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signaling and drive epithelioid
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Epithelioid hemangioendothelioma (EHE) is a genetically homogenous vascular sarcoma that is a paradigm for TAZ
dysregulation in cancer. EHE harbors a WWTR1(TAZ)-CAMTA1 gene fusion in >90% of cases, 45% of which have
no other genetic alterations. In this study, we used a first of its kind approach to target the Wwir1-Camtal gene

fusion to the Wwir1 locus, to develop a conditional EHE mouse model whereby Wwir1-Camtal is controlled by the

endogenous transcriptional regulators upon Cre activation. These mice develop EHE tumors that are indistin-
guishable from human EHE clinically, histologically, immunohistochemically, and genetically. Overall, these
results demonstrate unequivocally that TAZ-CAMTALI is sufficient to drive EHE formation with exquisite
specificity, as no other tumor types were observed. Furthermore, we fully credential this unique EHE mouse model
as a valid preclinical model for understanding the role of TAZ dysregulation in cancer formation and for testing
therapies directed at TAZ-CAMTAL1, TAZ, and YAP/TAZ signaling.
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Epithelioid hemangioendothelioma (EHE) is a rare vascu-
lar sarcoma that harbors a reciprocal chromosomal
t(1p36;3q25) translocation yielding a WWTRI(TAZ)-
CAMTA1 gene fusion in 90% of cases (Mendlick et al.
2001; Errani et al. 2011; Tanas et al. 2011). Approximately
45% of EHE tumors carry only the WWTR1-CAMTA1
(WC) gene fusion with no other genetic alterations present
(Seligson et al. 2019). The WC fusion transcript is generat-
ed by joining the 5’ end of WWTRI1 at either exon 3 or 4 to
the 3’ end of CAMTALI at either exon 8 or 9 (Errani et al.
2011; Tanas et al. 2011; Patel et al. 2015). TAZ, the protein
coded for by the WWTR1 gene, and its paralog YAP are the
end effectors of the Hippo pathway (Piccolo et al. 2014).
The main function of the Hippo pathway is to restrict
YAP/TAZ localization to the cytoplasm where they are
degraded (Zhao et al. 2007). As YAP/TAZ function primar-
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ily as coactivators of gene transcription, regulation of
their localization is a key mechanism for modulating their
biologic function (Kanai et al. 2000; Huang et al. 2005). As
such, constituent serine/threonine kinases of the Hippo
pathway act to inhibit YAP/TAZ nuclear translocation
by phosphorylation, yielding both cytoplasmic retention
by binding to 14-3-3 proteins and proteolytic degradation
via polyubiquitinylation (Kanai et al. 2000; Liu et al.
2010). We have previously demonstrated the mechanism
by which the TAZ-CAMTAI fusion protein induces cell
transformation in vitro is via its ability to function as a
dysregulated TAZ-like protein (Tanas et al. 2016).

In a “Hippo off” state, whereby Hippo kinases are
inactivated, YAP/TAZ remain unphosphorylated and are

©2021 Seaveyetal. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (Attribu-
tion-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

512 GENES & DEVELOPMENT 35:512-527 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/21; www.genesdev.org


mailto:rubinb2@ccf.org
http://www.genesdev.org/cgi/doi/10.1101/gad.348220.120
http://www.genesdev.org/cgi/doi/10.1101/gad.348220.120
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

shuttled to the nucleus where they bind to transcription
factors to alter gene transcription (Liu et al. 2010; Boop-
athy and Hong 2019). Importantly, the major transcrip-
tional targets of YAP/TAZ are protumorigenic and
enhance cell proliferation, survival, and motility (Corde-
nonsi et al. 2011; Zanconato et al. 2016). Furthermore,
as YAP/TAZ are major drivers of chemotherapy resis-
tance, metastasis, and cancer stem cell phenotypes in
many cancers, these transcriptional coactivators are being
investigated broadly as therapeutic targets (Zanconato
et al. 2016; Warren et al. 2018).

Mechanistically, when compared with wild-type TAZ,
we have previously demonstrated that TAZ-CAMTALI
gains a C-terminal nuclear localization signal from
CAMTALI, which drives aberrant nuclear localization of
the fusion protein (Tanas et al. 2016). Furthermore, ex-
pression of TAZ-CAMTALI in NIH3T3 and HEK293 cells
yields an up-regulation of a TAZ-like gene expression
profile (Tanas et al. 2016). In addition, we found
that TAZ-CAMTALI relies on binding to the TEAD family
of transcription factors (TEADs 1-4), DNA-binding pro-
teins that tether YAP/TAZ to genic regulatory elements
and allows them to function as transcriptional coactiva-
tors (Tanas et al. 2016). Overall, the current working mod-
el for the mechanism of this fusion protein is that the
fusion of TAZ to CAMTALI results in a constitutively ac-
tivated TAZ-like protein (Tanas et al. 2016; Lamar et al.
2018).

While the WWTR1-CAMTA1 gene fusion is present in
the majority of human EHE tumors and in 45% of cases
is the only genetic abnormality, the ability of the resultant
TAZ-CAMTAL protein to sufficiently promote tumori-
genesis in vivo has remained an open question. Address-
ing this and other important biological questions related
to EHE has been hampered by a complete lack of EHE
cell lines and mouse models. Therefore, we sought to
develop a physiologically relevant EHE mouse model
that will also serve as a platform to study other important
biological questions in EHE and YAP/TAZ/Hippo path-
way signaling. Here, we describe the successful develop-
ment of such a model of EHE, define an EHE-specific
gene signature, and also provide insights into the EHE
cell of origin.

Results

Design and development of a conditional Wwtrl-Camtal
knock-in mouse allele

In order to model EHE in vivo, we sought to generate a
conditional mouse in which the Wwir1-Camta1 allele re-
places the endogenous Wwtr1 allele—a genetic event that
is consistently observed in human EHE (Errani et al. 2011;
Tanas et al. 2011; Patel et al. 2015). When designing our
model, we hypothesized that embryonic expression of
Wwirl-Camtal would be lethal, thus necessitating tem-
poral control of the transgene. Furthermore, we aimed to
maintain the genic transcriptional regulation by having
the fusion gene under the control of the endogenous
Wwirl promoter as the human WWTRI-CAMTA1 gene
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fusion is similarly regulated by the WWTR1 promoter.
We used a first of its kind adaptation of the FLEx (flip-
excision) system, which converts the Wwtrl gene locus
into a Wwtrl-Camtal fusion gene upon the action of
Cre recombinase.

To produce the FLEx cassette, a construct containing
the correctly oriented wild-type third exon of Wwirl
and an inverted portion of the murine Wwtrl-Camtal
CDS (Wwtrl exon 3 and Camtal exon 9 through exon
24) was created (Supplemental Fig. S1A). These exons
are flanked by both conventional LoxP and modified
Lox2272 sites (Fig. 1A). This cassette was targeted to the
endogenous Wwtrl locus through homologous recombi-
nation (Supplemental Fig. STA).

Expression of Cre mediates an inversion via the inward
facing loxP sites. This flips the previously inverted Wwir1
(exon 3)-3' Camtal fusion cDNA into the Wwtrl exon 3
position. As a result of the inversion event, the Lox2272
sites are oriented in the correct configuration to allow
for the excision of the wild-type Wwtrl exon 3. Finally,
this excision event makes the whole process irreversible
and prevents further inversions. Importantly, it is also
possible that the initial inversion event occurs with the
Lox2272 sites. However, as the Lox2272 inversion orients
the LoxP sites available for Cre-Lox excision, the end re-
sult yields an equivalent recombined allele (Supplemental
Fig. S1B). During mRNA transcription, the first two exons
of Wwirl are spliced to the mutant Wwtrl (exon 3)-3
Camtal, thereby creating the full-length Wwtr1-Camtal
fusion transcript (Fig. 1A).

