
The actin-binding protein drebrin disrupts NF2-LATS kin-
ases complex assembly to facilitate liver tumorigenesis
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Abstract

Background and Aims: The Hippo signaling has emerged as a crucial

regulator of tissue homeostasis, regeneration, and tumorigenesis, represent-

ing a promising therapeutic target. Neurofibromin 2 (NF2), a component of

Hippo signaling, is directly linked to human cancers but has been overlooked

as a target for cancer therapy.

Approach and Results: Through a high-content RNA interference genome-

wide screen, the actin-binding protein Drebrin (DBN1) has been identified as a

novel modulator of YAP localization. Further investigations have revealed that

DBN1 directly interacts with NF2, disrupting the activation of large tumor

suppressor kinases (LATS1/2) by competing with LATS kinases for NF2

binding. Consequently, DBN1 knockout considerably promotes YAP nuclear

exclusion and repression of target gene expression, thereby preventing cell

proliferation and liver tumorigenesis. We identified three lysine residues

(K238, K248, and K252) essential for DBN1-NF2 interaction and developed a

mutant DBN1 (DBN1-3Kmut) that is defective in NF2 binding and incompetent

to trigger NF2-dependent YAP activation and tumorigenesis both in vitro and

Abbreviations: ANKRD1, ankyrin repeat domain 1; CEMCS, Center for Excellence in Molecular Cell Science; Co-IP, co-immunoprecipitation; CTGF, connective
tissue growth factor; CYR61, cysteine-rich angiogenic inducer 61; DBN1, Drebrin; F-actin, filamentous actin; FSTL1, follistatin-like protein 1; LATS1/2, large tumor
suppressor kinases 1/2; LC-MS, liquid chromatography mass spectrometry; MST1/2, mammalian STE20-like protein kinases 1/2; NF2, neurofibromin 2; siRNA, small
interfering RNA; TAZ, WW domain-containing transcription regulator 1; TEAD1-4, TEA/TEF-domain transcription factors 1-4; YAP, Yes-associated protein.
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in vivo. Furthermore, BTP2, a DBN1 inhibitor, successfully restored NF2-LATS

kinase binding and elicited potent antitumor activity. The combination of

sorafenib and BTP2 exerted synergistic inhibitory effects against HCC.

Conclusions: Our study identifies a novel DBN1-NF2-LATS axis, and phar-

macological inhibition of DBN1 represents a promising alternative intervention

targeting the Hippo pathway in cancer treatment.

INTRODUCTION

As an evolutionarily conserved pathway, the Hippo
signaling pathway plays critical roles in a wide range of
biological and physiological events, including cell
proliferation, fate decision, organ size control, regener-
ation, and tumorigenesis.[1–3] The core of the Hippo
pathway consists of a kinase cascade, in which
mammalian STE20-like protein kinases (MST1/2) phos-
phorylate and activate the large tumor suppressor
kinases (LATS1/2) with the assistance of several
phosphor-activated scaffold proteins, including MOB
kinase activator 1A/B and salvador family WW domain-
containing protein 1.[4–6] The LATS1/2 kinases, in turn,
phosphorylate and inhibit the major downstream effec-
tors Yes-associated protein (YAP) and TAZ (WW
domain-containing transcription regulator 1), leading to
their cytoplasmic retention, ubiquitination, and subse-
quent degradation in a 14-3-3-dependent way.[7–9]

Dysregulation of the Hippo pathway leads to the
translocation of YAP/TAZ into the nucleus, where they
interact with TEA/TEF-domain transcription factors,
thereby driving the expression of numerous target
genes involved in multiple biological processes.[10–12]

Consistently, dysregulation of the Hippo-YAP1 axis is
frequently observed in a wide range of human cancers
and is associated with disease progression and
therapeutic resistance.[13–16]

The Hippo-YAP axis plays crucial roles in various
biological processes and is frequently dysregulated in
cancer. However, targeting this axis for therapeutic
purposes has proven to be challenging,[17–19] which
limits its translational applications. NF2 is a reported
Hippo pathway component that harbors somatic or
germline mutations in human cancers and thus
meets the classical definition of a bona fide tumor
suppressor.[20–22] However, the mechanisms governing
the assembly of the NF2-LATS1/2 complex remain
incompletely understood. Few efforts have been made
to target this complex for cancer therapy due to limited
knowledge and unclarified regulators that potentially
disrupt NF2-LATS1/2 interaction.[23–25]

Recent studies have highlighted the importance of
actin cytoskeleton remodeling in the regulation of the
Hippo pathway, mediated by filamentous actin (F-actin)

accumulation.[26–28] Drebrin (DBN1) is an F-actin–binding
protein predominantly expressed in the adult brain and
immune system is known to stabilize F-actin[29–31] and
plays a pivotal role in intercellular communication,
neuronal development, and synaptic plasticity.[32–34]

However, its detailed biological function, particularly in
cancer, remains largely unknown.

Here, we have identified DBN1 as a key component
of the Hippo signaling. We found that DBN1 competes
with LATS1/2 for NF2 binding, disrupting the assembly
and activation of the NF2-LATS1/2 complex. This
disruption ultimately leads to the activation of YAP.
Moreover, DBN1 is frequently upregulated in patients
with HCC, promoting HCC cell proliferation and liver
tumorigenesis in mice through the DBN1-NF2-YAP
signaling axis, suggesting that DBN1 may be a valuable
diagnostic marker in HCC. Targeting DBN1 using its
antagonist BTP2 elicited potent antitumor activity and
increased the sensitivity of HCC cells to sorafenib by
inactivating YAP and its target genes, highlighting its
potential as a novel intervention against HCC, and
overcoming sorafenib resistance via activating Hippo
signaling.

METHODS

Sample collection

Human HCC tissues were collected from the Affiliated
Hospital of Jining Medical University with participant
consent and ethics approval (Approval No.: 2021-08-
C015). All research was conducted in accordance with
both the Declarations of Helsinki and Istanbul.

Mice, liver cancer model, and drug
treatment

Mice were housed in a pathogen-free environment at
the Center for Excellence in Molecular Cell Science
(CEMCS, CAS), and treated according to approved
protocols (Approval No.: SIBCB-S328-1511-052-C01).
Mst1f/f; Mst2−/− mice were generously provided by Prof.
Wufan Tao from Fudan University.[14] Eight-week-old
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Mst1f/f; Mst2−/− mice were administrated with 20 μg
empty vector or sgDbn1 plasmid in pSECC (Addgene
Plasmid 60820). For the MYC/Trp53−/− liver cancer
model, 8-week-old wild-type C57BL/6J mice were
injected with a 2 mL sterile 0.9% NaCl solution/plasmid
mix containing 12 μg of MYC-Luc, 12 μg of sgp53, 3 μg
of SB13 together with the control or sgDbn1 via
hydrodynamic tail-vein. The sgRNA sequences for
Dbn1 and Tp53 were listed as follows:

sgDbn1#1: 5′-AGAACGTGAGCGGCGCTACC-3′;
sgDbn1#2: 5′-CGTACGCCGCCAGCAGCTCC-3′;
sgDbn1#3: 5′-GGGCATAGTTAGGACCTGGG-3′;
sgTrp53: 5′-CCTCGAGCTCCCTCTGAGCC-3′.

