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Purpose: This study aims to reveal the mechanism underlying baicalin-suppressing ovarian

cancer stemness.

Methods: OVCAR-3 and the primary ovarian cancer cells were used for cell model. The

ovarian cancer stem cells were isolated by suspension culture. Cell viability and clonogeni-

city were examined by CCK-8 assay and colony formation assay. The self-renewal of the

cells was evaluated by the determination of sphere-forming capacity and the frequency of

in vitro sphere-forming and in vivo tumor-initiating cells. The mRNA and protein levels

were relatively quantified by qRT-PCR and Western blot. The transcription regulation of

target genes was tested by luciferase reporter assay and a modified nuclear rn-on qRT-PCR

assay.

Results: Treatment with a non-toxic dose of baicalin significantly inhibited the spherogeni-

city of ovarian cancer cells. Moreover, a non-toxic dose of baicalin treatment suppressed the

frequency of sphere-forming and tumor-initiating ovarian cancer cells. Furthermore, the

expression of ovarian cancer stem cell markers (CD133 and ALDH1A1) was inhibited by

a non-toxic dose of baicalin treatment. Baicalin inhibits YAP activity and suppresses

RASSF6, a positive regulator of YAP, at the transcriptional level. Overexpression of both

YAP and RASSF6 abolished the inhibitory effect of baicalin on the proliferation and

stemness of ovarian cancer cells.

Conclusion: The results in this study demonstrated that baicalin suppresses the stemness of

ovarian cancer cells by attenuating YAP activity via inhibiting RASSF6 at the transcriptional

level. This finding revealed baicalin as a novel YAP inhibitor that could serve as an anti-

cancer drug for eradicating ovarian cancer stem cells.
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Introduction
Ovarian cancer (OC) is the leading cause of death among gynecological malignan-

cies; it is characterized by early metastatic spread, extensively disseminated tumors

as well as accumulation of malignant ascites.1,2 Moreover, for most patients, the OC

cells develop chemoresistance, which leads to relapse and metastasis after initial

therapy.3,4 Despite efforts to develop the therapeutic strategy in past decades, the

long-term outcomes in OC patients have not significantly improved.5

Cancer stem cells (CSCs), also named tumor-initiating cells (TICs), are a small

number of cancer cells within tumors with stem-like properties; it is characterized

by self-renewal and differentiation and thus possesses the ability to sustain hier-

archical organization of tumors.6 There is accumulating evidence that tumorigen-

esis, recurrence, and metastasis are originated from CSCs, and CSCs are the only
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subpopulation within tumors capable of tumor initiation.7,8

Moreover, CSCs are also responsible for therapeutic resis-

tance, and thus the development of strategies eradicating

CSCs would be promising for cancer therapy.9

Ovarian cancer stem cells (OCSCs) are first isolated

by Bapat and colleagues; they cultured a single clone

from ascites capable of differentiation and

tumorigenesis.10 Subsequently, researchers have identi-

fied various OCSCs related markers, including CD44,

CD24, CD177, CD133, and ALDH1, etc.11,12 Similarly,

evidences have shown that OCSCs are responsible for

OC initiation, recurrence, metastasis as well as

chemoresistance.13 Thus, OCSCs have been recognized

as the prime drug target for OC therapy. However,

targeting OCSCs with traditional chemotherapeutic

(cytotoxic) drugs is challenging as the chemoresistance

and relatively fewer number of OCSCs; non-selective

cytotoxic drugs may promote progression by OCSCs

selection and lead to a serious side effect.

Baicalin, a flavonoid, is a metabolite of baicalein which

is isolated from the roots of Scutellaria baicalensis Georgi,

also named Huang Qin in Traditional Chinese Medicine

(TCM).14 Baicalin is widely used as an alternative remedy

in TCM.15 Recently, baicalin has been received attention

for novel anticancer drug development as its anticancer

activity in a variety of cancer types, including OC, and

relatively fewer side effects.16,17 However, the effect of

baicalin on OCSCs has remained elusive.

Hippo/YAP signaling pathway was first discovered

in Drosophila that is a conserved kinase cascade

responsible for the regulation of organ size.18 In mam-

mals, the core components of Hippo signaling consist

of nuclear Dbf2-related family protein kinases Lats1

and Lats2, STE20 family protein kinases Mst1 and

Mst2 and their downstream target transcription coacti-

vator YAP (Yes-associated protein).19 Mst1/2 phos-

phorylates and activates Lats1/2, which in turn

phosphorylates and inhibits YAP.20 YAP regulates

a set of target genes associated with survival and

proliferation.21 Recent evidence also showed that YAP

activity is important for cell fate decision and main-

tenance of stemness of both normal and cancer stem

cells.22 Thereby, Hippo/YAP signaling is an important

target for eradicating cancer stem cells.

In this study, we found that baicalin inhibits the tran-

scription of RASSF6, a negative regulator of Mst1/2,19,20

attenuates YAP activity, and thereby suppressing the stem-

ness of ovarian cancer cells.

