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YAP1 is a transcriptional coactivator and the principal effector of the Hippo signaling pathway, which is causally
implicated in human cancer. Several YAP1 gene fusions have been identified in various human cancers and iden-
tifying the essential components of this family of gene fusions has significant therapeutic value. Here, we show that
the YAP1 gene fusions YAP1-MAMLD1, YAP1-FAM118B, YAP1-TFE3, and YAP1-SS18 are oncogenic in mice.
Using reporter assays, RNA-seq, ChIP-seq, and loss-of-function mutations, we can show that all of these YAP1 fu-
sion proteins exert TEAD-dependent YAP activity, while some also exert activity of the C′-terminal fusion partner.
The YAP activity of the different YAP1 fusions is resistant to negative Hippo pathway regulation due to constitutive
nuclear localization and resistance to degradation of the YAP1 fusion proteins. Genetic disruption of the TEAD-
binding domain of these oncogenic YAP1 fusions is sufficient to inhibit tumor formation in vivo, while pharma-
cological inhibition of the YAP1–TEAD interaction inhibits the growth of YAP1 fusion-expressing cell lines in vitro.
These results highlight TEAD-dependent YAP activity found in these gene fusions as critical for oncogenesis and
implicate these YAP functions as potential therapeutic targets in YAP1 fusion-positive tumors.
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Most cancer types harbor a highly aberrant genome, in-
cluding gains and losses of whole chromosomal arms as
well as additional activating or inactivating point muta-
tions, leading to multiple concurrent and redundant driv-
ers that make targeting of specific pathways difficult. In
contrast, some cancers have a relatively stable genome
with a low overallmutational burden but harbor recurrent
gene fusions, which are the likely initiating tumorigenic
events in oncogenesis (Rowley 1973; Parker and Zhang
2013; Kim et al. 2014), several of which have been shown
to be sufficient to cause cancer when expressed in mice
(Dash et al. 2002; Oldrini et al. 2018; Ozawa et al. 2018).
Recent cancer genome sequencing studies have identi-

fied several gene fusions involving the N′-terminal re-
gions of YAP1 in different tumor types, including

supratentorial (ST) ependymoma (YAP1-MAMLD1 and
YAP1-FAM118B) (Pajtler et al. 2015, 2019), epithelioid
hemangioendothelioma (EHE; YAP1-TFE3) (Antonescu
et al. 2013), and cervical squamous cell carcinoma and
endocervical adenocarcinoma (YAP1-SS18) (Hu et al.
2018). Additional YAP1 gene fusions have recently been
discovered in several human cancers (Kao et al. 2019;
Picco et al. 2019; Sekine et al. 2019; Sievers et al. 2019).
Since YAP1 gene fusions occur in tumors with relatively
low overall mutational burden (Pajtler et al. 2015; Rose-
nbaum et al. 2019) they might be the oncogenic drivers
in these tumors and may pose potential therapeutic
targets.
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YAP1 is a key transcriptional coactivator that regulates
tissue homeostasis, cell fate, and proliferation, that also
exerts pro-oncogenic functions, largely attributed to the
proproliferative and prosurvival transcriptional program
elicited by its interaction with the family of TEAD tran-
scription factors (Zhao et al. 2007; Liu-Chittenden et al.
2012). The activity of YAP1 is negatively regulated by
the Hippo pathway, which consists of a series of protein
kinases that ultimately phosphorylate several serine resi-
dues of the YAP1 protein (most importantly S127 and
S397), which in turn leads to both nuclear exclusion and
proteasomal degradation of YAP1 (Zhao et al. 2007, 2010).

A multitude of studies have detected high YAP1 abun-
dance being linked to poor survival in several tumor types
(Zhang et al. 2018) and inactivating mutations in up-
stream Hippo pathway members are frequently found in
different cancers (Visser and Yang 2010; Deel et al. 2015;
Petrilli and Fernández-Valle 2016). In contrast, activating
single point mutations within the YAP1 gene are rare
events (Wang et al. 2018), suggesting that a single point
mutation might not be sufficient to deregulate YAP activ-
ity. In turn, gene fusion events that truncate large parts of
the YAP1 sequence, but retain the TEAD interaction
domain, might generate fusion proteins that are resistant
to negative Hippo pathway inhibition and exert deregulat-
ed YAP activity.

It remains to be determined which of the recurrent
YAP1 fusion genes are sufficient to induce tumor forma-
tion and therefore represent potential therapeutic targets.
Likewise, little is known about the underlying signaling
pathways activated by the different YAP1 fusion proteins,
whether there is overlap between the transcriptional pro-
grams induced by the different fusions, and whether it is
possible to identify a unifying feature that is (1) present
in all YAP1 fusion family members required for their abil-
ity to drive tumor growth and that can (2) be pharmacolog-
ically targeted to inhibit the growth of these tumors.

In this study, we show that the expression of each of the
four analyzed YAP1 gene fusions is sufficient to cause tu-
mor formation in mice. We can show that all analyzed
YAP1 fusion proteins exert YAP activity. This YAP activ-
ity (1) is resistant to negative Hippo pathway signaling,
due to constitutive nuclear localization—mediated by a
nuclear localization sequence in the C′-terminal fusion
half—and resistance to proteasomal degradation, and (2)
relies on the interaction with TEAD transcription factors.
This TEAD-dependent YAP activity of all four analyzed
YAP1 fusions can be pharmacologically inhibited in vitro
using small molecule inhibitors (such as verteporfin),
which in turn leads to a reduction in the growth of
YAP1 fusion-driven cells.

Results

Expression of YAP1-MAMLD1, YAP1-FAM118B,
YAP1-TFE3, and YAP1-SS18 is sufficient to cause
tumor formation in mice

To determine whether the expression of different YAP1
fusions is sufficient to induce tumor formation in vivo,

we cloned the coding sequences of YAP1-MAMLD1
(YM), YAP1-FAM118B (YF), YAP1-TFE3 (YT), and YAP1-
SS18 (YS), as well as the wild-type versions of all genes
into the RCAS retroviral vector (Supplemental Fig. S1A,
B). We generated truncated versions of the YM fusion
since the RCAS vector has a maximum capacity of ∼2.5
kb and used a version that retained the C′-terminal se-
quence of MAMLD1 (YMΔR3R1) and displayed an onco-
genic potential similar to full-length YM in a second
tumor model (Supplemental Fig. S1C–J). We used the
RCAS-tv-a model for somatic cell gene transfer, which al-
lowed us to overexpress genes of interest in transgenic
mice only in cells that express the viral tv-a receptor under
a tissue-specific promoter (Ozawa et al. 2014, 2018). We
used mice that expressed tv-a under the control of either
the GFAP promoter (G/tv-a) or the Nestin promoter (N/
tv-a) (Holland et al. 1998).

