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Debulking surgery followed by chemotherapy are the standard of care for high-grade
serous carcinoma. After an initial good response to treatment, the majority of patients
relapse with a chemoresistant profile, leading to a poor overall survival. Chemotherapy
regimens used in high-grade serous carcinomas are based in a combination of classical
chemotherapeutic drugs, namely, Carboplatin and Paclitaxel. The mechanisms underlying
drug resistance and new drug discovery are crucial to improve patients’ survival. To
uncover the molecular mechanisms of chemoresistance and test drugs capable of
overcoming this resistant profile, it is fundamental to use good cellular models capable
of mimicking the chemoresistant disease. Herein, we established two high-grade serous
carcinoma cell lines with intrinsic resistance to Carboplatin and induced Paclitaxel
resistance (OVCAR8 PTX R C and OVCAR8 PTX R P) derived from the OVCAR8 cell
line. These two chemoresistant cell line variants acquired an enhanced resistance to
Paclitaxel-induced cell death by increasing the drug efflux capacity, and this resistance
was stable in long-term culture and following freeze/thaw cycles. The mechanism
underlying Paclitaxel resistance resides in a significant increase in P-glycoprotein
expression and, when this drug efflux pump was blocked with Verapamil, cells re-
acquired Paclitaxel sensitivity. We generated two high-grade serous carcinoma cell
lines, with a double-chemoresistant (Carboplatin and Paclitaxel) phenotype that mimics
the majority of tumor recurrences in ovarian cancer context. This robust tool is suitable for
October 2021 | Volume 11 | Article 75212715
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preliminary drug testing towards the development of therapeutic strategies to
overcome chemoresistance.
Keywords: high-grade serous carcinoma, ovarian cancer, chemoresistance, Paclitaxel, P-glycoprotein
1 INTRODUCTION

Late diagnosis and resistance to treatment are the main reasons
for the high mortality rate of high-grade serous carcinoma
(HGSC) patients (1, 2). There is still a lot to improve on these
two issues to extend patients’ survival. On the treatment side, a
successful debulking surgery (R0, defined as microscopic or no
residual disease) is still the best prognostic factor for HGSC
patients (3). After surgery, treatment with a combination of
classical chemotherapy drugs, such as Carboplatin and Paclitaxel
(PTX), is the standard of care (2, 4–6), although improvements
in survival have been described in patients treated with
Bevacizumab and PARP inhibitors (7–12).

Platinum-taxane-based chemotherapy is often used in cancer
therapy in order to disrupt different cellular mechanisms
involved in the regulation of the cell cycle to induce tumor cell
death (13, 14). Unfortunately, in many HGSC patients, disease
relapses within 6 months after first-line therapy and, in this
setting, the median overall survival is approximately 12 months
(15). The resistance mechanisms to platinum-based drugs are
associated with a decrease in drug uptake (mediated by CTR1,
CTR2, and OCT), an increase in drug efflux (mediated by
ATP7A/ATP7B and MRP2), drug inactivation (mediated by
GSH and Metallothionein), and alterations in DNA damage
repair system (ERCC1, XPF, and BRCA1/BRCA2) (16). PTX
resistance mechanisms are different and involve alterations in a-
and b-tubulin, increased expression and activity of multidrug
resistance (MDR) efflux transporters, overexpression of anti-
apoptotic proteins, inhibition of apoptotic and tumor-suppressor
proteins, and modulation of several cytokines, chemokines, and
transcription factor pathways (17–25).

In the majority of established chemoresistant cell lines,
Cisplatin is the drug mostly used for the induction of resistance
(26). PTX-resistance induction is less commonly accessible, being
established in gastric adenocarcinoma (OCUM-2M/PTX), breast
cancer (MCF7/TAX), and prostate cancer (DU145-TxR, PC-3-
TxR) models (27–29). In the ovarian cancer (OC) context, the
majority of established chemoresistant cell lines are patient
derived and have intrinsic resistance (30, 31). Also, A2780 and
IGROV1 PTX-induced variants are available, but these cell lines
correspond to endometrioid OC subtype (32–36).

Since HGSC is the most frequent epithelial OC histotype and
double-resistant tumors are the major contributors to high
mortality rate, we herein present a HGSC cell line model that
combines intrinsic resistance to Carboplatin and acquired PTX
chemoresistance. We generated two PTX-resistant cell lines
derived from OVCAR8, with a stable acquired PTX resistance
induced by P-glycoprotein (P-gp) overexpression. The
development of these HGSC cell lines, capable of recapitulating
the characteristics of double-resistant epithelial ovarian
26
carcinoma, constitutes a key tool for the discovery of
therapeutic alternatives to improve patients’ outcome.
2 MATERIALS AND METHODS

2.1 Cell Line and Drugs
OVCAR8 was selected as a HGSC model, particularly since it is
described as a Carboplatin-resistant OC cell line retrieved from a
HGSC patient after a high-dose Carboplatin treatment (37).
Parental OVCAR8 cell line was kindly provided by Doctor
Francis Jacob, Gynecological Cancer Center and Ovarian
Cancer Research, Department of Biomedicine, University
Hospital Basel and University of Basel, Basel, Switzerland. Cells
were grown in complete media, specifically, RPMI-1640 medium
(ThermoFisher Scientific, Massachusetts, USA), supplemented
with 10% (v/v) inactivated and filtered fetal bovine serum (FBS;
Biowest, Nuaillé, France) and 1% (v/v) penicillin/streptomycin
(ThermoFisher Scientific) and maintained at 37°C and 5% CO2.
OVCAR8 was authenticated using short tandem repeat profiling
and regularly tested for the absence of mycoplasma.

PTX was purchased from Selleckchem (Houston, Texas,
USA), dissolved in dimethyl sulfoxide (DMSO; AppliChem,
Barcelona, Spain) and stored at −80°C, according to the
manufacturer’s instructions. Immediately prior to use, an
aliquot was diluted at required concentrations.

2.2 Generation of OVCAR8 PTX R
Cell Lines
Two OVCAR8 PTX R variants were established in our laboratory
from parental OVCAR8 by continuous (C) and pulse (P)
exposure to a stepwise increasing PTX concentration (2 to
74.9 nM), for 3 months (details are shown in Figure 1A). The
starting concentration used for PTX R induction corresponded
to the IC10 value obtained from dose–response curves after
exposing parental OVCAR8 to PTX (1.56 to 200 nM) for 48 h
(Supplementary Figure 1A).

Initially, each OVCAR8 PTX R variant was maintained
uninterruptedly in the presence of PTX for a continuous-
selection strategy. After 1 month, two different approaches
were adopted: (i) cells were exposed to PTX constantly
(continuous-selection strategy) and (ii) cells were exposed to
PTX, for 4 days followed by recovery in drug-free media for 4
days (pulse-selection strategy) for 2 months. Next, we tested if
PTX R phenotype was stable in culture without drug. Hence,
after 2 months of freezing cycles, cells were cultured in the
absence of PTX medium supplementation (Figure 1B). Preston
Blue (PB) assay was used to evaluate cell viability to PTX at
different time points in order to confirm the maintenance of
IC50 values after freezing cycles and persistent cultures.
October 2021 | Volume 11 | Article 752127
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2.3 Cell Viability Assay
To determine cell viability to PTX, a resazurin-based assay—
Presto Blue (PB)—was performed, according to the
manufacturer’s instructions. Briefly, 2 × 103 cells/well were
seeded into a 96-well plate in complete media and incubated at
Frontiers in Oncology | www.frontiersin.org 37
37°C and 5% CO2. After 48 h, cells were treated with increasing
concentrations of PTX (1.56 to 200 nM) and incubated under the
same conditions. After 48 h, 50 ml of PrestoBlue™ Cell Viability
Reagent 1× (ThermoFisher Scientific) was added and incubated
for 45 min at 37°C and 5% CO2, protected from light.
A

B

C D E

F

F G

FIGURE 1 | OVCAR8 PTX R Variants Demonstrate High Resistance to PTX. (A) Experimental design used to generate two OVCAR8 PTX R variants using two
different treatment approaches: continuous (C) and pulse (P) selection. (B) Line chart showing cell viability for PTX in OVCAR8 and OVCAR8 PTX R cell lines obtained
by PB assay after exposure to PTX (1.56 to 200 nM) for 48 h. (C) Dot plot showing IC50 for Carboplatin in OVCAR8 and OVCAR8 PTX R cell lines obtained by PB
assay after exposure to Carboplatin (3.12 to 400 µM) for 48 h. (D) Line chart showing cell proliferation of OVCAR8 and OVCAR8 PTX R cell lines obtained by MTT
assay for 120 h. (E) Representative immunocytochemistry images for Ki67 and cleaved-PARP of OVCAR8 and OVCAR8 PTX R cell lines after 96 h in culture. (F) Bar
chart showing cell viability of OVCAR8 and OVCAR8 PTX R cell lines determined by trypan blue exclusion assay after 48 h in culture. (G) Ultrathin sections of
OVCAR8 and OVCAR8 PTX R cell lines showing the ultrastructure of mitochondria (Mi), lysosomes (Ls), Golgi complex (asterisk), and rough endoplasmic reticulum
(RER, arrows). All assays were done in triplicate in at least three independent experiments. Data are expressed as mean ± standard deviation and plotted using
GraphPad Prism Software Inc. v6. Statistical analysis was performed using ordinary two-way ANOVA followed by Tukey’s multiple comparison test (B, D) and
ordinary one-way ANOVA followed by Tukey’s multiple comparison test (C, F), and values of *< 0.05; **< 0.001; ****< 0.0001 were considered statistically significant.
Scale bar, 50 mm (E) and 0.5 mm (G) for immunocytochemistry images.
October 2021 | Volume 11 | Article 752127

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Nunes et al. Paclitaxel-Resistant Cell Lines
Fluorescence was measured (560 nm excitation/590 nm
emission) using a Bio Tek SynergyTM 2 multi-mode
microplate reader (BioTek, Vermont, USA). Treated cells were
compared with control cells (considered 100% viable) containing
1% (v/v) of the vehicle (DMSO). The IC50 for parental OVCAR8
and PTX R variants was used to determine fold resistance,
according to the following formula (38, 39):

Fold Resistance =
Resistant Cell Line IC50
Parental Cell Line IC50

2.4 Proliferation Assay
To evaluate cell proliferation, MTT [3-(4.5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium] assay was performed as previously
described (40). Briefly, 1 × 103 cells/well were seeded into a 96-
well plate in complete media and incubated at 37°C and 5% CO2

up to 6 days. At each time point, 500 μg/ml of MTT dye reagent
(Sigma-Aldrich, Missouri, USA) was added and incubated at
37°C and 5% CO2 for 3 h. Formazan crystals were dissolved in
100 μl of DMSO. Absorbance was measured (570 nm
wavelength) using a Bio Tek SynergyTM 2 multi-mode
microplate reader.

2.5 Viability Test
To differentiate viable and non-viable cells, trypan blue assay was
performed. Cells at 80% confluence were diluted and mixed with
a 0.4% trypan blue solution (ThermoFisher Scientific), placed in
a Neubauer chamber, and counted in five counting grid squares,
under a Leica DMi1 inverted phase contrast microscope (Leica
Microsystems, Wetzlar, Germany), at 50× magnification.

2.6 Cell MicroArray Construction and
Immunocytochemistry Expression Analysis
All conditions were arrayed in a Cell MicroArray (CMA) block
designed and constructed as previously described (41, 42).
Briefly, 2 × 105 cells/well were seeded into six-well plates and
incubated at 37°C and 5% CO2. After 48 h, cells were treated with
10 nM PTX and incubated under the same conditions. After
48 h, cells were scraped from culture dishes and fixed with 10%
(v/v) neutral-buffered formalin (AppliChem). Cells were re-
suspended in liquefied HistoGel™ (ThermoFisher Scientific),
according to the manufacturer’s instructions, followed by
standard histological processing and paraffin embedding.
Finally, CMA block was constructed and sectioned with a
microtome (43). To perform immunocytochemistry, slides
were deparaffinized and hydrated. Next, heat-induced (98°C)
antigen retrieval was performed with citrate buffer solution
(1:100 at pH 6.0; ThermoFisher Scientific) or ethylenediamine
tetraacetic acid (EDTA; 1:100; ThermoFisher Scientific) for
40 min. Endogenous peroxidase activity was blocked with
hydrogen peroxide solution 3% (v/v) (ThermoFisher Scientific)
for 10 min. Slides were incubated with a specific primary
antibody (conditions described in Supplementary Table 1)
and detected using a secondary antibody with horseradish
peroxidase (HRP)-labeled polymer (Dako REAL™ EnVision™

Detection System Peroxidase/DAB+, Rabbit/Mouse) for 30 min.
Frontiers in Oncology | www.frontiersin.org 48
Visualization of the reaction was performed using
diaminobenzidine according to the manufacturer’s instructions.
Finally, nuclear staining with hematoxylin was performed and
slides were dehydrated, clarified, and coverslipped using a
permanent mounting medium for optical microscope analysis.

Immunocytochemistry results were evaluated by two
independent observers (MN and SR) that register the staining
pattern (nuclear, cytoplasm, or membrane) and the percentage of
cells stained (0%, 1%–10%, 11%–25%, 26%–50%, 51%–75%, and
76%–100%).

2.7 Electronic Microscopy Analysis
To perform a qualitative assessment of cell ultrastructure, an
electron microscopy analysis was performed. Briefly, for
transmission electron microscopy and semithin section analysis,
cultured cells were grown until 80% confluence, washed three
times with phosphate buffer saline (PBS, ThermoFisher
Scientific), gently scraped from culture dishes and fixed
overnight in a glutaraldehyde (2.5%), paraformaldehyde (2%),
and 0.1 M sodium cacodylate buffer (1:1) solution, at 4°C. After
fixation, cells were pelleted by centrifugation and washed three
times in 0.1M sodium cacodylate buffer for 5 min. A post-fixation
in 0.1 M sodium cacodylate buffered 2% osmium tetroxide was
performed for 2 h at room temperature (RT). Then, cells were
washed three times in distilled water for 5 min. The samples were
incubated with 1% uranyl acetate for 30 min at RT, followed by
three washes in distilled water for 5 min. Finally, cell pellet was
imbedded in Histogel™, dehydrated in ethanol, and embedded in
an epoxy resin. Ultrathin sections were stained and observed in a
JEOL 100CXII transmission electron microscope (JEOL, Tokyo,
Japan) operated at 80 kV, and images were digitally recorded
using a CCD digital camera Orius 1100W (JEOL).

2.8 Apoptosis and Cell Cycle Analysis
To evaluate cell apoptosis and cell cycle distributions, Annexin
V-FITC apoptosis detection kit™ (ThermoFisher Scientific) and
propidium iodide (PI) staining were used, according to the
manufacturer’s instructions. Briefly, 2 × 105 cells/well were
seeded into six-well plates and incubated at 37°C and 5% CO2.
After 48 h, cells were treated with 10 nM PTX and incubated
under the same conditions.

For apoptosis analysis, after 48 h, floating and adherent cells
were collected using a cell dissociation buffer enzyme-free in
PBS, pelleted by centrifugation (800 g, 5 min), filtrated through a
70-mm filter to obtain single-cell suspensions, and suspended in
195 μl of binding buffer. Next, 5 μl of Annexin V-FITC was
added and incubated for 10 min, protected from light. Cells were
washed, resuspended in 190 μl of binding buffer, and 10 μl of PI
(20 mg/ml) was added and cells were incubated for 1 min,
protected from light.

