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1.1 Genetic classification of sarcoma 

Sarcomas are rare forms of cancer, which arise predominantly in soft tissue and bone. 
They comprise approximately 2% of all malignancies. Benign mesenchymal tumors 
(such as lipoma or hemangioma) are approximately 10 times more common than 
malignant sarcomas (such as liposarcoma or angiosarcoma). Sarcomas constitute a 
heterogeneous group of tumors with over 50 subtypes categorized by the WHO. The 
classification is based on the presumed line of differentiation in the tumors [1]. As 
such, the group of vascular tumors displays endothelial cell differentiation at variable 
levels. The exact pathogenesis of most sarcomas is incompletely understood. Surgery 
is the mainstay of treatment, complemented with chemo- and/or radiotherapy in 
selected subtypes, depending on histological grade and stage. Elucidating the genetic 
drivers of sarcomas has improved their classification and diagnostic accuracy. This 
effort has aided in identifying novel therapeutic targets in a few of the subtypes, 
ultimately improving treatment outcomes [2]. Based on cytogenetic analysis, 
sarcomas can be roughly categorized into two groups: sarcomas with simple genetic 
alterations or sarcomas with a complex genome. 

1.1.1 Mesenchymal tumors with simple genome 
Simple genetic alterations driving bone and soft tissue tumors can be subclassified 
into tumor-specific translocations, specific amplifications, and activating mutations. 
Tumor-specific translocations result in the formation of fusion genes, encoding fusion 
proteins with gained oncogenic activities. These tumor-specific genetic alterations 
only occur in tumor cells, making them distinguishable from non-tumor cells. For 
example, in synovial sarcoma (SS) with SS18::SSX1/2/4 translocation, expression 
of SS18::SSX is essential in driving tumorigenesis [24]. Likewise, the EWSR1::FLI1 
translocation in Ewing sarcoma is required for oncogenic transformation and tumor 
cell survival [25]. Specific amplification is, for example, seen in atypical lipomatous 
tumor/well-differentiated liposarcoma (ALT/WDLPS) with amplification of MDM2 
and/or CDK4 [1]. Lastly, an activating mutation driving tumorigenesis is, for example, 
observed in gastrointestinal stromal tumors (GIST) with a mutation in KIT or PDGFRA, 
causing tyrosine kinase activation leading to oncogenesis [3, 4]. Also, simple genomes 
are frequently seen among the group of vascular tumors. For instance, MAP2K1 
activating mutations are associated with arteriovenous malformation/hemangioma 
(AVM), resulting in the activation of the MAP2K1 (MEK1) [5] and mutations in the 
GNA family of genes are seen in a diverse group of benign vascular tumors [6, 7]. 
Gene fusions are frequently seen in vascular tumors, particularly within the category 
of hemangioendotheliomas, as extensively reviewed in Chapter 2. 
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1.1.2 Sarcomas with Complex Genome
In sarcomas exhibiting a complex genome, tumorigenesis is driven by the collective 
effect of multiple genomic changes or inactivation of a few critical genes, such as 
TP53 or RB1. Complex karyotypes in sarcoma can be caused by genomic instability, 
resulting in multiple chromosomal rearrangements and copy number alterations. 
Genomic instability can be caused by sporadic replication or repair errors. Genomic 
instability in cells increases the chances of genome alterations during cell division, 
yielding complex karyotypes. As a result, copy number variations are frequently 
seen, including gain (partial or whole chromosome) or loss (deletion) of genetic 
material. The prototype of a complex genome sarcoma is high-grade conventional 
osteosarcoma. In central osteosarcoma, chromothripsis and kataegis are observed in 
more than 90% and 50% of cases, respectively [8, 9], and among a plethora of genetic 
changes, TP53 inactivation is the most frequently observed [1, 10]. Chromothripsis 
is characterized by massive, chaotic, and complex chromosomal alterations [11], 
and kataegis is caused by localized hypermutations [12]. The presence of extensive 
molecular alterations in osteosarcoma makes developing alternative therapeutic 
strategies for osteosarcoma challenging. Another example of a tumor type with high 
genomic instability is leiomyosarcoma [13]. The most commonly observed genetic 
alterations in leiomyosarcoma resulting from genomic instability are the loss of 
tumor suppressor genes PTEN, RB1, and TP53 [1]. Among the group of vascular 
tumors, only angiosarcoma can have complex karyotypes with somatic mutations 
(KDR, PTPRB, and PLCG1), rare mutations (RAS genes), gene amplifications (MYC 
and FLT4), or some recurrent chromosomal changes [14-16]. 

1.2 Vascular tumors, endothelium and angiogenesis 

Vascular tumors are rare neoplasms that can occur in bone or soft tissues. They 
consist of many subtypes characterized by simple genetic alterations or complex 
and unbalanced karyotypes (Table 1). The prognosis of vascular tumors is variable 
depending on subtype, tumor size, and local extent, with limited therapeutic options 
available for aggressive tumors that can not be treated surgically. Vascular tumors 
are classified as such based on their resemblance to normal endothelium and the 
expression of endothelial markers suggesting endothelial differentiation [1]. These 
endothelial markers include CD31, CD34, or ERG. The cell of origin for vascular 
tumors is therefore hypothesized to be the endothelial cell or its precursor [17, 18]. 
Knowledge of normal angiogenesis is needed to understand vascular neoplasia better. 

Angiogenesis is defined as the formation of new blood vessels from existing vessels. 
Tumor cells send angiogenic signals, such as VEGF, FGF, and ANG-2, to quiescent 
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vessels to initiate angiogenesis [19]. The quiescent endothelial cells degrade the 
basement membrane with the help of matrix metalloproteases (MMP), and pericytes 
detach from the vessel wall in the presence of ANG-2, increasing endothelial cells 
permeability and sprouting [20]. There are crucial signaling pathways (ANG, TIE, 
NOTCH, and WNT), growth factors (VEGF, PDGF, and FGF) and their receptors 
(VEGFR1/2 and PDGFRβ), involved in angiogenesis. In vascular neoplasia, these 
pathways involved in normal angiogenesis are often affected. For instance, gene 
mutations can be found that involve the angiogenic signaling pathway, growth factors, 
and growth factor receptors, such as VEGF/VEGFR, to promote tumor growth and 
metastasis in angiosarcoma [21]. Furthermore, in sarcoma with complex karyotypes, 
such as angiosarcoma, has shown genetic alterations involving TP53 and the PIK3CA/
AKT/mTOR pathway [15]. The PIK3CA/AKT/mTOR pathways regulate cell growth, 
survival, angiogenesis and others [22].

