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OX-2 Forms Regulatory Loop with
AP to Promote Proliferation and
umorigenesis of Hepatocellular
arcinoma Cells
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Abstract
COX-2 and YAP are shown to be highly associated with hepatocellular carcinoma (HCC) and frequently
upregulated during tumor formation. However, despite their importance, whether there is a mutual interaction
between COX-2 and YAP and how they regulate each other are not clear. In this paper, we showed that COX-2
overexpression in HCC cell lines resulted in increased levels of YAP mRNA, protein, and its target genes. COX-2
promoted proliferation of HCC cell lines, and knockdown of YAP antagonized this effect. In addition, our results
indicated that EP2 and Wnt/β-Catenin mediate the transcriptional induction of YAP by COX-2. On the other hand,
YAP increased COX-2 expression at the level of transcription requiring intact TEAD binding sites in the COX-2
promoter. Collectively, these findings indicated that COX-2 is not only a stimulus of YAP but also a target of Hippo-
YAP pathway, thus forming a positive feedback circuit, COX-2-PGE2-EP2-Gαs-β-catenin-YAP-COX-2. In a further
study, we showed that inhibition of YAP and COX-2 acted synergistically and more efficiently reduced the growth
ofHCCcells and tumor formation thaneither of themalone, suggesting that dual governing ofYAPandCOX-2may lead
to the discovery of promising therapeutic strategies for HCC patients via blocking this positive feedback loop.

Neoplasia (2018) 20, 324–334
breviations: HCC, hepatocellular carcinoma; HB, hepatoblastoma; TEAD, TEA
main; CTGF, connective tissue growth factor; Cyr61, gene encoding cysteine rich
; COX, cyclooxygenase; YAP, Yes-associated protein; PGE2, prostaglandin E2; VP,
rteporfin; Cel, celecoxib; EP2, prostaglandin E-receptor 2; Gαs, stimulatory G alpha
otein; MST 1/2, mammalian STE20-like protein kinase 1/2; LATS1/2, large tumour
ppressor 1/2; ChIP, chromatin immunoprecipitation; GAPDH, glyceraldehyde-3-
osphate dehydrogenase; NF29, neurofibromin 2; ES, embryonic stem; MTT, 3-
,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; TAZ, transcrip-
nal coactivator with PDZ-binding motif; GPCR, G-protein–coupled receptor;
EG, amphiregulin; shRNA, short hairpin RNA; 5SA, mutation of all 5 LATS kinase
osphorylation motifs (S61A, S109A, S127A, S164A, S381A); 5SA/S94A, 5SA
utation and serine 94 changed to alanine which disrupts binding to TEAD transcription
tors (mutation S61A, S94A, S109A, S127A, S164A, S381A); WT, wild-type.
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troduction
epatocellular carcinoma (HCC) is the most common primary
ncer of the liver in the world and is responsible for roughly one
illion cancer deaths with a 5-year survival rate of 7%. Majority of
CC patients are identified at a higher stage when curative treatment
oices do not take effect. In this case, local regional therapies such as
ansarterial chemoembolization and drug-eluting beads are the only
asible options. However, HCC is highly tolerant to chemotherapies,
d most patients die of ruthless disease relapse [1,2]. Hence, there
e substantial impetus and urgency to discover new HCC diagnostic
dicator(s) for early detection, and tumor-specific disease-related
oteins as promising curative targets in the handling of HCC. This
derlines the necessity to uncover new etiological mechanisms and
velop more effective approaches including targeted drugs for the
evention and treatment of HCC.
Cyclooxygenase-2 (COX-2) is a prostaglandin (PG) synthase
talyzing the arachidonic acid to the production of prostaglandins.
OX-2 serves as an inducible enzyme and is activated by various
sults under pathological conditions [3]. The activation of COX-2
sults in formation of its major product, PGE2, which plays a crucial
le in modulating many pathophysiological activities [4,5]. Recent
ports show that COX-2 is overexpressed in many solid tumors,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2017.12.004&domain=pdf
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cluding HCC, and plays an important role in tumorigenesis [6].
hus, COX-2 has become an important drug target for cancer
evention. However, the up- and/or downstream regulators that
ediate these COX-2–involved effects remain poorly understood.
The Hippo signaling pathway has important regulatory effects in
gan size and cell proliferation. YAP is one of the two main key
wnstream effectors of the Hippo signaling pathway and is tightly
gulated by some serine-threonine kinases such as mammalian
E20-like protein kinase 1/2 (MST 1/2) and large tumor suppressor
2 (LATS1/2) [7]. A large body of evidence shows that YAP plays a
itical role in cancer development [8,9]. In addition, YAP is
rticularly essential for tissue regeneration of the colon after DSS-
ediated injury, and hyperactivation of YAP leads to intestinal cancer
0,11], highly resembling PGE2 phenotypes. This, together with
eir similar roles in cancer development, raised the possibility that
AP might modulate the function of PGE2.
COX-2 and YAP are shown to be highly associated with HCC and
equently upregulated during tumor formation [2,3,12,13]. How-
er, despite their importance, whether there is a mutual interaction
tween COX-2 and YAP and how they regulate each other are not
ear. In this paper, we reported that the COX-2-PGE2-Gαs-β-
atenin-YAP-COX-2 positive feedback circuit contributes to HCC
morigenesis in our in vitro and in vivo studies, providing new
sights into drug R&D targets for HCC therapy.