Materials and Methods
Reagents, Primers, Antibodies
Baicalin was purchased from Sigma-Aldrich (572667;

95% purity, St Louis, MO, United States). The concentra-

tion of DMSO (Dimethyl sulfoxide) stock solution of

baicalin is 50 mM. Culture medium containing baicalin

was prepared by diluting baicalin with culture medium

followed by the addition of supplements such as FBS

and antibiotics. The sequences of primers are listed in

Supplementary Table 1. The information on antibodies

used in this study, including manufacture, catalog number,

and dilution, etc., were provided in Supplementary Table

2. All other reagents were purchased from Sigma-Aldrich

(St Louis, MO, United States) except where indicated.

Cell Culture
Human epithelial ovarian adenocarcinoma cell line NIH:

OVCAR-3 (OVCAR3) was acquired from American Type

Culture Collection (ATCC, Manassas, VA, USA) and was

grown in RPMI 1640 cell culture medium (Thermo Fisher,

Waltham, MA, USA) containing 10% fetal bovine serum

(FBS, Thermo Fisher, Waltham, MA, USA), 100 U mL−1

penicillin (Thermo Fisher, Waltham, MA, USA) and 100

μg mL−1 streptomycin (Thermo Fisher, Waltham, MA,

USA). The cells were maintained at 37°C in 5% CO2.

Primary Culture
The ovarian cancer specimens were collected during surgery

and placed in a sterile container filled ice-cold PBS. The

samples were then cut into small pieces and transferred into

dispase II (2 U mL−1) (Thermo Fisher, Waltham, MA, USA)

in DMEM (Thermo Fisher, Waltham, MA, USA) followed

by 30 min incubation at 37°C. The cell slurry was then

passed through a cell strainer (70 μm) (Thermo Fisher,

Waltham, MA, USA) and centrifuged for 5 min. The cell

pellet was resuspended in DMEM containing 10% FBS and

incubated at 37°C in 5% CO2. The medium was changed

every three days. All tissues were obtained from Chongqing

University Cancer Hospital, which was approved by the

ethics committee of Chongqing University Cancer Hospital

(Chongqing China). All patients provided written informed

consent, and that this was conducted in accordance with the

Declaration of Helsinki.

Ovarian Cancer Stem Cell Isolation
The cells (cell lines or primary cells) were digested from

normal cell culture flask and centrifuged. The cell pellets
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were then resuspended in 1:1 DMEM: F12 containing 1%

FBS, 20 ng mL−1 recombinant epidermal growth factor

(EGF) (Thermo Fisher, Waltham, MA, USA), 10 ng mL−1

recombinant basic fibroblast growth factor (FGF) (Thermo

Fisher, Waltham, MA, USA), 100 U mL−1 penicillin and

100 μg mL−1 streptomycin and seeded into ultra-low

attachment culture plate (Corning, NY, USA). The cells

were split into 2 new ultra-low attachment culture plates

after 60–80% confluence.

CCK-8 Assay
The CCK-8 assay kit was purchased from Thermo

Scientific (Waltham, MA, USA) and the assays were per-

formed according to the manual. The cells were digested

and seeded into 96-well plate. After 12 hours of culture for

attachment, the cells were treated according to experiment

design. Then, after another 24 h incubation, the cell med-

ium was discarded and rinsed with PBS, followed by the

addition of 10% Cell Counting Kit-8 containing culture

medium at 100 μL per well. The results were read by

a spectrometer at 450 nm.

Drug Sensitivity Assay
OVCAR-3 cells or primary human ovarian cancer cells

were seeded into 96-well plates at a density of 3,000 cells

per well. After 24 h culture for attachment, the cells were

exposed to serially diluted baicalin (a three-fold dilution

with a starting concentration of 1,000 μM) and incubated

for another 24 h. The cell number was examined by CCK-

8 assay as mentioned above. Inhibition rate (%) = 1 -

(Atreatment-Ablank)/(Avehicle-Ablank) %. IC50 values

were calculated with non-linear regression analysis.

Experiments were performed in triplicate.

Cell Viability Assay
Both OVCAR-3 cells and primary human ovarian cancer

cells were seeded in 96 well plates at a density of 3,000

cells per well. After 12–24 h culture for attachment, the

cells were exposed to 40 μM baicalin or vehicle for

24 h. The cell viability was examined by CCK-8 assay.

Proliferation rate (%) = (AT-24h-AT-0)/At-0%. Three repli-

cates were performed.

Evaluation of Clonogenicity
The cells were seeded into a 1.5 cm culture dish contain-

ing complete culture medium at a density of 1,000 cells

per dish. After 12–24 h attachment culture, the cells were

exposed to 40 μM of baicalin or vehicle for 24 h. The

medium was then changed to complete culture medium

without baicalin or vehicle and cultured for 10–14 days

followed by staining and counting. The experiments were

repeated three times.