We tested whether the expression of the YMΔR3R1, YF
(both associated with ST-ependymoma), YT, and YS fu-
sions is sufficient to induce intracranial tumors in G/tv-
a wild-type mice, enabling expression in neural stem
and progenitor cells (Fig. 1A,B; Supplemental Fig. S1K,
L). Expression of YMΔR3R1 (11 out of 13 mice) or YT
(five out of five mice) caused the formation of small non-
symptomatic tumors, whereas expression of YF (14 out of
15 mice, median survival 29 d) or YS (10 out of 10 mice,
median survival 22 d) resulted in the formation of large
symptomatic tumors. All tumors stained positive for the
HA tag, indicating the presence of the respective YAP1 fu-
sion proteins.

We observed prominent differences in the histomor-
phology between YAP1 fusion tumor types (Fig. 1A). Tu-
mor cells generated by expression of either YMΔR3R1,
YF, or YSwere spindle shaped, grew invasively into the pa-
renchyma, and stained positive for Nestin, but negative
for GFAP and Olig2, whereas tumor cells in YT-driven tu-
mors were epithelioid and quite pleomorphic with varia-
tion in size and shape and stained strongly positive for
GFAP (Supplemental Fig. S1M).

In an attempt to understand general rules of YAP1 fu-
sion-driven oncogenesis, we investigated the impact of ad-
ditional tumor suppressor losses on the growth of tumors
driven by these gene fusions. Dysregulation of cell cycle
control is seen in multiple cancers, by functional loss of
CDKN2A, p53, or RB1. To mimic this effect, we intracra-
nially expressed each of the different YAP1 fusion genes in
N/tv-a andG/tv-aCdkn2a-null pups.Whilewe did not ob-
serve a difference in tumor size or latency of YF- or YS-
driven tumors, YMΔR3R1- and YT-driven tumors showed
a dramatic increase in size in Cdkn2a-null mice (Fig. 1C–

E; Supplemental Fig. S1N,O). In contrast, mice injected
with any of the wild-type versions did not develop tumors
200 d after injection (Fig. 1D).

Both YT and YS are found in cancers located outside the
central nervous system (CNS). Nestin is widely expressed
in peripheral tissues in stem and progenitor cells. We in-
tramuscularly injected N/tv-a Cdkn2a-null mice with
YAP1 fusion-expressing RCAS vectors, which enabled
us to express the different YAP1 gene fusions in tissues
outside the CNS. Similar to the results from intracranial
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injections, all four YAP1 fusions induced tumor forma-
tion. Mice injected with either wild type YAP1,
MAMLD1, FAM118B, SS18, or TFE3 did not develop tu-
mors (Fig. 1F; Supplemental Fig. S1P–R). These results
suggest that YAP1 gene fusions are the likely oncogenic
drivers in the human tumors in which they are.

YAP1 fusion proteins exert YAP1–TEAD activity

Each of the four YAP1 gene fusions retained the TEAD
binding domain near the N′ terminus of wild-type YAP1.
To analyze the baseline YAP activity of the different pro-
teins, we transiently transfected HEK293 cells at subcon-
fluency cell densities with either GFP (control), wtYAP1,
YM, YF, YT, or YS. We analyzed the expression of known
YAP1 target genes (CTGF,CYR61,ANKRD1,AMOT, and
AMOTL2) by qRT-PCR and found that each YAP1 fusion
significantly enhanced the expression of all five YAP1-re-
sponsive genes (Fig. 2A,B; Supplemental Fig. S2A,B).
We then transfected HEK293 cells grown at sub-

confluency cell densities with YAP1 reporter plasmids
(8xGTIIC-Luc, CTGF-Luc), and either GFP (control), the
YAP1 fusions, wild-type YAP1, MAMLD1, FAM118B,
TFE3, or SS18.WtYAP1 and all four YAP1 fusions showed
activity in both reporter assays, whereas none of the wild-
type C′-terminal fusion partners showed activity (Fig. 2C;
Supplemental Fig. S2C). Truncation experiments with
both YM and wtMAMLD1 showed that the MAMLD1
Mastermind TAD is necessary and sufficient for the
YAP activity of YM (Supplemental Fig. S2D–J). These re-

sults show that all four YAP1 fusion proteins exert YAP
transcriptional activity.

YAP1 fusions are resistant to Hippo pathway-mediated
nuclear exclusion and proteasomal degradation

The YAP transcriptional activity of YAP1 gene fusions is
resistant to Hippo pathway-mediated inhibition The
activity of wtYAP1 is inhibited by the Hippo pathway at
high cell densities in vitro via phosphorylation of the
YAP1 protein by LATS1/2 at several serine residues and
subsequent nuclear exclusion and proteasomal degrada-
tion of the wtYAP1 protein. Since TEAD transcription
factors, which mediate YAP activity, become excluded
from the nucleus at high cell densities in HEK cells (Sup-
plemental Fig. S2K; Lin et al. 2017), we instead measured
the YAP activity of the different YAP1 fusions upon direct
modulation of upstream components of the Hippo
pathway.
We determined the effect of additional coexpression of

the Hippo pathway proteins LATS1, MST1, and MOB1
(compared with GFP control) using GTIIC-Luc reporter
assays in transiently transfected HEK293 cells. While
the activity of wtYAP1 was significantly reduced, the
YAP activity of YM, YT, and YF was not significantly af-
fected (Fig. 2D,E; Supplemental Fig. S2L). The activity of
YS was significantly decreased by coexpression of
LATS1, MST1, and MOB1; however, it was significantly
less affected compared with wtYAP1. In turn, shRNA
knockdown of LATS1/2 led to a significant increase of
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Figure 1. YAP1 fusion genes are oncogenic in vivo. (A–D) H&E and HA IHC stainings and summary of tumors caused by intracranial
expression of YAP1 fusions in G/tv-aCdkn2awild-type (A,B) or N/tv-aCdkn2a-null (C,D) mice. (E) Symptom-free survival following in-
tracranial expression ofYAP1 fusions inN/tv-aCdkn2a-nullmice. (F ) H&E images of tumors caused by intramuscular expression of YAP1
fusions in N/tv-a Cdkn2a-null mice. Scale bars: H&E 1×, 1000 µm; H&E 20× and HA 20×, 100 µm.
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wtYAP1 activity (Padj < 0.0001), whereas there was only
a minor increase of the YAP activity of YM and no sig-
nificant increase in YAP activity of YT (Fig. 2F; Supple-
mental Fig. S2M). We generated S127D phosphomimetic
mutants of both wtYAP1 and YM (the YAP1 sequence of
YT is truncated upstream of S127). The YAP activity of