aterials and Methods

ell Lines, Culture, and Reagents
Hep 3B, Hep G2, Bel-7402, HuH7, THLE-3, and HL-7702 cells
ere obtained from the ATCC and cell bank of Shanghai Institute of
ell Biology (Shanghai, China). Cells were cultured in 75- or 150-cm2

sks with Dulbecco's modified Eagle medium supplemented with
% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml
reptomycin. Cells were incubated in a 5% CO2 incubator at 37°C.

hemicals and Reagents
Dulbecco's modified Eagle medium and fetal bovine serum (Gibco
RL, USA); trypsin, LPS, MTT (Sigma Chemical Co., MO, USA);
nicillin and streptomycin (Sunshine Biotechnology, Nanjing,
hina); and antibodies to YAP, CTGF, Cyr 61, AREG, TEAD1,
P1-EP4, β-catenin, COX-2, MST1, β-catenin siRNA, short hairpin
NA (shRNA) of YAP, COX-2, EP2, MST 1 and HRP-linked goat
ti-mouse IgG and horseradish peroxidase (HRP)-linked anti-rabbit
G were obtained from Santa Cruz (CA, USA). YAP,YAP(5SA),
AP(5SA/S94A) expression plasmids were obtained from Addgene
SA). Doxycycline inducible YAP lentivirus expression plasmid
IN20YAP) was previously described [14]. EP1-EP4 antibodies,
utaprost, and AH6809 were from Cayman Chemical (Ann Arbor,
I). Celecoxib, verteporfin, and doxycyclin were purchased from
gma-Aldrich (St. Louis, MO). Other agents were the highest quality
ailable in market.

ell Viability Assay
Cell viability was measured as described previously [5].

lasmid Construction and Site-Directed Mutagenesis
The DNA of Cyr61 [nucleotide (nt) position −163 to + 57],
TGF (nt −250 to −1), and COX-2 [nt −800 to −1] promoters was
plified by polymerase chain reaction (PCR) from genomic DNA
tracted from human BxPC-3 cells and subsequently cloned into
L3-basic luciferase reporter vector (Promega). Site-directed
utagenesis was done using the QuickChange Mutagenesis Kit
tratagene) according to the manufacturer's protocol. COX-2 and
P2 expression plasmids were created as described previously [15].

munoprecipitation and Western Blot
The immunoprecipitation was done as described previously [15].
brief: the cell lysates containing 500 μg protein were incubated

ith 5 μg primary antibody overnight at 4°C. Fifty microliters of
otein A/G plus-agarose (Santa Cruz Biotechnology) was added, and
e complex was incubated at 4°C overnight. The beads were washed
ree times with high salt buffer (1 M Tris-HCl, pH 7.4, 0.50 M
aCl, and 1% Nonidet P-40) and twice with lysis buffer to eliminate
onspecific binding. The immunoprecipitated complexes were
leased with 2× sample buffer for Western analysis. Western blots
e as described [5].

hromatin Immunoprecipitation (ChIP)–Quantitative PCR
PCR) Analysis
ChIP was performed with the use of a ChIP-IT Express kit (active
otif). In brief, cells were treated with 1% formaldehyde, lysed, and
mogenized using a Dounce homogenizer. DNA was shorn by
nication, and the sheared chromatin was incubated with Ig G
igma) or YAP/TEAD antibodies followed by qPCR analysis. The
ount of ChIP DNA was expressed as fold enrichment relative to
put.

munofluorescence
This analysis was performed as described previously [15].

olony Formation Assay
This assay was conducted as described previously [15].

uciferase Reporter Analysis
This assay was done as described previously [15].

