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Lysophosphatidic acid (LPA) and geminin are overexpressed in ovarian cancer,
and increasing evidence supports their contribution to ovarian tumor
development. Here, we reveal that geminin depletion induces autophagy
suppression and enhances reactive oxygen species (ROS) production and
apoptosis of high-grade serous ovarian cancer (HGSOC) cells. Bioinformatics
analysis and pharmacological inhibition studies confirm that LPA activates
geminin expression in the early S phase in HGSOC cells via the LPARy3/
MMPs/EGFR/PI3K/mTOR pathway. Furthermore, LPA phosphorylates Aurora-
A kinase on Thr288 through EGFR transactivation, and this event potentiates
additional geminin stabilization. In turn, overexpressed and stabilized geminin
regulates DNA replication, cell-cycle progression, and cell proliferation of
HGSOC cells. Our data provide potential targets for enhancing the clinical
benefit of HGSOC precision medicine.
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Introduction

Ovarian cancer is a frequently lethal malignancy affecting the
female reproductive tract. Histologically, about 90% of ovarian
tumors are considered to occur through the transformation of
epithelial cells (Matulonis et al., 2016). Epithelial ovarian cancer
(EOC) typically includes at least four major histological subtypes:
serous, endometrioid, clear cell, and mucinous carcinoma
(Seidman et al, 2004). The most aggressive serous subtype,
high-grade serous ovarian cancer (HGSOC), accounts for 90%
of these serous carcinomas and 70%-80% of all ovarian cancer
deaths (Bowtell, 2010; Mitra et al., 2015). In fact, HGSOC
predominates in the clinical setting, making it the most
extensively studied ovarian cancer (Lisio et al., 2019).

HGSOC is characterized by the rapid growth and spread of
intraperitoneal tumors and the accumulation of ascites. HGSOC
patients with late-stage disease frequently develop malignant
ascites featuring a prominent cellular component (Lengyel,
2010). (LPA) is a
phospholipid that performs an important signal messenger

Lysophosphatidic  acid bioactive
role in both physiological and pathological conditions. The
level of LPA in plasma or ascites is obviously elevated in most
ovarian cancer patients with poor prognostic outcomes, and LPA
is considered a potential diagnostic biomarker for ovarian cancer
(Xu et al., 1995; Xu et al., 1998; Baker et al., 2002; Mills and
Moolenaar, 2003; Jesionowska et al., 2015). Enhanced LPA
growth, typically
accompanied with replication stress, which is defined as

connotes rapid and constant cell
aberrant replication fork progression, DNA synthesis, and
uninterrupted generation of chromosome variations (Zeman
and Cimprich, 2014). Ultimately, these abnormal variations
promote oncogenic transformation (Zeman and Cimprich,
2014; Kotsantis et al., 2018; Maya-Mendoza et al., 2018).
Cancer cells can recruit and change the expression of key
regulatory factors, especially oncogenes, to modulate cancer
progression. Aurora-A is over-expressed in ovarian cancers
and shows a contribution to ovarian tumor development
(Yang et al., 2004; Chung et al., 2005; Jr et al., 2007). Aurora-
A kinase induces telomerase activity and human telomerase
reverse transcriptase (hTERT) by upregulation of c-Myc
(Yang et al, 2004), regulates RNA metabolism (Adhikari
et al, 2020). Activated Aurora-A can suppress R-loop
formation and transcription-replication conflicts by stabilizing
MYCN (Roeschert et al., 2021) and enhance the oncogenic RNA
splicing of tumor suppressor RBM4 by switching m6A reader
YTHDCI (Li et al., 2022). Aurora-A induces cancer cell division
and growth by mediating pre-metaphase events, such as
centrosome biology and bipolar spindle assembly (Marumoto
et al., 2005; Jr et al., 2007; Barretta et al., 2016; Gallini et al., 2016;
Zhao et al,, 2019; Lai et al.,, 2020). Subsequently, Aurora-A is
confirmed to phosphorylate geminin on Thr25 and then prevent
geminin degradation in mitosis (Tsunematsu et al., 2013). As

both a negative and positive regulator of the pre-replication
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complex (pre-RC), geminin directly binds to chromatin
licensing and DNA replication factor 1 (Cdtl) to regulate
nuclear DNA initiation (Wohlschlegel James et al, 2000;
Ballabeni et al., 2004; Lee et al., 2004). Aberrant expression or
degradation of geminin ultimately triggers genomic instability
and oncogenic transformation (Zhu & Depamphilis, 2009;
Champeris Tsaniras et al., 2018; Ma et al.,, 2021). Oncogenic
transformation contributes to reactive oxygen species (ROS)
production (Park et al., 2014; Maya-Mendoza et al., 2015),
which in turn influences the occurrence of replication stress
through polymerase activity or the physical obstacle of oxidizing
dNTPs and dissociation of peroxiredoxin2 oligomers (PRDX2)
(Sedletska et al., 2013; Park et al.,, 2014; Maya-Mendoza et al.,
2015; Somyajit et al., 2017; Meng et al., 2018). ROS production
has also been reported to induce cell apoptosis of many cancers
(Grishko et al., 2009; Kim et al., 2010). Autophagy serves as a
dynamic recycling system of eukaryotic cells that drives cellular
renovation and maintains cellular homeostasis (Mizushima and
Komatsu, 2011). Recent studies have proven that autophagy
protects cells from DNA damage, genomic instability, and
apoptosis by reducing ROS production (Mathew et al., 2007;
Gibson, 2013; Shen et al., 2015). However, the molecular-genetic
mechanisms of HGSOC remain obscure, and it would be
meaningful to analyze the relationship between geminin, ROS,
in HGSOC the
investigation of critical proteins’ biological functions has been

and autophagy cancers. Furthermore,
based on traditional two-dimensional (2D) monolayer cultures.
An in vitro three-dimensional (3D) multicellular spheroid model
is better for screening and target identification.

In this study, we linked geminin levels to ROS production,
autophagy, and apoptosis in HGSOC cells. Depletion of geminin
suppressed autophagy, enhanced ROS production, and induced
apoptosis. In addition, the rapid and constant cell growth
induced by LPA was convincingly highlighted in long-term
3D cultures. We further investigated the signaling and
physiological function of regulatory factors or oncogenes upon

LPA stimulation in HGSOC cells.

Materials and methods
Two-dimensional cell culture

A2780 cells were maintained in complete growth medium
containing DMEM (high glucose, Gibco, MD, United States)
supplemented with 10% fetal bovine serum (DCELL biologics,
Shanghai, China), 1% penicillin-streptomycin (Gibco), and 1%
L-glutamine (Gibco). OVCARS5 cells were maintained in
complete growth medium containing RPMI 1640 (Gibco)
supplemented with 10% fetal serum (DCELL
biologics), 1% penicillin-streptomycin  (Gibco), and 1%
L-glutamine (Gibco). All cells were cultured at 37 °C with 5%
CO, in a humidified atmosphere (Thermo Fisher Scientific, MA,

bovine
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FIGURE 1
Depletion of geminin suppresses autophagy activity,
enhances ROS production, and induces the apoptosis of HGSOC
cells. (A) Immunoblotting analysis of geminin protein levels in
A2780 cells as indicated. shNC, A2780 cells transfected with
shNC; sh-GMNN, geminin-knockout A2780 cells transfected with
shRNA. Quantification of three independent experiments was
performed, normalized to tubulin, and expressed as a ratio of NC,
mean + SEM, Student’s unpaired t-test, ***p < 0.001. (B) IB analysis
of apoptosis-related proteins’ expression levels in A2780 cells as
indicated. Mean + SEM, n = 3, Student’s unpaired t-test, **p < 0.01,
***p < 0.001, ns—non-significant. (C) Apoptosis analysis of
A2780 cells under geminin depletion. The percentage of apoptotic
cells was analyzed with flow cytometry. Mean + SEM, n = 3,
Student’s unpaired t-test, ***p < 0.001. (D) Representative phase-
contrast images of bioreactor expanded A2780 cells at indicated
days of cultivation. Scale bar 20 um. (E) Graphical illustration of the
average aggregate size measured at the indicated day of
cultivation: Day 8, shNC n = 116, sh-GMNN n = 108; Day 16, shNC
n =130, sh-GMNN n = 161. Images were analyzed using Nikon NIS
Elements D software, mean + SD, Student’s unpaired t-test, ***p <
0.001. (F) The protein—protein associations about geminin protein.
Data from STRING. (G) ROS analysis of A2780 cells under geminin
(Continued)
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FIGURE 1 (Continued)

depletion. The percentage of apoptosis cells was analyzed

with flow cytometry. Mean + SEM, n = 3, Student’s unpaired t-test,
***p < 0.001. (H) IB analysis of LC3B protein levels in A2780 cells as
indicated. Mean + SEM, n = 3, Student’s unpaired t-test,

***p < 0.001.

United States). In a series of experiments in this article, cells were
synchronized in the G1/S-phase with a serum-free medium for
24 h and then treated with specified reagents (LPA, EGF, DMSO,
inhibitors) in a serum-free medium supplemented with 1% BSA
(Yarwood and Woodgett, 2001; Hu et al., 2009; Bousette et al.,
2010).

Three-dimensional cell culture

A2780 cells and OVCARS cells were cultured in CERO cell
culture simplified (OMNI Life Science, Bremen, Germany);
1x10° cells were inoculated for each Falcon tube. During the
cultivation, cells were grown in suspension culture with the
following setup: Inoculation period: rotation pause, Os;
rotation period, 1s; agitation pause, 40 min. Agitation period:
2 min; rotation speed, 50 rpm; duration, 4 h. The culture period
(protocol) was the following for 8 or 16 days: rotation pause, 0 s;
rotation period, 1 s; agitation pause, 0 s. Agitation period: 2 min;
rotation speed, 80 rpm; Duration, co. Falcon tubes were filled
with 40 ml complete growth medium. The culture medium was
changed once after 72h by removing 30 ml medium and
replacing it with the complete growth medium depending on
the cell type.