Evaluation of Spherogenicity
The cells (cell lines or primary cells) were first cultured in

a 6 cm culture dish for 12–24 h. After attachment, the cells

were exposed to 15 μM of baicalin or vehicle for

24 h. Then, the cells were digested with trypsin (Thermo

Fisher, Waltham, MA, USA) and collected by centrifuga-

tion. The sphere-formation was performed according to the

protocol from Lombardo et al’s publication.23 Briefly, the

cell pellets (1.5 × 104 cells per well) were resuspended in

1:1 DMEM: F12 containing 1% FBS, 20 ng mL−1 recom-

binant epidermal growth factor (EGF), 10 ng mL−1 recom-

binant basic fibroblast growth factor (FGF), 100 U mL−1

penicillin and 100 μg mL−1 streptomycin and seeded into

6-well ultra-low attachment culture plate (Corning, NY,

USA). After 10–14 days of culture, the spheres were

counted under the microscope.

Lentivirus Packaging and Infection
YAP- or RASSF6-overexpressing construct was generated

by subcloning PCR-amplified full-length human YAP or

RASSF6 cDNA into the pCDH plasmid. Lentiviral parti-

cles were produced by transfecting HEK 293 T cells with

reconstructed plasmids along with packaging and back-

bone vectors. The particles were concentrated by virus

precipitation reagent (Thermo Fisher, Waltham, MA,

USA) followed by centrifugation according to the manu-

facture’s suggestion. The particles were then added into

a cell culture plate for infection. The infected cells were

selected with puromycin. The efficiency of gene manipu-

lation was examined by Western blot.

qRT-PCR
Total mRNA was isolated by the Trizol reagent, followed

by reverse transcription. qRT-PCR was performed using

qRT-PCR Master Mix (Thermo Fisher, Waltham, MA,

USA). The data were normalized against GAPDH. The

primer sequences are listed in Supplementary Table 1.

Western Blot
The cells were lysed with RIPA lysis buffer. The protein

samples were separated by SDS-PAGE and then transferred

onto PVDF membrane according to standard protocol. The

proteins were then blocked with 5% BSA overnight at 4°C,
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and incubated with primary antibodies overnight at 4°C.

After another 2 h incubation with secondary antibody, the

signaling was detected by ECL reagents (Thermo Fisher,

Waltham, MA, USA). The antibodies used in this study are

listed in Supplementary Table 2. The uncropped gel is pro-

vided in Supplementary Figure 4.

Luciferase Reporter Gene Assay
The promoter of RASSF6 was cloned into PGL4 plasmid

(Promega, Madison, WI, USA). The cells were seeded into

a 24-well plate and treated according to experiment

design. The cells were then transfected with reconstructed

plasmid or control plasmid by lipofectamine 3000

(Thermo Fisher, Waltham, MA, USA). After another 24

h culture, the luciferase activities were determined accord-

ing to the standard protocol.

Xenografts
The cells were dissociated and resuspended in cultured

medium containing 25% Matrigel (Thermo Fisher,

Waltham, MA, USA). The cells were then inoculated

into the flank of 4-week old female NOD/SCID mice

(Pusheng Technology, Nanjing, China). The mice were

then maintained under the standard condition for 25–30

days for observation. All animal experiments were

reviewed and approved by the institutional ethics and

recombination safety committees of Chongqing

University Cancer Hospital (Chongqing, China).

Limiting Dilution Assay (LDA)
One million OVCAR-3 cells were plated into 6 cm culture

dish and culture for 12–24 h. After attachment, the cells

were treated with 15 μM of baicalin or vehicle for 24

h. the cells were then washed with PBS to remove the

baicalin and vehicle and collected. The cells were then

resuspended in 1:1 DMEM: F12 containing 1% FBS, 20

ng mL-1 recombinant epidermal growth factor (EGF), 10

ng mL-1 recombinant basic fibroblast growth factor

(FGF), 100 U mL-1 penicillin and 100 μg mL-1 strepto-

mycin. Ten, 5, or 1 cells were seeded into a 96-well plate

for further culture. Twelve wells for each group were

performed. After 10–14 days of culture, the number of

wells exhibited spheres was counted. ELDA software

was used for calculation of the frequency of sphere-

forming cells. All groups were performed in triplicate.

To evaluate tumorigenicity, OVCAR-3 cells were trea-

ted with 15 μM of baicalin or vehicle for 24 h. After

washing and dissociation, 21, 7, 3 cells were inoculated

into the flank of 4-week old female NOD/SCID mice. The

mice were then maintained under the standard condition

for 25–30 days for observation. The number of mice with

tumors was counted. ELDA software was used for calcu-

lation of the frequency of tumor-initiating cells. All groups

were performed in triplicate.

Evaluation of RASSF6 Transcription
The regulation of RASSF6 transcription was determined