Genome-wide siRNA screen

A human whole-genome small interfering RNA library
targeting 18,104 genes was purchased from Dharma-
con (Human ON-TARGET plus siRNA). Lipofectamine
RNAiMAX reagent (0.05 μL) was spotted on the
siRNA-loaded plates, and then 500 MCF10A cells
per well were plated into 384-well plates. After a 36-
hour incubation post-transfection, the plates were
washed, fixed, and stained with a YAP antibody
(Sigma, WH0010413M1). Immunofluorescent images
were acquired, and the nuclear and cytoplasmic YAP
ratios were analyzed using the Opera High-Content
Screening System (PerkinElmer).

Statistical analysis

All data were presented as mean±SEM, and com-
parisons between 2 groups were analyzed using an
unpaired Student t test. For comparisons involving 3 or
more groups, one-way ANOVA was performed by
GraphPad Prism software. Differences were consid-
ered statistically significant at p< 0.05. The correlation

was determined by the Pearson correlation test.
Survival analysis was evaluated by the log-rank
(Mantel-Cox) test. All statistical analyses were per-
formed using GraphPad Prism software (GraphPad
Software Inc.). Additional detailed Methods are in-
cluded in Supplemental Information, http://links.lww.
com/HEP/I671.

RESULTS

DBN1 is a novel regulator of Hippo-YAP
signaling

To identify novel regulators of Hippo-YAP signaling,
we integrated a high-content automated immuno-
fluorescent image analysis with a genome-wide RNA
interference screening to quantify nuclear and cyto-
plasmic YAP intensity (Figure 1A). Of the 1178 genes
identified whose depletion resulted in altered sub-
cellular YAP staining intensities (Figure 1B). The
functional annotation of the aforementioned genes
elucidated numerous signaling pathways and biolog-
ical processes (Figure 1C). Thirty-eight genes were
related to actin filament organization, a previously
documented regulator of Hippo signaling.[26,35] Among
these, the knockdown of DBN1, a key modulator of the
actin cytoskeleton, induced prominent YAP cyto-
plasmic retention, greater than that observed for other
members involved in actin filament organization
(Figure 1D).

Knockout of DBN1 in Huh7 cells dramatically stimu-
lated the nuclear exclusion of YAP and its paralog TAZ
(Figure 1E, F and Supplemental Figure S1A, http://links.
lww.com/HEP/I616), accompanied by increased YAP
phosphorylation and reduced protein level of YAP as well
as CRY61 and connective tissue growth factor (CTGF)
(Figure 1G and Supplemental Figure S1B, http://links.
lww.com/HEP/I616), 2 well-known YAP targets.

F IGURE 1 DBN1 is a novel regulator of the Hippo-YAP axis identified through a whole-genome siRNA screen. (A) Schematic diagram for the
whole-genome siRNA screen flow. Lipofectamine RNAiMAX reagent (0.05 μL) was spotted on the siRNA-loaded 384-well plates with 500 MCF10A
cells per well. After 36 hours of transfection, the plates were washed, fixed, and stained with YAP antibody. Immunofluorescent images were acquired
and analyzed using a high-content imaging system. (B) Volcano plot showing differentially regulated YAP localization following the siRNA screen. Red
and blue dots represent negative and positive regulators of YAP, respectively. (C) Pathway enrichment analysis of all screen hits by Gene Ontology.
The top 10 pathways are shown. (D) DBN1 ranks as the most significant positive regulator among actin filament organization signature genes in C. (E)
Immunofluorescent staining showing cytoplasmic localization of YAP in DBN1-deficient Huh7 cells. The nucleus is stained with DAPI (4′,6-diamidino-
2-phenylindole). Scale bar, 45 μm. (F) Immunoblot analysis of YAP protein levels in cytoplasmic and nuclear-containing fractions derived from wild-
type and DBN1-deficient Huh7 cells. α-tubulin and Lamin A/C were used as cytoplasmic and nuclear markers, respectively. (G) Immunoblot analysis
of YAP and its targets in DBN1-deficient Huh7 cells. (H) Evaluation of the transcriptional levels of YAP target genes in DBN1-deficient Huh7 cells by
qRT-PCR. (I) Immunofluorescent staining of YAP localization with DBN1 overexpression in Huh7 cells. Scale bar, 15 μm. (J) Immunoblot analysis of
YAP protein levels in cytoplasmic and nuclear-containing fractions in Huh7 cells upon DBN1 overexpression. (K) Immunoblot analysis of YAP and its
targets expression in Huh7 cells uponDBN1 overexpression. (L) Determination of YAP and its target gene expression by qRT-PCR in Huh7 cells upon
DBN1 overexpression. (M) Immunoblot analysis of YAP and its targets in Huh7 cells upon BTP2 (5 μM) treatment for 24 hours. (N) Immunofluorescent
staining of YAP localization in Huh7 cells upon BTP2 (5 μM) treatment for 24 hours. Scale bar, 50 μm. (O) Subcellular localization of YAP analyzed by
cell fractionation in Huh7 cells with BTP2 (5 μM) treatment. (P) Examination of Hippo target gene expression by qRT-PCR in Huh7 cells upon BTP2
(5 μM) treatment for 24 hours. Data were presented as mean±SEM. Unpaired t test was used to determine statistical significance. *, **, *** means
p<0.05, p<0.01, and p<0.001. Abbreviations: DBN1, drebrin; KO, knockout; qRT-PCR, quantitative real-time PCR; siRNA, small interfering RNA;
WT, wild type; YAP, Yes-associated protein.
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Moreover, DBN1-depleted cells showed a reduced
expression of YAP signature genes (Figure 1H) and
compromised TEAD luciferase reporter activity (Supple-
mental Figure S1C, http://links.lww.com/HEP/I616), indi-
cating inactivated YAP. Conversely, forced expression of
DBN1 resulted in increased YAP/TAZ nuclear retention
(Figure 1I, J and Supplemental Figure S1D, http://links.
lww.com/HEP/I616) and stimulated target gene expres-
sion (Figure 1K, L) in Huh7 cells, with similar effects
observed in additional HCC cell lines (Supplemental
Figure S1E–H, http://links.lww.com/HEP/I616). The com-
pound BTP2, which has previously been characterized
as an inhibitor of the Ca2+ release-activated Ca2+

