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Abstract. Carcinogenesis is predominantly dependent on the 
cancer stem cells (CSCs) residing or populating within the 
cancer. We previously demonstrated that the novel synthetic 
genistein analogue, 7-difluoromethoxyl-5,4'-di-n-octylgenis-
tein (DFOG), induced apoptotic cell death of ovarian and 
gastric cancer cells. The present study demonstrated that 
sphere-forming cells (SFCs) derived from the ovarian cancer 
cell-line SKOV3 possessed ovarian cancer stem-like cell 
(OCSLC) properties, including self-renewal and high tumori-
genicity. DFOG may be effective in inhibiting the self-renewal 
capacity of SFCs derived from the SKOV3 cell line. DFOG 
decreased the level of phosphorylated FOXO3a protein in 
SKOV3 cell-derived SFCs. The inhibition of FOXO3a expres-
sion by siRNA significantly attenuated the ability of DFOG to 
inhibit the self-renewal capacity of SKOV3-derived SFCs. Our 
results suggested that DFOG has been demonstrated to signifi-
cantly inhibit the self-renewal capacity of ovarian cancer stem 
cells (OCSCs) through a mechanism partly dependent on the 
activation of FOXO3a.

Introduction

Ovarian cancer is the fourth leading cause of cancer-related 
mortality in females in the world and the leading cause of 
mortality from a gynecological cancer. The standard first-line 
treatment for ovarian cancer has not markedly altered since 1996 
and includes the intravenous administration of a platinum agent 

(carboplatin or cisplatin) and paclitaxel (Taxol) (1). Initially, the 
majority of patients respond, however, the disease usually recurs 
within 5 years. Thus, fewer than one in 10 patients survive 
beyond 5 years following standard salvage chemotherapy (2). 
Consequently, there is an urgent need to identify new and 
improved therapeutic approaches that are able to target this 
malignancy and improve long-term patient survival.

Cancer progression and development is predominantly 
dependent on the cancer stem cells (CSCs) residing or populating 
within the cancer. The self-renewing, near infinite proliferative 
capacity and potential for differentiation of CSCs is of vital 
importance in the occurrence, development and metastasis of 
cancer. It is believed that targeting CSCs may offer impor-
tant and perhaps revolutionary advances in the targeting of 
cancer. Several dietary compounds, including curcumin (3,4), 
quercetin (5,6), genistein (7-9), sulforaphane (10-14) and 
epigallocatechin-gallate (15,16), may have potential therapeutic 
utility against CSC self-renewal. Previously, studies by our 
laboratory have demonstrated that the novel synthetic genis-
tein analogue, 7-difluoromethoxyl-5,4'-di-n-octyl genistein 
(DFOG), induced cellular apoptotic death of ovarian and gastric 
cancer cells (17,18). However, whether DFOG inhibits the self-
renewing capacity of ovarian cancer stem cells (OCSCs) has 
not been previously demonstrated.

The current study demonstrated that sphere-forming cells 
(SFCs) derived from the ovarian cancer cell-line SKOV3 
possessed ovarian cancer stem-like cell (OCSLC) properties, 
including self-renewal and high tumorigenicity. For the first 
time, to the best of our knowledge, DFOG has been demon-
strated to significantly inhibit the self-renewal capacity of 
OCSCs through a mechanism partly dependent on the activa-
tion of FOXO3a.

Materials and methods

Cell culture and reagents. The human ovarian cancer 
cell-lines, SKOV3, A2780 and OVCAR-3 were obtained from 
the cell bank of the Chinese Academy of Sciences (Shanghai, 
China). The cells were maintained as a monolayer in high 
glucose DMEM supplemented with 10% vol/vol fetal bovine 
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serum (FBS), 100 IU/ml of penicillin G and 100 µg/ml of 
streptomycin at 37˚C in a fully-humidified 5% CO2 incubator. 
For sphere-forming culture, cells were collected and washed 
to remove serum, then suspended in serum-free DMEM/F12 
supplemented with 100 IU/ml of penicillin, 100 µg/ml of strep-
tomycin, 20 ng/ml of human recombinant epidermal growth 
factor, 10 ng/ml of human recombinant basic fibroblast growth 
factor, 2% wt/vol B27 supplement without vitamin A and 
1% wt/vol N2 supplement (Invitrogen Life Technologies, 
Carlsbad, CA, USA). The cells were subsequently cultured 
in ultra low attachment 6-well plates (Corning Inc., Corning, 
NY, USA) at a density of 1,000 cells/well. The culture medium 
was replaced or supplemented with additional growth factors 
twice a week. To propagate spheres in vitro, the cells were 
collected by gentle centrifugation, dissociated into single-cell 
suspensions and cultured to allow the regeneration of spheres. 
Third-generation spheres were used for all subsequent experi-
ments.

