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Epithelioid hemangioendothelioma (EHE) is a poorly understood and devastating vascular cancer. Sequencing of
EHE has revealed a unique gene fusion between the Hippo pathway nuclear effector TAZ (WWTR1) and the brain-
enriched transcription factor CAMTAL1 in ~90% of cases. However, it remains unclear whether the TAZ-CAMTA1
gene fusion is a driver of EHE, and potential targeted therapies are unknown. Here, we show that TAZ-CAMTAL1
expression in endothelial cells is sufficient to drive the formation of vascular tumors with the distinctive features of
EHE, and inhibition of TAZ-CAMTAI results in the regression of these vascular tumors. We further show that
activated TAZ resembles TAZ-CAMTALI in driving the formation of EHE-like vascular tumors, suggesting that
constitutive activation of TAZ underlies the pathological features of EHE. We show that TAZ-CAMTALI initiates an
angiogenic and regenerative-like transcriptional program in endothelial cells, and disruption of the TAZ-CAMTA1-
TEAD interaction or ectopic expression of a dominant negative TEAD in vivo inhibits TAZ-CAMTA1-mediated
transformation. Our study provides the first genetic model of a TAZ fusion oncoprotein driving its associated human
cancer, pinpointing TAZ-CAMTAL1 as the key driver and a valid therapeutic target of EHE.
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Epithelioid hemangioendothelioma (EHE) is a malignant
cancer that appears to be of endothelial origin and affects
patients of any age (Corrin et al. 1979; Weldon-Linne et al.
1981; Weiss and Enzinger 1982; Sardaro et al. 2014). This
tumor can be found in multiple organs, including the liver
(21%), lungs (12%), and bone (14 %), although many other
primary sites have been identified, and tumors grow with-
in or around blood vessels (Weiss and Enzinger 1982; Sar-
daro et al. 2014). EHE is usually clinically asymptomatic,
and patients are often diagnosed with metastatic disease
(Groeschl et al. 2014; Sardaro et al. 2014). Because of the
rarity of this tumor, a lack of large clinical studies, and
the absence of animal models, the only definitive treat-
ment for EHE is surgical resection, though recurrence af-
ter surgery has been reported (Groeschl et al. 2014; Rude
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etal. 2014; Sardaro et al. 2014). Therefore, new treatments
are urgently needed to combat EHE.

Sequencing analyses of EHE have revealed a disease-de-
fining group of chromosomal abnormalities resulting in
gene fusions (Errani et al. 2011; Tanas et al. 2011; Antone-
scu et al. 2013; Suurmeijer et al. 2020). The most common
gene fusion (in 90% of cases) occurs between the genes
WWTRI (TAZ) and CAMTAL1 on chromosomes 1 and 3,
respectively (Errani et al. 2011; Tanas et al. 2011). The
TAZ-CAMTALI fusion notably consists of the N terminus
of TAZ, containing its TEAD-binding domain, WW
domain, and three Hippo-responsive phosphorylation
sites, and the C terminus of CAMTAI, containing its

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

GENES & DEVELOPMENT 35:495-511 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/21; www.genesdev.org 495


mailto:duojia.pan@utsouthwestern.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.348221.120
http://www.genesdev.org/cgi/doi/10.1101/gad.348221.120
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

Driskill et al.

transcriptional activation domain and a nuclear localiza-
tion signal (Tanas et al. 2016). Other sequencing analyses
revealed that TAZ-CAMTAI1-negative cases of EHE har-
bor YAP1-TFE3 (in ~10% of cases) (Antonescu et al.
2013) or less commonly TAZ-MAML2 or TAZ-ACTL6A
gene fusions (Suurmeijer et al. 2020). No other recurrent
genetic abnormalities have been noted (Seligson et al.
2019; Rosenbaum et al. 2020). Since their discovery, the
expression of the products of these gene fusions has
been validated as specific markers for the clinical diagno-
sis of EHE (Shibuya et al. 2015; Doyle et al. 2016).

Recent studies have identified a variety of YAP and
TAZ fusions with different protein partners in additional
tumor types, including supratentorial ependymoma (Paj-
tler et al. 2015, 2019), poroma and porocarcinoma (Sekine
et al. 2019), and other vascular tumors including epitheli-
oid hemangioma (Antonescu et al. 2014), pseudomyo-
genic hemangioendothelioma (Panagopoulos et al. 2019),
and angiomyxoma (Lee et al. 2019). While some of these
YAP/TAZ fusions have been shown to be oncogenic in vi-
tro or in ectopic tissues (Tanas et al. 2016; Pajtler et al.
2019; Sekine et al. 2019; Szulzewsky et al. 2020), none
of them, including TAZ-CAMTAI, has been shown to
drive the development of the respective tumor in which
the gene fusion was initially identified. Thus, whether a
given YAP/TAZ fusion can cause the corresponding tu-
mor remains unknown. In the absence of such models,
it remains unclear whether these fusions are viable thera-
peutic targets.

Another open question concerns the molecular mecha-
nism by which the YAP/TAZ gene fusions may confer
gain-of-function activities. The oncoproteins TAZ and
its paralog YAP, both of which are involved in gene fu-
sions found in EHE, act as the key nuclear effectors of
the Hippo pathway, an evolutionarily conserved kinase
cascade that controls overall organ size, tissue homeosta-
sis, and regeneration in a variety of contexts (Johnson and
Halder 2014; Koo and Guan 2018; Zheng and Pan 2019).
TAZ and YAP act as transcriptional coactivators
that bind to their cognate transcription factors, the
TEF/TEAD family of transcription factors, to promote cel-
lular proliferation and inhibit cell death. Under homeo-
static conditions, the LATS1/2 kinases phosphorylate
and ultimately lead to 14-3-3-mediated cytoplasmic
sequestration and B-TrCP-mediated degradation of YAP/
TAZ. Upstream of LATS1/2 are the kinases MST1/2 and
a series of protein regulators that tie regulation of the ki-
nase cascade to such signals as mechanical forces,
GPCR signaling, and metabolic status. Whereas YAP
and TAZ have been intensely studied, CAMTALI is a tran-
scription factor that is highly expressed in the brain, and
its function remains largely unknown (Tanas et al. 2011;
Long et al. 2014). Previous molecular characterization of
TAZ-CAMTALI suggested that the strong nuclear localiza-
tion signal of CAMTAI prevents the fusion protein from
being regulated by the Hippo pathway and therefore re-
sults in the constitutive nuclear localization and activa-
tion of TAZ-CAMTAL (Tanas et al. 2016).

In this study, we used a combination of transgenic
mice and a mammalian endothelial cell line to show
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that expression of TAZ-CAMTALI is sufficient to cause
vascular tumors with the features of EHE. Furthermore,
we demonstrate that continued expression of the fusion
protein is required for tumor growth. The expression of
activated TAZ also leads to EHE-like vascular tumors,
and the TAZ-CAMTALI fusion protein requires its inter-
action with TEAD to initiate tumorigenesis. We demon-
strate that TAZ-CAMTALI activates an angiogenic and
regenerative gene program in endothelial cells. Last, we
show that TAZ-CAMTAL is still susceptible to inhibi-
tion by Hippo pathway hyperactivation, and treatment
with known YAP/TAZ activity-modulating drugs, like
statins, can inhibit TAZ-CAMTA1-mediated endothelial
transformation.

Results

TAZ-CAMTA1 expression in endothelial cells
drives the formation of EHE-Iike vascular
tumors in the lungs of mice

To investigate whether TAZ-CAMTAL is a driver of EHE,
we tested whether conditional overexpression of TAZ-
CAMTALI in mouse endothelial cells could lead to the for-
mation of vascular tumors. We therefore generated trans-
genic mice that expressed a FLAG epitope-tagged human
TAZ-CAMTAI cDNA (Fig. 1A; Tanas et al. 2016) under
the control of a minimal CMV promoter and a tetracy-
cline (Tet) response element (TRE). To express
TAZ-CAMTALI throughout the mouse vasculature, we
used an established, well-characterized transgenic driver
line, Cdh5-tTA, in which the tetracycline-controlled
transactivator (tTA) is under control of the Cdh5 promot-
er and is expressed specifically in mouse endothelial cells
(Sun et al. 2005). We crossed the two single-transgenic
lines to generate double-transgenic TRE-TAZ-CAMTA1;
Cdh5-tTA (TAZ-CAMTAI'EC) offspring in which expres-
sion of TAZ-CAMTALI is repressed upon feeding the
mice doxycycline in their drinking water (Tet-off system)
(Fig. 1B). After crossing the two single-transgenic lines,
pregnant mothers were maintained on normal water to
initiate TAZ-CAMTAI1 expression (Supplemental Fig.
S1A). However, no viable double-transgenic offspring
were obtained, suggesting that TAZ-CAMTALI expression
in endothelial cells during development generates an em-
bryonic-lethal phenotype (Supplemental Fig. S1B).