For cell cycle, following 24 h, floating and adherent cells were
collected, pelleted by centrifugation, and resuspended in PBS. Cells
were fixed with 70% (v/v) cold ethanol and incubated at 4°C for
30 min. Next, cells were pelleted by centrifugation, resuspended in
PBS containing PI (250 μg/ml), and RNase A (100 μg/ml) and
incubated at 4°C for 15 min, protected from light.
October 2021 | Volume 11 | Article 752127
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Fluorescence from both assays was assessed by BD FACS
Canto™ II flow cytometer and data were analyzed by FlowJo
software v10.0.7 (Ashland, Oregon, USA).

2.9 Time-Lapse Microscopy, Image
Acquisition, and Processing
Live-cell imaging experiments were performed as previously
described (44). Briefly, 1.2 × 105 cells were seeded into LabTek
II chambered cover glass (Nunc, New York, USA) containing
1 ml of culture medium and incubated at 37°C with 5% CO2.
After 24 h, cells were treated with 20 nM PTX in RPMI without
phenol red and supplemented with 5% FBS. Images were
captured at 5-min intervals up to 72 h under differential
interference contrast (DIC) optics, with a 63× objective under
an Axio Observer Z.1 SD inverted microscope, equipped with an
incubation chamber at 37°C and 5% CO2. Movies were generated
from time-lapse images using ImageJ 1.4v software (Rasband,
W.S., ImageJ, U.S. National Institutes of Health, Bethesda,
Maryland, USA). The mitosis duration and the number of cells
arrested at mitosis, dead by apoptosis, or bypassing cytokinesis
were scored.

2.10 Anoikis Resistance Assay
To evaluate anoikis resistance, an aggregate formation assay was
performed as previously described (40). Briefly, 1 × 106 cells/well
were seeded into polyHEMA (Poly2-hydroxyethyl methacrylate;
Sigma-Aldrich)-coated plates and incubated at 37°C and 5% CO2

up to 15 days. At each time point (5, 10, and 15 days), floating
cells were collected and dissociated using trypsin, pelleted by
centrifugation, and resuspended in PBS. Cell suspensions were
incubated with DAPI (1 μg/ml) for 2 min. Fluorescence was
assessed by BD FACS Canto™ II flow cytometer, and data were
analyzed by FlowJo software v10.0.7.

2.11 Colony Formation Assay
To evaluate clonogenic capacity, 1 × 103 cells/well were seeded
into six-well plates and incubated at 37°C and 5% CO2.
Following 24 h, cells were treated with 10 nM PTX and
incubated under the same conditions. After 48 h, media was
replaced, and cells were allowed to recover for 8 days. Surviving
colonies were fixed and stained as previously described (45). The
percentage of cell survival was determined according to the
following formula:

Cell Survival ( % ) =
Colonies Number in Control � 100%

Colonies Number in Treatment

2.12 Wound Healing Assay
To analyze migration capacity, cell monolayers at confluence
cultured in six-well plates were serum starved overnight and
incubated at 37°C and 5% CO2. Then, monolayers were washed
twice with PBS and scratched in half with a sterile 200-μl pipette
tip. To monitor cell migration, a phase contrast microscopy
image was taken at 0, 24, and 48 h. The quantification of wound
closure was performed by measuring the unmigrated remaining
area using ImageJ 1.4v software.
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2.13 RNA Isolation and Quantitative
Real-Time PCR
Total RNA was extracted from cells with PureZOL™ RNA
Isolation Reagent (Bio-Rad Laboratories, California, USA),
according to the manufacturer’s instructions. cDNA synthesis
was performed with iScript™ cDNA Synthesis Kit (Bio-Rad),
using total cell RNA as template, following supplier’s
instructions. For real-time PCR, cDNA was amplified using
iQ™ SYBR Green Supermix Kit (Bio-Rad). Primers for P-gp
were as follows: forward: 5’-GCCAAAGCCAAAATATCAGC-3’
and reverse: 5’-TTCCAATGTGTTCGGCATTA-3’; GAPDH:
forward: 5’-ACAGTCCAGCCGCATCTTC-3’ and reverse: 5’-
GCCCAATACGACCAAATCC-3’; and b-Actin, used as
housekeeping gene: forward: 5’-AAT CTG GCA CCA CAC
CTT CTA-3’ and reverse 5’-ATA GCA CAG CCT GGA TAG
CAA-3’. Data were acquired with CFX Manager™ Software v1.0
(Bio-Rad) and results were analyzed according to DCT.

2.14 Cell Extracts and Western Blotting
Total cell protein extracts and Western blotting were performed
as previously described (46). Membrane was incubated with
primary (Supplementary Table 1) and secondary antibodies
[anti-rabbit horseradish peroxidase (Vector Laboratories,
Burlingame, USA) and anti-mouse horseradish peroxidase
(Sigma-Aldrich), diluted at 1:1,000 or 1:4,000, respectively].
The protein signal intensity was quantified using ImageJ 1.4v
software and normalized against a-tubulin expression levels.

2.15 Rhodamine 123 Accumulation Assay
To evaluate P-gp functional activity, a total of 1 × 105 cells of
OVCAR8 and OVCAR8 PTX R were seeded into six-well plates
and incubated at 37°C and 5% CO2. After 24 h, 1 μM of the
fluorescent P-gp substrate Rhodamine 123 (RH-123; Sigma-
Aldrich) was added, in the presence or absence of 20 μM
Verapamil (Sigma-Aldrich)—P-gp inhibitor—and incubated
under the same conditions. After 1 h, cells were harvested and
washed twice with ice-cold PBS, and cell pellet was gently re-
suspended in ice-cold PBS for analysis. The mean fluorescence
intensity (MFI) was assessed by BD Accuri C6™ II flow
cytometer (BD Biosciences, California, USA), and data were
analyzed by BD Accuri C6 Plus Software, version 1.0.27.1
(BD Biosciences).

2.16 SRB Assay
To determine cell viability to PTX after Verapamil incubation, a
Sulforhodamine B (SRB) assay was performed. Briefly, 5 × 106

cells/well were seeded in 96-well plates and incubated at 37°C
and 5% CO2. After 24 h, cells were treated with 10-fold serial
dilutions of PTX, in the presence or absence of 10 μM Verapamil
and incubated under the same conditions. In parallel, cells were
treated with equivalent amount of vehicle (DMSO) up to 0.25%
concentration. Then, cells were fixed with 50% (m/v)
trichloroacetic acid (Merck Millipore, Darmstadt, Germany)
for 1 h, washed with distilled water, and stained with 0.1% (m/v)
SRB in acetic acid (Sigma-Aldrich) for 30 min at RT. After washing
with 1% (v/v) acetic acid aquae solution (Merck Millipore), plates
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were left to dry at RT followed by SRB complex solubilization with
10 mM Tris-Base buffer (Sigma-Aldrich) for 30 min. Absorbance
was measured (515 nm wavelength) using a Bio Tek SynergyTM 2
multi-mode microplate reader. The IC50 of PTX, in the presence or
absence of Verapamil, was determined as described above in
Section 2.3.

2.17 Statistical Analysis
All assays were done in triplicate with at least three independent
experiments. Data were expressed as mean ± standard deviation
(SD), statistical analysis was carried out in GraphPad Prism
Software Inc. v6 using ordinary one-way or two-way ANOVA
followed by Tukey’s or Šıd́ák’s multiple comparison test, and
values of *<0.05; **<0.001; ***<0.0005; ****<0.0001 were
considered statistically significant.
3 RESULTS

3.1 OVCAR8 PTX R Variants Demonstrate
High Resistance to PTX
OVCAR8 and OVCAR8 PTX R cell lines were treated with
increasing concentrations of PTX, and cell viability was
evaluated by PB assay. Cell viability of OVCAR8 cell line
exposure to 10 nM PTX was 51.52% ± 7.69%, whereas for
OVCAR8 PTX R C and OVCAR8 PTX R P variants, it was
89.16% ± 6.62% and 86.79% ± 4.25%, respectively (Figure 1B). A
significant increase in IC50 PTX was observed for OVCAR8 PTX
R C (128.97 ± 6.48 nM, p < 0.001) and OVCAR8 PTX R P
(152.80 ± 6.51 nM, p < 0.001) variants when compared to
OVCAR8 cell line (10.51 ± 1.99 nM), demonstrating a 12.27-
fold and 14.54-fold increase in resistance, respectively
(Supplementary Figure 1B).

In order to assess the stability of acquired resistance in both
OVCAR8 PTXR variants, sensitivity to PTXwas assessed after two
continuous months in culture and after cryopreservation cycles,
without PTX medium supplementation. Our results show that
OVCAR8 PTX R variants have a long-term stability without drug
supplementation and retain their resistant phenotype following
freeze/thawing cycles (Figure 1B and Supplementary Figure 1B).

Additionally, we evaluated if OVCAR8 PTX R variants
increased resistance to Carboplatin, since parental OVCAR8 cell
line was described as a Carboplatin chemoresistant model. Our
results show no significant differences in IC50 for Carboplatin
concentrations in OVCAR8 PTX R C (125.74 ± 3.60 nM) and
OVCAR8 PTX R P (151.26 ± 10.17 nM, p < 0.05) when compared
to OVCAR8 cell line (127.49 ± 4.76 nM) (Figure 1C).

To further evaluate the PTX R phenotype, we performed cell
proliferation, apoptosis, and viability assays. By MTT assay, no
significant increase in proliferation was observed in OVCAR8
PTX R variants compared to OVCAR8 cell line, at 120 h in
culture (Figure 1D). Accordingly, by immunocytochemistry, no
significant differences were observed in proliferation (75%–100%
of Ki67 staining) and apoptosis (1%–10% of cleaved-PARP
staining) for OVCAR8 PTX R variants when compared to
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OVCAR8 cell line after 48 h in culture (Figure 1E). Trypan
blue exclusion assay for assessing viability indicated no
significant differences between OVCAR8 PTX R variants (both
97.50% viable) when compared to OVCAR8 cell line (97.50%
viable) (Figure 1F).

To assess ultrastructural alterations in OVCAR8 PTX R
variants, we performed qualitative analysis of several
transmission electron microscopy micrographs. No significant
ultrastructural differences were observed between OVCAR8 and
OVCAR8 PTX R cell lines, which revealed similar ultrastructure
aspects such as numerous dense mitochondria, developed Golgi
apparatus and rough endoplasmic reticulum, and multiple
lysosomes (Figure 1G).

3.2 OVCAR8 PTX R Variants Overcome
PTX-Induced G2/M Arrest and Apoptosis
Levels of PTX-induced apoptosis were determined by the
Annexin V-FITC apoptosis detection kit™ using flow
cytometry. Upon 48 h incubation with 10 nM PTX, a
significant (p < 0.0001) increase in PTX-induced apoptosis was
observed on OVCAR8 cell line (37.01% ± 1.63%) when
compared with the nontreated control (7.40 ± 2.48%)
(Figure 2A). In contrast, after 10 nM PTX exposure, our
results show a significant decrease (p < 0.0001) in PTX-
induced apoptosis in OVCAR8 PTX R C and P variants
(11.74% ± 4.58% and 13.38% ± 2.33%, respectively) when
compared to OVCAR8 cell line (37.01% ± 1.63%) (Figure 2A).

Cell cycle distribution was assessed through PI staining by
flow cytometry. After 10 nM PTX exposure, a significant
decrease (p < 0.0001) in the percentage of cells in G1 phase
(54.61 ± 3.32% vs. 27.84 ± 2.89%) and accumulation of cells in
G2/M phase (18.77 ± 0.56% vs. 44.18 ± 4.75%) was observed in
the OVCAR8 cell line when compared to control (Figure 2B).
On the other hand, after 10 nM PTX exposure, OVCAR8 PTX R
variants showed no significant changes in G1, S, and G2/M
subpopulations when compared to control (Figure 2B). After 10
nM PTX exposure, a significant difference (p < 0.0001) in the
percentage of cells in G1 phase was found in OVCAR8 PTX R C
and P variants (48.92% ± 0.84% and 46.41% ± 2.62%,
respectively) when compared to parental cell line (27.84% ±
2.89%) (Figure 2B). Likewise, a significant difference (p <
0.0001) in the G2/M population was found in OVCAR8 PTX
R C and P variants (19.57% ± 1.94% and 20.82% ± 2.45%,
respectively) when compared to the parental cell line (44.18% ±
4.75%) (Figure 2B). A significant increase (p < 0.001) was also
observed in sub-G1 fraction (debris and apoptotic cells) for the
OVCAR8 cell line (3.11% ± 0.91% vs. 7.60% ± 1.16%) and the
OVCAR8 PTX R P variant (2.41% ± 0.79% and 7.15% ± 0.76%)
when compared to controls (Supplementary Figure 2A) after
exposure to 10 nM of PTX. OVCAR8 and OVCAR8 PTX R cell
lines presented a similar proportion of polyploid (>4C)
population (Supplementary Figures 2A, B).

To further characterize the behavior of OVCAR8 and
OVCAR8 PTX R C cell lines, we analyzed mitosis duration
and cell fate by live-cell imaging using time-lapse DIC
microscopy. We found that the OVCAR8 PTX R C variant
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spent 55.33 ± 7.66 min in mitosis, from nuclear envelope
breakdown to anaphase onset, similarly to what was observed
in the OVCAR8 cell line that spent 39.35 ± 16.70 min
(Figure 2C). Under 20 nM PTX exposure, the mitosis
duration in OVCAR8 PTX R C variant is similar to that in
untreated cells (33.00 ± 15.18 min) (Figure 2C) contrasting
with the significant increase (p < 0.001) exhibited by the
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OVCAR8 cell line (331.29 ± 106.82 min). After 20 nM PTX
exposure, the survival fate (outcome of cells delayed in mitosis
under PTX exposure) analysis showed that 37.5% of parental
OVCAR8 cells died in mitosis after mitotic arrest, and 62.5% of
cells underwent normal cycling (Figure 2C). In contrast,
OVCAR8 PTX R C variant undertook normal and multiple
mitosis (Figure 2C).
A

B

C

FIGURE 2 | OVCAR8 PTX R Variants Overcome PTX-Induced G2/M Arrest and Apoptosis. (A) Representative flow cytometry dot plots and bar chart showing the
percentage of cell populations—necrosis (Q1), late apoptosis (Q2), early apoptosis (Q3), and live cells (Q4)—of OVCAR8 and OVCAR8 PTX R cell lines using Annexin
V/PI staining, after exposure to 10 nM PTX for 48 h. (B) Representative flow cytometry histogram and bar chart for cell cycle distribution (G1, S, and G2/M) of
OVCAR8 and OVCAR8 PTX R cell lines using propidium iodide (PI) staining, after exposure to 10 nM PTX for 24 h. (C) Representative time-lapse images and
corresponding dot plot for mitosis duration and bar chart for quantification of cell fate (normal cycling or death in mitosis) in OVCAR8 and OVCAR8 PTX R cell lines,
after exposure to 20 nM PTX for 72 h. All assays were done in triplicate in at least three independent experiments. Flow cytometry was performed using BD FACS

Canto™ II (BD Biosciences) flow cytometer and data were analyzed by FlowJo software v10.0.7. Data are expressed as mean ± standard deviation and plotted
using GraphPad Prism Software Inc. v6. Statistical analysis was performed using ordinary one-way ANOVA followed by Tukey’s multiple comparison test (A–C) and
two-way ANOVA followed by Tukey’s multiple comparison test (C), and values of **< 0.001; ****< 0.0001 were considered statistically significant. Scale bar, 100 mm
for microscopic images.
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3.3 OVCAR8 PTX R Variants Retain
Parental OVCAR8 Features: High Anoikis
Resistance, Colony Formation, and
Migration Capacity
To assess anoikis (cell detachment-induced apoptosis) resistance,
an aggregate formation assay was performed and evaluated by
flow cytometry. Our results for anoikis resistance demonstrate
no significant differences in cell viability (DAPI negative cells)
for OVCAR8 PTX R C (87.88% ± 3.29% and 78.20% ± 3.73%)
and OVCAR8 PTX R P variants (89.96% ± 1.74% and 84.03% ±
4.97%) when compared to parental OVCAR8 cell line (94.32% ±
1.15% and 86.47% ± 1.66%), upon 5 and 10 days of culture,
respectively (Figure 3A). Moreover, no significant differences
were observed in the percentage of positive cells for Ki67 (76%–
99%), BrdU (11%–25%), cleaved caspase 3 (1%–10%), and
cleaved PARP (1%–10%) for OVCAR8 PTX R variants when
compared to the parental OVCAR8 cell line (Figure 3B).
Additionally, we demonstrate that aggregation capacity was
partially affected, since different and irregular aggregates were
formed in OVCAR8 PTX R cells when compared to
OVCAR8 (Figure 3C).