channel, was recently identified as an inhibitor of DBN1
by binding to the K270/271 residues located in the actin-
binding domain of DBN1.[36] Pharmacological inhibition of
DBN1 using BTP2 in Huh7 and Hep3B cells induced
YAP phosphorylation and greatly repressed CRY61 and
CTGF expression (Figure 1M and Supplemental Figure
S1I, J, http://links.lww.com/HEP/I616). Inhibition of DBN1
by BTP2 leads to YAP/TAZ cytoplasmic retention
(Figure 1N, O and Supplemental Figure S1K, L, http://
links.lww.com/HEP/I616), and inhibition of Hippo path-
way target gene expression in multiple HCC cells
(Figure 1P and Supplemental Figure S1M, N, http://
links.lww.com/HEP/I616). However, the observed effect
of BTP2 was almost completely abolished in cells upon
DBN1 knockout or ablation, indicating an on-target effect
of BTP2 for Hippo signaling through DBN1 (Supplemen-
tal Figure S2A, B, http://links.lww.com/HEP/I617). Con-
sidering that DBN1 binds to F-actin, which is implicated in
modulating Hippo signaling, it is meaningful to check
whether the observed YAP inactivation upon DBN1 loss
is linked to F-actin. Immunofluorescence analysis indi-
cated no alteration in F-actin filaments following
DBN1 depletion, thereby eliminating the potential role
of DBN1 in regulating YAP via F-actin (Supplemental
Figure S2C, http://links.lww.com/HEP/I617). In addition,
YAP phosphorylation canonically results in its ubiquiti-
nation and degradation via 14-3-3. We therefore tested
whether this mechanism is involved in DBN1 function.

Indeed, either the interaction between YAP and 14-3-3 or
the ubiquitination of YAP was enhanced upon DBN1
ablation (Supplemental Figure S2D–I, http://links.lww.
com/HEP/I617). As encouraged by the notion that a
feedback loop is frequently observed in Hippo signaling,
we next sought to determine this hypothesis. We
confirmed that DBN1 was not a potential target gene of
YAP, ruling out any feedback regulation frequently found
in the Hippo pathway (Supplemental Figure S2J–L, http://
links.lww.com/HEP/I617).[13,14,37] Collectively, these
results indicate that DBN1 positively modulates Hippo-
YAP signaling.

Hepatic deletion of DBN1 significantly
inhibits liver tumorigenesis

Given that DBN1 stimulates aberrant YAP activation, a
hallmark of multiple malignancies including HCC, we
investigated the potential involvement of DBN1 in liver
tumorigenesis and progression. Using the Mst1/2 knock-
out mice (Cre; Mst1f/f; Mst2−/−) and an HCC mouse
model, where Mst1 is conditionally inactivated through
hydrodynamic tail-vein injection of Cre recombinase
(Figure 2A).[14,37] Compared with adjacent liver tissues,
DBN1 expression was significantly induced in liver
tumors of Mx-Cre; Mst1f/f; Mst2−/− mice, indicating the
potential involvement of DBN1 in mouse liver tumors
driven by aberrant Hippo signaling (Supplemental Figure
S3A, http://links.lww.com/HEP/I618). Simultaneous dele-
tion of Dbn1 by 3 tandem sgRNA (small guide RNA) in
Mst1/2 knockout mice resulted in a significant reduction
in liver tumorigenesis compared with control mice
(Figure 2B, C). This was evidenced by a considerable
reduction of tumor numbers (Figure 2D), and improved
liver function, as indicated by decreased levels of ALT
and AST (Figure 2E, F). This observation aligns with the
reduced expression of YAP and its target genes in liver
tumors lacking Dbn1, indicating compromised YAP
activity and reduced cell proliferation (Figure 2G, H).
Histological examination confirmed decreased tumor

F IGURE 2 Hepatic loss of DBN1 blunts liver tumorigenesis in mice. (A) Schematic representation of liver cancer modeling inMst1f/f;Mst2−/−mice
and Mst1f/f; Mst2−/− mice with Dbn1 deletion. (B) Gross liver tumor images of Mst1f/f; Mst2−/− mice and Mst1f/f; Mst2−/− mice with and without Dbn1
knockout. Scale bar, 10 mm. (C, D) Analysis of liver-body weight ratio (C) and tumor numbers (D) in the livers of the indicated mice (n=5). (E, F)
Determination of circulating ALT (E) and AST (F) levels in the indicated mice (n=5). (G) Immunoblot analysis of the indicated proteins in liver tumor
tissues derived from the indicated mice (n=4). (H) Evaluation of the mRNA levels of the indicated genes by qRT-PCR in liver tumor tissues derived
from the indicatedmice (n=4). (I) Representative images of H&E staining, immunohistochemical staining of Ki67 and YAP, and TUNEL staining in the
indicated liver sections. Scale bars, H&E 600 μm (upper), Ki67 150 μm (middle), YAP and TUNEL 50 μm (lower). “T”means tumor, “N”means Normal.
(J) Schematic representation of the MYC/Trp53−/− liver cancer model via hydrodynamic tail-vein injection. (K) Gross liver tumor images of WT mice,
MYC/Trp53−/− mice, andMYC/Trp53−/− mice with Dbn1 knockout. Scale bar, 10 mm. (L, M) Analysis of liver-body weight ratio (L) and tumor numbers
(M) in the livers of the indicated mice (n=5). (N, O) Determination of circulating AST (N) and ALT (O) levels in the indicated mice (n=5). (P)
Immunoblot analysis of the indicated proteins in liver tumor tissues derived from the indicated mice (n=4). (Q) The mRNA levels of the indicated
genes by qRT-PCR in liver tumor tissues derived from the indicated mice (n=5). (R) Representative images of H&E staining, IHC staining of Ki67 and
YAP, and TUNEL staining in the indicated liver sections. Scale bars, H&E 600 μm (upper), Ki67 150 μm (middle), YAP and TUNEL 50 μm (lower). “T”
means tumor, “N” means Normal. Data were presented as mean±SEM. Unpaired t test was used to determine statistical significance in H and Q.
One-way ANOVA was used to compare the difference between groups in C–F and L–O. *, **, *** means p<0.05, p<0.01, and p<0.001.
Abbreviations: DBN1, drebrin; H&E, hematoxylin-eosin staining; WT, wild type; YAP, Yes-associated protein.
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F IGURE 3 DBN1 physically associates with NF2. (A) Association of DBN1 with NF2 in Huh7 cells. Huh7 cells were lysed and subjected to
immunoprecipitation using IgG control or DBN1 antibody. Coimmunoprecipitates were detected using indicated antibodies. The IgG Heavy chain is
indicated in asterisk. (B) Association of NF2 with DBN1. Huh7 cells were lysed and subjected to immunoprecipitation using IgG control or NF2
antibody. Coimmunoprecipitated DBN1 was detected using its antibody. (C) NF2 interacts with DBN1 in 293T cells. 293T cells were transfected with
either HA-NF2 and DBN1-Flag alone or co-transfected. Coimmunoprecipitates were detected using indicated antibodies. (D) Colocalization of YAP
and NF2was revealed by immunofluorescent staining using the indicated antibodies in Huh7 cells. The inset box in the left indicates the location of the
enlarged image (right). Scale bar, 20 μm. (E) Diagram of the domains and structural motifs of DBN1 (upper), including ADF-H, AB1, AB2, and P. Two

