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Background: Resistance to chemotherapeutic treatment is a common phenomenon in cancers, especially in hepa-
tocellular carcinoma (HCC). The Hippo signaling pathway has been demonstrated to play a role in tumor initia-
tion, development, and progression. However, little is known about its roles in the HCC chemoresistance.
Methods: In this study, real-time PCR and western blotting were used to identify the expression profile of key
components of Hippo signaling pathway between chemoresistant and chemosensitive HCC cell lines. In vitro
and in vivo loss- and gain-of-function studies were performed to reveal the effects and related mechanism of
microRNA-590-5p/YAP1 axis in the chemoresistant phenotype of HCC cells.
Findings: We identified yes-associated protein 1 (YAP1) as the major dysregulated molecules in adriamycin
(ADR)-resistant HCC cells. YAP1 was profoundly implicated in the chemoresistant phenotype of HCC cells. Fur-
thermore, microRNA-590-5p was revealed as a functional modulator of YAP1. Importantly, YAP1-mediated
chemoresistant phenotype was closely related to increased expression of stemness markers and ATP-binding
cassette transporters. HCC patients with poor response to transarterial chemoembolization (TACE) treatment
had higher protein level of YAP1 than that in the responsive patients.
Interpretation: The microRNA-590-5p/YAP axis plays an important role in the chemotherapeutic resistance of
HCC cells, suggesting new adjuvant chemotherapeutic directions in HCC.
Fund: National Natural Science Foundation of China, Zhejiang Province Medical and Health Care Key Project, Ex-
perimental Animal Science and Technology Projects of Zhejiang Province, PublicWelfare Technology Application
Research Project of Lishui, Chinese Medicine Science and Technology Projects of Zhejiang Province.
ing Diagnosis
ospital of We
rsity, The Cent
China.
and Engineerin
University, No.4

lschrxm@163.c

pen access articl
© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
microRNA-590-5p
YAP1
Liver cancer
Transarterial chemoembolization
Chemotherapy
Doxorubicin
1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most common malig-
nancy worldwide and the third leading cause of cancer-related death
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[1, 2]. Surgery is themain therapeutic strategy used to treat this disease;
however, curative resection or transplantation applies to only approxi-
mately 30% of patients [3]. For the most advanced HCC patients, sys-
temic chemotherapy is required [4, 5]. Currently, transarterial
chemoembolization (TACE) is the most commonly selected treatment
option for advanced HCC patients [6]. Adriamycin (ADR), also known
as doxorubicin, is a first-line chemotherapy agent for TACE [7]. How-
ever, the prognosis of these HCC patients is still poor because of the in-
trinsic or acquired resistance to doxorubicin of HCC cells [8, 9].
Therefore, understanding the molecular mechanisms involved in the
doxorubicin resistance of HCC may lead to improved clinical outcomes
and develop suitable therapeutic target for HCC doxorubicin resistance.

The Hippo signaling is an highly conserved pathway that plays im-
portant roles in tumorigenesis, stem cell self-renewal and
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence Before this Study

Chemoresistance often results in treatment failure and death of
the patient. Recently, many comprehensive studies reveal that
the Hippo pathway is closely related to tumor initiation and pro-
gression. However, defining which components of Hippo signal-
ing predominantly affects HCC chemoresistance is not well
understood.

Added Value of this Study

Here, this is the first report of the microRNA-590-5p/YAP1 axis in
HCC, inwhich YAP1 is regulated bymicroRNA-590-5p and is crit-
ical for HCC chemoresistance through regulating expression of
stemness markers (Oct4, Sox2, Notch1, Nanog, and Nestin) and
ATP-binding cassette transporters (ABCB1 and ABCC1).

Implications of all the Available Evidence

This finding has great potential for expanding our knowledge re-
garding the Hippo signaling pathway in cancer chemoresistant
phenotype and indicate that the development of drugs targeting
microRNA-590-5p/YAP1 axis via combinatorial therapy.
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differentiation, organ size control, and many other cellular processes
[10–14]. Dysregulation of Hippo pathwaypromotes tumorigenesis in di-
verse malignant human cancers, especially HCC [15]. The key compo-
nents of Hippo signaling pathway include mammalian sterile 20-like
kinases 1/2 (MST1/2), large tumor suppressor kinases 1/2 (LATS1/2),
yes-associated protein 1 (YAP1), transcriptional co-activator with PDZ
binding motif (TAZ), and transcriptional enhancer factor domain family
members 1–4 (TEAD1–4) [13]. Under normal circumstance, MST1/2
combines with salvador family WW domain-containing protein 1
(SAV1) to form an activated complex that initiates LATS1/2 phosphory-
lation. OnceHippo signaling pathway is activated, LATS1/2 further phos-
phorylates YAP1 at Ser127 or TAZ at Ser89. Then phosphorylated YAP1
binds to 14–3-3 protein and remains in the cytoplasm for degradation.
When the Hippo signaling pathway is inactivated, dephosphorylated
YAP1 translocates into the nucleus and acts as a co-activator binding to
the transcription factors TEAD1–4, which activates the expression of
downstream targets to facilitate tumor progression [10, 13, 16]. Interest-
ingly, the Hippo signaling pathway is involved in the chemoresistant
phenotype of cancer cells [17–23]. In esophageal cancer, YAP1mediated
EGFR overexpression plays an important role in conferring chemother-
apy resistance [20]. In breast cancer, loss of TAZ in tumor stem cells se-
verely impairs metastatic colonization and chemoresistance [18]. In
pancreatic cancer, miR-181c contributes to chemoresistance by
targeting multiple components in Hippo signaling pathway including
MST1, LATS2,MOB1 and SAV1 [19]. However, the role of Hippo signaling
pathway in HCC doxorubicin resistance remains largely unknown.

