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SUMMARY

Diffuse pleural mesothelioma (DPM) is a lethal cancer with a poor prognosis and limited treatment options.
The Hippo signaling pathway genes, such as NF2 and LATS1/2, are frequently mutated in DPM, indicating
a tumor suppressor role in the development of DPM. Here, we show that in DPM cell lines lacking NF2 and
in mice with a conditional Nf2 knockout, downregulation of WWC proteins, another family of Hippo pathway
regulators, accelerates DPM progression. Conversely, the expression of SuperHippo, a WWC-derived mini-
gene, effectively enhances Hippo signaling and suppresses DPM development. Moreover, the adeno-asso-
ciated virus serotype 6 (AAV6) has been engineered to deliver both NF2 and SuperHippo genes into meso-
thelial cells, which substantially impedes tumor growth in xenograft and genetic DPM models and
prolongs the median survival of mice. These findings serve as a proof of concept for the potential use of
gene therapy targeting the Hippo pathway to treat DPM.

INTRODUCTION

Diffuse pleural mesothelioma (DPM) is an aggressive and treat-
ment-resistant cancer originating from the mesothelial lining sur-
rounding the lungs or other pleural tissues.'” Exposure to
asbestos or other fibrous minerals is the primary risk factor for
DPM.*® Without treatment, patients with DPM consistently
display a life expectancy of less than 1 year.® Current therapeutic
interventions for DPM primarily involve standard cisplatin and
pemetrexed chemotherapy.” However, the response rate to
chemotherapy among patients with DPM only ranges between
30% and 40%, with the median overall survival (OS) slightly
exceeding 12 months.”®"° A recent phase 3 clinical trial demon-
strated that the combined utilization of ipilimumab (a CTLA-4
monoclonal antibody) and nivolumab (a PD-1 monoclonal anti-
body) can extend the OS by up to 4 months in a subset of pa-
tients with DPM."" However, some patients exhibit primary resis-
tance to immunotherapy, and the overall prognosis for DPM
remains discouraging.”'? Hence, there is an urgent need to
explore alternative therapeutic modalities to improve the efficacy
of DPM treatment. In this pursuit, acquiring comprehensive in-

sights into the molecular mechanisms, particularly key onco-
genic signaling pathways underlying the tumor biology of DPM,
is crucial for developing effective therapeutic strategies.

The Hippo signaling pathway is critical in regulating organ size,
tissue regeneration, and tumorigenesis.’*™'” Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-binding
motif (TAZ, also known as WWTR1) are downstream effectors
of the Hippo pathway and, as proto-oncoproteins, are frequently
activated in diverse cancers.'®%872° The activity of YAP/TAZ is
tightly restricted by upstream kinases (MST1/2, MAP4K1-7, and
LATS1/2) and scaffolding proteins (SAV1, NF2, WWC1-3, and
MOB1).27%3 These upstream regulators of YAP/TAZ are mostly
tumor suppressors, and their inactivation leads to tumorigen-
esis.®'"*"35 Recently, we have shown that the Hippo signaling
network contains two largely independent modules, HPO1 and
HPO2, in which WWC1-3 and NF2, as adaptors, mediate the
phosphorylation and activation of LATS1/2 by MST1/2 and
MAP4K1-7, respectively®'****" (Figure 1A). Concurrent inactiva-
tion of HPO1 and HPO2 genes in mouse livers leads to rapid
cancer development, suggesting that HPO1 and HPO2 synergis-
tically regulate YAP/TAZ activity and tumorigenesis.®' Moreover,
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Figure 1. Deletion of SAV1 or WWC1-3 induces YAP/TAZ activity in DPM cells
(A) Schematic representation of two Hippo signaling modules. There are two modules within the Hippo signaling network: MST1/2-SAV1-WWC1-3-LATS1/2

(HPO1) and MAP4K1-7-NF2-LATS1/2 (HPO2).

(B) Oncoplot depicting the distribution and alteration patterns of Hippo pathway genes in TCGA DPM datasets.
(C) Expression analysis of Hippo pathway component in NCI-H2373, NCI-H2052, and NCI-H2452 mesothelioma cell lines using immunoblotting.
(D and E) Enhanced YAP/TAZ activity in WWC1-3 tKO and SAV71 KO DPM cells. The pYAP and aYAP indicate phosphorylated and active YAP, respectively.

See also Figure S1.

a WWC1-derived SuperHippo minigene can effectively and spe-
cifically activate HPO1 signaling and serve as a potent tumor
suppressor in liver cancers.*°

Whole-exome sequencing of human DPM samples has
revealed a high prevalence of mutation or deletion in many
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tumor suppressor genes, such as CDKN2A/B, NF2, BAP1, and
TP53.25%1 |n addition, loss-of-function mutations of LATS2
have also been observed in patients with DPM.*>**> Among
genes frequently mutated, NF2 and LATS2 are major regulators
in the Hippo signaling pathway, indicating that the inactivation of
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Figure 2. Downregulation of SAV1 or WWC1-3 expression promotes the tumor-forming capacity of DPM cells

(A) Colony formation of DPM cell lines was enhanced upon SAV1 deletion.
(B) Colony formation of DPM cell lines was enhanced upon WWC7-3 deletion.

(C) Gross tumor images of tumor xenografts of control or SAV7 KO NCI-H2373 cells implanted in nude mice. Scale bar, 1 cm.
(D and E) Growth curve and tumor weight analysis of control and SAV71 KO NCI-H2373 xenografts. Five mice with 10 tumors for each group were analyzed.

(legend continued on next page)
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Hippo signaling is involved in DPM pathogenesis. In support of
this, genetic inactivation of Nf2 and Trp53 induces tumor forma-
tion in the mouse mesothelium.**

In this study, we show that the inactivation of SAV1 or WWC
genes in mesothelioma cells results in YAP/TAZ hyperactivation
and rapid tumor growth, and expression of SuperHippo has the
opposite effect. Hence, HPO1 is crucial for maintaining Hippo
signaling and preventing rapid tumorigenesis, especially in
HPO2-defective (NF2-mutated) cells, and it may be employed
to develop therapeutics for cancers, including DPM. Indeed,
activation of both HPO1 and HPO2 signaling modules by concur-
rent expression of NF2 and SuperHippo leads to complete inac-
tivation of YAP/TAZ and repression of tumorigenesis, regardless
of NF2 status. Based on these findings, we have developed a
preclinical gene therapy for DPM by using an adeno-associated
virus (AAV) to deliver both NF2 and SuperHippo into tumor cells,
and this approach has effectively blocked tumor progression in
both xenograft and genetic DPM models.

