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A B S T R A C T   

Long-term use of low-toxic natural products holds the promise for eradicating cancer stem cells. In this study, we 
report that luteolin, a natural flavonoid, attenuates the stemness of ovarian cancer stem cells (OCSCs) by directly 
binding to KDM4C and epigenetic suppression of PPP2CA/YAP axis. Ovarian cancer stem like cells (OCSLCs) 
isolated by suspension culture and CD133 + ALDH+ cell sorting was employed as OCSCs model. The maximal 
non-toxic dose of luteolin suppressed stemness properties, including sphere-forming capacity, the expression of 
OCSCs markers, sphere-initiating and tumor-initiating capacities, as well as the percentage of CD133 + ALDH+

cells of OCSLCs. Mechanistic study showed that luteolin directly binds to KDM4C, blocks KDM4C-induced his
tone demethylation of PPP2CA promoter, inhibits PPP2CA transcription and PPP2CA-mediated YAP dephos
phorylation, thereby attenuating YAP activity and the stemness of OCSLCs. Furthermore, luteolin sensitized 
OCSLCs to traditional chemotherapeutic drugs in vitro and in vivo. In summary, our work revealed the direct 
target of luteolin and the underlying mechanism of the inhibitory effect of luteolin on the stemness of OCSCs. 
This finding thus suggests a novel therapeutic strategy for eradicating human OCSCs driven by KDM4C.   

1. Introduction 

Globally, more than 220,000 new cases of ovarian cancer (OC) are 
diagnosed each year, which leads to more than 140,000 cancer-specific 
deaths, making it the leading cause of cancer mortality; late diagnosis 
and development of therapeutic resistance contribute the high mortality 

rate [1]. The histologic subtypes of OC include epithelial cancers (se
rous, endometrioid, clear-cell and mucinous), small cell carcinoma, and 
non-epithelial cancers (germ-cell and sex cord stromal tumors); among 
them, high-grade serous carcinoma (HGSC) is the most common and the 
most serious subtype, which accounts for about 90% of the disease [2]. 
Cytoreductive surgery followed by platinum- and taxane-based 
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chemotherapy comprise the standard therapeutic strategy, while no 
remarkable increase in 10-year survival rate was achieved [3], which 
requires our improved understanding of the pathogenesis and thera
peutic strategies of OC. 

Cancer stem cells (CSCs) are a small subpopulation of cancer cells 
with stem-like properties in tumor tissue. CSCs keep distinct cellular 
characteristics associated with tumorigenesis, metastasis and 
therapeutic-response, which offers a reasonable explanation for relapse 
and therapeutic resistance of most types of cancers [4,5]. For example, 
20% early-stage OC patients, whom R0 resection and complete response 
of primary therapy were achieved, will eventually relapse and resist to 
cytotoxic agents [6], indicating the fundamental roles of congenital 
superiority of ovarian cancer stem cells (OCSCs). Thus, CSCs have been 
recognized as principal targets for anticancer treatment. However, 
eradicating CSCs asks development of low-toxic anticancer drugs. 
Because of early metastasis and intrinsic resistance of CSCs, primary 
therapy is difficult to remove them. So, long-term administration of 
anticancer agents with lower toxicity and fewer side-effects for persis
tently suppressing of CSCs is urgently required. 

Luteolin, a natural product, belongs to flavonoids [7]. Studies have 
shown the anticancer activities of this family members in multi-types of 
cancer cells [8]. Furthermore, luteolin possesses the ability to modify 
inflammatory environments, a well-known inducer of cancer trans
formation [9]. Most important, flavonoids are naturally occurred and 
exist widely in esculent plants and medicinal herbs, indicating its 
tolerance [7]. However, whether luteolin suppresses OCSCs has 
remained elusive. 

In this study, we report that luteolin inhibits the stemness of OCSCs 
by directly binding to KDM4C and epigenetically suppressing KDM4C- 
mediated activation of PPP2CA/YAP axis. This finding provides a me
chanical basis for development of luteolin as a novel anticancer drug for 
suppressing human OCSCs. 

2. Materials and methods 

2.1. Cell culture 

Human OC cell line Caov-3 and HEK293T (Human embryonic kidney 
293 T) cell line were obtained from American Type Culture Collection 
(ATCC, Manassas, VA, USA) and grown in Dulbecco’s Modified Eagle’s 
Medium (DMEM, 10566–016, Thermo Fisher, Waltham, MA, USA) 
containing 10% Fetal bovine serum (FBS, 26140079, Thermo Fisher, 
Waltham, MA, USA) and antibiotics (15240062, Thermo Fisher, Wal
tham, MA, USA) at 37 ◦C in 5% CO2. The primary OC cells were isolated 
and cultured as described previously [10]. Primary ovarian cells were 
isolated and cultured base on the protocol described in Lesley D. Dun
field’s publication [11]. All tissues were collected from Chongqing 
University Cancer Hospital. The project was approved by the ethics 
committee of Chongqing University Cancer Hospital (Chongqing, China) 
and in accordance with the Declaration of Helsinki. The written 
informed consents were obtained from each patient. The absence of 
mycoplasma was validated by e-Myco VALiD Mycoplasma PCR Detec
tion Kit (25239, iNtRon Biotechnology, Brulington, MA, USA) and the 
cells were examined by short tandem repeat profiling. 

2.2. Isolation of ovarian cancer stem like cells (OCSLCs) 

Ovarian cancer stem-like cells (OCSLCs) were used as cell model for 
OCSCs study. The workflow of isolation and characterization of OCSLCs 
was provided in Fig. 1A. Briefly, the adherent parental cells were sus
pension cultured in ultra-low attachment culture dish/plate (3471/ 
4520, Corning, Inc, Corning, NY, USA) containing OCSLCs culture me
dium (serum-free medium supplemented with 20 ng mL-1 recombinant 
human epidermal growth factor (rh-EGF, PHG0313, Thermo Fisher, 
Waltham, MA, USA), 10 ng mL-1 recombinant human basic fibroblast 
growth factor (rh-bFGF, PMG0033, Thermo Fisher, Waltham, MA, USA), 

and antibiotics). When the cells were cultured for 15 days or have 
reached 60% confluence, the cells were collected by centrifugation and 
washed for at least two times with Phosphate-buffered saline (PBS). 
CD133 + cells were separated by Magnetic Assisted Cell Sorting (MACS) 
technology (Miltenyi Biotech, Bergisch Gladbach, Germany) according 
to the manual. Briefly, the cells were first labelled with CD133-biotin 
antibody and incubated at 4 ◦C for 15 min. The labelled cells were 
then washed and further labelled with anti-biotin microbeads, followed 
by magnetic separation. ALHD+ cells were isolated by ALDEFLUOR™ 
Kit (Stem Cell Technologies, Canada) according to the manual. ALDE
FLUOR™ Kit employs a fluorescent non-toxic ALDH substrate, BODIPY- 
aminoacetaldehyde (BAAA), as an indicator, which freely diffuses into 
viable cells. In the presence of ALDH, BAAA is converted into BODIPY- 
aminoacate (BAA) and retained inside the cells. Thus, viable ALDH- 
bright cells could be isolated by flow cytometry. The isolated CD44 
+ALDH+ spheroid cells were named as OCSLCs and used as model for 
OCSCs study. 