S127D-YAP1 was significantly reduced compared with
wtYAP1 (Padj < 0.0001), whereas the activity of S127D-
YM was significantly increased compared with YM
(Padj = 0.0032; Fig. 2G). These results suggest that
YAP1 fusion proteins have become constitutively active
and resistant to inhibitory Hippo pathway signaling.
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Figure 2. YAP1 fusion proteins exert YAP activity that is resistant to negative Hippo pathway signaling. (A–C ) YAP1 fusion proteins
induce the expression of CTGF (A) and ANKRD1 (B) and activate YAP1-responsive GTIIC-Luc reporter assays (C ) (n =3). (D,E) The effect
of additional LATS1/MOB1/MST1 coexpression on the YAP activity of wtYAP1, YM, and YT (n =8 for wtYAP1 and YM, n =6 for YT) (D)
andwtYAP1, YF, andYS (n=6) (E). (F ) YAP activity of wtYAP1, YM, or YT in control conditions (+GFP) or upon knockdown of LATS1/2 (n
=4). (G) YAP activity of wtYAP1, S127D-YAP1, YM, and S127D-YM (n =6). (H) HA IF stainings (Hoechst counter stain) of confluent (ex-
ceptwtYAP1 lowdensity) HEK293 cells expressing different YAP1 fusions, or respectivewild-type versions. (I ) HA IF stainings of HEK293
cells transiently expressing either YM or ΔNLS-YM. (J) YAP activity of YM and ΔNLS-YM (n =2). (K ) Symptom-free survival following
intracranial expression of YMΔR3R1 or ΔNLS-YMΔR3R1 in N/tv-a Cdkn2a-null mice. (L) YAP1 fusion proteins are resistant to protea-
somal degradation at high cell density conditions. wtYAP1: low density n=5, high density n=4. All other conditions: n=3. (M,N) Tumor
incidence of YAP1 pointmutants upon intracranial expression inN/tv-aCdkn2a-null mice (M ) and HA IHC stainings of resulting lesions
(N). Scale bars: 10×, 250 µm; 40×, 50 µm. Error bars show standard deviation (SD) (A–G) or standard error of mean (SEM) (L). Analysis was
done using two-tailed t-test (A–C,J,L) or ordinary one-way ANOVA (D–G). (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P <0.001; (∗∗∗∗) P <0.0001.
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YAP1 fusion proteins contain constitutive nuclear locali-
zation sequences that are necessary for their oncogenic
function To explore why the YAP activity of YAP1 fu-
sion proteins is resistant to Hippo pathway signaling, we
assessed the nuclear localization of the different YAP1 fu-
sion proteins at high cell density conditions. We per-
formed immunofluorescence (IF) stainings of HEK293
expressing HA-tagged versions of wtYAP1, YM, YF, YT,
YS, and their respective C′-terminal fusion partners (Fig.
2H). WtYAP1 staining localized mostly to the nucleus at
low cell densities but was excluded from the nucleus at
high cell densities, whereas YAP1 fusion proteins and
their respective wild type C′-terminal fusion partners
showed constitutive nuclear staining at high cell densi-
ties. Moreover, IHC stainings of our mouse tumors re-
vealed strong nuclear localization of all four YAP1
fusions (Fig. 1A). This suggests the presence of nuclear lo-
calization sequences (NLS) in the sequences of the C′-ter-
minal fusion partners, which may contribute to the
resistance to nuclear exclusion of the different YAP1
fusions.
NLS mapping predicted two NLS located between ami-

no acid 50 and amino acid 86 of wtMAMLD1. We con-
firmed these results by generating a series of C′-terminal
YM truncations (Supplemental Fig. S2N). Mutated ver-
sions of YM lacking these two NLS (ΔNLS-YM and
ΔNLS-YMΔR3R1) displayed purely cytoplasmic localiza-
tion and reduced activity in the GTIIC-Luc reporter assay
(Fig. 2I,J). ΔNLS-YMΔR3R1 failed to induce tumor forma-
tion in N/tv-aCdkn2a-null mice (Fig. 2K), suggesting that
the nuclear localization of YM is necessary for its onco-
genic potential.

YAP1 fusion proteins are resistant to Hippo pathway-me-
diated proteasomal degradation Since the YAP1 se-
quence of all four YAP1 fusion proteins is truncated
upstream of the S397 residue, we verified that the differ-
ent YAP1 fusion proteins are functionally resistant toHip-
po pathway-mediated proteasomal degradation. We
transduced NIH3T3 cells to stably express wtYAP1 or ei-
ther of the four YAP1 fusions (all constructs contained an
N′-terminal HA tag). We isolated total protein from cells
at low and high confluency conditions and quantified
the abundance of HA-tagged protein normalized to Actin
via Western blot. While we observed a significant reduc-
tion in wtYAP1 protein at high cell density states com-
pared with low cell density states (P= 0.0029), we did
not observe a significant reduction of YM, YT, or YS pro-
tein and observed a significant increase of YF protein (P =
0.027) at high density conditions (Fig. 2L; Supplemental
Fig. S2O). These results suggest that all four YAP1 fusion
proteins have become resistant to Hippo pathway-mediat-
ed proteasomal degradation.

Combined inhibition of nuclear exclusion
and proteasomal degradation is sufficient to render
wild-type YAP1 oncogenic

Our results suggest that the different YAP1 fusion pro-
teins deregulate YAP activity and have become insensi-

tive to negative Hippo pathway regulation. To test
whether resistance to negative Hippo pathway signaling
is sufficient to render nonfusion YAP1 oncogenic we gen-
eratedmutant versions of wtYAP1 resistant to nuclear ex-
clusion (S127A) and/or proteasomal degradation (S397A
in YAP1 transcript variant 1), as previously described
(Zhao et al. 2007, 2010). In addition, we added a myc
NLS to the N′ terminus of wtYAP1 (NLS-YAP1) to mimic
the presence of a YAP1 fusion NLS (Supplemental Fig.
S2P–R).
We intracranially expressed our collection of YAP1

point mutants in N/tv-a Cdkn2a-null mice (Fig. 2M,N).
Expression of NLS-YAP1 was unable to induce detectable
tumors 200 d after injection (zero out of 16 mice) suggest-
ing that nuclear localization is insufficient. Similarly, ex-
pression of single mutants S127A-YAP1 and S397A-YAP1
did not cause detectable tumors 50 d after injection (both
zero out of seven mice), although we detected small HA-
positive clusters along the ventricles for both groups. In-
tracranial expression of S127/397A-YAP1 (2SA-YAP1)
and NLS-2SA-YAP1, that are resistant to both nuclear ex-
clusion and proteasomal degradation, lead to the forma-
tion of detectable tumors in nine out of 10 mice (0.276
mm2±0.097 SEM) and six out of six mice (1.20 mm2±
0.53 SEM), respectively, 50 d after injection. This suggests
that the combined resistance to nuclear exclusion and
proteasomal degradation is necessary and sufficient to
render YAP1 oncogenic (Supplemental Fig. S2S).
Thus, constitutive activation of YAP1 in vivo is suffi-

cient to cause tumor formation. Interestingly, we noticed
that the resulting tumors did not histomorphologically re-
semble any of the YAP1 fusion gene-driven mouse tu-
mors, suggesting that the additional function of the
differentC′-terminal fusion partners contributes to the tu-
mor histology (Supplemental Fig. S2T).

