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Abstract
Background: Chemotherapy resistance is a primary reason of ovarian cancer
therapy failure; hence it is important to investigate the underlying mechanisms
of chemotherapy resistance and develop novel potential therapeutic targets.
Methods: RNA sequencing of cisplatin-resistant and -sensitive (chemoresis-
tant and chemosensitive, respectively) ovarian cancer organoids was performed,
followed by detection of the expression level of fibrillin-1 (FBN1) in organoids
and clinical specimens of ovarian cancer. Subsequently, glucose metabolism,
angiogenesis, and chemosensitivity were analyzed in structural glycoprotein
FBN1-knockout cisplatin-resistant ovarian cancer organoids and cell lines. To
gain insights into the specific functions and mechanisms of action of FBN1 in
ovarian cancer, immunoprecipitation, silver nitrate staining, mass spectrometry,
immunofluorescence, Western blotting, and Fоr̈ster resonance energy transfer-
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fluorescence lifetime imaging analyses were performed, followed by in vivo
assays using vertebrate model systems of nude mice and zebrafish.
Results: FBN1 expression was significantly enhanced in cisplatin-resistant ovar-
ian cancer organoids and tissues, indicating that FBN1 might be a key factor in
chemoresistance of ovarian cancer. We also discovered that FBN1 sustained the
energy stress and induced angiogenesis in vitro and in vivo, which promoted the
cisplatin-resistance of ovarian cancer. Knockout of FBN1 combined with treat-
ment of the antiangiogenic drug apatinib improved the cisplatin-sensitivity of
ovarian cancer cells. Mechanistically, FBN1 mediated the phosphorylation of
vascular endothelial growth factor receptor 2 (VEGFR2) at the Tyr1054 residue,
which activated its downstream focal adhesion kinase (FAK)/protein kinase B
(PKB or AKT) pathway, induced the phosphorylation of signal transducer and
activator of transcription 2 (STAT2) at the tyrosine residue 690 (Tyr690), pro-
moted the nuclear translocation of STAT2, and ultimately altered the expression
of genes associated with STAT2-mediated angiogenesis and glycolysis.
Conclusions: The FBN1/VEGFR2/STAT2 signaling axis may induce chemore-
sistance of ovarian cancer cells by participating in the process of glycolysis and
angiogenesis. The present study suggested a novel FBN1-targeted therapy and/or
combination of FBN1 inhibition and antiangiogenic drug for treating ovarian
cancer.
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1 BACKGROUND

Ovarian cancer is the fifth leading cause of female cancer-
induced death, with the majority of cases diagnosed at
an advanced stage of metastatic disease when therapeutic
options are limited [1]. The overall mortality has plateaued
over the last two decades but remains high worldwide,
making ovarian cancer one of the deadliest gynecologi-
cal malignancies [2, 3]. Worldwide, an estimated 313,959
new ovarian cancer cases and 207,252 resulting deaths
occurred in 2020 [4, 5]. The majority of ovarian can-
cers are epithelial in origin and preferentially treated by
cytoreductive surgery followed by cytotoxic platinum and
taxane chemotherapy [6]. However, around two-thirds of
patients with ovarian cancer develop resistance to these
drugs, ultimately resulting in disease relapse [7].Moreover,
after episodes of recurrent disease, patients often develop
chemoresistance, eventually leading to low 5-year survival
rates of 25%-35% [8, 9]; this highlights the urgent require-
ment for exploring the chemoresistance of ovarian can-
cer and developing new potential therapeutic targets to
improve treatment outcomes [10].
Fibrillin-1 (FBN1) belongs to the fibrillin family, which

includes FBN1, FBN2, and FBN3, and contributes to the

diagnosis of genetically determined diseases such as Mar-
fan syndrome [11] and congenital contractural arachn-
odactyly [12]. As reported previously, FBN1 protein was a
large extracellular matrix glycoprotein that formed thread-
like microfibril filaments, which provided structural sup-
port for tissues, formed elastic fibers in the skin and ves-
sels, regulated the availability of the transforming growth
factor beta (TGF-β) protein [13–17], and modulated the
microenvironment [18–21]. Mutations in the FBN1 gene
are known to cause autosomal dominant disorders, Mar-
fan syndrome, and other related diseases of connective tis-
sues, collectively known as type-1 fibrillinopathies [22, 23].
Recent data suggested that FBN1 was markedly overex-
pressed in testicular germ cell tumors and contributed to
in situ tumor development [22]. Guo et al. [18] reported
that methylation modification of FBN1 promoter was a
distinctive molecular marker in colorectal cancer, indicat-
ing an effective means for its screening. Overexpression of
FBN1 was indicative of early recurrence of ovarian cancer
patients who were initially platinum-sensitive [24]. How-
ever, the role of FBN1 in ovarian cancer and the underlying
molecular mechanisms remain to be established.
In our present study, we established cisplatin-resistant

and -sensitive three-dimensional (3D) organoids of ovarian
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cancer for investigating chemoresistance. By using ovar-
ian cancer models of organoids, tissues, and cell lines,
we examined the expression level of FBN1 and its role
in cisplatin-resistance. Finally, the mechanism of FBN1-
induced chemoresistance was elucidated.

2 MATERIALS ANDMETHODS

2.1 Clinical data of ovarian cancer
patients

After signing informed consent, high-grade serous ovarian
carcinoma samples were gained from patients with epithe-
lial ovarian cancer at Xinhua Hospital, Shanghai Jiaotong
University School of Medicine (Shanghai, China) between
January 2008 and December 2017. The samples were con-
firmed by 3 pathologists. Patients with other tumors were
excluded. Overall survival (OS) was assessed as the inter-
val time from surgery to death of any reasons or the most
recent follow-up. Progression-free survival (PFS) wasmea-
sured from the surgery to disease relapse or progression.
PFS shorter than 6 months was considered as chemoresis-
tant; otherwise, it was chemosensitive.

2.2 Organoid formation and culture

The organoids were generated and cultured as follows.
Firstly, fresh high-grade serous ovarian cancer tissueswere
promptly brought into cell culture room after surgery, and
then suspended in Advanced Dulbecco’s Modified Eagle’s
Medium (DMEM)/F12 (10-092-CVRC, Corning, Corning,
NY, USA) supplemented with 1% penicillin-streptomycin
(15140122, Gibco, Carlsbad, CA, USA). Tumor tissues were
carefully sliced into 2-3 mm pieces and digested at 37◦C
for 1 h with type IV collagenase (C9407, Sigma-Aldrich,
St. Louis, MO, USA). Subsequently, 70-μm filters (352350,
Corning) were used to filter above samples. Cell pellets
were produced by centrifuging for 5 min at 1000 revo-
lutions per minute, washed for 3 times with red blood
and then well mixed with growth factor-reduced Matrigel
(CB-40230C, Corning). When the Matrigel was solidified,
500 μL advanced DMEM/F12 medium containing spe-
cific growth factors was added by the modified method of
Willert et al. [25] with 10 mmol/L nicotinamide (N0636,
Sigma, St. Louis,MO,USA) added.Organoids derived from
ovarian cancer patientswere cultured at 37◦Cwith 5%CO2.
The culture medium was changed every 2 or 3 days.
In our study, chemosensitive organoids were gener-

ated from cisplatin-sensitive primary ovarian cancer tis-
sues. The concentration gradient increasing method was
applied to construct the chemoresistant organoids based

on the corresponding cisplatin-sensitive ovarian cancer
organoids.