Reagents and antibodies

Reagents were from the following suppliers: LPA (L7260),
DMSO (D2650), BSA (A6003), propidium iodide (PI, P4170)
(Sigma, UK); human-EGF (PHGO0313; Gibco); Kil6425
(S1315), batimastat (BB94, S1715), AG1478 (S2728),
1Y294002 (S1105), rapamycin (S1039), CCT137690 (S2744)
(Selleck); 4’,6-diamidino-2-phenylindole (DAPI, D3571)
(Invitrogen, Carlsbad, CA, United States). Antibodies were
from the following suppliers: anti-phosphotyrosine
(EPR16871; Abcam); anti-GAPDH (HC301), anti-p-actin
(HC201), anti-B-tubulin (HC101), anti-rabbit (HS101), and
anti-mouse (HS201) antibodies (TransGen Biotech, Beijing,
China); anti-Bax (bs0127R), anti-Bcl 2 (bs0032R) antibodies
(Bioss, Beijing, China); anti-BrdU (abs128684), anti-AURKA
(abs136365), anti-phospho-Aurora kinase (Thr288)
(abs130639) antibodies (Absin, Shanghai, China); anti-
caspase 3/pl7 (19677-1-AP), anti-caspase 6/p18/p11 (10198-
1-AP), anti-caspase7 (27155-1-AP), anti-caspase 9 (10380-1-
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AP), anti-PARP (13371-1-AP), anti-EGFR (18986-1-AP), anti-
geminin (10802-1-AP) antibodies (Proteintech Group, Wuhan,
Hubei, China); anti-LC3B (AF4650, Affinity Biosciences,
United States); Alexa Fluor 488-conjugated goat anti-mouse
IgG (H + L) antibody (A11008, Invitrogen).

RNA interference and transfection

To knock down endogenous geminin expression, 1 x 10°
A2780 cells were transfected with 15 ug shRNA plasmid (Sangon
Biotech, Shanghai, China) that targeted human GMNN gene
using Lipofectamine 2000 (11668-027; Thermo Fisher Scientific)
according to the manufacturer’s instructions. The knockdown
efficiency of endogenous geminin expression was confirmed by
immunoblotting assay. The shRNA (GMNN-homo-315) and
shNC
Supplementary Table S1.

(negative control) sequences are described in

Immunoblotting and
immunoprecipitation

Cells were washed three times with 1x phosphate-buffered
saline (PBS). Total protein was extracted with 1x lysis buffer.
Protein concentrations were measured using a Pierce™ BCA
Protein Assay Kit (23227; Thermo Fisher Scientific). Proteins
were separated by SDS-PAGE and electro-transferred to a
semi-dry PVDF membrane (Bio-Rad, Hercules, CA,
United States). blocked PBST
containing 5% non-fat milk (BD Biosciences, San Jose, CA,

Membranes were in
United States) for 1 h at room temperature, incubated with
specified primary overnight at 4 °C and secondary antibodies
for 1h at room temperature. The protein bands were
visualized using Pierce ECL Western Blotting Substrate
(32106; Thermo Fisher Scientific). The relative amounts of
proteins were quantified by densitometry using the ChemiDoc
XRS system (Bio-Rad) and calculated using Image Lab
Version 5.2.1 (Bio-Rad) for
immunodetection, the dilution ratio was 1:1,000 for all
1:20,000 for all
antibodies, respectively. For the immunoprecipitation (IP)

each time point. For

primary antibodies and secondary
assay, the lysate containing 4-5 mg total protein is applied
for one assay. An aliquot of 4 ug of the primary antibody was
added to the lysate, and the mixture was gently rocked at 4.0 °C
for 12h followed by incubation with 50 uL Protein G
Sepharose beads slurry (P3296; sigma) to capture the
immunocomplex. After another 12h incubation at 4.0 °C,
the mixture was washed three times with pre-cooled 1x
lysis buffer, and the supernatant were discarded. The pellet
was resuspended with 20 uL 5x SDS sample buffer. Proteins
were then detected by immunoblotting assay (Zhao et al,

2021).
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Apoptosis analysis

Apoptosis was measured by flow cytometry (FCM) using an
FITC Annexin V Apoptosis Detection Kit I (556547; BD
Biosciences) (Bhutia et al., 2010). When the cells had grown
to 80% confluence, A2780 cells were transfected with 15 ug shNC
or sh-GMNN plasmid for 6 h and cultured for another 48 h in
complete growth medium until harvested. The manufacturer’s
instructions were followed to collect and analyze 1x10° cells.
FCM analysis was performed using a CytoFLEX Flow Cytometer
(Beckman Coulter Life Sciences, United States), and data were
analyzed using CytExpert (Beckman Coulter) software.

Intracellular reactive oxygen species (ROS)
detection

Intracellular ROS levels were evaluated using a Reactive
Oxygen Species Assay Kit (CA1410; Solarbio Science and
Technology, Beijing, China) according to the manufacturer’s
instructions. When the cells had grown to 80% confluence,
A2780 cells were transfected with 15 ug shNC or sh-GMNN
plasmid for 6 h in OptiMEM medium and cultured for another
48 h in complete growth medium until harvested. The analysis
was performed using the CytoFLEX Flow Cytometer (Beckman
Coulter Life Sciences), and data were analyzed using CytExpert
(Beckman Coulter) software.

Quantitative real-time PCR

Total RNA was extracted from cells using TRIzol (ET111;
TransGen Biotech) according to the manufacturer’s instructions.
A HiScript II 1st Strand ¢cDNA Synthesis Kit (+gDNA wiper)
(Vazyme Biotech) was used to generate the cDNA template.
qRT-PCR was performed with TransStart Tip Green qPCR
SuperMix (TransGen Biotech) on a LightCycler 480 II system
(Roche, Basel, Switzerland) (Zhao et al., 2021). Oligonucleotide
sequences (Sangon Biotech) are described in Table S2.

BrdU staining and immunofluorescence
analysis

Cells were seeded on glass coverslips in a 12-well plate and
allowed to adhere overnight. After synchronization with a serum-
free medium for 24 h, OVCARS5 cells were treated with 0.1%
DMSO (vehicle), 10 uM LPA or 10 ng/ml EGF for 4h, and
incubated with 10 uM BrdU labeling solution (in water) for
24 h. The BrdU labeling solution was removed, and cells were
washed five times with PBS. OVCARS5 cells were fixed in 4%
paraformaldehyde for 15 min, permeabilized with Triton X-100
for 5 min, incubated in sodium borohydride for 10 min, stained
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levels in A2780 cells and OVCARS5 cells. Mean + SEM, n = 3, VNOVA, Dunnett's Multiple Comparison Test, ns, non-significant. (D,E)
Immunoprecipitation analysis with anti-phospho-Aurora Kinase (Thr288) antibodies in A2780 cells (D) and OVCARS cells (E) treated with 0.1% DMSO
(vehicle), 10 pM LPA or 10 ng/mL EGF for 5 min (A2780 cells) or 30 min (OVCARS cells). (F) Correlation of gene AURKA and EGFR in TCGA ovarian
cancer cohort. log2 fold changes of gene expression on the axis, and the Spearman Method was used for calculating the correlation coefficient. (G)
The protein-protein associations between Aurora-A and EGFR protein. Data from STRING. (H-K) IP analysis with anti-phospho-Aurora Kinase
(Thr288) antibodies in A2780 cells (H,J) and OVCARS cells (1,K) after pretreated with or without 10 uM BB94 (H,1) or 10 uM AG1478 (3,K) for 30 min,
then treated with 0.1% DMSO (vehicle), 10 uM LPA or 10 ng/mL EGF for 5 min (A2780 cells) or 30 min (OVCAR5 cells).
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FIGURE 4

LPA signal mediates DNA replication, cell-cycle progression, and cell proliferation of HGSOC cells. (A) Representative images of
immunolluorescence staining with anti-BrdU (green) and DAPI/nuclei (blue). Some increased green puncta in the nucleus are identified with white
arrows. OVCARS cells. Scale bar 10 um. All images were obtained with the same acquisition conditions. (B) The cell proliferation of OVCARS5 cells
Cells were pretreated with specified inhibitors for 30 min and then grown in 0.1% DMSO, 10 uM LPA or 10 ng/ml EGF. Mean + SEM, n = 3,
VNOVA, Dunnett's multiple comparison test, **p < 0.01, ***p < 0.001. (C) Representative phase-contrast images of bioreactor expanded OVCARS
cells at indicated days of cultivation. Scale bar 20 pm. (D) Graphical illustration of the average aggregate size measured at the indicated day of
cultivation. Day 8, DMSO n = 140, LPA n = 139; Day 16, DMSO n = 153, LPA n = 138. Images were analyzed using Nikon NIS Elements D software,
mean + SD, Student’s unpaired t-test, ***p < 0.001.
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with mouse anti-BrdU antibody (1:200 in 1% BSA) for 1 h, and
then fluorescein Alexa Fluor 488-conjugated goat anti-mouse
IgG (H + L) secondary antibody (1:200 in 1% BSA) for 45 min at
room temperature. DNA was visualized by staining with DAPI
(1:5,000 in water). The immunofluorescence analysis was
visualized with a laser scanning confocal microscope (LSM
710, CarlZeiss, Wetzlar, Germany) (Zhao et al., 2021).

Cell proliferation analysis

Cells (2,000) were seeded on a 96-well plate with complete
growth medium and allowed to adhere overnight. After
synchronization with a serum-free medium for 24h,
OVCARS5 cells were pretreated with DMSO (vehicle, 0.1%),
Kil6425 (10 uM), BB94 (10 uM) or AG1478 (250 nM) for
30 min, and then grown in 0.1% DMSO, 10 uM LPA or
10ng/ml EGF. The assay was conducted using a Cell
Counting Kit-8 (BS360A; Biosharp life sciences, Anhui,
China) according to the manufacturer’s protocol. The plate
was then read using a spectrophotometric microtiter plate
reader (EPOCH) set at a wavelength of 450 nm.

DNA ploidy analysis

OVCARS cells were synchronized with a serum-free medium
for 24 h and then pretreated with DMSO (vehicle, 0.1%), Kil16425
(10 uM), BB94 (10 uM), AG1478 (250 nM), LY294002 (10 M)
or rapamycin (100 nM) for 30 min, stimulated with 10 uM LPA
up to 4 h. Cell-cycle progression under different conditions was
evaluated by flow cytometry. After the treatment, cells were
harvested by digestion with 0.05% trypsin, washed three times
with ice-cold 1xPBS, fixed with ice-cold 70% ethanol for 30 min
on ice, and incubated with 50 pg/ml PI and 50 pg/ml RNase A in
1xPBS for 30 min in the dark. All FACS analyses were performed
on a FACSCalibur system (BD Biosciences), and cell cycle
distribution was analyzed with ModFit LT v3.0 software
(Verity Software House, Topsham, ME, United States).