Angiogenesis is not only involved in normal development and affected in vascular 
neoplasia, it is also important for solid tumor growth in general, irrespective of the 
tumor type. Cancer cells need nutrients, and therefore, angiogenesis resulting in the 
formation of a neovasculature is needed to provide these [23, 24]. Tumor angiogenesis 
begins with the initiation of angiogenic response, causing the degradation of the 
extracellular matrix, which enables endothelial cell migration, proliferation, and tube 
formation, and finally, the maturation of neovasculature [25]. The neovasculature 
has been extensively investigated as a potential target to treat solid tumors: targeting 
angiogenesis and depriving the tumor of nutrient supply will affect its growth 
capacities [26, 27]. An example is pazopanib, which is approved for treatment of soft 
tissue sarcoma [28] and has been shown to selectively inhibit vascular endothelial 
growth factor receptor (VEGFR)-mediated angiogenesis [29]. 

Table 1. WHO classification of vascular tumors of soft tissue and bone

Classification Vascular tumor Genetic alteration 

Benign Hemangioma/vascular malformation EWSR1::NFATC2

Epithelioid Hemangioma FOS or FOSB rearrangement, FOXO1 fusion

Tufted angioma GNA14 mutation

Locally aggressive Kaposiform Hemangioendothelioma GNA14 mutation

Rarely 
metastasising

Retiform Hemangioendothelioma YAP1::MAML2 and YAP1 rearrangement

Papillary Intralymphatic 
Angioendothelioma

-

Composite Hemangioendothelioma PTBP1/YAP1::MAML2 and EPC1::PCH2

Kaposi Sarcoma HHV8 related

Pseudomyogenic Hemangioendothelioma FOSB rearrangement
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Table 1. Continued.

Classification Vascular tumor Genetic alteration 

Malignant Epithelioid Hemangioendothelioma WWTR1::CAMTA1

Hemangioendothelioma With YAP1::TFE3 
Fusion

YAP1::TFE3

Angiosarcoma MYC or FLT4 amplification, PTPBR or PLCG1 
mutation

1.3 Gene translocations and promiscuity in vascular 
tumors

Chromosomal translocation can result in overexpression or loss of function of the 
resultant fused genes. Gene fusions are quite common in vascular tumors, especially 
epithelioid hemangioma (EH), pseudomyogenic hemangioendothelioma (PHE), 
TFE3-rearranged hemangioendothelioma and epithelioid hemangioendothelioma 
(EHE) (extensively reviewed in chapter 2). While it was previously thought that gene 
fusions are specific for a tumor type, such as SS18/SSX1/2/4 in synovial sarcoma, 
for most gene fusions this is not the case. Identical gene fusions occur in distinct 
neoplasms with different morphologies, molecular features, and aggressiveness. 
An example is the ETV6::NTRK3 fusion gene, which has been identified in a broad 
spectrum of mesenchymal neoplasms, from benign lipofibromatosis-like neural 
tumors to malignant infantile fibrosarcoma [1]. EWSR1::NFATC2 rearrangement 
is another example of identical gene fusions occurring in distinct neoplasms with 
different characteristics. 

EWSR1 encodes EWS RNA binding protein 1, which regulates transcription and 
RNA splicing, as well as various other cellular processes. Together with FUS/TLS 
and TAF15, EWSR1 belongs to the FET (FUS, EWSR1, and TAF15) family of RNA/
DNA binding proteins. EWSR1 is a highly promiscuous gene and can fuse to many 
different partners in various neoplasms including Ewing sarcoma, myoepithelioma, 
extraskeletal myxoid chondrosarcoma, and even leukemia [30]. Ewing sarcoma is a 
small round cell sarcoma with gene fusions involving a member of FET family genes 
and the ETS family of transcription factors [1].

Up till recently, EWSR1/FUS::NFATC2 fusions were thought to be specific for the 
group of round cell sarcomas (RCS) with EWSR1-non-ETS fusions [1]. NFATC2 is 
a transcription factor that induces gene transcription during an immune response. 
EWSR1 is thought to serve as a robust N-terminal trans-activator for its C-terminal 
fusion partner. The exact mechanism of EWSR1-driven sarcomagenesis is incompletely 
understood. EWSR1::NFATC2 fusion might be constitutively expressed and, in turn, 
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dysregulate NFATC2 expression and transcriptional activity. NFATC1 also belongs to 
the NFAT family of transcription factors and has similar function as NFATC2 [31]. 
EWSR1/FUS::NFATC1 rearrangement has been described in vascular neoplasm [32-
34]. As for EWSR1/FUS::NFATC2 gene rearrangement, it has been described in 
benign simple bone cysts (SBC) [35, 36] and now also in vascular tumors [37]. Table 
2 illustrates a list of diseases involving EWSR1/FUS::NFATC2 fusion. 

Gene rearrangement involving TFE3 are also promiscuous, and the various TFE3 
fusion genes are not specific. TFE3 belongs to the microphthalmia/transcription factor 
E (MiT/TFE) family members of transcription factors. The MiT/TFE family consists 
of four distinct genes, MITF, TFEB, TFE3, and TFEC [38]. All four proteins share a 
common structural characteristic, the basic-helix-loop-helix leucine zipper (bHLH-
LZ) domain, as shown in Figure 1. Rearrangements involving TFE3 were identified 
in tumors such as renal cell carcinoma (RCC), alveolar soft part sarcoma (ASPS), 
EHE, or perivascular epithelioid cell tumor (PEComa). The list of neoplasms with 
TFE3 fusion and their fusion partners is listed in Table 3. Chromosomal translocation 
in TFE3 is mostly intergenic breakpoints, primarily in intron 2 or 3, retaining the C’ 
terminal bHLH functional domain of TFE3 (Figure 1). The function of recurrent TFE3 
fusion partner varies from splicing (SFPQ, RBM10, NONO, MATR3, LUC7L3, and 
KHSRP), involved in hippo (YAP1), or Wnt (DVL2) signaling pathway. TFE3 protein 
is ubiquitously expressed at low levels in various tissues, therefore TFE3 nuclear 
expression may not correlate to presence of TFE3 translocation. For example, a subset 
of approximately 9% of RCC lacking TFE3 rearrangement showed TFE3 expression 
[39-41]. Furthermore, TFE3 nuclear staining is observed in 15% of PEComa cases 
[42]. As such, it is recommended to use other methods to identify TFE3 rearrangement 
such as fluorescent in situ hybridization (FISH). 

