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Abstract: Among the three most prevalent cancers affecting the female reproductive system, ovarian cancer (OV)
ranks as the second most frequently diagnosed. It is important to investigate the genomic complexity of OV to de-
velop diagnostic and therapeutic strategies. Through the utilization of bioinformatics analysis, it was determined
that RacGTPase Activating Protein 1 (RACGAP1) holds significant significance in the field of OV chemotherapeutics,
an aspect that has not been thoroughly explored in prior investigations. In our study, a notable increase in RACGAP1
expression was detected in ovarian cancer, demonstrating a robust association with clinicopathological features
and patient prognosis. In vivo and in vitro testing revealed that RACGAP1 acts synergistically with chemotherapeu-
tics to enhance their effects on ovarian cancer. Furthermore, an interaction between RACGAP1 and the subunit G2
of the condensin Il complex, known as non-SMC condensin Il complex subunit G2 (NCAPG2), has been identified.

Our findings may provide new insight for improving therapeutic strategies for OV.
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Introduction

Ovarian cancer (OV) is the second of the 3 most
common cancers of the female genital system
and accounts for 42.2% of all deaths [1]. Overall
survival (0S) from OV has remained virtually
unchanged since approximately 1980 [2]. The
10-year survival rate for patients with early-
stage OV is 55%, while those diagnosed with
advanced-stage disease have a significantly
lower survival rate of only 15% [3]. The stan-
dardized screening approach for ovarian can-
cer commonly involves the utilization of both
CA125 blood test and transvaginal ultrasonog-
raphy. There was no significant statistical differ-
ence in survival rates observed between the
group that underwent screening and the group
that received standard care [4]. Carboplatin
and paclitaxel constitute the universal stan-
dard regimen in the management of OV, with a
response rate of approximately 65% [5].
Chemotherapy resistance is the most difficult
issue in the treatment of advanced-stage OV

[6]. Therefore, it is important to determine the
genomic complexity of OV to develop diagnostic
and therapeutic strategies [1].

RacGTPase Activating Protein 1 (RACGAP1) was
first found to be involved in mammalian sper-
miogenesis [7]. The regulatory role of RACGAP1
has been implicated in cytokinesis [8], cell
growth [9], differentiation, cell movement [10],
central spindle [11] and cell cycle progression
[12] based on various studies. The carcinogenic
capacity of RACGAP1 has been evidenced in
diverse cancer categories [13]. It is significantly
overexpressed in many tumors: colorectal can-
cer (CRC) [14], gallbladder cancer (GBC) [9],
breast cancer (BRCA) [15] and OV [16]. The high
expression of RACGAP1 serves as an indepen-
dent predictive marker for lymph node metasta-
sis, recurrence, and poor prognosis in CRC [14].
The presence of RACGAP1 at the leading edge
in gastric cancer is strongly correlated with fac-
tors suggesting tumor advancement and unfa-
vorable prognosis [17]. Wang et al. discovered a
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significant correlation between high expression
of RACGAP1 and tumor pathological grade,
stage, and lymph node metastasis in OV.
Patients with lower levels of RACGAP1 exhibit-
ed longer survival times and reduced recur-
rence risk. Cellular studies have shown that
RACGAP1 can upregulate migration and inva-
sion [16], but little is known about its exact
influence on OV.

In this study, we examined data from The
Cancer Genome Atlas (TCGA) and Gene
Expression Omnibus (GEO) databases to inves-
tigate the involvement of RACGAP1 in the
development of ovarian cancer. We conducted
a comprehensive pan-cancer analysis of
RACGAP1 expression across various tumor
types and normal tissues, with a specific focus
on ovarian cancer. Additionally, we investigated
the correlation between RACGAP1 expression
and clinic-pathological features, as well as eval-
uated its prognostic significance. Furthermore,
we performed in vitro and in vivo experiments
to investigate the potential impact of RACGAP1
on ovarian cancer treatment outcomes and
prognosis. We employed a bioinformatic analy-
sis software (https://bioinfogp.cnb.csic.es/
tools/venny/) to identify genes that interact
with RACGAP1. The collective findings of our
study indicate that RACGAP1 may exert signifi-
cant influence on the progression of ovarian
cancer.

Methods
Bioinformatics data collection

To analyze RACGAP1 mRNA differential expres-
sion between tumor and normal tissues, we
conducted a pan-cancer analysis using TCGA
data through GEPIA (http://gepia.cancer-pku.
cn/), with statistical significance defined as
|[log2FC| > 1 and P < 0.01. Subsequently, we
obtained RACGAP1 gene expression and clini-
cal information from ovarian cancer patients in
The Cancer Genome Atlas (TCGA) (https://por-
tal.gdc.cancer.gov/repository) to elucidate the
clinical relevance of RACGAP1.

To mine differential expression datasets of
RACGAP1-related genes, we obtained ovarian
cancer microarray profiles from the GEO data-
base (https://www.ncbi.nim.nih.gov/gds). Three
gene expression profiles, GSE6008, GSE109-
71, and GSE14407 were selected. Then, we
evaluated RACGAP1-correlated genes through
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the LinkedOmics database (http://www.linke-
domics.org/login.php). Meanwhile, we used
Pearson correlation analysis to analyze the
related genes of RACGAP1 (cor > 0.5) with
GEO datasets GSE6008, GSE10971, and
GSE14407.

Kaplan-Meier survival analysis

The study utilized Kaplan-Meier plotter analysis
toinvestigate the correlation between RACGAP1
expression and both OS and progression-free
survival (PFS) in ovarian cancer patients. The
K-M analysis was performed in our study using
the K-M plotter website (https://kmplot.com/
analysis/).