To evaluate clonogenic capacity, we performed a colony-
forming assay. Our results show that after 10 nM PTX
exposure, a significant decrease (p < 0.0005) occurs in the
number of colonies in the OVCAR8 cell line (274.78 ± 49.27
vs. 10.56 ± 8.59) when compared to the untreated control
(Figure 3D). One the other hand, after 10 nM PTX exposure,
no significant differences in colony formation capacity were
observed in OVCAR8 PTX R C (294.22 ± 57.45 vs. 254.00 ±
58.68) and OVCAR8 PTX R P variants (241.44 ± 24.44 vs. 182.11 ±
44.29) when compared to untreated control (Figure 3D). In fact, the
percentage of cell survival was significantly higher (p < 0.0005) in
OVCAR8 PTX R C (85.80% ± 4.80%) and OVCAR8 PTX R P
variants (74.92% ± 7.72%) when compared to the parental
OVCAR8 cell line (3.98% ± 2.08%) (Figure 3D).

To evaluate migration capacity, we performed a wound
healing assay. Our results display no significant differences on
migration behavior for OVCAR8 PTX R C (32.48% ± 4.79%) and
OVCAR8 PTX R P variants (25.27% ± 3.55%) when compared to
the OVCAR8 cell line (27.63% ± 0.81%) at 48 h (Figure 3E).

3.4 OVCAR8 PTX R Variants Acquire a
New Phenotype With P-gp Overexpression
P-gp encoded by MDR1 is abundantly expressed in cellular
membrane, where it functions as a multidrug efflux pump that
transports a wide range of structurally different substrates,
including PTX (47). P-gp overexpression is the main
mechanism of resistance to chemotherapeutics, being
responsible for pumping the drug out of the cells, resulting in
low intracellular concentration of the drugs and survival of
cancer cells (48, 49). P-gp expression was evaluated at mRNA
and protein levels, by qRT-PCR, Western blot, and
immunocytochemistry. From qRT-PCR analysis, we found an
increase in P-gp expression on OVCAR8 PTX R C (12.60 ± 2.90-
fold increase) and OVCAR8 PTX R P variants (8.08 ± 4.00-fold
increase) when compared to OVCAR8 cell lines (Figure 4A).
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This result was confirmed at the protein level by Western blot
and immunocytochemistry that revealed a high percentage of
cells positive for P-gp in OVCAR8 PTX R variants (76%–100%
positive cells) when compared to the OVCAR8 cell line
(negative/residual expression) (Figure 4A).

To confirm if P-gp upregulation is the chemoresistance
mechanism in OVCAR8 PTX R variants, we determined the
IC50 PTX in the presence and absence of Verapamil, a well-
known P-gp inhibitor. We found that the IC50 of PTX decreased
in OVCAR8 PTX R C (40-fold) and OVCAR8 PTX R P variants
(33-fold) when Verapamil was added (Figure 4B). We also
analyzed by flow cytometry the activity of P-gp through the
evaluation of the mean fluorescence intensity (MIF) of cells
exposed to RH-123, a known P-gp fluorescent substrate. The
percentage of MIF is proportional to intracellular uptake and
extracellular efflux of RH-123. We found that intracellular
accumulation of RH-123 was very low for OVCAR8 PTX R C
and OVCAR8 PTX R P variants (16.57% ± 8.46% and 6.99% ±
3.91%, respectively) when compared to the parental OVCAR8
cell line (considered 100%). Moreover, in the presence of
Verapamil, the relative MIF significantly increased (p < 0.0005)
for OVCAR8 PTX R C (89.73% ± 3.22%) and OVCAR8 PTX R P
variants (83.14% ± 3.30%) when compared to control,
demonstrating an accumulation of RH-123 due to P-gp pump
inhibition (Figure 4C).
4 DISCUSSION

Surgery and chemotherapy remain the two major pillars in
oncology treatments. Unfortunately, tumor recurrences and
multidrug-resistant phenotype are common phenomena in
HGSC context. Since second surgery is not a valid option for the
majority of patients, alternatives to first-line chemotherapy are the
ultimate source of hope inOC treatment. In this research work, our
aim was to establish a double-resistant HGSC cell line. We used a
cell line with intrinsic resistance to Carboplatin and OVCAR8, and
induced PTX resistance by pulse and continuous drug exposure
(39). Both methods resulted in the generation of two PTX-resistant
cell lines presenting over 12-fold resistance when compared to
parental OVCAR8 cells (12.3- and 14.5-fold resistance for
OVCAR8 PTX R C and OVCAR8 PTX R P, respectively).
Interestingly, when looking at long-term survival (using the
clonogenic assay), we saw that these values were even higher,
with the PTX-resistant cells being over 18-fold more resistant to
PTX than their parental cells, which is particularly relevant in the
biological tumor context. In addition, in our models, PTX-
resistance phenotype was stable in long-term cultures without
PTX medium supplementation and following freeze/thaw cycles.
This stability of acquired resistance is a guarantee of reliability in
this type of in vitro tools commonly used to study drug resistance
mechanisms and drug discovery (39, 50).

The combination of therapies with independent mechanism
of action, such as platinum and taxane drugs, is widely used in
oncology in order to minimize the evolution of drug resistance.
Some reports suggest that Cisplatin-resistant cells are also cross-
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resistant to anti-microtubules drugs, such as PTX (51–53).
Recently, Patel et al. generated two Cisplatin-resistant cell lines
and found that the less Cisplatin-resistant cell line (OVCAR8-
CP1) maintained the level of resistance to PTX while the more
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Cisplatin-resistant cell line (OVCAR8-CP5) presented a
significantly higher resistance to anti-microtubule drugs (54).
In this report, the authors associate high levels of Cisplatin-
resistance with cross-resistance to PTX and demonstrate that this
A B

C

D E

FIGURE 3 | OVCAR8 PTX R Variants Reveal a High Anoikis Resistance, Colony Formation, and Migration Capacity. (A) Representative flow cytometry histograms for
cell-detachment-induced apoptosis (anoikis) and line chart showing percentage of viable cells (DAPI negative cells) for OVCAR8 and OVCAR8 PTX R cell lines, for 5,
10, and 15 days. Unstained (black) and percentage of DAPI-stained cells (dead cells, red). DAPI positivity percentage is mentioned in each histogram. (B) Proliferation
(Ki67 and BrdU) and apoptosis (cleaved-PARP and cleaved-caspase 3) expression for OVCAR8 and OVCAR8 PTX R cell lines were evaluated by immunocyto
chemistry and cultured after 15 days in low adhesion culture conditions. (C) Representative images of OVCAR8 and OVCAR8 PTX R cell lines, cultured after 5 and 10
days in low adhesion culture conditions. (D) Representative wells from colony-forming assay and dot plot showing quantification of number of cell colonies (n = 9 wells)
and percentage of cell survival for OVCAR8 and OVCAR8 PTX R cell lines after 8 days in culture. (E) Representative phase-contrast microscopy images for wound
healing assay and line chart showing wound area quantification for OVCAR8 and OVCAR8 PTX R cell lines at 0, 24, and 48 h. All assays were done in triplicate in at
least three independent experiments. Data are expressed as mean ± standard deviation and plotted using GraphPad Prism Software Inc. v6. Statistical analysis was
performed using two-way ANOVA followed by Tukey’s multiple comparison test (A, E) and ordinary one-way ANOVA followed by Tukey’s multiple comparison test (D),
and values of *< 0.05; **< 0.001; ***< 0.0005; ****< 0.0001 were considered statistically significant. Scale bar, 20 mm (C) and 100 mm (E) for microscopic images.
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phenomenon is mediated by increased levels of pro-survival
TNF/NFkB signaling I (54). However, other authors did not
observe cross-resistance between oncology drugs with different
mechanisms of action (55). These contradicting findings
demonstrate that there is a lot to improve in order to clarify
the mechanism behind cross-resistance. As far as we know, the
OVCAR8 cell line was obtained from a patient subjected to high-
dose Carboplatin. Our results show that OVCAR8 PTX R
variants maintained a high resistance level to Carboplatin, not
presenting cross-resistance. Similar results were reported by
Frontiers in Oncology | www.frontiersin.org 1014
Vaidyanathan et al., which established a PTX-resistant OC cell
line model (A2780pacR) without interfering with Carboplatin
resistance (56). Analyzing pre-clinical and clinical literature
investigating the relationship between platinum and taxane
resistance, Stordal et al. observed that there is a positive
interaction between taxanes and platinum with residual cross-
resistance (14). They also concluded that the inverse relationship
between platinum and taxanes resistance seen in cell lines is
mirrored in the clinical response to these agents in OC (14),
emphasizing that resistant cellular models are valuable in
A

B
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FIGURE 4 | OVCAR8 PTX R Variants P-gp Overexpression. (A) Bar chart showing relative P-gp mRNA expression levels in OVCAR8 and OVCAR8 PTX R cell lines
determined by qRT-PCR with b-Actin used as housekeeping gene. Representative Western blot showing P-gp expression in OVCAR8 and OVCAR8 PTX R cell lines
using a-tubulin as loading control. Representative immunocytochemistry images for P-gp expression in OVCAR8 and OVCAR8 PTX R cell lines, after exposure to 10
nM PTX for 48 h. (B) Table showing IC50 PTX (in the presence and absence of 10 µM Verapamil) and IC50 Verapamil for OVCAR8 and OVCAR8 PTX R cell lines
obtained by SRB assay for 48 h. Bar chart showing IC50 PTX for OVCAR8 and OVCAR8 PTX R cell lines, obtained by SRB assay after exposure to 10-fold serial
dilutions of PTX, in the presence or absence of 10 µM of Verapamil for 48 h. (C) Representative flow cytometry histogram and respective bar chart showing RH-123
accumulation using FITC-A intensity in untreated (unstained, black) and RH-123-treated (stained, green) cells in the presence (blue) or absence (red) of P-gp inhibitor
(Verapamil) for OVCAR8 and OVCAR8 PTX R cell lines. All assays were done in triplicate in at least three independent experiments. Data are expressed as mean ±
standard deviation and plotted using GraphPad Prism Software Inc. v6. Statistical analysis was performed using ordinary two-way ANOVA followed by Tukey’s
multiple comparison test (A) or Šıd́ák’s multiple comparison test (B, C), and values of *< 0.05; **< 0.001; ***< 0.0005; ****< 0.0001 were considered statistically
significant. Scale bar, 500 mm for immunocytochemistry images.
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predicting response to chemotherapy and useful to identify new
therapeutic targets.

To better characterize the phenotype of these new PTX-
resistant variants, we performed a series of functional assays.
Our results show that OVCAR8 PTX R variants have similar
levels of proliferation and cell viability in culture, maintaining
the apoptotic level, anoikis resistance, and migratory capacity
when compared to the parental OVCAR8 cell line. OVCAR8
is a Carboplatin-resistant cell line, with an intrinsic high
proliferation index, resistance to anoikis and clonogenic survival,
andmigration capacity (37, 40). These results demonstrate that the
main features of the parental OVCAR8 cell line were maintained
and the induced PTX resistance did not intensify these original
cellular characteristics. These results contrast with some studies,
observing an increased migratory capacity induced on
chemoresistant variants (57). It has been reported that, at the
ultrastructural level, PTX-resistant cells frequently present
morphological alterations in mitochondria due to the
accumulation of reactive oxygen species (58). The careful
inspection of cellular organelles revealed that OVCAR8 PTX R
variants and the OVCAR8 cell line display similar mitochondrial
morphology. Therefore, the induced PTX resistance did not alter
the biological behavior or parental cell line morphology.

Since PTX is an antimitotic agent that binds to b-tubulin and
affects microtubule dynamics, PTX-treated cells undergo G2/M
arrest, which ultimately leads to apoptosis (59–61). We showed
that the mechanism of cell survival in OVCAR8 PTX R variants
relied on the acquisition of a new cancer hallmark, an enhanced
drug efflux capacity, avoiding drug retention and G2/M arrest. This
cell death escape capacity is well reported in several PTX-resistant
cell lines (62). The most common mechanism of PTX resistance is
the overexpression of drug transporters of the ATP-binding cassette
family, promoting cellular drug efflux (49, 63). P-gp is one of these
drug efflux pumps being expressed in a variety of normal tissues,
such as brain, liver, kidney, placenta, and intestine (64), and having
a protective action against xenobiotic substances and toxic
compounds (63). In the cancer setting, P-gp is highly expressed in
ovary, colon, kidney, adrenocortical, and hepatocellular tumors (65–
68) and is correlated with multidrug resistance phenotype (67). In
breast and ovarian carcinomas, high P-gp expression levels are
associated with the lack of chemotherapy response and poor
prognosis (63, 69, 70). Our results show that the expression levels
of P-gp in parental OVCAR8 are residual and OVCAR8 PTX R
variants present a significant increase in P-gp expression, i.e., more
that 75% of cells have a strong membrane staining observed by
immunocytochemistry. This switch in P-gp expression profile was
observed in other OC cell lines following PTX induction (56) and it
is reported that this increase in protein levels is mediated by gene
overexpression (14).