In order to investigate the percentage of single cells capable 
of regenerating new spheres, cells were plated at a density of 
1,000 cells/ml in a 6-well plate to obtain new spheres. The 
total number of tumor spheres was counted following 8 days 
of culture. The efficiency of sphere formation was calculated 
by dividing the total number of spheres formed by the total 
number of viable cells seeded and multiplying that result by a 
factor of 100.

In vivo tumorigenicity experiments. All mice were cared for in 
accordance with the institutional guidelines of Hunan Normal 
University (Changsha, Hunan, China). The study was approved 
by the Ethics Committee of Hunan Normal University. Parental 
SKOV3 cells and the same cells at the third passage of SFC 
formation were used in tumorigenicity experiments. Trypan 
blue staining was used to assess cell viability and various 
numbers of single viable cells were subcutaneously injected 
into 4 week-old male BALB/c-nu mice (Shanghai Laboratory 
Animal Center, Chinese Academy of Sciences, Shanghai, 
China) in serum-free DMEM/Matrigel (at a 1:1 ratio) using 
a 100 µl microsyringe. The mice were sacrificed 8 weeks 
following injection and tumors were harvested for further 
study.

MTT assay. The SFCs that were derived from the SKOV3 
cell-line and parental cells were seeded at a density of 
5,000 cells per well in 96-well plates that had been previ-
ously coated with Matrigel. The cells were treated with 
increasing concentrations of DFOG as indicated. Following 
48 h, MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) 
was then added to each well according to the manufacturer's 
instructions. Absorbance values of each well were measured 
at 570 nm.

Western immunoblot analysis. Western blot analysis was 
performed as previously described (18). The following 
primary antibodies were used: anti-FOXO3a, anti-p-FOXO3a, 
anti-Bmi1, anti-Nagon, anti-Sox2, anti-CD133, anti-CD44, 
anti-ALDH1 and anti-β-actin. The cells were lysed in a lysis 
buffer for 20 min at 4˚C. The protein concentration was deter-
mined using the Bio-Rad assay system (Bio-Rad, Hercules, 
CA, USA). Total proteins were fractionated by SDS-PAGE 

and transferred onto polyvinylidene fluoride membranes 
(Millipore, Billerica, MA, USA). The protein signals were 
detected by an ECL advance western blot system (Amersham 
Pharmacia Biotech Inc., Piscataway, NJ, USA).

Plasmids and transfections. A non-specific control 
siRNA (5'-UUCUCCGAACGUGUCACGUdTdT-3') was 
obtained from Qiagen (Hilden, Germany). FOXO3a siRNA 
(5'-ACUCCGGGUCCAGCUCCAC-3') was synthesized 
by Shanghai GenePharma Co., Ltd. (Shanghai, China). 
The transfection of cells with siRNA was performed using 
Lipofectamine 2000 (Invitrogen Life Technologies) according 
to the manufacturer's instructions. The cells were exposed to 
DMSO (control) or 10 µmol/l of DFOG for 24 h, 48 h after 
transfection. The cells were then collected and processed for 
western blot analysis and tumorsphere formation assay.

Statistical analysis. The database was set up with the SPSS 15.0 
software package (SPSS, Inc., Chicago, IL, USA) for analysis. 
Data are presented as the mean ± SD. The means of multiple 
groups were compared by one-way ANOVA, following confir-
mation of equal variance and pairwise comparisons among the 
means by the LSD method. Statistical comparisons were also 
made by the two-tailed t-test when appropriate. An α value 
of P<0.05 was considered to indicate a statistically significant 
difference.

