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Inhibition of PI3K and Hedgehog Signaling Pathway Inhibits Hypoxia-
Induced Vasculogenic Mimicry Formation in Ovarian Cancer Stem Cells

Department of Obstetrics and Gynecology, Hebei Medical University Third Hospital, Hebei Province, China

Background: Inhibition of the Hedgehog and phosphatidylinositol 
3-kinase/protein kinase B (PI3K/AKT) signaling pathways has been shown 
to suppress tumor proliferation and stem cell activity. However, the 
precise role of these pathways in vasculogenic mimicry (VM) of ovarian 
cancer stem cells (OCSCs) remains unclear.

Aims: To investigate the roles of the PI3K/AKT and Hedgehog signaling 
pathways in VM formation and the underlying mechanisms in OCSCs.

Study Design: In vitro and in vivo experimental model.

Methods: OCSCs were induced through serum-free culture of SK-OV-3. 
Hypoxia-inducible factor-1α (HIF-1α) knockdown was achieved by 
transfection with sh-HIF-1α. Cells were treated with the PI3K agonist 740 
Y-P, the PI3K inhibitor LY294002, the Hedgehog agonist purmorphamine, 
and the Hedgehog inhibitor cyclopamine under hypoxic conditions. 
Expression of HIF-1α, epithelial-to-endothelial transition (EET) markers, 
and components of the PI3K and Hedgehog pathways was analyzed using 
immunofluorescence and Western blotting. VM capacity was assessed 
using a Matrigel three-dimensional (3D) culture assay. Cell proliferation 

and invasion were evaluated by MTS, EdU, and Transwell assays. VM 

formation was further examined in an OCSC xenograft model.

Results: OCSCs accounted for more than 85% of seventh-generation 

SK-OV-3 cells cultured under serum-free conditions. Hypoxia markedly 

increased HIF-1α expression, which activated the PI3K and Hedgehog 

signaling pathways. HIF-1α knockdown suppressed activation of these 

pathways. Treatment with LY294002 and cyclopamine, as well as HIF-

1α knockdown, inhibited hypoxia-induced upregulation of N-cadherin 

and VE-cadherin, as well as the formation of branching points and 

3D channels. Moreover, both LY294002 and cyclopamine significantly 

reduced cell proliferation, invasion, and VM formation in vitro and in 

xenografted OCSCs.

Conclusion: HIF-1α knockdown inhibits activation of the PI3K and 

Hedgehog signaling pathways, thereby reducing EET and VM formation 

in hypoxia-induced OCSCs.

 Jun Liang,  Yun Bai,  Huan Zhao

INTRODUCTION

Ovarian cancer (OC) is associated with a high mortality rate1 and 
ranks first among malignancies of the female reproductive system. 
According to the International Cancer Research Center, more than 
200,000 women worldwide died of OC in 2020.2 Because the ovaries 
are located deep within the pelvic cavity, approximately 80% of cases 
are diagnosed at an advanced stage, resulting in a 5-year survival 
rate of only about 40%.3 Traditional treatment mainly consists of 
surgery combined with chemotherapy, supplemented by targeted 
therapy and immunotherapy. Although progress has been made in 
recent years, many patients achieve clinical remission after initial 
treatment, yet up to 70% experience disease recurrence within 2-3 
years.4 In light of this, there is an urgent need to explore and develop 
novel therapeutic approaches for OC.

Cancer stem cells (CSCs) are a subset of tumor cells with stem cell-
like properties, including self-renewal, unlimited proliferation, 
and multipotent differentiation.5,6 CSCs promote OC invasion and 
metastasis through various mechanisms and influence cellular 
behavior within the tumor microenvironment, which is closely 
associated with patient prognosis.7,8 Studies have shown that 
CSCs possess strong differentiation potential and contribute to 
tumor angiogenesis, thereby supporting tumor growth, invasion, 
and metastasis. Vasculogenic mimicry (VM) represents another 
mechanism of tumor vascularization in addition to traditional 
angiogenesis. Unlike endothelial cell-dependent angiogenesis, VM 
forms vessel-like networks that provides an alternative blood supply 
to tumors.9 VM is closely linked to OC metastasis and may represent 
an important therapeutic target.10 Furthermore, VM can promote the 
growth of ovarian cancer stem cells (OCSCs).11 Therefore, elucidating 
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the mechanisms underlying VM formation in OCSCs is of great 
significance for identifying novel therapeutic targets for OC.

The phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) 
pathway is associated with proliferation, adhesion, migration, and 
other malignant biological behaviors of tumor cells. This signaling 
cascade also contributes to the occurrence and progression of 
OC.12,13 Existing evidence suggests that PI3K/AKT signaling is 
involved in the mechanism of VM formation in tumor tissues. 
Inhibition of the PI3K/AKT pathway significantly reduces vascular 
endothelial (VE)-cadherin and matrix metalloproteinase-2 (MMP2) 
expression, thereby impeding VM network formation.14 Conversely, 
activation of this pathway promotes breast cancer growth and VM.15 
Thrombospondin-2 has also been shown to regulate tumor VM by 
activating the PI3K/AKT pathway.16 The Hedgehog signaling pathway 
likewise plays an important role in OC progression. Variations in 
the expression of its key regulatory factors may be associated with 
histopathological type, grade, and differentiation of OC.17 Moreover, 
studies have demonstrated that Galectin-1 can promote VM in gastric 
adenocarcinoma via the Hedgehog pathway.18 Collectively, these 
findings suggest that the PI3K/AKT and Hedgehog pathways may 
represent promising therapeutic targets for inhibiting VM in OCSCs.

In this study, sloan- kettering ovarian carcinoma 3 (SK-OV-3) cells 
were subcultured using the serum-free suspension culture method, 
and cell spheres with stem-like properties of OCSCs were isolated. 
We investigated the effects of the PI3K/AKT and Hedgehog pathways 
on VM formation in hypoxia-induced OCSCs and explored the 
underlying mechanisms at the cellular level, with further validation 
in vivo, aiming to identify new therapeutic targets for OC.

