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Chemotherapy is critical for the treatment of hepatocellular carcinoma (HCC). Despite the proapoptotic effects
of corosolic acid (CA) treatment, its underlying mechanism is not completely clear. The aim of this study
was to determine the molecular mechanism of CA in HCC treatment. MTT assay was used to determine the
IC,, of CA. Immunoprecipitation and immunofluorescence were used to detect the interaction and subcel-
lular localization of Yes-associated protein (YAP) and mouse double minute 2 (MDM2). In addition, in vivo
xenotransplantation was performed to assess the effects of CA, YAP, and MDM2 on tumorigenesis. The IC_
of CAwas about 40 pM in different HCC cell lines, and CA decreased YAP expression by reducing its stability
and increasing its ubiquitination. CA treatment and MDM2 overexpression significantly decreased the cross-
talk between YAP and cAMP-responsive element-binding protein (CREB), TEA domain transcription factor
(TEAD), and Runt-related transcription factor 2 (Runx2). CA stimulation promoted the translocation of YAP
and MDM2 from the nucleus to the cytoplasm and increased their binding. In addition, CA treatment obvi-
ously reduced tumorigenesis, whereas this effect was abolished when cells were transfected with sh-MDM2
or Vector-YAP. The present study uncovered that CA induced cancer progress repression through translocating

YAP from the nucleus in HCC, which might provide a new therapeutic target for HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer in the world™. It is currently the second leading
cause of cancer-related deaths, accounting for approxi-
mately 800,000 deaths every year’. In general, the clini-
cal treatments for HCC include surgery, chemotherapy,
radiation, and liver transplantation. Among them, surgical
resection of tumors and liver transplantation often have a
curative effect in patients®. However, owing to poor prog-
noses and high recurrence rates after resection, a large num-
ber of patients present with advanced disease and are not
eligible for surgery*®. Although chemotherapy is an alter-
native choice for advanced HCC, the efficacy of chemo-
therapy is often hampered by a range of adverse side effects
that cause patient suffering and even death®. Therefore, it is
urgent to focus on the development of more effective thera-
peutic drugs against HCC with fewer side effects.

In recent years, Chinese herbal medicines have been
extensively used in various anticancer studies, and a
number of them have been shown to have anticancer
properties™. Compared to Western medicine used at a
certain stage of cancer treatment, Chinese herbal medi-
cine always shows less toxicity and is a more efficient
treatment, and tumor recurrence and metastasis are less
likely®. Among these herbal medicines, Actinidia val-
vata Dunn (Actinidiaceae), a shrub that mainly grows in
eastern China, has a series of applications in traditional
Chinese medicine and as a folk herb. The root of this
plant, commonly known as Mao renshen in China, exhib-
its notable anti-inflammatory and antitumor activities
and has cytotoxic effects against several types of cancer
cells, including liver cancer cells™. Corosolic acid (CA),
which is found in water extracts of Actinidia chinensis,
also exhibits significant anticancer effects in HCC cells
by decreasing HCC cell migration without cytotoxicity™.
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However, the pharmacological activity of CA remains
poorly understood.

Cancer cell proliferation is a critical process in tumor
development'®; thus, antiproliferation therapy is an
important approach for cancer treatment. The Hippo
pathway plays a critical role in controlling organ size by
regulating cell growth, proliferation, and apoptosis™™.
Emerging evidence has demonstrated that Yes-associated
protein 1 (YAP), the downstream effector of the tumor sup-
pressor Hippo pathway, serves as an oncoprotein that sig-
nificantly contributes to liver tumorigenesis®’. In addition,
YAP acts as a central node that connects the cAMP-de-
pendent protein kinase (PKA)/cAMP-responsive element-
binding protein (CREB), mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinase (ERK),
phosphatidylinositol ~ 3-kinase (PI3K)/AKT, p70S6K/
mammalian target of rapamycin (mTOR), and c-Jun/c-Fos
signaling pathways and thereby forms a complex network
that maintains transformative phenotypes in liver cancer
cells’®?, suggesting that molecules that inhibit YAP may
be effective therapeutic targets in HCC.