MicroRNAs (miRNAs) are evolutionarily conserved small non-
coding RNAs that regulate gene expression at the post-transcriptional
level by binding to the 3′-untranslated region (3′UTR) of target mRNA
[24, 25]. Dysregulated miRNAs have been reported in tumorigenesis,
cancer diagnosis and prognosis, as well as predictions of outcomes
and response to chemotherapy [26, 27]. Actually, miRNAs have become
a research focus not only because their essential roles in human dis-
eases, but also because synthetic miRNAs are similar to small-
molecule inhibitors or activators [26]. Therefore, identification of key
candidate miRNAs that regulate HCC chemoresistance may be helpful
for improving treatment.
In this study, we showed that YAP1, a major component of Hippo
signaling pathway, is responsible for the chemoresistant phenotype of
HCC cells and patients. Moreover, we not only illustrated the role of
miR-590-5p as a functional modulator of YAP1 but also demonstrated
that miR-590-5p significantly improves the chemosensitivity of HCC
to ADR in vitro and in vivo. Finally, we demonstrated that YAP1 contrib-
utes to chemotherapeutic resistance by inducing expression of
stemness markers and ATP-binding cassette transporters.

2. Materials and methods

2.1. Tissue samples

The 20 patients received transarterial chemoembolization (TACE) in
our hospital were enrolled and needle tissue samples were collected as
reported previously [28]. All the process was performed in accordance
with guidelines and regulations approved by the FifthAffiliatedHospital
of WenzhouMedical University. Appropriate informed consent was ob-
tained from each patient. All tissues were frozen in liquid nitrogen im-
mediately and then store at−80 °C until use.

2.2. Cell culture

Human HCC cell lines HepG2 and Huh7 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The
drug-resistant HepG2/ADR and Huh7/ADR cell lines were generated
by our hospital. In brief, theHepG2 andHuh7 resistant sublineswere se-
lected based on a constant exposure of theWT parental cells to ADR in a
stepwise dose incremental strategy. The two cell lineswere treatedwith
a sequential increase in dosage of the three drugs ranging from IC6.25,
IC12.5, IC25 to IC50. The cells were grown in Dulbecco's modified Eagle's
medium (Gibco, MD, USA) with 10% (v/v) fetal bovine serum (FBS),
100 U/mL penicillin, and 100 μg/mL streptomycin in a humidified incu-
bator at 37 °C with 5% CO2. ADR (0.5 μmol/L) was added in the culture
medium of HepG2/ADR and Huh7/ADR cells to maintain the ADR-
resistant character. ADR-HCl and DMSO were purchased from Sigma-
Aldrich (Shanghai, China). Verteporfin was purchased from Selleck
(Shanghai, China).

2.3. RNA isolation and real-time quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, USA)
according to the manufacturer's protocol. The mRNA and miRNA re-
verse transcription were performed using a 5 × All-In-One RT
MasterMix kit (Applied Biological Materials Inc., Richmond, BC,
Canada) and RT-PCR miRcute miRNA First-Strand cDNA Synthesis Kit
(Tiangen Biotech, Beijing, China), respectively. Quantitative RT-PCR
was performed through the SYBR green assay (Invitrogen, USA) with
the Applied Biosystems 7500. MiR-590-5p expression was detected by
qRT-PCR using a miRcute miRNA qPCR Detection kit (Tiangen Biotech),
and the relative expression of miR-590-5p was normalized to U6 ex-
pression. All PCR assays were performed in triplicate. Sequences of spe-
cific primers are listed in Table S1.

2.4. Western blotting

Lysates of cultured cells were washed with PBS and prepared with
RIPA lysis buffer (Millipore, Billerica, MA) supplementedwith Complete
EDTA-free protease inhibitor cocktail (Roche, Indianapolis, IN), phos-
phatase inhibitor cocktails 1 and 2 (Sigma-Aldrich, St. Louis, MO). Pro-
tein concentration was quantified using the Bio-Rad DC protein assay
kit (Bio-Rad, USA). Samples of total cell lysate (10–15 μg) were sepa-
rated on 10% odium dodecyl sulfate polyacrylamide gel electrophoresis
before electrotransfer onto the polyvinylidene difluoride (PVDF) mem-
brane. The membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline with 1% Tween at room temperature for 1 h. After
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blocking, the membranes were washed and incubated with specific
primary antibodies against the selected proteins at 4 °C overnight.
Then membranes were incubated with the species-matched
peroxidase-conjugated secondary antibody. Specific reactive proteins
were detected by enhanced chemiluminescence (Pierce, USA). The de-
tailed information of primary antibodies used in this study was shown
in Table S2.

2.5. Immunohistochemistry and immunofluorescence

Formalin fixed paraffin embedded needle tissue samples from HCC
patients were cut into 5 μm for immunohistochemical (IHC) analysis.
IHC analysis was carried out routinely and the intensity of YAP1 staining
was classified according to a two-level scale: low, weak or partial stain-
ing to cytoplasm and nucleus of cancer cell; high, strong and diffuse
staining to cytoplasm and nucleus. All specimens were evaluated by
two independent investigators. For evaluating Ki67 and cleaved
caspase-3 (CCS3) staining, the following primary antibodies were
used: anti-Ki67 (diluted at 1:400, Cell Signaling Technology, #9449)
and anti-CCS3 (diluted at 1:200, Cell Signaling Technology, #9661).
For immunofluorescence, primary antibodies against YAP1 (diluted at
1:200, Cell Signaling Technology, #4912) were incubated at 4 °C over-
night, followed by secondary antibodies donkey anti-mouse Alexa
Fluor 488 (1:400, Jackson ImmunoResearch, #715–545-150) at room
temperature for 1 h. Nuclei were counterstained with DAPI and digital
images were acquired with confocal microscopes equipped with a digi-
tal camera (Nikon).