MATERIALS AND METHODS

Cell culture

Human OC SK-OV-3. cells were purchased from Saibaikang 
Biotechnology Co., Ltd. (iCell-h195, Shanghai, China). Cells were 
cultured in DMEM supplemented with 10% fetal bovine serum (FBS; 
G8002, Servicebio, Wuhan, China) and 1% penicillin-streptomycin 
(G4015, Servicebio) at 37 °C in a humidified incubator containing 5% 
CO

2
 (WCI-1200, WIGGENS, Germany). Cultures were passaged every 

2-3 days.

Induction of SK-OV-3 OCSCs by serum-free culture

SK-OV-3 cells in good growth condition were dissociated with 
0.25% trypsin-EDTA and cultured in serum-free DMEM/F12 
medium containing 20 ng/mL epidermal growth factor, 10 ng/mL 
basic fibroblast growth factor, 2% B27 supplement, and 5 mg/mL 
recombinant human insulin.19 Under these conditions, the cells 
formed non-adherent spheres. For serial passage, spheres were 
centrifuged, digested with trypsin, and recultured in serum-free 
medium. The medium was changed every other day, and low-speed 
centrifugation for 5 min was performed to remove dead cell debris. 
Cells from the first and seventh generations were collected, and the 
growth of suspended cell spheres was observed and photographed.

Identification of SK-OV-3 OCSCs

A total of 1 × 106 SK-OV-3 cells were washed with 500-μL phosphate 
buffered saline (PBS)/EDTA/BSA solution and digested with trypsin 
(G4013, Servicebio). The isolated cells were resuspended in PBS/
EDTA/BSA solution, and 2 μL of human FcR blocking reagent was 
added. The suspension was incubated at 4 °C for 10 min, followed by 
the addition of 1-μg anti-CD44-PE (BJ18, BioLegend, California, USA) 
and anti-CD24-FITC (32D12, BioLegend) antibodies. The mixture was 
gently mixed and incubated at 4 °C for 10 min in the dark. Cells were 
then fixed in PBS containing 1% paraformaldehyde and analyzed by 
flow cytometry (BD Influx, BD Biosciences, Franklin Lakes, NJ, USA).

Cell transfection and treatment

SK-OV-3 OCSCs were prepared as a cell suspension and seeded 
into 6-well plates at a density of 3 × 105 cells per well and then 
cultured in serum-free medium. When cell confluence reached 
approximately 60%, hypoxia-inducible factor-1α (HIF-1α), sh-
HIF-1α, and their respective negative controls (Vector and sh-
NC) were transfected. LipofectamineTM 2000 (200 μL; 11668019, 
Invitrogen, California, USA) was used for transfection according to 
the manufacturer’s protocol. After 6 h, the medium was replaced 
with serum-containing medium. Cells were harvested 48 h later 
for detection of HIF-1α protein levels. Vector, HIF-1α, sh-NC, and 
sh-HIF-1α plasmids were purchased from GEMMA Biotechnology 
Co., Ltd. (Suzhou, China).

Transfected or untransfected SK-OV-3 OCSCs were then treated 
with the PI3K pathway agonist 740 Y-P (25 mg/mL, S7865, 
Selleck, Shanghai, China) or inhibitor LY294002 (30 μM, S1737, 
Beyotime, Shanghai, China), and the Hedgehog pathway agonist 
purmorphamine (1 μM, SF6822, Beyotime) or inhibitor cyclopamine 
(20 μM, S1146, Selleck). To mimic hypoxic conditions, cells were 
treated with cobalt chloridevv (CoCl

2
, 150 μM; 232696, Sigma, 

Shanghai, China) for 0, 3, 6, 12, 24, or 48 h.20

Immunofluorescence

SK-OV-3 OCSCs (1 × 105 cells/well) were seeded onto sterile 
coverslips. After overnight adherence, cells were treated with CoCl

2
 

and cultured for 0, 3, 6, 12, 24, or 48 h. Cells were then fixed with 
methanol, permeabilized with PBS containing 0.1% Triton X-100 
for 15 min, and blocked with phosphate buffered saline tween at 
room temperature for 30 min. Cells were incubated with anti-HIF-
1α antibody (ab51608, Abcam, Cambridge, UK) at 4 °C overnight, 
followed by incubation with fluorescent secondary antibody 
(GB25303, Servicebio) in the dark for 1 h. Slides were mounted with 
a fluorescence mounting medium containing 4 ',6-diamidino-2- 
phenylindole (DAPI) (G1401, Servicebio) and air-dried. Images were 
captured using a confocal microscope (FV3000, Olympus, Tokyo, 
Japan). Fluorescence intensity was independently evaluated by two 
pathologists in a blinded manner. During sample collection, only 
sample numbers were available to the operator, with no access 
to grouping information. Data measurement and image storage 
were performed using coded identifiers to prevent exposure of 
experimental conditions. 
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Three-dimensional (3D) matrigel culture assay

Matrigel was mixed with DMEM at a 1:1 ratio, evenly spread into 
precooled wells of a 96-well plate, and allowed to solidify for 2 h. A 
100-μL suspension of SK-OV-3 OCSCs (1 × 107 cells/mL) was added 
to each well and cultured for 24 h. VM formation was observed 
under a microscope. Images were captured from five randomly 
selected fields (upper, middle, lower, left, and right). The number 
of branch points and three-dimensional (3D) channels was counted, 
and the average value was calculated. Evaluation was performed 
independently by two pathologists in a blinded manner.

MTS assay

Following treatment, SK-OV-3 OCSCs were incubated with 20 μL of 
MTS reagent (G5421, Promega, Madison, WI, USA) for 1 h. Absorbance 
was then measured at 490 nm using a microplate reader (SpectraMax 
i3x, Molecular Devices, San Jose, CA, USA).

EdU assay

Treated SK-OV-3 OCSCs were incubated with 50-μM EdU reagent 
(C0071L, Beyotime, Shanghai, China) for 2 h. After the culture 
medium was removed, cells were fixed in 1-mL fixative solution for 
15 min, permeabilized with 1-mL permeabilization solution for 15 
min, and then incubated with 0.5-mL reaction solution for 30 min. 
After washing, nuclei were counterstained with DAPI. Fluorescence 
microscopy was used for observation and analysis. EdU-positive 
cells were counted independently by two pathologists in a blinded 
manner.