Immunohistochemistry

We obtained tissue samples from ovarian can-
cer patients and evaluated the expression level
of RACGAP1 in the tissue samples using IHC
staining. First, dewaxing was performed at
65°C for 1 hour. After dewaxing, graded xylene
and ethanol were used for dewaxing and hydra-
tion. Then, for antigen repair, the tissue slices
were placed in boiling pH 8.0 sodium citrate
buffer for 10 minutes. After cooling, the cells
were incubated in hydrogen peroxide for 10
minutes. Then, the slides were sealed with 10%
BSA (Sangon, Shanghai, China). The glass slide
was incubated with the primary antibody
against RACGAP1 (Thermo Fisher Scientific,
Inc., USA) at a dilution ratio of 1:100 overnight
at 4°C. The next day, the HRP secondary anti-
body (Thermo Fisher Scientific, Inc., USA) was
allowed to incubate at room temperature for a
period of 1 hour. DAB (1X) was added for
approximately 5 minutes (Gene Tech, Shanghai),
and the reaction was terminated in water.
Ultimately, the slide underwent counterstaining
using hematoxylin and was securely sealed
with a neutral resin to evaluate positive areas
after shooting with a scanner. When evaluating
the expression level of RacGAP1 in tissues, we
divided all tissues into high, medium and low
expression groups based on staining intensity.
Moreover, when analyzing the prognosis of
patients, using only high and low expression
groups can accurately analyze the effect of
RacGAP1 on patient prognosis. The protocols
received ethical approval from the Medical
Ethics Committee of Shanghai Fifth People’s
Hospital, Fudan University (Ethics Review 097
in 2020).
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Cell culture and reagents

The experiment utilized ovarian cancer cell
lines HO-8910PM, COV318, SKOV3, OVCAR3,
and HEY that were all preserved at Reniji
Hospital’'s Shanghai Cancer Institute. The cell
culture was conducted using RPMI 1640 medi-
um (provided by Beijing Solarbio Science &
Technology Co., Ltd.) or F-12 medium (obtained
from Gibco; Thermo Fisher Scientific, Inc.), sup-
plemented with 10% fetal bovine serum (FBS)
and 1% antibiotics (streptomycin at a concen-
tration of 100 mg/mL and penicillin at a con-
centration of 100 units/mL). The cells were cul-
tured in a temperature-controlled environment
at 37°C, with a CO, concentration of 5% and
humidity maintained. Cisplatin (CHX, MedChem
Express, USA) and Taxol (CHX, MedChem
Express, USA) were used in the study to treat
the indicated cells.

Cell transfection

Small interfering RNA (siRNA) oligonucleotides
were kindly provided by GenePharma Inc. The
reduction in gene expression was accom-
plished by introducing small interfering RNA
(siRNA) oligonucleotides into the cells, which
targeted specific sequences: RACGAP1: 5'-
CCCUGGACCUGUAAAGAAA-3’ or 5-GCUGAAG-
CAUGCACGUAAU-3'. Transfection steps were
performed following the manufacturer’s proto-
cols, jetPRIME® (Polyplus transfection, France).

Real-time quantitative PCR

We set two groups to verify the efficiency of
transfection: the negative control group, and
the experimental group (siRACGAP1-1, and siR-
ACGAP1-2). After a 48-hour transfection, total
RNA was extracted from the cells using Trizol
reagent (Thermo Fisher Scientific, Inc., USA).
cDNA synthesis was performed according to
the protocol of the PrimeScript™ RT Reagent
Kit (Takara Bio., Inc., Otsu, Japan). We used
nanodrop (Thermo Fisher Scientific, Inc., USA)
to confirm that RNA and cDNA were not con-
taminated or degraded. Total RNA and DNA
were stored at -80°C.

The real-time PCR analyses were conducted
using 2*Universal SYBR Green gqPCR Premix
(Shanghai Share-Bio Technology Co., Ltd.,
China) on a 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA) following
the recommended thermal cycling settings: an
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initial cycle at 95°C for 30 seconds, followed
by 40 cycles of denaturation at 95°C for 10
seconds and annealing/extension at 60°C for
30 seconds. The reaction system consisted of
20 pl, comprising 10 ul of 2*SYBR Green qPCR
Premix, 0.4 ul of forward primers, 0.4 ul of
reverse primers, 200 ng/20 ul CDNA, and
nuclease-free water. The primers were pro-
cured from TsingkeBiotechnology Co., Ltd. The
following primer sequences employed in quan-
titative real-time PCR were used for the detec-
tion of RacGAP1 [18]: RACGAP1-F: CTATGATG-
CTGAATGTGCGG, RACGAP1-R: AATCCTCAAAG-
TCCTTCGCC.

We employed the 2~-22Ct method to calculate
relative mRNA concentrations, which were nor-
malized against GAPDH expression. The 2"-22Ct
value represented the disparity between the
two groups for a specific target gene. The com-
putation formula can be expressed as: 2”*- [ACt
= Ct (target gene) - Ct (reference gene)], and
80Ct is calculated as - [Ct (negative control
group) - 2Ct (group transfected with negative
control reference siRNA)].