2.3. Compounds and plasmids 

Luteolin was obtained from Sigma-Aldrich (L9283, St. Louis, MO, 
USA) and dissolved in dimethyl sulfoxide (DMSO, 276855, Sigma- 
Aldrich, St. Louis, MO, USA) at 150 mM as stock solution. Paclitaxel 
was purchased from Selleckchem (S1150, Houston, TX, USA) and dis
solved in DMSO at 150 mM as stock solution. Carboplatin was obtained 
from Sigma-Aldrich (C2538, Sigma-Aldrich, St. Louis, MO, USA) and 
dissolved in ddH2O at 10 mM as stock solution. KDM4C inhibitor SD70 
was obtained from Sigma-Aldrich (5.31662, St. Louis, MO, USA) and 
was resolved in DMSO at 50 mg mL-1 as stock solution. Cycloheximide 
(CHX, C4859, 100 mg mL-1) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). The concentration of DMSO used in cell-based assay 
was less than 0.1% and the amount of DMSO has not interfered with 
obtained results of experiments. Lentivirus plasmids pCDH-CMV-MCS- 
EF1-Puro and PLKO.1 puro were kindly provided by professor Hon
gbin Ji (Shanghai Institutes for Biological Sciences, Chinese Academy of 
Sciences, Shanghai, China). YAP-, PPP2CA- and KDM4C-overexprssing 
plasmids were constructed by inserting their coding sequences into 
pCDH-CMV-MCS-EF1-Puro plasmids. YAP5SA mutant was constructed 
by site-directed mutagenesis or deletion by PCR. shRNA-resistant 
KDM4C was obtained by inserting non-sense mutations in shRNA- 
targeting sites. Q5 sit-directed mutagenesis kit (E0054S, NEB, lpswich, 
MA, USA) was used to construct H190A/E912A mutant (demethylase 
dead) KDM4C. YAP- and KDM4C-knockdown plasmids were constructed 
by inserting specific shRNAs into PLKO.1 plasmids. The primers and 
shRNAs used in this study were listed in Tables S1 and S2. An 8xGTIIC- 
luciferase plasmid (#34615, Addgene, Cambridge, MA, USA) was used to 
determine YAP transcriptional activity. A fluorescent TCF/LEF reporter 
lentivirus and the reporter plasmid for Hedgehog signaling pathway 
were kindly provided by professor Jiangfeng Qiu (Renji Hospital 
Shanghai Jiao Tong University School of Medicine, Shanghai, China). 
Common luciferase reporter gene assays were performed by pGL4.20 
(E6751, Promega, Madison, WI, USA) plasmid. pRL Renilla luciferase 
control reporter vector (E2231, Promega, Madison, WI, USA) was used 
for normalization in reporter assays. 

2.4. Real-Time Quantitative Reverse Transcription Polymerase Chain 
Reaction (qRT-PCR) 

The qRT-PCR assays were performed according to the standard 
protocol. Briefly, Trizol reagent (10296010, Thermo Fisher, Waltham, 
MA, USA) was used for RNA isolation. Ethanal and residual DNA were 
removed by evaporation and Turbo DNAse (AM2239, Thermo Fisher, 
Waltham, MA, USA). The assay was finished by SuperScript™ III Plat
inum™ kit (11732088, Thermo Fisher, Waltham, MA, USA) according to 
the manual. 
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Fig. 1. Isolation and characterization of OCSLCs. (A) Workflow of isolation and characterization of OCSLCs. (B) qRT-PCR and Aldefluor assay analysis of CD133 
expression and ALDH activity in indicated cells. (C) Flow cytometry analysis of the percentages of CD133 + and ALDH+ cells in indicated cells. (D) qRT-PCR analysis 
of the mRNA levels of stemness-related markers in indicated cells. (E,F) In vitro (E) and in vivo (F) limiting dilution analysis of sphere-initiating and tumor initiating 
capacities of indicated cells. Student’s t test, *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001. 
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2.5. ALDH activity test 

ALHD activity in the cells were examined by ALDEFLUOR™ Kit 
(Stem Cell Technologies, Canada) according to the manual. Briefly, the 
ALDEFLUOR™ reagent was activated first. The cells were collected, and 
the concentration was adjusted to 1 × 106 cells/mL with the ALDE
FLUOR™ Assay Buffer. The substrate was then added, and the mixture 
was incubated for 60 min at 37 ◦C. After incubation, the cells were 
washed 2 times by centrifugation in ALDEFLUOR™ Assay Buffer. The 
signal in the cells was detected by plater reader. 

2.6. Limiting dilution assay (in vitro) 

The parental Caov-3 an #1 OC cancer cells were routinely cultured as 
mentioned above. OCSLCs were cultured in suspension culture condition 
in ultra-low attachment culture dish/plate containing OCSLCs culture 
medium (serum-free medium supplemented with growth factors as 
mentioned above). Before collection, the cells were treated according to 
the experimental design. The cells were collected by centrifugation and 
washed once by serum-free medium. Then, the cells were dissociated 
into singular cells. After dissociation, the cells were seeded into 96-well 
ultra-low attachment culture plate (Corning, NY, USA) at the density of 
one, five, ten cells per well (50 wells for each group). The next day, the 
presence of an indicated number of cells in each well was visually 
checked. After fifteen days, the number of wells containing spheroids 
were quantified by manual counting. Extreme limiting dilution assay 
analyses (ELDAs) were performed by ELDA online software designed by 
Hu and colleagues [12]. 

2.7. Drug sensitivity assay (in vitro) 

The adherent cells or OCSLCs were collected, dissociated and coun
ted, followed by culture in 96 well normal or ultra-low attached plates 
with the culture media containing different concentration of compounds 
for 48 h. CCK-8 assay kit (CK04, Dojindo Molecular Technologies, 
Tokyo, Japan) was employed to determine the cell number. Cell viability 
was calculated as absorbance((treated-blank)/(vehicle-blank))%. Inhi
bition rate was calculated as 1-viability. The half-maximal inhibitory 
concentration (IC50) was determined by R package. Three independent 
experiments, triplicate for each, were performed. 

2.8. Cell derived xenograft (CDX) model, limiting dilution assay (in vivo), 
and drug sensitivity assay (in vivo) 

Female BALB/c nude mice (Pusheng Technology, Nanjing, China), 
6–8 weeks of age, were used for development of CDX model and in vivo 
limiting dilution assay. The Caov-3 spheroid cells were used for deter
mination of anti-tumor and sensitizing effect of luteolin in vivo. The 
Caov-3 derived OCSLCs were used in vivo limiting dilution assay. For 
development of CDX model for testing anti-tumor and sensitizing effects 
of luteolin, Caov-3 spheroid cells were collected and digested into single 
cells, followed by inoculation into the flank of the BALB/c nude mice at a 
density of 5 × 106 cells in 0.2 mL culture medium containing 25% 
Matrigel (CB-40234, Thermo Fisher, Waltham, MA, USA). To evaluate 
the anti-tumor effect of luteolin, 100 mg kg-1 luteolin (single dose per 
week) was administered. For testing sensitizing effect of luteolin, 
0.3 mg kg-1 luteolin (single dose per week), 40 mg kg-1 Carboplatin 
(single dose per week), and 15 mg kg-1 paclitaxel (single dose per week) 
were administered. The drugs were administrated intravenously, and 
the equal volume of corresponding vehicle was used as control. The 
tumor volume (length × width2/2) was observed every 7 days. One 
mouse in each group was sacrificed at day 21 for imaging. The rest were 
sacrificed when the length of the tumor ≥ 20 mm or the volume of 
tumor = 2000 mm3 for survival analysis. Inhibition rate was calculated 
as 100% × (tumor volume vehicle – tumor volume treated) / tumor volume 
vehicle. The survival analysis was performed using R package. For in vivo 

limiting dilution assay, the cells were first treated according to the 
experimental design, followed by inoculation into the flank of the BALB/ 
c nude mice at a density of 8, 40, and 200 cells per mouse (10 mice for 
each group). The tumors were monitored every week, and the number of 
mice bearing tumor was quantified at the endpoint. Extreme limiting 
dilution assay analyses (ELDAs) were performed by ELDA online soft
ware designed by Hu and colleagues [12]. 