Data source

Human ovarian cancer tissues, normal ovarian tissues, and
clinical and molecular data (including mRNA expression and
mutations) were extracted from the Cancer Genome Atlas
(TCGA) (Grossman et al.,, 2016). The immunohistochemistry
(IHC) data were extracted from the Human Protein Atlas (HPA)
(Uhlén et al., 2005). The Kaplan-Meier survival analysis data was
extracted from the Kaplan-Meier plotter (Gyérffy, 2021). The
protein—protein interaction (PPI) network was extracted from
STRING (Szklarczyk et al., 2021). The correlation analysis was
extracted from GEPIA (Tang et al.,, 2017), and the Spearman
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method was used to calculate the correlation coefficient. The gene
set enrichment analysis (GSEA) was extracted from the
LinkedOmics Database (Vasaikar et al., 2018), the platform is
HiSeq RNA, and the pipeline is Firehose_RSEM_log2. The
signaling pathway was drawn from Figdraw (www.figdraw.
com), and we have the corresponding export copyright ID code.

Statistical analysis

Statistical information for individual experiments can be
found in the corresponding figure legends. All statistical
analyses were processed using GraphPad Prism v8.0 software
or OriginPro 2021 software. Statistical comparisons were
analyzed for significance by Student’s unpaired ¢-test, one-way
or two-way analysis of variance (VNOVA) with Dunnett’s
multiple comparison test. *p < 0.05, *p < 0.01, and *p <
0.001 were considered to be statistically significant. Data are
presented as mean + SEM.

Results

Geminin expression levels are increased
but strictly conservative in human ovarian
cancer tissues

HGSOC cells
atypia with

From the cytological perspective, are

characterized by high-grade nuclear large,
hyperchromatic, and pleomorphic nuclei with multinucleation
potential (Lisio et al., 2019). The public database was interrogated
to investigate why disruption of the nuclear atypia would benefit
a cancer cell. The GMNN transcription level was clearly higher in
most human cancer tissues than that in normal tissues
(Supplementary Figure S1A). Moreover, human ovarian
exhibited increased GMNN

transcript levels compared with normal ovarian tissues (p <

cancer tissues significantly
0.001) (Supplementary Figure S1B). In the clinicopathologic
characteristics, the GMNN transcript level was significantly
different among the different pathological stages of ovarian
cancer (p < 0.05) (Supplementary Figure S1C), but this data
set did not show a significant correlation between GMNN
expression and patient age distribution (Supplementary Figure
S1D). Further IHC analysis revealed that geminin protein
expression was notably detectable in ovarian cancer tissues,
whereas a weak signal was detected in normal ovarian tissues
(Supplementary Figure S1E). In addition, data on TCGA whole-
genome sequencing cohort revealed only three mutations
(H57Q, W99C, EI23E)
suggesting that the geminin protein was strictly conserved

in 165 ovarian cancer patients,
(Supplementary Table S3). In brief, these data suggest that

geminin expression levels in human ovarian cancer tissues are
higher than that in normal ovarian tissues.
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FIGURE 5

The signaling pathway of LPA-mediated DNA replication initiation, cell-cycle progression, and autophagy in HGSOC cells.

Depletion of geminin suppresses
autophagy activity, enhances ROS
production, and induces apoptosis of
HGSOC cells

To define the impact of geminin on human ovarian cancer
initiation and progression, geminin-depleted HGSOC cells were
established by treating A2780 cells using shRNA to knock out
endogenous geminin (Figure 1A, Supplementary Table S1). The
Bcl-2 family proteins are key regulators of mitochondrial
apoptosis and cysteine-aspartic proteases (caspases) are used
as cell death markers (Green and Kroemer, 2004; Kale et al.,
2018; Singh et al, 2019). The results of immunoblotting
manifested a significant decrease in anti-apoptotic protein Bcl-
2 and a significant increase in pro-apoptotic protein Bax,
showing geminin depletion resulted in the promotion of cell
apoptosis (Figure 1B). In addition, this change in the dynamic
balance of two proteins led to markedly increased caspase 9 levels
(Figure 1B). An obvious increase was also observed in caspase
3 upon depletion of geminin, while no changes were seen in
caspase 6 and caspase 7. These results suggest that the
downstream cascade of events is caspase 3 independent
(Figure 1B). The FCM analysis showed that apoptotic cells
increased from 21.47% to 32.64% towards geminin depletion,
indicating that genetic ablation of geminin induced the apoptosis
of A2780 cells (Figure 1C). The further 3D assay showed an over-
1.7-fold increase in the size of tumor spheroids in geminin
knockdown cells compared to the control group (Figures 1D,
E). Furthermore, the PPI network revealed that geminin was
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implicated in the cellular response to ROS with other four
proteins (PCNA, CDK1, CDK2, CCNA2) (Figure 1F), and the
fraction of cells with intracellular ROS production increased 19 to
60-fold within 2 days with geminin depletion (Figure 1G).

Recent studies demonstrated that autophagy could protect
cells by reducing ROS production (Mathew et al., 2007). The
expression of autophagy-related protein LC3B was detected to
identify whether geminin might affect autophagy activity in
HGSOC cells. The results of immunoblotting showed that
LC3B protein levels significantly decreased in geminin-
depleted A2780 cells (Figure 1H). This finding suggests that
geminin protein levels are essential for LC3B protein expression
and autophagy activity in HGSOC cells. Overall, these findings
imply that geminin depletion suppresses autophagy activity,
enhances ROS production, and ultimately induces apoptosis in
HGSOC cells.

LPA activates geminin expression in
HGSOC cells

HGSOC cells were reported to produce LPA in the peritoneal
tumor microenvironment (Ghoneum et al., 2018). To verify the
effect of LPA on geminin, qRT-PCR analysis was performed to
examine geminin expression in HGSOC cell lines (A2780 and
OVCARS5) treated with LPA. The data revealed that the GMNN
transcript levels were enhanced by LPA stimulus in a time-
dependent manner, suggesting that LPA can induce geminin
synthesis (Figure 2A). An immunoblotting assay was performed
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to examine the levels of geminin protein towards the LPA

treatment. Consistently, LPA stimulus led to increased
geminin protein in a time-dependent manner (Figures 2B, C).
Thus, LPA can activate geminin protein expression in HGSOC

cells.

Matrix metalloproteinases play a pivotal
role in LPA-induced EGFR transactivation

LPA was clarified to transactivate the epidermal growth
factor receptor (EGFR) in a classic autocrine manner in some
cancer cells (Daub et al., 1996; Prenzel et al., 1999). In HGSOC
showed that
phosphorylated EGFR protein increased notably in the
presence of LPA (Figures 2D, E), indicating that LPA
enhances EGFR protein phosphorylation. To further examine
how LPA transactivates EGFR, HGSOC cells were treated with
BB94 to abolish the activity of matrix metalloproteinases

cells, the analysis of immunoprecipitation

(MMPs) responsible for EGFR transactivation. The analysis
showed that the increasing phosphorylated EGFR protein
induced by LPA was blocked under BB94 treatment (Figures
2F, G). This result indicates that MMPs are critical for EGFR
transactivation in response to LPA.

LPA enhances geminin expression via
LPAR;,3/MMPs/EGFR/PI3K/mTOR
pathway

The of LPA
transmembrane signaling through specific G protein-coupled

biological functions are driven by
receptors (van Corven et al, 1989), and transcriptomic data
revealed that LPA receptor (LPAR) genes are expressed via a cell
type-selective manner (Reinartz et al., 2019). Notably in this
regard, the qQRT-PCR analysis revealed that LPAR; and LPAR;
had the same (higher) expression than the other four LPA
receptors in OVCARS5 cells (Figure 2H). The addition of
LPAR,;; inhibitor Kil6425 significantly inhibited geminin
This result
indicates that LPA regulates geminin expression through its
receptors LPAR1/3.

Having confirmed that LPA activates the MMPs/EGFR
pathway, whether inhibition of the MMPs/EGFR pathway was
selective against geminin expression was investigated. The
analysis showed that both MMPs inhibitor BB94 and EGFR
inhibitor AG1478 prevented LPA-induced geminin expression
(Figures 2I, J). These results indicate that the MMPs/EGFR
pathway is activated to mediate geminin expression under
LPA stimulus. To confirm whether the traditional EGFR
signaling pathway was implicated in geminin overexpression,
OVCARS5 cells were pretreated with LY294002 and rapamycin to
inhibit PI3K and mTOR biological activity, respectively. The

expression induced by LPA (Figures 2I, ).
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analysis of immunoblotting showed that the PI3K inhibitor
LY294002 and mTOR inhibitor
eliminated the upregulation of geminin protein stimulated

rapamycin  significantly
with LPA in ovarian cancer cells, whereas DMSO had no
effect (Figures 2I, J). Taken together, these data suggest that
LPA promotes geminin expression via the LPAR;;;/MMPs/
EGFR/PI3K/mTOR pathway in HGSOC cells.

Aurora-A correlates with geminin in mRNA
and protein levels in human ovarian
cancer

Enhanced protein synthesis and stabilization are the two
main regulatory mechanisms to increase protein expression.
identified to
stabilization by phosphorylating geminin on Thr25 in the M

Aurora-A  kinase was enhance geminin
phase (Tsunematsu et al., 2013). This means that Aurora-A
kinase may be able to regulate geminin stability in HGSOC
cells. To address this, the TCGA ovarian cancer data were utilized
to explore the correlation between geminin and Aurora-A. A
volcano plot analysis of 17,429 genes based on attribute gene
GMNN was separated into two groups with a significant
differential S2A, B).

Spearman’s rank correlation coefficient analysis revealed a

correlation (Supplementary Figures

significant correlation between the expression of GMNN and
AURKA (Supplementary Figure S2C). In addition, the PPI
network revealed that the Aurora-A protein had known
experimental and text-mining interactions with the geminin
protein (PPI enrichment p < 0.05) (Supplementary Figure
S2D, Supplementary Table S4). Interestingly, homologs were
(data
Collectively, these results imply that Aurora-A correlates with

co-expressed in other organisms not shown).

geminin in mRNA and protein levels in human ovarian cancer.