2.6. Plasmid transfection

The full-length YAP1 sequence was synthesized from Sangon
(Shanghai, China). The YAP fragments containing the S127A and the
S94A mutations were inserted into the vector pLNCX2 to construct
the recombinant retroviral plasmid. For generation of YAP stable
knockdown and overexpression HCC cells, 293 T cells were transfected
with a DNA mix containing the plasmid of interest, pVPR and pVSVG
using Lipofectamine 2000 (Invitrogen, USA) with Opti-MEM in low
serum medium. Virus was collected after incubation for 72 h, passed
through a 0.45 μm filter and stored at −80 °C. Then the stably trans-
duced HepG2 and Huh7 cells were selected with 2 μg/mL Puromycin
and MHCC-97H cells were selected with 250 μg/mL G418. For miRNA
study, synthetic pre-miR-590-5p, anti-miR-590-5p and scrambled
negative control RNA (pre-scramble and anti-scramble) were pur-
chased from GenePharma (Shanghai, China).

2.7. Measurement of cell viability and caspase-3/7 activity

Cell viability of HCC cell was assayed by staining with the cell
counting kit (CCK-8, DojinDo, Japan) according to the manufacturer's
instructions. Briefly, transfected cells were seeded in 96-well plates at
densities of 5 × 103 cells per well. At indicted time points, the culture
mediumwas replaced by 100 μL newmediumwith 10% CCK-8. After in-
cubation for 1–2 h, the absorbance was measured using an activation
wavelength of 450 nm. In addition, cell apoptosis was determined by
measuring caspase-3/7 activity, which was detected by a commercial
available Kit according to the manufacturer's instructions (Promega,
G7790 USA). Each experiment was repeated three times,
independently.

2.8. Luciferase activity assay

The 3′-UTR of human YAP1 containing putative binding sites
was cloned into the pmirGLO vector (Promega, Madison, WI,
USA), and efficient insertion was confirmed by sequencing. To test
the binding specificity, the sequences in human YAP 3′-UTR that in-
teract with miR-590-5p seed sequence were mutated. For reporter
assays, HepG2 and Huh7 cells were co-transfected with luciferase
reporter plasmid, and miR-590-5p mimics, inhibitors or negative
controls. The Renilla luciferase plasmid was used as a transfection
control. After transfection for 48 h, cells were harvested and ana-
lyzed using luciferase activity in a Dual-Glo Luciferase Assay kit
(Promega, Madison, WI, USA) according to the manufacturer's in-
structions. Each assay was performed in triplicate. For MCAT-Luc
YAP1/TEAD responsive reporter assay, detained protocol was re-
ported previously [29].

2.9. HCC xenograft model

Animal experiments were approved by the animal care and usage
committee of the Fifth Affiliated Hospital of Wenzhou Medical Univer-
sity. The athymic male nu/nu mice ages 6 to 8 weeks were used to
evaluate the effects of miR-590-5p/YAP axis on tumor growth of HCC
cells. A total of 2 × 106 indicated HCC cells in 100 μL of PBS were subcu-
taneously inoculated. ADR was administered every three days at a dose
of 10mg/kg after the tumors reached about 150mm3 in volume. For the
in vivo study of miR-590-5p, mice were also injected with the control
agomir and the miR-590-5p agomir (150 μL, 200 nM) or Verteporfin
(5 mg/Kg). The mice were sacrificed two weeks later. Tumor growth
was measured every three days and assessed in three dimensions
using calipers, and tumor volumewas calculated using the formula: vol-
ume= length × width2/2.

2.10. Statistical analysis

The statistical analysis was performed with GraphPad Prism 5
(GraphPad Software, San Diego, CA, USA) and SAS version 9.1 for Win-
dows (SAS Institute Inc., Cary, NC). All experiments were performed at
least three times. Differences between two groups using the Student's
t-test. One way analysis of variance (ANOVA) was used to determine
the statistical significance of differences between two groups and
among more than three groups. Frequency counts were compared
between groups using the two-tailed Fisher's exact test. P-values b.05
were considered statistically significant (*, P b .05; **, P b .01; ***, P b

.001).

3. Results

3.1. YAP1 protein expression is significantly increased in ADR-resistant HCC
cells

The Hippo pathway is a developmental pathway that controls organ
size by regulating cell proliferation, apoptosis, and stem cell self renewal
[12, 14]. Dysregulation of the Hippo pathway is profoundly implicated
in HCC development and progression [13, 30, 31]. However, the poten-
tial roles of Hippo signaling pathway in the chemoresistant phenotype
of HCC remain largely unexplored. In this study, we first generated
two cell models with acquired ADR resistance, named HepG2/ADR
and Huh7/ADR, by continuous exposure to gradually increased concen-
trations of ADR. Compared with WT cells, ADR-resistant cells had a re-
markable higher IC50 value (Fig. 1a). There is no significant difference
in the growth rate between ADR-resistant cells and its parental WT
cells (Fig. S1). To investigate the potential difference of Hippo pathway
between WT and ADR-R cells, we detected the expression changes of
several core components of Hippo pathway at both mRNA and protein
level. As shown in Fig. 1b, HepG2/ADR-R cells had a higher mRNA
level of LATS1, YAP1, and TEAD2 compared with HepG2/WT cells;
Huh7/ADR-R cells had a highermRNA level of TAZ and TEAD3 compared
with Huh7/WT cells. However, those results at mRNA level were not
commonly noticed in both HepG2/ADR-R and Huh7/ADR-R cells except
for LATS2, which was increased in both ADR-R cells but without signifi-
cant difference. Next, we determined their expression at protein level
by western blotting. As a result, we found that HepG2/ADR-R and