GE2 Measurement
This analysis was conducted as described previously [5].

T-qPCR Analysis
Total RNAwas isolated from cultured cells and tissues with the use of
RNeasy Mini Kit (Qiagen). Portions of the RNA (1-2 μg) were
bjected to RT followed by qPCR analysis with the use of a GeneAmp
NA PCR Core Kit (Applied Biosystems), 2×SYBR Green Pre-mix
lpisbio), and a 7500 Fast Real-Time PCR machine (Applied
iosystems). The Ct values of target genes were normalized by those
r β-actin or glyceraldehyde-3-phosphate dehydrogenase gene.

enograft Mouse Model
This analysis was conducted as described previously [15]. Animal
otocols were approved by the Institutional Animal Care and Use
ommittee of the Nanjing Normal University, P.R.C., and
nducted in accordance with the Declaration of Helsinki Principles.
our-week-old male nude mice weighing 16 to 20 g were acquired
om Shanghai Silaike Laboratory Animals Co. Ltd., Chinese
cademy of Sciences. Briefly, cells (5×106) were subcutaneously
jected into each nude mouse (nu/nu, male 6 to 8 weeks old) under a
erile environment. After around 10 days of invocation, VP was
plied by intraperitoneal injection at 50 mg/kg once every other day
r 20 days. Tumor size was measured at indicated time using a
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liper, and tumor volume was calculated as 0.5 × L × W2, with L
dicating length and W indicating width. About 3 to 5 weeks after
jection, tumorswere dissected, and specimens from representative tumor
sue were cut with a razor blade and frozen for Western blot analysis.

nockout Mice
Animal protocols were approved and conducted as those in the above
odel. A floxed allele of Nf2 (Nf2flox2) has been described previously
6]. In brief, the Cre/loxP recombination system of bacteriophage P1
as used to generate conditional Nf2 knockout mice, and a two-step
rategy [17] was utilized to generate ES cell clones carrying the Nf2flox2

utant allele. TheNf2flox2 allele carried an insertion of two loxP sites in
e intronic regions flanking exon. Successfully targeted ES clones were
icroinjected into C57BL/6 blastocysts. Germline transmission from
nerated chimeric offspring was confirmed by PCR. To analyze
nction of YAP in mouse liver, Nf2flox2 was crossed to the Albumin-
re (Alb-Cre) recombinase to obtain Alb-Cre;Nf2 flox2/flox2 mice. Alb-
re drives liver-specific Cre expression and achieves efficient deletion at
rinatal stage (E18 to P1) in hepatocytes. Three-week-old NF2
ockout mice were administered with VP at 50 mg/kg by
traperitoneal injection once every other day for 4 weeks.

atistical Analysis
The values are expressed as the means ± SD from different
periments. Unpaired Student’s t test was used to compare two
oups, and one-way ANOVA was used to compare three or more
oups. P b .05 was considered statistically significant. q value anal-
is was used to estimate the synergistic effect of the agents. q=EA+B/
A+EB−EA*EB), where EA represents the effect of A used indepen-
ntly, EB represents the effect of B used independently, and EA+B
presents the effect of A and B used together. A q value of N1.15
dicates synergism, a q value of b0.85 indicates antagonism, and a
value of 0.85 to 1.15 indicates additive effect [18].
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AP and COX-2 Associated in HCC Cells
To address YAP and COX-2 expressions and their correlation,
estern blot was conducted to detect their expressions in one normal
L-7702), one immortal (THLE-3) hepatic, and four HCC cell
es. Analysis of the expression of YAP and COX-2 in six human cell
es revealed that YAP and COX-2 were expressed in all the cell lines
igure 1, A and B). When compared with normal hepatic cell HL-
02 and immortal cell line THLE-3, YAP and COX-2 appeared to
upregulated in a panel of HCC cells including Hep 3B, Hep G2,

el-7402, and HuH7 as determined by a specific antibody.
rthermore, the highest levels of YAP and COX-2 were evident in
ep 3B and Hep G2 cells, intermediate levels were present in Bel-
02 and HuH7cells, and the lowest levels were present in THLE-3
d HL-7702 cells (Figure 1B). Correlation regression analysis
owed that the coefficient of correlation (R2) was 0.882 (Figure 1C).
hese data indicated that YAP and COX-2 were upregulated and
ghly associated in HCC cells, raising the possibility that there may
a reciprocal interplay between the two pathways.

