound protein fraction can be done using a magnet. Imnmunoprecipitation
was performed following manufacturer’s instructions. For all immunoprecipitation
experiments, protein-protein interactions were evaluated in gradient SDS-PAGE 8-16%
MINI Protean TGX Precast Gels (BioRad) to ensure detection of proteins with very
different weights.

6.5 Microscopic image techniques
6.5.1 Immunohistochemistry staining

For immunohistochemistry (IHC) studies, paraffin block samples were cut into sections of
2 um with the microtome and heated at 56°C for 45 min. A deparaffining and rehydration
step in an alcohol battery with xylene and ethanol baths was performed, according to
standard protocols. After washing slides with distilled water, an antigen retrieval step with
a pressure cooker and the Epitope Retrieval Solution pH 6 Novocastra (Leica Biosystems)
was performed for 3 min at 100°C. Subsequently, slides were washed with distilled water
and then endogenous peroxidase was blocked with the Peroxidase Block Novocastra
(Leica Biosystems) for 5 min, following manufacturer’s instructions. Slides were next
washed with Wash buffer containing 1x dilution of Bond Wash Solution 10x Concentrate
(Leica BioSystems) and incubated with Protein Block Novocastra (Leica Biosystems) for
5 min. The primary antibody was then added in a 1:400 dilution with the Bond Primary
antibody diluent (Leica Biosystems) and incubated overnight at 4°C (see Table III. 5). The
following day, slides were washed with Wash buffer and incubated with the Post Primary
component of the Polymer Kit (Post Primary Block + Polymer) Novocastra Novolink
(Leica Biosystems) for 30 min. After washing, they were incubated with the Novolink
Polymer component of the kit for 30 min. The DAB (Polymer) Kit (Buffer + Chromogen)
Novocastra (Leica Biosystems) was incubated for 3-5 min until tissue was visually stained.
Slides were then washed and counterstained in haematoxylin for 20-40 seconds, washed
again, and then dehydrated with alcohol and xylene according to standard protocols. Slides
were finally cover slipped with dibutylphthalate polystyrene xylene (DPX) and dried at
room temperature. As negative controls, some sections were processed in the absence
of primary antibody; no signal was detected. For the positive control, human placenta
sections from HSJD biobank were used and stained as previously described. Slides were
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scanned using the Leica Ariol system (Leica Biosystems) and quantified using the Ariol
software by the Molecular Pathology Service of the Instituto Universitario de Biologia
Molecular y Celular del Cancer (IBMCC) of University of Salamanca (USAL-CSIC,
Salamanca). IHC images were captured by Leica DM5500B and digital camera DFC000T
(Leica Biosystems) of the Microscopy Unit of HSJD.

6.5.2 Immunocytochemistry staining

For immunocytochemistry (ICC) experiments, cells were grown on coverslips or in 4
chamber Millicell EZ Slide (Sigma Aldrich) and fixed for 10 min in 4% PFA. An incubation
step with PBS containing 0.1% of Tween 20 (PBST) for 5 min at room temperature was done
to ensure permeabilization and accessibility of the antibody to the nuclear compartment
in the next steps. To block for non-specific binding, 3% bovine serum albumin (BSA) in
PBS was added to the samples for 1 hour at room temperature, and then primary antibody
was incubated overnight in a wet chamber at 4°C. The following day, cells were washed 3
times with PBST for 10 min each and labelled with secondary antibodies (for dilutions of
primary and secondary antibodies, see Tables III. 5 and III. 6, respectively). Cell nuclei
were stained using 1:500 dilution of Hoescht dye in PBST for 1 hour, and slides were
mounted with ProLong Gold (Thermo Fisher Scientific). Confocal images from three
different channels were collected with a Leica SP8 confocal microscope equipped with
a HC PL APO CS2 100x/1.40 oil immersion objective using a step size of 1 pm, in the
Microscopy Confocal Unit of HSJD. Super-resolution images were captured using the
HyVolution tool from Leica Microsystems, which combines optical super-resolution at
sub-airy pinhole sizes with subsequent computational analysis by image deconvolution.
Combination of both allows for simultaneously image multiple fluorophores and capture
intracellular details, such as the nuclei compartment, with a resolution up to 140 nm.
Confocal images were processed and analysed with Image J software (Schindelin et al,,
2012). For colocalization experiments, representative images from 6 different nuclei
with a minimum of 6 stacks per nuclei were used to quantify each prove. Colocalization
was calculated by Pearson’s correlation method (Manders et al., 1993) and Li’s intensity
correlation method using JaCop pluggin in Image J (Bolte and Cordelieres, 2006).

7. STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad. All data are expressed as mean + SEM.
Student’s ¢-test and Mann-Whitney ¢-test (for non-normally distributed data) were used
for nonpaired comparisons of two groups. Two-way analyses of variances (ANOVA) and
Kruskal-Wallis (for nonnormally distributed data) were applied to determine differences
between multiple groups. X2 test was used to compare proportions. Median survivals were
calculated using the Kaplan-Meier method, and curves were compared using the log-rank
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test. The appropriate post-hoc tests are indicated in the figure legends. Values for n and P
are also specified in each figure legend. A 95% confidence interval was used, and values of

P < 0.05 were considered as statistically significant.

8. SOFTWARE

TABLE I11. 10 List of the software used in this thesis.

Software Source
7500 Fast Real-Time PCR System Software Applied Biosystems
Adobe Photoshop CS5 Adobe
Adobe Ilustrator CS5 Adobe
BioEdit BioEdit
Chromas Lite Technelysium Pty Ltd
Endnote X7 Clarivate Analytics
Fiji (Image]) National Institute of Health
Graphpad Prism7 Graphpad software
Image Lab software Suite Biorad Laboratories
Leica LAS X LifeScience Leica Microsystems
Li-Cor Image Studio Suite v.5.0 Li-Cor Biosciences
MultiCycle AV Standalone Phoenix Flow Systems
NIS-Elements Software Nikon
Primer 3 Steve Lincoln, Mark Daly, and Eric S. Lander
QuantStudio 6 & 7 Flex Real-Time PCR System Applied Biosystems
Tecan i-Control v. 2.0 Tecan Life Sciences
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1. ROLE OF RINGIB IN ES TUMORIGENESIS

Previous work from our group has identified the PcG subunit RING1B as highly
expressed in primary ES tumours as compared to other sarcomas. We reported protection
of ES cells from apoptotic cell death by RING1B-mediated repression (Hernandez-Muioz
etal., 2016). Increasing evidence indicates that PRC1 complexes containing RING1B have
potential for transcription activation, via catalytic-independent association with KDM6A,
an H3K27me3 demethylase, and p300 (Raietal., 2015). In agreement with this new role, we
have recently described that RING1B co-localizes with EWSRI1-FLI1 at enhancers, while
retaining its repressive activity at PcG developmental-regulated genes. We demonstrated
that RING1B is necessary for the expression of key EWSR1-FLI1 targets by facilitating the
recruitment of the fusion oncoprotein to key enhancers (Sanchez-Molina et al., 2019).

To investigate the in vivo relevance of RINGIB in ES tumorigenesis, we subcutaneously
injected SK-ES-1 cells with a shRNA targeting RING1B and a control shRNA sequence
into nude athymic mice. Each mouse carried ES inoculum in two flanks with the same
shRNA sequence. At 19 days post-injection, tumours derived from shRING1B xenografts
were significantly smaller than controls, with median values of 166.8 mm’ (n=10) and
534.9 mm® (n=10), respectively (P-value < 0.05) (Figure IV. 1A). Importantly, the median
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A) Boxplot summarizing the tumour volume distribution of xenografts established by subcutaneous injection
of SK-ES-1 shCTRL versus shRING1B cell lines in athymic nude mice at 19 days post-injection. Median
volume was 534.9 mm’® and 166.8 mm’, respectively. *P < 0.05. B) Kaplan-Meier survival curves of mice
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with shCTRL versus shRING1B xenografts. P value was calculated using the log-rank statistical test. *P <
0.05. C) Immunohistochemistry study of RING1B, EWSR1-FLI1, and CD99 antibodies in sections of excised
tumours from shCTRL and shRINGI1B xenografts. Proliferation was assayed by immunohistochemistry
staining of Ki-67. Section tissue morphology was controlled with H&E staining of tumours. All images were
captured at 40x magnification. Scale bar represents 20 um. D) RT-qPCR analysis of mRNA expression for
RINGI1Band EWSRI-FLII in tumours. mRNA expression levels were calculated with the AACT method and
normalized to GAPDH. Data represent the mean + SEM (n = 9-10 animals per group). *P < 0.05 and ***P
< 0.001 as compared to control.

survival of mice was 30 days for those with shCTRL and 37 for those with shRING1B
(Figure IV. 1B), demonstrating that genetic knockdown of RINGI1B caused delay in
tumour growth. This result was further confirmed by immunohistochemical studies
showing shCTRL tumours displayed higher proliferation rates than shRING1B, according
to KI-67 staining (Figure IV. 1C). We also confirmed a lower expression of RING1B in
knockdown xenografts as compared to controls. The ES marker CD99 remained essentially
unchanged. These data agreed with the mRNA expression levels observed for RING1B and
EWSRI1-FLI1 in tumours at the endpoint (Figure IV. 1D). In brief, all pieces of evidence
highlight the importance of RING1B in ES tumorigenesis and further support RING1B as
an attractive pharmacological target to test.

2. TARGETING RING1B BY MLN4924 (PEVONEDISTAT)

The NAE inhibitor MLN4924 has been reported to be remarkably active in a panel of
ES cell lines and xenografts, harbouring a mean IC50 of 31 nM (Mackintosh et al., 2012;
Smith et al.,, 2012). Members of the large CRL family of E3 ubiquitin ligases, which
mediate protein turnover, are among the most altered substrates described by MLN4924.
Full activation of CRL requires neddylation of the cullin subunit (Zhou et al., 2019). By
inhibiting the first steps of the neddylation cascade, MLN4924 triggers an accumulation
of many CRL substrates involved in multiple crucial cellular processes, including cell cycle
arrest, apoptosis, senescence, and autophagy (Soucy et al., 2009). RING1B, the enzymatic
subunit of PRC1, has E3 ubiquitin ligase activity on histone H2A, which has been primarily
linked to gene repression (Wang et al., 2004). Given the striking sensitivity of ES cells
to MLN4924, together with the mechanistic basis reported for MLN4924 to functionally
perturb E3 ubiquitin ligases, we asked whether this drug could alter RING1B in ES.

2.1 The strong sensitivity of ES cells to MLN4924 correlates with an
accumulation of CRL substrates

In order to validate if MLN4924 functionally modifies E3 ligases, we first characterized
the IC50 concentration for MLN4924 in ES cells, as compared to a non-tumoral cell
line (HEK 293T), by exposing the cells to different concentrations of the inhibitor for
72 hours. By MTS viability assays we reproduced the high vulnerability reported for ES
cell lines to MLN4924, showing mean IC50 of 80 nM, 86 nM and 114 nM for A4573,
A673 and SK-ES-1, respectively (Figure IV. 2A). In contrast, HEK 293T cells displayed
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a more resistant pattern, lacking the delay in cell viability observed for ES cells at such
concentrations. These results were further confirmed by crystal violet staining (Figure IV.
2B). We subsequently studied the activity of CRL upon MLN4924 treatment by analysing
the expression of p27 and p53 substrates by Western blot. We observed that p27 and p53
CRL substrates accumulated in ES cells following MLN4924 treatment, in agreement
with literature (Figure IV. 2C). Specifically, A673 cells displayed an early accumulation of
proteins at 50 nM, while SK-ES-1 cells required a higher concentration of the drug, at 100
nM. Despite the sensitivity of these cells to MLN4924, levels of EWSR1-FLI1 remained
invariable. In contrast, CRL substrates in HEK 293T cells showed no changes at these
concentrations of MLN4924.
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FIGUREIV. 2 ES cell lines are especially sensitive to MLN4924 treatment, correlating with an accumulation
of CRL substrates.

A) MTS cell proliferation curves expressed in percentage of viable cells in A4573, A673 and SK-ES-1 ES
cell lines after different concentrations of MLN4924 treatment for 72 hours. HEK 293T was used as a
control. Represented values are means of five technical replicates per condition. Best-fit curves of three
biological replicates were built in GraphPad Prism. Table below shows the IC50 values calculated with
the same program. B) Images of crystal violet staining of ES cells and HEK 293T treated at the indicated
concentrations of MLN4924 taken 6 days later. C) Western blot analysis of a representative experiment
showing protein levels of p27 and p53 CRL substrates upon MLN4924 treatment at 50 and 100 nM in ES
cell lines and HEK 293T. FLI1 antibody detects levels of EWSR1-FLI1 fusion oncoprotein in ES cells. Actin
was used as a loading control.
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Altogether, these results reproduce the striking sensitivity reported for ES cell lines to
MLN4924, independently of EWSRI-FLI1 protein changes. Furthermore, our data
indicate that CRL substrates accumulate, showing specific perturbation of these E3 ligases
in ES cells.

2.2 MLN4924 deregulates gene expression profiling of E3 ubiquitin ligases
in ES cell lines

To elucidate to which extent MLN4924 alters the expression of E3 ligases in ES cells, we
performed a genome-wide gene expression analysis of A673 and SK-ES-1 cells treated
with the drug. We used a sub-IC50 concentration of MLN4924 to avoid maximal
contribution of cell-death effects, i.e. 50 nM for 72 hours in both cell lines. Consistent
with the higher sensitivity to MLN4924 observed in A673 cells as compared to SK-
ES-1 cells, gene expression data revealed significantly more genes altered in A673 than
in SK-ES-1 with 3116 and 1698 deregulated targets, respectively (log fold change (FC)
0.32 and P-value < 0.05) (Figure IV. 3A). Functional analyses of these data by DAVID
Bioinformatics Resources revealed enrichment in gene ontology (GO) terms in A673 cells
that were principally involved in cell death in response to DNA damage and stress, such as
the release of cytochrome C from mitochondria, DNA damage checkpoint, and apoptosis,
among the top-10 biological processes. These data are consistent with the induction
of apoptosis described for MLN4924 in ES cells (Mackintosh et al., 2012). In contrast,
SK-ES-1 cells showed enrichment in pathways closely related to cell response to stress,
such as interferon (IFN) signalling, response to virus, and oxidation-reduction processes
(Figure IV. 3B). We suggest that enrichment of such stress-related pre-apoptotic pathways
displayed by SK-ES-1 cells were due to the less sensitive phenotype shown for this cell line
at the drug concentration used in this study.

In order to explore whether E3 ubiquitin ligases were significantly altered in the differential
expressed genes (DEG) list, we crossed our data with a public dataset comprising 377 human
E3 ubiquitin ligases (Medvar et al., 2016). We found that 70 E3 ligases in A673 cells, and 20
in SK-ES-1 cells, were among the significantly deregulated genes by MLN4924, representing
18.5% and 5.3%, respectively, of the total E3 ligases (Figure I'V. 3C). This result indicates that
MLN4924 not only alters the enzymatic activity of some E3 ligases such as CRL (seen as an
accumulation of CRL substrates in Figure IV. 2C) but also the expression levels of many E3
ligases. Note that at these concentrations of MLN4924, SK-ES-1 cells had almost one-third
deregulated E3 ligases as compared to A673 cells. RING1B was not in the list of statistically
significant deregulated E3 ligases, although it decreased with drug treatment in both datasets.
Accordingly, we confirmed RING1B downregulation by MLN4924 by RT-qPCR, which was
statistically significant for A673 cells. Moreover, this was specific for RING1B and ES cells, as
RINGIB mRNA levels in HEK293T cells remained unaltered (Figure IV. 3D).
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FIGURE IV. 3 MLN4924 deregulates E3 ubiquitin ligases including RING1B in A673 and SK-ES1 ES cell
lines.

A) Bars representing percent of DEG from microarray analysis upregulated (grey) and downregulated
(pink) in A673 and SK-ES-1 cells treated with 50 nM of MLN4924. A log FC of 0.32 and a P-value < 0.05
cut-off was used for the analysis. B) GO enrichment analysis of the top-10 biological pathways of DEG
upon MLN4924 treatment for A673 (up) and SK-ES-1 (down) ES cells. The statistical significance of the
enrichment (-log(P-value)) is shown in the x-axis, and the y-axis shows the GO biological processes. C)
Heatmap visualization of gene expression values of a subset of 70 and 20 E3 ubiquitin ligases significantly
deregulated by MLN4924 in A673 and SK-ES-1, respectively. Expression levels are indicated by the shading
in the heatmap, with blue indicating a negative log FC value (lower expression) and red indicating a positive
log FC (higher expression). Dendrograms show the results of hierarchical clustering of genes (left) and
biological samples (up). Control (CTRL) and treated (MLN) replicates are indicated below histograms.
D) RT-qPCR analysis of mRNA levels of RING1B and EZH?2, the catalytic subunits of PRC1 and PRC2,
respectively, and EWSRI-FLI1, in control and MLN4924 treated ES cells. HEK 293T was used as a control.
mRNA expression was calculated with AACT method and normalized to TBP. All experimental conditions
were calculated relative to the control condition. All data represent mean + SEM from minimum of three
biological replicates. *P < 0.05.
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Overall, our data indicate a remarkable deregulation of E3 ubiquitin ligases by MLN4924.
The sensitivity of ES cells to MLN4924, together with the decrease of RING1B at the mRNA
level, prompted us to use this drug to study the effects of RING1B modulation in ES cells.