To overcome this embryonic lethality, we crossed the
single-transgenic parents and maintained pregnant moth-
ers on 1.5 mg/mL doxycycline water, which resulted in
double-transgenic offspring at the proper Mendelian ratio.
At PO, we removed doxycycline water from the mating
cages and followed the offspring for the development of
any phenotypes (Fig. 1C). We observed that TAZ-CAM-
TA1EC mice all showed lethality before day 83, with a me-
dian survival of 39.5 d (Fig. 1D). Before death, many
TAZ-CAMTAI1EC mice developed lethargy, quick breath-
ing, and edema (Supplemental Fig. S1C). To understand
the cause of these phenotypes, we systematically isolated
and analyzed the hearts, lungs, livers, skin, adipose tissue,
bones, ovaries, and intestines of the double-transgenic
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mice at P40 or when the mice began to develop symp-
toms. Some mice were observed to exhibit pleural effu-
sions upon dissection. We consistently observed the
presence of widespread microscopic tumors within the
blood vessels of the lungs, particularly those with at least
one smooth muscle layer (Fig. 1E). Tumor cells showed an
epithelioid or spindled morphology and exhibited cyto-
plasmic vacuoles, sometimes with red blood cells, fea-
tures that are characteristic of EHE of the lung (Fig. 1F;
Rosenbaum et al. 2020). These tumors stained positive
for CD31, CD34, and Erg and were negative for pan-cyto-
keratin (Pan-CK) (Fig. 1G-I; Supplemental Fig. S1F-I), con-
firming their endothelial origin. Thus, expression of TAZ-
CAMTALI in endothelial cells is sufficient to lead to the
formation of EHE-like tumors.

TAZ-CAMTA1 is required for the maintenance
of vascular tumors

To investigate whether the gene fusion is required for the
maintenance of these EHE-like vascular tumors, we sub-
jected the TAZ-CAMTAI1EC mice described above that
had TAZ-CAMTAI expression from PO to P40, a time
point at which tumors have been established, to either
normal water to continue TAZ-CAMTAI expression or
to doxycycline water to repress TAZ-CAMTAL expres-
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Figure 1. TAZ-CAMTAL expression in endothelial
cells drives the formation of EHE-like vascular tumors
in the lungs of mice. (A) Structure of TAZ, CAMTALI,
and the resulting TAZ-CAMTAL1 fusion protein formed
from the t(1;3)(p36;q25) chromosomal translocation.
TAZ-CAMTALI contains the N terminus of TAZ with
its TEAD-binding domain (TBD), WW domain, and three
LATS1/2 phosphorylation sites, and the C terminus of
CAMTAI1 with its transcription activation domain
(TAD), TIG domain, ankyrin repeats (ANK), IQ motifs,
and a nuclear localization signal (NLS). TAZ-CAMTA1
has lost the TAD of TAZ, one of TAZ’s LATS1/2 phos-
phorylation sites, and the CG-1 domain of CAMTAI.
(B) Schematics of the Cdh5-tTA and TRE-TAZ-CAMTA1
alleles for  endothelial-specific ~ expression  of
TAZ-CAMTAI1. (C) Schematic for induction of

for Ctrl (single transgenic Cdh5-tTA or TRE-TAZ-
CAMTA1 mice, n=14, median survival =undefined) or
TAZ-CAMTA1EC mice (Cdh5-tTA;TRE-TAZ-
CAMTA1, n=20, median survival=39.5 d). (****) P<
0.0001, Mantel-Cox test. (E-I) Representative images
showing H&E (E,F), CD31 (G), CD34 (H), and Erg (I) im-
munohistochemistry of a tumor found within a vessel
of the lungs of 7-wk-old TAZ-CAMTA1®  mice. Black ar-
rows in E point to the tumor, and blue arrows in F show
plump spindled and epithelioid cells, while green arrows
show cytoplasmic vacuoles, some with red blood cells.
Red arrows in G-I show positive staining for the respec-
tive markers. Scale bars: E, 100 nm; F—I, 35 pm.
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sion (Fig. 2A). All mice maintained on normal water
had died within 35 d (P75), while mice given doxycycline
water showed no lethality (Fig. 2B). Consistent with
these results, histological examination of P40 TAZ-
CAMTAIEC mice revealed widespread CD31* tumors
within the vessels of the lung, whereas such tumors
were absent in the lungs of TAZ-CAMTAIEC mice
that had received doxycycline for 2 wk (Fig. 2C-H).
Quantitatively, P40 TAZ-CAMTAI1EC mice exhibited
approximately two tumors per 40x field of view (Fig.
21I), with approximately two independent tumors detect-
ed in ~51% of medium-sized vessels (Fig. 2J-K), while
we observed no tumors within the vessels of TAZ-CAM-
TA1EC mice treated for 2 wk with doxycycline (P54
TAZ-CAMTAI'EC). We also examined Ki67 staining
within the endothelial cells of P40 TAZ-CAMTA1*¢
mice and 2 wk after turning off TAZ-CAMTA1 expres-
sion. While we observed a significant increase in Ki67
staining in the endothelial cells of P40 TAZ-CAMTA1E€
compared with control mice, we observed no difference
in staining within the blood vessels of TAZ-CAMTA1EC
mice after 2 wk of doxycycline treatment as compared
with treated nontransgenic control mice (Fig. 2L-N).
Thus, TAZ-CAMTALI expression is required for contin-
ued growth of these vascular tumors, and inhibition of
expression leads to tumor regression.
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(C,F), TAZ-CAMTAI'®C (D,G), and TAZ-
CAMTAIEC mice given doxycycline for 2
wk (E,H). All P40 TAZ-CAMTAIEC mice
(n=5) exhibited tumors, while no P40 Ctrl
mice (n=5) or P54 TAZ-CAMTAIEC mice
(receiving 2 wk of doxycycline after P40,
n=3) had any lung tumors. Black arrows
point to examples of tumors within blood
vessels. Scale bar, 50 pm. (I) Quantification
of tumors observed per 40x field of view in
P40 Ctrl (00, n=5), P40 TAZ-CAMTA1EC
(2.5£0.7, n=5, [**] P=0.01}, P54 Ctrl (00,
n=3), or P54 TAZ-CAMTA1E® mice (00,
n=3, P>0.05). (/) Quantification of noncapil-
lary vessels affected in P40 Ctrl (0% =0, n=
5), P40 TAZ-CAMTA1EC (51.3% +8.9, n=5,
[***] P<0.001), P54 Ctrl (0% =0, n=3), or
P54 TAZ-CAMTAIEC mice (0% +0, n=3, P
>0.05). (K) Quantification of independent tu-
mors observed per vessel in P40 Ctr (00, n
=5), P40 TAZ-CAMTAIEC (2.1:03, n=5,
[****] P<0.0001), P54 Ctrl (00, n=3), or
P54 TAZ-CAMTAI1EC mice (0£0, n=3, P>
0.05). (L-N) Endomucin (Emcn) and Ki67 im-
munofluorescence of P40 and P54 TAZ-
CAMTAIEC vessels. P40 TAZ-CAMTAIEC
(14.4+2.6, n=3) vessels had significantly
more Ki67 positivity than Ctrl (1.8+0.2, n=
3, [**] P<0.01), while P54 TAZ-CAMTA1E€
(1.4+1.4, n=3) vessels had no difference in
Ki67 positivity compared with control (0.8 =
0.8, n=3, P>0.05). White arrows point to

Ki67*Emen* endothelial cells. Scale bars, 25 um. All data are presented as mean +S.E.M, and P-values were calculated with unpaired

t-tests.

