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ABSTRACT

The efficacy of available lung cancer therapeutic interference is significantly
limited by various resistance mechanisms to those drugs. Activation of the oncogene
YAP underlying the initiation, progression, and metastasis of lung cancer associates
with poor prognosis and confers drug resistance against targeted therapy. In this
study, we evaluated the specificity of norcantharidin (NCTD) in repressing YAP to
inhibit non-small cell lung carcinoma (NSCLC) progression. Our study revealed that
YAP signal pathways were aberrantly activated in lung cancer tissues and cells which
rendered more proliferative and invasive phenotypes to human lung cancer cells.
We confirmed that NCTD specifically repressed YAP signaling pathway to interfere
the YAP-mediated non-small cell lung carcinoma progression and metastasis via
arresting cell cycle, enhancing apoptosis and inducing senescence. We also found
NCTD-mediated repression of YAP decreased epithelial-to-mesenchymal transition
(EMT) and reduced the motile and invasive cellular phenotype in vitro via enhancing
E-cadherin and decreasing fibronectin/vimentin. Mechanistic investigations revealed
that NCTD transcriptionally downregulated YAP and post-translationally modulated
the subcellular redistribution of YAP between nucleus and cytoplasm. Collectively,
our results indicated that NCTD is a novel therapeutic drug candidate for NSCLC which
specifically and sensitively target YAP signal pathway.

INTRODUCTION

As the number one cancer Kkiller worldwide
[1-6] and with enormous efforts in surveillance, surgery,
radiotherapy and platinum-based chemotherapy, lung
cancer still remains the most aggressive malignant tumor
with one of the lowest survival rates [7, 8, 9]. The new
approaches to detect, cure, and prevent this malignant
disease are currently in emergent demands.

One of critical challenges for targeted lung cancer
chemotherapies is rapid and unavoidable drug resistance
development. Aberrant activation Mst/Yap pathways
has been reported to be involved in drug resistance
acquired from treatment with cisplatin and erlotinib
(EGFR inhibitor) in non-small cell lung cancer (NSCLC)
patients. [10—12]. The Mst/Yap pathway regulates
organism growth and is very conservative in both
human and Drosophila [13—16]. The oncoprotein Yap

negatively regulated by the tumor suppressor Mst in this
kinase cascade transcriptionally activates its downstream
target genes involved in cell growth and survival
[17-21]. The upstream signal molecules phosphorylate
and activate Mst, one of the core suppressor components
inside the hippo pathway. Sav (WW-45) is another core
component of the Mst tumor suppressor pathway, offering
assistance of the activated Mst kinase phosphorylates and
activates Lats, which itself phosphorylates Yap with the
involvement of the Mob. Phosphorylated Yap is retained
in the cytoplasm by interacting with 14-3-3 protein,
so cannot combine with its target transcription factors
to interact with promoters, and is thereby inactivated
[19-25]. However, in the case of the loss of function
of the Mst cell signals, the unphosphorylated Yap gets
into the nucleus and physically binds to the transcription
factors TEAD family proteins, which itself regulates the
target genes of the Mst/Yap pathway such as connective
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tissue growth factor (CTGF), Cyr61, Cyclin D1, Survivin,
and so on [25-31].

Norcantharidin (NCTD) has been applied in cancer
treatment in China for years. NCTD is a demethylated
form of cantharidin that has an important anticancer role in
breast cancer, liver cancer, gallbladder carcinoma, prostate
cancer, mantle cell lymphoma, hepatocellular carcinoma,
leukemia, and colon cancer with fewer side effects
[32-37]. NCTD has been found to induce both in vitro and
in vivo inhibitions in growth of a variety of human tumor
cells via modulating functions of cell cycle kinases leading
to tumor cell cycle arrests. NCTD also can activate the
mitochondrial pathway and ROS accumulation to induce
tumor cell apoptosis [38-39] and significantly reduce the
tumor angiogenesis [40—42] However, the underlying
mechanisms by which NCTD inhibits lung cancer
progression and metastasis are still largely undefined.

This study examined the specificity of NCTD in
repressing YAP to inhibit non-small cell lung carcinoma
progression and revealed that NCTD inhibits cell growth
and metastasis, enhances s cell apoptosis and senescence,
and arrest cell cycle in lung cancer cells via specifically
downregulating aberrantly activated YAP signaling. Our
results suggested that NCTD is a novel therapeutic drug
candidate for NSCLC which specifically and sensitively
target YAP signal pathway.