LPA potentiates geminin protein stability
via EGFR/Aurora-A"™"288 axis in HGSOC
cells

Geminin expression was blocked by treating HGSOC cells
(A2780 and OVCARS5) with CCT137690 to inhibit Aurora-A
kinase activity (Figures 3A, B, compare lanes 1 and 4). Together
with the previous report (Tsunematsu et al., 2013), these results
indicate that Aurora-A enhances geminin protein stability in
HGSOC cells. In addition, LPA-recruited geminin expression
was notably abolished by CCT137690, indicating that LPA
potentiates geminin stability by targeting Aurora-A in
HGSOC cells (Figures 3A, B, compare lanes 3 and 6).
However, there were no obvious differences in Aurora-A
expression with or without LPA or EGF stimulus (Figure 3C).
Indeed, the kinase Aurora-A exerts its biological activity through
a phosphorylation state. The analysis of immunoprecipitation
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showed that Aurora-ATh2%8

protein levels were markedly
increased with LPA stimulus, suggesting LPA signal activates
Aurora-A phosphorylation on Thr288 in HGSOC cells (Figures
3D, E). There were also significant differences in the expression
of phosphorylated Aurora-A between the EGF groups and the
control DMSO (Figure 3E). To further understand the effect of
EGEFR on Aurora-A phosphorylation, a correlation expression of
AURKA and EGFR was analyzed from the TCGA ovarian cancer
data set. Spearman’s rank correlation coefficient analysis
manifested a strong correlation between the expression of
AURKA and EGFR (Figure 3F). In addition, the PPI network
revealed that Aurora-A protein had known experimental, curated
database and text-mining interactions with EGFR protein (PPI
enrichment p < 0.001) (Figure 3G, Supplementary Table S5).
These results indicate that Aurora-A correlates with EGFR in
mRNA and protein levels in human ovarian cancer. To validate
the direct interaction between Aurora-A and EGFR, HGSOC
cells were treated with the inhibitors BB94 and AG1478. The data

showed that Aurora-A™w2

protein levels decreased under
treatment with the above inhibitors, implying that LPA
phosphorylates Aurora-A on Thr288 through the MMPs/
EGFR axis (Figures 3H-K). Overall, these data indicate that
LPA potentiates geminin stability via the EGFR/Aurora-A"™2%

axis in HGSOC cells.

Aurora-A predicts clinical outcomes of
ovarian cancer patients

The expression level of Aurora-A was defined to further
investigate the role of HGSOC. Notably, AURKA transcript
levels were higher in most cancer tissues than in normal
tissues (Supplementary Figure S3A). Additionally, compared
with normal ovarian tissues, ovarian cancer tissues exhibited
significantly higher AURKA transcript levels (p < 0.001)
(Supplementary Figure S3B). However-, there were no
significant differences among different ovarian pathological
stages (p = 0.247) (Supplementary Figure S3C). Moreover, the
THC analysis revealed that the Aurora-A protein was barely
detectable in normal ovarian tissues, while a stronger signal
was detected in cancer tissues (Supplementary Figure S3D).
Furthermore, a correlation between Aurora-A expression and
disease progression was identified in a sample of 1656 ovarian
data. the
multivariate analysis, the data set was based on overall
survival, with an HR of 1.28 and a CI of 95%. The median
survival in the high Aurora-A expression cohort was

cancer patients with available clinical In

40.1 months, compared with 48.37 months in the low
expression cohort. The Kaplan-Meier plot demonstrated
that the survival rate was significantly lower in patients
with high Aurora-A expression than in patients with low
Aurora-A expression (p < 0.001) (Supplementary Figure
S3E). These results indicate that Aurora-A overexpression
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is associated with poor prognosis in human ovarian cancer. In
summary, these findings imply that Aurora-A expression
levels increase in human ovarian cancer tissue and are
positively correlated with disease progression in human
ovarian cancer.

LPA signaling pathway induces DNA
synthesis in HGSOC cells

GSEA was performed from the TCGA ovarian cancer
database on the LinkedOmics website to evaluate the effects
of LPA-activated HGSOC
development. GO analysis revealed that the paramount

geminin  expression  in
biological process of gene GMNN was chromosome-related,
such as chromosome segregation, mitotic cell cycle transition,
DNA replication, translational elongation, protein location to
chromosome, telomere organization, and double-strand break
repair (Supplementary Figure S4). GO analysis on molecular
function demonstrated that the principal function of gene
GMNN was also DNA-related, such as structural constituent
of the ribosome, single-stranded DNA binding, catalytic
activity acting on DNA, damaged DNA binding, and
nucleosome binding (Supplementary Figure S5). KEGG
pathway analysis manifested that GMNN upregulated genes
implicated in cell cycle, spliceosome, DNA replication,
proteasome, pyrimidine metabolism, ribosome, Fanconi
anemia pathway, oxidative phosphorylation, mismatch
repair, nucleotide excision repair, base excision repair, and
S6A, B,

cell

(Supplementary  Figures
S6). the
enrichment plot indicated that the most enriched gene is

oocyte  meiosis

Supplementary Table Moreover, cycle
proliferating cell nuclear antigen (PCNA), a well-known
marker protein as a DNA sliding clamp for DNA
polymerase § and as an essential component for eukaryotic
chromosomal DNA replication and repair (Supplementary
Figure S6C, Supplementary Table S7).

A PPI network was utilized to generate and precisely exhibit
the biological effects of geminin. The network demonstrated that
the top 50 proteins that had the strongest interaction with
geminin could be mainly divided into two groups, DNA
replication-related factors and proteasomes (PPI enrichment
p < 1.0 x 107'%) (Supplementary Figure S7, Supplementary
Table S8). Indeed, proteasomes are involved in numerous
cellular processes, including cell cycle progression, apoptosis,
and DNA damage repair. Taken together, these results infer that
the protein geminin correlates most strongly with the DNA
replication process in human ovarian cancer. Crucially, the
immunofluorescence analysis validated this conclusion. The
numbers of green puncta in the nucleus were phenomenally
increased after treatment with LPA, suggesting that the LPA
signaling pathway induces efficient DNA synthesis in HGSOC
cells (Figure 4A).
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LPA signaling pathway promotes cell cycle
progression and cell proliferation of
HGSOC cells

LPA is a serum phospholipid with growth-factor-like
activities in ovarian cancer (Hu et al., 2001). The PPI network
of geminin showed there are 41 proteins implicated in cell cycle
progression of the top 50 proteins (Supplementary Figure S7,
Supplementary Table S8). In addition, the FCM assay showed
that LPA stimulus increased the DNA content of OVCARS5 cells
in a time-dependent manner, and inhibition of the LPAR;,s/
MMPs/EGFR/PI3K/mTOR pathway notably abolished LPA-
induced DNA increases (Supplementary Figure S8). Moreover,
the CCK-8 assay showed that LPA stimulus increased the cell
proliferation of OVCARS5 cells, and the inhibitors, such as
Kil6425, BB94, and AGI1478, significantly blocked the cell
proliferation induced by LPA (Figure 4B). The further 3D
assay showed a larger than 1.2/1.8-fold increase in the size of
tumor spheroids under LPA stimulus (Figures 4C, D). Based on
the above findings, the LPA signaling pathway activates cell cycle
progression and cell proliferation of HGSOC cells.

Discussion

Apoptosis is an evolutionary homeostatic process that is
responsible for programmed cell death during normal
eukaryotic development. It is controlled by the Bcl 2 family
proteins (anti-apoptotic proteins and pro-apoptotic proteins)
and the downstream caspases signaling pathway. Targeting
autophagy activity to promote apoptosis is shown as a
potential therapeutic strategy for cancer treatment (Tang
et al., 2022). Analysis of haploinsufficiency has suggested that
the autophagic pathway is significantly disrupted through gene
deletion, such as the BENCI and LC3 genes that were mono-
allelically deleted in HGSOC patients (Delaney et al., 2017). The
former studies described that geminin depletion results in DNA-
damaging apoptosis in malignant cancer cells (Zhu and
Depamphilis, 2009). In geminin-depleted HGSOC cells, we
find that the expression levels of proteins LC3B and Bcl 2 are
decreased while the expression levels of Bax, caspase 9, caspase 3,
and PARP are increased and accompanied by increased ROS
production and apoptosis activity (Figure 1). The further 3D
experiments clearly show the apoptosis effect of geminin
depletion in HGSOC cells (Figures 1D, E). These data disclose
that geminin depletion-induced ROS production may be the key
factor for the apoptosis of HGSOC cells. Our work supplements a
basic understanding of the mechanism of apoptosis and suggests
novel opportunities to develop biomedical therapy to regulate
HGSOC cell apoptosis.

LPA is a simple bioactive molecule that can modulate cell
progression (Gschwind et al., 2002) and metastasis (Gschwind
et al,, 2003; Guo et al., 2015) via multiple signaling pathways.
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Dysregulation in LPA signal transduction leads to oncogenic
transformation (Mills and Moolenaar, 2003; Ren et al., 2019).
LPA is reported to be increased in ovarian cancer patients (Xu
et al., 1995; Xu et al, 1998; Baker et al, 2002; Mills and
Moolenaar, 2003; Jesionowska et al., 2015). Recent studies
show that LPA regulates cytosolic NHERFI to chemotactic
cell migration of ovarian cancer cells (Oh et al, 2017).
Nonetheless, the intracellular mechanism underlying the LPA-
induced progression of ovarian cancer has remained unclear. Our
findings reveal that LPA stimulus increases geminin mRNA
transcription and protein translation in HGSOC cells in a
time-dependent manner (Figures 2A-C). EGFR may be
transactivated by GPCRs for regulating DNA expression and
the cell cycle (Daub et al., 1996; Kalmes et al., 2000; Shah et al.,
2003; Alsahafi et al, 2020), as well as by LPA and SIP for
mediating cancer pathophysiology (Gschwind et al, 2002;
Deng et al., 2004; Sukocheva et al., 2006; Tveteraas et al,
2016). It was reported that the PI3K/mTOR signaling pathway
could regulate its targets, such as eukaryotic initiation factor 4E
(eIF4E)-binding protein (4E-BP)
S6 kinase (S6K), which are related to cell cycle, cell survival,
and metastasis (Granville et al, 2006; Jiang and Liu, 2008).
of PIBBK/mTOR may
tumorigenesis. Pharmacological inhibition experiments was

and ribosomal protein

Dysregulation result in cancer
indicated that LPA enhances geminin expression by activating
the LPAR,;s/MMPs/EGFR/PI3K/mTOR pathway in HGSOC
cells (Figures 2D-J).