egulation of YAP Expression by COX-2
We first evaluated if COX-2 modulates YAP in HCC cells.
verexpression of COX-2 in Bel-7402 cells obviously led to the
undance of YAP mRNA and protein (Figure 2, A and B), which is
nsistent with the immunofluorescent staining (Figure 2C).
multaneously, the transcriptional activity of YAP was enhanced as
monstrated by the increased mRNA and protein levels of YAP
wnstream effectors CTGF, Cyr 61, and AREG (Figure 2, A and B).
hen, we sought to investigate if YAP was affected at the transcriptional
vel. In fact, COX-2 expression produced an activation of a CTGF
porter as well as a Cyr 61 reporter; both are well-established hallmarks
YAP transcriptional ability. In contrast, YAP knockdown blocked

AP downstream gene evocation by COX-2 overexpression (Figure 2,
and E). In addition, LPS was applied to stimulate the COX-2
pression, and we obtained similar results as in forced COX-2
pression (Figure 2F).
Consistently, celecoxib, a selective COX-2 inhibitor, inhibited
AP expression and the subsequent CTGF and Cyr 61 reporters’
tivation in Hep G2 cells (Figure 2G). As a result, the target gene
pressions were also attenuated (Figure 2H). On the contrary, YAP
ansfection reversed YAP target gene expression decreases caused by
OX-2 inhibitor (Figure 2H). Because YAP activates gene
pression largely through interaction with TEAD, we next checked
hether COX-2 promotes the binding of YAP to TEAD family. By
alyzing the immunoprecipitates of YAP or TEAD1 from COX-2–
erexpressing or –lower-expressing cells, we found that a high level
COX-2 promoted YAP-TEAD1 interaction and a low level of

OX-2 repressed YAP-TEAD1 mutual interplay (Figure 2I).

volvment of YAP in Functions of COX-2 Pathway
Next, we were interested in the biological functions of YAP in
OX-2 pathway, and we examined its role in COX-2–induced
ergrowth and colony formation. Importantly, knockdown of YAP
peded overgrowth induced by COX-2–expressing plasmids in Bel-
02 cells (Figure 3A). In contrast, overexpression of YAP promoted
ll growth in COX-2–low THLE-3 cells (Figure 3B). Consistently,
hibition of YAP by verteporfin also robustly repressed COX-2–
duced colony formation in Bel-7402 cells (Figure 3C), while
pression of YAP promoted colony formation in THLE-3 cells
igure 3D). Moreover, doxycyclin-induced YAP expression promot-
tumorigenesis induced by COX-2 overexpression in Hep G2–
planted mice (Figure 3E). On the contrary, YAP inhibitor
rteporfin diminished tumor formation induced by COX-2 in
ese mice (Figure 3F). Together with the above-described findings,
AP plays an important role in COX-2–induced overgrowth and
rcinogenesis in vitro and in vivo.

OX-2-Induced YAP Expression Through EP2 Signaling
We next turned to the underlying mechanism through which
OX-2 amplifies YAP expression. It has been reported that COX-2
ological actions have been attributed to its catalyzed product PGE2
d its coupling with specific GPCRs, named EP1 to EP4, through
iosyncratic signaling pathways [19]. First, we test whether and to
hat extent EPs were expressed in HCC cells. Results showed that
P1 to EP4 were all found in Bel-7402 and HuH7 cells. But EP2 has
e highest level (Figures 4A, 4SA). Given that PGE2 promotes cancer
ll growth through a Gs-Axin-β-catenin signaling axis and Wnt/β-
tenin signaling regulates Yes-associated protein (YAP) gene
pression in cancer cells, we checked whether β-catenin was involved
regulating COX-2–induced YAP expression. In fact, COX-2 failed
upregulate both protein and mRNA levels of YAP in β-catenin–
pleted Bel-7402 and HuH7 cells (Figures 4, B and C and 4SB),
ggesting that the effect of COX-2 on YAP expression is really



