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Abstract
Yes- associated protein 1 (YAP1) and its paralogue PDZ- binding motif (TAZ) play piv-
otal roles in cell proliferation, migration, and invasion, and abnormal activation of 
these TEAD transcriptional coactivators is found in diverse cancers in humans and 
mice. Targeting YAP1/TAZ signaling is thus a promising therapeutic avenue but, to 
date, few selective YAP1/TAZ inhibitors have been effective against cancer cells ei-
ther in vitro or in vivo. We screened chemical libraries for potent YAP1/TAZ inhibi-
tors using a highly sensitive luciferase reporter system to monitor YAP1/TAZ- TEAD 
transcriptional activity in cells. Among 29 049 low- molecular- weight compounds 
screened, we obtained nine hits, and the four of these that were the most effective 
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1  | INTRODUC TION

Cancer is one of the most lethal diseases globally, and the Hippo- 
YAP pathway is one of the most important cell signaling pathways 
involved in tumor onset and development.1 High levels of YAP1/
TAZ activation are observed in most human cancers, and engineered 
activation of YAP1 in mice results in various malignancies, notably 
the immediate onset of squamous cell carcinoma and hepatocellular 
carcinoma in mice.2- 5 Because YAP1/TAZ activation enhances the 
self- renewal, proliferation, migration, and invasion of most human 
cancer cell types,1 Hippo- YAP signaling is a promising therapeutic 
target. However, there are few potent selective YAP1/TAZ inhibi-
tors that have been found to be effective in suppressing cancer cells 
either in vitro or in vivo.6

Both YAP1 and TAZ are paralogous coactivators of the TEADs, 
which regulate numerous target genes involved in cell growth.7 In 
the unphosphorylated state, YAP1 and TAZ act in the nuclei of most 
cell types to positively regulate proliferation. Negative control of 
YAP1/TAZ is mediated by the Hippo pathway, which is triggered 
in response to signaling associated with cell polarity, cell- cell con-
tact, mechanical tension, and other stresses, as well as certain sol-
uble factors. The Hippo pathway has four core components: MST, 
LATS, the salvador family WW domain- containing protein 1 adaptor 
protein (SAV1), and MOB1 adaptor protein. YAP1/TAZ are usually 
suppressed through efficient phosphorylation mediated by LATS, 
which confines them to the cytoplasm. Phospho- YAP1/TAZ are then 
subject to E3- ubiquitin ligase SCFβ- TRCP- mediated ubiquitination and 
proteasomal degradation.8 This strict regulation of YAP1/TAZ pre-
vails in normal cells, but if YAP1 and/or TAZ become continuously 
activated, the cells grow abnormally and can become transformed.

Low levels of ROS are required for many normal cellular func-
tions, including proliferation, differentiation, and gene expression. 
When ROS production becomes elevated as a consequence of in-
creased metabolism, gene mutation, and/or relative hypoxia, these 
excess ROS are usually neutralized by an increase in the activities 
of enzymatic and nonenzymatic antioxidant pathways.9 Should this 
quenching be insufficient and moderate ROS accumulate, DNA mu-
tation and malignant transformation could occur. If ROS levels then 

become very high, the programmed cell death of the abnormal cells 
is often triggered.9 Thus, the development of therapeutic strategies 
to increase excess ROS in incipient cancer cells is now in progress.9,10 
A particularly important example is the thioredoxin antioxidant sys-
tem, which is often upregulated in malignant cells.11,12 Ablation of 
TrxR in mice leads to increased ROS production and a delay in tumor 
progression and metastasis.13,14 Conversely, overexpression of thi-
oredoxin inhibits cancer cell apoptosis and promotes tumor angio-
genesis.15,16 Chemical inhibition of the thioredoxin system has thus 
become a therapeutic goal.

Alantolactone is a sesquiterpene lactone that is isolated from 
the roots of Inula helenium L. It was discovered more than 80 years 
ago and is a traditional Chinese herbal medicine with potent anti- 
inflammatory, antiparasite, and antitumor activities in vivo and in 
vitro.17,18 However, the exact mechanism underlying ALT’s anti-
cancer activity remains unclear. Alantolactone binds to and inhib-
its the enzymatic activity of TrxR, leading to ROS accumulation.19 
Alantolactone also reportedly inhibits STATs,20 IKK- NFκB,21,22 and 
others,18 but the relative contributions of these signaling pathways 
to ALT’s antitumor activity have yet to be clearly defined. In addi-
tion, the relationship between ALT and the Hippo- YAP1 signaling 
pathway is totally unknown. Here, we present the results of an in 
vitro screening of small- molecule chemical compound libraries using 
a sensitive luciferase reporter assay system to detect inhibitors of 
YAP1/TAZ signaling. We identified ALT as a powerful natural agent 
that triggers the accumulation of lethal ROS levels in malignant cells. 
These ROS induce YAP1/TAZ degradation, leading to suppression of 
tumor cell growth both in vitro and in vivo. Alantolactone is thus a 
good candidate for a novel anticancer therapy based on YAP1/TAZ 
inhibition.

2  | MATERIAL S AND METHODS

2.1 | Chemicals

Alantolactone was purchased from BLDpharm and dissolved in 
DMSO. Tamoxifen was purchased from Toronto Research Chemicals 

JP21cm0106114h0006.
shared a core structure with the natural product alantolactone (ALT). We also tested 
16 other structural derivatives of ALT and found that natural ALT was the most ef-
ficient at increasing ROS- induced LATS kinase activities and thus YAP1/TAZ phos-
phorylation. Phosphorylated YAP1/TAZ proteins were subject to nuclear exclusion 
and proteosomic degradation such that the growth of ALT- treated tumor cells was 
inhibited both in vitro and in vivo. Our data show for the first time that ALT can be 
used to target the ROS- YAP pathway driving tumor cell growth and so could be a 
potent anticancer drug.
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and dissolved in ethanol. N- acetylcysteine was purchased from 
Wako Chemical. We purchased H2DCFDA from Invitrogen and it 
was dissolved in DMSO. Auranofin was purchased from FUJIFILM 
Wako Pure Chemical Corporation and dissolved in DMSO.