2.3 RINGIB knockdown sensitizes ES cell lines to MLN4924 inducing
apoptosis

We have demonstrated MLN4924 causing a decrease of RINGIB transcript levels. To
investigate the pathways involved in RING1B deregulation by MLN4924, we crossed the
RINGI1Bknockdown gene expression data in A673 and SK-ES-1 ES cell lines from Sanchez-
Molina et al. (2019) with our data. We first confirmed depletion of RING1B in A673 and
SK-ES-1 cells by Western blot, which was associated with invariable levels of EWSR1-
FLI1 (Figure IV. 4A, left). Interestingly, the RING1B decrease caused no alterations of
H2Aub protein levels (Figure IV. 4A, right), indicating that RING1B function in ES is
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FIGURE IV. 4 MLN4924 treatment and RINGIB knockdown share DNA damage and cell-stress
related pathways in ES cells.
A) Representative immunoblots showing RING1B (left) and ubH2A (right) levels from whole-cell
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protein extracts or histone extracts, respectively, in A673 and SK-ES-1 knockdown cells. EWSR1-FLI1
was detected with FLI1 antibody. Tubulin and histone H4 were used as loading controls. B) Venn
diagrams of the set of DEG generated for RING1B knockdown (shRING1B) and MLN4924 treatment
(MLN4924) in A673 (left) and SK-ES-1 (right) using a log FC 0.32 and P-value 0.05 cut-off. Common
genes are represented in grey shading. Each diagram contains the number of genes represented. C)
Enrichment analysis of the top-10 biological pathways of the common DEG set between RING1B
and MLN4924 in A673 (left) and SK-ES-1 (right). The x-axis shows the statistical significance of
the enrichment (-log(P-value)), and the y-axis shows the top-10 enriched pathway categories from
Reactome pathway database (2016).

uncoupled from its ubiquitin ligase activity towards H2A, as proposed in Sanchez-Molina
et al. (2019). Intersection of the 4118 DEG of RINGIB knockdown with our gene set of
3116 DEG deregulated with MLN4924 in A673 cells (logFC 0.32 and P-value < 0.05)
showed a striking overlap of 657 (16%) of commonly deregulated genes (Figure IV. 4B,
left). Although SK-ES-1 cells had less deregulated targets upon MLN4924 treatment, they
also displayed an overlap of 168 genes (10%) (Figure IV. 4B, right). These results indicate
that a great part of the effects produced by RING1B knockdown are also observed when
treating these cells with MLN4924, supporting our previous observations indicating
that RINGI1B is deregulated by MLN4924. We subsequently investigated the pathways
involved in the gene set of commonly deregulated genes for each cell line. Functional
enrichment analysis using EnrichR, indicated the DNA damage/telomere stress-induced
senescence, or the TP53 in the G1 cell cycle arrest pathway, were among the top-10 most
statistically significant representative pathways in A673 cells (Figure IV. 4C, left). SK-ES-1
cells, however, displayed pathways related to immune processes, such as IFN or cytokine
signalling (Figure IV. 4C, right).

Consistent with these observations, exposing control and RING1B knockdown cells to
different concentrations of MLN4924 and evaluating cell proliferation, showed that the
depleted cells were more sensitive to the drug as compared to control. The IC50 values for
control and RING1B-depleted cells were 158 and 85 nM, respectively, in A673 cells, and
138 and 100 nM, respectively, in SK-ES-1 cells (Figure IV. 5A). A673 cells, in particular,
showed a delay in cell viability that was statistically significant at 100 nM of MLN4924. In
order to elucidate if such differences were related to cell death, we analysed cell apoptosis
by annexin V staining by flow cytometry. Analyses of different concentrations of MLN4924
in A673 and SK-ES-1 cells showed that lack of RING1B increased the fraction of early
and late apoptotic cells upon treatment with MLN4924 (Figures IV. 5B and IV. 5C).
Furthermore, we observed that such induction of cell death was concentration-dependant
in both ES cell lines.
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FIGURE IV. 5 RING1B knockdown sensitizes ES cells to MLN4924 and correlates with an increase in the
number of apoptotic cells.

A) MTS cell proliferation curves expressed in percentage of viable cells in RING1B knockdown A673 (left)
and SK-ES-1 (right) ES cell lines upon treatment with different concentrations of MLN4924 at 72 hours.
Best-fit curves of three biological replicates were built in GraphPad Prism. The right table shows the IC50
values, which were calculated with this program. One-way ANOVA statistical test was used to calculate
for statistically significant differences at each concentration point. *P < 0.05. B) Bar charts representing
percentages of viable, early, and late apoptotic and necrotic cells analysed by annexin V staining by flow
cytometry in RING1B knockdown in A673 cells upon treatment with different concentrations of MLN4924.
Data from a representative experiment performed in parallel with the three experimental conditions are
shown. C) The same results shown in B) but for SK-ES-1 cells.

Collectively, we have demonstrated a striking relationship between RING1B and MLN4924,
indicating DNA damage or IFN signalling as common deregulated pathways in ES cells.
Furthermore, we show RING1B knockdown sensitizes these cells to MLN4924 treatment,
which is associated to an enhanced apoptosis, demonstrating RING1B dependency in ES
cells as previously proposed by our group.
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2.4 MLN4924 produces deficient neddylation triggering RINGIB
proteasome degradation

We next explored if the downregulation observed for RING1B at the mRNA level correlated
with a decrease at the protein level as well. To do this, we extensively analysed RING1B
protein levels in a panel of different ES cell lines treated with different concentrations of
MLN4924 as compared to the HEK 293T control cell line. We observed a concentration-
dependent decrease of RING1B by Western blot that was evident in all ES cells at 125
nM (Figure IV. 6A). Notably, RINGI1B levels in HEK 293T control cells were unaltered.
Correlating with mRNA results, SK-ES-1 cell line was the least responsive to MLN4924

treatment.
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FIGURE IV. 6 MLN4924 decreases RING1B at protein level in ES cell lines in a concentration-dependant

manner.
Western blot showing A) RING1B protein levels in ES cells upon MLN4924 treatment, compared to a control
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cell such as HEK 293T. Histograms represent the densitometric values related to loading control obtained in
the analysis of three biological replicates of the experiment. All data represent the mean + SEM. Tubulin was
used as loading control; B) H2Aub levels in ES cells and HEK 293T upon MLN4924 treatment from histone
extracts. Histone H4 was used as loading control; and C) EZH2 levels in ES cells and HEK 293T upon
MLN4924 treatment. Tubulin was used as loading control. 50, 100, and 125 nM MLN4924 concentrations
were used for these experiments.

We then asked whether the decrease seen on RING1B protein was associated to a defective
E3 enzymatic activity by analysing H2Aub by Western blot. Surprisingly, the overall levels
of H2Aub were unaltered upon MLN4924 treatment at every concentration tested (Figure
IV. 6B). The stable levels found for H2Aub upon MLN4924 treatment coincide with data
published by other groups (Kim et al., 2011). We additionally investigated whether the
decrease of RINGI1B in ES cells was specific for this PcG protein. Western blot analysis
of EZH2, the catalytic component of PRC2, revealed that the levels of this subunit were
maintained with all the concentrations tested, consistent with the mRNA results (Figure
IV. 6C). Thus, the decrease of RING1B upon MLN4924 treatment was specific for this
PcG protein, with no repercussion on the overall levels of H2Aub.

We next sought to explore the mechanism by which RING1B was deregulated by MLN4924
in ES cells. To elucidate if the proteasome machinery was behind the RING1B decrease,
we treated A673 cells with the proteasome inhibitor MG132, alone or in combination
with MLN4924. We used the highest concentration of MLN4924 tested previously (125
nM), to ensure a strong decrease of RINGI1B levels. If the proteasome machinery was
the main factor responsible for its degradation, we would expect that following MG132
treatment in combination with MLN4924, protein levels of RING1B would recover as
compared to MLN4924 treatment alone. In agreement with our hypothesis, addition of
MG132 to cells treated with MLN4924 almost restored RING1B levels, indicating that
the proteasome mediated its degradation by MLN4924 (Figure IV. 7A). The incomplete
restoration of RING1B protein levels is in agreement with its downregulation at mRNA
level by MLN4924.

MLN4924 deregulates S-phase cell cycle proteins in ES cells (Mackintosh et al., 2012).
Considering these data, we asked if deregulation of S-phase proteins by MLN4924 might
explain the decrease of RING1B protein. To this end, we treated ES cells with aphidicolin,
which blocks cell cycle at the early S-phase, and analysed RING1B protein levels. We
observed that the accumulation of cells blocked in S-phase upon aphidicolin treatment
by flow cytometry did not correlate with a decreased level of RING1B in Western blot
(Figure IV. 7B). It thus seems that RING1B degradation is not related to the deregulation
of S-phase proteins described for MLN4924 treatment.

Neddylation has been extensively characterized in the context of CRL. Reports of non-
cullin neddylation in recent years indicate that NEDD8 might have additional biological
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functions (Enchev et al., 2015). As MLN4924 is a general inhibitor of neddylation, we hence
hypothesized that inhibition of neddylation by MLN4924 could be the mechanism behind
RING1B degradation in ES cells. We simulated the suppression of neddylation of MLN4924
by transiently transfecting ES cell lines with a siRNA against NEDD8. Analysis of RING1B
by Western blot showed a positive correlation between lower NEDD8 and RING1B levels,
confirming thatlack of neddylation triggers RING1B degradation in ES cells (Figure IV. 7C).
Furthermore, RING1B has been described to be neddylated (Li et al., 2014). Consistently,
NEDDS was detected in RING1B immunoprecipitates in A673 cells (Figure IV. 7D).

A C A673

A673
1.51 = CTRL ctrl N#1 N#2  siRNA
2z = MG132 RING1B
5’51.0- __ = MLN4924
g3 T MGHILN - NEDDS8
83505
s Ws wees wsss TUBULIN
['4
o CTRL MG132 MLN4924 MG+MLN D
A673
ap— — RING1B i IgG  RINGIB
et |
TUBULIN 40- (S W= RING1B
+ - + MG132 (uM)
R + +  MLN4924 (nM) 40-
' * Nepps
20- E 3
B ‘ CTRL A APH
| G1:44.69%
AGT3 N ‘ 1:66.46%
CTRL  APH xg—m §
. w— RINGIB 27 =-
TUBULIN “. G2:22.18%
— \
27.83%
2: 5.7%

DNA Content DNA Content

FIGURE1IV. 7 Lack of neddylation caused by MLN4924 prone RING1B proteasome-degradation in A673
cells.

A) Western blot representing RING1B protein levels upon treatment with 125 nM of MLN4924, the
proteasome inhibitor MG132, and combinatorial treatment (MG+MLN). Treated cells with vehicle is
shown as CTRL. Tubulin was used as a loading control. Histogram represents the densitometric values
related to loading control and normalized to CTRL. Data obtained from the analysis of three biological
replicates of the experiment. All data represent the mean + SEM. B) Western blot (left) and cell cycle analysis
(right graphs) from flow cytometry experiments of A673 cells treated with vehicle (CTRL) and aphidicolin
(APH). Western blot shows RING1B protein levels upon aphidicolin treatment. Tubulin was used as loading
control. Graphs represent percentage of cells in G1, S and G2 cell cycle phases, with the x-axis indicating
DNA content and the y-axis the cell number. Data from a representative experiment are shown. C) Western
blot of RING1B and NEDD8 protein levels upon NEDD8 knockdown with two siRNA sequences targeting
NEDDS from a representative experiment. Mock control and the two different siRNA are represented as
M, N#1 and N#2. D) Western blot analysis of RING1B immunoprecipitates in A673 showing NEDD8 and
RINGIB blots. Input represents 10% of whole cell extracts.
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Collectively, these results indicate that RING1B is stabilized, at least in part, by neddylation
in ES cells. We further showed that MLN4924 perturbs RING1B proteostasis by triggering
its degradation via proteasome, as it recovers following treatment with a proteasome
inhibitor. Therefore, we conclude that RING1B degradation by MLN4924 in ES cells is
related to inhibition of neddylation by the drug, triggering its degradation through the
proteasome.

2.5 MLN4924 evicts RINGIB and EWSRI1-FLI1 from EWSRI-FLIT-activated
target genes.

Our group has recently shown that RING1B co-localizes genome-wide with EWSR1-FLI1
in the de novo enhancers generated by the oncoprotein, facilitating its recruitment and
modulating transcription (Sanchez-Molina et al., 2019). A well-known set of EWSR1-
FLI1-activated target regions, co-occupied by RING1B, was also defined in this work.

To further elucidate if the deregulation of RING1B protein levels caused by MLN4924
affected its recruitment to chromatin, we analysed RING1B binding at EWSRI-FLI1
targets by ChIP-qPCR technique upon treatment. We noticed that low concentrations
(50 nM) of MLN4924 were enough to lose RING1B from oncogene-activated target sites,
especially in the most sensitive cell lines tested, A673 and A4573 (FigureIV.8A). No effect
was observed for the more resistant cells of SK-ES-1 (data not shown). As previous data
from our group revealed EWSR1-FLI1 recruitment is affected by RING1B knockdown
in ES cells (Sanchez-Molina et al., 2019), we next checked whether MLN4924 perturbs
binding of the oncogene to its targets. Even though MLN4924 did not alter EWSR1-FLI1
levels at that concentration (see Figure IV. 2C), ChIP-qPCR experiments revealed that
EWSRI1-FLI1 was evicted from its target regions correlating with the loss of RING1B
observed at these sites (Figure IV. 8B). We next explored whether such eviction from
these transactivation regions is associated with transcriptional changes. Interestingly,
expression analysis of some EWSR1-FLI1-activated targets by RT-qPCR demonstrated a
slight decrease in gene expression by MLN4924 in A673 cells, as compared to control cells
(Figure IV. 8C). For instance, downregulation of EWSR1-FLI1 enhancer-regulated genes
like CAV1, SOX2, and NKX2-2 correlated with the loss of RING1B by qPCR in A673 cells.
Opverall, these data agree with previous observations by our group (in Sanchez-Molina et
al., 2019) indicating that in addition to clear co-localization of RING1B and EWSRI1-FLI1
genome-wide at enhancer regions, downregulation of RING1B modulates expression of
key oncogene targets, such as NKX2-2 and SOX2.
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FIGUREIV. 8 MLN4924 causes a loss of RING1B from EWSRI1-FLI1-activated targets coinciding with an
eviction of EWSRI-FLII.

A) ChIP-qPCR experiments of RING1B binding in ES cells treated with 50 nM of MLN4924 at 72 hours.
Data were calculated with the percent input method, and IgG was subtracted from immunoprecipitated
samples. B) The same experiments as shown in A) but analysing EWSR1-FLI1 binding in ES cells. The FLI1
antibody was used to immunoprecipitate the fusion oncoprotein. C) Analysis of EWSR1-FLI1-activated
targets by RT-qPCR upon MLN4924 treatment in A673 cells and a control HEK 293T cell line. All data
represent mean + SEM from minimum of three biological replicates. *P < 0.05.

In sum, our results demonstrate that MLN4924 recapitulates the effects of RING1B

knockdown in ES cells, including RING1B loss together with an eviction of EWSRI1-FLI1
from its activated target regions that correlates with transcriptional consequences.
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2.6 RINGIB protein levels are downregulated in vivo

To further extend our knowledge of RING1B regulation by MLN4924 in vivo, we studied
RING1B protein levels in ES xenografts and a PdX treated in monotherapy with this drug.
RDES and RM82 ES xenograft samples were kindly provided by Dr. Enrique de Alava and
were published in Mackintosh et al. (2012). ES PdX samples from our institution were
provided by Dr. Angel Montero and Dr. Enrique de Alava (manuscript in preparation).
Detailed information regarding these experiments is shown in Figure IV. 9A. These
studies revealed that ES xenografts were sensitive to MLN4924, as assessed by the tumour
volume at the end point compared to control. In contrast, monotherapy treatment was
not efficacious for a concrete ES PdX, which showed no response to the inhibitor (Figure
IV. 9B). Evaluation of RING1B protein levels in these samples by Western blot showed a
decrease in RM-82 ES xenografts at the highest dose of MLN4924 tested (i.e. 90 mg/kg),
corroborating our in vitro observations that MLN4924 reduced levels of this protein. In
contrast, in ES PdX, this was visibly at a lower dose (60 mg/kg). Nevertheless, decreased
RINGIB levels were not associated with MLN4924 response, indicating the solely
inhibition of RING1B was not critical for tumour survival of this PdX in particular.
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FIGURE IV. 9 MLN4924 decreases RING1B levels in vivo in ES xenografts and PdX.

A) Schematic representation of two in vivo studies evaluating tumour response to MLN4924 performed
by Dr Enrique de Alava group (published in Mackintosh et al. (2012)) and Dr Angel Montero (article
in preparation). Treatment started in both experiments when tumours reached 100-250 mm?®. For ES
xenografts, mice were sacrificed when tumours in control group reached 1500 mm?®, which for RDES was
at day 16 and for RM82 was at day 21. For ES PdX, mice were treated until day 21, and tumour growth
follow-up was performed until the end of the study when tumours measured 2000 mm?®. (Created with
Biorender.com) B) Table showing number of tumours in each group and the MLN4924 response assessed as
the tumour volume at the endpoint as compared to control. The ES PdX was evaluated at day 21 at the end
of treatment. Three doses of MLN4924 were used for ES xenografts (30, 60 and 90 mg/kg), and one dose
of 60 mg/kg was used for ES PdX studies. R indicates regression and NR, non-regression. C) Western blot
of RING1B protein levels at the endpoint in ES xenografts and a PdX. Tubulin was used as loading control.
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In conclusion, our data indicate that a NEDDS inhibitor, such as MLN4924, causes
downregulation of the E3 ubiquitinligase RING1B especially at the proteinlevel, in vitroand
in vivo. Moreover, we show the inhibitor alters the capacity of RING1B to recruit EWSR1-
FLI1 to the de novo enhancers produced by the fusion oncoprotein. We demonstrated
that RING1B knockdown shares many altered pathways with cells treated with MLN4924,
explaining the higher sensitivity of RING1B knockdown cells to the inhibitor. Overall, we
provide further rationale for RING1B inhibition as a novel target in ES.

