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REVIEW

Gene fusions in vascular tumors and their underlying molecular mechanisms
Sheena L. M. Ong a, Karoly Szuhai b and Judith V.M.G. Bovée a

aDepartment of Pathology, Leiden University Medical Center, Leiden, The Netherlands; bDepartment of Cell and Chemical Biology, Leiden 
University Medical Center, Leiden, The Netherlands

ABSTRACT
Introduction: The group of vascular tumors contains many different entities, and is considered difficult 
by pathologists, as they often have overlapping histological characteristics. Chromosomal translocations 
have been identified in ~20% of mesenchymal tumors and are considered the drivers of tumor 
formation. Many translocations have been discovered over the past decade through next-generation 
sequencing. This technological advancement has also revealed several recurrent gene fusions in 
vascular tumors.
Areas covered: This review will discuss the various vascular tumors for which recurrent gene fusions 
have been identified. The gene fusions and the presumed molecular mechanisms underlying tumor
igenesis are shown, and potential implications for targeted therapies discussed. The identification of 
these gene fusions in vascular tumors has improved diagnostic accuracy, especially since several of 
these fusions can be easily detected using surrogate immunohistochemical markers.
Expert opinion: The identification of gene fusions in a subset of vascular tumors over the past decade 
has improved diagnostic accuracy, and has provided the pathologists with novel diagnostic tools to 
accurately diagnose these often difficult tumors. Moreover, the increased understanding of the under
lying molecular mechanisms can guide the development of targeted therapeutic strategies.
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1. Introduction

Technologies have led to the identification of many genetic 
alterations in sarcomas. In the late 20th century, the discovery 
of chromosomes led to the development of karyotyping. The 
first chromosomal translocation in a solid tumor, Ewing sar
coma, was identified using such classic G-banding karyotyping 
methods [1]. Molecular technologies such as reverse transcrip
tion PCR (RT-PCR) analysis, or fluorescence in situ hybridization 
(FISH) have been utilized for the detection of fusion genes. 
However, there are limitations in each method and their sen
sitivity differs. Since 2005, the development of high through
put next generation sequencing (NGS) rapidly increased the 
number of identified recurrent translocations in tumors. NGS, 
also known as massive parallel sequencing, reads single DNA 
strands within a sample, instead of bulk of DNA. These reads 
can be obtained for a number of specific DNA fragments/ 
genes within one single test (‘targeted NGS’), or even for all 
coding fragments within the genome (whole-exome sequen
cing (WES)), for the whole genome (whole-genome sequen
cing (WGS)) or for all actively transcribed genes (RNA or 
transcriptome sequencing). The chosen technique and the 
corresponding coverage (number of reads obtained per frag
ment) determine the sensitivity of a test. In routine diagnos
tics, in addition to the use of single gene FISH tests to detect 
a translocation, NGS based panels can be used interrogating 
multiple genes in one single test [2]. Sarcomas can be 

genetically classified into two categories: a. sarcomas with 
simple genetic alterations comprising tumor-specific translo
cations, specific amplifications, or activating mutations or 
b. sarcomas with complex and unbalanced karyotypes [3]. In 
the former, approximately 20% of the cases harbor 
a pathognomonic chromosomal translocation [4]. In the latter, 
unbalanced chromosomal translocations and/or multiple 
genomic aberrations including copy number alterations result 
in a complex karyotype. In both cases, the chromosomal rear
rangements might generate fusion genes through an 
exchange of genetic material by translocation, inversion, dele
tion, or tandem duplication. Such gene rearrangements invari
ably impact the expression and function of other genes, 
potentially resulting in tumorigenesis.

Fusion genes may alter gene function and expression in 
one of the following three ways: chimeric genes, promoter 
swap, or altered function (Figure 1) [5]. First, chimeric genes 
often involve transcription factors leading to altered transcrip
tional regulation. A classic example is the EWSR1-FLI1 fusion in 
Ewing sarcoma. The N-terminal transactivation domain of 
EWSR1 is fused with the C-terminal ETS DNA binding domain 
of FLI1, resulting in a chimeric transcription factor [6]. The 
EWSR1-FLI1 chimeric transcription factor leads to oncogenic 
activity by dysregulating the expression of proteins involved in 
crucial cellular processes such as cell cycle progression, DNA 
damage response, evasion of growth inhibition, escape from 
senescence, escape from apoptosis, angiogenesis, invasion 
and metastases [7,8]. Second, rearrangements resulting in 
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a promoter swap lead to upregulation of expression of one 
single gene, as the coding sequence of that specific gene is 
placed under the control of a highly active promoter. This has 
been shown for rearrangements involving the USP6 gene with 
various fusion partners, as seen in nodular fasciitis and aneur
ysmal bone cyst, amongst others. The replacement of the 
USP6 promoter with a highly active promoter of another 
gene, such as ZNF9 and COL1A1, results in uncontrolled upre
gulation of USP6 gene expression [9]. Third, a chromosomal 
translocation can disrupt the coding region of a gene, thereby 
altering gene function. Chromosomal translocations that result 
in disrupted gene function are commonly assumed to be 
a loss-of-function [5]. However, as described later in this 
review for the FOS-gene, this can also result in gain-of- 
function.

Vascular tumors are tumors displaying endothelial differen
tiation occurring in bone and soft tissue and at visceral sites. 
They are presumed to be of vascular origin [10,11]. There are 
many different entities, with biological behavior ranging from 
benign to intermediate (locally aggressive/rarely metastasiz
ing) to frankly malignant. Various molecular alterations can be 
found, ranging from single nucleotide variations (such as 
mutations in the various GNA genes in benign vascular 
tumors) [12], recurrent reciprocal translocations (predomi
nantly in the group of intermediate vascular tumors (heman
gioendotheliomas) to a complex genome (in angiosarcoma 
(AS)). All the entities and their corresponding genetic altera
tions identified to date are summarized in Table 1. Of note, 
recurrent genetic alterations are not always specific for one 
tumor type, for instance GNA mutations can be identified not 
only in multiple distinct vascular tumor entities (congenital 
hemangioma, capillary malformation, anastomosing heman
gioma, and cherry (senile) hemangioma) [12] but also in mel
anocytic lesions (including uveal melanoma and blue nevus) 
[13] and other pathologies (neuroendocrine tumors and 
fibrous dysplasia) [14,15]. The occurrence of recurrent chro
mosomal translocations is relatively frequent, especially in the 
group of vascular tumors displaying intermediate biologic 
behavior (Table 2). Recurrent chromosomal translocations 
mostly occur in a background with simple genomics. 
Understanding the oncogenic mechanisms behind these 
fusion genes will aid in targeted therapies.