YAP1 fusion proteins induce a shared core gene
expression signature that overlaps with YAP1 signaling

We transduced U5 human neural stem cells to express ei-
ther GFP (control), wtYAP1, 2SA-YAP1, YM, YF, YT,
wtMAMLD1, wtFAM118B, or wtTFE3 and performed
RNA sequencing (RNA-seq) analysis (Supplemental Fig.
S3A). Principle component analysis (PCA) clearly separat-
ed samples expressing oncogenic transcripts (2SA-YAP1,
YM, YF, or YT) from nononcogenic wild-type transcripts
(Fig. 3A; Supplemental Fig. S3B,C). We calculated differ-
entially expressed genes (DEGs; FC≥1.5 or ≤−1.5, FDR
≤0.05) compared with GFP controls and observed dra-
matic changes in gene expression in samples expressing
oncogenic transcripts (Supplemental Fig. S3D; Supple-
mental Table S1A). We identified a core signature of 726
up-regulated DEGs and 1016 down-regulated DEGs
shared by all three YAP1 gene fusions (Fig. 3B–E; Supple-
mental Table S1B–L) that shared a significant overlap
with the up-regulated (350 overlapping genes, P= 4.8 ×
10−295) and down-regulated DEGs (611 overlapping
DEGs, P< 1 × 10−314) of 2SA-YAP1-expressing cells (Fig.
3F–H; Supplemental Fig. S3E,F; Supplemental Table
S1M).
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WeperformedRNA-seq onwhole tumor tissues derived
from intracranial RCAS-YAP1 fusion-driven mouse tu-
mors (YMΔR3R1, YF, or YT) and naïve mouse cortex de-
rived from N/tv-a Cdkn2a-null mice (n= 3 each)
(Supplemental Table S2A–I). Similar to the in vitro sam-
ples, the RCAS-YAP1 fusion-driven tumors clearly sepa-
rated from naïve cortex samples by PCA (Fig. 3I;

Supplemental Fig. S3G). We detected highly significant
overlaps between theDEGs of respective in vivo and in vi-
tro samples (Supplemental Table S2J). Lastly, we found
that 1461 genes were jointly up-regulated in all three
RCAS mouse tumor types (Fig. 3J; Supplemental Table
S2B). These 1461 genes were mostly related to immune
system processes (Supplemental Table S2C); however,
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Figure 3. RNA-seq analysis of human neural stem cells expressing YAP1-MAMLD1, YAP1-FAM118B, or YAP1-TFE3. (A) PCA plot of
RNA-seq samples. (B,C ) Venn diagrams showing the overlaps of up-regulated (B) and down-regulated (C ) genes of YM-, YF-, or YT-express-
ing cells. (D,E) Biological process GO terms of the up-regulated (D) and down-regulated (E) YAP1 fusion core genes shared by all three
YAP1 fusion genes. (F,G) Overlap between up-regulated (F ) and down-regulated (G) YAP1 fusion core gene signatures and respective
DEGs in 2SA-YAP1-expressing cells. (H) Heat map showing expression levels of core genes significantly regulated in 2SA-YAP1-, YM-,
YF-, or YT-expressing samples. (I ) PCA plot of RNA-seq samples from naïve mouse cortex tissue and RCAS tumors. (J) Overlap of up-reg-
ulated genes between the different RCASmouse tumor types. (K) Overlap between the up-regulated genes shared by all three RCASmouse
tumor types and genes up-regulated in 2SA-YAP1-expressing cells. (B,C,F,G,J,K ) Analysis was done using a hypergeometric test.
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we detected a significant overlap with the up-regulated
DEGs of 2SA-YAP1-expressing cells (208 genes, P= 2.27
× 10−56) (Fig. 3K). This suggests that all three tumor types
share a gene signature related to oncogenic YAP1 signal-
ing. We compared our RNA-seq data from the YAP1
core signature, YM-, and S2A-YAP1-expressing cells, as
well as RCAS-YMΔR3R1 mouse tumors to published mi-
croarray data from human ST-EPN-YAP1 tumors (Pajtler
et al. 2015) and detected significant overlaps, indicating
that the YAP1 expression signature is conserved in these
human tumors (Supplemental Table S2K).

CUT&RUN identifies overlap in occupied genomic
regions between oncogenic YAP1 fusions and wild-type
YAP1

To gain a deeper insight on which genomic regions are oc-
cupied by the differentYAP1 fusionproteins,we expressed
wtYAP1, 2SA-YAP1,YM,YF, andYT (all containinganN′-
terminal HA tag) in human neural stem cells and per-
formed CUT&RUN (C&R) experiments using an anti-HA
antibody. We detected robust signals for all samples (Sup-
plemental Table S3A–H) and assessed the extent to which
thedifferentYAP1 fusionproteins occupiedYAP1-specific
target regions. Each individual YAP1 fusion protein shared
significant overlaps in the occupied genomic regions with
bothwtYAP1 and 2SA-YAP1 (Fig. 4A; Supplemental Table
S3B). We identified a core signature of 1766 peaks (corre-
sponding to 1153 genes) that overlapped between YM,
YF, and YT samples and overlapped with wtYAP1 (578
peaks, 21.6% of all wtYAP1 peaks) and 2SA-YAP1 peaks
(749 peaks, 21.5% of all 2SA-YAP1 peaks) (Fig. 4B,C).
These results suggest that the different YAP1 fusion pro-
teins occupy a common set of YAP1 target regions.
We determined whether the different YAP1 fusion pro-

teins share overlapping functions with their respective C′-
terminal fusion partners and performed C&R on human
neural stem cells expressing wtTFE3, MAMLD1, or
FAM118B (containing N′-terminal HA tags). Direct pull-
down of wtTFE3 yielded 1897 peaks, 1700 (89.6%) of
which were also present in YT peaks (Fig. 4D). HOMER
motif analysis further confirmed a highly significant en-
richment of a TFE3-binding motif in YT peaks (P= 1 ×
10−46). We confirmed the C′-terminal TFE3 activity of
YT using a TFE3-responsive Luciferase reporter assay
(Fig. 4E). DiffBind analysis of all samples based on similar-
ities of peak sequences showed that wtTFE3 and YT sam-
ples clustered closely together (Fig. 4F). We did not
observe consistent peaks upon direct pull-down of either
wtMAMLD1 or wtFAM118B (n= 4 for each).
We then analyzed the overlap between C&R peaks and