CCK8 assay

After 48 hours of siRNA transfection, the
indicated cells were counted, diluted to the
required density and then placed on a 96-well
plate. A volume of 100 pl containing a cell sus-
pension with a count of 5000 cells was intro-
duced into every well. Cells were divided into 6
groups, vehicle, vehicle+cisplatin, vehicle+Taxol,
vehicle+si-RACGAP1, vehicle+si-RACGAP1 plus
cisplatin, and vehicle+si-RACGAP1 plus Taxol.
After the cells adhered to the surface, we
removed the culture medium and added 10 pl
of CCK8 reagent (Share bio, Shanghai, China)
to each well. Then, we supplemented each well
with 90 pl of fresh culture medium. The plate
was placed in a cell incubator at 37°C for 1
hour, and the measurement of absorbance was
conducted at a wavelength of 450 nm on day O.
After 24 hours, medication was added, and the
drug concentration in the dosing group was
equal to the IC,, of the corresponding cells.
Then, the same method was used to measure
the absorbance at 0, 1, 2, 3, and 4 days.

Subcutaneous mouse model

Five- to six-week-old female nude mice were
purchased from Shanghai Slac Laboratory
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Animal Co., Ltd. The use of mice was approved
by the Institutional Animal Care and Use
Committee (IACUC) of Songjiang District
Chedun Experimental Animal Breeding Farm
Co., Ltd. (IACUC approval number 2020 JS 011).
The mice were taken care of very carefully.
We constructed a subcutaneous implanted
tumor model in nude mice. The nude mice were
initially randomized into the following groups:
vehicle group, vehicle+cisplatin-injection gro-
up, vehicle+Taxol-injection group, interference
group, interference+cisplatin-injection group,
and interference+Taxol-injection group. All mice
were anesthetized using 2% isoflurane before
injection to avoid pain. There were 6 mice in
each group (n=6). Each mouse received a
subcutaneous injection comprising 1x10°
cells. The weekly measurements included the
assessment of tumor volume and body weight
in each mouse. The drugs were injected into
the interior of the tumors twice a week while
the subcutaneous tumor grew to 5 mmé.
According to the instructions, the administered
dose of cisplatin was 25 mg/kg, while the
administered dose of Taxol was 10 mg/kg. All
the mice survived the presence of the subcuta-
neous tumor until being harvested at 5 weeks.
Tumor-bearing mice were euthanized before
tumor volumes exceeded 1000 mm? to meet
the animal care principle. The mice were ulti-
mately euthanized through cervical dislocation.
After confirming the death of the mice, we used
a scalpel to harvest the tumors. Because of
reasonable experimental design, all mice were
euthanized. The total number of samples is 36
cases. We obtained measurements for the
dimensions of the tumors, including their length
(L) and width (W). The studies were conducted
in accordance with the Guide for the Care and
Use of Laboratory Animals published by the
U.S. National Institutes of Health.

TUNEL assay

We used a TUNEL assay kit (Thermo Fisher
Scientific, Inc., USA) to detect apoptosis. The
tissues were embedded in paraffin and sec-
tioned to a thickness of 4 um for the assay.
The procedures of dewaxing, hydration, and
antigen repair were the same as those for
immunohistochemistry. The tunnel reaction
mixture was prepared in the dark. We added 20
uL of the tunnel reaction mixture to each glass
slide. Then we placed the slides in a wet box at
37°C for 2 hours and kept them in a dark place.
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The slides were washed with PBS for a total of
three times, each time lasting for 5 minutes.
The nucleus was stained with DAPI for 5 min-
utes. Additionally, the slides underwent three
rounds of washing with PBS, each lasting for 5
minutes. At last, we securely enclosed the
slides and imaged them using a confocal laser
scanning microscope.

Western blotting

The SKOV3 cells underwent total protein extrac-
tion by utilizing a buffer (manufactured by
Beyotime Institute of Biotechnology, located in
Haimen, China). The BCA protein assay kit was
utilized to ascertain the protein concentration.
Afterwards, an equal amount of 50 pg total
protein was introduced into each well for analy-
sis. The proteins were subsequently separated
using 12% SDS-PAGE and transferred onto NC
membranes in equal quantities. The investiga-
tion involved the implementation of immunob-
lotting technique with primary antibodies spe-
cific to the target, followed by the utilization
of secondary antibodies tailored for each spe-
cies. The Odyssey imaging system (LI-COR
Biosciences, Lincoln, NE, USA) was utilized for
the detection of bound secondary antibodies.
The antibodies employed in this investigation
were the following: anti-RACGAP1 (rabbit, dilut-
ed at 1:1,000, Abcam Biotechnology), anti-PI3K
and anti-pPI3K (rabbit, diluted at 1:1,000, Cell
Signaling Technology), anti-AKT and anti-pAKT
(S473) (rabbit, diluted at 1:1,000, Cell Signaling
Technology), and anti-GAPDH (rabbit, diluted at
1:1,000, Sigma Biotechnology).

Co-immunoprecipitation

To conduct immunoprecipitation assays, the
cells were lysed using a buffer from Beyotime
(China) and then incubated with anti-RACGAP1
antibody (mouse, 1:250, Invitrogen) or species-
matched IgG (Sigma)-conjugated Dynabeads®
Protein A/G (Invitrogen, USA) overnight at 4°C.
The beads were washed with PBS/Tween-20
for three times, after which the immunoprecipi-
tated protein complexes were resuspended in
2x |oading buffer followed by western blot
analysis.

Statistical analysis

The statistical analysis was conducted using
SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and R
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software. The software utilized for generating
graphical representations was GraphPad Prism
9 (LaJolla, CA). The differences between groups
were analyzed using Student’s t-test. The rela-
tionships between RACGAP1 expression levels
and clinicopathological factors were assessed
using the Mann-Whitney U test (R function
Wilcox test) and Kruskal-Wallis test (R function
Kruskal test). Pearson’s x? test was also used
to assess RACGAP1-related and coexpressed
genes. We employed the Kaplan-Meier method
to determine the overall survival and progres-
sion-free survival rates. We used the R package
clusterProfiler to perform GSEA, GO, and KEGG
enrichment analyses. All data were expressed
as the mean + standard deviation (SD). A P
value < 0.05 was considered significant. The
confidence interval is 95%.

