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ABSTRACT
◥

Purpose: A consistent genetic alteration in vascular cancer
epithelioid hemangioendothelioma (EHE) is the t(1;3)(p36;q25)
chromosomal translocation, which generates a WWTR1(TAZ)-
CAMTA1 (TC) fusion gene. TC is a transcriptional coactivator that
drives EHE. Here, we aimed to identify the TC transcriptional
targets and signalingmechanisms that underlie EHE tumorigenesis.

Experimental Design:We used NIH3T3 cells transformed with
TC (NIH3T3/TC) as a model system to uncover TC-dependent
oncogenic signaling. These cells proliferated in an anchorage-
independent manner in suspension and soft agar. The findings of
the cell-based studies were validated in a xenograft model.

Results:We identified connective tissue growth factor (CTGF) as
a tumorigenic transcriptional target of TC. We show that CTGF
binds to integrin aIIbb3, which is essential for sustaining the
anchorage-independent proliferation of transformed NIH3T3/TC

cells. NIH3T3/TC cells also have enhanced Ras and MAPK signal-
ing, and the activity of these pathways is reduced upon CTGF
knockdown, suggesting that CTGF signaling occurs via the Ras-
MAPK cascade. Further, pharmacologic inhibition of MAPK sig-
naling through PD 0325901 and trametinib abrogated TC-driven
anchorage-independent growth. Likewise, for tumor growth in vivo,
NIH3T3/TC cells require CTGF andMAPK signaling. NIH3T3/TC
xenograft growth was profoundly reduced upon CTGF knockdown
and after trametinib treatment.

Conclusions: Collectively, our results demonstrated that CTGF
and the Ras-MAPK signaling cascade are essential for TC-mediated
tumorigenesis. These studies provided the preclinical rationale for
SARC033 (NCI 10015-NCT03148275), a nonrandomized, open-
label, phase II study of trametinib in patients with unresectable or
metastatic EHE.

Introduction
TheWWTR1 (TAZ)-Camta1 (TC) fusion gene, is a product of the t

(1;3)(p36;q25) chromosomal translocation, which has been identified
as the genetic aberration that defines epithelioid hemangioendothe-
lioma (EHE), a vascular sarcoma (1, 2). This fusion gene is expressed in
more than 90% of EHE cases and orchestrates tumorigenic events
associated with EHE (3). There are no standard treatment options for
EHE, and patients with aggressive disease have a poor prognosis.
However, a subset of clinical samples previously classified as EHE
carries a YAP1-TFE3 fusion gene instead of the TC fusion gene (4).

Recently, after analyzing a large cohort of YAP1-TFE3 tumors, we
demonstrated that tumors harboring the YAP1-TFE3 fusion are
clinically and histopathologically distinct from EHE and recom-
mended classifying them as YAP1-TFE3-fused hemangioendothe-
lioma to emphasize their distinctiveness (5).

In the TC fusion protein, the N-terminus of transcriptional coacti-
vator with PDZ binding motif (TAZ) was fused to the C-terminus of
calmodulin binding transcription activator 1(CAMTA1). TAZ and its
paralog yes-associated protein 1 (YAP1) are transcriptional coactiva-
tors, and they have been shown to play essential roles in cancer
initiation and solid tumor growth. Persistent activation of YAP/TAZ
results in aberrant cell proliferation, confers anoikis resistance,
opposes cell death caused by autophagy in tumors, and facilitates
cancer stem-cell expansion (6). CAMTA1, on the other hand, is a
transcription factor that is thought to be a tumor suppressor in neural
cancers (7, 8) although its function is not completely understood.

The TC fusion protein functions as a transcriptional coactiva-
tor (3, 7). Although the bulk of the TC fusion protein is composed
of CAMTA1, the N-terminal TAZ portion retains the TEAD-binding
motif, which facilitates interaction with the TEAD family of tran-
scription factors. Through its interaction with TEAD, we previously
showed that TC activates a TAZ-like transcriptional program (3, 9). By
not retaining the C-terminal portion of TAZ, TC also loses a phos-
phodegron that may confer enhanced stability to TC over TAZ (10).
Furthermore, TC predominantly resides in the nucleus via a CAMTA1
C-terminal nuclear localization signal (9). A recent study showed that
the CAMTA1 transactivation domain recruits potent chromatin
remodelers to enhance the transcriptional activity of TC (11). Stable
expression levels, predominant nuclear localization, and enhanced
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activity allow TC to act as a constitutively activated TAZ, and TC;
therefore, can drive EHE tumor formation and progression. Under the
influence of TC, cells are able to sustain anchorage-independent
proliferation (9). This remarkable ability may ensure the survival of
cancer cells when they disseminate to distant organs. Although TC is
known to cause tumorigenesis, the underlying molecular mechanisms
remain unknown. In this study, we set out to dissect the downstream
targets and signaling mechanisms that are activated by TC to facilitate
anchorage-independent proliferation and tumorigenesis. We postu-
lated that understanding the TC-potentiated signaling pathways
would pave the way for effective therapeutic treatments for EHE.