Aurora kinases are found in Drosophila, where they are
shown to mediate centrosome separation (Glover et al., 1995).
Aurora-A is the first member identified to be related to cancer
progression (Damodaran et al, 2017) and recognized as a
potential therapeutic target (Cheng et al, 2019; Adhikari
et al,, 2020; Chen et al.,, 2021; Sun et al,, 2021). Here, relying
on the analysis of public databases including the TCGA and
HPA, we found that upregulation of mRNA level and protein
level of Aurora-A occurred in human ovarian cancer tissues,
which correlates with disease progression (Supplementary Figure
S3) and is consistent with previous studies (Yang et al., 2004;
Chung et al.,, 2005; Jr et al., 2007). However, how Aurora-A is
activated is not fully understood. Some activators of Aurora-A
are known, including the LIM-domain protein Ajuba (Goyal
et al, 1999; Hirota et al., 2003), the microtubule-associated
protein TPX2 (Eyers et al., 2003), p21-activated protein kinase
1 (Pakl) (Zhao etal., 2005), thyroid hormone receptor-associated
protein complex component/methyl-CpG binding endonuclease
TRAP220/MED1 (Udayakumar et al., 2006), EGFR (Hung et al.,
2008; Lai et al., 2010), ubiquitin-specific processing protease-7
(USP7) (Giovinazzi et al., 2013), a classic tumor suppressor p53
(Yang et al.,, 2018), heterogeneous nuclear ribonucleoprotein
Q1 protein (HnRNP Q1) (Lai et al., 2018), the receptor of
activated C-kinasel (RACK1) (Shen et al, 2019), the NE
proteins containing the LEM domain LEM4 (Gao et al., 2018),
and KIAA1529 (Qiao et al, 2022). Most notably, EGF can
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increase Aurora-A gene expression through the nuclear EGFR/
STATS5 signaling pathway and ultimately lead to chromosome
instability and tumorigenesis (Hung et al., 2008). The increased
expression of Aurora-A in cancers occurs through gene
amplification and RNA
(Marumoto et al., 2005).

In this work, we show that LPA phosphorylates Aurora-A on
Thr288 via EGFR transactivation and does not alter Aurora-A
expression (Figure 3). Aurora-A kinase is proposed to play a role

transcriptional ~ upregulation

in protein stabilization (Marumoto et al., 2005). Crucially, Aurora-A
is shown to phosphorylate geminin on Thr25 to protect it from
APC/C-dependent proteolysis during the M phase (Tsunematsu
etal, 2013). Relying on the GESA analysis, we show that expression
of geminin correlates with Aurora-A in mRNA and protein levels in
human ovarian cancer (Supplementary Figure S2), and the LPA
signal stabilizes the geminin protein through the EGFR/Aurora-
AT axis (Figure 3).

In summary, we confirm that the LPA signal activates
geminin expression via the LPAR;;/MMPs/EGFR/PI3K/
mTOR pathway and enhances geminin stability via the EGFR/
Aurora-A™2% pathway (Figure 5). Increased geminin selectively
enhances autophagy activity, suppresses ROS production and
apoptosis of HGSOC cells, and maintains DNA high-speed
replication in the subsequent proliferation (Figure 4). Our
results indicated that disrupting the critical signaling pathways
may serve as a novel therapeutic strategy for HGSOC treatment.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material; further
inquiries can be directed to the corresponding author.

Author contributions

HZ, PJ, KN, MW, and XB were responsible for conducting
experiments, acquisition of data and analysis. HZ performed the
bioinformatics analysis and provided technical and material

References

Adhikari, B., Bozilovic, J., Diebold, M., Schwarz, J. D., Hofstetter, J., Schréder, M.,
et al. (2020). PROTAC-mediated degradation reveals a non-catalytic function of
AURORA-A kinase. Nat. Chem. Biol. 16, 1179-1188. doi:10.1038/541589-020-
00652-y

Alsahafi, E. N., Thavaraj, S., Sarvestani, N., Novoplansky, O., Elkabets, M., Ayaz,
B., et al. (2020). EGFR overexpression increases radiotherapy response in HPV-
positive head and neck cancer through inhibition of DNA damage repair and HPV
E6 downregulation. Cancer Lett. 498, 80-97. doi:10.1016/j.canlet.2020.10.035

Baker, D. L., Morrison, P., Miller, B., Riely, C. A., Tolley, B., Westermann, A. M.,
et al. (2002). Plasma lysophosphatidic acid concentration and ovarian cancer. Jama
287, 3081-3082. doi:10.1001/jama.287.23.3081

Frontiers in Pharmacology

10.3389/fphar.2022.1046269

support for functional experiments. PJ carried out experiment
analysis and molecular biological studies in vitro. KN made
constructive suggestions for revision and participated in the
revision of the article. MW and XB contributed to the work
on data summary and analysis and proofread the manuscript. LF
and MM were responsible for designing the experiments,
research supervision, and drafting the manuscript. All authors
have read and approved the final manuscript.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (NSFC Grant no. 31960162 to LF) and
the Central Government Guides Projects Funded by Local Science
and Technology Development Funds (2022 to LF).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article or
claim that may be made by its manufacturer is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1046269/full#supplementary-material

Ballabeni, A., Melixetian, M., Zamponi, R., Masiero, L., Marinoni, F., and Helin,
K. (2004). Human Geminin promotes pre-RC formation and DNA replication by
stabilizing CDT1 in mitosis. EMBO J. 23, 3122-3132. d0i:10.1038/sj.emboj.7600314

Barretta, M. L., Spano, D., D’Ambrosio, C., Cervigni, R. I, Scaloni, A., Corda, D.,
etal. (2016). Aurora-A recruitment and centrosomal maturation are regulated by a

Golgi-activated pool of Src during G2. Nat. Commun. 7, 11727. doi:10.1038/
ncomms11727

Bhutia, S. K., Dash, R,, Das, S. K., Azab, B., Su, Z. Z., Lee, S. G,, et al. (2010).
Mechanism of autophagy to apoptosis switch triggered in prostate cancer cells by
antitumor cytokine melanoma differentiation-associated gene 7/interleukin-24.
Cancer Res. 70, 3667-3676. doi:10.1158/0008-5472.Can-09-3647

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1046269/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1046269/full#supplementary-material
https://doi.org/10.1038/s41589-020-00652-y
https://doi.org/10.1038/s41589-020-00652-y
https://doi.org/10.1016/j.canlet.2020.10.035
https://doi.org/10.1001/jama.287.23.3081
https://doi.org/10.1038/sj.emboj.7600314
https://doi.org/10.1038/ncomms11727
https://doi.org/10.1038/ncomms11727
https://doi.org/10.1158/0008-5472.Can-09-3647
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1046269

Zhao et al.

Bousette, N., Chugh, S., Fong, V., Isserlin, R., Kim, K. H., Volchuk, A, et al.
(2010). Constitutively active calcineurin induces cardiac endoplasmic reticulum
stress and protects against apoptosis that is mediated by alpha-crystallin-B. Proc.
Natl. Acad. Sci. U. S. A. 107, 18481-18486. doi:10.1073/pnas.1013555107

Bowtell, D. D. L. (2010). The Genesis and evolution of high-grade serous ovarian
cancer. Nat. Rev. Cancer 10, 803-808. doi:10.1038/nrc2946

Champeris Tsaniras, S., Villiou, M., Giannou, A. D., Nikou, S., Petropoulos, M.,
Pateras, L. S., et al. (2018). Geminin ablation in vivo enhances tumorigenesis through
increased genomic instability. J. Pathol. 246, 134-140. doi:10.1002/path.5128

Chen, X., Wang, C,, Sun, N,, Pan, S, Li, R, Li, X,, et al. (2021). Aurka loss in
CD19+ B cells promotes megakaryocytopoiesis via IL-6/STAT3 signaling-mediated
thrombopoietin production. Theranostics 11, 4655-4671. doi:10.7150/thno.49007

Cheng, A., Zhang, P., Wang, B., Yang, D., Duan, X, Jiang, Y., et al. (2019).
Aurora-A mediated phosphorylation of LDHB promotes glycolysis and tumor
progression by relieving the substrate-inhibition effect. Nat. Commun. 10, 5566.
doi:10.1038/s41467-019-13485-8

Chung, C. M., Man, C,, Jin, Y., Jin, C.,, Guan, X. Y., Wang, Q., et al. (2005).
Amplification and overexpression of Aurora kinase A (AURKA) in immortalized
human ovarian epithelial (HOSE) cells. Mol. Carcinog. 43, 165-174. doi:10.1002/
mc.20098

Damodaran, A. P, Vaufrey, L., Gavard, O., and Prigent, C. (2017). Aurora A
kinase is a priority pharmaceutical target for the treatment of cancers. Trends
Pharmacol. Sci. 38, 687-700. doi:10.1016/j.tips.2017.05.003

Daub, H., Ulrich Weiss, F., Wallasch, C.,, and Ullrich, A. (1996). Role of
transactivation of the EGF receptor in signalling by G-protein-coupled
receptors. Nature 379, 557-560. doi:10.1038/379557a0

Delaney, J. R., Patel, C. B., Willis, K. M., Haghighiabyaneh, M., Axelrod, J.,
Tancioni, L, et al. (2017). Haploinsufficiency networks identify targetable patterns
of allelic deficiency in low mutation ovarian cancer. Nat. Commun. 8, 14423. doi:10.
1038/ncomms14423

Deng, W., Poppleton, H., Yasuda, S., Makarova, N., Shinozuka, Y., Wang, D-A.,
et al. (2004). Optimal lysophosphatidic acid-induced DNA synthesis and cell
migration but not survival require intact autophosphorylation sites of the
epidermal growth factor receptor. J. Biol. Chem. 279, 47871-47880. doi:10.1074/
jbc.M405443200

Eyers, P. A, Erikson, E., Chen, L. G., and Maller, J. L. (2003). A novel mechanism
for activation of the protein kinase aurora A. Curr. Biol. 13, 691-697. doi:10.1016/
S0960-9822(03)00166-0

Gallini, S., Carminati, M., De Mattia, F., Pirovano, L., Martini, E., Oldani, A., et al.
(2016). NuMA phosphorylation by aurora-A orchestrates spindle orientation. Curr.
Biol. 26, 458-469. d0i:10.1016/j.cub.2015.12.051

Gao, A, Sun, T., Ma, G., Cao, J., Hu, Q., Chen, L., et al. (2018). LEM4 confers
tamoxifen resistance to breast cancer cells by activating cyclin D-CDK4/6-Rb and
ERa pathway. Nat. Commun. 9, 4180. doi:10.1038/s41467-018-06309-8

Ghoneum, A., Afify, H,, Salih, Z., Kelly, M., and Said, N. (2018). Role of tumor
microenvironment in the pathobiology of ovarian cancer: Insights and therapeutic
opportunities. Cancer Med. 7, 5047-5056. doi:10.1002/cam4.1741

Gibson, S. B. (2013). “Chapter thirteen - investigating the role of reactive oxygen
species in regulating autophagy,” in Methods in enzymology. Editors E. Cadenas and
L. Packer (Cambridge: Academic Press), 217-235.