3. CHARACTERIZATION OF H3K27me3 AND ITS ENZYMATIC
ACTIVITIES IN ES

3.1 H3K27me3 is redistributed in ES

GGAA repeats are DNA sequence motifs implicated in ES due to their overrepresentation
as directly bound elements of EWSR1-FLI1 (Gangwal et al., 2008; Guillon et al., 2009).
Further experimental evidence identified these elements as sites at where the oncogene
operates as a pioneer factor to mediate the transition from closed to open chromatin and
to establish an active enhancer state (Riggi et al., 2014). Importantly, no overlap between
EWSR1-FLI1-bound GGAA repeats and the PcG-mediated repressive mark H3K27me3
has been reported in either ES cell lines or primary tumours (Riggi et al., 2014; Tomazou et
al,, 2015). However, data published by other groups demonstrated that in ectopic models
overexpressing the fusion protein, this mark is lost from PcG repressed loci, such as HOXD
(Svoboda et al., 2014). Furthermore, chromatin studies have revealed that the GGAA
repeats to which EWSR1-FLI1 is recruited in ES are extensively decorated with H3K27me3
in HUVECs and hpMSCs (Boulay et al., 2018; Patel et al., 2012). Given the relevance
of PcG in cell lineage differentiation, and our recent findings about the contributions of
RINGI1B in ES, we decided to further study the H3K27me3 histone modification at a
global and gene-specific level during ES tumorigenesis.

3.1.1 Global levels of H3K27me3 are maintained in EWSR1-FLI1-transformed cells

As H3K27me3 has been reported to be absent from EWSR1-FLI1 target regions (Riggi
et al., 2014; Tomazou et al,, 2015), we next asked whether H3K27me3 was globally lost
upon overexpression of EWSR1-FLI1. For this, we used an easy-to-use embryonic cell
context, such as HEK 293T cells, to introduce EWSR1-FLI1-pEGFPN1 by conventional
transfection techniques. First, we confirmed the expression of EWSR1-FLI1 at the protein
(Figure IV. 10A) and mRNA (Figure IV. 10B) levels in two biological replicates of the
transfected cells. We next analysed by Western blot the H3K27me3 and H3K27ac levels
in histone extracts of control and EWSRI1-FLI1-transfected cells, as global levels of the
active enhancer-related histone modification H3K27ac were published as the most altered
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histone mark in EWSR1-FLI1-knockdown models (Tomazou et al., 2015). Surprisingly,
similar to H3K27ac levels, H3K27me3 levels remained unaltered despite the strong
induction of the oncogene (Figure IV. 10C). Furthermore, immunofluorescence staining
of H3K27me3 revealed a diffused distribution pattern across the nuclei for EWSR1-FLI1-
GFP transfected cells in contrast with the focal pattern displayed in cells negative for the
GFP-tagged fusion protein (Figure IV. 10D).
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FIGURE 1V. 10 Overall levels of H3K27me3 are maintained in HEK 293T cells overexpressing EWSRI1-
FLI1.

A) Western blot confirming overexpression of EWSR1-FLI1 in two biological replicates of transfection of
the oncoprotein in HEK 293T cells. The FLI1 antibody was used to detect EWSR1-FLI1 and Lamin B was
used as loading control. B) RT-qPCR analysis of mRNA levels of EWSRI-FLI1 upon overexpression of
EWSRI1-FLI1-pEGFPN1 in HEK 293T cells. mRNA expression level was calculated with AACT method and
normalized to GAPDH. Data represent the mean + SEM and presented in a logarithmic scale. C) Western
blot showing levels of H3K27me3 and H3K27ac in histone extracts from HEK 293T overexpressing control
and EWSRI1-FLI1-pEGFPNI1. Histone H4 was used as loading control. D) Confocal microscope images
showing H3K27me3 and EWSR1-FLI1-GFP in HEK 293T cells transfected with EWSR1-FLI1-pEGFPNI.
EWSRI-FLI1-GFP was detected in green channel, H3K27me3 was detected in red channel and nuclei were
stained with Hoechst and detected in blue channel. Images were processed in Image J to generate an image
composite of all channels. Scale bar represents 3 pm.

In order to elucidate to what extent H3K27me3 levels remained invariable upon
introduction of EWSR1-FLI1, we performed the same analysis in a cellular background
closer to the postulated mesenchymal cell-of-origin of ES (Castillero-Trejo et al., 2005;
Riggi et al., 2005; Riggi et al., 2008; Tirode et al., 2007). For this, we overexpressed
EWSR1-FLI1 in hpMSCs, currently considered a model that recapitulates the early steps
of ES tumorigenesis (Boulay et al., 2017; Riggi et al., 2010). Additionally, given the high
similarity of gene expression data reported for human umbilical vein endothelial cells
(HUVEC) and ES cell lines (Staege et al., 2004), we included HUVEC cells in our studies.
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Overexpression of EWSR1-FLI1-pLIV in HUVEC and hpMSC models by lentiviral
transduction and further selection of EWSR1-FLI1 positive cells led to no phenotypical
differences as compared to controls in HUVEC. However, the hpMSC model shown more
elongated features (see Materials and Methods). We then collected the cells right after
the selection step to analyse the immediate changes promoted by EWSR1-FLI1 in these
cellular contexts. First, we validated EWSR1-FLI1 expression at both protein and mRNA
levels and confirmed a strong induction in the two cellular models (Figure IV. 11A and
IV.11 B, respectively). Analysis of histone marks by Western blot reproduced our previous
results in HEK 293T cells for both HUVEC and hpMSC, indicating that introduction of
EWSRI1-FLI1 does not alter overall levels of either H3K27me3 or H3K27ac at the protein
level (Figure IV. 11C).
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FIGURE IV. 11 Overall levels of H3K27me3 are maintained in HUVEC and hpMSC overexpressing
EWSRI-FLII.

A) Western blot confirming overexpression of EWSR1-FLI1 in HUVEC and hpMSC infected with control
and EWSR1-FLI1-pLIV. The FLI1 antibody was used to detect EWSR1-FLI1, and tubulin was used as
loading control. Data from representative experiments are shown. B) RT-qPCR analysis of mRNA levels of
EWSRI1-FLI1 upon overexpression of EWSR1-FLI1-pLIV in HUVEC and hpMSC. mRNA expression levels
were calculated with the AACT method and normalized to GAPDH. Data represent the mean + SEM and are
shown in a logarithmic scale. C) Western blot showing levels of H3K27me3 and H3K27ac in histone extracts
from HUVEC and hpMSC infected with control and EWSR1-FLI1-pLIV. Histone H4 was used as loading
control. Data from representative experiments are shown.

Altogether, our data demonstrate that in ectopic models of the fusion protein, global
levels of H3K27me3 remain unchanged. Hence, given the loss reported for H3K27me3 at
EWSRI1-FLI1 binding sites, our results suggest that histone marks are redistributed during
ES tumorigenesis.

3.1.2 EWSRI-FLI1 targets H3K27me3-repressed regions

Several groups have described a bona fide list of GGAA repeats directly bound by EWSR1-
FLI1 to activate transcription (Bilke et al., 2013; Gangwal et al., 2008; Riggi et al., 2014).
These regions have been reported to be highly enriched in H3K27me3 in embryonic cells
and HUVEC (Patel et al., 2012), in contrast with the absence of this histone mark found
in ES cell lines (Riggi et al., 2014; Tomazou et al., 2015). Consistently, we studied whether
this mark was present in the GGAA repeats of EWSR1-FLI1-bound promoters by ChIP-
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qPCR in hpMSC and HUVEC as compared with the ES cell line A673. Additionally,
we checked for H3K4me3, which defines active promoters. Analysis of these regions
interestingly revealed that H3K27me3 was especially enriched in HUVEC and hpMSC.
In contrast, in A673 cells, these promoters were devoid of this mark and, coinciding with
their transcriptional active state, they were strongly enriched for H3K4me3 (Figure IV.
12A). This is in agreement with previous observations indicating that H3K4me3 mainly
associates with EWSRI1-FLI1-bound regions in promoters (Riggi et al., 2014; Tomazou et
al., 2015). In contrast, the same regions in HUVEC or hpMSC models lacked H3K4me3.
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Figure IV. 12 EWSRI-FLI1-activated targets are highly enriched in H3K27me3 in HUVEC and hpMSC
and lose this mark upon introduction of the oncogene.

A) ChIP-qPCR experiments showing H3K27me3 and H3K4me3 enrichment in promoters of EWSR1-FLI1-
activated targets in A673, HUVEC and hpMSC. Data shown were calculated with percent input method
and normalized to IgG. HOXD11 and KCNA5 are control positive regions for H3K4me3 and H3K27me3,
respectively, in A673 cells. A schematic representation of H3K4me3 (green) and H3K27me3 (red) in the
promoter regions of chromatin during transcription is also shown. B) RT-qPCR analysis of mRNA levels
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of EWSRI1-FLI1-activated targets upon overexpression of EWSR1-FLI1-pLIV in HUVEC cells. Data were
calculated with AACT method and normalized to TBP. Data from EWSR1-FLI1 experimental condition
were calculated relative to the control condition (empty pLIV). All data represent mean + SEM from a
minimum of three biological replicates. C) ChIP-qPCR experiments showing enrichment of H3K27me3 in
control and EWSRI-FLI1-pLIV HUVEC cells. Data represented were calculated with percent input method.
IgG value was subtracted to immunoprecipitated samples. KCNA5 was used as a control region positive for
H3K27me3 and HOXAI was used as a negative region. All data represent the mean + SEM from a minimum
of three biological replicates.

HOXD11 and the potassium voltage-gated channel subfamily A member 5 (KCNA5) were
used as control regions. HOXD11 is overexpressed in ES and, following ectopic expression
of the fusion oncoprotein in NCSC, loss H3K27me3 from its promoter (Svoboda et al.,
2014). Hence, we used this region as a negative control for H3K27me3 in A673. As KCNA5
is highly repressed in ES (Ryland et al., 2016; Ryland et al., 2015), we used it as a positive
region for H3K27me3 enrichment in ES. Altogether, our results demonstrate that EWSR1-
FLI1-activated targets display a very different pattern for H3K27me3 in non-transformed
cellular contexts as compared to A673.

In an attempt to elucidate whether H3K27me3 is lost from the specific set of promoters
activated during ES tumorigenesis, we analysed this mark in HUVEC overexpressing
EWSRI1-FLI1. First, we checked the induction of various EWSR1-FLI1-activated targets
upon the introduction of the oncogene by RT-qPCR (Figure IV. 12B). We obtained a
prominent overexpression especially for IGF1, CACNB2, SOX2, NROBI, VRKI, and NKX2-
2. As these regions were initially marked with H3K27me3, we investigated by ChIP-qPCR
if such an increase in gene expression was associated with a loss of H3K27me3 at the
promoter level. In agreement with the expression data, we found that activation of EWSR1-
FLI1 target genes was accompanied with a loss of H3K27me3 from their promoter region,
especially for CACNB2 and SOX2, similarly to the control gene HOXDI11 (Figure IV.
12C). KCNA5 was used as a positive control for H3K27me3 and Homeobox A1 (HOXA1I)
was included as a negative region for H3K27me3.

Overall, non-transduced cell models display abundant H3K27me3 in EWSR1-FLI1-
activated genes as compared to transformed cellular contexts such as A673. We have
demonstrated that introduction of EWSR1-FLI1 in HUVEC causes a necessary loss of this
mark from promoters, which allows for gene activation by EWSR1-FLI1.

3.1.3 H3K27me3 is lost specifically in EWSRI1-FLIT-activated promoters

The unchanged global levels of H3K27me3, together with the local loss observed in some
EWSRI1-FLI1-activated promoters following ectopic expression of EWSR1-FLI1, suggests
a genome-wide redistribution of the H3K27me3 histone mark. When we checked the
expression of EWSR1-FLI1-activated targets upon ectopic expression of the oncogene in
hpMSC overexpressing the fusion oncogene, we found even stronger gene activation from
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a dozen- to hundred-fold inductions as compared to the HUVEC model (Figure IV. 13A).
This strong induction is in agreement with data from Riggi et al. (2010). To elucidate
which regions gain and loss H3K27me3 at a genome-wide scale during the early steps
of EWSRI-FLI1 oncogenic transformation, we performed ChIP-seq of H3K27me3 in
hpMSC. We sequenced two biological replicates (R1 and R2) of H3K27me3 ChIP samples
from empty pLIV (ctrl) and EWSR1-FLI1-pLIV (EF) hpMSC, yielding an average of 33
million uniquely mapped reads per sample (Figure IV. 13B). These reads corresponded
to 5194 and 629 peaks associated to 2469 and 429 genes in control and EF hpMSC cells
R1 replicates, respectively. According to the repressive role of H3K27me3 classically
exerted in the promoter region of genes, analysis of the genomic distribution revealed that
the majority of peaks were mainly found in promoters in both experimental conditions
(Figure IV. 13C). Notably, we observed a slight decrease in the percentage of promoter
peaks of H3K27me3 upon EWSRI1-FLII introduction in hpMSC (from 46.3% to 42% in
R1, and from 47.8% to 41.3% in R2), which was associated to a gain of this mark in the
genic and intergenic regions. These data further support our previous results, indicating
a redistribution process of this mark. We subsequently validated our ChIP-seq by visually
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Figure IV. 13 Ectopic expression of EWSRI-FLII alters the genomic distribution of H3K27me3 in hpMSC,
showing a loss at the promoter and enhancer regions of oncogene-activated targets.
A) RT-qPCR analysis showing mRNA levels of EWSR1-FLI1-activated targets upon overexpression of
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EWSRI-FLI1-pLIV in hpMSC cells. Data were calculated with the AACT method and normalized to TBP.
Data from EWSR1-FLI1 experimental condition were calculated relative to the control condition. All data
represent mean + SEM from a minimum of three biological replicates. B) Table providing information of
H3K27me3 ChIP-seq from hpMSC cells infected with empty pLIV and EWSR1-FLI1-pLIV. The barcode
used and number of mapped reads including number of associated peaks and genes sequenced is shown.
Input information is also shown. C) Pie chart showing the genomic distribution of H3K27me3 ChIP-seq
peaks (in promoters, genic or intergenic regions) in control and EWSR1-FLI1-hpMSC samples. D) Genome
browser visualization of H3K27me3 enrichment in EWSR1-FLI1-activated targets, exemplified in NKX2-2
and KIT in control hpMSC and EWSRI-FLI1-hpMSC samples. Peak distribution is represented as black
bars under each track. Publicly available ChIP-seq tracks of FLI1 and H3K27me3 in control and EWSR1-
FLI1-hpMSC from Boulay et al. (2018), were also included in these studies, which are indicated in brown
names. Peak distribution is represented as black bars under each track. Grey boxes frame the promoter and
enhancer areas with H3K27me3 loss following EWSR1-FLI1 introduction in hpMSC. Ctrl indicates hpMSC
infected with empty pLIV, and EF indicates hpMSC infected with EWSR1-FLI1-pLIV. The blue bar shows
the genomic scale, which represents kilobases of DNA base pairs. R1 and R2 indicate the sample replicates
used.

inspecting some well-known developmentally repressed PcG targets. Analyses of these
regions indicated high enrichment of H3K27me3 in both control and EWSR1-FLI1
sample replicates (data not shown), despite the difference of the total number of peaks
between the two experimental conditions. Next, we studied the presence of H3K27me3 in
enhancers associated with EWSR1-FLI1 that are known to lose H3K27me3 when EWSR1-
FLI1 is introduced into stem cell models. We used the more enriched H3K27me3 ChIP-
seq samples (R1 replicates) for further analysis. We validated in our data that, following
EWSR1-FLI1 introduction into hpMSC, H3K27me3 was lost from the promoter as well
as from enhancer regions bound by the oncogene (Figure IV. 13D). For instance, analysis
of the NKX2-2 promoter and its related enhancer, which is positioned approximately 40
kb upstream the TSS, showed a loss of H3K27me3 coinciding with EWSR1-FLI1 peaks,
which agrees with published data (Figure IV. 13D, left). Such alterations were also
visible in intronic enhancers, for instance in the KIT proto-oncogene, receptor tyrosine
kinase (KIT) gene (Figure IV. 13E, right). As Boulay et al. (2018) recently analysed
H3K27me3 by ChIP-seq with a different antibody than the one we used here, we also
included H3K27me3 as well as the FLI1 ChIP-seq tracks (GSM2857578, GSM2857579,
GSM2857585, GSM2857586) in our analysis.

To further characterize H3K27me3 positioning after EWSR1-FLI1 introduction, we first
intersected the gene-associated peaks of both control replicates and found 1,806 common
regions (Figure I'V. 14A). We next examined the H3K27me3 distribution by setting a 5-kb
window upstream and downstream of the TSS in these common gene-associated peaks.
Our data revealed that control cells displayed more H3K27me3 around 1.5 kb of the
TSS, whereas cells overexpressing EWSR1-FLI1 mainly lost this mark from these regions
(Figure IV. 14B). These results confirm genome-wide the prominent loss we previously
described in the promoter regions bound by EWSR1-FLI1. Among the group of genes that
lost H3K27me3 were some EWSR1-FLI1-activated targets, such as the FEZ family zinc
finger 1 gene (FEZF1) and HOXD11 (Figure IV. 14C).
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FIGURE IV. 14 H3K27me3 is lost from promoters in hpMSC overexpressing the fusion oncogene and
correlates with EWSR1-FLII1-activated targets.

A) Venn diagram of H3K27me3 gene-associated peaks in control R1 and R2 hpMSC ChIP-seq replicates,
showing an overlap of 1806 peaks. B) Metagene plot showing the genomic distribution of H3K27me3 in the
subset of 1806 genes shown in A) in empty pLIV (ctrl) EWSR1-FLI1-pLIV (EF) hpMSC. H3K27me3 peaks
are represented in 5 kb upstream and downstream of the TSS. R1 and R2 indicate the sample replicates used.
C) Genome browser visualization of H3K27me3 enrichment in EWSR1-FLI1-activated targets, exemplified
in FEZF1 and HOXD11 in empty pLIV (ctrl) EWSRI-FLI1-pLIV (EF) hpMSC. Publicly available ChIP-seq
tracks of FLI1 and H3K27me3 in control and EWSRI-FLI1-hpMSC from Boulay et al. (2018) were also
included in these studies, which are indicated in brown names. Peak distribution is represented as black bars
under each track. Grey boxes frame the areas with H3K27me3 loss following EWSR1-FLI1 introduction in
hpMSC. The blue bar shows the genomic scale, which represents kilobases of DNA base pairs. R1 and R2
indicate sample replicates used.

In summary, our study unveils a great loss of H3K27me3 in the promoters of a set of genes
marked by this histone mark prior to the introduction of EWSR1-FLI1, with most of these
genes corresponding to EWSR1-FLI1-activated targets.