RESULTS

Aberrant activation of YAP in lung cancer
specimens

For examination of the expression of YAP in human
lung tumor tissues, we performed both RT-PCR and
immunoblotting and found that mRNA levels of Yap were
higher in lung tumor tissues compared with their adjacent
normal lung tissues in four pairs of specimens (Figure 1A).
As indicated in Figure 1B, the total YAP protein levels
were also significantly elevated in all four lung tumor
tissue compared to their adjacent normal lung tissues.
Meanwhile, the phosphorylated Yap (cytoplasm part) was
lower in these lung tumor samples than these adjacent
normal lung tissues. Immunofluorescent staining of Yap
proteins further showed more accumulated YAP in nuclear
of NSCLC samples relative to their normal adjacent lung
tissues while more p-YAP was localized in cytoplasm
of those normal adjacent lung tissues (Figure 1C, 1D).
Endogenous Yap protein level was also significantly
higher in Calu-6, H1299, and A549 cells than normal cell
line (Figure 1E).

Yap knockdown inhibits cell growth and invasion

Specific silencing YAP by siRNA was applied to
explore whether activation of the oncogene YAP underlies
the initiation, progression, and metastasis of lung cancer

cells. Knockdown of YAP increased E-cadherin protein
and mRNA levels and decreased the protein level of
vimentin in A549 cells (Figure 2A, 2B). Depletion of YAP
also significantly decreased clonal formation (Figure 2C)
and cell migration (Figure 2D) of A549 cells, which
indicates the critical role of YAP in invasive growth of
NSCLC cells.

NCTD represses the activity of YAP in the lung
cancer cells

Norcantharidin (NCTD) was further mechanistically
explored in its interfering YAP signal pathways in lung
cancer cells. NCTD at 8 uM for 36 h decreased YAP in
nuclear and enriched phoshorylated YAP inside cytoplasm
leading to the translocation of Yap from nuclear to
cytoplasm in A549 cells (Figure 3A, 3B). We also found
that NCTD dose-dependently (Figure 3C, 3D, 3G) and
time-dependently (Figure 3E, 3F) reduced Yap mRNA
and protein level, but increased phosphorylated YAP in
A549 cells and H1299 cells (Supplementary Figure S1).
Moreover, immunofluorescence analysis indicates that
the protein level of Yap was obvious reduced in A549
cells treated with 15 uM NCTD for 72 h (Supplementary
Figure S2A). Since NCTD induced repression of YAP
in NSCLC cells, we further examined the effect of
NCTD on YAP downstream signaling pathway. Both
RT-PCR and immunoblotting showed NCTD inhibited
YAP and then consequently decreased YAP downstream
targets CYR61 and CTGF at both mRNA (Figure 3G)
and protein (Figure 3H) levels from 4 uM to 16 uM in
A549 cells for 72 hours in dose-dependent manner.
Additive immunofluorescent staining of those YAP
downstream targets semi-quantitatively demonstrated
that NCTD at 4 uM and 16 pM for 72 hours significantly
decreased both CTGF (Supplementary Figure S2B) and
CYRO61(Supplementary Figure S2C) protein level in A549
cells.

NCTD interferes the YAP-mediated NSCLC cell
proliferation

To investigate the potential biological function of
NCTD in NSCLC cells, our examination of cell cycle
profile in lung cancer cells treated with NCTD revealed
that treatment of NCTD atl5 uM for 72 h induced
significant G2 arrests in A549 cells and dramatically
blocked the YAP-induced S introduction as showed in both
representative histograms of cell cycle distribution and
their quantitation analysis (Figure 4A). As in Figure 4B,
4C, in vitro proliferation assay demonstrated that ectopic
expression of YAP, or its variant YAPS127A, or YAP
plus its downstream component TEAD significantly
stimulated A549 and H1299 cells in growth and NCTD
at 15 uM time-dependently and significantly arrested
the proliferation rates of A549 and H1299 cells with or
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Figure 1: Upregulation of YAP in lung cancer cells. (A) Gel-based RT-PCR with densitometric quatitation demonstrating elevated
expression of YAP in human NSCLC tissues compared with their normal adjacent lung tissues. (B) Immunoblotting with densitometric
quantitation demonstrating increased protein level of Yap and decreased p-YAP in human NSCLC tissues compared with their normal
adjacent lung tissues. (C, D) Immunofluorescent staining of Yap proteins showing increased YAP accumulated in nuclear in NSCLC
samples compared with their normal adjacent lung tissues while more YAP was localized in cytoplasm of those normal adjacent lung
tissues. (E) Immunoblotting with densitometric quantitation demonstrating increased protein level of total Yap as well as nuclear Yap and
decreased p-YAP in Calu-6, H1299, and A549 cells than normal cell line. **P < 0.001 ***P < (0.0001 by Student’s #-test
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without stably expressing YAP, or YAPS127A, or YAP
plus TEAD. Furthermore, soft agar colony formation assay
was performed and demonstrated that ectopic expression
of Yap significantly enhanced colony formation density
which was blocked by NCTD at 15 uM for 72 hours in
H1299 cells (Figure 4D).

