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Abstract
The pathogenesis and cisplatin chemoresistance of ovarian cancer (OC) are still un-
clear. Vacuolar protein sorting-associated 33B (VPS33B) has not been reported in 
OC to date. In this study, immunohistochemistry was used to detect VPS33B protein 
expression between OC and ovarian tissues. MTT, EdU, colony formation, cell cycle, 
in vivo tumorigenesis, western blot, ChIP, EMSA, co-immunoprecipitation (CoIP), 
qRT-PCR, and microconfocal microscopy were used to explore the function and mo-
lecular mechanisms of VPS33B in OC cells. The results of the present study demon-
strated that VPS33B protein expression was obviously reduced in OC compared with 
that in ovarian tissues. Overexpressed VPS33B suppressed cell cycle transition, cell 
growth, and chemoresistance to cisplatin in vitro and in vivo. Analysis of the mecha-
nism indicated that overexpressed VPS33B regulated the epidermal growth factor 
receptor (EGFR)/PI3K/AKT/c-Myc/p53/miR-133a-3p feedback loop and reduced the 
expression of the cell cycle factor CDK4. Nasopharyngeal epithelium-specific pro-
tein 1 (NESG1) as a tumor suppressor not only interacted with VPS33B, but was 
also induced by VPS33B by the attenuation of PI3K/AKT/c-Jun-mediated transcrip-
tion inhibition. Overexpressed NESG1 further suppressed cell growth by mediating 
VPS33B-modulated signals in VPS33B-overexpressing OC cells. Finally, NESG1 in-
duced VPS33B expression by reducing the inhibition of PI3K/AKT/c-Jun-mediated 
transcription. Our study is the first to demonstrate that VPS33B serves as a tumor 
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1  | INTRODUC TION

Ovarian cancer (OC) is the primary leading cause of cancer-related 
mortality among female reproductive malignant cancers in China.1 
Globally there are 239  000 new cases and 152  000 deaths every 
year.2 With the development of new therapeutic approaches, the 
prognosis has improved, but the mortality remains very high.3,4 The 
poor prognosis is due to high biological malignancy and cisplatin 
chemoresistance of OC cells.5 Therefore, it is very valuable to in-
vestigate the mechanisms driving OC initiation and cisplatin chemo-
resistance, which may help to identify novel effective therapeutic 
approaches and improve the prognosis of OC patients.

VPS33B is a member of the Sec1 domain family, and it plays an 
important role in the segregation of intracellular molecules into dis-
tinct organelles.6,7 VPS33B is necessary for megakaryocyte biogen-
esis, platelet activation, and in vivo thrombosis and homeostasis.8,9 
Previous reports have shown that it acts as a tumor suppressor in 
liver, nasopharyngeal, and colorectal cancer.10-12 However, the role 
of VPS33B in OC has not been reported to date.

In a previous study, we cloned and revised NESG1, also referred 
to as CCDC19, in 1999 and 2005.13,14 Our previous study demon-
strated that NESG1 serves as a tumor suppressor, which can reduce 
cell growth, migration, and invasion in nasopharyngeal carcinoma 
(NPC), colorectal cancer, and non-small cell lung cancer.12,15,16 
However, the function and molecular mechanisms of NESG1 in OC 
have never been reported.

In this study, we explored the exact role of VPS33B in OC in vitro 
and in vivo. We found that VPS33B could interact with NESG1 to 
suppress cell growth and cisplatin chemoresistance by regulating 
the EGFR/PI3K/AKT/c-Myc/p53/miR-133a-3p feedback loop, which 
showed that VPS33B played a role as a tumor suppressor in OC.

2  | MATERIAL S AND METHODS

2.1 | Tissues

Here, 137 epithelial OC tissues and 41 ovarian paraffin-embedded 
tissues were collected from the First Affiliated Hospital of 
Guangzhou Medical University. For the use of these clinical tis-
sues, prior consent from the patients and approval from the Ethics 
Committees of this hospital were obtained. All tissues had confirmed 
pathological diagnosis.

2.2 | Immunohistochemistry

Paraffin sections (3 μm) from 137 OC and 41 ovarian tissues were 
carried out using immunohistochemistry (IHC) of VPS33B pro-
tein with anti-rabbit VPS33B antibody (1:100) (Proteintech Inc.) 
in accordance with the previous study.14,17 Sections finally were 
visualized with 3,3′-diaminobenzidine (DAB) and counterstained 
with hematoxylin, mounted in neutral gum, and analyzed using a 
bright field microscope. The immunohistochemical staining sec-
tions were evaluated and scored separately by 2 pathologists 
as previously described.18,19 For statistical analysis, final scores 
of 0-5 or 6-7 were, respectively, considered to be low and high 
expression.

