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Abstract: Growth differentiation factor 15 (GDF15) is upregulated in most cases of epithelial ovarian cancer (EOC); 
however, its functions in EOC are not fully understood. In this study, we knocked down GDF15 in EOC cells before 
performing high-throughput sequencing to identify genes regulated by GDF15. GDF15 was overexpressed to de-
termine its effect on the viability, migration, and response of EOC cells to gemcitabine, carboplatin, and paclitaxel. 
Reprogramming of glucose and cholesterol metabolism in EOC cells was evaluated based on oxygen consumption, 
lactic acid production, complex I activity, and free and esterified cholesterol levels. The activities of ATP-binding cas-
sette (ABC)B1 and ABCC1 were assessed based on the expulsion efficiency of rhodamine 12. GDF15 overexpres-
sion promoted cell viability, migration, and resistance to gemcitabine. In addition, GDF15 induced glycolysis and 
increased cholesterol levels in EOC cells. Cholesterol metabolism regulated by GDF15 contributed to the resistance 
of EOC cells to gemcitabine by elevating ABCB1 and ABCC1 levels in lipid rafts. DHCR24 plays an important role in 
cholesterol synthesis. DHCR24 was identified as a downstream effector of GDF15, because knockdown of DHCR24, 
but not treatment with statins, suppressed the cancer-promoting effect of GDF15. Overall, GDF15 promoted the 
resistance of EOC cells to gemcitabine via DHCR24-mediated cholesterol metabolism to elevate ABCB1 and ABCC1 
levels in lipid rafts. Therefore, GDF15 and DHCR24 are potential therapeutic targets for suppressing the growth of 
EOC cells and improving their sensitivity to gemcitabine.
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Introduction

Ovarian cancer continues to pose a serious 
health threat as one of the most significant 
female malignant tumors. Recent data shows 
over 50000 new cases of ovarian cancer and 
over 20000 deaths in China annually [1, 2]. The 
early symptoms of ovarian cancer are relatively 
concealed, leading to its diagnosis at a late 
stage in many patients, greatly increasing the 
challenge of treatment. The current standard 
treatment strategy for early stage ovarian can-
cer is still dominated by surgery and postopera-
tive chemotherapy. For patients at a late stage, 
chemotherapy has become one of the few 
available options for controlling the progres-

sion of ovarian cancer. However, many challeng-
es are associated with chemotherapy, such as 
drug resistance and toxic side effects, which 
seriously affect the clinical prognosis of pa- 
tients. The overall five-year survival rate of ovar-
ian cancer patients below 50% is still unsatis-
factory [1, 2].

Epithelial ovarian cancer (EOC) is the main sub-
type of ovarian cancer, accounting for approxi-
mately 70% of all ovarian cancer cases. EOC 
cells exhibit an aggressive proliferation pattern, 
partly because the energy metabolism of most 
EOC cells undergoes reprogramming. In addi-
tion, metabolic reprogramming helps EOC cells 
adapt to different tumor microenvironments. 
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During the occurrence and development of 
tumors, the energy metabolism pattern of cells 
undergoes significant changes to cope with the 
metabolic pressure in the microenvironment at 
different stages [3]. The role of cholesterol 
metabolism in EOC has received increasing 
attention. Reprogramming of cholesterol meta- 
bolism pathways is considered a marker of EOC 
progression [4]. Recent studies have shown 
that targeting cholesterol metabolism can in- 
hibit the proliferation and invasion of EOC cells 
and attenuate drug resistance [5]. Therefore, 
the development of anti-tumor drugs with cho-
lesterol inhibition has important clinical signifi-
cance for the treatment of EOC.

Lipid rafts are heterogeneous and highly fluid, 
ranging from 10 to 200 nm in the cell mem-
brane. They are rich in cholesterol and provide 
a platform for proteins and lipids to regulate 
their biological activities. A variety of mem-
brane receptors (e.g., epidermal growth factor 
receptor) and transport proteins, such as ATP-
binding cassette (ABC) transporter family mem-
bers, are concentrated in lipid rafts [6]. ABC 
transporter superfamily members participate 
in the transport of a wide range of lipophilic and 
amphiphilic compounds in an ATP-dependent 
manner. Some family members, such as ABCB1 
(also known as MDR-1 and P-gp), ABCC1 (also 
known as MRP-1), and ABCG2, are upregulated 
in cancers and are associated with multidrug 
resistance [7, 8]. ABCB1 expels a broad range 
of anticancer drugs from cells and is implicated 
in both intrinsic and acquired drug resistance 
[7, 8].

Growth differentiation factor 15 (GDF15) is a 
member of the transforming growth factor β 
superfamily. GDF15 can bind to its receptor, 
GDNF family receptor alpha like (GFRAL), and 
then induce RET to activate the downstream 
AKT and MAPK signaling pathways [8, 9]. 
Therefore, GDF15 plays an important role in 
pathological processes such as proliferation, 
invasion, and drug resistance in EOC cells. 
Immunohistochemical studies have found that 
GDF15 levels in ovarian cancer tissues are 
closely related to matrix metallopeptidase 2 
and 9, indicating that GDF15 levels are closely 
related to EOC metastasis and migration [9, 
10]. Our previous study also found high expres-
sion of GDF15 in EOC cells, which was induced 
by the downregulation of the long noncoding 

RNA GAS5 through CCAAT enhancer-binding 
protein beta. High GDF15 expression promotes 
cancer cell proliferation and invasion by sup-
pressing apoptosis [11]. Using high-throughput 
sequencing, this study revealed, for the first 
time, more unreported genes regulated by 
GDF15 in EOC cells. This study aimed to explore 
a new pathological mechanism of action of 
GDF15 in EOC.

