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C A N C E R

Phase separation–based HTS identifies cobimetinib as a 
YAP-TEAD inhibitor that suppresses hyperactivated 
YAP-induced cancer progression
Ruizeng Yang1,2†, Liqiao Hu3,4†, Jing Wang5†, Jia Wang2, Liang Yuan6, Mengying Wu3, Lingli He7, 
Wentao Yu7, Peihao Chen8,9, Xiaoli Lu10,11, Fangzheng Hu2, Haijiao Zhang2, Haoran Gao7, 
Xiaodong Wang1, Haoen Zhang7, Yang Sun2, Jinjin Xu2, Jing Huang11, Hu Zhou12,13, Jidong Zhu14, 
Fang Wei2, Yunyun Jin2,15, Yijun Gao16, Qiang Fu1, Xiangbing Qi8*, Jing Yu1,2*, Pilong Li5*,  
Xiaojing He17*, Lei Zhang1,2,18*

The Hippo signaling pathway prevents unchecked cell growth, coordinates apoptosis, and preserves proper 
organ function. Dysregulation of this pathway has been implicated in a myriad of diseases, particularly in cancer. 
The YAP (Yes-associated protein)–TEAD (TEA domain transcription factor) complex, the key transcriptional 
downstream effector of the Hippo pathway, hence stands out as an appealing target for therapeutic interven-
tion. In this study, we developed a high-throughput screening (HTS) assay leveraging phase separation prin-
ciples and found that the US Food and Drug Administration–approved clinical drug cobimetinib is a potent 
inhibitor of the YAP-TEAD complex. Cocrystallization studies of cobimetinib with TEAD showed that cobimetinib 
bound to the TEAD lipid pocket and disrupted TEAD palmitoylation. Cobimetinib could overcome resistance to 
mitogen-activated protein kinase kinase 1/2 inhibitors and to the first-line drug sorafenib in vivo. In addition, 
cobimetinib suppressed tumor growth and tumorigenesis associated with hyperactivated YAP-TEAD activities 
in a mouse model of lung cancer. Furthermore, it bolstered the efficacy of the first-line drugs sorafenib and 
lenvatinib in inhibiting both hepatocellular carcinoma tumor growth and tumorigenesis. These findings es-
tablish a strategy for identifying and refining inhibitors of the YAP-TEAD complex in the treatment of cancers 
driven by aberrant YAP-TEAD activity.

INTRODUCTION
The Hippo signaling pathway is evolutionarily conserved and plays 
key roles in controlling organ size, maintaining tissue homeostasis, 
and regulating tumorigenesis. Many of these roles are mediated by the 
two principal transcriptional effectors, Yes-associated protein (YAP) 
and transcriptional coactivator with PDZ-binding motif (TAZ), 
which steer gene expression through binding to the TEA domain 
transcription factor (TEAD) family of transcription factors. Dys-
regulated Hippo pathway and YAP/TAZ-TEAD activity are associ-
ated with various diseases, especially cancer, making this pathway 
an attractive therapeutic target (1).

YAP/TAZ have surfaced as prominent drivers of human cancers. 
Their constitutive activation has been demonstrated in liver and mam-
mary gland tumorigenesis (2). YAP activation can also sustain tumor 
growth independently of KRAS in murine models (3). In addition, 

YAP/TAZ contribute to resistance against targeted therapies, such as MEK 
(mitogen-activated protein kinase kinase) (4). Consequently, pharma
cological inhibitors targeting the YAP/TAZ-driven transcriptional 
program hold great potential in cancer therapies, making the YAP/TAZ-
TEAD complex a promising drug development target in oncology.

Although there is an apparent absence of druggable pockets in 
YAP/TAZ, the revelation of a lipid pocket (LP) on TEADs has paved the 
way for the development and assessment of small-molecule TEAD 
inhibitors (SMIs) that specifically target TEADs. Various YAP/TAZ-
TEAD complex inhibitors have been discovered, mostly allosteric binders 
that target the TEAD LP, inhibiting autopalmitoylation crucial for TEAD 
maturation and functionality. However, previous TEAD LP binders 
exhibited limited efficacy in blocking YAP/TAZ binding to TEADs, 
resulting in subpar activity and antiproliferative effects. Furthermore, 
some compounds, like NVP-IAG933, directly compete with YAP/TAZ 
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at the TEAD binding site. To date, no TEAD binder has received US 
Food and Drug Administration (FDA) approval (5).

The phase separation of YAP is crucial for regulating dynamic 
changes in genome organization and gene activation, contributing to 
its oncogenic effects (6). In this study, we sought to develop a high-
throughput CEBIT (phase-separated condensate-aided enrichment 
of biomolecular interactions in test tubes)–based assay to identify 
YAP-TEAD inhibitors, evaluate their ability to curb tumor growth and 
tumorigenesis (including overcoming drug resistance) across multi
ple cancer models, and explore their synergistic effects with first-
line hepatocellular carcinoma (HCC) drugs.

RESULTS
Cobimetinib is identified as a potential YAP-TEAD  
binding inhibitor by a CEBIT-based high-throughput 
screening assay
We established the CEBIT strategy to detect biomolecular interac-
tions previously (7). Here, we used this strategy to develop a high-
throughput screening (HTS) assay for discovering YAP-TEAD 
inhibitors. It has been reported that YAP engages with TEADs through 
three highly conserved interfaces, featuring residues spanning from 
50 to 100 (8). Thus, by fusing YAP50–100 with (EGFP-SH3)14, we gen-
erated a construct [(EGFP-SH3-YAP50–100)14] that could be enriched in 
the phase-separated condensates [(EGFP-PRM)14] and drive phase 
separation. Similarly, the YAP-binding domain (YBD) of TEAD4 was 
fused with mCherry to generate mCherry-TEAD4YBD. Because of the 
specific interaction between YAP and TEAD4, mCherry-TEAD4YBD 
was enriched in the YAP-containing droplets (Fig. 1, A and B). The 
YAP-TEAD interaction was then quantified by the enrichment of 
the mCherry signal in enhanced green fluorescent protein (EGFP)–
labeled condensates. Mutations at key binding sites of YAP or TEAD4 
abolished this enrichment, confirming the system’s specificity (fig. 
S1A). Furthermore, VGLL4, a known TEAD binding competitor of 
YAP (9), also markedly reduced the mCherry signal (fig. S1B). For 
evaluation of the system’s effectiveness in screening YAP-TEAD in-
hibitors, we tested two known inhibitors: the Super-TDU peptide (9) 
and the VT-104 compound (10). With increasing concentrations, both 
inhibitors progressively decreased mCherry-TEAD4YBD enrichment, 
as evidenced by reduced mCherry signals (Fig. 1C and fig. S1C). 
This observation was further substantiated by quantitative analysis 
of the mCherry/EGFP signal intensity ratio in the droplets (Fig. 1D 
and fig. S1D). In addition, the HTS assay’s Z-factor was found to be 
0.574 (Fig. 1E), indicative of an excellent assay quality (11).

For HTS screening, inhibitors were preincubated with mCherry-
TEAD4YBD in 384-well plates for 24 hours. Subsequently, (EGFP-SH3- 
YAP50–100)14 and (EGFP-PRM)14 were introduced into the system 
for condensates formation. After an additional 24-hour incubation, 
high-content imaging was performed on the 384-well plates, and the 
inhibition effects were assessed by quantifying the mCherry/EGFP 
signal intensity in the droplets (Fig. 1F). Using this methodology, we 
screened 6365 diverse compounds, including synthetic chemicals, 
natural products, and microbial secondary metabolites (fig. S1E), at 
a concentration of 10 μM. In this screening effort, Super-TDU was 
used as a reliable positive control to validate the screening process 
(Fig. 1G). Among the top 10 screened compounds (fig. S1F), cobi-
metinib emerged as a highly effective inhibitor of the YAP-TEAD 
interaction (fig. S1, G and H), with an IC50 (median inhibitory con-
centration) value of 7.11 μM (Fig. 1H).