RNA-seq DEGs and found that YM-associated peaks
mapped to 907 (34.1%) up-regulated and 538 (24.3%)
down-regulated genes in YM-expressing cells, suggesting
a direct regulation of these genes. Similarly, YF-associated
peaks mapped to 457 (25.3%) up-regulated and 241
(12.6%) down-regulated genes in YF-expressing cells,
whereas YT-associated peaks mapped to 1559 (52.1%)
up-regulated and 1261 (43.4%) down-regulated genes
(Fig. 4G; Supplemental Fig. S4A; Supplemental Table

S3I). WtYAP1, 2SA-YAP1, YM, and YF peaks weremostly
located in distal intergenic regions (42%–46% of peaks) or
introns (38%–43% of peaks), followed by promoter re-
gions (7%–13% of peaks). In turn, both wtTFE3 and YT
peaks were predominantly located in promoter regions
(47% and 33% of peaks, respectively), suggesting that
the TFE3 part of the fusion directs YT to TFE3-specific
promoter regions (Supplemental Fig. S4B,C). Since a large
fraction of these peaks were located in nonpromoter re-
gions, we compared our C&R data with published
H3K27ac/H3K4me1 ChIP-seq data (Galli et al. 2015) and
found large overlaps between both data sets, indicating
that YAP1 fusions occupy H3K27ac/H3K4me1-double-
positive regulatory elements located in distal intergenic
and intronic regions (Fig. 4H; Supplemental Fig. S4D). Fur-
thermore, we compared our C&R data for YM with pub-
lished YAP1 ChIP-seq data from three human ST-EPN-
YAP1 tumors (Pajtler et al. 2019) and observed robust
overlaps between both data sets (Supplemental Fig. S4E).

YAP1 fusion target DNA sequences are enriched
for TEAD transcription factors motifs

The interaction between YAP1 and different TEADs is fa-
cilitated through the YAP1 TEAD-interacting domain
(TID) (Zhao et al. 2008; Galli et al. 2015; Stein et al.
2015) that is retained in all four YAP1 fusions. We per-
formed HOMER motif analysis to identify transcription
factor-binding motifs in the peak sequences of wtYAP1,
2SA-YAP1, and YAP1 fusion samples and detected a high-
ly significant enrichment for TEAD1, TEAD2, and
TEAD4 motifs in all five samples. Motifs for BATF,
ATF3, FRA1/2, BACH2, AP-1, FOSL2, and JUNB (all shar-
ing a similar coremotif), aswell as RUNX1/2 and different
members of the SOX family, were also highly enriched in
all five samples. In addition, we detected significant en-
richments of MITF, BMAL1, USF1/2, CLOCK, and SP1
motifs in YT andwtTFE3 peaks, as well as ETS family pro-
teins ERG-, SPDEF-, and ETV2-binding motifs in all three
YAP1 fusion samples, but not in wtYAP1 or 2SA-YAP1
samples (Fig. 4I; Supplemental Table S3J).
We performed additional C&Rexperiments using an an-

tibody against TEAD4 (Supplemental Table S3K–O). We
observed robust overlaps between HA and TEAD4 peaks,
suggesting that, similar to wtYAP1, YAP1 fusion proteins
interact with TEAD transcription factors to bind DNA
(Supplemental Fig. S4F–I; Supplemental Table S3B). Diff-
Bind analysis of all samples based on peak sequences
showed that the respective HA and TEAD4 samples of
each sample group clustered closely together (Supplemen-
tal Fig. S4H). These results suggest that the different YAP1
fusion proteins interact with TEAD transcription factors
and occupy TEAD target regions.

The interaction with TEAD transcription factors is
necessary for the oncogenic function of YAP1 fusion
proteins

RNA-seq data confirmed the expression of all four TEADs
in YAP1 fusion-driven mouse tumors (Supplemental Fig.
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S5A,B) and IHC stainings confirmed nuclear TEAD1
staining in each tumor type (Fig. 5A). Serine 94 of YAP1
is a key residue for the YAP1–TEAD interaction and
S94A mutation of YAP1 strongly reduces YAP activity
(Zhao et al. 2008; Mo et al. 2015). We generated S94Amu-
tant versions of all YAP1 fusions and performed GTIIC-
Luc reporter assays (Fig. 5B). We found that all S94A mu-
tants (except S94A-YF) showed a significant reduction of
YAP activity. We detected a significant increase in the
YAP activity of S94A-YF compared with YF. Similarly,
combined siRNA-mediated knockdown of TEAD1-4 re-
sulted in a significant reduction of YAP activity, while

separate knockdown of individual TEADs did not (Fig.
5C; Supplemental Fig. S5C–F).

We performed RNA-seq on human neural stem cells ex-
pressing either S94A-YM or S94A-YF (n= 3 each) to ana-
lyze the transcriptional effects of ablation of YAP1–
TEAD interaction. Both S94A-YM (1256 DEGs) and
S94A-YF (343 DEGs) were unable to cause the dramatic
gene expression changes induced by their respective non-
mutated counterparts (Fig. 5D). We detected significant
overlaps between the gene expression profiles of S94A-
YM and YM (871 DEGs, P= 3.74 × 10−312) (Supplemental
Fig. S5G). These results suggest that the function of YM
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Figure 4. CUT&RUN identifies overlap in occupied genomic regions between oncogenic YAP1 fusions and wild-type YAP1. (A) Overlap
of C&R peaks between wtYAP1_HA and YM_HA, YF_HA, or YT_HA. (B) Overlap of C&R peaks between YM_HA, YF_HA, and YT_HA.
(C ) WtYAP1, 2SA-YAP1, and YAP1 fusion proteins occupy the ANKRD1 promoter. (D) Overlap of C&R peaks between YT_HA and
wtTFE3_HA. (E) µE3-Luc reporter assay showing the TFE3 activity of YT, wtYAP1, and wtTFE3 (n=3). (F ) DiffBind clustering of C&R
samples. (G) Overlaps between C&R and RNA-seq. (H) YAP1 fusions occupy H3K27ac/H3K4me1-double positive regulatory elements
located in distal intergenic regions. (I ) Enriched motifs from HOMER analysis. (E) Error bars show SD. (E) Analysis was done using ordi-
nary one-way ANOVA. (∗∗) P< 0.01; (∗∗∗∗) P <0.0001.
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and YF greatly depends on the interaction with TEAD
transcription factors.
We intracranially expressed S94A-YT, S94A-YF, or