Currently, the detection of fusion genes is frequently used 
as an auxiliary diagnostic tool to diagnose these vascular 
tumors, which are sometimes difficult to distinguish from 
each other, as reviewed recently [18]. Identification of the 
involved genes increases our understanding of the oncogenic 
mechanisms behind these fusion genes that will ultimately aid 

Article highlights

● The detection of fusion genes can be used as an auxiliary diagnostic 
tool in vascular tumors.

● FOS, FOSB, TFE3 and CAMTA1 immunohistochemistry can be helpful 
as surrogates for the detection of a translocation.

● Expression of FOSB or TFE3 does not always correlate with an under
lying gene fusion, and molecular confirmation may be required.

● Gene fusions in vascular tumors are not always specific and inter
pretation should be done within the appropriate histopathological 
context by an expert pathologist.

● Further understanding of the oncogenic pathways that are regulated 
by the various gene fusions may provide leads to develop targeted 
therapeutic strategies.

● Common hippo pathway alteration is observed in epithelioid heman
gioendothelioma (WWTR1-CAMTA1 or YAP1-TFE3) and retiform 
hemangioendothelioma/composite hemangioendothelioma (YAP1- 
MAML2).

Figure 1. Effects of translocations. A translocated chromosome is depicted on the left, while on the right resulting effects on DNA, RNA, and protein level are 
shown. Blue and green boxes originate from different chromosomes, dashed box represents the promoter and red dashed lines represent the breakpoint site 
(modified after Roukos et al., 2014).
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in targeted therapies. The current review will provide 
a comprehensive overview of vascular tumor entities with 
gene fusions, their underlying molecular mechanism, and 
their impact on tumorigenesis and implications for targeted 
therapy.

2. Gene fusions in vascular tumors

2.1. Epithelioid hemangioma

Epithelioid hemangioma (EH) in soft tissue is a benign vascular 
neoplasm with well-formed blood vessels lined by epithelioid 
endothelial cells [3]. Soft tissue EHs are predominantly located 
in the head and neck region and less frequently in other 
anatomic locations, such as distal extremities, trunk, and 
penis [3]. In contrast, EH occurring in bone behaves more 
aggressively and is classified as a locally aggressive vascular 
neoplasm [3]. The diagnosis of EH of bone might be difficult 
due to their multifocal tendency, making it sometimes chal
lenging to distinguish from AS [19,20]. Rearrangements invol
ving either FOS or FOSB gene were detected in one-third of EH 
cases, with FOS fusion twice as common as FOSB (Table 2). 
Histologically, three variants are now distinguished: the ‘con
ventional’ subtype displays mature vessels lined by epithelioid 
endothelial cells without a prominent inflammatory infiltrate  

[18]. This subtype is more common in soft tissue, and in 
75% of the cases, overexpression of FOSB can be seen. The 
‘angiolymphoid hyperplasia with eosinophilia (ALHE)’ sub
type contains inflammatory infiltrate including lymphoid 
follicles and eosinophils and is associated with overexpres
sion of FOSB, exclusively, even though FOSB rearrange
ments are absent in ALHE [21,22]. Thus, FOSB expression 
does not necessarily coincide with FOSB rearrangement. 
The ‘cellular’ subtype is more common in bone and exhibits 
greater than 50% sheet-like growth of tumor cells. FOS 
rearrangements are more prevalent in EH of bone (up to 
59%) (Figure 2a-b). As genetic alterations remain undeter
mined in two-third of EH cases, Antonescu and colleagues 
investigated a large cohort of fusion-negative EH cases, 
including patients with histological appearance of ALHE. 
They discovered a novel GATA6-FOXO1 fusion in 18% of 
them [23]. None of the ALHE cases examined thus far 
harbor FOS, FOSB or FOXO1 fusions [23,24]. This evidence 
further supports that cutaneous ALHE, despite overexpres
sion of FOSB, may be non-neoplastic [3].

Multiple gene fusion partners were identified for FOS 
including LMNA, MBNL1, VIM, or lincRNA [24,27,28]. The FOS- 
VIM translocation is more frequently found than other fusion 
products. However, 50% of fusion partners in FOS rearrange
ments remained undefined as many of these rearrangements 
were detected by interphase-FISH tests only. FOS belongs to 
a basic Helix-Loop-Helix (bHLH) family of transcription factors 
with three other members: FOSB, FOSL1, and FOSL2. The FOS 
protein consists of a basic leucine zipper and a transactivation 
domain (Figure 2e). The FOS transcription family is part of the 
AP-1 complex that dimerize with each other through their 
basic leucine zipper (bZIP) domains to initiate transcriptional 
activities such as cellular growth, differentiation, and apoptosis 
[29,30]. Interestingly, all the breakpoints in the various FOS- 
rearrangements occur in exon 4 of FOS, and result in an early 
stop codon. Ijzendoorn et al. showed that, in vitro expression 
of the truncated FOS, mimicking the translocation, revealed 
the role of the highly conserved C-terminus LALL motif of FOS 
in degrading the FOS protein. In the absence of the aforemen
tioned LALL motif, the FOS protein escapes from ubiquitin 
independent degradation and increases the expression of 
the stabilized FOS protein. The stabilization of FOS, in turn, 
stimulates endothelial sprouting through upregulation of 
matrix metalloproteinase (MMP) and components of the 
Notch signaling pathway [31]. Taken together, this suggests 
that FOS rearrangements result in a gain-of-function to 
enhance vascular tumorigenesis by promoting endothelial 
sprouting by losing the C terminal part of the protein via 
fusion to various DNA elements. In vitro experiments showed 
that in the presence of MMP (Batimmastat) or Notch signaling 
pathway inhibitors (DAPT), the sprouting capability of trun
cated FOS is attenuated [31]. However, further testing is 
required for the potential use of these drugs to treat patients 
with multifocal locally aggressive EH carrying FOS 
rearrangements.