Materials and methods

Bioinformatics analysis

GDF15 mRNA expression and protein levels 
were analyzed in ovarian cancer and corre-
sponding normal tissues using data from the 
TCGA database (http://gepia.cancer-pku.cn/
index.html) and UALCAN (https://ualcan.path.
uab.edu/analysis-prot.html), respectively. UAL- 
CAN provides protein expression analyses us- 
ing data from the Clinical Proteomic Tumor 
Analysis Consortium and International Cancer 
Proteogenome Consortium datasets. The asso-
ciation of GDF15 expression with the overall 
survival of patients with ovarian cancer was 
analyzed using hazard ratio using OSov, a pub-
lic website for bioinformatics analysis (https://
bioinfo.henu.edu.cn/OV/OVList.jsp). OSov enco- 
mpasses 22 expression datasets containing 
information on 3238 patients with ovarian 
cancer.

Cell culture

The OC cell lines OVCAR3 and SKOV3 were 
obtained from the American Type Culture 
Collection (Rockville). SKOV3 cells were cul-
tured in Dulbecco’s Modified Eagle’s medium 
(DMEM; Gibco, China) supplemented with 10% 
fetal bovine serum (FBS; Gibco). OVCAR3 cells 
were maintained in RPMI-1640 medium (Gibco) 
supplemented with 10% FBS. Cell cultivation 
was performed in a humidified 5% CO2 and 
37°C incubator, and the culture medium was 
replaced three times each week.

Cell transfection

Short hairpin (sh)RNAs targeting GDF15 and 
DHCR24 and the corresponding negative con-
trol were synthesized by GenePharma (Suzhou, 
China) to induce RNA knockdown. The shRNA 
sequences used in this study are listed in Table 
1. A full-length complementary DNA (cDNA) of 
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Table 1. The information of shRNAs
Gene Numb. Sequences (5’-3’)
GDF15 1 AGACTCCAGATTCCGAGAGTT

2 GCTCCAGACCTATGATGACTT
3 TCTCAGATGCTCCTGGTGTTG

DHCR24 1 GCTCTCGCTTATCTTCGATAT
2 GCTCTCGCTTATCTTCGATAT
3 CGAGTCATCATCCCACAAGTA

human GDF15 was synthesized by Sangon 
Biotech and cloned into the pcDNA3.1 vector 
(TAKARA, Beijing, China) to construct the over-
expression plasmid pcDNA-GDF15. A DNA 
Midiprep Kit (Thermo Fisher Scientific) was 
used to prepare the overexpression plasmid. 
OVCAR3 and SKOV3 cells were plated in 6-well 
plates (2×105/well) and grown in a 37°C incu-
bator overnight. Transfection was perform- 
ed using Lipofectamine 3000 (Invitrogen- 
California). Cells were harvested 48 h post 
transfection for further experiments. Trans- 
duction of OVCAR3 cells with a lentivirus-en- 
capsulated GDF15 overexpression vector and 
DHCR24 shRNA resulted in stable overexpres-
sion of GDF15 and knockdown of DHCR24.

Quantitative reverse-transcription polymerase 
chain reaction (qRT-PCR)

RNA was isolated using TRIZOL reagent (TAK- 
ARA). Reverse transcription was performed 
using oligo(dT) primers and Revertaid M Mulv 
Reverse Transcriptase (Thermo Fisher Scien- 
tific). Thereafter, qRT-PCR was performed using 
2×SYBR Green PCR Master mix (Thermo Fisher 
Scientific) using the 2-ΔΔCt method. The primers 
used in this study are listed in Table 2.

Western blot

Proteins were extracted using RIPA lysis buffer 
(Beyotime, Shanghai, China) in the presence of 
protease inhibitors (Thermo Fisher Scientific). 
Proteins were separated by SDS-PAGE and 
transferred onto nitrocellulose membranes. 
Primary antibodies were used to target the indi-
cated proteins on the membranes. Detailed 
information regarding the primary antibodies 
used is provided in Table 3. The targeted pro-
teins were observed by incubation with an HRP-
labeled secondary antibody (ab6721, Abcam) 
and ECL reagent using the LAS-3000 (FUJIFILM, 
Tokyo, Japan) system.

Cell viability test

The 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenylte- 
trazoliumbromide (MTT) was used to assess 
cell viability. Briefly, 50 μl of MTT reagent was 
dissolved in PBS and added to each well of a 
96-well plate in a 37°C incubator. Thereafter, 
150 μl of dimethyl sulfoxide was added to each 
well to dissolve formazan. Optical density was 
measured at 570 nm using a microplate reader 
(Bio-Rad, Hercules, CA).

Apoptosis test

Cells were incubated with Annexin V-FITC and 
propidium iodide (PI) and analyzed by flow 
cytometry using FlowJo software. After fluores-
cence analysis, the software generated a scat-
ter plot, and the areas of Annexin V+/PI+ and 
Annexin V+/PI- were regarded as apoptotic 
cells.

Cell migration test

Cells were seeded in 6-well plates and grown  
to approximately 90% confluence. Cells were 
scraped with a pipette and rinsed with serum-
free 10% FBS medium for 24 h. To exclude the 
interference of cell proliferation in cell migra-
tion, we added the cell division inhibitor mito-
mycin (1 µg/ml, Selleck). Cell migration was 
examined using phase-contrast microscopy 
(Olympus, Tokyo, Japan).

Co-immunoprecipitation

Cells were incubated with RIPA lysis buffer 
(Beyotime) in the presence of protease inhibi-
tors (Thermo Fisher Scientific). Cell lysate 
supernatants were incubated with primary anti-
GFRAL antibody or control IgG at 4°C overnight. 
Protein A/G PLUS-agarose beads (Santa Cruz 
Biotechnology) were mixed with the cell lysates 
at 4°C for 2 h. Thereafter, the beads were iso-
lated for RET analysis in the protein complex by 
western blotting.