In the present study, we aimed to clarify the relation-
ship between CA and YAP and to reveal the mechanism
of CA in the inhibition of HCC.

MATERIALSAND METHODS
Cell Culture Conditions

The HCC cell lines Hep3B and HepG2 were purchased
from the American Type Culture Collection (ATCC;
Manassas, VA, USA). SMMC-7721, Huh7, and HLE cells
were purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). Huh7 cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Boston, MA,
USA), Hep3B and HepG2 cells were cultured in Eagle’s
minimum essential medium, and SMMC-7721 and HLE
cells were cultured in RPMI-1640 medium (Gibco). All the
culture media were supplemented with 10% fetal bovine
serum (FBS; Gibco), 100 pg/ml penicillin, and 100 pg/ml
streptomycin. All cells were maintained in a humidified
incubator with 5% CO, at 37°C. In all experiments, cells
were allowed to adhere prior to their exposure to CA (for-
mula: C,H,s0,; No. 4547-24-4, Sigma-Aldrich, St. Louis,
MO, USA) at different concentrations (0, 10, 20, 40, 80,
and 160 uM), with 0.1% dimethyl sulfoxide (DMSO) as
control. Cells were treated with 10 uM MG132 (a protea-
some inhibitor; Sigma-Aldrich) or 100 pg/ml cyclohexim-
ide (CHX; a protein synthesis inhibitor; Sigma-Aldrich) to
assess the protein degradation manner. To determine the
extent of apoptosis in our assays, we collected all fractions
and attached and floating cells in the culture supernatant.

RNA Interference and Cell Transfection

A plasmid overexpressing mouse double minute 2
(MDM2) (vector-MDM2, No. SC118660) and its negative
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control vector (vector-NC), as well as the overexpressing
lentivirus vector used to upregulate YAP (vector-YAP),
were all purchased from OriGene (Rockville, MD, USA).
The short hairpin RNAs (ShRNASs) used to downregulate
human MDM2 (sh-MDM2) and YAP (sh-YAP) expres-
sion were obtained from GenePharma (Shanghai, China).
Cells were transfected with vector-MDM2 and vector-NC
using INTERFERIn® transfection reagent (Polyplus,
France) according to the manufacturer’s instructions.
In brief, a total of 2 x 10° cells were transfected with 2
ug of DNA. The transfection efficiency was detected by
Western blotting and real-time polymerase chain reaction
(RT-PCR) after 48 or 24 h of transfection, respectively.

Western Blotting Analysis

Cells were extracted in lysis buffer containing 50 mM
sodium chloride (NaCl), 1 mM ethylene glycol tetraacetic
acid, 0.1% sodium dodecyl sulfate (SDS), 1 mM sodium
fluoride, 1 mM sodium orthovanadate, 1 mg/ml aproti-
nin, 1 mg/ml leupeptin in 10 mM tris buffer (pH 7.4), and
proteinase inhibitor (1 mM phenylmethanesulfonyl fluo-
ride). Equal amounts of total protein were separated on a
10% SDS-polyacrylamide gel and transferred to a nitro-
cellulose membrane (Millipore, Billerica, MA, USA).
The membranes were incubated overnight with mono-
clonal antibodies against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), cleaved caspase 3/9, caspase
3/9, TEA domain transcription factor (TEAD), CREB,
Runx2, YAP, p-YAP, MDM2, p53, histone, and tubu-
lin; all were purchased from Cell Signaling Technology
(Danvers, MA, USA). The membrane was washed three
times with Tris-buffered saline-Tween 20 (TBST) con-
taining 24.2 g of Tris base, 80 g of NaCl, and 0.1% (v/v)
Tween 20 for a total of 1 L. Next, the membranes were
incubated with secondary antibodies (Bioworld, St. Louis
Park, MN, USA) at 37°C for 1 h. The signals were visu-
alized using a Luminata Crescendo Western horseradish
peroxidase substrate (Millipore).