Materials and Methods
Cell culture, gene transfer, and gene knockdown

NIH3T3 and MS1 cells were purchased from the ATCC and
cultured in a complete media of DMEM containing 10% bovine serum
(NIH3T3) or 10% FBS (MS1; Invitrogen-Life Technologies), and
50 mg/mL penicillin/streptomycin. All cells were maintained at
37�C in a humidified atmosphere of 5% CO2. We routinely checked
cell lines for any Mycoplasma contamination, and the last check was
performed in January 2022. Generation of the NIH3T3/TC model has
been described previously (9). Transfection with pCMV6-mCTGF-
FLAG-Myc was performed using Lipofectamine Plus Reagent (Invi-
trogen-Life Technologies) according to the manufacturer’s instruc-
tions. Pooled stable transfectants were generated by selecting for
2 weeks with G418 (600 mg/mL). Lentiviral transfection with
pLKO.1-SHC1, SHC2, and other short hairpin RNA (shRNA) was
performed by transfecting 293T cells together with envelope and
packaging plasmids (VSVG andD8.2), and the supernatant containing
the virus was collected at 48 and 72 hours after transfection, filtered
with a 0.45-mmol/L filter, and supplemented with 8 mg/mL polybrene.
The virus-containing supernatants were added to NIH3T3 cells and
incubated for 8 hours. Pooled stable lines were then generated by
selection in puromycin for 10 days. MS1/TC cells were generated by
PCR amplification of the TC coding sequence.

(FOR: TAGAAGACACCGACTCTAGAGGATTCGCCACCATG-
GATTATAAAGATGATG

REV: TTGTAATCCAGAGGTTGATTGTCGACTCAAGTTCCT-
TGGCCTTTTTCAATT). The amplicon was then inserted into the
pLentiPuro construct using BamHI/SalI sites via cold fusion cloning
(System Biosciences). Lentiviral packaging of this construct was
performed in 293LentiX cells (Takara Bio) with envelope and pack-

aging plasmids (ViraPower, Thermo Fisher Scientific). The filtered
supernatant at 48 hours and 72 hours was administered to target cells
with 8 mg/mL polybrene, and transduced MS1 cells were selected with
puromycin for 10 days.

Antibodies and inhibitors
The following commercially available antibodies were used: S6

(catalog no. SC-74459, RRID: AB_2905501), integrin aV (catalog no.
SC-6617-R, RRID: AB_2129625), and integrin b3 (catalog no. SC-
6627, RRID: AB_647489) were purchased from Santa Cruz Biotech.
Phospho-Erk (Thr 202⁄204; catalog no. 9101, RRID: AB_331646),
Erk (catalog no. 4695, RRID: AB_390779), AKT (catalog no. 9272,
RRID: AB_329827), phospho-AKT (Ser 473; catalog no. 9271, RRID:
AB_329825), and phospho-S6 (Ser235⁄236; catalog no. 2211, RRID:
AB_331679) were purchased from Cell Signaling Technology.
FLAG (M2; catalog no. F1804, RRID: AB_262044) and b-actin
(AC-15; catalog no. A5441, RRID: AB_476744) were purchased
from Sigma-Aldrich. Connective tissue growth factor (CTGF;
catalog no. Ab-6992, RRID: AB_305688), and integrin aIIb (catalog
no. Ab-157173) were purchased from Abcam. CYR61 (catalog no.
AF4055, RRID: AB_2088745) was purchased from R&D Systems. The
following inhibitors were used in this study: GDC0941, PD 23590,
sorafenib, and trametinib (all purchased from LC Laboratories).

Immunoblotting and immunoprecipitation
Cells were grown to subconfluency, harvested, and lysed in radio-

immunoprecipitation assay buffer (50mmol/L Tris PH 8.0, 1%NP-40,
0.25% sodium deoxycholate, 150 mmol/L NaCl) in the presence of
mini EDTA-free protease inhibitor cocktail and PhosSTOP (Roche
Applied Science), and extracts were obtained by centrifugation at
10,000 g at 4�C. Protein lysates were subjected to 4% to 15% gradient
SDS-PAGE and immunoblotted with corresponding primary antibo-
dies followed by incubation with horseradish peroxidase–conjugated
secondary antibodies (Invitrogen) and developed using the Super-
signal-ECL kit (Thermo Fisher Scientific). For immunoprecipitation,
samples were incubated with 2 mg anti-FLAG M2 (Sigma-Aldrich)
overnight and immunoprecipitated using protein G plus Sepharose
(Santa Cruz Biotech) for 2 hours at 4�C. The immune complexes
were washed three times with lysis buffer. Proteins were separated
by SDS-PAGE. Anti-integrin aV, anti-integrin b3 (Santa Cruz
Biotech), and anti-integrin aIIb (Abcam) were used to detect the
coimmunoprecipitated integrins.