The fusion partners of FOSB include ZFP36 and rarely 
WWTR1 or SETD1B [32,33]. The EH with SETD1B-FOSB fusion 
was located in the deep soft tissue of the chest wall and 

Table 1. Genetic alterations in vascular tumors.

Genetic 
classification Vascular tumor (genetic alteration)

No alterations 
identified

Synovial hemangioma 
Intramuscular angioma 
Venous hemangioma 
Papillary intralymphatic angioendothelioma* 
Kaposi sarcoma

Single nucleotide 
variation

Arteriovenous malformation/hemangioma  
(MAP2K1 mutation) 
Anatomosing hemangioma (and hepatic 
small vessel neoplasm) (GNAQ, GNA14, GNA11  
mutation) 
Congenital hemangioma (GNAQ and GNA11  
Gln209) 
Capillary malformation (GNAQ and GNA11) 
Cherry (senile) hemangioma (GNA14 esp Q205L) 
Lymphangioma and lymphangiomatosis (PIK3CA  
mutation) 
Tufted angioma and kaposiform  
hemangioendothelioma (GNA14 mutation)* 
Spindle cell hemangioma (IDH1 R132 and IDH2  
R172)

Chromosomal 
translocation

Epithelioid hemangioma 
(FOS or FOSB rearrangement, FOXO1 fusion) 
Composite hemangioendothelioma (PTBP1/YAP1- 
MAML2 and EPC1-PCH2) 
Retiform hemangioendothelioma (YAP1-MAML2  
and YAP1 rearrangement)* 
Pseudomyogenic hemangioendothelioma 
(FOSB rearrangement)* 
Epithelioid hemangioendothelioma (WWTR1- 
CAMTA1 and YAP1-TFE3)* 
Primary angiosarcoma (CIC rearrangement)*

Complex genome Primary angiosarcoma (KDR or other point  
mutations) 
Secondary angiosarcoma (MYC or FLT4  
amplification and PTPBR or PLCG1 mutation)

* intermediate category vascular tumors. 
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showed an unusual intravascular growth pattern [33]. EH with 
FOSB rearrangements may exhibit atypical histologic features 
such as increased cellularity, nuclear pleomorphism, and focal 
necrosis [32]. Like FOS, FOSB plays a role in the AP-1 transcrip
tion factor complex by dimerizing JUN proteins through their 
bZIP domain [34]. FOSB rearrangements in EH have been 
reported to occur in intron 1, exon 1 or 2, with the bZIP and 
proline-rich transactivation domain retained, resulting in 
a promoter swap (Figure 2e) [32,33]. Transcriptome sequen
cing analysis showed that FOSB chimeric transcripts uniquely 
upregulate the expression of FOSB and its downstream targets 
(IL8 and PENK) in EH [32,35]. The upregulation of IL-8, 
a chemotactic factor, may enhance angiogenic activity 
through modulating matrix metalloproteinases [36]. Taken 
together, the promoter swap within the FOSB fusion propa
gates FOSB expression and dysregulates its transcriptional 
activity which may, in turn, enhance vascular tumorigenesis.

EH with FOXO1 rearrangement was found in superficial 
regions, either in the skin or subcutis, and showed varie
gated morphology, with alternating vasoformative and solid 
components [23]. GATA6 is a transcription factor with a zinc 
finger-type DNA binding domain that plays a role in cellular 
differentiation and vertebrate development. The GATA 
family members have been shown to play a role in the 
development of breast-, gastrointestinal-, lung-, pancreatic- 
, ovarian-, and adrenocortical carcinomas, germ cell tumors 
as well as in megakaryoblastic leukemia in Down syndrome 
patients [37–41]. Likewise, FOXO1 is also a transcription 
factor, which targets genes involved in apoptosis, metabo
lism, cell proliferation, and differentiation. FOXO1 is also 
involved in translocations in alveolar rhabdomyosarcoma 
(PAX3/PAX7-FOXO1) [42–44]. Interestingly, an in vitro study 
that involved silencing of FOXO1 in endothelial cells 
revealed the role of FOXO1 in angiogenesis by regulating 

genes involved in vessel formation and maturation [45]. In 
line with in vivo studies, FOXO1-deficient mice are embryo
nic lethal and showed impaired vascular development [46]. 
In the GATA6-FOXO1 fusion identified in EH, all of the 
GATA6 functional domains were retained, although there 
was a partial loss of the N-terminal part of FOXO1, which 
disrupted the transcriptional activity of FOXO1 [23]. As such, 
GATA6-FOXO1 translocation could disrupt angiogenic regu
lation of FOXO1 and increase the likelihood of tumor for
mation. FOXO1 gene targets, which modulate angiogenesis 
and vascular remodelings, such as angiopoietin-1, angio
poietin-2, and MMP10, could be drug targets in treating 
patients with such rearrangement [45,47]. However, further 
studies are required to verify this.

As the diagnosis of EH can be challenging, the genetic 
hallmarks identified in EH can help to distinguish benign EH 
from malignant vascular neoplasms and hence aid in clinical 
diagnosis and treatment. The assessment of the overexpres
sion of FOS or FOSB in tumors using immunohistochemistry is 
a valuable auxiliary diagnostic tool, even though overexpres
sion is not always correlated with an underlying gene fusion 
[22,48]. Also, FOS and FOSB rearrangements are not restricted 
to EH. For example, FOSB rearrangements with other gene 
partners (SERPINE1 and ACTB) are identified in pseudomyo
genic hemangioendothelioma (PHE) (Figure 2c-e) [49,50]. 
Rearrangement of FOXO1 is not only observed in EH but well- 
known in alveolar rhabdomyosarcoma. Also, translocations 
involving the FOS gene with other gene partners (ANKH, 
KIAA1199, MYO1B, IGR, and PPP1R100) are present in osteoid 
osteoma and osteoblastoma [51,52].