RESULTS

Inactivation of HPO1 induces YAP/TAZ activity in DPM
cells

To assess the involvement of the Hippo pathway in the progres-
sion of DPM, we examined the status of major Hippo pathway
genes in The Cancer Genome Atlas (TCGA) datasets.’” In
87 DPM specimens analyzed, NF2 and LATS2 were altered in
31% and 11% of samples, respectively, whereas SAVT,
WWCT, or LATS1 wasonly altered in 2.4% of samples (Figure 1B).
Other Hippo pathway genes were not significantly altered in DPM
(Figure 1B). Clearly, there was an enrichment of HPO2 gene (NF2)
alterations in DPM. On the other hand, alterations of HPO1 genes
(SAV1 and WWC1/2/3) were relatively rare in DPM.

HPO1 and HPO2 are required to regulate LATS1/2 and YAP/
TAZ in a synergistic manner.®"***" Hence, we sought to test
the function of HPO1 in the development of DPM. We first
collected three human DPM cell lines: NCI-H2452, NCI-H2373,
and NCI-H2052. Among these cell lines, NCI-H2373 has NF2
mutation, NCI-H2052 has both NF2 and LATS2 mutations, and
NCI-H2452 has wild-type NF2 and LATS2.%>*° The expression
of Hippo pathway components was analyzed by immunoblot-
ting. SAV1 and WWC1-3 were expressed in all three cell lines
(Figure 1C). We then ablated SAV1 or WWC1-3 expression in
these cells using CRISPR-Cas9 technology and observed a
decrease in phosphorylated YAP (pYAP Ser127) and an increase
in active/dephosphorylated YAP (aYAP) (Figures 1D and 1E).
Furthermore, the mRNA levels of ANKRD1, CTGF, and CYR61,
three faithful target genes of YAP/TAZ, were induced in SAV1
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knockout (KO) or WWC17-3 triple KO (tKO) cells (Figure S1).
The protein level of CYR61 was also induced in SAV1 KO or
WWC1-3 tKO cells (Figures 1D and 1E). These results indicate
that YAP/TAZ activity is hyperactivated following HPO1 inactiva-
tion (SAVT or WWC1-3 deletion) in all three DPM cell lines tested,
regardless of NF2 and LATS2 status.

Inactivation of HPO1 promotes tumorigenesis of DPM
cells

YAP/TAZ are proto-oncoproteins, and their activation pro-
motes tumorigenesis.'® %825 We then tested the effect of
SAV1 and WWC1-3 deletion on the tumorigenic potential of
DPM cells. In a colony formation assay, DPM cells deficient in
SAV1 or WWC1-3 formed significantly more colonies, indi-
cating a growth advantage of these cells (Figures 2A, 2B,
S2A, and S2B). YAP/TAZ exert their functions mainly by inter-
acting with TEAD transcription factors (TEAD1-4).~°° The col-
ony formation of SAV1- or WWC1-3-deficient DPM cells was
effectively repressed in the presence of VT103 or VT107, two in-
hibitors of TEAD1 and TEAD1-4, respectively (Figure S2C).%"
Hence, downregulation of SAV1 or WWC17-3 can promote the
clonogenic potential of DPM cells, which is likely mediated by
enhanced YAP/TAZ-TEAD function.

SAV1 or WWC1-3 deletion induced YAP/TAZ activity and col-
ony formation of DPM cells, which might enhance tumor growth
in vivo. Indeed, DPM cells grew poorly when inoculated subcuta-
neously into nude mice, with NCI-H2373 cells forming small tu-
mors (<40 mm?®) and NCI-H2052 cells failing to establish solid
tumors consistently (Figures 2C-2H and S2D-S2I). In contrast,
both NCI-H2372 and NCI-H2052 cells deficient in SAV1 or
WWC1-3 grew much faster, as indicated by larger tumor size
and weight (Figures 2C-2H and S2D-S2l). SAV1- or WWC1-3-
deficient tumors also exhibited higher YAP/TAZ and Ki67
expression, as analyzed by immunohistochemistry staining
(Figures 21-2L and S2J-S2M). Hence, by inactivating HPO1 in
DPM cells, we have established DPM xenograft models exhibit-
ing rapid tumor onset.

Concurrent inactivation of HPO1 and HPO2 induces
rapid mesothelioma onset in mice

To mimic the initiation and progression of human DPM,
genetically engineered mouse models of DPM have been
established by selective inactivation of DPM-related tumor sup-
pressor genes, such as Nf2, Trp53, Cdkn2ab, Pten, and Bap1
(Figure 1B).%8:39:41:42:52.53 |nactivation of HPO1 further induced
YAP/TAZ activity and promoted the growth of NF2-null DPM
cells. Hence, deletion of Nf2 simultaneously with Sav? or
Wwc1/2 (no Wwe3 gene in mice), i.e., concurrent inactivation

(F) Gross tumor images of tumor xenografts of control or WWC7-3 KO NCI-H2373 cells implanted in nude mice. Scale bar, 1 cm.
(G and H) Growth curve and tumor weight analysis of control and WWC7-3 KO NCI-H2373 xenografts. Five mice with 9 tumors for each group were analyzed.
(I and J) Histological assessment of control and SAV7 KO NCI-H2373 tumor xenografts. H&E and immunohistochemistry (IHC) (Ki67 and YAP) staining and

quantifications. Scale bar, 100 pm.

(K and L) Histological assessment of control and WWC7-3 KO NCI-H2373 tumor xenografts. H&E and IHC (Ki67 and YAP) staining and quantifications. Scale bar,

100 um.

Data are presented as mean + SEM from three independent experiments for (A) and (B). Statistical significance: *, p < 0.05, **, p < 0.01, ***, p < 0.001. The two-way
ANOVA test was used for tumor growth curves (D, I), and the Student’s t test was used for other data.

See also Figure S2.
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of HPO1 and HPO2, might also elicit rapid DPM development in
mice. We then created mice with various genes floxed, such
as Nf2ﬂ/ﬂ, Sav_’ﬂ/ﬂ, ch1ﬂ/ﬂ;WWC2ﬂ/ﬂ, Nf2ﬂ/ﬂ’,sav1ﬂ/ﬂ, and
N2V - Wwe 17 :Wwe2™ mice, and induced gene deletion by
administration of an adenovirus carrying Cre recombinase driven
by a cytomegalovirus (CMV) promoter (Adeno-Cre) into the
pleural cavity of mice (Figure 3A). The visceral pleura of the
lung and heart are the most common sites for DPM develop-
ment. We, therefore, mainly focused on the pathological
changes in the lungs and heart. At 4-week after Adeno-Cre
administration, the mesothelial lining surrounding the lung or
heart thickened markedly in mice with concurrent HPO1 and
HPO2 inactivation (Nf2;Savl or Nf2;Wwc1;Wwc2 deletion)
(Figures 3B-3E). On the other hand, in mice with HPO1 or
HPO2 inactivation (Nf2, Sav1, or Wwc1/2 deletion), the expan-
sion of the mesothelium was mild even at 45 weeks after
Adeno-Cre administration (Figures S3A and S3B). Cells in the
thickened layer expressed Wilm’s tumor-1 (WT1) and Mesothe-
lin, indicating a mesothelium origin (Figure 3C). Moreover, Ki67-
positive cells were also increased in the mesothelium of mice
deficient in both Nf2 and Sav1 or Wwc1/2, indicating hyperprolif-
eration (Figure 3C). These data demonstrate that the concurrent
inactivation of HPO1 and HPOZ2 in mice accelerates the develop-
ment of mesothelioma.