Cobimetinib occupies the palmitoylation site on TEAD and 
inhibits YAP-TEAD transcriptional activity
We subsequently performed glutathione S-transferase (GST) pull-
down and microscale thermophoresis (MST) assays. Both assays dem-
onstrated that cobimetinib efficiently disrupted the interaction between 
YAP and the truncated TEADYBD in vitro in a dose-dependent manner 
(Fig. 2, A and B, and fig. S2A). To further investigate whether cobi-
metinib is capable of disrupting the interaction between YAP and the 
full-length TEAD in vivo, we performed coimmunoprecipitation ex
periments with endogenous YAP and TEAD4 in NCI-H226 cells and 
exogenously expressed YAP and TEAD4 in human embryonic kidney 
(HEK) 293T cells. The results from both experiments concurred, 
confirming cobimetinib’s ability to interrupt the YAP-TEAD inter-
action (Fig. 2, C and D, and fig. S2, B and C). The result of CoPIC 
(compartmentalization of protein-protein interactions in cells), an in
novative strategy akin to CEBIT that leverages phase separation for 
protein-protein interaction screening (12), also showed cobimetinib’s 
inhibitory effects on the YAP-TEAD4 interaction (Fig. 2E and fig. 
S2, D to F).

As a pivotal transcriptional complex, YAP-TEAD binding fosters the 
expression of vital genes, including CYR61 and CTGF, which govern 
cell proliferation, migration, and tissue growth. Consequently, we 
evaluated cobimetinib’s impact on these gene expressions. Cobimetinib 
diminished the expression of YAP-TEAD–regulated genes (Fig. 2F), 
and impaired YAP-TEAD transcriptional activities, as evidenced by 
the luciferase reporter assay (Fig. 2G). The repression of YAP-TEAD 
transcriptional activity could stem from the disruption of their inter-
action or a defect in YAP’s nuclear localization, which is typically con-
trolled by the Hippo kinase cascade–mediated YAP phosphorylation 
(13). Intriguingly, cobimetinib did not alter YAP’s nuclear localization 
(fig. S2G) or the protein abundance of Hippo pathway components, in-
cluding YAP/TAZ, phosphorylated YAP [pYAP (S127)], and TEAD4 
(fig. S2H). Collectively, these findings conclusively established cobi-
metinib as an effective inhibitor targeting the YAP-TEAD complex 
and further revealed its primary mode of action: inhibiting YAP func-
tion by disrupting the YAP-TEAD interaction.

YAP has been reported to be not therapeutically amenable be-
cause of its intrinsically disordered structure (8), and numerous re-
ported YAP-TEAD interaction inhibitors tend to function through 
binding with TEAD (5). To determine whether cobimetinib could inter-
act with TEAD, we first generated a biotinylated cobimetinib deriva-
tive (biotin-cobimetinib; fig. S2I) and performed biotin pull-down 
experiments. Biotin-cobimetinib retained similar activity to cobi-
metinib in suppressing Hippo target CYR61 expression (fig. S2J), and 
it was able to pull down TEAD4 in cells, whereas the biotinylated 
FDA-approved MEK1/2 inhibitor selumetinib (biotin-selumetinib) 
was not (Fig. 2H and fig. S2K). The binding affinity of cobimetinib 
for TEAD4YBD was about 1.67 μM as determined by MST analysis 
(Fig. 2I), and it bound less strongly than VT-104 as determined by 
surface plasmon resonance analysis (fig. S2L). Moreover, compared 
with several YAP-TEAD inhibitors (VT-104, K-975, TED-347, MGH- 
CP1, and GNE 7883), cobimetinib demonstrated stronger inhibition 
of YAP-TEAD target gene transcription than TED-347 or MGH-
CP1 (fig. S3, A and B), and the inhibition was rapid and reached its 
maximum at 4 hours after treatment (fig. S3B). In addition, similar to 
VT-104, K-975, and GNE-7883, cobimetinib exhibited greater spec-
ificity in suppressing the proliferation of YAP-activated cells, including 
NCI-H226, NCI-H2052, and NCI-H2373, which are characterized 
by NF2 inactivation and consequent YAP activation (fig. S4, A and 
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B). Furthermore, at low concentrations (0.04, 0.12, and 0.37 μM), 
cobimetinib showed superior inhibitory effects on proliferation in 
these YAP-activated cell lines compared with MGH-CP1 and TED-
347 (fig. S5).

To investigate the molecular dynamics (MD) of cobimetinib in 
disrupting YAP-TEAD binding, we conducted all-atom MD simula-
tions on five systems containing the TEAD YAP-binding domain: 

one apo TEAD and four inhibitor-bound systems (with cobimetinib, 
MGH-CP1, GNE-7883, and VT-105, respectively). Structural analy-
sis revealed that cobimetinib, like the other three compounds, inter-
acted with Cys380 of TEAD2 (Cys368 of TEAD3), a key residue in the 
palmitoylation pocket, primarily through hydrogen bonding, along-
side hydrophobic interactions with most residues in the binding site 
(fig. S6A). In addition, the contact number analysis between the 