Verapamil is a P-gp inhibitor that increases the efficacy of PTX
in vitro in several cancer cell lines (71, 72). It is well known that P-gp
inhibition and/or decreased expression can reverse PTX resistance
(19). Our results show a significantly increased accumulation of
RH-123 in OVCAR8 PTX R variants in the presence of Verapamil.
These results suggest that following P-gp inhibition, cells retain
PTX, leading to a decreased cell viability and apoptosis induction.
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Despite some contradictory data (56), it was previously shown that
following P-gp inhibition, PTX-resistant cell lines maintained the
high levels of P-gp expression, suggesting that the inhibitory effects
were the result of a direct inhibition of the efflux pump and not
related to changes in protein expression levels (63). In line with
these results, we observed that OVCAR8 PTX R variants
maintained the P-gp high expression levels following an
inhibition molecule treatment (data not shown).

The inhibition of P-gp is a therapeutic strategy to re-sensitize
tumor cells to chemotherapeutic drugs, such as PTX. The
importance of this strategy is implicit in the development of a
great number of P-gp inhibitors (73) and some of them reached
clinical trials (NCT00001302, NCT00001383, and NCT00001944)
but with some efficacy limitations. We generated two HGSC cell
lines with induced PTX resistance and P-gp overexpression suitable
to test new and more effective P-gp inhibitors. Moreover, since
OVCAR 8 has intrinsic Carboplatin resistance, our two OVCAR8
PTX R models are also apt to test the efficacy of drugs to revert
platinum-taxane resistance. The generation of powerful tools to
study chemoresistance in HGSC setting is crucial to discover
effective drugs for the treatment of double-resistant tumors. Our
goal for future studies is to use these double-chemoresistant cell
models to test the capacity of non-oncology drugs to re-sensitize
cells to first-line chemotherapy drugs.
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Department of Gynecology, Jinan Maternal and Child Care Hospital, Jinan, China

Background:Many studies have investigated the prognostic role of the C-reactive protein/
albumin ratio (CRP/Alb ratio) in patients with gynecological cancers; however, there is lack of
consensus owing to conflicting results across studies. We performed a meta-analysis to
determine the prognostic role of the CRP/Alb ratio in gynecological cancers.

Methods: We searched the PubMed, Embase, the Web of Science, Cochrane Library,
China National Knowledge Infrastructure, and Wanfang electronic databases since
inception to April 2021. Combined hazard ratios (HRs) and 95% confidence intervals
(CIs) were used to estimate the prognostic effect of the CRP/Alb ratio in gynecological
cancers. Pooled odds ratios (ORs) and 95% CIs were used to investigate the association
between the CRP/Alb ratio and clinicopathological features.

Results: The meta-analysis included seven studies with 1,847 patients. The pooled
results showed that a high pretreatment CRP/Alb ratio was associated with poor overall
survival (HR, 1.84; 95% CI, 1.41–2.40; p < 0.001) and progression-/disease-free survival
(HR, 2.58; 95% CI, 1.42–4.68; p = 0.002). Additionally, a high CRP/Alb ratio was
significantly associated with stages III–IV disease (the International Federation of
Gynecology and Obstetrics classification) (OR, 2.98; 95% CI, 1.45–6.14; p = 0.003).
However, we observed a non-significant correlation between the CRP/Alb ratio and lymph
node metastasis, tumor size, and histopathological grade.

Conclusions: TheCRP/Alb ratio is a convenient and accurate predictor of survival outcomes
in gynecological cancers. A high CRP/Alb ratio also predicts tumor progression.

Keywords: gynecological cancers, meta-analysis, prognostic, CRP/Alb ratio, risk factors
INTRODUCTION

Gynecological cancers (GCs) represent the second most common cancer in women worldwide (1).
Cervical cancer (CC), ovarian cancer (OC), and endometrial cancer (EC) are the predominant types
of GC, which constitute a major public health concern globally (2). The 5-year survival rates in
patients with GC are poor despite the availability of well-established surgical and
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chemoradiotherapeutic approaches (3). For example, the 5-year
survival rate in patients with stages III–IV EC was only 17% (4).
Therefore, it is important to identify effective novel biomarkers
that predict survival outcomes and also establish individualized
therapeutic regimens.

Accumulating evidence has shown an association between
tumor-induced inflammatory responses and tumor development
and progression (5). Reportedly, various inflammatory and
immune response biomarkers serve as prognostic factors for solid
tumors (6). For example, in a recent study, Marchetti et al. (7)
observed that the neutrophil–lymphocyte ratio (NLR) was an
independent prognostic marker for progression-free survival
(PFS) in patients with high-grade advanced serous ovarian
cancer. Another study (8), which recruited 1,266 patients with
CC, showed that theplatelet–lymphocyte ratio (PLR),NLR, derived
NLR, and the PLR + NLR in combination showed equivalent
efficacy as prognostic factors for overall survival (OS) in patients
with locally advanced CC and are therefore considered promising
prognostic biomarkers. The aforementioned studies (7, 8) highlight
the role of systemic inflammatory biomarkers in the prognosis of
GC. The C-reactive protein (CRP)/albumin ratio (CRP/Alb) is an
indexbasedonmeasurement of serumCRPandAlb levels (9) and is
calculated as the serum CRP level divided by the serum Alb level.
This ratio was initially proposed to predict outcomes in patients
with acute medical admissions (9). In recent years, studies have
investigated the utility of theCRP/Alb ratio as a prognostic factor in
various cancers (10, 11). Previous studies have reported the
independent prognostic value of the CRP/Alb ratio in colorectal
cancer (CRC) (12), oral squamous cell carcinoma (13), gastric
cancer (14), non-small-cell lung cancer (15), and gallbladder
cancer (16). Many studies have also investigated the prognostic
utility of theCRP/Alb ratio inpatientswithGC; however, the results
remain inconclusive (17–23). We performed a meta-analysis to
systemically investigate the prognostic and clinical significance of
the CRP/Alb ratio in GC.
MATERIALS AND METHODS

Study Guidelines and Ethics
This meta-analysis was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses statement (24). All analyses were based on previously
published studies; therefore, ethical approval and informed
consent were waived for this study.
Literature Search
Weperformeda comprehensive searchof thePubMed,Embase, the
Web of Science, Cochrane Library, China National Knowledge
Infrastructure, andWanfang electronic databases from inception to
April 2021. Basedon relevant studies (25, 26), we used the following
search terms: gynecological cancerORgynecological carcinomaOR
gynecological neoplasm OR endometrial neoplasm OR
endometrial carcinoma OR endometrial cancer OR endometrium
cancerORendometriumcarcinomaORcervical cancerORcervical
carcinoma OR ovarian carcinoma OR ovarian cancer OR uterine
Frontiers in Oncology | www.frontiersin.org 222
neoplasm and C-reactive protein OR albumin OT CAR OR CRP/
Alb OR C-reactive protein to albumin ratio, C-reactive protein/
albumin ratio and prognosis OR prognostic OR survival OR
outcome OR mortality. Both free text and medical subject
heading terms were used for the literature search. We selected
articles in English and Chinese. References from the identified
publications were also retrieved for potential inclusion.

Inclusion and Exclusion Criteria
Following were the inclusion criteria: (1) histopathologically
diagnosed GC; (2) studies that investigated the prognostic role
of CRP/Alb ratio for survival outcomes including but not limited
to OS, cancer-specific survival (CSS), disease-free survival (DFS),
PFS, and recurrence-free survival; (3) availability of hazard ratios
(HRs) and 95% confidence intervals (CIs) or sufficient data to
calculate these values; and (4) availability of cutoff values of the
CRP/Alb ratio. Following were the exclusion criteria: (1) reviews,
meeting abstracts, case reports, and letters; (2) unavailability of
data to calculate HRs and corresponding 95% CIs; (3) studies in
languages other than English or Chinese; and (4) overlapping or
duplication of studies.

Data Extraction and Quality Assessment
Two investigators (YF andTZ) independently screened all retrieved
articles and extracted information using a predetermined form. All
disagreements were resolved through discussion with a third
investigator (CZ). The following data were recorded: first author’s
name, year of publication, country, age, cancer type, the
International Federation of Gynecology and Obstetrics (FIGO)
stage, treatment, study period, cutoff value of the CRP/Alb ratio,
method used to determine the cutoff value, duration offollow-up or
the last date of follow-up, survival endpoints, andHRs and 95%CIs
for OS, PFS, and DFS. HRs and 95% CIs were extracted from
multivariable analyses depending on availability; HRs and 95% CIs
were extracted fromunivariate analyses in the remaining cases. Two
independent reviewers assessed the methodological quality of the
included studies based on the Newcastle–Ottawa Quality
Assessment Scale (NOS) (http://www.ohri.ca/programs/clinical_
epidemiology/oxford.asp). The NOS consists of the following
three dimensions: selection (four stars), comparability (two stars),
andoutcome assessment (three points).NOS scores range from0 to
9, and scores ≥6 indicate high-quality studies.

Statistical Analysis
Combined HRs and 95% CIs were used to estimate the
prognostic effect of the CRP/Alb ratio in GC. HR >1 without a
95% CI overlapping 1 indicates that a high CRP/Alb ratio
predicts poor prognosis. Heterogeneity among studies was
assessed using the Cochrane Q test and the I2 statistic. p < 0.10
and/or I2 > 50% was interpreted as indicative of significant
heterogeneity, and a random-effects model was used in such
cases; a fixed-effects model was used in the remaining cases.
Subgroup analysis stratified by various factors was performed to
determine the source of heterogeneity. Pooled odds ratios (ORs)
and 95% CIs were used to determine the association between the
CRP/Alb ratio and clinicopathological features. Publication bias
was evaluated using Begg’s funnel plots. All statistical analyses
October 2021 | Volume 11 | Article 737155
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were performed using the Stata software, version 12.0 (Stata
Corporation, College Station, TX, USA). A p < 0.05 was
considered statistically significant.
RESULTS

Literature Search
The initial literature search identified 292 studies from the
aforementioned databases; 126 studies remained after exclusion
of duplicate studies (Figure 1). After screening titles and
abstracts, 112 studies were eliminated, and we reviewed the full
text in 14 articles, of which 7 studies with insufficient data were
excluded. Finally, seven studies with 1,847 patients (17–23) were
included in this meta-analysis.

Characteristics of Included Studies
Table 1 summarizes the characteristics of studies included in this
meta-analysis. The studies were published between 2017 and
2021. Five studies were performed in China (17, 19, 20, 22, 23)
and two in Japan (18, 21). Six studies were published in English
(17–19, 21–23) and one in Chinese (20). Four studies enrolled
patients with CC (17, 20–22) and three recruited patients with
OC (18, 19, 23). The sample size ranged from 200 to 407
(median, 235). The cutoff values of the CRP/Alb ratio ranged
from 0.022 to 0.68 (median, 0.15). Therefore, we used 0.15 as the
cutoff value of the CRP/Alb ratio for subgroup analysis. Five
studies used receiver operating characteristic curve analysis to
determine the cutoff value (17–20, 22), one study used the
Frontiers in Oncology | www.frontiersin.org 323
median value (21), and one study used cutoff finder software
(23). Six studies (17, 19–23) reported the prognostic value of the
CRP/Alb ratio for OS, two studies (22, 23) reported its prognostic
value for PFS, and one study (18) for DFS. Five studies (17–19,
FIGURE 1 | Flowchart describing the literature search and study selection.
TABLE 1 | Summary of clinical studies included in meta-analysis.

Study Year Country Sample
size

Age Cancer
type

FIGO
stage

Treatment Study
period

Cutoff
value

Follow-up
(months) or the
date of last
follow-up

Determination
of cutoff value

Survival
endpoints

CRP/
Alb
value
(high/
low)

NOS
score

He et al.
(17)

2018 China 229 44
(28–
79)

Cervical
cancer

I–IV Surgery +
chemotherapy

2007–
2009

0.022 To Jan, 2016 ROC analysis OS 138/91 7

Komura
et al.
(18)

2020 Japan 308 NA Ovarian
cancer

I–IV Surgery +
chemotherapy

2007–
2016

0.048 NA ROC analysis DFS 156/152 6

Liu et al.
(19)

2017 China 200 53
(18–
83)

Ovarian
cancer

I–IV Surgery +
chemotherapy

2006–
2012

0.68 To Dec, 2014 ROC analysis OS 69/131 9

Su et al.
(20)

2020 China 407 NA Cervical
cancer

I–II Surgery 2009–
2013

0.15 To Apr, 2018 ROC analysis OS 61/346 7

Taguchi
et al.
(21)

2021 Japan 231 67 Cervical
cancer

I–IV Radiotherapy 2004-
2015

0.18 16.4 Median value OS 116/115 8

Zhang
et al.
(22)

2018 China 235 46
(29–
78)

Cervical
cancer

I–II Surgery 2005–
2009

0.15 77(32–96) ROC analysis OS, PFS 113/122 7

Zhang
et al.
(23)

2017 China 237 NA Ovarian
cancer

I–IV Surgery +
chemotherapy

2007–
2015

0.5 To Dec, 2016 Cutout finder OS, PFS 95/142 7
October 2021
 | Volume 1
1 | Article 7
FIGO, International Federation of Gynecology and Obstetrics; NA, not available; OS, overall survival; PFS, progression-free survival; DFS, disease-free survival; ROC, receiver operating
characteristics; NOS, Newcastle-Ottawa Scale; CRP/Alb, C-reactive protein/albumin ratio.
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21, 23) enrolled patients with FIGO stages I–IV, and two studies
(20, 22) included patients with FIGO stages I–II. NOS scores of
the included studies ranged from 6 to 9 (median, 7), which
indicates that all included studies were of high quality. Table 2
shows NOS score details.

Prognostic Role of the C-Reactive Protein/
Albumin Ratio in Overall Survival and
Progression- and Disease-Free Survival
A total of six studies that included 1,539 patients (17, 19–23)
investigated the association between the CRP/Alb ratio and OS
in GC. Pooled data showed HR of 1.84, 95% CI of 1.41–2.40, and
p < 0.001 (Figure 2; Table 3). Owing to significant heterogeneity
(I2 = 71.2%, p = 0.004), we used a random-effects model.
Subgroup analyses based on various factors showed that a high
CRP/Alb ratio remained a prognostic tool to determine poor
survival in subgroups across different countries, cancer types,
FIGO stage, cutoff values, cutoff value determination methods,
and treatment modalities (Table 3). Three studies that included
780 patients (18, 22, 23) reported the role of the CRP/Alb ratio
for prognosis of PFS/DFS (HR, 2.58; 95% CI, 1.42–4.68; p =
0.002) based on a random-effects model (Figure 3; Table 3).
Similar to the findings associated with OS, subgroup analysis
revealed that an elevated CRP/Alb ratio was an indicator of poor
PFS/DFS in various subgroups of patients with GC.

Correlation Between the C-Reactive
Protein/Albumin Ratio and
Clinical Features
Using data from five studies, we investigated the association
between the CRP/Alb ratio and clinicopathological
Frontiers in Oncology | www.frontiersin.org 424
characteristics (17–20, 22). A high CRP/Alb ratio was
significantly associated with FIGO stages III–IV (OR, 2.98;
95% CI, 1.45–6.14; p = 0.003) (Figure 4; Table 4). However,
we observed a non-significant correlation between the CRP/Alb
ratio and lymph node metastasis (yes vs. no) (OR, 2.54; 95% CI,
0.59–10.90; p = 0.209), tumor size (≥4 vs. <4 cm) (OR, 2.54; 95%
CI, 0.84–7.72; p = 0.100), and histopathological grade (G3 vs. G1/
G2) (OR, 1.07; 95% CI, 0.75–1.53; p = 0.176) (Figure 4; Table 4).