m
m
in
B
ha
w
al
bo
w
(F
di
ge
da
in

C
L

hi
th
T
in
ab
H
kn
m

kn
of
or
C
w
C
C

ce
sh
de
(F
im
co
C
vi
of
pa

bi
(C
(F
C
bi
C
pl

A B

** **

**
**

**

**

** **

0

1

2

3

4

Hep 3B Hep G2 Bel-7402  HuH7 THLE-3 HL-7702

P
ro

te
in

 e
xp

re
ss

io
n(

re
la

tiv
e 

to
 

β-
ac

tin
)

COX-2

YAP

YAP

COX-2

β-actin

H
ep

 3
B

H
ep

 G
2

B
el

-7
40

2

H
uH

7

T
H

L
E

3

C

y = 1.4615x + 0.95
R² = 0.882

0

1

2

3

4

0 0.5 1 1.5 2

Y
A

P
 e

xp
re

ss
io

n

COX-2 expression

Figure 1. YAP and COX-2 are overexpressed in HCC cells and highly associated. (A) YAP and COX-2 expression in Hep 3B, Hep G2, Bel-
7402, HuH7, THLE-3, and HL-7702 cells. (B) The expression levels of YAP and COX-2 were determined as in A and quantified by
densitometry. Ratios of YAP or COX-2 over β-actin are expressed as mean ± SD. **Pb.01 compared with HL-7702. (C) Data of YAP and
COX-2 expressions were analyzed by correlation regression analysis. All data are from at least three independent experiments.
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ediated by Wnt/β-catenin signaling. We then tested whether EP2
ediates the effect of COX-2 on YAP. Forced expression of EP2
duced an increase of β-catenin as well as YAP expression in both
el-7402 and HuH7 cells, whereas depletion of EP2 with shRNA
d the opposite effect (Figures 4, D and E and 4SC). Furthermore,
e utilized EP2 agonists and antagonists to test whether such agents
so affect the YAP expression. The EP2 agonist butaprost increased
th β-catenin and YAP expression (Figures 4, F and G and 4SD),
hereas the EP2 antagonist AH6809 had the contrary effect
igures 4, H and I and 4SD). Most noticeably, ablation of EP2
minished the levels of β-catenin, expression of YAP, and YAP target
nes induced by COX-2 (Figures 4J and 4SE). Collectively, these
ta revealed that EP2 andWnt/β-catenin mediate the transcriptional
duction of YAP by COX-2.

OX-2 Expression Mediated by YAP at A Transcriptional
evel
As YAP plays an important role in the development of cancer
ghly resembling PGE2 phenotypes [10,20], it raised the possibility
at YAP might also regulate the function of COX-2/PGE2 pathway.
herefore, we next checked whether YAP increased COX-2 signaling
HCC cells. As expected, YAP expression upregulated the