Fig. 1. YAP1 protein expression is significantly increased in ADR-resistant HCC cells. (a) Indicated cells were treatedwith indicated concentration of ADR andCCK-8 assayswere performed
48 h after treatment to detect chemosensitivity (n=3). (b) Key components of Hippo signaling pathway in ADR-R HCC cells and its parentalWT cells were analyzed by qRT-PCR (n= 3).
(c) Key components of Hippo signaling pathway in ADR-R HCC cells and its parental WT cells were analyzed byWestern blotting. (d) The protein expression of YAP1 in ADR-R HCC cells
and its parentalWT cells were analyzed by immunofluorescence. Scale bar: 20 μm. (e) Luciferase reporter assay of YAP1/TEADbinding sites containing single or double TEADmotifs inWT
and ADR-RHCC cells (n= 3). (f) qRT-PCR analysis of the relativemRNA expression of CYR61 and CTGF inWT and ADR-R HCC cells (n= 3). Statistical analysiswas performed by Student's
t-test. Data were shown as the means ± SD. *, P b .05; **, P b .01; ***, P b .001.
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Huh7/ADR-R cells displayed significantly increased YAP1 protein ex-
pression in comparisonwith theWT cells (Fig. 1c). No significant differ-
ence was found in other components of Hippo signaling pathway.
Meanwhile, there was more nuclear YAP1 protein level in ADR-R cells
compared with theWT cells (Fig. 1d). To further confirm the activation
of YAP1 in ADR cells, we inserted several YAP1/TEAD1 occupied puta-
tive enhancer regions into reporter plasmids. As a result, a significant
enhanced luciferase reporter activity was observed in ADR-R HCC cells
compared with the WT cells (Fig. 1e). Moreover, the downstream tar-
gets of YAP, cysteine rich angiogenic inducer 61 (CYR61) and connective
tissue growth factor (CTGF), were also up-regulated in the ADR-R cells
compared with the WT cells (Fig. 1f). Taken together, these findings
suggest that YAP1 is the major dysregulated component of Hippo sig-
naling in ADR-R cells and might be contribute to the chemoresistant
phenotype of HCC cells.

3.2. YAP1 mediates the chemoresistant phenotype of HCC cells in vitro

Next, todemonstratewhetherYAP1 is responsible forADR resistant in
HCC cells,we silencedYAP1 inHepG2/ADR-R andHuh7/ADR-R cells. Two
specific shRNAs targeting YAP led to pronounced reduction of YAP1 pro-
tein level in both two cell lines as revealed by western blotting (Fig. 2a)
and immunofluorescence (Fig. 2b), respectively. By CCK-8 cell viability
assay, we found that YAP1 knockdown only showed faint influence at



Fig. 2. YAP1mediates the chemoresistant phenotype of HCC cells in vitro. The interference efficiency of YAP1 in HepG2/ADR-R and Huh7/ADR-R cells was determined bywestern blotting
(a) and immunofluorescence (b), Scale bar: 20 μm. (c-d) Relative chemosensitivity of ADR-R cells in the presence or absence of YAP knockdown. Cell were treatedwith 1 μMADR for 48 h
and then subjected to CCK8 analysis (c, n=5) and caspase-3/7 activity analysis (d, n= 5). Scale bar: 20 μm. (e) Immunofluorescence analysis showing overexpression of YAP inMHCC-
97H-YAPS127A andMHCC-97H-YAPS94A cells. (f-g) Relative chemosensitivity of MHCC-97H cells in the presence or absence of YAPS127A or YAPS94A overexpression. Cell were treated
with 1 μMADR for 48 h and then subjected to CCK8 analysis (f, n = 5) and caspase-3/7 activity analysis (g, n = 5). Statistical analysiswas performed by Student's t-test. Datawere shown
as the means ± SD. *, P b .05; **, P b .01; ***, P b .001.
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the cell viability of ADR-R cells. Interestingly, ADR-R cells failed to re-
spond to ADR treatment but displayed significantly diminished cell vi-
ability in the presence of YAP1 knockdown (Fig. 2c). Meanwhile, YAP1
knockdown also contributed to increased cell apoptosis of ADR-R cells
upon ADR treatment as demonstrated by measuring caspase-3/7 activ-
ity (Fig. 2d). Moreover, to identify the role of activated YAP1 signaling
in ADR resistant, we determined the effects of YAP1 activation in ADR-
sensitive cells. To address this issue, we established stable MHCC-97H
clones that overexpress YAP1-S127A (constitutively active YAP that
cannot be phosphorylated by LATS kinases), YAP-S94A (TEAD-binding
deficient YAP protein), and an empty vector control by lentiviral infec-
tion. The overexpression efficiency was shown in Fig. 2e. As a result,
overexpression of YAP-S127A but not YAP-S94A contributed to in-
creased cell proliferation and decreased cell apoptosis (Fig. 2f-g). Nota-
bly, overexpression of YAP-S127A can significantly reduce the
chemosensitivity of MHCC-97H cells to ADR as revealed by increased
cell viability and reduced cell apoptosis (Fig. 2f-g). Collectively, these
data above suggest that YAP1 is critically involved in the
chemoresistant phenotype of HCC cells.