Publication Bias
Begg’s funnel plotswere used to assess the potential publication bias
for OS and PFS/DFS. We observed no significant publication bias
for OS (p = 0.135) or PFS/DFS (p = 0.296) in this meta-analysis
(Figure 5). Therefore, the results of our meta-analysis are reliable.
DISCUSSION

The CRP/Alb ratio has been investigated as a prognostic factor
for patients with GC; however, there is lack of consensus owing
to inconsistent results across studies. In the present meta-
analysis, we used pooled data from seven studies that included
1,847 patients; our results showed that a high CRP/Alb ratio was
an independent prognostic factor for poor OS, PFS, and DFS.
Results of subgroup analyses performed after stratification based
on country, cancer type, FIGO stage, cutoff values, cutoff value
determination methods, and treatment modalities were in
agreement with the results of the overall analysis. An elevated
CRP/Alb ratio was also associated with advanced FIGO stages in
GC. These results indicate that the CRP/Alb ratio may serve as an
efficient and cost-effective prognostic biomarker in clinical
TABLE 2 | The details of NOS scale for studies in the meta-analysis.

First
author

Year Selection Comparability Outcome Total
score

Representativeness
of the exposed

cohort

Selection
of the non-
exposed
cohort

Ascertainment
of exposure

Demonstration that
outcome of interest
was not present at

start of study

Comparability of
cohorts on the

basis of the design
or analysis

Assessment
of outcome

Was follow-up
long enough for
outcomes to

occur

Adequacy
of follow
up of

cohorts
He et al.
(17)

2018 ★ ★ ★ ★ ★ ★ – ★ 7

Komura
et al.
(18)

2020 ★ ★ – ★ ★ ★ ★ – 6

Liu et al.
(19)

2017 ★ ★ ★ ★ ★★ ★ ★ ★ 9

Su et al.
(20)

2020 ★ ★ ★ ★ ★ ★ – ★ 7

Taguchi
et al.
(21)

2021 ★ ★ ★ ★ ★★ ★ – ★ 8

Zhang
et al.
(22)

2018 ★ ★ ★ ★ ★ ★ ★ – 7

Zhang
et al.
(23)

2017 ★ ★ – ★ ★★ ★ – ★ 7
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NOS, Newcastle–Ottawa Scale A star is one point.
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FIGURE 2 | Forest plots of studies evaluating the hazard ratio for overall survival (OS) of patients with gynecological cancers of a high CRP/Alb ratio.
TABLE 3 | Subgroup analysis of the prognostic value of CRP/Alb for OS and PFS/DFS in patients with gynecological cancers.

Subgroups No. of studies No. of patients Effects model HR (95% CI) p Heterogeneity

I2 (%) Ph

OS
Total 6 1539 Random 1.84 (1.41–2.40) <0.001 71.2 0.004
Country
China 5 1308 Random 2.05 (1.42–2.97) <0.001 76.9 0.002
Japan 1 231 – 1.50 (1.18–1.91) 0.001 – –

Cancer type
Cervical cancer 4 1102 Random 2.33 (1.43–3.79) 0.001 73.1 0.011
Ovarian cancer 2 437 Random 1.49 (1.13–1.94) 0.004 61.0 0.109
Tumor stage
I–II 2 642 Random 2.86 (1.17–7.01) 0.022 76.1 0.041
I–IV 4 897 Random 1.58 (1.27–1.98) <0.001 58.4 0.066
Cut–off value
≤0.15 3 871 Random 2.88 (1.65–5.02) <0.001 55.7 0.105
>0.15 3 668 Fixed 1.44 (1.27–1.63) <0.001 26.7 0.256
Cutoff value determination
ROC analysis 4 1071 Random 2.28 (1.31–3.99) 0.004 81.7 0.001
Median value/cutoff finder 2 468 Fixed 1.60 (1.32–1.93) <0.001 0 0.417
Treatment
Surgery + chemotherapy 3 666 Random 1.46 (1.27–1.68) <0.001 72.1 0.028
Surgery 2 642 Random 2.49 (1.66–3.73) <0.001 76.1 0.041
Radiotherapy 1 231 – 1.50 (1.18–1.91) 0.001 – –

PFS/DFS
Total 3 780 Random 2.58 (1.42–4.68) 0.002 73.8 0.022
Country
China 2 472 Random 2.85 (0.99–8.17) 0.052 86.5 0.006
Japan 1 308 – 2.35 (1.27–4.36) 0.007 – –

Cancer type
Cervical cancer 1 235 – 5.16 (2.50–10.69) <0.001 – –

Ovarian cancer 2 545 Fixed 1.84 (1.43–2.37) <0.001 0 0.395
Tumor stage
I–II 1 235 – 5.16 (2.50–10.69) <0.001 – –

I–IV 2 545 Fixed 1.84 (1.43–2.37) <0.001 0 0.395
Cutoff value
≤0.15 2 543 Random 3.40 (1.57–7.34) 0.002 61.7 0.106
>0.15 1 237 – 1.75 (1.33–2.31) <0.001 – –

Cutoff value determination
ROC analysis 2 543 Random 3.40 (1.57–7.34) 0.002 61.7 0.106
Median value/cutoff finder 1 237 – 1.75 (1.33–2.31) <0.001 – –

Treatment
Surgery + chemotherapy 2 545 Fixed 1.84 (1.43–2.37) <0.001 0 0.395
Surgery 1 235 – 5.16 (2.50–10.69) <0.001 – –
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OS, overall survival; PFS, progression-free survival; DFS, disease-free survival; ROC, receiver operating characteristics.
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settings for patients with GC. To our knowledge, this is the first
meta-analysis that discusses the prognostic role of the CRP/Alb
ratio in GC.

Inflammatory responses are known to promote tumorigenesis
through their effects on the tumor microenvironment in GC (27).
Tumor growth, invasion, necrosis, and hypoxia initiate immune
responses in the tumor microenvironment, which consequently
triggers the production of a variety of inflammatory cytokines
(28). CRP is an acute-phase protein that is mediated by several
proinflammatory cytokines, including interleukin-1 (IL-1), IL-6,
and tumor necrosis factor-a (29). IL-6 can lead to inflammation
Frontiers in Oncology | www.frontiersin.org 626
and angiogenesis, which contribute to tumor progression (30).
Serum Alb levels reflect patients’ nutritional status; a low serum
Alb level indicates a state of malnutrition (31). Hypoalbuminemia
is implicated in the nutritional decline observed in patients with
cancer (17). Therefore, the CRP/Alb ratio (as a combination of
CRP and Alb) provides a biological rationale to be considered a
promising prognostic tool in GC.

Many studies have investigated the prognostic value of the
CRP/Alb ratio in a variety of cancer types (26, 29, 32–35). Yu
et al. showed that an elevated pretreatment CRP/Alb ratio was a
prognostic marker of poor OS and CSS in patients with gastric
FIGURE 3 | Forest plots of studies evaluating the hazard ratio for progression-free survival (PFS)/disease-free survival (DFS) of patients with gynecological cancers of
a high CRP/Alb ratio.
A B

DC

FIGURE 4 | The association between CRP/Alb ratio and clinicopathological features in patients with gynecological cancers. (A) Lymph node metastasis (yes vs. no),
(B) tumor size (≥4 vs. <4 cm), (C) histological grade (G3 vs. G1/G2), and (D) FIGO stage (III–IV vs. I–II).
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cancer (26). A high CRP/Alb ratio was shown to be associated
with clinicopathological features that reflect tumor progression
in patients with gastric cancer (26). A meta-analysis of 15 studies
that included 6,329 patients reported that a high CRP/Alb ratio
was associated with various survival outcomes in patients with
CRC (29). Another recent meta-analysis suggested that an
elevated pretreatment CRP/Alb ratio could independently
predict poor OS in patients with pancreatic cancer (33). Zhou
et al. observed that a high pretreatment CRP/Alb ratio predicted
poor survival in patients with renal cell carcinoma (36). In our
meta-analysis, the CRP/Alb ratio was correlated with poor OS,
PFS, and DFS and also predicted advanced FIGO stages.
Therefore, the CRP/Alb ratio also serves as a promising tool
for risk stratification of patients.

Following are the limitations of this meta-analysis: (a) we
investigated studies that described only a few types of GC; only
CC and OC were considered in this study. Other GCs, such as
EC, were not included in our meta-analysis. Although the search
items included all GCs; however, no eligible study on EC was
identified. (b) All eligible studies were retrospectively designed,
which may introduce selection bias in the meta-analysis. (c) All
patients were from China and Japan; therefore, our findings may
not be generalizable and are perhaps more applicable to Asian
patients. The prognostic value of the CRP/Alb ratio in non-Asian
patients warrants investigation.
Frontiers in Oncology | www.frontiersin.org 727
CONCLUSIONS

Our meta-analysis showed that the CRP/Alb ratio is a convenient
and accurate predictor of survival outcomes in GC. A high CRP/
Alb ratio also predicts tumor progression. However, owing to
several limitations of this study, large-scale trials that include
patients of diverse ethnicities are warranted to validate
our findings.
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Ovarian carcinoma remains the most lethal gynecological carcinoma. Abnormal
expression of splicing factors is closely related to the occurrence and development of
tumors. The DEAD-box RNA helicases are important members of the splicing factor
family. However, their role in the occurrence and progression of ovarian cancer is still
unclear. In this study, we identified DEAD-box helicase 23 (DDX23) as a key DEAD-box
RNA helicase in ovarian cancer using bioinformatics methods. We determined that DDX23
was upregulated in ovarian cancer and its high expression predicted poor prognosis.
Functional assays indicated that DDX23 silencing significantly impeded cell proliferation/
invasion in vitro and tumor growth in vivo. Mechanistically, transcriptomic analysis showed
that DDX23 was involved in mRNA processing in ovarian cancer cells. Specifically, DDX23
regulated the mRNA processing of FOXM1. DDX23 silencing reduced the production of
FOXM1C, the major oncogenic transcript of FOXM1 in ovarian cancer, thereby decreasing
the FOXM1 protein expression and attenuating the malignant progression of ovarian
cancer. Rescue assays indicated that FOXM1 was a key executor in DDX23-induced
malignant phenotype of ovarian cancer. Furthermore, we confirmed that DDX23 was
transcriptionally activated by the transcription factor (TF) E2F1 in ovarian cancer using
luciferase reporter assays and chromatin immunoprecipitation (ChIP) assays. In
conclusion, our study demonstrates that high DDX23 expression is involved in
malignant behavior of ovarian cancer and DDX23 may become a potential target for
precision therapy of ovarian cancer.
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INTRODUCTION

According to statistics from the American Cancer Society (ACS), ovarian cancer is the most lethal
gynecological malignancy, ranking fifth among the mortality rates of female cancers (1). Globally, the
five-year relative survival rate is generally between 30% and 40% (2). High-grade serous ovarian
carcinoma (HGSOC) has the highest incidence and aggressiveness of all subtypes, and accounts for
70-80% of ovarian cancer deaths (3, 4). Current first-line treatments for ovarian cancer include both
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surgery and systemic treatment. The application of antiangiogenic
agents and poly ADP-ribose polymerase (PARP) inhibitors has
produced beneficial therapeutic effects for ovarian cancer patients
(5, 6). Despite the continued progress in diagnosis and treatment
technologies, some patients still relapse in a short time. Therefore,
further research is needed to gain new insights into the
pathogenesis of ovarian cancer.

mRNA splicing is ubiquitous in human genes. Specifically, the
spliceosome removes introns to produce different mature mRNAs,
which contribute to the expansion of genomic coding capacity and
proteomic diversity (7, 8). Emerging data suggest that aberrant
splicingorabnormal expressionof splicing factors is associatedwith
cancer progression and cancer immune disorders (9, 10). Many
studies have shown that aberrantmRNA splicing is involved in key
processes of ovarian cancer development. For example, splicing
factor SFPQ participates in caspase-9 alternative splicing and its
overexpression is correlated with platinum resistance (11). Splicing
factor SRp20 knockdown impairs growth and malignancy of
ovarian cancer cells (12). We have previously shown that splicing
factor USP39 and CTNNBL1 were overexpressed in HGSOC and
predicted poor clinical outcomes (13, 14).

The RNA helicase family is an important part of splicing factors
(15). Members of the DEAD-box RNA helicase family, with
conserved sequence Asp-Glu-Ala-Asp (D-E-A-D), play
important roles in various aspects of RNA processing, from
transcription to RNA decay (16). Therefore, they are given crucial
function in tumorigenesis and tumor development. A study has
shown that DDX5 is amplified and associated with breast cancer
proliferation (17). In addition, DDX39B is overexpressed in
colorectal cancer (CRC) and enhances the migration and invasion
of CRC cells (18). DDX23 belongs to DEAD-box family of RNA
helicases and plays a crucial role in spliceosome formation and pre-
mRNA splicing (15). Missense alterations in DDX23 have been
reported to be associatedwith a syndrome characterized by atypical
neurodevelopment (19). Abnormal DDX23 expression has been
implicated in glioma progression and poor survival (20). However,
the specific role of DDX23 in ovarian cancer is less studied.

In this study, DDX23 was first identified as a key DEAD-box
RNA helicase in ovarian cancer, and its overexpression was
associated with poor clinical outcomes. Functional assays indicated
that DDX23 silencing significantly impeded cell proliferation/
invasion in vitro and tumor growth in vivo. Mechanistically,
DDX23 regulated the mRNA processing of FOXM1 and DDX23
silencing reduced the production of FOXM1C. FOXM1 was a
key executor in DDX23-induced malignant phenotype of ovarian
cancer. Moreover, DDX23 was transcriptionally activated by the
E2F1 in ovarian cancer. Taken together, this study demonstrates
the clinical and biological significance of DDX23 in ovarian cancer
and provides a new target for tumor precision therapy.
MATERIALS AND METHODS

Bioinformatics Analysis
The genes involved in mRNA splicing (major pathway) were
obtained from GeneCards (https://pathcards.genecards.org/
card/mrna_splicing_-_major_pathway) (21). The protein
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expression data were obtained from the clinical proteomic
tumor analysis consortium (CPTAC) (https://cptac-data-portal.
georgetown.edu/studies) (22). The Cancer Genome Atlas
(TCGA) ovarian cancer data (AffyU133a, n = 593) were
obtained from UCSC Xena (http://xena.ucsc.edu/) (23).
Survival curves were plotted by Kaplan-Meier plotter (https://
kmplot.com/analysis/) (24). Co-expression analysis was
performed on cbioportal (https://www.cbioportal.org/) (25).
JASPAR (http://jaspar.genereg.net/) (26) and Cistrome Cancer
(http://cistrome.org/CistromeCancer/) (27) were used to predict
potential TFs. Visualization and analysis of TFs binding peaks
were performed with the use of Cistrome Data Browser (http://
cistrome.org/db/#/) (28) based on the online chromatin
immunoprecipitation sequencing (ChIP-seq) data. Gene
Ontology (GO) analysis was conducted on WebGestalt (http://
www.webgestalt.org/) (29). The TCGA differential expression
gene (DEG) list of ovarian cancer was obtained from Gene
Expression Profiling Interactive Analysis (GEPIA) (http://
gepia.cancer-pku.cn/) (30).