2.3 Generation of FBN1-knockout (KO)
organoids and cell lines

With the aid of CRISPR/Cas9 gene editing system, we suc-
cessfully built two FBN1-KO chemoresistant ovarian can-
cer organoids and OVCA433 cells [American Type Cul-
ture Collection (ATCC), Rockville, MD, USA], designated
as FBN1-KO1 and FBN1-KO2 as described earlier [26, 27].
Sequencing was performed to verify the knockout effect.
After cells and organoids were infected with lentivirus
packaging system for 72 h, puromycin (2 μg/mL) was used
for selection of the stable transgenic models for 3 days.
Western blottingwas finally conducted to confirm the defi-
ciency of FBN1 protein.

2.4 Plasmid construction and viral
infection

For generating stable cell lines, lentiviruses (System Bio-
sciences, San Francisco, CA, USA) harboring scram-
bled shRNA (shNC) or specific shRNAs against signal
transducer and activator of transcription 2 (shSTAT2)
were transduced into chemoresistant ovarian cancer
organoids and OVCA433 cells. The sequences of shSTAT2
were as follows: 5’-CCACAUAGCUGAUCUGAAAUU-3’.
Lentiviruseswere generated byHEK293T cellswith recom-
binant vectors and pPACKPackaging PlasmidMix (System
Biosciences). shRNA vectors were produced by cloning
short hairpin RNA fragments into pSIH-H1-Puro (SBI) and
overexpression vectors were generated by inserting ampli-
fied gene fragments into pCDH (System Biosciences).

2.5 Establishment of chemoresistant
ovarian cancer cells and cell culture

The concentration gradient increasing method was used
to generate cisplatin-resistant OVCA433 ovarian cancer
cells (OVCA433-CisR). OVCA433 andOVCA433-CisR cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% fetal bovine serum (FBS) (Gibco) at
37◦C in 5% CO2.

2.6 Colony formation assay

OVCA433-CisR cells (1,500 cells/dish) were seeded onto
3.5 cm plates and cultured under 5% CO2 at 37◦C for 24



248 WANG et al.

h. The cells were treated with or without drugs at 37◦C for
7 days. In this study, 2.5 μg/mL cisplatin (S1166, Selleck,
Houston, TX, USA), 20 μmol/L apatinib (B2303, APExBIO,
Houston, TX, USA), and 2.5 mmol/L glycolysis inhibitor
2-deoxy-d-glucose (2-DG, ab142242, Abcam, Cambs, Cam-
bridge, UK) were used. Subsequently, cells were rinsed
with phosphate-buffered saline (PBS, 21-031-CVC, Corn-
ing) three times, and then stained with 1 mL crystal violet
solution for 10 min at 20◦C. After a PBS wash, cell colonies
were counted.
Organoids were harvested and dissociated into single

cells. Subsequently, cells were washed with PBS, resus-
pended at 2× 106 cells/mL in BasementMembrane Extract
(3533-010-02, Amyjet, Wuhan, Hubei, China), seeded onto
standard 96-well cell culture plates in triplicate and cul-
tured for 7 days. Finally, the number of colonies formed
in each well was assessed using an Olympus microscope
(Shinjuku-ku, Tokyo, Japan).

2.7 Tube formation assay

Tube formation assay was utilized for angiogenesis exam-
ination in vitro with Matrigel (BD Biosciences, Franklin,
NJ, USA) following the manufacturer’s protocol.
Shortly, 24-well plate coated Matrigel was prepared in

advance, and then 2 × 104 human umbilical vein endothe-
lial cells (HUVECs, ATCC) were inoculated in the plate
with 200 μL DMEMmedium. After 6 h, tube formation of
HUVECs was observed and calculated with an Olympus
microscope.

2.8 Immunoprecipitation (IP)

IP was conducted via the Pierce Crosslink Immunoprecip-
itation kit (26148, Thermo Fisher Scientific, Waltham,MA,
USA) in keeping with the manufacturer’s protocol. Simply
put, ovarian cancer organoids were collected and lysed by
IP lysis solution. Then, 1 mg lysates of the organoids were
used for this study, and 10 μg anti-Flag antibody was cova-
lently crosslinked with agarose A/G beads via crosslinker
disuccinimidyl suberate. Finally, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed to test the protein expression and association.

2.9 Mass Spectrometry (MS)

Sediments from organoids or cells were lysed in IP buffer
containing ethylenediamine tetraacetic acid and under-
went IP. Agarose beads were eluted with FBN1 peptide.
After SDS-PAGE and silver-staining, MS was conducted
as previously described [28]. Subsequently, MS data were

acquired from Data Dependent Analysis mode and ana-
lyzed with the PLGS 2.4 software (Waters, Shanghai,
China). Finally, with the aid of MASCOT search engine,
the resulting peak list was searched in the National Cen-
ter for Biotechnology Information (NCBI) database (https:
//www.ncbi.nlm.nih.gov/genome/).

2.10 Fоr̈ster resonance energy
transfer-fluorescence lifetime imaging
(FRET-FLIM)

FRET-FLIMexperimentswere conducted as described ear-
lier [29]. In short, acceptor proteins (fused to red fluo-
rescent protein) and donor proteins (fused to green flu-
orescent protein) were expressed from vectors MV3-C-
OFPSpark (RG80654-ACR, Sino Biological, Beijing, China)
and pCMV3-C-GFPSpark (CV026, Sino Biological), sepa-
rately. Using a Leica TCS SMD FLCS confocal microscope
(Weztlar, Frankfurt, Germany), FRET-FLIM imaging was
operated. The experiment was repeated three times.

2.11 Western blotting

Protein extracts fromorganoids or cell lineswere separated
by 8%-12% SDS-PAGE and electrotransferred to 0.2 μm
nitrocellulose membranes. After blocking for 1 h in bovine
serum albumin, membranes were incubated with the cor-
responding primary antibodies (Supplementary Table S1)
at 4◦C overnight, followed by treatment of secondary anti-
bodies.