In general, patients with EH and local recurrence are cured 
by complete surgical excision [3]. However, there is a need to 
develop therapeutic strategies, especially for situations where 
surgical excision is not possible or causes severe morbidity. 

Table 2. Recurrent chromosomal translocations and immunohistochemical markers in translocation driven vascular tumors.

Vascular tumor Gene fusions (frequency)

Fusion partners 
(# of cases 
reported)

Immunohistochemical 
marker References

Epithelioid hemangioma FOS rearrangement (20%) Unknown (16), 
FOS-VIM (4), 
FOS-LMNA (1), 
FOS-lincRNA (1), 
FOS-MBNL1 (1).

FOS Huang et al. [24], IJzendoorn et al. [27], Tsuda 
et al. [28].

FOSB rearrangement (10%) ZFP36-FOSB (11),  
Unknown (4), 
WWTR1-FOSB (2), 
SETD1B-FOSB (1).

FOSB Antonescu et al. [32], Ooi et al. [33], Tsuda et al. 
[28]

FOXO1 fusion (2%) GATA6-FOXO1 (5) - Antonescu et al. [23]
Composite 

hemangioendothelioma
MAML2 rearrangement (18%) YAP1-MAML2 (3), 

PTBP1-MAML2 (1).
- Perry et al. [64], Antonescu et al. [65].

EPC1 rearrangement (4.5%) EPC1-PHC2 (1) - Perry et al. [64]
Retiform 

hemangioendothelioma
YAP1 rearrangement (38%) Unknown (3), 

YAP1-MAML2 (2).
- Antonescu et al. [65]

Pseudomyogenic 
hemangioendothelioma

FOSB rearrangement (93%) SERPINE1-FOSB (17),  
ACTB-FOSB (9), 

CLTC-FOSB (1), 
WWTR1-FOSB (1).

FOSB Walther et al. [56], Trombetta et al. [49], Agaram 
et al. [50], Panagopoulos et al. [53], Zhu et al. 
[16], Bridge et al. [54].

Epithelioid 
hemangioendothelioma

WWTR1 rearrangement (80%) WWTR1-CAMTA1 
(67)

CAMTA1 (nuclear) Mendlick et al. [80], Errani et al. [20], Tanas et al. 
[85], Tsukamoto et al. [17], Zhu et al. [16].

YAP1 rearrangement (12%) YAP1-TFE3 (10) TFE3 Antonescu et al. [81]
Angiosarcoma CIC rearrangement (3%) Unknown (2),CIC- 

LEUTX (1).
- Huang et al. [102]
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Therapeutic strategies should focus on inhibiting the down
stream effects caused by the upregulation of FOS/FOSB.

2.2. Pseudomyogenic hemangioendothelioma

PHE is a locally aggressive, rarely metastasizing endothelial 
neoplasm that occurs predominantly in young adult males. 
Histologically, these tumor consist of loose fascicles of 
plump spindle cells with abundant and brightly eosinophilic 
cytoplasm (Figure 2d) [3]. Immunohistochemically, there is 
characteristic expression of ERG, CD31, keratin AE1/AE3, 
while CD34 and desmin are negative and INI1 retained 
[3,18], highlighting its vascular differentiation despite the 
lack of vasoformation. The tumor is often multifocal, affect
ing different tissue planes. Similar to EH, FOSB rearrange
ments have been identified in PHE, causing overexpression 
of FOSB (Figure 2d) and fusion partners mainly include 
SERPINE1 and ACTB (Table 2). Recently two additional rare 
FOSB fusion partners, WWTR1 and CLTC, were described 
[53,54]. Interestingly, identical FOSB fusions involving 
WWTR1 and ACTB were reported in EH and PHE [32,49,53,55].

SERPINE1 is an endothelial plasminogen activator inhibitor-1 
(PAI1) that regulates hemostasis by inhibiting plasminogen 
activators. The translocation of SERPINE1-FOSB is associated 
with a breakpoint in exon 1 of SERPINE1 and exon 1 or 2 of 
FOSB [56]. This genetic exchange retains the essential functional 
domains of FOSB, as described above, and creates a SERPINE1- 
FOSB chimeric fusion transcript under the control of the 
SERPINE1 promoter (Figure 2e) [56]. Other fusion partners of 
FOSB were also speculated to provide a more potent promoter 
for FOSB[50,53,54]. As such, the fusion results in increased 
expression of FOSB. Indeed, FOSB is expressed in 96% and 
54% of PHE and EH, respectively; indicating that FOSB is 
a useful immunohistochemical marker for PHE as well as EH 
[48]. Interestingly, the immunoreactivity of FOSB observed in 
PHE was generally strong, while the reactivity varies from low to 
high in EH [57]. Although rare, both EH and PHE may harbor 
identical genetic alteration (WWTR1-FOSB), however, they are 
clinically and morphologically distinct entities emphasizing the 
importance of interpreting molecular findings in the appropri
ate clinicopathological context. FOSB immunohistochemistry 
can be very helpful to distinguish PHE from epithelioid sarcoma, 
spindle cell carcinoma or AS [18].