TFE3

TFEB

TFEC

MITF
Figure 1. Common structural domains in MiT/TFE family. Conserved protein domains TFE3, 
TFEB, TFEC, and MITF. AD: Activation domain (blue); bHLH: basic helix–loop–helix (purple); 
LZ: leucine zipper domain (green).
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Table 2. Neoplasms involving EWSR1 or FUS in NFATC2 rearrangement 

Disease Recurrent NFATC2 fusion partners

Round cell sarcoma with EWSR1-non-ETS fusions EWSR1 [43-49], FUS [47, 50-54], FUS [55, 56]

Simple bone cyst EWSR1 [35, 36, 57], FUS [36, 57] FUS [48]

Epithelioid vascular neoplasm EWSR1 and FUS [33] 

Table 3. Neoplasms with TFE3 translocation 

Disease Recurrent TFE3 fusion 
partners

A single case of TFE3 
fusion partner

Epithelioid hemangioendothelioma (EHE) YAP1 [58]

Alveolar soft part sarcoma (ASPS) ASPSCR1 [59] DVL2 [60], HNRNPH3 [60], 
PRCC [60], UXT [56]

Perivascular epithelioid cell tumor (PEComa) ASPSCR1 [61], RBM10 
[62], SFPQ [63]

DVL2 [64], NONO [65], 
RBMX [66], 
VCP [67]

TFE3-rearranged renal cell carcinomas (tRCC) NONO [68], SFPQ [68], 
PRCC [69], ASPSCR1 [70], 
DVL2 [65], EWSR1 [71], 
KHSRP [72], LUC7L3 [72], 
MATR3 [73], MED15 [74], 
PARP14 [75], RBM10 [76], 
VCP [77]

FUBP1 [73], ARID1B [78], 
CLTC [79], GRIPAP1 [74], 
KAT6A [80], SETD1B [41],
NEAT1 [80], KHDRBS2 [72] 

Paediatric B-cell precursor acute lymphoblastic 
leukaemia (BCP ALL)

NONO [81]

Hormone Receptor–Positive Breast Cancer WDR45 [82]

Myofibroblastic sarcoma RREB1 [83]

Ossifying fibromyxoid tumor (OFMT) PHF1 [84]

Cutaneous fibromyxoid neoplasms (CFMN) YAP1 [85]

1.4 Model systems for vascular tumors 

Prolonged culture of normal endothelial cells is challenging, and only few primary 
endothelial cell models are available, including human umbilical vein endothelial 
cells (HUVEC) and human aortic endothelial cells (HAEC). However, these cell lines 
are limited in their lifespan in vitro up to merely 16 passages. In addition, previous 
studies by others have demonstrated functional changes in HUVEC after passage 10 
[38, 86]. This further restricts the use of these cells for genetic manipulation, as 
several passages are needed and good amount of cells are required for therapeutic 
drug testing. Human induced pluripotent stem cells (hiPSC) are also widely used 
for disease modeling. hiPSCs can differentiate into endothelial cells (EC) through 
a series of steps in the presence of growth factors [87]. As detailed in Orlova et al., 
mesoderm is induced by mesoderm-inductive factors such as Activin A, BMP4, VEGF, 
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and CHIR. After three days, mesenchymal cells are formed, and vascular specification 
is initiated by supplementing cells with VEGF and TGF-β inhibitor. At the end of the 
vascular specification, endothelial cells and pericytes are formed. These endothelial 
cells maintain their endothelial characteristics by expressing the endothelial-
specific marker CD31, VE-cadherin, and von Willebrand factor (vWF) [87]. As such, 
endothelial cells can be isolated from pericytes using Dynabeads conjugated with 
anti-CD31. A previous study showed that hiPSC is ideal for modeling vascular tumors 
[88]. Genetically manipulated hiPSC-derived EC harboring a specific translocation 
can be utilized to identify specific drug sensitivities. Over the years, a small number 
of in vitro and in vivo vascular tumors models were generated (Table 4).

Table 4. Gene-edited in vitro and in vivo models for vascular tumors 

Vascular tumor type Genetic alteration Method In vitro or in vivo Publication 
year and 
reference

Epithelioid hemangioma 
(EH)

Truncated FOS Overexpression In vitro 2017 [89]

Pseudomyogenic 
hemangioendothelioma 
(PHE)

SERPINE1::FOSB 
translocation 

Gene-edited In vitro and in vivo 2020 [88]

Epithelioid 
hemangioendothelioma 
(EHE) 

WWTR1::CAMTA1 
transcript

Overexpression In vitro 2016 [90]

WWTR1::CAMTA1 
transcript

Overexpression In vitro and in vivo 2021 [91]

TFE3-rearranged 
hemangioendothelioma 

YAP::TFE3 transcript Overexpression In vitro and in vivo 2021 [91]

Note: Angiosarcoma cell lines are listed in Table 5. 

1.4.1 Prolonged in vitro culture of patient-derived vascular tumor cell lines 
Prolonged in vitro culture of primary vascular tumors is considered highly challenging. 
No patient-derived models for vascular tumor types are commercially available, except 
for a few angiosarcoma cell lines [92-97]. Reported angiosarcoma cell lines are listed 
in Table 5. Unger and colleagues carried out an expression profile of an established 
angiosarcoma cell line (HAEND) and showed that their immunohistochemical profile 
changed from what was initially published [95]. Even though the angiosarcoma cell 
line (HAEND) had undergone more than 100 population doublings, its molecular 
characteristics are not stable. Over the past decade, our laboratory has attempted to 
culture patient-derived vascular tumor lines in various media compositions. However, 
none of the cell culture were able to survive more than five passages in vitro. Limited 
in vitro passaging capabilities of patient-derived tumor cells might be caused by 
senescence. Cellular senescence is a state of irreversible growth arrest that may 
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result from the progressive shortening of telomeres [98]. Senescence can additionally 
be induced by a variety of cellular stresses, including oxidative and environmental 
stress. One of the first responses to such stress is mediated by the activation of P53 
protein that leads to the arrest of cell growth or early cell death via apoptosis [99]. 
Previous in vitro studies in primary chick embryo fibroblasts have shown that the loss 
of P53 function is correlated with increasing cellular proliferative lifespan [100]. In 
line with this, proliferation of vascular tumor cells could potentially be increased by 
the inactivation of P53 protein through mutating TP53. 