Fig. 1. Cobimetinib is identified as an inhibi-
tor of the YAP-TEAD complex by a CEBIT-based 
high-throughput screening. (A) CEBIT-based 
assay analyzed YAP50–100 and TEAD4YBD interac-
tion. mCherry-TEAD4YBD (0.5 μM) was recruit-
ed into phase-separated droplets induced by 
0.5 μM each of (gSH3-YAP50–100)14 and (gPRM)14. 
Representative fluorescence images depict-
ing the droplets are shown, including views 
of bright field, EGFP, and mCherry. Scale bars, 
10 μm. (B) Diagram of the CEBIT-based assay 
for identifying YAP-TEAD inhibitors. YAP50–100 
was fused with gSH3 (SmF-EGFP-SH3) to gen-
erate (gSH3-YAP50–100)14, and TEAD4YBD was 
fused with mCherry to form mCherry-TEAD4YBD. 
(gSH3-YAP50–100)14 and (gPRM)14 underwent 
phase separation, recruiting mCherry-TEAD4YBD 
into YAP50–100-containing droplets. YAP-TEAD 
inhibitors block mCherry droplet enrichment. 
(C) CEBIT-based assay revealed Super-TDU’s 
dose-dependent inhibition of the YAP-TEAD 
interaction. Representative EGFP and mCherry 
images show droplets at different Super-TDU 
concentrations. Scale bars, 10 μm. (D) Quanti-
fied mCherry/EGFP fluorescence intensity ratio 
in droplets at different Super-TDU concentra-
tions (n = 3). (E) CEBIT-based assay assessed 
well-to-well reproducibility in 384-well plates. 
Vehicle and Super-TDU (5 μM) were added as 
described in (B) (n = 130 biological replicates). 
(F) Diagram of CEBIT-based high-throughput 
screening for identifying YAP-TEAD inhibitors. 
Candidate compounds were preincubated 
with mCherry-TEAD4YBD, mixed with (gSH3-
YAP50–100)14 and (gPRM)14, and evaluated by 
droplet mCherry-TEAD4YBD enrichment. (G) CEBIT-
based assay identified YAP-TEAD inhibitors 
from 6365 compounds (including synthetic 
chemicals, natural products, and microbial 
secondary metabolites) at 10 μM (n = 1). Red 
dot: Super-TDU; purple dot: cobimetinib; blue 
dots: other hits. (H) CEBIT-based assay deter-
mined cobimetinib’s IC50 for inhibiting YAP-
TEAD binding (n = 3). The curve was fitted by 
nonlinear regression (4PL model) in GraphPad 
Prism 10, with the IC50 value and its 95% confi-
dence interval (CI) reported. Data are means ± 
SD. *P < 0.05; **P < 0.01; ***P < 0.001, one-
way ANOVA with Tukey’s correction. See also 
fig. S1.
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Fig. 2. Cobimetinib disrupts the YAP-
TEAD interaction and suppresses the 
YAP-TEAD transcriptional activities by 
inhibiting TEAD palmitoylation. (A) Pull- 
down analysis of cobimetinib’s dose-
dependent disruption of the YAP-TEAD 
interaction at 0, 10, 20, and 40 μM (n = 3). 
(B) MST analysis of the effects of vehicle 
and cobimetinib (1 mM) on YAP and 
TEAD4YBD affinity (n = 3). (C) Coimmu-
noprecipitation (Co-IP) analysis of vehi-
cle and cobimetinib (2.5, 5, and 10 μM; 
12 hours) disrupting endogenous YAP-
TEAD4 in NCI-H226 cells (n = 3). Arrow, 
immunoglobulin G (IgG) heavy chain. 
GAPDH, glyceraldehyde-3-phosphate dehy
drogenase. (D) Co-IP analysis of vehicle and 
cobimetinib (2.5, 5, and 10 μM; 12 hours) 
disrupting exogenous HA-YAP and Myc-
TEAD4 interaction in HEK293T cells (n = 3). 
(E) CoPIC analysis of cobimetinib (10 μM; 
12 hours) inhibiting the YAP-TEAD inter-
action in HeLa cells coexpressing GFP-
Nup98N-YAP50–100 and mCherry-TEAD4YBD 
(n =  3). Scale bars, 5 μm. (F) RT-qPCR 
analyzed the dose-dependent effects of 
cobimetinib (0, 2.5, 5, and 10 μM; 12 hours) 
on mRNA abundance of YAP-TEAD targets 
(CYR61, CTGF, ANKRD1, and Survivin) in NCI-
H226 cells (n = 3). (G) Gal4-TEAD4 luciferase 
reporter analysis of cobimetinib’s dose-
dependent inhibition of YAP transcrip-
tional activities in HEK293T cells. Cells 
transfected with Gal4-TEAD4, 5XUAS-
luciferase, and Renilla, treated with cobi-
metinib at the indicated concentrations 
for 24 hours, and then luciferase activi-
ties were measured and normalized to 
Renilla (n = 3). (H) Pull-down analysis of 
the binding of cobimetinib to TEAD4. 
Cell lysates from HEK293T cells trans-
fected with Myc-TEAD4 were incubated 
with biotin, biotin-selumetinib, or biotin- 
cobimetinib before streptavidin pull-
down, and immunoblotting was per-
formed to detect TEAD4 binding (n = 3). 
n.s., not significant. (I) Microscale thermo-
phoresis analysis of cobimetinib-TEAD4YBD 
interaction dynamics (n = 3). (J) Cocrystal 
structure of TEAD2YBD (gray)–cobimetinib 
(yellow). TEAD2YBD is shown as carbon, and 
cobimetinib and surrounding residues 
(purple) in the deep TEAD2YBD hydropho-
bic pocket are shown as sticks. (K) Simu-
lated annealing 2mFo − DFc omit map of 
palmitic acid and cobimetinib bound to 
TEAD2YBD. TEAD2YBD (gray) is shown as carbon, palmitic acid (yellow) and cobimetinib (yellow) are shown as sticks, and the map is shown as black mesh (scaled to 1.0 σ). 
(L) Superposition of cobimetinib (yellow) and palmitic acid [Protein Data Bank (PDB): 5HGU] in the TEAD2YBD (gray) hydrophobic pocket. TEAD2YBD is shown as carbon, and 
cobimetinib and palmitic acid are shown as sticks. (M) Diagram of the in vitro autopalmitoylation assay for TEAD4YBD. TEAD4YBD was preincubated with alkyne-modified 
palmitoyl–coenzyme A (CoA), then vehicle or cobimetinib was added for click chemistry, and palmitoylated TEAD4YBD (palm-TEAD4YBD) was detected by streptavidin blot. 
(N) In vitro autopalmitoylation assay analyzed cobimetinib’s effects on TEAD4YBD palmitoylation (n = 3). Data are means ± SD. ***P < 0.001, one-way ANOVA with Tukey’s 
correction. See also figs. S2 to S6.
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small molecules and residues lining the binding pocket also demon-
strated that cobimetinib, similar to the other three compounds, con-
sistently maintained interactions with the critical palmitoylation 
residues Cys380 and Lys357 of TEAD2 (Cys368 and Lys345 of TEAD3) 
(fig. S6B). Furthermore, our MD simulations (three replicates per 
system, each 200 ns in duration) demonstrated a marked reduction 
in atomic fluctuations of TEADYBD upon inhibitor binding, suggest-
ing that occupation of the palmitoylation site confers allosteric sta-
bilization of the TEAD surface required for YAP interaction (fig. 
S6C). To gain a deeper understanding of this intricate interaction, 
we conducted a cocrystallization experiment of cobimetinib com-
plexed with TEAD2YBD, a homolog of TEAD4YBD, and resolved its 
structure at a resolution of 2.7 Å. In this configuration, cobimetinib is 
deeply embedded in the hydrophobic pocket of TEAD2, surrounded 
by residues Phe251, Phe302, Tyr382, Phe386, Phe406, Tyr426, and Phe428 
(Fig. 2J and fig. S6D). Further structural comparison of TEAD2 in 
complex with cobimetinib or palmitate revealed that cobimetinib 
occupies the exact same spatial locations as palmitate in the hydro-
phobic pocket, without inducing any alterations in the folding pat-
tern of TEAD2 (Fig. 2, K and L). Palmitoylation has been reported 
to be crucial for TEADs binding with YAP and subsequent tran-
scriptional activities (14). Consequently, we performed an in vitro 
autopalmitoylation assay specifically targeting TEAD4 (Fig. 2M). 
Cobimetinib displayed a dose-dependent inhibitory effect on the 
palmitoylation of reconstituted TEAD4YBD (Fig. 2N and fig. S6E). 
These findings suggested that cobimetinib could directly interact with 
TEAD4YBD and impede the formation of the YAP-TEAD4 complex 
by inhibiting the palmitoylation of TEAD4.

Cobimetinib overcomes the MEK1/2 inhibitor resistance to 
inhibit MEK1 mutant tumor growth by targeting the 
YAP-TEAD complex
Cobimetinib was previously recognized as a highly selective allosteric 
inhibitor of MEK1/2 (15). MEK1/2, an important effector in the RAS 
signaling cascade, is also implicated in YAP activation (16). Given 
our findings that cobimetinib binds to TEAD and disrupts the inter-
action between YAP and TEAD, we then investigated the specific 
effects of cobimetinib’s inhibition on the YAP-TEAD interaction, 
independent of its influence on MEK1/2. To this end, we generated 
human cervical cancer cells, HeLa with MEK1/2 double knockout 
(HeLa-MEK1/2 DKO). The knockout efficiency was confirmed by 
genome DNA sequencing (fig. S7A) and immunoblotting (fig. S7B). 
In addition, we used both selumetinib and PD0325901 (also known 
as mirdametinib, another selective allosteric MEK1/2 inhibitor) as 
controls because PD0325901 exhibited inhibitory effects most closely 
resembling those of cobimetinib, and stronger than those of selu-
metinib, on the viability of A549 lung cancer cells [harboring the 
KRAS G12S (Gly12→Ser) point mutation with highly activated MEK1/2 
activity], as well as HCT-116 and HT29 colorectal carcinoma cells 
[both harboring the KRAS G13D (Gly13→Asp) mutation] (fig. S7C). 
Compared with HeLa wild-type (HeLa-WT) cells, selumetinib, 
PD0325901, and cobimetinib treatment had no influence on extra-
cellular signal–regulated kinases 1 and 2 (ERK1/2) phosphorylation 
(Fig. 3A and fig. S7D) or the expression of ERK1/2 downstream 
genes FOSL2 and JUN (Fig. 3B) in HeLa-MEK1/2 DKO cells, indi-
cating that selumetinib-, PD0325901-, and cobimetinib-mediated 
MEK1/2 inhibition was abolished in HeLa-MEK1/2 DKO cells. How
ever, cobimetinib treatment could still markedly reduce both cell 
proliferation and colony formation in HeLa-MEK1/2 DKO cells (Fig. 3, C 

to E). Furthermore, cobimetinib, but not selumetinib or PD0325901, 
displayed a marked suppression of CYR61 and CTGF expression in 
HeLa-MEK1/2 DKO cells (Fig. 3F). Coimmunoprecipitation experi-
ments indicated that cobimetinib could impair the YAP-TEAD inter-
action in HEK293T cells, whereas selumetinib and PD0325901 could 
not (fig. S7E). These data consistently demonstrated that cobimetinib 
can suppress YAP-TEAD activity by directly targeting the YAP-
TEAD interaction, irrespective of MEK1/2 involvement.

MEK1 with an Leu98-Ile103 deletion (hereinafter referred to as 
MEK1 Δ98-103) is a distinctive MEK1 mutant identified in human 
tumors (17), exhibiting hyperactivation of kinase activity (fig. S8A) 
and robust resistance to allosteric MEK inhibitors (fig. S8B). We found 
that this MEK1 mutant had the ability to profoundly up-regulate 
YAP reporter activities (fig. S8C) and to enhance the expression of 
YAP-TEAD target genes, such as CYR61 and CTGF (fig. S8, A and D). 
This effect was independent of the Hippo pathway given that LATS1/2 
DKO could not block it (fig. S8, E and F). Moreover, the expres-
sion of MEK1 Δ98-103 induced mobility shifts for YAP on SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) (fig. S8G) could be 
reversed by λ phosphoprotein phosphatase (λPP) treatment (fig. S8H), 
suggesting that MEK1 Δ98-103 triggers a distinct phosphorylation 
of YAP. ERK1/2, the essential kinases downstream of MEK1/2, have 
been reported to activate YAP by phosphorylating YAP at multiple 
sites (18). We assumed that ERK1/2 might mediate the promotional 
effects of MEK1 Δ98-103 on YAP. Consistent with this hypothesis, 
both the MEK1 Δ98-103–induced upshift (fig. S8I) and enhanced 
activities of YAP (fig. S8J) were abolished under the condition of 
ERK1/2 knockdown. Together, these results suggested that MEK1 
Δ98-103 could promote YAP phosphorylation through ERK1/2 and 
augment its transcriptional activity.