undance of mRNAs and proteins of COX-2 in Bel-7402 and
uH7 cells. Meanwhile, treating cells with verteporfin, which is
own to disrupt YAP-TEAD binding, greatly reduced COX-2
RNA levels (Figures 5, A and B and 5SA, SB). Conversely,
ockdown of YAP by shRNA in Hep G2 cells resulted in reduction
COX-2 and PGE2 levels (Figure 5, C-E). Moreover, immunoflu-
escence revealed that knockdown of YAP by shRNA decreased
OX-2 expression in Hep G2 cells (Figure 5F). Similar observations
ere also found in Hep3B cells (Figure 5SC, SD, and SE).
ollectively, these studies clearly suggested that YAP increased
OX-2 expression in HCC cells.
To examine if COX-2 expression was mediated by YAP in primary
lls, HL-7702 cells were chosen for further assessment. Results
owed that HL-7702 cells transfected with YAP-expressing plasmid
monstrated higher COX-2 expression than cells with control vector
igure 5G). Additionally, Western blot analysis in MST-depleted
mortal THLE-3 cells displayed enhanced COX-2 expression
mpared to the control vector-transfected cells (Figure 5H).
onsequently, COX-2 could be upregulated in several types of cells
a expression of a constitutively active form of YAP or by stimulation
endogenous YAP protein that resulted from disruption of Hippo
thway upstream members.
Analysis of the humanCOX-2 promoter sequences reveals two TEAD
nding sites located around −778 to −773 (AGAATT) and −645 to −640
ATTCC) of base pairs upstream of the transcription start site
igure 5I). TEAD binding COX-2 promoter was then determined by
hIP. Results validated the binding of YAP and TEAD1 at assumed
nding sites in the promoter of COX-2 (Figure 5J). To further confirm if
OX-2 is a direct downstream gene of YAP-TEAD, wemade a luciferase
asmid where the luciferase was activated by COX-2 promoter and then
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the COX-2 alone. (F) Relative CTGF and Cyr 61 luciferase activity in Bel-7402 cells stimulated with LPS. **Pb.01 compared with the control
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immunoprecipitated with YAP or TEAD1 antibodies. YAP or TEAD1 presented in lysates or immunosediments was detected by Western
blots. All quantitative data were expressed as mean ± SD (in B, D, E, F, G, and H) from at least three independent experiments.
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as transfected into Hep G2 cells. The reporter was highly activated by
AP 5SA but not by YAP 5SA/S94A. Remarkably, when the TEAD
nding sites weremutated, the reporter failed to be triggered by YAP 5SA
igure 5, K and L).
We next investigate the modulation of COX-2 and PGE2 by YAP
vivo using Alb-Cre;Nf2 flox2/flox2 mice generated by crossing of
f2flox2 mice with Albumin-Cre (Alb-Cre) recombinase. In this
say, we tested VP in mice bearing liver-specific knockout of NF2/
erlin, which exhibited liver cancer due to activation of endogenous
AP [21]. The abundance of COX-2 protein and mRNA levels, as well
the PGE2 level of the liver, was reduced in the NF2-KO-VPmice but
creased in the NF2-KO mice (Figure 5, M-O). Collectively, these
dings indicated that COX-2 is not only a stimulus of YAP but also a
rget of Hippo-YAP pathway, thus forming a positive feedback circuit,
OX-2-PGE2-EP2-Gαs-β-catenin-YAP-COX-2.

romotion of Cell Growth and Tumorigenesis by A Combination
YAP and COX-2
Having shown that COX-2 signaling and YAP form a positive
gulatory loop, this prompted us to explore whether YAP and COX-
might synergize to promote HCC cell growth and tumor formation.
rst, we assessed the effects of shRNA targeting YAP and COX-2 on
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optosis and cell viability in Hep G2 and Hep 3B cells. The shRNA
rgeting YAP or COX-2 substantially attenuated expression of the
rget genes compared with the control shRNA (Figure 6A). Then,
e Hep G2 cells were further subjected to flow cytometry and MTT
says. Transfection with shRNA targeting YAP increased the
optosis percentage from 5% to 14% in Hep G2 cells and 6% to
% in Hep 3B cell cultures. The shRNA targeting COX-2 had
milar effects and increased apoptosis in Hep G2 and Hep 3B cells
o. The cotransfection of these two shRNAs synergistically increased
optosis in Hep G2 and Hep 3B cells. We also found that both
RNAs had synergistic effects on decreasing cell viability in Hep G2

d Hep 3B cells (Figures 6B, 6S). Finally, we found that sh YAP and
COX-2 suppressed tumor volume and weight when compared