Table 5. Angiosarcoma cell lines published

Cell line 
name 

Tumor 
location

Age/Sex Immunohistochemical analysis 
and technique

Genetic characteristic Publication 
year and 
reference

AS-M Skin 80/M Immunofluorescence and RT-PCR - 
Positive [CD31, vWF] expression

2003 [92]

BM 2.2.1 Liver 60/M Immunofluorescence staining - 
Positive [Vimentin, αSMA] and 
negative [Desmin, SMA, CK19, 
vWF] expression

Homozygous missense 
mutation in codon 
179 (CAT→CTT) was 
detected in the p53 gene.

2000 [93]

HAEND Liver 61/M Flow cytometry analysis, RT-PCR 
and immunofluorescence - Positive 
[Flt-1, ICAM-1, VCAM-1] and 
negative [vWF, CD31, CD34, KDR, 
E-selectin] expression

1993 and 
2002 [94, 
95]

ISO-HAS Skin 84/M Flow cytometry analysis and 
immunofluorescence – Positive 
[CD31, vWF, UAE-1, CD34, Flt-1, 
KDR, ICAM-1, E-selectin] and 
negative [VCAM-1] expression

Point mutation in codon 
250 was detected in 
the p53 gene.

1999 and 
2002 [95, 
96]

KU-CAS3 Skin 73/M Flow cytometry analysis and 
immunofluorescence - Positive 
[CD31, ADRβ2, vWF, Claudin-5] 
and negative [CD34, CD45] 
expression

2022 [97]

1.4.2 CRISPR/Cas9 genome editing to generate a chromosomal 
translocation 	
Over the past decade, genome editing technologies have developed from zinc-finger 
nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), to the 
clustered regularly interspaced short palindromic repeats (CRISPR)-Cas systems. In 
recent years, the CRISPR/Cas9 system has become the most widely used genome 
editing technology due to its high editing efficiency. The CRISPR/Cas9 systems 
consists of two key molecules, Cas9 protein and guide-RNA, which act together in 
precise induction of a double-stranded DNA-break. In the nucleus, the Cas9 protein 
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recognizes guide-RNA and together they form a complex. The Cas9-guide-RNA 
complex attaches to matching genomic DNA sequence and cuts the double-stranded 
DNA. The repair of double-strand DNA breaks occurs in either of two ways, non-
homologous end-joining (NHEJ) and homology-directed repair (HDR). The NHEJ 
repair mechanism does not utilize a repair template and DNA is repaired randomly. As 
a results, random insertions and/or deletions of base pairs are likely to occur during 
the repair process. Homologous directed repair mechanism employs the presence of 
a homologous sequence as a repair template for more accurate repair. The CRISPR/
Cas9 technology has limitations such as off-targeting, low editing efficiency and 
toxicity. Hard-to-transfect cells pose a limitation to deliver CRISPR/Cas9 gene editing 
components into the nucleus thereby decreasing gene editing efficiency.

1.5 Thesis outline

Several vascular tumor entities present with recurrent chromosomal translocations. 
With limited therapeutic options available for aggressive tumor subtypes, it is all the 
more important to map out the uncharted territories of genotypes that underpin these 
conditions. Identifying genetic alterations in tumors and understanding underlying 
molecular mechanisms can improve therapeutic strategies and effectiveness. This 
thesis therefore aims to: 

1.	 explore promiscuity of gene fusions (i.e. EWSR1::NFATC2) in vascular 
tumors and related lesions (Chapters 3 and 4)

2.	 develop methods to study the underlying molecular mechanisms of genetic 
alterations and potential therapeutic strategies in vascular tumors (Chapters 
5 and 6)

Chapter 2 extensively reviews gene fusions in vascular tumors and their underlying 
molecular mechanism. Furthermore, key characteristics that can be helpful in the 
diagnosis of these tumors and the use of these translocations in molecular diagnostics 
to assist in the differential diagnosis are highlighted. Gene fusion partners can be 
promiscuous, and similar fusion types can occur in distinct neoplasms. An example 
is the EWSR1/FUS::NFATC2 rearrangement that was encountered during routine 
diagnostic work-up in vascular malformations of the rib as well as the femur of a 
63-year-old female. Thus far, EWSR1/FUS::NFATC2 fusion was reported in malignant 
round cell sarcoma and benign solitary bone cyst. In Chapter 3, the frequency of 
EWSR1/FUS::NFATC2 rearrangement in vascular tumors was examined. 
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Solitary bone cyst is a benign cystic lesion of bone lacking endothelial lining. Most 
EWSR1/FUS::NFATC2 rearrangements outlined in SBC are located in the long 
bone, while only one case of jaw SBC was previously investigated [101]. Jaw SBC 
is previously referred to as a non-neoplastic traumatic bone cyst, suggesting the 
absence of a causative genetic aberration. In Chapter 4, jaw SBC cases were collected 
to determine whether jaw SBCs represent the same entity as SBCs of the long bones, 
with EWSR1::NFATC2 rearrangement, or a separate – potentially reactive - entity or 
with different molecular signature. 

Induced pluripotent stem cells can be differentiated towards endothelial cells and as 
such provide a nice basis for gene editing to introduce translocations and study the 
effect after endothelial differentiation and after drug treatment. To reliably evaluate 
changes in gene expression in this specific model, stably expressed housekeeping 
genes that remain stable in hiPSC and hiPSC-EC during drug treatment must first be 
identified. These are crucial to compare the relative expression of the gene of interest 
between drug-treated and non-treated samples. However, there is a lack of studies 
on housekeeping genes that remain stable in hiPSC and hiPSC-EC. Chapter 5 aims to 
identify candidate housekeeping genes that remain stable during drug treatment in 
hiPSC and hiPSC-derived EC. 

