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Simple Summary: Epithelioid hemangioendothelioma (EHE) is a rare vascular cancer that involves a
gain-of-function gene fusion involving TAZ, a transcriptional coactivator, and one of two end effectors
of the Hippo pathway. Although the activity of TAZ and/or YAP, a paralog of TAZ, is consistently
altered in many cancers, genetic alterations involving YAP/TAZ are rare, and the precise mechanisms
by which YAP/TAZ are activated are not well understood in most cancers. Because WWTR1(TAZ)–
CAMTA1 is the only genetic alteration in approximately half of EHE, EHE is a genetically clean
and homogenous system for understanding how the dysregulation of TAZ promotes tumorigenesis.
Therefore, by using EHE as a model system, we hope to elucidate the essential biological pathways
mediated by TAZ and identify mechanisms to target them. The findings of EHE research can be
applied to other cancers that are addicted to high YAP/TAZ activity.

Abstract: The activities of YAP and TAZ, the end effectors of the Hippo pathway, are consistently
altered in cancer, and this dysregulation drives aggressive tumor phenotypes. While the actions of
these two proteins aid in tumorigenesis in the majority of cancers, the dysregulation of these proteins
is rarely sufficient for initial tumor development. Herein, we present a unique TAZ-driven cancer,
epithelioid hemangioendothelioma (EHE), which harbors a WWTR1(TAZ)–CAMTA1 gene fusion in at
least 90% of cases. Recent investigations have elucidated the mechanisms by which YAP/TAP-fusion
oncoproteins function and drive tumorigenesis. This review presents a critical evaluation of this
recent work, with a particular focus on how the oncoproteins alter the normal activity of TAZ and
YAP, and, concurrently, we generate a framework for how we can target the gene fusions in patients.
Since EHE represents a paradigm of YAP/TAZ dysregulation in cancer, targeted therapies for EHE
may also be effective against other YAP/TAZ-dependent cancers.

Keywords: YAP/TAZ; hippo pathway; epithelioid hemangioendothelioma; TAZ–CAMTA1; sarcoma

1. Introduction

The dysregulation of mitogenic and/or growth-suppressor signaling cascades is a
hallmark of oncogenesis [1]. One such frequently altered growth-suppressor cascade is the
Hippo pathway, and several studies have shown that the derangement of this pathway
across all solid cancers is a major mechanism of tumorigenesis [2,3].

Two serine–threonine kinases and two adaptor proteins constitute the core compo-
nents of this pathway [4–9]. The activity of the core components is tightly regulated, as
they serve as a platform to integrate signals from other pathways to yield downstream tran-
scriptional alterations [10,11]. The regulatory processes that feed into this pathway include
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biomechanical cues, GPCR signaling, and cell-to-cell contact signaling [12–24]. The serine–
threonine kinases of this pathway include Mammalian Sterile 20-related 1 and 2 kinases
(MST1 and MST2) and Large Tumor Suppressor 1 and 2 kinases (LATS1 and LATS2) [4,5,9].
MST1 and -2 are activated through homodimerization and trans-autophosphorylation, and
these processes are facilitated by the adaptor protein SAV1 (Figure 1) [7,8,25–27]. Then,
MST1/2 phosphorylates LATS1 and LATS2, as well as their adaptors, Mps One Binder 1A
and 1 B (MOB1A/B) [27–30]. Phosphorylation enhances the interaction between LATS1/2
and MOB1A/MOB1B proteins and leads to the activation of the complex [28,31]. Activated
LATS/MOB1 then inhibits the end-effector transcriptional coactivators Yes-Associated
Protein 1 (YAP1 (also known as YAP)) and transcriptional coactivator with PDZ-binding
motif (TAZ) via phosphorylation [21,32,33]. LATS1/2 are serine–threonine kinases that
phosphorylate YAP at positions S61, 109, S127, S164, and S381, and TAZ at positions S66,
S89, S117, and S311. The phosphorylation of these residues leads to either cytoplasmic reten-
tion via binding to 14-3-3 proteins or ubiquitin-mediated proteolytic degradation [21,33,34].
The phosphorylation of these two proteins is a critical step that yields the overall effect on
the Hippo pathway. Therefore, in a “Hippo-On” state, the activation of the Hippo pathway
yields the inactivation of YAP/TAZ (Figure 1).
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Figure 1. Schematic of the Hippo pathway. The top left represents the activation of the Hippo
pathway with phosphorylated core Hippo kinases and YAP/TAZ. Phosphorylated YAP/TAZ leads
to cytoplasmic retention via binding to 14-3-3 proteins and/or polyubiquitination and proteolytic
degradation. Upon Hippo inactivation (top right), YAP/TAZ can migrate to the nucleus, where it can
bind to its TEAD cofactors and activate transcription.

In comparison with the “Hippo-On” state, in a “Hippo-Off” state, inactive Hippo-
pathway kinases yield unphosphorylated YAP/TAZ, which are active and therefore able to
translocate to the nucleus. As neither YAP nor TAZ contain DNA-binding domains, these
transcriptional coactivators require TEA domain 1–4 (TEAD1-4) transcription factors [35–38].
In effect, the TEAD1-4 protein tethers YAP/TAZ to genic loci and alters transcriptional
activity. Although the targets of YAP/TAZ–TEAD are context-specific, the core conserved
transcriptional targets include mediators that enhance proliferation, survival, and cell
migration [10,33,35,38–40].

Paradoxically, although the activity of YAP/TAZ in cancer is most commonly pro-
tumorigenic, in certain cancers, YAP/TAZ activity can be antitumorigenic [41–43]. Fur-
thermore, the degree of “oncogenic addiction” to YAP/TAZ varies among cancers [44].
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Therefore, as the therapeutic inhibition of YAP/TAZ is currently being evaluated in phase 1
clinical trials that target TEAD, identifying cancers that display the greatest reliance on
YAP/TAZ activity is essential for credentialing TEAD inhibitors [45]. In this space, ep-
ithelioid hemangioendothelioma (EHE) is an excellent model cancer, as it is a monogenic
neoplasm that is addicted to a fusion gene that functions as a constitutively active TAZ.

2. Epithelioid Hemangioendothelioma

Epithelioid hemangioendothelioma (EHE) is a rare vascular sarcoma that was origi-
nally described by Weiss and Enzinger in 1982 as a soft-tissue tumor with both a vascular
morphology and a borderline histologic phenotype, with both benign and malignant
features [46]. Clinically, EHE is most commonly diagnosed in patients in their mid-30s
(range: 8–90s) [47,48]. While this disease was initially described in soft tissue and bone, it
is now realized that it most commonly occurs within the liver, followed by the lungs and
bones/soft tissue [47,49]. The clinical course of this disease is diverse, ranging from pro-
longed stability and long-term survival to rapidly progressive disease with high morbidity
and mortality [48,50,51].

Attempts have been made to stratify EHE into either aggressive or indolent dis-
eases [47,48,50]. In EHE, the anatomical location of the tumor has significant prognostic
value [48,50,51]. Patients with isolated soft-tissue disease have the best overall survival
(87% 5-year survival), with liver and lung involvement demonstrating worse survival
(65% and 45% 5-year survival, respectively) [47]. Furthermore, while uncommon, patients
with peritoneal- and pleural-surface involvement have a moribund prognosis [47,48,50,51].
While the site of disease correlates with the overall prognosis, there is still a large variability
in survival among patients.

Histologically, EHE is characterized by the presence of cords or nests of epithelioid
cells, which are cells that contain a rounded cell body [46,50,52]. The rounded-cell-body
structure of epithelioid cells contrasts with the elongated spindle shape of spindle cells.
These tumor cells are typically set in a dense myxohyaline stroma and often contain
intracytoplasmic vacuoles [46,50,52]. Importantly, subtle differences in the histological mor-
phology are essential for the subclassification of endothelial-cell tumors. Angiosarcoma, the
most common vascular sarcoma, contains primitive and poorly organized vascular struc-
tures that are lined by atypical endothelial cells [53]. In contrast, EHE does not contain these
“vasogenic features” and it can be differentiated by H&E staining by the presence of the
characteristic and abundant myxohyaline stroma, in which the tumor cells are embedded.

Further highlighting its endothelial lineage, EHE expresses the endothelial-cell mark-
ers PECAM1, CD34, and ERG [50,53]. For a significant proportion of tumors, no originating
vessels are identified [46,52,54]. However, for tumors that have a visible originating ves-
sel, the tumor typically displays an angiocentric growth pattern, rather than intraluminal
growth, with the tumor bulk growing into the surrounding structures adjacent to the
vessel [53,54]. Often, the vessel will eventually thrombose and/or be obliterated as the
tumor encases it.

3. Molecular Alterations in EHE

In 2011, two significant publications independently identified a fusion gene that
defined EHE. Although it had previously been demonstrated that EHE samples contained a
chromosomal 1,3 reciprocal translocation t (1p36;3q25), which was observed by karyotyping,
the resultant fusion gene was unknown [55]. Tanas et al. performed whole-transcriptome
sequencing with a fusion-detection algorithm and identified the WWTR1(TAZ)–CAMTA1
(WW-Domain-Containing Transcription Regulator 1–Calmodulin-Binding Transcription
Activator 1) gene fusion [56]. This publication further demonstrated that this alteration
is present in approximately 90% of clinical samples of EHE and is not identified in any
other vascular tumor. These results were corroborated by the findings of Errani et al., who
similarly identified the WWTR1(TAZ)–CAMTA1 gene fusion by FISH positional cloning,
followed by RT-PCR [57]. These two studies demonstrated that this gene fusion is a defining
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feature of the disease; therefore, the detection of the WWTR1(TAZ)–CAMTA1 alteration is
now commonly used in the histopathologic workup for classifying tumors as EHE [53,58].
In EHE, the most common fusions identified were those joining exon 3 of WWTR1 with
exons 8 or 9 of CAMTA1 (Figure 2) [56,57]. However, the entire TEAD-binding motif is
always present, suggesting that the interaction with TEAD is important for oncogenesis.
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most common breakpoints within the proteins. TAZ and YAP are labeled above with the LATS1/2
phosphorylation sites. The markers below display the amino acid contributions of each exon, and
the lines between sequences denote common fusion sites: WW: WW domain; TAD: transactivation
domain; PDZ: PDZ-binding motif; CG-1: CG-1 DNA-binding domain; TIG: transcription-factor
immunoglobulin domain; Ankyrin: ankyrin repeats; IQ: IQ calmodulin-binding motifs; NLS: nuclear-
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In addition to the WWTR1(TAZ)–CAMTA1 fusion characteristic of EHE, a YAP1–TFE3
fusion was identified in a related lesion that we now refer to as YAP1–TFE3-rearranged
hemangioendothelioma [59,60]. The first YAP1–TFE3 fusion was generated by joining the
first exon of YAP1 to the fourth exon of TFE3, which yielded an in-frame transcript (Figure 2).
YAP1–TFE3-fused HE displays a unique histological identity when compared with WWTR1–
CAMTA1-fused EHE. Indeed, this novel subtype of HE shows more variable histological
features, with the common feature of large eosinophilic cells, most often arranged in large
nests, and lacking myxohyaline stroma. In addition to the initially described YAP1 exon
1–TFE3 exon 4 fusion, a further YAP1 exon 1–exon 6 fusion was identified (Figure 2) [61].
Recently, we presented the largest case series of YAP1–TFE3-fused HE, of which the majority
contained a YAP1 exon 1–TFE3 exon 4 fusion (88%), and a minority contained a YAP1 exon
1–TFE3 exon 6 fusion (12%) [60]. When compared with the behavior of WWTR1–CAMTA1
EHE, patients harboring YAP1–TFE3-fused HE were more likely to have soft-tissue disease
and had an improved 5-year progression-free survival [47,50]. Since the initial discovery of
this fusion, the YAP1–TFE3 fusion has also been identified in the clear-cell stromal tumor
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of the lung and in a case of cutaneous low-grade fibromyxoid neoplasm; no additional
cancers have been identified that harbor the WWTR1–CAMTA1 fusion [62–64].