3.1.4 The gene body of EWSRI1-FLIT-repressed targets gains H3K27me3

We next analysed the genomic distribution of H3K27me3 focusing on the gains of this
mark, which, together with the specific losses described previously, could explain the
unaltered global levels obtained upon EWSR1-FLI1 introduction in hpMSC. To this end,
we plotted the H3K27me3 peaks around 5 kb from the TSS for all genes of the genome
in control and EWSRI1-FLI1 cells. Global distribution analysis following introduction of
the fusion oncoprotein revealed that H3K27me3 was increased genome-wide in regions
from 2- to 5-kb downstream of the TSS (Figure IV. 15A). Remarkably, among the genes
that gained H3K27me3 after introducing EWSR1-FLI1, we found representation of many
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EWSRI1-FLI1 repressed targets. For instance, a gain of H3K27me3 was clearly observed
in the gene body of the transforming growth factor beta induced (TGFBI) and IGFBP3
(Figure IV. 15B). Importantly, our analysis of the data on these regions published by
Boulay et al. (2018) not only reproduced our observations but showed even stronger gains.
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FIGURE IV. 15 H3K27me3 is increased at the gene body of EWSRI-FLI1-repressed targets in hpMSC
overexpressing the fusion oncogene.

A) Metagene plot analysis showing the genomic distribution of H3K27me3 in all genes in empty pLIV (ctrl)
EWSRI1-FLI1-pLIV (EF) hpMSC. H3K27me3 peaks are represented in 5 kb upstream and downstream of
the TSS. R1 and R2 indicate the sample replicates used. B) Genome browser visualization of H3K27me3
enrichment in IGFBP3 and TGFBI (both EWSRI1-FLII1-repressed targets), exemplifying the gain of
H3K27me3 in the gene body following overexpression of the fusion oncogene in hpMSC. Peak distribution
is represented as black bars under each track. Publicly available ChIP-seq tracks of FLI1 and H3K27me3
in control and EWSR1-FLI1-hpMSC from Boulay et al. (2018) were also included in these studies, which
are shown in brown names. Grey boxes frame the areas with H3K27me3 gain following EWSR1-FLI1
introduction in hpMSC. The blue bar shows the genomic scale, which represents kilobases of DNA base
pairs. R1 and R2 indicates sample replicates used.

To sum up, our study showed a gain of H3K27me3 in the gene body of some genes,
including a subset of EWSR1-FLI1-repressed targets. Altogether, we demonstrate that
H3K27me3 is redistributed upon overexpression of the oncogene in hpMSC, possibly
explaining the unaltered global levels of the histone mark.
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3.2 EZH2 and KDMG6A drive redistribution of H3K27me3 in ES cells

Due to the loss and gain of H3K27me3 observed upon ectopic expression of EWSR1-FLI1
in hpMSC, we hypothesized that the enzymatic activities of writing and erasing H3K27me3
might also be redistributed and consequently might be relevant for ES transformation. In
fact, ES tumours display high levels of the H3K27me3 catalytic subunit EZH2, which is
induced upon ectopic overexpression of EWSR1-FLI1 in hpMSC (Riggi et al., 2008; Staege
etal., 2004). Also, EWSR1-FLI1 binds the EZH2 promoter in vivo in ES cell lines activating
transcription (Richter etal., 2009). Furthermore, EZH2 has been proposed to have a central
role in ES pathology, shaping the oncogenity and stem cell phenotype of this tumour by
inhibiting endothelial and neuroectodermal differentiation programs and influencing its
metastatic potential (Richter et al., 2009). Regarding to the loss of H3K27me3 observed
at EWSR1-FLI1-activated targets, enzymes such as demethylases might be involved in the
tumorigenic process by helping the oncoprotein erase the repressive mark from promoters
that will become active. Removal of methyl groups from K27 in histone H3 is mediated
by the KDM6 JmjC-domain histone demethylases, which have not yet been characterized
in ES.

3.21 KDMG6A is highly expressed in ES cell lines and tumours

In order to elucidate whether members of KDM6 demethylase family were behind
H3K27me3 loss, we first evaluated by Western blot the expression of KDM6A and
KDMS6B family members, in a panel of ES cell lines and other developmental tumours.
We observed that, as compared to RMS or NB, ES cell lines had higher levels of KDM6A
than of KDM6B (Figure IV. 16A). Next, we studied the expression of the demethylases in
a panel of ES PdX from our laboratory (kindly provided by Dr. Angel Montero) and found
that KDM6A was more abundant as compared to KDM6B, correlating with the results
observed in cell lines (Figure IV. 16B). To further elucidate if KDM6A was expressed
in primary ES tumours, we explored publicly available gene expression data from the
Gene Expression Omnibus (GEO2R) of 184 ES tumours at the debut (19 tumour samples
from GSE37371, 48 from GSE17679, and 117 from GSE34620). According to KDM6A
expression, we discriminated two distinct groups of ES patients with a set cut-oft of 7.023
log2 on KDM6A (high, n=88; low, n=96) and performed a supervised analysis between the
two groups (Figure IV. 16C). Strikingly, we found that tumours with a lower expression
of KDM6A were predominantly from male patients (78 vs. 7; 91.76%), whereas those
with higher expression of the demethylase were females (58 vs. 22; 72.5%). There was
no information with respect to sex in the 19 remaining tumour samples. In this regard,
we found a statistically significant association between expression of KDM6A and sex
(P-value < 0.0001; Chi-squared test). This might be due to the X-chromosome location
of KDM6A, which has been reported to escape X-inactivation, leading to sex-specific
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differences (Dunford et al., 2015; Dunford et al., 2017). Moreover, when analysing the
differentially expressed genes from the two groups, many X-linked or Y-linked genes
were represented (data not shown). Analysis of KDM6A by immunohistochemistry in
18 ES primary tumour specimens from newly diagnosed patients of our institution also
revealed two distinct groups with different KDM6A expression pattern, showing a median
of positive nuclei of 74.8% (Figure IV. 16D).
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FIGURE IV. 16 KDMG6A is highly expressed in ES.

A) Western blot showing KDM6A and KDM6B expression in HEK 293T cells, ES cells (A4573, TC-71, TC-
252, SK-ES-1 and A673), a RMS cell line (RD), and a NB cell line (LA-N-1). Tubulin was used as loading
control. B) Western blot showing KDM6A and KDM6B expression in ES PdX generated by our group. Tubulin
was used as loading control. C) Box plot representing KDM6A mRNA levels from 186 ES patients at the
debut extracted from GEO2R. Two groups according to high (N=88) or low (N=96) expression of KDM6A
are plotted using a cut-off of 7.023, which are statistically associated with sex (*P < 0.05). Sex percentages of
each group are shown below the graph. D) Graph representing the percentage of KDM6A-positive nuclei of
the 18 ES tumour samples at the debut (left), and the corresponding immunohistochemistry images from
two representative biopsies (B-03 and B-09) (right). Tumour sections were counterstained with H&E and
scanned with the Ariol software to analyse the number of positive and negative cells calculated from total
nuclei per sample. Images were captured with an optical microscope using 5x and 40xx magnification.
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Taken together, RNA expression data and immunohistochemical studies indicate ES cell
lines and PdX highly express KDM6A compared to KDM6B. Moreover, we observe a
strong correlation between expression of KDM6A and sex in ES tumours.

3.2.2 KDM6A and EZH2 have opposite genomic distribution in A673 cells

We analysed the genome-wide positioning of KDM6A and EZH2 enzymes by ChIP-seq in
the ES cell line A673. For this purpose, we used two different antibodies against KDM6A
(abl and ab2), although only one (abl) displayed evaluable peaks; we obtained a total of
2,455 peaks, corresponding to 1110 genes bound by KDM6A in A673 cells (Figure IV.
17A). Genomic distribution of peaks revealed that KDM6A binds with approximately
the same frequency to genic and intergenic regions, representing 49.4% and 45.4% of the
total peaks, respectively (Figure IV. 17B). Of note, only 5.2% of peaks were associated
to promoters. Compared to KDM6A, a significant lower number of peaks were obtained
for EZH2, with a total of 748 EZH2 peaks associated to 607 genes (Figure IV. 17C).
Interestingly, a large percentage (66.2%) of EZH2 peaks were condensed in the promoter
region, in agreement with the genomic distribution found for H3K27me3. In contrast,
only 18.7% and 15.1% of EZH2 peaks were found in the genic and inter genic regions,
respectively (Figure IV. 17D).
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FIGURE IV. 17 KDMG6A and EZH?2 are differently distributed genome-wide in A673 ES cells.

A) Table showing KDM6A ChIP-seq information in A673 cells related to the barcode used, mapped reads
and number of peaks. The number of gene-associated peaks and input information is also shown. B) Pie
chart representing the genomic distribution of the 2455 KDM6A peaks, classifying them into promoter,
genic and intergenic peaks. C) The same information as in A) but for EZH2 ChIP-seq data in A673 cells.
D) Pie chart representing the same information as in B) but showing the genomic distribution of the 748
EZH?2 peaks.
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Altogether, ChIP-seq analysis of KDM6A and EZH2 clearly revealed an opposite genomic
distribution of these enzymes, consistent with their distinct roles on H3K27me3. Our
results show that while EZH2 is preferentially bound to promoters, KDM6A is more
frequently associated to genic and intergenic regions in A673 cells.

3.2.3. KDMG6A co-localizes genome-wide with EWSR1-FLI1

In order to understand the functional role of KDM6A in ES, we next investigated if it
was recruited to EWSR1-FLII target genes. First, we intersected our list of KDM6A gene-
associated peaks with a publicly available list of EWSRI1-FLI1 gene-associated peaks in
A673 cells from Riggi et al. (2014) by ChIP-seq. Notably, we found that 745 of 2469 gene-
associated peaks bound by EWSRI-FLI1 (30.17%) were also co-occupied by KDM6A,
suggesting a relevant role for this demethylase in ES (Figure IV. 18A). Next, we visually
inspected some of these co-occupied genes in the Genome Browser. We additionally
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Figure IV. 18 KDM6A peaks colocalize genome-wide with EWSRI1-FLI1-activated targets in A673.
A) Venn diagram of KDM6A and EWSR1-FLI1 ChIP-seq peaks, showing an overlap of 745 common peaks
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at gene level in A673 cells. The 2469 EWSR1-FLI1 ChIP-seq peaks in A673 was extracted from Riggi et
al. (2014). B) Genome browser visualization of KDM6A and EZH2 ChIP-seq tracks in two EWSR1-FLI1-
activated targets, such as IGFI and JARID2. Publicly available ChIP-seq tracks of FLI1 and H3K27me3 in
A673 from Riggi et al. (2014) were also included. Data from Boulay et al. (2018) H3K27me3 ChIP-seq tracks
in hpMSC infected with the oncogene were additionally included and are shown in brown names. Peak
distribution is represented as black bars under each track. Grey boxes frame the areas with H3K27me3 loss
following EWSR1-FLI1 introduction in hpMSC in data from Boulay et al. (2018). The blue bar shows the
genomic scale, which represents kilobases of DNA base pairs. C) Table showing some of the 745 common
genes co-occupied by EWSRI1-FLI1 and KDM6A in A673 cells that correlate with a loss of H3K27me3 in
hpMSC infected with EWSRI-FLI1. Symbols + and - indicate enrichment or absence of the protein in the
ChIP-seq data, respectively. D) ChIP-qPCR experiments validating enrichment of KDM6A in A673 and SK-
ES-1 cell lines using two different antibodies (#ab1 and #ab2). Data represented was calculated with percent
input method. DICER2 and ENCI were used as negative regions. All data represent mean + SEM from a
minimum of three biological replicates.

included the tracks from Riggi et al. (2014), corresponding to FLI1 and H3K27me3 in
A673 cells (GSM1517562, GSM1517565). We observed that some KDMG6A peaks precisely
coincided with those for EWSR1-FLI1, for instance in the promoter region of IGFI and
at the enhancer region of JARID2 (Figure IV. 18B). Notably, EZH2 was not bound to
these regions, in agreement with the low levels of enrichment found for H3K27me3 at
these EWSR1-FLI1-bound regions. We subsequently introduced the H3K27me3 ChIP-
seq tracks from hpMSC overexpressing EWSR1-FLI1 from Boulay et al. (2018) to explore
whether the KDM6A-bound regions lost H3K27me3 upon ectopic expression of the fusion
protein. We found that KDM6A binding was associated with a loss of H3K27me3 in the
hpMSC model overexpressing EWSR1-FLI1, suggesting that H3K27me3 is removed by
KDMG6A to activate EWSR1-FLI1 targets (summarized in Figure IV. 18C). We validated
KDMB6A binding in EWSR1-FLI1-activated targets with two different antibodies by ChIP-
qPCR. Dicer 1, ribonuclease III (DICERI) and ectodermal-neural cortex 1 (ENCI) were
used as negative controls for KDM6A enrichment (Figure IV. 18D).

We provide for the first-time evidence that KDM6A co-localizes genome-wide with
EWSR1-FLI1. Moreover, we observe that KDM6A binding in the A673 cell line occurs in
those genes that lose H3K27me3 in the model of hpMSCs overexpressing EWSR1-FLI1,
suggesting that H3K27me3 demethylation by KDM6A might play a role in transcriptional
activation during EWSR1-FLI1-induced tumorigenesis.

3.24 EZH2 is bound to both direct and indirect EWSRI1-FLIT-repressed targets

Given the canonical role of EZH2 as a transcriptional repressor through H3K27me3
deposition, we then asked whether EWSR1-FLI1-mediated repression depended on
EZH2 binding. To study this, we first overlapped EZH?2 peaks associated to genes with
the publicly available data reported by Riggi et al. (2014) on EWSR1-FLI1 gene peaks in
the A673 cell line. Only 52 of the 2469 genes bound by EWSRI-FLI1 (2.1%) coincided
with EZH2 gene peaks (Figure IV. 19A). Indeed, when crossing gene expression data
of EWSR1-FLI1-downregulated genes from Smith et al. (2006) with EZH2-repressed
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targets from Richter et al. (2009), there was an overlap of 141 common downregulated
targets, which accounts for 12% and 20% of the repressed targets, respectively (Figure I'V.
19B). Collectively, these data suggest that, similar to other indirect repressive elements
overexpressed by EWSR1-FLI1, such as NKX2-2 (Fadul et al., 2015; Owen et al., 2008;
Smith et al., 2006), EZH2 mediates part of the repression independently of the fusion
oncogene, whereas only a small fraction corresponds to genes repressed concomitantly by
EWSR1-FLI1 and EZH2.
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Figure IV. 19 EZH2 bounds EWSR1-FLI1-repressed targets in A673 cells.

A) Venn diagram of ChIP-seq gene-associated peaks of EZH2 and EWSR1-FLI1, showing an overlap of
52 peaks at gene level in A673 cells. Data of 2469 EWSR1-FLI1 ChIP-seq peaks in A673 were extracted
from Riggi et al. (2014). B) Venn diagram representing EWSR1-FLI1 and EZH2-downregulated targets
(log FC 0.32 P-value < 0.05) in A673 cells, showing an overlap of 141 commonly repressed genes. Data
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from EWSR1-FLI1 downregulated targets in A673 cells were extracted from Smith et al. (2006) and data
from EZH2 downregulated targets were from Richter et al. (2009). C) Genome browser visualization of
EZH2 and KDM6A ChIP-seq tracks in directly (up) and indirectly (down) EWSR1-FLI1-repressed targets.
KCNK9 and JAM3 (up) exemplify these directly bound targets by EWSR1-FLI1, and CDH13 and CAMK2N1
(down) those indirectly bound. ChIP-seq tracks publicly available of FLI1 and H3K27me3 in A673 from
Riggi et al. (2014) were also included. Data from Boulay et al. (2018) H3K27me3 ChIP-seq tracks in hpMSC
infected with the oncogene were additionally included and are indicated in brown names. Peak distribution
is represented as black bars under each track. Grey boxes frame the areas with H3K27me3 gain following
EWSRI1-FLII introduction in hpMSC in data from Boulay et al. (2018). The blue bar shows the genomic
scale, which represents kilobases of DNA base pairs. D) Table summarizing the observations shown in C),
showing a list of EZH2 targets repressed directly or indirectly by EWSR1-FLI1 in A673 that gain H3K27me3
in hpMSC following introduction of EWSRI-FLI1. Symbols + and - indicate enrichment or absence of the
protein in the ChIP-seq data, respectively. E) ChIP-qPCR experiments validating enrichment of EZH2 in
A673 cells. Data represented was calculated with percent input method. DICER2 and ENCI were used as
negative regions and TALI as a known positive region for EZH2. All data represent mean + SEM from a
minimum of three biological replicates.

We subsequently analysed the levels of H3K27me3 in those genes bound by EZH2 that were
directly or indirectly bound by EWSR1-FLI1 in A673 cells, as compared to the EWSR1-
FLI1-hpMSC overexpressing model. For this, we loaded the publicly available ChIP-seq
tracks from Riggi et al. (2014) corresponding to FLI1 and H3K27me3 in A673 cells, as well
as the H3K27me3 ChIP-seq tracks from Boulay et al. (2018) in hpMSC overexpressing the
fusion oncogene, (as shown in Figure IV. 18B). Analysis of EZH2-repressed regions with
EWSR1-FLI1 either directly or indirectly mediating repression revealed that H3K27me3
enrichment in A673 correlated with a gain of this mark in the EWSR1-FLI1-hpMSC model
(Figure IV. 19C). For instance, potassium two pore domain channel subfamily K member
9 (KCNK9) and junctional adhesion molecule 3 (JAM3) were EWSR1-FLI1-directly
repressed genes with EZH2 bound in A673 cells, which gained H3K27me3 in the gene
body in the hpMSC overexpressing EWSR1-FLI1 model. On the other hand, cadherin 13
(CDH13) and calcium/calmodulin—dependent protein kinase II Inhibitor 1 (CAMK2N1)
also gained H3K27me3 in the hpMSC-overexpressing EWSR1-FLI1 model, but with
EZH2 bound independently of EWSR1-FLI1, indicating an EWSR1-FLI1-mediated
indirect repression through EZH2. In contrast, the opposite enzymatic activity mediated
by KDM6A showed no binding in any of those repressed regions. Moreover, in a minority
of EZH2 targets, we observed this gain in the promoter rather than in the gene body, such
as in CAMK2NI. Notably, among the EZH?2 targets explored, we found more indirectly
repressed genes to be correlated with a gain of H3K27me3 than directly repressed genes,
in the hpMSC overexpressing EWSR1-FLI1 model (see summary in Figure IV. 19D). We
further validated EZH2 enrichment in A673 cells by ChIP-qPCR (Figure IV. 19E). TAL
BHLH transcription factor 1, erythroid differentiation factor (TALI) was used as a positive
control for EZH2 binding and DICERI and ENCI as negative control regions.