S94A-YS mutant versions (Supplemental Fig. S5H) in N/
tv-a Cdkn2a-null mice and observed a complete lack of
oncogenic functions for S94A-YF or S94A-YS (Fig. 5E,F)
and a significantly reduced oncogenic potential for
S94A-YT (three out of 17 mice, P= 0.0017) (Fig. 5G; Sup-
plemental Fig. S5I). To assess the oncogenic potential of
full-length S94A-YM, we facilitated a second model sys-
tem.We intracranially implanted in vitro-transducedmu-
rine Cdkn2a-null neural stem cells expressing either full-
length YM or S94A-YM (n= 3) (Supplemental Fig. S1E).
We observed the formation of small nonsymptomatic tu-
mors inmice injectedwith S94A-YM-expressing cells 14 d
after injection. The tumor size was reduced compared
with mice injected with cells expressing YM (5.42 mm2

±2.25 SEM vs. 0.32 mm2±0.02 SEM, P = 0.086) (Fig. 5H;
Supplemental Fig. S5J–L). These findings suggest that
the interaction with TEAD transcription factors is essen-
tial for the oncogenic functions of all four YAP1 fusion
proteins.

The oncogenic functions of YAP1 fusion proteins
can be pharmacologically inhibited in vitro

Verteporfin (VP) is a small molecule inhibitor that has
been shown to inhibit YAP1 functions by blocking the in-
teraction between YAP1 and TEAD (Liu-Chittenden et al.
2012; Brodowska et al. 2014). To determine whether

VP can inhibit the YAP activity of the different YAP1 fu-
sion proteins, we performed GTIIC-Luc reporter assays
with transiently transfected HEK293 cells at different
VP concentrations and observed a dose-dependent reduc-
tion of the YAP activity of wtYAP1 and all of the YAP1 fu-
sions (Fig. 6A).
We generated stably transduced NIH3T3 cells (untrans-

duced control,wtYAP1,wtFAM188B, orYAP1-FAM118B)
(Supplemental Fig. S6A–D). In 3D culturing conditions
neither untransduced control cells, wtYAP1-expressin,
nor wtFAM188B-expressing cells were able to grow into
spheroids, likely due to high contact inhibition (Holley
and Kiernan 1968), whereas YAP1-FAM118B-expressing
cells were able to grow as spheroids (Fig. 6B). Using two
YAP1–TEAD inhibitors (VP and flufenamic acid [FA]) we
found that the spheroid growth of YAP1-FAM118-express-
ing NIH3T3 cells could be inhibited by VP and FA treat-
ment in a dose-dependent manner, whereas control cells
were not affected (Fig. 6C,D; Supplemental Fig. S6E,F).
We established a cell line from an RCAS-YAP1-

FAM118B mouse hindlimb tumor. The presence of
YAP1-FAM118B in the cell linewas confirmed by IF stain-
ings for the N′-terminal HA tag (Supplemental Fig. S6G).
Treatment with VP and FAwas able to inhibit the growth
of this YAP1-FAM118B tumor cell line and was accompa-
nied by a dose-dependent decrease in the expression of the
YAP1 target genesCtgf andCyr61 (Fig. 6E,F; Supplemental
Fig. S6H,I). We then generated organotypic slice cultures
from an RCAS-YAP1-FAM118B hindlimb mouse tumor
and treated the slice cultures with either DMSO (control),
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Figure 5. Genetic disruption of YAP1–TEAD binding ablates tumor forming ability of YAP1 fusions. (A) TEAD1 IHC stainings of intra-
cranial RCAS tumors in N/tv-aCdkn2a-null mice. Scale bar, 25 µm. (B) YAP activity of S94Amutant YAP1 fusions (n =3). (C ) Combined
knockdown of TEAD1–4 leads to reduced YAP activity of YAP1 fusions (n =3). (D) PCA plot of S94A-YM and S94A-YF RNA-seq samples.
(E–G) Symptom-free survival ofN/tv-aCdkn2a-nullmice after intracranial expression of S94Amutant versions of YF (E), YS (F ), or YT (G).
(H) Tumor sizes after intracranial injection of murine neural stem cells expressing either unmutated or S94A mutant YM (n=3 each).
Error bars show SD. Analysis was done using two-tailed t-test (B,H), ordinary one-way ANOVA (C ), and log rank (Mantel-Cox) test
(E–G). (∗∗∗) P<0.001; (∗∗∗∗) P<0.0001.
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staurosporine, VP, or gemcitabine for 6 d. We found that
VP treatment leads to a significant decrease in viability
(P= 0.04) and increases in apoptosis (P= 0.001) in the tumor
slices compared with DMSO control (Fig. 6G,H; Supple-
mental Fig. S6J).

Additional YAP1 fusions share characteristics
with established YAP1 fusions

Several additional YAP1 fusion genes have been discov-
ered recently in different human cancers, such as NF2
wild-type meningioma (YAP1-MAML2, YAP1-LMO1,
and YAP1-PYGO1), poroma/porocarcinoma (YAP1-
MAML2 andYAP1-NUTM1), and sclerosing epithelioid fi-
brosarcoma (YAP1-KMT2A) (Kao et al. 2019; Picco et al.
2019; Sekine et al. 2019; Sievers et al. 2019). We found
that all of these additional YAP1 fusions shared key fea-
tures with the YAP1 fusions investigated in this study,
(1) retention of the YAP1 TID domain, including S94;
(2) loss of the S397 residue important for proteasomal deg-
radation; (3) the presence of anNLS; and (4) the presence of
putative TADs in the C′-terminal fusion partner sequenc-
es that are retained in the resulting YAP1 fusion proteins

(Supplemental Fig. S6K; Boehm et al. 1990; Lin et al.
2002; Yokoyama et al. 2002; Städeli and Basler 2005; Rey-
noird et al. 2010). These results indicate that the newly
identified YAP1 fusion proteins share similar features to
the YAP1 fusion proteins analyzed in this study.