Chapter 6 aims to create a vascular model for EH, EHE, and angiosarcoma and 
describes the two strategies that were applied. The first strategy utilizes CRISPR/
Cas9 technology to induce translocation in hiPSC. Using the CRISPR/Cas9 technology, 
various attempts with different methods were used to induce the FOS::VIM, 
YAP1::TFE3, or WWTR1::CAMTA1 translocation in hiPSC to study translocation-
drivers in vascular tumors. The second strategy aims to establish a patient-derived 
vascular tumor line by inducing TP53 mutation in primary tumor cells. As optimizing 
media composition seems insufficient to prolong the culturing of patient-derived 
lines, the CRISPR/Cas9 technology is utilized to introduce a DNA double-stranded 
break in TP53 to generate frameshift mutations causing permanent gene disruption 
to prolong the in vitro proliferative lifespan of the cells.

Lastly, the summary and concluding remarks of the thesis and future perspectives are 
discussed in Chapter 7. 



649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong
Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024 PDF page: 20PDF page: 20PDF page: 20PDF page: 20

22  |  Chapter 1

1

References 
1.	 WHO classification of tumors of soft tissue and 

bone; Chapter 2. 5th ed. 2020, Lyon (France): 
WHO classification of Tumours Editiorial Board.

2.	 Sbaraglia, M., E. Bellan, and A.P. Dei Tos, The 
2020 WHO Classification of Soft Tissue Tumours: 
news and perspectives. Pathologica, 2021. 
113(2): p. 70-84.

3.	 Beghini, A., et al., Germline mutation in the 
juxtamembrane domain of the kit gene in a 
family with gastrointestinal stromal tumors and 
urticaria pigmentosa. Cancer, 2001. 92(3): p. 
657-62.

4.	 Manley, P.N., et al., Familial PDGFRA-mutation 
syndrome: somatic and gastrointestinal 
phenotype. Hum Pathol, 2018. 76: p. 52-57.

5.	 Couto, J.A., et al., Somatic MAP2K1 Mutations 
Are Associated with Extracranial Arteriovenous 
Malformation. Am J Hum Genet, 2017. 100(3): 
p. 546-554.

6.	 ISSVA Classification of Vascular Anomalies © 
International Society for the Study of Vascular 
Anomalies Available at “issva.org/classification” 
Accessed. 2018.

7.	 Ayturk, U.M., et al., Somatic Activating 
Mutations in GNAQ and GNA11 Are Associated 
with Congenital Hemangioma. Am J Hum Genet, 
2016. 98(6): p. 1271.

8.	 Kovac, M., et al., Exome sequencing of 
osteosarcoma reveals mutation signatures 
reminiscent of BRCA deficiency. Nat Commun, 
2015. 6: p. 8940.

9.	 Chen, X., et al., Recurrent somatic structural 
variations contribute to tumorigenesis in 
pediatric osteosarcoma. Cell Rep, 2014. 7(1): p. 
104-12.

10.	 Malkin, D., et al., Germ line p53 mutations in 
a familial syndrome of breast cancer, sarcomas, 
and other neoplasms. Science, 1990. 250(4985): 
p. 1233-8.

11.	 Pellestor, F., Chromoanagenesis: cataclysms 
behind complex chromosomal rearrangements. 
Mol Cytogenet, 2019. 12: p. 6.

12.	 Nik-Zainal, S., et al., The life history of 21 breast 
cancers. Cell, 2012. 149(5): p. 994-1007.

13.	 Chudasama, P., et al., Integrative genomic and 
transcriptomic analysis of leiomyosarcoma. Nat 
Commun, 2018. 9(1): p. 144.

14.	 Antonescu, C.R., et al., KDR activating mutations 
in human angiosarcomas are sensitive to specific 
kinase inhibitors. Cancer Res, 2009. 69(18): p. 
7175-9.

15.	 Italiano, A., et al., Alterations of the p53 and 
PIK3CA/AKT/mTOR pathways in angiosarcomas:  

 
 
 
a pattern distinct from other sarcomas with 
complex genomics. Cancer, 2012. 118(23): p. 
5878-87.

16.	 Guo, T., et al., Consistent MYC and FLT4 gene 
amplification in radiation-induced angiosarcoma 
but not in other radiation-associated atypical 
vascular lesions. Genes Chromosomes Cancer, 
2011. 50(1): p. 25-33.

17.	 Lamerato-Kozicki, A.R., et al., Canine 
hemangiosarcoma originates from hematopoietic 
precursors with potential for endothelial 
differentiation. Exp Hematol, 2006. 34(7): p. 
870-8.

18.	 Kakiuchi-Kiyota, S., et al., Evaluation of 
expression profiles of hematopoietic stem cell, 
endothelial cell, and myeloid cell antigens 
in spontaneous and chemically induced 
hemangiosarcomas and hemangiomas in mice. 
Toxicol Pathol, 2013. 41(5): p. 709-21.

19.	 Carmeliet, P. and R.K. Jain, Molecular mechanisms 
and clinical applications of angiogenesis. Nature, 
2011. 473(7347): p. 298-307.

20.	 Potente, M., H. Gerhardt, and P. Carmeliet, Basic 
and therapeutic aspects of angiogenesis. Cell, 
2011. 146(6): p. 873-87.

21.	 Itakura, E., et al., Detection and characterization 
of vascular endothelial growth factors and their 
receptors in a series of angiosarcomas. J Surg 
Oncol, 2008. 97(1): p. 74-81.

22.	 Karar, J. and A. Maity, PI3K/AKT/mTOR Pathway 
in Angiogenesis. Front Mol Neurosci, 2011. 4: p. 
51.

23.	 Katayama, Y., et al., Tumor Neovascularization 
and Developments in Therapeutics. Cancers 
(Basel), 2019. 11(3).

24.	 Hanahan, D. and R.A. Weinberg, Hallmarks of 
cancer: the next generation. Cell, 2011. 144(5): 
p. 646-74.

25.	 Weis, S.M. and D.A. Cheresh, Tumor angiogenesis: 
molecular pathways and therapeutic targets. Nat 
Med, 2011. 17(11): p. 1359-70.