Results

RACGAP1 expression is significantly upregu-
lated in OV

We performed a pancancer analysis to analyze
RACGAP1 mRNA differential expression be-
tween tumor/normal tissues based on TCGA
data by GEPIA. In GEPIA, red text indicates sig-
nificant upregulation (P < 0.01), green text indi-
cates significant downregulation (P < 0.01), and
black text indicates no significant change (P >
0.01) between cancer and normal tissues. The
results demonstrated a significant upregula-
tion of RACGAP1 expression levels in OV, BRCA,
esophageal carcinoma (ESCA), cervical squa-
mous cell carcinoma (CESC), and uterine cor-
pus endometrial carcinoma (UCEC) (Figure 1A).

In order to conduct a more thorough examina-
tion of RACGAP1 expression in ovarian cancer,
data from a patient cohort was acquired
through The Cancer Genome Atlas (TCGA) and
accessed via The Genomic Data Commons
(GDC) website repository. The data were
obtained by utilizing the “download” function
of the suggested download tool gdc-client
(https://gdc.cancer.gOVCaccess-data/gdc-data-
metastatic-tool). And OV-related expression
data GSE6008 (consisting of 99 ovarian cancer
samples and 4 non-cancer samples), GSE109-
71 (consisting of 12 ovarian cancer samples
and 12 non-cancer samples), and GSE1440
(consisting of 13 ovarian cancer samples and
24 non-cancer samples) were retrieved from
the GEO database (https://www.ncbi.nim.nih.
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gov/gds). The results demonstrated a signifi-
cant upregulation of RACGAP1 in tumor tissues
compared to normal tissues (Figure 1B-E).
Then, the expression of RACGAP1 was further
detected using a tissue microarray of OV (Figure
1F and 1G). The expression of RACGAP1 was
upregulated in 71% of OV patients (Figure 1H).

To assess the prognostic significance of
RACGAP1, patient samples were stratified into
high- and low-expression groups based on
RACGAP1 mRNA levels. Utilizing the Kaplan-
Meier plotter, we conducted comprehensive
analyses on OS and PFS. Remarkably, elevated
expression of RACGAP1 mRNA exhibited a sig-
nificant association with diminished OS and
PFS outcomes (Figure 11 and 1J).

The mRNA expression of RACGAP1 is signifi-
cantly associated with aggressive clinical char-
acteristics in TCGA OV cancer

The TCGA database (https://tcga-data.nci.nih.
g0VC/tcga/) was utilized to acquire the datas-
ets concerning the correlation between RAC-
GAP1 expression and clinicopathological fea-
tures in patients with ovarian cancer. Based on
the mRNA expression of RACGAP1, individuals
were divided into two groups: those with high
expression and those with low expression. We
noticed a direct association between elevated
RACGAP1 expression and the severity of
tumors, their tendency to recur, as well as their
current status. However, there was no statisti-
cally significant correlation observed between
elevated RACGAP1 expression and various
characteristics including age, stage, tumor
lymph node infiltration and surgical debulking,
etc. (Table 1). The data were subjected to sta-
tistical analysis using the Mann-Whitney U test
(R function Wilcox test) and Kruskal-Wallis test
(R function Kruskal test). A significance level of
P < 0.05 was utilized to ascertain the statistical
significance.

RACGAP1 knockdown enhances the effects of
cisplatin or Taxol on OV cells in vitro

To investigate the role of RACGAP1 in OV, we
performed Gene Ontology (GO) analysis and
found that RACGAP1 expression was closely
related to mismatch repair, nucleotide excision
repair and drug metabolism cytochrome P450
(Figure 2A and 2B). GSEA analysis showed that
RACGAP1 expression was positively correlated
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Figure 1. RACGAP1 expression is significantly upregulated in OV. (A) The comparison of RACGAP1 expression in tu-
mor and normal tissues using TCGA data through GEPIA for a comprehensive analysis across multiple cancer types.
(B-E) RACGAP1 was significantly upregulated in tumor tissues compared with normal tissues from TCGA and GEO
database. (F, G) The expression of RACGAP1 was detected using a tissue microarray. (H) The expression of RACGAP1
was found to be upregulated in 71% of OV patients (high), no change in 18% of OV patients (medium) and down-
regulated in 11% of OV patients (low). (I, J) An increased level of RACGAP1 mRNA was observed to be significantly
associated with reduced OS and PFS. Scale bar indicates 1.5 mm in (F), and 400 um in (G). RACGAP1, RacGTPase
activating protein 1; OV, ovarian cancer; OS, overall survival; PFS, progression-free survival; N, normal tissues; T,
tumor tissues. The Student’s t-test was employed to compare the groups, and P value is labeled in the graph.
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Table 1. RACGAP1 mRNA expression and clinicopathological parameters in ovarian cancer patients