TP53 has been reported as one of the highly mutated genes in
DPM, of which the frequency of somatic mutation rate is about
16%, as indicated in TCGA DPM datasets (Figure 1B).°* Recently,
a mouse mesothelioma model with conditional deletions of Nf2
and Trp53 has been established to mimic human DPM.** Indeed,
Nf2" - Trp53 " mice developed mesotheliomas, and, 8 weeks af-
ter Adeno-Cre administration, we observed significant thickening
of the mesothelium and infiltration of mesothelial cells into the
lung and heart (Figures S3C-S3F). To test the effect of Wwc1/2
deletion in the Nf2; Trp53 model, we established Nf2": Trp53 1
Wwe 1™:Wwe2™" mice and observed further enhanced meso-
thelium thickening and organ infiltration (Figures S3C-S3F).
Furthermore, the expression of WT1, Mesothelin, and Ki67 was
also significantly increased in the mesothelium of N2 Trp53 ™1
Wwe 1™ :Wwe2™ mice (Figure S3D). Hence, inactivation of
HPO1 also promotes the development and progression of meso-
theliomas in the Nf2;Trp53 mouse model.

The parietal pleura of the diaphragm and thoracic chest wall
are also sites for DPM development.** Diaphragm samples
from mice with different genotypes were collected and subjected
to histological analysis. Like the mesothelium of the lung and
heart, diaphragm mesothelium thickening occurred in all mutant

Cell Reports Medicine

mice, and the phenotype was enhanced in mice with both HPO1
and HPO2 inactivation (Figure S3G). We also compared the life
expectancy of mice with various genotypes. While Nf2-, Sav1-,
or Wwc1;Wwc2-deficient mice lived for more than 1 year, the
median survival of Nf2;Sav1 and Nf2;Wwc1;Wwc2 mice was
292 days and 264 days, respectively (Figure 3F). Trp53 deletion
on top of Nf2 deficiency dramatically affected survival, with
Nf2;Trp53 mice living for about 125 days, and further KO of
Wwc1/2 shortened the medium survival to about 80 days (Fig-
ure 3F). This difference in median survival is likely due to both
non-aggressive epithelioid or mixed tumors and highly invasive
sarcomatoid tumors in Nf2;Trp53 mice, while Nf2;Sav1 or
Wwce1;Wwc2 KO mice mainly develop non-aggressive epithe-
lioid tumors (Figures 3C and S3D).** Hence, HPO1 inactivation
effectively promoted mesothelioma progression and reduced
the life expectancy in mice with Nf2 deficiency.

HPO1 activation inhibits YAP/TAZ activity and DPM cell
proliferation

HPO1 inactivation (deletion of Sav1 and Wwc1/2) in Nf2-null cells
or tissues significantly induced YAP/TAZ activity and tumorigen-
esis, indicating that HPO1 and HPO2 signaling may work
independently and synergistically, and upregulation of HPO1
signaling in DPM cells may block tumorigenesis. We previously
engineered a WWC-derived minigene called SuperHippo to spe-
cifically and effectively activate HPO1 signaling, which leads to
LATS1/2 activation and YAP/TAZ inhibition®° (Figures 4A and
4B). Ectopic expression of SuperHippo or full-length WWC1 in
HEK293A cells resulted in a significant increase in YAP phos-
phorylation and a decrease in CRY61 expression (Figure S4A).
In addition, SuperHippo induced YAP phosphorylation in NF2-
null cells, indicating that it works in an NF2-independent manner
(Figure S4B).

We then tested if SuperHippo can repress YAP/TAZ activity
and the proliferation of DPM cells. In three DPM cell lines ex-
pressing SuperHippo, phosphorylation of YAP was induced,
whereas expression of CRY61 was inhibited (Figure 4C). The
mRNA levels of YAP/TAZ target genes ANKRD1, CTGF, and
CYR61 were reduced in cells with ectopic SuperHippo expres-
sion (Figure 4D). Moreover, the proliferation of DPM cells in the
presence of SuperHippo was also significantly slowed down
(Figure 4E). In line with these data, the colony-forming ability of
DPM cells was markedly repressed by SuperHippo (Figure 4F).
Moreover, SuperHippo expression significantly enhanced
apoptosis in these DPM cell lines (Figures S4C and S4D). Collec-
tively, these data demonstrate that SuperHippo, by activating

Figure 3. Deletion of Nf2 and Sav1 or WWC1-3 in the mesothelium of pleural cavities in mice led to mesothelioma development

(A) lllustration of intrathoracic injection of Adeno-Cre in mice.

(B) Schematic diagram indicating the experimental procedure. Mice (n = 5 for each group) at 4-week-old were injected with Adeno-Cre to delete corresponding

genes. Lungs and hearts were collected after 4 weeks for histological analysis.

(C) Gross images and histological analysis of lungs and hearts. H&E and IHC staining for WT1, Mesothelin, and Ki67 expression were performed. Genotypes of
mice were indicated. Scale bars, 5 mm for gross lung and heart images and 50 pm for H&E or IHC images.
(D and E) Quantification of the average thickness of lung (D) and heart (E) mesothelium in mice with different genotypes. Mesothelium thickness is primarily

defined by Mesothelin staining signals.

(F) Survival curves of mice with different genotypes following Adeno-Cre injection. The number of mice used was indicated.
Data are presented as mean + SEM. Statistical significance: *, p < 0.05, **, p < 0.01, ***, p < 0.001. The Student’s t test was used for statistical analysis.

See also Figure S3.
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See also Figure S4.
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124 days (Figure 5E). Furthermore, the
expression of SuperHippo was well-toler-
ated by normal mesothelium, because no
significant change in the mesothelium
thickness or structural integrity was de-
tected upon SuperHippo expression (Fig-
ures S5B-S5F). Collectively, these data
the HPO1 signaling, can inhibit the proliferation of DPM cells demonstrate that SuperHippo, by activating HPO1, can inhibit
in vitro. the development of mesothelioma in mice, suggesting a potential
of SuperHippo for treating DPM.