2.12 High-throughput RNA sequencing
(RNA-seq)

The RNA-seq assay of 6 pairs of human ovarian cancer
organoids was operated as previously described [29]. In
short, TRIzol reagent (Takara, Osaka, Japan) was used
to gain total RNA, following by treatment of VAHTS
mRNA Capture Beads (Vazyme, Nanjing, Jiangsu, China)
to enrich polyAþ RNA. Next, using VAHTS mRNA-seq
v2 Library Prep Kit (Vazyme), the RNA library was pre-
pared. The genes expressed with P< 0.05 and fold changes
> 2 between 2 groups were identified as differentially
expressed genes (DEGs). Gene ontology and Kyoto Ency-
clopedia of Genes and Genomes of DEGs were utilized to
assess the association network and molecular biological
function. Gene Set Enrichment Analysis (GSEA) was per-
formed with the GSEA V4.0.3 software (Broad Institute,
Cambridge, MA, USA; https://www.gseamsigdb.org/gsea/
index.jsp).

https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
https://www.gseamsigdb.org/gsea/index.jsp
https://www.gseamsigdb.org/gsea/index.jsp
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2.13 Whole-body 18F-fluorodeoxyglucos
(18F-FDG) positron emission
tomography/computed tomography
(PET/CT)

Whole-body 18F-FDG PET/CT was conducted as previ-
ously described [29]. Patients were fasted for at least 8 h
prior to PET/CT technology to generate low level of glu-
cose metabolism (at least 4 h for nude mice). Standard
uptake value (SUV) was used to measure metabolic level,
and maximum of SUV (SUVmax) was calculated in lesions
of adnexal carcinomas. A total of 100 patients with ovarian
cancer were tested in this experiment.

2.14 Prokaryotic expression of vascular
endothelial growth factor receptor 2
(VEGFR2) D1-4/glutathione S-transferase
(GST) fusion protein in Escherichia coli (E.
coli)

A prokaryotic expression vector for the expression of
VEGFR2 D1-4/GST fusion protein was constructed. The
first, second, third, and fourth extracellular domains of
human VEGFR2 gene fragment were synthesized and sep-
arately subcloned into pGEX4T-1 vector downstream of
the GST fragment, an E. coli expression vector, to con-
struct the recombinant plasmids pGEX4T-VEGFR D1-4.
The plasmid was transformed into E. coli BL21 (DE3)
pLysS and induced to express fusion proteins VEGFR2 D1-
4/GST with isopropyl-β-D-thiogalactoside (IPTG, Takara).
The expressed protein was purified by washing with urea
and detected by SDS-PAGE and Western blotting.

2.15 Immunohistochemistry (IHC)
assay

Tumor tissues from 261 epithelial ovarian cancer patients
were collected for microarrays. IHC slides were analyzed
by three independent pathologists whowere blinded to the
patients’ clinical data. A consensus was reached based on
the average value of immunoreactive score (IRS). Paraffin-
embedded epithelial ovarian cancer tissues in XinhuaHos-
pital were sliced into 3 μmthick sections. Before immunos-
taining, the specimens were dewaxed using xylene and
rehydrated using decreasing concentration of ethanol.
After PBS washing three times, the tissues were treated
with 0.01 mol/L citrate buffer (C9999, Merck, Darmstadt,
Germany) to retrieve antigen, followed by bovine serum
albumin (SW3015, Solarbio, Beijing, China) blocking for
30 min at 20◦C. Subsequently, tissues were incubated
at 4◦C overnight with primary antibodies against FBN1

(ab231094, Abcam), p-VEGFR2 (Tyr1054) (441046, Thermo
Fisher Scientific) and p-STAT2 (Tyr690) (ab53132, Abcam)
and subsequently with peroxidase-labeled anti-rabbit (or
anti-mouse) secondary antibodies for 1 h at 37◦C. IRS was
determined as multiplicity of staining intensity and per-
centage of positively stained cells. The quartile of the mul-
tiplicity score was set as the boundary between low and
high expression. The staining intensity was classified as
negative (0), weak (light yellow, 1), moderate (brownish,
2), and strong (brown, 3); the proportion of positive cells
was scored as 0 to 5% (0), 5% to 25% (1), 26% to 50% (2), 51%
to 75% (3), and 76% to 100% (4).

2.16 Immunofluorescence assay

In this study, 4% paraformaldehyde (Sangon Biotech,
Shanghai, China) was used to fix the specimens includ-
ing organoids, cells, and tumor tissues for 15 min, and
0.3% Triton X-100 (Sangon Biotech) was applied for per-
meation. After blocking with 5% goat serum (Life Tech-
nologies, New York, NY, USA) for 1 h at 20◦C, the spec-
imens were washed with PBS and incubated with cor-
responding primary antibodies (Supplementary Table S1)
overnight at 4◦C, followed by corresponding secondary
antibodies [either FITC- or Texas red-conjugated don-
key F(ab)2 fragments against mouse IgG or rabbit IgG
(Jackson ImmunoResearch Laboratory, West Grove, PA,
USA)] and 4’,6-diamidino-2-phenylindole (Life Technolo-
gies). Finally, the staining effect was observed and imaged
by Leica SP5 confocal fluorescence microscope.

2.17 Quantitative real-time PCR
(qRT-PCR)

TRIzol reagent was used for RNA extraction, and miS-
cript Reverse Transcription Kit (Qiagen, Frankfurt, Hesse-
Darmstadt, Germany) was utilized for reverse transcrip-
tion. Primer sequences are displayed in Supplementary
Table S2. RNA quantification wasmeasured by QuantiTect
Probe RT-PCR kit (Qiagen) following the condition: an ini-
tial denaturation at 95◦C for 30 s, followed by 40 cycles of
95◦C for 5 s, 55◦C for 30 s and 72◦C for 30 s.

2.18 Glycolysis assay

Glycolysis was assessed through glucose metabolism asso-
ciated kits such as Glucose Uptake Colorimetric Assay kit
(BioVision, Palo Alto, CA, USA), ATP Assay kit (Sigma),
Lactate Colorimetric Assay kit (BioVision), and Amplite
ColorimetricNADPHAssay kit (AATBioquest, Sunnyvale,
CA, USA) following the manufacturers’ protocols.
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2.19 Cell viability assay

Viability inhibition of organoids and cells were assessed
by Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories,
Bunkyo, Tokyo, Japan). An aliquot of 5 × 103 cancer cells
was planted onto 96-well plates per well. To determine the
half maximal inhibitory concentration (IC50) of cisplatin,
cells were treatedwith different concentrations of cisplatin
with or without apatinib/2-DG treatment. To determine
the IC50 of apatinib, cells were treated with various con-
centrations of apatinib with or without cisplatin. After
48 h, cells were carefully treated with 10 μL CCK-8 solu-
tion, which was diluted in DMEMmedium supplemented
with 10% FBS at 37◦C for 2 h. Finally, optical density (OD)
was measured at 450 nm by a microplate reader (Thermo
Fisher Scientific). All experiments were conducted in trip-
licate. Half maximal inhibitory concentration (IC50) was
calculated as previously described [30].

2.20 Subcellular fractionation

According to the manufacturer’s instructions, we per-
formed nuclear and cytosolic fractionation assay in
cisplatin-resistant ovarian cancer cells with the nuclear
and cytoplasmic extraction Kit (P0028, Beyotime, Beijing,
China). Briefly, chemoresistant ovarian cancer OVCA433
cells were obtained by cell scraper and then treated with
cytoplasmic protein extraction reagent. After centrifuging
for 5 min at 12,000 ×g at 4◦C, cytoplasmic protein was
produced in the supernatant. Subsequently, cell precipi-
tation was treated with nuclear protein extraction reagent
and centrifuged for 10 min at 12,000 ×g. Finally, the super-
natant was collected as cellular nuclear protein.