2.9. Sphere-formation assay 

The parental Caov-3 an #1 OC cancer cells were routinely cultured as 
mentioned above. The cells were collected by centrifugation and washed 
once by serum-free medium. Then, the cells were dissociated into sin
gular cells. After dissociation, the cells were seeded into 6-well ultra-low 
attachment culture plate (3471, Corning, NY, USA) at the density of 
3000 cells / well and cultured in OCSLCs culture medium containing 
indicated drugs. After 48 h treatment, the medium was changed into 
fresh OCSLCs culture medium and the cells were continually cultured for 
another 13 days in suspension culture condition for sphere formation. 
For YAP-, PPP2CA-, KDM4C-overexpressing OCSLCs, the cells were 
cultured 11 days after treatment. The spheroids were quantitated using 
inverted phase-contrast microscopy and photographed. 

2.10. Cell viability 

Cell viability was assessed by using Trypan blue exclusion assay [13]. 

2.11. Luciferase reporter assay 

The reconstructed plasmids were transfected into cells together with 
pRL-TK plasmids. Dual-luciferase reporter assay system (e1901 Promega 
Corporation, Madison, WI, USA) was used to determine the luciferase 
activity. 

2.12. Western blot and protein degradation 

The western blot assays were performed according to the standard 
protocol. The detailed information of antibodies used in this study was 
given in Table S3. To determine the degradation of the proteins, the cells 
were first treated according to the experimental design (genetic 
manipulation or compound treatment), followed by inhibition of 
translation with CHX (10 μM, 4 h). The cells were further cultured for 12 
or 24 h, followed by determination of protein levels by western blot. The 
degradation rate was calculated as blot density(target/internal con
trol)((start-end)/start)%. Three independent experiments, triplicate for each, 
were performed. Uncropped gels were provided in supplementary 
materials. 

2.13. Nuclear run-on assay 

The nuclear run-on assay was performed according to Stephen T 
Smale’s publication [14] with some modification and Click-iT® Nascent 
RNA Capture Kit (C10365, Thermo Fisher, Waltham, MA, USA) was 
employed in this study. Briefly, the OCSLCs were collected and disso
ciated into singular cells. The dissociated cells were suspension cultured 
at the density of 0.5 million per milliliter (mL). After 8 h culture, the 
cells were treated with the maximal non-toxic dose of luteolin or vehicle 
for 48 h. Then, 0.5 mM 5-ethynyl Uridine (EU) (0.5 mM) was added into 
the culture medium and the cells were cultured for another 1 h. The cells 
were harvested and washed, followed by RNA isolation. The total RNA 
was routinely isolated by TRIzol™ reagent (15596026, Thermo Fisher, 
Waltham, MA, USA). The high-quality mRNA was prepared using the 
Poly(A)Purist mRNA purification kit (AM1922, Thermo Fisher, Wal
tham, MA, USA). Biotinylation of RNA was performed by mixing water, 
Click-iT ® EU buffer, Copper (II) Sulfatte (CuSO4), Biotin azide, 
EU-RNA, Click-iT® reaction buffer additive 1, Click-iT® reaction buffer 

Y. Li et al.                                                                                                                                                                                                                                        



Biomedicine & Pharmacotherapy 160 (2023) 114350

5

additive 2, according to the manual. The mixture was incubated for 
30 min by gently vortex. The biotinylated RNA was routinely precipi
tated and collected by ethanol. Next, the biotinylated RNA was purified 
by Dynabeads® MyOne™ Streptavidin T1 magnetic beads according to 
the manual. Finally, the biotinylated EU-labeled RNA was subjected to 
cDNA synthesis for qRT-PCR. 

2.14. Chromatin immunoprecipitation PCR (ChIP-PCR) assay 

MAGnify™ Chromatin Immunoprecipitation System was employed 
for ChIP-PCR assay in this study and the work from John Arne Dahl and 
colleagues [15] was also referred. Briefly, the cells were cultured in 
suspension culture condition at the density of 100,000 cells per well. 
After treatment, the cells were collected by centrifugation. The beads 
were prepared by coupling the antibodies to the Dynabeads®. The cells 
were resuspended in 500 microliters (μL) Phosphate-buffered saline 
(PBS). Then, 13.5 μL of 37% formaldehyde was added and the cells were 
incubated for 10 min at room temperature. The reaction was stopped by 
addition of 57 μL of 1.25 M glycine. The cells were collected and 
washed, followed by lysis with lysis buffer (the final concentration of 
cells in lysis buffer was 1 million cells per 50 μL). Then, the chromatin 
was sheared into 200–500-bp fragments by sonication. After dilution of 
the chromatin according to the manual, antibody-Dynabeads ® were 
used to bind the chromatin linked with the target protein (this step was 
performed according to the mannual). The bound chromatin was sub
sequentially washed with IP buffer 1 and IP buffer 2, followed by elution 
by reversing the crosslinking between chromatin and target protein. 
Finally, the DNA was purified and subjected into further analysis. 

2.15. Binding prediction using online software 

The binding between luteolin and KDM4C was predicted by Click 
Docking online software (https://mcule.com/dashboard/) according to 
the manual. 

2.16. Binding Assay using luteolin-conjugated beads 

Photoaffinity linker-coated agarose beads (1st generation) were 
prepared as the description in publication by Naoki Kanoh and col
leagues [16]. Briefly, N-Hydroxysuccinimidyl (NHS)-activated agarose 
was purchased from Thermo Scientific (26196, Thermo Fisher, Wal
tham, MA, USA). The 1st generation photoaffinity linkers were synthe
sized with N-tert-butoxycarbonyl-2,2’-ethylenedioxy-bis(ethylamine) 
and 4-[3-(trifluoromethyl)− 3H-diazirin-3-yl] benzoic acid according to 
the procedure reported by Naoki Kanoh and colleagues [17]. N-tert-
butoxycarbonyl-2,2’-ethylenedioxy-bis(ethylamine) was synthesized 
according to the method reported by Beer P D et al. [18]. The photo
affinity linkers were coupled with NHS- activated agarose according to 
the manual and publication by Naoki Kanoh and colleagues [16]. The 
luteolin beads were prepared base on the publication from Kawatani M 
et al. [19]. Briefly, the photoaffinity linker-coated agarose beads were 
transferred to a spin column for washing with distilled water. After 
removing the residual water by a rotary evaporator, the beads were 
suspended in 2-propanol in a glass sample vial, followed by desiccation 
in vacuo. Then, a solution of luteolin (1 mg/150 μL) was added to the 
beads, followed by mixing, concentration and desiccation in vacuo. The 
beads were then irradiated with 365 nm UV light at 4 J per cm2, fol
lowed by wash successively with 50% methanol, methanol, DMSO, and 
methanol. The resulting beads were maintained in PBS. The binding 
assay was performed according to the publication from Li J et al. [20] 
with some modification. Briefly, the cells were lysed and homogenized 
by a syringe in binding buffer (10 mM Tris-HCl (pH 7.6), 4 mM MgCl2, 
40 mM KCl, 1 mM EDTA, and protease inhibitor cocktail). The luteolin 
beads or control beads were then added into cell lysate and incubation 
for 12 h at 4 ◦C. The beads were then boiled in sample loading buffer 
(#7722, Cell Signaling Technology, Boston, MA, USA), followed by 

short centrifugation. The supernatant was then analysis by western blot 
assay. 