One concern when using this model at a genic locus is
that the addition of the FLEx cassette would lead to signif-
icant derangement in the normal splicing of the endoge-
nous portion of the Wwtrl gene prior to Cre-mediated
recombination. When compared with the wild-type
Wwir1 allele, mice that contain one or two copies of the
Wwirl-Camtal allele in the unrecombined position do
not show any significant differences in Wwtrl splicing
at the second and third exons, suggesting that the
Wwirl-Camtal insert does not significantly alter the
post-transcriptional modification of the endogenous tran-
script (Supplemental Fig. S1C).

Wwtrl-Camtal leads to postimplantation embryonic
lethality

As YAP/TAZ plays a significant role in normal mammali-
an embryogenesis and organogenesis, we hypothesized
that the Wwtr1-Camtal fusion would lead to embryonic
lethality (Varelas 2014; Zheng and Pan 2019). Mice het-
erozygous for the Wwitrl-Camtal allele were paired
with mice that were hemizygous for an embryonically ac-
tive Cre recombinase. The progeny from this cross dis-
played no offspring with complete recombination of
the Wwirl-Camtal (WC) allele (n=38: 9 WC-/Cre—,
13 WC—/Cre+, 12 unrecombined WC+/Cre—, and 4 WC
mosaic mice that contained both recombined and unrec-
ombined alleles due to incomplete recombination by
Cre). These mosaic mice were further crossed to segregate
the WC recombined allele; however, no such progeny
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Figure 1. The mouse Wwtrl-Camtal model produces EHE tumors. (A) Schematic of the mouse model locus and CreER™ crosses.
(UnRCB) Unrecombined allele, (RCB) recombined allele, (exons 1-2) Wwtrl exons 1-2, (exon 3) Wwirl exon 3, (3'Camtal) Camtal
exon 9-stop codon in exon 24 adjoined to a hGH terminator sequence). (B) Kaplan-Meier curve for the development of EHE subdivided
based on the number of WC alleles and CreER™ driver. No tumors developed after tamoxifen treatment in mice with only one WC fusion
gene allele and one wild-type Wwtr1 allele. (n) Total number of mice of that genotype. (C) Representative gross pathology images of mouse
EHE tumors (right) with corresponding normal tissue for comparison (left). (Top) Peritoneal surface/diaphragmatic lesions (CWC).

(Bottom) Liver lesions (RWC).

were identified. Overall, these results demonstrate that
expression of Taz-Camtal during development results in
embryonic lethality.

To further identify the developmental stages that are al-
tered by the Wwitrl-Camtal allele, in vitro fertilization
(IVF) was performed with donor oocytes from homozy-
gous Cre transgene bearing mice and sperm from hetero-
zygous unrecombined WC male mice. The generated
blastocysts at E3.5 did not display any lethal effect of
the recombined WC allele (n=32: 13 WT, 9 unrecombined
WC allele, 3 mosaic, and 7 recombined WC allele). The
overall wild type to WC (both unrecombined and recom-
bined) allelic frequencies were 41% versus 59% suggest-
ing our observed WC-induced embryonic lethality
occurs postimplantation. IVF was further repeated and
the resultant blastocysts were implanted into wild-type
pseudopregnant females and collected at E13.5. At
E13.5, no embryos with the recombined WC allele re-
mained (n=31: 18 WT and 13 unrecombined WC). In
sum, these findings suggest WC-induced lethality occurs
between implantation and E13.5.

Wwtrl-Camtal is sufficient to promote EHE
tumorigenesis

In order to abrogate the aforementioned embryonic lethal-
ity, the WC-bearing mice were crossed with mice bearing
temporally controllable CreER™ recombinases that could
be activated postdevelopment. WC mice were paired with
either ubiquitously expressed Rosa26-CreERT? [B6.129-Gt
(ROSAJ26Sortm1(cre/ERT'Tyj/J, Jax] or endothelial-specif-
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ic Cdh5-CreER™ [C57BL/6-Tg(Cdh5-cre/ER™)1Rha, Ta-
conic] (Ventura et al. 2007; Sorensen et al. 2009).
Tamoxifen was administered to Cdh5-CreERT2/WC
(CWC) and Rosa26-CreERT2/WC (RWC) mice on three
consecutive days at sexual maturity (7 wk) to initiate
Cre-mediated recombination. After a minimum latency
of 157 and 120 d, both CWC and RWC mice reliably pro-
duced tumors with a penetrance of 68% and 72.2%, respec-
tively. For mice that develop tumors, the median time to
tumor development is 285 d for CWC and 357 d for RWC
mice; however the difference in time to tumor develop-
ment is not statistically significant between these two
models (Mantel-Cox P=0.854) (Fig. 1B). Two copies of the
WC transgene was necessary to generate tumors as no
mice with one copy developed tumors (Fig. 1B).Tumor pen-
etrance is not significantly different in males and females
in both models (CWC: y*=0.055, P=0.81; RWC: y*=1.23,
P=027).

Tumors develop along the peritoneal surface, and in the
liver, lungs, and soft tissue (Supplemental Fig. S2A).
Grossly, the tumors are tan and fibrotic, often with areas
of punctate hemorrhage (Fig. 1C). Individual organ in-
volvement ranges from microscopic tumors to subtotal re-
placement of the normal tissue parenchyma. Peritoneal
surface tumors develop as small tan to erythematous con-
fluent masses along the entire abdominal surface of the
diaphragm and the retroperitoneum, often encasing ab-
dominal organs including liver, kidney, pancreas, and
spleen (Fig. 1C). Importantly, these anatomic locations
correspond closely to those seen in human EHE (Sardaro
et al. 2014).
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WC mouse tumors are histologically identical
to human EHE

As human EHE displays a highly distinctive histologic
phenotype that differentiates it from the large constella-
tion of vascular tumors including angiosarcomas, other
hemangioendotheliomas, hemangiomas, etc., replication
of this phenotype in a mouse model is essential for mod-
eling EHE (Makhlouf et al. 1999). Human EHE is charac-
terized by cords and nests of small epithelioid cells set
in a distinctive myxohyaline stroma (Makhlouf et al.
1999). Tumor cells are often vacuolated as well. EHE can
be histologically confused with poorly differentiated car-
cinomas, and therefore, the use of the endothelial cell
markers CD31, CD34, and ERG are important in distin-
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guishing EHE from other diagnostic mimics (Weiss and
Enzinger 1982; Makhlouf et al. 1999).

Remarkably, WC mouse tumors display the characteris-
tic cell morphology and stroma found in human EHE. Mor-
phologically, mouse EHE displays the characteristic
myxohyaline stroma and tumor cells with cytoplasmic vac-
uoles that are defining histological features of human EHE
(Fig. 2A). These histologic hallmarks are further conserved
across all anatomic locations (Supplemental Fig. S2B). The
peritoneal based mouse EHE tumors display two distinct
morphological phenotypes: (1) with microscopic papillary
fronds emanating from the tumor base, or (2) as flat well-
defined lesions (Fig. 2B). Finally, these tumors stain strongly
and diffusely for CD31, CD34, and ERG by immunohisto-
chemistry, which is identical to what is seen in human
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Figure 2. Mouse EHE is histologically identical to human EHE. (A) Representative H&E photomicrographs of both human and mouse
EHE displaying the hallmark histologic features of EHE myxohyaline stroma and intracytoplasmic vacuoles. Scale bars, 50 um. (B) Rep-
resentative H&E photomicrograph of murine EHE displaying the two morphological phenotypes of peritoneal surface tumors. Scale bars,
50 pm. (C)Immunohistochemical staining of mouse and human EHE for defining IHC stains. The primary antibodies used are listed at the
right. Scale bars, 50 pm unless specifically listed. (D) Immunohistochemical staining of mouse EHE for the defining IHC stains. The pri-
mary antibodies used are listed below. Scale bars, 50 pm unless specifically listed. (E) Cytology of human and murine EHE at low and high
magnification (Left) Human EHE from a pleural effusion (Papanicolaou stain). (Right) Cytopathology of malignant ascites from mouse
EHE (Diff Quik staining). Scale bars, 50 um unless specifically listed.
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EHE (Fig. 2C). The use of CAMTA1 immunohistochemis-
try is often used diagnostically to confirm the diagnosis of
EHE as polyclonal antibodies directed at CAMTAL react
with CAMTA1 component of TAZ-CAMTALI, showing a
primarily nuclear staining pattern (Shibuya et al. 2015).
This was also seen in mouse EHE (Fig. 2C).