Transwell invasion assay

SK-OV-3 OCSCs were seeded into the upper chamber of a Transwell 
insert (354234, Corning, New York, United States) precoated with 
Matrigel, at a density of 1 × 105 cells per chamber in 200-μL serum-
free medium. The lower chamber contained medium supplemented 
with 5% serum. After 24 h of culture, non-invading cells in the upper 
chamber were removed, and invading cells were fixed with 4% 
paraformaldehyde for 15 min and stained with 0.1% crystal violet 
for 20 min. Cells in five non-overlapping fields were counted under 
a fluorescence microscope, and the average value was calculated. 
Cell counts were performed independently by two pathologists in a 
blinded manner.

Xenograft nude mouse model

Twenty-five female BALB/c Nu/Nu mice (6 weeks old, 15-20 g) 
were purchased from Ziyuan Experimental Animal Technology 
Co., Ltd. (Hangzhou, China). The mice were housed under specific 
pathogen-free conditions (25 °C, 60% humidity) with free access 
to food and water. All animal experiments were approved by the 
Ethics Committee of the Third Hospital of Hebei Medical University 
(approval number: 2025-083-1, date: 12.06. 2025).

The mice were randomly assigned (n = 5 per group) into the following 
groups using the random number table method: control, 740 Y-P 
group, LY294002, purmorphamine, and cyclopamine. OCSCs isolated 
from the SK-OV-3 cell line were injected subcutaneously into the 
dorsal flank to establish the xenograft tumor model.21 Mice in the 
control group received intraperitoneal injections of normal saline, 

while the treatment groups received intraperitoneal injections of 
740 Y-P (20 mg/kg), LY294002 (50 mg/kg), purmorphamine (10 mg/
kg), or cyclopamine (10 mg/kg), administered twice weekly. Tumor 
growth was monitored using a small animal in vivo imaging system 
(IVIS® Lumina III, PerkinElmer, Massachusetts, USA) on days 7, 14, 
21, and 28. After 4 weeks, the mice were euthanized by anesthesia, 
and the tumors were excised and weighed. Each tumor was divided 
into two parts: one was fixed in 4% paraformaldehyde, and the 
other was stored at -80 °C for subsequent experiments. To minimize 
experimental bias, the random number table method was used 
throughout the study for data processing and measurement. In 
addition, all animal experiments were conducted under blinded 
conditions: (1) animal allocation, researchers were unaware of 
group assignments; (2) experimental procedures, animal handlers 
and researchers were blinded to the grouping; and (3) outcome 
evaluation and data analysis, the investigators responsible for 
evaluating and analyzing results were blinded to the grouping.

Immunohistochemistry

Formalin-fixed tumor tissues were paraffin-embedded and sectioned 
at 4-μm thickness. Sections were baked at 60 °C, deparaffinized in 
a xylene gradient, rehydrated in an ethanol gradient, subjected to 
antigen retrieval, and blocked for endogenous peroxidase activity. 
They were then incubated overnight at 4 °C with primary antibodies 
against Ki-67 (ab16667, Abcam) and CD31 (ab281583, Abcam). The 
next day, sections were incubated with an appropriate secondary 
antibody for 20 min, followed by DAB staining for 5 min, hematoxylin 
counterstaining, dehydration, clearing, and mounting with neutral 
gum. Ki-67-positive nuclei appeared yellow or brown. Five randomly 
selected, non-overlapping high-power fields were evaluated, and 
images were captured using a fluorescence microscope (Odyssey, 
Laikuo Biotechnology Co., Ltd., Beijing, China).

PAS staining

Tissue sections were incubated in sodium periodate solution for 
15 min, followed by incubation with Schiff reagent in the dark for 
15 min. Nuclei were counterstained with hematoxylin for 20 s and 
rinsed with running water. The sections were then dehydrated in 
ethanol, cleared in xylene for 5 min, air-dried at room temperature, 
and mounted with neutral gum. The sections were observed under 
a light microscope (E200, Nikon, Tokyo, Japan). Positive PAS staining 
was used to identify VM.

Western blot

Total protein from SK-OV-3 OCSCs and xenograft tumor tissues 
was extracted using RIPA lysis buffer (G2002, Servicebio), and 
protein concentration was determined with a BCA assay (G2026, 
Servicebio). Equal amounts of protein (15 μg per sample) were 
separated by 10% SDS-PAGE and transferred to PVDF membranes 
(G6047, Servicebio) using the wet transfer method. Membranes were 
blocked with 5% skim milk for 90 min and incubated overnight at 4 
°C with primary antibodies. After incubation with HRP-conjugated 
secondary antibody (ab97051, Abcam) for 1 h, protein bands were 
detected using an enhanced chemiluminescence substrate (ECL, 
A38556, Thermo Fisher Scientific, Massachusetts, USA) and imaged 
with a chemiluminescence imaging system (ChemiDoc XRS+, Bio-
Rad). Band intensities were quantified using Image J software, and 
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statistical analyses were performed.

The following primary antibodies were used: HIF-1α (ab51608, 
Abcam), PI3K (4292, Cell Signaling Technology), p-PI3K (17366, Cell 
Signaling Technology), AKT (ab314110, Abcam), p-AKT (ab38449, 
Abcam), Smoothened (Smo, ab235183, Abcam), Sonic Hedgehog 
(SHH, ab135240, Abcam), Gli1 (ab289368, Abcam), E-cadherin 
(ab227639, Abcam), N-cadherin (ab245117, Abcam), VE-cadherin 
(ab313632, Abcam), Ki-67 (ab16667, Abcam), MMP2 (ab181286, 
Abcam), and MMP9 (ab137867, Abcam).