Discussion

A series of YAP1 gene fusions have been identified in sev-
eral human tumor types. TheseYAP1 fusion gene-positive
tumors have an overall lowmutational burden, suggesting
that the YAP1 fusion proteins might be the oncogenic
drivers in these cancers (Pajtler et al. 2015; Rosenbaum
et al. 2019). Here, we show that all four investigated
YAP1 fusion genes are oncogenic when expressed in
mice, indicating their causal role in tumor initiation.
Our results indicate that additional loss of Cdkn2a en-
hanced the growth of some YAP1 fusion-driven RCAS
mouse tumors (YM and YT). Genomic Cdkn2a loss has
not been reported for ST-EPN-YAP1 ependymoma (har-
boring YM) or EHE (harboring YT) (Pajtler et al. 2015;
Rosenbaum et al. 2019); however, it is unclear whether
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Figure 6. The oncogenic functions of YAP1
fusion proteins can be pharmacologically in-
hibited in vitro. (A) GTIIC-Luc reporter as-
says showing the YAP activity of wtYAP1,
YM, YT, YF, and YS at different concentra-
tions of verteporfin in comparison with the
DMSO control (0 µM verteporfin) (n=4).
(B) Spheroid growth of stably transduced
NIH3T3 cells (untransduced control,
wtYAP1, wtFAM118B, or YF) (n =3). (C,D)
Spheroid growth of NIH3T3 cells (untrans-
duced control or expressingYF)when treated
with VP (C ) or FA (D) at the indicated con-
centrations or DMSO only (n=3). (E,F )
Growth of YF tumor cells when treated
with either VP (E) or FA (F ) at indicated con-
centrations or DMSO only (n=3). (G,H) Via-
bility (G) and cleaved caspase 7 (Asp198)
levels (H) of YF hindlimb organotypic tumor
slices after treatment with DMSO (control),
staurosporine, verteporfin, or gemcitabine
(n=2). Error bars show SD (A) or SEM
(B–H). Analysis was done using ordinary
two-way ANOVA (A–F ) or ordinary one-
way ANOVA (G,H). P-values for B–F are for
the final time point. (∗) P< 0.05; (∗∗) P <0.01;
(∗∗∗) P <0.001; (∗∗∗∗) P< 0.0001.
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functional inactivation ofCdkn2a or associated pathways
(such as p53) occurs in other ways in these cancers, for ex-
ample, by epigenetic silencing or inactivation of down-
stream mediators. However, we are not proposing that
these mutations actually occur in the human cancers in
which these YAP1 fusions are found.
Our results demonstrate that all four analyzed YAP1 fu-

sion proteins exert canonical YAP transcriptional activity
and occupy YAP1 target regions. Although the baseline
YAP activity (as measured by GTIIC-Luc reporter assays)
of some YAP1 fusions was below that of wtYAP1, we
found that, in contrast to wtYAP1, the YAP activity of
the YAP1 fusion proteins is resistant to Hippo pathway-
mediated inhibition. The different YAP1 fusion proteins
achieve this in part by constant nuclear localization and
resistance to proteasomal degradation, mediated by a nu-
clear localization sequence located in the sequences of the
C′-terminal fusion partner and by loss of the S397 residue
of wtYAP1, respectively. These data suggest that the on-
cogenic activity of the different YAP1 fusions is in part
achieved by generating an unregulatable constitutively
active YAP1. This is also supported by our finding that a
double point mutant constitutively active full-length
YAP1 (2SA-YAP1), which is resistant to both nuclear ex-
clusion and proteasomal degradation, was oncogenic, in-
dicating that constitutive activation of YAP1 signaling
is sufficient to induce oncogenic transformation in our
in vivo model system. These results are supported by a re-
cent study that showed that germline expression of 5SA-
YAP1 (S61A, S109A, S127A, S164A, and S397A) as well
as combined deletion of Lats1/2 in Neuro6-positive cells
leads to the formation of Ependymoma-like tumors in
mice shortly after birth (Eder et al. 2020).
Our data suggest that, in addition to the YAP activity

present in all four analyzed YAP1 fusion proteins, at least
some of the YAP1 fusions also retain activity of the C′-ter-
minal fusion partners. Both MAMLD1 and TFE3 are
known transcriptional coactivators and transcription fac-
tors, respectively (Huan et al. 2005; Fukami et al. 2008)
and we could show that both YT and YM activate TFE3-
and MAMLD1-responsive reporter assays, respectively.
In addition, using CUT&RUN we can show that YT also
occupies TFE3 target regions. Furthermore, a truncated
YM variant that showed reduced MAMLD1 activity
showed diminished oncogenic activity. The oncogenic ac-
tivity is therefore likely a combination of YAP1 and non-
YAP1 effects. This is further exemplified by the notice-
able differences in the histomorphology between the tu-
mors generated by different YAP1 fusions and 2SA-
YAP1, suggesting that the C′ terminal partners contribute
YAP1-independent activity thatmay affect the tumor his-
tomorphology and behavior.
Because we are particularly interested in identifying a

potential common therapeutic strategy for tumors harbor-
ing these fusions,wearehighlighting theYAPactivity that
is common between all analyzedYAP1 gene fusions and is
essential for their oncogenic functions. To identify a possi-
ble approach for inhibiting this YAP activity, we show
that, similar to wtYAP1 (Zhao et al. 2008; Galli et al.
2015; Stein et al. 2015), the YAP activity of all analyzed

YAP1 fusion products is dependent on the interaction
with TEAD transcription factors and that genetic ablation
of this YAP1–TEAD interaction inhibits the ability of all
four analyzed different YAP1 fusions to cause tumor for-
mation in vivo. Our results are supported by Pajtler et al.
(2019), who showed that genetic ablation of TEADbinding
inhibits the oncogenic functions of YAP1-MAMLD1 in a
different mouse model. Toward this goal, we demonstrat-
ed that pharmacological inhibition of theYAP1–TEAD in-
teraction using small molecule inhibitors is sufficient to
reduce the YAP activity of the four YAP1 fusion proteins
and reduce the growth of YAP1-FAM118B-driven cells in
vitro without affecting the growth of control cells. This
data with verteporfin and flufenamic acid as examples of
that class of molecules suggests that pharmacological in-
hibitors targetingYAP1–TEADbindingmight be a feasible
approach to inhibit the growth of these cancers. Future
studieswill be necessary to determinewhether such an ap-
proach is sufficient to induce the regression of established
YAP1 fusion-driven tumors in vivo.
A growing number of YAP1 fusion genes has been dis-

covered in different human cancers. We hypothesize
that most YAP1 fusion proteins are oncogenic (at least
in part) through stabilizing TEAD-dependent oncogenic
YAP activity and might be susceptible to YAP1–TEAD
disruption in a similarway as the four YAP1 fusionswe in-
vestigated. In addition, gene fusions involving the YAP1
homolog TAZ have been reported in several cancers and
might be susceptible to disruption of TEAD binding in a
way similar to YAP1 fusion proteins (Tanas et al. 2016;
Sekine et al. 2019).
In summary, our results show that YAP1 gene fusions

are oncogenic and the likely tumor-driving events in
YAP1 fusion-positive cancers. The general rules for onco-
genesis of these YAP1 fusion proteins are (1) the presence
of the YAP1–TEAD-binding domain; (2) loss of the Hippo
target sequence for degradation; (3) the presence of a nu-
clear localization sequence that is not regulated by Hippo
signaling, often brought in by the C′ partner gene; and (4)
the presence of a TAD that is either fromYAP1 or brought
in by the C′ partner gene. Finally, disruption of YAP1–
TEAD interaction could be a general therapeutic approach
to block the oncogenic activities of these YAP1 fusion
proteins.