YAP rescues the NCTD -mediated lung cancer
cell senescence and apoptosis

Cellular senescence and apoptosis resistance are
the death-avoiding mechanism of tumor cells. It has been
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reported that Yap represses senescence in human tumor
cells [43, 44]. To examine whether NCTD interferes YAP-
induced cellular senescence arrests in lung cancer cells,
the senescence assay was performed and demonstrated
that NCTD at 15 uM significantly increased cell
senescence phenotype in A549 cells for 72 h, in which
ectopic expression of YAP, or YAPS127A, or YAP plus
TEAD completely blocked NCTD-induced senescence
enhancement (Figure 5A), and our flow cytometric
assay also showed that treatment of NCTD at 15 uM
significantly induced apoptosis in A549 cells for 72 h, in
which ectopic expression of YAP,orYAPS127A, or YAP
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Figure 2: Activation of YAP drives NSCLC progression. (A) Knockdown of YAP decreased transcription activity of YAP in A549
and H1299 cells as shown in Gel-based RT-PCR with densitometric quantitation. (B) Immunoblotting with densitometric quantitation
demonstrating decreased YAP and Vimentin protein expressions and increased E-cadherin protein level in A549 cells with siRNA-
YAP treatment. (C) Knockdown of Yap arrested clonal formation to delay the clonogenecity of A549 cells. (D) Scratch test showing
that knockdown of Yap significantly decreased scar healing rates at 36 hours after siRNA-YAP treatment in A549 cells. **P < 0.001

**%P <0.0001 by Student’s #-test.
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Figure 3: NCTD represses YAP signaling pathway. (A) Immunofluorescent staining of Yap proteins demonstrating that NCYD
treatment at 8§ uM for 36 hours enhanced the translocation of Yap from nuclear to cytoplasm in A549 cells. (B) Immunoblotting showing
decreased YAP in nuclear and relatively enriched inside cytoplasm in A549 cells treated with NCTD at 8 uM for 36 h. (C, D) NCTD dose-
dependently reduced Yap mRNA(C) and protein level (D, G), but increased phosphorylated YAP (D) in A549 cells for 72 hours. (E, F)
NCTD time-dependently reduced Yap mRNA(E) and protein level (F) in A549 cells at 15 uM. (G, H) NCTD dose-dependently decreased
CYRG61 and CTGF at both mRNA(G) and protein (H) level from 2 uM to 16 uM in A549 cells for 72 hours. **P < 0.001 ***P < 0.0001
by Student’s ¢-test.
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Figure 4: NCTD interferes the YAP-mediated NSCLC cell proliferation. (A) Treatment of NCTD at15 uM for 72 h induced
significant G2 arrests and Yap blocks the effect of NCTD in A549 cells as showing in both representative histograms of cell cycle distribution
and their quantitation analysis. (B) In vitro proliferation assay demonstrating that NCTD at 15 uM significantly arrested cellular proliferation
of A549 and H1299 cells with or without stably expressing YAP, YAPS127A, YAP and TEAD for 72 hours. (C) Cell growth assay showing
that NCTD at 15 uM time-dependently and significantly arrested cellular proliferation of A549 cells with or without stably expressing YAP,
YAPS127A, YAP and TEAD. (D) Soft agar colony formation assay demonstrating that ectopic expression of Yap significantly enhanced
colony formation density which was blocked by NCTD at 15 uM for 72 hours in H1299 cells. ***P < 0.0001 by Student’s ¢-test.
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plus TEAD at least partially blocked NCTD-induced
apoptosis (Figure 5B). Additional immunoblotting
confirmed that NCTD dose-dependently increased pro-
apoptosis protein caspase-3 in A549 and H1299 cells for
72 hours (Figure 5C).

NCTD interferes the Yap-mediated NSCLC cell
invasiveness and EMT

Cellular invasiveness are the most distinguished
features of tumor cells. In scratch assay (Figure 6A), we
found that treatment of NCTD at 15 uM for 12—24 hours
dramatically decreased Yap-induced enhancement in A549
cell migration. For examining invasive growth of those
lung tumor cells, the matrigel invasion assay identified that
treatment of NCTD at 15 uM for 72 hours dramatically
decreased cell invasive growth and overexpressing
YARP partially blocked NCTD-induced inhibition in cell
invasive growth (Figure 6B).

Since NCTD can inhibit the Yap-mediated invasive
growth of lung cancer cells, we further checked whether
NCTD interferes the YAP-mediated cellular phenotype
switching in lung cancer cells by examining the EMT hall
marks such as E-cadherin, Vimentin and Fibronectin. As
in Figure (6C, 6D), NCTD dose-dependently enhanced
E-cadherin and represses fibronectin as well as vimentin in
mRNA(Figure 6C) and protein (Figure 6D) level in A549
cells for 72 hours, which suggested that NCTD interferes
the YAP-mediated EMT in NSCLC cells.