Results

Sphere formation and self-renewal in ovarian cancer cell 
lines. To determine if a population of self-renewing CSCs exists 
in ovarian cell-lines, SKOV3, OVCAR-3 and A2780 ovarian 
cancer cell-lines were grown in serum-free sphere-forming 
conditions. Following 8 days of culture, ball-like spheres 
ranging from 50 to 100 cells per sphere were observed. The 
cells from three cell lines formed spheres, however, at different 
sizes (Fig. 1A) and efficiencies (Fig. 1B), suggesting that each 
cell line contained a different number of cancer stem-like cells. 
SKOV3 cells exhibited a higher sphere-forming efficiency 
than OVCAR-3 and A2780 cells (Fig. 1B). Therefore, SKOV3 
cells were selected for all further studies.

To assess the capability of SKOV3 cells to initiate 
self-renewal, they were subjected to several serial passages. 
SKOV3 spheres were dissociated into single cells and 
grown at a clonal density of 1,000 cells/ml. The dissociated 
first-generation spheres were able to generate second-gener-
ation spheres, which subsequently generated third-generation 
spheres (Fig. 1C). The sphere cultures were maintained for 
>12 passages, suggesting that SFCs that were derived from 
SKOV3 cells were fully capable of self-renewal. Thus, SKOV3 
third-generation spheres were used in all subsequent experi-
ments.

To determine the frequency of CSCs in SKOV3 third gener-
ation spheres, a limiting dilution assay was used to examine the 
ability of single cells from third-generation spheres to produce 
new spheres. Following 8 days of culture, 39.4% of the single 
cells had generated new spheres. These spheres were able to be 
passaged >12 times. By contrast, a lower frequency of single 
cells derived from the parental cells was capable of regener-
ating spheres compared with single cells derived from third 
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generation spheres (Fig. 1D). These results demonstrated that 
a considerable frequency of single cells that were derived from 
third generation spheres were self-renewing cells that were able 
to be expanded and maintained in culture as tumor spheres.

Enhanced expression of the self-renewal associated markers 
and tumorigenicity in SFCs derived from the SKOV3 cell 
line. To further characterize the expression profile of cell 
surface markers belonging to the SFCs, western blot analysis 
of several candidate self-renewal and stem cell associated 
markers was performed. BMI1, Nagon and SOX2 populations 
were enriched in tumor spheroids derived from SKOV3 cells 
(Fig. 2A). The present study also demonstrated enrichment of 
CD133+, CD44+ and ALDHhigh populations in SFCs derived 
from SKOV3 cells (Fig. 2B).

To test the tumorigenic potential of cells grown under 
sphere-forming conditions with enriched stem cells, SFCs of 
the SKOV3 cell line and parental cells at varying cell numbers 
were subcutaneously implanted in the flanks of nude mice. 
Tumors were able to be formed with only 103 sphere cells, 
however, a minimum of 106 parental cells was required to 
form xenograft tumors (Table I). The tumor nodules formed 
by SFCs of the SKOV3 cell line exhibited a similar histology 

to that observed by the parental cells (Fig. 2C). The results 
suggested that the tumorigenic efficacies of SFCs were 
enhanced compared with the parental cells and non-adherent 
tumor spheres that were derived from ovarian cancer SKOV3 
cells cultured in stem cell conditioned medium, which also 
possessed properties of OCSLCs.

DFOG significantly reduces the formation of primary and 
secondary tumor spheroids in SFCs of the SKOV3 cell line. 
It has previously been reported that CSCs are capable of 
extensive proliferation. Genistein inhibited the proliferative 
activity of pancreatic CSCs (8,9). The present study sought 
to examine whether DFOG inhibits SKOV3 cell-derived 
SFCs. Parental cells or third-generation spheres derived from 
SKOV3 cells were treated with various doses of DFOG (0.0-
10.0 µM) for 48 h. Cell viability was measured by an MTT 
assay. DFOG preferentially inhibited cell viability of SKOV3 
cell-derived SFCs in a dose-dependent manner (Fig. 3A) 
and the IC50 values of DFOG against parental cells and 
SKOV3-derived SFCs were 10.90 and 0.47 µmol/l, respec-
tively. This observation suggested that DFOG was capable 
of preferentially suppressing the proliferation activity of 
OCSLCs.