Enhanced transcriptional activity of YAP has been reported as a 
crucial mechanism underlying resistance to MEK1/2 inhibition in 
RAS-driven neuroblastomas (19) and serves as an essential output 
for tumor progression driven by KRAS mutation (20). YAP ablation 
almost completely abolished MEK1 Δ98-103–induced cell prolifer-
ation (fig. S8K) and colony formation (fig. S8, L and M). The ability of 
MEK1 Δ98-103 to induce YAP-mediated transcription was severely 
compromised in the TEAD-binding defective YAP–S94A (Ser94→Ala) 
mutant (fig. S8N), implying the requirement of intact YAP-TEAD 
transcriptional complexes in mediating the oncogenic MEK1 Δ98- 
103–induced transcription program. Therefore, cobimetinib was 
applied as an inhibitor of the YAP-TEAD complex for the treatment 
of MEK1 Δ98-103–associated tumors in vitro and in vivo. In vitro 
experiments demonstrated that cobimetinib treatment was more effec-
tive in reducing cell proliferation (Fig. 3G) and colony formation (Fig. 3, 
H and I). Although both PD0325901 and cobimetinib showed com-
parable inhibitory effects in the A549-WT xenograft mouse model, 
cobimetinib markedly reduced the tumor growth in the A549-MEK1 
Δ98-103 mutant xenograft mouse model, surpassing the efficacy of 
both PD032590 and selumetinib (Fig. 3, J to M). This superior effi-
cacy correlated with increased apoptosis and decreased prolifera-
tion, potentially through inhibition of YAP-TEAD transcriptional 
activity, without altering phosphorylated ERK1/2 (pERK1/2) or YAP 
abundance, as assessed by hematoxylin and eosin (H&E) and im-
munohistochemistry (IHC) staining of Ki67, cleaved caspase-3, 
pERK1/2, CYR61, and YAP (fig. S9A), and neither cobimetinib nor 
PD0325901 nor selumetinib affected the body weight of the mice (fig. 
S9B). Furthermore, cobimetinib markedly suppressed the expression 
of YAP-target genes CYR61 and CTGF compared with selumetinib 
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and PD0325901 in A549-MEK1 Δ98-103 cells (Fig. 3N) while main-
taining the abundance of pERK1/2 (Fig. 3O and fig. S9C). Cobi-
metinib induced dose-dependent inhibition of MAPK targets (FOSL2 
and JUN) and Hippo targets (CYR61 and CTGF). However, only MAPK 

target inhibition was reversed by constitutively active MEK1 over-
expression (Fig. 2F and fig. S9, D and E), demonstrating that cobi-
metinib suppresses YAP activity and tumor growth through direct 
disruption of the YAP-TEAD interaction.

Fig. 3. Cobimetinib reduces human MEK1 
mutant tumor growth by targeting the 
YAP-TEAD complex. (A) Immunoblotting 
analyzed vehicle, selumetinib (5 μM), 
PD0325901 (5 μM), and cobimetinib (5 μM) 
effects on ERK1/2 activation in HeLa WT 
and MEK1/2 DKO cells (n = 3). (B) RT-qPCR 
analyzed vehicle, selumetinib (5 μM), 
PD0325901 (5 μM), and cobimetinib (5 μM) 
effects on the expression of ERK1/2 down
stream genes FOSL2 and JUN in HeLa-WT 
and MEK1/2 DKO cells. (C) Cell prolifera-
tion assay analyzed the effects of vehicle, 
selumetinib (5 μM), PD0325901 (5 μM), and 
cobimetinib (5 μM) on cell proliferation in 
HeLa-WT and MEK1/2 DKO cells. (D) Colony 
formation assay analyzed the effects of 
vehicle, selumetinib (5 μM), PD0325901 
(5 μM), and cobimetinib (5 μM) on colony 
formation in HeLa-WT and MEK1/2 DKO 
cells (n = 3). Scale bar, 1 cm. (E) Quantified 
relative colony area described in (D). 
(F) RT-qPCR analyzed the effects of vehicle, 
selumetinib (5 μM), PD0325901 (5 μM), and 
cobimetinib (5 μM) on the expression of YAP-
TEAD downstream genes CYR61 and CTGF 
in HeLa-WT and MEK1/2 DKO cells. (G) Cell 
proliferation assay analyzed the effects 
of vehicle, selumetinib (1 μM), PD0325901 
(1 μM), and cobimetinib (1 μM) on cell pro-
liferation in A549 wild-type (WT) and MEK1 
Δ98-103 mutant cells. (H) Colony forma-
tion assay analyzed the effects of vehicle, 
selumetinib (1 μM), PD0325901 (1 μM), and 
cobimetinib (1 μM) on colony formation in 
A549-WT and MEK1 Δ98-103 mutant cells 
(n = 3). Scale bar, 1 cm. (I) Quantified rela-
tive colony area described in (H). (J) Treat-
ment diagram for vehicle, selumetinib, 
PD0325901, and cobimetinib in the A549-
WT and MEK1 Δ98-103 mutant CDX tumor 
growth model. (K) Tumor growth curve of 
vehicle, selumetinib (5 mg/kg), PD0325901 
(5 mg/kg), and cobimetinib (5 mg/kg) 
treatment in the A549-WT and MEK1 Δ98-
103 mutant CDX mice model (n = 5). (L) Rep-
resentative tumor images described in (J) 
and (K) were documented on day 28 post-
inoculation. (M) The ratio of tumor weight 
to body weight described in (J) to (L) was 
calculated on day 25 postinoculation (n = 
5). (N) RT-qPCR assessed the effects of ve-
hicle, selumetinib (5 μM), PD0325901 (5 μM), 
and cobimetinib (5 μM) on the mRNA abun-
dance of the YAP-TEAD target genes CYR61 
and CTGF in A549-WT and MEK1 Δ98-103 
mutant cells (n = 3). (O) Immunoblotting analyzed the effects of vehicle, selumetinib (5 μM), PD0325901 (5 μM), and cobimetinib (5 μM) on ERK1/2 phosphorylation in 
A549-WT and MEK1 Δ98-103 mutant cells (n = 3). Data are means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant; one-way ANOVA with Tukey’s correction. 
See also figs. S7 to S10.
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In addition, another cell line resistant to the MEK1/2 inhibitor 
trametinib (A549-TramR) was generated and validated using cell vi-
ability and colony formation assays (fig. S10, A to C). Activation of 
both YAP and MAPK signaling in A549-TramR cells was evidenced 
by decreased phosphorylation of YAP [pYAP (S127)] and increased 
pERK1/2 (fig. S10D). This resistant cell model was then used to assess 
cobimetinib’s efficacy in overcoming MEK1/2 inhibitor resistance 
mediated by the YAP-TEAD complex. Cobimetinib, unlike selu-
metinib or PD0325901, reduced colony formation in A549-TramR 
cells (fig. S10, E and F). Together, these findings provided further 
evidence that cobimetinib inhibited YAP activity and tumor growth 
by directly targeting the YAP-TEAD interaction. They also suggested 
that cobimetinib might be a promising therapeutic option for can-
cers with the MEK1 Δ98-103 mutant and those that are resistant to 
conventional MEK1/2 inhibitors.

Cobimetinib suppresses YAP-hyperactivated tumor growth 
through targeting the YAP-TEAD complex
Aberrant hyperactivation of YAP/TAZ has been implicated in con-
tributing to oncogenesis, fostering cancer cell proliferation, enhanc-
ing metastasis, and inducing therapy resistance (2). In this study, we 
further explored the efficacies of cobimetinib on inhibiting cell via-
bility and tumor growth of YAP-hyperactivated cancer cells. Neuro-
fibromatosis type 2 (NF2) deficiency, a biomarker for YAP dependency, 
is prevalent in mesothelioma and triggers YAP/TAZ activation (21). 
Large tumor suppressor kinases 1 and 2 (LATS1/2), the core kinases of 
the Hippo signaling pathway, mediate the phosphorylation of YAP 
and suppress its oncogenic function (13); thus, the LATS1/2 double 
knockout cells (LATS1/2 DKO) exhibit the hyperactivation of YAP-
TEAD function. Undoubtedly, compared with PD0325901, cobi-
metinib showed superior inhibitory effects on cell viability across 
a range of NF2-null mesothelioma cell lines, including NCI-H226 
(Fig. 4A), NCI-H2052 (fig. S11A), NCI-H2373 (fig. S11A), and 
NCI-H2373 (fig. S11B), as well as HeLa-LATS1/2 DKO cells (Fig. 4B).