While the WWTR1–CAMTA1 fusion is present in nearly all clinical samples of EHE,
much rarer fusions are still being identified. A case series of six samples of EHE that did not
contain the WWTR1–CAMTA1 fusion identified two further alterations involving WWTR1:
the WWTR1–MAML2 and WWTR1–ACTL6A fusions [65]. Furthermore, they identified
three clinical samples that contained a WWTR1 fusion, but no 3′ partner was identified.
Overall, this cohort of variant WWTR1-fused EHE had a large predilection for development
in the heart muscle, which, altogether, is a rare location for the development of EHE. It is
uncertain if these alternative fusions alter the clinical course of patients with EHE, and with
the continued use of NGS in the diagnosis of EHE, it is likely that additional rare fusions
will be identified in EHE.

While there has been significant success in the identification of driver fusions within
EHE, limited efforts have been made to identify secondary mutations, which may alter
the disease phenotype. Seligson et al. specifically aimed to identify these secondary muta-
tions and correlate them with clinical characteristics [66]. Concurrent with our previous
findings, they demonstrated that approximately 90% of the clinical samples of EHE in
their large cohort contained the WWTR1–CAMTA1 fusion. They further found that 57%
of the EHE samples contained secondary mutations and, most commonly, alterations in
CDKN2A/CDKN2B. Furthermore, in their cohort, patients with secondary mutations were
more likely to have later-stage disease (stages III and IV). While this work has broadened
our understanding of the mutational landscape of EHE, it is uncertain whether these sec-
ondary mutations mechanistically enhance tumorigenesis in a substantial way or whether
their presence is solely a marker of late-stage disease. Nevertheless, this investigation has
enhanced our view of the genetic alterations within this disease, and further clinical and
mechanistic research is necessary to identify whether these mutations are associated with
survival differences or altered treatment responsiveness.

4. The Biology of WWTR1(TAZ)–CAMTA1 Fusion

Following our discovery of the WWTR1–CAMTA1 gene fusion in EHE, we aimed to
identify the mechanisms that underly tumorigenesis. WWTR1, which codes for the TAZ
protein, is a transcriptional coactivator and end effector of the Hippo pathway [33,35].
In comparison, CAMTA1 is an incompletely understood protein. The protein belongs
to a family of calmodulin-binding activators and it acts in calcium signaling, neuronal
processes, and most notably, in memory [67,68]. CAMTA1 is suspected to be a tumor
suppressor [69–74]. In this work, we demonstrated that the TAZ–CAMTA (TC) fusion
protein functions as an activated TAZ-like protein and can induce cell transformation when
transfected into NIH3T3 cells [75]. In contrast, full-length TAZ, full-length CAMTA1, and
truncated TAZ and CAMTA1 portions of TAZ–CAMTA1 were not sufficient to induce
cell transformation, thereby demonstrating that both the N- and C-terminal portions of
the protein are necessary for TAZ–CAMTA1′s function. At its N-terminus, TC possesses
a TEAD-interacting motif that interacts with the TEAD family of transcription factors
(Figure 2). The introduction of a single point mutation in TC that abrogates TEAD binding
abolishes the ability of TC to induce soft-agar colony growth. Therefore, TEAD binding is
critical for transformation. Mechanistically, we identified a C-terminal nuclear-localization
sequence (NLS) within the CAMTA1 protein and demonstrated that this motif is necessary
for the tumorigenic capacity of the protein (Figure 2). Because the activity of YAP/TAZ
is primarily regulated by its subcellular localization, an NLS from CAMTA1 localizes the
fusion protein to the nucleus, thereby enhancing its function.

5. Understanding the YAP1–TFE3 Fusion

While there is a significant overlap between the biology of this YT fusion and the TC
and YAP fusions that are seen in other cancers, two recent studies have shown that YT
displays unique features that distinguish it from other YAP/TAZ fusions.



Cancers 2022, 14, 2980 6 of 16

All the YT fusions identified thus far either joined the first exon of YAP1 to the fourth
exon of TFE3, or the first exon of YAP1 to the sixth exon of TFE3. However, this N-terminal
portion of YAP still retains the TEAD-binding motif, and, thus, YT fusions can associate
with the TEAD family of transcription factors (Figure 2) [76,77]. Furthermore, similar to
TAZ, YAP contains five key serine residues that are used by the Hippo pathway to regulate
YAP activity (Figure 2) [32,33,38]. Analogous to the S89 residue in TAZ, the S127 residue
in YAP, when phosphorylated, facilitates 14-3-3 binding and cytoplasmic retention. The
phosphorylation of the other four serine residues (residues other than S127) also leads to
an inhibitory effect, albeit to a lesser degree [78]. In comparison to full-length YAP, the YT
fusion contains only one of these five serine residues, and, importantly, S127 is not present
in the fusion [76,77]. In contrast, TC contains three of the four regulatory serine sites in TAZ
and contains the highly regulated S89 residue [75]. Therefore, YT appears to be insensitive
to Hippo-pathway activity [76,77].

Two recent studies have broadened our understanding of the mechanisms driving
YT-mediated tumorigenesis. Szulzewsky et al. aimed to identify the mechanisms that
drive tumorigenesis in multiple YAP fusions, including YAP1–TFE3 (YAP1–TFE3-fused
hemangioendothelioma), YAP1–MAMLD1 (supratentorial ependymoma), YAP1–FAM118B
(supratentorial ependymoma), and YAP1–SS18 (cervical squamous cell carcinoma and
endocervical adenocarcinoma) [76]. In this work, the authors used heterologous expression
systems to demonstrate the tumorigenic capacity for these fusions, and to elucidate the
mechanisms by which cellular transformation occurred. Each fusion was sufficient to
induce tumorigenicity when expressed within cells that express the tv-a receptor. Simi-
lar to our findings with TC, all four YAP fusions induced a YAP/TAZ–TEAD-enriched
transcriptional profile. Furthermore, this study identified nuclear-localization sequences
within the fusion partners that drive the constitutive nuclear localization of these proteins.
Finally, while the wild-type YAP is degraded and/or retained in the cytoplasm in Hippo-
pathway-activated states, the fusion proteins were resistant to degradation and remained
nuclear-localized in such states, thus demonstrating that these fusions are dissociated from
the upstream regulation of the Hippo pathway [76].

Interestingly, when compared with other YAP fusions, there were multiple unique
features of YT that differentiate it from other YAP fusions, or a hyperfunctional form of YAP.
While YT significantly upregulated YAP/TEAD transcriptional genes, RCAS tumors driven
by YT formed a unique transcriptional cluster compared with tumors driven by other YAP
fusions. They further demonstrated that, while all YAP fusions and a hyperfunctional
form of YAP (YAP S127A/S397A) bind to TEAD1-, TEAD2-, TEAD4-, BATF-, and RUNX-
specific genomic sites, YT binds to a unique set of consensus sequences. Specifically, YT
binds to the TFE3, MITF, and SP1 genomic binding sites, which are normally occupied
by the wild-type TFE3 protein [79]. Mechanistically, the C-terminus of TFE3 contains a
basic helix–loop–helix/leucine-zipper domain, which mediates DNA binding through
dimerization. As the YT fusion contains both a TEAD-binding motif from the YAP portion
and a basic helix–loop–helix domain retained from the TFE3 portion, the YT transcriptional
and genomic binding landscape is unique from other YAP fusions (Figure 2). The unique
transcriptional and binding profile observed in YT tumors results in phenotypic alterations.
YT-driven tumors displayed a unique histologic morphology that was not observed in the
other YAP fusions [76].

In a study published the following year, Merritt et al. (2021) aimed to identify the
mechanism of action of YT fusion [77]. This study demonstrated that the tumorigenic
capacity of YT fusion was achieved via its ability to transform NIH3T3 and SW872 (liposar-
coma) cells. This group was further able to recapitulate the findings of Szulzewsky et al.,
who found that YT induces a transcriptional profile that overlaps with both an overactive
form of YAP (YAP5SA) and the wild-type TFE3. They also demonstrated that YT requires
TEAD binding for its tumorigenic phenotype. Finally, they demonstrated that the genic loci
occupied by YT were determined by contributions from both the YAP and TFE3 portions of
the fusion protein.
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Overall, these two studies have elucidated the significant role played by the TFE3
portion of the fusion protein, as it alters the DNA-binding profile, transcriptional land-
scape, and phenotype of the resultant tumors. Therefore, considering this fusion to be an
overactive form of YAP is an oversimplification [80].

6. C-Terminal Proteins Reshape the Chromatin Structure and Enhance Tumorigenesis

While the functions of the N-terminal TAZ and YAP portions present in YAP/TAZ
fusions have been extensively researched, only recently has our understanding of the func-
tional contribution of the C-terminal portion of these fusions expanded. Merritt et al. aimed
to elucidate how the C-terminuses (CAMTA1 in TAZ–CAMTA1 and TFE3 in YAP–TFE3)
contribute to the tumorigenicity of the fusion proteins [77]. Initially, they demonstrated that
the cells transformed with TC and YT displayed much greater chromatin accessibility at
the promoter and enhancer elements than cells transformed with hyperactive TAZS4A and
YAPS5A, respectively. Furthermore, these changes closely mirrored a significant increase in
the chromatin accessibility when cells were transfected with either CAMTA1 or TFE3.