2.2 | Cell culture

H1299- Luc cells5 were cultured in RPMI- 1640 (Nacalai) supple-
mented with 10% FBS (Hyclone). Human MDA- MB- 231 (ATCC) and 
KKU- M213 (JCRB Cell Bank) cells were cultured in DMEM (Wako) 
supplemented with 10% FBS. Primary MEFs were isolated from 
E16 embryos of Rosa26- CreERT; Yap1flox/flox; Tazflox/flox mice using a 
standard procedure.23 These MEFs were cultured in DMEM supple-
mented with 10% FBS and passaged more than 40 times to generate 
the spontaneously immortalized iYap1/Taz DKO MEF line. For the 
induction of Yap1 and Taz gene deletion in cultured iYap1/Taz DKO 
MEFs, the cells were treated with 1 μmol/L Tmx for 7 days. The fre-
quency of Yap1 and Taz deletion in iYap1/Taz DKO MEFs was deter-
mined by genotyping PCR using the following primers: Yap1flox, 5′- 
aatccattgaggagactgat- 3′/5′- gtgatccttgagtgtcacgt; Yap1Δ, 5′- gcccaaa
catacccacgtaat- 3′/5′- gtgatccttgagtgtcacgt- 3′; Tazflox, 5′- aagcagtttcc
acttcatgaaac- 3′/5′- agtcaagaggggcaaagttgtga- 3′; and TazΔ, 5′- aagcag
tttccacttcatgaaac- 3′/5′- caccctctgtggcgtccggctctt- 3′.

Primary murine SVFCs were isolated from 8- week- old Rosa26- 
CreERT; Lats1flox/flox; Lats2flox/flox (iLats1/2 DKO) and Rosa26- CreERT; 
Mob1aflox/flox; Mob1b−/− (iMob1a/1b DKO) mice as described pre-
viously24 but with a minor modification. Briefly, inguinal fat tissue 
was minced and digested in 0.1% collagenase (FUJIFILM Wako Pure 
Chemical Corporation) at 37°C for 20- 40 minutes. After filtration 
and centrifugation at 140 g for 3 minutes, the pellet representing the 
stromal vascular fraction was recovered. Immortalized SVFCs were 
established by culturing the resuspended SVFC pellet in DMEM sup-
plemented with 10% FBS for 20- 30 passages. For the induction of 
Lats1 and Lats2 gene deletion in cultured iLats1/2 DKO SVFCs, and 
Mob1a and Mob1b gene deletion in cultured iMob1a/1b DKO SVFCs, 
the cells were treated with 1 μmol/L Tmx for 7 days.

2.3 | Reporter assay for YAP1/TAZ- TEAD 
transcriptional activity

H1299- Luc cells are a reporter cell line designed to monitor YAP1/
TAZ- TEAD transcriptional activity.5 H1299- Luc cells were seeded 
onto 384- well plates (1.3 × 103 cells/well) or 96- well plates (5 × 103 
cells/well). After incubation for 12- 16 hours, the cells were treated 
for 24 hours with individual chemical compounds from the screening 
libraries. Reporter luciferase activities (F. Luc and R. Luc) were de-
termined using the Dual- Glo Luciferase assay kit (Promega) accord-
ing to the manufacturer’s instructions. Luminescence was detected 
using an Enspire multimode plate reader (PerkinElmer).

2.4 | Chemical library screening

The above YAP1/TAZ- TEAD reporter assay was used to undertake 
an initial screening of 29 049 compounds in a 384- well format, 
and a secondary screening of 147 compounds in a 96- well format. 
The screened compounds were derived from the NPDepo chemi-
cal library (19 449 compounds; RIKEN) plus the Drug Discovery 
Initiative (DDI) chemical library (9600 compounds; University of 
Tokyo). The structural derivatives of the hit compounds were se-
lected by 2D and 3D ligand- based similarity searches, as previously 
described.25 The concentration of each screened compound was 
20 μmol/L.

2.5 | Treatment in vitro with ALT or Auranofin

Cells were seeded at 7.6 × 103 cells/cm2 (eg 1.6 × 105 cells per 6- cm 
dish) and cultured for 18- 26 hours prior to the addition of ALT or au-
ranofin to 10 μmol/L (or as otherwise indicated). The vehicle control 
was DMSO (0.1% or as otherwise indicated) for each experiment. 
After incubation for 1- 24 hours, cells were subjected to immunob-
lotting, quantitative RT- PCR, and/or a ROS production assay as de-
scribed below. For ALT treatment of iYap1/Taz DKO MEFs, cells were 
left untreated or pretreated with Tmx as described above (1 μmol/L 
for 7 days), and seeded at 1 × 104 cells/well (96- well plate). After 
incubation for 18 hours, cells were treated with 10 μmol/L ALT or 
0.1% DMSO for 24 hours. Cells were then subjected to the MTT 
proliferation assay as described below.

For ALT treatment of iLats1/2 DKO and iMob1a/1b DKO SVFCs, 
cells were left untreated or pretreated with Tmx as described above 
(1 μmol/L for 7 days), and seeded at 6.7 × 104 cells/well (6- well plate). 
After incubation for 18 hours, cells were treated with 10 μmol/L ALT 
or 0.1% DMSO for 6 hours, then subjected to immunoblotting as 
described below.