from TCGA dataset

RacGAP1 expression

RacGAP1 expression

Cases (n=379) High (n=189) Low (n=189) P-value
Age (median)
<60 199 (68.5) 100 (52.9) 99 (52.1) 0.1188
>60 180 (51) 89 (47.1) 91 (47.9)
Stage (%) 0.3788
| 1(0.3) 0(0.0) 1(0.5)
Il 23(6.1) 13 (7.0) 10 (5.3)
1 295 (78.5) 145 (77.5) 150 (79.4)
\% 57 (15.2) 29 (15.5) 28 (14.8)
Grade (%) 0.0166*
G1 1(0.3) 0(0.0) 1(0.5)
G2 45 (11.9) 17 (9.0) 28 (14.8)
G3 322 (85.4) 166 (88.3) 156 (82.5)
G4 1(0.3) 1(0.5) 0(0.0)
GB 2(0.5) 1(0.5) 1(0.5)
GX 6 (1.6) 3(1.6) 3(1.6)
Surgical debulking (%) 0.7493
<lcm 171 (51.0) 82 (50.0) 89 (52)
>2cm 70 (20.9) 33(20.1) 37 (21.6)
1-2cm 27 (8.1) 14 (8.5) 13 (7.6)
None 67 (20) 35(21.3) 32(18.7)
First-line chemotherapy (%) 0.181
Resistant 63 (23.9) 29 (21.3) 34 (26.6)
Sensitive 154 (58.3) 79 (58.1) 75 (58.6)
Too early 47 (17.8) 28 (20.6) 19 (14.8)
Tumor status (%) 0.02591*
Tumor free 85 (25.4) 51 (30.5) 34 (20.4)
With tumor 249 (74.6) 116 (69.5) 133 (79.6)
Primary therapy outcome (%) 0.9102
CR 206 (69.1) 114 (77.6) 92 (60.9)
PD 27 (9.1) 12 (8.2) 15 (9.9)
PR 43 (14.4) 12 (8.2) 31(20.5)
SD 22 (7.4) 9(6.1) 13 (8.6)
Recurrence (%) 0.01333*
No 87 (24.6) 41 (23.6) 46 (25.6)
Yes 267 (75.4) 133 (76.4) 134 (74.4)
Lymph node metastasis (%) 0.9122
Bilateral 255 (71.4) 125 (69.8) 130 (73.0)
Left 56 (15.7) 28 (15.6) 28 (15.7)
Right 46 (12.9) 26 (14.5) 20 (11.2)
Lymphatic invasion (%) 0.1786
No 48 (32.2) 29 (36.7) 19 (27.1)
Yes 101 (67.8) 50 (63.3) 51(72.9)
Vital status (%) 0.2982
Alive 147 (38.8) 81 (42.9) 66 (34.7)
Dead 232 (61.2) 108 (57.1) 124 (65.3)

The overexpression of RACGAP1 exhibited a significant association with the grade, recurrence, and status of tumors. RACGAP1, RacGTPase
activating protein 1; OV, ovarian cancer; TCGA, The Cancer Genome Atlas; CR, complete response; PD, progressive disease; PR, partial response;
SD, stable disease. Statistical examinations were conducted using the Mann-Whitney U test and Kruskal-Wallis test. The P value marked with *

emphasized statistical significance (P < 0.05).
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with mismatch repair and nucleotide excision
repair (Figure 2C and 2D), which are consid-
ered to be closely related to OV chemothera-
peutics [19]. Meanwhile, RACGAP1 expression
was also found to be negatively correlated
with drug metabolism cytochrome P450 (CYP)
(Figure 2E), which was reported as an impor-
tant signaling molecule of drug metabolism
[20]. By inhibiting the promotion of cytochrome
P450 on drug metabolism in OV, CYP-mediated
drug metabolism significantly impacts treat-
ment outcomes, not only by affecting the effi-
cacy, safety, and availability of drugs but also
by contributing to the development of drug
resistance [21]. For instance, CYP1B1, a con-
stituent of the cytochrome P450 enzyme group,
plays a role in the development of drug resis-
tance to docetaxel in ovarian cancer [22].

Then, we examined the impact of RACGAP1
on the responsiveness of OV cells towards cis-
platin and Taxol, the most commonly used OV
chemotherapy drugs. The expression level of
RACGAP1 was first detected in SKOV3, HEY,
COV318, HO-8910PM, and OVCARS3 cell lines
(Figure 2F). RACGAP1 was found to have a
relatively high expression level in SKOV3 and
HO-8910PM cells. Then, SKOV3 and HO-
8910PM cells were selected, and RACGAP1
was knocked down using siRNA. The interfer-
ence efficiency was detected by real-time PCR
analysis. The interference efficiency of si-RAC-
GAP1-1 and si-RACGAP1-2 in SKOV3 cells was
79.11% and 75.27%, respectively. The interfer-
ence efficiency of si-RACGAP1-1 and si-RAC-
GAP1-2 in HO-8910PM cells was 76.02% and
71.94%, respectively (Figure 2G).

Then, cisplatin or Taxol was used to treat SKOV3
and HO-8910PM cells transfected with si-NC or
si-RACGAP1 (si-RACGAP1-1 plus si-RACGAP1-2).
A CCK8 assay was performed to detect cell
viabilityat0d, 1 d, 2 d, 3dand 4 d. The prolif-
eration of SKOV3 or HO-8910PM cells was
suppressed in the vehicle plus cisplatin or
Taxol groups. Knockdown of RACGAP1 further
enhanced the effects of cisplatin or Taxol on OV
cells (Figure 2H-K).

Knockdown of RACGAP1 enhances the effects
of cisplatin or Taxol on OV in vivo

We conducted additional research to examine

how RACGAP1 influences the response of OV
cells to cisplatin or Taxol in a mouse model with
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subcutaneous implantation of SKOV3 and
HO-8910PM cells transfected with sh-NC or
sh-RACGAP1 (Figure 3A). After the mice were
anesthetized, the tumor nodules were obtained.
Cisplatin or Taxol administration suppressed
the growth of tumor nodules. RACGAP1 knock-
down further synergized and enhanced the
inhibitory effects of cisplatin or Taxol on OV
(Figure 3B and 3C).