ith control group, while combination of sh YAP and sh COX-2
hibited advantages over either shYAP or shCOX-2 alone in
ducing tumor volume as well as tumor weight (Figure 6, C and D).
ased on these results, YAP and COX-2 play synergistic roles in
gulating HCC cell growth and tumor development.
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iscussion
CC is publicly recognized as the sixth most prevalent cancer all over
e world. It is responsible for approximately one million deaths each
ar, mainly in underdeveloped and developing countries.However, the
eatment of HCC is still difficult for therapists. Therefore, broadening
r knowledge of molecular signaling including proteins or biomarkers
sponsible for tumorigenesis or tumor development is crucial for
veloping novel therapeutic strategies to overcome HCC [22].
COX-2 and YAP are often found to be highly associated with
CC and frequently upregulated in HCC cells or tissues, but their
utual regulative mechanisms remain unclear. In this study, we
und that COX-2 mediates HCC carcinogenesis by activating YAP
gnaling. Results demonstrated that COX-2 augments YAP mRNA
d protein levels through the Wnt/β-catenin mechanism. Addition-
ly, we found that COX-2 is a direct target gene of YAP. YAP induces
OX-2 expression and transcription in multiple cell systems at the
vel of transcription requiring intact TEAD binding sites in the
OX-2 promoter. We think that this positive feedback circuit plays
important role in HCC tumorigenesis and development. These
dings provide a significant insight into the mechanism of HCC
rmation and the reciprocal regulatory effects between COX-2/
E2 and Hippo-YAP pathway.
Feedback loops are ordinarily found in developmental progress,
hich keep a developmental action silent in fluctuating background
gnals but trigger a robust response upon real stimuli at the right time
d place [23]. Feedback loops also exist in many physiological
gulatory progresses, such as blood pressure, heart rate, urinary
cretion, and so on. For tumor pathological regulatory pathways,
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edback loops are also commonly seen [24–26]. But for YAP
thway, although it is identified as an important transcriptional
gulator, specific feedback loops with YAP as a component are rarely
ported. In this paper, our study of COX-2 in the Hippo pathway
ves such an example. Through EP2 and Wnt/β-catenin signaling,
OX-2 and its product PGE2 activate the YAP expression and
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Figure 6. YAP and COX-2 acted synergistically in HCC cell growth and tumorigenesis. (A) Western blot analysis of YAP and COX-2 after
shYAP or shCOX-2 was introduced in Hep G2 cells. (B) Apoptosis and cell viability of Hep G2 cells after shYAP and/or shCOX-2 was
introduced. (C) Tumor volume and weight (D) were decreased after shYAP and/or shCOX-2 transfection (n=5). **Pb.01 compared with
Scr; ##Pb.01 compared with shYAP; &&Pb.01 compared with shCOX-2. All quantitative data are shown as means ± SD from at least three
independent experiments.
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wnstream effectors such as CTGF and Cyr 61, resulting in tumor
owth. Another example is YAP-miR-130a-VGLL4 positive regu-
tory loop, which sustains role of the Hippo pathway in
velopmental and tumor progress. Such mechanisms may explain
AP activation in many cancers without the regulation of YAP
phosphorylation or nuclear localization [23].
YAP is involved in various cancers and now is a hot topic in cancer
search. A large number of studies have focused on the YAP
osphorylation or localization. But only disorder of this mechanism
not enough to explain YAP activation in many cancers [27,28]. For
ample, most of the immunohistochemistry and microarray data in
ncer specimen show increase in both cytosol and nuclear YAP
undance rather than focused nuclear localization of YAP [20,29].
his phenomenon also exists in our cultured cells. Besides, high
nsity of cell-cell contact retention of YAP in cytoplasm was not
gure 5. YAP upregulates COX-2 expression in both normal and mali
pressing plasmids. Western blot using antibodies against YAP and CO
02 cells after YAP transfection (left) or treatment with verteporfin
munoblotting of YAP and COX-2 was performed in Hep G2 cells with
) PGE2 levels in Hep G2 cells after YAP knockdown. **Pb.01 compare
P and COX-2 in Hep G2 cells after YAP knockdown. Nuclei were stain
d color, respectively. (G) YAP and COX-2 were detected by Western b
P and COX-2 were detected byWestern blot in THLE-3 cells transfect
nding sites was identified (bold/underlined) in the promoter regions
gions performed with antibodies to YAP and TEAD1, and correspo
richment relative to input DNA. CTGF and glyceraldehyde-3-phosp
ntrols, respectively. Pb.01 compared with Ig G control group. (K) L
ciferase reporter activity was measured in cells expressing the indi
mpared with YAP 5SA group. (M) Immunoblot and (N) reverse transcr
mpared with theWT group; #Pb.05, ## Pb.01 compared with the NF2
-VP mice (n=5). Pb.01 compared with the WT group; ## Pb.01 com