Ras activation assay
A Ras activation assay kit (Millipore) was used to measure Ras

activity following the manufacturer’s instructions. Briefly, cell lysates
were extracted in cell lysis buffer, incubated with the beads/GST–Ras
binding domain (RBD)mixture for 45minutes, washed four times, and
resuspended in 40 mL of 2X Laemmli buffer. The samples were
separated by SDS–PAGE (15% polyacrylamide), blotted, and probed
with an anti-Ras antibody.

Soft agar colony formation
The bottom agar layer was built from the solidification of 2 mL

complete media containing 0.5% agar in a six-well flat-bottomed plate.
Cell suspensions containing 10,000 cells in 0.35% agar in complete
medium were poured to form the top layer. After the top layer was
solidified by incubation at room temperature for 3 hours, 1mL complete
medium was added. The culture medium covering the top agar was
changed twice aweek.Colonieswere allowed to grow for 28days at 37�C
in 5% CO2 before imaging. The colonies were photographed using a

Translational Relevance

Epithelioid hemangioendothelioma (EHE) is a rare but deadly
vascular sarcoma caused by the oncogenic TAZ-CAMTA1 fusion
protein. There are no effective treatments for aggressive EHE, and
the oncogenic pathways that drive EHE growth downstream of
TAZ-CAMTA1 remain unknown. Here, we show that connective
tissue growth factor (CTGF), a transcriptional target of TAZ-
CAMTA1, hyperactivates MAPK signaling and drives TAZ-
CAMTA1–dependent oncogenesis. Using cell lines and xenograft
mouse models, we showed that targeting the CTGF-MAPK axis
with trametinib, an FDA-approved MEK inhibitor, abrogated
TAZ-CAMTA1–mediated oncogenesis. These studies have iden-
tified trametinib as a targeted therapy that could be repurposed for
the treatment of aggressive EHE.
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Leica DMC4500 camera attached to a LeicaMZ16 FA stereomicroscope
(Leica Microsystems) and counted manually.

Suspension cultures and quantification
Poly [2-hydroxyethyl methacrylate (HEMA)]–coated plates were

prepared by coating 96-well tissue culture plates with 20 mg/mL
HEMA (Sigma-Aldrich) and sterilizing the plates with UV overnight.
To the sterilized HEMA-coated plates, 50,000 cells were seeded in a
volume of 100 mL culture media. The Cell Counting Kit-8 reagent
(Dojindo Molecular Technologies) was used to quantify cell numbers
according to the manufacturer’s instructions. A Wallac VICTOR2
1420 Multilabel Counter (Perkin Elmer) was used to measure absor-
bance at 450 nm. Cell number was measured as the fold-increase in
absorbance over day 1.

qPCR
Cells were lysed in TRIzolTM reagent (Invitrogen) and RNA was

isolated according to the manufacturer’s protocol. Two hundred
nanograms of total RNA was reverse-transcribed to produce cDNA
template using the qScript cDNA synthesis kit (QuantaBio). qPCR
reactions were carried out with 2 mL of cDNA, 10 mL PerfeCTa SYBR
Green Fastmix Universal (QuantaBio), and 0.4 mol of each primer.
Primer sequences were as follows: mouse CTGF (forward, 50-CTCC-
ACCCGAGTTACCAATG-30; reverse, 50-TGGCGATTTTAGGTG-
TCCG-30); mouse GAPDH (forward, 50-CTTTGTCAAGCTCATT-
TCCTGG-30; reverse, 50-TCTTGCTCAGTGTCCTTGC-30). qPCR
reactions were run using the CFX Connect Real-Time PCR detection
system according to the manufacturer’s instructions (Bio-Rad). PCR
conditions were 95�C for 30 seconds, followed by 40 cycles of 95�C for
5 seconds and 60�C for 30 seconds. For analysis, the fold change
relative to the indicated control sample was calculated using the CFX
software, and GAPDH was used as a reference gene.

In vivo assays
The Albany Medical College (Albany, NY) Institutional Animal

Care and Use Committee approved all the mouse studies. Mice were
housed under specific pathogen-free conditions in the AlbanyMedical
College Animal Resources Facility, which is licensed by the United
States Department of Agriculture and the New York State Department
of Health, Division of Laboratories and Research, and is accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care International. These studies used immunocompromised
mice [NOD.Cg-scid tm1Wj Prkdc Il2rg l/SzJ (NSG); Jackson
Laboratories]. To assay tumor formation and tumor growth, mice
were injected subcutaneously with 1 million cells in 100 mL of PBS.
Once tumors were palpable, the length, width, and depth of each tumor
were measured using Vernier calipers and tumor volume was esti-
mated using the following equation for the volume of an ellipse:
Volume ¼ 4/3 p(length/2 � width/2 � depth/2)^3. In the trametinib
treatment experiment, daily treatment via oral gavage with vehicle or
1 mg/kg trametinib began once tumors reached between 150 and
250mm3 and continued for 14 days. The tumor volume was measured
daily during treatment with trametinib. In all experiments, the mice
were euthanized at the indicated time points, and the primary tumors
were removed and weighed. All mouse experiments included roughly
equal numbers of males and females, and we observed the same trends
in both sexes, with no indication that sex was a biological variable.