They further identified that these fusion proteins interact with a unique set of chromatin-
remodeling proteins that are not utilized by TAZ or YAP. These include members of the
SWI/SNF-, NUA4/TIP60-, and COMPASS-like complexes, as well as other monomeric
transcriptional regulators and histone modifiers. One of the most intriguing clusters of
interactors is the Ada-Two-A-containing complex (ATAC) chromatin remodeler. Specifically,
ATAC is a multimeric protein complex that contains one of two histone acetyltransferases:
KAT2A, or its paralog, KAT2B, as well as an additional KAT14 acetyltransferase subunit [81].
While KAT2A and KAT2B mainly acetylate H3K9 and H3K14 residues, the KAT14 subunit
acetylates at the H4K16 position [81–83]. Whereas H3K9Ac and H3K14Ac modifications are
associated with transcriptional activation, the H4K16Ac modification is associated with both
transcriptional activation and repression [84,85]. In addition to KAT14′s acetyltransferase
activity, the protein is important for the assembly of a functional ATAC complex, and
the loss of this protein causes early embryonic lethality [86]. The activity of the ATAC
complex has also been associated with non-small cell lung cancer tumorigenesis, with the
YEATS2 subunit being highly amplified in clinical non-small cell lung cancer samples [87].
In Merritt et al., a targeted RNAi screen showed that the knockdown of ATAC complex
subunits inhibited the anchorage-independent growth in cells transformed with TC and
YT, thereby demonstrating that the association of these oncoproteins with these chromatin
remodelers is required for tumorigenesis.

7. Novel Model Systems for Studying EHE Biology

Two recent studies have generated genetically engineered mouse models of EHE,
which conclusively demonstrated that TC is sufficient to generate EHE in vivo. In our
study, Seavey et al. generated a conditional knock-in mouse model in which the wild-
type Wwtr1 locus is converted into a Wwtr1–Camta1 locus through the utilization of a
flip-excision cassette and Cre-recombinase [88]. As the Wwtr1–Camta1 transcript remains
under the control of the Wwtr1 promoter element, the epigenetic control mechanisms of the
transgene are maintained. Tumors were observed in mice when TC fusion was induced
using either a ubiquitously expressed Cre, Rosa26-CreERT2, or an endothelial-specific Cre,
the Cdh5–CreERT2 driver. These tumors most commonly developed along the surface of the
diaphragm and involved retroperitoneal structures, such as the kidney and pancreas. Lung,
liver, and soft-tissue tumors were similarly identified, but at a lower frequency. These
tumors were histological mimics of human EHE and expressed key EHE and endothelial
markers, which were verified using IHC. To validate these tumors as replicas of the human
EHE, we performed a whole-transcriptomic analysis of human EHE, as well as differential-
expression analyses of other endothelial cell tumors and control tissues, and identified
a gene set of 93 transcripts that were enriched in human EHE. Tumors from our mouse
model showed significant enrichment of the human EHE gene set. Finally, using gene-set-
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enrichment analysis, we demonstrated that both human EHE and murine EHE tumor cells
were enriched in YAP/TAZ transcriptional target genes.

This work left multiple unanswered questions regarding the origins of EHE. The first
question is why two copies of the Wwtr1–Camta1 allele are necessary for the generation
of tumors. This could be explained either by a gene dosage effect, whereby increased
levels of the Wwtr1–Camta1 transcript are necessary to generate tumors in mice, or by
a dominant-negative effect, where wild-type TAZ functionally suppresses the action of
TC in vivo and inhibits tumorigenesis. We also found it particularly interesting that the
ubiquitous conversion of the Wwtr1 locus to a Wwtr1–Camta1 locus by the expression
of Cre from the ubiquitously expressed Rosa26 locus solely produced EHE. As TAZ is
commonly dysregulated in cancer, one might expect that the expression of a hyperfunctional
form of TAZ may generate multiple different cancer types; however, this phenotype was
not observed. We hypothesized that this was due to the high transcriptional activity of
Wwtr1 within endothelium, as endothelial cells constitute the top Wwtr1-expressing cells
within mice by single-cell RNA sequencing. While endothelial cells, or their precursors,
are the cells of origin for EHE, it is uncertain whether these tumors originate from a
particular endothelial-cell subtype. In addition to the mature endothelium, there are
multiple types of endothelial progenitor cells and trilineage (which gives rise to venous,
arterial, and lymphatic) endothelial stem cells, which are necessary for the maintenance
of the vascular system [89–91]. In our study, we demonstrated that EHE displays a stem-
cell-like phenotype; however, it has not been demonstrated conclusively whether this
phenotype is a remnant of the cell of origin from which the tumor cell originates, or
whether cellular transformation from normal to cancer leads to dedifferentiation.

In a different study, Driskill et al. generated an overexpression system for TC ex-
pression based on a Tet-Off approach [92]. Concordant with the findings of Seavey et al.,
this study demonstrated that TC expression is lethal during embryogenesis. Upon the
postnatal withdrawal of doxycycline, these mice developed hyperplastic lesions within the
lung vasculature. Single-cell RNA sequencing revealed that cells from these lesions were
enriched in YAP/TAZ target genes when compared with other pulmonary endothelial
cells. They further demonstrated that following P40, when histologically apparent tumors
would be visible, the loss of TAZ–CAMTA1 expression via treatment with doxycycline led
to significant lesion involution. Finally, the coexpression of TAZ–CAMTA1 and dominant-
negative TEAD completely inhibited tumor formation, which suggests that TEAD activity
is important for transformation. These two studies represent significant advancements in
EHE research and offer new methods to investigate the biology of this disease.

8. Development of Targeted Therapies

Similar to other monogenic cancers that contain a single-driver mutation (e.g., chronic
myelogenous leukemia, gastrointestinal stromal tumor, etc.), targeting the TAZ–CAMTA1-
driver oncoprotein either directly or indirectly will likely result in a profound clinical
effect [93–96]. Indeed, the clinical efficacy of targeted therapies in these monogenic cancers
is greater than is observed with targeted therapy against cancers with more complex genetic
landscapes. Multiple avenues are being actively pursued to target EHE and its associated
fusion protein. Generally, there are three different therapeutic mechanisms that are si-
multaneously being investigated for inhibiting the oncogenic effect of the fusion protein
within EHE: (A) leverage the “Hippo-dependent” and “Hippo-independent” mechanisms
upstream of the fusion to degrade the fusion or shuttle it to the cytoplasm; (B) use drugs
that directly act on the TC/TEAD transcriptional complex; (C) identify and target oncogenic
signaling downstream of the fusion (Figure 3) [45]. Herein, we present an overview of both
proposed and currently utilized targeted therapies for EHE.
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Figure 3. Strategies for targeting the oncogenic effects of TAZ–CAMTA1. Top left demonstrates the
normal oncogenic effect of TC. Strategy A demonstrates inhibition of TC via increasing the action
of negative regulators leading to cytoplasmic retention and degradation. Strategy B demonstrates
inhibition by protein–protein interaction to disrupt the interaction between TC and TEAD proteins.
Strategy C demonstrates inhibition of the downstream targets of TC/TEAD transcription, which
promote oncogenesis.

8.1. Leverage the “Hippo-Dependent” and “Hippo-Independent” Mechanisms Upstream of
the Fusion

As wild-type YAP/TAZ are regulated both by the Hippo pathway and other signaling
pathways directly, one can envision that the upstream regulation of TC may occur via both
“Hippo-dependent” and “Hippo-independent” mechanisms. An unresolved controversy is
whether the TC protein is regulated by upstream controls that normally regulate YAP/TAZ.
If the TC fusion protein is controlled by these regulators, the action of TC could be di-
minished, either by the inhibition of the negative regulators of the Hippo pathway, or by
positive regulators of TC. Despite the initial suggestion that TC is unregulated by the Hippo
pathway, recent evidence suggests that Hippo alters the action of TC [92]. In unpublished
work, via co-immunoprecipitation followed by mass spectrometry, we have seen that the
TC protein is phosphorylated at the regulatory S89 residue and that it associates with the
14-3-3 protein [97]. This work was further corroborated by Driskill et al., who showed that
TC associates with subunits of the 14-3-3 complex. They also showed both the enhanced
nuclear localization of TC in LATS knockout cells compared with that in LATS wild-type
cells, and the enhanced nuclear localization and transcriptional activity of the fusion protein
upon the mutation of the serine residues within TC, which are phosphorylated by LATS [92].
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Therefore, it is becoming more evident that, even though TC is localized predominantly
to the nucleus, it is not completely dissociated from the regulation of the Hippo pathway.
However, further research is necessary to understand the specific pathways that regulate
TC, and to what extent.

If LATS kinase activity can restrict the nuclear localization and transcriptional activity
of TC, augmenting the activation of LATS would be an optimal target to decrease TC activ-
ity. However, LATS is negatively regulated by several upstream protumorigenic signals,
and it would likely be important to inhibit these signals in order to restore LATS activity in
EHE. In other cancers, the inhibition of upstream negative regulators, including EGFRs,
GPCRs, and VEGFRs, increases LATS activity [45]. Whether such a scenario is applicable
to EHE remains unexplored and is worth investigating, as the drugs against these targets
are already being used to treat other cancers. These therapies can be repurposed if they
show efficacy against EHE in preclinical research and clinical trials. Sorafenib and beva-
cizumab, drugs that inhibit VEGF signaling, have shown efficacy in clinical trials involving
patients with EHE, where they either improved progression-free survival or resulted in
disease stabilization [98–100]. Being an endothelial-cell cancer, inhibiting VEGF activity
is a rational target, but whether VEGF signaling also inhibits LATS phosphorylation will
be an interesting aspect to investigate [101]. Another key target is the PI3K/AKT/mTOR
pathway, which facilitates the nuclear localization of YAP/TAZ by inhibiting the Hippo
signaling pathway [102]. Inhibitors that target this pathway hold promise. A retrospective
case study provides a compelling rationale for administering such drugs, and disease
stabilization was observed in patients with EHE who were treated with the mTOR inhibitor
sirolimus [22,103]. Whether PI3K inhibitors also display similar effects remains to be de-
termined. The mode of action of these drugs remains unclear. It is important to verify
whether drugs that target the PI3K pathway act in a Hippo-dependent manner and restrict
TC localization, or via an alternative mechanism.