Figure 2. Epithelioid hemangioma and pseudomyogenic hemangioendothelioma. (a) Histological image of EH displaying small vessels with epithelioid endothelial 
cells and inflammation including eosinophils. (b) FOS expression in EH. (c) Histological image of PHE displaying spindle cells with abundant eosinophilic cytoplasm 
(d) overexpression of FOSB in PHE. (e) FOS rearrangements result in loss of the LALL motif, prohibiting degradation and thereby overexpression of the truncated 
protein. In FOSB rearrangements, most of the coding sequence of FOSB is placed under control of another promotor, causing upregulation of truncated FOSB 
expression. In both cases, overexpression of truncated FOS or FOSB affects the AP-1 complex and its downstream transcription activation [25]. The novel chimeric 
GATA6-FOXO1 transcription factor results in transcriptional deregulation and affects downstream functions, presumably through PI3K–protein kinase B (PKB) 
signaling or Jun N-terminal kinase (JNK) signaling [26]. The red points show the breakpoint. Light blue and green boxes indicate the protein regions involved in the 
fusion protein. Abbreviations: bZIP: basic leucine zipper domain; AA: amino acid.
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Most PHE patients undergo surgical excision, and about 
60% of them experience local recurrences or develop addi
tional nodules in the same anatomical region [3]. 
Chemotherapy or radiotherapy is generally given to treat 
patients with multifocal disease; however, some treatments 
are shown to be ineffective in controlling the disease [58]. 
Systemic therapies targeting mTOR inhibition (sirolimus, ever
olimus, and rapamycin) have shown clinical benefit in 
reported cases [58–60]. Moreover, a patient treated with tela
tinib, a VEGFR1-4/PDGFRA multi-tyrosine kinase inhibitor, 
showed a complete remission [61]. Due to the rarity of vascu
lar tumors and the lack of patient-derived cell lines, functional 
studies are often difficult to perform. However, two in vitro 
models were generated to study the SERPINE1-FOSB transloca
tion in PHE and to identify potential therapeutic targets 
[61,62]. Overexpression of truncated FOSB, mimicking the 
SERPINE1-FOSB fusion, in HUVECs revealed the autoregulation 
of the expression of the fusion. Moreover, telatinib, which was 
shown to induce complete remission in a single treated 
patient, could reduce the expression of the fusion by inhibit
ing FLT1, FLT4, and PDGFRA signaling [61]. Subsequently, 
CRISPR-Cas9 was used to generate the SERPINE1-FOSB fusion 
in human induced pluripotent stem cells (hIPSCs) that were 
differentiated toward endothelial cells [62]. Transcriptome 
analysis of these isogenic pairs revealed the PI3K-Akt-mTOR 
and MAPK signaling pathways as therapeutic options [62]. 
Thus, anecdotal case reports combined with preclinical models 
provide a rationale for therapies involving the mTOR, VEGFR1- 
4/PDGFRA, PI3K-Akt, or MAPK signaling pathways to treat 
inoperable PHE.

2.3. Retiform hemangioendothelioma and composite 
hemangioendothelioma

Retiform hemangioendothelioma (RHE) is an extremely rare, 
locally aggressive, rarely metastasizing vascular neoplasm [3]. It 
is histologically characterized by distinctive arborizing blood 
vessels lined by endothelial cells with characteristic hobnail mor
phology (Figure 3a). It is predominantly found in the skin and 
subcutaneous tissue of the distal extremities, particularly the 
lower limb [3]. Classic composite hemangioendothelioma (CHE) 
is a very rare locally aggressive, rarely metastasizing vascular 
neoplasm that contains an admixture of histologically distinct 
components [3]. At least two morphologically distinct patterns 
can be seen, which include EHE, RHE, spindle cell hemangioma, 
and angiosarcoma-like areas, as well as benign vascular lesions 
(lymphangioma, angiomatosis, vascular malformation, and 
cavernous hemangioma) making diagnosis challenging [63]. 
Moreover, an aggressive form of CHE with neuroendocrine dif
ferentiation (expressing synaptophysin and chromogranin) has 
been described [3]. In an attempt to elucidate the molecular 
genetic features of CHE, Perry et al. encountered single cases of 
neuroendocrine CHE bearing PTBP1-MAML2 or EPC1-PHC2 trans
location [64]. Lately, an additional case of neuroendocrine CHE 
harboring PTBP1-MAML2 was identified, again showing a highly 
aggressive clinical course [65]. Thus, the neuroendocrine-CHE 
subtype harbors recurrent PTBP1-MAML2 rearrangements and 
behaves more aggressively, which makes it clinically relevant to 
separate from the classic CHE spectrum. Out of 11 classic 

CHE, three cases showed a YAP1-MAML2 fusion. These 
occurred in young girls at acral sites, while YAP1 or MAML2 
fusion negative classic CHE occurred in adults [65]. In the same 
study, a cohort of RHE cases was investigated, revealing the 
presence of YAP1 gene rearrangements. Among five of 13 RHE 
(38%) harboring YAP1 rearrangements, three have undefined 
fusion partners, while two remaining cases revealed a YAP1- 
MAML2 rearrangement. This suggests that RHE and CHE may 
be related entities with overlapping morphology and genetics.

Rearrangement of MAML2 is also commonly found in 
mucoepidermoid carcinoma (MEC), a salivary gland neoplasm 
[67]. In all MAML2 rearrangements identified in CHE, the break
point within the MAML2 gene is located in exon 2, causing the 
loss of its N-terminal basic domain but retaining the transacti
vation acidic domain in the central and C-terminus (Figure 3b). 
MAML2 is known to be involved in several signaling pathways, 
such as the Notch, Wnt, Shh, nuclear factor-κB (NFKB), and 
hippo pathway [68–71]. MAML proteins function as transcrip
tional coactivators in multiple signal transduction pathways, 
including Notch, shh, p53, and Wnt/β-catenin [72]. 
Interestingly, the N-terminal conserved basic domain of 
MAML2 was revealed to bind to the ankyrin repeat domain 
of Notch receptors contributing to the Notch signaling path
way [73]. Furthermore, MAML proteins form a DNA-binding 
complex with regulators of the Notch signaling pathway to 
potentiate Notch transcriptional activity [74,75]. The YAP1- 
MAML2 fusion protein in RHE would have 150 amino acids 
of YAP1 preserved while losing its C-terminal TAD domain. 
YAP1 is a transcriptional coactivator consisting of a TEAD 
binding domain and is the downstream effector of the 
Hippo tumor suppressor pathway [76]. Valouev and colleagues 
proposed an oncogenic model describing the TEAD1- 
interaction domain of YAP1-MAML2 fusion in recruiting the 
fusion transcript to activate TEAD1 target genes in a Notch- 
independent manner [77]. Recently, the MAML1/2 protein 
function expanded to the hippo signaling pathway by localiz
ing to the nucleus to interact with YAP/TAZ, prompting the 
nuclear retention of YAP/TAZ and therefore enhancing the 
Hippo pathway-related transcriptional activity [71]. Given the 
multifunctionality of MAML2, its rearrangement causes 
a chimeric gene that could disrupt multiple pathways involved 
(Figure 3b).