2.17. Statistics 

Data were represented as ‘mean ± SD’. Student’s t-test and One-way 
ANOVA were applied for evaluation of differences between two or three 
groups, respectively. All analyses were unpaired and two-tailed (*Ƥ <
0.05, **Ƥ < 0.01, ***Ƥ < 0.001). 

3. Results 

3.1. Isolation and characterization of OCSLCs 

Previous studies have shown that OCSCs exhibit elevated CD133 
expression, ALDH activity, in vitro sphere-initiating capacity and in vivo 
tumor-initiating capacity [21–23]. We thus isolated CD133+ ALDH+

spheroid cells (named as OCSLCs) from adherent cultured parental 
Caov-3 cell line and #1 primary OC cell as OCSCs model (Fig. 1A). The 
result from qRT-PCR analysis showed that the mRNA level of CD133 was 
significantly increased in OCSLCs versus parental cells (Fig. 1B, n = 3, Ƥ 
＜ 0.001 in Caov-3 and #1 cells). The result from ALDH activity assay 
showed that the ALDH activity was significantly increased in OCSLCs 
versus parental cells (Fig. 1B, n = 3, Ƥ ＜ 0.001 in Caov-3 and #1). The 
percentages of CD133 + cells and ALDH+ cells were also increased in 
OCSLCs versus parental cells (Fig. 1C, n = 3, Ƥ ＜ 0.001 for CD133 +

cells in Caov-3 and #1; n = 3, Ƥ ＜ 0.001 for ALDH+ cells in Caov-3 and 
#1) as identified by flow cytometry. The expression of other recognized 
CSCs markers, including SOX2, OCT4, NANOG, and ALDH1A1, were 
also increased in OCSLCs versus parent cells (Fig. 1D, n = 3, Ƥ ＜ 0.05 
for NANOG, Ƥ ＜ 0.01 for SOX2, OCT4, Ƥ ＜ 0.001 for ALDH1A1 in 
Caov-3, Ƥ ＜ 0.05 for SOX2 and OCT4, Ƥ ＜ 0.01 for NANOG and 
ALDH1A1 in #1) as identified by qRT-PCR. In addition, the in vitro 
sphere-initiating capacity was significantly increased in OCSLCs versus 
parental cells (Fig. 1E and Supplementary Fig. 1A, 3 replicates, Ƥ ＜ 
0.001 in both) as identified by in vitro limiting dilution assay; no sig
nificant difference in cell viability was observed between the spheres 
derived from OCSLCs and parental cells (Supplementary Fig. 1B, n = 3, 
Ƥ ＞ 0.05 in both). Furthermore, the tumor-initiating capacity was also 
significantly increased in Caov-3 OCSLCs versus parental cells (Fig. 1F 
and Supplementary Fig. 1C, 3 replicates, Ƥ ＜ 0.001) as identified by in 
vivo limiting dilution assay. Similarly, no significant difference in cell 
viability was observed between the xenografts derived from OCSLCs and 
parental cells (Supplementary Fig. 1D, n = 3, Ƥ ＞ 0.05). Importantly, 
the percentage of CD133 + and ALDH+ cells was significantly higher in 
xenografts derived from OCSLCs versus parental cells (Supplementary 
Fig. 1E, n = 3, Ƥ ＜ 0.001). Taken together, these results support that 
the isolated OCSLCs could be served as OCSLCs model. 

3.2. Luteolin inhibits the stemness of OCSLCs 

We next investigated the inhibitory effect of luteolin on adherent OC 
cells, OCSLCs, and normal human cells. As shown in Fig. 2A, a diagram 
of determination of the inhibitory effect of luteolin on OCSLCs, luteolin- 
induced reduction in the cell number of spheres depends on both 
stemness inhibition and viability inhibition [24,25]. The results from 
CCK-8 assay showed that the IC50 values of luteolin in adherent cultured 
parental Caov-3 and #1 cells are 40.89 and 38.01 μM (Fig. 2B, n = 3). 
This result is consistent with the observations in other types of cancer 
cells: human esophageal squamous carcinoma cell line Eca109 
(70.70 μM) [26], human cervical cancer cell line Hela (15.41 μM) [27], 
human bone osteosarcoma epithelial cell line U2OS (36.35 μM) [4], 
human prostate cancer cell line PC-3 (25.25 μM) [28], human colorectal 
cancer cell line HCT-116 (25.00 μM) [29]. We next found that OCSLCs 
are inherently resistant to luteolin; the IC50 values of luteolin are 
141.00 μM in Caov-3 OCSLCs and 136.20 μM in #1 OCSLCs (Fig. 2B, 
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Fig. 2. Luteolin inhibits the stemness of OCSLCs. (A) Diagram illustrating stemness and viability inhibition in OCSLCs. (B) IC50 values of luteolin in adherent parental 
OC cells, OCSLCs, normal cells. (C) Sphere-formation assay analysis of sphere-forming capacities of indicated cells. (D) Flow cytometry analysis of the percentages of 
CD133 + and ALDH+ cells in indicated cells. (E) qRT-PCR and Aldefluor assay analysis of CD133 expression and ALDH activity in indicated cells. (F) qRT-PCR 
analysis of the mRNA levels of stemness-related markers in indicated cells. (G,H) In vitro (G) and in vivo (H) limiting dilution analysis of sphere-initiating and 
tumor initiating capacities of indicated cells. Student’s t test, *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001. 
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n = 3). This result is consistent with the general theory that CSCs are 
naturally resistant to cytotoxic agents [30–33] and indicates the inhib
itory effect of luteolin on OCSLCs. Moreover, normal cells were found to 
be more tolerant than OCSLCs to luteolin; the IC50 values of luteolin in 
HEK293T and primary normal human ovarian cells were 231.90 and 
258.50 μM, respectively (Fig. 2B, n = 3). This result is consistent with 
the observations from Kim YS and colleagues [4] and indicates the 
tolerance of luteolin. Furthermore, we found that although luteolin led 
to a considerable reduction in total number of cells in both Caov-3 and 
#1 OCSLCs at the concentration of 30 μM, no significant difference in 
cell viability (dead/live rate) was observed (Fig. 2B, n = 3), which in
dicates that only the stemness, but not the viability, was inhibited at this 
concentration. Thus, we chose 30 μM (the maximal non-toxic dose) for 
further mechanistic study. Taken together, these results suggest that 
luteolin inhibits both adherent OC cells and OCSLCs, OCSLCs are more 
resistant to luteolin than adherent OC cells, lower concentration of 
luteolin is needed for stemness inhibition compared with viability in
hibition in OCSLCs, and normal cells are more tolerant than tumorigenic 
cells. 