ACTIN-BINDING PROTEIN DBN1 AND NF2-LATS KINASE COMPLEX | 7

© 2024 American Association for the Study of Liver Diseases. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article prohibited.

D
ow

nloaded from
 https://journals.lw

w
.com

/hep by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 09/27/2024



burden and Ki67 reactivity, a widely used tumor
proliferation marker, in Dbn1-depleted live tumor sec-
tions. Additionally, findings from in vitro and in vivo
indicated that DBN1 depletion suppresses liver tumori-
genesis by promoting apoptosis, as evidenced by
immunoblot and terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling staining (Figure 2I and
Supplemental Figure S3B, http://links.lww.com/HEP/
I618). To determine whether a similar phenomenon
would be observed in an additional HCC mouse model
driven by other oncogenic drivers, such as MYC and
TP53, wild-type mice were challenged by hydrodynamic
tail-vein injection of PT3 vector encoding c-MYC and
Sleeping Beauty (SB) transposase vector and sgTrp53,
with or without sgDbn1 (Figure 2J). Again, DBN1
expression was greatly upregulated in MYC-driven,
Trp53-deficient liver tumors compared with normal
counterparts (Supplemental Figure S3C, http://links.
lww.com/HEP/I618). Similarly, MYC/Trp53−/− mice with
Dbn1 loss exhibited a reduced liver-body weight ratio
(Figure 2K, L), decreased tumor numbers (Figure 2M),
and lower circulating ALT and AST levels compared with
MYC/Trp53−/−mice (Figure 2N, O). Also,Dbn1 loss led to
a marked reduction in protein levels of YAP (Figure 2P),
suppression of Hippo target gene expression
(Figure 2Q), a decrease in the number of Ki67 positive
cells, and an increased terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling reactivity
(Figure 2R). Furthermore, the in vitro assays showed
that either DBN1 depletion or pharmacological inhibition
by BTP2 greatly impaired cell proliferation and colony
formation in several HCC cell lines compared with
controls (Supplemental Figure S3D–G, http://links.lww.
com/HEP/I618), whereas DBN1 overexpression led to
the opposite effect (Supplemental Figure S3H, http://
links.lww.com/HEP/I618). To validate these findings
in vivo, Huh7 cells with DBN1 knockout were sub-
cutaneously implanted in nude mice, and we found that
tumor growth was repressed characterized by reduced
tumor size (Supplemental Figure S3I–J, http://links.lww.
com/HEP/I618), tumor weight (Supplemental Figure
S3K, http://links.lww.com/HEP/I618), and decreased
immunohistochemical staining of Ki67 (Supplemental
Figure S3L, http://links.lww.com/HEP/I618). Similar
observations were found by implanting BTP2-treated

Huh7 cells in nude mice (Supplemental Figure S3M–P,
http://links.lww.com/HEP/I618). In conclusion, our data
demonstrate that DNB1 is a critical determinant of liver
tumorigenesis and progression in vitro and in vivo.

DBN1 directly binds to NF2

To explore the specific molecular mechanisms by which
DBN1 contributes to liver tumorigenesis via the Hippo
cascade, we employed co-immunoprecipitation (Co-IP)
and liquid chromatography mass spectrometry to identify
potential binding partners of DBN1 associated with the
Hippo cascade. Interestingly, NF2 emerged as a
candidate binding partner (Supplemental Figure S4A,
http://links.lww.com/HEP/I619). Consequently, we sub-
stantiated the interaction between DBN1 and NF2 by
conducting endogenous and exogenous Co-IP assays
using NF2 antibody or hemagglutinin-Tag antibody in
Huh7 and 293T cells (Figure 3A–C). Importantly, DBN1
and NF2 were primarily localized on the cell membrane,
where they are predominantly colocalization (Figure 3D).
To identify the specific molecular domains mediating this
interaction, we generated various truncations encoding
different domains of DBN1 and NF2. These constructs
were then co-transfected with either full-length NF2 or
DBN1 in 293T cells, followed by Co-IP analysis. This
analysis revealed that both AB domains of DBN1 are
involved in mediating its interaction with NF2 (Figure 3E)
and the N-terminus of NF2, containing the four-point-one,
ezrin, radixin, moesin and CC domains, is essential for
binding to DBN1, as the absence of either of these
domains abolished the DBN1-NF2 interaction
(Figure 3F). This observation was further supported by
a glutathione s-transferase pulldown assay, revealing a
direct interaction between the N-terminus of NF2 and the
AB domains of DBN1 (Figure 3G). Interestingly, BTP2
incubation abrogated the NF2-DBN1 interaction in a
dose-dependent manner (Supplemental Figure S4B,
http://links.lww.com/HEP/I619). Notably, 2 adjacent
lysine residues at positions 270 and 271 (K270/K271),
previously identified as the key amino acids for BTP2
binding to DBN1,[36] were found to be dispensable for the
interaction with NF2. Mutations of these lysine residues
to methionine (K270M/K271M) did not affect the