In the single case of EPC1-PHC2 fusion identified in CHE, 
the translocation results in the fusion of the highly con
served enhancer of polycomb A (EPcA) domain of EPC1 
with PHC2 [64]. In yeast, a truncated Epc1 construct consists 
solely of the EPcA domain revealed to be essential for 
nuclear localization of Epc1 and interaction with Hop, 
a transcriptional regulator [78]. EPC1 rearrangements were 
previously found in ossifying fibromyxoid tumors (OFMT) 
and endometrial stromal sarcoma, but their oncogenesis is 
primarily unknown [79].

The standard treatment for CHE and RHE thus far is surgical 
excision. Future targeted therapeutic strategies may focus on the 
hippo pathway, as activation of this pathway is seen in multiple 
cancers, including other vascular tumors (e.g. EHE), which may 
overcome difficulties in developing therapeutic strategies caused 
by their extreme rarity.
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2.4. Epithelioid hemangioendothelioma

EHE is a malignant vascular neoplasm composed of epithelioid 
endothelial cells within a distinctive myxohyaline stroma and 
is commonly located in either the liver, lung, or bone (2020). 
Two morphological subtypes, carrying either WWTR1-CAMTA1 
(80%) or YAP1-TFE3 (12%), have been described for EHE 
[80,81]. In classic EH, carrying the WWTR1-CAMTA1 fusion, 
tumor cells are lying in nests, strands or cords, while vasofor
mation is always absent (Figure 4a). Overexpression of nuclear 
CAMTA1 is constantly observed and is an ideal immunohisto
chemical marker (Figure 4b) to distinguish EHE from meta
static carcinoma or AS [82]. In YAP1-TFE3 rearranged EHE 
vasoformation is common, and the tumor cells have typical 
abundant, eosinophilic, sometimes feathery cytoplasm 
(Figure 4c). TFE3 immunohistochemistry is less specific to 
diagnose YAP1-TFE3 rearranged EHE and requires additional 
molecular verification (Figure 4d) [83].

WWTR1 is also known as TAZ. Together with its paralog 
YAP, these are the two main effectors of the hippo pathway. 
The genomic DNA breakpoints occur in WWTR1 intron 2, 3, or 
4 and CAMTA1 intron 7, 8, or exon 9 [20,85]. In case of WWTR1- 
CAMTA1 fusion, the N terminal WW (tryptophan-tryptophan) 
domain of WWTR1 is fused in-frame to the C terminal part of 
CAMTA1, encoding the transcriptional activation domain. This 
causes a promoter swap whereby the expression of CAMTA1 is 
placed under the control of the WWTR1 promoter (Figure 4e) 
[85]. The hippo-YAP/TAZ signaling pathway has been shown 
to mediate angiogenesis by the stimulation of VEGF, as 
outlined in two reviews [86,87]. The hippo pathway is 
known to negatively regulate WWTR1/TAZ [88]. The 

chimeric WWTR1-CAMTA1 transcription factor was specu
lated to be independent of the hippo signaling pathway 
and to be constitutively activated in the nucleus [89]. In 
vitro overexpression of WWTR1-CAMTA1 revealed upregula
tion of downstream targets such as CTGF [89]. CTGF expres
sion in endothelial cells induces cell proliferation and 
angiogenesis [90].

In the YAP1-TFE3 rearrangement, the truncated 
N-terminal TEAD binding domain of YAP1 is fused to TFE3, 
with most functional domains retained. As such, YAP1 serves 
as a stronger promoter to TFE3 [81,91]. TFE3 functional 
domains are also preserved in other TFE3 rearranged can
cers, such as renal cell carcinoma (RCC) and alveolar soft 
part sarcoma (ASPS) [92,93]. Morphologically, these tumors 
share the abundance of deep eosinophilic sometimes feath
ery cytoplasm. TFE3 is a member of the MiT/TFE family of 
transcription factors that bind to DNA and activate the 
transcription of target genes [94]. Other than TFE3, the 
MiT/TFE family of transcription factors consists of MITF, 
TFEB, and TFEC, having a bZIP domain and 
a transactivation domain. MiT/TFE family of transcription 
factors hetero- and homodimerize with each other and 
enhance DNA binding affinity and subsequent transcrip
tional activation [94,95]. Considerable evidence has sug
gested an essential role for MIT/TFE in angiogenesis [96,97].

The treatment of EHE includes surgery, cytotoxic che
motherapy, immunomodulatory agents (thalidomide or 
lenalidomide), or targeted therapies (apatinib, sorafenib, 
pazopanib, or sirolimus) documented in a review [98]. 
Currently, therapeutic targeting of CTGF in EHE with the 
MEK inhibitor trametinib, which has been shown to reduce 

Figure 3. Retiform and composite hemangioendothelioma. (a) Areas of retiform HE, as evidenced by the slit-like spaces, as part of a composite HE with 
neuroendocrine differentiation. (b) the YAP1-MAML2 fusion has been reported in both. MAML2 plays a role in various signaling pathways. Rearrangement of MAML2 
is hypothesized to change the downstream effects of these signaling pathways [66]. The red points show the breakpoints. Light blue and green boxes indicate the 
protein regions involved in fusion protein formation. Abbreviations: AA: amino acid; GLN: glycine; TAD: Transactivation domain; TEAD: TEA domain family member 1; 
WW: tryptophan-tryptophan domain.
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the expression of CTGF, is under phase 2 clinical trial (Trial 
ID: NCT03148275). Even though various EHE treatments 
have shown positive responses, the efficacy of these treat
ments is inconsistent.