Furthermore, compared with selumetinib and PD0325901, cobi-
metinib markedly impeded tumor growth of NCI-H226 cells, reca-
pitulating its mechanism observed in the A549-MEK1 Δ98-103 model 
through increased apoptosis and reduced proliferation through in-
hibition of YAP-TEAD transcriptional activity (Fig. 4, C to F, and 
fig. S11C) without affecting mice’s body weight (fig. S11D). More-
over, although PD0325901 and cobimetinib exhibited similar inhi-
bition effects in the HeLa CDX mouse model (fig. S12, A to F), 
cobimetinib was much more potent at inhibiting the HeLa-LATS1/2 
DKO tumor growth than PD0325901 in vivo through mechanisms 
similar to those observed in the A549-MEK1 Δ98-103 mutant model 
(Fig. 4, G to J, and fig. S13, A and B). In addition, reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR) analysis of 
Hippo target gene expression in these xenograft tumors revealed that 
cobimetinib surpassed PD0325901 in decreasing the mRNA abun-
dance of Hippo target genes, including CYR61, CTGF, and ANKRD1 
(Fig. 4, K and L). Besides, LATS1/2 DKO in HeLa cells further en-
hanced cobimetinib sensitivity (Fig. 4M), whereas TEAD1/3/4 (Fig. 4N) 
and YAP/TAZ (Fig. 4O) knockdown in HeLa cells, as well as TEAD 
knockout in YAP-5SA–overexpressing HEK293A cells (fig. S14, A 
and B), reduced it, reinforcing our findings that cobimetinib targeted 
the YAP-TEAD complex. Moreover, we also generated a constitu-
tively active TEAD mutant cell line in NCI-H2373 cells by overex-
pressing TEAD4-VP16 (designated as NCI-H2373-TEAD4-VP16) 
for rescue experiments. The cell line was validated by assessing the 

expression of TEAD4-VP16-FLAG and YAP-TEAD target genes (fig. 
S14, C and D). Compared with NCI-H2373-WT cells, the inhibitory 
effects of cobimetinib on YAP-TEAD target genes were completely 
abolished in NCI-H2373-TEAD4-VP16 cells (fig. S14E). In addi-
tion, the suppressive effects of cobimetinib on cell colony formation 
were also markedly attenuated in NCI-H2373-TEAD4-VP16 cells (fig. 
S14, F and G). These findings further confirmed that cobimetinib 
targeted the YAP-TEAD complex.

In line with a sensitivity analysis of 81 liver cancer cells, collecting 
31 public liver cancer cell lines and 51 patient-derived cell models, to 
90 anticancer drugs, including three MEK1/2 inhibitors—cobimetinib, 
trametinib, and selumetinib (22)—liver cancer cells with high TEAD1 
expression were more sensitive to cobimetinib than trametinib or 
selumetinib (Fig. 4, P to Q, and fig. S14, H to I). Collectively, these 
results underscored cobimetinib’s ability to inhibit YAP-TEAD ac-
tivities and demonstrate its enhanced efficacy against tumors with 
YAP addiction.

Cobimetinib inhibits both liver tumor growth and 
tumorigenesis and alleviates liver damage
The activation of YAP has been revealed to promote liver cancer de-
velopment and liver tumorigenesis (23–25). YAP has also been re-
ported to be overexpressed in various patient-derived HCC tissues 
(26). The Huh7 hepatoma cell line is Hippo inactive (27) and exhibits 
high YAP expression (28). Compared with HepG2, Mahlavu, and 
Hep3B HCC cells, a high protein abundance of YAP/TAZ and TEADs 
was observed in Huh7 cells (fig. S15A). YAP knockdown reduced both 
cell proliferation and colony formation in Huh7 cells as well (fig. S15, 
B to E). Therefore, we selected the Huh7 model to further evaluate 
the efficacy of cobimetinib. Beyond its marked effectiveness in sup-
pressing the growth of MEK mutant (Fig. 3) and YAP-hyperactivated 
tumors (Fig. 4), cobimetinib undeniably demonstrated superior in-
hibitory effects on Huh7 liver cancer tumor growth compared with 
selumetinib and PD0325901, both in vitro and in vivo (Fig. 5, A to G, 
and fig. S15, F to J). The underlying mechanisms were similar to 
those in the aforementioned cobimetinib-treatment models (fig. S15K). 
In addition, cobimetinib showed better suppression of the metastasis 
of Huh7 liver cancer cells in vitro (fig. S15, L to O).

Moreover, we explored the impact of cobimetinib on liver tu-
morigenesis in three mouse models. Extensive research has shown 
that YAP, acting downstream of proto-oncoprotein Myc or aberrant 
p53, contributes to carcinogenesis. Therefore, we first used a well-
established genetic mouse model that mimics human HCC driven 
by Myc overexpression and p53 knockout (Myc; sg-p53) (Fig. 5H). 
This model generates liver tumors in a relatively short period of 3 to 
4 weeks, recapitulating all the histologic features of human HCC 
(29). After 3 weeks of treatment with PD0325901 and cobimetinib, 
the mice’s livers were dissected for further analysis. Cobimetinib treat-
ment drastically repressed liver tumorigenesis (Fig. 5, I and J). The 
reduction in serum ALT (alanine aminotransferase) and AST (aspar-
tate aminotransferase) concentrations after cobimetinib treatment 
indicated that improved liver function resulted from alleviating 
tumorigenesis (Fig. 5, K and L), and the minimal changed body 
weights also implied low toxicity of the drug (fig. S16A). Further-
more, pathological analysis revealed that the cobimetinib-treated group 
had much smaller lesions, a lower proliferation rate, and a higher 
apoptosis rate compared with those of the vehicle- or PD0325901-
treated group (Fig. 5, M and N, and fig. S16B). In addition, cobi-
metinib treatment inhibited the expression of Hippo targets (Fig. 5O and 
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Fig. 4. Cobimetinib inhibits YAP-
hyperactivated tumors growth by di-
rectly targeting the YAP-TEAD complex. 
(A and B) Cell viability assay assessed the 
effects of PD0325901 and cobimetinib 
on cell viability in NCI-H226 [(A); n = 6] 
and HeLa-LATS1/2 DKO cells [(B); n = 6]. 
(C) Treatment diagram for vehicle, selu-
metinib, PD0325901, and cobimetinib in 
the NCI-H226 CDX tumor growth model. 
(D) Tumor growth curve of vehicle, selu-
metinib (10 mg/kg), PD0325901 (10 mg/
kg), and cobimetinib (10 mg/kg) treat-
ment in the NCI-H226 CDX (n = 6) tumor 
growth model. (E) Representative tumor 
images described in Fig. 3 (C and D) were 
documented on day 34 postinoculation. 
(F) The ratio of tumor weight to body 
weight described in Fig. 3 (C to E) was 
calculated on day 34 postinoculation (n = 
6). (G) Treatment diagram for vehicle, 
selumetinib, PD0325901, and cobimetinib 
in the HeLa-LATS1/2 DKO CDX tumor 
growth model. (H) The tumor growth 
curve of vehicle, selumetinib (10 mg/kg), 
PD0325901 (10 mg/kg), and cobimeti
nib (10 mg/kg) treatment in the HeLa-
LATS1/2 DKO CDX tumor growth model 
(n = 6). (I) Representative tumor images 
described in Fig. 3 (G and H) were docu-
mented on day 32 postinoculation. (J) The 
ratio of tumor weight to body weight de-
scribed in Fig. 3 (G to I) was calculated 
on day 32 postinoculation (n = 6). (K) RT-
qPCR analyzed the expression of YAP-
TEAD target genes CYR61, CTGF, and 
CyclinD1 in NCI-H226 xenograft described 
in Fig. 3 (C to F) (n = 3). (L) RT-qPCR ana-
lyzed the expression of YAP-TEAD target 
genes CYR61, CTGF, and ANKRD1 in HeLa-
LATS1/2 DKO xenograft described in Fig. 3 
(G to J) (n = 3). (M to O) Cell viability anal-
ysis assessed LAST1/2 DKO [(M); n = 6], 
TEAD1/3/4 knockdown (siTEAD1/3/4) [(N); 
n = 3], and YAP/TAZ knockdown (siYAP/
TAZ) [(O); n = 3] effects on HeLa cell sen-
sitivity to cobimetinib. (P) Correlation 
analysis of cell sensitivity (IC50) (n = 3) 
of MEK1/2 inhibitors cobimetinib, tra-
metinib, and selumetinib with TEAD1 ex-
pression (n = 2) in 81 liver cancer cell lines 
by GraphPad Prism 10. IC50 values of cobi-
metinib, trametinib, and selumetinib as 
well as TEAD1 expression of 81 liver can-
cers were downloaded from the LIMORE 
database. The top panel shows the IC50 (blue: sensitivity; red: resistance), and the bottom panel shows the TEAD1 expression (blue: low; red: high). (Q) Quantified correlation of the 
IC50 of cobimetinib, trametinib, and selumetinib with TEAD1 expression in 81 liver cancer cell lines as described in Fig. 3P by GraphPad Prism 10. TEAD1_Low and TEAD1_High 
represented the bottom and top 30% of the TEAD1 expression. For a box-and-whisker plot, the box displays the IC50 IQR (interquartile range), with the internal line indicating the 
median. Whiskers extend to Q3 + 1.5 × IQR and Q1 − 1.5 × IQR, and points beyond are outliers. Data are means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant; 
Student’s t test [(A), (B), and (M) to (O)]; one-way ANOVA with Tukey’s correction [(D), (F), (H), and (J) to (L)]. See also figs. S11 to S14.
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fig. S16B), suggesting that YAP inhibition was crucial for cobimetinib-
mediated suppression of liver tumorigenesis.