2.3 | Cell culture

Both OVCAR-3 and SKOV-3 cell lines were purchased from the 
Cell Bank of Type Culture Collection of Chinese Academy of 
Sciences (Shanghai, China). SKOV-3 was cultured in McCoy's 
5a (modified) medium (Gibco, Thermo Fisher Scientific) supple-
mented with 10% FBS (ExCell). OVCAR-3 was cultured in RPMI 
1640 medium (HyClone) supplemented with 20% FBS (ExCell). 
Both cell lines were grown in a humidified chamber with 5% CO2 
in air at 37℃.

2.4 | Lentivirus production and infection

Lentiviral particles carrying the Gv-VPS33B precursor and its flank-
ing control sequence were constructed using the GeneChem kit. 
OVCAR-3 and SKOV-3 cells were transfected with a lentiviral vec-
tor, and polyclonal cells with green fluorescent protein signals were 
selected for further experiments.

2.5 | Reverse transcription-quantitative polymerase 
chain reaction

RNA isolation, reverse transcription, and RT-qPCR were performed 
in OC cell lines as described in a previous study.19,20 Specific 
sense primers of VPS33B, miR-133a-3p, and GAPDH are listed in 
Supplementary Table S1.

suppressor, and VPS33B can interact with NESG1 to suppress cell growth and pro-
mote cisplatin sensitivity by regulating the EGFR/PI3K/AKT/c-Myc/p53/miR-133a-3p 
feedback loop in OC cells.
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2.6 | Cell proliferation analysis

Cell proliferation was analyzed using the MTT assay as described in a 
previous study.20,21 Experiments were done in triplicate.

2.7 | Colony formation assay

Colony formation assay was analyzed in accordance with a previous 
description.22 Experiments were done in triplicate.

2.8 | Cell cycle analysis, EdU incorporation assays

Cell cycle analysis and EdU incorporation assay were performed 
as described in a previous study.18 Each experiment was done in 
triplicate.

2.9 | In vivo studies

For in vivo tumorigenesis assays, in total 1  ×  107 OVCAR-3 or 
SKOV-3 cells overexpressing VPSS33B and their negative control 
cells in 0.1  mL PBS were subcutaneously injected into the left or 
right flank of female BALB/c nude mice (N = 5) aged 4 wk. All animal 
studies were conducted in accordance with the principles and pro-
cedures of the Southern Medical University Guide for the Care and 
Use of Animals. The weight of the implantation tumor was finally 
determined when the tumor grew to 30 d.

2.10 | Transient transfection

siRNAs (including NC: negative control) and miR-133a-3p mimics 
were synthesized by RiboBio Inc. We constructed the VPS33B 
and NESG1 plasmid (including NC). Approximately 12 h prior to 
transfection, OVCAR-3 and SKOV-3 cells were seeded onto a 
6-well plate (Nest, Biotechnology Co., Ltd, China) at 40%-60% 
confluency. siRNA, plasmid, and miRNA mimics were then trans-
fected at a working concentration of 100  nM using TurboFect 
siRNA Transfection Reagents (Fermentas, Vilnius, Lithuania). 
Cells were collected after 48-72  h. The sequences are listed in 
Table S2.

2.11 | Western blot analysis

Western blot analysis was conducted as described in a previous 
study.22 The antibodies included anti-VPS33B, EGFR, PI3K, AKT, 
pPI3K, pAKT, c-Myc, P-gp/ABCB1, ABCG2, p53, CDK4, GADPH, 
and β-actin antibody. Images were captured with MiniChemi, Beijing 
Sage Creation Science, Co. Ltd., Beijing, China). The antibodies are 
listed in Table S3.

2.12 | Co-immunoprecipitation assay

We transfected OVCAR-3 and SKOV-3 cells with the VPS33B plas-
mid carrying an HA flag and the NESG1 plasmid carrying an MYC 
flag. We obtained immunoprecipitation (IP) proteins in accordance 
with the instructions provided by the manufacturer of the Thermo 
Fisher Co-IP kit. After sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and image capturing, we examined the interaction 
between NESG1and VPS33B.

2.13 | Electrophoretic mobility shift assay

Electrophoretic mobility shift assay was conducted using an EMSA 
kit (BersinBio, Guangzhou, China). Nuclear extracts were obtained 
from the cells, and the concentration was determined using a BCA 
assay kit. EMSA assay was performed in a reaction mixture contain-
ing nuclear extracts and biotin-labeled probes. After electrophoresis 
and incubation, signals were recorded and analyzed. The sequences 
used in EMSA assay are listed in Table S4.