Giovinazzi, S., Morozov, V. M., Summers, M. K., Reinhold, W. C., and Ishov, A.
M. (2013). USP7 and Daxx regulate mitosis progression and taxane sensitivity by
affecting stability of Aurora-A kinase. Cell Death Differ. 20, 721-731. doi:10.1038/
¢dd.2012.169

Glover, D. M., Leibowitz, M. H., McLean, D. A., and Parry, H. (1995). Mutations
in aurora prevent centrosome separation leading to the formation of monopolar
spindles. Cell 81, 95-105. doi:10.1016/0092-8674(95)90374-7

Goyal, R. K,, Lin, P., Kanungo, J., Payne, A. S., Muslin, A. J., and Longmore, G. D.
(1999). Ajuba, a novel LIM protein, interacts with Grb2, augments mitogen-
activated protein kinase activity in fibroblasts, and promotes meiotic maturation
of Xenopus oocytes in a Grb2- and Ras-dependent manner. Mol. Cell. Biol. 19,
4379-4389. doi:10.1128/mcb.19.6.4379

Granville, C. A., Memmott, R. M., Gills, J. J., and Dennis, P. A. (2006).
Handicapping the race to develop inhibitors of the phosphoinositide 3-kinase/
Akt/mammalian target of rapamycin pathway. Clin. Cancer Res. 12, 679-689.
doi:10.1158/1078-0432.Ccr-05-1654

Green, D. R., and Kroemer, G. (2004). The pathophysiology of mitochondrial cell
death. Science 305, 626-629. doi:10.1126/science.1099320

Grishko, V., Xu, M., Ho, R., Mates, A., Watson, S., Kim, J. T., et al. (2009). Effects
of hyaluronic acid on mitochondrial function and mitochondria-driven apoptosis
following oxidative stress in human chondrocytes. J. Biol. Chem. 284, 9132-9139.
doi:10.1074/jbc.M804178200

Frontiers in Pharmacology

10.3389/fphar.2022.1046269

Grossman, R. L., Heath, A. P., Ferretti, V., Varmus, H. E., Lowy, D. R,, Kibbe, W.
A, et al. (2016). Toward a shared vision for cancer genomic data. N. Engl. J. Med.
375, 1109-1112. doi:10.1056/NEJMp1607591

Gschwind, A., Prenzel, N., and Ullrich, A. (2002). Lysophosphatidic acid-induced
squamous cell carcinoma cell proliferation and motility involves epidermal growth
factor receptor signal transactivation. Cancer Res. 62, 6329-6336.

Gschwind, A., Hart, S., Fischer, O. M., and Ullrich, A. (2003). TACE cleavage of
proamphiregulin regulates GPCR-induced proliferation and motility of cancer cells.
Embo ]. 22, 2411-2421. doi:10.1093/emboj/cdg231

Guo, L, He, P, No, Y. R, and Yun, C. C. (2015). Kriippel-like factor
5 incorporates into the B-catenin/TCF complex in response to LPA in colon
cancer cells. Cell. Signal. 27, 961-968. doi:10.1016/j.cellsig.2015.02.005

Gyorfty, B. (2021). Survival analysis across the entire transcriptome identifies
biomarkers with the highest prognostic power in breast cancer. Comput. Struct.
Biotechnol. . 19, 4101-4109. doi:10.1016/j.csbj.2021.07.014

Hirota, T., Kunitoku, N., Sasayama, T., Marumoto, T., Zhang, D., Nitta, M., et al.
(2003). Aurora-A and an interacting activator, the LIM protein Ajuba, are required
for mitotic commitment in human cells. Cell 114, 585-598. doi:10.1016/S0092-
8674(03)00642-1

Hu, Y. L, Tee, M. K, Goetzl, E. J., Auersperg, N., Mills, G. B., Ferrara, N,, et al.
(2001). Lysophosphatidic acid induction of vascular endothelial growth factor
expression in human ovarian cancer cells. J. Natl. Cancer Inst. 93, 762-768.
doi:10.1093/jnci/93.10.762

Hu, G, Chong, R. A,, Yang, Q., Wei, Y., Blanco, M. A,, Li, F., et al. (2009). MTDH
activation by 8q22 genomic gain promotes chemoresistance and metastasis of poor-
prognosis breast cancer. Cancer Cell 15, 9-20. doi:10.1016/j.ccr.2008.11.013

Hung, L. Y., Tseng, J. T., Lee, Y. C,, Xia, W., Wang, Y. N., Wu, M. L, et al. (2008).
Nuclear epidermal growth factor receptor (EGFR) interacts with signal transducer
and activator of transcription 5 (STATS5) in activating Aurora-A gene expression.
Nucleic Acids Res. 36, 4337-4351. doi:10.1093/nar/gkn417

Jesionowska, A., Cecerska-Heryc, E., Matoszka, N., and Dolegowska, B. (2015).
Lysophosphatidic acid signaling in ovarian cancer. J. Recept. Signal Transduct. Res.
35, 578-584. doi:10.3109/10799893.2015.1026444

Jiang, B. H.,, and Liu, L. Z. (2008). Role of mTOR in anticancer drug resistance:
Perspectives for improved drug treatment. Drug resist. updat. 11, 63-76. doi:10.
1016/j.drup.2008.03.001

Jr, L. C, Lin, Y. G,, Immaneni, A., Deavers, M. T., Merritt, W. M., Spannuth, W.
A., et al. (2007). Overexpression of the centrosomal protein Aurora-A kinase is
associated with poor prognosis in epithelial ovarian cancer patients. Clin. Cancer
Res. 13, 4098-4104. doi:10.1158/1078-0432.ccr-07-0431

Kale, J., Osterlund, E. J., and Andrews, D. W. (2018). BCL-2 family proteins:
changing partners in the dance towards death. Cell Death Differ. 25, 65-80. doi:10.
1038/cdd.2017.186

Kalmes, A., Vesti, B., Daum, G., Abraham, J., and Clowes, A. (2000). Heparin
blockade of thrombin-induced smooth muscle cell migration involves inhibition of
epidermal growth factor (EGF) receptor transactivation by heparin-binding EGF-
like growth factor. Circ. Res. 87, 92-98. doi:10.1161/01.RES.87.2.92

Kim, J., Xu, M., Xo, R., Mates, A., Wilson, G. L., Pearsall, A. W, et al. (2010).
Mitochondrial DNA damage is involved in apoptosis caused by pro-inflammatory
cytokines in human OA chondrocytes. Osteoarthr. Cartil. 18, 424-432. doi:10.1016/
jjoca.2009.09.008

Kotsantis, P., Petermann, E., and Boulton, S. J. (2018). Mechanisms of oncogene-
induced replication stress: Jigsaw falling into place. Cancer Discov. 8, 537-555.
doi:10.1158/2159-8290.CD-17-1461

Lai, C-H,, Tseng, J. T., Lee, Y-C., Chen, Y-J,, Lee, J-C., Lin, B-W., et al. (2010).
Translational up-regulation of aurora-A in EGFR-overexpressed cancer. J. Cell.
Mol. Med. 14, 1520-1531. doi:10.1111/j.1582-4934.2009.00919.x

Lai, C-H., Huang, Y-C,, Lee, J-C,, Tseng, J. T-C., Chang, K-C., Chen, Y-J,, et al.
(2018). Translational upregulation of Aurora-A by hnRNP Q1 contributes to cell
proliferation and tumorigenesis in colorectal cancer. Cell Death Dis. 8, €2555.
doi:10.1038/cddis.2016.479

Lai, C-H., Chen, R-Y., Hsieh, H-P., Tsai, S-J., Chang, K-C,, Yen, C-J., et al. (2020).
A selective Aurora-A 5'-UTR siRNA inhibits tumor growth and metastasis. Cancer
Lett. 472, 97-107. doi:10.1016/j.canlet.2019.12.031

Lee, C., Hong, B, Choi, J. M., Kim, Y., Watanabe, S., Ishimi, Y., et al. (2004).
Structural basis for inhibition of the replication licensing factor Cdt1 by geminin.
Nature 430, 913-917. doi:10.1038/nature02813

Lengyel, E. (2010). Ovarian cancer development and metastasis. Am. J. Pathol.
177, 1053-1064. doi:10.2353/ajpath.2010.100105