In addition, an in vivo liver tumorigenesis model induced by YAP 
hyperactivation was used. As the most important upstream kinase that 

restricts YAP activation, the inactivation of MST1/2 is responsible for 
the overactivation of YAP and tumorigenesis (24, 25). By combining a 
genetically engineered mouse model, Mst1Flox/Flox, Mst2−/−, with the Sleep-
ing Beauty (SB) system, we established an in vivo liver tumorigenesis 

Fig. 5. Cobimetinib suppresses liver tu-
mor growth and tumorigenesis and 
alleviates liver damage. (A) Cell prolifer-
ation assay analyzed the effects of vehi-
cle, PD0325901 (0.1 μM), and cobimetinib 
(0.1 μM) on cell proliferation in Huh7 cells 
(n = 6). (B) Colony formation assay as-
sessed the effects of vehicle, PD0325901 
(1 μM), and cobimetinib (1 μM) on colony 
formation in Huh7 cells. Scale bar, 1 cm. 
(C) Quantified relative colony area de-
scribed in (B) (n = 3). (D) Treatment diagram 
for vehicle, PD0325901, and cobimetinib 
in the Huh7 CDX mice model. (E) Tu-
mor growth curve of vehicle, PD0325901 
(10 mg/kg), and cobimetinib (10 mg/kg) 
treatment in the Huh7 CDX mice model 
(n = 6). (F) Representative tumor images 
described in (D) and (E) were documented 
on day 21 postinoculation. (G) The ratio of 
tumor weight to body weight described 
in (D) to (F) was calculated on day 21 post-
inoculation (n = 6). (H) Treatment diagram 
for vehicle, PD0325901, and cobimetinib 
in the Myc; sg-p53–induced liver tumori-
genesis model. (I) Representative tumor 
images of vehicle, PD0325901 (10 mg/kg), 
and cobimetinib (10 mg/kg) treatment 
in the Myc; sg-p53–induced liver tumori-
genesis model (n = 6). (J) Quantified tumor 
numbers in mice treated with vehicle, 
PD0325901, and cobimetinib as described 
in (H) and (I) (n = 6). (K and L) Mice serum 
ALT (K) and AST (L) concentrations under 
the impact of vehicle, PD0325901, and 
cobimetinib as described in (H) and 
(I) (n = 6). (M) Representative images of 
H&E staining and Ki67 IHC described in 
(H) and (I). Scale bars, 500 μm (H&E) and 
20 μm (Ki67). (N) Quantified Ki67 signals 
of the tumor sections analyzed by IHC in 
(M) (n = 3). (O) RT-qPCR analyzed the ex-
pression of YAP-TEAD target genes Cyr61, 
Ctgf, and Cyclind1 described in (H) and 
(I) (n = 3). (P) Treatment diagram for ve-
hicle and cobimetinib in an Mst1/2 DKO– 
induced liver tumorigenesis model. 
(Q) Representative tumor images of ve-
hicle and cobimetinib (10 mg/kg) treat-
ment in the Mst1/2 DKO–induced liver 
tumor genesis model (n = 6). Scale bar, 
1 cm. (R to T) Quantified tumor numbers 
[(R); n = 6], quantified grade II tumor 
numbers [(S); n = 6], and quantified tu-
mor volumes [(T); n = 6] in mice treated 
with vehicle and cobimetinib described 
in (P) and (Q). (U) Representative images of H&E staining and Ki67 IHC described in (P) and (Q). Scale bars, 500 μm (H&E) and 20 μm (Ki67). (V) Quantified Ki67 signals in the 
tumor sections analyzed by IHC in (U) (n = 3). (W) RT-qPCR analyzed expression of Cyr61, Ctgf, and Cyclind1 described in (P) and (Q) (n = 3). Data are means ± SD. *P < 0.05; 
**P < 0.01; ***P < 0.001, Student’s t test [(R) to (T), (V), and (W)]; one-way ANOVA with Tukey’s correction [(A), (C), (E), (G), (J) to (L), (N), and (O)]. See also figs. S15 to S17.
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model caused by YAP hyperactivation (Fig. 5P) (30). Consistent with 
the findings in the above Myc; sg-p53 mice model, cobimetinib treat-
ment reduced liver tumorigenesis in these Mst1/2 DKO mice com-
pared with the vehicle (Fig. 5Q). It apparently decreased the tumor 
numbers (Fig. 5R), the number of grade II tumors (Fig. 5S), and the 
tumor volumes (Fig. 5T). Cobimetinib treatment also resulted in much 
smaller lesions, decreased cell proliferation, and increased apoptosis 
compared with the vehicle control, as evidenced by H&E staining, 
Ki67, and cleaved caspase-3 analysis, respectively (Fig. 5, U and V, 
and fig. S16C). RT-qPCR or IHC analysis of liver samples indicated 
that the expression amounts of YAP target genes, such as Cyr61 and 
Ctgf, were down-regulated by cobimetinib (Fig. 5W and fig. S16C).

Furthermore, a liver tumorigenesis model induced by the coex-
pression of Nras G12V (Gly12→Val) and Myr-Akt [Nras (G12V); 
Myr-Akt] was used to evaluate the inhibitory effects of cobimetinib (fig. 
S17, A to E). In this model, YAP was also activated (31). IHC analysis 
for hepatocyte nuclear factor 4 alpha (HNF4α) and cytokeratin 19 
(CK19) was performed to confirm the successful generation of liver tumor 
(fig. S17D). Compared with both selumetinib and PD0325901, cobi-
metinib demonstrated superior efficacy with comparable mechanistic 
activity in suppressing Nras (G12V); Myr-Akt–induced liver tumor-
igenesis (fig. S17), consistent with the aforementioned models. 
Collectively, these data indicated that cobimetinib is an effective in-
hibitor of liver tumorigenesis.

Cobimetinib improves sorafenib and lenvatinib efficacy 
against liver tumor growth and tumorigenesis
Sorafenib, a broad-spectrum tyrosine kinase inhibitor (TKI) that ex-
erts robust antiangiogenic effects by targeting VEGFR1-3 and PDGFR, 
has been the standard first-line systemic therapy for advanced HCC 
for more than a decade. However, the clinical response rate to sorafenib 
is below 20%, and the overall survival (OS) benefits are limited be-
cause of primary or secondary resistance (32). The activation of YAP was 
observed after sorafenib treatment, as assessed by decreased phos-
phorylation of YAP [pYAP(S127)] and increased expression of the 
Hippo targets CYR61 and CTGF (fig. S18, A and B). Because the activa-
tion of YAP has been reported to contribute to sorafenib resistance 
in HCC (33, 34), a sorafenib-resistant Huh7 cell line (Huh7-SorR) was 
subsequently generated and verified through cell viability and colony 
formation assays to evaluate cobimetinib’s efficacy against sorafenib-
resistant liver cancer (fig. S18, C to E). Compared with Huh7-WT 
cells, Huh7-SorR cells exhibited elevated YAP protein abundance. In 
addition, YAP knockdown increased the sensitivity of Huh7-SorR 
cells to sorafenib, indicating that YAP plays a critical role in mediat-
ing Huh7-SorR tumor growth (fig. S18, F to I). Hence, we conducted 
the subsequent studies to examine the therapeutic efficacy of com-
bining cobimetinib with sorafenib.