After detection of Ki67 and TUNEL staining, we
further found that RACGAP1 knockdown could
enhance the inhibitory effects of cisplatin or
Taxol on the proliferation of OV cells. Meanwhile,
the apoptosis of OV cells in the si-RACGAP1
plus cisplatin or Taxol-administered group was
found to be increased (Figure 3D-G).

RACGAP1 interacts with NCAPG2 and regu-
lates PI3BK/AKT pathway in cisplatin treated
ovarian cancer cells

First, we downloaded OV patient cohort data
obtained from TCGA in the LinkedOmics online
database (http://linkedomics.org), which was
used to explore RACGAP1-related genes. The
results are shown in Figure 4A. Meanwhile,
the GEO datasets GSE6008, GSE10971, and
GSE14407 were also used for Pearson correla-
tion analysis to obtain the related genes of
RACGAP1 (cor > 0.5). The results are shown in
Figure 4B. Finally, the Venn tool was adopted to
screen the overlapping genes among these
genes. As a result, we found that non-SMC
condensin Il complex subunit G2 (NCAPG2)
was the overlapped co-expressing gene of
RACGAP1 in all these datasets (Figure 4C). As
shown in Figure 4D, NCAPG2 expression was
highly associated with RACGAP1 expression. By
gPCR analyses, we found that NCAPG2 was
closely related to RACGAP1 in OV tissue (Figure
4E). NCAPG2 was readily coimmunoprecipitat-
ed with RACGAP1 in cancer cells, and vice
versa (Figure 4F). By using a Kaplan-Meier
plotter, we observed a significant correlation
between elevated levels of NCAPG2 mRNA
expression and decreased OS and PFS in the
TCGA database (Figure 4G and 4H).

The PIBK/AKT signaling pathway plays a crucial
role in modulating the sensitivity of tumor cells
to cisplatin treatment [37], so we further inves-
tigated whether RACGAP1 affects the chemo-
therapy response of OV cells through regulating
PI3BK/AKT pathway. We detected the p-PI3K

Am J Transl Res 2024;16(5):2132-2146



RACGAP1 in ovarian cancer chemotherapeutics

A ) B GO analysis of RACGAP1
GO analysis of RACGAP1
MISMATCH REPAIR . MISMATCH REPAIR
T CELL RECEPTOR SIGNALING PY cout
PATHWAY ® 20 NUCLEOTIDE EXCISION REPAIR
o
NUCLEOTIDE EXCISION REPAIR o ® i HOMOLOGOUS RECOMBINATION p.adjust
® s
HOMOLOGOUS RECOMBINATION . @ BASE EXCISION REPAIR 001
0.02
BASE EXCISION REPAIR L] p-adjust P53 SIGNALING PATHWAY 0.03
003
PPAR SIGNALING PATHWAY ° 002 T OELL RECEPTOR SIGNALING

.adjus|
DRUG METABOLISM CYTOCHRSANSIE . 0.01 PPAR SIGNALING PATLAT

DRUG METABOLISM CYTOCHROME
P53 SIGNALING PATHWAY] @ P450

0.3 0.4 05 06 -1 0 1
GeneRatio

c Mismatch repair D Nucleotide excision repair E Drug metabolism cytochrome P450
. 5.

sdhst

ining Enrichment Score

Runi

A1 [ g S 1 1

Ranked List Metric

Rark in Ordered Dataset : Rariin Ordered Dataset Rankin Ordered Dataset

F H SKOV3 | SKOV3
c 25 & vehicle x 25 -= vehicle *
% 0.15 —o— vehicle+Cisplatin * ¥ 5 —+— vehicle+Taxol ¥
] >, |- vehiclessiRacGAPT | %], 2 o vehicle+s-RacGAP1 | |
% 0.12 % —4 vehicle+si-RacGAP1 * 3 ehicle+si-RacGAP1 " ¥
2 % 15 plus Cisplatin © L5 = Bl
< 009 g >
[4 Z1 3 1
E 0.06 o) o
< 003 ©os 05
8 .
é 0 0 od 1d 2d 3d 4d 0 od 1d 2d 3d 4d
O A0 N D ) )
S EHE K Time (d) Time (d)
R NS
Q\o/ (@)
HO-8910PM HO-8910PM
G SKOV3 HO-8910PM Y K
- Kk Kk 2 -#- vehicle % 2 -m~ vehicle x*
S o 1 T 1 1.8 [ 1.8 *lx
‘® 0.20 — 0.16 ~— 16 ~+- vehicle+Cisplatin ¥ 16 —+— vehicle+Taxol *
@ > 1‘ 4|+ vehicessiRacGAPT | | x 2.1' 4| o vehice+siRacGAPT ¥ .
o = =
E 0.15 0.12 % 12 - ;Ieur;icggsli;ﬁ:cem % 12 = ;Lleufgc_l[ea;zll—RacGAM *
= 1 = 1
Z >
Z 010 0.08 Zos 208
E 8 06 os
2 005 0.04 04 04
8 0.2 0.2
é 0 0 0 0 d d d d d
RN RN IR od W o 3d 4d 0 1 2 3 4
TR R TR R Time (d) Time (d)
s e
gt i & X
> o > o