by Click-iT™ Nascent RNA Capture Kit (Thermo

Fisher, Waltham, MA, USA) via metabolic labeling of

nascent RNA according to the manual. This method is

similar to nuclear run-on qRT-PCR reported by Roberts

et al24 and the advantage of this method is that no

radioactive nucleoside analogs are required. Briefly,

The OVCAR-3 and primary cells were cultured in

a 6-well plate at 25–30% confluence. After 12

h culture for attachment, the cells were treated with 15

μM baicalin or vehicle for 24 h. After removing baicalin

or vehicle, the cells were immediately maintained in

culture medium (3 mL per well) containing 0.5 mM

5-ethynyl uridine (EU) for 1 h. After incubation, the

cells were harvested by centrifugation for RNA isola-

tion. The total RNA was isolated by TRIzol reagent

(Thermo Fisher, Waltham, MA, USA) according to stan-

dard protocol. Next, mix total RNA with biotin azide

(10 ug EU-labeled RNA: 1 mM Biotin Azide) for bio-

tinylation of EU-labeled RNA (EU-RNA) according to

the manual provided by the manufacture. After precipi-

tation, the biotinylated EU-RNA was then bound to

streptavidin-coupled magnetic beads for EU-RNA puri-

fication with a DynaMagTM-2 magnet (Thermo Fisher,

Waltham, MA, USA). After washing, the beads with

EU-RNA were resuspended and immediately used for

cDNA synthesis. cDNA synthesis was performed by

SuperScript® VILO™ cDNA synthesis kit. qRT-PCR

was performed as previously mentioned. GAPDH was

used as control. The experiments were performed in

triplicate.

Evaluation of RASSF6 Stabilization
To evaluate whether baicalin affects the stabilization or

half-life of RASSF6, a translation inhibitor, cycloheximide

(CHX), was employed. CHX inhibits protein synthesis in

eukaryotic cells by interfering with the translocation step.

Briefly, the cells were cultured in a 6 cm dish at 60%

confluence. After attachment, the cells were incubated in

complete culture medium containing 10μM of CHX for 4h
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to inhibit protein synthesis of the cells. Then, the medium

was changed to complete culture medium containing 10

μM of CHX and 15 μM of baicalin or an equal volume of

vehicle for 24 h. The total proteins in cells before and after

baicalin or vehicle treatment were extracted and the pro-

tein levels of RASSF6 in the cells before and after baicalin

or vehicle treatment were examined by Western blot and

anti-RASSF6 antibody as previously mentioned. As the

translation of the cells was inhibited by CHX treatment,

the degradation of RASSF6 during baicalin or vehicle

treatment can be evaluated.

Cellular Fractionation
The cytoplasmic and nuclear protein fractions of OVCAR-

3 cells were prepared with a Subcellular Protein

Fractionation kit (Thermo Fisher, Waltham, MA, USA)

according to the manufacture’s protocol. Briefly, the cells

were collected by centrifugation in a microcentrifuge tube.

The cell pellet was incubated with cytoplasmic extraction

buffer (CEB) at 4°C for 10 min. The lysate was then

centrifuged at 500 g for 5 min and the cytoplasmic pro-

teins in the supernatant were collected in a fresh micro-

centrifuge tube. The pellet was then incubated with

membrane extraction buffer at 4°C for 10 min following

by centrifugation at 3,000 g for 5 min. The supernatant

was discarded and the nuclear proteins were extracted by

incubating pellet with IB sample buffer and boiling for

5 min.

Statistics
The data are presented as mean ± SEM. P values were

determined by two-tailed Student’s t-test with P < 0.05

considered statistically significant.

Results
Baicalin Inhibits the Stemness of OC Cells
To investigate the effect of baicalin on OC cells, the IC50

values of baicalin on OVCAR-3 and primary OC cells

were first determined. As shown in Figure 1A, the IC50

values of baicalin on OVCAR-3 and primary ovarian

cancer cells were 31.71 μM and 38.29 μM, respectively,

and 15 μM for 24 h treatment is the non-toxic dose for

both cells. To confirm the proliferation inhibitory effect of

baicalin on OC cells, we performed proliferation and col-

ony formation assay. As shown in Figure 1B and C, treat-

ment with a toxic dose of baicalin (40 μM, 24 h)

significantly inhibits the proliferation and clonogenicity

of OC cells.

Next, we investigated the effect of baicalin on the

stemness of OC cells. To exclude the probability that the

observed inhibitory effect is the result of proliferation

inhibition, we treated the cells with a non-toxic dose of

baicalin (15 μM, 24 h). As shown in Figure 1D, the

cells were pretreated with 15 μM of baicalin or an equal

volume of vehicle for 24 h followed by suspension

culture with medium without compounds for 12–16

days and the result showed that non-toxic dose of bai-

calin significantly inhibits the spherogenicity of both

OVCAR-3 and primary OC cells. Similarly, the cells

were pretreated with 15 μM of baicalin or an equal

volume of vehicle for 24 h and subjected to LDA

assay as mentioned in methods session. As shown in

Figure 1E, F and Supplementary Figure 1A and 1B, the

frequency of in vitro sphere-forming cells and in vivo

tumor-initiating cells was also inhibited by a non-toxic

dose of baicalin treatment. Furthermore, the results from

qRT-PCR and Western blot assay indicated that the non-

toxic dose of baicalin treatment significantly inhibited

both mRNA and protein levels of OCSCs markers

(CD133 and ALDH1A1) (Figure 1G and H). Taken

together, these results demonstrated that baicalin inhibits

the stemness of ovarian cancer cells.