DISCUSSION

Our study explored the specificity and efficacy of
norcantharidin (NCTD) in inhibiting NSCLC progression
and defined it as a novel therapeutic drug candidate for
NSCLC which specifically and sensitively target YAP
signal pathway.

Although substantial improvements in therapeutic
interference and early diagnosis of lung cancer have
increased survival ability and life qualities of lung
cancer patients over recent decades, it still remains the
most aggressive malignant tumor with one of the lowest
survival rates. To date, almost all NSCLC patients with
advanced and unresectable disease have few choices in
treatments except chemotherapy and radiotherapy, which
bring uncontrollable side effects. Therefore, it is in great
demands now to identify and characterize novel selective
drug candidates with none or low toxicities in lung cancer
therapies.

The potential of NCTD in cancer treatment was
explored as early in 1980s in China [5]. NCTD not only
can inhibit the proliferation of varieties of cancer cell
lines and those in vivo xenografts but also present no side
effects both in vitro and in vivo [24, 25]. Applying NCTD
as a monotherapeutic drug in clinical trials substantially
benefited patients with different human malignancies [6.7].

Our results confirmed that NCTD treatment significantly
arrested the proliferation of A549 and H1299 cells in
dose- and time-dependent manners via dose-dependent
repression of activities of YAP and its downstream target
genes, which eventually leads to the cell cycle arrests in
lung cancer cells. In addition, NCTD induced dramatic
reduction in invasive growth of A549 cells implying its
potentials in targeting lung cancer metastasis. Our findings
strongly support the development and application of
NCTD as a novel therapeutic option in the treatment of
human lung cancer.

The efficacy of available lung cancer therapeutic
interference is significantly limited by various resistance
mechanisms to those drugs. YAP is one of the novel
anti-cancer drug targets involved in chemo-resistance in
lung cancer. Activation of the oncogene YAP underlying
the initiation, progression, and metastasis of lung cancer
associates with poor prognosis and may promote metastatic
spread and confer drug resistance against targeted therapy.
Given the selective induction of tumor cell apoptosis
by NCTD without affecting normal cells [24-26] and
highly activation of YAP in lung cancer, it is reasonable
to test the therapeutic efficacy of NCTD in human lung
cancer treatment and its specificity derived from the
selective YAP targeting. Our study revealed that YAP
signal pathways were aberrantly activated in lung cancer
tissues and cells which conferred more proliferative
and invasive phenotypes to human lung cancer cells.
We confirmed that NCTD specifically repressed YAP
signaling pathway to interfere the YAP-mediated NSCLC
progression and metastasis via arresting cell cycle,
apoptosis and senescence. We also found NCTD-mediated
repression of YAP decreased epithelial-to-mesenchymal
transition (EMT) and reduced the motile and invasive
cellular phenotype and the metastatic prowess in vitro via
enhancing E-Cadherin and decreasing fibronectin/vimentin.

Given lacking extensive molecular dissection of
mechanisms governing downregulation of YAP by NCTD,
we further examined the NCTD-induced alterations in YAP
expression (MRNA and protein) and post-translational
modification (phosphorylation) in lung cancer cells. Our
results indicated that NCTD not only significantly and
selectively represses transcriptional activity of YAP, it
also enhances the phosphorylation of YAP to facilitate
the cytosol translocation of YAP from nuclear in lung
cancer cells (Figure 3A, 3B). We first found that NCTD
dose-dependently (Figure 3C, 3D) and time-dependently
(Figure 3E, 3F) reduced Yap mRNA and protein level,
but increased phosphorylated YAP in A549 cells, which
may suggest the rationale for the molecular mechanism in
NCTD’s non-resistance therapeutic function for lung cancer.

While our results characterized the anti-cancer
functions of NCTD in preventing NSCLC progression and
metastasis, we have not defined the role of NCTD in the
unavoidable chemoresistance development in lung cancer
treatment. Aberrantly activated YAP not only renders

www.impactjournals.com/oncotarget

2313

Oncotarget



the priority of lung cancer cells in their proliferation this issue in this report, the investigation of overcoming

and metastatic colonization, but also confers the drug the YAP activation-induce drug resistance by NCTD and
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Collectively, NCTD can function as an efficient
non-resistance therapeutic drug for NSCLC patients via
inhibiting the activation of YAP to increase the apoptosis
and senescence, and arresting tumor cell proliferation.
Notable, we demonstrated that these effects of NCTD
were repressed by transient transfection of Yap. This study
verified and proposed that NCTD has all the potentials
to be selected as a chemotherapeutic candidate for
repressing tumorigenesis and the development of NSCLC
via selectively targeting YAP. NCTD interrupted the cell
cycle progression and rewired cell proportion distribution
among all the cell cycle phases leading to the cell growth
arrest in NSCLC cells. Finally, exceptional growth and
metastasis inhibition by NCTD in our study grants any
further clinical investigation regarding its anti-tumor
effects in NSCLC patients.