TAZ-CAMTAL1 is highly tumorigenic
in endothelial cells

To complement our analysis of transgenic mice, we exam-
ined whether the expression of TAZ-CAMTAIL could
transform cultured endothelial cells. We expressed the fu-
sion protein in a doxycycline-inducible manner (Tet-on
system) in a well-characterized, SV40-immortalized
mouse endothelial cell line known as MS1 (Arbiser et al.
1997). Indeed, TAZ-CAMTAI1 expression enabled MS1
cells to grow in soft agar (Fig. 3A-C). We next tested
whether TAZ-CAMTALI expression would allow these
cells to form progressive vascular tumors in vivo. Thus,
we injected MS1 cells subcutaneously into the flanks of
nude mice and gave the mice water with sucrose as a con-
trol or water with sucrose and doxycycline to induce the
expression of TAZ-CAMTAL. TAZ-CAMTA-expressing
MSI cells formed vascular tumors that grew over time (Fig.
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3D-F), whereas control cells formed benign hemangiomas
that did not progress as previously described (Arbiser et al.
1997). While control cells formed well-circumscribed mas-
ses with a maximum diameter of ~5 mm, TAZ-CAMTAI-
expressing MS1 cells formed poorly circumscribed nodules
that showed areas of ulceration and necrosis and reached up
to ~1 c¢m in diameter by about 3 mo of growth. Tumors
formed from TAZ-CAMTAI-expressing MS1 were largely
composed of epithelioid and spindled CD31" cells growing
in nests and cords that grew as a solid mass, while control
MSI1 cells formed blood-filled hemangiomas (Fig. 3G-L).
Unlike the parental MS1 cells, we also observed metastasis
of TAZ-CAMTA -expressing MSI1 cells to the lung at 3
mo, forming large, poorly defined nodules that showed ar-
eas of central necrosis (Fig. 3M-0). Therefore, TAZ-
CAMTALI drives anchorage-independent growth in endo-
thelial cells and confers these cells the ability to both
grow and metastasize.
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TAZ-CAMTA1 drives a proliferative endothelial cell
population with a YAP/TAZ target gene signature

To understand how TAZ-CAMTAI transforms endotheli-
al cells, we performed droplet-based single-cell RNA se-
quencing (scRNA-seq) by the 10x genomics platform on
lung endothelial cells dissociated from 5-wk-old
TRE-H2B-GFP;TAZ-CAMTAIEC mice that had been
enriched by flow-activated cell sorting (FACS) (Fig. 4A).
Using t-SNE analysis, we identified 10 transcriptionally
distinct cell populations (Fig. 4B). Nine of the populations
expressed endothelial cell markers, such as CD31, CD34,
Cdh5, and Cldn5 (Supplemental Fig. S2A), while one pop-
ulation expressed markers consistent with immune cells
but not endothelial cells (Supplemental Fig. S2B). Based
on differential marker gene analysis and a previous publi-
cation (Goveia et al. 2020), we were able to identify cell
populations consistent with arterial endothelial cells,
venular endothelial cells, lymphatic endothelial cells,
and capillary cells (Fig. 4C; Supplemental Fig. S2C,D; Sup-
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Figure 3. TAZ-CAMTALI is highly tumorigenic in
endothelial cells. (A-C) Ctrl (-Dox) (3.3 colonies =
0.7, n=3) or TAZ-CAMTA-expressing (+Dox) (338
colonies+27.1, n=3) MS1 cells grown on soft agar.
TAZ-CAMTAI1 expression significantly increased
the colony forming ability of MSI cells on soft agar.

N (***) P<0.001. (D,E) Representative images of tumors

established in nude mice from Ctrl (-Dox) or
TAZ-CAMTAI-expressing (+Dox) MS1 cells. Scale

|:) . bar, 1 cm. Red arrows point to tumors. (F) Growth
-UN) :«’,‘300 ~ - Dox curve of tumors formed from Ctrl (13.4+8.9, n=5)
5 £ 2007 = + Dox or TAZ-CAMTAIl-expressing (213.8+76.7, n=5)
E E100 MSI1 cells. (*) P<0.05. Values represent final time
= U = point, day 100. All values are mean=SEM, and

T OW®oo P-value was calculated with an unpaired t-test.

(G-L) Representative H&E (G,H), CD31 (I,]), and
FLAG (K,L) immunohistochemistry of tumors de-
rived from Ctrl (-Dox) (G,I,K) or TAZ-CAMTA1-ex-
pressing (+Dox) (H,J,L) MS1 cells. Red arrows point
to positive immunostaining. Scale bars,100 pm.
(M-O) Representative H&E (M), CD31 (N), and
FLAG (O) immunohistochemistry of a lung metasta-
sis identified in a nude mouse injected subcutaneous-
ly with MSI1 cells expressing TAZ-CAMTAIL. Red
arrows point to positive immunostaining. Scale
bars,100pm.

plemental Table S4; Supplemental Data File 1). We also
identified an interferon-activated endothelial cell popula-
tion, an immature endothelial population, and a popula-
tion with both of these features, all of which have been
suggested to be characteristic of lung carcinoma-associat-
ed endothelial cells Altogether, this suggests that we iso-
lated normal and untransformed endothelial cells as well
as reactive endothelial cells that may be associated with
the transformed endothelial cell population.

To identify the tumor population that had been ob-
served on histology, we performed an analysis of cell cycle
genes that might be predictive of a proliferative endotheli-
al cell population, since only the tumor endothelial cells
had been observed to show widespread staining for Ki67.
We found that genes indicative of proliferation all clus-
tered in a particular and distinct population, which we
named the “proliferative population,” and to a lesser ex-
tent in its adjacent population, the “preproliferative popu-
lation” (Fig. 4C; Supplemental Fig. S3A,B). Based on this
identification, we performed differential gene expression
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Figure 4. TAZ-CAMTALI drives a proliferative endothelial cell population with a YAP/TAZ target gene signature. (A) Schematic for iso-
lation of lung ECs for scRNA-seq. (B) t-SNE plot of clusters of cells observed from scRNA-seq. (C) t-SNE plots showing expression of various
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testing and identified 806 differentially expressed genes in
this proliferative population (Fig. 4D). Highly and unique-
ly expressed genes within this population included Pdgfa,
Cryab, and S100A6, and we confirmed that Pdgfa and
Cryab were also overexpressed in MS1 cells expressing
TAZ-CAMTAI (Fig. 4E; Supplemental Fig. S3C,D). Based
on this analysis, we performed immunofluorescence
staining of lungs from P40 TAZ-CAMTAI1C mice and
confirmed that Pdgfa, Cryab, and S100a6 were all specifi-
cally expressed in emergent vascular tumors and not in
control or nontumor tissue (Fig. 4F).

We then performed gene set enrichment analysis
(GSEA) (Subramanian et al. 2005) on the differentially ex-
pressed genes identified in this proliferative endothelial
cell population. Prominently, we observed a significant
increase in YAP target gene signatures previously defined
in two independent studies in nonendothelial cells (Fig.
4G; Supplemental Fig. S3E; Cordenonsi et al. 2011; Trem-
blay et al. 2014). Indeed, we confirmed that many canon-
ical YAP/TAZ target genes were specifically increased
in this endothelial cell population (Fig. 4H). Besides the
YAP/TAZ gene signature, the proliferative endothelial
cell population also showed gene signatures of MTOR ac-
tivation, KRAS activation, P53 down-regulation, and late
embryonic stem cell identity (Supplemental Fig. S3F).

TAZ5* phenocopies TAZ-CAMTA1

The activation of YAP/TAZ target genes in
TAZ-CAMTAIl-expressing endothelial cells led us to in-
vestigate whether TAZ can also affect the function of en-
dothelial cells. Thus, we overexpressed either empty
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vector (Ctrl), TAZ, or TAZ5** a gain-of-function variant
in which the four Hippo-regulated phosphorylation sites
of TAZ are mutated, in the MS1 endothelial cell line (Sup-
plemental Fig. S4A). Similar to TAZ-CAMTA1, TAZS*,
but not TAZ or empty vector, enabled MS1 cells to grow
in soft agar (Fig. 5A-D). Consistent with this result, both
TAZ5** and TAZ-CAMTALI activated the expression of
canonical YAP/TAZ target genes AmotI2 and Cyr61 (Sup-
plemental Fig. S4B,C).

Next, we sought to test whether TAZS** expression in
vivo could produce similar EHE-like vascular tumors.
We therefore adopted a similar strategy to express TAZS*A
in the endothelial cells as we used for TAZ-CAMTAL, by
generating TRE-TAZ5*A,Cdh5-tTA (TAZEC) mice (Fig.
5E). We maintained pregnant mothers on doxycycline wa-
ter to silence the transgene and replaced the doxycycline-
containing water with normal water at birth to turn on the
transgene, as we have done for testing the oncogenic activ-
ity of TAZ-CAMTAIL. Under such regimen, the TAZEC
mice all died by P53 with a median survival of 45 d (Fig.
5F). Similar to the TAZ-CAMTAIEC mice, the TAZEC
mice also formed vascular tumors within the noncapillary
vessels of the lung, showing that TAZS5** phenocopies
TAZ-CAMTAL in driving EHE-like vascular tumors
(Fig. 5G).