Statistical analysis

Biological replicates were obtained from independent samples. 
Data are presented as the mean ± standard deviation from three 
independent experiments and were analyzed using GraphPad Prism 
9.0 (GraphPad Software, San Diego, CA, USA). Normality was assessed 
with the Shapiro-Wilk test, and homogeneity of variance with the 
Levene test. Comparisons between the two groups were performed 
using the Student’s t-test. For multiple-group comparisons,  
one-way ANOVA followed by Tukey’s honest significant difference 
post-hoc test was applied when data did met assumptions of 
normality and homogeneity assumption. If assumptions were not 
met, the Kruskal-Wallis test with Dunn’s post hoc test was used. 
Tumor growth curves were analyzed using repeated-measures 
ANOVA. All tests were two-tailed, with statistical significance set at p 
< 0.05 and a 95% confidence interval.

RESULTS
Identification of OCSCs

During the induction of SK-OV-3 cells to form OCSCs in serum-free 
medium, most cells settled at the bottom of the culture plate, with 
a few showing adherent growth. After about 24 h, most cells died, 
leaving only a small number of surviving cells in suspension. By 2-4 
days, small suspended spheres consisting of three to eight cells of 
uniform size and with defined refractive index were observed. By 
5-7 days, the number and size of spheres increased, with dozens of 
cells forming tightly connected clusters with indistinct boundaries 
and enhanced refraction. With successive passages, both the 
number and volume of suspended spheres further increased (Figure 
1a). The CD44+CD24- phenotype is a recognized marker for CSC 
identification.20 In the first generation of serum-free cultured SK-
OV-3 cells, this phenotype was almost absent, whereas it accounted 
for 85.76 ± 1.64% in the seventh generation (Figure 1b). These 
findings indicate that SK-OV-3 OCSCs were successfully induced by 
serum-free culture.

Hypoxia induces HIF-1αα expression of SK-OV-3 OCSCs

Because hypoxia is closely associated with the VM process, and HIF-
1α is a key marker of VM formation22, CoCl

2
 was used to mimic a 

hypoxic environment. SK-OV-3 OCSCs were cultured under hypoxia 
for 0, 3, 6, 12, 24, and 48 h. The fluorescence intensity of HIF-
1α increased significantly after 12 h of hypoxia, rising by 1.32-,  
2.06-, and 1.63-fold at 12, 24, and 48 h, respectively (12 h, p = 0.023; 
24 and 48 h, p < 0.001; Figures 2a, b). Western blot analysis also 
showed a significant increase in HIF-1α protein expressions at 24 
and 48 h, with levels rising by 1.33-, 2.13-, and 1.74-fold, respectively 
(12 h, p = 0.028; 24 and 48 h, p < 0.001; Figure 2c). Notably, both 
fluorescence intensity and protein expression peaked at 24 h of 

hypoxia. Based on these findings, 24 h of hypoxia was selected for 
subsequent experiments. Together with the OCSC identification 
results, which showed that 80%-90% of SK-OV-3 OCSCs displayed 
the CD44+CD24- phenotype, these data confirm that SK-OV-3 OCSCs 
exhibit a strong ability to form VM.

Knockdown of HIF-1αα suppresses activation of the PI3K and 
Hedgehog signaling pathways under hypoxia

After 24 h of hypoxia in SK-OV-3 OCSCs, expression of p-PI3K 
(1.60-fold, p < 0.001) and p-AKT (1.71-fold, p < 0.001) increased 
significantly, indicating activation of the PI3K pathway. Similarly, 
the expression of Smo (1.51-fold), SHH (1.69-fold), and Gli1 (3.65-
fold) proteins was markedly elevated, suggesting activation of the 
Hedgehog pathway (Figures 3a-c). To explore the regulatory role 
of HIF-1α, Vector, HIF-1α, sh-NC, and sh-HIF-1α constructs were 
transfused into SK-OV-3 OCSCs. HIF-1α expression increased by 1.72-
fold after HIF-1α overexpression, whereas sh-HIF-1α transfection 
reduced expression by 52% (p < 0.001; Figures 3d, e), confirming 
successful generation of HIF-1α overexpression and knockdown cell 
lines. In cells with HIF-1α overexpression, levels of p-PI3K (2.22-
fold), p-AKT (1.68-fold), Smo (1.58-fold), SHH (1.55-fold), and Gli1 
(1.48-fold) protein levels were significantly upregulated. Conversely, 
HIF-1αknockdown reduced p-PI3K (-41%), p-AKT (-51%), Smo (-35%), 
SHH (-44%), and Gli1 (-68%) protein levels (all p < 0.001; Figures 3d-
f). Furthermore, when transfected cells were cultured under hypoxia 
for 24 h, HIF-1α overexpression further increased HIF-1α levels and 
enhanced PI3K and Hedgehog pathway activation. In contrast, 
HIF-1α knockdown decreased HIF-1α expression and significantly 
suppressed activation of both pathways (p < 0.001; Figures 3g-i). 
Collectively, these findings indicate that HIF-1α regulates PI3K and 
Hedgehog signaling, both of which are closely associated with VM 
formation in SK-OV-3 OCSCs.

Knockdown of HIF-1αα inhibited the EET of OCSCs induced by 
hypoxia and suppressed VM formation through the PI3K and 