2.6 | Immunoblotting

Cells were washed in PBS, dissolved in 60- 100 μL solubilizing solu-
tion (9M urea, 2% NP40), and subjected to immunoblotting as pre-
viously described.3 Primary Abs recognizing the following proteins 
were used: YAP1 (D8H1X), TAZ (v386), phospho- (p)- YAP1 (Ser127), 
p- YAP1 (Ser397), p- TAZ (S89), LATS1, and p- LATS1 (Ser909) (all 
from Cell Signaling Technology), actin (Sigma), or GAPDH (Wako 
Chemical). Horseradish peroxidase- conjugated anti- rabbit Ab (Cell 
Signaling Technology) was used as the secondary Ab. Band inten-
sities were determined by Fujifilm Multi Gauge software or the 
ImageJ program. The YAP1 and TAZ protein levels were normal-
ized to actin or GAPDH, as indicated. Phosphorylated YAP1, p- TAZ, 
and p- LATS1 were normalized to total YAP1, TAZ, and LATS1 levels, 
respectively.
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2.7 | siRNA transfection

The siRNA targeting of YAP1 and TAZ gene expression was carried out 
using the following specific siRNA oligonucleotides: YAP1, 5′- GACAUCU-  
UCUGGUCAGAGA- 3′; TAZ, 5′- AGAGGUACUUCCUCAAUCA- 3′; 
and Scr (control), 5′- ACUACUGAGUGACAGUAGA- 3′. H1299- Luc, 
MDA- MB- 231, or KKU- M213 cells were transfected for 2 days with 
these siRNA oligonucleotides using Lipofectamine RNAiMAX (Thermo 
Fisher Scientific). Transfected cells were then subjected to quantitative 
RT- PCR and/or the MTT proliferation assay as described below.

2.8 | Quantitative RT- PCR

Total RNA was extracted using RNAiso (Takara) according to 
the manufacturer’s protocol and reverse- transcribed using the 
Transcriptor First Strand cDNA Synthesis Kit (Roche). Polymerase 
chain reaction amplifications were undertaken using the StepOne 
real- time PCR system (Applied Biosystems). Primer sequences used 
for quantitative PCR were as follows: β2MG (internal control), 5′- aga
tgagtatgcctgccgtg- 3′/5′- tcatccaatccaaatgcggc- 3′; YAP1, 5′- tcggcttca
ggtcctcttc- 3′/5′- ctggagcactctgactgattc- 3′; WWTR1 (TAZ), 5′- catggca
gtatcccagccaa- 3′/5′- ctggattctctgaagccgca- 3′; CTGF, 5′- tgtgtgacgagc
ccaagga- 3′/5′- tctgggccaaacgtgtcttc- 3′; CYR61, 5′- cgccttgtgaaagaaac
ccg- 3′/5′- ggttcgggggatttcttggt- 3′; and ANKRD1, 5′- aggaactggtcactg
gaaagaag- 3′/5′- cacagggtgggctagaagtg- 3′.

The Ct values for each gene amplification were normalized by 
subtracting the Ct value calculated for β2MG. Normalized gene ex-
pression values were deemed to represent the relative quantity of 
mRNA.

2.9 | Nuclear localization of YAP1

H1299- Luc cells (2 × 104) were seeded onto a 13- mm coverslip 
and incubated for 12- 16 hours to allow cell attachment to ap-
proximately 30% confluence. Attached cells were treated with 
10 μmol/L ALT or 0.1% DMSO for 3 hours. Immunofluorescent as-
says to detect total YAP1 and nuclearly localized YAP1 were car-
ried out as described previously.2 The intensities of three points of 
nuclear YAP1 staining and three points of cytoplasmic YAP1 stain-
ing were measured in each cell by ImageJ software, and the ratio 
of nuclear / cytoplasmic YAP1 staining intensity was calculated. At 
least 30 cells were evaluated for each culture. Experiments were 
repeated three times.

2.10 | Cell proliferation assay

Cells (1 × 103 cells/well) were seeded onto a 96- well plate and in-
cubated for 18- 26 hours. Cells were treated with 10 μmol/L ALT 
or 0.1% DMSO for 24 hours, followed by incubation with 0.5 mg/
mL MTT for 1 hour. After removal of the medium from each well, 

cells containing dye were dissolved in 150 μL/well solubilizing solu-
tion (4 mmol/L HCl, 0.1% NP40 in isopropanol), and absorbance at 
570 nm was measured.

2.11 | Cellular ROS measurement

Cells (5 × 104 cells/well) were seeded onto a 6- well plate and incu-
bated for 12- 16 hours. Cells were pretreated (or not) with 2 mmol/L 
NAC for 1 hour, then treated with 10 μmol/L ALT or 0.1% DMSO for 
4 hours for KKU- M213 cells, or for 12- 13 hours for MDA- MB- 231 
cells. Treated cells were then incubated with 25 μmol/L H2DCFDA 
for 0.5 hour at 37°C to detect ROS. Cells were trypsinized and 
fluorescence intensity was analyzed using a FACSCalibur (Becton 
Dickinson) instrument.

2.12 | In vivo effects of ALT

The in vivo effects of ALT on the initiation of tongue cancer were 
evaluated using tgMob1DKO mice.2 To delete the floxed Mob1a gene, 
Tmx (10 mg/mL) was applied daily directly to tongues of 6- week- old 
male Rosa26- CreERT; Mob1aflox/flox; Mob1−/− mice (C57BL/6 back-
ground) for 5 days by brush, as described previously.2 Alantolactone 
(20 mg/kg, in 50 μL DMSO) or vehicle (50 μL DMSO) was given daily 
for 13- 17 days, starting at 3 days before Tmx application. For NAC 
treatment, NAC- containing water (2 g/L in drinking water) was given 
starting at 5 days before Tmx application. The NAC- containing water 
was prepared daily and water intake was monitored. Ten or 14 days 
after the initial Tmx treatment, tongue tumor tissues were fixed in 
4% PFA in PBS and subjected to H&E staining and/or IHC analysis 
as described below.

For tumor xenograft studies, MDA- MB- 231 cells (5 × 106) were 
subcutaneously injected into the right flanks of 5- week- old female 
BALB/c nude mice. At 10 days post- injection, the animals were given 
ALT (5 mg/kg in 100 μL DMSO) or vehicle (100 μL DMSO) every 
2 days over 15 days. Tumor dimensions were measured using a cal-
iper and tumor volumes calculated according to the following for-
mula: length × width2 × π/6. After 15 days of treatment, mice were 
killed and tumors were removed, weighed, and fixed in 4% PFA for 
IHC analysis.