A notable example of “Hippo-independent” TC regulation is the mevalonate-synthesis
pathway, which appears to positively regulate TC activity [104]. Therefore, inhibiting meval-
onate synthesis through the use of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
inhibitors, and notably simvastatin, may offer therapeutic benefits to EHE patients [105].
Isoprene precursors generated as secondary products in the de novo cholesterol-synthesis
pathway are necessary for the prenylation of many regulatory proteins, including Ras-
homologous GTPases (Rho) [104]. Rho kinases and the Rho pathway integrate multiple
upstream signals to yield downstream responses [3,19,104]. For instance, Rho activa-
tion leads to the inhibition of YAP/TAZ, which, in turn, increases their transcriptional
activity [12,104]. Driskill et al. demonstrated, in a heterologous cell-line model, that simvas-
tatin abrogates the anchorage-independent growth of TC-transformed cells and suppresses
the expression of TC transcriptional targets, suggesting that the Mevalonate/Rho axis may
regulate TAZ–CAMTA1 activity [92]. This work was further supported by a recent retro-
spective review from the MD Anderson Cancer Center, which aimed to identify whether
prognosis was affected in EHE patients who were on statins for other indications [106].
This study showed a greater median survival among patients on statin therapy than among
those not on statin therapy. However, this study has limitations, as there were other sig-
nificant covariates between the groups, and the sample size was too small to identify a
statistically significant difference. Nevertheless, preclinical cell-line work, coupled with
this retrospective study, warrants additional preclinical research that is aimed at identifying
the efficacy of statins in the treatment of EHE.

Importantly, YAP–TFE3 appears to be less regulated by the Hippo pathway than TC,
and diminishing the function of YAP–TFE3 via the augmentation of Hippo-pathway activity
is likely not a potent therapeutic mechanism [76,77]. This is altogether unsurprising, as all
identified YAP–TFE3 fusions have four out of the five LATS sites truncated, including the
key S127 residue [59,60,76].
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8.2. Use Drugs That Directly Act on the TC/TEAD Transcriptional Complex

As previously mentioned, TC is a transcriptional coactivator that interacts with the
TEAD family of transcription factors and relies on TEAD activity to alter transcription.
Therefore, if a small molecule can be designed to disrupt the TC–TEAD interaction, the
transcriptional activity of the entire complex can be potently inhibited [45]. As TC largely
mimics YAP/TAZ in its mechanism of action, TEAD inhibitors or YAP/TAZ–TEAD dis-
ruptors can be used to inhibit TC [75,88,107]. Currently, there are three phase 1 clinical
trials investigating the utility of novel compounds that aim to disrupt the YAP/TAZ–TEAD
complex. In all three of these trials, the primary disease being targeted is NF2-mutant
mesothelioma and other NF2-mutant solid tumors. As NF2 acts as an activator of MST1/2
phosphorylation, NF2 loss leads to the inhibition of the Hippo pathway and the over-
activation of YAP/TAZ signaling [29]. The specific compounds used in these trials are
IAG933 (NCT04857372, Novartis, Basel, Switzerland), IK-930 (NCT05228015, Ikena Oncol-
ogy, Boston, MA, USA), and VT3989 (NCT04665206, Vivace Therapeutics, San Mateo, CA,
USA) [108–110]. Some of these trials include the enrollment of EHE patients, and so it will
be interesting to see whether these drugs will have efficacy in EHE patients.

8.3. Identifying and Targeting the Oncogenic Signaling Downstream of the Fusion

We recently published a study that demonstrated that TC upregulates connective
tissue growth factor (CTGF), and that the expression of this protein is important for oncoge-
nesis [111]. CTGF binds to integrins on the cell surface, and the knockdown of cell-surface
integrins abrogates the anchorage-independent growth of cells that were transformed by
TC. The knockdown of CTGF expression in tumor xenografts reduced the rate of tumor
growth. More importantly, we observed that CTGF drives dysregulated MAPK activity,
and we used a previously approved inhibitor of dual-specificity mitogen-activated pro-
tein kinase 1 and 2 (MEK1/2) in our assays, trametinib, to inhibit TC-dependent growth.
Trametinib is used clinically for the treatment of metastatic and advanced-stage BRAF-
mutant melanoma. As hypothesized, trametinib inhibited TC-dependent growth in vitro
in colony-formation assays, and potently inhibited TC-dependent growth in vivo. This
evidence led us to develop a prospective clinical trial of trametinib in patients with EHE
(NCT03148275) [112]. The results of this study are forthcoming.

9. Conclusions

Novel model systems, which have only recently been developed, have greatly en-
hanced our understanding of EHE and have conclusively demonstrated that YAP/TAZ
fusions drive EHE and YAP1–TFE3-fused hemangioendothelioma. These fusions function
as dysregulated forms of YAP/TAZ and promote tumorigenesis. However, there are key
unanswered questions regarding the cellular origin of the tumors, mechanisms of tumori-
genesis, and specific dependencies that facilitate oncogenesis. However, we are poised
to use these recently developed and faithful EHE models to answer these questions and
many more.

TC fusion is the only observed abnormality in roughly 50% of the EHE cases, which
makes EHE a “genetically clean” model system to understand YAP/TAZ-mediated onco-
genesis. With a growing body of evidence demonstrating the central role of YAP/TAZ
dysregulation in promoting tumorigenesis, and especially aggressive tumor phenotypes,
targeted therapies that inhibit their functions may yield significant therapeutic efficacy.
While these therapeutics are in the early stages of testing, the identification of cancers
most likely to respond to these therapies is necessary for adequate clinical-trial design. As
EHE samples universally express an activating fusion containing TAZ (most commonly
TAZ–CAMTA1), EHE presents a robust system for evaluating these therapies.



Cancers 2022, 14, 2980 12 of 16

Author Contributions: Conceptualization: C.N.S.; writing—original draft preparation, C.N.S. and
A.V.P.; writing—review and editing, C.N.S., A.V.P. and B.P.R.; supervision, B.P.R.; funding acquisition,
B.P.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the generous support of the Margie and Robert E. Peterson
Foundation, the Department of Defense (RA200178), the Epithelioid Hemangioendothelioma Founda-
tion, and the Center for Research and Analysis of Vascular Tumors Foundation. C.N.S. is supported
in part by a Crile Research Fellowship, the Cleveland Clinic, and the Department of General Surgery,
the Cleveland Clinic. C.N.S. is a doctoral candidate in Molecular Medicine, the Ph.D. Program of the
Cleveland Clinic and Case Western Reserve University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
2. Yu, F.-X.; Zhao, B.; Guan, K.-L. Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer. Cell 2015, 163, 811–828.

[CrossRef] [PubMed]
3. Zanconato, F.; Cordenonsi, M.; Piccolo, S. YAP/TAZ at the Roots of Cancer. Cancer Cell 2016, 29, 783–803. [CrossRef] [PubMed]
4. Song, H.; Mak, K.K.; Topol, L.; Yun, K.; Hu, J.; Garrett, L.; Chen, Y.; Park, O.; Chang, J.; Simpson, R.M. Mammalian Mst1 and Mst2

Kinases Play Essential Roles in Organ Size Control and Tumor Suppression. Proc. Natl. Acad. Sci. USA 2010, 107, 1431–1436.
[CrossRef]

5. Harvey, K.F.; Pfleger, C.M.; Hariharan, I.K. The Drosophila Mst Ortholog, Hippo, Restricts Growth and Cell Proliferation and
Promotes Apoptosis. Cell 2003, 114, 457–467. [CrossRef]

6. Justice, R.W.; Zilian, O.; Woods, D.F.; Noll, M.; Bryant, P.J. The Drosophila Tumor Suppressor Gene Warts Encodes a Homolog of
Human Myotonic Dystrophy Kinase and Is Required for the Control of Cell Shape and Proliferation. Genes Dev. 1995, 9, 534–546.
[CrossRef]

7. Tapon, N.; Harvey, K.F.; Bell, D.W.; Wahrer, D.C.R.; Schiripo, T.A.; Haber, D.A.; Hariharan, I.K. Salvador Promotes Both Cell
Cycle Exit and Apoptosis in Drosophila and Is Mutated in Human Cancer Cell Lines. Cell 2002, 110, 467–478. [CrossRef]

8. Wu, S.; Huang, J.; Dong, J.; Pan, D. Hippo Encodes a Ste-20 Family Protein Kinase That Restricts Cell Proliferation and Promotes
Apoptosis in Conjunction with Salvador and Warts. Cell 2003, 114, 445–456. [CrossRef]

9. Xu, T.; Wang, W.; Zhang, S.; Stewart, R.A.; Yu, W. Identifying Tumor Suppressors in Genetic Mosaics: The Drosophila Lats Gene
Encodes a Putative Protein Kinase. Development 1995, 121, 1053–1063. [CrossRef]

10. Totaro, A.; Panciera, T.; Piccolo, S. YAP/TAZ Upstream Signals and Downstream Responses. Nat. Cell Biol. 2018, 20, 888–899.
[CrossRef]

11. Meng, Z.; Moroishi, T.; Guan, K.-L. Mechanisms of Hippo Pathway Regulation. Genes Dev. 2016, 30, 1–17. [CrossRef] [PubMed]
12. Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.; Forcato, M.; Bicciato,

S.; et al. Role of YAP/TAZ in Mechanotransduction. Nature 2011, 474, 179–183. [CrossRef] [PubMed]
13. Aragona, M.; Panciera, T.; Manfrin, A.; Giulitti, S.; Michielin, F.; Elvassore, N.; Dupont, S.; Piccolo, S. A Mechanical Checkpoint

Controls Multicellular Growth through YAP/TAZ Regulation by Actin-Processing Factors. Cell 2013, 154, 1047–1059. [CrossRef]
[PubMed]

14. Furukawa, K.T.; Yamashita, K.; Sakurai, N.; Ohno, S. The Epithelial Circumferential Actin Belt Regulates YAP/TAZ through
Nucleocytoplasmic Shuttling of Merlin. Cell Rep. 2017, 20, 1435–1447. [CrossRef]

15. Martin, K.; Pritchett, J.; Llewellyn, J.; Mullan, A.F.; Athwal, V.S.; Dobie, R.; Harvey, E.; Zeef, L.; Farrow, S.; Streuli, C.; et al. PAK
Proteins and YAP-1 Signalling Downstream of Integrin Beta-1 in Myofibroblasts Promote Liver Fibrosis. Nat. Commun. 2016,
7, 12502. [CrossRef]

16. Sabra, H.; Brunner, M.; Mandati, V.; Wehrle-Haller, B.; Lallemand, D.; Ribba, A.-S.; Chevalier, G.; Guardiola, P.; Block, M.R.;
Bouvard, D. B1 Integrin-Dependent Rac/Group I PAK Signaling Mediates YAP Activation of Yes-Associated Protein 1 (YAP1) via
NF2/Merlin. J. Biol. Chem. 2017, 292, 19179–19197. [CrossRef]

17. Sero, J.E.; Bakal, C. Multiparametric Analysis of Cell Shape Demonstrates That β-PIX Directly Couples YAP Activation to
Extracellular Matrix Adhesion. Cell Syst. 2017, 4, 84–96.e6. [CrossRef]