2.21 Extracellular acidification rate
(ECAR) and oxygen consumption rate
(OCR)

The ECAR and OCR assays were performed as described
previously [29]. For ECAR assay, 25 μL each of 10

mmol/L glucose, 1 mmol/L oligomycin, and 100
mmol/L 2-DG were used. For OCR analysis, 1 mmol/L
oligomycin, 1 mmol/L uncoupler carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), and 1 mmol/L
rotenone were used. OCR and ECAR values were calcu-
lated after normalization to cell number and plotted as
mean ± standard deviation (SD).

2.22 Zebrafish angiogenesis study

Zebrafish individuals were fed with or without cisplatin
(0.2 mmol/L) and/or apatinib (40 μmol/L) for 24 h. To
evaluate blood vessel formation, in vivo, fertilized one-
cell fli1a-enhanced green fluorescent protein (EGFP) trans-
genic line embryos were injected with 4 ng FBN1 mor-
pholino plasmid. At 24 h post-fertilization, embryos were
dechlorinated and anesthetized with 0.016% MS-222 (tri-
caine methanesulfonate; Sigma). Each zebrafish embryo
was mounted with 3% methylcellulose on a depression
slide for fluorescence microscopy.
The effect of FBN1 morpholino and the VEGFA expres-

sion were determined by qRT-PCR. The zebrafish embryos
were divided into 5 groups (15 embryos per group): neg-
ative control with or without cisplatin treatment, FBN1
morpholinowith or without cisplatin treatment, and FBN1
morpholino with combination treatment of cisplatin and
apatinib.

2.23 Animal tumor model and in vivo
imaging

Experimental procedures and animal care were performed
following the Guidelines for Animal Experiments and
approved by the Ethics Committee at Xinhua Hospital.
Cisplatin-resistant ovarian cancer organoids were har-
vested and dissociated into single cells. Subsequently, cells
were washed with PBS. Tumormodels were established by
a subcutaneous injection of cells (∼5× 106) into 25 4-week-

F IGURE 1 FBN1 expression level is associated with cisplatin-resistance in patients with ovarian cancer. (A) Images of cisplatin-resistant
and -sensitive organoids derived from ovarian cancer patients with or without 5 μg/L cisplatin treatment for 21 days. (B) Cell viability assay of
organoids treated with 5 μg/L cisplatin in different time intervals. The data of 4 pairs of ovarian cancer organoids are shown. Data are
presented as mean ±SD of triplicate measurements repeated three times. (C) GSEA analysis was performed using 6 cisplatin-resistant and 6
-sensitive organoids derived from ovarian cancer patients. (D) Immunofluorescence assay was performed to detect the association between
FBN1 and cisplatin-sensitive ovarian cancer organoids. (E) FBN1 mRNA expression in 10 pairs of cisplatin-resistant and -sensitive organoids
of ovarian cancer. (F) Representative images of immunohistochemistry staining of FBN1 in 132 cisplatin-resistant and 129 -sensitive ovarian
cancer tissues. (G) High-low expression ratio of FBN1 in cisplatin-resistant and -sensitive ovarian cancer tissues. (H) H-score of FBN1 in
cisplatin-resistant and -sensitive ovarian cancer tissues. (I) qRT-PCR analysis of FBN1 mRNA expression in 45 pairs of cisplatin-resistant and
-sensitive ovarian cancer tissues. (J) Immunofluorescence of FBN1 in cisplatin-resistant and -sensitive ovarian cancer tissues. Red signals,
FBN1; blue signals, DAPI. **, P < 0.01. Abbreviations: FBN1, fibrillin-1; SD, standard deviation; GSEA, Gene Set Enrichment Analysis;
qRT-PCR, quantitative real-time PCR; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
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old female BALB/c nude mice (Department of Laboratory
Animals, Xinhua Hospital). The nude mice were divided
into 5 groups (5 mice per group): negative control with or
without 3 mg/kg cisplatin treatment, FBN1 knockout with
or without 3 mg/kg cisplatin treatment, and FBN1 knock-
out with combination treatment of 3 mg/kg cisplatin and
50mg/kg apatinib. Tumor volumes weremeasured 3 times
a week and calculated using the following formula: V (vol-
ume) = L (length) × W (width)2. Once an average tumor
volume of 100 mm3 was reached, mice were intraperi-
toneally administered with drugs every 3 days. Mice were
ultimately euthanized with carbon dioxide (CO2) when
they were in a state of obvious cachexia or the diameter of
tumor ulcer was greater than 0.5 cm. All tumors were dis-
sected and weighed. Intraperitoneal tumors of nude mice
were quantified using a luminescence imaging system.

2.24 Enzyme-linked immunosorbent
assay (ELISA) assay

Human VEGFA concentration was tested by ELISA
kit (ab119566, Abcam) according to the manufacturer’s
instructions. The OD value was measured at 450 nm
using a microplate reader (Sunrise, TECAN, Männedorf,
Switzerland).

2.25 Databases and online survival
analysis platform

We examined the expression of FBN1, FBN2, and FBN3
in ovarian cancer in the Oncomine website (https://www.
oncomine.org/resource/login.html) and analyzed the sur-
vival using the Gene Expression Omnibus (GEO) database
via an online survival analysis platform (http://kmplot.
com/analysis) [31]. The data of FBN1 in patients with gas-
tric, breast, lung, and bladder cancers were also obtained
from the GEO database.

2.26 Statistical analysis

Data were analyzed by GraphPad Prism (Version 8.0,
GraphPad Software, San Diego, CA, USA) and are pre-
sented as means ± SD. Paired t-test or one-way analysis of

variance (ANOVA) was performed to analyze the signifi-
cant difference between experimental group (FBN1 knock-
out/STAT2 knockdown cells or organoids) and the control
(cells or organoids without gene knockout or knockdown).
Kaplan-Meier method with log-rank analysis was utilized
to estimate survival. P < 0.05 was considered significant.
SPSS software (Version 24.0, IBM, Chicago, IL, USA) was
used for statistical analysis.