Cholesterol measurement

The cellular free cholesterol concentration was 
measured using a cholesterol assay kit accord-
ing to the manufacturer’s instructions (ab- 
65390, Abcam). Briefly, cells were lysed and 
incubated with cholesterol oxidase. Fluore- 
scence (Ex/Em=538/587 nm) was measured 
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Table 2. The information of Primer in PCR assay
Genes Direction Sequence (5’-3’) Tm
GDF15 Forward GACCCTCAGAGTTGCACTCC 61.9

Reverse GCCTGGTTAGCAGGTCCTC 61.7
DHCR24 Forward GCCGCTCTCGCTTATCTTCG 63

Reverse GTCTTGCTACCCTGCTCCTT 61.3
GAPDH Forward GGAGCGAGATCCCTCCAAAAT 61.6

Reverse GGCTGTTGTCATACTTCTCATGG 60.9

Table 3. The information of primary anti-bodies
Primary antibodies MW (kDa) Dilution Company/Catalog
GDF15 34 1:100 Abcam/ab206414
DHCR24 50 1:100 Proteintech/10471-1-AP
GFRAL 44 1:100 NOVUS/NBP3-09606
RET 124 1:100 Abcam/ab134100
p-AKT 56 1:200 Abcam/ab38449
AKT 56 1:200 Abcam/ab8805
NPC1 149 1:100 Proteintech/13926-1-AP
NPC2 17 1:100 Proteintech/19888-1-AP
ABCB1 150 1:100 Proteintech/22336-1-AP
ABCC1 150 1:100 Proteintech/67228-1-Ig
p-ATM 351 1:200 Abcam/ab81292
ATM 351 1:200 Abcam/ab32420
FLOT1 48 1:100 Abcam/ab78178
CAV1 25 1:100 Proteintech/16447-1-AP
Histone3 15 1:500 Abcam/ab176842
GAPDH 40 1:500 Abcam/ab8245

using an Infinite F500 microplate reader 
(TECAN, Männedorf, Switzerland). Cholesteryl 
esters were tested by initially converting them 
into free cholesterol by cholesterol esterase. 
The total cholesterol was defined as the amount 
of free cholesterol and cholesterol esters.

Measurement of cell oxygen consumption rate

The cell oxygen consumption rate was mea-
sured using an oxygen consumption assay kit 
(Cayman Chemical, Ann Arbor, MI). Briefly, cells 
were treated with MitoXpress-Xtra for the indi-
cated times, with mineral oil overlaid in each 
well. Finally, MitoXpress-Xtra fluorescence was 
detected using an Infinite F500 microplate 
reader (TECAN).

Measurement of glucose concentration in cul-
ture medium

He glucose concentration in the culture medi-
um was determined using glucose oxidase/per-

oxidase method, which is based on 
the reaction that glucose oxidase 
converts glucose and O2 into glucon-
ic acid and H2O2. H2O2 further reacts 
with 1,5-dimethyl-2-phenyl-4-amino-
pyrazoline and phenols to generate 
colored compounds with a maxi-
mum absorption wavelength of 570 
nm.

Intracellular lactic acid concentra-
tion measurement

Intracellular lactic acid concentra-
tion was determined using a lactic 
acid assay kit (Biovision, Wuhan, 
China) according to the manufac- 
turer’s instructions. The highly sen- 
sitive probe in the kit generated  
fluorescence (Ex/Em=535/587 nm) 
after reaction with lactic acid. Fluo- 
rescence was detected using an 
Infinite F500 microplate reader 
(TECAN).

Extracellular medium acidification 
rate (ECAR) measurement

Cells were seeded in 24-well plates 
at 2.5×104 cells/well. Before the 
measurements, the medium was 
replaced with 500 µL of DMEM con-
taining 10 mmol/L D-glucose and 2 

mmol/L L-glutamine. After steady-state extra-
cellular acidification rates were obtained, the 
ATP synthase inhibitor oligomycin (5 µM) was 
added to observe changes after blocking mito-
chondrial respiration. Finally, 2-deoxyglucose 
(100 mM) was added to suppress glycolysis.

Complex I activity test

Mitochondrial respiratory chain complex I activ-
ity was detected using a SolarBio detection kit 
(BC0510; Beijing, China). Briefly, the collected 
cells were mixed with the reagents supplied by 
the manufacturer before measuring the absor-
bance of each sample at 340 nm. One unit of 
enzyme activity was defined as the amount of 
enzyme catalyzing the consumption of 1 nmol 
NADH per minute per milligram of protein.

Lipid raft isolation

Cells were washed with a base buffer (20 mM 
Tris-HCl, pH7.8, 250 mM sucrose) supplement-
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ed with 1 mM CaCl2, 1 mM MgCl2, and protease 
inhibitors. Cells were then lysed by passage 
through a 22 gauge ×3 needle 20 times. The 
lysates were centrifuged at 1,000×g for 10 
min. An equal volume (2 ml) of base buffer con-
taining 50% OptiPrep (Axis-Shield, 12ICS06) 
was added to the supernatant, followed by cen-
trifugation for 90 min at 22,000 rpm at 4°C.

Measurement of rhodamine 123 (R123) efflux

Cells were incubated with R123 (10 μM in 
HBSS) at 10°C for 60 min. After washing with 
ice-cold HBSS, cells were cultured at 37°C for 
different time periods. The efflux of R123 was 
stopped by mixing the cells with ice-cold HBSS 
containing cyclosporin A (10 μM at final concen-
tration). The remaining R123 in the cells was 
determined by measuring fluorescence using 
an Infinite F500 microplate reader (TECAN).

Animal study

Twenty-four female BALB/c-nu nude mice (aged 
4-6 weeks) were acquired from the Experimen- 
tal Animal Center of China Medical University 
(China). All animal experiments were approved 
by the Ethics Committee for Animal Research  
of Jinzhou Medical University (approval num-
ber: 240106). The mice were divided into eight 
groups, with three mice per group. OVCAR3 
cells in the control group and those with stable 
GDF15 overexpression and DHCR24 knock-
down were injected subcutaneously into nude 
mice. Nude mice with GDF15-overexpressed 
OVCAR3 cells were orally administered mevas-
tatin (500 mg/kg) every 2 days to inhibit cho-
lesterol levels in the blood. Half of the mice 
were intraperitoneally administered gemcita- 
bine (100 mg/kg) once a week. Normal saline 
was administered to the other half. Tumor vol-
ume was calculated according to the following 
formula: tumor volume (V, mm3) = 0.5 × length 
× width. Mice were sacrificed using the cervical 
dislocation method. Tumor tissues were col-
lected for western blot analysis.