TAZ-CAMTAI1 requires the TEAD family of transcription
factors to drive tumorigenesis

Given that TAZ-CAMTALI and TAZ5** can drive similar
phenotypes, we tested whether TAZ-CAMTAL, like TAZ,
requires the TEAD family of DNA-binding transcription

ki Figure 5. TAZS5** phenocopies TAZ-CAMTA1, and

TAZ-CAMTAI requires the TEAD family of tran-
scription factors to drive tumorigenesis. (A-D) Repre-
sentative images of Ctrl (1.0+0.1, n=3), TAZ (0.7 +
0.1, n=3), or TAZS**.expressing (318.6+11.3, n=3)
MSI cells growing in soft agar. Only TAZS*A is suffi-
cient to promote anchorage-independent growth.
(****) P<0.0001, one-way ANOVA with post-hoc
Tukey test. (E) Schematic for generation of endotheli-
al-specificTAZS** (TAZEC) transgenic mice. (F) Sur-
vival curve for Ctrl (median survival = undefined, n=
10) and TAZC (median survival=45 days, n=9)
mice. (****) P <0.0001, Mantel-Cox test. (G) Represen-
tative H&E of tumor located in noncapillary vessel of
a P35 TAZE€ mouse. Scale bar, 35 ym. (H) Schematic
for generation of TRE-TEAD2DN;Cdh5-tTA (T-
DNEC) and TRE-TEAD2DN;TRE-TAZ-CAMTAI;
Cdh5-tTA (TCEC,;T-DNEC) transgenic mice. (I) Sur-
vival curve of T-DNEC mice (median survival = unde-

T-DNiES fined, n=7), TAZ-CAMTA1'E€ mice (median survival

=45 d, n=5), and TEAD2DNEC, TAZ-CAMTA1EC
mice (median survival =undefined, n=7). (***) P<
0.001, Mantel-Cox test. (J) Representative H&E of a
vessel in a TCES, T-DNEC mouse showing the ab-
sence of any vascular tumors. Scale bar, 100 pm.
None of the TCES, T-DNFC mice examined (n=3)
showed lung tumors at P40.
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factors. First, we generated a transgenic model expressing
TAZ-CAMTALI in the Drosophila compound eye, a well-
established model to dissect the growth regulatory func-
tion of the Hippo signaling pathway. Unlike wild-type
TAZ, expression of TAZ-CAMTAI1 drove massive eye
overgrowth that resembles the phenotype caused by
TAZ5%°2 3 gain-of-function TAZ mutant that lacks the
most critical Hippo-responsive phosphorylation site. Fur-
thermore, knockdown of Sd, the Drosophila ortholog of
TEAD, or overexpression of a TAZ-CAMTAI15°!' mutant
that has lost TAZ's ability to bind to TEAD (Tanas et al.
2016), inhibited that overgrowth (Supplemental Fig.
S4D-K). To study this TEAD dependence in mammals,
we introduced the previously reported TRE-TEAD2DN
line that expresses a dominant-negative form of TEAD2
(Liu-Chittenden et al. 2012) into the TAZ-CAMTAIEC
line (TRE-TAZ-CAMTAI1;TRE-TEAD2DN;Cdh5-tTA,
TCEC,T-DNEC) (Fig. 5H). While all TAZ-CAMTAIEC
mice that had expressed TAZ-CAMTAI starting at PO
had died by P64, six out of seven of the TAZ-CAMTA1€
mice that coexpressed TEAD2DN survived through the
time course of the experiment, showing that expression
of the TEAD2DN abrogates TAZ-CAMTAIl-induced le-
thality (Fig. 5I). Moreover, unlike the TAZ-CAMTA1EC
mice (Fig. 5]), we observed no tumors in P40 TAZ-CAM-
TAI'EC mice that coexpressed TEAD2DN (n=3), de-
monstrating that TEAD2DN overexpression rescues
TAZ-CAMTAIl-induced tumor formation. Importantly,
expression of TEAD2DN alone (TRE-TEAD2DN;Cdh5-
tTA mice [T-DN'EC]) did not lead to physical or behavioral
abnormalities, suggesting that inhibition of TEAD func-
tion in endothelial cells under homeostatic conditions
has limited toxicity.

TAZ-CAMTAI1 and TAZS* drive a gene program
associated with angiogenesis and regeneration

To take a broader approach to understand the similarities
between TAZ and TAZ-CAMTALI and to understand how
their overexpression can drive endothelial cell transfor-
mation, we performed mRNA sequencing on MS1 cells
expressing either the empty vector, TAZS**, or
TAZ-CAMTAL. After differential expression testing com-
paring either TAZ5*2 or TAZ-CAMTA1 with control, we
compared the identity of the differentially expressed
genes. This analysis unveiled significant overlap in the
transcriptional programs of TAZ5** and TAZ-CAMTAI,
revealing 965 similarly affected genes accounting for a Jac-
card index of 0.24 and a P-value (hypergeometric test) of
1.3x 1072% (Fig. 6A; Supplemental Data File 2).

Between TAZS** and TAZ-CAMTAI, we observed
overlap in the most differentially expressed genes; for ex-
ample, genes such as Steap4, Anxa6, Serpina3g, Mmp?2,
and Pdgfa were highly elevated in MS1 cells expressing ei-
ther TAZS*A or TAZ-CAMTAI (Fig. 6B,C). We thus want-
ed to determine whether TAZ5** and TAZ-CAMTAL1
regulate the same downstream transcriptional programs.
We performed a gene set enrichment analysis (Subrama-
nian et al. 2005) and saw that both TAZS** and
TAZ-CAMTALI up-regulated such gene programs as those
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related to KRAS activation, embryonic stem cell identity,
and VEGFA activation (Fig. 6D,E).

The VEGFA signature induced by TAZS** or
TAZ-CAMTAI in MS1 cells is interesting since VEGFA
overexpression has been previously shown to transform
MSI1 cells (Arbiser et al. 2000). We thus tested whether
TAZ-CAMTAI and TAZ5* regulate VEGFA expression.
Indeed, we confirmed by qPCR that Vegfa was signifi-
cantly up-regulated in TAZS**. or TAZ-CAMTAI-ex-
pressing MS1 cells (Fig. 6F). Consistent with endothelial
cell activation by Vegfa, we also observed significant en-
richment of an angiogenesis gene signature in TAZ-
CAMTAI-expressing MS1 cells (Fig. 6G). Furthermore, re-
cent work has sought to understand whether there is an
endothelial stem cell or a population of endothelial cells
that can regenerate upon injury (McDonald et al. 2018;
Wakabayashi et al. 2018). We observed significant up-reg-
ulation of genes in TAZ%*A- or TAZ-CAMTA1-expressing
MSI1 cells that correspond to regenerative populations of
endothelial cells (Fig. 6H). We detected up-regulation of
Bst1, also known as CD157, a marker of endothelial
stem cells (Wakabayashi et al. 2018), and up-regulation
of Atf3, a required gene for endothelial cell regeneration
after injury (McDonald et al. 2018). Taken together,
TAZ-CAMTALI drives gene programs in endothelial cells
associated with angiogenesis and regeneration.

TAZ-CAMTA1 is resistant to proteasomal
degradation

Hippo-regulated phosphorylation inhibits TAZ activity
by inducing cytoplasmic sequestration (through a 14-3-3
binding site) and proteasomal degradation (through a p-
TrCP-mediated phosphodegron site) (Lei et al. 2008; Liu
et al. 2010). Previous molecular characterization of
TAZ-CAMTALI and other YAP/TAZ fusions suggested
that the strong nuclear localization signal of CAMTAL
(and other fusion partners) prevents the fusion proteins
from being regulated by the Hippo pathway and therefore
results in the constitutive nuclear localization and activa-
tion of TAZ-CAMTALI (Tanas et al. 2016; Pajtler et al.
2019; Szulzewsky et al. 2020). Indeed, we found that
TAZ-CAMTAI showed more nuclear localization com-
pared with TAZ (Supplemental Fig. S5A-D). However,
given our previous finding that nuclear localization of en-
dogenous YAP by mutating its single 14-3-3-binding site
(S112 of mouse YAP, equivalent to S127 of human YAP)
does not cause tumorigenesis in vivo due to a compensa-
tory mechanism that increases YAP degradation (Chen
et al. 2015), nuclear localization alone is unlikely to ex-
plain the oncogenic activity of YAP/TAZ fusions. Thus,
we speculated that additional mechanisms likely contrib-
ute to the gain-of-function activity of YAP/TAZ fusions.
We noted that many of these fusions, including TAZ-
CAMTALI, have lost the C-terminal phosphodegron site
(Supplemental Fig. S5E; Szulzewsky et al. 2020), suggest-
ing that loss of proteasomal degradation may contribute
to their gain-of-function activation. Indeed, when the
phosphodegron is mutated in TAZ, TAZ becomes more
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Figure 6. TAZ-CAMTALI and TAZ5*2 drive a gene program associated with angiogenesis and regeneration. (A) Number of differentially
expressed genes (DEG; FDR <0.01) in MS1 cells expressing TAZ5** or TAZ-CAMTAL1 as compared with control MS1 cells. Overlapped
region indicates genes expressed in both populations. Hypergeometric test P-value and Jaccard index are indicated. (BC) Volcano plot
of DEGs of TAZS*A or TAZ-CAMTAL. Red (overexpressed) and blue (underexpressed) are genes with —logq(p) > 25. (D,E) Normalized en-
richment scores (NES) for selected oncogenic pathways in MS1 cells expressing TAZ5** or TAZ-CAMTAL1 as determined by GSEA. Red
indicates positive enrichment and blue indicates negative enrichment. (F) qPCR for Vegfa expression in control MS1 cells (1.0 +0.0, n=3)
and MS1 cells expressing TAZ5** (3.1 0.1, n=3) or TAZ-CAMTA1 (4.9+0.1, n = 3). (***) P <0.001. one-way ANOVA with post-hoc Tukey
test. All data are mean = SEM. (G) Enrichment of an angiogenesis gene signature in TAZ-CAMTA1-expressing MS1 cells, NES =2.6. (**) P<
0.01, FDR <0.01. (H) Heat map showing expression of selected regenerative endothelial cell markers in TAZS*A- or TAZ-CAMTAI -ex-

pressing MS1 cells.

stable and exhibits gain-of-function activities (Liu et al.
2010).