RNA Extraction and RT-PCR

Total RNAwasextracted by TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). RT-PCR was performed to amplify
the cDNA using primers specific for MDM2 mRNA
(forward: 5¢ ACGACAAAGAAAACGCCACA -3¢and
reverse: 56GTAACTTGATATACACCAGCATCAA-39,
CTGF mRNA (forward: 56GTGGAGTATGTACCGAC
GGC-3dandreverse: 56 GCAGGCACAGGTCTTGATGA
-39, ANKRD1 mRNA (forward: 5¢CCTGTGGATGTG
CCTACGTT-3¢and reverse: 56 ACAGGCGATAAGATG
CTCCG-3¢, and GAPDH mRNA (forward: 5¢ATCAT
CCCTGCCTCTACTGG-3¢and reverse: 56GTCAGGT
CCACCACTGACAC-3¢. The RNA input was normal-
ized to the level of GAPDH. All reactions were carried
out using SYBR Green Mix (TaKaRa, Dalian, China).
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RT-PCR was carried out using an ABI 7500 real-time
PCR system (Invitrogen). RT-PCR data were analyzed by
the 27 method?.

Cytoplasmic and Nuclear Fractionation

Cytoplasm and nuclear fractionation were performed
according to the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA, USA). In brief, cells were
harvested and washed once with cold phosphate-buffered
saline (PBS) (pH 7.4) containing 19 g of NaCl, 0.3 g of
Na,HPO,-2H,0, and 6 g of Na,HPO,-12H,0 for a total of
1 L. The cells were then lysed with the help of NE-PER
Nuclear & Cytoplasmic extraction kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The
cytoplasmic and nuclear fractionation samples were stored
at —80°C in preparation for Western blotting detection.

Immunoprecipitation

To carry out immunoprecipitation (IP), HepG2 cells
were treated with 0.1% DMSO (control) or CA for 24 h
and lysed in lysis buffer containing 50 mM NaCl, 1 mM
ethylene glycol tetraacetic acid, 0.1% SDS, 1 mM sodium
fluoride, 1 mM sodium orthovanadate, 1 mg/ml aprotinin, 1
mg/ml leupeptin in 10 mM Tris buffer (pH 7.4), and 1 mM
phenylmethanesulfonyl fluoride. The lysates were then
sonicated and centrifuged, and the supernatant was incu-
bated with anti-YAP antibody (Cell Signaling Technology)
overnight at 4°C. The immunocomplexes were then incu-
bated with PureProteome magnetic beads (Millipore) for
1 h at 4°C, washed, eluted with protein sample buffer
(Millipore), and analyzed by Western blotting.

Cell Viability Assay

Cell viability was determined by measuring the absor-
bance of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) dye after staining the living cells.
Briefly, cells were incubated in 100 pl of media in 96-well
plates at an initial cell density of 1 x 10° cells/ml. After
24 h of incubation, different concentrations of CA were
added to the cells, and an appropriate volume of drug
vehicle was added to untreated cells. After 0, 24, 48, 72,
and 96 h of incubation, 10 pl of an MTT solution (5 mg/
ml in PBS) was added, and the cells were incubated for an
additional 3 h. An SDS/isobutanol/HCI solution (100 pl)
(10% SDS, 5% isobutanol, and 12 uM HCI) was added
to each culture and incubated overnight. Relative cell
viability was determined by scanning with a microplate
reader (Bio-Rad, San Diego, CA, USA) with a 570-nm
filter. Cells in five wells per dose were counted in each
experiment.

Colony Formation Assay

HepG2 cells transfected with sh-MDMZ2, vector-YAP,
or the control vectors were collected and seeded on a
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6-cm dish at a density of 200 cells for each well. Cells
were continually treated with 40 uM CA. Following
incubation at 37°C for 14 days, the cells were stained
with 0.1% crystal violet for 20 min and were washed
with PBS three times.

Flow Cytometry Analysis

HepG2 cells were seeded into a 6-cm plate and given
different treatments. Following 48 h of incubation at 37°C,
annexin VV—fluorescein isothiocyanate (FITC)/propidium
iodide (PI) (BD Biosciences, San Diego, CA, USA) was
added into the cell suspension and incubated for 5 min
in the dark. Cell apoptosis was detected by using a flow
cytometer (BD FACSCanto I, BD Biosciences) and ana-
lyzed using FlowJo 7.6 software.