Tissue Samples and Clinical Information
Ovarian cancer specimens were obtained from primary patients
without neoadjuvant chemotherapy. Fallopian tube (FT)
specimens from patients with benign diseases were used as
controls. The 46 fresh-frozen ovarian cancer tissues and 29 FT
tissues were obtained for quantitative real-time PCR (qRT-PCR)
analysis. A total of 124 ovarian cancer and 69 FT specimens from
our center were used for clinical information analysis. Patients’
informed consent were provided. The study had been approved
by the Ethics Committee of Shandong University.

Immunohistochemistry Staining
The fresh tissues were formalin fixed and paraffin embedded. An
immunohistochemistry (IHC) staining kit (ZSGB-BIO, China)
was used for staining of tissue microarray (TMA) sections or
xenografts tissue sections following the manufacturer’s
instructions. Paraffin sections were deparaffined with xylene
and rehydrated with ethanol. After antigen retrieval, 3%
hydrogen peroxide and goat serum were used to block the
endogenous peroxidase and nonspecific binding respectively.
Tissue sections were incubated with primary antibodies anti-
DDX23 (ab70459, Abcam) and anti-Ki-67 (#9449, CST) at 4°C
overnight. The next day, tissue was labeled with secondary
antibody and detected using the diaminobenzidine (DAB)
staining system.

Two pathologists completed the IHC staining score
independently. The intensity of staining was scored as 0
(negative), 1 (weak), 2 (moderate), or 3 (strong). The final H-
score (0-300)was determined by the extent and intensity of staining
(H-score = percentage of weak intensity area×1+ percentage of
moderate intensity area×2+ percentage of strong intensity area×3).
The specimenswere divided into high expression group (final score
< 170) and low expression group (final score ≥ 170).

RNA Isolation and qRT-PCR
TRIzol reagent (Invitrogen, USA) was used for total RNA
extraction. PrimeScript RT Reagent Kit (Takara, Japan) and
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SYBR-Green qPCR master mix (Takara, Japan) were used for
RNA reverse transcription and qRT-PCR respectively. ACTB
served as an internal control. The primers used are listed in
Supplementary Table 1.

Cell Lines and Cell Culture
A2780 and SKOV3 were cultured in RPMI 1640 medium plus
10% fetal bovine serum (FBS) (BioInd, Israel). HEY and
HEK293T were cultured in DMEM medium plus 10% FBS.
Cells were cultured in standard conditions (37°C, 5% CO2) in
a humidified incubator.

Plasmid Constructs and Cell Transfection
The shDDX23 sequence was cloned into pLKO.1 vector
(Addgene, United States). The open reading frames (ORFs) of
E2F1 and FOXM1 were cloned into pLenti-C-Myc-DDK-IRES-
Puro (PCMV) vector (Origene, USA) separately. The psPAX2,
pMD2.G and constructed lentivirus vectors were co-transfected
into HEK293T cells for lentivirus production. To gain stable-
expression, ovarian cancer cells were infected with lentivirus for
24 hours and selected for 7 days in a medium including
puromycin (2 mg/mL, Merck Millipore, USA).

The small interfering RNAs (siRNAs) targeting DDX23, E2F1,
FOXM1 were obtained from GenePharma (Shanghai, China).
Transient transfection was carried out by Lipofectamine 2000
reagent (Invitrogen, USA) following the manufacturer’s
instructions. Details of shRNA or siRNA sequences are shown
in Supplementary Table 1.

Cell Proliferation Assay
The 3-(4, 5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetra-
zoliumromide (MTT) assay was conducted to measure cell
proliferation ability. Cells (800–1000 cells/well) were seeded in 96-
well plates, then incubated and monitored continuously. At a fixed
time point of each day, 20 mL 5 mg/mL of MTT (Sigma-Aldrich,
USA) solution was added to each well. After 4 hours of incubation,
the supernatant was replaced by 100 mL DMSO (Sangon Biotech,
China). The absorbance value at 490nm was quantified by a
microplate reader (Bio-Rad, USA).

Clonogenic Assay
Cells (800–1000 cells/well) were cultured in 6-well plates under
standard condition for 2 weeks. Methanol was applied for colony
fixation and 0.1% crystal violet was applied for staining. Colonies
containing more than 50 cells were included in statistical analysis.

Cell Cycle Assay
Flow cytometry was used to analyze cell cycle progression. Each
group of ovarian cancer cells was harvested and stained with
propidium iodide (PI) according to the manufacturer’s protocol
(MultiSciences, China). The cell cycle distribution was analyzed
by A Modifit LT software (BD Biosciences, USA).

Western Blotting
RIPA Lysis Buffer (Beyotime, China), supplemented with 1%
PMSF, was used for cell lysis. A BCA Assay Kit (Millipore, USA)
was used to quantify the protein concentration. Protein samples
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were separated by SDS-PAGE and transferred to PVDF
membranes (Millipore, USA), and then blocked in 5%
skimmed milk for 1 hour. The membranes were incubated in
diluted primary antibodies at 4°C overnight. The target proteins
were labeled with HRP-conjugated secondary antibodies and
detected with an ECL system (PerkinElmer, USA). b-actin was
used as an endogenous control. All antibodies are listed in
Supplementary Table 2.

Cell Migration and Invasion Assays
Cells (1×105) suspended in 200 mL serum-free medium were
seeded into the upper Transwell chambers (8mm pores, BD
Biosciences, USA). The lower compartments contained 700 mL
mediumwith 20% FBS. Methanol was applied for cell fixation and
0.1% crystal violet was applied for staining. Cells that penetrated
through the chambers were counted under a light microscope.

Cell motility ability was also evaluated by wound healing assays.
Ovarian cancer cells were cultured in 24-well plates for appropriate
time. Then straight scratches were produced on the confluent cell
monolayer with 20 mL pipette tips. The scratch width was
measured at appropriate time points (0 h, 12 h) after scratching.

Nude Mouse Xenograft Models
Female BALB/c nude mice (aged 4–5 weeks, NBRI of Nanjing
University, China) were randomly divided into two groups and
injected subcutaneously with DDX23 knockdown or control cells
(HEY, 5×106). Mice were kept in the SFP environment before
they were euthanized. Then tumors were harvested and weighed.
Animal experiments were approved by Shandong University
Animal Care and Use Committee.

Luciferase Reporter Assay
HEK293T cells were co-transfected with DDX23 wild-type (WT)
or mutant-type (MT) (Deletion mutation) promoter reporter
vectors, PCMV-NC or PCMV-E2F1 and pRL-TK plasmids
using Lipofectamine 2000. After 48 hours of transfection, the
luciferase activity was tested by Dual-Glo Luciferase Assay System
(Promega, USA). The relative luciferase activity was determined
by the ratio of firefly luminescence to Renilla luminescence.

Chromatin Immunoprecipitation Assay
A Chromatin immunoprecipitation kit (Beyotime, China) was
used for ChIP assay as previously described (13). E2F1 antibody
and IgG rabbit antibody were obtained from Cell Signaling
Technology (CST, USA) (Supplementary Table 2). Reverse
transcription PCR was performed to analyze the purified DNA.
The primer sequences for DDX23 promoter are listed in
Supplementary Table 1.

RNA Sequencing and Differential Gene
Expression Analysis
Total RNA was extracted from A2780 cells of DDX23
knockdown and control group with Trizol reagent. Then high-
throughput RNA sequencing (RNA-seq) assay was performed by
the Biomaker Technologies (Beijing, China). The threshold for
different expression was set to 1.5-fold change (FC) and P < 0.05
was the significance threshold.
December 2021 | Volume 11 | Article 749144
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Statistical Analysis
SPSS statistics 24.0 and GraphPad Prism 8.0 were used in data
analysis. The chi-square test and student’s t test were used to
analyze statistically significant differences between groups.
Univariate and multivariate Cox proportional hazard
regression analysis was used to analyze high-risk factors related
to overall survival (OS). The survival curves of independent high-
risk factors were plotted using Kaplan-Meier analysis. The data
of three independent experiments were presented as the means ±
SEMs. P < 0.05 was considered statistically significant.
RESULTS

DDX23 Was Upregulated in Ovarian
Cancer and Associated With Poor
Clinical Outcomes
To clarify the importance of DEAD-box RNA helicases involved
in mRNA processing, we screened 8 candidates of 322 genes
related to mRNA splicing (Major Pathway) from the GeneCards
online database. Based on CPTAC proteomic data, we found that
all 8 genes were upregulated in ovarian cancer (Figure 1A).
Meanwhile, according to previous transcriptome analysis results,
33 upregulated core splicing factors, including DDX23, were
found in HGSOCs (n=6) compared with FT tissues (n=6)
(GSE135886) (13). Combined data mining with previous
transcriptome analysis results, DDX23 was selected for further
investigation. We first investigated its protein expression patterns
in various cancer types using CPTAC database. Specifically,
DDX23 expression was found to be elevated in multiple tumor
types including ovarian cancer (P < 0.0001) (Figures 1B, C). We
further analyzed data of TCGA cohort and found a significantly
higher mRNA level of DDX23 in ovarian cancer samples (n = 585)
compared with normal ovary samples (n = 8) (P < 0.01)
(Figure 1D). Similarly, we detected the DDX23 mRNA
expression in our cohort by qRT-PCR and found that DDX23
had higher expression in ovarian cancer samples (n = 46) than in
FT specimens (n = 29) (P < 0.001) (Figure 1E).

To further explore the relationship between the expression of
DDX23 and the clinicopathological characteristics of ovarian
cancer patients, IHC analysis was performed using TMAs
containing 124 ovarian cancer and 69 FT specimens. Results
showed that 14.5% (10/69) FT samples had high DDX23
expression, whereas 33.9% (42/124) ovarian cancer samples
belonged to high DDX23 group. Compared with FT specimens,
IHC staining revealed significantly higher DDX23 expression in
ovarian cancer specimens (P < 0.01) (Figures 1F, G).
Clinicopathological feature analysis indicated that high DDX23
expression was positively correlated with poor OS (P = 0.037)
(Table 1). In addition, univariate and multivariate Cox
proportional hazard regression analysis indicated that DDX23
expression was an independent high-risk factor for OS (hazard
ratio [HR] 1.58, 95% confidence interval [CI] 1.05–2.37, P =
0.029), besides FIGO stage (HR 2.00, 95% CI 1.19–3.37, P = 0.009)
(Table 2). We further performed Kaplan-Meier survival analysis
in our cohort, and confirmed that patients in the high DDX23
Frontiers in Oncology | www.frontiersin.org 433
expression group had a shorter OS than those in the low
expression group (HR 1.56, 95% CI 1.04–2.34, P = 0.031)
(Figure 1H). Meanwhile, based on the online data of the
Kaplan-Meier plotter, we also verified that patients with high
DDX23 expression had significantly worse progression-free
survival (PFS) (HR 1.32, 95% CI 1.15–1.52, P = 5.7e-0.5) and
OS (HR 1.16, 95%CI 1.01–1.33, P = 0.038) rates than patients with
low expression (Figures 1I, J). Taken together, these results
strongly indicated that DDX23 was highly expressed in ovarian
cancer tissues and was significantly associated with poor prognosis
in ovarian cancer patients.

DDX23 Was Required for the Proliferation
and Cell Cycle Progression of Ovarian
Cancer Cells
Given that DDX23 was upregulated in ovarian cancer, we then
explored the role of DDX23 in the proliferation of ovarian cancer
cells. First, DDX23 knockdown ovarian cell lines were established
by lentiviral infection. In MTT assays, compared to the negative
control (NC) groups, DDX23 silencing inhibited the growth of
A2780, SKOV3, and HEY cells and the inhibition was most
evident in the last two days (Figure 2A). Similarly, in
clonogenic assays, DDX23 knockdown reduced the colony
formation ability of A2780, SKOV3, and HEY cells by 60% (P <
0.001), 55% (P < 0.001), and 40% (P < 0.01) respectively
(Figure 2B). To further investigate the effect of DDX23 on cell
cycle progression, flow cytometry was conducted. Cell cycle
analysis revealed that compared to NC group, DDX23 silencing
could increase the percentage of cells in the G1 phase while
decreasing the percentage of cells in S phase in three ovarian
cancer cell lines (Figure 2C). Furthermore, we measured G1
phase arrest related markers by western blotting and the results
showed that DDX23 knockdown decreased the expression of
CCND1 and CDK4, but increased p21 expression (Figure 2D).

Overall, these data suggested that DDX23 was required for
ovarian cancer cell proliferation, and DDX23 knockdown
inhibited cell proliferation through G1 phase arrest.

DDX23 Silencing Suppressed the
Migration and Invasion of Ovarian
Cancer Cells
Transwell assays were carried out to detect the effect of DDX23 on
the migration and invasion of ovarian cancer cells. Compared to
the NC group, DDX23 knockdown could weaken the migration
(all P < 0.01) and invasion (all P < 0.0001) capacity in A2780,
SKOV3, and HEY cells (Figures 3A, B). In wound healing assays,
at 12h post-scratch, ovarian cancer cells with DDX23 knockdown
migrated less than NC group in A2780, SKOV3, and HEY cells
(all P < 0.0001) (Figure 3C). These experimental results
collectively suggested that DDX23 could promote the migration
and invasion ability of ovarian cancer cells.

DDX23 Knockdown Inhibited the Growth
of Xenograft Tumors in Vivo
Since the effect of DDX23 on the progression of ovarian cancer
was determined in vitro, we further constructed nude mouse
December 2021 | Volume 11 | Article 749144
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xenograft models to explore the role of DDX23 in ovarian cancer
tumorigenesis in vivo. HEY cells with DDX23 knockdown and
the control cells were subcutaneously injected into two groups of
nude mice (n=5). As expected, DDX23 silencing could
Frontiers in Oncology | www.frontiersin.org 534
apparently inhibit the growth of xenograft tumors (Figure 4A).
The tumor weights of NC group were significantly higher than
those of DDX23 knockdown group (P < 0.05) (Figure 4B). The
protein expression level in xenograft tumors was also measured
A B

C D E

H I J

F G

FIGURE 1 | DDX23 was upregulated in ovarian cancer and associated with poor clinical outcomes. (A) Heatmap map reflecting the expression of 8 DEAD-box RNA
helicases involved in the mRNA splicing in HGSOC and normal ovary samples based on CPTAC proteomic data. (B) DDX23 protein expression profile in various
cancers based on CPTAC proteomic data. (C) DDX23 protein expression in ovarian cancer and normal ovary samples in CPTAC-PNNL cohort. (D) DDX23 mRNA
expression in ovarian cancer and normal ovary samples in a TCGA cohort (AffyU133a, n = 593). (E) qRT-PCR analysis of DDX23 mRNA expression in 46 HGSOC
and 29 FT tissue samples in Qilu cohort. (F) Representative IHC staining images of DDX23 in FT and ovarian cancer tissues based on TMAs. (G) Statistical analysis
of the DDX23 expression profile in 69 FT and 124 ovarian cancer tissues based on IHC staining score of TMAs. (H) Kaplan-Meier analysis of the correlation between
DDX23 expression and OS based on the follow-up information from our TMAs. (I, J) Kaplan-Meier analysis of PFS (I) and OS (J) in ovarian cancer patients with
high- or low- DDX23 expression based on data from Kaplan-Meier Plotter. HGSOC, high-grade serous ovarian carcinoma; CPTAC, clinical proteomic tumor analysis
consortium; PNNL, Pacific Northwest National Laboratory; TCGA, The Cancer Genome Atlas; FT, fallopian tube; IHC, immunohistochemistry; TMAs, tissue
microarrays; OS, overall survival; PFS, progression-free survival. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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TABLE 1 | Correlation of clinical characteristics with DDX23 expression.