2.5. Angiosarcoma

AS is a high-grade malignant vascular neoplasm that variably 
recapitulates the morphological and immunohistochemical 
features of endothelial cells [3]. The histological characteristic 
of AS varies from well-formed, anastomosing vessels to solid 
sheets of high-grade epithelioid or spindled cells without clear 
vasoformation (Figure 5a) [3]. These tumors are aggressive and 
frequently occur in cutaneous sites, followed by deep soft 
tissue, breast, bone or viscera. Unlike the group of haeman
gioendotheliomas, they are genetically heterogeneous; most 
have complex karyotypes with various chromosomal altera
tions such as point mutations (PTPBR, PLCG1, KDR, or CIC) or 
amplification (MYC or FLT4). Some AS have simple genomes, 
for example, with amplification of SKI or KDR mutation [99]. 
Genes involved in such alterations tend to affect the 

regulation of angiogenesis or vascular-specific receptor tyro
sine kinases (including TIE1, TEK, KDR, and FLT4) [100,101]. CIC 
gene abnormalities were reported in nine percent of young 
adult patients with primary AS [102]. These abnormalities 
include CIC-LEUTX fusion, CIC rearrangement (unknown part
ner), and CIC missense mutation. Interestingly, CIC rearranged 
AS patients lack vasoformative features. CIC rearrangements 
(with fusion partners such as DUX4, FOXO4, LEUTX, NUTM1, and 
NUTM2A) were previously described to characterize an undif
ferentiated round cell sarcoma that is now referred to as CIC- 
rearranged sarcoma [3,103]. CIC rearranged AS are visceral and 
have small cell features similar to CIC rearranged sar
coma [102].

CIC is a tissue-specific transcriptional repressor. It is a highly 
conserved gene reported to repress the receptor tyrosine kinase 
(RTK) signaling pathway in metazoan [105]. CIC can appear in 
two isoforms that differ in size: a short (CIC-S) and long (CIC-L) 
isoform. Both isoforms have an N terminal binding domain that 
interacts with ataxin-1 or 14-3-3, a high mobility group (HMG) 
box domain, and a C terminal nuclear localization signal, as well 
as a highly conserved motif (C1) (Figure 5b). Both the HMG box 

Figure 4. Epithelioid hemangioendothelioma. (a) Histological image of classic EHE, displaying epithelioid endothelial cells lying in strands in a myxohyaline 
background, (b) nuclear CAMTA1 expression in classic EHE (c) Histological image of YAP1-TFE3 rearranged EHE, displaying a vasoformative architecture, where 
lumina are lined by endothelial cells with abundant cytoplasm (d) nuclear TFE3 expression in the epithelioid cells in YAP1-TFE3 rearranged EHE. (e) Both the WWTR1 
and the TFE3 rearrangement result in a promoter swap that dysregulates the Hippo pathway transcriptional activities and downstream effects [84]. The red points 
show the breakpoints. Light blue and green boxes indicate the protein regions involved in fusion protein formation. Abbreviations: ANK: ankyrin repeats; AA: amino 
acid; bHLH: basic helix–loop–helix; CG-1 and TIG: DNA binding domains; GLN: glycine; IQ: calmodulin-binding IQ motifs; LZ: leucine zipper domain; TAD: 
Transactivation domain; TEAD: TEA domain family member 1; WW: tryptophan-tryptophan domain.
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and C1 motif function are required for the DNA binding cap
ability of CIC to repress target genes such as the ETV family of 
transcription factors [106]. This family (ETV1, ETV4, and ETV5) 
belongs to the PEA3 subfamily of ETS transcription factors. In 
the CIC-LEUTX rearrangement, exon 20 of CIC is fused to exon 3 
of LEUTX, thereby disrupting the C1 motif and affecting the 
repressor activity of CIC. Overexpression of the CIC protein 
and upregulation of target genes such as ETV1, ETV4, and 
ETV5 were observed in angiosarcoma with CIC rearrangement 
[102]. The effect of upregulation of ETV1, ETV4, and ETV5 was 
studied in various contexts, all of which point to enhancing 
tumor progression by affecting the tumor-suppressive function 
of CIC [107,108]. For instance, the overexpression of ETV4 has 
been reported to promote angiogenesis by increasing VEGF 
activity in breast cancer cells [109].

PEA3 is activated by the ERK-MAP kinase pathway [110]. In 
turn, potential therapeutic therapies targeting the ERK MAP 
kinase pathway might suppress the upregulation of PEA3 
transcription factors in CIC rearranged. Various activation and 
deactivation mechanisms controlled by ERK and DUSP6 might 
give therapeutic possibilities depending on the mechanism of 
CIC inactivation, but due to the complex regulatory mechan
ism, no clear therapeutic option can be offered [111]. Further 
research is needed in this field. In general, treatment options 
for AS include surgery, radiotherapy, and chemotherapy. AS is 
heterogeneous at the molecular level, which provides fuel to 
drug resistance, making targeted drug selection difficult [112]. 
Emerging data have shown the possible use of targeted and 
immunotherapy. For example, targeted therapies using tyro
sine kinase inhibitors such as pazopanib and sorafenib target
ing the VEGF signaling pathway showed promising results 
[113]. Currently, multiple therapies are under clinical trial, 
and an optimal treatment strategy for the various molecular 
subtypes of AS has yet to be achieved.