Immunofluorescence Staining

HepG2 cells at 10% confluence were seeded onto small
glass coverslips and placed into 24-well plates. After 24 h
of culture, CA (40 pM) was applied. The coverslips were
then removed, washed with PBS three times, fixed with
100% methanol (—20°C) for 15 min at room temperature,
washed with PBST three times, and blocked for 1 h with
5% goat serum in PBS. Next, the cells were incubated with
anti-Runx2 (1:1,000 dilution; No. #12556; Cell Signaling
Technology), anti-CREB (1:500 dilution; No. #9197; Cell
Signaling Technology), or anti-TEAD (1:150 dilution;
No. ab221367; Abcam, Cambridge, MA, USA) antibodies
overnight at 4°C and then incubated with immunoglobu-
lin G (IgG) AF568 (red; Life Technologies, Carlsbad,
CA, USA) or IgG AF488 (green; Life Technologies) at
room temperature in the dark for 1 h. Finally, the cells
were treated with 4¢6-diamidino-2-phenylindole (DAPI)
(1:1 x 10% for 5 min, followed by being washed three
times with PBST and covered with antifade mounting
medium (Vectashield, Loerrach, Germany) and placed
onto microscope slides. The slides were examined under
a laser scanning microscope (TCS-SP2-AOBS-MP; Leica
Microsystems CMS, Wetzlar, Germany).

Tumorigenicity Assays in Nude Mice

This study was carried out in strict accordance with
the recommendations of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The
protocol was approved by the Committee on the Ethics
of Animal Experiments of Southwest Hospital, Third
Military Medical University (Army Medical University).
All surgeries were performed under sodium pentobarbital
anesthesia, and all efforts were made to minimize suffer-
ing. Six-week-old female nude mice weighing 20-22 g
were subcutaneously injected in the right armpit region
with 1 x 107 cells in 0.1 ml of PBS. After xenografts were
visible (10 days after injection), the mice were treated
with CA (10 mg/kg) for another 28 days before the tumor
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sizes were measured, and equal DMSO was used as a
negative control. Four groups of mice (n = 6/group) were
tested. Group 1 (control) mice were injected with HepG2
cells infected with negative control (vector-NC and
sh-NC) and treated with DMSO; group 2 mice (CA) were
injected with HepG2 cells infected with negative control
and treated with CA; group 3 mice (CA + vector-YAP)
were injected with HepG2 cells infected with vector-YAP
and treated with CA, and group 4 (CA + sh-MDM2) mice
were injected with HepG2 cells infected with shRNA-
MDM2 and treated with CA.

Satistical Analysis

All data were analyzed by SPSS 23.0 statistical soft-
ware (SPSS Inc., Chicago, IL, USA) and are expressed
as the mean * standard deviation (SD). The significance
of the differences between the means of the treated and
untreated groups was compared by one-way analysis of
variance (ANOVA) followed by unpaired Student’s t-test,
and a value of p < 0.05 indicated statistical significance.

RESULTS
Determination of the IC,, Value of CA

To determine the IC,, value of CA, we treated SMMC-
7721, Hep3B, HepG2, Huh7, and HLE cells with serial
concentrations (0, 10, 20, 40, 80, and 160 uM) of CA.
Figure 1A showed the chemical structure of CA. The IC_
of CAin SMMC-7721, Hep3B, HepG2, Huh7, and HLE
were 41.2, 40.2, 40.5, 40, and 41.3 uM, respectively (Fig.
1B-F). In addition, 40 uM CA treatment induced signifi-
cant increases in the levels of cleaved caspase 3/caspase 3
and cleaved caspase 9/caspase 9 (Fig. 1G—K). Therefore,
we chose 40 uM CA for the next experiments.