We have further observed these tumors have a predilec-
tion for growing along and within lymphatic vessels (Sup-
plemental Fig. S2C). However, these tumors do not
express the characteristic lymphatic endothelial marker,
PDPN, suggesting they are not of mature lymphatic origin
(Fig. 2D). Mouse EHE did not stain for cytokeratins, which
is seen occasionally in human EHE (Fig. 2D). Finally, in
comparison with more aggressive vascular tumors, EHE
displays a low Ki67 index (Shiba et al. 2018). Concordant-
ly, mouse EHE displays a similarly low mitotic index with
low frequency of Ki67-positive cells (1%-3%) (Fig. 2D).

Similar to humans with peritoneal involvement by
EHE, both CWC and RWC mice develop malignant asci-
tes (Lau et al. 2011). These mice can present with severe
abdominal distension from ascites, which ranges in color
from milky white to turbid red-brown due to the presence
of erythrocytes. This ascites fluid contains numerous
clusters of malignant-appearing cells that display cytolog-
ic morphology similar to that of human EHE (Fig. 2E;
Jebastin Thangaiah et al. 2020).

Murine EHE recapitulates the human EHE
transcriptional landscape

To further validate our murine genetically engineered
mouse model (GEMM) of EHE, we sought to determine
whether the defining transcriptional features of human
EHE are replicated in our mouse model. First, we identi-
fied a human EHE-specific gene signature by performing
a cross endothelial tumor analysis in which we compared
human EHE with other malignant vascular sarcomas.
We performed whole transcriptome analysis of human
EHE (n=6) and used publicly available transcriptomes
from angiosarcoma (AS; n=24), hemangioblastoma
(HAB; n=5), and Kaposi sarcoma (KS; n=4) for compari-
son (Tso et al. 2018; Lesluyes et al. 2019; Wang et al.
2021). Principal component analysis of these tumors dem-
onstrates that each tumor forms their own independent
cluster (Fig. 3A).

Pairwise comparisons between each tumor type were
performed. These comparisons identified 1952, 2605, and
748 transcripts (of which 1337, 1526, and 513 were pro-
tein-coding genes) that were overexpressed in EHE (log,.
FC>2 and FDR <0.05) when compared with AS, HAB,
and KS, respectively (Fig. 3B). Protein-coding genes that
were overrepresented in EHE in all three of these compar-
isons were identified, thus yielding a set of 163 genes.
However, this set is enriched in hepatocyte-specific tran-
scripts, likely due to contamination by hepatic cells since
the tissue of origin for the majority of the tumors is liver.
To subtract liver tissue-specific transcripts, a four-way
pairwise comparison was further performed that includes
the three transcriptomes and control liver tissue resulting
in a 93-EHE-specific gene set (Fig. 3C,D). Indeed, this gene
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set includes multiple well-validated YAP/TAZ target
genes including CCNI (CYR61), TGFB2, FGF2, and
SERPINE1, among others (Cordenonsi et al. 2011).

Having identified a unique EHE-defining gene signature,
we then aimed to test whether murine EHE mimics the
transcriptional profile of human EHE. Murine EHE tumor
samples were isolated and whole transcriptome RNA se-
quencing was performed. From the human EHE-specific
gene set, we generated a mouse gene set of 90 mouse ortho-
logs that correlated with the 93 human genes. We subse-
quently performed GSEA on mouse EHE in comparison
with control liver. Our data indicate that our disease-defin-
inghuman EHE transcripts are similarly enriched in murine
tumors (NES=2.66 P=0.006) (Fig. 3E). To further demon-
strate that murine EHE is not similar to the other endothe-
lial tumors, we tested whether the signatures that are
specific to other endothelial tumors are enriched in murine
EHE. Consistently, mouse EHE demonstrated no enrich-
ment for the AS- or KS-specific gene sets and demonstrated
negative enrichment for the HAB-specific transcripts (Sup-
plemental Fig. S3A). Altogether, our results demonstrate
that our murine EHE tumors are not just endothelial tu-
mors, but are transcriptionally defined by the same unique
features that are characteristic of human EHE.

While the cross-tumor analysis demonstrates that mu-
rine EHE replicates the defining features of human EHE
compared with other endothelial tumors, it is similarly nec-
essary to demonstrate that the global transcriptional land-
scape of EHE is conserved in our model. To perform this
validation, we used a bioinformatic technique that has reli-
ably validated other mouse sarcoma models. This tech-
nique compares differential gene expression of a known
human tumor against a human control tissue versus a can-
didate mouse tumor against the same control tissue in mice
(Haldar et al. 2007; Goodwin et al. 2014). Testing whether
transcriptional differences are conserved offers the ability
to globally assay whether the transcriptional profiles of
the tumors from different species are similar.

When compared with control livers, the genes overex-
pressed in human EHE showed significant overlap with
the genes overexpressed in mouse EHE (Jaccard index
0.33, hypergeometric P=1.78 x 107%*°) (Fig. 3F). Further-
more, a gene set was created using the top 100 overex-
pressed genes in human EHE compared with human
liver. Murine EHE demonstrated significant enrichment
for these targets on GSEA (Fig. 3G). Finally, individual ex-
pression fold-changes of EHE over control liver correlated
well between human and mouse samples (Pearson
r = 0.538) (Supplemental Fig. S3B). Overall, the mouse
EHE transcriptome displays significant similarity with
human EHE at a global transcriptional level, conclusively
demonstrating that the transcriptional identity present in
human EHE is conserved in our EHE GEMM.

EHE shows enrichment in YAP/TAZ target genes
and YAP/TAZ related pathways

Based on our previous work, we hypothesize that
TAZ-CAMTALI behaves like a dysregulated form of TAZ
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Figure 3. Mouse EHE recapitulates the human transcriptional targets. (A) Principal component analysis of endothelial tumors via pair-
wise comparisons in DESeq2. (B) Volcano plots of pairwise comparisons between endothelial tumors. (Black numbers) All transcripts,
(blue numbers) protein-coding genes, (blue points) log,FC > 2 or logo,FC < -2 and FDR <0.05, (red points) —2 <log,FC <2 or FDR > 0.05.
(C) Venn diagram of genes overexpressed in EHE compared with the three other endothelial tumors and control liver; overexpressed is
defined as log,FC > 2 and FDR < 0.05 from DESeq2. (D) Gene set of the 93 genes enriched in human EHE when compared with the three
additional endothelial tumors and liver from Figure 4B. (E) GSEA shows that the EHE-specific gene set (90 mouse orthologs of the 93 EHE-
specific human genes) is enriched in mouse EHE tumors. GSEA was performed on the gene set obtained after pairwise comparison of
mouse EHE with control mouse livers. (NES) Normalized enrichment score. (F) Venn diagram showing the overlap of overexpressed genes
in mouse and human EHE tumors compared with their control liver samples. Overexpression cutoff is defined as log,FC > 2 and FDR <
0.05.Jaccard index and hypergeometric P-values for enrichment are listed. (G) GSEA of mouse EHE transcripts in comparison with control
mouse liver for the top 100 most overexpressed genes in human EHE in comparison with control human livers. (NES) Normalized enrich-

ment score.

that drives expression of tumorigenic YAP/TAZ down-
stream targets (Tanas et al. 2016). However, the enrich-
ment in YAP/TAZ target genes and pathways regulated
by YAP/TAZ in human EHE has never been investigated.