MATERIALS AND METHODS

Cell lines and treatment conditions

All lung cancer lines (A549, H1299 and Calu6)
were obtained from American Type Culture Collection
(ATCC; Manassas, VA), and maintained in RPMI media
supplemented with 10% FBS (FBS; Hyclone, USA),
10 mM of glutamic acid, and 1% penicillin/streptomycin
(normal media). Cells were subcultured as necessary, and
harvested at various time-points for analysis.

Human tissues

All the human lung cancer and normal lung
specimens were collected in Affiliated Hospital of
Binzhou Medical College with written consents of patients
and the approval from the Institute Research Ethics
Committee. All tissues were immediately snap-frozen with
a portion of harvested tissue sent for immediate histologic
confirmation by an independent, anatomic pathologist in a
blinded manner. A total of 10 human lung cancer samples
with paired pathologically normal lungs were used for
real-time PCR analysis and another 10 lung cancer were
used for WB analysis.

Plasmid constructs for over-expression

cDNA overexpressing constructs for Flag-tagged
Yap, Yap S127A and Myc-tagged TEAD2 were made from
the pcDNA3.1 vector (Invitrogen). Plasmid constructs (2
pg) were transfected into cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA), followed by analysis 48—72
h later.

Immunofluorescent staining

For analysis of Yap subcellular localization and the
protein levels of Yap, Cyr61 and CTGF, A549 and H1299

cells were grown on coverslips in a 24-well plate overnight
and after 24h, treated with NCTD. After 36 h, cells were
fixed in 4% formaldehyde for 30 min and permeabilized
by incubation in 3% BSA in PBS for 30 min. The
coverslips were subsequently incubated with rabbit anti-
Yap (CST, #8418), Cyr61(Abcam, 24448) and CTGF
(Abcam, 6992) monoclonal at 1:2000 dilution in PBS
containing 3% BSA. Alex Fluor AF 594 (red) anti-rabbit
monoclonal secondary fluorescence antibodies at 1:1000
dilution in PBS containing 3% BSA. DAPI (3 pg/mL)
was used for nuclear staining. Images were obtained with
Zeiss Axio Imager Z1 Fluorescent Microscope.

Cell cycle and Annexin V staining and flow
cytometry

For cell cycle analysis, drug-treated cells with 80%
confluence were harvested and fixed with 70% ethanol.
Then cells were taken for PI staining and cell cycle was
analyzed using flow cytometry. For apoptosis analysis,
cells were cultured in attachment then trypsinized and
stained with PI/Annexin V (Vazyme, Apoptosis Detection
Kit). Data were collected and analyzed on a BD FACSC
and using FACSD via software.

RNA isolation and RT-PCR assay

Total RNA was isolated using Trizol reagent
(TransGen Biotech) and retro-transcribed into first-strand
cDNA using TransScript All-in-One First-Strand cDNA
Synthesis (TransGen Biotech). cDNAs were subjected
to reverse PCR assay corresponding primer. GAPDH
(human) served as internal control. The reverse PCR
primers as follows:

Yap forward primer: GGACCCCAGACGACT
TCCTCAACAG

Yap reverse primer: CCTTCCAGTGTGCCAAGG
TCCACAT

E-cadherin forward primer: ACCATTAACAGGAA
CACAGG

E-cadherin reverse primer: CAGTCACTTTCAGTG
TGGTG

Vimentin forward primer: CGCCAACTACATCG
ACAAGGTGC

Vimentin reverse primer: CTGGTCCACCTGCC
GGCGCAG

Fibronectin forward primer: CCTGAGGATGGAAT
CCATGAGC

Fibronectin reverse primer: GGCTCTCCATATCGT
GCAAG

Western blot analysis

Protein extracts from tissues and cells were lysed in
NP-40 buffer (150 mM NaCl, 1% Triton X-100, 10 mM
Tris pH 7.4, 1 mM EDTA pH 8.0, 1 mM EGTA pH 8.0,
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0.5% NP-40, and 1 mM PMSF) at 25°C for 30 min. The
supernatants of the samples were diluted by 5x loading,
followed by Western blotting as previous reports.
Samples were separated on NuPAGE 4-12% Bis-Tris gels
(Invitrogen) and blotted onto Immobilon P membrane
(Millipore), and proteins detected using enhanced
chemiluminescence detection reagents (Amersham).
Antibodies used for western analysis were anti-Yap, anti-
pYap and tubulin antibody (Cell Signaling Technology
1:1000), anti-E-cadherin, anti-vimentin, capase-3 cleave
(Abcam 1:1000), and laminB (proteintech, 1:2000)

SA-B-gal staining

Senescence-associated -galactosidase (SA-B-gal)
was detected using Senescence -Galactosidase Staining
Kit (Beyotime, C0602) following the manufacturer’s
protocol.