To test whether TAZ-CAMTALI is more resistant to pro-
teasomal degradation since it has lost the C-terminal phos-
phodegron that is normally present on TAZ, we expressed
TAZ-CAMTAI or TAZ in MCF10A cells and treated the
cells with cycloheximide, a translation inhibitor. While
TAZ degraded over the time course of the experiment,
TAZ-CAMTALI remained stable (Supplemental Fig. S5F).
We also treated these cells with bortezomib, a proteasomal
degradation inhibitor, and while we saw TAZ’s protein
level increase, TAZ-CAMTAL1’s protein level showed lit-
tle change (Supplemental Fig. S5G). Thus, both enhanced
nuclear localization and loss of proteasomal degradation
likely contribute to the oncogenic activity of TAZ-
CAMTAL.

TAZ-CAMTA1 is still susceptible to regulation
by Hippo signaling

As an unbiased way of identifying regulators and effectors
of TAZ-CAMTALI that may be therapeutically targeted,
we sought to identify its protein interaction partners.
We therefore expressed FLAG-tagged TAZ-CAMTAI or
empty vector in 293T cells, enriched the proteins by coim-
munoprecipitation with a FLAG antibody, and subjected
the immunoprecipitates to label-free mass spectrometry
(Supplemental Data File 3). After eliminating proteins
that were also identified by the control empty vector,
we performed gene ontology to identify the regulatory
processes that categorize TAZ-CAMTAL1’s binding part-
ners (Fig. 7A). This analysis largely revealed that Hippo
signaling processes may regulate TAZ-CAMTALl. We
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293A LATS1/2 KO cells (D). 293A LATS1/2
KO (81.3% = 6.4%, n=6) cells had significantly
more TAZ-CAMTALI localized to the nucleus
than 293A cells (47.8% +8.3%, n=6). (**) P<
0.01, unpaired t-test. (F-H) Immunostaining
of transfected FLAG-tagged TAZ-CAMTAL
or TAZ-CAMTA1%# in 293T cells. TAZ-
CAMTALI (70.3% +4.4%, n=10) was signifi-
cantly more localized to the cytoplasm than
TAZ-CAMTAIL%A  (35.0%+4.9%, n=10).
(****) P<0.0001, unpaired t-test. (I,],K) qPCR
for expression of Amotl2 (I), Ankrd1 (]), and
Ctgf (K) in MS1 cells stably expressing empty
vector (Ctrl), TAZ-CAMTAL (TC), or TAZ-
CAMTA1%34 (TC3A). Cells expressing TAZ-
CAMTAI1%4 had significantly increased ex-
pression of Amoti2 (Ctrl: 1.0+0.1, n=3; TC:
1.4+0.1, n=3; TC**: 4.3+0.1, n=3), Ankrdil
(Ctrl: 1.0£0.1, n=3; TC: 09+0.0, n=3;
TC3:2.3+0.1, n=3), and Ctgf (Ctrl: 1.0+0.3,
n=3; TC: 1.0£0.0, n=3; TC**: 1.5+0.0, n=
3). (*) P<0.05, (**) P<0.01, (****) P<0.0001,
one-way ANOVA with post-hoc Tukey test.
(L-N) Immunostaining of doxycycline-in-
duced FLAG-tagged TAZ-CAMTAI in MSI1
cells left untreated or treated with 1 uM latrun-
culin B (LatB) for 1 h. LatB-treated MS1 cells
(45.5% +6.3%, n=10) had more TAZ-
CAMTAL localized to the cytoplasm than un-
treated cells (5.7% +1.8%, n=10). (****) P<
0.0001, unpaired t-test. (O) qPCR for expres-
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sion of Cyr61 in MSI cells without (—-Dox) or with TAZ-CAMTALI induction (+Dox), and untreated or treated with 5 pM simvastatin
for 24 h. TAZ-CAMTAI-expressing cells had significantly reduced Cyr61 (untreated: 3.6+0.2, n=3, treated: 1.9+0.1, n=3, [**] P<0.01)
after treatment with simvastatin. P-values were obtained by an unpaired ¢-test of the +Dox group treated or untreated. (P-R) Representa-

tive images showing soft agar growth of TAZ-CAMTAI-induced MS1

cells (TCEC) in the absence or presence of 1 uM simvastatin (+Sim).

Simvastatin significantly reduced the colony formation of TCEC cells (Ctrl: 0.7 colonies +0.3, n=3; TCEC: 322.7 colonies +55.4, n=3;
TCEC 4 Sim: 2.0 colonies + 1.2, n=3). (***) P<0.001, one-way ANOVA with post-hoc Tukey test. All data are mean +SEM. Scale bars,
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next identified the TEAD transcription factors as interact-
ing partners of TAZ-CAMTALI, which is consistent with
our observations that the TEAD transcription factors are
required for TAZ-CAMTAI1-induced tumorigenicity and
that the C-terminally truncated TAZ in the TAZ-
CAMTALI fusion still retains the full TEAD-binding re-
gion. Paradoxically, we also identified LATS1 and the
14-3-3 complex as interacting partners of TAZ-CAMTALI
(Fig. 7B). Thus, the enhanced nuclear localization of TAZ-
CAMTALI does not preclude interactions with the up-
stream kinase that normally phosphorylates TAZ
(LATS1) or the protein that normally binds TAZ in a
phosphorylation-dependent manner (14-3-3). Of note,
the truncated TAZ in TAZ-CAMTAL still retains multi-
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ple LATS phosphorylation sites including the 14-3-3-bind-
ing site.

To test whether TAZ-CAMTAL is still susceptible to
regulation by Hippo signaling, we expressed TAZ-
CAMTAL in 293A cells or 293A cells in which LATS1/2
had been deleted (Hansen et al. 2015). We observed in-
creased nuclear localization of TAZ-CAMTAL in the
LATS1/2 KO cells as compared with wild-type cells (Fig.
7C-E). Consistent with this finding, mutating the three
LATS phosphorylation sites in TAZ-CAMTA1 (TAZ-
CAMTA1%%4) also resulted in increased nuclear localiza-
tion (Fig. 7F-H). We also observed increased up-regulation
of the canonical YAP/TAZ target genes Amotl2, Ankrd1,
and Ctgfin MS1 cells stably expressing TAZ-CAMTA1534



as compared with MS1 cells expressing empty vector or
TAZ-CAMTALI, suggesting that abolishing Hippo-respon-
sive phosphorylation increases the activity of TAZ-
CAMTALI (Fig. 7I-K). Taken together, these findings sug-
gest that TAZ-CAMTAL may still be susceptible to regu-
lation by Hippo signaling. To further test this proposition,
we treated TAZ-CAMTAIl-expressing MS1 cells with
latrunculin B (LatB), an F-actin inhibitor that is known
to activate Hippo signaling and YAP/TAZ phosphoryla-
tion (Zhao et al. 2012; Chen et al. 2015; Moroishi et al.
2016; Mana-Capelli and McCollum 2018). Indeed, LatB
treatment increased the cytoplasmic localization of
TAZ-CAMTAI (Fig. 7L-N). We conclude that, despite
its gain-of-function activity, TAZ-CAMTALI is still sus-
ceptible to regulation by Hippo signaling.