26.	 Somani, R.R. and U.V. Bhanushali, Targeting 
angiogenesis for treatment of human cancer. 
Indian J Pharm Sci, 2013. 75(1): p. 3-10.

27.	 Zhao, Y. and A.A. Adjei, Targeting Angiogenesis 
in Cancer Therapy: Moving Beyond Vascular 
Endothelial Growth Factor. Oncologist, 2015. 
20(6): p. 660-73.

28.	 Lee, A.T.J., R.L. Jones, and P.H. Huang, 
Pazopanib in advanced soft tissue sarcomas. 
Signal Transduct Target Ther, 2019. 4: p. 16.

29.	 Kumar, R., et al., Pharmacokinetic-
pharmacodynamic correlation from mouse 

https://issva.org/classification


649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong
Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024 PDF page: 21PDF page: 21PDF page: 21PDF page: 21

1

General introduction  |  23

to human with pazopanib, a multikinase 
angiogenesis inhibitor with potent antitumor and 
antiangiogenic activity. Mol Cancer Ther, 2007. 
6(7): p. 2012-21.

30.	 Jo, V.Y., EWSR1 fusions: Ewing sarcoma and 
beyond. Cancer Cytopathol, 2020. 128(4): p. 
229-231.

31.	 Peng, S.L., et al., NFATc1 and NFATc2 together 
control both T and B cell activation and 
differentiation. Immunity, 2001. 14(1): p. 13-20.

32.	 Dashti, N.K., et al., Vascular Neoplasms With 
NFATC1/C2 Gene Alterations: Expanding the 
Clinicopathologic and Molecular Characteristics 
of a Distinct Entity. Am J Surg Pathol, 2024.

33.	 Dashti, N.K., et al., A unique epithelioid vascular 
neoplasm of bone characterized by EWSR1/FUS-
NFATC1/2 fusions. Genes Chromosomes Cancer, 
2021. 60(11): p. 762-771.

34.	 Arbajian, E., et al., A benign vascular tumor 
with a new fusion gene: EWSR1-NFATC1 in 
hemangioma of the bone. Am J Surg Pathol, 
2013. 37(4): p. 613-6.

35.	 Hung, Y.P., et al., Identification of EWSR1-NFATC2 
fusion in simple bone cysts. Histopathology, 
2021. 78(6): p. 849-856.

36.	 Pizem, J., et al., FUS-NFATC2 or EWSR1-NFATC2 
Fusions Are Present in a Large Proportion of 
Simple Bone Cysts. Am J Surg Pathol, 2020. 
44(12): p. 1623-1634.

37.	 Ong, S.L.M., et al., Expanding the Spectrum of 
EWSR1-NFATC2-rearranged Benign Tumors: 
A Common Genomic Abnormality in Vascular 
Malformation/Hemangioma and Simple Bone 
Cyst. Am J Surg Pathol, 2021. 45(12): p. 1669-
1681.

38.	 Prasad Chennazhy, K. and L.K. Krishnan, Effect 
of passage number and matrix characteristics on 
differentiation of endothelial cells cultured for 
tissue engineering. Biomaterials, 2005. 26(28): 
p. 5658-67.

39.	 Thorner, P.S., et al., TFE3-positive renal cell 
carcinomas are not always Xp11 translocation 
carcinomas: Report of a case with a TPM3-ALK 
translocation. Pathol Res Pract, 2016. 212(10): 
p. 937-942.

40.	 Kim, S.H., et al., Usefulness of a break-apart FISH 
assay in the diagnosis of Xp11.2 translocation 
renal cell carcinoma. Virchows Arch, 2011. 
459(3): p. 299-306.

41.	 Tretiakova, M.S., Chameleon TFE3-translocation 
RCC and How Gene Partners Can Change 
Morphology: Accurate Diagnosis Using 
Contemporary Modalities. Adv Anat Pathol, 
2022. 29(3): p. 131-140.

42.	 Wei, S., J.R. Testa, and P. Argani, A review of 
neoplasms with MITF/MiT family translocations. 

Histol Histopathol, 2022. 37(4): p. 311-321.
43.	 Wang, G.Y., et al., EWSR1-NFATC2 Translocation-

associated Sarcoma Clinicopathologic Findings 
in a Rare Aggressive Primary Bone or Soft Tissue 
Tumor. Am J Surg Pathol, 2019. 43(8): p. 1112-
1122.

44.	 Yau, D.T.W., et al., Bone Sarcoma With 
EWSR1-NFATC2 Fusion: Sarcoma With Varied 
Morphology and Amplification of Fusion Gene 
Distinct From Ewing Sarcoma. Int J Surg Pathol, 
2019. 27(5): p. 561-567.

45.	 Cohen, J.N., et al., EWSR1-NFATC2 gene fusion 
in a soft tissue tumor with epithelioid round cell 
morphology and abundant stroma: a case report 
and review of the literature. Hum Pathol, 2018. 
81: p. 281-290.

46.	 Mantilla, J.G., et al., Detecting disease-defining 
gene fusions in unclassified round cell sarcomas 
using anchored multiplex PCR/targeted RNA 
next-generation sequencing-Molecular and 
clinicopathological characterization of 16 cases. 
Genes Chromosomes Cancer, 2019. 58(10): p. 
713-722.

47.	 Perret, R., et al., NFATc2-rearranged sarcomas: 
clinicopathologic, molecular, and cytogenetic 
study of 7 cases with evidence of AGGRECAN 
as a novel diagnostic marker. Mod Pathol, 2020. 
33(10): p. 1930-1944.

48.	 Bode-Lesniewska, B., et al., EWSR1-NFATC2 
and FUS-NFATC2 Gene Fusion-Associated 
Mesenchymal Tumors: Clinicopathologic 
Correlation and Literature Review. Sarcoma, 
2019. 2019: p. 9386390.

49.	 Krystel-Whittemore, M., et al., Novel and 
established EWSR1 gene fusions and associations 
identified by next-generation sequencing and 
fluorescence in-situ hybridization. Hum Pathol, 
2019. 93: p. 65-73.