0- 0 T T 0 T
CTRL SuperHippo CTRL SuperHippo CTRL SuperHippo

Activating HPO1 signaling inhibits tumorigenesis in

mice Concurrent HPO1 and HPO2 activation inhibits the

Next, we sought to test the effect of HPO1 activation on tumori- development of DPM

genesis in a mouse DPM model. To this end, we crossed a condi-  Multiple genes in the Hippo signaling network are mutated in
tional SuperHippo transgenic mice (Loxp-stop-loxp-3xFlag- DPMs, such as NF2, LATS1/2, and WWCT1 (Figure 1B).
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Figure 5. SuperHippo expression represses the development of mesothelioma in a genetic mouse model

(A) Schematic diagram indicating experimental procedure. Adeno-Cre was injected into 4-week-old Nf2"":Trp53 "% or Nf2"":Trp53 "-:SuperHippo

fl/+ mice

(n = 4-6 each); after 8 weeks, lungs and hearts were collected for histological analysis.
(B) Gross image and histological analysis of lungs and hearts. H&E and IHC staining for WT1, Mesothelin, and Ki67 expression was performed. Scale bar, 5 mm for

gross images, and 50 pm for H&E or IHC images.

(C and D) Quantification of the average thickness of lung and heart mesothelium. Mesothelium thickness is primarily defined by Mesothelin staining signals.
(E) Survival curves of Nf2""-Trp53 " and Nf2"-Trp53 M- SuperHippo™* mice (n = 4-6 each) after Adeno-Cre injection.
Data are presented as mean + SEM. Statistical significance: *, p < 0.05, **, p < 0.01, ***, p < 0.001. The log rank (Mantel-Cox) test was used for survival curves (E),

and the Student’s t test was used for other data.
See also Figure S5.

Ectopic expression of a functional NF2 gene will, in principle,
normalize HPO2 signaling in DPMs with NF2 mutations.
However, it is currently unclear if this normalized HPO2
signaling effectively kills DPM cells. Moreover, the expression
of NF2 should not work in DPMs with alteration in LATS1/2
and WWCT. In contrast, SuperHippo has a broader applica-
tion, as its ectopic expression will induce HPO1 signaling
in all DPM cells with NF2, LATS1, LATS2, or WWC1 muta-
tions. We reasoned that concurrent activation of HPO1
and HPO2, by expression of both NF2 and SuperHippo,
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should lead to more complete inactivation of YAP/TAZ onco-
proteins and be effective for treating DPMs with distinct gene
alterations.

We then assessed the effect of the expression of NF2, Super-
Hippo, or SuperHippo-P2A-NF2 (a construct expresses a fusion
protein that can be specifically cleaved into SuperHippo and
NF2) in WWC1-3 tKO NCI-H2052 cells. SuperHippo or NF2
expression alone induced phosphorylation of LATS1/2 and
YAP and reduced cell proliferation and colony formation. Inter-
estingly, these changes were significantly amplified in cells
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(A) Expression of both SuperHippo and NF2 may effectively repress the development of DPM with NF2 mutations (HPO2) or LATS1/2 mutations (HPO1/2).

(B) Expression of SuperHippo-P2A-NF2 leads to the maximum activation of Hippo signaling in DPM cells. NF2, SuperHippo, or SuperHippo-P2A-NF2 was stably
expressed in WWC1-3 tKO NCI-H2052 DPM cells. Cell lysates were subjected to immunoblotting to assess the phosphorylation status of YAP and LATS1/2.

These cell lines were also used in (C-E).

(C) SuperHippo-P2A-NF2 expression represses the proliferation of DPM cells. The proliferation of different cells was monitored over 4 days by live cell imaging.

(legend continued on next page)
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expressing SuperHippo-P2A-NF2 (Figures 6A-6E). These re-
sults demonstrate an anti-tumor effect of SuperHippo-P2A-
NF2 in DPM cells in vitro.

AAV-based vectors are frequently used for gene therapy.>®
Both NF2 and SuperHippo are relatively small and suitable for
AAV-based gene delivery. We compared the infection efficiency
of multiple AAV serotypes in NCI-H2052 cells and found that
AAV6 exhibited a distinct tropism for DPM cells (Figure S6A).
Next, we constructed an AAV6-based vector containing a CMV
promoter followed by the SuperHippo-P2A-NF2 coding sequ-
ence. Subsequently, we evaluated the anti-tumor potential of
SuperHippo-P2A-NF2 in the WWC-tKO NCI-H2052 xenograft
model. When the average tumor volume reached about 75 mm3,
we performed intratumoral injection of AAV6-SuperHippo-
P2A-NF2 or AAV6-control. Strikingly, the growth of AAV6-Super-
Hippo-P2A-NF2-treated tumors was significantly suppressed, as
evidenced by the slow increase in tumor volume and a notable
reduction in tumor weight (Figures 6F-6l). In addition, the prolifer-
ation of tumor cells with SuperHippo and NF2 expression
was reduced, as indicated by the decreased Ki67 staining (Figures
S6B and S6C). Together, AAV6-mediated expression of Super-
Hippo-P2A-NF2 is effective in inhibiting DPM tumor growth.

SuperHippo-P2A-NF2 gene therapy mitigates tumor
progression in mice

To further assess the in vivo function of AAV6-SuperHippo-P2A-
NF2, we tested its effect on the development of mesothelioma
in the Nf2;,Trp53 mouse model. One week after intrathoracic
Adeno-Cre injection in 4-week-old Nf2"":Trp53 7 mice, AAV6
(control) or AAV6-SuperHippo-P2A-NF2 (treated) was adminis-
tered (2.3 x 10'" viral genomes/mouse) into the pleural cavity
of randomly selected mice (Figure 7A). There was no significant
difference in body weight between the control and treated
groups within 80 days following treatment (Figure 7B). However,
administration of AAV6-SuperHippo-P2A-NF2 resulted in the
remission of mesothelioma development, as evidenced by
reduced mesothelium thickening and decreased Mesothelin,
WT1, and Ki67 expression (Figures 7C-7E). More importantly,
the survival of AAV6-SuperHippo-P2A-NF2-treated Nf2;Trp53
mice was significantly prolonged (Figure 7F). Full-length
SuperHippo-P2A-NF2 and cleaved SuperHippo were detected
in the protein lysates of lungs and hearts of treated mice, and
expression of CYR61 and CTGF in these organs was also
reduced (Figure 7G). On the other hand, compared to Super-
Hippo-P2A-NF2, the efficacy of Nf2 or SuperHippo single-agent
therapy was lower, as evidenced by a relatively weak reduction
in mesothelium thickness (Figures S7A-S7E). These results
demonstrate that concurrent activation of HPO1 and HPO2 via

Cell Reports Medicine

AAV6-SuperHippo-P2A-NF2 gene therapy is an effective strat-
egy for DPM management in preclinical tumor models.