Because the localization of TAZ-CAMTAL can still be
regulated by Hippo signaling, we investigated whether
other known mechanisms of increasing YAP/TAZ phos-
phorylation could sequester TAZ-CAMTAL in the cyto-
plasm and thus offer a potential avenue for inhibiting its
oncogenic activity. Previous publications have linked
the mevalonate pathway to YAP/TAZ by showing that
statins can drive YAP/TAZ phosphorylation and cytoplas-
mic sequestration, possibly by regulating the geranylgera-
nylation of Rho (Sorrentino et al. 2014; Wang et al. 2014;
Mi et al. 2015). We therefore treated TAZ-CAMTAI-ex-
pressing MS1 cells with simvastatin. Consistent with
our model, simvastatin significantly decreased the expres-
sion of TAZ-CAMTAI target genes such as Cyr61 and
Amotl2 (Fig. 70; Supplemental Fig. S5H). Furthermore,
simvastatin also abrogated the ability of TAZ-CAMTAI-
expressing MS1 cells to grow in soft agar. Whereas
TAZ-CAMTAIl-expressing MS1 cells formed many
colonies on soft agar, those treated with simvastatin
formed few or no colonies (Fig. 7P-R). Therefore, therapies
that are known to inhibit YAP/TAZ activity also
may inhibit TAZ-CAMTAIl-induced endothelial cell
transformation.

Discussion

The TAZ-CAMTALI fusion protein has been identified as
an important and distinctive biomarker in EHE (Errani
et al. 2011; Tanas et al. 2011; Shibuya et al. 2015). Our
work shows that expression of this fusion protein in mam-
malian endothelial cells is sufficient to cause pulmonary
EHE-like tumors and lethality. Furthermore, continued
expression of this fusion protein is required for growth
and maintenance of these tumors. Because EHE shows
low mutational burden (Seligson et al. 2019; Rosenbaum
et al. 2020) and the vast majority of cases exhibit the
TAZ-CAMTAL fusion protein (Errani et al. 2011; Tanas
etal. 2011), targeting of TAZ-CAMTALI, whether directly
or through its downstream transcriptional program, is
likely to be highly effective for the vast majority of EHE
patients. Beyond EHE, our study provides the first demon-
stration that a single genetic anomaly found in TAZ, a key
effector of the Hippo pathway, causes its clinically rele-
vant tumor type.

TAZ-CAMTA1

Because expression of an activated TAZ in vitro and in
vivo phenocopies TAZ-CAMTAI overexpression, we ar-
gue that the key function of these TAZ fusion proteins is
to activate TAZ. Furthermore, the identification in EHE
of rare and interchangeable C-terminal fusion protein part-
ners thatreplace CAMTAL, such as ACTL6A and MAML2
(Suurmeijer et al. 2020), reinforces the importance of the
role of TAZ in driving EHE. Hippo-regulated phosphoryla-
tion inhibits TAZ activity by inducing cytoplasmic
sequestration (through a 14-3-3 binding site) and proteaso-
mal degradation (through a f-TrCP-mediated phosphode-
gron site) (Lei et al. 2008; Liu et al. 2010). Indeed, we
demonstrate that both enhanced nuclear localization and
loss of proteasomal degradation likely contribute to the
oncogenic activity of TAZ-CAMTAL. Previous molecular
characterization of TAZ-CAMTALI and other YAP/TAZ
fusions suggested that the strong nuclear localization sig-
nal of CAMTALI (and other fusion partners) prevents the
fusion proteins from being regulated by the Hippo pathway
and therefore results in the constitutive nuclear localiza-
tion and activation of TAZ-CAMTAI (Tanas et al. 2016;
Pajtler et al. 2019; Szulzewsky et al. 2020). Our previous
finding that nuclear localization of endogenous YAP by
mutating its single 14-3-3-binding site does not cause tu-
morigenesis in vivo due to a compensatory mechanism
that increases YAP degradation (Chen et al. 2015) shows
that nuclear localization alone is unlikely to explain the
oncogenic activity of YAP/TAZ fusions. Thus, the YAP/
TAZ gene fusions likely activate YAP/TAZ by disrupting
multiple mechanisms of regulation.

In contrast to previous reports (Tanas et al. 2016; Pajtler
et al. 2019; Szulzewsky et al. 2020), we found that TAZ-
CAMTALI can still be regulated and inhibited by the Hip-
po pathway. The TAZ-CAMTALI fusion protein not only
retains multiple Hippo-responsive phosphorylation sites
but also physically interacts with the Hippo pathway up-
stream kinase (LATS1) and its phosphorylation-depen-
dent binding partners (the 14-3-3 proteins). We further
showed that LATS1/2 regulate the subcellular localiza-
tion of TAZ-CAMTALI and that pharmacological inter-
vention that is known to affect YAP/TAZ activity, such
as statin treatment, could inhibit the activity of the
TAZ-CAMTALI fusion protein. Indeed, a retrospective
analysis of patients with EHE showed that statin use
was associated with increased survival, although the un-
derlying mechanism was not investigated (Subramaniam
et al. 2020). Together, these findings suggest that mecha-
nisms that activate Hippo signaling and/or inhibit YAP/
TAZ activity may provide a new avenue of therapy to in-
hibit TAZ-CAMTALI activity in patients with EHE.

In addition to the therapeutic potential of targeting
TAZ-CAMTAL itself, we also demonstrate that elimi-
nating TAZ-CAMTAL’s transcriptional activity by inhib-
iting the TEAD family of transcription factors can
inhibit the growth of EHE-like tumors. This also raises
the possibility of therapeutic inhibition of the down-
stream target genes of TAZ-CAMTAL. Our scRNA-seq
and RNA-seq analyses revealed a variety of up-regulated
and down-regulated processes that can be manipulated
by FDA-approved drugs. Interestingly, drugs targeting
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several of these processes have already shown some clin-
ical benefit. For example, we identified Vegfa to be tran-
scriptionally up-regulated in MS1 cells expressing TAZ-
CAMTALI, and VEGEF inhibitors have been shown to be
beneficial in patients with EHE (Telli et al. 2020). Addi-
tionally, an mTOR-activated gene signature was ob-
served in the proliferative endothelial cell population,
and the mTOR inhibitor sirolimus has benefited some
patients (Stacchiotti et al. 2016). Future studies aimed
at validating and disrupting downstream target genes of
TAZ-CAMTAI1 may reveal useful therapeutic strategies
for patients with EHE.

In conclusion, we demonstrate that a single genetic
anomaly, TAZ-CAMTALI, is sufficient to drive the forma-
tion and progression of EHE-like vascular tumors. We
show that the tumorigenic activity of TAZ-CAMTAL is
largely due to aberrant activation of TAZ target genes, as
both entities activate similar downstream pathways and
result in the formation of EHE-like vascular tumors. The
findings of Seavey et al. (2021) reinforce our conclusions
by demonstrating that the TAZ-CAMTAI gene fusion is
sufficient to result in EHE and that EHE from human pa-
tients indeed exhibits activation of YAP/TAZ target genes.
Furthermore, we provide proof of concept for targeting the
TAZ-CAMTALI fusion protein, showing that its activity
can be inhibited by Hippo pathway activation or by inhib-
iting its binding partners such as the TEAD transcription
factors. That this gene fusion drives such a dramatic effect
likely reveals that endothelial cells are exquisitely sensi-
tive to YAP/TAZ activation, which is consistent with
the important role of this pathway in endothelial cell de-
velopment and homeostasis (Kim et al. 2017; Sakabe
et al. 2017; Neto et al. 2018). Because transformed endo-
thelial cells are so dependent on continued TAZ-
CAMTALI expression, monotherapy targeting the fusion
protein may be highly effective for patients with EHE.

Materials and methods
Mice

All mice were handled in accordance with the guidelines of the
Institutional Animal Care and Use Committee at the University
of Texas Southwestern Medical Center. All transgenic mice were
maintained in a C57BL/6 and 129/Sv mixed background. TRE-
H2B-GFP (Tumbar et al. 2004) and Cdh5-tTA (Sun et al. 2005)
mice were from the Jackson Laboratory. NU(NCr)-Foxn1™"
mice were from Charles River. TRE-TEAD2DN mice have been
described previously (Liu-Chittenden et al. 2012).

To create the tetracycline-responsive TRE-TAZ-CAMTA1
transgenic mouse, a FLAG-tagged TAZ-CAMTAI1 cDNA (Tanas
et al. 2016) was cloned into the pTRE2 vector (BD Biosciences)
that we had modified to contain an upstream sequence of rat in-
sulin intron. The TRE-TAZ-CAMTAI transgene was excised
from the vector and injected into fertilized C57BL/6 mouse eggs
by the University of Texas Southwestern Transgenic Core. Three
founders were identified and crossed to the Cdh5-tTA transgenic
line (Sun et al. 2005); two showed similar phenotypes, while one
showed no phenotype and no expression of the transgene. One
founder was used throughout the study and expression of the
transgene was confirmed by immunofluorescence and Western
blotting. TRE-TAZS** mice were generated in the same way.
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Eight founders were identified and four of the founders showed
similar phenotypes. One of the founders was mated to Cdh5-
tTA mice for the results generated in this study. Genotyping
primers are listed in Supplemental Table S3.