Clinical characteristics DDX23 expression P value

Total (n = 124) Low expression (n = 82) High expression (n = 42)

Age (years) <56 55 (44.4) 37 (45.1) 18 (42.9) 0.810
≥56 69 (55.6) 45 (54.9) 24 (57.1)

FIGO stage (2014) I and II 26 (21.0) 17 (20.7) 9 (21.4) 0.928
II and III 98 (79.0) 65 (79.3) 33 (78.6)

Histology HGSOC 103 (83.1) 68 (82.9) 35 (83.3) 0.404
Non-HGSOC 8 (6.5) 6 (7.3) 2 (4.8)
Unknown 13 (10.5) 8 (9.8) 5 (11.9)

Grade II (moderately) 8 (6.5) 6 (7.3) 2 (4.8) 0.859
III (poorly) 110 (88.7) 72 (87.8) 38 (90.5)
Unknown 6 (4.8) 4 (4.9) 2 (4.8)

Ascites Yes 23 (18.5) 14 (17.1) 9 (21.4) 0.706
No 7 (5.6) 4 (4.9) 3 (7.1)
Unknown 94 (75.8) 64 (78.0) 30 (71.4)

CA-125 (U/mL) <785 58 (46.8) 36 (43.9) 22 (52.4) 0.371
≥785 66 (53.2) 46 (56.1) 20 (47.6)

Tumor diameter (cm) <8 37 (29.8) 27 (32.9) 10 (23.8) 0.294
≥8 87 (70.2) 55 (67.1) 32 (76.2)

Residual disease (cm) <1 51 (41.1) 38 (46.3) 13 (31.0) 0.099
≥1 73 (58.9) 44 (53.7) 29 (69.0)

Adjuvant chemotherapy Yes 122 (98.4) 81 (98.8) 41 (97.6) 1.000
No 2 (1.6) 1 (1.2) 1 (2.4)

Death Yes 103 (83.1) 64 (78.0) 39 (92.9) 0.037
No 21 (16.9) 18 (22.0) 3 (7.1)

Follow-up time (month) 45.5 (1-159) 49 (1-159) 41.5 (1-110) 0.166
Frontiers in Oncology | www.frontiersin.org
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Values are present as n (%) or median (range). DDX23, DEAD-Box Helicase 23; FIGO, International Federation of Gynecology and Obstetrics; HGSOC, high-grade serous ovarian
carcinoma; CA-125, Cancer Antigen 125.
TABLE 2 | Univariate and multivariate Cox proportional hazards regression analysis of OS.

Clinical characteristics Univariate Multivariate

HR (95%CI) P value HR (95%CI) P value

DDX23 expression Low 1 0.034 1 0.029
High 1.56 (1.04-2.34) 1.58 (1.05-2.37)

Age (years) <56 1 0.616
≥56 1.01 (0.99-1.03)

FIGO stage (2014) I and II 1 0.010 1 0.009
II and III 1.98 (1.17-3.34) 2.00 (1.19-3.37)

Histology HGSOC 1
Non-HGSOC 1.14 (0.53-2.47) 0.736
Unknown 1.49 (0.81-2.74) 0.196

Grade II (moderately) 0.75 (0.25-2.25) 0.609
III (poorly) 0.67 (0.29-1.55) 0.349
Unknown 1

Ascites Yes 0.90 (0.56-1.46) 0.681
No 0.46 (0.16-1.34) 0.153
Unknown 1

CA-125 (U/mL) <785 1 0.242
≥785 1.26 (0.86-1.86)

Tumor diameter (cm) <8 1 0.924
≥8 0.98 (0.65-1.49)

Residual disease (cm) <1 1 0.008
≥1 1.73 (1.15-2.59)

Adjuvant chemotherapy Yes 0.92 (0.23-3.73) 0.903
No 1
OS, overall survival; DDX23, DEAD-Box Helicase 23; FIGO, International Federation of Gynecology and Obstetrics; CA-125, Cancer Antigen 125.
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to confirm that DDX23 was effectively depleted in the shDDX23
group (P < 0.01) (Figure 4C). IHC staining showed that Ki-67
expression was decreased in xenograft tumors of shDDX23-
treated mice group, indicating that DDX23 knockdown reduced
the proliferation activity of tumor cells in vivo (Figure 4D).
E2F1 Activated DDX23 Transcription in
Ovarian Cancer Cells
Dysregulation of TFs is associated with tumor progression. To
explore the transcriptional regulatory mechanism of DDX23
expression, we performed co-expression analysis using
cBioPortal database to obtain the genes positively related to
DDX23 expression (TCGA U133 microarray, Spearman’s
Correlation ≥ 0.35) (Supplementary Table 3). We also analyzed
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the TFs predicted to bind to the promoter of DDX23 from
Cistrome Data Browser (Supplementary Table 4). Subsequently,
5 candidate TFs were screened by determining the intersection of
the above two gene sets (Figure 5A). The differential expression
analysis of the 5 TFs were performed using TCGA-GTEx data, and
the results showed that the expression of E2F1 in ovarian cancer
increased most significantly compared to the other 4 TFs
(Supplementary Figure S1). Co-expression analysis revealed
that the mRNA expression of E2F1 and DDX23 were positively
correlated in ovarian cancer (Spearman’s correlation = 0.38, P =
1.34e-7) (Figure 5B). To determine whether E2F1 was involved in
the regulation of DDX23 transcription, we first detected the
expression of DDX23 in E2F1 knockdown and control ovarian
cancer cells. We noted that the inhibition of E2F1 by siRNA
decreased the expression of DDX23 at both mRNA and protein
A

B

C D

FIGURE 2 | DDX23 was required for the proliferation and cell cycle progression of ovarian cancer cells. (A, B) Representative MTT proliferation (A) and clonogenic
(B) assays in A2780, SKOV3 and HEY cells with or without DDX23 knockdown. (C) Cell cycle analysis of A2780, SKOV3, and HEY cells with or without DDX23
knockdown was performed by flow cytometry (left). Graphs depict the distribution of cells in indicated phases of the cell cycle (right). (D) Western blotting analysis of
cell cycle regulatory proteins in A2780, SKOV3, and HEY cells transfected with sh-NC or sh-DDX23. Data are presented as mean ± SEM. **P < 0.01, ***P < 0.001,
****P < 0.0001.
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levels (Figures 5C, D). Meanwhile, we found that DDX23
knockdown had no effect on E2F1 expression at both mRNA
and protein levels in three ovarian cancer cell lines
(Supplementary Figures S2A, B).
Frontiers in Oncology | www.frontiersin.org 837
According to the ChIP-seq data from the Cistrome Data
Browser database, we found that the binding peaks of E2F1 were
enriched in the promoter region of DDX23 in HELA, MCF-7,
U2OS, and K652 cell lines (Figure 5E). We next searched the
A B

C

FIGURE 3 | DDX23 silencing suppressed the migration and invasion of ovarian cancer cells. (A, B) Representative microscopic images (×10) of A2780, SKOV3, and
HEY cells that penetrated through the Transwell chambers in migration (A) and invasion (B) assays. (C) Representative wound healing assays in A2780, SKOV3, and
HEY cells with or without DDX23 knockdown. Data are presented as mean ± SEM. **P < 0.01, ****P < 0.0001.
A B

C D

FIGURE 4 | DDX23 knockdown inhibited the growth of xenograft tumors in vivo. (A) Images of xenograft tumors from mice subcutaneously injected with DDX23
knockdown or control HEY cells (n = 5 mice per group). (B) The xenografts tumors were weighed and compared. (C) Western blotting analysis of protein samples
extracted from xenografts tumors in DDX23 knockdown or corresponding control group. (D) Representative IHC staining patterns of Ki-67 in xenografts tumors in
DDX23 knockdown or corresponding control group. IHC, immunohistochemistry. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01.
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FIGURE 5 | E2F1 activated DDX23 transcription in ovarian cancer cells. (A) Venn diagram of 5 hub TFs positively related to DDX23 expression (TCGA U133
microarray, Spearman’s Correlation ≥ 0.35) and predicted to bind with the promoter of DDX23. (B) Co-expression analysis between DDX23 and E2F1 expression in
ovarian cancer based on the cBioPortal database. (C, D) The mRNA and protein levels of E2F1 and DDX23 in ovarian cancer cells with or without E2F1 knockdown
were measured by qRT-PCR (C) and Western blotting (D). (E) Visualization of E2F1 binding peaks. The binding peaks of E2F1 were enriched in the promoter region
of DDX23 in HELA, MCF-7, U2OS, and K652 cell lines based on ChIP-seq data from the Cistrome Data Brower. (F) The sequence logo of a potential E2F1 binding
site on DDX23 promoter predicted by JASPAR. (G) Schematic diagram of the DDX23 WT and MT promoter sequences. (H) Dual-luciferase reporter assays showing
that E2F1 overexpression increased the luciferase activity in HEK293T cells transfected with the DDX23 promoter WT plasmid, but not in cells with MT plasmid. (I)
ChIP assay and semi-quantitative PCR analysis showed that E2F1 could bind to the DDX23 promoter region directly. TFs, transcription factors; ChIP, Chromatin
immunoprecipitation; WT, wild type; MT, mutant type. Data are presented as mean ± SEM. ns, no significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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JASPAR online database and a potential E2F1 binding site with the
highest score was found on the DDX23 promoter region
(Figure 5F) (Supplementary Table 5). We constructed WT and
MT plasmids of DDX23 promoter using pGL4.26 vector
(Figure 5G). Luciferase assays showed that E2F1 overexpression
increased the luciferase activity in HEK293T cells transfected with
the DDX23 promoter WT plasmid, but not in cells with MT
plasmid. (Figure 5H). Subsequently, ChIP assays were performed
in A2780 cells to further verify the binding of E2F1 to DDX23
promotor. Results confirmed that E2F1 could bind to the DDX23
promoter region directly (Figure 5I). In summary, these data
indicated that DDX23 was a direct transcriptional target of E2F1
in ovarian cancer cells.
Identification of Differentially Expressed
Genes Involved in DDX23 Function by
RNA-seq
To explore the regulatory mechanisms of DDX23 on tumor
progression, RNA‐seq was performed in DDX23 knockdown
and control A2780 cells. The changes in the transcriptome with
DDX23 knockdown were analyzed and a total of 4115
differentially expressed genes (DEGs) were identified (1.5-FC,
P < 0.05). There were 1921 upregulated genes and 2194
downregulated genes (Figure 6A). Biological process analysis
showed that DDX23 was involved in mRNA processing, which
confirmed the splicing-related functions of DDX23 in ovarian
cancer (Figure 6B). Then, GO enrichment analysis was
performed with the 2194 downregulated DEGs. Multiple
downregulated genes (Gene set 1) were found to be associated
with mitotic cell cycle process, which is an important underlying
mechanism of tumor progression and consistent with the results
of functional assays in vivo and in vitro (Figure 6C). Next, we
searched the GEPIA database to obtain the upregulated genes in
TCGA ovarian cancer cohort (Log2FC ≥ 1, q < 0.01) (Gene set 2).
The cBioPortal database was also used to obtain genes that were
positively associated with DDX23 expression (TCGA U133
microarray, Spearman’s Correlation ≥ 0.3) (Gene set 3).
Finally, 17 genes were screened by overlapping the three gene
sets (Figure 6D). The expression details of the 17 candidates in
TCGA cohort were showed in Figures 6E, F. Meanwhile, we
demonstrated the low mRNA expression of these 17 genes in
DDX23 knockdown A2780 cell line (Figure 6G). Co-expression
analysis revealed the expression correlation between DDX23 and
17 candidates, and the details are shown in Figure 6H. Based on
data from Cistrome Cancer, we found that among the five genes
(ESPL1, KIF14, TUBG1, KIF11, FOXM1) with the highest
correlation with DDX23 expression, four genes (ESPL1, KIF14,
TUBG1, KIF11) were potential target genes of FOXM1 (Regular
potential score, 0.943365, 0.96575, 0.644621, 0.988351,
respectively) (Supplementary Table 6). DDX23 was shown to
be positively associated with the expression of a well-known
oncogene FOXM1 (Spearman’s correlation = 0.41, P = 6.59e-9)
(Figure 6I). Based on data from TCGA and CPTAC, we found
that FOXM1 was upregulated in ovarian cancer at both mRNA
and protein levels (Figures 6J, K). Numerous studies had proven
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that FOXM1 promoted the progression of various cancer types
(31–33). Integrated genomic analyses of ovarian carcinoma
from TCGA Research Network reported that the FOXM1
transcription factor network changed significantly in 87% of
ovarian cancer cases (34). FOXM1, as a transcription factor,
regulated many important proliferation-related target genes
(AURB, CCNB1, BIRC5, CDC25, and PLK1, etc.) and was
important oncogenic driver in ovarian cancer progression (34–
36). Therefore, our subsequent studies focused on FOXM1 as a
downstream target of DDX23.

DDX23 Regulated the Production of the
Main Oncogenic Transcript of FOXM1
First, we measured FOXM1 expression after DDX23 knockdown
and results showed that FOXM1 expression decreased at both
mRNA and protein levels (Figures 7A, B). Moreover, we
validated that FOXM1 silencing inhibited the proliferation and
migration capacity of A2780 and HEY cells, while ectopic
expression of FOXM1 enhanced their proliferation and
migration potential (Figures 7C, D). It has been reported in
glioma that DDX23 was an essential tool for miR-21 mature,
revealing the powerful RNA processing function of DDX23 (20).
However, whether FOXM1 mRNA processing was regulated by
DDX23 remained unknown. The human FOXM1 gene consists
of 10 exons, and the differential splicing of exons Va and VIIa
produces three transcripts, FOXM1A, FOXM1B, and FOXM1C.
Both FOXM1B and C have transcriptional activity, while
FOXM1A does not due to the addition of exon VIIa in C-
terminal transactivation domain (31, 37, 38). Subsequently, we
measured the mRNA expression of FOXM1A, FOXM1B, and
FOXM1C after DDX23 knockdown in A2780 and HEY cells by
qRT-PCR. We found that FOXM1C expression was tens of times
higher than the other two transcripts in ovarian cancer cells.
FOXM1C expression was dramatically decreased after DDX23
knockdown, whereas FOXM1A and FOXM1B expression did
not change significantly (Figure 7E). Therefore, these findings
suggested that FOXM1 was a downstream target of DDX23.
DDX23 was required for the mRNA processing of FOXM1.
DDX23 silencing reduced the production of FOXM1C, the major
oncogenic transcript of FOXM1 in ovarian cancer, thereby
decreasing the FOXM1 protein expression and attenuating the
malignant progression of ovarian cancer.