Figure 1. Sphere formation and self-renewal. (A) In a conditioned stem cell culture system, the human ovarian cancer cell lines SKOV3, OVCAR-3 and 
A2780 formed spheres and the volume of SFCs derived from SKOV3 cells was greater in size than that of either the OVCAR-3 or the A2780 cell-line. 
(B) Sphere-forming efficiency of SKOV3, OVCAR-3 and A2780 cells. The number of first-generation spheres formed on day 8 from 1,000 cells is shown. The 
data are presented as the mean ± SD of three independent experiments. *P<0.05, compared with SFCs derived from SKOV3 cells; #P<0.05, compared with 
SFCs of OVCAR-3 cells. (C) Sphere-forming efficiency of SKOV3 during three serial passages. The number of primary, secondary (generated from dissoci-
ated primary spheres) and tertiary (generated from dissociated secondary spheres) spheres obtained from 1,000 cells is shown. The data are presented as the 
mean ± SD of three independent experiments. *P<0.05, compared with primary spheres; #P<0.05, compared with secondary spheres. (D) Number of spheres 
generated from tertiary spheres and from SKOV3 parental cells on the indicated days. Data are presented as the mean ± SD of three independent experiments. 
*P<0.05, compared with day 0; #P<0.05, compared with SKOV3 parental cells. SFCs, sphere-forming cells.
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In order to determine whether DFOG suppressed the 
formation of tumor spheres in vitro, SKOV3 cell-derived 
SFCs were exposed to varying concentrations of DFOG or 
genistein (10.0 µM; Fig. 3B). It was demonstrated that DFOG 
and genistein inhibited the formation of spheres. It is worth 
noting that the concentrations of DFOG that were capable of 
suppressing tumorsphere formation (IC50 around 0.5 µM for 
the SKOV3 spheres) were ~10-fold lower than those exhib-

iting anti-proliferative effects by the MTT assay (with an IC50 
around 10 µM for parental SKOV3 cells). These data suggest 
that DFOG may be effective in inhibiting the self-renewal 
capacity of OCSLCs.

DFOG decreases the phosphorylation level of FOXO3a 
and stem cell surface markers of SKOV3 cell-derived SFCs. 
FOXO3a has been reported to be pivotal in the control of the 

Figure 2. SKOV3 cell-line-derived SFCs possess properties of OCSLCs. (A) Western immunoblot analysis demonstrated that BMI1, Nagon and SOX2 were 
highly expressed in SFCs derived from SKOV3 cells compared with the PC. (B) Western immunoblot analysis demonstrated that CD133, CD44 and ADLH1 
were highly expressed in SFCs derived from SKOV3 cells compared with the PC. (C) H&E staining revealed that the histological features of SFC-derived 
xenografted tumors were similar to those identified for parental SKOV3 cells (magnification, x100). SFCs, sphere-forming cells; OCSLCs, ovarian cancer 
stem-like cells; PC, parental cells.

Figure 3. DFOG preferentially inhibits the proliferation and self-renewal of OCSLCs derived from SKOV3 cells. (A) DFOG preferentially inhibited the pro-
liferation of SFCs derived from SKOV3 cells. (B) SFCs were incubated with varying concentrations of casticin (0.1-10.0 µmol/l) or DMSO for 6 days. DFOG 
inhibited the self-renewal capacity of SFCs derived from SKOV3 cells. Data represent the mean ± SD (n=3). *P<0.05 vs. treatment with the corresponding 
concentration of 0.1% DMSO in the treatment group; #P<0.05 vs. parental cells treated with the corresponding concentration of casticin or 10.0 µmol/l of 
genistein. DFOG, 7-difluoromethoxyl-5,4'-di-n-octyl genistein; OCSLCs, ovarian cancer stem-like cells; SFCs, sphere-forming cells.
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tumorigenicity of glioblastoma CSLCs (19). Thus, the present 
study sought to investigate if DFOG inhibited the self-renewal 
capacity of SFCs derived from the SKOV3 cell-line and whether 
DFOG was involved in the modulation of FOXO3a activity. 
SKOV3-derived third generation spheres elevated the protein 
expression levels of phosphorylated FOXO3a, indicating the 
presence of FOXO3a inactivation (Fig. 4A). In addition, DFOG 

decreased the level of phosphorylated FOXO3a protein in 
SKOV3 cell-derived SFCs (Fig. 4B). These data suggest that 
DFOG decreased the activity of FOXO3a and that it may 
participate in inhibiting the self-renewal capacity of OCSLCs.