Li, S, Qi, Y., Yu,J.,, Hao, Y., He, B, Zhang, M., et al. (2022). Nuclear Aurora kinase
A switches m6A reader YTHDCI to enhance an oncogenic RNA splicing of tumor

frontiersin.org


https://doi.org/10.1073/pnas.1013555107
https://doi.org/10.1038/nrc2946
https://doi.org/10.1002/path.5128
https://doi.org/10.7150/thno.49007
https://doi.org/10.1038/s41467-019-13485-8
https://doi.org/10.1002/mc.20098
https://doi.org/10.1002/mc.20098
https://doi.org/10.1016/j.tips.2017.05.003
https://doi.org/10.1038/379557a0
https://doi.org/10.1038/ncomms14423
https://doi.org/10.1038/ncomms14423
https://doi.org/10.1074/jbc.M405443200
https://doi.org/10.1074/jbc.M405443200
https://doi.org/10.1016/S0960-9822(03)00166-0
https://doi.org/10.1016/S0960-9822(03)00166-0
https://doi.org/10.1016/j.cub.2015.12.051
https://doi.org/10.1038/s41467-018-06309-8
https://doi.org/10.1002/cam4.1741
https://doi.org/10.1038/cdd.2012.169
https://doi.org/10.1038/cdd.2012.169
https://doi.org/10.1016/0092-8674(95)90374-7
https://doi.org/10.1128/mcb.19.6.4379
https://doi.org/10.1158/1078-0432.Ccr-05-1654
https://doi.org/10.1126/science.1099320
https://doi.org/10.1074/jbc.M804178200
https://doi.org/10.1056/NEJMp1607591
https://doi.org/10.1093/emboj/cdg231
https://doi.org/10.1016/j.cellsig.2015.02.005
https://doi.org/10.1016/j.csbj.2021.07.014
https://doi.org/10.1016/S0092-8674(03)00642-1
https://doi.org/10.1016/S0092-8674(03)00642-1
https://doi.org/10.1093/jnci/93.10.762
https://doi.org/10.1016/j.ccr.2008.11.013
https://doi.org/10.1093/nar/gkn417
https://doi.org/10.3109/10799893.2015.1026444
https://doi.org/10.1016/j.drup.2008.03.001
https://doi.org/10.1016/j.drup.2008.03.001
https://doi.org/10.1158/1078-0432.ccr-07-0431
https://doi.org/10.1038/cdd.2017.186
https://doi.org/10.1038/cdd.2017.186
https://doi.org/10.1161/01.RES.87.2.92
https://doi.org/10.1016/j.joca.2009.09.008
https://doi.org/10.1016/j.joca.2009.09.008
https://doi.org/10.1158/2159-8290.CD-17-1461
https://doi.org/10.1111/j.1582-4934.2009.00919.x
https://doi.org/10.1038/cddis.2016.479
https://doi.org/10.1016/j.canlet.2019.12.031
https://doi.org/10.1038/nature02813
https://doi.org/10.2353/ajpath.2010.100105
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1046269

Zhao et al.

suppressor RBM4. Signal Transduct. Target. Ther. 7, 97. doi:10.1038/s41392-022-
00905-3

Lisio, M-A., Fu, L., Goyeneche, A., Gao, Z-H., and Telleria, C. (2019). High-grade
serous ovarian cancer: Basic sciences, clinical and therapeutic standpoints. Int.
J. Mol. Sci. 20, 952. doi:10.3390/ijms20040952

Ma, J., Shi, Q., Cui, G., Sheng, H., Botuyan, M. V., Zhou, Y., et al. (2021). SPOP
mutation induces replication over-firing by impairing Geminin ubiquitination and
triggers replication catastrophe upon ATR inhibition. Nat. Commun. 12, 5779.
doi:10.1038/541467-021-26049-6

Marumoto, T., Zhang, D., and Saya, H. (2005). Aurora-A - a guardian of poles.
Nat. Rev. Cancer 5, 42-50. doi:10.1038/nrc1526

Mathew, R., Kongara, S., Beaudoin, B., Karp, C. M., Bray, K., Degenhardt, K., et al.
(2007). Autophagy suppresses tumor progression by limiting chromosomal
instability. Genes Dev. 21, 1367-1381. doi:10.1101/gad.1545107

Matulonis, U. A., Sood, A. K., Fallowfield, L., Howitt, B. E., Sehouli, J., and Karlan,
B. Y. (2016). Ovarian cancer. Nat. Rev. Dis. Prim. 2, 16061. doi:10.1038/nrdp.
2016.61

Maya-Mendoza, A., Ostrakova, J., Kosar, M., Hall, A., Duskova, P., Mistrik, M.,
etal. (2015). Myc and Ras oncogenes engage different energy metabolism programs
and evoke distinct patterns of oxidative and DNA replication stress. Mol. Oncol. 9,
601-616. doi:10.1016/j.molonc.2014.11.001

Maya-Mendoza, A., Moudry, P., Merchut-Maya, J. M., Lee, M., Strauss, R,,
and Bartek, J. (2018). High speed of fork progression induces DNA replication
stress and genomic instability. Nature 559, 279-284. d0i:10.1038/s41586-018-
0261-5

Meng, Y., Chen, C-W., Yung, M. M. H,, Sun, W,, Sun, ], Li, Z,, et al. (2018).
DUOXAI1-mediated ROS production promotes cisplatin resistance by activating
ATR-Chk1 pathway in ovarian cancer. Cancer Lett. 428, 104-116. doi:10.1016/j.
canlet.2018.04.029

Mills, G. B., and Moolenaar, W. H. (2003). The emerging role of lysophosphatidic
acid in cancer. Nat. Rev. Cancer 3, 582-591. doi:10.1038/nrc1143

Mitra, A. K., Davis, D. A., Tomar, S., Roy, L., Gurler, H,, Xie, J., et al. (2015). In
vivo tumor growth of high-grade serous ovarian cancer cell lines. Gynecol. Oncol.
138, 372-377. doi:10.1016/j.ygyn0.2015.05.040

Mizushima, N., and Komatsu, M. (2011). Autophagy: renovation of cells and
tissues. Cell 147, 728-741. doi:10.1016/j.cell.2011.10.026

Oh, Y-S., Heo, K., Kim, E-K,, Jang, J-H., Bae, S. S., Park, J. B, et al. (2017).
Dynamic relocalization of NHERFI mediates chemotactic migration of ovarian
cancer cells toward lysophosphatidic acid stimulation. Exp. Mol. Med. 49, e351.
doi:10.1038/emm.2017.88

Park, M. T., Kim, M. ., Suh, Y., Kim, R. K., Kim, H., Lim, E. ], et al. (2014). Novel
signaling axis for ROS generation during K-Ras-induced cellular transformation.
Cell Death Differ. 21, 1185-1197. doi:10.1038/cdd.2014.34

Prenzel, N., Zwick, E., Daub, H., Leserer, M., Abraham, R., Wallasch, C., et al.
(1999). EGF receptor transactivation by G-protein-coupled receptors requires
metalloproteinase cleavage of proHB-EGF. Nature 402, 884-888. doi:10.1038/
47260

Qiao, Y., Yu, X,, Zhou, B., Zhang, K., Huang, J., and Liao, J. (2022).
KIAA1529 regulates RAD51 expression to confer PARP inhibitors
resistance in ovarian cancer. Transl. Oncol. 24, 101497. doi:10.1016/j.
tranon.2022.101497

Reinartz, S., Lieber, S., Pesek, J., Brandt, D. T., Asafova, A., Finkernagel, F., et al.
(2019). Cell type-selective pathways and clinical associations of lysophosphatidic
acid biosynthesis and signaling in the ovarian cancer microenvironment. Mol.
Oncol. 13, 185-201. doi:10.1002/1878-0261.12396

Ren, Z., Zhang, C., Ma, L, Zhang, X, Shi, S, Tang, D., et al. (2019).
Lysophosphatidic acid induces the migration and invasion of SGC-7901 gastric
cancer cells through the LPA2 and Notch signaling pathways. Int. . Mol. Med. 44,
67-78. doi:10.3892/ijmm.2019.4186

Roeschert, I., Poon, E., Henssen, A. G., Dorado Garcia, H., Gatti, M., Giansanti,
C., et al. (2021). Combined inhibition of Aurora-A and ATR kinase results in
regression of MYCN-amplified neuroblastoma. Nat. Cancer 2, 312-326. doi:10.
1038/s43018-020-00171-8

Sedletska, Y., Radicella, J. P., and Sage, E. (2013). Replication fork collapse is a
major cause of the high mutation frequency at three-base lesion clusters. Nucleic
Acids Res. 41, 9339-9348. doi:10.1093/nar/gkt731

Frontiers in Pharmacology

15

10.3389/fphar.2022.1046269

Seidman, J. D., Horkayne-Szakaly, I, Haiba, M., Boice, C. R., Kurman, R. J., and
Ronnett, B. M. (2004). The histologic type and stage distribution of ovarian
carcinomas of surface epithelial origin. Int. J. Gynecol. Pathol. 23, 41-44. doi:10.
1097/01.pgp.0000101080.35393.16

Shah, B. H., Soh, J. W,, and Catt, K. J. (2003). Dependence of gonadotropin-
releasing hormone-induced neuronal MAPK signaling on epidermal growth factor
receptor transactivation. J. Biol. Chem. 278, 2866-2875. doi:10.1074/jbc.
M208783200

Shen, C., Cai, G. Q., Peng, J. P., and Chen, X. D. (2015). Autophagy protects
chondrocytes from  glucocorticoids-induced —apoptosis via ROS/Akt/
FOXO3 signaling. Osteoarthr. Cartil. 23, 2279-2287. doi:10.1016/j.joca.
2015.06.020

Shen, S., Feng, H,, Le, Y., Ni, ], Yu, L., Wu, J,, et al. (2019). RACK]1 affects the
progress of G2/M by regulating Aurora-A. Cell Cycle 18, 2228-2238. doi:10.1080/
15384101.2019.1642065

Singh, R., Letai, A., and Sarosiek, K. (2019). Regulation of apoptosis in health and
disease: the balancing act of BCL-2 family proteins. Nat. Rev. Mol. Cell Biol. 20,
175-193. doi:10.1038/s41580-018-0089-8

Somyajit, K., Gupta, R., Sedlackova, H., Neelsen Kai, J., Ochs, F., Rask,
M-B., et al. (2017). Redox-sensitive alteration of replisome architecture
safeguards genome integrity. Science 358, 797-802. doi:10.1126/science.
2203172

Sukocheva, O., Wadham, C., Holmes, A., Albanese, N., Verrier, E., Feng, F,, et al.
(2006). Estrogen transactivates EGFR via the sphingosine 1-phosphate receptor
EDG-3: The role of sphingosine kinase-1. J. Cell Biol. 173, 301-310. doi:10.1083/jcb.
200506033

Sun, S., Zhou, W., Li, X,, Peng, F., Yan, M., Zhan, Y., et al. (2021). Front cover:
nuclear aurora kinase A triggers programmed death-ligand 1-mediated immune
suppression by activating MYC transcription in triple-negative breast cancer.
Cancer Commun. 41, i. doi:10.1002/cac2.12219

Szklarczyk, D., Gable, A. L., Nastou, K. C,, Lyon, D., Kirsch, R,, Pyysalo, S., et al.
(2021). The STRING database in 2021: customizable protein-protein networks, and
functional characterization of user-uploaded gene/measurement sets. Nucleic Acids
Res. 49, D605-d612. doi:10.1093/nar/gkaal074