actin-binding regions are required for DBN1 binding to NF2 (lower). Flag-DBN1 fragments were detected using anti-Flag antibody after Co-IP. (F)
Diagram of the domains and structural motifs of NF2 (upper), including FERM, four-point-one, ezrin, radixin, moesin domain, CC, and CTD. Mapping
of the region(s) of NF2 that interact(s) with DBN1 (lower). FERM and CC domains of NF2 mediate NF2/DBN1 binding. HA-NF2 fragments were
detected using anti-HA antibody after Co-IP. (G) NF2 directly associates with NF2. His-NF2-1-381aa fragment was detected by Coomassie brilliant
blue staining after GST or GST-DBN1-151-319aa pulldown. Ten percent of the amount of each recombinant protein was used as input. (H) BTP2
disrupts NF2/DBN1 interactions. 293T cells co-transfected with NF2-1-381aa withWTDBN1-151-319aa or DBN1-151-319-K270/K271Mmutant were
treated by various doses of BTP2 (0, 10, and 20 μM) and subjected to immunoprecipitation. Abbreviations: AB1, actin-binding region 1; AB2, actin-
binding region 2; ADF-H, the actin-depolymerizing factor homology; CC, coiled-coil domain; CTD, C-terminal domain; DBN1, drebrin; FERM, four-
point-one, ezrin, radixin, moesin; GST, flutathione s-transferase; HA, hemagglutinin; IP, immunoprecipitation; MST1/2, mammalian STE20-like protein
kinases 1/2; NF2, neurofibromin 2; P, proline-rich domain; TAZ, WW domain-containing transcription regulator 1; TEAD1-4, TEA/TEF-domain
transcription factors 1-4; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; YAP, Yes-associated protein.
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F IGURE 4 DBN1 stimulates YAP signaling via NF2. (A, B) Immunoblot analysis of the indicated proteins (A) and examination of the transcriptional
levels of the indicated genes (B) in control orNF2-ablated Huh7 cells with or withoutDBN1 depletion. (C) Evaluation of 3xSd luciferase reporter and Gal4-
TEAD4 luciferase reporter activity in 293T cells upon indicated treatment. (D, E) Immunoblot analysis of the indicated proteins (D) and examination of the
transcriptional levels of Hippo target genes (E) in NF2-proficient NCI-H2452 cells and NF2-deficient cells (NCI-H2052 and NCI-H2373) with DBN1
depletion. (F-G) Western blot analysis of the indicated proteins in Huh7 cells (F) and qRT-PCR analysis of Hippo target genesCYR61, CTGF, ANKRD1
expressed (G) in Huh7 cells with or without BTP2 treatment (5 μM) for 24 hours. (H) Evaluation of reporter activity in 293T cells uponNF2 ablation with or
without BTP2 treatment (5 μM) for 24 hours. (I, J) Evaluation of Hippo signaling activity by immunoblot analysis (I) or qRT-PCR (J) in NF2-proficient and
NF2-deficient cells. Data were presented as mean±SEM. One-way ANOVA was used to compare the differences between groups. *, **, *** means
p<0.05, p<0.01, and p<0.001. Abbreviations: DBN1, drebrin; NF2, neurofibromin 2; siNC, small interfering negative control; TEAD1-4, TEA/TEF-
domain transcription factors 1-4; YAP, Yes-associated protein.
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interaction with NF2 but conferred resistance to BTP2
(Figure 3H and Supplemental Figure S4C, http://links.
lww.com/HEP/I619). This not only confirmed the identi-
fied domains mediating the interaction between DBN1
and NF2 but also provided insights into the mechanism
by which BTP2 suppresses tumorigenesis through the
DBN1-NF2-YAP signaling. In an effort to verify the
potential commitment of F-actin in this context, we
confirmed that the interaction between DBN1 and NF2
is independent of F-actin, and DBN1 likewise binds to
F-actin regardless of the presence of NF2 (Supplemental
Figure S4D–F, http://links.lww.com/HEP/I619). Overall,
these results demonstrate that DBN1 physically interacts
with NF2, providing important insights into the molecular
mechanisms underlying the role of DBN1 in liver
tumorigenesis via the Hippo cascade.

DBN1 activates YAP through NF2

Given the direct interaction between NF2 and DBN1, we
aimed to explore whether DBN1 activates Hippo signal-
ing through NF2. The results showed that when NF2 was
knocked down using siRNA in Huh7 cells, the increase in
YAP phosphorylation caused by DBN1 depletion was
reversed (Figure 4A), and the inhibited expression of
target genes (Figure 4B) and decreased TEAD-respon-
sive promoter activity was restored (Figure 4C).
Moreover, DBN1 depletion remarkably induced YAP
phosphorylation and reduced its target gene expression
in NCI-H2452 cells, while NF2-deficient NCI-H2052 and
NCI-H2373 cells did not show significant effects
(Figure 4D, E). Additionally, BTP2 treatment showed a
significant decrease in cysteine-rich angiogenic inducer
61 (CYR61) expression and an increase in YAP
phosphorylation, which was significantly restored by
knockdown of NF2 (Figure 4F). NF2 knockdown also
led to the restoration of target gene expression
(Figure 4G) and activation of the 3XSd luciferase reporter
and TEAD-responsive reporter (Figure 4H). What’s
more, BTP2 treatment significantly induced YAP phos-
phorylation and reduced its target gene expression in
NCI-H2452 cells, but not in NCI-H2052 and NCI-H2373
cells (Figure 4I, J). To validate these findings in vivo, we
evaluated the tumorigenesis of Dbn1-depleted livers with
or withoutNf2 loss in a Trp53-deficient,MYC-driven HCC

mouse model (Figure 5A). Loss of Dbn1 effectively
decreased liver tumor genesis compared with MYC/
Trp53−/− control group. However, in Nf2-deficient mice,
loss of Dbn1 did not affect the tumor development
induced by Nf2 loss, and there were no significant
alterations in either liver-body weight ratio or tumor
numbers (Figure 5B, C). Immunoblot and mRNA analysis
of liver tumors indicated efficient liver depletion of DBN1
or NF2, and additional NF2 loss in the liver resulted in a
robust upregulation of YAP and Cyclin D1 (CCND1) that
could not be rescued upon Dbn1 deletion (Figure 5D, E).
Histological analysis verified a reduction in tumor size
and Ki67 reactivity in live tumor sections depleted of
Dbn1. Moreover, the loss of Nf2 led to an intensified Ki67
signaling, which could not be mitigated by the deletion of
Dbn1 (Supplemental Figure S5A, http://links.lww.com/
HEP/I620). These data strongly indicate that NF2 is
essential for the oncogenic role of DBN1 in HCC. Similar
effects were observed in mice with simultaneous deletion
of Dbn1 and Yap (Figure 5F). The overexpression of
Dbn1 in mice significantly augmented tumor progression,
as evidenced by an increase in tumor number and a
deterioration in liver function, as indicated by elevated
serum AST/ALT levels. However, the restoration of the
phenotype driven by Dbn1 was observed upon the loss
of Yap (Figure 5G–J and Supplemental Figure S5B,
http://links.lww.com/HEP/I620), reinforcing the notion
that the pro-cancerous role of DBN1 largely depends
on the NF2-driven Hippo cascade.