18. Feng, X.; Degese, M.S.; Iglesias-Bartolome, R.; Vaque, J.P.; Molinolo, A.A.; Rodrigues, M.; Zaidi, M.R.; Ksander, B.R.; Merlino, G.;
Sodhi, A.; et al. Hippo-Independent Activation of YAP by the GNAQ Uveal Melanoma Oncogene through a Trio-Regulated Rho
GTPase Signaling Circuitry. Cancer Cell 2014, 25, 831–845. [CrossRef]

19. Yu, F.-X.; Zhao, B.; Panupinthu, N.; Jewell, J.L.; Lian, I.; Wang, L.H.; Zhao, J.; Yuan, H.; Tumaneng, K.; Li, H.; et al. Regulation of
the Hippo-YAP Pathway by G-Protein-Coupled Receptor Signaling. Cell 2012, 150, 780–791. [CrossRef]

20. Santinon, G.; Pocaterra, A.; Dupont, S. Control of YAP/TAZ Activity by Metabolic and Nutrient-Sensing Pathways. Trends Cell
Biol. 2016, 26, 289–299. [CrossRef]

21. Zhao, B.; Wei, X.; Li, W.; Udan, R.S.; Yang, Q.; Kim, J.; Xie, J.; Ikenoue, T.; Yu, J.; Li, L. Inactivation of YAP Oncoprotein by the
Hippo Pathway Is Involved in Cell Contact Inhibition and Tissue Growth Control. Genes Dev. 2007, 21, 2747–2761. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/j.cell.2015.10.044
http://www.ncbi.nlm.nih.gov/pubmed/26544935
http://doi.org/10.1016/j.ccell.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27300434
http://doi.org/10.1073/pnas.0911409107
http://doi.org/10.1016/S0092-8674(03)00557-9
http://doi.org/10.1101/gad.9.5.534
http://doi.org/10.1016/S0092-8674(02)00824-3
http://doi.org/10.1016/S0092-8674(03)00549-X
http://doi.org/10.1242/dev.121.4.1053
http://doi.org/10.1038/s41556-018-0142-z
http://doi.org/10.1101/gad.274027.115
http://www.ncbi.nlm.nih.gov/pubmed/26728553
http://doi.org/10.1038/nature10137
http://www.ncbi.nlm.nih.gov/pubmed/21654799
http://doi.org/10.1016/j.cell.2013.07.042
http://www.ncbi.nlm.nih.gov/pubmed/23954413
http://doi.org/10.1016/j.celrep.2017.07.032
http://doi.org/10.1038/ncomms12502
http://doi.org/10.1074/jbc.M117.808063
http://doi.org/10.1016/j.cels.2016.11.015
http://doi.org/10.1016/j.ccr.2014.04.016
http://doi.org/10.1016/j.cell.2012.06.037
http://doi.org/10.1016/j.tcb.2015.11.004
http://doi.org/10.1101/gad.1602907
http://www.ncbi.nlm.nih.gov/pubmed/17974916


Cancers 2022, 14, 2980 13 of 16

22. Fan, R.; Kim, N.-G.; Gumbiner, B.M. Regulation of Hippo Pathway by Mitogenic Growth Factors via Phosphoinositide 3-Kinase
and Phosphoinositide-Dependent Kinase-1. Proc. Natl. Acad. Sci. USA 2013, 110, 2569–2574. [CrossRef] [PubMed]

23. Reddy, B.V.V.G.; Irvine, K.D. Regulation of Hippo Signaling by EGFR-MAPK Signaling through Ajuba Family Proteins. Dev. Cell
2013, 24, 459–471. [CrossRef] [PubMed]

24. Zhang, J.; Ji, J.-Y.; Yu, M.; Overholtzer, M.; Smolen, G.A.; Wang, R.; Brugge, J.S.; Dyson, N.J.; Haber, D.A. YAP-Dependent Induction
of Amphiregulin Identifies a Non-Cell-Autonomous Component of the Hippo Pathway. Nat. Cell Biol. 2009, 11, 1444–1450.
[CrossRef]

25. Bae, S.J.; Luo, X. Activation Mechanisms of the Hippo Kinase Signaling Cascade. Biosci. Rep. 2018, 38, BSR20171469. [CrossRef]
26. Boggiano, J.C.; Vanderzalm, P.J.; Fehon, R.G. Tao-1 Phosphorylates Hippo/MST Kinases to Regulate the Hippo-Salvador-Warts

Tumor Suppressor Pathway. Dev. Cell 2011, 21, 888–895. [CrossRef]
27. Callus, B.A.; Verhagen, A.M.; Vaux, D.L. Association of Mammalian Sterile Twenty Kinases, Mst1 and Mst2, with HSalvador via

C-Terminal Coiled-Coil Domains, Leads to Its Stabilization and Phosphorylation. FEBS J. 2006, 273, 4264–4276. [CrossRef]
28. Praskova, M.; Xia, F.; Avruch, J. MOBKL1A/MOBKL1B Phosphorylation by MST1 and MST2 Inhibits Cell Proliferation. Curr.

Biol. 2008, 18, 311–321. [CrossRef]
29. Yin, F.; Yu, J.; Zheng, Y.; Chen, Q.; Zhang, N.; Pan, D. Spatial Organization of Hippo Signaling at the Plasma Membrane Mediated

by the Tumor Suppressor Merlin/NF2. Cell 2013, 154, 1342–1355. [CrossRef]
30. Hergovich, A.; Schmitz, D.; Hemmings, B.A. The Human Tumour Suppressor LATS1 Is Activated by Human MOB1 at the

Membrane. Biochem. Biophys. Res. Commun. 2006, 345, 50–58. [CrossRef]
31. Chan, E.H.Y.; Nousiainen, M.; Chalamalasetty, R.B.; Schäfer, A.; Nigg, E.A.; Silljé, H.H.W. The Ste20-like Kinase Mst2 Activates

the Human Large Tumor Suppressor Kinase Lats1. Oncogene 2005, 24, 2076–2086. [CrossRef] [PubMed]
32. Hao, Y.; Chun, A.; Cheung, K.; Rashidi, B.; Yang, X. Tumor Suppressor LATS1 Is a Negative Regulator of Oncogene YAP. J. Biol.

Chem. 2008, 283, 5496–5509. [CrossRef] [PubMed]
33. Lei, Q.-Y.; Zhang, H.; Zhao, B.; Zha, Z.-Y.; Bai, F.; Pei, X.-H.; Zhao, S.; Xiong, Y.; Guan, K.-L. TAZ Promotes Cell Proliferation

and Epithelial-Mesenchymal Transition and Is Inhibited by the Hippo Pathway. Mol. Cell Biol. 2008, 28, 2426–2436. [CrossRef]
[PubMed]

34. Liu, C.-Y.; Zha, Z.-Y.; Zhou, X.; Zhang, H.; Huang, W.; Zhao, D.; Li, T.; Chan, S.W.; Lim, C.J.; Hong, W.; et al. The Hippo Tumor
Pathway Promotes TAZ Degradation by Phosphorylating a Phosphodegron and Recruiting the SCF{beta}-TrCP E3 Ligase. J. Biol.
Chem. 2010, 285, 37159–37169. [CrossRef]

35. Chan, S.W.; Lim, C.J.; Guo, K.; Ng, C.P.; Lee, I.; Hunziker, W.; Zeng, Q.; Hong, W. A Role for TAZ in Migration, Invasion, and
Tumorigenesis of Breast Cancer Cells. Cancer Res. 2008, 68, 2592–2598. [CrossRef]

36. Pobbati, A.V.; Hong, W. Emerging Roles of TEAD Transcription Factors and Its Coactivators in Cancers. Cancer Biol. Ther. 2013,
14, 390–398. [CrossRef]

37. Pobbati, A.V.; Chan, S.W.; Lee, I.; Song, H.; Hong, W. Structural and Functional Similarity between the Vgll1-TEAD and the
YAP-TEAD Complexes. Structure 2012, 20, 1135–1140. [CrossRef]

38. Zhao, B.; Ye, X.; Yu, J.; Li, L.; Li, W.; Li, S.; Yu, J.; Lin, J.D.; Wang, C.-Y.; Chinnaiyan, A.M. TEAD Mediates YAP-Dependent Gene
Induction and Growth Control. Genes Dev. 2008, 22, 1962–1971. [CrossRef]

39. Cordenonsi, M.; Zanconato, F.; Azzolin, L.; Forcato, M.; Rosato, A.; Frasson, C.; Inui, M.; Montagner, M.; Parenti, A.R.; Poletti,
A.; et al. The Hippo Transducer TAZ Confers Cancer Stem Cell-Related Traits on Breast Cancer Cells. Cell 2011, 147, 759–772.
[CrossRef]

40. Lamar, J.M.; Stern, P.; Liu, H.; Schindler, J.W.; Jiang, Z.G.; Hynes, R.O. The Hippo Pathway Target, YAP, Promotes Metastasis
through Its TEAD-Interaction Domain. Proc. Natl. Acad. Sci. USA 2012, 109, E2441–E2450. [CrossRef]

41. Ma, S.; Tang, T.; Probst, G.; Konradi, A.; Jin, C.; Li, F.; Silvio Gutkind, J.; Fu, X.-D.; Guan, K.-L. Transcriptional Repression of
Estrogen Receptor Alpha by YAP Reveals the Hippo Pathway as Therapeutic Target for ER+ Breast Cancer. Nat. Commun. 2022,
13, 1061. [CrossRef]

42. Grieve, S.; Wajnberg, G.; Lees, M.; Chacko, S.; Weir, J.; Crapoulet, N.; Reiman, T. TAZ Functions as a Tumor Suppressor in Multiple
Myeloma by Downregulating MYC. Blood Adv. 2019, 3, 3613–3625. [CrossRef] [PubMed]

43. Pearson, J.D.; Huang, K.; Pacal, M.; McCurdy, S.R.; Lu, S.; Aubry, A.; Yu, T.; Wadosky, K.M.; Zhang, L.; Wang, T.; et al.
Binary Pan-Cancer Classes with Distinct Vulnerabilities Defined by pro- or Anti-Cancer YAP/TEAD Activity. Cancer Cell 2021,
39, 1115–1134.e12. [CrossRef] [PubMed]

44. Han, H.; Yang, B.; Nakaoka, H.J.; Yang, J.; Zhao, Y.; Le Nguyen, K.; Bishara, A.T.; Mandalia, T.K.; Wang, W. Hippo Signaling
Dysfunction Induces Cancer Cell Addiction to YAP. Oncogene 2018, 37, 6414–6424. [CrossRef] [PubMed]

45. Pobbati, A.V.; Hong, W. A Combat with the YAP/TAZ-TEAD Oncoproteins for Cancer Therapy. Theranostics 2020, 10, 3622–3635.
[CrossRef]

46. Weiss, S.W.; Enzinger, F.M. Epithelioid Hemangioendothelioma: A Vascular Tumor Often Mistaken for a Carcinoma. Cancer 1982,
50, 970–981. [CrossRef]