CA Treatment Reduces YAP Expression and Stability

We next explored the underlying mechanism of CA
in the progression of HCC. YAP expression was signifi-
cantly reduced, while its phosphorylation level (p-YAP)
was increased when HepG2, Huh7, and Hep3B cells were
treated with 40 pM CA for 24 h compared to the control
group (Fig. 2A-C). Next, we evaluated how CA regulated
YAP expression in HCC cells. CA treatment significantly
enhanced the ubiquitination of YAP protein compared
to that of the control group (Fig. 2D). Furthermore, we
found that treatment with CA in HepG2 cells shortened
the half-life of YAP compared to that measured in the
control group (Fig. 2E). Together, these results suggested
that stimulation with CA inhibited YAP activation.

CA Treatment Translocates YAP From the Nucleus
to the Cytoplasm

Asshown in Figure 3A, CAtreatment translocated YAP
protein from the nucleus to the cytoplasm. As the pro-
oncogenic role of YAP is controlled by its transcription
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target, such as CREB, Runx2, and TEAD, we tested
whether CA controls YAP via modulating the binding of
YAP to CREB, Runx2, and TEAD. Treatment with CA
triggered YAP protein from the nucleus to the cytoplasm
and reduced its binding to CREB, Runx2, and TEAD, as
shown by the immunofluorescence (Fig. 3B-D) and IP
results (Fig. 3E). These results indicated that stimulation
with CA inhibited HCC development through inactivat-
ing YAP signaling.

A previous study reported that YAP bound to MDM2
(an E3 ubiquitin ligase) to induce the ubiquitination and
degradation of 14-3-3z%. Accordingly, we explored the
effect of MDM2 on CA-induced YAP ubiquitination.
Compared with the control group, CA treatment signifi-
cantly increased the expression of MDMZ2 protein, with
no obvious influence in p53 expression in HepG2, Huh7,
and p53-null Hep3B cells (Fig. 4A-C). We then explored
MDM2 roles in the interactions between YAP and CREB,
Runx2, and TEAD proteins in HepG2 cells. The expres-
sion of MDM2 was significantly elevated when HepG2
cells were transfected with vector-MDMZ2, as detected by
RT-PCR and Western blotting assays (Fig. 4D). The IP
result demonstrated that MDM2 overexpression signifi-
cantly weakened the binding of YAP protein to CREB,
Runx2, and TEAD in HepG2 cells (Fig. 4E). Furthermore,
compared with the control group, the expressions of
CTGF and ANKRD1, downstream genes of YAP signal-
ing, were also decreased when cells were transfected with
vector-MDM2 (Fig. 4F). These data illustrated that stim-
ulation with CA decreased YAP expression via increasing
MDM2 in HCC cells.

CA Treatment Enhances the I nter action Between YAP
and MDM2

We then further revealed the role of MDMZ2 in stimu-
lation with CA-induced YAP expression decrease. The
expression level of MDMZ2, which bound to YAP protein,
was increased when HepG2 cells were treated with CAin
a dose-dependent manner (Fig. 5A). Compared with the
control group, CA treatment significantly increased the
contents of MDM2 and YAP in cytoplasm, while reduc-
ing their expression levels in nuclear, as determined by
Western blotting (Fig. 5B-D) and immunofluorescence
technology (Fig. 5E). In addition, we explored the role of
MDM2 in CA-induced nuclear exportation of YAP pro-
tein. MDMZ2 expression was significantly decreased when
HepG2 cells were transfected with sh-MDM2 compared
with the sh-NC group (Fig. 5F). Knockdown of MDM2
increased YAP expression and decreased its ubiquitina-
tion (Fig. 5G). Moreover, downregulation of MDM?2 sig-
nificantly abolished CA’s role in the translocation of YAP
protein from the cytoplasm to the nucleus (Fig. 5H and I).
These results suggested that CA treatment inhibited the
activation of YAP in a MDM2-dependent manner.
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Figure 2. Evaluation of the effect of CA on Yes-associated protein (YAP). (A-C) Western blotting analysis of the effects of CA (40
UM) on the expressions of YAP and p-YAP in the HepG2, Huh7, and Hep3B cell lines. (D) Immunoprecipitation (IP) assay analysis
of the ubiquitination of YAP after HepG2, Huh7, and Hep3B cells were treated with CA (40 uM). (E) Cycloheximide (CHX) chase
experiments of YAP in HepG2 cells treated with the same amount of dimethyl sulfoxide (DMSO) or CA (final concentration of 40 uM)
for the indicated times. Representative Western blots are shown. The relative expression levels of YAP were normalized to those of

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). *p < 0.05.