DISCUSSION

We have reported recently that two signaling modules, HPO1
and HPO2, regulate LATS1/2 and YAP/TAZ in a synergistic
manner.®"*53" This study has demonstrated that deleting both
HPO1 and HPO2 genes leads to a rapid development of DPM.
In contrast, ectopic expression of the SuperHippo minigene
effectively enhances HPO1 signaling and suppresses DPM.
Furthermore, by using AAV6 to deliver both NF2 and SuperHippo
genes, a gene therapy is developed to block the progression of
DPM in preclinical models. Collectively, these findings under-
score the critical role of the Hippo pathway in the development
of DPM and provide a proof of concept for the use of gene ther-
apy in treating this deadly disease.

Inactivation of Hippo pathway genes occurs frequently in pa-
tients with DPM and contributes to tumor progression and worse
prognosis,®>4243:56-60 A recent report indicates that alterations
of NF2 and LATS2 in DPMs are associated with different molec-
ular signatures.®’ Hence, according to the genes altered, various
DPMs may have distinct clinical features due to differential YAP/
TAZ activation status. Notably, co-occurring alterations of multi-
ple Hippo pathway genes are observed in a small fraction of
DPM specimens (Figure 1B). Indeed, a distinct subset of DPMs
harboring both LATS2 and NF2 mutations and functional inves-
tigations indicate that the inactivation of either NF2 or LATS2
has no apparent effect on the proliferation of DPM cells, whereas
the inactivation of both genes effectively enhances the prolifera-
tion of DPM cells.*®®" Hence, combined inactivation of multiple
genes in the Hippo pathway represents a mechanism underpin-
ning rapid DPM progression.

Targeting the Hippo pathway is an appealing strategy for treat-
ing YAP/TAZ-dependent cancer.®?%* Hence, therapeutics inac-
tivating YAP/TAZ activity hold a promise for patients with DPM.
Directly targeting the YAP/TAZ-TEAD complex, a key down-
stream effector of the Hippo pathway, is under intensive investi-
gation. Agents have been developed to either directly disrupt
YAP/TAZ-TEAD interaction or inhibit TEAD palmitoylation,
such as verteporfin, MGH-CP1, TED347, K975, VT103, and
VT10749°" 5570 |t would be meaningful to test the anti-cancer
effect of these molecules in genetic mouse models of DPM in
the future. However, due to the crucial roles of YAP/TAZ in
various tissues, systemic delivery of these molecules may cause
side effects, which should be carefully assessed in clinical trials.
AAV-based gene therapy reported here can achieve localized
drug delivery, representing an alternative treatment modality.

(D and E) SuperHippo-P2A-NF2 expression effectively inhibits the colony formation of DPM cells. Crystal violet staining (D) indicates colony formation capacity,
and quantification (E) was shown; data represent mean + SEM from three independent experiments.

(F) Schematic diagram indicating the experimental procedure. WWC1-3 tKO NCI-H2052 cells were inoculated subcutaneously into nude mice, and, when tumors
reached 75 mm?®, mice were randomly assigned into two groups. AAV6-control or AAV6-SuperHippo-P2A-NF2 was injected intratumorally, and, 20 days later,

tumors were harvested for examination.

(G-1) AAV6-mediated expression of SuperHippo-P2A-NF2 represses the progression of DPM in a xenograft mouse model. n = 5-8 for each group. Tumor gross
images, tumor growth curve, and tumor weight were shown (5-6 tumors for each group were analyzed). Scale bars: 1 cm. Data are presented as mean + SEM.
Statistical significance: *, p < 0.05, **, p < 0.01, ***, p < 0.001. One-way or two-way ANOVA (C and H) and Student’s t test (E and ) were used.

See also Figure S6.

10  Cell Reports Medicine 5, 101763, October 15, 2024



Cell Reports Medicine @ CelPress

OPEN ACCESS

A B
- AAVB-control
AdcenOAAve Examination 50 o AAVB-SuperHippo-P2A-NF2
NE2Tps3™ 1T Sisiecks ' S 251
4w 5w 6w 7w 8w 9w 10w 11w 12w 13w £ 20
- 2
=
Control: AAV6 Z 107
Treated: AAV6-SuperHippo-P2A-NF2 8 s
0 T T T T 1
0 20 40 60 80 100
AAVB AAV6-SuperHippo AAV6 AAVB-SuperHippo Days after treatment
-control -P2A-NF2 -control -P2A-NF2
= . . . . F - AAV6-control
ey i - AAVB-SuperHippo-P2A-NF2
© 100
H&E = L
=}
@
©
> 50 3
E
: (]
Mesothelin <
o 0 T T T T 1
0 20 40 60 8 100
Days elapsed
WT1
G Lung Heart
K67 - . 12123 121523
ag-SuperHippo _ - e
? : “P2ANF2 100 kDa
| Lung | | Heart |
D E
g 3007 P g 800 — Flag-SuperHippo- -
2 E 2 g —— | ‘_-
g = - g =2 6004 CYRG1—| - v == = == |-45kDa
? 3 ? @

X ~ —o— = a
ge "™ 52 o0 | 140 kD
- g 3s o VINCULIN—‘...-.—’ ‘---q 2

0_—|—|— 0_—|—|—
AAVE  AAV6 AAVE  AAV6 = AAVE-control
-control -SuperHippo -control -SuperHippo = AAV6-SuperHippo-P2A-NF2
-P2A-NF2 -P2A-NF2

Figure 7. Mitigation of tumor progression by AAV6-SuperHippo-P2A-NF2 in an Nf2;Trp53 dKO mouse DPM model

(A) Schematic diagram indicating the experimental procedure. Adeno-Cre was injected intrathoracically into 4-week-old Nf2"":Trp53 ™" mice to initiate DPM,
and, one week later, AAV6-control or AAV6-SuperHippo-P2A-NF2 was injected intrathoracically. Lungs and hearts were collected for histological analysis after
another 8 weeks. n = 5-7 for each group.

(B) Body weight measurement of mice used.

(C) H&E and IHC staining of lung and heart tissue sections from control and treated mice. IHC for WT1, Mesothelin, YAP, and Ki67 were shown. Scale bar, 5 mm
for gross lung and heart images, and 50 um for H&E or IHC images.