Baicalin Attenuates YAP Activity in OC

Cells
Given the important role of Wnt, Hippo/YAP, and

Hedgehog signaling pathway in maintenance of CSCs

stemness,25,26 to further investigate the underlying

mechanisms of baicalin suppressing the stemness of

OC cells, we next tested the inhibitory effect of baicalin

on these signaling pathways. As shown in Figure 2A,

most of YAP target genes were downregulated by the

non-toxic dose of baicalin treatment in OC cells, while,

the downstream target genes of Wnt and Hedgehog

signaling pathways were not affected, which indicated

that Hippo/YAP signaling pathway is the potential target

of baicalin in OC cells. This result was further verified

by qRT-PCR (Figure 2B). In Hippo/YAP signaling path-

way, the kinase cascade, consists of MST1/2 and

LATS1/2, phosphorylates YAP and blocks its nuclear

translocation.18–22 We thus tested the phosphorylation

level of YAP in OC cells after baicalin treatment. As

shown in Figure 2C, baicalin treatment significantly
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increased the protein level of phosphorylated YAP in the

cytoplasm, which indicated that Hippo signaling is acti-

vated by baicalin. In line with this result, the protein

level of nuclear YAP is significantly reduced by baicalin

(Figure 2D). These results demonstrated that baicalin

activates Hippo signaling and attenuates YAP activity.

Figure 1 Baicalin inhibits the stemness of ovarian cancer cells. (A) The sensitivity of ovarian cancer cells to baicalin. OVCAR-3 and primary ovarian cancer cells were

exposed to serially diluted baicalin (a three-fold dilution with a starting concentration of 1,000 μM) or equal volume of vehicle for 24 h. The cell number was detected

by CCK-8 assay. The inhibition rate of baicalin at each concentration was calculated. (B) Baicalin inhibits the proliferation of ovarian cancer cells. OVCAR-3 and

primary ovarian cancer cells were treated with 40 μM of baicalin (toxic dose) or equal volume of vehicle for 24 h. The cell number was detected by CCK-8 assay. (C)

Baicalin inhibits the clonogenicity of ovarian cancer cells. The cells were seeded into 1.5 cm culture dish containing complete culture medium at a density of 1,000 cell

per dish. After attachment, the cells were exposed to 40 μM of baicalin (toxic dose) or equal volume of vehicle for 24 h. The medium was then changed to fresh

complete culture medium without baicalin or vehicle. After 10–14 days culture, the colonies were stained and counted. (D) Baicalin inhibits the spherogenicity of

ovarian cancer cells. OVCAR-3 and primary ovarian cancer cells were pre-treated with 15 μM of baicalin (non-toxic dose) or equal volume of vehicle for 24 h. The

cells were then collected and subjected to suspension culture with non-drugs medium for 12–16 days. The number of spheres were counted under microscope. (E)
Baicalin inhibits the frequency of sphere-forming ovarian cancer cells. OVCAR-3 or primary ovarian cancer cells were pre-treated with 15 μM of baicalin (non-toxic

dose) or equal volume of vehicle for 24 h. The cells were then seeded into ultra-low 96 well plate at the density of 10, 5, 1 cell per well for suspension culture for

12–16 days. The number of well with spheres were counted and the frequency of sphere-forming cells were calculated with ELDA online software. (F) Baicalin inhibits

the frequency of tumor-initiating ovarian cancer cells. OVCAR-3 or primary ovarian cancer cells were pre-treated with 15 μM of baicalin (non-toxic dose) or equal

volume of vehicle for 24 h. Then, 21, 7, 3 cells were inoculated into NOD/SCID mice. The number of mice with tumors was counted after 25–30 das. The frequency

of tumor-initiating cells was calculated with ELDA online software. (G and H) Baicalin inhibits the expression of ovarian cancer stem cell markers. The mRNA (G) and

protein (H) levels of CD133 and ALDH1A1 in OVCAR-3 or primary ovarian cancer cells treated with or without 15 μM of baicalin 24 h (non-toxic dose) were

detected by qRT-PCR (G) and Western blot (H). Student’s t-test (***P﹤0.001).
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Overexpression of YAP Abolished the

Inhibitory Effect of Baicalin on the

Stemness of OC Cells
To confirm the role of YAP inhibition in the inhibitory

effect of baicalin on the stemness of OC cells, the YAP

was overexpressed in OVCAR-3 cells by lentivirus-

mediated gene delivery system (Figure 3A). We first

examined whether YAP overexpression can abolish the

inhibitory effect of baicalin on the proliferation and spher-

ogenicity of OC cells. YAP-overexpressing OVCAR-3 and

control cells were treated with a toxic dose of baicalin and

the proliferation and spherogenicity of the cells were

examined by CCK-8 and colony formation assay. As

shown in Figure 3B and C, the ectopic expression of

YAP partially abolished the inhibitory effect of baicalin

on the proliferation and spherogenicity of OVCAR-3 cells.