Hedgehog signaling pathways

To verify whether HIF-1α regulates VM in OCSCs via the PI3K 
and Hedgehog signaling pathways, SK-OV-3 OCSCs with HIF-1α 
knockdown were treated with the PI3K agonist 740 Y-P, PI3K inhibitor 
LY294002, Hedgehog agonist purmorphamine, or Hedgehog 
inhibitor cyclopamine, followed by 24 h of hypoxia. Compared with 
the hypoxia + sh-HIF-1α group, 740 Y-P and LY294002 did not affect 
HIF-1α levels; however, 740 Y-P significantly increased p-PI3K (+56%) 
and p-AKT (+24%) expressions, while LY294002 decreased p-PI3K 
(-23%) and p-AKT (-20%) expressions (p < 0.001; Figure 4a). Similarly, 
purmorphamine upregulated Smo (+36%), SHH (+27%), and Gli1 
(+21%) protein levels, whereas cyclopamine suppressed Smo (-28%), 
SHH (-22%), and Gli1 (-23%) expression (p < 0.001; Figure 4b). 
Hypoxia was also observed to induce epithelium-to-endothelium 
transition (EET) of CSCs during VM formation.9 After hypoxia, 
E-cadherin (epithelial marker) expression decreased by 46%, while 
N-cadherin (+2.05-fold) and VE-cadherin (+2.09-fold) (endothelial 
markers) were upregulated. In contrast, HIF-1α knockdown reversed 
this trend, increasing E-cadherin (+56%) and reducing N-cadherin 
(-25%) and VE-cadherin (-28%) levels (p < 0.001; Figure 4c). These 
findings indicate that HIF-1α knockdown inhibits hypoxia-induced 
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EET and consequently suppresses VM formation through modulation 
of the PI3K and Hedgehog pathways. The 3D culture experiments 
demonstrated that SK-OV-3 OCSCs elongated into spindle-like shapes 
within the Matrigel matrix, forming protrusions that interconnected 
to create crisscrossing tubular structures and grid-like networks. 
Under hypoxic conditions, the number of branching points (46.91 
→ 89.35) and 3D channels (134.86 → 170.35) significantly increased 
(p < 0.001), accompanied by enhanced intercellular connections 
that maintained a stable grid-like structure. In contrast, HIF-1α 
knockdown markedly reduced branching points (86.31 → 56.35) 
and 3D channels (174.54 → 139.26) (p < 0.001). Cells exhibited 
fewer protrusions, slower and irregular intercellular connections, 
and diminished grid formation (Figures 4d-f), indicating that HIF-
1α knockdown inhibited hypoxia-induced VM formation. Moreover, 
740 Y-P and purmorphamine attenuated the inhibitory effects of 
HIF-1α knockdown on EET and VM formation, whereas LY294002 
and cyclopamine enhanced these inhibitory effects (Figures 4c-
f). Collectively, these results demonstrate that HIF-1α knockdown 
suppresses the PI3K and Hedgehog signaling pathways, thereby 
blocking hypoxia-induced EET and VM formation in SK-OV-3 OCSCs.

Knockdown of HIF-1αα inhibited the growth and invasion 
of OCSCs in a hypoxic environment through the PI3K and 

Hedgehog signaling pathways

Because VM is a tumor angiogenesis pattern dependent on tumor 
cells, it promotes CSC growth.11 Consistently, this study found 

that the viability (Figure 5a) and proportion of EdU-positive cells 
(Figure 5b) of SK-OV-3 OCSCs significantly increased under hypoxic 
conditions but markedly decreased after HIF-1α knockdown (p < 
0.001). The number of invasive cells also rose (50.12 → 96.33) in 
response to hypoxia but fell (94.33 → 65.67) after HIF-1α knockdown  
(p < 0.001; Figure 5c), indicating that HIF-1α knockdown suppressed 
OCSC proliferation and invasion in hypoxic environments. Western 
blot analysis supported these findings: hypoxia markedly elevated 
the protein expression of Ki-67, MMP2, and MMP9 (2.13-, 2.02-, 
and 2.10-fold, respectively), whereas HIF-1α knockdown reduced 
their expression by 29%, 28%, and 26% (p < 0.001; Figure 5d). 
Furthermore, relative to the hypoxia + sh-HIF-1α group, proliferation 
and invasion capacities were significantly enhanced following 740 
Y-P and purmorphamine treatment but were further suppressed by 
LY294002 and cyclopamine (Figures 5a-d). These findings suggest 
that HIF-1α knockdown inhibits the proliferation and invasion of 
SK-OV-3 OCSCs by downregulating the PI3K and Hedgehog signaling 
pathways.

Inhibition of the PI3K and Hedgehog signaling pathways 
suppressed VM formation in xenografted OCSCs

CSCs isolated from the SK-OV-3 cell line were implanted into the 
brains of Nu/Nu mice, which subsequently received intraperitoneal 
injections of 740 Y-P, LY294002, purmorphamine, or cyclopamine 
twice weekly for 4 weeks. Tumor volume was measured weekly. 
Treatment with 740 Y-P and purmorphamine significantly increased 

FIG. 1. Identification of OCSCs.
(a) SK-OV-3 cells were cultured in serum-free medium, and the morphology of the first and seventh generations was recorded. With the passage of 
cells, the number of suspended sphere cells increased and the volume increased (× 10, 200 μm). (b) Flow cytometry assay for CD44 + CD24- phenotype 
cells. The number of CD44 + CD24- phenotype cells in the seventh generation SK-OV-3 cells accounted for the majority.
n = 3, data are represented as mean ± SD, ***p < 0.001 vs. 1st group. The comparison between two independent cohorts used the Student’s t-test. 
OCSCs, ovarian cancer stem cells; SD, standard deviation.

SD, standard deviation; OCSCs, ovarian cancer stem cells.
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tumor volume (p = 0.043; 188.8 mm3 → 386.4 mm3 and 188.8 mm3 
→ 377.0 mm3, respectively) and weight (p < 0.001; 198.24 mg → 
405.72 mg and 198.24 mg → 395.85 mg, respectively). In contrast, 
LY294002 and cyclopamine significantly reduced tumor volume (p 
= 0.036; 188.8 mm3 → 102.1 mm3 and 188.8 mm3 → 116.0 mm3, 
respectively) and weight (p < 0.001; 198.24 mg → 107.10 mg and 
198.24 mg → 121.82 mg, respectively) (Figures 6a-c). 

Immunohistochemistry revealed that Ki-67-positive cells increased 
after 740 Y-P and purmorphamine treatment but decreased 
significantly after LY294002 and cyclopamine intervention (Figure 
6d), indicating that PI3K and Hedgehog inhibition suppressed OCSC 
growth. PAS staining showed a similar pattern: PAS-positive cells 
were elevated with 740 Y-P and purmorphamine but reduced with 
LY294002 and cyclopamine (p < 0.001, Figures 6e, f). Consistently, 
the number of CD31-positive cells, marking angiogenesis, followed 
the same trend as PAS staining (Figure 6d). This indicated that 
740 Y-P and purmorphamine promoted VM formation, whereas 
LY294002 and cyclopamine inhibited VM formation. Western blot 
analysis further showed that p-PI3K and p-AKT protein levels 
increased 1.38- and 1.94-fold, respectively, after 740 Y-P treatment 
but decreased by 72% and 41%, respectively, after LY294002 