Human samples
All human sample research was performed with approval from the

Cleveland Clinic (Cleveland, Ohio) Institutional Review Board (IRB

06–977). Samples were deidentified to the research team and were
therefore exempt from participant consent for this specific study and
were in accordance with the Health Insurance Portability and
Accountability Act (HIPAA) privacy rule. Liver EHE tumors with
matched surrounding normal liver tissues were used for further
analyses.

Statistics
An unpaired two-tailed t test was used to evaluate the statistical

significance of soft agar colony formation and proliferation assays
[95% confidence interval (CI), P < 0.05]. The mean was calculated to
represent the average of the independent wells. Error bars represent
SD. For the in vivo experiments, the number of mice per group is
indicated in the legend. To determine if the change in tumor volume
between the groups was significantly different, linear regression was
performed and plotted. An analysis of covariance was used to deter-
mine if the slopes of the tumor volume plots were significantly
different.

Data availability
The data generated in this study are available within the article.

Results
CTGF is a key downstream target of the TC fusion protein

CTGF (or CCN2) and cysteine-rich 61 (CYR61 or CCN1) are two
major transcriptional targets of TAZ and are thought to mediate the
oncogenic function of TAZ in many scenarios (12). As we have
previously observed that TC enhances CTGF and CYR61 expression
levels (3, 9), and that these transcripts are well-knownYAP/TAZ target
genes (12), we hypothesized that TC transforms cells via CTGF and/or
CYR61. To test this hypothesis, we exogenously induced the expres-
sion of theTC fusion gene inNIH3T3 cells (NIH3T3/TC) and cultured
them in suspension on poly-HEMA–coated plates. Poly-HEMA is a
nonadhesive coating that prevents the attachment of cells to culture
dishes, and unattached NIH3T3 cells grow in suspension as spheroids.
When cultured in an anchorage-independent manner, nontrans-
formed NIH3T3 cells survive but do not proliferate; in contrast,
NIH3T3/TC cells can proliferate (9). In this system, we found that
CTGF and CYR61 expression levels increased in NIH3T3/TC cells in a
time-dependent manner (Fig. 1A). The increase in CTGF expression
wasmore robust and TC-dependent. CYR61 expression also increased
and was TC-dependent at most time points, but its expression also
increased in the empty vector (EV) control cells, suggesting that its
expression is not completely dependent on TC (Fig. 1A).

To assess whether CTGF or CYR61 is essential for the maintenance
of anchorage-independent growth, we reduced the expression of
CTGF and CYR61 using shRNA in NIH3T3/TC cells. Knockdown
of CTGF significantly inhibited cell growth in suspension (Fig. 1B). In
contrast, CYR61 knockdown did not inhibit cell growth (Fig. 1C).
Anchorage-independent growth promoted by TC can similarly be
assayed using a soft agar assay, where TC has been shown to promote
colony growth (9). Through shRNA knockdown, reducing CTGF, but
not CYR61 levels, greatly affected soft agar colony growth (Fig. 1D).
Therefore, growth in both suspension and colony formation was
sensitive to CTGF but not CYR61 knockdown (Fig. 1B–D). Together,
these observations indicate that CTGF, rather than CYR61, is a key
downstream target of TC required for cell transformation. However,
the expression of CTGF in na€�ve NIH3T3 cells did not stimulate soft
agar colony growth, suggesting that CTGF is necessary but not
sufficient for cellular transformation (Fig. 1E).
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Figure 1.

CTGF is a key downstream target of the TC fusion protein. A, Immunoblots to estimate the expression levels of CTGF and CYR61 in NIH3T3 cells transfected
with either an EV or FLAG-TC fusion gene construct (TC). Cells were grown in suspension on HEMA-treated culture plates. Cell proliferation assay
to measure the rate of anchorage-independent cell growth of NIH3T3/TC cells grown in suspension after the knockdown of CTGF (B) or CYR61 (C). D, Soft
agar colonies of NIH3T3/TC cells expressing either control (SHC1/2), CTGF, or CYR61 shRNAs; quantification of the colony numbers is also shown. E, Soft
agar assay to observe colony growth after CTGF overexpression. Data represent the mean � SD of independent wells; experiments were performed at
least twice.
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Integrin aIIbb3 is crucial for the TC signaling pathway
It is well known that many functions of CTGF are mediated by its