50.	 Paperna, T., et al., Homozygosity for CHEK2 
p.Gly167Arg leads to a unique cancer 
syndrome with multiple complex chromosomal 
translocations in peripheral blood karyotype. J 
Med Genet, 2020. 57(7): p. 500-504.

51.	 Yoshida, K.I., et al., NKX3-1 Is a Useful 
Immunohistochemical Marker of EWSR1-NFATC2 
Sarcoma and Mesenchymal Chondrosarcoma. 
Am J Surg Pathol, 2020. 44(6): p. 719-728.

52.	 Diaz-Perez, J.A., et al., EWSR1/FUS-
NFATc2 rearranged round cell sarcoma: 
clinicopathological series of 4 cases and literature 
review. Hum Pathol, 2019. 90: p. 45-53.

53.	 Szuhai, K., et al., The NFATc2 gene is involved in 
a novel cloned translocation in a Ewing sarcoma 
variant that couples its function in immunology 
to oncology. Clin Cancer Res, 2009. 15(7): p. 
2259-68.



649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong
Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024 PDF page: 22PDF page: 22PDF page: 22PDF page: 22

24  |  Chapter 1

1

54.	 Sadri, N., et al., Malignant round cell tumor of 
bone with EWSR1-NFATC2 gene fusion. Virchows 
Arch, 2014. 465(2): p. 233-9.

55.	 Brohl, A.S., et al., The genomic landscape of 
the Ewing Sarcoma family of tumors reveals 
recurrent STAG2 mutation. PLoS Genet, 2014. 
10(7): p. e1004475.

56.	 Watson, S., et al., Transcriptomic definition 
of molecular subgroups of small round cell 
sarcomas. J Pathol, 2018. 245(1): p. 29-40.

57.	 Brcic, I., et al., Implementation of Copy Number 
Variations-Based Diagnostics in Morphologically 
Challenging EWSR1/FUS::NFATC2 Neoplasms of 
the Bone and Soft Tissue. Int J Mol Sci, 2022. 
23(24).

58.	 Antonescu, C.R., et al., Novel YAP1-TFE3 
fusion defines a distinct subset of epithelioid 
hemangioendothelioma. Genes Chromosomes 
Cancer, 2013. 52(8): p. 775-84.

59.	 Ladanyi, M., et al., The der(17)t(X;17)(p11;q25) 
of human alveolar soft part sarcoma fuses the 
TFE3 transcription factor gene to ASPL, a novel 
gene at 17q25. Oncogene, 2001. 20(1): p. 48-57.

60.	 Dickson, B.C., et al., Genetic diversity in alveolar 
soft part sarcoma: A subset contain variant 
fusion genes, highlighting broader molecular 
kinship with other MiT family tumors. Genes 
Chromosomes Cancer, 2020. 59(1): p. 23-29.

61.	 Argani, P., et al., PEComa-like Neoplasms 
Characterized by ASPSCR1-TFE3 Fusion: Another 
Face of TFE3-related Mesenchymal Neoplasia. 
Am J Surg Pathol, 2022. 46(8): p. 1153-1159.

62.	 Zhang, L., et al., Primary Mesenchymal Tumors 
of the Thyroid Gland: A Modern Retrospective 
Cohort Including the First Case of TFE3-
Translocated Malignant Perivascular Epithelioid 
Cell Tumor (PEComa). Head Neck Pathol, 2022. 
16(3): p. 716-727.

63.	 Tanaka, M., et al., Perivascular epithelioid cell 
tumor with SFPQ/PSF-TFE3 gene fusion in a 
patient with advanced neuroblastoma. Am J Surg 
Pathol, 2009. 33(9): p. 1416-20.

64.	 Agaram, N.P., et al., Dichotomy of Genetic 
Abnormalities in PEComas With Therapeutic 
Implications. Am J Surg Pathol, 2015. 39(6): p. 
813-25.

65.	 Argani, P., et al., TFE3-Fusion Variant Analysis 
Defines Specific Clinicopathologic Associations 
Among Xp11 Translocation Cancers. Am J Surg 
Pathol, 2016. 40(6): p. 723-37.

66.	 Argani, P., et al., A novel RBMX-TFE3 gene fusion 
in a highly aggressive pediatric renal perivascular 
epithelioid cell tumor. Genes Chromosomes 
Cancer, 2020. 59(1): p. 58-63.

67.	 Zhu, G., et al., Diagnosis of known sarcoma 

fusions and novel fusion partners by targeted 
RNA sequencing with identification of a 
recurrent ACTB-FOSB fusion in pseudomyogenic 
hemangioendothelioma. Mod Pathol, 2019. 
32(5): p. 609-620.

68.	 Clark, J., et al., Fusion of splicing factor genes 
PSF and NonO (p54nrb) to the TFE3 gene in 
papillary renal cell carcinoma. Oncogene, 1997. 
15(18): p. 2233-9.

69.	 Sidhar, S.K., et al., The t(X;1)(p11.2;q21.2) 
translocation in papillary renal cell carcinoma 
fuses a novel gene PRCC to the TFE3 transcription 
factor gene. Hum Mol Genet, 1996. 5(9): p. 
1333-8.

70.	 Jong, B., et al., Cytogenetics of a renal 
adenocarcinoma in a 2-year-old child. Cancer 
Genet Cytogenet, 1986. 21(2): p. 165-9.

71.	 Fukuda, H., et al., A novel partner of TFE3 in 
the Xp11 translocation renal cell carcinoma: 
clinicopathological analyses and detection of 
EWSR1-TFE3 fusion. Virchows Arch, 2019. 
474(3): p. 389-393.

72.	 Malouf, G.G., et al., Next-generation sequencing 
of translocation renal cell carcinoma reveals 
novel RNA splicing partners and frequent 
mutations of chromatin-remodeling genes. Clin 
Cancer Res, 2014. 20(15): p. 4129-40.

73.	 Wang, X.T., et al., RNA sequencing of Xp11 
translocation-associated cancers reveals novel 
gene fusions and distinctive clinicopathologic 
correlations. Mod Pathol, 2018. 31(9): p. 1346-
1360.

74.	 Classe, M., et al., Incidence, clinicopathological 
features and fusion transcript landscape 
of translocation renal cell carcinomas. 
Histopathology, 2017. 70(7): p. 1089-1097.