treatment (p < 0.001, Figure 6g). Similarly, the expression of 
Smo, SHH, and Gli1 proteins increased 1.51-, 1.94-, and 1.89-fold, 
respectively, after purmorphamine treatment but decreased by 38%, 
25%, and 40%, respectively, after cyclopamine treatment (p < 0.001, 
Figure 6h). Following 740 Y-P and purmorphamine treatment, 
E-cadherin protein levels were significantly reduced (-49% and 
-34%, respectively; p < 0.001 and p = 0.007), whereas N-cadherin 
(2.08- and 1.45-fold; p < 0.001, p = 0.019, p = 0.004), VE-cadherin 
(1.83- and 1.50-fold; p < 0.001 and p = 0.006), MMP2 (1.55- and 
1.53-fold; p < 0.001), and MMP9 (1.71- and 1.57-fold; p < 0.001) 
were significantly upregulated. In contrast, these protein expression 
changes were reversed after LY294002 and cyclopamine treatment 
(Figures 6i-k). In summary, inhibition of the PI3K and Hedgehog 
signaling pathways suppressed both growth and VM formation of 
xenografted OCSCs.

DISCUSSION

OCSCs are known to increase the risk of invasion and metastasis 
and are a major cause of tumor recurrence and chemotherapy 
resistance.6 Consequently, elucidating the mechanisms underlying 
OCSC function and identifying novel therapeutic targets has 

FIG. 2. Hypoxia could induce HIF-1α level of SK-OV-3 OCSCs.
(a, b) SK-OV-3 OCSCs were treated with CoCl

2
 for 0, 3, 6, 12, 24 and 48 h, and HIF-1α expressions were discovered through immunofluorescence. The 

fluorescence intensity of HIF-1α was significantly increased after hypoxia for 12 h (× 40, 50 μm). (c) HIF-1α protein was discovered by Western blot. It 
was significantly increased at 24 and 48 h of hypoxia.
n = 3, data are represented as mean ± SD, *p < 0.05, ***p < 0.001 vs. control group. One-way ANOVA followed by Tukey’s honest significant difference 
as a post-hoc test to determine the corrected significance of comparison between multiple groups, or Kruskal-Wallis test followed by Dunn’s test as a 
post-hoc test to ascertain the corrected significance of comparison between multiple groups was used where appropriate. 

OCSCs, ovarian cancer stem cells; HIF-1α, hypoxia-inducible factor-1α; SD, standard deviation.
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become a research focus in the clinical treatment of OC. VM has 
been reported not only in OC but also in renal cell carcinoma, liver 
cancer, gallbladder cancer, nasopharyngeal carcinoma, and other 
malignancies.21,23-26 VM is closely associated with tumor invasion and 
metastasis, providing nutritional support that sustains tumor growth 

and dissemination. CD44+/CD24- is one of the most well-established 
surface markers of CSCs.19,20 In this study, SK-OV-3 cells were sorted 
using a serum-free suspension culture method, and their biological 
characteristics were assessed. Cells with CSC-like properties were 
successfully isolated and referred to as OCSCs, enabling exploration 

FIG. 3. Knockdown of HIF-1α expression suppressed PI3K signaling pathway and Hedgehog signaling pathway activation in hypoxic environment.
(a-c) PI3K signaling pathway and Hedgehog signaling pathway proteins were detected by Western blot. p-PI3K, p-AKT, Smo, SHH and Gli1 expressions 
were significantly increased after hypoxia. (d-f) Vector, HIF-1α, sh-NC and sh-HIF-1α plasmids were transfected into SK-OV-3 OCSCs, and the expressions 
of PI3K signaling pathway and Hedgehog pathway were detected through Western blot. p-PI3K, p-AKT, Smo, SHH and Gli1 expressions increased after 
HIF-1α overexpression and decreased after HIF-1α knockdown. (g-i) The transfected SK-OV-3 OCSCs were placed in a hypoxic environment for 24 h, 
and the expressions of PI3K and Hedgehog pathway were detected through Western blot. Under hypoxic conditions, p-PI3K, p-AKT, Smo, SHH and Gli1 
proteins increased after HIF-1α overexpression and decreased after HIF-1α knockdown.
n = 3, data are represented as mean ± SD, ***p < 0.001 vs. control or Vector group; ###p < 0.001 vs. sh-NC or Hypoxia + Vector group; &&&p < 0.001 
vs. Hypoxia + sh-NC group. One-way ANOVA followed by Tukey’s honest significant difference as a post-hoc test to determine the corrected significance 
of comparison between multiple groups, or Kruskal-Wallis test followed by Dunn’s test as a post-hoc test to ascertain the corrected significance of 
comparison between multiple groups was used where appropriate. 

OCSCs, ovarian cancer stem cells; HIF-1α, hypoxia-inducible factor-1α; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; Smo, smoothened; SHH, sonic hedgehog; SD, standard 

deviation.
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FIG. 4. Knockdown of HIF-1α inhibited the EET of OCSCs induced through hypoxia and inhibited VM formation through PI3K and Hedgehog signaling 
pathway.
(a). 740 Y-P and LY294002 were added to the transfected SK-OV-3 OCSCs, and then they were placed in an hypoxic environment. PI3K pathway 
protein expressions were detected using Western blot. 740 Y-P increased p-PI3K and p-AKT expressions after 740 Y-P intervention, and decreased 
after LY294002 treatment. (b) The transfected SK-OV-3 OCSCs were added with 740 Y-P and LY294002, and then placed in an hypoxic environment. 
Hedgehog pathway proteins were detected using Western blot. Smo, SHH and Gli1 expressions increased after Purmorphamine intervention and 
decreased after Cyclopamine treatment. (c) E-cadherin, N-cadherin and VE-cadherin protein expressions were detected by Western blot. After hypoxia, 
E-cadherin expression lessened, N-cadherin and VE-cadherin expressions elevated. After HIF-1α knockdown, the protein levels were significantly 
reversed. (d-f) VM ability was detected by matrigel 3D culture experiment. The number of branching points and 3D channels increased significantly 
under hypoxic conditions, and decreased significantly after HIF-1α knockdown (× 10, 200 μm).
n = 3, data are represented as mean ± SD, ***p < 0.001 vs. control group; ###p < 0.001 vs. Hypoxia + sh-NC group; &&&p < 0.001 vs. Hypoxia + sh-HIF-
1α group. One-way ANOVA followed by Tukey’s honest significant difference as a post-hoc test to determine the corrected significance of comparison 
between multiple groups, or Kruskal-Wallis test followed by Dunn’s test as a post-hoc test to ascertain the corrected significance of comparison 
between multiple groups was used where appropriate. 