2.13 | Tissue immunostaining

Mouse tissues fixed in 4% paraformaldehyde in PBS were embed-
ded in paraffin and sectioned (5 μm). For IHC, fixed sections were 
incubated overnight at 4°C with primary Abs recognizing: YAP1 
(WH0010413M1; Sigma), TAZ (E9J5A; Cell Signaling Technology), 
or PCNA (610 664, BD). Anti- rabbit/mouse HRP (Dako) and anti- 
rabbit/mouse IgG conjugated with Alexa Fluor 488 dye (Molecular 
Probes) were used for DAB staining and immunofluorescence de-
tection, respectively. Slides were counter- stained with Mayer’s 
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hematoxylin (Muto) or DAPI (Dojindo) before mounting using 
PermaFluor (Thermo Fisher Scientific). For staining quantification, at 
least 200 cells/sample/mouse were counted. Intensities of nuclear 
YAP1 and TAZ staining were measured using the ImageJ program 
with the IHC profiler plug- in as described.26 At least 300 nuclei were 
counted for each image.

3  | RESULTS

3.1 | Identification of new chemical inhibitors of 
YAP1/TAZ

Because inhibition of the Hippo pathway might represent a novel 
approach to anticancer therapy, we devised a two- phase screening 
strategy to identify YAP1 inhibitors within libraries of small- molecule 
chemical compounds (Figure 1A). To detect inhibition, we took ad-
vantage of our previously established H1299 cell- based F. Luc assay 
system (H1299- Luc), which sensitively monitors YAP1/TAZ- TEAD 
transcriptional activity.5 Among the 29 049 low- molecular- weight 
chemicals examined in our first phase of screening, 251 compounds 
were positive hits (inhibited F. Luc by >50% and had a [F. Luc − R. 
Luc] / F. Luc ratio of >0.5] (Figure 1B). In our secondary screen, after 
excluding 32 compounds with structures unsuitable for drug candi-
dates, we treated H1299 cells with each of the 147 (out of 219) pri-
mary hit compounds that were commercially available and in stock, 
and then analyzed cell extracts by immunoblot and RT- PCR. Among 
these 147 compounds, nine were positive as secondary hits, defined 
as showing more than 75% reduction in YAP1 protein and more than 
80% reduction in CTGF and CYR61 mRNAs. Among these nine hits, 
four compounds (Cpd A- D) shared a core structure with the natural 
product ALT and more effectively reduced YAP1 protein and inhib-
ited YAP1- dependent transcriptional activity compared to the other 
five secondary hit compounds. We then carried out F. Luc inhibition 
assays of ALT as well as Cpd A- D and 16 other structural derivatives 
of ALT (Figure S1) that had been selected by 2D and 3D ligand- based 
similarity searches undertaken as previously described.25 As shown in 
Figure 1C, ALT itself was the most effective inhibitor, demonstrating 
the lowest IC50 value (2.35 ± 0.10 μmol/L) in the YAP1/TAZ reporter 
luciferase assay. Also shown in Figure 1C is the dose- dependent inhibi-
tion of YAP1/TAZ reporter activity by ALT and the top four ALT de-
rivatives (Cpd A- D). Immunoblotting confirmed that YAP1/TAZ protein 
expression in H1299- Luc cells was dramatically decreased after ALT 
(10 μmol/L) exposure for 24 hours (Figure 1D). These data suggested 
that ALT was potentially a powerful inhibitor of Hippo pathway activity.

3.2 | Alantolactone increases YAP1/TAZ 
phosphorylation and decreases YAP1/TAZ protein 
levels, especially in the nucleus

The phosphorylation of both YAP1 and TAZ is mainly executed by 
LATS kinases, which are core components of Hippo signaling. The 

LATS- induced phosphorylation of YAP1 S127 or TAZ S89 leads to 
their binding of 14- 3- 3 protein, followed by nuclear exclusion.27,28 
Furthermore, LATS- induced phosphorylation of YAP1 S397 or TAZ 
S311 causes these proteins to bind to SCFβ- TRCP, triggering YAP1/TAZ 
ubiquitination and proteasomal degradation.8,29 We therefore specu-
lated that ALT’s inhibitory effect might be due to an ability to enhance 
the phosphorylation, nuclear exclusion, and degradation of YAP1/
TAZ protein. In accordance with our hypothesis, ALT- treated H1299- 
Luc cells showed decreased total amounts of YAP1/TAZ proteins and 
increased phosphorylation of YAP1 S127, YAP1 S397, and TAZ S89 in 
a time- dependent manner (Figure 2A). Immunohistochemical analy-
sis confirmed that YAP1 appeared to be localized in the nucleus in 
control DMSO- treated H1299- Luc cells cultured at low cell density 
(Figure 2B, left panel). In contrast, ALT treatment for 3 hours led to 
significant exclusion of YAP1 from the nucleus (Figure 2B, right panel).

Usually, YAP1/TAZ associate with TEAD transcriptional factors 
to regulate the expression of target genes such as CTGF, CYR61, and 
ANKRD1.30 To establish that these targets were mainly regulated by 
YAP1/TAZ in H1299- Luc cells, we treated these cells with siYAP1/
TAZ and observed dramatic decreases in the mRNA levels of all of 
these target genes (Figure 2C, left panel). We then treated H1299- 
Luc cells with ALT for 10 hours and noted a similar significant de-
crease in CTGF, CYR61, and ANKRD1 mRNAs in a dose- dependent 
manner (Figure 2C, right panel). Collectively, these data indicate that 
ALT increases YAP1/TAZ phosphorylation and nuclear exclusion, 
and thereby decreases both YAP1/TAZ protein levels and the ex-
pression of their target genes.