2.14 | Confocal laser assay

Based on the cell slide assay, we transfected OVCAR-3 cells with the 
VPS33B plasmid and the NESG1 plasmid in a 6-well plate. After 48 h, the 
cells were immobilized with 4% paraformaldehyde. In accordance with 
the instructions for immunofluorescence staining, we obtained our slide 
with double fluorescence labeling. Antibodies, including anti-HA and 
MYC, were diluted at 1:100, and secondary fluorescent antibodies 488 
and 573 were diluted at 1:500 (Bioworld Technology, Inc). Images were 
captured using a laser scanning confocal microscope (ECLIPSI-Ti, Nikon).

2.15 | Chromatin immunoprecipitation

The combinations of p53 with miR-133a-3p, c-Myc with p53, and c-
Jun with NESG1 or VPS33B were confirmed using ChIP assay. Cells 
were transfected with p53, c-MYC, or c-Jun plasmids and then fixed 
with 1% formaldehyde. In accordance with the instructions provided 
with the ChIP assay kit (Thermo Fisher, Inc, China), crosslinked DNA 
was sheared to 200-1000 base pairs in length with sonication and 
then subjected to immunoselection. RT-qPCR was used to measure 
the enrichment of DNA fragments at the putative p53 binding site in 
miR-133a-3p, c-Myc binding site in p53, and c-Jun binding site in the 
NESG1 or VPS33B promoter based on specific primers. The specific 
ChIP primers are listed in Table S1.

2.16 | Luciferase report activity

Target gene promoter vectors including pGL3.0 (wt), pGL3.0 (mt) 
of miR-133-3p, p53, NESG1, and VPS33B were constructed. The 
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pGL3.0 vector was used as the negative control. Furthermore, 
pcDNA 3.1 vectors, respectively, containing transcription factor of 
p53, c-Myc, and c-Jun were bought from Shanghai Genechem Co., 
Ltd., China. pcDNA3.1 was used as the control. Vectors, respectively, 

were transfected into SKOV-3 and OVCAR-3 cells. Luciferase activ-
ity was measured using the Dual-Luciferase Reporter Assay System 
(Promega Corporation) 48 h after transfection. Data were collected, 
and the ratio of luciferase activity was calculated.

F I G U R E  1   VPS33B overexpression inhibits OC cell proliferation in vitro and in vivo. A, SKOV-3 and OVCAR-3 cells were transfected with 
GV-VPS33B or empty vectors. Efficiency of overexpression was measured using western blot analysis. *P <.05. B-F, The in vitro function 
of VPS33B was measured using MTT assay (B), colony-forming assay (C), EdU assay (×100 magnification; scale bar, 200 µm) (D), and flow 
cytometry assay (E) in SKOV-3-Gv-VPS33B and OVCAR-3-Gv-VPS33B cells. F, Implantation tumors of SKOV-3-Gv-VPS33B and OVCAR-3-
Gv-VPS33B cells or controls after 12 d. G, Hematoxylin and eosin staining of implantation tumors in SKOV-3-Gv-VPS33B and OVCAR-3-Gv-
VPS33B cells (×400 magnification; scale bar, 50 µm). H, cisplatin sensitivity was evaluated in SKOV-3-Gv-VPS33B and OVCAR-3-Gv-VPS33B 
cells. Experiments were repeated 3 times, obtaining similar results. Error bars represent mean ± SD, *P <.05, ***P <.001
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2.17 | In vitro cisplatin treatment experiment

Drug sensitivity test was detected by the MTT assay. Cells were 
seeded in 96-well plates at a density of 2 × 103 cells/well and treated 
with 0, 5, 10, 15, 20 (SKOV-3) or 0, 3, 6, 9, 12 µM (OVCAR-3) cisplatin 
(Qilu Pharmaceutical Co., Ltd.) for 48 h. Subsequently, 20 µL of MTT 
(5 mg/mL; Sigma-Aldrich) was added to each well and incubated at 
37℃ for 4 h. Then supernatants were removed and 150 μL of DMSO 
(Sigma-Aldrich) was added to measure the absorbance value (OD) of 
each well at 490 nm. The calculated rates were used for curve fitting 
and calculation of IC50. Experiments were performed 3 times.

2.18 | Statistical analysis

All data represented at least triplicate samples. IBM SPSS 21.0 (IBM 
Corporation) and GraphPad Prism 7.0 (GraphPad Software, Inc) software 
were used for statistical analysis. Data were presented as mean ± SEM. 
One-way ANOVA or two-tailed Student t test was used for comparison 
between groups. All of P <.05 were considered statistically significant.

3  | RESULTS

3.1 | Immunohistochemistry

IHC showed that VPS33B protein expression was located at cyto-
plasm (Figure S1). Furthermore, we found that in 75.4% (31/41) of 
ovarian tissues, VPS33B protein was highly expressed. In compari-
son, only 51.1% (70/137) of OC tissues had highly expressed, which 
is significantly lower than that in ovarian samples (P <.001).