(D and E) Measurement of the average thickness of lung and heart mesothelium in mice from control and treated groups. Mesothelium thickness is primarily
defined by Mesothelin staining signals.

(F) Overall survival curve of mice treated with AAV6-control or AAV6-SuperHippo-P2A-NF2.

(legend continued on next page)
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DPMs have relatively clear hotspot driver mutations, such as
those found in NF2, TP53, CDKN2A/B, and BAP1.38:39:41,42:52,53
In principle, gene therapy is suitable to treat DPMs. Currently,
gene therapies, such as oncolytic viruses and virus-carrying
suicide genes, are available for patients with DPM in clinical
trials.”"~"® As shown earlier, the Hippo pathway plays a pivotal
role in maintaining the homeostasis of the plural mesothelium (Fig-
ure 3). Hence, activating the Hippo signaling via gene replacement
or functional restoration should repress DPM progression. The
mesothelium monolayer and malignant cells provide a relatively
large surface area for gene transduction. In addition, the pleural
cavity is accessible for gene delivery, and, as a closed space, it
may retain viruses with limited diffusion and dilution.”®> The
AAV6-mediated expression of SuperHippo-P2A-NF2 is efficient
and flexible, and this approach may be employed to treat DPMs
in the future.

NF2 loss of function, either by mutation or deletion, has been
found in different cancers, including DPM, schwannomas, epen-
dymomas, and meningiomas, and these tumors are all derived
from monolayer cells covering internal cavities.'>'” We have hy-
pothesized that HPO2 plays a dominant role in two-dimensional
monolayer tissues, and the formation of cell-cell junctions in
these tissues might be critical for NF2 to activate hippo
signaling.®' Conversely, HPO1 appears to function primarily in
three-dimensional tissues, exerting a more pronounced effect
on organ size.®! In this study, we revealed the roles of HPO1 in
mesothelioma, highlighting its importance in sustaining Hippo
signaling and preventing rapid tumorigenesis when HPO?2 is
defective. Based on the common genetic alterations and tissue
topological features, it is likely that all these NF2-mutated tumors
can be treated with the AAV6-based SuperHippo-P2A-NF2 gene
therapy. However, due to specific anatomic features, it remains
challenging to deliver AAV-based therapies into different tumors.

Limitations of the study

In this study, gene therapy has been shown to prevent tumor
growth in xenograft and genetic DPM models. However, these
models may not fully recapitulate the molecular heterogeneity of
human DPM. Therefore, it is important to evaluate this gene ther-
apy in patient-derived xenograft (PDX) mesothelioma models.
Moreover, since NF2 mutations in DPM often co-occur with
CDKN2A/B and BAP1 mutations, the efficacy of this gene therapy
in these contexts also warrants further investigation. Furthermore,
this gene therapy is designed for YAP/TAZ-driven mesotheliomas;
its effect in mesotheliomas without Hippo pathway inactivation
should be tested in genetic and PDX models in the future.
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Antibodies

Rabbit monoclonal anti-Merlin (D3S3W)
Rabbit monoclonal anti-LATS1(C66B5)

Rabbit monoclonal anti-LATS2(D83D6)

Rabbit monoclonal anti-SAV1(D6M6X)

Mouse monoclonal anti-WWC1

Rabbit polyclonal anti-WWC2

Rabbit polyclonal anti-WWC3

Rabbit monoclonal anti-YAP(D8H1X)

Rabbit monoclonal anti-Vinculin(E1E9V)
Rabbit monoclonal anti-Phospho-YAP(Ser127)

Rabbit monoclonal anti-Non-phospho(Active)
YAP(Ser127)(E6U8Z)

Rabbit polyclonal anti-CYR61(H-78)

Rabbit polyclonal anti-Ki67

Mouse monoclonal anti-YAP1(63.7)

Rabbit monoclonal anti-WT1

Rabbit polyclonal anti-Mesothelin

Rabbit monoclonal anti-Flag tag (D6W5B)

Mouse monoclonal anti-FLAG M2(HRP conjugated)
Rabbit monoclonal anti-Phospho-LATS1(Thr1079)(D57D3)
Mouse monoclonal anti-Myc Tag

Mouse monoclonal anti-GAPDH(HRP conjugated)
Goat polyclonal anti-CTGF(L-20)

Goat anti-rabbit IgG antibody, Alexa Fluor 488

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Zhang et al.”*

Abcam

Qi et al.*°

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Santa Cruz Biotechnology
Abcam

Santa Cruz Biotechnology
Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling Technology
Sigma-Aldrich

Cell Signaling Technology
MBL International
Abways Technology
Santa Cruz Biotechnology
Thermo Fisher Scientific

Cat#12888S; RRID: AB_2650551
Cat#3477S; RRID: AB_2133513
Cat#5888S; RRID: AB_10835233
Cat#13301S; RRID: AB_2798176
N/A

Cat#ab126356; RRID: AB_11140331
N/A

Cat#14074S; RRID: AB_2650491
Cat#13901S; RRID: AB_2728768
Cat#13008; RRID: AB_2650553
Cat#29495; RRID: AB_2798974

Cat#sc-13100; RRID: AB_2088733
Cat#ab15580; RRID: AB_443209
Cat#sc-101199; RRID: AB_1131430
Cat#83535; RRID: AB_2800020
Cat#PA5-79698; RRID: AB_2746813
Cat#14793S; RRID: AB_2572291
Cat#A8592; RRID: AB_439702
Cat#8654S; RRID: AB_10971635
Cat#M192-3; RRID: AB_11160947
Cat#AB2000

Cati#sc-14939; RRID: AB_638805
Cat#A11001; RRID: AB_2534069

Bacterial and virus strains

Trans5« Chemically Competent Cell

TransGen Biotech

Cat#CD201-01

pLVX lentivirus This paper N/A
LentiCRISPR v2 Sanjana et al.”® Addgene 52961
Adeno-Cre HANBIO Cat#HBAD-1010
Adeno-associated virus (AAV) This paper N/A

Chemicals, peptides, and recombinant proteins

DAPI Sigma-Aldrich Cat#D9542
Fetal bovine serum Invitrogen Cat#10091-148
Protease inhibitor cocktail MCE Cat#HY-K0010
Phosphatase inhibitor Cocktail | MCE Cat#HY-K0021
Phosphatase inhibitor Cocktail Il MCE Cat#HY-K0022
Phosphatase inhibitor Cocktail Il MCE Cat#HY-K0022
PEI Polysciences Cat#23966-2
PolyJet Signagen Laboratories Cat#SL100688
Envision anti-Rabbit DAKO Cat#K4002
DAB reagent GeneTech GK500705
Prime STAR Max DNA polymerase Takara Cat#R045A
VT103 Selleck Cat#E1598
VT107 Selleck Cat#E1599
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Critical commercial assays