3.3 | Alantolactone increases YAP1/TAZ protein 
degradation

We next investigated ALT’s role in YAP1 and TAZ protein degrada-
tion. When we pretreated H1299- Luc cells with the protein trans-
lation inhibitor CHX, and then treated these cells with ALT for 
1- 6 hours, we observed marked reductions in YAP1 and TAZ pro-
teins in cells treated with ALT plus CHX compared to those treated 
with CHX alone (Figure 3A). It is of note that YAP1/TAZ mRNA lev-
els in H1299- Luc cells were not significantly altered after ALT treat-
ment for 3 hours (Figure 3B). The enhanced degradation of YAP1/
TAZ proteins observed in response to ALT treatment was blunted 
by the proteasome inhibitor MG132 (Figure 3C), suggesting that ALT 
promotes the degradation of the YAP1 and TAZ proteins through the 
canonical polyubiquitination- proteasome system.

3.4 | Alantolactone inhibits cell growth in a YAP1/
TAZ- dependent manner

To explore in depth the effects of ALT on cell growth, we took ad-
vantage of a Tmx- inducible Yap1/Taz DKO MEF clone (iYap1/Taz 
DKO MEF). These cells arose by spontaneous immortalization of 
MEFs that were isolated from Rosa26- CreERT; Yap1flox/flox; Tazflox/flox  
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mice cultured without Tmx. When iYap1/Taz DKO MEFs were treated 
with Tmx for 7 days, YAP1 and TAZ were deleted at both the DNA 
(Figure 4A, upper panel) and protein (Figure 4A, lower panel) levels. When 
we treated iYap1/Taz DKO MEFs with ALT for 24 hours (after 7 days pre- 
incubation with or without Tmx), we found significant ALT- mediated cell 
growth inhibition in the absence of Tmx treatment, but no significant ef-
fect of ALT on Tmx- treated iYap1/Taz DKO MEFs (Figure 4B). Thus, ALT 
inhibits the growth of MEFs in a YAP1/TAZ- dependent manner.

We next replicated these experiments in H1299- Luc cells as well as 
in two other human cancer cell lines, namely MDA- MB- 231 breast can-
cer cells31 and KKU- M213 cholangiocarcinoma cells,5 whose growth in 
both cases is strongly dependent on the Hippo- YAP1 pathway. First, 
we used an siRNA approach to show that the growth of MDA- MB- 231 

and KKU- M213 cells is more dependent on YAP1/TAZ than is the 
growth of H1299- Luc cells (Figures 4C and S2). However, YAP1 and 
TAZ protein levels in all three of these human cell lines were equally 
decreased by 8- 12 hours after initiation of ALT treatment (Figure 4D). 
We therefore selected the more YAP1/TAZ- dependent MDA- MB- 231 
and KKU- M213 cell lines for a series of biological assays.

3.5 | Effect of ALT on YAP1/TAZ activity and cell 
growth due to enhanced ROS accumulation

As noted above, ALT directly inhibits TrxR and so promotes ROS accu-
mulation.19 We confirmed the presence of significant ROS levels in both 

F I G U R E  1   Screening of chemical compound libraries identifies alantolactone (ALT) as a potent YAP1/TAZ inhibitor. A, Illustration of 
screening workflow and summary of hits selected from the NPDepo chemical library (first screening) and Drug Discovery Initiative (DDI) 
chemical library (second screening). B, Dot plot representations of high- throughput screening results for the NPDepo chemical library 
(upper panel) and DDI chemical library (lower panel). Data are the percentage of inhibition of luciferase activity exerted by each compound 
relative to DMSO (control; 0% inhibition). Firefly luciferase (Luc) inhibition (blue dots) and Renilla Luc inhibition (orange dots) values are 
individually plotted. C, Upper panel: Molecular structures of ALT and selected ALT derivatives (compound [Cpd] A- D). Lower left panel: 
YAP1/TAZ reporter assay of H1299- Luc cells that were treated with ALT or Cpd A- D at the indicated concentrations for 24 h. DMSO (0.2%) 
was used as a vehicle control. Data are mean ± SEM of three independent experiments. Lower right panel: IC50 values for the compounds in 
the lower left panel. D, Upper panel: Immunoblot to detect total YAP1 and TAZ proteins in H1299- Luc cells treated with/without 10 μmol/L 
ALT for 24 h. GAPDH, loading control. Lower panel: Quantification of data in the upper panel. Data are mean ± SEM of three independent 
experiments. ***P < .001
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KKU- M213 and MDA- MB- 231 cells after ALT treatment (Figure 5A). 
Interestingly, we also observed increased p- LATS1 and decreased 
YAP1/TAZ protein levels in ALT- treated KKU- M213 cells (Figure 5B), 
as well as decreased F. Luc reporter activity in ALT- treated H1299- Luc 
cells (Figure 5C). Most importantly, the proliferation of both KKU- 
M213 and MDA- MB- 231 cells was inhibited by ALT in a manner that 
was almost completely rescued by pretreatment with NAC, a ROS 
scavenger (Figure 5D). These results indicate that the effects of ALT, 
including the observed reduction in YAP1/TAZ proteins and inhibition 
of cell growth, are mediated mainly by enhanced ROS production.

Elevated ROS are known to activate MST1 kinase,32 which then acti-
vates LATS1/2 and MOB1A/B, the adaptor protein essential for LATS1/2 
activation. In turn, LATS1/2 inactivates YAP1/TAZ. To explore whether 
ALT’s action was solely dependent on LATS1/2 and/or Hippo signaling, 
we investigated the effects of ALT treatment on our already- established 
lines of immortalized SVFCs bearing Tmx- inducible conditional deletion 
mutations of LATS1/2 or MOB1A/B (unpublished data, 2020 and 2021). 
After treating MOB1A/B- deficient or LATS1/2- deficient immortalized 
SVFCs with ALT, we found that the ALT- induced reduction in YAP1/
TAZ proteins was less than in ALT- treated WT SVFCs, with LATS1/2 

depletion showing a greater degree of ALT- induced YAP1/TAZ inacti-
vation than MOB1A/B depletion (Figure S3). These data suggest that 
ALT’s effects are largely dependent on LATS1/2 and partially dependent 
on MOB1A/B, indicating that ALT’s prime target for inhibition of the 
Hippo- YAP1/TAZ pathway is the LATS kinases.