3.2 | Overexpressed VPS33B inhibits OC cell 
proliferation in vitro and in vivo by regulating EGFR/
PI3K/AKT/c-MYC pathway

To test the function of VPS33B in vitro, we transfected a lentivi-
rus carrying the VPS33B cDNA into OVCAR-3 and SKOV-3 cell lines 
to establish OVCAR-3-Gv-VPS33B and SKOV-3-Gv-VPS33B stable 
cell lines. Western blot assay indicated significantly upregulated 
VPS33B expression (Figure  1A). MTT assay showed that VPS33B 
overexpression statistically decreased cell proliferation relative to 
the negative control cells (Figure 1B). Colony formation assay veri-
fied the inhibition of cell growth by VPS33B (Figure 1C). EdU assay 
(Figure  1D) and flow cytometry (FCM) (Figure  1E) indicated that 
VPS33B blocked the G1 to S cell cycle transition. Consistent with the 
assays in vitro, the nude mice subcutaneous tumor formation results 
showed that VPS33B overexpression inhibited cell proliferation in 
vivo (Figure 1F). Figure 1G showed the hematoxylin and eosin stain-
ing results of subcutaneous tumors in VPS33B-overexpressed cells. 
Moreover, we treated OVCAR-3-Gv-VPS33B, SKOV-3-Gv-VPS33B, 
or their controls with a concentration gradient of cisplatin. The IC50 

value for overexpressed VPS33B cells was statistically lower than 
those of the controls (Figure 1H). In addition, to confirm the inhi-
bition of VPS33B, we transfected VPS33B-siRNAs or control into 
overexpressed VPS33B OC cells. RT-qPCR and western blot analysis 
were conducted to detect their interfering efficiency (Figure S2A, 
B). MTT assay (Figure S2C) and EdU assay (Figure S2D) revealed that 
VPS33B interference could rescue cell growth.

Moreover, to determine the mechanism of VPS33B in OC, we an-
alyzed its related pathways. The results showed that overexpressed 
VPS33B could decrease the expression of EGFR, PI3K/AKT, c-MYC, 
P-gp, ABCG2, and the downstream cell cycle factor CDK4. In con-
trast, the cell cycle inhibitor p53 was upregulated (Figure 2).

3.3 | miR-133a-3p inactivates EGFR/PI3K/
AKT/c-Myc signaling to suppress cell proliferation, 
invasion, and migration in OC

We transfected OVCAR-3 and SKOV-3 cells with miR-133a-3p 
mimics and measured the efficiency of transfection using RT-qPCR 
(Figure  S3A). MTT and EdU assays showed that overexpressed 
miR-133a-3p reduced cell growth and cell cycle arrest in OC cells 
(Figure  S3B,C). Western blot assay showed that miR-133a-3p de-
creased the EGFR/PI3K/AKT/c-Myc pathway and the downstream 
cell cycle factor CDK4, as well as upregulated p53 (Figure S3D).

F I G U R E  2   VPS33B regulates EGFR/PI3K/AKT/c-Myc signaling 
and downstream cell cycle and epithelial-mesenchymal transition 
(EMT) factors. Levels of EGFR, PI3K/AKT, pPI3K/AKT, c-MYC, P-gp, 
ABCG2, c-Jun, CDK4, and p53 were measured using western blot 
analysis after VPS33B overexpression, with β-actin as the inner control
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3.4 | p53 inactivates EGFR/PI3K/AKT/c-Myc 
pathway by binding to the miR-133a-3p promoter in 
OC cells

We used the University of California, Santa Cruz (UCSC) genome 
browser (http://genome.ucsc.edu/) and the ALGGEN PROMO 
(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/​promo​init.
cgi?dirDB​=TF_8.3) software to search a candidate upstream 

transcription factor of miR-133-3p, and we found that p53 may bind 
to the miR-133a-3p promoter region (−1234 to c. −1228: TAACGGG) 
and precursor (Figure  3A). mRNA expression of miR-133a-3p was 
increased after p53 transfection as shown by RT-qPCR (Figure 3B). 
ChIP and EMSA both confirmed that p53 could directly bind to the 
miR-133a-3p promoter in OC cells (Figure 3C-E). Luciferase reporter 
activity demonstrated that p53 could increase miR-133a-3p activity 
(Figure 3F).