After crossing TRE-TAZ-CAMTA1 mice to Cdh5-tTA mice,
pregnant mothers were treated with 1.5 mg/mL doxycycline in
their drinking water with 1.25% sucrose. On the first day that
pups were observed, the doxycycline water was replaced with
normal water. The resulting mice were maintained on normal
drinking water for the rest of their life span. TRE-H2B-GFP;
TRE-TAZ-CAMTA1;Cdh5-tTA mice and TRE-TEAD2DN;TRE-
TAZ-CAMTA1;Cdh5-tTA mice were treated in the same way.
For reversibility experiments in Figure 2, mice were given water
containing doxycycline (0.5 mg/mL for the survival study or 1.5
mg/mL with 1.25% sucrose for histological experiments) after
40 d of life.

Drosophila

FLAG-tagged TAZ, TAZS%* TAZ-CAMTAI, and TAZ-CAM-
TA15%'A were cloned into the pUASTattb vector (Bischof et al.
2007) and confirmed by DNA sequencing. The resulting con-
structs were injected into the 51C landing site. The resulting flies
were crossed to GMR-GAL4 (Freeman 1996) flies or GMR-GAL4
flies combined with UAS-Sd™4! (Bloomington Drosophila Stock
Center, 29352).

Histology

After euthanasia, mice were subjected to transcardial perfusion
with PBS +heparin (Sigma-Aldrich) and 4% paraformaldehyde.
Tissue samples were collected and fixed in 4% PFA in 1x PBS
overnight and embedded in paraffin. Sections were stained with
hematoxylin-eosin for analysis. For immunohistochemistry, an-
tibody detection was performed using the Elite ABC kit and
DAB substrate according to the manufacturer’s instructions (Vec-
tor Laboratories) and counterstained with hematoxylin (Thermo
Fisher Scientific). Primary antibodies used were rat anti-FLAG
(Biolegend 637319), anti-CD31 (Dianova DIA-310), anti-endomu-
cin (Santa Cruz Biotechnology sc-65495), rabbit anti-S100a6 (No-
vus Biologicals NBP1-89388), anti-ERG (Abcam ab133264), anti-
CD34 (Abcam ab81289), anti-Ki67 (Leica Biosystems NCLKi67p),
anti-cytokeratin, wide spectrum screening (Agilent Z0622), anti-
CRYAB (Invitrogen PA1-16950), and mouse anti-PDGFA (Santa
Cruz Biotechnology sc-9974). Alexa488-, Alexa568-, and
Alexa647-conjugated secondary antibodies (Molecular Probes)
were used for immunofluorescence.

Quantifications

For quantifications of the tumor phenotypes in Figure 2, the re-
sults of multiple fields of view across a single lung section for
each mouse were averaged and reported. For Ki67 quantifications,
endothelial cells within multiple, independent, affected, nonca-
pillary vessels were used and averaged across each sample. Simi-
lar vessels in control were used. All immunohistochemistry and
H&E images were taken with a Zeiss Axioskop 2, and immuno-
fluorescence images were taken with a Zeiss LSM 880.

Cell lines

MSI1 (MILE-SVEN-1; source: mouse, C57BL/6, CRL2279) (Arbiser
et al. 1997), MCF10A (source: human, female, CRL10317), and
293T (source: human, CRL3216) cells were obtained from
ATCC. 293A (source: human) and 293A LATS1/2 KO (source:
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human) cells were a gift from Kun-Liang Guan (Hansen et al.
2015). All cell lines except MCF10A, which was cultured as pre-
viously described (Liu et al. 2010), were cultured in Dulbecco’s
modified Eagle medium (DMEM; Gibco) supplemented with
10% fetal bovine serum (Gibco) and 1x penicillin/streptomycin
(Sigma-Aldrich). All cells were cultured at 37°C with 5% CO,
in a humidified environment.

Plasmids

pBabeNeo-2xFLAG-TAZ-CAMTA1 and pBabeNeo-2xFLAG-
TAZ-CAMTAI1 S51A were gifts from Brian Rubin (Cleveland
Clinic) (Tanas et al. 2016). pTRE2-TAZ-CAMTAI was generated
by inserting the TAZ-CAMTALI ¢cDNA into the HindIII cut site of
the pTRE2 plasmid using the In-Fusion HD cloning kit (Takara).
TAZ-CAMTA1l was cloned into the BamHI/Xhol sites of
pcDNA3.1 (+) (Thermo Fisher) for transient expression, used in
Figure 7. TAZ-CAMTA1%3* was generated by site-directed muta-
genesis. pPCDNA3.1-HA-TAZ was a gift from Kun-Liang Guan
(Addgene plasmid 32839) (Lei et al. 2008). A 2xFLAG tag was add-
ed to replace the HA tag of TAZ, and TAZ5** was generated by
site-directed mutagenesis. For generation of pUASTattb (Bischof
et al. 2007) constructs, TAZ-CAMTAI and TAZ-CAMTA15%!A
were cut from pBabeNeo and cloned into the BamHI/Xhol cut
sites of pUASTatth. TAZS%* was generated by site-directed mu-
tagenesis, and TAZ and TAZS%* were given a 2xFLAG tag and
cloned into the same sites of pUASTattb. All primers used for
cloning are available in Supplemental Table S1. The integrity of
all constructs was confirmed by DNA sequencing at the Univer-
sity of Texas Southwestern McDermott Sanger Sequencing Core.

Lentivirus production and stable cell generation

TAZ-CAMTA1, TAZ-CAMTA1%34, TAZ, and TAZS** cDNAs
were cloned into the Nhel/BamHI cut sites of pCDH-CMV-
MCS-EF1-Puro (CD510B-1) from Systems Biosciences for consti-
tutive expression. TAZ-CAMTA1 was cloned into the Nhel/
BamHI cut sites of the doxycycline-inducible all-in-one lentivirus
construct pPCW57-MCS1-2A-MCS2 (Barger et al. 2019). Primers
used for cloning are listed in Supplemental Table S1. For virus
production, the appropriate plasmid and the helper plasmids
(psPAX2 and pMD2.G) were transfected into 293T cells cultured
at 50% confluence in each well of a six-well plate dish using
FuGene HD (Promega) according to the manufacturer’s instruc-
tions. After 24 h, media was replaced. Viral supernatants were
collected 76 h after transfection and filtered through a 0.45-pm
filter. Viral supernatants were added to MS1 cells with 10 pg/
mL polybrene (Santa Cruz Biotechnology). Pooled stable cells
were selected with 1 pg/mL puromycin (Thermo Fisher Scien-
tific). psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene
plasmid 12259) were gifts from Didier Trono. pCW57.MCS1-
2A-MCS2 was a gift from Adam Karpf (Addgene plasmid 71782).

Xenografts

MSI cells transduced with the doxycycline-inducible TAZ-
CAMTALI lentivirus were injected, after selection, at a concentra-
tion of 10° cells subcutaneously into the flanks of 5-wk-old, male
Nu/J mice (Jackson Laboratories). Control mice were given 2%
sucrose in their drinking water, and experimental mice were giv-
en 2 mg/mL doxycycline + 2% sucrose to induce TAZ-CAMTA1
expression in the xenografts. Tumor volumes were measured
weekly using calipers, and volumes were obtained from the for-
mula 0.5xlengthx width?, where width was the smaller
dimension.

TAZ-CAMTA1

Cell imaging experiments

MSI cells expressing doxycycline-inducible TAZ-CAMTALI were
seeded onto Lab-Tek IT removable four-well chamber slides
(Thermo Scientific). To induce TAZ-CAMTAI1 expression, 2
pg/mL doxycycline were added to the appropriate chambers. Af-
ter 24 h of seeding, cells were treated with vehicle or the respec-
tive drugs. Cells were treated with 1 uM latrunculin B for 1 h
(Sigma Aldrich). The primary antibodies used were mouse anti-
FLAG M2 antibody (Sigma-Aldrich F1804), Alexa488-conjugated
anti-mouse (Molecular Probes), and Alexa fluor 647 phalloidin
(Thermo Fisher A22287). For localization quantifications, cells
were considered to have either majority nuclear or majority cyto-
plasmic localization based on immunostaining. The percentages
of cells showing nuclear or cytoplasmic staining were averaged
over multiple fields of view (n).