To confirm that the ALT- mediated inhibition we observed was in-
deed due to targeting of the TrxR system, we analyzed the effects of 
another TrxR inhibitor, auranofin,33 on YAP1/TAZ proteins in KKU- 
M213 cells. Just like ALT, auranofin reduced YAP1/TAZ proteins in 
these cells, and the effect was again almost completely prevented 
by pretreatment with NAC (Figure S4). Thus, it appears to be a com-
mon property of TrxR inhibitors that they can inactivate YAP1/TAZ 
by inducing the intracellular accumulation of large amounts of ROS.

3.6 | Alantolactone inhibits YAP1- dependent tumor 
development in vivo

We recently reported that YAP1 activation causes very rapid oral 
squamous carcinoma onset in Tmx- inducible tgMob1 DKO mice.2 

F I G U R E  2   Alantolactone (ALT) decreases YAP1/TAZ protein levels, nuclear localization, and YAP1/TAZ- dependent transcriptional 
activity. A, Left panel: Immunoblot to detect the indicated total and phosphorylated YAP1 and TAZ proteins in H1299- Luc cells that were 
treated with/without 10 μmol/L ALT for the indicated times. Actin, loading control. Right panels: Quantification of data in left panel. Data 
are mean ± SEM of three independent experiments. B, Upper panel: Immunofluorescent detection of nuclear localization of YAP1 in H1299- 
Luc cells treated for 3 h with DMSO (ALT (−); control) or 10 μmol/L ALT (ALT (+)). Lower panel: Quantification of data in upper panel. Data 
are presented as the ratio of nuclear (Nuc) to cytoplasmic (cyto) YAP1 in the indicated individual cultures. Results are representative of 
three independent experiments. C, Left panel: Quantitative RT- PCR analysis of YAP1/TAZ and their indicated target genes in H1299- Luc 
cells treated for 72 h with either siScr (control) or siYAP1/TAZ. Right panel: Quantitative RT- PCR analysis of indicated genes in H1299- Luc 
cells treated for 10 h with indicated concentrations of ALT. Mock, DMSO. For both panels, data are mean ± SEM of three independent 
experiments. *P < .05
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To investigate the effect of ALT- mediated YAP1 inhibition on these 
mutants, we treated them with ALT (or DMSO) for 3 days before 
applying Tmx ointment to the tongue. When these animals were 
killed at 10- 14 days post- Tmx, we found that ALT treatment blocked 
both the excessive cell proliferation (Figure 6A, upper right panel) 
and YAP1 activation (Figure 6B, upper right panel) observed in Tmx- 
treated mice without ALT. Treatment with NAC in vivo significantly 
reduced the repressive effect of ALT on cell proliferation (Figure 6A, 
lower right panel) and YAP1 activation (Figure 6B, lower right panel) 
in tongue tissues of Tmx- treated tgMob1 DKO mice, reflecting our 
in vitro cell line results (Figure 5B- D). Macroscopically, the mucosal 
irregularity in control mutant tongues had clearly improved after 

ALT treatment (Figure 6C, left panels). Histological examination 
revealed that the mean thickness of the epithelial layer (Figure 6C, 
middle panel), and the mean percentage of the dysplastic cell area 
(Figure 6C, right panel), were reduced after ALT treatment.

Finally, we investigated whether ALT treatment could inhibit not 
only tumor initiation but also progression in vivo. We xenografted 
MDA- MB- 231 cells into the subcutaneous region in nude mice and in-
traperitoneally injected these animals with ALT or DMSO. We found 
that ALT treatment in vivo blocked YAP1/TAZ activation (Figure 6D) 
and PCNA positivity (Figure 6E) in xenografted tumor tissues, and 
suppressed the ability of these MDA- MB- 231- derived tumors to ex-
pand in vivo (Figure 6F). Thus, both tumor initiation and progression 

F I G U R E  3   Alantolactone (ALT) enhances YAP1/TAZ degradation. A, Upper panel: Immunoblot to detect total YAP1 and TAZ proteins 
in H1299- Luc cells treated with ALT (10 μmol/L; ALT+) or DMSO (0.1%; ALT−) in combination with 100 μg/mL cycloheximide (CHX) for 
indicated times. Actin, loading control. Lower panel: Quantification of data in upper panel. Results are mean ± SEM of three independent 
experiments. B, Quantitative RT- PCR analysis of YAP1 and TAZ mRNA levels in H1299- Luc cells treated with 10 μmol/L ALT (ALT (+)) or 0.1% 
DMSO (ALT (−)) for 1 h. Data are mean ± SEM of three independent experiments. C, Left panel: Immunoblot to detect total YAP1 and TAZ 
proteins in H1299- Luc cells treated with ALT (10 μmol/L; ALT+) in combination with MG132 (10 μmol/L) or DMSO (0.1%) for 6 h. GAPDH, 
loading control. Right panel: Quantification of data in left panel. Results are mean ± SEM of three independent experiments. *P < .05, 
**P < .01

(A) (B)

(C)



     |  4311NAKATANI eT Al.

can be blocked by ALT treatment in vivo, and these effects are at 
least partly due to inhibition of YAP1/TAZ by ROS accumulation.

4  | DISCUSSION

Reactive oxygen species take on the properties of a double- edged 
sword in carcinogenesis.10,34 When mitochondrial ROS are continu-
ously moderate, mutagenesis could increase to drive malignant trans-
formation of normal cells. These ROS also play critical roles in cell 
signaling pathways that can stabilize factors supporting cancer initi-
ation and progression,35 and/or inactivate tumor- suppressive phos-
phatases such as PTEN.36 These observations have led to attempts 
to use antioxidants to neutralize ROS levels and thereby prevent or 
reduce cancer cell growth. Unfortunately, massive multicenter clini-
cal trials of antioxidant treatment of cancer patients showed not only 
no benefit but also a striking increase in tumor incidence.37,38 Similar 
analyses in mouse cancer models confirmed that antioxidant sup-
plementation was protumorigenic rather than antitumorigenic.39 For 
example, antioxidant treatment of melanoma- bearing mice strongly 

enhanced metastasis in these animals.40 Thus, removal of ROS can 
clearly augment cancer cell growth.