3 RESULTS

3.1 FBN1 was significantly highly
expressed in cisplatin-resistant ovarian
cancer organoids and tissues

To probe into the crucial molecular factors of chemore-
sistance in ovarian cancer and investigate its poten-
tial underlying mechanism, we generated 10 pairs of
cisplatin-sensitive and -resistant ovarian cancer organoids,
which were confirmed by CCK-8 cell viability assay after
treatment of cisplatin (Figure 1A-B). Subsequent high-
throughput sequencing technology was used to discover
the genes associated with chemoresistance in 6 cisplatin-
sensitive and 6 -resistant ovarian cancer organoids.
Finally, we identified 2808 DEGs, including 1532 up-
regulated genes and 1276 down-regulated genes (Supple-
mentary Figure S1A-B). Gene ontology assay displayed
that metabolic process and angiogenesis were associated
with the cisplatin-resistance. Interestingly, GSEA analysis
indicated that FBN family was particularly significantly
enriched in cisplatin-resistant ovarian cancer organoids
(Figure 1C, Supplementary Table S3). To detect the clin-
ical significance of FBN family members in ovarian can-
cer, we performed survival analysis using the public GEO
database and Xinhua hospital dataset. We found that
only high expression of FBN1 was significantly associ-
ated with OS and PFS in ovarian cancer samples from
both GEO database and Xinhua Hospital (Supplemen-
tary Figure S1C-F). Additionally, high FBN1 expression
was negatively associated with OS in patients with other
tumor types (Supplementary Figure S1G). Immunofluo-
rescence and RT-PCR assays further verified that FBN1
was highly expressed in cisplatin-resistant ovarian can-
cer organoids (Figure 1D-E). Subsequently, we surveyed

F IGURE 2 FBN1 knockout decreases glycolysis and angiogenesis. (A) FBN1-knockout cisplatin-resistant ovarian cancer organoids and
cell lines were verified by Western blotting. (B) GSEA analysis was performed using FBN1-knockout and control cisplatin-resistant ovarian
cancer organoids (CR-organoid/FBN1-KO1 and NC). The signature was defined by genes showing significant expression changes. (C) Gene
ontology of mass spectrum analysis in CR-organoid/FBN1-KO1 and CR-organoid/NC. (D) Pathway examination of mass spectrum analysis in
CR-organoid/FBN1-KO1 and CR-organoid/NC. (E) Metabolites in pathways of glucose metabolism. (F) mRNA levels of genes altered by FBN1
knockout in cisplatin-resistant ovarian cancer organoids and cell lines. Abbreviations: FBN1, fibrillin-1; GSEA, Gene Set Enrichment
Analysis; CR, cisplatin-resistant; KO, knockout; NC, negative control
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whether the expression of the FBN1 protein was upregu-
lated in cisplatin-resistant tissues. An independent patient
cohort (132 cisplatin-resistant and 129 cisplatin-sensitive)
was enrolled to perform IHC assays. Clinical data of the
patients with ovarian cancer are summarized in Sup-
plementary Table S4. The expression of FBN1 protein
was drastically upregulated in cisplatin-resistant ovarian
cancer tissues compared with that in cisplatin-sensitive
specimens (Figure 1F), and FBN1 expression was ele-
vated in 80.3% cisplatin-resistant tumor samples, com-
pared to 52.7% cisplatin-sensitive ovarian cancer tissues
(Figure 1G). Consistently, the H-score of FBN1 and FBN1
mRNA level in cisplatin-resistant ovarian cancer tis-
sues was significantly higher than those in cisplatin-
sensitive samples (Figure 1H-I), which was confirmed by
immunofluorescence assay (Figure 1J). These findings sug-
gest that high expression of FBN1 contributes to chemore-
sistance and poor outcome of patients with ovarian cancer.

3.2 FBN1 promoted cisplatin-resistance
in ovarian cancer by regulating glycolysis
and angiogenesis

To further illustrate the function of FBN1 on chemore-
sistance of ovarian cancer, we established cisplatin-
resistant ovarian cancer cell lines by increasing cis-
platin concentration gradient (OVCA433-CisR, Supple-
mentary Figure S2A). By performing Western blotting
assay, we found that FBN1 was elevated in OVCA433-
CisR cells (Supplementary Figure S2B). Subsequently,
we constructed two FBN1-KO ovarian cancer organoids
and cell lines (CR-organoid/FBN1-KO1/2 and OVCA433-
CisR/FBN1-KO1/2) and the controls (CR-organoid/NCand
OVCA433-CisR/NC) (Figure 2A). By performing CCK8
and colony formation assays, we found that FBN1 KO
significantly increased cisplatin sensitivity (Supplemen-

tary Figure S2C-H). Next, on the basis of RNA-seq, the
expression of key regulatory genes enriched in glycolysis
and angiogenesis was shown to be significantly decreased
in CR-organoid/FBN1-KO1 as compared to that in the
control CR-organoid (Figure 2B, Supplementary Table
S5). MS experiments validated that FBN1 deficiency sig-
nificantly affected genes and pathways involved in gly-
colysis and angiogenesis in ovarian cancer organoids
(Figure 2C-D) along with a decrease in metabolites of gly-
colysis (Figure 2E). The expression of genes involved in
glycolysis and angiogenesis, such as fructose-bisphosphate
aldolase A (ALDOA), glucose transporter 1 (GLUT1),
vascular endothelial growth factor A (VEGFA), and
angiopoietin-1 (Ang-1), was significantly decreased, as
determined by RT-PCR. Notably, levels of key genes of the
FAK/AKT1 pathway were attenuated in FBN1-KO ovarian
cancer organoids and cells (Figure 2F).
Subsequently, we applied cellular glycolysis assays to

determine the influence of FBN1 on glycolysis in chemore-
sistant ovarian cancer. Glycolytic phenotypes of ovarian
cancer organoids and cells were markedly decreased by
FBN1 KO (Figure 3A–C). To further ascertain the effects of
FBN1 on angiogenesis, the tube formation assay was per-
formed using HUVECs treated with cellular supernatant
from OVCA433-CisR/FBN1-KO1/2 and control cells. Tube
formation of HUVECs in FBN1-KO groups was signifi-
cantly inhibited (Figure 3D), supporting important roles
of FBN1 in glycolysis and angiogenesis in ovarian cancer.
Apatinib, a tyrosine kinase inhibitor, targets VEGFR2 and
inhibits glycolysis to exert anti-tumor effects [32]. Here,
we demonstrated that the combination of FBN1-knockout
and apatinib increased cisplatin sensitivity more signifi-
cantly, compared with FBN1-knockout or apatinib treat-
ment alone (Figure 3E-G). Moreover, our study showed
that the glycolysis inhibitor 2-DG enhanced cisplatin sen-
sitivity in cisplatin-resistant ovarian cancer organoids and
cells, as determined by CCK-8 and colony formation