OCSCs, ovarian cancer stem cells; HIF-1α, hypoxia-inducible factor-1α; EET, epithelium-to-endothelium transition; VM, vasculogenic mimicry; PI3K, phosphatidylinositol 3-kinase; AKT, 

protein kinase B; Smo, smoothened; SHH, sonic hedgehog; SD, standard deviation.

of their relationship with VM formation and its potential molecular 

mechanisms.

Serum-free suspension culture is a widely used method for enriching 

tumor stem cells.27 In the present experiment, a subset of suspended 

cells demonstrated robust growth upon subculture, displaying self-
renewal and continuous proliferation. Flow cytometry revealed 
that CD44+/CD24- cells accounted for only a small proportion of 
the first-generation SK-OV-3 cells, but their proportion increased 
dramatically to 85.76 ± 1.64% in the seventh generation.
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These findings confirm that serum-free suspension culture can be 
used to enrich and purify OC cells with CSC-like properties, thereby 
successfully inducing OCSCs.

Unlike traditional tumor angiogenesis, VM is composed of tumor 
cells that form tubular structures to transport nutrients and 
oxygen, thereby sustaining tumor growth and driving malignant 
progression.28 Hypoxia is a hallmark of the tumor microenvironment 

and a key inducer of malignant transformation. It triggers numerous 
adaptive changes in tumor cells, and accumulating evidence 
indicates that hypoxia is closely linked to VM development.9 HIF-
1α is tightly regulated by cellular oxygen content and functions as 
a sensor of extracellular oxygen concentration. The rapid growth 
of malignant tumors frequently results in localized hypoxia; in this 
context, HIF-1α acts as a crucial mediator of cellular adaptation and 
serves as an internal marker of hypoxia.29 

FIG. 5. Knockdown of HIF-1α inhibited the proliferation and invasion of OCSCs in hypoxic environment through PI3K and Hedgehog signaling pathway.
(a) Cell viability was detected by MTS experiment. It was significantly increased in hypoxic environment or after 740 Y-P and Purmorphamine 
intervention, and significantly decreased after HIF-1α knockdown or LY294002 and Cyclopamine intervention. (b) Cell proliferation was detected by 
EdU experiment. EdU positive cells increased significantly in hypoxic environment or after 740 Y-P and Purmorphamine intervention, and decreased 
significantly after HIF-1α knockdown or LY294002 and Cyclopamine intervention (× 40, 50 μm). (c) Cell invasion was detected by Transwell experiment. 
The number of invasive cells increased significantly in hypoxic environment or after 740 Y-P and Purmorphamine intervention, and decreased 
significantly after HIF-1α knockdown or LY294002 and Cyclopamine intervention (× 20, 100 μm). (d) Ki-67, MMP2 and MMP9 expressions. 
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FIG. 6. In vivo experiment.
(a-c) OCSCs were implanted into the intracranial cavity of mice, and 740 Y-P, LY294002, Purmorphamine and Cyclopamine were injected 
intraperitoneally twice a week. The tumor volume was monitored weekly, and the tumor was stripped and weighed after 4 weeks. Tumor volume 
and weight increased significantly after 740 Y-P and purmorphamine intervention, and decreased significantly after LY294002 and cyclopamine 
intervention. (d). Ki-67 and CD31 expressions in tumor tissues were detected by immunohistochemistry. They increased significantly after 740 Y-P and 
Purmorphamine intervention, and decreased significantly after LY294002 and Cyclopamine intervention (× 20, 100 μm). (e, f) PAS staining was used 
to detect angiogenesis in tumor tissues. 740 Y-P and Purmorphamine could promote VM formation, while LY294002 and Cyclopamine could inhibit 
VM formation (× 20, 100 μm). (g) PI3K pathway protein expressions were detected by Western blot. The expression of p-PI3K and p-AKT increased 
notably when 740 Y-P intervention, and decreased significantly after LY294002 intervention. (h) Hedgehog pathway protein expressions were detected 
by Western blot. The expression of Smo, SHH and Gli1 protein increased significantly after Purmorphamine intervention, and decreased significantly 
after Cyclopamine intervention. (i-k) VM formation and invasion-related protein levels in tumor tissues were detected by Western blot. When 740 Y-P 
and Purmorphamine treatment, E-cadherin level was significantly decreased, N-cadherin, VE-cadherin, MMP2 and MMP9 protein expressions were 
significantly increased. However, after LY294002 and Cyclopamine treatment, the above protein levels were significantly reversed.
n = 5, data are represented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. Repeated-measures ANOVA was used to analyze 
the tumor growth curve. One-way ANOVA followed by Tukey’s Honest Significant Difference as a post-hoc test to determine the corrected significance 
of comparison between multiple groups, or Kruskal-Wallis test followed by Dunn’s test as a post-hoc test to ascertain the corrected significance of 
comparison between multiple groups was used where appropriate. 
OCSCs, ovarian cancer stem cells; HIF-1α, hypoxia-inducible factor-1α; PI3K, phosphatidylinositol 3-kinase; PI3K, phosphatidylinositol 3-kinase; AKT, 
protein kinase B; Smo, smoothened; SHH, sonic hedgehog; MMP, matrix metalloproteinase; SD, standard deviation.
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Previous studies have shown that hypoxic conditions upregulate HIF-
1α expression in tumor cells and promote VM formation30, whereas 
HIF-1α downregulation suppresses VM-like structure formation and 
inhibits glioma growth.31 In this study, the expression of HIF-1α in 
SK-OV-3 OCSCs was markedly increased under CoCl

2
-induced hypoxic 

conditions. This may reflect the rapid proliferation of OCSCs, which 
creates an insufficient endothelial-dependent blood supply. To 
adapt to this ischemic and hypoxic state, tumor cells increase HIF-
1α expression, activate downstream target genes, and ultimately 
promote VM formation.