In contrast, excessive oxidative stress can induce a cell death 
pathway that involves the activation of the MPTP.41,42 After a cell 
transforms, it often sustains mutations and undergoes metabolic 
changes that can increase ROS. If these ROS accumulate to very high 
levels within a tumor cell, it could suffer growth arrest or MPTP- 
mediated death, blocking cancer progression. In particular, cells that 
hyperproliferate vigorously enough that they are forced from their 
natural “niches” become starved for essential growth factors, alter-
ing their oxygen metabolism such that lethal levels of ROS are gen-
erated.43 Many tumor cells increase their production of antioxidants 
to combat these high ROS and stave off death,43,44 and so strategies 
that suppress the production of these antioxidants have been used 
to reduce cancer initiation, progression, and/or metastasis.45 Much 
effort is now being devoted to finding antioxidant inhibitors that in-
crease ROS- induced tumor cell killing without unduly damaging nor-
mal cells.9,10 Our work points to a novel therapeutic avenue whereby 
ALT- mediated ROS production can suppress the growth of tumor 
cells featuring activated YAP1/TAZ.

F I G U R E  4   Alantolactone (ALT)- induced growth inhibition is dependent on YAP1/TAZ. A, Genotyping genomic PCR (upper panels) and 
immunoblot to detect YAP1 and TAZ proteins (lower panels) in iYap1/Taz DKO murine embryonic fibroblasts that were either left untreated 
(Tmx (−)) or treated with tamoxifen (Tmx (+)) to delete YAP1/TAZ. Results are representative of three independent experiments. B, MTT 
assay of proliferation of the cells in (A). Data are expressed as fold change relative to Tmx (−) / ALT (−) control and are mean ± SEM of 
three independent experiments. *P < .05. n.s., not significant. C, MTT assay of proliferation of indicated cell lines after transfection with 
siYAP1/TAZ or siScr (control) and incubation for 48 h. Data are mean ± SEM of three independent experiments. **P < .01, ***P < .001. D, 
Immunoblot to detect total YAP1 and TAZ proteins in indicated cell lines treated with 10 μmol/L ALT (ALT (+)) or 0.1% DMSO (ALT (−)) for 
either 8 h (for H1299- Luc and KKU- M213) or 12 h (for MDA- MB- 231). GAPDH, loading control. Data are representative of at least three 
independent experiments
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An important but complex relationship has recently been iden-
tified between ROS and the Hippo pathway. These studies have re-
vealed that Hippo signaling can act both upstream and downstream of 
ROS, and can either promote ROS- triggered cell death or the scaveng-
ing of ROS in a variety of species. For example, in mammals, YAP1 can 
transcriptionally coactivate FOXO1, which upregulates antioxidant 
genes.46 In Drosophila, overexpression of the YAP1 ortholog Yki en-
hances the transcription of genes such as mitochondria assembly reg-
ulatory factor (Marf) and opa1- like (opa1), resulting in mitochondrial 
fusion and decreased ROS levels.47 In the human renal cell carcinoma 

cell line SN12C, shRNA- mediated inhibition of YAP1/TAZ increases 
ROS generation and apoptosis.48 These findings imply that upstream 
YAP1/TAZ activation reduces ROS, favoring tumor cell survival.

Reactive oxygen species can also act on the Hippo pathway. 
For example, in Drosophila showing Ras activation, mitochondrial 
function is disrupted and moderate ROS accumulate that inacti-
vate Hippo signaling, leading to Yki activation that drives tumor 
progression.49 Similarly, in mice, moderate ROS can inactivate 
the tumor suppressor PTEN,50 which could lead to YAP1/TAZ 
activation.51- 55

F I G U R E  5   Alantolactone (ALT) suppresses YAP1/TAZ activity through reactive oxygen species (ROS) generation. A, Upper panels: 
Representative FlowJo histograms of flow cytometric assays to detect 2′,7′- dichlorodihydrofluorescein diacetate (H2DCFDA) staining of 
cellular ROS in KKU- M213 (left) and MDA- MB- 231 (right) cells pretreated with/without 2 mmol/L N- acetylcysteine (NAC) for 1 h, followed 
by treatment with 10 μmol/L ALT or 0.1% DMSO for 4 h (KKU- M213 cells) or 13 h (MDA- MB- 231 cells). Lower panels: Quantification of 
relative fluorescence intensity data in upper panels. Data are mean ± SEM of three or four experiments. B, Upper left panel: Immunoblot 
to detect indicated total and phosphorylated proteins in KKU- M213 cells pretreated with/without NAC for 1 h, followed by treatment with 
10 μmol/L ALT or 0.1% DMSO for 6 h. Upper right and lower panels: Quantification of relative levels of phosphorylated LATS, YAP1, and 
TAZ from data in upper left panel. Results are mean ± SEM of at least four independent experiments. C, Quantification of relative YAP1/
TAZ reporter activities in H1299- Luc cells pretreated with/without 0.5 mmol/L NAC for 1 h, followed by treatment with 10 μmol/L ALT or 
0.1% DMSO for 24 h. Data are mean ± SEM of three independent experiments. D, Quantification of relative cell proliferation as determined 
by MTT assay at 24 h posttreatment of KKU- M213 or MDA- MB- 231 cells pretreated with/without 2 mmol/L NAC for 1 h, followed by 
treatment with 10 μmol/L ALT or 0.1% DMSO for 24 h. Data are mean ± SEM of three independent experiments. *P < .05, **P < .01, 
***P < .001
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Previous work has shown that the TrxR inhibitor curcumin in-
duces the accumulation of high levels of ROS, leading to the phos-
phorylation and activation of MST1.32,56- 61 The MST1- mediated 
phosphorylation of YAP1 inactivates it, leaving a cancer cell vul-
nerable to mechanisms of defense against oxidative stress. We 

have shown here that two other TrxR inhibitors, ALT and aurano-
fin, induce reductions in YAP1/TAZ proteins, and that the effects 
of these agents can be almost completely rescued by pretreatment 
with NAC (Figure S4). Thus, antioxidant inhibitors that induce sus-
tained high levels of ROS, and that continuously and negatively 