F IGURE 3 FBN1 knockout inhibits glycolysis and angiogenesis, leading to increased cisplatin sensitivity in cisplatin-resistant ovarian
cancer organoids and cells. (A) Glucose uptake, lactate, ATP and NADPH production in cisplatin-resistant ovarian cancer organoids and cell
line. Data are presented as mean ± SD of triplicate measurements repeated three times. (B-C) ECAR (B) and OCR (C) in cisplatin-resistant
ovarian cancer organoids and cells. (D) Effect of FBN knockout on HUVEC tube formation. HUVEC cells were treated with supernatant
obtained from OVCA433-CisR/FBN1-KO1, OVCA433-CisR/FBN1-KO2, or the corresponding control cells. (E) Cell viability assay of organoids
treated with 5 μg/L cisplatin and/or 20 μmol/L apatinib in different time intervals. (F) IC50 values of cisplatin for FBN1-knockout and control
ovarian cancer cells treated with different concentrations of cisplatin for 48 h with or without 20 μmol/L apatinib; IC50 values of apatinib for
the cells treated with various concentrations of apatinib for 48 h with or without 2.5 μg/mL cisplatin. (G) Relative colony formation efficiency
of cisplatin-resistant ovarian cancer organoids and cells treated without drugs or with 2.5 μg/mL cisplatin and/or 20 μmol/L apatinib for 7
days. (H) Cell viability assay of organoids treated with 5 μg/L cisplatin alone or in combination with 2.5 mmol/L 2-DG in different time
intervals. (I) IC50 values of cisplatin for ovarian cancer cells treated with different concentrations of cisplatin with or without 5 mmol/L 2-DG
for 48 h. (J) Relative colony formation efficiency of cisplatin-resistant ovarian cancer organoids and cells treated with 2.5 μg/mL cisplatin
alone or in combination with 2.5 mmol/L 2-DG for 7 days. **, P < 0.01. Abbreviations: FBN1, fibrillin-1; SD, standard deviation; CR:
cisplatin-resistant; KO, knockout; NC, negative control; ECAR, extracellular acidification rate; OCR, oxygen consumption rate; HUVECs,
human umbilical vein endothelial cells. IC50, half maximal inhibitory concentration; 2-DG, 2-deoxy-D-glucose
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(Figure 3H-J). Our collective results indicate that FBN1
deficiency induces anticancer effects through inhibition of
glycolysis and angiogenesis in ovarian cancer organoids
and cells.

3.3 FBN1 regulated the VEGFR2/STAT2
pathway to affect glycolysis and
angiogenesis in chemoresistant ovarian
cancer organoids and cells

To identify the interacting proteins of FBN1 in chemore-
sistant ovarian cancer, IP and MS analyses were con-
ducted in cisplatin-resistant organoids with high FBN1
expression. Finally, 53 proteins were detected (Supple-
mentary Table S6). Interestingly, VEGFR2, a key regu-
lator of angiogenesis, was identified as a molecule that
binds to the FBN1 protein, which was confirmed by
the following co-IP assay (Figure 4A) and FRET-FLIM
(Figure 4B-C). Hence, VEGFR2 could be considered as a
molecule that directly interacts with FBN1. Tyrosine 1054
residue (Tyr1054) of VEGFR2 was identified as a phos-
phorylation site by MS, which was further verified by
Western blotting and immunofluorescence experiments
in cisplatin-resistant ovarian cancer organoids and cells
(Figure 4D-E). On the basis of the abovementioned find-
ings, downstreammolecules of the VEGFR2-mediated sig-
naling pathway were assessed by Western blotting; the
results revealed a significant reduction in the expression of
proteins involved in the FAK/AKT1 pathway (Figure 4D)
and that VEGFR2 overexpression activated AKT1 again
(Figure 4F).
VEGFR2 has 7 IgG-like extracellular domains (D1-7)

[33], and the domains D1-4 of VEGFR2 are crucial for
ligand receptor interaction [34, 35]. A subsequent Co-IP
assay showed an interaction between the VEGFR2 domain
and the FBN1 protein, and domains D2 and D3 were ver-
ified to be the binding sites (Figure 4G). Further analysis

indicated that Proline 166 (P166) of D2 and Lysine 257
(K257) of D3were the precisemutant sites (Figure 4H), and
AKT1 could not be activated if these sites were mutated
(Figure 4I).
By performing RNA-seq of CR-organoid/FBN1-KO1 and

the control, we observed that the expression of several
genes changed significantly, but the STAT family ranked
first among the decreased transcription factors (Figure 5A,
Supplementary Table S7). RT-PCR assay further proved
the reduction in STAT expression, especially STAT2, in CR-
organoid/FBN1-KO1/2 and OVCA433-CisR/FBN1-KO1/2
as compared to their controls (Figure 5B). Interestingly,
we also found that FBN1 KO contributed to significantly
less protein aggregation of STAT2 and p-STAT2 (Tyr690)
in the nucleus, but minimal effect on their levels were
observed in the cytoplasm (Figure 5C), which was con-
sistent with immunofluorescence results (Figure 5D). To
further investigate the factors underlying STAT2 down-
regulation upon FBN1 KO, we overexpressed VEGFR2
in FBN1-KO cisplatin-resistant ovarian cancer organoids
and cells and examined the effects on STAT2 and p-
STAT2 (Tyr690). Interestingly, the protein levels of STAT2
and p-STAT2 (Tyr690) were effectively rescued under
the condition of VEGFR2 overexpression (Figure 5E).
Next, shRNA vectors of STAT2 were transfected into
VEGFR2-overexpressing organoids and cells. The results
of RT-PCR assay indicated that the expression levels
of genes involved in glycolysis and vascular formation
pathways, such as ALDOA, Hexokinase 2 (HK2), FAK,
and AKT, were enhanced by VEGFR overexpression but
attenuated upon STAT2 silencing (Figure 5F). Moreover,
VEGFR2 overexpression partially rescued changes in tube
formation (Figure 5G), cisplatin sensitivity (Supplemen-
tary Figure S3A-C), and glycolytic level (Supplementary
Figure S3D-F) induced by FBN1 KO, which was effectively
reversed following STAT2 knockdown (Supplementary
Figure S3).
Based on the above results, we propose that FBN1