47. Sardaro, A.; Bardoscia, L.; Petruzzelli, M.F.; Portaluri, M. Epithelioid Hemangioendothelioma: An Overview and Update on a
Rare Vascular Tumor. Oncol Rev. 2014, 8, 259. [CrossRef]

http://doi.org/10.1073/pnas.1216462110
http://www.ncbi.nlm.nih.gov/pubmed/23359693
http://doi.org/10.1016/j.devcel.2013.01.020
http://www.ncbi.nlm.nih.gov/pubmed/23484853
http://doi.org/10.1038/ncb1993
http://doi.org/10.1042/BSR20171469
http://doi.org/10.1016/j.devcel.2011.08.028
http://doi.org/10.1111/j.1742-4658.2006.05427.x
http://doi.org/10.1016/j.cub.2008.02.006
http://doi.org/10.1016/j.cell.2013.08.025
http://doi.org/10.1016/j.bbrc.2006.03.244
http://doi.org/10.1038/sj.onc.1208445
http://www.ncbi.nlm.nih.gov/pubmed/15688006
http://doi.org/10.1074/jbc.M709037200
http://www.ncbi.nlm.nih.gov/pubmed/18158288
http://doi.org/10.1128/MCB.01874-07
http://www.ncbi.nlm.nih.gov/pubmed/18227151
http://doi.org/10.1074/jbc.M110.152942
http://doi.org/10.1158/0008-5472.CAN-07-2696
http://doi.org/10.4161/cbt.23788
http://doi.org/10.1016/j.str.2012.04.004
http://doi.org/10.1101/gad.1664408
http://doi.org/10.1016/j.cell.2011.09.048
http://doi.org/10.1073/pnas.1212021109
http://doi.org/10.1038/s41467-022-28691-0
http://doi.org/10.1182/bloodadvances.2019000374
http://www.ncbi.nlm.nih.gov/pubmed/31743393
http://doi.org/10.1016/j.ccell.2021.06.016
http://www.ncbi.nlm.nih.gov/pubmed/34270926
http://doi.org/10.1038/s41388-018-0419-5
http://www.ncbi.nlm.nih.gov/pubmed/30068939
http://doi.org/10.7150/thno.40889
http://doi.org/10.1002/1097-0142(19820901)50:5&lt;970::AID-CNCR2820500527&gt;3.0.CO;2-Z
http://doi.org/10.4081/oncol.2014.259


Cancers 2022, 14, 2980 14 of 16

48. Bagan, P.; Hassan, M.; Le Pimpec Barthes, F.; Peyrard, S.; Souilamas, R.; Danel, C.; Riquet, M. Prognostic Factors and Surgical
Indications of Pulmonary Epithelioid Hemangioendothelioma: A Review of the Literature. Ann. Thorac. Surg. 2006, 82, 2010–2013.
[CrossRef]

49. Lau, K.; Massad, M.; Pollak, C.; Rubin, C.; Yeh, J.; Wang, J.; Edelman, G.; Yeh, J.; Prasad, S.; Weinberg, G. Clinical Patterns and
Outcome in Epithelioid Hemangioendothelioma with or without Pulmonary Involvement: Insights from an Internet Registry in
the Study of a Rare Cancer. Chest 2011, 140, 1312–1318. [CrossRef]

50. Rosenbaum, E.; Jadeja, B.; Xu, B.; Zhang, L.; Agaram, N.P.; Travis, W.; Singer, S.; Tap, W.D.; Antonescu, C.R. Prognostic
Stratification of Clinical and Molecular Epithelioid Hemangioendothelioma Subsets. Mod. Pathol. 2020, 33, 591–602. [CrossRef]

51. Amin, R.M.S.; Hiroshima, K.; Kokubo, T.; Nishikawa, M.; Narita, M.; Kuroki, M.; Nakatani, Y. Risk Factors and Independent
Predictors of Survival in Patients with Pulmonary Epithelioid Haemangioendothelioma. Review of the Literature and a Case
Report. Respirology 2006, 11, 818–825. [CrossRef] [PubMed]

52. Makhlouf, H.R.; Ishak, K.G.; Goodman, Z.D. Epithelioid Hemangioendothelioma of the Liver: A Clinicopathologic Study of 137
Cases. Cancer 1999, 85, 562–582. [CrossRef]

53. Antonescu, C. Malignant Vascular Tumors—An Update. Mod. Pathol. 2014, 27 (Suppl. S1), S30–S38. [CrossRef]
54. Mentzel, T.; Beham, A.; Calonje, E.; Katenkamp, D.; Fletcher, C.D. Epithelioid Hemangioendothelioma of Skin and Soft Tissues:

Clinicopathologic and Immunohistochemical Study of 30 Cases. Am. J. Surg. Pathol. 1997, 21, 363–374. [CrossRef] [PubMed]
55. Mendlick, M.R.; Nelson, M.; Pickering, D.; Johansson, S.L.; Seemayer, T.A.; Neff, J.R.; Vergara, G.; Rosenthal, H.; Bridge, J.A.

Translocation t(1;3)(P36.3;Q25) Is a Nonrandom Aberration in Epithelioid Hemangioendothelioma. Am. J. Surg. Pathol. 2001,
25, 684–687. [CrossRef]

56. Tanas, M.R.; Sboner, A.; Oliveira, A.M.; Erickson-Johnson, M.R.; Hespelt, J.; Hanwright, P.J.; Flanagan, J.; Luo, Y.; Fenwick, K.;
Natrajan, R.; et al. Identification of a Disease-Defining Gene Fusion in Epithelioid Hemangioendothelioma. Sci. Transl. Med. 2011,
3, 98ra82. [CrossRef]

57. Errani, C.; Zhang, L.; Sung, Y.S.; Hajdu, M.; Singer, S.; Maki, R.G.; Healey, J.H.; Antonescu, C.R. A Novel WWTR1-CAMTA1 Gene
Fusion Is a Consistent Abnormality in Epithelioid Hemangioendothelioma of Different Anatomic Sites. Genes Chromosomes Cancer
2011, 50, 644–653. [CrossRef]

58. Shibuya, R.; Matsuyama, A.; Shiba, E.; Harada, H.; Yabuki, K.; Hisaoka, M. CAMTA1 Is a Useful Immunohistochemical Marker
for Diagnosing Epithelioid Haemangioendothelioma. Histopathology 2015, 67, 827–835. [CrossRef]

59. Antonescu, C.R.; Le Loarer, F.; Mosquera, J.; Sboner, A.; Zhang, L.; Chen, C.; Chen, H.; Pathan, N.; Krausz, T.; Dickson, B.C. Novel
YAP1-TFE3 Fusion Defines a Distinct Subset of Epithelioid Hemangioendothelioma. Genes Chromosomes Cancer 2013, 52, 775–784.
[CrossRef]

60. Dermawan, J.K.; Azzato, E.M.; Billings, S.D.; Fritchie, K.J.; Aubert, S.; Bahrami, A.; Barisella, M.; Baumhoer, D.; Blum, V.; Bode,
B.; et al. YAP1-TFE3-Fused Hemangioendothelioma: A Multi-Institutional Clinicopathologic Study of 24 Genetically-Confirmed
Cases. Mod. Pathol. 2021, 34, 2211–2221. [CrossRef]

61. Puls, F.; Niblett, A.; Clarke, J.; Kindblom, L.-G.; McCulloch, T. YAP1-TFE3 Epithelioid Hemangioendothelioma: A Case without
Vasoformation and a New Transcript Variant. Virchows Arch. 2015, 466, 473–478. [CrossRef] [PubMed]

62. Dermawan, J.K.; Azzato, E.M.; McKenney, J.K.; Liegl-Atzwanger, B.; Rubin, B.P. YAP1-TFE3 Gene Fusion Variant in Clear Cell
Stromal Tumour of Lung: Report of Two Cases in Support of a Distinct Entity. Histopathology 2021, 79, 940–946. [CrossRef]
[PubMed]

63. Patton, A.; Bridge, J.A.; Liebner, D.; Chung, C.; Iwenofu, O.H. A YAP1::TFE3 Cutaneous Low-Grade Fibromyxoid Neoplasm: A
Novel Entity! Genes Chromosomes Cancer 2022, 61, 194–199. [CrossRef] [PubMed]

64. Agaimy, A.; Stoehr, R.; Michal, M.; Christopoulos, P.; Winter, H.; Zhang, L.; Stenzinger, A.; Michal, M.; Mechtersheimer, G.;
Antonescu, C.R. Recurrent YAP1-TFE3 Gene Fusions in Clear Cell Stromal Tumor of the Lung. Am. J. Surg. Pathol. 2021,
45, 1541–1549. [CrossRef]

65. Suurmeijer, A.J.; Dickson, B.C.; Swanson, D.; Sung, Y.S.; Zhang, L.; Antonescu, C.R. Variant WWTR1 Gene Fusions in Epithelioid
Hemangioendothelioma—A Genetic Subset Associated with Cardiac Involvement. Genes Chromosomes Cancer 2020, 59, 389–395.
[CrossRef]

66. Seligson, N.D.; Awasthi, A.; Millis, S.Z.; Turpin, B.K.; Meyer, C.F.; Grand’Maison, A.; Liebner, D.A.; Hays, J.L.; Chen, J.L. Common
Secondary Genomic Variants Associated with Advanced Epithelioid Hemangioendothelioma. JAMA Netw. Open 2019, 2, e1912416.
[CrossRef]

67. Bas-Orth, C.; Tan, Y.-W.; Oliveira, A.M.; Bengtson, C.P.; Bading, H. The Calmodulin-Binding Transcription Activator CAMTA1 Is
Required for Long-Term Memory Formation in Mice. Learn. Mem. 2016, 23, 313–321. [CrossRef]

68. Huentelman, M.J.; Papassotiropoulos, A.; Craig, D.W.; Hoerndli, F.J.; Pearson, J.V.; Huynh, K.-D.; Corneveaux, J.; Hänggi, J.;
Mondadori, C.R.; Buchmann, A. Calmodulin-Binding Transcription Activator 1 (CAMTA1) Alleles Predispose Human Episodic
Memory Performance. Hum. Mol. Genet. 2007, 16, 1469–1477. [CrossRef]

69. Schraivogel, D.; Weinmann, L.; Beier, D.; Tabatabai, G.; Eichner, A.; Zhu, J.Y.; Anton, M.; Sixt, M.; Weller, M.; Beier, C.P. CAMTA1
Is a Novel Tumour Suppressor Regulated by MiR-9/9* in Glioblastoma Stem Cells. EMBO J. 2011, 30, 4309–4322. [CrossRef]