3.3. Targeting YAP1 is able to reverse the chemoresistant phenotype of HCC
cells in vivo

To further characterize the involvement of YAP1 in the process of
ADR resistant of HCC cells, we examined the influence of consequences
of YAP1 silencing and inhibition in the anti-cancer effects of ADR by uti-
lizing an in vivo xenograft model. We implanted Huh7/ADR-R+ sh-ctrl
and Huh7/ADR-R + sh-YAP1–1 cells into the nude mice (n = 5 per
group). ADR was administered at a dose of 10 mg/kg after the tumor
volume reached about 150 mm3. Consistent with the observation from
in vitro studies, YAP1 knockdown also faintly inhibited tumor growth
in vivo (Fig. 3a and Fig. S2a). Meanwhile, YAP-1 knockdown remarkably
sensitizedHuh7/ADR-R xenograft to ADR treatment. By IHC analysis, we
demonstrated that YAP silencing can lead to growth arrest and



Fig. 3. Targeting YAP1 is able to reverse the chemoresistant phenotype of HCC cells in vivo. (a) The effects of YAP knockdown on the growth of HCC xenograft derived from Huh7 ADR-R
cells (n= 5 for each group). (b) Representative images of IHC staining of KI67 and cleaved caspase-3 in tumors as shown in panel a. Scale bar: 100 μm. (c) Quantitative analysis of Ki67 and
CCS3 staining in xenograft models as shown in panel b. (d) The effects of ADR and Verteporfin on the growth of HCC xenograft derived from MHCC-97H cells (n= 5 for each group).
(e) Representative images of IHC staining of KI67 and cleaved caspase-3 in tumors as shown in panel d (n= 5). Scale bar: 100 μm. (f) Quantitative analysis of Ki67 and CCS3 staining
in xenograft models as shown in panel e. Statistical analysis was performed by ANOVA test. Data were shown as the means ± SD. *, P b .05; **, P b .01.
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enhanced cell apoptosis as revealed by Ki67 and cleaved caspase 3
(CCS3) staining, respectively (Fig. 3b-c). Next, we determined whether
the YAP1 inhibitor Verteporfin can synergize with ADR to inhibit HCC
tumor growth. As shown in Fig. 3d and Fig. S2b, ADR or Verteporfin
alone decreased the growth of MHCC-97H xenograft while combined
treatment drastically retarded tumor growth (Fig. 3e-f). Consistently,
IHC staining of Ki67 and CCS3 also showed that Verteporfin also signif-
icantly promoted the anti-prolific and pro-apoptotic effects of ADR
(Fig. 3e-f). Collectively, these results demonstrate that YAP1 contributes
to the chemoresistant phenotype of HCC cells in vivo.

3.4. YAP1 acts as a direct target of miR-590-5p in HCC cells

Given the disparity between YAP1mRNA and protein level in ADR-R
cells, it is quite likely that a post-transcriptional regulatory mechanism
of YAP1 expression exists. Because miRNA has been recognized as an
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important post-transcriptional regulator of gene expression [24, 25],we
hypothesized whether miRNAs are involved in the regulation of YAP1
expression in HCC cells. To test this hypothesis, the candidate miRNAs
targeting YAP1 were predicted using a combination of three databases:
microRNA, TargetScan and miRDB (Table S3). As a result, miR-590-5p
was consistently predicted by the three servers (Fig. 4a). Excitingly,
Fig. 4. YAP acts as a direct target of miR-590-5p in HCC cells. (a) Three bioinformatic softwares (
targeting YAP. (b) The expression ofmiR-590-5p in ADR-R HCC cells and its parentalWT cells w
5p with 3’-UTR of human YAP. (d) The expression level of miR-590-5p after transfection with
ADR-R cells (n=3). (e) Relative luciferase activity in ADR-R HCC cells that were transfected w
pre-scramble, anti-scramble, and anti-miR-590-5p (n = 3). (f-g) The protein levels of YAP an
anti-scramble, and anti-miR-590-5p in HepG2 and Huh7 ADR-R cells were detected by weste
double TEAD motifs in HepG2 and Huh7 ADR-R cells after transfection with pre-miR-590-5
CYR61 and CTGF after transfection with pre-miR-590-5p, pre-scramble, anti-scramble, and ant
by Student's t-test. Data were shown as the means ± SD. *, P b .05; **, P b .01.
miR-590-5p was significantly down-regulated in ADR-R HCC cells in
comparison to the WT cells (Fig. 4b). The predicted interactions be-
tween miR-590-5p and targeting sites within the 3′-UTR of YAP1 are il-
lustrated in Fig. 4c. To validate the binding of miR-590-5p to the 3′-UTR
of YAP1, the full-length 3′-UTR of YAP1mRNA and its mutant type were
amplified and fused downstream of the firefly luciferase gene in a
miRDB, microRNA and TargetScan)were used to identify the potential regulatorymiRNAs
as analyzed by qRT-PCR. (c) Schematic description of conserved binding site for miR-590-
pre-miR-590-5p, pre-scramble, anti-scramble, and anti-miR-590-5p in HepG2 and Huh7
ith firefly luciferase reporters containing WT or mutant 3′-UTRs of YAP, pre-miR-590-5p,
d phosphorylation-YAP (p-YAP) after transfection with pre-miR-590-5p, pre-scramble,
rn blotting. (h) Luciferase reporter assay of YAP1/TEAD binding sites containing single or
p, pre-scramble, anti-scramble, and anti-miR-590-5p. (i) The mRNA expression level of
i-miR-590-5p in HepG2 and Huh7 ADR-R cells (n= 3). Statistical analysis was performed
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reporter plasmid. Overexpression of miR-590-5p was achieved by
transfecting HepG2/ADR-R and Huh7/ADR-R cells with pre-miR-590-
5p (synthetic RNAoligonucleotidesmimickingmiR-590-5p precursors),
while knockdown of miR-590-5p was performed by transfecting cells
with anti-miR-590-5p (Fig. 4d). The constructed plasmids were
transfected into ADR-R cells together with pre-miR-590-5p, pre-
scramble, anti-scramble, and anti-miR-590-5p. The luciferase reporter
assay showed that miR-590-5p significantly inhibited the luciferase ac-
tivity of the reporters compared with the cells transfected with control
mimics, while anti-miR-590-5p increased approximately 70% the lucif-
erase activity of the reporters compared with the cells transfected with
anti-scramble (Fig. 4e). However, no significant difference was ob-
served in the mutant plasmid (Fig. 4e). Moreover, introduction of
miR-590-5p in HepG2/ADR-R andHuh7/ADR-R cells led to amarked re-
duction in protein level of YAP1 in comparison to the pre-scramble
(Fig. 4f). In contrast, inhibition of miR-590-5p in HepG2/ADR-R and
Huh7/ADR-R cells increased YAP1 protein levels compared with anti-
scramble control (Fig. 4g). The YAP1/TEAD luciferase reporter assay
(Fig. 4h) and real-time PCR analysis of the downstream targets of
YAP1 (Fig. 4i) also confirmed miR-590-5p as a modulator of YAP1 in
ADR-R HCC cells. Taken together, these data indicate that miR-590-5p
is a direct regulator of YAP in ADR-R HCC cells.