In summary, our data support EWSR1-FLI1 indirectly mediating part of the repression in

ES cells through EZH2. Furthermore, we demonstrate that genes with a gain of H3K27me3
along the gene body in the EWSR1-FLI1-hpMSC cells are EZH2 targets in A673 cells,
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indicating that EZH2 mediates the redistribution of the histone mark in ES tumorigenesis.
3.3 Modulation of KDM6A and EZH2 reprograms EWSRI1-FLI1 targets

3.3.1 Knockdown of KDMG6A alters the expression of EWSRI1-FLI1 activated target
genes

Considering the common genomic distribution of KDM6A and EWSR1-FLI1 in ES
target genes, we investigated whether KDM6A might be relevant for EWSRI1-FLI1-
transactivation activity. To study this, we knocked down the demethylase in ES cell lines.
As we were interested in observing the immediate effects produced by the knockdown
of KDM6A on gene expression, we used a doxycycline-inducible knockdown model in
ES cell lines. A control sequence and two different shRNA sequences targeting KDM6A
(named as shRNA#78 and shRNA #99) were used to generate these models. We first
optimized the doxycycline concentration that produced a stronger depletion of KDM6A
in A673 and SK-ES-1 cells by Western blot upon doxycycline induction with 0.5 and 2
ng/mL at 72 hours (Figure IV. 20A). We observed that shRNA#99 was highly efficient in
downregulating KDM6A in both ES cell lines, at both the lowest and highest doxycycline
concentration tested. However, as shRNA#78 reduced KDMG6A protein levels at the
highest concentration of doxycycline (and especially in SK-ES-1 cells), we decided to use
both shRNA sequences for all experiments. Of note, this high doxycycline concentration
did not affect cell viability but altered the expression of many targets (data not shown), as
reported by other groups (Ahler et al., 2013). Indeed, as the two shRNA sequences were
leaky, especially at the mRNA level (data not shown), we corrected the doxycycline effects
by normalizing the shRNA data related to the same doxycycline concentration used in the
control sequence.

Because we were interested in determining if KDM6A demethylase activity was relevant
enough to alter the expression of EWSRI-FLII target genes, we next analysed the
expression of these genes upon induction of the shRNA against KDM6A in ES cell lines.
Interestingly, RT-qPCR studies indicated strong association between KDM6A knockdown
and a downregulation of many EWSRI1-FLI1-activated targets that was statistically
significant for many of them (Figure IV. 20B). NROBI and IGF1I, for instance, were the
most downregulated EWSRI-FLI1 targets in both cell lines upon KDM6A depletion.
Moreover, in accordance with protein data, we confirmed KDM6A was downregulated in
both ES cell lines but had no relevant affect on KDM6B expression by RT-qPCR. EWSR1-
FLI1 mRNA levels did not change upon KDM6A knockdown in any of the cells tested.

Next, we analysed by Western blot whether the KDM6A demethylating function on
H3K27me3 was perturbed upon knockdown of the demethylase. Analysis of the global
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levels of H3K27me3 by Western blot revealed that this mark was perturbed with the
strongest knockdown (i.e. ShRNA#99), showing a slight increase in all cellular models
(Figure IV. 20C). Thus, these results indicate that only a strong knockdown of KDM6A
promotes moderate changes in the global levels of H3K27me3 in ES cells, suggesting
compensatory mechanisms (e.g. KDM6B) might be acting.
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FIGURE IV. 20 KDM6A knockdown downregulates EWSRI1-FLII-activated targets in ES cells without
altering overall levels of H3K27me3.

A) Western blot representing KDM6A protein levels upon treatment with 0.5 (+) and 2 (++) pg/mL of
doxycycline in A673 and SK-ES-1 ES cells for 72 hours. Tubulin was used as loading control. Numbers
below tubulin represent band quantification normalized to tubulin levels and related to shCTRL treated
with the same doxycycline concentration. B) RT-qPCR analysis of mRNA levels of EWSR1-FLI1-activated
targets upon induction with 2 pg/mL of doxycycline in A673 and SK-ES-1 cells at 72 hours. mRNA levels
of KDM6A, KDM6B and EWSRI1-FLI1 were also studied. Data were calculated with AACT method and
normalized to TBP. All knockdown data were calculated relative to the control condition (shCTRL) and
represents mean + SEM from a minimum of three biological replicates. *P < 0.05, **P<0.01. C) Western
blot showing H3K27me3 protein levels upon 2 pug/mL (++) doxycycline induction in histone extracts
from A673 and SK-ES-1 cells at 72 hours. Histone H4 was used as loading control. Numbers represent
band quantification related to shCTRL treated with the same doxycycline concentration. #shRNA79 and
#shRNA99 represent different sequences targeting KDM6A.
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Overall, our data demonstrate that lower levels of KDM6A affect the expression of many
EWSR1-FLI1-activated targets, producing a decrease at the mRNA level in ES cell lines.
Because we have shown KDM6A co-localizes genome-wide with EWSRI1-FLI1, these
data indicate that KDMG6A is necessary for EWSRI-FLII to mediate its transactivation
activity. Alteration of the global levels of H3K27me3 further supports the idea that the
demethylating function of KDM6A contributes to the remodelling activity of EWSR1-
FLI1 at its target genes.

3.3.2 EZH2 knockdown upregulates EWSRI1-FLIT1-repressed targets

To elucidate if EZH2 binding in EWSR1-FLI1 target genes is critical to mediate repression,
we used ES cell lines with a stable EZH2 knockdown, previously generated by our group.
First, we confirmed the knockdown of the enzyme by Western blot, which showed 50%
and 30% of EZH2 depletion in A4573 and A673 cells, respectively (Figure IV. 21A).
Subsequently, we evaluated by RT-qPCR the expression of EWSR1-FLI1-repressed targets
(either directly or indirectly) with EZH2 binding in the knockdown cells. By doing this,
we observed that following EZH2 knockdown many EWSR1-FLI1-repressed targets were
upregulated, including CAMK2N]1, forkhead box D1 (FOXD1I), neurexin 1 (NRXN1) and
TLE family member 1, transcriptional corepressor (TLEI) (Figure IV. 21B). Importantly,
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FIGUREIV. 21 EZH2 knockdown upregulates EWSR1-FLI1-repressed targets in ES cells with a global loss
on H3K27me3.

A) Western blot representing EZH2 protein levels in control (shCTRL) and EZH2 knockdown (shEZH?2)
A673 and A4573 ES cells. Tubulin was used as loading control. Numbers below represent band quantification
normalized to tubulin levels and related to shCTRL. B) RT-qPCR analysis of mRNA levels of EWSR1-FLI1-
repressed targets upon EZH2 knockdown in A673 and A4573 cells. mRNA levels of EZH2, and EWSR1-FLI1
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were also studied. Data were calculated with the AACT method and normalized to TBP. All knockdown
data were calculated relative to shCTRL and represent mean + SEM from a minimum of three biological
replicates. *P < 0.05, **P < 0.01.

these genes were associated with a gain of H3K27me3 in the hpMSC overexpressing
EWSRI1-FLI1 cell model (see Figure 19D). Furthermore, analysis of H3K27me3 upon
EZH2 knockdown by Western blot revealed a decrease in the overall levels, suggesting
that the upregulation of such repressed targets was at least in part associated with a lack of
the enzymatic activity (Figure IV. 21C).

Collectively, these results demonstrate that knockdown of EZH2 can revert EWSR1-FLI1-
mediated repression. Moreover, we show that H3K27me3 global levels are perturbed
in these cells, and that some of these targets are associated with a gain of H3K27me3
principally along the gene body in the EWSRI1-FLI1-overexpressing hpMSC model.
Therefore, we suggest that EZH2-mediated positioning of H3K27me3 is determinant for
transcriptional repression in ES cells.

3.4 EWSRI-FLI1 interacts with KDMGA

EWSRI1-FLI1 directly interacts in the GGAA repeats with the histone acetyl transferase
p300 and the MLL component WDRS5 to activate transcription (Riggi et al., 2014). Recent
data have identified KDM6A in the complexes constituted by p300 and a member of the
MLL complex. While a complex constituted by KDM6A, p300, and MLL4 is present at
active enhancers in embryonic stem cells (ESCs) (Wang et al., 2017), other p300-MLL2-
KDM6A-containing complexes recruit RING1B to H3K27me3-containing promoters
to activate transcription in melanoma (Rai et al., 2015). We have previously shown that
EWSR1-FLI1 and KDM6A not only co-occupy the same regions but even have coinciding
peaks. Considering all these pieces of evidence, we investigated whether KDM6A
physically interacts with EWSR1-FLI1. To study this, we transfected HEK 293T cells with
both EWSRI1-FLI1-pEGFPN1 and KDM6A-pCIG plasmids and immunoprecipitated the
EWSR1-FLI1-associated proteins through its GFP tag, using the GFP-Trap® nanobodies
(see Materials and Methods). GFP immunoprecipitation of EWSR1-FLI1 and further
detection of KDM6A by Western blot yielded a specific band for KDM6A, indicating
that EWSR1-FLI1 physically interacts with KDM6A (Figure IV. 22A). Further evidence
of such an interaction was observed in co-localization studies of both proteins by
immunofluorescence staining. We used HEK 293T cells co-transfected with EWSR1-
FLI1-pEGFPN1 and KDM6A-pCIG vectors, with subsequent detection of EWSR1-FLI1
by its GFP tag and further labelling with KDM6A antibody. We found that EWSR1-FLI1-
GFP displayed a focal pattern around the cell nuclei, which overlapped in many regions
with that of KDM6A. In contrast, in control cells, the GFP staining was diffuse around the
cell (Figure IV. 22B). Analysis of the confocal images by Image ] and further calculation of
EWSR1-FLI1 and KDM6A co-localization coefficients with either the Pearson’s correlation
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method or the Li’s intensity correlation method (see Materials and Methods) showed a
strong correlation between EWSR1-FLI1-pEGFPN1 and KDM6A, further supporting
our hypothesis (Figure IV. 22C).
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FIGUREIV. 22 KDM6A and EWSR1-FLI1 interact in EWSR1-FLI1-GFP HEK 293T cells.

A) Western blot of KDM6A and EWSR1-FLI1-GFP in GFP immunoprecipitates of HEK 293T overexpressing
EWSRI-FLI1-pEGFPN1 and KDMG6A-pCIG. Input, supernatant and GFP immunoprecipitates are
indicated as i, S and IP, respectively. The schematic representation of the right shows the mechanistic basis
of GFP-trap system to pull-down GFP-tagged proteins. In this case, as EWSRI-FLI1 is coupled to GFP,
it can be immunoprecipitated with antibodies targeting GFP to further detect the associated proteins by
immunoprecipitation experiments. Images adapted from GFP-Trap for Immunoprecipitation (IP) of GFP-
fusion proteins (2018). B) Confocal microscope images showing KDM6A and EWSR1-FLI1-GFP in HEK
293T cells transfected with EWSR1-FLI1-pEGFPN1 and KDM6A-pCIG. EWSRI1-FLI1-GFP was detected
in the green channel, KDM6A was detected in the red channel and nuclei were stained with Hoechst and
detected in the blue channel. Images were processed in Image ] to generate an image composite of all
channels. Scale bar represents 5 um. C) Table summarizing the results obtained from Image J calculations
of Pearson’s and Li’s intensity coefficient methods to measure colocalization of EWSR1-FLI1 and KDM6A.
A minimum of 6 stacks and 6 nuclei were used to study colocalization. A statistical significance of the
colocalization is obtained only with the Pearson’s correlation method. *P < 0.05.
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In summary, we provide further evidence for an EWSRI-FLI1 and KDM6A interaction
in an exogenous cellular model that overexpresses the fusion oncoprotein, which is in
agreement with the genome-wide co-localization observed by ChIP-seq in A673 cells.
These data suggest that KDM6A is part of the EWSR1-FLI1 transcriptional activation

complex.

4. COMBINED INHIBITION OF EZH2 AND KDMG6A BY GSK126 AND
GSKJ4 IN ES CELLS

H3K27me3 dynamics is dysregulated in many cancers (Nichol et al., 2016). We have
shown that H3K27me3 positioning is perturbed in ES tumorigenesis, displaying a gain
or loss in EWSR1-FLI1-activated or —repressed targets. Moreover, we have demonstrated
that single knockdown of the enzymes responsible for its positioning, EZH2 and KDM6A,
reverts the transcriptional pattern of many EWSRI1-FLI1 targets in ES cells. Consistent
with these results, we hypothesized that pharmacological inhibition of the enzymatic
activity of EZH2 as well as of KDM6A could be an effective anticancer strategy for this

tumour.

To study this, we first considered targeting H3K27me3 deposition with GSK126, a SAM
inhibitor of EZH2 methyltransferase activity. We evaluated the response of ES cell lines
to GSK126 by MTS cell viability studies as compared to the 1273/99 OSG cell line, which
has been shown to be sensitive to EZH2 inhibitors (Xiong et al., 2016). These experiments
revealed a low sensitivity for ES cells to GSK-126, as shown by the almost doubled value
for the IC50 concentration of these cells as compared to that for the OSG cell line (Figure
IV. 23A). We next performed the same study with EPZ-6438, another EZH2 inhibitor
with a higher selectivity to EZH2, and obtained even higher IC50 concentrations (data not
shown). Thus, ES cell lines were apparently resistant to inhibition of EZH2. Subsequently,
we evaluated the effects of KDM6A inhibition by GSK-J4 in ES cells, which has been
reported to be highly effective in AML (Li et al., 2018), high-risk NB (Lochmann et al,,
2018), and DIPG (Hashizume et al., 2014). We observed a high degree of heterogeneity
among ES cell lines, with SK-ES-1 and TC-71 highly sensitive (IC50 < 1 pM) and others,
such as A673, much more resistant (Figure IV. 23B).

Aswe were interested to deregulate H3K27me3, we considered analysing H3K27me3 levels
by Western blot for each treatment. For these experiments, we used the concentration of
GSK126 published by Krook et al. (2016) that was shown to remove H3K27me3 from
genomic regions in ES cells. Interestingly, we found that a subcytotoxic concentration
of 10 uM of GSK126 was sufficient to reduce the overall levels of H3K27me3 in ES cell
lines (Figure IV. 23C). Indeed, levels of H3K27me3 decreased even more than with
depletion of EZH2 (see Figure IV. 21C). Moreover, we found stable levels of EZH2 at
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such concentrations, indicating that only the enzymatic activity of EZH2 is modified by
the inhibitor (data not shown). The same study was subsequently performed with GSK-J4.
Analysis of H3K27me3 by Western blot showed that overall levels of H3K27me3 were
slightly increased when using two subcytotoxic concentrations of this drug (Figure IV.
23D), similar with our previous results with KDM6A knockdown, suggesting that other
enzymes (i.e. KDM6B) participate in maintenance of the histone mark.
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FIGURE 1V. 23 Inhibition of EZH2 and KDM6A with GSK126 and GSK-]J4, respectively, decreases the
overall levels of H3K27me3 in ES cells.

A) MTS cell proliferation curves expressed in percentage of viable cells in A673, SK-ES-1 and TC-71 ES
cell lines upon treatment with different concentrations of GSK126 for 72 hours. 1273/99 cells were used
as positive control for GSK126. Best-fit curves of three biological replicates were performed in GraphPad
Prism. Table below the graph shows IC50 values in micromolar, which were calculated with the same
program. B) Same experiments as in A) but using GSK-J4 for 72 hours. C) Western blot showing overall
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levels of H3K27me3 in histone extracts from A673, SK-ES-1 and TC-71 cells ES cells treated with 10 uM of
GSK126. Histone H4 was used as loading control. Symbols + and - indicate inhibitor or vehicle treatment,
respectively. Numbers represent band quantification normalized to histone H4 and related to vehicle. A
schematic representation of the mechanistic basis of GSK126 on H3K27me3 is also shown (Created with
Biorender.com) D) Same experiments as in C) but using different concentrations of GSK-J4 for 72 hours.
For A673 5 uM and 8 uM; for SK-ES-1 2.5 uM and 5 pM; for TC-71: 1 uM and 2.5 pM. Symbols ++ and
+ indicate the highest and lowest concentration of the inhibitor used in each cell line, respectively, while
- symbol indicates vehicle treatment. Numbers represent band quantification normalized to histone H4
and related to vehicle. A schematic representation of the mechanistic basis of GSK126 on H3K27me3 is
also shown. E) Western blot of H3K27me3 from histone extracts in A673, SK-ES-1 and TC-71 cells upon
GSK126 and GSK-J4 single and combinatorial treatment for 72 hours (GSK126 was fixed to 10 pM; GSK-J4
was used at the lower concentration used in D). Symbols + and - indicate inhibitor or vehicle treatment,
respectively. Numbers represent band quantification normalized to histone H4 and related to vehicle.

Experimental evidence has shown that loss or inactivation of KDM6A sensitizes both
in vivo and in vitro multiple myeloma cells to EZH2 inhibitors (Ezponda et al., 2017).
Furthermore, KDM6A-deficient lung cancer tumour cells are more sensitive to EZH2
inhibitors, which suppress tumour growth (Wu et al., 2018). Our previous experiments
indicated that ES cell lines displayed a resistant pattern towards EZH2 inhibitors with high
sensitivity to GSK-J4. Thus, we hypothesized that a deficient enzymatic activity of KDM6A
as a result of GSK-J4 treatment might sensitize ES cells to EZH2 inhibition by GSK126,
perturbing H3K27me3 dynamics. First, we studied whether combination treatment using
10 uM of GSK126 and the lower concentration used for GSK-J4 (in Figure IV. 23D)
changed the overall levels of H3K27me3 by Western blot. Interestingly, we observed that
dual targeting of H3K27me3 through GSK126 and GSKJ4 produced a global reduction on
the overall levels of this mark in all ES cells, similar to the inhibition of EZH2 by GSK-126
(Figure IV. 23E).