Measurement of GDF15 in cell culture me-
dium and tumor interstitial fluid

Human GDF15 Elisa Detection Kit was obtained 
from Abcam (ab155432). The concentration of 
GDF15 was tested in the culture medium of 
OVCAR3 and SKOV3 cells using the detection 
kit according to the manufacturer’s instruc-

tions. The interstitial fluid in xenograft tumors 
was obtained using a previously reported meth-
od [12]. Briefly, xenograft tumor tissues were 
harvested, placed on a triple-layered 10 µM 
nylon mesh, and spun at <50×g for 5 min to 
remove surface liquid. Next, the samples were 
centrifuged at 400×g, a previously validated 
speed at which intracellular contents are not 
liberated, for an additional 10 min. The fluid 
from this step was retained as interstitial fluid. 
The concentration of GDF15 was also tested in 
the interstitial fluid using the detection kit.

Statistical analysis

Each experiment was performed in triplicates. 
Data analysis was performed using GraphPad 
Prism software (GraphPad Software, CA). Data 
were expressed as mean ± standard deviation. 
Comparisons between two groups and among 
multiple groups were conducted using Stu- 
dent’s t-test and one-way ANOVA, followed by 
Tukey’s post hoc test. P<0.05 was considered 
statistically significant.

Results

Upregulation of GDF15 in ovarian cancer

As indicated by the TCGA database, GDF15 
expression was upregulated in ovarian cancer 
tissues compared with that in the correspond-
ing normal tissues (Supplementary Figure 1A). 
In addition, our previous study confirmed the 
upregulation of GDF15 mRNA and protein 
expression in EOC cells [11]. Data from the 
TCGA database showed that GDF15 mRNA 
expression was marginally increased in patients 
with ovarian cancer aged 61-80 years com-
pared with that in patients at other age stages 
(Supplementary Figure 1B). Data from UALCAN 
showed that GDF15 protein levels were signifi-
cantly increased in ovarian cancer patients 
aged 61-80 years compared with those aged 
40-60 years (Supplementary Figure 1C). As 
indicated by the TCGA database, GDF15 expres-
sion levels were not related to the prognosis of 
patients with ovarian cancer (Supplementary 
Figure 1D). However, OSov showed that GDF15 
expression was related to the overall survival  
of patients with ovarian cancer according  
to data from the GSE53963, GSE49997, 
GSE3149, GSE8841, and GSE18520 datasets 
(Supplementary Figure 1E). Age, stage, histolo-
gy, and grade, but not GDF15 expression, were 
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related to the overall survival of patients with 
ovarian cancer in several univariate and multi-
variate analyses using data from the GSE- 
51088, GSE73614, and GSE9891 datasets 
(Supplementary Figure 1F).

High-throughput sequencing revealed genes 
regulated by GDF15 in EOC cells

Since the effect of GDF15 on EOC cells is not 
completely understood, we initially conducted 
high-throughput sequencing after GDF15 kno- 
ckdown to identify genes regulated by GDF15 in 
EOC cells. Three shRNAs targeting GDF15 were 
transfected into EOC, OVCAR3, and SKOV3 
cells. As indicated by both PCR and western 
blot assays, shRNA3 showed the strongest 
effect on the knockdown of GDF15 among all 
the shRNAs (Figure 1A and 1B). shRNA2 exert-
ed the second strongest effect on the knock-
down of GDF15, followed by shRNA1. All three 
shRNAs were individually transfected into 
OVCAR3 and SKOV3 cells before high-through-
put sequencing to exclude interference caused 
by the different efficiencies in the knockdown 
of GDF15 by the three shRNAs. Figure 1C and 
1D show the heatmap and principal component 
analysis picture, respectively. A Venn diagram 
was used to identify the same downregulated 
genes after transfection with the three shRNAs. 
As shown in Figure 1E, 429 genes were down-
regulated by all the three shRNAs in OVCAR3 
cells. In addition, 696 genes were downregu-
lated by all the three shRNAs in SKOV3 cells. In 
total, 291 genes were downregulated by all the 
three shRNAs in both OVCAR3 and SKOV3 cells. 
Using the same method, we identified 437 
genes that were upregulated by all the three 
shRNAs in both OVCAR3 and SKOV3 cells 
(Figure 1F).

GDF15 induced GFRAL/RET/AKT signalling in 
EOC cells

In theory, upon binding to extracellular GDF15, 
GFRAL interacts with RET and activates the 
AKT signaling pathway [13]. We previously con-
firmed that EOC cells express GDF15 [11], but it 
is unclear whether GDF15 can be secreted by 
EOC cells to activate GFRAL/RET/AKT signaling 
in EOC cells. Since AKT is a well-known pro-can-
cer signal, identifying the self-activating signal 
of GDF15 in EOC cells is important. OVCAR3 
and SKOV3 cells were transfected with a GDF15 
expression vector. Both PCR and western blot-

ting confirmed the upregulation of GDF15 in 
OVCAR3 and SKOV3 cells after transfection 
with the GDF15 expression vector (Figure 2A 
and 2B). More importantly, we detected an 
increase in GDF15 levels in the cell culture 
medium after transfection with the GDF15 
expression vector, using a GDF15 ELISA detec-
tion kit. GDF15 expression decreased in the 
culture medium after cells were transfected 
with shRNA2 and shRNA3. These results sug-
gested that the secreted level of GDF15 was 
positively correlated with GDF15 expression 
levels in EOC cells (Figure 2C). Co-immuno- 
precipitation assays were performed to confirm 
the interaction between GFRAL and RET in EOC 
cells. GDF15 knockdown using shRNA2 and 
shRNA3 reduced RET enrichment in GFRAL 
cells (Figure 2D). Conversely, overexpression of 
GDF15 increased RET enrichment in GFRAL 
cells. Western blotting indicated that the total 
protein levels of GFRAL and RET were not influ-
enced by the knockdown and overexpression  
of GDF15. As an important downstream effec-
tor of RET, AKT showed decreased and in- 
creased phosphorylation after the knockdown 
and overexpression of GDF15, respectively. 
These results confirmed the activation of 
GFRAL/RET/AKT signaling in EOC cells by the 
secreted GDF15.