Materials and methods

Generation of RCAS mouse tumors

All animal experiments were done in accordance with protocols
approved by the Institutional Animal Care and Use Committees
of Fred Hutchinson Cancer Research Center (protocol no. 50842)
and followed National Institutes of Health guidelines for animal
welfare. The RCAS/tv-a system used in this work has been de-
scribed previously (Holland et al. 2000; Ozawa et al. 2018).
GFAP (G)/tv-a Cdkn2awild type, G/tv-a;Cdkn2a-null, or Nestin
(N)/tv-a;Cdkn2a-null mice were used for RCAS-mediated brain
tumor formation in this study and have been described previously
(Ozawa et al. 2018). N/tv-a;Cdkn2a-null mice were used for
RCAS-mediated intramuscular tumor formation in hindlimbs.
DF1 cells (1 × 105) in a volume of 1 μL were injected into newborn

YAP1 gene fusions in cancer

GENES & DEVELOPMENT 1061



pup brains or hindlimbs (within 3 d after birth). The mice were
monitored until they developed symptoms of disease, such as vis-
ible tumors, lethargy, poor grooming, weight loss, dehydration,
macrocephaly, seizures, jumping, or paralysis, or until 200 d after
injection.

Mouse survival data

Kaplan-Meier analysis demonstrating symptom-free survival of
murine brain tumors was performed using log rank test in the
Prism 8 software (GraphPad) for all mice injected with the rele-
vant RCAS virus. Log rank P-values were measured with the
Mantel-Cox test. A value of P <0.05 was considered significant
in this study.

Plasmid generation

Primers used for plasmid generation are listed in Supplemental
Table S4A. Additional plasmids used in this study are listed in
Supplemental Table S4D.

Tissue slice preparation and drug treatments

Tumor slices were prepared as described previously (Sivakumar
et al. 2019; Nishida-Aoki et al. 2020). Briefly, dissected tumor tis-
sues were molded into a 6-mm core using a biopsy punch. The
cores were cut into 250-µm slices using Leica Vibratome
VT1200. Slices were immediately placed on inserts in 24-well
plates and incubated with Williams’ medium containing 12
mM nicotinamide, 150 nM ascorbic acid, 2.25 mg/mL sodium
bicarbonate, 20 mM HEPES, 50 mg/mL additional glucose, 1
mM sodium pyruvate, 2 mM L-glutamine, 1% (v/v) ITS, 20 ng/
mL EGF, 40 IU/mL penicillin, and 40 µg/mL streptomycin. After
24 h, sliceswere exposed to eitherDMSO (control), 200 nM staur-
osporine, 5 µM verteporfin, or 5 µM gemcitabine for 6 d. Overall
tumor tissue viability was measured using real-time Glo (Prom-
ega) according to the manufacturer’s instructions. Viability mea-
surementwas taken before (day 0) and after (day 6) drug treatment
using a Synergy H4 instrument (Biotek).

Spheroid assay

NIH3T3 cells expressing wtYAP1, wtFAM118B, or YAP1-
FAM118B were seeded at 5 × 103 cells per well in a 96-well ultra-
lowadherence plates (Costar) inDMEMwith 10%FBS and briefly
spun down at 1000 rpm for 10 min. After 1 d, cells were treated
with VP or FA at varying concentrations. Growth of spheroids
was monitored using live-cell imaging every 2 h for 4 d in the
Incucyte Zoom system (Essen).

Kinetic cell growth assay

YAP-FAM118B-expressing mouse tumor cells were plated on
96-well plates (Essen ImageLock, Essen Instruments) at 5 × 103

density. Cells were treated with VP or FA at different doses
24 h after plating and cell confluence was monitored with Incu-
cyte live-cell imaging system and software (Essen Instruments).
Confluence was observed every 2 h for 48–144 h or until the con-
trol (DMSO only) samples reached 100% confluence.

RNA-seq

For in vitro gene expression profiles, U5 human neural stem cells
were cultured and transduced with pLJM1 VSV-G pseudotyped
lentiviral particles as described above. For in vivo gene expression

data from RCAS tumors, brain tumor tissues and half normal
forebrainswere dissected, flash-frozen in liquid nitrogen, and sub-
sequently crushed on dry ice. RNA was extracted using the Qia-
gen RNeasy minikit according to the manufacturer’s
instructions. Genomic DNA was removed by on-column DNase
digestion. To confirm overexpression in U5 cells, we generated
cDNA using the SuperScript III first strand synthesis system
(Invitrogen) and performed quantitative RT-PCR on a Quantstu-
dio 7 Flex (Applied Biosystems) using PowerUp SYBRGreenmas-
ter mix (Applied Biosystems). For a list of primers, see
Supplemental Table S4A. Total RNAwas then labeled and ampli-
fied with the Illumina protocol, followed by sequencing on an
Illumina HiSeq2500 and used a paired-end, 50-base read length
(PE50) sequencing strategy at the Genomics Shared Resource at
Fred Hutchinson Cancer Research Center.

CUT&RUN

U5 human neural stem cells were cultured and transduced with
pLJM1 VSV-G pseudotyped lentiviral particles as described (Sup-
plemental Material). Cells were processed as described elsewhere
(Janssens et al. 2018). For a list of antibodies used, see Supplemen-
tal Table S4B. Sequencingwas performedusing an IlluminaHiSeq
2500 in Rapid Run mode and used a paired-end, 25-base read
length (PE50) sequencing strategy at the Genomics Shared Re-
source at Fred Hutchinson Cancer Research Center.

Data availability

RNA-seq and CUT&RUN sequencing data can be accessed at
NCBI Gene Expression Omnibus GSE137040. See also the Sup-
plemental Material.

Data andmaterial availability The data that support the findings of
this study are included here and in the Supplemental Material
and are also available from the corresponding author upon reason-
able request.
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