We subsequently performed cell cycle experiments to elucidate the effect of GSK126 and
GSK-J4 drug combination in ES cells. By propidium iodide staining of treated cells, we
clearly observed that dual targeting of H3K27me3 with these inhibitors produced a sub-G1
or apoptotic peak that was significantly higher than single treatments in SK-ES-1 and TC-
71 cells (Figure IV. 24A). In contrast, the A673 cell line did not show a sub-G1 peak in any
experimental condition tested. Based on these results, we next studied apoptosis of these
treatments by annexin V staining. In these experiments, SK-ES-1 and TC-71 displayed a
higher statistically significant fraction of apoptotic cells as compared to GSK-J4 or GSK-
126 treatment alone, confirming our previous results that dual targeting of H3K27me3
caused apoptotic cell death. Furthermore, such cytotoxic effect was apparently synergic for
the combination treatment in both cell lines (Figure IV. 24B). In contrast, A673, which we
showed was resistant to GSK-J4, had no response to any treatment used. Finally, Western
blot analysis of programmed cell-death by expression of cleaved PARP-1 (c-PARP1) in
single as well as combinatorial treatments showed a c-PARP1 band after GSK-J4 treatment
that was stronger after combination treatment in these cells. This further confirms our
previous results of a synergic and cytotoxic response of both drugs (Figure IV. 24C). A673
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cells displayed no sign of programmed cell death after inhibitor treatment. Therefore, these
results indicate that combination treatment sensitizes some ES cells to the EZH2 inhibitor.
As synergism of the drug combination seems to be dependent on the cytotoxic effect of
GSK-J4, and as we used the lowest concentration of GSK-J4 for all cells, it is possible that
we might not have sensitized this cell line due to dosing.
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FIGURE IV. 24 Dual targeting of H3K27me3 through GSK126 and GSK-J4 combination treatment
produces a synergic cytotoxic effect in SK-ES1 and TC-71 ES cell lines.

A) Bars representing number of cells expressed in percentage in each cell cycle phase from flow cytometry
experiments, upon single and combinatorial treatments of GSK126 and GSK-J4 for 72 hours in A673,
SK-ES-1 and TC-71 cells. B) Bars representing percentage of viable, early and late apoptotic and necrotic
cells from Annexin V staining analysis by flow cytometry upon single and combinatorial treatments of
GSK126 and GSK-J4 for 72 hours in A673, SK-ES-1 and TC-71 cells. A two-way ANOVA test was applied to
determine differences between multiple groups. *P < 0.05, **P< 0.01. C) Western blot showing protein levels
of cleaved-PARP1 in A673, SK-ES-1 and TC-71 cells upon GSK126 and GSK-J4 single and combinatorial
treatment for 72 hours. Tubulin was used as loading control.

In summary, our data provide evidence of a mechanism of targeting both transcription
activation and repression in ES by inhibiting the enzymatic activities responsible for
setting H3K27me3 levels. The combinatorial treatment is synergistic in ES cell lines and
depends mostly on the inactivation of KDM6A, in agreement with the literature. Indeed,
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the efficacy of the dual targeting further suggests that deregulation of H3K27me3 is not
trivial in ES tumorigenesis. The translation of these results to preclinical studies has to be

elucidated yet.
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Prior to the use of multi-drug systemic therapy, the long-term survival rate of ES
following surgery or radiation alone was less than 10% (Iwamoto, 2007). With the addition
of a multimodal treatment regimen including intensive multi-agent chemotherapeutics,
the 5-year survival rates now range from 70-80% for patients with standard-risk and
localized disease yet only 30% for those with metastatic disease (Grunewald et al., 2018).
Even when an extensive therapy plan is followed, at least one-fourth of patients with
initially localized disease will relapse after completing treatment or within 2 years of initial
diagnosis; while for those patients with initially metastatic disease recurrence is still more
frequent, accounting for 50-80% (Van Mater and Wagner, 2019). Worse yet, there is no
standard management to offer for relapsed patients. Moreover, patients who survive face
debilitating and often life-threatening health consequences as a result of the highly toxic
therapy (Ginsberg et al., 2010). Therefore, and especially considering the young age and
thus potential lifespan of the patients, there is great need for finding new therapies to
improve the outcome for these patients.

Considering that ES is a TF-driven disease with paucity of mutations whose biology is
highly dependent on EWSR1-FLI1 translocation (Riggi and Stamenkovic, 2007), a first
therapeutic strategy that comes to mind is specifically targeting the fusion protein. On this
basis, antisense DNA, siRNA and dominant negatives targeting EWSR1-FLI1 markedly
impair ES cell growth (Maksimenko and Malvy, 2005). However, the lack of a specific
enzymatic activity of TF as well as intrinsically disordered domains that challenges
determining its crystal structure, notoriously hinders a targeted pharmacological
inhibition (Darnell, 2002).

Alternative strategies currently centre on identifying critical epigenetic partners that
interact with EWSR1-FLII, to reprogram the epigenome. A variety of protein complexes
involved in the regulation of chromatin structure have now been described to be
dysregulated in ES, including the BAF complex (Boulay et al., 2017). BMI1 and the EZH2
PcG proteins, which constitute the PRC1 and PRC2 complexes respectively, are among
such deregulated epigenetic components and are overexpressed with essential roles
reported for ES tumorigenesis (Douglas et al., 2008; Hsu and Lawlor, 2011; Riggi et al.,
2008). In this thesis, we exemplify the importance of identifying deregulated epigenetic
components in ES. Consistently, for the first time, our work reveals that (i) RING1B is
crucial for ES tumorigenesis; (ii) EZH2 and KDM6A, the H3K27me3 writer and eraser,
respectively, are responsible for the aberrant positioning of this histone modification in
ES; and (iii) pharmacological targeting of RING1B, EZH2 and KDM6A are potential new
horizons for future preclinical studies in ES.
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1. Relevance of RINGIB in ES tumorigenesis

Although PRC1 has been classically linked to gene repression, new evidence has identified
this complex as facilitating gene transcription (Loubiére et al., 2016; Morey et al., 2013;
Morey et al., 2015; Rai et al,, 2015). Recruitment of RING1B to transcriptionally active
regions has been reported for a variety of cancers (Chan et al., 2018; Cohen et al., 2018; Rai
et al., 2015). Our group described RING1B as a highly expressed PcG protein in primary
ES tumours (Hernandez-Muifioz et al., 2016). According to the new roles published for
PRC1 complexes containing RING1B, we have recently unveiled this PcG subunit as an
essential partner of EWSR1-FLI1. While we identified a set of regions at which RING1B
exerts its canonical repressive function, we also identified a second group of RING1B-
bound regions that overlap with those of EWSR1-FLI1 at active enhancers (Sanchez-
Molina et al., 2019). These findings are specific for RING1B, as neither BMI1 nor EZH2
are present at active enhancers, despite their clear co-localization at RING1B-repressed
regions.

Furthermore, we observed that the occupancy of EWSR1-FLI1 at key enhancer regions
decreases upon RING1B knockdown (Sanchez-Molina et al., 2019). The data presented
here demonstrate an impaired tumour growth for RING1B knockdown ES xenografts (see
Figure IV. 1 A-B from Results in Section IV). Consistently, KI67 staining revealed a less
proliferative phenotype in RING1B depleted tumours, further confirming an important
role in ES tumorigenesis (see Figure IV. 1 C from Results in Section IV). Moreover, data
from our group show that RING1B knockdown decreases the expression of EWSR1-FLI1
and RING1B co-occupied targets, such as SOX2 or NKX2-2 (Sanchez-Molina et al., 2019),
whose expression was described to be necessary for ES tumour proliferation (Owen et
al., 2008; Riggi et al., 2010; Smith et al., 2006). Therefore, we hypothesize that the delay
observed in tumour growth might be related to the novel transcription-activating function
of RING1B by means of modulating the recruitment of EWSR1-FLI1 to target regions.
This situation would be specific for ES, as although RING1B stimulates proliferation in
melanoma through activation of CCND2, RING1B promotes an invasive behaviour of the
tumour by silencing negative regulators of the transforming growth factor-beta (TGEp)
pathway, such as LTBP2 (Rai et al., 2015).

2. Modulation of RINGIB by MLN4924

Our previous observations indicated a crucial role of RING1B in EWSR1-FLI1 chromatin
reprogramming that impairs tumour growth of ES xenografts. This provides the rationale
to pharmacologically target the activating functions of RING1B. PRT4165 is the only
selective inhibitor of the PRC1 complex currently available and has been shown to potently
inhibit in vivo and in vitro the PRC1-mediated ubiquitylation of histone H2A (Ismail et al.,
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2013). Studies from our group with this inhibitor demonstrate nevertheless no cytotoxic
effect in ES cell lines (data not shown), suggesting that inhibition H2A ubiquitination is
not critical for ES cells to survive.

E3 ubiquitin ligases have diverse regulatory mechanisms to control their activity,
including for instance PTMs such as phosphorylation, PARylation, autoubiquitination,
and non-covalent binding of adaptor proteins (Vittal et al., 2015). A MEK1-mediated
phosphorylation of RING1B at serine 41 has been described to enhance its transcriptional
activity (Rai et al., 2015). Thus, we considered targeting RING1B with a MEK1 inhibitor,
such as trametinib; however, ES cells were highly resistant to the drug (data not shown).

Neddylation has been reported to regulate many E3 ubiquitin ligases (Kawakami et al.,
2001; Osaka et al., 2000; Pan et al., 2004). CRL E3 ligases are the most studied examples
in the literature showing how important is the NEDD8 modification for regulating not
only their enzymatic activity (Pan et al., 2004), but also their stability (Morimoto et al.,
2003; Wu et al., 2005). The E3 ligase MDM2, which negatively regulates p53, was reported
to be stabilized by neddylation (Watson et al., 2009). Likewise, neddylation of RING1B
and other E3 ligases such as RNF168 and RNF8 has been described in the context of
DDR (Li et al,, 2014). In this work, coinciding with the high sensitivity of ES cells to
the NEDDS8 inhibitor MLN4924, we observed a decrease of RING1B at the protein level
in vitro and in vivo in a concentration-dependant manner (see Figures IV. 2 A-B, 6A,
and 9B from Results in Section IV). We thus propose that lack of neddylation caused by
MLN4924 leads to RING1B destabilization via proteasome degradation. This rationale is
based on (i) the fact that RING1B is neddylated in ES cells and (ii) the decrease observed
of RINGI1B protein levels upon NEDD8 knockdown, which correlates with the RING1B
loss after MLN4924 treatment of ES cells (see Figure IV. 7 C and D from Results in
Section IV, respectively). RING-finger E3 ligases have a self-ubiquitinating activity that
is thought to act as a regulatory mechanism to control the abundance of E3 ligases, by
marking them for degradation. However, RING1B degradation by UPS does not require
its RING finger domain or self-ubiquitinating activity. The association with BMI1 has been
reported as one of the mechanisms that protects them for proteasomal degradation (Ben-
Saadon et al., 2006). Although mechanistic details explaining how RINGIB is targeted to
proteasome degradation are missing, it is suspected that a PRC1 exogenous E3 ligase tags
it for proteasome degradation. Considering these data, further experiments are needed to
elucidate whether RING1B degradation is a direct consequence of the lack of neddylation
caused by MLN4924 or an indirect effect of an exogenous E3 regulating its stability that is
perturbed by the drug in ES cells.

Our microarray data confirm that MLN4924 rapidly causes DNA damage in the most
sensitive ES cell line (e.g. A673), despite using a subcytotoxic concentration of the
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inhibitor (see Figure IV. 3B from Results in Section IV). These results are consistent with
the induction of apoptosis reported for MLN4924 in ES cells (Mackintosh et al., 2012).
In fact, ES cells display an impaired homologous recombination DDR, explaining why
this tumour is so sensitive to genotoxic agents such as etoposide (Gorthi et al., 2018).
Our observations indicating that lack of RING1B sensitizes ES cells to MLN4924, and
that DNA damage is one of the main commonly deregulated pathways, further support
the dependency of ES cells to RING1B (see Figures IV. 5 and IV. 4 B, D from Results in
Section IV). In fact, the role of RING1B in the early steps of DDR is well-known, as PRC1
is recruited to sites of DNA double-stranded breaks (Chou et al., 2010; Facchino et al.,
2010). At these genomic sites, RING1B exerts its catalytic function to ubiquitylate histone
H2Ax, which is required for the efficient formation of yH2Ax (Pan et al., 2011; Wu et al.,
2011). Phosphorylation of H2Ax stabilizes most DDR factors at DNA lesions (Stucki and
Jackson, 2006); this initiates an ubiquitylation cascade that will ultimately contribute to
DNA repair pathway choice (of the homologous recombination or non-homologous end-
joining pathway). Genome sites containing yH2Ax colocalize with a poly-NEDD8 chain
on histone H4, thus linking neddylation to this process. Structural analyses of such poly-
NEDD8 nucleosomes indicate a drastic change on the nucleosome conformation. Thus,
neddylation might serve to break nucleosome interactions and to facilitate access of DDR
repairing factors to damaged regions (Ma et al., 2013).

On the other hand, the less sensitive cell line tested to MLN4924 treatment, SK-ES-1,
displayed IFN and cytokine signalling pathways commonly deregulated by RINGIB
depletion and the inhibitor, reflecting a cellular stress response (see Figure IV. 4 C, E
from Results in Section IV). Considering that MLN4924 generates oxidative stress, which
leads to DNA damage-induced apoptosis through inactivation of NF-kB (Swords et al.,
2010), we argue that most of the sensitivity of ES cells to MLN4924 might be explained
by a defective oxidative cell-stress response prior to DNA damage that primes the cells to
apoptosis.

Additionally, we described for the first time that RNA levels of RING1B and other E3
ubiquitin ligases were deregulated upon MLN4924 treatment (see Figures IV. 3 C-D from
Results in Section IV). Even though very little is known about the genetic regulatory
loops controlling the activity of E3 ubiquitin ligases, our data agree with that of Lee et al.
(2014), who studied the regulation of E3 in the context of the UPS system. Concretely, the
authors showed that perturbation of this system leads to an unexpected negative feedback
loop that causes downregulation of E3 ubiquitin ligases. This mechanism is believed to
shut down the UPS system to prevent abnormal operation. Thus, based on our results, we
speculate that MLN4924 causes a negative feedback loop inhibiting transcription of many
E3 ligases, including RING1B. However, considering that similar amounts of E3 ubiquitin
ligases are upregulated in ES cells upon MLN4924 treatment, we suggest that additional
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unknown mechanisms regulating the activity of these proteins might act.

Our results indicate that the E3 ubiquitin ligase activity of RINGI1B is not altered upon
MLN4924 treatment, at least not at a global level (see Figure IV. 6 B from Results in
Section IV), coinciding with other reports that show steady-state levels of H2Aub mark
upon MLN4924 treatment (Kim et al., 2011). Indeed, overall levels of H2Aub remain
unchanged upon RING1B knockdown (see Figure IV. 4 A from Results in Section IV).
We have described similar observations in Sanchez-Molina et al. (2019). In this article, we
argue that the ubiquitin ligase activity of RING1B is not its primary role in ES, and that
the RING1B paralogue, (i.e. RING1A) might replace the E3 ubiquitin ligase function in
this specific context. This hypothesis is reinforced by data reported in other malignancies,
for which an uncoupled function of RING1B from its classical role as a repressor has
been described. In these cases, it is proposed that RING1A might be enzymatically more
active for mono-ubiquitinate histone H2A than for RING1B (Chan et al., 2018). Indeed,
the subunits defining the PRC1 complex are determinant for the ubiquitylating activity of
histone H2A (Taherbhoy et al., 2015).

Even though EWSRI1-FLI1 displays a high protein turnover rate mediated by
polyubiquitination at a single lysine residue (Gierisch et al., 2016), we demonstrate that
its levels are not altered at low MLN4924 concentrations (see Figure IV. 2 C from Results
in Section IV). Consistently, the deubiquitinating enzyme USP19 reported to stabilize
EWSRI1-FLI1 (Gierisch et al., 2019), was not found to be deregulated by MLN4924 in our
microarray data (data not shown). We cannot rule out that EWSR1-FLI1 levels might be
perturbed at higher concentrations or prolonged exposures of MLN4924. Nevertheless,
we observed that following RINGIB loss from EWSR1-FLI1-activated target regions
by MLN4924, EWSRI1-FLI1 was also evicted from these loci with a moderate impact
on transcription (see Figure IV. 8 from Results in Section IV). These results are highly
consistent with experiments performed by our group showing that depletion of RING1B
impairs EWSR1-FLI1 recruitment to its targets with modest effects on gene expression,
indicating high similarities between MLN4924 treatment and RINGIB knockdown
(Sanchez-Molina et al., 2019). Thus, we propose a model in which lack of active NEDD8
by MLN4924 causes a decrease of RING1B protein levels in ES cells, reducing RING1B
binding at EWSR1-FLI1-activated targets. Consequently, EWSR1-FLI1 is evicted from
these regions, affecting transcription. More experiments are needed to elucidate whether
lack of RING1B alters its binding to canonical repressed regions upon MLN4924 treatment.
Figure V. 1 summarizes these observations.

Experimentally, MLN4924 is an interesting tool that permits RING1B to be modulated, allowing

us to gain a better understanding of the early steps in the epigenetics behind ES tumorigenesis.
To conclude, MLN4924 represents an attractive drug to further test in preclinical studies of ES.
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FIGURE V. 1 MLN4924 effects on RING1B binding in EWSRI1-FLI1-activated targets in ES cells.