3. Conclusion

Although various chromosomal translocations were identified 
in different vascular tumor entities, in a substantial number of 
vascular tumors no genetic alterations have (yet) been identi
fied. The identification of fusion genes causing overexpression 
of one of the fusion partners (FOS, FOSB, CAMTA1, and TFE3) 
has led to the routine use of surrogate immunohistochemical 
markers by specialized pathologists in the differential 

diagnosis of vascular tumors. However, not all fusions and 
immunohistochemical markers are entirely specific (for exam
ple, identical FOSB gene alterations occurring in both PHE and 
EH) and the diagnosis should always be made in the appro
priate clinical, radiological and histological context. In addi
tion, gene fusions in vascular tumors are not always exclusive 
to vascular tumors, as they can be found in other tumor 
entities as well (for instance FOS and FOSB fusions in osteoid 
osteoma and osteoblastoma) [13]. Gene fusions additionally 
provide us with more insight into understanding the possible 
underlying mechanisms leading to vascular tumor formation. 
With this knowledge, model systems can be developed to test 
potential targeted therapies.

4. Expert opinion

The differential diagnosis of vascular tumors is challenging as 
they have overlapping clinical presentation and morphology. 
They tend to present as multifocal lesions, which can resemble 
the clinical presentation of a metastasized malignant tumor, 
especially since they frequently express keratin AE1/AE3. 
Moreover, the multifocality can make surgical treatment very 
difficult and sometimes impossible [61].

Next generation sequencing technologies have identified 
a range of recurrent translocations in vascular tumors, espe
cially those of intermediate biologic behavior (Table 1). For 
routine diagnostic use these can be detected in formalin fixed 
paraffin embedded tissue using interphase-FISH, which will 
reveal whether the gene of interest is involved in 
a translocation or not, which often is sufficient. Recently, 
targeted NGS panels become available, which can be applied 
to FFPE tissue as well, interrogating multiple genes and which 
may also elucidate the fusion partners, depending on the 
chosen NGS technology [2].

The elucidation of these recurrent gene fusions has had 
a great impact on diagnostic accuracy in vascular tumors. 
Since some of these fusions can be detected using surrogate 
immunohistochemical markers, this has provided the expert 
pathologist with useful diagnostic tools to aid in the distinc
tion between the various vascular tumors. However, the 
pathologist should be aware of sensitivity, specificity and 
other pitfalls such as the effect of decalcification on immunor
eactivity of some antigens [2].

Figure 5. Angiosarcoma. (a) Histological image of AS displaying highly atypical endothelial cells (b) CIC rearrangement is found in a small subset of AS and results 
in a chimeric gene that dysregulates transcriptional repression of the PEA3 family of transcription factors [104]. The red points show the breakpoints. Abbreviations: 
ATXN1: Ataxin 1 domain; C1, C1 motif; HMG: high mobility group box domain; NLS: nuclear localization signal.
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As an example, for EH, it has become possible over the past 
decade to integrate morphology and genetics which has 
made it clear that EH is highly heterogeneous, both at clinical 
presentation, at histology [18], and the molecular level. In EH 
of bone for instance, FOS rearrangements are most common 
[27] and histology is usually cellular and spindled, especially at 
the acral sites [18]. Immunohistochemistry for FOS or FOSB 
can be useful diagnostic tools as a surrogate for molecular 
testing in these cases, as sometimes it can be very difficult to 
distinguish the cellular variant from epithelioid angiosarcoma 
of bone. FOS and FOSB were so far not represented in com
mercially available NGS fusion panels, and no easily applicable 
commercial FISH probes are available. However, especially in 
bone, one should realize that the FOS antibody is vulnerable 
to decalcification and can give false-negative results, while 
polysomy can give false-positive results [114], in which case 
molecular confirmation may be required. In contrast to EH of 
bone, the ALHE-like variant of EH expresses FOSB in almost all 
cases [21,22], while at the molecular level no FOSB fusions 
have been found. The underlying mechanism causing FOSB 
overexpression in these lesions still remains to be determined. 
The FOSB overexpression could be a derivative of undiscov
ered genetic alterations related to the AP-1 complex. Thus, the 
majority of EH, especially those in soft tissue, do not have FOS 
or FOSB rearrangement. Recently, FOXO1 rearrangements were 
detected in a subset of EH lacking FOS or FOSB rearrangement.

The identification of gene fusions has not only improved 
the classification and diagnosis of vascular tumors, it also 
sheds light on the underlying molecular mechanisms involved 
in tumorigenesis. By exploring these molecular pathways, 
leads can be found to develop molecularly targeted therapy. 
Since some of these vascular tumors, despite their intermedi
ate biologic behavior, can be very difficult to treat there is an 
urgent need to develop novel therapeutic strategies [61]. 
Functional studies are however hampered by the lack of 
model systems, as no cell lines or animal models are available. 
However, novel technologies like CRISPR-Cas9 can be used to 
create gene fusions in induced pluripotent stem cells which 
allows studying the effect of the specific gene fusion in an 
isogenic background and the identification of therapeutic 
vulnerabilities [62]. For instance, the inhibition of PI3K and 
MAPK signaling was identified as a therapeutic option in PHE 
[62], and indeed case reports describe the usability of mTOR 
and multi-tyrosine kinase inhibitor [58–61].

Also, because hemangioendotheliomas are extremely rare, 
for the development of novel therapeutic strategies it would 
be good to focus on activated pathways that are shared 
between different vascular tumors. For instance, the hippo 
signaling pathway contributes to tumorigenesis in various 
vascular tumors, including MAML2 rearranged CHE, YAP1 rear
ranged RHE, and WWTR1-CAMTA1 and YAP1-TFE3 rearranged 
EHE. The hippo signaling pathway mediated gene upregula
tion observed in these tumors could be used as a therapeutic 
option, such as targeting CTGF in EHE which is currently 
explored in a clinical trial using a MEK inhibitor (trametinib) 
(Trial ID: NCT03148275).

Thus, the identification of gene fusions in vascular tumors 
has led to improved diagnosis and classification, as well as to 
insight in tumorigenesis and identification of potential novel 

leads to develop targeted therapy. Future strategies should 
focus on those rare entities where still a subset of the tumors 
is fusion negative, and on the development of model systems 
to enable functional studies exploring these molecular 
mechanisms and the potential to interfere with these to 
improve treatment for patients with multifocal inoperable 
vascular tumors.
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