The study by Shiota et al demonstrated that FOXO3a 
regulates the motility of urothelial cancer cells through 
negative regulation of Twist1 (20). Previous demonstration of 

Figure 4. DFOG reduces FOXO3a phosphorylation and CSC marker expression of OCSLCs derived from SKOV3 cells. (A) The phosphorylated form of the 
FOXO3a protein was highly expressed in SFCs derived from SKOV3 cells compared with corresponding PCs. (B) Treatment with DFOG downregulated 
the expression of phosphorylated FOXO3a in SFCs derived from SKOV3 cells. (C) Treatment with DFOG downregulated the expression of the self-renewal 
associated proteins, including BMI1, Nagon and SOX2 in SFCs derived from SKOV3 cells. (D) Treatment with DFOG downregulated the expression of CSC 
markers, including CD133, CD44 and ALDH1 in SFCs derived from SKOV3 cells. DFOG, 7-difluoromethoxyl-5,4'-di-n-octyl genistein; CSC, cancer stem cell; 
OCSLCs, ovarian cancer stem-like cells; SFCs, sphere-forming cells; PCs, parental cells. 

Table I. Tumorigenicity experiments using SFCs derived from the SKOV3 cell line and parental cells in BALB/c-nu mice.

Cell type Cell number Incidence Latency (days)

Parental cells 5x104 0/4 -
 1x105 0/4 -
 2x105 3/4 35
 5x105 4/4 29
 1x106 4/4 12
CD133+ cells 5x102 0/4 -
 1x103 4/4 25
 5x103 4/4 13
 1x104 4/4 9
 5x104 4/4 6

SFCs, sphere-forming cells.
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Twist1 directly regulating the expression of BMI1 provides a 
mechanistic explanation of the association between EMT and 
cancer stemness (21). The present study aimed to investigate 
whether DFOG affected the expression of BMI1, Nagon and 
SOX2 proteins in OCSLCs. Fig. 4C shows that DFOG reduced 
the protein expression levels of BMI1, Nagon and SOX2 in 
SKOV3-derived SFCs.

Since inactivation of FOXO3a led to an increase in SFC 
capacity and expression of the CSC surface marker CD44 in 
prostate cancer stem-like cell populations (22), the present 
study next analyzed whether DFOG inhibited the protein 
expression levels of CD133, CD44 and ALDH1. DFOG inhib-
ited the protein expression levels of CD133, CD44 and ALDH1 
in SKOV3-derived SFCs (Fig. 4D). These results illustrated 
that DFOG downregulated the expression of CD133, CD44 
and ALDH1 in OCSLCs.

Knockout of FOXO3a attenuates the inhibitory effects of 
DFOG on the self-renewal capacity of SKOV3-derived 
SFCs. The present study examined whether activation of 
FOXO3a affected DFOG-inhibited self-renewal capacity of 
SKOV3-derived SFCs. DFOG and genistein inhibited the 
self-renewal capacity in SFCs/control siRNA cells that were 
derived from SKOV3 cells. The inhibition of FOXO3a expres-
sion by siRNA significantly attenuated the ability of DFOG 
to inhibit the self-renewal capacity of SKOV3-derived SFCs 

(Fig. 5A and B). These data suggest that the silencing of 
FOXO3a contributed to the self-renewal capacity of OCSLCs.