GDF15 increased cholesterol levels and in-
duced glycolysis in EOC cells

High-throughput sequencing assays showed 
that the expression of many genes was affect-
ed by GDF15 knockdown. Downregulated genes 
were used for GO enrichment analysis to deter-
mine the biological processes regulated by 
GDF15. This analysis implied that metabolic 
pathways, such as cholesterol and glycolysis, 
are regulated by GDF15 (Supplementary Figure 
2). Free cholesterol and total cholesterol, but 
not cholesterol esters, decreased after trans-
fection with shRNA2 and shRNA3 knockdown 
of GDF15 (Figure 3A). Conversely, overexpres-
sion of GDF15 increased free cholesterol and 
total cholesterol levels in EOC cells (Figure 3B). 
DHCR24, NPC1, and NPC2 are implicated in 
cholesterol biosynthesis and uptake. They were 
found to be regulated by GDF15 according to 
the results of the high-throughput sequenc- 
ing assay. Western blotting was performed  
to confirm these results. As shown in Figure  
3C, DHCR24 protein levels were decreased by 
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Figure 1. High-throughput sequencing revealed genes regulated by GDF15 in EOC. Three shRNAs targeting GDF15 
were transfected to EOC OVCAR3 and SKOV3 cells. (A) PCR and (B) western blot assays were conducted to test the 
mRNA and protein level of GDF15, respectively. (C) All the three shRNAs have been individually transfected to OV-
CAR3 and SKOV3 cells before the high-throughput sequencing assay. (D) The principal component analysis (PCA). 
(E) Venn diagram was used to find the same down-regulated genes after the transfection of the three shRNAs. 
(F) Venn diagram was used to find the same up-regulated genes after the transfection of the three shRNAs. Data 
expressed as mean ± standard deviation. P-value <0.05 was defined as specific statistical significance (*P<0.05, 
**P<0.01, ***P<0.001).

GDF15 knockdown but increased by GDF15 
overexpression. Although NPC1 and NPC2 were 
also regulated by GDF15, their regulatory eff- 
ects were much weaker than those of DHCR24. 

The oxygen consumption test showed that 
GDF15 knockdown by shRNA3 increased oxy-
gen consumption, whereas GDF15 overexpres-
sion decreased it (Figure 3D). GDF15 knock-
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Figure 2. GDF15 induces the GFRAL/RET/AKT signal in EOC. OVCAR3 and SKOV3 cells were transfected with GDF15 
expression vector. (A) PCR, (B) western blot and (C) Elisa assays were conducted to test the mRNA and protein level 
of GDF15 as well as the secreted GDF15. (D) Co-IP assay was undertaken to confirmed the interaction between 
GFRAL and RET in EOC. Data expressed as mean ± standard deviation. P-value <0.05 was defined as specific sta-
tistical significance (*P<0.05, **P<0.01, ***P<0.001).

down decreased glucose consumption and 
intracellular lactic acid levels (Figure 3E and 
3G). GDF15 overexpression increased glucose 
consumption and intracellular lactic acid levels 
but inhibited complex I activity (Figure 3E-G). 
This study also tested the ECAR to assess lactic 
acid secreted by EOC cells. GDF15 knockdown 
decreased the ECAR, whereas GDF15 overex-
pression increased it (Supplementary Figure 3). 
These results indicated that GDF15 induces 
glycolysis in EOC cells.

GDF15 suppressed the toxicity of gemcitabine 
in EOC cells

OVCAR3 and SKOV3 cells were exposed to dif-
ferent doses of carboplatin, gemcitabine, and 
paclitaxel, the three chemotherapeutic drugs 
used in ovarian cancer. Carboplatin, gem-
citabine, and paclitaxel decreased the viability 
of OVCAR3 and SKOV3 cells in a dose-depen-
dent manner (Figure 4A-C). The IC50 of gem-
citabine was 2.32 and 2.41 μM in OVCAR3 and 
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SKOV3 cells, respectively. The IC50 of carbopl-
atin was 15.22 and 17.67 μM in OVCAR3 and 
SKOV3 cells, respectively. The IC50 of paclitax-
el was 125.61 and 107.53 nM in OVCAR3 and 
SKOV3 cells, respectively. The drugs were clas-
sified into low, medium, and high doses based 
on their IC50 values. GDF15 overexpression 
further reduced the viability of OVCAR3 and 
SKOV3 cells upon treatment with low, medium, 
or high doses of gemcitabine. GDF15 overex-
pression further decreased the viability of 
SKOV3 cells at high carboplatin doses. GDF15 
overexpression further reduced the viability of 
OVCAR3 cells upon treatment with high doses 
of paclitaxel, as well as with medium and high 
doses of paclitaxel. Thus, GDF15 more effec-
tively suppressed the toxicity of gemcitabine 
than carboplatin and paclitaxel in EOC cells.  
We conducted apoptosis and cell migration 
assays to further investigate the protective 
effects of GDF15 against gemcitabine toxicity 
in EOC cells. Treatment with gemcitabine (5 
μM) induced a significant increase in the apop-
tosis rate of EOC cells (Figure 4D). However, 
transfection of the GDF15 expression vector, 
but not of the negative control, suppressed the 
increase in the apoptosis rate of EOC cells upon 
gemcitabine treatment. The migratory capacity 
of EOC cells was also suppressed by gem-
citabine (Figure 4E). GDF15 overexpression 
partially recovered the migratory capacity of 
EOC cells following gemcitabine treatment. To 
exclude the interference of cell proliferation in 
migration, we supplemented cells with mitomy-
cin to suppress EOC cell proliferation. Similarly, 
gemcitabine suppressed the migratory capaci-
ty of EOC cells. GDF15 overexpression partially 
recovered the migratory capacity of EOC cells 
following gemcitabine treatment.