When compared with the three other endothelial tu-
mors described above, EHE is enriched in multiple canon-
ical cancer-related YAP/TAZ targets including CCNI,
SERPINE1, TGFB2, CRIM1, AMOTL2, and ANKRDI,
among others (Fig. 4A; Cordenonsi et al. 2011). In addi-
tion, gene set enrichment analysis data indicate that the
Cordenonsi signature of YAP/TAZ targets is more en-

riched in human EHE than in other endothelial tumors
(Fig. 4B; Cordenonsi et al. 2011). Altogether, these
findings demonstrate that human EHE is enriched in
YAP/TAZ target genes.

To evaluate whether pathways enriched in human EHE
are regulated by YAP/TAZ, we performed ingenuity path-
way analysis (IPA). We found that EHE is most highly en-
riched in integrin, hepatic fibrosis, regulation of EMT
(epithelial-mesenchymal transition) by growth factor,
and actin nucleation by ARP-WASP complex signaling
pathways (Fig. 4C). Identification of enrichment of these
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Figure 4. Cross endothelial tumor analysis demonstrates enrichment in both YAP/TAZ targets and novel disease-defining pathways in
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plemental Figure S4.

signaling pathways in EHE supports the hypothesis that
EHE is a YAP/TAZ-driven cancer because previous stud-
ies have shown that many of these pathways are associat-
ed with YAP/TAZ activation or are direct transcriptional
targets of YAP/TAZ signaling (Totaro et al. 2018). Further-
more, the genes enriched in EHE were similarly transcrip-
tionally regulated by the primary YAP/TAZ binding
partners (TEADs 1-4) by IPA upstream analysis (Supple-
mental Fig. S4). Further validating this cross-tumor analy-
sis, similar analyses were performed on the other
endothelial tumors we evaluated, which accurately iden-
tified key pathways that mechanistically drive tumorigen-
esis in those cancers (Supplemental Fig. S4).
Interestingly, when analyzing regulators that influence
the EHE signature, in addition to TEAD1-4, components
of transforming growth factor p (TGFp) and bone morpho-
genetic protein (BMP) signaling cascades displayed signif-
icant enrichment (Supplemental Fig. S4). Concordantly,
TGFB2, BMP4, and BMP6 were identified in the EHE de-
fining gene set and BMP and TGFp signaling were similar-
ly enriched in the canonical pathway analysis. As TGFp
and BMP molecules are both known upstream regulators
of YAP/TAZ nuclear localization and downstream targets
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of YAP/TAZ transcriptional activity, this signaling path-
way may play an unexplored role in EHE tumorigenicity
(Cordenonsi et al. 2011; Lai and Yang 2013; Noguchi
et al. 2018).

Single-cell analysis of EHE reveals enrichment
in Taz-regulated transcripts and cellular pathways
in EHE tumor cells

Single-cell RNA sequencing was performed on two dia-
phragmatic EHE tumors from the CWC model. Dimen-
sionality reduction using principal component analysis
(PCA)-guided uniform manifold and projection (UMAP)
was performed, which identified seven cell populations
(Stuart et al. 2019). Among these seven populations, two
EHE cell populations were identified based on Cdh5,
Pecami, and Wwirl positivity, a large population with
low Mki67 expression, and a much smaller mitotically ac-
tive population that is Mki67-positive (Mki67+ EHE) (Fig.
5A). The other five cell populations identified were ma-
ture endothelial cells (Sparcl, Nrp1, and Emcn), T cells
(II2rb and Cd3 subunits), fibroblasts (Dcn, Col6a2, and
Collal), myeloid cells (Tyrobp, H2-Ab1, and Cd74), and
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Figure 5. Single-cell RNA sequencing of mouse EHE. (A) 2D UMAP plot of cells of filtered cells with cell population annotations. Insets
demonstrate expression of Cdh5 and Pecam1. Color scale: high to low is shown by red to orange to yellow to green to blue. (B) Gene ex-
pression heat map of the top 10 most overexpressed genes from each group ranked by FDR values. Color key is listed above. (C) Pie chart of
annotated cell populations with corresponding counts. The breakout chart shows counts of each of the individual tumor clusters as iden-
tified in E. (D) Volcano plot of EHE-defining genes from Figure 3D in EHE tumor cells. The top overenriched cell targets are labeled. (E) 2D
UMAP plot of EHE cells in a tumor subgroup analysis, color-coded based on Seurat cluster. (F) Highly dispersed gene-guided similarity plot
with unsupervised hierarchical clustering of endothelium and the seven tumor clusters from Seurat and displayed in E. (G) Enrichment
plots of the top 10 most significantly enriched pathways (gene ontology, reactome, and KEGG) based on the top 500 significantly overex-
pressed and underexpressed genes in each cluster by differential gene expression (iCellR). Bars pointing to the right signify enrichment in
the overexpressed gene set, and bars pointing to the left signify enrichment in the underexpressed gene set. (H) Gene expression heat map
of normal endothelium and the tumor clusters for known transcription factors that regulate endothelial differentiation. Genes are aligned
by unsupervised hierarchical clustering with the associated dendrogram. Color key listed is above.

B cells (Cd19 and Cd79a), which were annotated based on
the expression of the defining markers (Fig. 5B). Leuko-
cytes, particularly B cells, accounted for the largest pro-
portion of nontumor cells (Fig. 5C).

To determine whether the EHE-defining gene set (93
genes) is enriched in the EHE tumor cell populations,
both large and small, targeted expression profiling was per-
formed between EHE and other cell populations, which
demonstrated strong expression of the genes from the

EHE gene set, most notably those genes that are canonical
YAP/TAZ targets like Ccnl and Serpinel (Fig. 5D).
Having demonstrated above that the transcriptional
identity of human EHE is maintained in our EHE
GEMM, we aimed to determine whether EHE tumor cells
in our model similarly display the YAP/TAZ signature ob-
served in our cross-tumor analysis. In total, 4696 EHE
cells were identified and used for subsequent analysis. In
comparison with normal endothelium, 193 transcripts
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were overexpressed in EHE (FDR<0.05, log,FC>1.7).
Concurrent with the results from both our human bulk
RNA-seq, EHE tumor cells are enriched in canonical
YAP/TAZ targets by overrepresentation analysis (P=
3.09 x 107°). To further identify whether YAP/TAZ-regu-
lated pathways are similarly enriched, functional annota-
tion of the overexpressed gene set was performed with the
gene ontology and hallmark gene sets to identity func-
tional pathways that are enriched in murine EHE tumor
cells. EHE tumor cells demonstrated significant enrich-
ment in blood vessel morphogenesis, positive regulation
of cell migration, response to wounding, and regulation
of cell adhesion by gene ontology and demonstrated en-
richment in epithelial-to-mesenchymal transition, and
hypoxia signaling by hallmark gene set analysis (Supple-
mental Fig. S5A). Importantly, these pathways have
been previously demonstrated to be significantly regulat-
ed by YAP/TAZ activity (Mason et al. 2019). Overall,
these results demonstrate that Taz-Camtal induces a
YAP/TAZ like transcriptional profile within tumor cells,
further confirming our proposed mechanism of EHE
tumorigenesis.