Figure 2. RACGAP1 knockdown could enhance the cytotoxic effects of cisplatin or Taxol on OV cells in vitro. (A,
B) RACGAP1 expression was closely related to mismatch repair, nucleotide excision repair, and drug metabolism
cytochrome P450 by GO analysis. (C-E) The GSEA analysis revealed a significant positive association between the
expression of RACGAP1 and the signals generated by chemotherapeutic agents used in ovarian cancer treatment.
(F) The initial assessment of RACGAP1 expression was conducted in SKOV3, HEY, COV318, HO-8910PM, and OV-
CARS3 cell lines. The y-axis in (F) illustrates the comparative mMRNA expression level of RACGAP1 across different OV
cell lines. (G) The interference efficiency of RACGAP1 in SKOV3 and HO-8910PM was detected by real-time PCR.
The y-axis in (G) represents the mRNA expression level of RACGAP1 after transfection by siRNA. All the values were
normalized to GAPDH. (H-K) Cells were divided into 6 groups: vehicle, vehicle+cisplatin, vehicle+Taxol, vehicle+si-
RACGAP1, vehicle+si-RACGAP1 plus cisplatin, and vehicle+si-RACGAP1 plus Taxol. Cell viability of each group was
measured at 0, 1, 2, 3, and 4 days. It was indicated that Knockdown of RACGAP1 further enhanced the effects of
cisplatin or Taxol on OV cells analyzed by CCK8 assay. RACGAP1, RacGTPase activating protein 1; OV, ovarian can-
cer; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis. We employed the Student’s t test to compare groups,
with a significance threshold of P < 0.01. Significance levels were indicated as **P < 0.01.
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Figure 3. Knockdown of RACGAP1 enhances the effects of cisplatin or Taxol on OV in vivo. A. SKOV3 and HO-8910PM
cells transfected with sh-NC or sh-RACGAP1 were subcutaneously inoculated into nude mice. The nude mice were

2141 Am J Transl Res 2024;16(5):2132-2146



RACGAP1 in ovarian cancer chemotherapeutics

divided into 6 groups (n=6 in each group). The drugs were injected twice a week while the subcutaneous tumor grew
to 5 mm3. The dosage of cisplatin given was 25 mg per kilogram, while the dosage of Taxol administered was 10 mg
per kilogram. Tumors were harvested and measured in the fifth week. B, C. Tumor volume was measured at O, 1,
3 and 5 week, respectively. Comparing the tumor volume of these groups, it was known that RACGAP1 knockdown
further synergized and enhanced the inhibitory effects of cisplatin or Taxol on OV. D, E. RACGAP1 knockdown could
enhance the inhibitory effects of cisplatin or Taxol on the proliferation of OV cells by Ki67 staining. F, G. Reducing
the expression of RACGAP1 could enhance the apoptotic effects of cisplatin or Taxol on OV cells, as evidenced by
TUNEL staining. Scale bar indicates 100 um. RACGAP1, RacGTPase activating protein 1; OV, ovarian cancer. We
employed the Student’s t test to compare groups, with a significance threshold of P < 0.01. Significance levels were
indicated as **P < 0.01.
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Figure 4. RACGAP1 interacts with NCAPG2 and regulates PI3K/AKT pathway in cisplatin treated ovarian cancer
cells. A. OV patient cohort data obtained from TCGA in the LinkedOmics online database were used to explore
RACGAP1-related genes. B. The GEO datasets were used for Pearson correlation analysis to obtain the related
genes of RACGAP1 (cor > 0.5). C. NCAPG2 was co-expressed by the Venn tool. D. NCAPG2 may be closely related to
RACGAPZ1 in OV progression. E, F. NCAPG2 is closely related to RACGAP1 in OV tissue detected by gPCR and CO-IP. G,
H. The expression of NCAPG2 mRNA was found to be significantly correlated with decreased OS and PFS, as demon-
strated by the Kaplan-Meier plotter analysis. I. Double knockout of RACGAP1 and NCAPG2 caused pPI3K and pAKT
expression decreased significantly with cisplatin treatment. RACGAP1, RacGTPase activating protein 1; OV, ovarian
cancer; NCAPG2, non-SMC condensin Il complex subunit G2; OS, overall survival; PFS, progression-free survival. The
Student’s t-test was employed to compare the groups, and P value is labeled in the graph.
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and p-AKT level after RACGAP1 knockdown by
cisplatin treatment in SKOV3 cells. The results
showed that phosphorylated PI3K and AKT
were clearly downregulated by RACGAP1 knock-
down, which were further suppressed by
double knockout of RACGAP1 and NCAPG2
(Figure 41). Therefore, the interaction between
RACGAP1 and NCPAG2 may play important
roles in OV chemotherapeutic resistance.

Discussion

QV is commonly detected in advanced stages
and lacks an efficient screening approach. In
recent years, various therapies, including tradi-
tional chemotherapy and targeted drug thera-
py, have been rapidly developed for late-stage
OV patients [6]. Drugs targeting driver genes
show a more potent anticancer effect and lower
toxicity than conventional chemotherapy [23].
In advanced OV, targeted treatment plays an
increasingly important role [24]. However,
despite efforts to improve patient outcomes,
the 5-year survival rate remains unchanged
for advanced OV [5]. Furthermore, our knowl-
edge of the underlying cellular and molecular
pathways inducing therapy failure is rather lim-
ited. To solve this problem, more research is
needed to explore an effective strategy cover-
ing relative cancer-promoting mechanisms and
genomic complexity. Hence, the identification
of more precise and dependable biomarkers
for the detection and prediction of OV becomes
crucial.