Cobimetinib not only enhanced the effectiveness of sorafenib in 
inhibiting the cell proliferation or colony formation of human liver 
cancer cell Huh7 and Huh7-SorR in vitro (Fig. 6, A to C, and fig. S18, 
J and K) but also suppressed the growth of Huh7 and Huh7-SorR 
xenograft tumors in vivo with the mechanism of decreasing the pro-
liferation and increasing the apoptosis (Fig. 6, D to G, and fig. S19), 
all without affecting the body weight of the mice (Fig. 6H). More-
over, cobimetinib monotherapy has demonstrated superior benefits 
over sorafenib both in vitro and in vivo (Fig. 6, A to G, and fig. S19, 
A to F), as well as over the TEAD inhibitor TED347 in vivo (Fig. 6, D 
to G, and fig. S19A). This superiority could stem from cobimetinib’s 
effective targeting of the YAP-TEAD complex.

Furthermore, the combination of cobimetinib and sorafenib dem-
onstrated marked synergistic benefits in the HCC mouse model in-
duced by Myc; sg-p53 and Nras (G12V); Myr-Akt, inhibiting liver 
tumorigenesis through mechanisms involving decreased prolifera-
tion and increased apoptosis and alleviating liver damage (Fig. 6, I 
to P, and fig. S20, A to F).

Lenvatinib, a small-molecule inhibitor of multiple receptor tyro-
sine kinases, is used to treat patients with advanced HCC. However, its 
overall response rate is only 24.1%, highlighting the need for combi-
nation therapies to improve the clinical benefits of lenvatinib-based 
HCC treatments (35). We therefore also evaluated the efficacy of com-
bining cobimetinib with lenvatinib on tumor growth and tumori-
genesis in vivo. Although lenvatinib, unlike sorafenib, did not alter 
pYAP (S127) expression or mRNA abundance of CYR61 and CTGF 
in Huh7 cells apparently (figs. S18, A and B, and S21, A and B), co-
bimetinib still exhibited marked cooperative effects with lenvatinib in 
suppressing Huh7 tumor growth and tumorigenesis through mech-
anisms akin to those in the sorafenib combination treatment (figs. 
S20, B to F, and S1, C to H). Cobimetinib inhibited liver tumor growth 
to a degree comparable to that of lenvatinib alone (fig. S21, C to H). 
However, it demonstrated superior suppression of liver tumorigen-
esis compared with lenvatinib (fig. S20, B to F). Collectively, cobi-
metinib’s ability to disrupt the YAP-TEAD interaction improved the 
efficacy of sorafenib and lenvatinib in suppressing both liver tumor 
growth and tumorigenesis.

Cobimetinib overcomes MAPK 
activation–mediated resistance
Hippo pathway–targeted therapies are considered to have great po-
tential for combination with RAS–MAPK pathway inhibitors, owing 
to the close functional ties in development and disease (36). MAPK 
hyperactivation confers resistance to YAP-TEAD inhibition, and MAPK 
inhibition improves their efficacy (37, 38). Consistently, we also ob-
served that cobimetinib suppressed cell viability more effectively than 
VT-104 in NF1 knockdown (fig. S22, A and B) and GNE 7883 (a 
YAP-TEAD inhibitor)–resistant cell models (fig. S22, C to E), where 
NF1 loss and TEAD inhibitor resistance correlate with MAPK acti-
vation. Therefore, cobimetinib’s dual-targeting capability offers dis-
tinct advantages over single-pathway inhibitors and investigational 
YAP-TEAD inhibitors.

DISCUSSION
Over the past 2 decades, substantial progress has been made in drug 
discovery targeting the Hippo pathway to combat diseases, particularly 
in tumors. YAP-TEAD protein interactions have emerged as the most 
promising target for small-molecule modulation (5). Various methods 
and strategies, including fluorescence resonance energy transfer, ther-
mal shift assay, alpha assay, surface plasmon resonance, and in silico mo-
lecular docking, have been used to screen for YAP-TEAD inhibitors 
(39). However, the discovered inhibitors remain in the preclinical test-
ing phase. In comparison with existing methods, the CEBIT screening 
assay presented here offers several noteworthy advantages. First, it 
detects in vitro biomolecular interactions with highly sensitivity and 
minimal protein input, inspired by cellular membraneless organelles. 
Second, it enables high-content imaging analysis of compound effects 
on the YAP-TEAD interaction, supporting large-scale HTS in 384-well 
plates. Last, it provides a definitive readout of compound efficacy in 
directly modulating the purified protein-protein interaction (7).
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By using the CEBIT method, the clinical drug cobimetinib was 
identified as a YAP-TEAD inhibitor (fig. S23). Cocrystallization and 
palmitoylation studies revealed that cobimetinib binds to the central 
pocket of TEAD, thereby blocking its palmitoylation. This structure 
offers insights into the inhibition mechanisms of cobimetinib and 

provides a valuable platform for optimizing inhibitors with enhanced 
biological and pharmacological activities.

Apart from its direct oncogenic potency in cancers with disrupted 
Hippo pathways, the YAP/TAZ-TEAD complex substantially contrib-
utes to both intrinsic and acquired tumor resistance, which undermines 

Fig. 6. Cobimetinib improves sorafenib 
efficacy against both liver tumor growth 
and tumorigenesis. (A) Cell prolifera-
tion assay analyzed vehicle, sorafenib 
(0.1 μM), and cobimetinib (0.1 μM) single 
or combined treatment on cell prolifer-
ation in Huh7 cells (n = 6). (B) Colony 
formation assay analysis of vehicle, sora
fenib (0.1 μM), and cobimetinib (0.1 μM) 
single or combined treatment on col-
ony formation in Huh7 cells. Scale bar, 
1 cm. (C) Quantified relative colony area 
described in (B) (n = 3). (D) Treatment 
diagram for vehicle, TED-347, and single 
or combined treatment of sorafenib and 
cobimetinib in the Huh7 CDX tumor 
growth model. (E) Tumor growth curve of 
vehicle, TED-347 (10 mg/kg), and single 
or combined treatment of sorafenib 
(20 mg/kg) and cobimetinib (10 mg/kg) 
in the Huh7 CDX mice model (n = 6). 
(F) Representative tumor images de-
scribed in (D) and (E) were documented 
on day 23 postinoculation. (G) The ratio 
of tumor weight to body weight de-
scribed in (D) to (F) was calculated on 
day 23 postinoculation (n = 6). (H) Body 
weights of mice described in (D) to 
(G) were measured (n = 6). (I) Treatment 
diagram for vehicle and single or com-
bined treatment of sorafenib and cobi-
metinib in the Myc; sg-p53–induced liver 
tumorigenesis model. (J) Representa-
tive tumor images of vehicle and single 
or combined treatment of sorafenib 
(20 mg/kg) and cobimetinib (10 mg/kg) 
in the Myc; sg-p53–induced liver tumori-
genesis model (n = 6). (K) Quantified 
tumor numbers in mice treated with ve-
hicle and single or combined treatment 
of sorafenib (20 mg/kg) and cobimetinib 
(10 mg/kg) described in (I) and (J) (n = 6). 
(L and M) Mice serum ALT (L) and AST 
(M) concentrations under the impact of 
vehicle and single or combined treat-
ment of sorafenib (20 mg/kg) and cobi-
metinib (10 mg/kg) described in (I) and 
(J) (n  =  6). (N) Body weights of mice 
described in (I) and (J) were measured 
(n  =  6). (O) Representative images of 
H&E and Ki67 staining described in 
(I) and (J). Scale bars, 500 μm (H&E) and 
20 μm (Ki67). (P) Quantified Ki67 signals 
in the tumor sections analyzed by IHC in 
(O) (n = 3). Data are means ± SD. *P < 
0.05; **P < 0.01; ***P < 0.001; n.s., not 
significant; one-way ANOVA with Tukey’s 
correction. See also figs. S18 to S21.
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a wide variety of antitumor treatments. MEK1 mutants occur in more 
than 1% of human tumors, especially melanoma, colorectal, lung, and 
other carcinomas (17). Here, we analyzed cobimetinib’s therapeutic 
potential against the MEK1 Δ98-103 mutant, a mutation observed in 
human tumors. Despite resistance to conventional MEK1/2 inhibitors, 
this mutant demonstrated robust sensitivity to cobimetinib in vitro 
and in vivo. In addition, A549-TramR and Huh7-SorR cells were also 
sensitive to cobimetinib in vitro or in vivo. Our in-depth mechanis-
tic study revealed that YAP activity was markedly up-regulated in 
these cells. However, cobimetinib’s distinct ability to disrupt YAP-
TEAD, independently of MEK1/2, overcame this resistance and dis-
played potential in inhibiting tumor growth.