Next, to confirm the stemness inhibitory effect of luteolin in OCSLCs, 
we examined the sphere-forming capacity, marker expression, percent
age of CD133 +ALDH+ cells, as well as sphere-initiating and tumor- 
initiating capacity of OCSLCs treated with the maximal non-toxic dose 
(30 μM) of luteolin. As expected, without difference in cell viability 
(Supplementary Fig. 1A, n = 3, Ƥ ＞ 0.05 in Caov-3 and #1 OCSLCs), 
OCSLCs treated with the maximal non-toxic dose of luteolin exhibited 
significantly lower sphere-forming capacity (Fig. 2C, n = 3, Ƥ ＜ 0.001 
in both), percentage of CD133 + and ALDH+ cells (Fig. 2D, n = 3, Ƥ ＜ 
0.001 for CD133 + and ALDH+ in both). In addition, the expression of 
CD133, ALDH activity (Fig. 2E, n = 3, Ƥ ＜ 0.001 for CD133 and ALDH 
activity in both) as well as the expression of all selected stemness 
markers (Fig. 2F, n = 3, Ƥ ＜ 0.001 for all markers in both) were 
significantly decreased in OCSLCs treated with the maximal non-toxic 
dose of luteolin versus OCSLCs treated with vehicle. Moreover, in 
vitro sphere-initiating capacity (Fig. 2G and Supplementary Fig. 2B, 3 
replicates, Ƥ ＜ 0.001 in both) and in vivo tumor-initiating capacity 
(Fig. 2H and Supplementary Fig. 2C, 3 replicates, Ƥ ＜ 0.001 in #1) were 
significantly decreased in luteolin-treated OCSLCs versus vehicle- 
treated control OCSLCs. Furthermore, the xenograft derived from 
luteolin-treated OCSLCs exhibited lower percentage of CD133 + and 
ALDH+ cells versus xenograft derived from vehicle-treated OCSLCs 
(Supplementary Fig. 2D, n = 3, Ƥ ＜ 0.001 for CD133 + and ALDH+). 
Similarly, no differences in cell viability were observed between spheres 
and xenografts derived OCSLCs treated with luteolin and vehicle (Sup
plementary Fig. 2E and F, Ƥ ＞ 0.05 in all). These results thus support 
that the maximal the non-toxic dose of luteolin inhibits the stemness of 
OCSLCs. 

3.3. Hippo/YAP signaling is the downstream target of luteolin 

Wnt, Hippo/YAP, and Hedghog signaling pathways primarily asso
ciate with stemness regulation in both normal and cancer cells [34]. We 
thus first investigated whether luteolin regulates these pathways in 
OCSLCs. The result from qPCR-array showed that the maximal non-toxic 
dose of luteolin inhibited the expression of most downstream target 
genes of Hippo/YAP pathway in OCSLCs (Fig. 3A, n = 3, Ƥ ＜ 0.05 for all 
genes). The result from luciferase reporter assay showed that the 
maximal non-toxic dose of luteolin significantly inhibited the tran
scriptional activity of YAP (Fig. 3B, n = 3, Ƥ ＜ 0.001 in both). While, no 
significant differences in the expression of the target genes of Wnt 
signaling (Fig. 3C, n = 3, Ƥ ＞ 0.05 for all), TCF transcriptional activity 
(Fig. 3D, n = 3, Ƥ ＞ 0.05 for all), the expression of the target genes of 
Hedghog signaling (Fig. 3E, n = 3, Ƥ ＞ 0.05 for all), and HH activity 
(Fig. 3F, n = 3, Ƥ ＞ 0.05 for all) were observed in OCSLCs treated with 
the maximal non-toxic dose of luteolin. These results motivated us to 
speculate that inhibition of Hippo/YAP signaling is the mechanism 

underlying luteolin inhibiting OCSLCs stemness. 
Hippo signaling is an evolutionarily conserved pathway that regu

lates cell proliferation, apoptosis, and stem cell self-renewal by phos
phorylating YAP and TAZ, two transcription co-activators [35]. 
Phosphorylated YAP and TAZ undergo degradation, while unphos
phorylated YAP and TAZ translocate into nucleus and activate gene 
transcription [35]. YAP and TAZ were also regulated by other enzymes, 
such as PPP2CA (Protein Phosphatase 2 Catalytic Subunit Alpha) [35]. 
To confirm the inhibitory effect of luteolin on YAP in OCSLCs, we next 
found that the abundance of nuclear YAP was significantly decreased in 
OCSLCs treated with the maximal non-toxic dose of luteolin by both 
western blot (Fig. 3G, n = 3, Ƥ ＜ 0.001 in both cells) and immuno
staining assay (Fig. 3H, n = 3, Ƥ ＜ 0.001 in both). In addition, the 
nascent mRNA level of YAP target genes, CTGF and AREG [35], were 
significantly decreased in OCSLCs treated with the maximal non-toxic 
dose of luteolin as identified by nuclear run-on assay (Fig. 3I, n = 3, Ƥ 
＜ 0.001 for CTGF and AREG in both cells). Together with the obser
vation that luteolin reduced the transcriptional activity of YAP (Fig. 3B), 
these results support that luteolin inhibits Hippo/YAP signaling in 
OCSLCs. 

To investigate the mechanism underlying luteolin inhibiting Hippo/ 
YAP signaling, we next found that treatment with the maximal non-toxic 
dose of luteolin had no effect on the mRNA level of YAP (Fig. 3J, n = 3, 
Ƥ ＞ 0.05 for all) in OCSCs. While, the abundance cytoplasmic YAP and 
TAZ was significantly decreased (Fig. 3K, n = 3, Ƥ ＜ 0.001 for both YAP 
and TAZ). Meanwhile, the levels of phosphorylated YAP and TAZ were 
significantly increased (Fig. 3L, n = 3, Ƥ ＜ 0.001 for both YAP and 
TAZ), which indicates that the reduced protein level of YAP and TAZ 
may be the result of luteolin-induced accelerated degradation. This 
hypothesis was further confirmed by detecting the protein level in YAP 
and TAZ in OCSLCs treated with CHX for inhibition of translation. We 
found that after CHX treatment OCSLCs, the protein levels of YAP and 
TAZ in luteolin-treated OCSLCs were significantly decreased versus non- 
treated OCSLCs (Supplementary Fig. 3A). Taken together, these results 
demonstrated that luteolin inhibits Hippo/YAP signaling in OCSLCs; and 
promoting YAP and TAZ degradation is the prime mechanism. 