F I G U R E  3   p53 inactivates EGFR/PI3/AKT/c-Myc signaling by directly simulating miR-133a-3p. A, Schematic of the promoter regions of 
miR-133a-3p with the putative p53 transcription binding site. B, Expression levels of miR-133a-3p after p53 overexpression in OC cells were 
determined using RT-qPCR. C, The combination of p53 with the miR-133a-3p promoter was examined using real-time PCR. D, PCR gel showing 
amplification of p53-binding sites after ChIP using antibody against p53. E, EMSA result from nuclear proteins extracted from SKOV-3 cells after 
incubation with individual biotin-labeled probes. Lane 1 to Lane 5 correspond to the negative control, WT competition group, MT competition 
group, treatment group, and supershift group. F, p53 induced miR-133a-3p promoter activity using luciferase report assay. G, Changes in 
EGFR, pPI3/AKT, c-Myc, and p53 expression were detected using western blot analysis after transfection of the miR-133a-3p inhibitor in p53-
overexpressed OC cells. H, I, MTT and EdU (×400 magnification; scale bar, 50 µm) assays were used to measure changes in cell proliferation and 
cell cycle transition after transfection of the miR-133a-3p inhibitor in p53-overexpressed OC cells. Mean ± SD, *P <.05,**P <.01, ***P <.001

http://genome.ucsc.edu/
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
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To verify the exact role of p53/miR-133a-3p in OC cells, 
miR-133a-3p inhibitor was transfected to p53-overexpressed 
OC cell lines. The findings showed upregulation of EGFR/PI3K/
AKT/c-Myc signaling and downregulation of p53 after trans-
fection (Figure  3G). Cell growth and EdU staining were clearly 
reversed in p53-overexpressed OC cells after transfection 
(Figure 3H, I).

3.5 | c-Myc feedbacks miR-133a-3p/EGFR/ PI3K/
AKT signaling by regulating p53

When c-Myc was overexpressed, the mRNA levels of p53 in OC cells 
were downregulated (Figure 4A). Results of bioinformatics software 
prediction showed that c-Myc may bind to the promoter of p53 
(Figure 4B). ChIP and luciferase activity assays indicated that c-Myc 

F I G U R E  4   c-Myc feedbacks miR-133a-3p/EGFR EGFR/PI3K/AKT signaling by modulating p53. A, mRNA levels of p53 after interference 
of c-Myc measured by RT-qPCR. B, Schematic of the promoter regions of p53 with putative c-MYC TFBS. C, D, RT-qPCR and gel 
electrophoresis showed the combination of c-MYC with the p53 promoter using ChIP and antibody against c-Myc. E, Relative luciferase 
activity of the p53 promoter in SKOV-3 and OVCAR-3 cells after transfection of c-Myc plasmids. F, Expression levels of c-Myc, EGFR, 
pPI3K/AKT, and p53 were detected using western blot analysis after transfection of the p53 plasmid into c-Myc-overexpressed SKOV-3 
and OVCAR-3 cells, with β-actin as controls. G, Expression levels of miR-133a-3 were measured using RT-qPCR after overexpression of the 
p53 plasmid in c-Myc-overexpressed SKOV-3 and OVCAR-3 cells. H, I, MTT and EdU (×100 magnification; scale bar, 200 µm) assays were 
used to measure changes in cell proliferation and cell cycle transition after transfection of p53 plasmid in c-Myc-overexpressed OC cells. 
Mean ± SD,*P <.05,**P <.01, ***P <.001
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directly combined to the promoter of p53 and reduced its activity in 
OC cells (Figure 4C-E). In addition, transfection of p53 plasmid in c-
Myc-overexpressed OC cells not only suppressed EGFR/PI3K/AKT/
c-Myc signaling and upregulated miR-133a-3p expression (Figure 4F, 
G), but also reduced cell growth and EdU staining (Figure 4H, I).

3.6 | EGFR feedback downregulates miR-133a-3p 
through the PI3K/AKT/c-Myc/p53 pathway

Transfecting EGFR plasmid (pcDNA 3.1 + EGFR cDNA) into OC cells 
showed that the EGFR/PI3K/AKT/c-Myc signal was significantly up-
regulated (Figure S4A). In addition, the expression levels of p53 and 

miR-133a-3p were significantly downregulated, as shown by west-
ern blot or RT-qPCR (Figures S4A, B). ChIP assay showed that the 
combination of p53 with the miR-133a-3p promoter was decreased 
following EGFR overexpression (Figure S4C).

3.7 | VPS33B regulates EGFR/PI3K/AKT/c-Myc/
p53/miR-133a-3p signal

To determine whether miR-133a-3p was involved in VPS33B-
regulated EGFR/PI3K/AKT/c-Myc/p53 signaling and formed a 
feedback loop in OC cells, we detected the mRNA expression 
of miR-133a-3p in VPS33B-overexpressed cells using RT-qPCR. 