TaKaRa MiniBEST Universal RNA Extraction Kit Takara Cat#9767
TB Green® Premix Ex Taqg™ (Tli RNaseH Plus) Takara Cat#RR420A

TransScript® First-Strand cDNA Synthesis SuperMix

TransGen Biotech

Cat#AT301-03

ClonExpress MultiS One Step Cloning Kit Vazyme Cat#C113-02

High-sig ECL Western Blotting Tanon Car#180-501

Cell Counting Kit(CCK-8) YEASEN Cat#40203ES60

Deposited data

TCGA Mesothelioma data Hmeljak et al.*” https://portal.gdc.cancer.gov/
projects/TCGA-MESO, dbGap
Study Accession:phs000178.v11.p8

Experimental models: Cell lines

Human: HEK293A Yuetal.”® N/A

Human: HEK293T

National collection of
Authenticated Cell Cultures

Cat#SCSP-502

Human: NCI-H2452 Tang et al.”’ N/A
Human: NCI-H2373 Tang et al.”’ N/A
Human: NCI-H2052 Tang et al.”’ N/A
HEK293A NF2 KO Qietal.® N/A
Experimental models: Organisms/strains

Mouse: Nf2"" (C57/BL6J background) Wang et al.”’ N/A
Mouse: Sav"(C57/BL6J background) Jietal.”® N/A
Mouse: Wwc1":Wwwc2™" (C57/BL6J background) Qietal.’’ N/A
Mouse: Nf2"":5ay"" (C57/BL6J background) Qietal® N/A
Mouse: Nf2" - Wwwe 1™ Wwc2™" (C57/BL6J background) Qi et al.”' N/A
Mouse: Nf2"":Trp53 " (C57/BL6J background) This paper N/A
Mouse: Nf2"":Trp53 “-\Wwe 177 Wwc 2™ This paper N/A
(C57/BL6J background)

Mouse: SuperHippo™" (C57/BL6J background) Qi et al.*° N/A
Mouse: Nf2"":Trp53 #1-SuperHippo™* This paper N/A
(C57/BL6J background)

Oligonucleotides

WWCT siRNA: 5-GGUUGGAGAUUACUUCAUAGA-3' This paper N/A
WWC2 siRNA: 5'-GGAUCUUCAUCCAGUACUAAA-3' This paper N/A
WWC3 siRNA: 5'-GGAUAUUCAACAAAUACAAAG-3' This paper N/A
RT-gPCR primer GAPDH forward This paper N/A
5-ATGGGGAAGGTGAAGGTCG-3'

RT-gPCR primer GAPDH reverse This paper N/A
5'- GGGGTCATTGATGGCAACAATA-3’

RT-qPCR primer CTCF forward Yuetal.® N/A
5'- CCAATGACAACGCCTCCTG-3'

RT-qPCR primer CTCF reverse Yuetal.’® N/A
5'- TGGTGCAGCCAGAAAGCTC-3'

RT-gPCR primer CYR61 forward Yuetal.’® N/A
5'- AGCCTCGCATCCTATACAACC-3'

RT-gPCR primer CYR61 reverse Yuetal.”® N/A
5'- TTCTTTCACAAGGCGGCACTC-3'

RT-gPCR primer ANKRD1 forward Yu et al.”® N/A

5'- CACTTCTAGCCCACCCTGTGA-3’
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RT-gPCR primer ANKRD1 reverse Yuetal.”® N/A

5'- CCACAGGTTCCGTAATGATTT-3’
Recombinant DNA

pLVX-puro vector Takara #632164

PsPAX2 Didier Trono Addgene #12260

pMD.2g Didier Trono Addgene #12259

AAV2/6-CMV-3xFLAG-SuperHippo-P2A-NF2-WPRE This paper N/A

AAV2/6-CMV-3xFLAG-NF2-WPRE This paper N/A

AAV2/6-CMV-3xFLAG-SuperHippo-WPRE This paper N/A

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com/
scientific-software/prism/

ImagedJ NIH https://imagej.nih.gov/ij/

R (version 3.6.2) Open Source https://www.r-project.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

All procedures in animal experiments were approved by the Animal Ethics Committee of Shanghai Medical College, Fudan University,
and performed in accordance with institutional guidelines. Nf2"" Wwe 1™ Wwc2™ and SuperHippo (R26-e(CAG-LSL-3xFlag-
SuperHippo)) mice were in-housed generated as described earlier.***""” The Trp53 mice were described previously.”®#° All mice
used in this study were maintained in a specific pathogen-free facility under a 12-h light/dark cycle and provided ab libitum access
to a standard rodent diet and water. Male and female mice were randomly used in this study unless otherwise indicated. For modeling
mesotheliomas in mice, 4-week-old gene-floxed mice were intrathoracically injected with purified adenovirus harboring Cre recom-
binase driven by a CMV promoter (10° PFU for each mouse).*'®" Briefly, virus particles were slowly released into the pleural space of
mice with a 33-gauge needle inserted between the ribs, penetrating the chest wall at a depth of 2-3 mm (Figure 3A). Upon virus in-
jection, mice were monitored daily and euthanized when they had weight loss or breathing abnormalities. Mouse lungs, hearts, and
diaphragms were harvested, fixed in 4% formalin, paraffin-embedded, sectioned, and subjected to histological and pathological
analysis.

Cell lines and cell culture

Mesothelioma cell lines NCI-H2452, NCI-H2052, and NCI-H2373 were cultured at early passages (less than 10) in RPMI-1640 me-
dium (Gibco), supplemented with 10% fetal bovine serum (FBS) (Gibco or ExCell Bio) and 1% penicillin/streptomycin. Wild-type (WT)
HEK293A and NF2 knockout (KO) HEK293A cells were maintained in DMEM (Gibco) medium containing 10% FBS and 1% penicillin/
streptomycin.®" Cells were incubated in a 5% CO; incubator at 37°C. SAV1 KO and WWC1-3 tKO mesothelioma cell lines were
generated in this study using the CRISPR/Cas9 system (below). The downregulation of target proteins in each cell line was confirmed
by immunoblotting.