DHCR24 mediated the effect of GDF15 on the 
resistance of EOC cells to gemcitabine

Three shRNAs targeting DHCR24 were trans-
fected into OVCAR3 and SKOV3 cells to knock-
down DHCR24. As indicated by the PCR assay, 
shRNA1 showed the highest efficiency in 

decreasing DHCR24 expression in OVCAR3 and 
SKOV3 cells (Figure 5A). These results were 
confirmed by western blotting. shRNA1 showed 
the highest efficiency in the knockdown of 
DHCR24 protein (Figure 5B). shRNA1 was used 
for DHCR24 knockdown in the following study. 
Free cholesterol, esterified cholesterol, and 
total cholesterol were detected in OVCAR3 and 
SKOV3 cells. GDF15 overexpression increased 
free and total cholesterol in the cells, whereas 
DHCR24 knockdown reversed this increase 
(Figure 5C). Importantly, DHCR24 knockdown 
suppressed cell viability (Figure 5D) and increa- 
sed the apoptotic rate of cells overexpressing 
GDF15 after gemcitabine treatment (Figure 
5E). The migration of GDF15-overexpressed 
OVCAR3 and SKOV3 cells was suppressed by 
DHCR24 knockdown after gemcitabine treat-
ment (Figure 5F). This effect was not influenced 
by the mitomycin-induced suppression of cell 
proliferation.

GDF15/DHCR24 increased ABCB1 and ABCC1 
levels in lipid rafts to increase the resistance 
of EOC cells to gemcitabine

Cholesterol is the primary component of a lipid 
raft [14]. ABCB1 and ABCC1 in lipid rafts have 
been reported to have an enhanced ability to 
transport drugs outside cells [15]. Western 
blotting revealed that ABCB1 and ABCC1 levels 
increased with GDF15 overexpression in EOC 
cells exposed to gemcitabine or not, but DH- 
CR24 knockdown suppressed the increase in 
ABCB1 and ABCC1 expression (Figure 6A). The 
ATM protein is sensitive to DNA damage caused 
by gemcitabine and initiates DNA repair. In the 
absence of gemcitabine, ATM phosphorylation 
was not affected by GDF15 overexpression or 
DHCR24 knockdown. Treatment with gem-
citabine increased ATM phosphorylation, which 
was further enhanced by GDF15 overexpres-
sion. In this study, we isolated lipid rafts from 
EOC cells. FLOT1 and CAV1 are proteins located 
in a lipid raft [15]. FLOT1 and CAV1 were pres-
ent in the isolated lipid raft but not in the 
remaining cell components (Figure 6B). His- 

Figure 3. GDF15 increased the cholesterol and induced glycolysis in EOC. (A) The free cholesterol, ester cholesterol 
and total cholesterol in EOC after the transfection with the shRNA2 and shRNA3 knocking down GDF15. (B) The free 
cholesterol, esterified cholesterol and total cholesterol in EOC after overexpressing GDF15. (C) Western blot was 
conducted to detect DHCR24, NPC1 and NPC2 protein levels after GDF15 knockdown and overexpression. (D) the 
oxygen consumption, (E) glucose level in culture medium, (F) the complex I activity and (G) lactic acid level in culture 
medium were tested after GDF15 knockdown and overexpression. Data expressed as mean ± standard deviation. 
P-value <0.05 was defined as specific statistical significance (*P<0.05, **P<0.01, ***P<0.001).



GDF15 in ovarian cancer

462 Am J Cancer Res 2025;15(2):452-469

Figure 4. GDF15 suppressed the toxicity of Gemcitabine in EOC. OVCAR3 and SKOV3 cells were transfected with 
GDF15 expression vector or the negative control. A-C. OVCAR3 and SKOV3 cells were exposed to different dosages 
of Carboplatin, Gemcitabine and Paclitaxel, followed by test of the viability of OVCAR3 and SKOV3 cells. D. The 
apoptosis of OVCAR3 and SKOV3 cells after exposing to Gemcitabine (5 μM). E. Cell migration rate of OVCAR3 and 
SKOV3 cells after exposing to Gemcitabine (5 μM). The bar in the pictures indicates 100 µm. Data expressed as 
mean ± standard deviation. P-value <0.05 was defined as specific statistical significance (*P<0.05, **P<0.01, 
***P<0.001).
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Figure 5. GDF15 increased cholesterol levels in EOC cells by DHCR24 thereby improving the resistance of EOC to 
Gemcitabine. Three kinds of shRNAs targeting DHCR24 were transfected to OVCAR3 and SKOV3 cells to knocked 
down DHCR24 in the cells. (A) PCR and (B) western blot assays were conducted to detect the mRNA and protein of 
DHCR24. (C) The free cholesterol, esterified cholesterol and total cholesterol in EOC after overexpressing GDF15 
and knocking down DHCR24. (D) Cell viability, (E) apoptosis and (F) migration rate were tested after overexpressing 
GDF15 and knocking down DHCR24. The bar in the pictures indicates 100 μm. Data expressed as mean ± standard 
deviation. P-value <0.05 was defined as specific statistical significance (*P<0.05, **P<0.01, ***P<0.001).

tone3 and GAPDH are proteins located in the 
nucleus and cytoplasm, respectively. These 

proteins were not detected in the isolated lipid 
raft, suggesting successful isolation of the lipid 
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Figure 6. GDF15/DHCR24 increased ABCB1 and ABCC1 in the lipid raft to increase the the resistance of EOC to 
Gemcitabine. A. Western blot was conducted to detect ABCB1, ABCC1, p-ATM and ATM after GDF15 overexpression, 
DHCR24 knockdown and treatment with Gemcitabine. B. This study isolated lipid raft from the EOC. FLOT1 and 
CAV1 are proteins located in lipid raft. As shown in western blot, FLOT1 and CAV1 are in the isolated lipid raft, but not 
in the rest cell components. Histone3 and GAPDH were not detected in the isolated lipid raft. C. Western blot was 
conducted to detect ABCB1, ABCC1, FLOT1 and CAV1 in the isolated lipid raft. D. R123 level in cells was tested at 
various time points. Data expressed as mean ± standard deviation. P-value <0.05 was defined as specific statistical 
significance (*P<0.05, **P<0.01, ***P<0.001).

raft. GDF15 overexpression increased ABCB1 
and ABCC1 expression in the isolated lipid raft, 
whereas DHCR24 knockdown suppressed the 

increase in ABCB1 and ABCC1 expression in 
the isolated lipid raft (Figure 6C). To further 
determine whether the functions of ABCB1 and 



GDF15 in ovarian cancer

465 Am J Cancer Res 2025;15(2):452-469

ABCC1 were regulated by GDF15 and DHCR24, 
we measured R123 levels in cells at various 
time points. GDF15 overexpression accelerat-
ed the reduction of R123 in cells, suggesting 
that GDF15 enhanced the ability of ABCB1 and 
ABCC1 to transport R123 outside cells (Figure 
6D). DHCR24 knockdown suppressed the func-
tion of GDF15.