In this model, EWSR1-FLI1-activated regions (GGAA repeats) are initially filled with a neddylated form
of RING1B coinciding with active transcription. Treatment of ES cells with MLN4924 triggers an impaired
activation of the NEDD8 isoform, leading to loss of RING1B neddylation and causing its loss from EWSR1-
FLI1-activated targets. As RING1B might help recruitment of EWSRI1-FLI1, EWSRI-FLII is consequently
evicted upon MLN4924 treatment, with moderate changes on gene transcription. H3K27ac active enhancer
marks are represented as yellow buttons. The right legend identifies all the proteins involved in the model.
(Created with Biorender.com)

3. EWSRI-FLI1 target regions are previously enriched in H3K27me3

Many paediatric sarcomas are TF-driven diseases with oncogenic fusion genes involved.
These tumours display a common epigenetic dysregulated axis inducing de novo
superenhancers that reprogram the whole transcriptional pattern of the cell. In alveolar
RMS, for instance, the PAX3-FOXO1 fusion triggers chromatin remodelling by recruiting
p300 and BRD4 to super-enhancers (Gryder et al., 2017). These regulatory regions are
defined by active histone modifications, such as H3K27ac, that overlap with the fusion
oncoprotein binding sites. In contrast, other fusion proteins, such as the SS18-SSX
translocation found in virtually all SS, have acquired the ability to interact with HDAC
and SWI/SNF complex components, such as hBRM and hBRG1, to aberrantly activate
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transcription (Kadoch and Crabtree, 2013; Nagai et al., 2001; Thaete et al., 1999). Likewise,
in ES, EWSRI1-FLI1 recruits p300, the WDR5 subunit of the MLL complex, and the BAF
component of the SWI/SNF to the GGAA repeats bound by the fusion oncoprotein
(Boulay et al., 2017; Riggi et al., 2014). This concurs with strong enrichment of active
histone marks, such as H3K27ac, at these regions (Riggi et al., 2014; Tomazou et al., 2015).

Our findings indicate that activated EWSR1-FLI1 binding sites are initially filled with
H3K27me3 in both HUVEC and hpMSC (see Figure IV. 12 C, B from Results in Section
IV), and coincide with recent observations in hpMSC published by Boulay et al. (2018). In
fact, genome-wide studies of the GGAA repeats bound by EWSR1-FLI1 reported that in
other cellular contexts (e.g. HUVEC and H1 hESC), these regions are highly enriched for
H3K27me3 (Patel et al., 2012). Furthermore, a recent study from our group evaluating the
chromatin states of H1 hESC, HUVEC and adipose and bone marrow-derived MSC from
the Roadmap Epigenomics Consortium (Roadmap Epigenomics et al., 2015) showed that
GGAA repeats bound by EWSR1-FLI1 are enriched in repressed PcG chromatin states,
defined as highly H3K27me3-bound regions (Sanchez-Molina et al., 2019). Similarly, in
SS, the SS18-SSX2 fusion oncoprotein occupies H3K27me3-marked regions (Garcia et al.,
2012). Altogether, these data suggest a general mechanism by which fusion oncoproteins
do not randomly target regions of open chromatin but rather bind to a subset of PcG loci.
Indeed, in SS, the SS18-SSX fusion protein containing the SWI/SNF complex is recruited
by the KDM2B demethylase and a PRC1.1 (or BCOR) complex to sites of hypomethylated
CGL. This leads to increased gene accessibility and consequent aberrant activation of
developmental genes that otherwise should be repressed (Banito et al., 2018). Our findings
presented in Sdnchez-Molina et al. (2019) indicate that RING1B might recruit EWSRI1-
FLI1 to target sites enriched in H3K27me3, thereby further supporting a similar model to
the one published for SS.

4. Redistribution of H3K27me3 in ES cells

Previous reports indicate a lack of H3K27me3 in EWSR1-FLI1-bound regions in ES cell
lines and tumours (Patel et al., 2012; Riggi et al., 2014; Tomazou et al., 2015). Nevertheless,
our H3K27me3 ChIP-seq results in hpMSC showed a loss of this mark from EWSR1-
FLI1-bound GGAA repeats upon ectopic expression of the oncogene, thus refining our
understanding of this mark in the context of ES (see Figures IV. 13 E and 14 from Results
in Section IV). These results are remarkably in agreement with recent data by Boulay et
al. (2018). We further confirmed that H3K27me3 loss was more evident at promoters at
which this mark was initially present in hpMSC (such as NKX2-2 and KIT) (see Figure IV.
14 from Results in Section IV). Indeed, the maintenance in overall levels of H3K27me3
that we observed upon EWSRI1-FLI1 transformation in hpMSC or HUVEC (see Figure
IV. 11 C from Results in Section IV) is consistent with previous reports showing unaltered

143



V. DISCUSSION

levels of H3K27me3 following knockdown of EWSR1-FLI1 in ES cells (Tomazou et al.,
2015). All these data point to a redistribution process of this histone mark during ES
tumorigenesis. Consistently, our findings indicate a genome-wide gain of H3K27me3 in
the gene body occurring in some relevant EWSR1-FLI1-repressed targets, e.g. IGFBP3 and
TGFBR2 (see Figure IV. 15 from Results in Section IV). The enrichment of H3K27me3
observed across the gene body has been described to be indicative of a strong repression
that can extend to flanking regions with little to no correlation with RNAPII, H3K36me3
or H3K4me3 (Young et al,, 2011).

In other developmental tumours, such as DIPG, H3K27me3 was described to be globally
lost upon introduction of the H3.3K27 mutation in progenitor brain stem cells (Lewis et
al., 2013). Similar to ES, this repressive histone mark was found to be elevated or retained
at promoters of a particular series of genes enriched in cancer pathways in DIPG cells, for
instance by repressing p16Ink4A and CDKG6 loci (Bender et al., 2013; Chan et al., 2013;
Mohammad et al., 2017). More recently, new data have demonstrated that PRC2 was
redistributed in DIPG cells to poised enhancers contributing to tumorigenesis in part by
locally enhancing H3K27me3 and hence silencing tumour suppressor genes (Fang et al.,
2018). Theimportance of aredistribution process of H3K27me3 in cancerisalso highlighted
by results from another group in melanoma and lymphoma. A recurrent gain-of-function
mutation in EZH2 (Y641F) in these tumours has been related to an increased abundance
of this mark with a strikingly widespread redistribution. Such aberrant distribution of
H3K27me3 in melanoma and lymphoma cells was associated to a perturbed transcription
repression, but also activation of some repressed genes that correlates with malignant
progression of these tumours (Souroullas et al., 2016).

5. EZH2 contributes to the indirectly mediated repression of EWSR1-
FLIT in ES cells

EZH?2 activity has come into the spotlight due to the redistribution process of H3K27me3
during ES tumorigenesis, as described here. This PcG subunit is highly expressed in ES
tumours (Staege et al., 2004), and its depletion in ES cells results in a dramatic reduction
of tumour growth (Riggi et al., 2008). Consistently, direct binding of EWSR1-FLI1 to the
EZH2 promoter region has been reported to stimulate expression of this PcG subunit
(Richter et al., 2009). Moreover, EZH2 has been particularly attributed to mediate the stem
cell phenotype of this tumour by blocking neural and endothelial differentiation programs
in ES cells, with an unfavourable outcome and tumour progression in this tumour as well
as other paediatric sarcomas (Ramaglia et al., 2016; Richter et al., 2009).

In this thesis, we contributed to the understanding of how EZH2 participates in the
chromatin remodelling process mediated by EWSR1-FLI1. We demonstrated that (i) EZH2
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binding regions are associated to promoters of genes that gain H3K27me3 along the gene
body in hpMSC overexpressing the fusion protein (see Figures IV. 17 D and 19 B-C from
Results in Section IV); and that (ii) EZH2 knockdown triggers an upregulation of critical
repressed targets in ES cells (see Figure IV. 19 D from Results in Section IV). In fact, we
found that EZH2-bound targets are associated to gene ontologies related to developmental
or cell differentiation programs of cardiac muscle or epithelial tissues, which arise from
the mesoderm germ layer where mesenchyme develops (data not shown).

EZH2 knockdown in ES cells results in a significant delay in tumour development and
metastasisin mice (Richteretal.,2009). Expression of PRC2 proteins hasbeen demonstrated
to be an independent negative prognostic factor in various sarcomas, including ES (Cho
et al., 2018). Altogether, our data reinforce the idea that EZH2 maintains the repressive
state in ES (see Figure I'V. 19A-B from Results in section IV), similar to other repressive
factors reported in this tumours that are induced by EWSR1-FLI1 e.g. NKX2-2 (Fadul et
al., 2015; Owen et al., 2008; Smith et al., 2006). Parallel mechanisms have been published
for other paediatric tumours, such as DIPG, in which EZH?2 activity is required for the
growth of DIPG cells in vitro and in vivo, correlating with the H3K27me3 redistribution
(Mohammad et al.,, 2017). A role for EZH2 in NB was also recently suggested (Bate-
Eya et al., 2017; Henrich et al., 2016; Tsubota et al., 2017). Similar to ES, high-risk NB
with amplification of the MYCN proto-oncogene, BHLH transcription factor (MYCN)
overexpress EZH2 (Chen et al., 2018). In this publication authors indicate an essential role
for this PcG protein on blocking neuronal differentiation programs, as both genetic and
pharmacologic inhibition of EZH2 inhibits tumour growth in vivo.

All these pieces of evidence showing perturbed differentiation programs through EZH2
overexpression during tumorigenesis point to this PcG protein as an important deregulated
axis for repressing critical developmental programs in various paediatric tumours. This
evidence, together with our results showing genetic depletion of EZH2 can revert the
expression of important EWSR1-FLI1-repressed targets, provides further rationale for
testing EZH?2 inhibitors in this tumour.

6. KDMG6A as a new partner of EWSRI1-FLI1

According to the H3K27me3 loss observed upon ectopic expression of EWSR1-FLI1 in
hpMSC, we provide new insights into the activity of KDM6A (also known as UTX), a
KDM6 demethylase family member. This demethylase is ubiquitously expressed in tissues, as
indicated on its acronym “ubiquitously transcribed tetratricopeptide repeat, X Chromosome”
(UTX). In this thesis, we show that KDM6A is highly expressed in ES compared to KDM6B,
especially in ES xenografts and PdX tumours (see Figure IV. 16 A-B, D from Results in
Section IV). In agreement with these data, ES were listed in the twelfth position of different
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cancer malignancies harbouring higher mRNA expression of this demethylase (Barretina
et al,, 2012). In these studies, the KDM6A paralogue UTY was identified as moderately
expressed in ES, which has residual demethylating activity (Shpargel et al., 2012).

Among other histone demethylases, KDM6A has been identified as one of the 299 cancer
driver genes in the cancer genome atlas project (TCGA) (Bailey et al., 2018). However, its
role in cancer development is still ambiguous. While deleterious mutations of KDM6A
found in various adult tumours (including bladder urothelial carcinoma, and pancreatic
adenocarcinoma) are indicative of a tumour suppressive function (Kandoth et al., 2013; Li
et al., 2018; van Haaften et al., 2009), KDM6A appears to support the action of oncogenic
factors in other cancer types, like prostrate or breast cancer (Benyoucef et al., 2016; Kim et
al., 2014; Xie et al., 2017). KDM6A's role in cancer is thus apparently context-specific and
dependent on not only its H3K27me3 demethylating activity, but also its interactions with
other epigenetic complexes. In this study, we found 45% of EWSR1-FLI1 gene-associated
peaks co-occupied by KDM6A (see Figure IV. 18 A-B from Results in Section IV). As
a majority of these coinciding peaks in A673 cells correlated with a loss of H3K27me3
upon overexpression of EWSR1-FLI1 in hpMSC (see Figure IV. 18 B-C from Results
in Section IV), we propose that the demethylating activity of KDM6A at EWSR1-FLI1-
activated targets promotes oncogenesis, which agrees with the aforementioned role of this
demethylase in some cancers.

In contrast to other KDM6 family members, KDM6A harbours a unique tetratricopeptide
(TPR) that permits its interaction with various protein complexes (Chang et al., 2019).
On this basis, a substantial number of proteins have been reported to interact with
KDMG6A to coordinate several biochemical processes associated with gene transcriptional
activation, especially in processes associated with H3K4me3 methylation, which marks
transcriptionally active regions (Bochynska et al., 2018; Ford and Dingwall, 2015; Lee et
al., 2007; Shilatifard, 2008). In Drosophila, for instance, KDM6A is physically associated
with BRM, a member of the SWI/SNF complex, and CBP to modulate the H3K27
acetylation activity of the last (Tie et al., 2012). KDM6A is also an integral component of
the COMPASS-like complex, which contains the core proteins WDR5, RBBP5, DPY30,
and ASH2L as well as the MLL3/KMT2C or MLL2/4/KMT2D methyltransferase, which
mono-methylate H3K4 in enhancer chromatin (Cho et al., 2007; Hu et al., 2013; Shilatifard,
2008). In agreement with these data, EWSR1-FLI1 recruits p300 and a member of the MLL
complex (such as WDR5) to its GGAA-binding sites to mediate histone acetylation and
methylation on H3K27ac and H3K4me3, respectively, and to thereby activate transcription
(Riggi et al., 2014). Considering this evidence and our results showing interaction of
KDM6A with EWSRI1-FLI1 with a high correlation in the cell nuclei (see Figure IV. 22
from Results in Section IV), we speculate that this demethylase might constitute part of
the oncogenic chromatin remodelling complex in ES cells. Therefore, we propose that
interactions of KDM6A with other epigenetic factors are fundamental in this tumour for
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the chromatin remodelling process imposed by EWSR1-FLI1. Important to note is that
KDMBS6A does not possess a DNA binding domain indicating that interactions with other
chromatin partners are essential for its recruitment to chromatin.

In melanoma, KDM6A was identified as part of the p300-MLL2 complex recruited by
RING1B at H3K27me3 rich regions leading to chromatin opening to subsequent gene
activation (Rai et al., 2015). Our group has shown that RING1B and EWSR1-FLI1 interact
and co-localize in active genomic regions in ES cells (Sanchez-Molina et al., 2019). We
therefore speculate that RING1B and KDM6A might constitute part of the same complex
at active gene regions in ES. According with these data, we postulate a model in which
RING1B might recruit an EWSR1-FLI1-containing KDM6A complex to erase H3K27me3
at GGAA repeats. Similar to what has been proposed for p300 and additional acetylating
partners recruited by EWSR1-FLI1 to mediate transcription activation (Riggi et al., 2014)
and proteins of the SWI/SNF complex involved in chromatin remodelling, e.g. BAF
(Boulay et al., 2017), we also propose addition of KDM6A to this scenario (Figure V. 2).
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Figure V. 2 KDM6A and RING1B in EWSRI1-FLI1-activated target regions in ES cells.

The model presented here shows EWSR1-FLI1 binding to GGAA repeat regions recruiting KDM6A to
demethylate histone H3K27me3 at these sites. This would facilitate acetylation of this residue by p300, leading
to chromatin opening and transcriptional activation. Although RING1B, is normally enriched together with
EZH2 at transcriptionally repressed regions decorated with H3K27me3, in the model presented here is
also recruited to active genomic sites, such as in the EWSR1-FLI1-containing KDM6A complexes. Once
there, it directly interacts with the fusion oncoprotein and helps its recruitment to these sites. (Created with
Biorender.com)

KDMS6A, as part of the COMPASS-like complex, mediates transcriptional activation of
HOX genes during development (Agger et al., 2007; Van der Meulen et al., 2014). Posterior
HOX genes, and in particular HOXD13, are markedly overexpressed in ES cells and
maintain the oncogenic phenotype of ES proliferation, invasion and metastasis (Svoboda
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et al., 2014; von Heyking et al., 2016). Upon introduction of the fusion oncogene, these
sites are reported to lose H3K27me3, followed by a gain in H3K4me3 that correlates with
transcriptional activation (Svoboda et al., 2014). MLL1, which is highly expressed in ES,
works together with MEN]1, a scaffolding protein of the complex, to contribute to the
persistent overexpression of the HOXD genes (Svoboda et al., 2017). Accordingly, our
ChIP-seq data reveal KDM6A enrichment at the HOXD loci with EZH2 completely absent
from these regions (data not shown); furthermore, the opposite pattern was observed for
the anterior HOX loci, e.g. HOXA (data not shown), which were described to be repressed
upon overexpression of EWSRI-FLI1 (Svoboda et al., 2014). These loci were consistently
devoid of KDM6A binding but enriched in EZH2. Therefore, our observations suggest
that KDM6A might be part of the transcriptional-activating MLL complex described to
be recruited at HOXD loci to activate transcription in ES.

Our work revealed that genetic targeting of KDM6A through shRNA causes profound
defects in the expression of EWSR1-FLI1 targets (see Figure IV. 20 A-B from Results
in Section IV). Although further studies are needed to elucidate to which extent lack of
KDM6A compromises ES cell growth, these results further highlight the importance of
inhibiting this demethylase in this tumour.

Emerging evidence has described a demethylase-independent role for KDM6A in stem
cell homeostasis and developmental processes (Shpargel et al., 2012; Shpargel et al., 2014;
Wang et al., 2012). In ESC, a crosstalk between KDM6A, MLL4 and p300 at enhancers
has been reported, where KDM6A might recruit these proteins independently of its
demethylating activity. At these regions, KDM6A might facilitate the conversion of an
inactive to an active state of the enhancer, i.e. gaining H3K4mel and H3K27ac marks at
these regions (Wang et al., 2017). In this regard, further experiments are needed to address
whether demethylation and demethylation-independent roles of KDM6A coexist in ES.
We cannot rule out a demethylation-independent role of this demethylase in ES, given
that (i) some EWSRI1-FLI1-activated targets bound by KDM6A in ChIP-seq still contain
H3K27me3 in the hpMSC upon transformation (data not shown); (ii) decreases on gene
expression in EWSRI-FLI1-activated targets upon KDM6A knockdown is apparently
associated to a moderate gain on the overall levels of H3K27me3 (see Figure IV. 20 C
from Results in Section IV); and (iii) considering that we observe a prominent loss of
H3K27me3 at the promoter regions, and that KDM6A is principally enriched at genic
and intergenic regions, this is suggestive of a demethylase-independent role at regulatory
regions such as enhancers (see Figure IV. 14 B and 17 B from Results in Section IV). In
fact, we are currently evaluating whether levels of H3K27me3 are locally gained in EWSR1-
FLI1-activated targets upon KDM6A knockdown to elucidate whether downregulation of
these targets is related to the demethylating activity of the protein. Furthermore, some
EWSRI1-FLI1-activated targets that are downregulated upon KDM6A knockdown are not
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bound by the demethylase at least on its promoter or enhancer region (see Figures IV. 18
D and 20B from Results in Section IV). RNA-seq data as well as ChIP-seq of H3K27me3
upon KDM6A knockdown might help elucidate this point, which is still an ongoing work.