CA Treatment Repressed the Progression of HCC
via Modulating the MDM2/YAP Axis

Finally, we investigated the effect of the MDM2/YAP
axis in CA-induced inhibition of HCC progression. Cell
transfection with vector-YAP or sh-MDM2 significantly
impaired CA-induced YAP expression repression (Fig.
6A). Moreover, the inhibitions of cell colony formation
(Fig. 6B) and proliferation (Fig. 6C) induced by CA treat-
ment were obviously neutralized when HepG2 cells were
transfected with sh-vector-YAP or sh-MDM2, as well as
the promotion of cell apoptosis induced by CA (Fig. 6D).
Furthermore, CA administration significantly reduced in
vivo tumor growth, whereas this effect was significantly

impaired when cells were transfected with vector-YAP or
sh-MDM2 (Fig. 6E-G). The above results illustrated that
CA treatment repressed HCC progression via downregulat-
ing YAP expression and upregulating MDM2 expression.

DISCUSSION

The use of Chinese herbal medicine in cancer treat-
ment, either alone or in conjunction with Western medi-
cine, shows much promise in both the laboratory and the
clinic®. A previous study™ indicated that CA displayed
anticancer activities in vitro and in vivo in the treatment
of HCC cells. Specifically, CA stimulation exhibited anti-
migratory activity and antitumor effects in a xenograft
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Figure 3. The effect of CA treatment on the intracellular localization of YAP and its interaction with cAMP-responsive element-
binding protein (CREB), TEA domain transcription factor (TEAD), and Runx2. (A) CA treatment affected the intracellular localization
of YAP, as measured by the immunofluorescence in HepG2 cells treated with different concentrations of CA. (B-D) CA treatment
affected the binding of YAP to CREB, TEAD, and Runx2, as measured by the immunofluorescence in HepG2 cells treated with 40 uM
CA. Representative immunofluorescence images are shown. *p < 0.05. (E) CA treatment affected the binding of YAP to CREB, TEAD,
and RUNX2, as measured by IP in HepG2 cells treated with 40 uM CA.
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model. Similarly, the present study also demonstrated the
antitumor role of CA in HCC, which inhibited cell pro-
liferation and tumorigenesis and promoted cell apoptosis
through translocating YAP from the nucleus to the cyto-
plasm. These results indicate that CA could be a potential
chemotherapeutic agent for HCC therapy.

CA is a ursane-type triterpenoid that inhibits STAT3 in
macrophages, myeloid cells, and ovarian cancer cells®?,
CA also significantly inhibits endothelial angiogenic
tube formation® and tumor growth in lung®, ovarian*,
and liver cancer cells™. We also observed that CA had an
anticancer effect in SMMC-7721, Hep3B, HepG2, Huh7,
and HLE cells. CA at concentrations between 0 and 10
UM was not cytotoxic to cells, and the IC,, of CA was
about 40 pM. CA was reported to play an antitumor role
largely due to its promotion of apoptosis, which inhib-
ited cell viability in both a dose- and a time-dependent
manner and triggered the activation of caspase 8, caspase
9, and caspase 3 in human cervix adenocarcinoma HelLa
cells”. Therefore, we focused on apoptosis in the pres-
ent study. Our results were consistent with these findings
and demonstrated that CA significantly inhibited cell
proliferation and promoted cell apoptosis in SMMC-
7721, Hep3B, HepG2, Huh7, and HLE cells in a dose-
dependent manner.