Tang, Z., Li, C,, Kang, B., Gao, G., Li, C,, and Zhang, Z. (2017). GEPIA: a web
server for cancer and normal gene expression profiling and interactive analyses.
Nucleic Acids Res. 45, W98-W102. doi:10.1093/nar/gkx247

Tang, Y., Wang, L., Qin, ], Lu, Y., Shen, H-M., and Chen, H-B. (2022). Targeting
mitophagy to promote apoptosis is a potential therapeutic strategy for cancer.
Autophagy 22, 1-3. doi:10.1080/15548627.2022.2112830

Tsunematsu, T., Takihara, Y., Ishimaru, N., Pagano, M., Takata, T., and
Kudo, Y. (2013). Aurora-A controls pre-replicative complex assembly and
DNA replication by stabilizing geminin in mitosis. Nat. Commun. 4, 1885.
doi:10.1038/ncomms2859

Tveteraas, I. H., Aasrum, M., Brusevold, L. J., @degard, J., Christoffersen, T., and
Sandnes, D. (2016). Lysophosphatidic acid induces both EGFR-dependent and
EGFR-independent effects on DNA synthesis and migration in pancreatic and
colorectal carcinoma cells. Tumour Biol. 37, 2519-2526. doi:10.1007/s13277-015-
4010-1

Udayakumar, T. S., Belakavadi, M., Choi, K. H., Pandey, P. K., and Fondell, J. D.
(2006). Regulation of Aurora-A kinase gene expression via GABP recruitment of
TRAP220/MEDLI. J. Biol. Chem. 281, 14691-14699. doi:10.1074/jbc.M600163200

Uhlén, M, Bjorling, E., Agaton, C,, Szigyarto, C. A-K., Amini, B., Andersen, E.,
et al. (2005). A human protein Atlas for normal and cancer tissues based on
antibody proteomics. Mol. Cell. Proteomics 4, 1920-1932. doi:10.1074/mcp.
M500279-MCP200

van Corven, E. J., Groenink, A, Jalink, K., Eichholtz, T., and Moolenaar, W. H.
(1989). Lysophosphatidate-induced cell proliferation: identification and dissection
of signaling pathways mediated by G proteins. Cell 59, 45-54. doi:10.1016/0092-
8674(89)90868-4

Vasaikar, S. V., Straub, P., Wang, J., and Zhang, B. (2018). LinkedOmics:
analyzing multi-omics data within and across 32 cancer types. Nucleic Acids
Res. 46, D956-D963. doi:10.1093/nar/gkx1090

Wobhlschlegel James, A., Dwyer Brian, T., Dhar Suman, K., Cvetic, C., Walter
Johannes, C., and Dutta, A. (2000). Inhibition of eukaryotic DNA replication by
geminin binding to Cdtl. Science 290, 2309-2312. doi:10.1126/science.290.5500.
2309

frontiersin.org


https://doi.org/10.1038/s41392-022-00905-3
https://doi.org/10.1038/s41392-022-00905-3
https://doi.org/10.3390/ijms20040952
https://doi.org/10.1038/s41467-021-26049-6
https://doi.org/10.1038/nrc1526
https://doi.org/10.1101/gad.1545107
https://doi.org/10.1038/nrdp.2016.61
https://doi.org/10.1038/nrdp.2016.61
https://doi.org/10.1016/j.molonc.2014.11.001
https://doi.org/10.1038/s41586-018-0261-5
https://doi.org/10.1038/s41586-018-0261-5
https://doi.org/10.1016/j.canlet.2018.04.029
https://doi.org/10.1016/j.canlet.2018.04.029
https://doi.org/10.1038/nrc1143
https://doi.org/10.1016/j.ygyno.2015.05.040
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1038/emm.2017.88
https://doi.org/10.1038/cdd.2014.34
https://doi.org/10.1038/47260
https://doi.org/10.1038/47260
https://doi.org/10.1016/j.tranon.2022.101497
https://doi.org/10.1016/j.tranon.2022.101497
https://doi.org/10.1002/1878-0261.12396
https://doi.org/10.3892/ijmm.2019.4186
https://doi.org/10.1038/s43018-020-00171-8
https://doi.org/10.1038/s43018-020-00171-8
https://doi.org/10.1093/nar/gkt731
https://doi.org/10.1097/01.pgp.0000101080.35393.16
https://doi.org/10.1097/01.pgp.0000101080.35393.16
https://doi.org/10.1074/jbc.M208783200
https://doi.org/10.1074/jbc.M208783200
https://doi.org/10.1016/j.joca.2015.06.020
https://doi.org/10.1016/j.joca.2015.06.020
https://doi.org/10.1080/15384101.2019.1642065
https://doi.org/10.1080/15384101.2019.1642065
https://doi.org/10.1038/s41580-018-0089-8
https://doi.org/10.1126/science.aao3172
https://doi.org/10.1126/science.aao3172
https://doi.org/10.1083/jcb.200506033
https://doi.org/10.1083/jcb.200506033
https://doi.org/10.1002/cac2.12219
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1080/15548627.2022.2112830
https://doi.org/10.1038/ncomms2859
https://doi.org/10.1007/s13277-015-4010-1
https://doi.org/10.1007/s13277-015-4010-1
https://doi.org/10.1074/jbc.M600163200
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.1016/0092-8674(89)90868-4
https://doi.org/10.1016/0092-8674(89)90868-4
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.1126/science.290.5500.2309
https://doi.org/10.1126/science.290.5500.2309
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1046269

Zhao et al.

Xu, Y., Gaudette, D. C,, Boynton, J. D., Frankel, A., Fang, X. J., Sharma, A., et al.
(1995). Characterization of an ovarian cancer activating factor in ascites from
ovarian cancer patients. Clin. Cancer Res. 1, 1223-1232.

Xu, Y., Shen, Z., Wiper, D. W., Wu, M., Morton, R. E,, Elson, P., et al. (1998).
Lysophosphatidic acid as a potential biomarker for ovarian and other gynecologic
cancers. Jama 280, 719-723. doi:10.1001/jama.280.8.719

Yang, H.,, Ou, C. C, Feldman, R. I, Nicosia, S. V., Kruk, P. A, and Cheng, J. Q. (2004).
Aurora-A kinase regulates telomerase activity through c-Myc in human ovarian and
breast epithelial cells. Cancer Res. 64, 463-467. doi:10.1158/0008-5472.can-03-2907

Yang, T-Y,, Teng, C-L. ], Lin, T-C. C,, Chen, K-C., Hsu, S-L., and Wu, C-C.
(2018). Transcriptional repression of Aurora-A gene by wild-type p53 through
directly binding to its promoter with histone deacetylase 1 and mSin3a. Int.
J. Cancer 142, 92-108. doi:10.1002/ijc.31035

Yarwood, S. ], and Woodgett, J. R. (2001). Extracellular matrix composition
determines the transcriptional response to epidermal growth factor receptor
activation. Proc. Natl. Acad. Sci. U. S. A. 98, 4472-4477. doi:10.1073/pnas.081069098

Frontiers in Pharmacology

16

10.3389/fphar.2022.1046269

Zeman, M. K., and Cimprich, K. A. (2014). Causes and consequences of
replication stress. Nat. Cell Biol. 16, 2-9. doi:10.1038/ncb2897

Zhao, Z-S., Lim, J. P, Ng, Y-W,, Lim, L., and Manser, E. (2005). The GIT-
associated kinase PAK targets to the centrosome and regulates aurora-A. Mol. Cell
20, 237-249. doi:10.1016/j.molcel.2005.08.035

Zhao, P., Teng, X., Tantirimudalige, S. N., Nishikawa, M., Wohland, T., Toyama,
Y., et al. (2019). Aurora-A breaks symmetry in contractile actomyosin networks
independently of its role in centrosome maturation. Dev. Cell 48, 651-653. doi:10.
1016/j.devcel.2019.05.010

Zhao, H., Gezi, G., Tian, X, Jia, P., Morigen, M., and Fan, L. (2021).
Lysophosphatidic acid-induced EGFR transactivation promotes gastric cancer
cell DNA replication by stabilizing geminin in the S phase. Front. Pharmacol.
12, 706240. doi:10.3389/fphar.2021.706240

Zhu, W., and Depamphilis, M. L. (2009). Selective killing of cancer cells by
suppression of geminin activity. Cancer Res. 69, 4870-4877. doi:10.1158/0008-5472.
CAN-08-4559

frontiersin.org


https://doi.org/10.1001/jama.280.8.719
https://doi.org/10.1158/0008-5472.can-03-2907
https://doi.org/10.1002/ijc.31035
https://doi.org/10.1073/pnas.081069098
https://doi.org/10.1038/ncb2897
https://doi.org/10.1016/j.molcel.2005.08.035
https://doi.org/10.1016/j.devcel.2019.05.010
https://doi.org/10.1016/j.devcel.2019.05.010
https://doi.org/10.3389/fphar.2021.706240
https://doi.org/10.1158/0008-5472.CAN-08-4559
https://doi.org/10.1158/0008-5472.CAN-08-4559
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1046269

	Lysophosphatidic acid suppresses apoptosis of high-grade serous ovarian cancer cells by inducing autophagy activity and pro ...
	Introduction
	Materials and methods
	Two-dimensional cell culture
	Three-dimensional cell culture
	Reagents and antibodies
	RNA interference and transfection
	Immunoblotting and immunoprecipitation
	Apoptosis analysis
	Intracellular reactive oxygen species (ROS) detection
	Quantitative real-time PCR
	BrdU staining and immunofluorescence analysis
	Cell proliferation analysis
	DNA ploidy analysis
	Data source
	Statistical analysis

	Results
	Geminin expression levels are increased but strictly conservative in human ovarian cancer tissues
	Depletion of geminin suppresses autophagy activity, enhances ROS production, and induces apoptosis of HGSOC cells
	LPA activates geminin expression in HGSOC cells
	Matrix metalloproteinases play a pivotal role in LPA-induced EGFR transactivation
	LPA enhances geminin expression via LPAR1/3/MMPs/EGFR/PI3K/mTOR pathway
	Aurora-A correlates with geminin in mRNA and protein levels in human ovarian cancer
	LPA potentiates geminin protein stability via EGFR/Aurora-AThr288 axis in HGSOC cells
	Aurora-A predicts clinical outcomes of ovarian cancer patients
	LPA signaling pathway induces DNA synthesis in HGSOC cells
	LPA signaling pathway promotes cell cycle progression and cell proliferation of HGSOC cells

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