CCK-8 analysis

Dispense 100 pl of cell suspension (5000 cells/ well)
in a 96-well plate. Pre-incubate the plate for 24 hours in a
humidified incubator at 37°C, 5% CO,. Then add 15 uM
NCTD to the tested plate. Incubate the plate for 72 hours
in the incubator. Add 10 pl of CCK-8 (C0037, beyotime)
solution to each well of the plate and then incubate the
plate for 4 hours in the incubator. Measure the absorbance
at 450 nm using a microplate reader.

Wound-healing assay

Cells were plated in 6-well culture plate and incubated
in 5% CO, at 37°C for 24 h. Single layer confluent cells
were wounded by scraping using 200P micropipette tip, then
washed by PBS and incubated in RPMI containing 2% FBS
with various 15 pg/ml of NCTD and relevant plasmid for
different times. The result of this experiment was analyzed
by the Olympus light microscope.

Transwell migration assay

Transwell migration assay was carried out with a
24-well chamber (Costar 3422, Corning Inc., Corning,
NY). The lower and upper chambers were separated by
a polycarbonate membrane (8 um pore size). Cells (1 x
10°) were resuspended in RPMI medium containing free
FBS in the upper chamber. The RPMI medium containing
10% FBS was added to the lower chamber. A549 cells
were allowed to migrate for 36 h at 37°C in a humidified
atmosphere containing 5% CO,. The membrane was fixed
in methanol for 20 min at 4°C, and then stained with
crystal violet. Cells on the upper side of the membrane
were removed by PBS-rinsed cotton swabs. Cells on
the lower side of the membrane were counted under an
Olympus light microscope.

Colonogenecity functional assay

For soft agar colony formation assay, virus-infected
cells were added to growth medium with 0.2% agar and
layered onto 1% agar beds in six-well plates. Cells were
fed with 1 ml of medium every three days. The colonies
were stained with 0.005% crystal violet and counted in
2-3 weeks.

Proliferation/viability assay by MTT

Cell viability was determined
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide (MTT) assay in 96-well plates, as previously
described. Cells were incubated with 15 uM NCTD and
indicated plasmids for 72 h followed by MTT for 4 h, and
then 100 L. DMSO (Dimethyl Sulphoxide) was added to
dissolve the formazan crystals. The absorbance was read at
570 nm using a spectrophotometer (Synergy H1, BioTek).
Cell viability was calculated as the relative absorbance
compared to DMSO vehicle control absorbance.

by

Abbreviations

Norcantharidin (NCTD), Non-small cell lung
carcinoma  (NSCLC),  Epithelial-to-mesenchymal
transition (EMT), Connective tissue growth factor
(CTGF).

Novelty and impact

This studies are the first to examine specific
targeting YAP signaling by NCTD in human lung cancer
treatment, and clearly suggest that activation of the
oncogene YAP is involved in the initiation, progression,
metastasis, and drug resistance against targeted therapy of
lung cancer and can be significantly repressed by NCTD
as monotherapeutic agent. Our studies provide a direct
mechanistic link between NCTD and its molecular targets
in YAP signal pathways in lung cancer therapy.

ACKNOWLEDGEMENTS

This work was supported by the Science and
Technology Development Foundation of Yantai
(2015ZHO082 and 2015ZH080), Natural Science
Foundation of Shandong Province (ZR2015HL073
andBS2014YY016) and Research Foundation of Binzhou
Medical University (BY2015KYQD29, BY2015KYQD22,
BY2015KYQD28, BY2015KJ14, BY2015KYQD?31).

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

www.impactjournals.com/oncotarget

2317

Oncotarget



REFERENCES

10.

I1.

12.

13.

14.

. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D.

Global cancer statistics. CA Cancer J Clin 2011; 61:69-90.

Smith RA, Cokkinides V, Brawley OW. Cancer screening
in the United States, 2009: a review of current American
Cancer Society guidelines and issues in cancer screening.
CA Cancer J Clin. 2009; 59:27-41.

Larsen JE, Minna JD. Molecular biology of lung cancer:
clinical implications. Clin. Chest. Med. 2011; 32:703-740

Navab R, Strumpf D, Bandarchi B, Zhu CQ, Pintilie M,
Ramnarine VR, Ibrahimov E, Radulovich N, Leung L,
Barczyk M, Panchal D, To C, Yun JJ, et al. Prognostic gene-
expression signature of carcinoma-associated fibroblasts in
non-small cell lung cancer. Proc Natl Acad Sci USA. 2011;
108:7160-7165.

Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013.
CA Cancer J Clin. 2013; 63:11-30.