For transient transfections in Figure 7, 293A, 293A LATS1/2
KO, and 293T cells were seeded and transfected with pcDNA3.1
expressing TAZ-CAMTALI or TAZ-CAMTA1%4 according to the
manufacturer’s instructions with FuGene HD (Promega). After 48
h of transfection, cells were fixed with 4% PFA in PBS and stained
with the appropriate antibodies. Localizations were quantified as
above. The individual chambers were removed and slides were
imaged with an LSM 880 (Zeiss). Images were postprocessed
with Fiji (Fiji is just Image])

Coimmunoprecipitation and mass spectrometry

293T cells were grown on 10-cm plates and transfected according
to the manufacturer’s instructions by Effectene (Qiagen) with
pcDNA3.1, pcDNA3.1 TAZ-CAMTALI, or pcDNA3.1 TAZ-CAM-
TAI1S1A, After 48 h, cells were lysed with NP-40 lysis buffer, and
FLAG-tagged TAZ-CAMTAI1 was enriched through the use of
anti-FLAG M2 affinity gel (Millipore Sigma). Expression of TAZ-
CAMTALI and enrichment by anti-FLAG beads was confirmed
by Western blotting. Lysates were run a couple of inches on a
Mini-Protean precast gel (Bio-Rad) and stained with Coomassie
blue (Bio-Rad). A single 10-mm band of protein was cut out from
the gel and submitted to the Proteomics Core at the University
of Texas Southwestern for mass spectrometry. The samples were
run on an Orbitrap Fusion Lumos instrument and proteins were
discovered using Proteome Discoverer 2.2. The results are avail-
able in Supplemental Data File 3. No key differences were noted
between TAZ-CAMTAI1 and TAZ-CAMTAI15%'4, and the results
of TAZ-CAMTALI versus empty vector are presented in Figure 7.

Western blots

Cells were lysed in RIPA buffer (Abcam) mixed with halt protease
and phosphatase cocktail (Thermo Scientific) or lysed directly
into SDS loading buffer. We used antibodies against FLAG (Sigma
F1804), GAPDH (Millipore MAB374), and actin (Millipore
MABI1501). Bands were visualized with secondary antibodies con-
jugated to horseradish peroxidase (Bio-Rad). ECL Western blot-
ting detection reagents (Pierce) were used, and images were
taken with a Bio-Rad ChemiDoc MP imaging system. Images
were postprocessed and quantified in Fiji (Fiji is just Image]).

For protein stability experiments, TAZ- or TAZ-CAMTAI-ex-
pressing MCF10A cells were subjected to 40 ng/mL cyclohexi-
mide (CHX; Sigma Aldrich) or were treated for 24 h with 20 uM
PS-341 (bortezomib, Selleck Chemicals).

Soft agar

Anchorage-independent growth was assayed by plating 1 x 10°
cells or 5 x 10° cells per well in noble agar in six-well plates (Fisher
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Scientific). To set up these experiments, 2 mL of autoclaved 0.8 %
noble agar (Thermo Scientific)in 1x PBS was added and allowed to
cool in each well. Then, cells were suspended in autoclaved Ultra-
Pure low melting point agarose (Fisher Scientific) and diluted to
0.35% in complete culture medium and added on top of the noble
agar. After hardening, complete DMEM was added on top of the
agarose. In experiments with drug treatments, drug or vehicle
mixed into DMEM was added to each well. Experiments were
set up in triplicate, and colonies were allowed to grow for 2 wk.
For images, colonies were stained with 1 mg/mL MTT (Invitro-
gen). Colony numbers were counted using the “Find Maximum”
function with Fiji.

RNA extraction and RT-qPCR

Total RNA was extracted using the Qiagen RNeasy Plus mini kit.
cDNA synthesis was performed with 1pg of total RNA using the
Bio-Rad iScript cDNA synthesis kit. cDNA was mixed with Bio-
Rad iQ SYBR Green Supermix and run in triplicate on a Bio-Rad
CFX96 real-time system. Primers used are listed in Supplemental
Table S2. Expression levels given are normalized to Gapdh and
then normalized to the average of the Ctrl sample.

RNA-seq

RNA was extracted from MS1 cells transduced with lentiviruses
coding for control, TAZS*A, or TAZ-CAMTAI expression with
the Qiagen RNeasy Plus mini kit. RNA was DNase-treated
with the Invitrogen Turbo DNA-free kit, and then libraries
were prepared with the Illumina TruSeq stranded total RNA LT
sample preparation kit. Poly-A RNA was purified and fragmented
before cDNA synthesis. Adapters were ligated, and then samples
were PCR-amplified and purified with Ampure XP beads. Sam-
ples were normalized, pooled, and run on an Illumina HiSeq
2500 using SBS v3 reagents. Library preparation and sequencing
were performed by the University of Texas Southwestern Next-
Generation Sequencing Core. Sequencing reads were mapped us-
ing TopHat2 to the mm10 mouse genome. Count data were gen-
erated using featureCounts, and differential gene expression
analysis was carried out by the edgeR R package. Volcano plots
and overlap analysis were generated in GraphPad Prism 7 using
a list of genes comparing TAZ-CAMTAI1- or TAZS*A-expressing
MSI1 cells with control cells with FDR <0.01. GSEA (Subrama-
nian et al. 2005) data were generated using the oncogenic and hall-
marks gene sets database available in the Broad GSEA4.0.2 using
the GSEA PreRanked software. The entire list of genes expressed
by TAZS*A. or TAZ-CAMTAI-expressing MS1 cells was ranked
in order by log(FC) compared with control. Heat maps were gen-
erated with Heatmapper. Correlation analysis and gene overlap
were determined from the GeneOverlap R package. The RNA-
seq data have been deposited in the GEO repository and are avail-
able at GSE156801.

Single-cell isolation and library preparation

Pooled lungs were isolated from three 5-wk-old TRE-H2B; TRE-
TAZ-CAMTA1;Cdh5-tTA mice that had been induced (switched
to normal water from 1.5 mg/mL doxycycline water) at birth.
Lungs were digested in 0.2% collagenase 1 (Thermo Fisher) and
treated with ACK lysis buffer before being mixed with the viabil-
ity stain 7-AAD (BioLegend) and subjected to flow-activated cell
sorting at the Moody Foundation Flow Cytometry Core on a
FACS ARIA II SORP using FACSDiva software. Approximately
400,000 cells were obtained, and a viability of 80% was estimated
with a Countess Automated Cell Counter (Thermo Scientific).
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Samples were processed using the 10X genomics platform by
the University of Texas Southwestern Next-Generation Sequenc-
ing Core. The appropriate volume of cells was loaded with single-
cell 3’ gel beads into a Next GEM Chip G and run on the Chromi-
um controller. GEM emulsions were incubated and then broken.
Silane magnetic beads were used to clean up the GEM reaction
mixture. Read 1 primer sequence was added during incubation
and full-length, barcoded cDNA were then amplified by PCR after
cleanup. Sample size was checked on the Agilent Tapestation
4200 using the DNAHS 5000 tape. Concentration was deter-
mined by the Qubit 4.0 fluorimeter (Thermo Scientific) using
the DNA HS assay. Samples were enzymatically fragmented
and underwent size selection before library construction. During
library preparation, Read 2 primer sequence, sample index, and
both Illumina adapter sequences were added. Subsequently, sam-
ples were cleaned up using Ampure XP beads and postlibrary
preparation quality control was performed using the DNA 1000
tape on the Agilent Tapestation 4200. Final concentration was as-
certained using the Qubit DNA HS assay. Samples were loaded at
1.6 pM and run on the Illumina NextSeq500 High-Output Flow-
cell using V2.5 chemistry. Run configuration was 28 x 98 x 8.

Single-cell data analysis

The digital expression matrix was obtained from the Cell Ranger
pipeline. To analyze the data, we performed cell quality control
and unsupervised clustering with the R package Seurat (Satija
et al. 2015). Cells with <200 or >4000 features and >5% mitochon-
drial expression were excluded. The filtered data were normal-
ized, the data were scaled, and variable genes were identified
and used to generate principal components to group the cells.
Based on the results of a Jack Straw plot, 30 principal components
were used in a t-SNE analysis to reduce the dimensionality to
two. Marker gene expression, identified by the Seurat FindAll-
Markers function, was used to define the cells present in each
cluster in conjunction with previously published scRNA-seq
data of endothelial cells (Goveia et al. 2020). Differential expres-
sion was conducted by Seurat using the FindMarkers function,
and the results were put into GraphPad Prism 7 to generate volca-
no plots and into the Broad GSEA4.0.2 software to generate GSEA
results (Subramanian et al. 2005). Heat maps were generated by
the Seurat DoHeatMap function along with the R package
ggplot2. The scRNA-seq data have been deposited in the GEO re-
pository and are available at GSE156803.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
7. All data are presented as mean + S.E.M. To calculate P-values,
unpaired t-tests, y* tests, and one-way ANOVAs were used. For
survival curves, the log-rank (Mantel-Cox) test was used to calcu-
late P-values. P-values <0.05 were considered statistically
significant.
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