om at least three independent experiments.
served in many occasions. Recently, it is reported that the mRNA
vel of YAP (and TAZ) sufficiently correlates with target gene
pression and is well associated with cancer progression [11,29].
ogether with our results in this paper, the importance of
anscriptional regulation of YAP should be well addressed. Here,
r data are consistent with the idea that the excessive expression of
AP is actually a more important factor in tumorigenesis. Another
ing worthy of being mentioned is that cytoplasm YAP may affect
mor formation or growth directly regardless of the nuclear
anslocation. For instance, in our unpublished data, we found that
toplasm YAP was able to promote dissociation of p65 with IκB and
translocation to the nucleus to control the expressions of target
nes in tumorigenesis. Finally, we found during the search for anti-
AP drug candidates that some of the natural products did not affect
e YAP translocation or mRNA expression but the protein levels.
gnant HCC cells. (A) Bel-7402 cells were transfected with YAP-
X-2 was performed. (B) q-RT-PCR analyses of COX-2 levels in Bel-
(right). **Pb.01 compared with the control vector group. (C)
knockdown of YAP shRNA. (D) q-RT-PCR analyses of COX-2 and
d with the scrambled shRNA group. (F) Immunofluorescence of
ed with DAPI (blue). YAP and COX-2 were shown with green and
lot in HL-7702 cells transfected with YAP expression vectors. (H)
ed withMST shRNA. (I) Sequence of the COX-2 promoter and two
of human COX-2. (J) ChIP-qPCR analyses of COX-2 promoter

nding control IgG in Hep G2 cells. Data are expressed as fold
hate dehydrogenase were examined as positive and negative
uciferase reporter constructs (wild type and mutated) used. (L)
cated plasmids. Pb.01 compared with control group; ##Pb.01
iption qPCR analyses of the livers in the indicated groups. Pb.01
-KO group. (O) PGE2 content of the liver in WT, NF2-KO, and NF2-
pared with the NF2-KO group. All data are shown as means±SD
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his might highlight the important role of YAP degradation in
gulating Hippo-YAP pathway. Thus, our findings broaden the
owledge about the mechanisms regarding YAP activation in cancers.
It has been reported recently that Hippo-YAP pathway is a
wnstream of GPCR signaling [30]. GPCRs differentially regulate
AP or TAZ phosphorylation through Gα-Rho-actin-Lats1/2-YAP/
AZ axis. For EP2 receptor, it is a Gαs-linked GPCR, which actually
creases YAP phosphorylation and activates YAP downstream target
nes [31–33]. But in our study, we did not observe that this pathway
as validated. Substitutively, we found that COX-2 failed to
regulate both protein and mRNA levels of YAP in β-catenin–
pleted cancer cells, suggesting that the effect of COX-2 on YAP
pression is really regulated via Wnt/β-catenin signaling. Our results
ggest the complexity of Hippo-YAP regulation, and the exact
echanism might be connected to different cell types and the
vironmental context surrounding them.
Because both YAP and COX-2 participate in HCC formation and
velopment, we finally wanted to know whether YAP and COX-2
d synergistic performance in keeping tumor growth. Results
owed that combination of sh YAP and sh COX-2 exhibited
vantages over either shYAP or shCOX-2 alone in inducing
optosis and reducing viability of Hep G2 cells as well as tumor
rmation. These results point to the idea that targeting YAP and
OX-2 would be more efficacious than single inhibition in
eventing tumor growth regarding YAP/COX-2 high expression,
d a dual YAP and COX-2 inhibitor could be a novel drug candidate
r successful HCC treatment. Currently, although tremendous
ogress has been made toward understanding the molecular
echanism underlying HCC development and treatment, the drug
sistance is still an unconquerable barrier for successful survival.
ecent evidence shows that COX-2 is overexpressed in many solid
mors, including HCC, and is involved in drug resistance and poor
ognosis [6]. Meanwhile, a large body of evidence shows that YAP/
AZ has been shown to mediate resistance to chemotherapy in human
ncers [8,9,34]. The mechanism described in this paper might open a
indow for overcoming the notorious drug resistance. Inhibitors of
AP may be synergistic with COX-2 inhibitors in sensitizing cancer
lls to drugs by disrupting this positive feedback circuit.
In conclusion, YAP and COX-2 forms a positive loop and are
nergistic in modulating HCC cell growth and tumor formation,
ggesting that dual governing of YAP and COX-2 may lead to the
scovery of promising therapeutic strategies for HCC patients.
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