Intercluster analysis of EHE tumor cells and endothelial
cells demonstrates multiple tumor cell subpopulations
and an endothelial progenitor cell-like phenotype

of EHE tumor cells

With the proliferation of single-cell RNA sequencing
studies, there has been growing evidence that there are
diverse tumor cell types, and the differentiation of the
cell populations in the tumor into just tumor cells and
stromal cells is oversimplistic (Patel et al. 2014). To fur-
ther understand this diversity within our mouse model
and to elucidate signaling cascades that are differentially
enriched in tumor cells, we subclustered our EHE cell pop-
ulation with Seurat. This yielded seven total cell clusters
(Fig. 5E). A similarity matrix of the generated EHE clusters
and normal endothelium was created (Fig. 5F). While there
was transcriptional diversity among tumor cell popula-
tions, each group was equally dissimilar to control endo-
thelium, suggesting that the diversity of tumor clusters
is not driven by a differentiation trajectory that incremen-
tally transforms a normal endothelium to a malignant cell
(Fig. 5F). Furthermore, subclusters 1 and 2, and 3 and 6
showed significant similarities and were thus grouped to-
gether for further analysis. Differential gene expression
analysis was performed between these five groups (sub-
clusters 1/2, 3/6, 4, 5, and 7) and the top 500 significantly
overexpressed and underexpressed transcripts were func-
tionally annotated by gene ontology (Fig. 5G). Of the
five clusters analyzed, three had unique biological process
signatures. Cluster 1/2 demonstrated a significant enrich-
ment in targets of interferon signaling, specifically IFN-y
and IFN-B. Subcluster 4 demonstrated significant enrich-
ment in morphogenic and developmental pathways in
muscle and vasculature. Finally, subcluster 7 displayed
profound enrichment in cell cycle/mitotic processes and
this cluster corresponds to the Mki67+ EHE cells in the
original analysis. In contrast, subclusters 3/6 and 5
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functional annotations were primarily driven by their dis-
similarity to the other subclusters and did not demon-
strate their own unique enrichment profile. Overall,
these results add to our understanding of the tumor cell
heterogeneity within EHE and pathways that regulate its
diversity.

As some of the top overexpressed genes between EHE
and endothelial cells were transcription factors that regu-
lated endothelial cell differentiation, most notably Prox1,
which is a major transcription factor that drives the differ-
entiation of lymphatic endothelial cells, we sought to
identify other known transcription factors that similarly
regulate endothelial cell differentiation and fate (Hong
et al. 2002; Wigle et al. 2002). Of note, many of these
developmental regulatory transcription factors were dem-
onstrated to be enriched in endothelial precursor cells
(Yu et al. 2016). Differential gene expression was per-
formed with endothelial cells and the five subclusters of
murine EHE cells. When compared with control endothe-
lium, there was an overall increased expression of these
transcriptional regulators in the EHE subclusters, sub-
clusters 7 and 4 in particular (Fig. 5H). As transcription
factor regulation is tightly controlled due to the fact that
small changes in transcription factor abundance produces
large changes in global gene expression, these multiple
changes, in concert, suggest a profound alteration in
cell identity. The EHE transcription factor expression sig-
nature similarity to endothelial progenitor cells demon-
strates that EHE cells exhibit an endothelial precursor
cell phenotype (Yu et al. 2016; Niwa 2018).

Discussion

We present here the first EHE mouse model that reliably
reproduces the salient features that define human EHE.
Tumors occur at similar anatomic locations and are histo-
logically identical to human EHE. We observed significant
overlap of tumor-specific genes between murine and hu-
man EHE, indicating that they have similar transcription-
al profiles. Our model establishes WWTR1-CAMTAI as
the sole necessary oncogenic driver in EHE, indicating
that EHE is “addicted” to TAZ-CAMTAI, and that
TAZ-CAMTALI is a strong therapeutic target for the treat-
ment of EHE.

One striking finding from modeling EHE in mice is that,
in utero, universal activation of the Wwtr1-Camtal locus
yields postimplantation embryonic lethality at the time
of organogenesis, while adult induction of the Wwirl-
Camtal leads to EHE exclusively. Given that the
Taz-Camtal protein induces a protumorigenic YAP/TAZ
transcriptional signature, one might expect that the ubiqui-
tous presence of the Wwirl-Camtal allele might yield
multiple different types of cancers in the RWC model (Cor-
denonsi et al. 2011; Tanas et al. 2016; Zanconato et al.
2016). However, no such phenotypes were observed.
This leads us to conclude that the transformative
effect of Wwtrl-Camtal is either permissive only in endo-
thelial cell lineage or its expression is very restricted to
this cell lineage, which results in EHE exclusively.


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348220.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348220.120/-/DC1

Indeed, WWTR1-CAMTA1 gene fusion is not found in any
other human neoplasms (Tanas et al. 2011; Lamar et al.
2018).

Our hypothesis for the mechanism that dictates this
specificity is via the epigenetic control of the endogenous
Wwirl promoter. At physiological states, endothelial
cells from different anatomic locations disproportionately
possess the highest expression of Wwtrl mRNA
transcript based on single-cell RNA sequencing in mice
(Supplemental Fig. S5B; The Tabula muris Consortium
2018). Coupled with the finding that two alleles of the
Wwirl-Camtal locus are necessary in our mouse model
to produce tumors, the tissue specificity in the RWC mod-
el is likely determined by a gene dosage effect, whereby
transformation occurs only when there are sufficient lev-
els of Wwirl-Camtal transcripts. As human EHE tumors
are indolent and slow growing, a significant lead time is
necessary to become macroscopically evident. As such,
it is unsurprising and has been observed in our previous
studies that in order to induce tumorigenesis in mice, larg-
er gene dosage, via a second allele, appears to be necessary
(Rubin et al. 2005). Another less probable hypothesis is
that wild-type Taz in the heterozygous mice may inhibit
tumorigenesis via an unexplored mechanism (i.e., compe-
tition for Tead binding, down-regulation of Wwirl-
Camtal transcription, etc).

In this study, we needed to develop a mouse model that
targeted the Wwtrl-Camtal gene fusion to the endoge-
nous Wwirl locus, such that the wild-type Wwtr1 locus
could be converted to a Wwirl-Camtal gene fusion locus
after embryogenesis, since we hypothesized that expres-
sion of Taz-Camtal during embryogenesis was likely to
be lethal, which did indeed turn out to be the case. We
achieved our experimental aim by developing a first of
its kind adaptation of the FLEx system. The FLEx system
has been previously described as a genetic tool kit to ex-
pand the utility of the Cre-Lox system beyond the conven-
tional Lox-Stop-Lox and exon deletion modalities
(Schniitgen et al. 2003). Similar to conventional Cre-Lox
models, the FLEx system maintains temporal control of
Cre-mediated recombination when paired with an estro-
gen response element-Cre and tissue specificity when
paired with a tissue-specific Cre. In addition, the FLEx sys-
tem allows for exon replacement to either knock in a mu-
tation or perform a complex knockout, whereby Cre
activation yields loss of a genic exon that is replaced by
a reporter gene (Schniitgen et al. 2003). While convention-
al Cre-Lox methods allow for inversion of transgenes us-
ing inward facing LoxP sites, inversion is reversible,
especially when used with a non-tamoxifen-inducible
Cre recombinase, as inversion events will continue indef-
initely so long as Cre recombinase is active. As the FLEx
system contains an irreversible step that “locks” the fu-
sion in the recombined position, no further inversion
events can occur. As a model that maintains a gene fusion
under the control of the endogenous promoter serves as a
better biologic replication of a human disease, this utiliza-
tion of the FLEx system serves as an important proof of
concept for a robust method of developing models of
gene fusion-driven cancers. Presumably, this could be
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done with virtually any cancer that is thought to be driven
by a single gene fusion.