3.5. MiR-590-5p can sensitize ADR-R HCC cells to ADR in vitro and in vivo

By CCK-8 cell viability assay and cell apoptosis assay, we found that
overexpression of miR-590-5p in HepG2/ADR-R and Huh7/ADR-R cells
mimic the effects induced by YAP1 knockdown. Overexpression of
miR-590-5p significantly improved the chemosensitivity of ADR-R
HCC cells to ADR treatment, while inhibition of miR-590-5p reduced
the chemosensitivity of ADR-R HCC cells to ADR treatment (Fig. 5a-b).
Meanwhile, restoration of YAP1 largely compromised the inhibitory ef-
fects ofmiR-590-5p on HCC chemoresistance, suggesting the regulatory
roles of miR-590-5p are, at least, partially mediated by YAP1 (Fig. 5a-b).
To further validate the effect of miR-590-5p on ADR resistant, the
mirVana™miRNAmimicmiR-590-5p or its negative control complexed
with Invivofectamine@2.0 Reagent were injected into the tail veins of
nude mice. The results showed that introduction of miR-590-5p signif-
icantly elevatedmiR-590-5p level in tumor tissues (Fig. 5c) and partially
inhibited tumor growth (Fig. 5d and Fig. S2c). Moreover, Huh7/ADR-R
cells treated with miRNA mimic miR-590-5p were more sensitive to
the ADR, as demonstrated by tumor growth curves (Fig. 5d), decrease
of cell proliferation index Ki67 and increase of cell apoptosis marker
CCS3 (Fig. 5e-f). Taken together, we establish that miR-590-5p is in-
volved in the chemoresistant phenotype of HCC cells.

3.6. YAP1 regulates expression of stemnessmarkers and ABC transporters in
ADR-R HCC cells

It is well-established that chemoresistance can be developed by two
main mechanisms. One is a minority of resistance cells with stem-cell
like properties that have inherent resistance to anti-tumor drugs and
the other one is acquire resistance as a response to chemotherapy treat-
ment, especially the increased expression of drug efflux pumps, such as
the ATP-binding cassette (ABC) transporters family [32, 33]. Therefore,
we deduced that increased stem-cell like properties and drug efflux
may contribute to YAP1-mediated chemoresistance. By real-time PCR
analysis, we showed that the stem cell markers OCT4, SOX-2, Notch-1,
Nanog and Nestin were all highly expressed in ADR-R HCC cells com-
pared with the their parental cells (Fig. 6a). Interestingly, miR-590-5p
significantly inhibited the expression of these stem cell markers in
ADR-R cells, while ectopic expression of YAP1 largely compromised
the inhibitory role of miR-590-5p (Fig. 6b). Then, we screened the ex-
pression levels of 18 ABC transporter family members in both HepG2/
ADR-R and Huh7/ADR-R cells (Fig. S3). Of these ABC transporter mem-
bers, ABCB1 and ABCC1 were remarkably up-regulated in ADR-R cells
comparedwithWT cells (Fig. S2). Genetic silencing (Fig. 6c) or pharma-
cological inhibition (Fig. 6d) of YAP1 largely attenuated themRNA level
of ABCB1 and ABCC1 in both two cell lines. In addition, ABCB1 and ABCC1
mRNA level were also down-regulated by miR-590-5p and restored by
introduction of YAP1 (Fig. 6e). Together, these data suggest the regula-
tory role of miR-590-5p/YAP1axis on stemness markers and ABC trans-
porters in HCC chemoresistance.