Perturbation of DBN1-NF2 interaction
abrogates the pro-cancerous role of DBN1

To prove the observed pro-cancerous role of DBN1
was directly related to NF2, we identified the key
amino acids required for DBN1-NF2 interaction. We
first predicted the minimal binding region on DBN1
using molecular docking by AlphaFold and found that a
14-amino acid region spanning from 238 to 252 was
critical for the binding, which was verified by Co-IP
assay (Figure 6A, B). Mutation of all 3 lysine residues
(K238, K248, and K252) to either arginine, alanine, or
proline (termed as DBN1-3Kmut) rendered DBN1
resistant to NF2 binding (Figure 6C and Supplemental
Figure S6A, http://links.lww.com/HEP/I621). The

F IGURE 5 DBN1 loss suppresses liver tumorigenesis via NF2-dependent YAP activation. (A) Schematic representation of experimental
design in MYC/Trp53−/− liver cancer model. (B) Gross image of livers derived from indicated mice. Scale bar, 10 mm. (C) Statistical analysis of
liver-body weight ratio, tumor numbers, and serum AST/ALT levels in the indicated mice (n= 5). (D) Determination of indicated proteins in liver
tumors derived from the indicated mice (n=3). (E) Evaluation of the mRNA expression levels of the indicated genes in liver tumors derived from
the indicated mice (n= 5). (F) Schematic representation of experimental design in MYC/Trp53−/− liver cancer model. (G) Representative liver
images derived from the indicated mice (n=5). Scale bar, 10 mm. (H) Quantification of the liver-body weight ratios, number of liver tumors, and
serum AST/ALT levels in the indicated mice (n=5). (I) Immunoblot analysis of the indicated proteins in liver tissue lysates from indicated mice
(n= 3). (J) Quantification of the mRNA levels of the indicated genes related to Hippo signaling in liver tumors from the indicated mice (n= 5). Data
were presented as mean±SEM. One-way ANOVA was used to determine statistical significance. *, **, *** means p< 0.05, p< 0.01, and
p<0.001. Abbreviations: DBN1, drebrin; NF2, neurofibromin 2; siNC, small interfering negative control; YAP, Yes-associated protein.
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DBN1-3Kmut mutant was defective to stimulate YAP in
Huh7 and NCI-H2452 cells (Figure 6D, E and
Supplemental Figure S6B–D, http://links.lww.com/
HEP/I621), while the Hippo target genes did not
respond to DBN1 and DBN1-3Kmut overexpression in
NF2-deficient NCI-H2052 and NCI-H2373 cells indi-
cating that DBN1-NF2 binding mediated by the 3 lysine
residues is necessary for YAP inactivation and target
genes expression (Figure 6F–H and Supplemental
Figure S6E, http://links.lww.com/HEP/I621). Consist-
ent with the observations above, DBN1-3Kmut colocal-
ized with F-actin to a similar extent as the WT did
(Supplemental Figure S6F, G, http://links.lww.com/
HEP/I621), reinforcing the notion that DBN1/NF2
signals through the Hippo signaling independent of
F-actin. We then sought to determine the role of
DBN1-3Kmut in tumor progression and found liver
expression of Dbn1 in mice greatly enhanced tumor
formation compared with control mice, while liver size,
tumor numbers, tumor burden, and serum AST/ALT
levels were significantly reduced in the Dbn1-3Kmut

mice compared with the Dbn1 overexpression mice
(Figure 6I–K). At the molecular level, the Dbn1-3Kmut

mice showed reduced Hippo signaling target gene
expression as well as reduced YAP protein levels
compared with that observed in the Dbn1 overexpres-
sion mice (Figure 6L, M and Supplemental Figure S6H,
http://links.lww.com/HEP/I621). These data suggest
that DBN1 plays a role in cell proliferation and tumor
development through NF2 interaction. Interestingly,
clinically relevant NF2 mutation L64P or L141P[20,38]

dramatically facilitated its binding to DBN1, further
indicating an enhanced DBN1 binding to tumor-derived
mutated NF2 as a potential mechanism that stimulates
YAP signaling and tumorigenesis (Supplemental
Figure S6I, http://links.lww.com/HEP/I621).

DBN1 competes with LATS1/2 for NF2
binding to prevent LATS1/2 activation

Although DBN1 activates YAP by binding to NF2, it
remains unresolved how this interaction facilitates

subsequent YAP activation. Since NF2 binds to LATS
kinases and facilitates their localization to the cell
membrane, where they are subsequently activated by
MST1/2,[24,25] we hypothesize that DBN1 regulates
LATS activity through disrupting the NF2-LATS interac-
tion. To test this, we investigated if DBN1 competes with
LATS for NF2 binding. Our results showed a reduced
amount of LATS kinase in the immunoprecipitates of
NF2 with DBN1 overexpression (Figure 7A). Con-
versely, the immunoprecipitates of NF2 contained less
DBN1 in the presence of LATS kinases (Figure 7B).
Moreover, BTP2 treatment dose-dependently enhanced
the binding of NF2 to LATS kinases, suggesting a
competitive binding for NF2 between DBN1 and LATS
kinases (Figure 7C, D).

Based on the above observations, we propose that
BTP2 may restore the association of NF2 with LATS
kinases, leading to antitumor activity. Indeed, treatment
with BTP2 significantly restored the assembly of the
LATS-NF2 complex and subsequent activation of LATS
kinases, as evidenced by promoting phosphorylation of
Ser-909 and Thr-1079 in LATS1, which is positively
correlated with LATS activity (Figure 7E, F). In contrast,
the DBN1-3Kmut mutant, which is unable to bind to NF2,
did not compete with LATS kinases for NF2 binding.
Consistently, only WT DBN1, but not the DBN1-3Kmut

mutant, had the ability to sequester NF2, leading to the
inactivation of LATS kinases (Figure 7G, H). To provide
further support for these observations, we examined
and quantified the binding between NF2 and LATS1 in
tumor lysates derived from MYC/Trp53−− mice with
Dbn1 deletion. It showed an approximately three-fold
increase in LATS1-NF2 binding in liver tumors lacking
Dbn1 compared with control tumors (Figure 7I), thus
providing in vivo relevance to our findings.