Discussion

The anti-cancer efficacy of DFOG, which is a novel synthetic 
analogue of genistein, has been evaluated in several types 
of cancer, including ovarian cancer cell lines. For instance, 
DFOG inhibited the growth and induced apoptosis of gastric 
cancer and ovarian cancer cells (17,18). Increasing evidence 
supports the cancer stem cell theory, which hypothesizes that 
various types of cancer are driven and maintained by a small 
proportion of CSCs (23). The concept of CSCs has profound 
clinical implications for cancer therapeutics, management 
and prevention (23,24). Previous studies indicated that CSCs 
have the capacity to drive tumor resistance and relapse/recur-
rence (25,26). Since ovarian cancer lacks efficacy or sensitivity 
to the effects of current chemotherapies, metastatic disease 
requires novel approaches to specifically target CSC popula-
tions (23,27,28). Numerous studies found that several dietary 
compounds are promising chemopreventive agents against 
CSCs, including genistein (7-9). Therefore, based on the 
chemopreventive activity of genistein and DFOG, and the 
implications of the CSC theory, the present study determined 
whether DFOG acted against OCSCs.

Numerous techniques have been developed to isolate and 
characterize OCSCs in vitro. Tumorsphere cultures were first 
used to isolate and expand ovarian cancer stem/progenitor 
cells (29,30), and were based on the ability of stem/progenitor 
cells to grow in serum-free suspension, while differentiated 
cells failed to survive under the same conditions (29,30). By 
employing this technique, the present study demonstrated that 
SKOV3 cell-derived SFCs possessed the properties of OCSLCs, 
including the self-renewal capacity and higher tumorigenicity.

The well-known effects of genistein were also demon-
strated to regulate self-renewal associated transcription 
factors in previous studies, including Nagon (31), Bmi1 (30) 
and Sox2 (32). The present study for the first time, to the 
best of our knowledge, provided evidence that DFOG pref-
erentially inhibited the cellular viability and self-renewal 
capacity of SFCs derived from ovarian cancer SKOV3 cells. 
This observed effect was also accompanied by downregu-
lation of the self-renewal associated transcription factors, 
Bmi1, Nagon and Sox2 protein expression. The preference of 
DFOG in inhibiting CSCs may be significant for chemopre-
ventive effects.

The study by Sunayama et al demonstrated that FOXO3a 
may function as a key integrator of these cellular signals 
that regulate glioblastoma CSLCs and which may also be 
considered a potential therapeutic target in the treatment of 
glioblastoma (19). The present study demonstrated that DFOG 
activated FOXO3a via inhibiting phosphorylation of the 
FOXO3a protein in SFCs derived from SKOV3 cells. Silencing 
of the FOXO3a gene by transfection with FOXO3a siRNA 
attenuated the ability of DFOG to inhibit the self-renewal 
capacity of SKOV3 cell-derived SFCs. The significance of the 
results indicates that not only is the DFOG-inhibitory effect 
of the self-renewal capacity associated with the activation of 
FOXO3a, but also the inactivation of FOXO3a contributes to 
the self-renewal capacity of SKOV3 cell-derived SFCs.

Figure 5. Silencing of FOXO3a attenuates the inhibitory effect of casticin on 
the self-renewal capacity of OCSLCs derived from SKOV3 cells. (A) Western 
blot analysis demonstrated silencing of FOXO3a following transfection of 
SFCs derived from SKOV3 cells with FOXO3a siRNA. Gene silencing of 
FOXO3a reduced FOXO3a expression. (B) Sphere forming ability of SFCs 
derived from SKOV3 cells that were treated with DFOG, were partly rescued 
following gene silencing of FOXO3a. Data represent the mean ± SD (n=3). 
*P<0.05 vs. 0.1% DMSO treated cells. *P<0.05 vs. the cells treated with the 
same concentration of DFOG using control siRNA transfection. DFOG, 
7-difluoromethoxyl-5,4'-di-n-octyl genistein; OSCLCs, ovarian cancer 
stem-like cells; SFCs, sphere-forming cells.
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In conclusion, the present study demonstrated that DFOG 
was able to target OCSLCs as determined by the tumorsphere 
formation assay. Furthermore, the present study identified 
the activation of FOXO3a by DFOG as one of the possible 
mechanisms for its efficacy. These studies support the use 
of DFOG for ovarian cancer chemoprevention. These find-
ings provide a persuasive and supporting rationale for the 
preclinical and clinical evaluation of DFOG targeted therapy 
of ovarian cancer.
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