Next, we investigated whether YAP overexpression can

abolish the inhibitory effect of baicalin on the stemness of

OC cells. OVCAR-3 cells transfected with YAP-

overexpressing or empty control plasmids were pretreated

with a non-toxic dose of baicalin. Then, the cells were

subjected to sphere formation and LDA assay to evaluate

the self-renew capacities. The results showed that YAP

overexpression significantly abolished the inhibitory effect

of baicalin on the sphere-forming capacity of OVCAR-3

cells (Figure 3D). And the frequency of sphere-forming

and tumor-initiating cells was also restored by YAP over-

expression (Figure 3E, F and Supplementary Figure 2A

and 2B). In addition, the inhibitory effect of baicalin on

Figure 2 Baicalin inhibits the YAP activity. (A) Baicalin inhibits the expression of YAP target genes. OVCAR-3 cells were treated with 15 μM of baicalin or equal volume of

vehicle for 24 h, the mRNA levels of target genes of Hippo/YAP, Wnt and Hedgehog signaling pathway were analyzed by qRT-PCR. (B) Verification of the inhibitory effect of

baicalin on YAP target genes. The mRNA levels of YAP target genes in OVCAR-3 and primary ovarian cancer cells treated with or without 15 μM of baicalin for 24 h were

analyzed by qRT-PCR. (C) Baicalin promotes the phosphorylation of YAP in ovarian cancer cells. The protein levels of phosphorylated YAP in OVCAR-3 and primary ovarian

cancer cells treated with or without 15 μM of baicalin for 24 h were analyzed by Western blot. (D) Baicalin decreases the protein level of nuclear YAP in OCSCs. The

protein levels of nuclear YAP in OVCAR-3 and primary ovarian cancer cells treated with or without 15 μM of baicalin for 24 h were analyzed by Western blot. Student’s

t-test (***P﹤0.001).
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the expression of OCSCs markers was also abolished by

YAP expression as indicated by qRT-PCR and Western

blot (Figure 3G and H). Collectively, these results demon-

strated that YAP inhibition is necessary for baicalin inhi-

biting the stemness of OC cells.

Baicalin Inhibits RASSF6 at the

Transcriptional Level
We next investigated the mechanisms underlying baica-

lin regulating YAP activity. As mentioned above, we

found that baicalin increases the phosphorylation level

Figure 3 YAP inhibition is necessary for baicalin inhibiting the stemness of ovarian cancer cells. (A) The protein level of YAP in YAP-overexpressing OVCAR-3 cells was

examined by Western blot. (B) YAP overexpression abolished the proliferation inhibitory effect of baicalin on ovarian cancer cells. YAP-overexpressing and control OVCAR-

3 cells were treated with or without 40 μM of baicalin for 24 h (toxic dose). The cell number was detected by CCK-8 assay. (C) YAP overexpression abolished the inhibitory

effect of baicalin on clonogenicity of ovarian cancer cells. The indicated cells were seeded into 1.5 cm culture dish and exposed to 40 μM of baicalin or equal volume of

vehicle for 24 h. The medium was then changed to fresh culture medium without drugs. The number of colonies were stained and counted after 10–14 days. (D) YAP

overexpression abolished the inhibitory effect of baicalin on spherogenicity of ovarian cancer cells. Indicated cells were pre-treated with or without 15 μM of baicalin for

24 h. Then, the cells were subjected to suspension culture with drug-free medium for 12–16 days. The number of spheres were counted under microscope. (E) YAP
overexpression abolished the inhibitory effect of baicalin on the frequency of sphere-forming ovarian cancer cells. Indicated cells were first pre-treated with or without 15

μM of baicalin. The cells were then seeded into ultra-low 96 well plate at the density of 10, 5, 1 cell per well for suspension culture for 12–16 days. The number of well with

spheres were counted and the frequency of sphere-forming cells were calculated with ELDA online software. (F) YAP overexpression abolished the inhibitory effect of

baicalin on the frequency of tumor-initiating ovarian cancer cells. Indicated cells were first pre-treated with or without 15 μM of baicalin for 24 h. Then, 21, 7, 3 cells were

inoculated into NOD/SCID mice. The number of mice with tumors was counted after 25–30 das. The frequency of tumor-initiating cells was calculated with ELDA online

software. (G and H) YAP overexpression abolished the inhibitory effect of baicalin on the expression of ovarian cancer stem cell markers. The mRNA (G) and protein (H)

levels of CD133 and ALDH1A1 in indicated cells were detected by qRT-PCR (G) and Western blot (H). Student’s t-test (*P﹤0.05, **P﹤0.01, ***P﹤0.001).
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of YAP, which indicated that activating Hippo signaling

is a prime mechanism underlying baicalin inhibiting

YAP. However, this result could not exclude the prob-

ability that baicalin may inhibit the transcription of

YAP. We thus tested the mRNA level of YAP in baica-

lin-treated OC cells. As shown in Figure 4A, there is no

significant difference in mRNA level between baicalin-

treated and non-treated OC cells, which excluded the

probability that baicalin regulates YAP at the mRNA

level.

To investigate the mechanism underlying baicalin reg-

ulating Hippo signaling, we then performed qRT-PCR

array to reveal the exact target of baicalin in Hippo signal-

ing pathway. As shown in Figure 4B, we found that

baicalin significantly decreased the mRNA level of

RASSF6 in OVCAR-3 cells, which indicated that

RASSF6 is the potential target of baicalin in Hippo signal-

ing pathway. This result was further confirmed with pri-

mary OC cells (Figure 4C).