Bioinformatics has emerged as a highly effec-
tive instrument for conducting diverse genom-
ics and proteomics investigations in the field of
tumor research. Using pancancer analysis
through GEPIA by mining RNA-seq data from
the TCGA database, the results showed that
the mRNA level of RACGAP1 was significantly
upregulated in many human cancers compared
with nontumor tissues, including OV. RACGAP1
has been identified as an oncogene. In hepato-
cellular-cancer (HCC), RACGAP1 overexpres-
sion could serve as an independent prognostic
factor for recurrent HCC [25]. Therefore, we
performed an examination on openly accessi-
ble TCGA datasets to explore the association
between the mRNA expression of RACGAP1
and the clinical information of individuals diag-
nosed with ovarian cancer. The findings indi-
cated a direct association between elevated
levels of RACGAP1 expression and tumor grade,
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as well as an increased likelihood of tumor
recurrence and progression.

Furthermore, we conducted a prognostic analy-
sis of RACGAP1 by categorizing patient samples
into two groups based on the level of RACGAP1
MRNA expression in the OV tissue microarray.
Through the Kaplan-Meier plotter, we perform-
ed OS analyses and PFS analyses. Noticeable
correlations were found between elevated
MmRNA expression levels of RACGAP1 and
reduced OS as well as PFS. The same results
were obtained in cervical cancer [26]. The
results showed that RACGAP1 has potential
diagnostic and prognostic value in OV, which
was consistent with the finding of Wang’'s
research [16].

RACGAP1 is a well-documented modulator of
cytokinesis, migration, and differentiation [27].
Specific blockage of circRACGAP1 can enhance
the therapeutic effect of apatinib in human
advanced gastric cancer and reduce its toxici-
ties [28]. CircASXL1 facilitates the proliferation,
migration, and invasion of ovarian cancer cells
by regulating the miR-320d/RACGAP1 signaling
pathway [29]. However, we were interested in
investigating the impact of elevated levels of
RACGAP1 on the effectiveness of chemothera-
py for ovarian cancer. Through both in vivo and
in vitro experiments, it was observed that the
downregulation of RACGAP1 could potentially
augment the efficacy of cisplatin or Taxol
against OV. These experiments demonstrate
the role of RACGAP1 knockdown in enhancing
clinical chemotherapy drug sensitivity in OV.

We used different bioinformatics analysis
methods to analyze TCGA and GEO databases
and obtained two datasets that included
135 RACGAP1 coexpressed genes and 87
RACGAP1-related genes. In the Venn diagram,
we found that NCAPG2 was the only overlap-
ping gene in the two datasets. NCAPG2 plays a
critical role in the complex responsible for con-
densing and segregating chromosomes during
mitosis, repairing DNA, and modulating his-
tones [30]. It is frequently upregulated in many
tumors [31]. NCAPG2 can interact with Polo-
like kinase 1 (PLK1) during the anterior-to-
metaphase transition of mitosis, thereby regu-
lating correct chromosome segregation [32].
NCAPG2 possesses the capacity to regulate
cellular proliferation through modulation of pro-
tein expression linked to the G2/M phase of

Am J Transl Res 2024;16(5):2132-2146



RACGAP1 in ovarian cancer chemotherapeutics

cell division [33]. Overexpression of NCAPG2
promotes HCC proliferation, migration, and
invasion [34]. Phosphorylation-induced activa-
tion of HBO1 by NCAPG2 promotes the aggres-
siveness of glioblastoma cells and enhances
xenograft tumor growth [35]. Increased NCA-
PG2 expression has been associated with poor-
er prognosis and resistance to chemotherapy
[36]. For example NCAPG2 promoted erlotinib
resistance by maintaining the stemness in lung
adenocarcinoma [37].

In our study, the bioinformatics analysis identi-
fied a significant increase in the mRNA expres-
sion of NCAPG2 in ovarian cancer. Furthermore,
it was observed that elevated expression of
NCAPG2 mRNA correlated with unfavorable
DFS and OS outcomes when compared to
cases with lower NCAPG2 expression. A recent
study suggested that NCAPG2 may modulate
RACGAP1-mediated contractile ring formation,
contributing to proper cell division [38].

The regulation of diverse pathophysiological
processes, including cell proliferation, migra-
tion, and drug resistance, particularly in rela-
tion to cisplatin resistance, can be significantly
enhanced by inhibiting the PI3BK/AKT signaling
pathway [39]. Hence, we investigated the
impact of RACGAP1 on the effectiveness of
cisplatin in ovarian cancer by examining its
influence on the PIBK/AKT pathway. The find-
ings indicate that the suppression of RACGAP1
can effectively impede the phosphorylation
of PIBK/AKT. After conducting bioinformatics
analysis, we observed a significant correlation
between RACGAP1 and NCAPG2. Furthermore,
our co-immunoprecipitation experiments con-
firmed their physical interaction. Meanwhile,
simultaneous inhibition of both genes inhibited
the phosphorylation of PI3BK/AKT more than
RACGAP1 single knockdown in cisplatin treated
OV cells. These results suggested that the two
proteins were involved in the OV chemoresis-
tance through regulating the PISK/AKT path-
way. Disruption of RACGAP1 or NCAPG2 might
improve chemosensitivity in clinical applica-
tion. However, the specific mechanism by which
RACGAP1 and NCAPG2 regulate the PI3BK/AKT
pathway in relation to cisplatin resistance
remains unclear and requires further investiga-
tion in future studies.

In conclusion, RACGAP1 was found to be upreg-
ulated in OV and closely related to clinicopatho-
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logical features and patient prognoses. RACG-
AP1 knockdown could synergize and enhance
the effects of chemotherapeutics on OV. The
interaction between RACGAP1 and NCPAG2
may play important roles in OV chemothera-
peutics.
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