Previous studies have shown that HIF-1α expression is regulated by 
the PI3K/AKT pathway, and inactivation of this pathway results in 
reduced HIF-1α expression.32,33 Other evidence suggests that HIF-1α 
may act as an inducer of Hedgehog signaling. Wei et al.34 reported 
that HIF-1α promotes autocrine secretion of SHH in glioma cells, 
thereby activating the Hedgehog pathway, whereas the HIF-1α 
inhibitor AMSP-30m suppresses Hedgehog pathway activity.35 The 
PI3K/AKT pathway is initiated when PI3K activates AKT through 
phosphatidylinositol family members and plays a critical role in 
OC progression, including growth, metastasis, drug resistance, 
and angiogenesis.36,37 Hedgehog signaling consisted of four major 
components: ligands (SHH, IHH, and DHH), transmembrane 
receptors (Ptch and Smo), nuclear transcription factors (Gli1, 
Gli2, and Gli3), and downstream target genes.38 SHH is essential 
for gonadal tissue growth and function39, including ovarian and 
follicular development. Smo is a seven-transmembrane receptor 
protein40 whose cysteine-rich domain is required for Hedgehog 
activity, while Gli1 primarily functions as transcriptional activator. 
Activation of Hedgehog signaling has been shown to promote tumor 
VM.18 Furthermore, inhibition of both Hedgehog and PI3K pathways 
suppresses tumor growth, stem cell-like properties, and stem 
cell marker expression.41 Conversely, activation of Hedgehog and 
PI3K/AKT signaling enhances the multidirectional differentiation 
potential of CSCs in various cancers9,42, whereas inhibition of these 
pathways reduces cancer cell proliferation and endothelial cell 
angiogenesis.36,43-46

The results of this study showed that the levels of p-PI3K, p-AKT, 
Smo, SHH, and Gli1 proteins were significantly increased after 24 h 
of hypoxia in SK-OV-3 OCSCs, indicating activation of the PI3K/AKT 
and Hedgehog signaling pathways. In contrast, HIF-1α knockdown 
inhibited the activation of both pathways. These findings suggest 
that PI3K/AKT and Hedgehog signaling are involved in the VM-
forming capacity of SK-OV-3 OCSCs.

Three key factors contribute to hypoxia-induced VM formation: 
CSCs, EET, and tumor extracellular matrix (ECM) remodeling. 
During EET, tumor stem cells lose epithelial markers and acquire 
endothelial-like properties, forming VM structures on the remodeled 
ECM “scaffold”. E-cadherin, an epithelial marker responsible for 
maintaining tight junctions between cells, decreases during this 
process. Reduced E-cadherin expression weakens intercellular 
adhesion, causing cancer cells to lose polarity and connectivity, 
thereby gaining motility and invasive potential.47 N-cadherin, a 
single-chain transmembrane glycoprotein, mediates adhesion 
between different cell types and plays important roles in tumor 
transformation, apoptosis, and angiogenesis.48 VE-cadherin, which 

mediates adhesion between adjacent endothelial cells, is critical 
for vascular integrity and regulation of endothelial permeability. 
Experimental evidence shows that VE-cadherin promotes adhesion 
of mouse breast cancer cells to VE cells in vitro, facilitating tumor 
dissemination and metastasis.49 Another study reported that 
phosphorylation of VE-cadherin reduced VM formation in human 
breast cancer.50 Collectively, these findings highlight the central role 
of VE-cadherin in VM development.

Currently, 3D culture is an important in vitro model for studying VM, 
as it more closely mimics the in vivo growth environment. Under 
hypoxic conditions, E-cadherin expression decreased, whereas 
N-cadherin and VE-cadherin expressions increased in OCSCs. 
Hypoxia also promoted earlier formation of VM tubular structures 
in SK-OV-3 OCSCs, with a more regular grid pattern, increased 
numbers of branch points and 3D channels, and greater structural 
plasticity, indicating that hypoxia induced EET and VM formation. In 
addition, the proliferative and invasive capacities of SK-OV-3 OCSCs 
were significantly enhanced by hypoxia. Knockdown of HIF-1α 
suppressed EET, VM formation, and the proliferation and invasion 
of OCSCs. Importantly, treatment with 740 Y-P and purmorphamine 
attenuated the inhibitory effects of HIF-1α knockdown, whereas 
LY294002 and cyclopamine enhanced them. These findings suggest 
that HIF-1α knockdown inhibits activation of the PI3K and Hedgehog 
pathways, thereby blocking EET, VM formation, and the malignant 
phenotype of SK-OV-3 OCSCs.

Finally, OCSCs were implanted into the brains of Nu/Nu mice, 
and 740 Y-P, LY294002, purmorphamine, and cyclopamine were 
administered intraperitoneally. Treatment with 740 Y-P and 
purmorphamine significantly promoted OCSC growth, proliferation, 
EET, and VM formation, accompanied by activation of the PI3K 
and Hedgehog pathways. In contrast, LY294002 and cyclopamine 
exerted the opposite effects, suppressing these processes. These 
results indicate that inhibition of PI3K and the Hedgehog signaling 
suppresses VM formation in xenografted OCSCs. Thus, both pathways 
play critical roles in OC progression by promoting VM formation, 
and they may regulate CSC properties and EET in OC.

In summary, this study successfully induced the formation of OCSC 
and demonstrated that inhibition of the PI3K and Hedgehog signaling 
pathways significantly reduced hypoxia-induced OCSC proliferation, 
EET, and VM formation. These findings provide theoretical support 
for the development of new anti-vascular therapeutic strategies in 
OC and suggest novel avenues for targeted therapy. However, this 
study has limitations. Further in vivo and clinical investigations are 
needed to clarify whether inhibition of these pathways suppresses 
VM formation through OCSCs. Moreover, given the complexity of 
VM formation, the precise molecular mechanisms by which the 
PI3K and Hedgehog pathways regulate this process warrant further 
exploration.
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