Next, we investigated the mechanisms underlying bai-

calin regulating RASSF6. We first investigated whether or

not baicalin regulates the stability of RASSF6. To achieve

this, we employed a translation inhibitor, cycloheximide

(CHX), which inhibits protein synthesis in eukaryotic cells

by interfering with the translocation step. The cells were

incubated in complete culture medium containing 10 μM

of CHX for 4h to inhibit protein synthesis of the cells

followed by the addition of 15 μM of baicalin or an equal

volume of vehicle and culture for 24 h. The RASSF6

protein levels in cells before and after treatment were

Figure 4 Baicalin inhibits RASSF6 at the transcriptional level. (A) Baicalin has no effect on the mRNA level of YAP. The mRNA levels of YAP in OVCAR-3 or primary ovarian

cancer cells treated with 15 μM of baicalin or equal volume of vehicle for 24 h were analyzed by qRT-PCR. (B and C) Baicalin inhibits the mRNA level of RASSF6. The mRNA

levels of indicated genes in OVCAR-3 cells (B) or primary OC cells (C) treated with or without 15 μM of baicalin for 24 h were analyzed by qRT-PCR array (B) or qRT-PCR
(C). (D) Baicalin has no effect on the stability of RASSF6. The translation of OVCAR-3 cells was first inhibited by translation inhibitor (cycloheximide, CHX). The cells were

then treated with 15 μM of baicalin or equal volume of vehicle for 24 h. The total protein was then extracted and subjected to Western blot analysis. (E and F) Baicalin
inhibits the transcriptional activity of RASSF6 promoter. (E) The transcriptional activities of RASSF6 promoter in indicated cells were analyzed by luciferase reporter gene

assay. (F) The transcription of RASSF6 of OVCAR-3 cells treated with or without 15 μM of baicalin for 24 h was analyzed by a modified nuclear run-on assay. Student’s t-test
(**P﹤0.01, ***P﹤0.001).

Abbreviation: NS, No significance.
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examined by Western blot. As shown in Figure 4D, there

are no obvious differences between the half-life of

RASSF6 protein in baicalin- and vehicle-treated cells,

which indicated that baicalin does not affect the stability

of RASSF6 protein.

Next, we investigated whether or not baicalin inhibits

RASSF6 at the transcriptional level. We employed lucifer-

ase reporter assay to determine the transcriptional activity

of RASSF6 promoter and a modified nuclear run-on assay

to examine the transcription of RASSF6 gene. As shown

in Figure 4E, luciferase reporter assay showed that the

activity of RASSF6 promoter was significantly inhibited

by baicalin treatment. In addition, results from the mod-

ified nuclear run-on assay showed that the transcription of

RASSF6 was significantly suppressed by baicalin (Figure

4F). Taken together, these results demonstrated that baica-

lin inhibits RASSF6 at the transcriptional level in OC

cells.

Overexpression of RASSF6 Abolished the

Inhibitory Effect of Baicalin on the

Stemness of OC Cells
To further confirm that RASSF6 is the target of baicalin in

Hippo signaling pathway, the RASSF6-overexpressing

cells were established (Figure 5A). Similar with YAP

overexpression, RASSF6 overexpression abolished the

inhibitory effect of baicalin on the proliferation (Figure

5B), sphere-forming capacity (Figure 5C), the frequency

of sphere-forming (Figure 5D and Supplementary Figure

3A) and tumor-initiating (Figure 5E and Supplementary

Figure 3B) cells as well as the expression of OCSCs

markers (Figure 5F), which demonstrated that RASSF6 is

the target of baicalin inhibiting the stemness of OC cells.

In summary, the above results demonstrated that bai-

calin suppresses the stemness of OCSCs by attenuating

YAP activity via suppressing RASSF6 at the transcrip-

tional level.

Figure 5 RASSF6 inhibition is necessary for baicalin inhibiting the stemness of ovarian cancer stem cells. (A) Western blot analysis of RASSF6 protein levels in RASSF6-

overexpressing and control cells. (B) MTT assay analyze the inhibitory effect of baicalin on the proliferation of RASSF6-overexpressing and control OVCAR-3 cells. (C) The

spherogenicity of indicated cells were analyzed by sphere-formation assay. (D) RASSF6 overexpression abolished the inhibitory effect of baicalin on the frequency of sphere-

forming ovarian cancer cells. Indicated cells were seeded into ultra-low 96 well plate at the density of 10, 5, 1 cell per well for suspension culture for 12–16 days. The

number of well with spheres were counted and the frequency of sphere-forming cells were calculated with ELDA online software. (E) RASSF6 overexpression abolished the

inhibitory effect of baicalin on the frequency of tumor-initiating ovarian cancer cells. 21, 7, 3 indicated cells were inoculated into NOD/SCID mice. The number of mice with

tumors was counted after 25–30 das. The frequency of tumor-initiating cells was calculated with ELDA online software. (F) RASSF6 overexpression abolished the inhibitory

effect of baicalin on the expression of ovarian cancer stem cell markers. The mRNA levels of CD133 and ALDH1A1 in indicated cells were detected by qRT-PCR. Student’s

t-test (*P﹤0.05, **P﹤0.01, ***P﹤0.001).
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Discussion
OC is still the leading cause of women’s death worldwide.27

OCSCs were recognized as the root of initiation and progres-

sion of ovarian cancer,12,13 however, the strategies eradicat-

ing OCSCs are still limited. In this study, we investigated the

effect of baicalin, a single compound developed from tradi-

tional Chinese herbal, on the stemness of OC cells and

revealed that YAP inhibition by transcriptionally inhibiting

RASSF6 is the prime mechanism underlying baicalin attenu-

ating OC stemness. This funding thus provides a novel ther-

apeutic strategy for human OC.