binding to cell-surface integrins and subsequent activation of the
downstream integrin-dependent signaling (13). Integrins are obli-
gate heterodimers of a- and b-subunits that initiate downstream
prosurvival signaling pathways in response to binding to the
extracellular matrix and other ligands (14). Ligand binding pro-
motes the clustering of integrins and initiates downstream prosur-
vival signaling pathways. As integrin aVb3 was identified as a
receptor for CTGF in conditions promoting the motility of breast
cancer cells (15) and migration of human chondrosarcoma
cells (16), we first investigated whether integrin b3 and aV subunits
play a role in our NIH3T3/TC model. Co-I with FLAG-CTGF
showed that integrin b3 forms a complex with CTGF but not
integrin aV (Fig. 2A). Subsequently, we investigated the integrin
aIIb subunit because it pairs with b3 and has been shown to act as a
CTGF receptor (17). We observed that integrin aIIb coimmuno-
precipitated with FLAG-CTGF (Fig. 2A), suggesting that integrin
aIIbb3 acts as a CTGF receptor. Next, we silenced integrin b3, aV,
and aIIb expression using shRNA knockdown in order to observe
whether they have a role in promoting the growth of TC-dependent
soft agar colonies (Fig. 2B). Knockdown of integrins aIIb and b3 in
NIH3T3/TC cells decreased colony formation in soft agar (Fig. 2C),
whereas knockdown of aV did not affect colony growth (Fig. 2C).
This finding suggests that integrin aIIbb3 but not aV integrins is
important for TC-dependent transformation.

Ras is an important member of the TC signaling pathway
As the activation of Ras is essential for many integrin-mediated

signaling processes (18, 19), we next tested whether Ras plays a role
in TC signaling. Ras interacts with effector proteins, including Raf-
1, only in the GTP-bound active form to initiate signaling cascades
that facilitate cell proliferation (20). Using the Ras-binding domain
of Raf-1, we precipitated Ras-GTP from lysates of NIH3T3 cells
cultured in suspension and estimated active Ras levels by immu-
noblots. The initial levels of Ras-GTP were similar in NIH3T3/EV

and NIH3T3/TC cells (Fig. 3A). However, when cells were cultured
in suspension for prolonged periods (7 days), the Ras-GTP levels in
NIH3T3/EV cells dropped markedly but was maintained in
NIH3T3/TC cells (Fig. 3A). This finding shows that TC expression
allows NIH3T3 cells to maintain high Ras-GTP levels despite the
loss of adhesion to culture dishes; high Ras-GTP levels may support
anchorage-independent growth. Interestingly, the Ras-GTP con-
centration was reduced upon CTGF knockdown, suggesting that
NIH3T3/TC cells in suspension require CTGF to maintain Ras in
an active state (Fig. 3B). To investigate whether soft agar colony
growth requires Ras signaling, we inhibited Raf-1 using sorafenib.
Sorafenib is a multi-kinase inhibitor that effectively inhibits Raf
kinase (21). However, sorafenib also inhibits receptor tyrosine
kinases (22). To differentiate between these two possibilities, we
measured Ras-GTP levels after sorafenib treatment. Ras-GTP levels
were unaltered (Fig. 3C), therefore, signaling upstream of Ras was
not inhibited. As expected, the MAPK pathway that is downstream
of Raf was effectively inhibited upon sorafenib treatment (Fig. 3D).
We then tested whether sorafenib abrogated colony formation. Our
results show that sorafenib treatment suppressed the formation
of NIH3T3/TC colonies in a dose-dependent manner, confirming
that Ras-Raf signaling is an important component of the oncogenic
TC signaling pathway that drives anchorage-independent growth
(Fig. 3E).

MAPK pathway mediates the signaling downstream of Ras
Ras can signal through either the MAPK or PI3K pathways,

therefore, we evaluated their relative contributions to downstream
TC signaling. Lysates were prepared from NIH3T3/EV and NIH3T3/
TC cells grown in suspension. Then, the expression of active PI3K and
MAPK signaling components was probed using phospho-specific
antibodies (Fig. 4A). MAPK signaling was measured by pERK immu-
noblot. MAPK signaling declined gradually when NIH3T3/EV cells
were cultured in suspension, whereas it was maintained in NIH3T3/
TC cells (Fig. 4A). The PI3K signaling components pAKT and pS6, on
the other hand, initially decreased in NIH3T3/EV cells, but gradually

Figure 2.

Integrin aIIbb3 is crucial for the TC sig-
naling pathway. A, Lysates from NIH3T3
cells transfected with FLAG-CTGF were
immunoprecipitated with an anti-FLAG
antibody. Coimmunoprecipitated integ-
rins were detected in an immunoblot
using anti-integrin aIIb, anti-integrin
b3, or anti-integrin aV antibodies. B,
Immunoblots to detect the efficiency of
shRNA-mediated knockdown of integrin
b3,aV, oraIIb inNIH3T3/TCcells. SHC1 is
an EV, SHC2 is a scrambled control
shRNA. For integrin knockdowns, two
independent shRNAwere used.C,Quan-
tification of the soft agar colony counts
after knockdown of the indicated integ-
rins in NIH3T3/TC cells. Silencing of
integrin aIIb and integrin b3, but not
integrin aV, inhibited the ability of
NIH3T3/TC cells to form colonies.
Data represent mean and SD of individ-
ual wells. IP, immunoprecipitated; IB,
immunoblot.
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returned to levels similar to what was seen in the NIH3T3/TC cells
(Fig. 4A). This suggests that theMAPK, but not the PI3Kpathway is an
important component of TC signaling. This finding was also validated
in a pancreatic islet endothelial cell line (MS1), inwhichMAPKactivity
was enhanced after TC expression (Fig. 4B). Furthermore, CTGF
overexpression also increased MAPK signaling (Fig. 4C). Likewise,
knockdown of CTGF in NIH3T3/TC cells decreased MAPK signaling
but not PI3K signaling (Fig. 4D). CYR61 knockdown on the other
hand decreased neither PI3K nor MAPK signaling (Fig. 4E). Finally,
the activity of the MAPK pathway in clinical samples was investigated
(Fig. 4F). The pERK levels in matched EHE tumor samples were
significantly higher than those in paired normal tissues (Fig. 4F).
Collectively, these results indicate that TC signals through a CTGF-
MAPK signal transduction pathway.