BTP2 and sorafenib combination treatment
exerts synergistic anti-HCC activity by
suppressing YAP activity

Having identified the detailed molecular mechanism of
DBN1, our next question was whether the DBN1

F IGURE 6 Three lysine residues within AB2 domain of DBN1 are essential for its binding to NF2 and liver tumorigenesis in mice. (A) Diagram
illustrating the amino acids 236-254 within AB2 domain of DBN1. Identified key lysine residues are highlighted in red. (B) The amino acid region
spanning from 238 to 252 of DBN1 is required for NF2-DBN1 binding. (C) Comparison of the binding affinity between WT DBN1 and K3mut mutant
(all three lysine were mutated to proline) to NF2. (D) Evaluation of Hippo signaling activity in Huh7 cells infected with vector, DBN1 and DBN1-
3Kmut mutant lentivirus by immunoblot analysis. (E) Immunoblot analysis of the indicated proteins in NF2-proficient and NF2-deficient cells infected
with vector, WT DBN1, and 3Kmut mutant lentivirus. (F, G) Evaluation of Hippo signaling activity in Huh7 cells infected with vector, DBN1, and
3Kmut mutant lentivirus by qRT-PCR (F), and TEAD-responsive reporter activity (G). (H) Quantification of CRY61 mRNA levels in NF2-proficient
and NF2-deficient cells infected with vector, WT DBN1, and 3Kmut mutant lentivirus. (I) Schematic illustration of the experimental design in the
MYC/Trp53−/− liver cancer model. (J) Representative gross liver images from the indicated mice (n= 5). Scale bar, 10 mm. (K) Quantification of the
liver-body weight ratio, tumor numbers, and serum AST/ALT levels from the indicated mice (n= 5). (L) Immunoblot analysis of CCND1, p-YAP,
YAP, DBN1, and β-actin in liver tumors from the indicated mice (n= 4). (M) Quantification of the mRNA expressions of Yap, Cry61, Ctgf, Ankrd1,
Ccnd1, and Birc5 in liver tumors from the indicated mice (n= 5). Data were presented as mean±SEM. One-way ANOVA was used to determine
statistical significance. *, **, *** means p< 0.05, p<0.01, and p< 0.001. Abbreviations: AB1, actin-binding region 1; AB2, actin-binding region 2;
DBN1, drebrin; HA, hemagglutinin; NF2, neurofibromin 2; YAP, Yes-associated protein.
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inhibitors could be effective therapeutically and whether
DBN1 inhibitors and sorafenib combination treatment
exert synergistic anti-HCC activity by suppressing
YAP activity. To address this, we first examined the
expression pattern of DBN1 in both HCC tissues and
adjacent noncancerous tissues. Our analysis revealed
that the mRNA levels of DBN1 were considerably higher
in tumors compared with their adjacent counterparts in
patients with HCC, as evidenced by the analysis of
multiple data sets, including TCGA, ICGC, and gene
expression omnibus database (Figure 8A and Supple-
mental Figure S7A, http://links.lww.com/HEP/I622).
This upregulation of DBN1 was associated with a
shorter overall survival in patients with HCC
(Figure 8B and Supplemental Figure S7B, http://links.
lww.com/HEP/I622). Immunohistochemistry staining
and scoring further confirmed the elevated expression
of DBN1 in a cohort of HCC tissue microarray. More
importantly, a strong positive correlation between DBN1
and YAP levels was observed (Figure 8C–E). Pathway
enrichment using GSEA (Gene Set Enrichment Anal-
ysis) showed that higher DBN1 expression in HCC was
linked to YAP signature genes (Figure 8F and Supple-
mental Figure S7C, http://links.lww.com/HEP/I622).
Consistently, DBN1 mRNA levels were positively
correlated with numerous well-established Hippo path-
way target genes, including CRY61, CTGF, ankyrin
repeat domain 1 (ANKRD1), and follistatin-like protein 1
(FSTL1) (Supplemental Figure S7D, http://links.lww.
com/HEP/I622). These clinically relevant findings fur-
ther reinforced the observation that DBN1 regulates the
Hippo cascade in HCC.

Sorafenib, a broad-spectrum kinase inhibitor, has
been the first-line treatment of HCC for a decade.
However, the clinical benefits of sorafenib have
remained modest due to the heterogenicity and
complex molecular pathogenesis of HCC. In light of
the accumulating evidence that has established YAP/
TAZ as key drivers of sorafenib resistance in HCC,[39,40]

highlighting the inactivation of YAP may represent a
strategy for the HCC treatment, especially when
combined with a second drug. Therefore, our objective
was to investigate the effects of combined therapy with
BTP2 and sorafenib in the treatment of HCC. BTP2
treatment enhanced the proapoptotic effects of sorafe-
nib in several HCC cell lines (Supplemental Figure S7E,

F, http://links.lww.com/HEP/I622). Similarly, tumor de-
velopment was greatly suppressed in Trp53-deficient,
MYC-driven liver tumors upon concomitant treatment
with BTP2 and sorafenib compared with either BTP2 or
sorafenib alone (Figure 8G-J). Collectively, we have
identified DBN1 as a critical regulator of the Hippo
cascade by disrupting NF2/LATS interaction, ultimately
leading to tumor progression. Targeting DBN1 using
BTP2 releases NF2 to stimulate LATS kinase activation
and YAP inhibition, thereby leading to tumor suppres-
sion and therapeutic response to sorafenib treatment.

DISCUSSION

As a critical emerging player in tumorigenesis, the
Hippo cascade has been considered as an attractive
therapeutic target for a broad range of human
cancers.[2,41,42] The inactivated mutation of NF2 in
human cancers has highlighted its importance in cancer
development and progression, and accumulating evi-
dence has shown that NF2 interacting proteins provide
multiple targets for cancer therapy.[43,44] In this study,
we identified DBN1 as a natural antagonist of NF2,
which inhibits LATS kinase activity and activates YAP.
Importantly, our newly established DBN1-NF2-YAP
signaling axis is consistent with the observed upregu-
lation of DBN1 in HCC patients. Furthermore, our
experiments in mice demonstrate that DBN1 promotes
HCC cell proliferation and liver tumorigenesis, and
this effect relies on the NF2-YAP signaling axis. Thus,
our study expands the nonconventional role of DBN1,
providing the basis for targeting the Hippo signaling via
DBN1-NF2-LATS axis. BPT2 demonstrates significant
antitumor efficacy and has the potential to overcome
sorafenib resistance in HCC, presenting a novel
therapeutic intervention for HCC.