The development of methods for eradicating OCSCs is

important for OC therapy. CSCs have been recognized as

the only subpopulation of tumor cells with the capability

of initiation of tumors.6–11 Similar with CSCs and normal

stem cells, OCSCs possess the ability to self-renew and

differentiate into multiple lineages of differentiated

cells.12,13 Thus, methods of eradicating OCSCs would

hold the promise to lead to OC cure.

Several mechanisms involved in CSCs maintenance have

been revealed in the past decade; the key pathways asso-

ciated with CSCs include canonical Wnt signaling,

Hedgehog signaling, canonical Notch signaling as well as

Hippo/YAP singling pathway.25,26 A set of molecules against

these pathways have been developed, including PRI-72427

(Dishevelled inhibitor), LGK97428 (Porcupine inhibitor),

Vantictumab29 (Anti-Frizzled 7 receptor) and Ipafricept30

(Fc-Frizzled 8 receptor) for Wnt signaling, SMO inhibitor

(GDC-0449,31 Sonidegib,32 and Glasdegib33), 5E134 and

Genistein35 (Gli1 inhibitor) for Hedgehog signaling and

Gamma secretase inhibitor (RO4929097,36 LY900009,37

and PF-0308401438), anti-DLL4 antibody (Enoticumab39

and Demcizumab40) and Tarextumab41 (anti-Notch 2/3) for

Notch signaling. Most of them are undergoing Phase

I clinical trials for safety evaluation. However, to eradicate

CSCs, these compounds are facing challenges. First, CSCs

are more resistant to traditional cytotoxic drugs; traditional

chemotherapy may promote disease progression through

CSCs selection. Second, as the resistance and relatively

fewer number of CSCs, CSCs eradication with non-

selective cytotoxic drugs may lead to serious side-effects.

Thus, the clinically used safety dose of traditional cytotoxic

drugs may not be enough for eradicating CSCs.

To achieve the goal of eradicating CSCs, natural

products have recently received attention because of

their long-term effect and relatively fewer side

effects.17 Baicalin is a flavonoid that is isolated from

the roots of Scutellaria baicalensis Georgi and is widely

used as an alternative remedy in TCM for several dis-

eases, indicating its relatively fewer side effects.14–16

More importantly, baicalin has recently been found

both in vitro and in vivo anti-cancer activities in various

types of cancer, including OC, which showed its enor-

mous potential as an anti-cancer drug,14–16 however, its

effect on OCSCs has remained elusive. In this study, we

found that baicalin inhibits the spherogenicity (Figure

1D), the sphere-forming (Figure 1E and Supplementary

Figure 1A) and tumor-initiating (Figure 1F and

Supplementary Figure 1B) capacities as well as the

expression of OCSCs markers (Figure 1G and H),

which demonstrated the inhibitory effect of baicalin on

the stemness of OC cells. This finding suggests the

potential application of baicalin for eradicating OCSCs.

YAP has been shown to be an important player for CSCs

maintenance. YAP activation induces CSC properties in

several types of human cancer cells.19,20 Moreover, YAP

expression is necessary for sustaining the self-renewal

capacity of cancer cells.21 Furthermore, YAP upregulates

key transcription factors, such as SOX9, to promotes the

stemness of cancer cells. Thus, YAP is an important target

of anti-cancer drug development.22 The prime upstream

regulator of YAP is Hippo signaling pathway, which serves

as a negative regulator that phosphorylates YAP and pro-

motes its degradation in cytoplasm.19–22 Several YAP inhi-

bitors have developed, such as verteporfin,21 blocking the

binding between YAP and TEAD, and Statins,22 preventing

nuclear translocation of YAP. In this study, we demon-

strated that baicalin serves a novel YAP inhibitor that

attenuates the stemness of OC cells. Baicalin inhibits the

expression of YAP target genes (Figure 2) and YAP over-

expression abolished the inhibitory effect of baicalin on the

stemness of OC cells (Figure 3 and Supplementary Figure

2). Furthermore, YAP inhibits RASSF6 at the transcrip-

tional level (Figure 4) and overexpression of RASSF6

also abolished the effect of baicalin on the stemness of

OC cells (Figure 5). These results demonstrated that baica-

lin inhibits RASSF6, promotes YAP degradation, and

thereby suppressing the stemness of OC cells and suggested

that baicalin possesses the potential to develop an anti-

cancer drug as a YAP inhibitor.

Conclusion
In summary, the results in this study demonstrated that

baicalin suppresses the stemness of ovarian cancer cells by

attenuating YAP activity via inhibiting RASSF6 at the
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transcriptional level. This finding revealed baicalin as

a novel YAP inhibitor that could serve as an anti-cancer

drug for eradicating ovarian cancer stem cells.
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