F I G U R E  5   VPS33B modulates the feedback loop of EGFR/PI3K/AKT/c-Myc/P53/miR-133a-3p by upregulating miR-133a-3p. A, 
Expression level of miR-133a-3p was measured after VPS33B overexpression using RT-qPCR. B, Confocal laser assay confirmed the nuclear 
translocation of p53 in VPS33B-overexpressed cells (×630 magnification; scale bar, 50 µm). Cells were stained with RED for p53 and DAPI to 
label nuclear DNA. C, The combination of c-Myc with the p53 promoter was measured using ChIP assay in VPS33B overexpressed cells. D, 
The combination of p53 with the miR-133a-3p promoter was measured using ChIP assays in VPS33B-overexpressed cells. E, F, Transduction 
of EGFR reversed cell proliferation and EdU (×400 magnification; scale bar, 50 µm) staining in VPS33B-overexpressed OC cells. G, H, EGFR 
overexpression upregulated PI3K/AKT/c-Myc expression and decreased the p53/miR-133a-3p signal in VPS33B-overexpressed OC cells. I, J, 
Transduction of EGFR increased the combination of c-Myc with the p53 promoter and decreased the combination of p53 with the miR-133a-
3p promoter in VPS33B-overexpressed OC cells. Mean ± SD, *P <.05,**P <.01
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Results showed that VPS33B upregulated the expression of miR-
133a-3p (Figure  5A). Confocal laser assay indicated that over-
expressed VPS33B increased nuclear translocation of p53 after 
VPS33B was overexpressed in OC cells (Figure  5B). The combi-
nation of c-Myc with the p53 promoter was markedly decreased 
(Figure 5C). Inversely, the combination of p53 with the miR-133a-3p 
promoter was significantly increased (Figure  5D). Furthermore, 
EGFR cDNA transfection not only promoted cell growth and EdU 
staining (Figure 5E, F), but also increased PI3K/AKT/c-Myc signaling 
and decreased the expression of p53 and miR-133a-3p in VPS33B-
overexpressed cells (Figure 5G, H). Finally, the combination of c-Myc 
with the p53 promoter was markedly increased, and the combination 
of p53 with the miR-133a-3p promoter was markedly decreased in 
VPS33B-overexpressed cells after transfection with the pcDNA3.1-
EGFR plasmid (Figure 5I, J).

3.8 | VPS33B interacts with NESG1 in OC cells

In a previous study, using the yeast-two-hybrid (Y2H) technique, we 
detected that VPS33B may interact with NESG1.11 To determine the 
interaction, we transfected OC cells with the VPS33B plasmid (HA 
flag) and NESG1 plasmid (MYC flag). CoIP assay demonstrated the 
interaction between VPS33B and NESG1 (Figure 6A, B) in OVCAR-3 
cells. Confocal laser analysis confirmed that both VPS33B and 
NESG1 were located in the cytoplasm (Figure 6C).

3.9 | VPS33B induces NESG1 expression by 
attenuating the EGFR/PI3K/AKT/c-Jun pathway

Overexpressed VPS33B resulted in NESG1 upregulation on mRNA 
level in OC cells (Figure 7A). The UCSC and PROMO software were 
used to predict transcription factors that may bind to the NESG1 
promoter, and the results showed that c-Jun was a candidate tran-
scription factor (Figure  7B). mRNA and protein levels of NESG1 

decreased after c-Jun plasmid transfection (Figure 7C, D). In addi-
tion, we demonstrated the combination of c-Jun with the NESG1 
promoter with ChIP assay (Figure 7E, F). Moreover, luciferase report 
assay confirmed that c-Jun could directly reduce NESG1 expression 
by binding to its promoter (Figure 7G).

Finally, EGFR plasmid transfection in VPS33B-overexpressed 
cells increased the expression of PI3K/AKT/c-Jun signals (Figure 7H), 
reduced the NESG1 expression (Figure 7I), and increased the com-
bination of c-Jun with NESG1 (Figure 7J). These results showed that 
VPS33B induced NESG1 expression by attenuating the EGFR/PI3K/
AKT/c-Jun pathway.

3.10 | NESG1 mediates VPS33B-suppressing 
malignant phenotypes by regulating the EGFR/PI3K/
AKT /c-Myc/p53/miR-133a-3p feedback loop

To explore the exact role of NESG1 in OC, NESG1 plasmid and con-
trol vectors were transfected into VPS33B-overexpressing OC cells, 
respectively. We performed MTT and EdU assay and found that in-
creased NESG1 inhibited cell proliferation and EdU staining in OC 
(Figure S5A, B).

To demonstrate whether NESG1 also modulates the EGFR/
PI3K/AKT/c-MYC/p53/miR-133a-3p feedback loop, we trans-
fected OC cells with the NESG1 plasmid in VPS33B-overexpressed 
OC cells, and then found a decrease in the expression of EGFR, 
PI3K/AKT, c-Myc, c-Jun, and cell cycle factor CDK4 using western 
blot assay (Figure S5C). We simultaneously detected increased ex-
pression of p53, and miR-133a-3p after NESG1 overexpression by 
western blot analysis and RT-qPCR (Figure S5C, D). Finally, we ob-
served that the combination of c-Myc with the p53 promoter was 
decreased, and the combination of p53 with the miR-133a-3p pro-
moter was increased (Figure S5E, F). These findings suggest that 
NESG1 mediated the suppression of VPS33B in OC cell prolifera-
tion by regulating the EGFR/PI3K/AKT /c-Myc/p53/miR-133a-3p 
feedback loop.