Kozu Y, Maniwa T, Takahashi S, Isaka M, Ohde Y,
Nakajima T. Risk factors for both recurrence and survival
in patients with pathological stage I non-small-cell lung
cancer. Eur J Cardiothorac Surg. 2013; 44:e53—58.

Travis WD, Colby TV, Corrin B, Shumosato Y, Brambilla E.
Histological Typing of Lungand Pleural Tumors. 3rd edn.
Springer-Verlag: Berlin, 1999; 547.

Chan DC, Earle KA, Zhao TL, Helfrich B, Zeng C, Baron A,
Whitehead CM, Piazza G, Pamukcu R, Thompson WJ,
Alila H, Nelson P, Bunn PA Jr. Exisulind in combination
with docetaxel inhibits growth and metastasis of human
lung cancer and prolongs survival in athymic nude rats with
orthotopic lung tumors. Clin Cancer Res. 2002; 8:904-91.
Reck M, Heigener DF, Mok T, Soria JC, Rabe KF.
Management of non-small-cell lung cancer:
developments. Lancet. 2013; 382:709-719.

Tan DS, Yom SS, Tsao MS, Pass HI, Kelly K, Peled N,
Yung RC, Wistuba I, Yatabe Y, Unger M, Mack PC, Wynes
MW, Mitsudomi T, et al. The International Association
for the Study of Lung Cancer Consensus Statement on
Optimizing Management of EGFR Mutation-Positive Non-
Small Cell Lung Cancer: Status in 2016. J Thorac Oncol.
2016; 11:946-963.

Wang S, Cang S, Liu D. Third-generation inhibitors
targeting EGFR T790M mutation in advanced non-small
cell lung cancer. J Hematol Oncol. 2016; 12:34.

Ke EE, Wu YL. Afatinib in the first-line treatment of
epidermal-growth-factor-receptor mutation-positive non-

recent

small cell lung cancer: a review of the clinical evidence.
Ther Adv Respir Dis. 2016; 10:256—64.

Wu S, Liu Y, Zheng Y, Dong J, Pan D. The TEAD/TEF
family protein Scalloped mediates transcriptional output
of the Hippo growth-regulatory pathway. Dev Cell. 2008;
14:388-398.

Dong J, Feldmann G, Huang J, Wu S, Zhang N,
Comerford SA, Gayyed MF, Anders RA, Maitra A, Pan D.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Elucidation of a universal size-control mechanism in
Drosophila and mammals. Cell. 2007; 130:1120-33.
Huang J, Wu S, Barrera J, Matthews K, Pan D. The Hippo
signaling pathway coordinately regulates cell proliferation
and apoptosis by inactivating Yorkie, the Drosophila
Homolog of YAP. Cell. 2005; 122:421-434.

Wu S, Huang J, Dong J, Pan D. hippo encodes a Ste-20
family protein kinase that restricts cell proliferation and
promotes apoptosis in conjunction with salvador and warts.
Cell. 2003; 114:445-456.

Moroishi T, Park HW, Qin B, Chen Q, Meng Z, Plouffe SW,
Taniguchi K, Yu FX, Karin M, Pan D, Guan KL. A YAP/
TAZ-induced feedback mechanism regulates Hippo
pathway homeostasis. Genes Dev. 2015; 29:1271-84.

Pan D. YAPing Hippo Forecasts a New Target for Lung
Cancer Prevention and Treatment. J Clin Oncol. 2015;
33:2311-3.

Chen Q, Zhang N, Gray RS, Li H, Ewald AJ, Zahnow CA,
Pan D. A temporal requirement for Hippo signaling in
mammary gland differentiation, growth, and tumorigenesis.
Genes Dev. 2014; 28:432-7.

Pan D. The hippo signaling pathway in development and
cancer. Dev Cell. 2010; 19:491-505.

Pan D. Hippo signaling in organ size control. Genes Dev.
2007; 21:886-97.

Yu FX, Zhao B, Guan KL. Hippo Pathway in Organ Size
Control, Tissue Homeostasis, and Cancer. Cell. 2015;
163:811-28.

Moroishi T, Park HW, Qin B, Chen Q, Meng Z, Plouffe SW,
Taniguchi K, Yu FX, Karin M, Pan D,Guan KL. A YAP/
TAZ-induced feedback mechanism regulates Hippo
pathway homeostasis. Genes Dev. 2015; 29:1271-84.
Plouffe SW, Hong AW, Guan KL. Disease implications of the
Hippo/YAP pathway. Trends Mol Med. 2015; 21:212-22.
Moroishi T, Hansen CG, Guan KL. The emerging roles of
YAP and TAZ in cancer. Nat Rev Cancer. 2015; 15:73-9.
Park HW, Guan KL. Regulation of the Hippo pathway
and implications for anticancer drug development. Trends
Pharmacol Sci. 2013; 34:581-9.

Yu FX, Guan KL. The Hippo pathway: regulators and
regulations. Genes Dev. 2013; 27:355-71.