Our study has revealed a competitive binding model
between DBN1 and LATS kinases for NF2 in the cell
cortex. This finding is consistent with the observation
that LATS kinases bind to the four-point-one, ezrin,
radixin, moesin domain of NF2, which links to plasma
membranes via the actin cytoskeleton.[45–47] Interestingly,
our study has shown that an additional central helical
domain of NF2 was required for its binding to DBN1
(Figure 3F). Clinical tumor-derived mutations within the

F IGURE 7 DBN1 competes with LATS kinases for NF2 binding. (A) Evaluation of NF2 binding to LATS1 (upper) or LATS2 (lower) with or
without DBN1. (B) Evaluation of NF2/DBN1 binding intensity with or without LAST1 (upper) or LATS2 (lower). (C) Association of NF2 with LATS1
(upper) or LATS2 (lower) was determined with or without BTP2 treatment (5 μM, 10 μM) for 24 hours. (D) Schematic representation hypothesizing
the potential acting mechanism of DBN1 toward NF2/LAST kinases. (E) Determination of the effect of DBN1 on NF2 binding to LATS1 (left) or
LATS2 (right) kinase with or without BTP2 treatment (5 μM) for 24 hours. (F) Immunoblot analysis of LATS1 phosphorylation in Huh7 cells in the
presence of NF2 and DBN1 following BTP2 treatment (5 μM, 10 μM) for 24 hours. (G) Evaluation of NF2 association with LATS1 (left) or LATS2
(right) in the presence of WT DBN1 or 3Kmut mutant. (H) Immunoblot examination of LATS1 phosphorylation following WT DBN1 or 3Kmut mutant
lentivirus infection in Huh7 cells. (I) Representative immunoblot images (left) and quantification of NF2/LATS1 binding (right) in WT and Dbn1-
ablated liver tumors (n= 5). Data were presented as mean±SEM. Unpaired t test was used to determine statistical significance. *, **, *** means
p<0.05, p<0.01, and p<0.001. Abbreviations: DBN1, drebrin; HA, hemagglutinin; IP, immunoprecipitation; NF2, neurofibromin 2; WT, wild type.
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our-point-one, ezrin, radixin, moesin domain of NF2, such
as L64PNF2 and L141PNF2,[38,48,49] displayed enhanced
binding to DBN1, in agreement with previous reports
of Hippo signaling inactivation. Although NF2 has
been considered as a linker between the apical
plasma membrane and actin cytoskeleton, and NF2-
LATS kinases interaction is regulated by the actin
cytoskeleton,[24,45,46] perturbation of the actin cytoskeleton
did not abrogate NF2-DBN1 binding, suggestive of a
context-dependent mechanism identified here. Interest-
ingly, we have identified an NF2 binding-defective mutant,
DBN1-3Kmut, which physiologically abolished NF2-DBN1
binding without interfering with other known DBN1 binding
proteins (data not shown). Using this mutant, we have
successfully demonstrated a noise-free NF2-dependent
Hippo signaling inactivation by DBN1 that resulted in liver
tumorigenesis. Notably, the deletion of DBN1 in the NF2-
deficient background proved the essential role of NF2 in
mediating Hippo signaling by DBN1.

In contrast to conventional strategies that target
downstream regulators such as YAP and TEADs, we
have provided a novel approach by focusing on the
tumor suppressor NF2 and pharmacologically inhibit-
ing it by DBN1. Notably, other structurally distinct,
functionally similar blockers, such as MRS1845 and
RO2959 monohydrochloride, had limited effects on
YAP activity (data not shown). Despite multiple targets
of BTP2, we have confirmed the on-target effect
specifically on DBN1-mediated Hippo signaling, as
the negligible effects on cell proliferation or Hippo
signaling output in DBN1-depleted or NF2-deficient
cells. Further efforts should be made to develop more
specific and potent inhibitors targeting DBN1 for
cancer therapy.

Moreover, the development of resistance to sorafenib
in liver cancer is a prevalent obstacle that considerably
diminishes its therapeutic efficacy, with only approxi-
mately 30% of patients benefiting from sorafenib
therapy.[50–52] It is reported that sorafenib enhances the
accumulation and activation of nucleus YAP, leading to

the promoting of sorafenib resistance by inhibiting
apoptosis of HCC cells through downstream YAP-
mediated signaling.[53–55] Here we showed that the
combination of sorafenib and BTP2 exerted synergistic
inhibitory effects in HCC through the Hippo-ON mech-
anism. BTP2 increased the sensitivity of HCC cells to
sorafenib and overcame sorafenib resistance via the
activation of Hippo signaling. Collectively, our study
identifies DBN1 as a new component of the Hippo
signaling cascade and provides a promising approach
for targeting the Hippo pathway in cancer treatment.
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F IGURE 8 Perturbation of Hippo signaling by BPT2 overcomes sorafenib resistance to HCC in mice. (A) Dot plots showing DBN1 expression in
liver cancerous and adjacent tissues derived from TCGA and GEO data sets. n=49 (adjacent) and n=356 (HCC) in TCGA-LIHC; n=220 (adjacent)
and n=225 (HCC) in GSE14520. (B) Kaplan-Meier plots showing the overall survival of liver cancer patients with high or low DBN1 expression, based
on data obtained from the indicated databases. (C) Representative IHC images showing DBN1 and YAP staining in a tissue microarray of liver
cancers (n=103). Scale bars, 200 μm. (D) Quantification of DBN1 staining scores in liver cancerous and adjacent tissues. (E) DBN1 and YAP
expression are positively correlated in HCC tissues. (F) GSEA revealing enhanced YAP signature gene expression in DBN1-high liver cancer
specimens compared with DBN1-low expression, as derived from TCGA and GEO data sets. (G) Schematic diagram of drug treatment in mice of
MYC/Trp53−/− liver cancer model. (H) Gross image of livers derived from the indicated mice treated with vehicle, BTP2 (4 mg/kg), sorafenib (20 mg/
kg), or the combination (n=5). Scale bar, 8.5 mm. (I) Quantification of liver-body weight ratio, tumor numbers, and serum AST/ALT levels in the
indicated mice with indicated treatments (n=5). (J) Representative images of H&E staining, immunohistochemical staining of Ki67 and YAP, and
TUNEL staining in liver sections from the indicated mice with indicated treatment. Scale bars, H&E 600 μm (upper), Ki67 150 μm (middle), YAP and
TUNEL 50 μm (lower). “T”means tumor, “N”means Normal. (K) Proposed working model illustrating the DBN1-mediated NF2-YAP signaling pathway
and the therapeutic strategy employed to suppress liver cancer growth and enhance response to sorafenib treatment. Data were presented as
mean±SEM. Unpaired t test was used in A to determine statistical significance. One-way ANOVAwas used in I to determine statistical significance. *,
**, *** means p<0.05, p<0.01, and p<0.001. Abbreviations: DBN1, drebrin; GEO, gene expression omnibus database; GSE, Gene Set Enrichment
Analysis; H&E, hematoxylin-eosin staining; LIHC, liver hepatocellular carcinoma; TCGA, TUNEL, terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling; YAP, Yes-associated protein.
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