3.7. MiR-590-5p/YAP1 axis correlates with chemotherapy response of HCC

Finally, we determined whether themiR-590-5p/YAP1 axis is corre-
latedwith chemotherapy response in HCC patients. For this experiment,
needle tumor tissues obtained from 20 HCC patients with transarterial
chemoembolization (TACE) were analyzed [28]. As shown in Fig. 7a,
83.3% HCC patients with lower YAP1 expression were response to che-
motherapy, while 85.7% HCC patients with higher YAP1 expression are
resistant to chemotherapy. A favorable chemotherapy response was
found in patients with higher miR-590-5p expression (Fig. 7a). Specifi-
cally, intensely expressed nucleus YAP1 was revealed in the
chemoresistant group (Fig. 7a). Compared with the chemoresistant
group (n= 13), miR-590-5p was significantly down-regulated in the
chemosensitive group (n = 7). In contrast, the mRNA levels of YAP1
did not differ significantly (Fig. 7b). Furthermore, the expression of
stemness markers (Fig. 7c) and ABC transporters (Fig. 7d) were also
highly expressed in tissues from the chemoresistant group compared
with that in the chemosensitive group.

4. Discussion

Emerging studies have shown that resistant to systemic chemother-
apy is one of the major reasons for the poor prognosis of patients with
advanced HCC. Previously, several oncogenic signaling pathways, in-
cluding phosphoinositide 3 kinase (PI3K)/Akt [34], extracellular
signal-regulated kinase 1/2 (ERK1/2) [35], Notch [36], and Wnt/β-
catenin [37], have been demonstrated to be involved in HCC
chemoresistance. In this study, we demonstrated that dysregulated
YAP1 expression plays a role in HCC chemoresistance.

Firstly, by establishing two cell models with acquired ADR resis-
tance, we screened the key components in Hippo signaling pathway
and identified YAP1 as the major dysregulated molecule in ADR-R
cells. The Hippo pathway, initially identified in Drosophila, has been
shown to regulate organ size and tissue homeostasis in different
model organisms [12, 14]. Moreover, accumulated studies have shown
that dysregulatedHippo pathway iswidely implicated in tumorigenesis,
such as breast cancer [38], colorectal cancer [14], lung cancer [39], and
liver cancer [13]. Notably, liver specific geneticmanipulation ofmultiple
components of Hippo signaling pathway uniformly leads to liver en-
largement and tumor development [40, 41]. As the well-characterized
downstream transcriptional coactivator of the Hippo pathway, YAP1
has been demonstrated to be highly activated in many human cancers.
Upregulated YAP1 was frequently associated with reduced overall sur-
vival and disease-free survival in patients with cancer [40]. Meanwhile,
YAP1 can promote cancer cell proliferation, migration, invasion,
stemness and chemoresistance through multiple mechanisms [40]. Re-
cently, several reports have uncovered the role of Hippo-YAP1-TEAD
signaling pathway the chemoresistant phenotype of cancer cells. For ex-
ample, phosphorylation-defective YAP1 makes ovarian cancer cells
much more resistant to cisplatin and inhibition of YAP1 by siRNA in-
creases sensitivity of erlotinib-resistant non-small cell lung cancer cell
line H1975 to erlotinib [42, 43]. In this study, we found that suppression
of YAP1 resentisizedADR-R cells to ADR and introduction of consecutive
active YAP1 enhanced HCC chemoresistance. The in vitro and in vivo
growth rates of the ADR-R cells without ADR treatment were similar
to their parental WT cells, indicating that the selection process did not
alter the proliferation and tumorigenesis of these two sublines. Consis-
tent with previous reports [44], YAP1 indeed contributes to cell



Fig. 5.MiR-590-5p can sensitize ADR-RHCC cells toADR in vitro and in vivo. (a-b) Relative chemosensitivity of ADR-RHCC cells in thepresence or absenceof pre-miR-590-5p and anti-miR-
590-5p. Cell were treated with 1 μM ADR for 48 h and then subjected to CCK8 analysis (a, n = 5) and caspase-3/7 activity analysis (b, n = 5). Statistical analysis was performed by
Student's t-test. (c) The delivery efficiency of miR-590-5p in HCC tumor tissues. (d) The effects of introduction of miR-590-5p on the growth of HCC xenograft derived from Huh7/
ADR-R cells (n= 5 for each group). Statistical analysis was performed by Student's t-test. (e) Representative images of IHC staining of Ki67 and cleaved caspase-3 in tumors as shown
in panel c. Scale bar: 100 μm. (f) Quantitative analysis of Ki67 and CCS3 staining in xenograft models as shown in panel d (n= 5, ANOVA test). Data were shown as the means ± SD. *,
P b .05; **, P b .01; ***, P b .001.
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proliferation in vitro and tumor growth in vivo. However, the growth-
promoting and anti-apoptotic effects of YAP1 were remarkably ampli-
fied in the presence of ADR treatment, suggesting its role in regulating
HCC chemoresistance. Given other Hippo components were not altered
in ADR-R cells, we postulated that YAP1 is activated by Hippo indepen-
dent mechanisms.