Previously, using NIH3T3 cells and transient WWTR1-
CAMTA1 overexpression, we demonstrated that the
transcriptional profile induced by TAZ-CAMTALI is stat-
istically more similar to that of TAZ than CAMTAI
(Tanas et al. 2016). However, it was previously unknown
whether human EHE had similar enrichment of TAZ sig-
nature genes. Here, through cross-vascular tumor analy-
sis, we demonstrate a global enrichment in YAP/TAZ
target genes and describe a gene signature that is specific
to EHE that is not representative of other tumors of endo-
thelial origin. This EHE-specific 93-gene set is further en-
riched in specific YAP/TAZ target genes that are known
to be protumorigenic in other cancers. Overall, our results
suggest that the therapies that inhibit YAP/TAZ activity
could also be used to therapeutically target EHE.

In addition to identifying YAP/TAZ targets as highly
enriched in EHE, BMP and TGFp signaling were consis-
tently found to be enriched in the EHE-defining gene
set, in proteins that regulate the EHE transcriptional pro-
file, and in genes up-regulated in EHE versus endothelial
cells. These signaling molecules are well known secretory
proteins from cancer cells that modulate cancer-associat-
ed fibroblast activity. Specifically, TGF is necessary for
the differentiation of immature fibroblasts into highly ac-
tive myofibroblasts (Evans et al. 2003). As other signaling
molecules that either promote the activation and matura-
tion of resident fibroblasts (FMOD, FGF2, and EDN1) or
directly act to prevent ECM turnover (SERPINE1) were
similarly enriched, the tumor cell/ CAF/ECM axis pre-
sents an interesting pathway for future investigation
(Kubala and DeClerck 2019; Pourhanifeh et al. 2019). Con-
sistently, this enrichment of profibrotic targets correlates
with the fact that human EHE tumors are densely fibrotic
and microscopically contain a characteristic and abun-
dant myxohyaline stroma (Fig. 2A).

Aided by the findings in Driskill et al. (2021) that dem-
onstrate that the endogenous regulators of YAP/TAZ still
have some functional role in modulating TAZ-CAMTA1
activity, we hypothesize that EHE’s ECM may play a
role in modulation of TAZ-CAMTALI activity. One of
the main mechanisms that regulate YAP/TAZ nuclear
translocation is that of ECM stiffness via a well-described
mechanotransduction pathway (Dupont et al. 2011). This
pathway involves membrane integrins that activate Rho
signaling, yielding F-actin polymerization. The end prod-
uct of this cascade leads to the dephosphorylation of
YAP/TAZ and YAP/TAZ transcriptional activity. As a
stiff ECM has been shown to activate this cascade and a
soft ECM has been demonstrated to inhibit this cascade,
we hypothesize that the ECM may present a hospitable
tumor niche that promotes TAZ-CAMTAI transcription-
al activity (Dupont et al. 2011). As many of the TAZ-
CAMTAL transcriptional targets that we identified in hu-
man EHE are direct stimulators of ECM production, we
further hypothesize that this constitutes a feed-forward
mechanism that promotes EHE tumorigenesis. This path-
way involves TAZ-CAMTAI up-regulation of key media-
tors that promote the activation of fibroblasts and
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increasing ECM stiffness with further augmentation of
TAZ-CAMTALI transcription activity. This feed-forward
mechanism has been previously demonstrated with en-
dogenous YAP/TAZ and has been implicated in many dif-
ferent cancers as well as fibrotic diseases of the lung,
kidney, skin, and liver (Noguchi et al. 2018). However,
this feed-forward mechanism has never been tested in
TAZ-CAMTA1l or other YAP/TAZ fusion proteins
such as are seen in cervical carcinoma (YAP1-SS18), pedi-
atric CNS tumors (YAP1-MAMLDI1 and YAPI-
FAM118B), poroma and porocarcinoma (YAP1-MAML2
and YAP1-NUTM1), or pseudomyogenic hemangioendo-
thelioma (TAZ-FOSB) (Hu et al. 2018; Panagopoulos
et al. 2019; Sekine et al. 2019; Jiinger et al. 2020; Schieffer
et al. 2020)

Another fascinating finding in this study is that EHE tu-
mor cells have an endothelial precursor cell phenotype as
supported by the single-cell sequencing experiments
where we identified multiple endothelial-specific devel-
opmental regulatory transcription factors in EHE cells.
This has specific relevance to determining the identity
of the cell of origin that gives rise to EHE. Broadly, two hy-
potheses have been posited that link the prospective cell
of origin to the early steps of tumor initiation: a dediffer-
entiation hypothesis and a stem cell origin hypothesis
(Reya et al. 2001; Friedmann-Morvinski and Verma
2014). In the first, mature differentiated endothelial cells
undergo tumorigenesis as a result of the translocation/
gene fusion and are able to re-enter the cell cycle (Fried-
mann-Morvinski and Verma 2014). Inherently, this would
require activation of pioneer transcription factors and
chromatin remodelers to make drastic changes in promot-
er accessibility of key mitotic genes (Carvalho 2020). Aid-
ed by the recent findings in Merritt et al. (2020) that
demonstrated Taz-Camtal’s potent ability to recruit
chromatin remodelers to transcriptional start sites in
comparison with the constitutively active form of the
wild-type Taz (Taz4SA), such an epigenetic shift might
be possible. This is coupled with the fact that mature en-
dothelium is mitotically dormant yet has proliferative po-
tential, especially under situations of hypoxia and wound
healing (Potente et al. 2011).

In contrast, the stem cell hypothesis theorizes that an
endothelial precursor cell subpopulation, which is mitoti-
cally active and has suitable chromatin conformation for
cellular transformation, undergoes tumorigenesis as a re-
sult of expression of one or more oncogenes (Reya et al.
2001). As is seen in many other cancers, tumorigenesis
proceeds as a result of cellular transformation in the cor-
rect cell type at the correct developmental stage. It is
well established that both tissue-resident lineage-commit-
ted endothelial progenitor cell populations and bone mar-
row-resident trilineage (arterial, venous, and lymphatic)
endothelial stem cells exist (Oswald et al. 2004; Yu et al.
2016; Wakabayashi et al. 2018). Specifically, these endo-
thelial progenitor cell populations are important in both
neovascularization and in hemostasis (Yu et al. 2016;
Wakabayashi et al. 2018). Similar to what we observed in
EHE tumor cells when compared with control endotheli-
um, tissue resident endothelial progenitor cells are en-
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riched in transcription factors that regulate endothelial
differentiation and lineage (Yu et al. 2016). The central
question that remains unknown is whether the progenitor
cell phenotype seen in EHE represents dedifferentiation
from mature cells along the normal developmental trajec-
tory, as is suggested by the former hypothesis, or is as a re-
sult of a differentiation block of a progenitor cell, as is
suggested by the latter hypothesis.

Based on our current knowledge of this disease, we sup-
port a stem cell origin hypothesis. In a dedifferentiation
model, it is unlikely that a single transformative event
will lead to EHE formation. We know from this study
that the Wwirl-Camtal fusion gene, on its own, can
lead to EHE formation and it has been demonstrated that
~45% of human EHE harbor only the WWTR1-CAMTA1
gene fusion (Seligson et al. 2019). Relative to mature endo-
thelium, endothelial progenitor cells have enhanced repli-
cative capacity and a more “primitive” stem cell-like
phenotype. As no precursor lesions have been identified
in humans and the single WWTR1-CAMTA1 mutation is
sufficient to drive transformation, tumor initiation likely
proceeds directly to tumorigenesis and exponential
growth in the absence of a “priming/maturation stage”
as is seen in other cancers (Fearon and Vogelstein 1990).
The ability of mature endothelial cells to dedifferentiate
in a single oncogenic step and proceed directly to exponen-
tial growth without a priming stage is a less likely possibil-
ity than transformation of a precursor cell.