70. Ding, L.-J.; Li, Y.; Wang, S.-D.; Wang, X.-S.; Fang, F.; Wang, W.-Y.; Lv, P.; Zhao, D.-H.; Wei, F.; Qi, L. Long Noncoding RNA
LncCAMTA1 Promotes Proliferation and Cancer Stem Cell-like Properties of Liver Cancer by Inhibiting CAMTA1. Int. J. Mol. Sci.
2016, 17, 1617. [CrossRef]

http://doi.org/10.1016/j.athoracsur.2006.06.068
http://doi.org/10.1378/chest.11-0039
http://doi.org/10.1038/s41379-019-0368-8
http://doi.org/10.1111/j.1440-1843.2006.00923.x
http://www.ncbi.nlm.nih.gov/pubmed/17052315
http://doi.org/10.1002/(SICI)1097-0142(19990201)85:3&lt;562::AID-CNCR7&gt;3.0.CO;2-T
http://doi.org/10.1038/modpathol.2013.176
http://doi.org/10.1097/00000478-199704000-00001
http://www.ncbi.nlm.nih.gov/pubmed/9130982
http://doi.org/10.1097/00000478-200105000-00019
http://doi.org/10.1126/scitranslmed.3002409
http://doi.org/10.1002/gcc.20886
http://doi.org/10.1111/his.12713
http://doi.org/10.1002/gcc.22073
http://doi.org/10.1038/s41379-021-00879-7
http://doi.org/10.1007/s00428-015-1730-y
http://www.ncbi.nlm.nih.gov/pubmed/25680571
http://doi.org/10.1111/his.14437
http://www.ncbi.nlm.nih.gov/pubmed/34156713
http://doi.org/10.1002/gcc.23018
http://www.ncbi.nlm.nih.gov/pubmed/34874592
http://doi.org/10.1097/PAS.0000000000001719
http://doi.org/10.1002/gcc.22839
http://doi.org/10.1001/jamanetworkopen.2019.12416
http://doi.org/10.1101/lm.041111.115
http://doi.org/10.1093/hmg/ddm097
http://doi.org/10.1038/emboj.2011.301
http://doi.org/10.3390/ijms17101617


Cancers 2022, 14, 2980 15 of 16

71. Henrich, K.-O.; Bauer, T.; Schulte, J.; Ehemann, V.; Deubzer, H.; Gogolin, S.; Muth, D.; Fischer, M.; Benner, A.; König, R. CAMTA1,
a 1p36 Tumor Suppressor Candidate, Inhibits Growth and Activates Differentiation Programs in Neuroblastoma Cells. Cancer
Res. 2011, 71, 3142–3151. [CrossRef] [PubMed]

72. Henrich, K.-O.; Fischer, M.; Mertens, D.; Benner, A.; Wiedemeyer, R.; Brors, B.; Oberthuer, A.; Berthold, F.; Wei, J.S.; Khan, J.
Reduced Expression of CAMTA1 Correlates with Adverse Outcome in Neuroblastoma Patients. Clin. Cancer Res. 2006, 12, 131–138.
[CrossRef] [PubMed]

73. Barbashina, V.; Salazar, P.; Holland, E.C.; Rosenblum, M.K.; Ladanyi, M. Allelic Losses at 1p36 and 19q13 in Gliomas: Correlation
with Histologic Classification, Definition of a 150-Kb Minimal Deleted Region on 1p36, and Evaluation of CAMTA1 as a Candidate
Tumor Suppressor Gene. Clin. Cancer Res. 2005, 11, 1119–1128. [CrossRef] [PubMed]

74. He, Z.; Yang, C.; He, Y.; Gong, B.; Yin, C.; Feng, J.; Chen, L.; Tang, J.; Chen, Y. CAMTA1, a Novel Antitumor Gene, Regulates
Proliferation and the Cell Cycle in Glioma by Inhibiting AKT Phosphorylation. Cell. Signal. 2021, 79, 109882. [CrossRef] [PubMed]

75. Tanas, M.R.; Ma, S.; Jadaan, F.O.; Ng, C.K.Y.; Weigelt, B.; Reis-Filho, J.S.; Rubin, B.P. Mechanism of Action of a WWTR1(TAZ)-
CAMTA1 Fusion Oncoprotein. Oncogene 2016, 35, 929–938. [CrossRef]

76. Szulzewsky, F.; Arora, S.; Hoellerbauer, P.; King, C.; Nathan, E.; Chan, M.; Cimino, P.J.; Ozawa, T.; Kawauchi, D.; Pajtler, K.W.; et al.
Comparison of Tumor-Associated YAP1 Fusions Identifies a Recurrent Set of Functions Critical for Oncogenesis. Genes Dev. 2020,
34, 1051–1064. [CrossRef]

77. Merritt, N.; Garcia, K.; Rajendran, D.; Lin, Z.-Y.; Zhang, X.; Mitchell, K.A.; Borcherding, N.; Fullenkamp, C.; Chimenti, M.S.;
Gingras, A.-C.; et al. TAZ-CAMTA1 and YAP-TFE3 Alter the TAZ/YAP Transcriptome by Recruiting the ATAC Histone
Acetyltransferase Complex. eLife 2021, 10, e62857. [CrossRef]

78. Zhao, B.; Li, L.; Tumaneng, K.; Wang, C.-Y.; Guan, K.-L. A Coordinated Phosphorylation by Lats and CK1 Regulates YAP Stability
through SCF(Beta-TRCP). Genes Dev. 2010, 24, 72–85. [CrossRef]

79. Steingrimsson, E.; Tessarollo, L.; Pathak, B.; Hou, L.; Arnheiter, H.; Copeland, N.G.; Jenkins, N.A. Mitf and Tfe3, Two Members
of the Mitf-Tfe Family of BHLH-Zip Transcription Factors, Have Important but Functionally Redundant Roles in Osteoclast
Development. Proc. Natl. Acad. Sci. USA 2002, 99, 4477–4482. [CrossRef]

80. Seavey, C.N.; Rubin, B.P. Letter by Seavey and Rubin Regarding Article, “Sustained Activation of Endothelial YAP1 Causes
Epithelioid Hemangioendothelioma”. Arter. Thromb. Vasc. Biol. 2021, 41, e491–e492. [CrossRef]

81. Suganuma, T.; Gutiérrez, J.L.; Li, B.; Florens, L.; Swanson, S.K.; Washburn, M.P.; Abmayr, S.M.; Workman, J.L. ATAC Is a Double
Histone Acetyltransferase Complex That Stimulates Nucleosome Sliding. Nat. Struct. Mol. Biol. 2008, 15, 364–372. [CrossRef]
[PubMed]

82. Ciurciu, A.; Komonyi, O.; Pankotai, T.; Boros, I.M. The Drosophila Histone Acetyltransferase Gcn5 and Transcriptional Adaptor
Ada2a Are Involved in Nucleosomal Histone H4 Acetylation. Mol. Cell Biol. 2006, 26, 9413–9423. [CrossRef] [PubMed]

83. Guelman, S.; Suganuma, T.; Florens, L.; Swanson, S.K.; Kiesecker, C.L.; Kusch, T.; Anderson, S.; Yates, J.R., 3rd; Washburn, M.P.;
Abmayr, S.M.; et al. Host Cell Factor and an Uncharacterized SANT Domain Protein Are Stable Components of ATAC, a Novel
DAda2A/DGcn5-Containing Histone Acetyltransferase Complex in Drosophila. Mol. Cell Biol. 2006, 26, 871–882. [CrossRef]
[PubMed]

84. Karmodiya, K.; Krebs, A.R.; Oulad-Abdelghani, M.; Kimura, H.; Tora, L. H3K9 and H3K14 Acetylation Co-Occur at Many Gene
Regulatory Elements, While H3K14ac Marks a Subset of Inactive Inducible Promoters in Mouse Embryonic Stem Cells. BMC
Genom. 2012, 13, 424. [CrossRef]

85. Shogren-Knaak, M.; Ishii, H.; Sun, J.-M.; Pazin, M.J.; Davie, J.R.; Peterson, C.L. Histone H4-K16 Acetylation Controls Chromatin
Structure and Protein Interactions. Science 2006, 311, 844–847. [CrossRef]

86. Guelman, S.; Kozuka, K.; Mao, Y.; Pham, V.; Solloway, M.J.; Wang, J.; Wu, J.; Lill, J.R.; Zha, J. The Double-Histone-Acetyltransferase
Complex ATAC Is Essential for Mammalian Development. Mol. Cell Biol. 2009, 29, 1176–1188. [CrossRef]

87. Mi, W.; Guan, H.; Lyu, J.; Zhao, D.; Xi, Y.; Jiang, S.; Andrews, F.H.; Wang, X.; Gagea, M.; Wen, H. YEATS2 Links Histone
Acetylation to Tumorigenesis of Non-Small Cell Lung Cancer. Nat. Commun. 2017, 8, 1088. [CrossRef]

88. Seavey, C.N.; Pobbati, A.V.; Hallett, A.; Ma, S.; Reynolds, J.P.; Kanai, R.; Lamar, J.M.; Rubin, B.P. WWTR1(TAZ)-CAMTA1 Gene
Fusion Is Sufficient to Dysregulate YAP/TAZ Signaling and Drive Epithelioid Hemangioendothelioma Tumorigenesis. Genes Dev.
2021, 35, 512–527. [CrossRef]

89. Oswald, J.; Boxberger, S.; Jørgensen, B.; Feldmann, S.; Ehninger, G.; Bornhäuser, M.; Werner, C. Mesenchymal Stem Cells Can Be
Differentiated into Endothelial Cells in Vitro. Stem. Cells 2004, 22, 377–384. [CrossRef]

90. Yu, Q.C.; Song, W.; Wang, D.; Zeng, Y.A. Identification of Blood Vascular Endothelial Stem Cells by the Expression of Protein C
Receptor. Cell Res. 2016, 26, 1079–1098. [CrossRef]

91. Wakabayashi, T.; Naito, H.; Suehiro, J.-I.; Lin, Y.; Kawaji, H.; Iba, T.; Kouno, T.; Ishikawa-Kato, S.; Furuno, M.; Takara, K.; et al.
CD157 Marks Tissue-Resident Endothelial Stem Cells with Homeostatic and Regenerative Properties. Cell Stem Cell 2018,
22, 384–397.e6. [CrossRef] [PubMed]

92. Driskill, J.H.; Zheng, Y.; Wu, B.-K.; Wang, L.; Cai, J.; Rakheja, D.; Dellinger, M.; Pan, D. WWTR1(TAZ)-CAMTA1 Reprograms
Endothelial Cells to Drive Epithelioid Hemangioendothelioma. Genes Dev. 2021, 35, 495–511. [CrossRef] [PubMed]