KO leads to sensitivity to cisplatin in ovarian cancer by

F IGURE 4 FBN1 combines directly with VEGFR2 in ovarian cancer cells. (A) Co-IP assay of interactions between FBN1 and VEGFR2
proteins in cisplatin-resistant ovarian cancer organoids and OVCA433-CisR cells. (B-C) Interactions between FBN1 and VEGFR2 confirmed
by FRET-FLIM upon transient co-expression in OVCA433-CisR cells. **, P < 0.01. (D) Western blotting assay for determining the relationship
between FBN1 and VEGFR2, p-VEGFR2, downstream molecules of VEGFR2-mediated signaling in ovarian cancer cells. (E)
Immunofluorescence assay for determining the relationship between FBN1 and p-VEGFR2 (Tyr1054) in cisplatin-resistant ovarian cancer
organoids and cell lines. Green signals, FBN1; red signals, p-VEGFR2 (Tyr1054); blue signals, DAPI. (F) Western blotting assay of p-AKT1
(Ser473) in cisplatin-resistant ovarian cancer organoids and OVCA433-CisR cells. (G) Co-IP assay demonstrated an interaction between
VEGFR2 domains 2 & 3 and FBN1 protein. Binding of VEGFA and the extracellular domains 2 & 3) of VEGFR2 was used as the positive
control. (H) Mutant codons and amino acids of D2 and D3 of VEGFR2. (I) Western blotting assay of p-AKT1 (Ser473) in cisplatin-resistant
ovarian cancer organoids and OVCA433-CisR cells. Abbreviations: FBN1, fibrillin-1; CR, cisplatin-resistant; KO, knockout; NC, negative
control; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; AKT, protein kinase B; Co-IP, co-Immunoprecipitation;
VEGFR2, vascular endothelial growth factor receptor 2; DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; FRET-FLIM,
Fоr̈ster resonance energy transfer-fluorescence lifetime imaging. FE, FRET efficiency
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F IGURE 5 STAT2 is the downstream target molecule of the FBN1/VEGFR2 signaling axis. (A) GSEA analysis was performed using
FBN1-knockout and control cisplatin-resistant ovarian cancer organoids (CR-organoids/FBN1-KO1 and CR-organoids/NC). The signature was
defined by genes showing significant expression changes. (B) Effects of FBN1 knockout on mRNA levels of STAT family members. (C) FBN1
knockout greatly altered the distribution and expression of STAT2 and p-STAT2 (Tyr690) in cytoplasm and nucleus of OVCA433-CisR ovarian
cancer cells. (D) Immunofluorescence assay to determine the association between p-STAT2 (Tyr690) and FBN1 in cisplatin-resistant ovarian
cancer organoids and cells. (E) Western blotting assay to detect expression of STAT2 and p-STAT2 (Tyr690) in cisplatin-resistant ovarian
cancer organoids and OVCA433-CisR cells. The protein quantification was analyzed by Image J software. (F) mRNA expression of glycolysis
and angiogenesis-associated genes in FBN1-knockout and control cisplatin-resistant ovarian cancer organoids and OVCA433-CisR cells. (G)
Effect of FBN1 knockout, VEGFR2 overexpression, and STAT2 knockdown on HUVEC tube formation. HUVEC cells were treated with
supernatant obtained from groups of NC, FBN1 KO-1, FBN1 KO-1+VEGFR2 OE, and FBN1 KO-1+VEGFR2 OE+shSTAT2 in OVCA433-CisR
cells. Abbreviations: FBN1, fibrillin-1; CR, cisplatin-resistant; KO, knockout; NC, negative control; OE, overexpression; STAT, signal
transducer and activator of transcription; VEGFR2, vascular endothelial growth factor receptor 2
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restraining glycolysis and angiogenesis through modulat-
ing VEGFR2/STAT2 axis.

3.4 FBN1 KO suppressed tumor
progression and enhanced cisplatin
sensitivity in ovarian cancer in vivo

In vivo experiment was subsequently performed to eval-
uate the effect of FBN1 KO on chemosensitivity. Ovar-
ian cancer CR-organoids harboring either FBN1 KO or
the control were subcutaneously injected into 4-week-old
female nude mice. The results demonstrated that FBN1
depletion led to a decrease in speed of tumor growth and
overall tumor weight either with or without cisplatin treat-
ment; FBN1 KO combined with apatinib and cisplatin fur-
ther enhanced drug sensitivity compared with cisplatin
treatment alone (Figure 6A-C). Then we performed PET-
CT, FBN1 KO greatly restrained glucose uptake of 18F-
FDG in above mouse models of ovarian cancer, result-
ing in lower SUVmax (Figure 6D-E). For vascular for-
mation test in vivo, we established FBN1 morpholino
zebrafish development models and finally discovered that
FBN1 morpholino suppressed angiogenesis with or with-
out cisplatin treatment (Figure 6F-G). Moreover, combi-
nation of FBN1 morpholino and apatinib restrained vas-
cular formation more significantly. We found that VEGFA
mRNA was decreased significantly by FBN1 morpholino
(Figure 6H). Our further study demonstrated that FBN1
KO inhibited the expression of vascular endothelial spe-
cific marker CD31 (Figure 6I). Subsequent RT-PCR anal-
ysis of in vivo tumors with or without cisplatin treat-
ment showed that levels of glycolysis- and angiogenesis-
associated genes, such as ALDOA, HK2, and AKT1, were
significantly reduced (Figure 6J-K). Immunofluorescence
assay of in vivo tumors subjected to cisplatin therapy
confirmed positive associations among FBN1, p-VEGFR2
(Tyr1054), and p-STAT2 (Tyr690) (Supplementary Figure
S4). Thus, we demonstrate that FBN1 KO inhibits glycol-
ysis and angiogenesis and promotes cisplatin sensitivity in
vivo.

3.5 Expression of FBN1, VEGFR2, and
STAT2 in human ovarian cancer tissues

Via IHC staining, we confirmed high expression of p-
VEGFR2 (Tyr1054) and p-STAT2 (Tyr690) in ovarian can-
cer tissues with high FBN1 expression (Figure 7A). ELISA
of ovarian cancer showed that FBN1 expression level
was associated with VEGFA concentration (Figure 7B).
PET/CT assay was performed to detect tumor dissemi-
nation in ovarian cancer patients by measuring glucose
uptake. The results demonstrated a lower SUVmax in
patients with low FBN1 expression than that in patients
with high FBN1 expression (Figure 7C-D). Interestingly,
high SUVmax values were closely related to ovarian cancer
patients’ poorer OS (Figure 7E). Application of RT-PCR to
examine the genes involved in glycolysis and angiogenesis
revealed that levels of ALDOA, HK2, GLUT4, FAK1, and
AKT1 were markedly attenuated in ovarian cancer tissues
with low FBN1 expression (Figure 7F). The immunoflu-
orescence assay showed associations among FBN1, p-
VEGFR2 (Tyr1054), and p-STAT2 (Tyr690) (Figure 7G),
consistent with data from ovarian cancer cell lines and
mice. Thus, our collective data indicate the participation of
the FBN1/VEGFR2/STAT2 signaling pathway in chemore-
sistance of ovarian cancer (Figure 7H).

4 DISCUSSION

The present study clarified a new molecular mechanism
of cisplatin-resistance of ovarian cancer by using models
of organoids and cells in vitro and in vivo. Briefly, ini-
tial RNA-seq revealed that FBN1 was highly expressed
in cisplatin-resistant organoids of ovarian cancer; subse-
quently, FBN1 was verified to be able to regulate glycol-
ysis and angiogenesis through the VEGFR2/STAT2 path-
way, which reduces sensitivity to cisplatin.
As is well known, conventional tumor study models

such as cells and xenografts were not able to well reca-
pitulate the characteristic and heterogeneity of human
cancer, thereby impeding the transformation of scientific