Fig. 6. YAP1 regulates expression of stemnessmarkers and ABC transporters in ADR-RHCC cells. (a) ThemRNA expression of several stemnessmarkers in ADR-RHCC cells and its parental
WT cellswere analyzedbyqRT-PCR (n= 3, Student's t-test). (b) The effects ofmiR-590-5P/YAP1 axis on the expression of stemnessmarkersweredeterminedbyqRT-PCR (n= 3, ANOVA
test). (c) The effects of YAP1 knockdownon the expression of ABC transporters (n= 3, ANOVA test). (d) The effects of YAP1 inhibition byVerteporfin on the expression of ABC transporters
(n= 3, Student's t-test). (e) The effects ofmiR-590-5P/YAP1 axis on the expression of ABC transporterswere determined by qRT-PCR (n= 3, ANOVA test). Datawere shown as themeans
± SD. *, P b .05; **, P b .01; ***, P b .001.
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Secondly, we identified miR-590-5p as a modulator of YAP1 in
ADR-R cells. Dysregulation of miR-590-5p have been documented in
carcinogenesis and in the progression of several types of malignances
[45–47]. In gastric cancer, miR-590-5p regulates gastric cancer
chemosensitivity through RECK and the AKT/ERK pathway [47]. In cer-
vical cancer, miR-590-5p acts as an oncogene by targeting the CHL1
gene and promotes cervical cancer proliferation [46]. In malignant
melanoma, lncRNA-ATB functions as a competing endogenous RNA
to promote YAP1 expression by sponging miR-590-5p [48]. In colorec-
tal cancer, miR-590-5p suppresses tumorigenesis by targeting YAP1
[45]. In this study, Ou et al. showed that increased cell density led to
elevated expression of RNase III endonuclease, DICER1, which in-
creases miR-590 biogenesis and miR-590-5p expression; YAP1 is ele-
vated in colorectal cancer tissues and associated with tumorigenesis;
and miR-590-5p acts as a direct functional modulator of YAP1 in colo-
rectal cancer [45]. Consistent with this report, we showed here that
miR-590-5p directly targets YAP1 in HCC, and we revealed the regula-
tory of miR-590-5p/YAP1 axis in HCC chemoresistance from both
in vitro and in vivo studies. Overexpression of miR-590-5p was
sufficient to resentisize ADR-R cells to ADR treatment. Importantly,
miR-590-5p may act as novel biomarker or predictor of radio- or
chemo-responsiveness in several cancers [49–51]. Therefore, from
both the therapeutic and diagnostic point of view, miR-590-5p is crit-
ically involved in the chemoresistant phenotype of cancers. MiR-590-
5p acts as a density-sensitive microRNA in colorectal cancer [45],
however, we failed to found similar observation in HCC (data not
shown), suggesting a tissue-specific manner of miR-590-5p regulation
in cancers. In addition, we also determined the DNA copy number al-
teration, DNA methylation level, and expression of Dicer and Drosha
in ADR-R cells and control cells. However, we did not get a positive re-
sult. Thus, the detailed reason for dysregulated miR-590-5p in HCC
warrants further investigation.



Fig. 7.miR-590-5p/YAP1 axis correlateswith chemotherapy response ofHCC. (a) Representative immunohistochemical stainingof YAP1 in tumor tissues ofHCC patientswith transarterial
chemoembolization (TACE) (left panel), Scale bar: 100 μm. The relationship betweenmiR-590-5p/YAP1 axis and chemotherapy response in HCC patients (right panel). Statistical analysis
was performed by the two-tailed Fisher's exact test. (b) The relative expression levels of YAP1 mRNA and miR-590-5p in HCC patients responsive to TACE (sensitive, n = 7) and
unresponsive to TACE (resistant, n = 13) were determined by qRT-PCR. (c) The relative mRNA expression levels of stem cell markers in the TACE-sensitive (n = 7) and resistant
group (n = 13). (d) The relative mRNA expression levels of ABC transporters in the TACE-sensitive (n = 7) and resistant group (n = 13). Statistical analysis was performed by
Student's t-test. Data were shown as the means ± SEM. *, P b .05; **, P b .01; ***, P b .001.
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Thirdly, we correlated YAP1-mediated chemoresistance in HCC cells
with increased expression of stemness markers and ABC transporters. A
minority of cancer cells with stem-cell like properties can repopulate
the tumor after anti-tumor drug treatment. ABC transporters can reduce
the intracellular accumulation of chemotherapy drugs and are fre-
quently increased following chemotherapy [32]. In ovarian cancer,
YAP1/TEAD co-activator can regulate ovarian cancer initiated cell
pluripotency and chemo-resistance by up-regulating stemnessmarkers
and ABC transporters [21].Meanwhile, YAP activation can promote can-
cer stem cells self-renewal and chemoresistance in cancer cells [52].
Consistent with these observations, we certified that YAP1 was able to
promote the expression of various stem-cell markers and ABC trans-
porters in ADR-R cells. Given that ABC transporters remain attractive
potential adjuvant to chemotherapy, our study provides an evidence
for the development of potential targeted therapies focused on ABC
transporters.

Finally, we correlated the expression of miR-590-5p/YAP1 axis with
the chemotherapy response in clinicalHCCpatientwith TACE treatment.
Currently, TACE has been widely performed to improve the outcome of
patients with unresectable HCC [53]. However, the prognosis of ad-
vanced HCC patients from TACE treatment is still unsatisfactory because
of acquired chemoresistance during TACE treatment [53, 54]. In this
study,we foundthat theprotein expression level of YAP1 inHCCpatients
whowere poorly responsive to TACE treatment was significantly higher
than that in the responsive HCC patients, indicating that increased YAP
expression may be contribute to the acquired chemoresistance of HCC
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patients after chemotherapy. Meanwhile, miR-590-5p was significantly
down-regulated in the chemosensitive group compared with the
chemoresistant group. Combined with previous observations from cell
lines andmousemodels, we concluded thatmiR-590-5p/YAP1 axis pro-
motes the development of chemoresistance in HCC. However, the sam-
ple size of patients received TACE treatment in this study was
insufficient to draw a solid conclusion. Further large-scale and multi-
center studies are warranted to make a precise conclusion.

In conclusion, our findings provide new insight into the role of miR-
590-5p/YAP1 dysregulation in the chemoresistance of HCC cells and
imply a strategy that combines the use of targeting miR-590-5p/YAP1
with chemotherapy.
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