3.4. Luteolin inhibits OCSLCs stemness by suppressing Hippo/YAP 
signaling 

To confirm the critical role of suppression of Hippo/YAP signaling in 
luteolin inhibiting the stemness of OCSLCs, we induced YAP- 
independent OCSLCs (Fig. 4A). The YAP in Caov-3 cells was first 
depleted by shRNAs. The YAP-knockdown cells with high stemness 
properties were subsequentially selected by single cell clone selection. 
The efficiency of YAP knockdown was demonstrated by western blot 
(Supplementary Fig. 4A). As expected, the stemness inhibitory effect of 
luteolin in OCSLCs was, at least partially, abolished as reflected by the 
restored sphere-forming capacity (Fig. 4B, n = 3, Ƥ ＜ 0.001), percent
age of CD133 + and ALDH+ cells (Fig. 4C, n = 3, Ƥ ＜ 0.001 for both 
CD133 + and ALDH+), CD133 expression and ALDH activity (Fig. 4D, 
n = 3, Ƥ ＜ 0.001 for all), the expression of stemness markers (Fig. 4E, 
n = 3, Ƥ ＜ 0.001 for all), in vitro sphere-initiating capacity (Fig. 4F and 
Supplementary Fig. 4B, WT-luteolin 1:4.55 vs. YAP-independent- 
luteolin 1:2.66 in Caov-3, WT-luteolin 1:4.48 vs. YAP-independent- 
luteolin 1:2.51 in #1, Ƥ ＜ 0.001 in both), as well as in vivo tumor- 
initiating capacity (Fig. 4G and Supplementary Fig. 4C, WT-luteolin 
1:71.4 vs. YAP-independent-luteolin 1:15.1, Ƥ ＜ 0.001). Consistently, 
the percentages of CD133 + and ALDH+ cells were significantly 
restored in xenograft derived from luteolin-treated YAP-independent 
Caov-3 OCSLCs (Supplementary Fig. 4D, n = 3, Ƥ ＜ 0.001). Further
more, no differences in cell viability were observed in sphere-formation, 
in vitro and in vivo limiting dilution assays (Supplementary Fig. 4E-G, Ƥ 
＞ 0.05 in all). 

We next examined the stemness inhibitory effect of luteolin in 
OCSLCs with overexpression of wild-type YAP and YAP5SA. Similar 
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Fig. 3. Hippo/YAP signaling is the downstream target of luteolin. (A,C,E) qRT-PCR analysis the mRNA levels of the target genes of Hippo/YAP (A), Wnt (C), and 
Hedgehog (E) signaling pathways. (B,D,F) Luciferase reporter assay analysis of the transcriptional activity of YAP (B), TCF (D), and Hedgehog signaling (F). (G) 
Western blot analysis of the protein levels of YAP in indicated cells. (H) Immunostaining analysis of YAP sublocation in indicated cells. (I) Nuclear run-on assay 
analysis of the nascent mRNA levels of CTGF and AREG in indicated cells. (J) qRT-PCR analysis of YAP mRNA levels in indicated cells. (K,L) Western blot analysis of 
the protein levels of YAP, TAZ, phosphorylated YAP, and phosphorylated TAZ in indicated cells. Student’s t test, *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001. 
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with the results in YAP-knockdown OCSLCs, OCSLCs with wild-type YAP 
overexpression (Supplementary Fig. 5A) are resistant to luteolin as re
flected by the restored sphere-forming capacity (Fig. 5A, n = 3, Ƥ ＜ 
0.001 in both cells), percentages of CD133 + and ALDH+ cells (Fig. 5B, 

n = 3, Ƥ ＜ 0.001 for both CD133 + and ALDH+ in both cells), 
expression of CD133 (Fig. 5C, n = 3, Ƥ ＜ 0.001 in both cells), ALDH 
activity (Fig. 5D, n = 3, Ƥ ＜ 0.001 in both cells), stemness markers 
(Fig. 5E, n = 3, Ƥ ＜ 0.001 for all markers in both cells), in vitro sphere- 

Fig. 4. YAP-independent OCSLCs are resistant to luteolin. (A) Workflow of development of YAP-independent OCSLCs. (B) Sphere-formation assay analysis of sphere- 
forming capacities of indicated cells. (C) Flow cytometry analysis of the percentages of CD133 + and ALDH+ cells in indicated cells. (D) qRT-PCR and Aldefluor assay 
analysis of CD133 expression and ALDH activity in indicated cells. (E) qRT-PCR analysis of the mRNA levels of stemness-related markers in indicated cells. (F,G) In 
vitro (F) and in vivo (G) limiting dilution analysis of sphere-initiating and tumor initiating capacities of indicated cells. One-way ANOVA analysis, *Ƥ < 0.05, *Ƥ 
< 0.01, *Ƥ < 0.001. 
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initiating capacity (Fig. 5F and Supplementary Fig. 5B, Vec-luteolin 
1:4.65 vs. YAP -luteolin 1:2.20 in Caov-3; Vec-luteolin 1:4.38 vs. YAP 
-luteolin 1:2.38 in Caov-3, Ƥ ＜ 0.001 in both cells), and in vivo tumor- 
initiating capacity (Fig. 5G and Supplementary Fig. 5C, Vec-luteolin 
1:71.4 vs. YAP-luteolin 1:17.4, Ƥ ＜ 0.001 in both cells). The 

percentages of CD133 + and ALDH+ cells were significantly restored in 
xenograft derived from luteolin-treated YAP-overexpressing Caov-3 
OCSLCs (Supplementary Fig. 5D, n = 3, Ƥ ＜ 0.001). No differences in 
cell viability were observed in sphere-formation, in vitro and in vivo 
limiting dilution assays (Supplementary Fig. 5E-G, Ƥ ＞ 0.05 in all). The 

Fig. 5. YAP overexpression abolished the inhibitory effect of luteolin on the stemness of OCSLCs. (A) Sphere-formation assay analysis of sphere-forming capacities of 
indicated cells. (B) Flow cytometry analysis of the percentages of CD133 + and ALDH+ cells in indicated cells. (C,D) qRT-PCR (C) and Aldefluor assay analysis (D) of 
CD133 expression and ALDH activity in indicated cells. (E) qRT-PCR analysis of the mRNA levels of stemness-related markers in indicated cells. (F,G) In vitro (F) and 
in vivo (G) limiting dilution analysis of sphere-initiating and tumor initiating capacities of indicated cells. One-way ANOVA analysis, *Ƥ < 0.05, *Ƥ < 0.01, 
*Ƥ < 0.001. 
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similar results were obtained in OCSLCs with overexpression of YAP5SA 
(Supplementary Fig. 6). Taken together, these results demonstrated that 
luteolin inhibits the stemness of OCSLCs, at least partially, though in
hibition of Hippo/YAP signaling. 

3.5. Luteolin inhibits Hippo/YAP signaling by transcriptional inhibition of 
PPP2CA 

We next investigated the mechanism underlying luteolin suppressing 
Hippo/YAP signaling pathway. Based on above observation, it can be 
deduced that luteolin promotes the degradation of YAP and TAZ. We 
thus first speculated that luteolin regulates the expression of the up
stream regulators of YAP. By qRT-PCR array, we found that luteolin 
inhibits the mRNA level PPP2CA in Caov-3 OCSLCs (Fig. 6A, n = 3, Ƥ ＜ 
0.001 for PPP2CA; Ƥ ＞ 0.05 for rest genes in Caov-3). This result was 
further confirmed in OCSLCs derived from primary OC cells (Fig. 6B, 
n = 3, Ƥ ＜ 0.001 in both cells). To confirm that luteolin inhibits the 
expression of PPP2CA at the transcriptional level, we examined the 
nascent mRNA level and the stability of PPP2CA in luteolin-treated 
OCSLCs. As expected, the nascent mRNA level of PPP2CA was signifi
cantly decreased in luteolin-treated OCSLCs versus control OCSLCs 
(Fig. 6C, n = 3, Ƥ ＜ 0.001 in both cells). While no difference in stability 
of PPP2CA was observed in luteolin-treated OCSLCs (Fig. 6D). These 
results support that the transcription of PPP2CA is inhibited by luteolin 
in OCSLCs. 