MAPK inhibition as a potential therapeutic treatment for EHE
To further elucidate the roles of the MAPK and PI3K pathways in

promoting TC-induced anchorage-independent proliferation, we
pharmacologically inhibited the PI3K and MAPK pathways using the
PI3K inhibitor GDC 0941 and MEK inhibitor PD 0325901, respec-
tively (Fig. 5A). Our results show that theMEK inhibitor, PD 0325901,
effectively inhibited the growth rate of NIH3T3/TC cells that were
grown in suspension, whereas GDC 0941 had no effect (Fig. 5B). Next,
as the FDA-approved MEK inhibitor trametinib is used clinically for
the treatment of melanoma, we hypothesized that this drug would
demonstrate similar efficacy. Trametinib also caused a dose-
dependent decrease in the proliferation of NIH3T3/TC cells in sus-
pension (Fig. 5C). Furthermore, colonies of NIH3T3/TC cells grown
in soft agar were reduced upon treatment with PD 0325901 or
trametinib (Fig. 5D and E). In contrast, colony numbers were largely

unaffected by GDC 0941 treatment (Fig. 5D). These data provide
additional evidence that MAPK, rather than PI3K, is the central
pathway involved in the TC-mediated anchorage-independent
growth. Importantly, trametinib inhibited the colony formation of
NIH3T3/TC cells in soft agar and their growth in suspension in a dose-
dependent manner at clinically relevant doses (Figs. 5C and E).

CTGF and MAPK signaling sustain tumor growth in vivo
CTGF expression transformed NIH3T3 cells by promoting anchor-

age-independent proliferative growth in soft agar and in suspension
(Fig. 1). Therefore, we speculated that CTGF may also play a role in
mediating tumor growth in vivo. To investigate this, we stably reduced
CTGFmRNA levels inNIH3T3/TC cells usingCTGF shRNAand used
a GFP-targeting shRNA as a control (Fig. 6A). We established a
xenograft model by subcutaneously injecting NIH3T3/TC cells stably
expressing control or CTGF shRNAs into immunodeficientNSGmice.
Compared with cells expressing short hairpin GFP (shGFP), short
hairpin CTGF (shCTGF) cells produced tumors that grew significantly
slower (Fig. 6B). This correlated well with the significantly lower
weight of shCTGF tumors (Fig. 6C). As TC and CTGF signal through
the MAPK pathway to transform cells (Fig. 4), we tested whether
trametinib inhibition ofMAPK signaling could suppress in vivo tumor
growth. To this end, we designed a 14-day daily oral treatment regimen
in which trametinib dosed at 1 mg/kg was administered to NSG mice
harboringNIH3T3/TC allografts, and the change in tumor volumewas
monitored and compared with mice treated with the vehicle control
(Fig. 6D). NIH3T3/TC xenografts responded well to trametinib
treatmentwith a significant reduction in tumor growth rate, suggesting
that inhibition of MAPK signaling can counter TC-mediated tumor-
igenesis (Fig. 6D).

Figure 3.

Ras is an important member of the TC signaling
pathway.A, Expression levels of active Ras (Ras-
GTP) in NIH3T3/TC and NIH3T3/EV cells that
were cultured in an anchorage-independent
manner. Active Ras was precipitated using the
RBD of Raf-1, and the precipitated Ras levels
were determined by immunoblot using an anti-
Ras antibody. B, Expression levels of active Ras
in NIH3T3/TC cells upon CTGF knockdown using
two independent shRNA; the cells were cultured
in suspension.C, Immunoblots to estimate active
Ras levels and D, the activity of MAPK signaling
after sorafenib (Raf inhibitor) treatment. E, Soft
agar assay in the presence of vehicle (DMSO) or
sorafenib. Inhibiting RAS suppressed the ability
of NIH3T3/TC cells to form colonies. Comparison
is to DMSO vehicle. Error bars represent one SD,
and the plot is representative of two indepen-
dent experiments.
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Discussion
We previously identified a disease-defining genetic anomaly in