GDF15/DHCR24 increased the resistance of 
EOC cells to gemcitabine in xenograft tumors, 
which cannot be suppressed by statins

In the nude mouse xenograft tumor model, the 
tumor volume of EOC cells was increased  
by GDF15 overexpression; however, DHCR24 
knockdown suppressed the function of GDF15 
(Figure 7A-C). Although statins have been 
shown to decrease serum cholesterol levels 
[16], they have not been shown to increase 
tumor volume upon GDF15 overexpression. 
Treatment with gemcitabine strikingly sup-
pressed the tumor volume, but GDF15 overex-
pression suppressed the effect of gemcitabine. 
DHCR24 knockdown, but not statin treatment, 
inhibited the function of GDF15 and counter-
acted gemcitabine toxicity. This study assess- 
ed GDF15 secretion levels in the tumor intersti-
tial fluid. GDF15 overexpression promoted  
the secretion of GDF15, which was not affected 
by statins or DHCR24 knockdown (Figure 7D). 
Western blot analysis indicated that GDF15 
overexpression increased the protein levels  
of DHCR24, ABCB1, and ABCC1 (Figure 7E). 
DHCR24 knockdown suppressed the increase 
in the levels of these three proteins; however, 
statins did not have such an effect.

Discussion

Previous studies have found abnormal GDF15 
expression in ovarian cancer [10, 11]. Increased 
GDF15 expression promotes the proliferation 
and invasion of ovarian cancer cells. This study 
further found that GDF15 is involved in the 
reprogramming of glucose and cholesterol 
metabolism in EOC cells. Cholesterol metabo-
lism regulated by GDF15 contributes to the 
resistance of EOC cells to gemcitabine by ele-
vating ABCB1 and ABCC1 levels in lipid rafts. 
GDF15 exerts its biological functions mostly by 
interacting with the receptor GFRAL [17]. When 
GDF15 binds to GFRAL, RET, a key tyrosine 
kinase receptor, is recruited to the GDF15/

GFRAL complex and is subsequently activated 
[17, 18]. This activation process involves the 
self-phosphorylation of RET. RET can further 
activate various cancer-promoting signaling 
pathways, such as PI3K/AKT, MAPK, and PLCγ 
[17, 18]. However, the downstream effectors 
that mediate the specific functions of GDF15 in 
EOC cells have not yet been fully elucidated.

This study revealed, for the first time, that 
DHCR24 is a novel downstream effector of 
GDF15. GDF15 overexpression increased DH- 
CR24 expression in EOC cells. More important-
ly, DHCR24 knockdown abolished most of the 
functions of GDF15 in the regulation of cell via-
bility, migration, and gemcitabine resistance. 
DHCR24 is a dehydrocholesterol reductase 
that plays a crucial role in cholesterol synthesis 
[19]. In recent years, an increasing number of 
studies have confirmed the important role of 
DHCR24 in various tumors, suggesting that it is 
a novel therapeutic target [20-22]. For exam-
ple, one study found that the expression of 
DHCR24 is significantly increased in HER2-
positive breast cancer tissues. DHCR24 facili-
tates the activation of the Hedgehog signaling 
pathway and increases the number of breast 
cancer stem cell-like cells [23]. DHCR24 also 
plays an important role in the development of 
hepatocellular carcinoma. Research has shown 
that high DHCR24 expression in HCC samples 
is associated with a poor clinical prognosis. 
Interference with DHCR24 suppresses the 
growth and migration of HCC cells. In addition, 
the natural product, genkwadaphnin, inhibits 
the expression and activity of DHCR24, which 
blocks cholesterol biosynthesis and lipid raft 
formation, consequently inhibiting the invasion 
and migration of HCC cells [24].

GDF15 regulates cholesterol metabolism main-
ly through DHCR24. In addition to DHCR24, this 
study found that GDF15 can regulate the 
expression of NPC1 and NPC2, both of which 
participate in the uptake of cholesterol from 
outside cells [25]. However, the regulatory 
effect of GDF15 on NPC1 and NPC2 was much 
weaker than that on DHCR24. This result sug-
gests that the GDF15-induced increase in cho-
lesterol levels in EOC cells is mainly dependent 
on cholesterol biosynthesis by DHCR24, rather 
than on the uptake of cholesterol by NPC1 and 
NPC2. Indeed, DHCR24 knockdown abolished 
most of the increase in cholesterol levels 
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induced by GDF15. Statins failed to suppress 
the cancer-promoting effects of GDF15. Statins, 
HMG-CoA reductase inhibitors, are capable of 
lowering serum cholesterol levels; therefore, 
they are commonly used to treat cardiovascular 
diseases. Recently, several reports have shown 
that statins inhibit the growth of various tumors, 
probably by hindering the production of choles-
terol from the tumor microenvironment or cho-
lesterol synthesis in cancer cells [26, 27]. How- 
ever, other reports have indicated that statins 
have a weak effect on cancer progression and 
patient mortality and morbidity rates [28, 29]. 
One potential reason is that statins have differ-
ent intracellular effects depending on their 
chemical structure [29], which may cause dif-
ferent outcomes during clinical treatment. 
Therefore, the effect of various types of statins 
on counteracting EOC with high GDF15 expres-
sion deserves further study.