75.	 Huang, W., et al., Identification of a novel 
PARP14-TFE3 gene fusion from 10-year-old FFPE 
tissue by RNA-seq. Genes Chromosomes Cancer, 
2015. 54(8): p. 500-505.

76.	 Gotoh, M., et al., Comprehensive exploration of 
novel chimeric transcripts in clear cell renal cell 
carcinomas using whole transcriptome analysis. 
Genes Chromosomes Cancer, 2014. 53(12): p. 
1018-32.

77.	 Ge, Y., et al., Xp11.2 Translocation Renal Cell 
Carcinoma With TFE3 Rearrangement: Distinct 
Morphological Features and Prognosis With 
Different Fusion Partners. Front Oncol, 2021. 11: 
p. 784993.

78.	 Antic, T., et al., Melanotic Translocation Renal 
Cell Carcinoma With a Novel ARID1B-TFE3 Gene 
Fusion. Am J Surg Pathol, 2017. 41(11): p. 1576-
1580.

79.	 Argani, P., et al., A novel CLTC-TFE3 gene fusion 



649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong649511-L-sub01-bw-Ong
Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024Processed on: 12-9-2024 PDF page: 23PDF page: 23PDF page: 23PDF page: 23

1

General introduction  |  25

in pediatric renal adenocarcinoma with t(X;17)
(p11.2;q23). Oncogene, 2003. 22(34): p. 5374-
8.

80.	 Pei, J., et al., NEAT1-TFE3 and KAT6A-TFE3 renal 
cell carcinomas, new members of MiT family 
translocation renal cell carcinoma. Mod Pathol, 
2019. 32(5): p. 710-716.

81.	 Lilljebjorn, H., et al., Identification of ETV6-
RUNX1-like and DUX4-rearranged subtypes in 
paediatric B-cell precursor acute lymphoblastic 
leukaemia. Nat Commun, 2016. 7: p. 11790.

82.	 Matissek, K.J., et al., Expressed Gene Fusions as 
Frequent Drivers of Poor Outcomes in Hormone 
Receptor-Positive Breast Cancer. Cancer Discov, 
2018. 8(3): p. 336-353.

83.	 McPherson, A., et al., deFuse: an algorithm for 
gene fusion discovery in tumor RNA-Seq data. 
PLoS Comput Biol, 2011. 7(5): p. e1001138.

84.	 Suurmeijer, A.J.H., et al., Novel recurrent PHF1-
TFE3 fusions in ossifying fibromyxoid tumors. 
Genes Chromosomes Cancer, 2019. 58(9): p. 
643-649.

85.	 Patton, A., et al., A YAP1::TFE3 cutaneous low-
grade fibromyxoid neoplasm: A novel entity! 
Genes Chromosomes Cancer, 2022. 61(4): p. 
194-199.

86.	 Liao, H., et al., Effects of long-term serial cell 
passaging on cell spreading, migration, and 
cell-surface ultrastructures of cultured vascular 
endothelial cells. Cytotechnology, 2014. 66(2): 
p. 229-38.

87.	 Orlova, V.V., et al., Generation, expansion and 
functional analysis of endothelial cells and 
pericytes derived from human pluripotent stem 
cells. Nat Protoc, 2014. 9(6): p. 1514-31.

88.	 IJzendoorn, D.G.P., et al., Vascular Tumor 
Recapitulated in Endothelial Cells from hiPSCs 
Engineered to Express the SERPINE1-FOSB 
Translocation. Cell Rep Med, 2020. 1(9): p. 
100153.

89.	 IJzendoorn, D.G.P., et al., Functional analyses 
of a human vascular tumor FOS variant identify 
a novel degradation mechanism and a link to 
tumorigenesis. J Biol Chem, 2017. 292(52): p. 
21282-21290.

90.	 Tanas, M.R., et al., Mechanism of action of a 
WWTR1(TAZ)-CAMTA1 fusion oncoprotein. 
Oncogene, 2016. 35(7): p. 929-38.

91.	 Merritt, N., et al., TAZ-CAMTA1 and YAP-TFE3 
alter the TAZ/YAP transcriptome by recruiting 
the ATAC histone acetyltransferase complex. 
Elife, 2021. 10.

92.	 Krump-Konvalinkova, V., et al., Establishment 
and characterization of an angiosarcoma-derived 
cell line, AS-M. Endothelium, 2003. 10(6): p. 

319-28.
93.	 Boivin-Angele, S., et al., Establishment and 

characterization of a spontaneously immortalized 
myofibroblast cell line derived from a human 
liver angiosarcoma. J Hepatol, 2000. 33(2): p. 
290-300.

94.	 Hoover, M.L., et al., Human endothelial cell line 
from an angiosarcoma. In Vitro Cell Dev Biol, 
1993. 29A(3 Pt 1): p. 199-202.

95.	 Unger, R.E., et al., In vitro expression of the 
endothelial phenotype: comparative study of 
primary isolated cells and cell lines, including 
the novel cell line HPMEC-ST1.6R. Microvasc 
Res, 2002. 64(3): p. 384-97.

96.	 Masuzawa, M., et al., Establishment of a human 
hemangiosarcoma cell line (ISO-HAS). Int J 
Cancer, 1999. 81(2): p. 305-8.

97.	 You, H.J., et al., Establishment and 
characterization of two human cutaneous 
angiosarcoma cell lines, KU-CAS3 and KU-CAS5. 
Head Neck, 2022. 44(1): p. 7-17.

98.	 Roger, L., F. Tomas, and V. Gire, Mechanisms and 
Regulation of Cellular Senescence. Int J Mol Sci, 
2021. 22(23).

99.	 Deursen, J.M., The role of senescent cells in 
ageing. Nature, 2014. 509(7501): p. 439-46.

100.	 Finlay, C.A., p53 loss of function: implications 
for the processes of immortalization and 
tumorigenesis. Bioessays, 1992. 14(8): p. 557-
60.

101.	 Ong, S.L.M., K. Szuhai, and J.V.M.G. Bovee, Gene 
fusions in vascular tumors and their underlying 
molecular mechanisms. Expert Rev Mol Diagn, 
2021. 21(9): p. 897-909.