F IGURE 6 FBN1 knockout inhibits progression of ovarian cancer and sensitizes response to cisplatin in vivo. (A) Images of tumors
generated by FBN1-knockout and control cisplatin-resistant ovarian cancer organoids with or without cisplatin and/or apatinib. (B) Growth
curves of xenograft tumors in mice. (C) Average tumor weights in nude mice. (D) Representative images of PET-CT used for detection of
glucose uptake. Each group contained 5 mice. (E) Average SUVmax values of nude mice bearing tumors. (F) Effect of FBN1 morpholino in
zebrafish model was tested by qRT-PCR. (G) Zebrafish model treated with or without cisplatin (0.2 mmol/L) and/or apatinib (40 μmol/L). (H)
VEGFA mRNA in zebrafish models. (I) Immunofluorescence of FBN1 and specific angiogenesis marker CD31 in the xenograft tumors of
FBN1 knockout and control groups with cisplatin treatment. (J) qRT-PCR analysis of the indicated genes in FBN1-knockout group and the
control in nude mouse tumor tissues without drug treatment. Error bars, 95% CIs. *, P < 0.05, **, P < 0.01. (K) Heatmap showing that
FBN1-affected genes are involved in glycolysis and angiogenesis with cisplatin treatment. Abbreviations: FBN1, fibrillin-1; CR,
cisplatin-resistant; KO, knockout; NC, negative control; OE, overexpression; VEGFA, vascular endothelial growth factor A; qRT-PCR,
quantitative real-time PCR; CD31, platelet endothelial cell adhesion molecule-1
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research results from bench to bedside. In vitro 3D cul-
tured patient-derived organoids were generated from self-
organizing stem cells, which have more advantages of imi-
tating human cancer biological processes in vivo, espe-
cially in drug-sensitivity of numerous human cancers [30].
We established cisplatin-resistant and -sensitive ovarian
cancer organoids, and used the models to explore the
mechanisms of ovarian cancer chemoresistance by in vitro
and in vivo experiments. Finally, we identified FBN1 as a
key target for ovarian cancer chemotherapy.
Angiogenesis was considered to be a crucial determi-

nant of tumor dissemination and metastasis [36, 37], and
antiangiogenic treatments have shown efficacy for epithe-
lial ovarian cancer [38]. Antiangiogenic agents, including
anti-VEGF antibodies and multireceptor tyrosine kinase
inhibitors (TKIs, such as VEGFR inhibitors), present an
attractive therapeutic option for ovarian cancer [39]. Apa-
tinib is a small-molecule TKI that selectively binds and
inhibits VEGFR2 with encouraging antitumor activity and
tolerable toxicity against severalmalignant tumors, includ-
ing cisplatin-resistant ovarian cancer [38, 40-42]. More-
over, a recent study discovered that apatinib regulated glu-
cose metabolism and suppressed the viability and prolif-
eration of ovarian cancer cells in vitro and in vivo [32],
which was verified by our experiments using models of
cisplatin-resistant ovarian cancer organoids. Interestingly,
we proved that FBN1 KO in combination with apatinib
therapy enhanced the chemosensitivity of ovarian cancer,
which implied that FBN1 induced chemoresistance by not
only VEGFR2-mediated pathway but also other tumor-
associated pathways probably.
FBN1, produced by fibroblasts, is an important struc-

tural factor of the extracellular matrix, which provides
great support to connective tissues [43, 44]. As reported
earlier, FBN1 mediated stretching of ligaments, skin, and
blood vessels; supported rigid tissues, including muscle,
nerve, and lens of the eyes; and regulated TGF-β bioavail-
ability [45], which induced epithelial-to-mesenchymal
transition (EMT) in cancers of epithelial origin, thereby
stimulating molecular and phenotypical changes that

resulted in prometastatic characteristics [46, 47]. More-
over, the activation of TGF-β is reported to enhance inva-
sion of ovarian cancer [48]. Therefore, the association
between FBN1 and TGF-β in ovarian cancer requires fur-
ther investigation.
Accumulating studies have shown that FBN1was highly

expressed in some tumor types, such as mammary gland
cancer [46] and papillary thyroid carcinoma [49], and par-
ticipated in tumor progression [49]. Moreover, FBN1 pro-
moted both ovarian tumorigenesis and metastasis in vivo
and may serve as a biomarker for predicting recurrence of
platinum-sensitive ovarian cancer [24]. However, the spe-
cific roles and mechanisms of action of FBN1 in cisplatin
sensitivity of cancers remain to be established. Our experi-
ments have shown that FBN1KO enhanced cisplatin sensi-
tivity by inhibiting glycolysis and angiogenesis. Moreover,
besides high-grade serous carcinomas, we also analyzed
the expression of FBN1 in clear-cell carcinoma of ovarian
cancer and discovered that FBN1 was highly expressed in
both tumor types though there was no significant differ-
ence between them (data not shown).
Aerobic glycolysis, known as Warburg effect, is an

anomalous phenomenon of tumor cell metabolism, which
is associated with progression of multiple human can-
cers [50] and resistance to chemotherapy [51, 52]. Now,
glycolysis has been proved to be associated with ovar-
ian cancer therapy. For example, anexelekto inhibition
enhanced the sensitivity of ovarian cancer cells to cisplatin
via decreasing glycolysis [53]. Moreover, several enzymes
in the glycolytic pathway have been identified as promis-
ing therapeutic targets for anticancer intervention [54–56].
In the present study, we demonstrated thatmany glycolytic
enzymes were greatly inhibited by FBN1 KO directly or
indirectly, which led to a significant increase in cisplatin
sensitivity.
Our further experiments showed that FBN1 regulated

glycolysis and angiogenesis by the VEGFR2/STAT2 signal-
ing axis. In the present study, STAT2 silencing induced a
marked reduction in glycolysis and angiogenesis, which in
turn promoted cisplatin sensitivity in ovarian cancer.

F IGURE 7 Immunohistochemical staining and immunofluorescence of FBN1, p-VEGFR2, and p-STAT2. (A) Representative images of
immunohistochemistry of FBN1, p-VEGFR2 (Tyr1054), and p-STAT2 (Tyr690) in ovarian cancer tissues. (B) Human serum VEGFA
concentration in 50 pairs of ovarian cancer patients measured by ELISA kit. (C-D) Association between SUVmax of PET/CT technology and
FBN1 expression in the lesions of adnexal carcinomas from 100 ovarian cancer patients. (E) The relationship between SUVmax of PET/CT
image and overall survival of 100 ovarian cancer patients. (F) mRNA expression levels of genes associated with glycolysis and angiogenesis
assessed via qRT-PCR in 45 pairs of ovarian cancer samples with high or low FBN1 expression. (G) Representative images of
immunofluorescence of FBN1, p-VEGFR2 (Tyr1054), and p-STAT2 (Tyr641) in ovarian cancer patients’ tissues. Green signals, FBN1 or
p-VEGFR2 (Tyr1054); red signals, p-VEGFR2 (Tyr1054) or p-STAT2 (Tyr641); blue signals, DAPI. (H) Schematic model on the proposed role of
the FBN1/VEGFR2/STAT2 signaling axis in modulating glycolysis, angiogenesis, and cisplatin sensitivity. Abbreviations: FBN1, fibrillin-1;
ELISA, enzyme-linked immunosorbent assay; SUVmax, maximum of standardized uptake value; PET-CT, positron emission
tomography-computed tomography; VEGFA, vascular endothelial growth factor A; STAT2, signal transducer and activator of transcription 2;
VEGFR2, vascular endothelial growth factor receptor 2; DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
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Our present study has some limitations. For example,
the mechanism of STAT2-induced glycolysis and vascu-
lar formation was not sufficiently clear and need further
study; other possible pathways of FBN1 mediated in gly-
colysis regulation need to be further studied.

5 CONCLUSIONS

Taken together, the FBN1/VEGFR2/STAT2 signaling path-
way may promote chemoresistance of ovarian cancer by
modulating glycolysis and angiogenesis, and FBN1 may be
a novel therapy target in ovarian cancer.
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