METHOD DETAILS

CRISPR/Cas9 gene editing

Gene-specific single-guide RNAs (sgRNAs) were designed using the CRISPR design tool at http://www.genome-engineering.org/
crispr. The sgRNA sequences were cloned into the plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene #62988), which was
from Feng Zhang laboratory.?” Cells transfected with CRIPSR/Cas9 plasmids were selected by 2 ug/mL puromycin for 2 days.
Pooled cells were used directly for experiments or seeded into 96-well plates (one cell per well) to establish monoclonal KO cells.
The guide RNA sequences used were reported previously.®’

Transfection of plasmids, RNA interference, and lentivirus production

Plasmids were transfected into HEK293A cells using PolyJet DNA In Vitro transfection Reagent (Signagen, #SL100688) according to
the manufacturer’s instructions. For RNA interference, 20 pM siRNA (GenePharma) and 3 pL Lipofectamine RNAIMAX (Life Technol-
ogies) were each diluted in 100 pL serum-free medium, mixed gently, and incubated for 10 min at room temperature; the mixture
was added dropwise to plates with cells. Cells were incubated for 48-72 h before analysis. The detailed siRNA sequences are as
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follows: siWWC1:5'-GGUUGGAGAUUACUUCAUAGA-3’; siWWC2:5-GGAUCUUCAUCCAGUACUAAA-3’; siWWC3:5-GGAUAUU
CAACAAAUACAAAG-3'. For lentivirus production, HEK293A cells were transfected with pLVX-based plasmids together with
psPAX2 and pMD.2G packing vectors, and the medium-containing virus was collected and filtered for viral transduction.

Immunoblotting

Proteins in cells or tissue lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Tissues
and tumors were collected and lysed with RIPA buffer containing 0.1 mM PMSF. The total protein concentrations were determined
using the BCA Protein Assay Kit (Cwbio, #CW0014S). Then proteins were transferred onto a nitrocellulose membrane, blocked with
5% skim milk in PBST, and incubated with primary antibodies in 5% bovine serum albumin (BSA) overnight at 4°C. Membranes were
washed and incubated with HRP-coupled secondary antibodies for 1h at room temperature. High-sig ECL Western Blotting Sub-
strate (Tanon, #180-501) was added, and chemiluminescence was detected using a Tanon 5200S imaging system.

RNA extraction, cDNA synthesis, and quantitative RT-PCR (qRT-PCR) analyses

The total RNA was extracted using the RNeasy Plus mini kit (Qiagen). The cDNA was synthesized using the PrimeScript RT kit
(TaKaRa) according to the manufacturer’s instructions. gRT-PCR was performed using SYBR Green gPCR Master Mix (TaKaRa)
on a 7500 Real-Time PCR system (Applied Biosystems). All experiments were performed in triplicate and for at least three biological
repeats. The changes in mRNA levels were determined using the AACT method and normalized to the housekeeping gene GAPDH.
Primers used in PCR were as follows: GAPDH, F:5'- ATGGGGAAGGTGAAGGTCG-3’, R:5- GGGGTCATTGATGGCAACAATA-3’;
CTGF: F:5-CCAATGACAACGCCTCCTG-3',R:5'-TGGTGCAGCCAGAAAGCTC-3’;CYR61: F:5'-AGCCTCGCATCCTATACAACC-3/,
R:5-TTCTTTCACAAGGCGGCACTC-3', ANKRD1: F:5'-CACTTCTAGCCCACCCTGTGA-3', R:5'-CCACAGGTTCCGTAATGATTT-3".

Colony formation

Two thousand mesothelioma cells were seeded into each well of 12-well plates. After a 2-week culture, cells were washed with PBS
and fixed in 4% PFA for 15 min. The fixed cells were then washed and stained using 0.1% crystal violet (Servicebio, #G104) for 15 min.
Pictures were taken using a light microscope and analyzed by ImageJ.

CCKS8 assay

Cells cultured in 96-well plates were subjected to CCK8 assay. At indicated time points, 10% CCK8 solution was added to each well
of the plate and incubated in the dark at 37°C for 1 h. Then the absorbance of each well at 450 nm was measured using a microplate
reader.

Tumor xenograft model

To generate xenograft mouse tumors, mesothelioma cells were resuspended in PBS at a concentration of 1 x 10 cells/ml, and 100 uL
of cell suspension was injected subcutaneously into the dorsal flank of nude mice. After implantation, tumor growth was monitored
and measured every three days. The tumor volume was calculated using the modified ellipsoidal formula: V = 1/2(Length x Width?).
Mice were sacrificed when the average size of mesothelioma xenografts reached 1 cm?.

AAVG6 virus production and injection

AAVB virus was produced by OBiO Technology. pcAAV-3xFlag-SuperHippo-P2A-NF2 was sequenced and packaged into AAV6. The
viral titer of AAV6-SuperHippo-P2A-NF2 was 1.50 x 102 v.g./mL, as determined by quantitative PCR. For intratumoral injections,
about 1 x 10" v.g of the virus was injected slowly into the tumor with a 33-gauge needle. For intrathoracic injection, about 2.5 x
10" v.g of AAV6-SuperHippo-P2A-NF2 virus was injected into the pleural cavity of mice at a depth of 2-3 mm.

Histology and IHC staining

Tissue or tumor samples were dissected carefully from mice and immediately fixed in 4% formalin, dehydrated through graded alcohols,
and embedded in paraffin. Tissue or tumor sections about 5 pm-thick were cut using a microtome (LEICA, RM2235). The sections were
then deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) according to standard protocols. For IHC staining,
paraffin-embedded sections were baked at 65°C overnight, followed by deparaffinization and hydration. Then heat-induced antigen
retrieval was performed using sodium citrate buffer (Beyotime, P0O083) following the manufacturer’s protocol. Endogenous peroxidase
activities were inactivated by 3% H,O, for 30 min. After blocking with 3% BSA-PBST, sections were incubated overnight at 4°C with
anti-Mesothelin (PA5-79698, Invitrogen), anti-WT1 (83535, Cell Signaling Technology) and anti-Ki67(ab15580, Abcam) primary anti-
bodies and subsequently with Envision anti-Rabbit (DAKO, K4002) secondary antibody. Sections were counterstained with hematoxylin
and mounted with Permount Mounting Media. Images were taken using the Olympus VS200 Microscope.

TEAD inhibitors for cell-based assays

Two TEAD inhibitors, VT103 and VT107, were used to treat mesothelioma cells in this study.®' Briefly, VT103 and VT107 were dis-
solved in DMSO and added into the culture medium at indicated concentrations. For the colony formation assay, the culture medium
containing VT103 and VT107 was refreshed every two days to maintain optimal conditions for the experiment.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All results were presented as mean + SEM. Statistical analysis was performed using GraphPad Prism 9 software (GraphPad Soft-
ware, Inc, USA). Comparisons between the two groups were made using unpaired Student’s t-tests. One-way ANOVA was used
for multiple comparisons. Data marked with asterisks are significantly different from the control as follows: *p < 0.05, **p < 0.01,
***p < 0.001, and n.s. indicates not significant.
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