YAP is universally activated by Hippo pathway dysregulation, 
which is crucial for tumorigenesis across various cancers. Beyond 
mediating Hippo pathway–induced oncogenesis, YAP can also func-
tion downstream of other signaling pathways, becoming abnormal-
ly active when they are deregulated. For instance, YAP is activated in 
uveal melanoma with GNAQ/GNA11 mutations in GPCR signaling 
(40). In APC-deficient colorectal cancer, Wnt-ON elevates YAP abun-
dance, where YAP and β-catenin synergistically promote tumori-
genesis (41). In this study, we also showed that cobimetinib markedly 
reduced tumor growth associated with YAP-TEAD hyperactivation, 
suggesting a potential application of cobimetinib in the therapy of 
such YAP-TEAD hyperactivation tumors.

HCC is the third leading cause of cancer-related death world-
wide. Sorafenib, a broad-spectrum TKI, has been the first-line sys-
temic treatment for advanced HCC for more than a decade. However, 
its clinical response rate is below 20%, whereas its OS benefits are 
severely hindered by primary and secondary resistance (32). Lenva-
tinib, another first-line option, also has a low overall response rate, 
necessitating combination therapies (35). In this study, we demon-
strated that cobimetinib, alone or combined with sorafenib or lenvatinib, 
strongly diminished tumor growth, inhibited HCC tumorigenesis, 
and mitigated liver damage. However, the determination of the op-
timal dosage for administering this combination treatment remains 
unexplored, which is a limitation of the study. Nevertheless, our data 
indicate that cobimetinib, administered alone or in combination with 
sorafenib or lenvatinib, could be an encouraging therapeutic strategy 
for HCC management.

This study sheds light on cobimetinib’s single and synergistic effects 
with sorafenib and lenvatinib in suppressing tumor growth and tu-
morigenesis. However, several limitations should be acknowledged. 
First, the experimental findings were derived primarily from in vitro 
and xenograft models, which may not fully reflect human tumor com-
plexity or clinical diversity. Second, clinical translation of these find-
ings requires further validation in patient-derived models or early 
trials to assess therapeutic efficacy and safety in humans. Last, unad-
dressed interindividual differences in drug pharmacokinetics and 
pharmacodynamics could affect clinical outcomes.

In summary, this study introduces a CEBIT-based HTS method 
for discovering YAP-TEAD inhibitors. The identified clinical drug, 
cobimetinib, disrupts the YAP-TEAD complex by inhibiting TEAD 
palmitoylation. Cobimetinib, when administered alone, demonstrates 
superior efficacy in suppressing the growth of complex cancers with 
constant YAP activation, YAP hyperactivation, MEK1 Δ98-103 mu-
tation, or drug resistance stemming from YAP activation. In addition, 
it exhibits a suppressive effect on liver tumorigenesis. Furthermore, it 
enhances the efficacy of the clinical first-line drug sorafenib and len-
vatinib against HCC tumor growth and tumorigenesis. These findings 

elucidate the mechanisms of cobimetinib’s action in complex cancers 
and expanded its therapeutic horizon in the realm of cancer treatment. 
The monotherapy of cobimetinib or its combination with sorafenib 
or lenvatinib holds immense potential as a potent therapeutic strategy 
in combating complex and resistant cancer types associated with hy-
peractivated YAP, offering a promising approach to tackling these 
challenging cancer malignancies.

MATERIALS AND METHODS
Study design
The objectives of this work were to identify and characterize YAP-
TEAD inhibitors and evaluate their efficacy on hyperactivated YAP-
induced tumor growth and tumorigenesis in multiple cancer models. 
We developed a phase separation–based HTS method, screening 
6365 compounds to find cobimetinib, an FDA-approved MEK1/2 in-
hibitor, as a potent YAP-TEAD inhibitor. MD, cocrystallization, and 
palmitoylation studies showed cobimetinib binds to the TEAD LP, 
disrupting palmitoylation. We also assessed cobimetinib’s efficacy in 
three MAPK-dysregulated, YAP-hyperactivated models, showing 
superior activity over selumetinib and PD0325901. Moreover, cobi-
metinib showed promise in inhibiting tumor growth and tumori-
genesis in HCC with hyperactivated YAP, alone or with first-line 
drugs, in mouse models. Although the experiment was not blinded, 
animals were randomly grouped, with sample sizes set by prior and 
preliminary data. All cell-based experiments were independently 
replicated at least three times, and animals were in groups of four to 
six. Data points were shown as dots in figures to illustrate biological 
variability, with replicate numbers in legends.

Statistical analyses
Data were analyzed using GraphPad Prism 10 or Excel 2019 soft-
ware, presented as means ± SD with error bars. Group comparisons 
used one-way analysis of variance (ANOVA) or unpaired two-tailed 
Student’s t test, with significance at *P < 0.05; **P < 0.01; ***P < 
0.001; n.s., not significant. Statistical details (tests used, n values, 
and precision) were specified in figures and legends unless other-
wise indicated.
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Erratum for the Research Article “Phase separation–based HTS identifies 
cobimetinib as a YAP-TEAD inhibitor that suppresses hyperactivated YAP-
induced cancer progression” 
 
The authors of the Research Article “Phase separation–based HTS identifies cobimetinib as a YAP-TEAD inhib-
itor that suppresses hyperactivated YAP-induced cancer progression” by R. Yang et al. present one correction 
and two clarifications in the Supplementary Materials. In fig. S5, the values for 0.37 μM GNE-7883 in NCI-
H2052 and NCI-H2373 cells were identical to those for 0.04 μM because of a copy-paste error. The authors 
retrieved the original data and corrected fig. S5 in the Supplementary Materials PDF and the data in data file S1. 
Some controls or samples were processed in the same experimental batch to minimize batch-to-batch variability 
and conserve samples. However, the data were presented in different figure panels for addressing distinct biolog-
ical questions. To avoid misinterpretation, notations indicating concurrent samples have been added to data file 
S1 as follows: asterisk (*) for Fig. 4, N and O; asterisk (*) and hash tag (#) for Figs. 5A and 6A; and color marks 
for fig. S3A. In addition, the full-precision decimal values, raw measurements, and the calculation formula for 
fig. S21D are provided in data file S1 to avoid misinterpretation caused by rounding. The correction and clarifi-
cations do not affect the interpretation of the experiments or conclusions of the study. 
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Phase separation–based HTS identifies cobimetinib as a YAP-TEAD inhibitor that
suppresses hyperactivated YAP-induced cancer progression
Ruizeng Yang, Liqiao Hu, Jing Wang, Jia Wang, Liang Yuan, Mengying Wu, Lingli He, Wentao Yu, Peihao Chen, Xiaoli Lu,
Fangzheng Hu, Haijiao Zhang, Haoran Gao, Xiaodong Wang, Haoen Zhang, Yang Sun, Jinjin Xu, Jing Huang, Hu Zhou,
Jidong Zhu, Fang Wei, Yunyun Jin, Yijun Gao, Qiang Fu, Xiangbing Qi, Jing Yu, Pilong Li, Xiaojing He, and Lei Zhang

Sci. Transl. Med. 18 (846), eadu0814.  DOI: 10.1126/scitranslmed.adu0814

Editor’s summary
YAP/TAZ are key effectors of the Hippo pathway, which regulates an array of biological processes, including cell
proliferation, survival, apoptosis, and tissue homeostasis. The binding of YAP/TAZ to the transcription factor TEAD
induces the transcription of genes that promote cancer growth. Yang et al. showed, using a CEBIT-based high-
throughput screening method, that the MEK1/2 inhibitor cobimetinib could be repurposed to bind the TEAD lipid pocket
and thereby disrupt the activity of the YAP-TEAD complex. Cobimetinib could reduce tumor growth or tumorigenesis
in mouse models of hepatocellular carcinoma and lung cancer. This work suggests a potential therapeutic strategy for
cancers with hyperactivated YAP/TAZ signaling. —Amy E. Baek
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