Zhao B, Tumaneng K, Guan KL. The Hippo pathway in
organ size control, tissue regeneration and stem cell self-
renewal. Nat Cell Biol. 2011; 13:877-83.

Zhao B, Li L, Guan KL. Hippo signaling at a glance. J Cell
Sci. 2010; 123:4001-6.

Zhao B, Li L, Lei Q, Guan KL. The Hippo-YAP pathway in
organ size control and tumorigenesis: an updated version.
Genes Dev. 2010; 24:862-74.

Zhao B, Lei QY, Guan KL. The Hippo-YAP pathway: new
connections between regulation of organ size and cancer.
Curr Opin Cell Biol. 2008; 20:638-46.

Liao HF, Chen YJ, Chou CH, Wang FW, Kuo CD.
Norcantharidin induces cell cycle arrest and inhibits

WWW

.impactjournals.com/oncotarget

2318

Oncotarget



33.

34.

35.

36.

37.

38.

progression of human leukemic Jurkat T cells through
mitogen-activated protein kinase-mediated regulation of
interleukin-2 production. Toxicol /n Vitro. 2011; 25:206-212.

Fan YZ, Zhao ZM, Fu JY, Chen CQ, Sun W. Norcantharidin
inhibits growth of human gallbladder carcinoma
xenografted tumors in nude mice by inducing apoptosis and
blocking the cell cycle in vivo. Hepatobiliary Pancreat Dis
Int. 2010; 9:414-422.

Chen YJ, Chang WM, Liu YW, Lee CY, Jang YH,
Kuo CD, Liao HF. A small-molecule metastasis inhibitor,
norcantharidin, downregulates matrix metalloproteinase-9
expression by inhibiting Spl transcriptional activity
in colorectal cancer cells. Chem Biol Interact. 2009;
181:440-446.

Shen B, He PJ, Shao CL. Norcantharidin induced DU145 cell
apoptosis through ROS-mediated mitochondrial dysfunction
and energy depletion. PLoS One. 2013; 8:¢84610.

Lv H, LiY, Du H, Fang J, Song X, Zhang J. The synthetic
compound norcantharidin induced apoptosis in mantle
cell lymphoma in vivo and in vitro through the PI3K-Akt-
NFkappa B signaling pathway. Evid Based Complement
Alter Med. 2013; 461487.

Zhang S, Li G, Ma X, Wang Y, Liu G, Feng L, Zhao Y,
Zhang G, Wu Y, Ye X, Qin B, Lu J. Norcantharidin
enhances ABT-737-induced apoptosis in hepatocellular
carcinoma cells by transcriptional repression of Mcl-1. Cell
Signal. 2012; 24:1803-1809.

Yeh CH, Yang YY, Huang YF, Chow KC, Chen MF.
Induction of apoptosis in human Hep3B hepatoma cells

39.

40.

41.

42.

43.

44.

by norcantharidin through a p53 independent pathway via
TRAIL/DRS signal transduction. Chin J Integr Med. 2012;
18:676-682.

Han W, Wang S, Liang R, Wang L, Chen M, Li H, Wang Y.
Non-ionic surfactant vesicles simultaneously enhance
antitumor activity and reduce the toxicity of cantharidin.
Int J Nanomed. 2013; 8:2187-2196.

Chen Y], Tsai YM, Kuo CD, Ku KL, Shie HS, Liao HF.
Norcantharidin is a small-molecule synthetic compound
with anti-angiogenesis effect. Life Sci. 2009; 85:642-51.
Wang H, Sun W, Zhang WZ, Ge CY, Zhang JT, Liu ZY,
Fan YZ. Inhibition of tumor vasculogenic mimicry
and prolongation of host survival in highly aggressive
gallbladder cancers by norcantharidin via blocking the
ephrin type a receptor 2/focal adhesion kinase/Paxillin
signaling pathway. PLoS One. 2014; 9:¢96882.

Zhang JT, Fan YZ, Chen CQ, Zhao ZM, Sun W.
Norcantharidin: a potential antiangiogenic agent for
gallbladder cancers in vitro and in vivo. Int J Oncol. 2012;
40:1501-14.

Ma K, Xu Q, Wang S, Zhang W, Liu M, Liang S, Zhu H,
Xu N. Nuclear accumulation of Yes-Associated Protein
(YAP) maintains the survival of doxorubicin-induced
senescent cells by promoting survivin expression. Cancer
Lett. 2016; 375:84-91.

Xie Q, Chen J, Feng H, Peng S, Adams U, Bai Y, Huang L,
Li J, Huang J, Meng S, Yuan Z. YAP/TEAD-mediated
transcription controls cellular senescence. Cancer Res.
2013; 73:3615-3624.

www.impactjournals.com/oncotarget

2319

Oncotarget