Furthermore, EHE tumors demonstrate a uniform histo-
logic phenotype and lack mature endothelial structures
resembling blood vessels (vasoformative structures). If
mature endothelial cells were the cell of origin, histologi-
cally, a variety of histological phenotypes would be ex-
pected due to the heterogeneity of cells along their
dedifferentiation developmental trajectory from mature
endothelial cells to primitive-stem cell like tumor cells.
However, no such heterogeneity exists. This uniformity
of EHE developmentally compared with control endothe-
lium was further confirmed in our single-cell RNA seq ex-
periments. While there was transcriptional diversity
between tumor cell subclusters, each subcluster was
equivalently dissimilar to control endothelium, suggest-
ing that each cell subcluster was equivalently undifferen-
tiated. If dedifferentiation were required to prime
endothelial cells to become highly malignant, as is sug-
gested by a dedifferentiation hypothesis, we would have
expected to observe differential similarity with endotheli-
al cells due to the nonuniformity of cells along the devel-
opmental trajectory.

We further hypothesize that the lack of apparent histo-
logical vascular differentiation is due to the fact that cells
that give rise to EHE are intrinsically poorly differentiated
asareflection of their stem cell phenotype. Such stem cells
would differentiate to become luminal forming mature en-
dothelium during development. It would be reasonable to
suggest that the loss of vascular differentiation is a neces-
sary step in endothelial-specific tumorigenesis; however,
angiosarcoma, a highly malignant and aggressive endothe-
lial malignancy, retains vasogenic features, disproving this
supposition. In the future, we plan to leverage the EHE



mouse model described in this paper to investigate our hy-
pothesis further.

Overall, this study presents a robust and faithful EHE
mouse model, developed using an innovative genetic ap-
proach, which carefully replicates the expression of the
WWTRI1-CAMTA1 gene fusion in human EHE. This mod-
el demonstrates that Taz-Camtal is sufficient to promote
tumorigenesis and recapitulate all of the hallmark pheno-
types of EHE. We further identify TAZ targets as highly
enriched in both mouse and human EHE, proving that
EHE is a cancer that is driven by dysregulation of the
YAP/TAZ signaling mediated by TAZ-CAMTAL. These
results also further confirm TAZ-CAMTAI and down-
stream signaling as therapeutic targets in EHE. Indeed,
as EHE is likely “addicted” to TAZ-CAMTALI, this tumor
represents a fortunate opportunity to test therapies that
target TAZ/YAP and downstream Hippo pathway media-
tors. Finally, we have identified that EHE cells possess an
endothelial progenitor phenotype, providing strong evi-
dence that EHE originate from a transformed endothelial
precursor cell.

Materials and methods

Human samples

All human sample research was performed with the approval of
the Cleveland Clinic Institutional Review Board (IRB 06-977).
Samples were deidentified to the research team and were there-
fore exempt from participant consent for this specific study and
in accordance with the HIPAA privacy rule.

Mouse strains

All mouse research was conducted with the approval of the
Cleveland Clinic Institutional Animal Care and Use Committee.
The Cdh5-CreER™ [C57BL/6-Tg(Cdh5-cre/ERT)1Rha, Taconic]
and the Rosa26-CreER™ [B6.129-Gt(ROSA)26Sortm1(cre/ER™?)
Tyj/], Jax] models have been previously described (Ventura et al.
2007; Sorensen et al. 2009). The methods for creation of the
mouse bearing the WC allele are presented below. CreER™-
expressing mice were mated with WC allelic mice to heterozy-
gosity and homozygosity for the WC allele. Control mice not
treated with tamoxifen showed no abnormalities and normal fe-
cundity. Mice were treated with tamoxifen (Sigma 74136) at 7-8
wk of age (4 mg/30 g body weight) via IP injection for three consec-
utive days. Genotyping primers for the WC, Cdh5-CreER™?, and
Rosa26-CreER™ alleles are listed in Supplemental Table S1.

Creation of the transgenic WC mouse allele

To generate a conditional Wwtrl-Camtal conditional knock-in
mouse allele, the flip excision (FLEx) system was used. Genera-
tion of this mouse was performed in collaboration with genOway.
A targeting vector containing the correctly oriented third exon of
Wwtrl and the Wwirl exon 3/Camtal exon 9-stop CDS in an in-
verted orientation was created. The Wwirl exon 3/Camtal exon
9-stop CDS is fused to the hGH polyA terminator sequence.
These coding sequences were double-flanked by two wild-type
LoxP sites and two modified LoxP sites (Lox2272). This vector
further contained a neomycin-negative selection cassette that
was flanked by FRT excision sites. Finally, this insert was sur-
rounded by homology domains to introns 2 and 3 to allow for ho-
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mologous recombination. The generated targeting vector was
then electroporated into mouse embryonic stem cells and treated
with neomycin for negative selection. The generated colonies
were screened for and demonstrated homologous recombination
with the insertion of the FLEx cassette in the correct orientation
by southern blot and PCR. These colonies were subsequently im-
planted into mouse E3.5 blastocysts, and the blastocysts were im-
planted into pseudopregnant females. The resultant chimeric
mice were then bred with wild-type C57BL/6N mice to generate
progeny containing the transgene allele. These progenies were
then crossed with a C57BL/6N Flp deleter mouse to excise the
neomycin cassette, thus yielding the mature unrecombined al-
lele. The steps during the mouse allele generation are shown
graphically in Supplemental Figure STA.

Analysis of embryonic lethality of WC allele

To assess for overall embryonic lethality of the recombined WC
allele, WC allele-bearing mice were mated with mice heterozy-
gous for an embryonically active Cre recombinase (Cre deleter
line). Resultant pups were genotyped for both the Cre recombi-
nase, and both the unrecombined and recombined WC allele
(primers are listed in Supplemental Table S1). Mosaicism for
the unrecombined and recombined allele is signified by the pres-
ence of both the unrecombined and recombined alleles during
genotyping due to the incomplete action of the Cre recombinase.

To assess for embryonic lethality at differing stages of develop-
ment, sperm from WC heterozygous male mice were collected. In
vitro fertilization (IVF) was performed with oocytes from Cre+ ho-
mozygous female mice. E3.5 blastocysts were either analyzed for
the presence of the recombined and unrecombined WC allele for
an early time point or implanted into pseudopregnant female
mice. Pregnant female mice were then sacrificed at E13.5 to ob-
tain a late, postimplantation, lethality time point. Fetuses from
these mice were isolated and genotyped for the recombined and
unrecombined WC alleles.

Histology, immunohistochemistry, and cytology

Murine histology preparations were performed with 10% forma-
lin fixation, followed by paraffin-embedding and H&E staining.
Immunohistochemistry was performed with the Roche Discov-
ery Ultra automated stainer. Following antigen retrieval, staining
was performed for Cd31 (1:50; Santa Cruz Biotechnology sc-1506-
R), Cd34 (1:100; Abcam ab81289), Erg (1:250; Abcam ab92513),
Pdpn (1:500; Abcam abl11936), Camtal (1:75; Sigma
SAB4301068), Ki67 (1:250; Abcam ab1580), and PanCK (1:75;
Abcam ab9377). Visualization was performed by colorimetric
detection with OmniMap anti-rabbit HRP (Roche 760-4311)
and the ChromoMap DAB detection kit (Roche 760-1589). The
Syrian hamster anti-Pdpn antibody required cross-linking with
a secondary rabbit anti-Syrian hamster IgG antibody (Abcam
ab6699) for use with the HRP-conjugated anti-rabbit antibody
(Roche 760-4311). Slides were finally counterstained with hema-
toxylin and a bluing reagent.