Next, to confirm that luteolin inhibits Hippo/YAP signaling pathway 
and stemness by suppressing PPP2CA, the OCSLCs derived from 
PPP2CA-overexpressing Caov-3 stable cell line was developed (Supple
mentary Fig. 7A). We found that overexpression of PPP2CA abolished 
the effect of luteolin on the protein level of nuclear YAP (Fig. 6E, n = 3, 
Ƥ ＜ 0.001), the protein level of phosphorylated YAP (Fig. 6F, n = 3, Ƥ 
＜ 0.001), and the mRNA levels of YAP target genes (CTGF and AREG) 
(Supplementary Fig. 7B, n = 3, Ƥ ＜ 0.001 for both) in Caov-3 OCSLCs. 
These results demonstrated that PPP2CA suppression is necessary for 
luteolin inhibiting Hippo/YAP signaling in OCSLCs. Furthermore, 
PPP2CA overexpression abolished the effect of luteolin on the stemness 
of OCSLCs (Fig. 6G-6 J and Supplementary Fig. 7C-E). These results 
support that PPP2CA suppression is necessary for luteolin inhibiting 
Hippo/YAP signaling and the stemness of OCSLCs. 

3.6. Luteolin directly binds to KDM4C and inhibits PPP2CA transcription 
through suppressing KDM4C-mediated H3K9 demethylation in PPP2CA 
promoter region 

Since above observations indicated that luteolin inhibits the tran
scription of PPP2CA, we next investigated the underlying mechanisms. 
According to the ENCODE transcription Factor Targets Dataset [36], 
histone marks H3K9me3, H3K36me3, H3K27ac are potential marks 
associated with PPP2CA transcription. Additionally, transcription fac
tors CTGF, EP300, and POLR2A appears engaged to the promoter region 
of PPP2CA (Fig. 7A). We next employed ChIP-qPCR to investigate the 
histone marks or transcription factors associated with the stemness 
inhibitory effect of luteolin in OCSLCs. The results from ChIP-qPCR 
showed that only the abundance of H3K9me3 in PPP2CA promoter re
gion was significantly increased in OCSLCs treated with the maximal 
non-toxic dose of luteolin versus OCSLCs treated with vehicle (Fig. 7B). 
Furthermore, we performed a binding assay by employment of 
luteolin-conjugated beads and found that KDM4C, a histone H3K9 
demethylase, was eluted from luteolin-conjugated beads but not control 
beads (Fig. 7C), which indicated that luteolin directly binds to KDM4C. 
Similar result was obtained from the prediction by online software 
(Click Docking) which indicates that luteolin binds to the pocket of 
KDM4C (Fig. 7D). These results motivated us to investigate the role of 
KDM4C in intrinsic and luteolin-induced regulation of PPP2CA tran
scription. We next found that the mRNA level of PPP2CA was signifi
cantly increased in KDM4C-overexpressing cells (Supplementary 

Fig. 8A) versus control cells (Fig. 7E, n = 3, Ƥ ＜ 0.001 for both). 
Oppositely, the mRNA level of PPP2CA was significantly decreased in 
KDM4C-knockdown cells versus control cells (Fig. 7E, n = 3, Ƥ ＜ 0.001 
for both). Moreover, the decreased mRNA level of PPP2CA in 
KDM4C-knockdown cells was restored by wild-type shRNA resistant 
KDM4C, but not H190A/E912A mutant (demethylase dead) shRNA 
resistant KDM4C (Fig. 7F, n = 3, Ƥ ＜ 0.001 in both). Furthermore, 
wild-type shRNA resistant KDM4C, but not mutant shRNA resistant 
KDM4C, restored luteolin-induced decreased mRNA level of PPP2CA 
(Fig. 7G, n = 3, Ƥ ＜ 0.01 in both), sphere-forming capacity (Fig. 7H, 
n = 3, Ƥ ＜ 0.01), percentages of CD133 + and ALDH+ cells (Fig. 7I, 
n = 3, Ƥ ＜ 0.01 for both), and OCSCs markers (Fig. 7J, n = 3, Ƥ ＜ 0.01 
for both) in OCSLCs. Consistently, no difference in cell viability was 
observed (Supplementary Fig. 8B). Taken together, these results 
demonstrated that luteolin directly binds to KDM4C and inhibits 
PPP2CA transcription through suppressing KDM4C-mediated H3K9 
demethylation in PPP2CA promoter region. 

3.7. Inhibitory effect of luteolin on OC spheroid-derived tumor in vivo 

Finally, we investigated the inhibitory effect of luteolin on OC 
spheroid-derived tumor in vivo. We found that intravenous adminis
tration of 100 mg kg-1 luteolin (single dose per week) significantly 
decreased the volume of tumors derived from Caov-3 spheroid cells in 
xenograft mice and significantly elongated the survival of mice, without 
obvious weight loss (Fig. 8A and Supplementary Fig. 9A). Moreover, the 
tumor tissues collected from luteolin-treated mice exhibited decreased 
the protein levels of PPP2CA, YAP (Fig. 8B). Furthermore, over
expression of KDM4C, PPP2CA and YAP significantly abolished the in 
vivo inhibitory effect of luteolin on tumor growth (Fig. 8A). These re
sults support that luteolin inhibits OC spheroid-derived tumor by sup
pressing KDM4C-meidated PPP2CA transcription and YAP stabilization 
in vivo. 

3.8. Luteolin sensitizes chemotherapeutic agents in vivo 

The stemness inhibitory effect usually sensitizes the tumor cells to 
chemotherapeutic agents, we thus investigated whether luteolin sensi
tizes OC spheroid cells to paclitaxel and carboplatin in vitro and in vivo. 
As shown in Fig. 9A, Caov-3 and #1 spheroid cells treated with the 
maximal non-toxic dose of luteolin exhibited significantly lower IC50 
values of 1.51 and 0.65 nM to paclitaxel, compared to non-treated cells 
with IC50 values of 6.50 and 3.25 nM. The similar results were observed 
for carboplatin; in combination with luteolin, the carboplatin IC50 
values reduced by more than 4-fold for both cells (Fig. 9A). Next, the 
spheroid-derived Caov-3 cells were inoculated into the nude mice to 
produce the xenograft model. Luteolin alone (0.3 mg kg-1 single dose 
per 1 week), Paclitaxel (15 mg kg-1 single dose per 1 week)/carboplatin 
(40 mg kg-1 single dose per 1 week) alone and combined treatment 
(luteolin + paclitaxel/carboplatin) were administrated intravenously 
into the mice. As shown in Fig. 9B, there is no obvious difference be
tween vehicle control and luteolin alone groups, suggesting that non- 
toxic dose of luteolin was administrated. Paclitaxel or carboplatin 
alone significantly decreased the tumor volume at day 21 compared to 
vehicle control, while combined treatments leaded to stronger in
hibitions compared with paclitaxel or carboplatin alone, without 
obvious weight loss (Fig. 9B and Supplementary Fig. 9B). Furthermore, 
combination of luteolin with paclitaxel or carboplatin significantly 
elongated the survival of xenograft mice compared to paclitaxel or 
carboplatin alone treatment (Fig. 9B). These results demonstrated that 
luteolin sensitizes OC spheroid cells to paclitaxel and carboplatin in 
vitro and in vivo. 