F I G U R E  6   VPS33B interacts with NESG1 in OC cells. A, B, SKOV-3 cells were transfected with VPS33B plasmid-carried HA flag and 
NESG1 plasmid-carried MYC flag. Co-immunoprecipitation assay was used to prove the interaction between VPS33B and NESG1. C, 
Relationship between VPS33B and NESG1 was confirmed using a confocal laser (×630 magnification; scale bar, 25 µm). VPS33B-HA stained 
with red fluorescence and NESG1-MYC with green and nuclear DAPI fluorescence
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3.11 | NESG1 induces VPS33B expression by 
attenuating the EGFR/PI3K/AKT pathway

Overexpressed NESG1 led to VPS33B increasing in mRNA level of 
OC cells (Figure  S6A). UCSC and PROMO software were used to 
predict candidate transcription factors binding to the VPS33B pro-
moter and found c-Jun was a candidate potential factor (Figure S6B). 
Both mRNA and the protein levels of VPS33B were reduced after 
c-Jun plasmid transfection (Figure S6C, D). ChIP assay demonstrated 
the combination of c-Jun with the VPS33B promoter (Figure  S6E, 
F). Luciferase report assay confirmed that c-Jun could directly re-
duce the activity of the VPS33B promoter by binding to its promoter 
(Figure S6G).

EGFR overexpression in NESG1-overexpressed cells led to in-
creased PI3K/AKT/c-Jun expression (Figure S6H), reduced VPS33B 
mRNA and protein levels (Figure S6H, I), and increased the combina-
tion of c-Jun with the VPS33B promoter (Figure S6J). These results 
showed that NESG1 induced VPS33B expression by attenuating the 
EGFR/PI3K/AKT/c-Jun pathway.

4  | DISCUSSION

In this study, we detected the protein level of VPS33B in OC 
and ovarian tissues for the first time. The data showed that 
VPS33B was located in the cytoplasm and VPS33B expression 

F I G U R E  7   VPS33B induces NESG1 expression by downregulating PI3K/AKT/c-Jun. A, VPS33B stimulated NESG1 expression in mRNA 
level. B, c-Jun as a transcription factor was predicted to bind to NESG1 promoter. C, D, c-Jun overexpression downregulated NESG1 mRNA 
and protein levels. E, F, c-Jun combined with the NESG1 promoter using ChIP and RT-qPCR and gel electrophoresis assays. G, Relative 
luciferase activity of the NESG1 promoter in SKOV-3 and OVCAR-3 cells after transfecting c-Jun plasmids. H, EGFR overexpression 
upregulated the expression of the PI3K/AKT/c-Jun signal and reduces NESG1 expression in VPS33B-overexpressed OC cells using western 
blot assay. I, NESG1 mRNA expression was significantly reduced after transfection of EGFR plasmid into VPS33B-overexpressing OC cells. 
J, Overexpressing EGFR increased the combination of c-Jun with the NESG1 promoter in VPS33B-overexpressed OC cells. Mean ± SD, 
**P <.01, ***P <.001
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was obviously downregulated in OC tissues compared with ovar-
ian tissues. This result suggests that VPS33B may participate in 
the pathogenesis of OC. Functional studies further showed that 
overexpressed VPS33B inhibited cell proliferation in vitro and in 
vivo and suppressed cisplatin chemoresistance in OC. Cell cycle 
transition is a vital factor promoting cancer cell proliferation and 
inducing chemotherapeutic resistance to cisplatin,23,24 and P-gp 
and ABCG2 are both the biomarkers of chemotherapeutic resist-
ance. EGFR is a receptor of the epidermal growth factor family. 
Activated EGFR promotes cell proliferation and pathogenesis of 
various tumors.11,12 EGFR is a key factor that can activate the 
PI3K/AKT pathway,25 an upstream oncogenic signal of cell cycle 
transition and c-Jun in various tumors. In previous studies,11,12 we 
reported that VPS33B overexpression suppressed the expression 
of c-MYC, CDK4, and increased p53 expression. Consistent with 
our previous reports,11,12 we found that in OC cells VPS33B over-
expression suppressed the expression of EGFR, PI3K/AKT, c-MYC, 
P-gp, ABCG2, and the downstream cell cycle factor CDK4, but 
increased the expression of p53. These combined findings con-
firmed that VPS33B serves a tumor suppressor in OC.