For ascites cytology, 20 uL of ascites was smeared onto a slide
and stained with the Diff-Quik stain (Jorgenson Laboratories
J0322) according to the manufacturer’s instructions. Slides were
either scanned using a Leica slide scanner and visualized with
the Leica web viewer version 12.4.3 or by bright-field microscopy
with the DM6B-Z microscope using Leica application suite X,
version 3.6.0.

Histology of human EHE samples were used for comparison,
which had previously been both H&E-stained and IHC-stained
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for CD31, CD34, ERG, and CAMTALI as a part of routine histo-
pathologic diagnosis during clinical workup.

RNA extraction and bulk RNA sequencing

Whole RNA was isolated with the Qiagen RNeasy Plus minikit
according to the manufacturer’s instructions. RNA quality was
verified with the Agilent 2100 bioanalyzer prior to library prepa-
ration. BGI DNB nanoball library preparation was performed.
Briefly, polyA tail selection was performed with an oligo dT
bead enrichment step. Selected RNA was reverse-transcribed
and fragmented. The synthesized cDNA underwent end repair,
and adapters were ligated to both ends of the sequence. This prod-
uct was PCR-amplified and the resultant amplicon was circular-
ized using DNA ligase and a split oligonucleotide directed at both
tails of the adapters. The circularized ssDNA is replicated to gen-
erate a linear repetitive concatemer DNA nanoball. This DNA
nanoball is then adsorbed onto a flow cell and sequenced on a
DNBSEQ-G400 sequencer. FASTQ raw read files were obtained
and transcriptomic analysis was performed as described below.

Bulk RNA sequencing transcriptome analysis

Paired-end reads were aligned to either the GRCh38.p13 (hg38)
human genome or the GRCm38.p6 (mm10) mouse genome
(Ensembl) with HISAT2 (Kim et al. 2019). Count files were gener-
ated with Featurecounts using the corresponding GTF references
(Liao et al. 2014). DESeq2 was used for differential gene analysis
while the Limma package with (<5 CPM filtering) was used for
differential gene expression analysis when generating ranked
gene sets for gene set enrichment analysis (Love et al. 2014).
FGSEA was used for gene set enrichment using either gene sets
stored in MSigDB or from gene sets developed in this paper (Kor-
otkevich et al. 2019). T-scores from Limma were used as rank sta-
tistics for GSEA (Ritchie et al. 2015). Bioinformatic analysis was
performed using the Galaxy project platform (Afgan et al. 2018).

For cross-tumor analysis, FASTQ files from GEO data sets
of RNA sequencing of samples of angiosarcoma (GSE102055),
hemangioblastoma (GSE148216), and Kaposi sarcoma
(GSE100684) were used (Tso et al. 2018; Lesluyes et al. 2019;
Wang et al. 2021). RNA sequencing of human liver transcrip-
tomes from ENCODE were similarly used for comparisons
(libraries ENCLB173ZZZ, ENCLB648FPF, and ENCLB490UAX)
(Supplemental Table S2; The ENCODE Project Consortium
2012; Lin et al. 2014; Zhang et al. 2019).

Ingenuity pathway analysis on bulk RNA sequencing was per-
formed by inputting the log,FC and FDR values for each gene
across all comparisons from the cross-tumor analysis. Log,FC >
2 and FDR <0.01 were used to signify differentially expressed
gene filtering. Canonical pathway and upstream analyses were
performed. Z-scores were then outputted for generation of path-
way and regulator heat maps (Supplemental Table S2).

Both the raw and processed files from bulk RNA sequencing
of human and mouse EHE have been deposited in the GEO repos-
itory (GSE168493, GSE168494). The raw and processed files from
single-cell RNA sequencing of mouse EHE files have similarly
been deposited in the GEO repository (GSE168354).

Cross-species analysis of human and mouse EHE

When performing the cross-species analysis, differential gene ex-
pression was performed between human EHE and human control
livers and mouse EHE and mouse control livers (DESeq2). Lists of
genes overexpressed in mouse and human EHE (log,FC>2 and
FDR <0.05) were created (Supplemental Table S2). The murine
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EHE gene set was filtered for genes that have known human
orthologs and the human EHE gene set was filtered for genes
that have known mouse orthologs (Ensembl). A Venn diagram
was then created to identify the overlap between the murine
EHE overexpressed genes and the murine ortholog of the human
EHE overexpressed genes. A Jaccard index and a hypergeometic
test were further calculated from the overlap in this analysis.
Log, fold changes between human EHE versus human liver and
murine EHE versus murine liver were further plotted on a scatter
plot for each orthologous gene. A Pearson correlation coefficient
was created from the human and murine log fold changes in this
analysis.

Mouse orthologs from the top 100 genes overexpressed in hu-
man EHE versus human liver were further used to create a gene
set. This gene set was then used for gene set enrichment analysis
to probe the mouse EHE versus mouse liver comparison.

Single-cell transcriptome library creation

Two samples from the Cdh5-CreERT2* WC*/* mouse were used
for single-cell RNA sequencing. Mice were euthanized, the abdo-
men was opened, and the tumor-involved area of the diaphragm
was isolated. A portion of the tumor was saved for H&E staining
to confirm the histologic diagnosis of EHE. The remaining tumor
was quickly transferred to chilled 1x PBS and mechanically disso-
ciated. The dissociated tissue was then centrifuged and suspend-
ed in 10% DMSO in FBS and cooled 1°C per minute to —80°C.
After rewarming, single-cell suspensions were created using the
MACS tumor dissociation kit. The dissociated cells were then
run through the 10X Genomics library preparation platform. Bar-
coded library preparations were then sequenced using the
DNBSEQ-G400 sequencer.

Single-cell RNA sequencing analysis

Raw barcoded reads were processed through the Cell Ranger pipe-
line to yield 5850 and 4108 cells from each sample. Processed h5
count files were loaded into SeqGeq for analysis. The two samples
were combined into a single file for analysis. Cell filtering was
performed by removing low gene-count cells and doublet cells.
Dimensionality reduction and cell clustering was performed us-
ing the Seurat pipeline to produce clustered uniform manifold
and projection (UMAP). Cell annotations were performed by
both defining genes from Seurat and similarity matrices based
on highly dispersed genes. Multigroup differential gene expres-
sion (three or more simultaneous comparisons) was performed
with iCellR and pairwise differential gene expression analysis
was performed with the integrated differential gene expression al-
gorithm in SeqGeq (Mann-Whitney U-test) (Khodadadi-Jamayran
etal. 2020). Overrepresentation analysis was performed both with
the integrated enrichment feature in SeqGeq with gene sets from
mSigDB and with Metascape (Supplemental Table S3). Enrich-
ment plots and volcano plots were created in Graphpad Prism v8.

Graphics and statistical analysis

Gene diagrams were produced in IBS v1.0.3. All heat maps were
generated using the Morpheus heat map applet (Broad Institute).
Statistical analyses were performed in Galaxy, SeqGeq v1.6, or in
GraphPad Prism v8. Kaplan-Meier survival analysis was per-
formed by the log-rank test (Mantel-Cox). x> tests were performed
where noted. P-values and FDR values of <0.05 were considered
statistically significant across all analyses unless otherwise
stated.
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