In summary, all evidence presented here indicates that targeting KDM6A is a promising
strategy to test in ES.

7. Modulation of the aberrant H3K27me3 positioning in ES cells by
GSK126 and GSK-J4

Deregulated H3K27me3 levels have been demonstrated in a variety of human cancers
through genetic hits, altering the machinery responsible for H3K27me3 turnover
(Martinez-Garcia and Licht, 2010). In this work, we show a required redistribution
of H3K27me3 during ES tumorigenesis that does not occur in a random manner as it
leads to a gain or a loss of this mark in important targets of EWSR1-FLI1.

We observed that inhibition of EZH2 alone with either GSK126 or EPZ6438 does
not compromise survival of ES cells (see Figure IV. 23 A from Results in Section
IV), indicating the solely removal of H3K27me3 from enriched regions, e.g. the gene
body, does not translate into a cytotoxic response. Emerging evidence in literature
reveals a subset of cancers harbouring inactivating mutations in components of SWI/
SNF complexes that display epigenetic dependency on EZH2 (Januario et al., 2017;
Kim et al.,, 2014). Thus, targeting EZH2 in these tumours has been reported to be an
effective therapeutic strategy. A paradigmatic example in paediatric cancers is found
in malignant rhabdoid tumours, where inhibition of EZH2 was shown as a successful
cytotoxic strategy, coinciding with an inactivating mutation in a component of the
SWI/SNF complex, SMARCB1. Moreover, EZH2 in these tumours displays an altered
genomic occupancy with high H3K27me3, leading to the repression of lineage-
specific targets (Knutson et al.,, 2013; Unland et al., 2015). Although EZH2 has
been reported to repress neuroectodermal lineage genes in ES (Richter et al., 2009),
mutations in SMARCBI or other members of the SWI/SNF complex have not been
identified (Crompton et al., 2014). These tumours indeed depend on recruiting the
BAF complex by EWSR1-FLII1 to tumour-specific enhancers to subsequently promote
gene activation (Boulay et al., 2017). We thus argue that the failure of EZH2 inhibitors
as an effective anticancer strategy in ES is consistent with the necessary activity of
components of the SWI/SNF complex reported. Nevertheless, inhibition of EZH2
in ES has been recently demonstrated to be a potentially successful strategy when
combined with other therapies. For instance to upregulate the levels of GD2, a cell-
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surface ganglioside with restricted and low-level tissue expression, as an immune
target for chimeric antigen receptors T cells (Kailayangiri et al., 2019).

Previous studies in T-ALL, urothelial bladder carcinoma, multiple myeloma and lung
cancer have described that loss of function mutations in KDM6A lead to higher levels
of H3K27me3 compared to wild type tumours and an increased sensitivity to EZH2
inhibitors (Ezponda et al., 2017; Ler et al., 2017; van der Meulen et al., 2015; Wu et
al., 2018). In agreement with these data, our work demonstrates that inhibition of
KDMG6A with GSK-J4 treatment results in an increased sensitivity to EZH2 inhibitors,
triggering a synergistic response that is cytotoxic in ES cells (see Figure IV. 24 from
Results in Section IV).

Indeed, in this thesis, we demonstrate that dual targeting of KDM6A and EZH2 causes
a decrease of H3K27me3 that is not as profound as compared to GSK126 alone (see
Figure IV. 23 E from Results in Section IV), further supporting our hypothesis that
maintaining H3K27me3 homeostasis is critical in ES. In agreement with this, a recent
study has shown that inhibition of the SWI/SNF complex by trabectedin strongly
imbalances the distribution of H3K27me3 in ES cells. The study by Harlow et al.
(2019), using trabectedin, shows how the eviction of the SWI/SNF complex by the
drug causes loss of cell viability and an accumulation of H3K27me3 at the TSS of
EWSRI1-FLI1 target genes.

Our data suggest H3K27me3 loss in promoters during ES oncogenesis (see Figure IV.
18 B from Results in Section IV) is a key event in the chromatin remodelling process
infringed by the oncogene. Considering all this evidence, we propose that a proper
balance of H3K27me3, maintained by the coordinating activity of EZH2 and KDM6A,
is critical for ES cells to survive. In other words, the ES epigenome must retain the
enzymatic activity of EZH2 to key repressed promoters, while in transcriptionally
active regions (e.g. enhancer-activated EWSRI-FLI1 targets), the demethylating
activity of KDM6A is essential. Our results indicate that perturbation of this balance
with both GSK126 and GSK-J4 tilts H3K27me3 balance in favour of a global loss
of the mark, associated to an increased apoptosis (see Figure IV. 23 E and IV. 24
from Results in section IV). Accordingly, we suggest that double treatment causes
local changes of H3K27me3 distribution on EZH2 and KDMG6A target regions that
reactivate differentiation genes repressed by EZH2, as well as repress EWSR1-FLI1-
activated targets bound by KDM6A, inducing apoptosis. We hence speculate that both
targeting of the active and repressive states in ES is fundamental for the cell to survive.
These observations are summarized in the model presented in Figure V. 3.
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FIGURE V. 3 Perturbation of the H3K27me3 balance by GSK126 and GSK-]J4 in ES cells.

We here show a model in which KDM6A and EZH2 maintain a tumorigenic state of ES cells throughout
deregulation of H3K27me3 distribution. EZH2-rich regions are repressed differentiation genes decorated
with H3K27me3, while EWSR1-FLI1-activated targets are transcriptionally active due to the activity of
KDMS6A demethylase, and hence these regions lack this histone mark. Inhibition of EZH2 enzymatic
activity throughout GSK126 would turn differentiation genes activated, which is associated with reduced
global levels of H3K27me3. However, this is not sufficient to induce apoptosis in ES cells; what is critical
for ES cells to survive is the inhibition of KDM6A demethylase by GSKJ4, causing repression of EWSR1-
FLI1-activated targets with a moderate increase in overall levels of H3K27me3. The combination of the two
inhibitors is highly efficient to cause a cytotoxic effect on ES cells, as distribution of H3K27me3 is highly
perturbed causing both repression of EWSRI-FLI1-activated targets and reactivation of differentiation
genes. This is associated to a decrease in the overall levels of this mark in ES cells (which is not as profound
as that of GSK126 alone). Therefore, we suggest that targeting the “tumorigenic distribution” of H3K27me3
is a possible therapeutic strategy in ES. (Created with Biorender.com)

Targeting tumorigenic balance of the H3K27me3 writer and eraser through GSK126
and GSK-J4 inhibitors perturbs the oncogenic advantage of ES cells. Several general
inhibitors of the JmjC-containing domain demethylases family, including GSK-J4, have
been developed in the last decade. However, these inhibitors are selective against some or
all JmjC enzymes but are unable to target one specific JmjC member (Van der Meulen et
al., 2014). Even though the antitumor activity of GSK-J4 in preclinical studies in brainstem
gliomas correlates with an increase of H3K27me3 levels (Hashizume et al., 2014), this
inhibitor additionally perturbs several histone demethylase subfamilies beyond KDM6
family in vitro and in vivo (Heinemann et al., 2014). In this thesis, we demonstrate a slight
increase on the overall levels of H3K27me3 in ES cells treated with GSK-J4, similar to data
published by other groups in DIPG or in AML cells treated with this drug (Hashizume et
al., 2014; Li et al,, 2018). Further experiments are now needed to elucidate whether other
histone modifications regulated by other JmjC-subfamilies, e.g. H3K36me3 or H3K79me3,
are altered with GSK-J4 in ES cells.
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8. KDMG6A escapes X-inactivation in ES, rendering differences in ES
cell lines to response to GSK-J4

X-inactivation ensures that females have only one functional copy of the genes expressed
by this chromosome to produce the same dosage as in males. Genes outside of the
pseudoautosomal region of the X-chromosome can escape from X-inactivation, resulting
in the expression of two copies in females and one copy in males. Previous reports have
identified that mutations in tumour suppressor genes that escape from X-chromosome
inactivation (known as EXITS genes) affords females enhanced cancer protection, which
substantively contributes to the higher incidence observed for some tumours in males
(Dunford et al., 2015; Dunford et al., 2017; Snell and Turner, 2018).

The X-chromosome location of KDM6A has identified this demethylase as one of the
genes that escapes from X-chromosome inactivation (Greenfield et al., 1998). Moreover
it has been recently shown that KDM6A is implicated in sexual dimorphism diseases,
including some cancers and X-linked intellectual disabilities (Dunford et al., 2015; Snell
and Turner, 2018). ES has a sex bias, being predominantly more frequent in males than
in females (Paulussen et al., 2008). In this thesis, we discerned two groups of ES tumours
according to KDM6A expression (see Figure IV. 16 C-D from Results in Section IV).
Moreover, we observed that sex was statistically associated to KDM6A expression, with
males showing a lower expression of KDM6A than females. Therefore, we corroborate the
X-inactivation scape for this demethylase in ES tumours and cell lines. In agreement with
these observations, we found that only male-derived ES cell lines (i.e. SK-ES-1 and TC-71)
responded to the KDM6A inhibitor GSK-J4, triggering an effective synergistic response
to EZH2 inhibitors (see Figure IV. 23 B and 24 from Results in Section IV). Consistently,
we observe a complete lack of response to GSK-J4, not only in A673, but also in A4573
and TC252, which are all female-derived ES cell lines (data not shown for the last two
cell lines). We therefore speculate that, as male-derived ES cell lines express fewer copies
of KDM6A, they are more sensitive to the GSK-J4 inhibitor at lower concentrations than
female-derived cell lines, which show a more resistant pattern (Figure V. 4). Considering
that response to EZH2 inhibitors is highly dependent on the effectiveness of KDM6A
inhibition, the aforementioned female ES cell lines were resistant to the dual treatment.
Further experiments are needed to explore the extent of this rationale in other male-
derived ES cell lines, such as RDES or RWS.

Loss-of-function mutationsin KDM6A have been identified in male cancers across multiple
subtypes, including urothelial carcinoma, T-ALL, pancreatic cancer, B-cell lymphoma, and
medulloblastoma (Andricovich et al., 2018; Li et al., 2018; Robinson et al., 2012; van der
Meulen et al., 2015). Moreover, this demethylase was described as a tumour suppressor in
the 299-cancer driver list of genes from human cancer genome studies (Bailey et al., 2018).
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Furthermore, inactivating mutations of KDM6A have additionally been reported in the
context of X-linked intellectual disability (XLID) and the developmental disorder Kabuki
syndrome (Adam and Hudgins, 2005), where males harbouring mutations in KDM6A
show more severe phenotypes than females (Lederer et al., 2012; Miyake et al., 2013).
All these data point the EXITS model for KDM6A as a tumour suppressor gene in these
malignancies. Although we observe an X-inactivation escape for this demethylase in ES,
KDM6A might not play a tumour suppressive role here, as (i) whole genome sequencing
studies published by Crompton et al. (2014) reveal the absence of recurrent mutations in
KDMBS6A in ES tumours or ES cell lines, (ii) in this thesis we describe that EWSR1-FLI1 and
KDMBS6A colocalize genome-wide, and (iii) knockdown of the demethylase downregulates
key EWSR1-FLI1-activated targets, possibly due to a lack of H3K27me3 demethylating
activity. Thus, we propose that KDM6A has an oncogenic role in ES, although the extent
of its tumorigenicity has to be yet elucidated.
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FIGURE V. 4 Gender bias association to KDM6A and sensitivity to GSKJ4 explained by an escape from
X-inactivation chromosome inactivation in ES.

X-chromosome inactivation in females ensures dosage compensation of genes located in the X-chromosome
(namely gene A (orange)) compared to males. Then, the dose of such gene A might be equal between males
and females and thus we would expect no gender effect on the response to inhibitors targeting the underlying
gene product (left panel). However, in some situations some genes can escape from such X-chromosome
inactivation leading to the opposite scenario. For example, KDM6A (green) has an imbalanced dose in
males and females, with females having a highest amount. Thus, we suggest that given the differences on the
number of transcripts, these would be also reflected at a protein level leading to sex-related differences on
the response to specific inhibitors. Consistent with this hypothesis, we observed that male derived ES cell
lines (SK-ES-1 and TC-71) are more sensitive towards GSK-J4 and female-derived cells such as A673 have a
more resistant phenotype. Xa (pink chromosome) and Xi (purple chromosome) indicate active and inactive
chromosome X, respectively. The Y chromosome is indicated in blue. Framed orange and green area in
chromosomes represent location of gene A and KDM6A, respectively. Adapted from Dunford et al. (2017).
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9. Thesis main points at a glance

To conclude, ES tumorigenicity is dependent on continued overexpression of PcG members
of both PRC1 and PRC2 complexes such as BMI1 and EZH2, respectively (Douglas et al.,
2008; Hsu and Lawlor, 2011; Richter et al., 2009; Riggi et al., 2008). The mechanistic basis
of such dependency is based on the repressive function of EZH2 on the neuroectodermal
and endothelial differentiation (Richter et al., 2009) and the stemness maintenance
mediated by BMI1 that is independent of CDKN2A repression (Douglas et al., 2008). In
this thesis, we have contributed to understanding EZH2-mediated repression in ES. We
show this PcG protein exerts most of the repression indirectly from EWSR1-FLI1 with
a strong association with the H3K27me3 gain observed in hpMSC overexpressing the
fusion oncoprotein. Previous data from our group has shown that RING1B, the enzymatic
subunit of PRC1, is highly expressed in ES (Hernandez-Mufoz et al., 2016), and that
it also cooperates in an E3-ligase independent manner with EWSR1-FLI1 to activate
enhancers (Sanchez-Molina et al., 2019). We show here that RING1B is necessary for ES
tumorigenesis and provide a mechanistic insight throughout modulation in vitro and in
vivo of RING1B protein levels by MLN4924. We demonstrate an eviction of EWSR1-FLI1
from activated regions that coincides with a perturbed recruitment of RINGI1B at these
sites by MLN4924 treatment, with moderate transcriptional effects.

In this work, we additionally prove that the KDM6A demethylase might be another
interacting partner of EWSR1-FLI1 in transcriptionally active regions. Given the evidence
in melanoma that RING1B recruits this demethylase together with p300 to H3K27me3-
rich regions (Rai et al., 2015), we speculate that KDMG6A is possibly recruited in the
same complexes as RING1B in ES cells. In this regard, H3K27me3 is redistributed in ES
tumorigenesis in a coordinated manner through the activity of KDM6A and EZH?2. Finally,
we show that disruption of the enzymatic activities by GSK126 and GSK-J4 deregulates the
equilibrium of H3K27me3, triggering a synergistic cytotoxic response especially effective
in male-derived ES cell lines. Overall, these data demonstrate the promise of rationally
designed combinations of epigenetic-targeted therapy in ES.
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In this thesis, we provide further insight into the importance of studying the

epigenetic mechanisms underlying EWSR1-FLI1-mediated transformation in ES to reveal

promising therapeutic targets for future clinical trials that could improve patient outcome.

Collectively, our results highlight targeting the novel transactivation roles of RINGI1B in
ES with a NEDDS inhibitor such as MLN4924, as well as blocking the enzymes responsible

for the

aberrant settling of H3K27me3, i.e. EZH2 and KDM6A. The main conclusions of

this work are summarized as follows:

Aim 1:

1. Genetic depletion of RING1B with an shRNA in ES xenografts delays tumour

growth and is associated with a less proliferative state.
Aim 2:

1. MLN4924 decreases RING1B, especially at the protein level, in vitro and in vivo,
likely by inhibiting its neddylation and triggering its degradation.

2. MLN4924 treatment is associated with a loss of RING1B binding at EWSR1-FLI1-
activated targets and concurs with an eviction of the fusion oncogene from these
regions. This correlates with moderate gene expression changes.

Aim 3:

1. Overall levels of H3K27me3 are maintained upon EWSR1-FLI1 transformation in
hpMSCs or HUVECs, indicating a redistribution process of this mark during ES
tumorigenesis.

2. EWSRI1-FLI1-activated targets are largely decorated with H3K27me3 mark in a
putative cell-of-origin of ES, such as hpMSCs.

3. hpMSC models that overexpress EWSRI-FLI1 present a redistribution of
H3K27me3, with a gain in the promoter and gene body of known repressed targets
of the fusion oncoprotein, and a loss in activated targets.

4. KDMB6A is highly expressed in ES tumors and is recruited to EWSR1-FLI1-
activated targets, likely interacting with EWSR1-FLI1 in ES cell lines.

5. EZH2 shows independent binding of EWSR1-FLI1, mediating part of the indirect
repression imposed by the fusion oncoprotein in ES cell lines.

6. EZH2 and KDM6A knockdown revert the repressed and active expression states of
EWSRI1-FLI1 targets, respectively, with EZH2 depletion causing a severe decrease
on the overall levels of H3K27me3.

Aim 4:

1. ES cells show resistance to the EZH2 inhibitor GSK126, despite triggering a
profound decrease of the overall levels of H3K27me3.

2. ES cell lines show heterogeneous sensitivity pattern towards GSK-J4, possibly by
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the gender bias affecting the amount of KDM6A.

GSK-J4 sensitizes ES cell lines to GSK126, causing a synergic cytotoxic effect that
is strikingly dependent on cell response towards GSK-J4.

Dual targeting of the H3K27me3 writer and eraser throughout GSK126 and
GSK-J4, respectively, decreases the overall levels of H3K27me3, which highlights
the importance of an unbalanced distribution of this mark in ES.
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