93. Deininger, M.; Buchdunger, E.; Druker, B.J. The Development of Imatinib as a Therapeutic Agent for Chronic Myeloid Leukemia.
Blood 2005, 105, 2640–2653. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-10-3014
http://www.ncbi.nlm.nih.gov/pubmed/21385898
http://doi.org/10.1158/1078-0432.CCR-05-1431
http://www.ncbi.nlm.nih.gov/pubmed/16397034
http://doi.org/10.1158/1078-0432.1119.11.3
http://www.ncbi.nlm.nih.gov/pubmed/15709179
http://doi.org/10.1016/j.cellsig.2020.109882
http://www.ncbi.nlm.nih.gov/pubmed/33316386
http://doi.org/10.1038/onc.2015.148
http://doi.org/10.1101/gad.338681.120
http://doi.org/10.7554/eLife.62857
http://doi.org/10.1101/gad.1843810
http://doi.org/10.1073/pnas.072071099
http://doi.org/10.1161/ATVBAHA.121.316754
http://doi.org/10.1038/nsmb.1397
http://www.ncbi.nlm.nih.gov/pubmed/18327268
http://doi.org/10.1128/MCB.01401-06
http://www.ncbi.nlm.nih.gov/pubmed/17030603
http://doi.org/10.1128/MCB.26.3.871-882.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428443
http://doi.org/10.1186/1471-2164-13-424
http://doi.org/10.1126/science.1124000
http://doi.org/10.1128/MCB.01599-08
http://doi.org/10.1038/s41467-017-01173-4
http://doi.org/10.1101/gad.348220.120
http://doi.org/10.1634/stemcells.22-3-377
http://doi.org/10.1038/cr.2016.85
http://doi.org/10.1016/j.stem.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29429943
http://doi.org/10.1101/gad.348221.120
http://www.ncbi.nlm.nih.gov/pubmed/33766984
http://doi.org/10.1182/blood-2004-08-3097


Cancers 2022, 14, 2980 16 of 16

94. Hochhaus, A.; Larson, R.A.; Guilhot, F.; Radich, J.P.; Branford, S.; Hughes, T.P.; Baccarani, M.; Deininger, M.W.; Cervantes, F.;
Fujihara, S. Long-Term Outcomes of Imatinib Treatment for Chronic Myeloid Leukemia. N. Engl. J. Med. 2017, 376, 917–927.
[CrossRef]

95. Heinrich, M.C.; Corless, C.L.; Demetri, G.D.; Blanke, C.D.; Von Mehren, M.; Joensuu, H.; McGreevey, L.S.; Chen, C.-J.; Van den
Abbeele, A.D.; Druker, B.J. Kinase Mutations and Imatinib Response in Patients with Metastatic Gastrointestinal Stromal Tumor.
J. Clin. Oncol. 2003, 21, 4342–4349. [CrossRef] [PubMed]

96. Demetri, G.D.; Von Mehren, M.; Blanke, C.D.; Van den Abbeele, A.D.; Eisenberg, B.; Roberts, P.J.; Heinrich, M.C.; Tuveson, D.A.;
Singer, S.; Janicek, M. Efficacy and Safety of Imatinib Mesylate in Advanced Gastrointestinal Stromal Tumors. N. Engl. J. Med.
2002, 347, 472–480. [CrossRef] [PubMed]

97. Lamar, J.M.; Motilal Nehru, V.; Weinberg, G. Epithelioid Hemangioendothelioma as a Model of YAP/TAZ-Driven Cancer: Insights
from a Rare Fusion Sarcoma. Cancers 2018, 10, 229. [CrossRef]

98. Chevreau, C.; Le Cesne, A.; Ray-Coquard, I.; Italiano, A.; Cioffi, A.; Isambert, N.; Robin, Y.M.; Fournier, C.; Clisant, S.; Chaigneau,
L.; et al. Sorafenib in Patients with Progressive Epithelioid Hemangioendothelioma: A Phase 2 Study by the French Sarcoma
Group (GSF/GETO). Cancer 2013, 119, 2639–2644. [CrossRef]

99. Park, M.S.; Ravi, V.; Araujo, D.M. Inhibiting the VEGF-VEGFR Pathway in Angiosarcoma, Epithelioid Hemangioendothelioma,
and Hemangiopericytoma/Solitary Fibrous Tumor. Curr. Opin. Oncol. 2010, 22, 351–355. [CrossRef]

100. Agulnik, M.; Yarber, J.L.; Okuno, S.H.; von Mehren, M.; Jovanovic, B.D.; Brockstein, B.E.; Evens, A.M.; Benjamin, R.S. An Open-
Label, Multicenter, Phase II Study of Bevacizumab for the Treatment of Angiosarcoma and Epithelioid Hemangioendotheliomas.
Ann. Oncol. 2013, 24, 257–263. [CrossRef]

101. Azad, T.; Janse van Rensburg, H.J.; Lightbody, E.D.; Neveu, B.; Champagne, A.; Ghaffari, A.; Kay, V.R.; Hao, Y.; Shen, H.; Yeung,
B.; et al. A LATS Biosensor Screen Identifies VEGFR as a Regulator of the Hippo Pathway in Angiogenesis. Nat. Commun. 2018,
9, 1061. [CrossRef]

102. Zhao, Y.; Montminy, T.; Azad, T.; Lightbody, E.; Hao, Y.; SenGupta, S.; Asselin, E.; Nicol, C.; Yang, X. PI3K Positively Regulates
YAP and TAZ in Mammary Tumorigenesis through Multiple Signaling Pathways. Mol. Cancer Res. 2018, 16, 1046–1058. [CrossRef]

103. Stacchiotti, S.; Simeone, N.; Lo Vullo, S.; Baldi, G.G.; Brunello, A.; Vincenzi, B.; Palassini, E.; Dagrada, G.; Collini, P.; Morosi,
C.; et al. Activity of Sirolimus in Patients with Progressive Epithelioid Hemangioendothelioma: A Case-Series Analysis within
the Italian Rare Cancer Network. Cancer 2021, 127, 569–576. [CrossRef]

104. Sorrentino, G.; Ruggeri, N.; Specchia, V.; Cordenonsi, M.; Mano, M.; Dupont, S.; Manfrin, A.; Ingallina, E.; Sommaggio, R.; Piazza,
S.; et al. Metabolic Control of YAP and TAZ by the Mevalonate Pathway. Nat. Cell Biol. 2014, 16, 357–366. [CrossRef]

105. Goldstein, J.L.; Brown, M.S. Regulation of the Mevalonate Pathway. Nature 1990, 343, 425–430. [CrossRef]
106. Subramaniam, A.; Zheng, J.; Yalamanchili, S.; Conley, A.P.; Ratan, R.; Somaiah, N.; Livingston, J.A.; Zarzour, M.A.; Araujo, D.M.;

Benjamin, R.S.; et al. Modulation of YAP/ TAZ by Statins to Improve Survival in Epithelioid Hemangioendothelioma (EHE).
J. Clin. Oncol. 2020, 38, e23527. [CrossRef]

107. Che, K.; Pobbati, A.V.; Seavey, C.N.; Fedorov, Y.; Komar, A.A.; Burtscher, A.; Ma, S.; Rubin, B.P. Aurintricarboxylic Acid Is a
Canonical Disruptor of the TAZ-TEAD Transcriptional Complex. PLoS ONE 2022, 17, e0266143. [CrossRef]

108. A Phase I Study of IAG933 in Patients with Advanced Mesothelioma and Other Solid Tumors. Available online: https://www.
clinicaltrials.gov/ct2/show/NCT04857372 (accessed on 3 May 2022).

109. Oral TEAD Inhibitor Targeting the Hippo Pathway in Subjects with Advanced Solid Tumors. Available online: https://
clinicaltrials.gov/ct2/show/NCT05228015 (accessed on 3 May 2022).

110. Study to Evaluate VT3989 in Patients with Metastatic Solid Tumors Enriched for Tumors with NF2 Gene Mutations. Available
online: https://clinicaltrials.gov/ct2/show/NCT04665206 (accessed on 3 May 2022).

111. Ma, S.; Kanai, R.; Pobbati, A.V.; Li, S.; Che, K.; Seavey, C.N.; Hallett, A.; Burtscher, A.; Lamar, J.M.; Rubin, B.P. The TAZ-
CAMTA1 Fusion Protein Promotes Tumorigenesis via Connective Tissue Growth Factor and Ras-MAPK Signaling in Epithelioid
Hemangioendothelioma. Clin. Cancer Res. 2022, clincanres.0421.2022. [CrossRef]

112. Trametinib in Treating Patients with Epithelioid Hemangioendothelioma That Is Metastatic, Locally Advanced, or Cannot Be
Removed by Surgery. Available online: https://clinicaltrials.gov/ct2/show/NCT03148275 (accessed on 3 May 2022).

http://doi.org/10.1056/NEJMoa1609324
http://doi.org/10.1200/JCO.2003.04.190
http://www.ncbi.nlm.nih.gov/pubmed/14645423
http://doi.org/10.1056/NEJMoa020461
http://www.ncbi.nlm.nih.gov/pubmed/12181401
http://doi.org/10.3390/cancers10070229
http://doi.org/10.1002/cncr.28109
http://doi.org/10.1097/CCO.0b013e32833aaad4
http://doi.org/10.1093/annonc/mds237
http://doi.org/10.1038/s41467-018-03278-w
http://doi.org/10.1158/1541-7786.MCR-17-0593
http://doi.org/10.1002/cncr.33247
http://doi.org/10.1038/ncb2936
http://doi.org/10.1038/343425a0
http://doi.org/10.1200/JCO.2020.38.15_suppl.e23527
http://doi.org/10.1371/journal.pone.0266143
https://www.clinicaltrials.gov/ct2/show/NCT04857372
https://www.clinicaltrials.gov/ct2/show/NCT04857372
https://clinicaltrials.gov/ct2/show/NCT05228015
https://clinicaltrials.gov/ct2/show/NCT05228015
https://clinicaltrials.gov/ct2/show/NCT04665206
http://doi.org/10.1158/1078-0432.CCR-22-0421
https://clinicaltrials.gov/ct2/show/NCT03148275

	Introduction 
	Epithelioid Hemangioendothelioma 
	Molecular Alterations in EHE 
	The Biology of WWTR1(TAZ)–CAMTA1 Fusion 
	Understanding the YAP1–TFE3 Fusion 
	C-Terminal Proteins Reshape the Chromatin Structure and Enhance Tumorigenesis 
	Novel Model Systems for Studying EHE Biology 
	Development of Targeted Therapies 
	Leverage the “Hippo-Dependent” and “Hippo-Independent” Mechanisms Upstream of the Fusion 
	Use Drugs That Directly Act on the TC/TEAD Transcriptional Complex 
	Identifying and Targeting the Oncogenic Signaling Downstream of the Fusion 

	Conclusions 
	References