F I G U R E  6   Alantolactone (ALT) reduces tumor growth in a YAP1- dependent tongue cancer model and a xenograft tumor model. A, B, 
tgMob1 double knockout (DKO) mice received daily injection of 20 mg/kg ALT i.p. or vehicle control (50 μL DMSO) for a total of 13 d starting 
at 3 d before tamoxifen (Tmx) application to the tongue. N- acetylcysteine (NAC) treatment was started at 5 d before Tmx application. Mice 
were killed at 10 d post- Tmx. Upper panels: Mouse tongue sections were analyzed for (A) proliferation by proliferating cell nuclear antigen 
(PCNA) staining and (B) YAP1 protein expression by immunostaining. Mouse numbers were: ALT (−) NAC (−), n = 4; ALT (−) NAC (+), n = 3; 
ALT (+) NAC (−), n = 4; and ALT (+) NAC (+), n = 5. Scale bar = 20 μm. Lower left panel: Quantification of percentages of PCNA- positive cells 
in tongue sections in upper left panel. Data are mean ± SEM. Lower right panel: Quantification of relative intensity of nuclear YAP1 staining 
in cells in upper right panel. Data are mean ± SEM. a.u., arbitrary units. C, Left panels: Macroscopic views (top) and H&E- stained sections 
(bottom) of tongues of tgMob1 DKO mice that received daily injection of 20 mg/kg ALT i.p. (n = 10) or vehicle control (50 μL DMSO; n = 8) 
for a total of 17 d starting at 3 d before Tmx application. Tongue tissues were sectioned after 2 wk of treatment with ALT or DMSO. Scale 
bar = 200 μm (top) and 20 μm (bottom). Middle and right panels: Quantification of thickness of epithelial layer (middle) and area of dysplastic 
cells in this layer expressed as a percentage (right; n = 10 different sites/sample). Data are mean ± SEM. *P < .05. D, MDA- MB- 231 cells 
were xenografted s.c. into nude mice. After 10 d, mice were injected with 5 mg/kg ALT i.p. (n = 9) or vehicle control (100 μL DMSO; n = 10) 
for 15 d, after which xenografted tumor tissues were sectioned. Left panels: Immunostaining to detect nuclear YAP1 and TAZ in xenografted 
tumor tissues. Scale bar = 10 μm. Right panels: Quantification of intensities of nuclear YAP1 and TAZ staining in left panels. Data are 
mean ± SEM. E, Left panels: PCNA (top) and DAPI (bottom) staining of xenografted tumor tissues in (D). Scale bar = 10 μm. Right panels: 
Quantification of percentage of PCNA- positive cells in tissues in left panels. Data are mean ± SEM. F, Quantification of xenograft tumor 
volumes in ALT- treated (ALT (+), n = 9) and DMSO- treated (ALT (−), n = 10) mice in (D). Tumor volumes were measured every second day. 
Data are mean ± SEM. *P < .05, **P < .01.
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control YAP1 activation, are the best candidates for novel antican-
cer drugs.

We found that YAP1/TAZ inactivation due to ALT- induced ROS 
was largely dependent on LATS kinase, supporting the notion that 
ALT- induced ROS play a critical tumor- suppressive role through 
the LATS- YAP/TAZ pathway. In contrast, deficiency for MOB1 (the 
adaptor protein supporting LATS kinase activation) had a milder sup-
pressive effect on ALT action than did LATS deficiency, presumably 
due to the incomplete repression of LATS kinase activity caused by 
the MOB1 deficiency. For these reasons, ALT was still able to inacti-
vate YAP1/TAZ to some degree in MOB1- deficient cells.

Many signaling molecules are reportedly targeted by ALT. In ad-
dition to TrxR,19 ALT inhibits STATs20 and IKK- NFκB.21,22 Because 
continuous accumulation of high amounts of ROS depresses JAK2/
Src- STAT3 signaling,62,63 as well as IKK- NFκB activity in the late 
phase post- stimulation,64,65 the observed ALT- induced inhibition 
could be due to excessive ROS accumulation. In our study, as ALT- 
induced YAP1 inhibition and the resulting reduction in tumor cell 
growth were substantially rescued by NAC treatment, these effects 
of ALT are most likely due to increased ROS. These findings imply 
that the most important molecular target of ALT is TrxR.

To summarize, we screened approximately 30 000 chemical com-
pounds and identified ALT, a TrxR inhibitor, as promoting excessive 
ROS accumulation that strongly inhibits YAP1/TAZ activation in 
tumor cells, thus blocking cancer initiation and progression in vivo. 
Cancer cells are characterized by increased aerobic glycolysis and high 
ROS levels that are counteracted by elevations in antioxidant defense 
mechanisms. Thus, targeting antioxidants so as to generate lethal lev-
els of intracellular ROS could be a promising approach for a new form 
of cancer therapy. Auranofin (Ridaura; Prometheus) is a gold- based 
compound that functions as a TrxR inhibitor and is used in the clinic 
as an antirheumatic agent. Human head and neck squamous cell car-
cinoma cells that were treated in vitro and in vivo with auranofin in 
combination with buthionine sulfoximine (an inhibitor of the antioxi-
dant glutathione) showed increased sensitivity to inhibitors of EGFR 
signaling.66 Notably, the master regulator of the EGFR pathway is the 
YAP1 pathway.2 Thus, it might be worth exploring whether patients 
whose cancers show excessive YAP1/TAZ activity respond favorably 
to treatment with auranofin, ALT, and/or related antioxidant inhibitors.
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