YAP, a transcriptional coactivator of the Hippo path-
way, plays an important role in regulating cell prolifera-
tion and organ development®. The function of YAP is
associated with a series of transcription factors including
the TEAD family, and their interactions activate the tran-
scription of genes such as Runx2 and CREB that control
transformative phenotypes in cancer cells®*. The TEAD-
YAP complex not only is frequently hyperactive in breast
cancer but also exhibits strong oncogenic activity in liver
cancer®. YAP can also associate with Runx2 and control
downstream Runx2 signaling cascades®*. Additionally,
Wang et al." reported that the YAP-CREB interaction was
critical for liver cancer cell survival and the maintenance
of transformative phenotypes both in vitro and in vivo.
Both CREB and YAP are highly expressed in a subset of
human liver cancer samples and are closely correlated.
CREB promotes YAP transcriptional output through bind-
ing to —608/-439, a novel region in the YAP promoter. In
contrast, YAP promotes the stabilization of CREB through
its interaction with mitogen-activated protein kinase 14
(MAPK14/p38) and beta-transducin repeat-containing E3
ubiquitin protein ligase (BTRC). Here we observed that
CA decreased YAP stability though accelerating its ubig-
uitination and reducing the binding of YAP with CREB,
TEAD, and Runx2. CA treatment reduced the binding of
YAP to TEAD, possibly because CA translocated YAP
from the nucleus to the cytoplasm.

It is well documented that the YAP-induced promo-
tion of cell proliferation and survival is determined by its
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nuclear translocation'*. Our study demonstrated that CA
could translocate YAP from the nucleus to the cytoplasm,
which explains the inhibition of proliferation and promo-
tion of apoptosis by CA. Moreover, the current study dem-
onstrated that CA translocated MDM2 from the nucleus to
the cytoplasm before YAP. MDM2 was originally identified
as a gene that was overexpressed in a spontaneously trans-
formed mouse cell line (3T3-DM)®, and its gene product
was found to transform normal cells*®. MDM2 overexpres-
sion is clinically correlated with metastasis, drug resis-
tance, and the poor prognosis of liver cancer®*, However,
the present study demonstrated that the upregulation of
MDM2 reduced the expression of CREB, TEAD, and
Runx2 and their binding with YAP as well as the decreased
expression of the transcriptional regulators ankyrin repeat
domain 1 (ANKRD1) and CTGF. CTGF®, cyclin D1*, and
ANKRD1* are target genes of YAP that promote its induc-
tion of growth. ANKRDL1 played an antiapoptotic role in
mice cardiomyocytes by inducing the expression of Bax®.

As MDM2 is an E3 ubiquitin ligase, we speculated
that CA promoted the ubiquitination of YAP through pro-
moting its combination with MDMZ2 and accelerating the
degradation of YAP. As expected, the IP assay showed
that the ubiquitination level of YAP protein was signifi-
cantly decreased when MDM2 was downregulated in
HCC cells. In addition, the downregulation of MDM2
impaired the translocation of YAP from the nucleus and
increased the tumorigenesis of HepG2 cells under CA
administration, suggesting that CA-induced YAP trans-
location from the nucleus and tumorigenesis inhibition
require the presence of MDM2. Moreover, it has been
reported that there are interactions between p53 and YAP.
The wild-type p53 is usually associated with the sup-
pression of YAP oncogenic activity, while mutant p53
differently interacts with YAP*. MDM2 is established to
inhibit tumor suppressor p53*, suggesting that MDM2
might play an oncogenic role via downregulating p53
expression. In the current study, we detected the effects
of CA treatment on the expression of p53, and the results
showed that CA treatment had no significant influence
in the expression level of p53 protein in HepG2, Huh?,
and p53-null Hep3B cells. However, CA treatment can
positively regulate MDM2 expression. Therefore, we
conjecture that CA treatment can directly downregulate
YAP expression via regulating MDM2-mediated ubiquit-
ination in a p53-independent manner.

In conclusion, the present study explored the roles and
underlying mechanisms of CA in the treatment of HCC.
We revealed that CA decreased cell viability and tumori-
genesis and promoted cell apoptosis through translocating
YAP from the nucleus in HCC in the presence of MDM2.
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