Collectively, above results revealed an important mechanism un
derlying luteolin suppressing OCSCs that luteolin directly binds to 
KDM4C, blocks KDM4C-mediated histone demethylation of PPP2CA 
promoter, suppresses PPP2CA transcription and PPP2CA-induced YAP 
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Fig. 6. Luteolin inhibits Hippo/YAP signaling by transcriptional inhibition of PPP2CA. (A) qRT-PCR array analysis of the mRNA levels of the upstream regulators of 
YAP in indicated cells. (B) qRT-PCR analysis of the mRNA levels of PPP2CA in indicated cells. (C) Nuclear run-on assay analysis of the nascent mRNA levels PPP2CA 
in indicated cells. (D-F) Western blot analysis of the protein levels of PPP2CA, YAP, and phosphorylated YAP in indicated cells. (G) Sphere-formation assay analysis of 
sphere-forming capacities of indicated cells. (H) Flow cytometry analysis of the percentages of CD133 + and ALDH+ cells in indicated cells. (I) qRT-PCR and 
Aldefluor assay analysis of CD133 expression and ALDH activity in indicated cells. (J) In vitro limiting dilution analysis of sphere-initiating capacities of indicated 
cells. Student’s t test and One-way ANOVA analysis, *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001. 
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Fig. 7. Luteolin directly binds to KDM4C and inhibits PPP2CA transcription through suppressing KDM4C-mediated H3K9 demethylation in PPP2CA promoter region. 
(A) ENCODE online software analysis of histone marks and transcription factors engaged to the promoter region of PPP2CA. (B) ChIP-PCR analysis of the effect of 
luteolin on the abundances of indicated histone marks and transcription factors on PPP2CA promoter. (C) The binding between KDM4C and PPP2CA promoter was 
analyzed by the binding Assay using luteolin-conjugated beads. (D) The binding between luteolin and KDM4C was predicted by Click Docking online software. (E-G) 
qRT-PCR analysis of the mRNA levels of PPP2CA in indicated cells. (H) Sphere-formation assay analysis of sphere-forming capacities of indicated cells. (I) Flow 
cytometry analysis of the percentages of CD133 + and ALDH+ cells in indicated cells. (J) qRT-PCR and Aldefluor assay analysis of CD133 expression and ALDH 
activity in indicated cells. Student’s t test and One-way ANOVA analysis, *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001. 
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dephosphorylation, thereby attenuating YAP activity and the stemness 
of OCSCs (Fig. 10). 

4. Discussion 

In this study, we explored KDM4C as a direct target of luteolin that 
mediates the inhibitory effect of luteolin on the stemness of OCSCs. 

Fig. 8. Inhibitory effect of luteolin on OC 
spheroid-derived tumor in vivo. (A) Luteolin 
inhibits OC spheroids-derived tumor growth 
and elongated the survival in mice bearing OC 
spheroids-derived tumor by suppressing 
KDM4C, PPP2CA and YAP. The volume of tu
mors from mice bearing vector control, 
KDM4C-, PPP2CA-, YAP-overexpressing OC 
spheroid cells was recorded. Survival analysis 
was conducted by Kaplan-meier algorithm. (B) 
The protein expression of KDM4C, PPP2CA and 
YAP in indicated samples was analyzed by 
immunohistochemistry. One-way ANOVA test 
(n = 3), *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001.   
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Fig. 9. Luteolin sensitizes chemotherapeutic agents in vivo. (A) Luteolin sensitizes OC spheroid cells to paclitaxel and carboplatin in vitro. The IC50 values of 
paclitaxel and carboplatin in luteolin-treated and non-treated OC spheroid cells were calculated. (B) Luteolin sensitizes OC spheroid cells to paclitaxel and carbo
platin in vivo. The tumor growth and the survival of OC spheroids-derived tumor-bearing mice treated with vehicle, luteolin alone, paclitaxel or carboplatin alone, 
and combination of luteolin and paclitaxel or carboplatin were recorded. One-way ANOVA analysis, *Ƥ < 0.05, *Ƥ < 0.01, *Ƥ < 0.001. 
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OCSCs are the main obstacles of OC therapy; OCSCs transformation 
may happened in different stages of OC initiation and progression and 
OCSCs are difficult to be removed by both surgery and traditional 
cytotoxic anti-cancer drugs [37,38]. Thus, revolutionary anti-cancer 
drugs with relatively low cytotoxicity are urgently needed for 
long-term use for inhibition of the stemness of OCSCs. Recently, luteolin 
has been recognized as a promising anti-cancer drug due to its natural 
origin, better tolerance and relatively low cost; the safety of luteolin 
have been demonstrated by clinical trials [7,8]. However, although 
massive studies, the effects of luteolin on OCSCs and the underlying 
mechanisms were rarely reported. In this study, we demonstrated that 
maximal non-toxic dose of luteolin inhibits the stemness of OCSCs 
(Fig. 2 and Supplementary Fig. 2), and the underlying mechanisms that 
luteolin directly binds to KDM4C and transcriptionally inhibits 
PPP2CA/YAP signaling was revealed (Figs. 3–7 and Supplementary 
Figs. 3–8), for the first time. These results thus provide a basis for further 
development of luteolin as an anti-ovarian cancer drug. 

Identification of direct targets of small molecule drugs is difficult. 
Naoki Kanoh and colleagues developed a photo-cross-linked small- 
molecule affinity matrix for identifying targets of bioactive small mol
ecules. This technology employs a photogenerated carbene to cross-link 
small molecules on matrix instead of traditional immobilization strate
gies in which derivatization of bioactive small molecules is needed; this 
photo-cross-link-based technology is efficient and loss of bioactivity due 
to derivatization is effectively avoid [16–20]. Juan Li and colleagues, for 
the first time, identified that hepatocyte nuclear factor 4α (HNF4α) is the 
direct target of luteolin [20]. In our study, KDM4C, an oncogene in 
various types of tumors, was identified as a direct target of luteolin 
(Fig. 7A-7D). Furthermore, the critical role of KDM4C inhibition for 
luteolin inhibiting YAP activity was demonstrated (Figs. 7e-7J and 
Supplementary Fig. 8A and B). These results thus revealed a novel un
derlying mechanism of anti-cancer effect of luteolin. 

Although the oncogenic roles of KDM4C were widely studied, the 
existence of KDM4C/PPP2CA axis was not reported. To elucidate the 
mechanism underlying luteolin suppressing the stemness of OCSCs, we 
investigated the regulator effect of KDM4C on PPP2CA and found that 
KDM4C promotes PPP2CA transcription through histone demethylation 
(Fig. 7E and F). Thus, a novel mechanism for KDM4C promoting the 
stemness of OCSCs was revealed in this study. 

The effect of luteolin on KDM4C/PPP2CA/YAP axis is not specifically 
in OCSCs. In adherent parental cells, the maximal non-toxic dose of 
luteolin (for parental cells) also inhibited KDM4C/PPP2CA/YAP axis 

(Supplementary Fig. 10), because KDM4C/PPP2CA/YAP axis is also 
activated in parental cells. While, compared to traditional therapeutic 
strategy that attempt to eliminate all cancer cells, an effective thera
peutic strategy for cancer should focus on CSCs. Thus, in this study, we 
focus on the stemness inhibitory effect of luteolin in OCSCs. 

5. Conclusion 

In summary, our study revealed KDM4C as a novel direct target of 
luteolin that mediates the stemness inhibitory effect of luteolin in 
OCSCs, and a novel mechanism that luteolin directly binds to KDM4C 
and transcriptionally inhibits PPP2CA/YAP axis to attenuate the stem
ness of OCSCs was explored. Our findings suggest that luteolin is a 
promising anti-cancer drug candidate for elucidating OCSCs. 
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