EHE, specifically a chromosomal translocation that causes the fusion
of WWTR1 (TAZ) and CAMTA1 genes (1). The resultant TC fusion
protein orchestrates a TAZ-like transcriptional program. TAZ is a
well-known transcriptional coactivator and is a major downstream
effector of the Hippo pathway. TAZ shuttles between the nucleus and
cytoplasm based on theHippo pathway regulatory activity. In contrast,
TC remains in the nucleus because of the strong nuclear localization
signal of CAMTA1 (7). Nuclear localization and its ability to recruit
chromatin remodelers allow TC to induce a potent oncogenic tran-
scriptional program (9, 11). Moreover, as highlighted in this study, TC
supports anchorage-independent cell proliferation that enables cells to
escape anoikis or programmed cell death after the loss of appropriate
cell-ECM adhesion. We have also demonstrated that TC alone at
physiologic expression levels is sufficient to drive EHE in a genetically
engineered mouse model (3). Although TC is known to be oncogenic,
TC transcriptional targets that mediate tumorigenesis have not been
elucidated. In this study, we dissected a targetable signaling cascade
downstream of the TC fusion protein and investigated possible
therapeutic interventions to disrupt this cascade. As there are no EHE
cell lines, the NIH3T3/TC system was used to investigate the mech-
anistic underpinnings of TC-dependent transformation (9, 11). This
systemwas used to identify a clinically relevant and targetable pathway
that induces tumorigenesis.

We examined the CCN family of proteins, in particular CTGF and
CYR61, two major transcriptional targets of TAZ, for their ability to
support TC-mediated, anchorage-independent growth (12). Both
proteins were robustly upregulated in NIH3T3/TC cells. However,
silencing the expression of CTGF, but not CYR61, led to the inhibition
of anchorage-independent cell growth in suspension and soft agar. The
ability to sustain growth without anchoring to a substrate helps tumor
cell dissemination to distant organs (23). Therefore, we believe that
CTGF is an important oncogenic downstream target of the TC fusion
protein. Both CTGF and CYR61 are matricellular proteins that play a
role in organizing the extracellular matrix, and they also act as
cytokines that stimulate various oncogenic signaling pathways (24, 25).
Consistently, these proteins have been shown to be involved in the
progression of different cancers, such as breast, prostate, gastric, and
colorectal cancers, and are often used as readouts for YAP/TAZ
activation (12, 26–31). Our results indicated that CTGFbut not CYR61
has a tumor-promoting effect on the TC-activated signaling pathway.

Recent work that employed other cell-based andmousemodels also
showed CTGF as an important TC target. CTGF is upregulated in the
proliferative endothelial cell population that stains positively for
Ki67 (32). CTGF levels also increase in liposarcoma cells upon
exogenous expression of TC (11). In our recently deposited RNA
sequencing (RNA-seq) data (GSE168493), the FPKMreads ofCTGF in
EHE tumors were significantly high. Therefore, multiple studies show
that CTGF is a tumor-relevant transcriptional target of TC.

Figure 4.

TCpredominantly activates theMAPK signaling pathway.A,NIH3T3/EVandNIH3T3/TC cellswere grownattached to dishes (day0) or in suspension for 1, 3, 7, 9, 11, or
13 days before harvesting for lysate preparation. Levels of pERK, ERK, pAKT, AKT, pS6, and S6 in cell lysates were detected by immunoblots. B, MAPK activity was
estimated using a pERK antibody in MS1 cells after exogenous TC expression. C, NIH3T3 cells expressing a double FLAG-CTGF were grown in suspension for 7 days
before collection. Cell lysates were analyzed by immunoblot with antibodies to pERK and ERK. Densitometry data for pERK is also shown. Expression of pERK, ERK,
pAKT, and AKT in NIH3T3/TC cells after (D) CTGF or (E) CYR61 knockdown. Actin is used as a loading control. F, Immunoblots to estimate the levels of pERK and ERK
between normal and matched human EHE tumor tissue samples. N, normal tissue samples; T, tumor tissue samples.
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Several integrins are known to act as key receptors of the CCN
ligand family and CTGF has been shown to bind to several integ-
rins (13). Immunoprecipitation and knockdown experiments revealed
that integrin aIIbb3 is a component of the TC signaling pathway.
Knockdown of aIIb and b3 integrin subunits significantly reduces
the number of soft agar colonies. Integrin aIIbb3 is predominantly
expressed in platelets and is required for platelet aggregation (33).
However, tumor cells have also been shown to express this integrin in
order to facilitate invasion and metastasis (34, 35).