miRNAs are considered as middle mediators that are involved 
in the signaling network of tumor pathogenesis.26,27 miR-133a-3p 
is a tumor suppressor that directly targets EGFR in the pathogene-
sis of several tumors28,29 except OC. Consistent with our previous 
reports,11,12 miR-133a-3p directly targeted EGFR and suppressed 
cell growth in OC. Furthermore, miR-133a-3p inactivated the 
PI3K/AKT/c-Myc pathway and upregulated p53 expression in OC 
cells.

p53 is a classic tumor suppressor in cancer research.30 Notably, 
the miR-133-3p promotor hides a p53 binding site. Transfection of 
the p53 plasmid induced miR-133a-3p expression. ChIP, EMSA, and 
luciferase activity assay demonstrated the combination of p53 with 

the miR-133a-3p promoter. In addition, knockdown of miR-133a-3p 
in OC cells with p53 plasmid transfection resulted in the upregula-
tion of EGFR/PI3K/AKT/c-Myc signaling and downregulation of p53, 
which suggested that p53 regulated the EGFR/PI3K/AKT/c-Myc 
pathway by directly inducing miR-133a-3p expression.

c-Myc serves as an oncogene and a therapeutic target in various 
tumors.31 Consistent with the previous study,31 c-Myc suppressed 
p53 expression in OC. Moreover, mRNA expression of p53 was 
downregulated in c-Myc overexpressing OC cells, which suggested 
that c-Myc may suppress p53 expression at the transcriptional level. 
Notably, c-Myc was predicted to be a candidate potential transcrip-
tion factor binding to the p53 promoter with PROMO and USCS soft-
ware. Subsequently, by ChIP, EMSA, and luciferase activity assays, 
we demonstrated that c-Myc could directly bind to its promoter. 
Transfection of the p53 plasmid induced miR-133a-3p and reduced 
the EGFR/PI3K/AKT/c-Myc signal, which suggested that c-Myc in-
duced miR-133a-3p and attenuated the EGFR/PI3K/AKT signals by 
directly suppressing p53 expression. Finally, knockdown of EGFR led 
to increased p53/miR-133a-3p and decreased the PI3K/AKT/c-Myc 
pathway. Moreover, the combination of p53 and the miR-133a-3p 
promoter was significantly reduced after c-Myc transfection in OC 
cells. These results indicated a feedback loop among EGFR, PI3K, 
AKT, c-Myc, p53, and miR-133a-3p.

In the present study, we found for the first time that VPS33B 
could regulate the EGFR/PI3K/AKT/c-Myc/p53 signal in OC. 
Furthermore, our study showed that overexpressed VPS33B induced 
miR-133a-3p expression. Transfection of EGFR significantly upregu-
lated the PI3K/AKT/c-Myc signal and decreased the p53/miR-133a 
signal in overexpressed VPS33B OC cells. In addition, transfecting 
EGFR to VPS33B-overexpressing OC cells significantly increased 
the combination of c-Myc with the p53 promoter and decreased the 
combination of p53 with the miR-133a-3p promoter, respectively. 

F I G U R E  8   Potential signaling pathway 
driven by VPS33B interacting with NESG1 
to suppress cell growth in OC
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The combined findings demonstrated that VPS33B could regulate 
the EGFR/PI3K/AKT/c-Myc/p53/miR-133a-3p feedback loop.

Protein-protein interactions are important cellular signals.32 In 
previous studies, we used the Y2H approach to predict the candi-
date interaction protein of NESG1 in 293T cells.11 We found that 
VPS33B was predicted as a candidate potential interaction protein 
of NESG1. Furthermore, we demonstrated the interaction between 
VPS33B and NESG1 in OC with CoIP and confocal laser analysis. 
We then found that VPS33B and NESG1 have mutually stimulated 
expression by decreasing the PI3K/AKT signal to downregulate the 
expression of c-Jun, and that c-Jun was an oncogenic transcription 
factor that could directly bind to the VPS33B and NESG1 pro-
motor and, therefore, suppressed the expression of both genes. 
Transfecting NESG1 markedly upregulated the expression of p53/
miR-133a-3p and downregulated the EGFR/PI3K/AKT/c-Myc sig-
nal and its downstream CDK4. These results showed that NESG1 
as a tumor suppressor could interact with VPS33B, and mediated 
VPS33B-induced OC suppression by regulating the EGFR/PI3K/
AKT/c-Myc/p53/miR-133a-3p feedback loop.

5  | CONCLUSIONS

In summary, VPS33B functions as a tumor suppressor, which in-
teracts with NESG1 and co-modulates the EGFR/PI3K/AKT/c-
Myc/p53/miR-133a-3p feedback loop and its downstream factors 
(Figure  8), suppressing cell growth and cisplatin chemoresistance. 
Our study provides a new insight into the significance of VPS33B 
in OC.
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