Increased cholesterol levels in cancer cells has 
been associated with a strong resistance to 
chemical drugs [30, 31]. Cholesterol can be 
used to synthesize vitamin D3 and make up the 
cell membrane, especially the membrane lipid 
rafts. Lipid rafts contain high concentrations of 
cholesterol to maintain fluidity and perform 
other functions. Many proteins have been 
found to accumulate in lipid rafts, which main-
tains protein function, stabilizes certain pro-
teins together, and influences protein turnover 
[6, 32]. ABCB1 and ABCC1 are partially located 
in lipid rafts, and their functions depend on 
their direct lipid environment. ABCB1 has a 
higher affinity for its substrates when the sur-
rounding lipids are in the liquid-ordered phase 
rather than in the liquid-disordered phase [33, 
34]. ABCB1 levels in lipid rafts are likely regu-
lated by cholesterol. Troost et al. found that 
cholesterol depletion removes ABCB1 from raft 
membranes, resulting in the intracellular accu-

mulation of ABCB1 [35]. Consequently, ABCB1 
activity in the efflux substrate is reduced. 
However, cholesterol depletion restores ABCB1 
activity. Yun et al. found that Rp1, a novel gin-
senoside derivative, decreased ABCB1 activity 
in EOC cells, but the addition of cholesterol 
attenuated Rp1-induced raft aggregation and 
restored ABCB1 activity [14]. In our study, 
GDF15 overexpression increased the number 
of lipid rafts and ABCB1 and ABCC1 protein lev-
els. Consistent with our results, Hu et al. used 
methyl-β-cyclodextrin to destroy the lipid raft 
structure on the HCC cell membrane, which 
notably attenuated ABCB1 levels on the cell 
membrane [36]. These results suggest that 
ABCB1 levels are influenced by the lipid raft 
structure. As indicated by the output of R123 
from the cells, GDF15 also increased the func-
tions of ABCB1 and ABCC1. ABCB1 and ABCC1 
can release a wide range of drugs, particularly 
lipophilic and amphiphilic drugs. This character-
istic of ABCB1 and ABCC1 may explain why 
overexpression of GDF15 enhanced cell resis-
tance to lipophilic gemcitabine more effectively 
than to carboplatin, which has poor liposo- 
lubility.

Overall, this study found that GDF15 is involved 
in the reprogramming of glucose and choles-
terol metabolism in EOC cells. The cholesterol 
metabolism regulated by GDF15 contributed  
to the resistance of EOC cells to gemcitabine  
by elevating ABCB1 and ABCC1 levels in lipid 
rafts. As a downstream effector of GDF15, 
DHCR24 plays an important role in cholesterol 
synthesis. A diagram of this mechanism is pre-
sented in Figure 7F. The results of this study 
suggest that GDF15 and DHCR24 are potential 
therapeutic targets to suppress the growth  
of EOC cells and improve their sensitivity to 
gemcitabine. 

Figure 7. GDF15/DHCR24 increased the the resistance of EOC to Gemcitabine in xenograft tumors, which cannot 
be suppressed by Statin. A. A total of twenty-four female BALB/c nude mice (aged 4-6 weeks) were divided into 
eight groups, with three mice in each group. OVCAR3 cells in control and those with stable overexpression of GDF15 
and stable knockdown of DHCR24 were injected subcutaneously into nude mice to construct a nude mouse tumor 
model. Nude mice with GDF15-overexpressed OVCAR3 cells were orally administered with mevastatin (500 mg/kg) 
every 2 days to inhibit cholesterol levels in the blood. A half of the mice were administered with gemcitabine (100 
mg/kg) intraperitoneally once a week. Another half of the mice were administered with normal saline. B. The growth 
curve of tumor from day 7 to day 28. C. Tumor volume was calculated at day 28. D. This study assessed GDF15 
secretion levels in the tumor interstitial fluid. GDF15 overexpression promoted the secretion of GDF15, which was 
not affected by Statin and DHCR24 knockdown. E. Western blot was conducted to detect GDF15, DHCR24, ABCB1 
and ABCC1 in the xenograft tumors. F. The mechanism diagram of the role of GDF15 in the resistance of EOC to 
Gemcitabine. Data expressed as mean ± standard deviation. P-value <0.05 was defined as specific statistical sig-
nificance (*P<0.05, **P<0.01, ***P<0.001).
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Supplementary Figure 1. Bioinformatics analysis of GDF15 expression and its association with the overall survival 
in ovarian cancer. A. The mRNA expression level of GDF15 was analyzed in ovarian cancer and corresponding nor-
mal tissues using the data in database TCGA. GDF15 expression is up-regulated in ovarian cancer in comparison to 
the corresponding normal tissues. B. As indicated by TCGA, GDF15 mRNA expression is marginally increased in pa-
tients with ovarian cancer at 61-80 years old compared to patients at other age stages. C. UALCAN provides protein 
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expression analysis using data from Clinical Proteomic Tumor Analysis Consortium (CPTAC) and the International 
Cancer Proteogenome Consortium (ICPC) datasets. Data from UALCAN that show that GDF15 protein level is signifi-
cantly increased in patients with ovarian cancer at 61-80 years old compared to patients at 40-60 years old. D. As 
indicated by TCGA database, GDF15 expression level is not related to the prognosis of patients with ovarian cancer. 
E. The association of GDF15 expression to overall survival of the patient with ovarian cancer was analyzed by Haz-
ard Ratio (HR) using OSov, a public web for bioinformatics analysis. OSov shows that GDF15 expression is related 
to the overall survival of patients with ovarian cancer according to data from GSE53963, GSE49997, GSE3149, 
GSE8841 and GSE18520 datasets. F. The age, stage, histology and grade, but not GDF15 expression, are related 
to the overall survival of patients with ovarian cancer in several univariate and multivariate analysis, using data in 
GSE51088, GSE73614 and GSE9891 datasets.

Supplementary Figure 2. GO-enrichment analysis of biological processes regulated by GDF15. The high-throughput 
sequencing assay showed that many genes were impacted by GDF15 knockdown. The down-regulated genes were 
used for GO-enrichment analysis to find which biological processes are regulated by GDF15. The analysis implied 
that metabolisms, such as cholesterol and glycolysis, are regulated by GDF15.

Supplementary Figure 3. ECAR tests to assess the lactic acid secreted by EOC. This study also tested the ECAR 
to assess the lactic acid secreted by EOC. GDF15 knockdown decreased the ECAR, while GDF15 overexpression 
increased the ECAR.