As Ras is essential for integrin-mediated signaling (36), we next
analyzed Ras levels in our NIH3T3/TC model and found that Ras
activity was maintained in TC-expressing cells. Knockdown of CTGF
also reduced the levels of active Ras, suggesting that CTGF signals via
Ras. We then inhibited Ras signaling using sorafenib (21), which
impeded colony formation by NIH3T3/TC cells in a dose-dependent
manner. Therefore, we inferred that Ras is an active component in the

TC signaling pathway. Ras signals through either the MAPK or PI3K
pathways (37, 38). We found that TC maintained MAPK activation in
cells cultured in suspension for the entire duration of the experiment. In
comparison, PI3K activation tapered after day 1. MAPK activation was
also more pronounced in human EHE tumor samples than in matched
normal tissues. To further support the possibility that the MAPK
pathway, but not the PI3K pathway, is critical for CTGF signaling, we
used pharmacological inhibitors specific to each pathway. PD 0325901,
an established MEK inhibitor, effectively limited NIH3T3/TC anchor-
age-independent cell growth, whereas GDC 0941, a PI3K inhibitor,
had little effect. Taking these data together, we concluded thatMAPK is
the key TC-mediated tumorigenic pathway. Lastly, we used trametinib,
anFDA-approvedMEK inhibitor, to assay colony formation in soft agar
and growth in suspension. Similar to PD 0325901, trametinib also
inhibited anchorage-independent cell growth. The efficacy of trameti-
nib was better than that of sorafenib and PD 0325901.

Figure 5.

Effects of pharmacologic inhibitors of MAPK or PI3K pathway on anchorage-independent growth of NIH3T3/TC cells. A, NIH3T3/TC cells were cultured in the
presence of either PD 0325901 or GDC 0941 for 2 days after being grown in suspension for 7 days, lysed, and the cell lysates were analyzed by immunoblotting with
the indicated antibodies. GDC 0941 is a PI3K inhibitor, and PD 0325901 is a MEK inhibitor. B, The change in cell number over time of NIH3T3/TC cells grown in
suspension in the presence of GDC 0941 or PD 0325901. PD 0325901 effectively inhibited the anchorage-independent proliferation of NIH3T3/TC cells (P < 0.05). C,
Estimating the cell number of NIH3T3/TC cells grown in suspension. Administration of trametinib significantly decreased cell proliferation in suspension in a dose-
dependent manner compared withto DMSO only (P < 0.0001). D, Soft agar colony numbers of NIH3T3/TC cells in the presence of GDC 0941 or PD 0325901 as
compared with vehicle DMSO. E,Quantification of soft agar colonies with NIH3T3/TC cells in the presence of vehicle (DMSO) or trametinib. Error bars represent one
SD; experiments were performed at least twice.
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Using NIH3T3/TC cells, we modeled tumorigenesis in NSGmouse
xenografts. In accordance with the in vitro results, the knockdown of
CTGF in these cells reduced tumor burden. Furthermore, MAPK
inhibition through the administration of trametinib also resulted in a
pronounced reduction in tumor volume, indicating that CTGF and
MAPK pathways are therapeutic targets to inhibit TC-dependent
tumorigenesis in vivo.

Our goal is to introduce novel therapeutic agents to the clinic but
there are inherent barriers to testing for this disease. While aggressive-
type EHE represents the most morbid of subtypes of this disease, a
significant number of patients have indolent nonprogressive disease.
Therefore, a watch-and-wait strategy is often employed for these
patients, and thus therapy is reserved for when their indolent disease
becomes progressive. As EHE is a rare cancer, it is difficult to recruit
adequate numbers of patients with EHE for robust clinical trials.
Previous studies examining the responsiveness of EHE to other
therapeutics have had some success. A retrospective analysis involving
a 38-patient cohort with EHE suggested that sirolimus (rapamycin) is
an effective treatment for disease stabilization in patients with pro-
gressive EHE but without serosal effusions (39). As EHE is an
endothelial cell tumor, sorafenib, and bevacizumab, agents that inhibit
VEGF signaling have also been tested in clinical trials. Sorafenib
treatment in patients with EHE had a 9-month progression-free rate
of 30.7% (40), whereas patients with EHE treated with bevacizumab
exhibited disease stabilization (41). The MAPK pathway is also
activated as a result of VEGF signaling, therefore, the observed
responses due to the administration of these agents may be partially

due to MAPK pathway inhibition. Nevertheless, even though these
drugs showed promise in some patients, they were not effective in
others, so the need for additional treatment options remains. Some
ongoing clinical trials involving chemotherapy drugs, such as eribulin
(NCT03331250) and gemcitabine (NCT01532687), and novel targeted
TEAD inhibitors, such as IK-930 (NCT05228015) and IAG933
(NCT04857372) are recruiting patients with EHE.As the TConcogene
is critically important for EHE development and growth, targeting
protumorigenic pathways downstream of TC is an enticing approach.
As model systems for preclinical validation of therapeutics for EHE
remain limited, we aimed to leverage our heterologous TC-
dependent tumorigenesis system (NIH3T3/TC) to test and creden-
tial the drug trametinib that is FDA-approved for use in other
cancers. We used the results of this study to provide a preclinical
rationale for launching SARC033 (NCI 10015-NCT03148275), a
nonrandomized, open-label, phase II study of trametinib in patients
with unresectable or metastatic EHE.
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