FOXM1 Mediated DDX23-Driven Malignant
Progression of Ovarian Cancer Cells
In the foregoing sections, we demonstrated that FOXM1 mRNA
and protein levels were decreased by DDX23 knockdown
(Figures 7A, B). To determine whether DDX23 contribute to
overall FOXM1 function, we performed rescue experiments by
co-transfecting the ovarian cancer cells with DDX23 siRNA and
FOXM1 plasmid, and examined the cell proliferation and
migration. As expected, transfection of FOXM1 plasmid into
HEY cells rescued the decreased FOXM1 protein levels caused by
DDX23 knockdown (Figure 8A). In addition, FOXM1
overexpression enhanced the proliferation and migration capacity
of SKOV3 and HEY cells. DDX23 knockdown significantly
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FIGURE 6 | Identification of differentially expressed genes involved in DDX23 function by RNA-seq. (A) Volcano plot for the DEGs between siDDX23 and NC groups
(1.5-FC, P < 0.05). (B) Biological process analysis showed that DDX23 was involved in mRNA processing. (C) GO enrichment analysis of the downregulated DEGs
between siDDX23 and NC groups. (D) Venn diagram of 17 hub genes obtained by overlapping three gene sets. Gene set 1, 123 downregulated genes related to
mitotic cell cycle processes identified by RNA-seq; Gene set 2, upregulated genes in ovarian cancer from GEPIA (Log2FC ≥ 1, q < 0.01); Gene set 3, genes that
positively related to DDX23 expression (TCGA U133 microarray, Spearman’s Correlation ≥ 0.3). (E, F) Relative mRNA expression of 17 candidate downstream genes
in TCGA database. (G) qRT-PCR analysis of mRNA expression of 17 candidates in A2780 cells. (H) Co-expression analysis between DDX23 and 17candidates
expression in ovarian cancer based on the cBioPortal database. (I) Co-expression analysis between DDX23 and FOXM1 expression in ovarian cancer based on the
cBioPortal database. (J) FOXM1 mRNA expression in ovarian cancer and normal ovary samples in TCGA cohort from GEPIA. (K) FOXM1 protein expression in
ovarian cancer and normal ovary samples in CPTAC cohort. DEG, differential expression gene; NC, negative control; FC, fold change; GO, Gene Ontology; GEPIA,
Gene Expression Profiling Interactive Analysis; TCGA, The Cancer Genome Atlas. *P < 0.05, **P < 0.01.
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decreased cell proliferation and migration, whereas overexpression
of FOXM1 partially restored the reduced cell proliferation and
migration induced by DDX23 silencing (Figures 8B, C). Altogether,
these results indicated that FOXM1 was a key executor in DDX23-
induced malignant phenotype of ovarian cancer (Figure 8D).
DISCUSSION

The extreme malignancy of ovarian cancer is related to a variety
of carcinogenic mechanisms, including mRNA processing
dysregulation. Aberrant expression of splicing factors is implicated
in tumor initiation and progression (39). Splicing factor SFPQ
Frontiers in Oncology | www.frontiersin.org 1241
regulated alternative splicing of caspase-9 mRNA and was
involved in ovarian cancer sensitivity to platinum (11). Our
previous study showed that USP39 functioned as an oncogenic
splicing factor in ovarian cancer through maintaining efficient
splicing of HMGA2 (13). The DEAD-box RNA helicases are
important members of the splicing factor family and they usually
function as components of large multi-protein complexes and play
essential roles in RNA processing including spliceosome biogenesis,
miRNA biogenesis and splicing, which are crucial for cellular
proliferation and transformation of tumorigenicity (40, 41).
DDX23 expression was elevated in glioma patients and it had
been strongly linked to the poor prognosis of glioma (20). DDX23
was also upregulated in hepatocellular carcinoma and correlated
A
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FIGURE 7 | DDX23 regulated the production of the main oncogenic transcript of FOXM1. (A, B) The mRNA and protein levels of DDX23 and FOXM1 in ovarian
cancer cells with or without DDX23 knockdown were measured by qRT-PCR (A) and western blotting (B). (C) Representative MTT proliferation assays in A2780 and
HEY cells with FOXM1 knockdown or overexpression. (D) Representative microscopic images (×10) of A2780 and HEY cells that penetrated through the Transwell
chambers in migration assays. (E) Relative expression changes of different FOXM1 transcripts after DDX23 knockdown were analyzed in A2780 and HEY cells by
qRT-PCR. Data are presented as mean ± SEM. ns, no significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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with advanced clinicopathological stages (42). However, its clinical
significance and biological function in ovarian cancer have not been
characterized to date. In our study, we first determined that DDX23
was overexpressed and significantly correlated with poor clinical
outcomes in ovarian cancer. DDX23 expression was an independent
high-risk factor closely associated with the OS of ovarian cancer
patients. These results indicate that DDX23 can serve as an
indicator of prognostic prediction in ovarian cancer patients.

To further explore the role of DDX23 in ovarian cancer, we
performed relevant functional experiments in vitro and in vivo.
DDX23 was previously reported to promote the invasion and
Frontiers in Oncology | www.frontiersin.org 1342
proliferation of glioma cells (20). In hepatocellular carcinoma,
SDC4/DDX23 axis played a crucial role in driving cell
proliferation and migration (42). In our study, DDX23
silencing significantly impeded the proliferation of ovarian
cancer cells through G1 phase arrest. The expression of
associated cell cycle regulators also changed in DDX23-
depleted ovarian cancer cells. In addition, loss of DDX23 also
inhibited cell migration and invasion. These results highlight the
pathogenic role of DDX23 in ovarian cancer.

However, the function mechanism of splicing factor DDX23 in
ovarian cancer has not been elucidated. DEAD-box RNA helicase
A B
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D

FIGURE 8 | FOXM1 mediated DDX23-driven malignant progression of ovarian cancer cells. Control siRNAs or DDX23 siRNAs were co-transfected into ovarian
cancer cells with PCMV-NC or PCMV-FOXM1 plasmids. (A) Western blotting analysis of DDX23 and FOXM1 expression in four rescue groups of HEY cells. (B, C)
overexpression of FOXM1 partially restored the reduced cell proliferation (B) and migration (C) induced by DDX23 silencing. (D) Schematic diagram showing that
DDX23 is transcriptionally activated by E2F1. DDX23 promotes ovarian cancer progression by regulating FOXM1C production. Data are presented as mean ± SEM.
ns, no significant, ***P < 0.001, ****P < 0.0001.
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family proteins, including DDX23 (also known as Prp28),
participate in the assembly of spliceosomes (43). For example,
DDX23 is a mediator for switching the U1 snRNA/pre-mRNA
5’splice site (5’SS) base-pairing interaction (44). Prp28 mediates the
transfer of the 5’SS from U1 snRNP to the U6 snRNA ACAGAGA
sequence, which is an important prerequisite for the formation
of the catalytic center of the spliceosome (45). DDX23
phosphorylation influences the formation of tri-snRNP and B
complex (15, 46). Prp28’s ATPase is activated by the
phosphorylated Npl3 to trigger specific conformational changes,
which is essential for spliceosome remodeling (47). Therefore,
DDX23 mainly perform their functions by processing the mRNA
of downstream genes. Maintaining efficient splicing and promoting
pre-mRNA maturation are important functions of splicing factors.
For example, SF3B1 regulated KSR2 RNA maturation to promote
endometrial cancer progression (48). hnRNPA2B1 improved the
stability of Lin28B mRNA and enhanced malignant potential of
ovarian cancer (49). We speculated that DDX23 might perform a
similar function on FOXM1 mRNA.

Among the FOXM1 isoforms, FOXM1C is generally elevated
and exerts oncogenic function. Kong et al. reported that FOXM1C
was mainly expressed in pancreatic tumors and promoted the
growth and motility of pancreatic cancer, whereas FOXM1A was
commonly undetectable (31). The FOXM1C was predominantly
overexpressed in esophageal cancer compared to the other FOXM1
isoforms and promoted its metastasis (50). Consistently, we
overexpressed FOXM1C in ovarian cancer cells and observed that
FOXM1C facilitated their proliferation and migration potential
(Figures 7C, D). We also noted that the expression of FOXM1C
in ovarian cancer cells was much higher than that of FOXM1A and
FOXM1B. Moreover, FOXM1C expression was dramatically
decreased after DDX23 knockdown, whereas FOXM1A and
FOXM1B expression did not change significantly (Figure 7E).
Because of the relative low expression of FOXM1A and FOXM1B
in ovarian cancer cells, the FOXM1C expression presented the most
significantly decrease after DDX23 knockdown. These findings
suggest that DDX23 mainly regulates the generation of FOXM1C,
the main oncogenic transcript of FOXM1, thereby regulating the
malignant behavior of ovarian cancer. Further experiments are
needed to study the specific mRNA processing mechanism of
DDX23 on FOXM1.

Meanwhile, our study also investigated the DDX23 promoter
region to predict potential TFs that might regulate the DDX23
upregulation observed in ovarian cancer. We found that the binding
peak of E2F1 were enriched in the promoter region of DDX23 in
HELA, MCF-7, U2OS and K652 cell lines. The E2F-family
members have emerged as crucial transcriptional regulators of
proliferation-promoting genes (51). The upregulation of E2Fs and
their target genes has been linked with poor prognosis of various
cancers, including breast and liver cancers (52, 53). E2F1, a member
of the E2F-family activator subcategory, plays a crucial role in
cancer cell proliferation, invasion, and apoptosis (54, 55). In ovarian
cancer, low expression of E2F1 was reported to be correlated with
favorable disease-free survival (DFS) and OS (56). In our study, we
found that E2F1 knockdown decreased DDX23 expression at both
the mRNA and protein levels. We subsequently confirmed that
Frontiers in Oncology | www.frontiersin.org 1443
E2F1 could bind to the DDX23 promoter region directly and
regulate DDX23 transcription in ovarian cancer cells. These
results indicated that DDX23 was a direct transcriptional target of
E2F1. Transcriptional activation of DDX23 by E2F1 in turn up-
regulates DDX23 in ovarian cancer.

In summary, our study was the first to demonstrate that DDX23
was upregulated in ovarian cancer and was associated with poor
clinical outcomes. High expression of DDX23 was involved in the
malignant proliferation and aggressiveness of ovarian cancer cells
by regulating FOXM1 mRNA processing. FOXM1 was a key
executor in DDX23-induced malignant phenotype of ovarian
cancer. Our study also revealed that DDX23 was transcriptionally
activated by E2F1, contributing to the elevated expression of
DDX23 in ovarian cancer.

Although we have confirmed that DDX23 is involved in the
FOXM1 mRNA processing, the underlying mechanism of
DDX23 regulating FOXM1 is still unclear. Whether DDX23
regulates FOXM1 mRNA processing directly or indirectly
remains to be further studied. At present, small-molecule
inhibitor targeting DDX23 is still unavailable. Therefore, tumor
suppression experiments with the specific inhibitor cannot be
completed in vivo , which might restrict its clinical
transformation. However, our research provides a promising
therapeutic target for precision treatment of ovarian cancer and
also provides new insights into the important biological
functions of splicing-related factors. With the development of
molecular biology and the molecular structure analysis
techniques, corresponding targeted drugs are expected to be
developed and applied.
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24. Győrffy B, Lánczky A, Szállási Z. Implementing an Online Tool for Genome-
Wide Validation of Survival-Associated Biomarkers in Ovarian-Cancer Using
Microarray Data From 1287 Patients. Endocr-Relat Cancer (2012) 19:197–
208. doi: 10.1530/ERC-11-0329

25. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The Cbio
Cancer Genomics Portal: An Open Platform for Exploring Multidimensional
Cancer Genomics Data: Figure 1. Cancer Discov (2012) 2:401–4. doi: 10.1158/
2159-8290.CD-12-0095

26. Fornes O, Castro-Mondragon JA, Khan A, van der Lee R, Zhang X, Richmond
PA, et al. JASPAR 2020: Update of the Open-Access Database of
Transcription Factor Binding Profiles. Nucleic Acids Res (2019) 48:D87–92.
doi: 10.1093/nar/gkz1001

27. Mei S, Meyer CA, Zheng R, Qin Q, Wu Q, Jiang P, et al. Cistrome Cancer: A
Web Resource for Integrative Gene Regulation Modeling in Cancer. Cancer
Res (2017) 77:e19–22. doi: 10.1158/0008-5472.CAN-17-0327

28. Mei S, Qin Q, Wu Q, Sun H, Zheng R, Zang C, et al. Cistrome Data
Browser: A Data Portal for ChIP-Seq and Chromatin Accessibility Data in
Human and Mouse. Nucleic Acids Res (2017) 45:D658–62. doi: 10.1093/nar/
gkw983

29. Liao Y, Wang J, Jaehnig EJ, Shi Z, Zhang B. WebGestalt 2019: Gene Set
Analysis Toolkit With Revamped UIs and APIs. Nucleic Acids Res (2019) 47:
W199–205. doi: 10.1093/nar/gkz401

30. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: AWeb Server for Cancer
and Normal Gene Expression Profiling and Interactive Analyses. Nucleic
Acids Res (2017) 45:W98–W102. doi: 10.1093/nar/gkx247

31. Kong X, Li L, Li Z, Le X, Huang C, Jia Z, et al. Dysregulated Expression of
FOXM1 Isoforms Drives Progression of Pancreatic Cancer. Cancer Res (2013)
73:3987–96. doi: 10.1158/0008-5472.CAN-12-3859

32. Chan DW, Hui WW,Wang JJ, Yung MM, Hui LM, Qin Y, et al. DLX1 Acts as
a Crucial Target of FOXM1 to Promote Ovarian Cancer Aggressiveness by
Enhancing TGF-Beta/SMAD4 Signaling. Oncogene (2017) 36:1404–16.
doi: 10.1038/onc.2016.307

33. Arceci A, Bonacci T, Wang X, Stewart K, Damrauer JS, Hoadley KA, et al.
FOXM1 Deubiquitination by USP21 Regulates Cell Cycle Progression and
Paclitaxel Sensitivity in Basal-Like Breast Cancer. Cell Rep (2019) 26:3076–
3086.e6. doi: 10.1016/j.celrep.2019.02.054

34. The Cancer Genome Atlas Research Network. Integrated Genomic Analyses
of Ovarian Carcinoma. Nature (2011) 474:609–15. doi: 10.1038/nature10166

35. Li Y, Guo H, Wang Z, Bu H, Wang S, Wang H, et al. Cyclin F and KIF20A,
FOXM1 Target Genes, Increase Proliferation and Invasion of Ovarian Cancer
Cells. Exp Cell Res (2020) 395:112212. doi: 10.1016/j.yexcr.2020.112212

36. Bu H, Li Y, Jin C, Yu H, Wang X, Chen J, et al. Overexpression of PRC1
Indicates a Poor Prognosis in Ovarian Cancer. Int J Oncol (2020) 56:685–96.
doi: 10.3892/ijo.2020.4959

37. Laoukili J, Stahl M, Medema RH. FoxM1: At the Crossroads of Ageing and
Cancer. Biochim Biophys Acta (BBA) - Rev Cancer (2007) 1775:92–102.
doi: 10.1016/j.bbcan.2006.08.006

38. Ye H, Kelly TF, Samadani U, Lim L, Rubio S, Overdier DG, et al. Hepatocyte
Nuclear Factor 3/Fork Head Homolog 11 Is Expressed in Proliferating
Epithelial and Mesenchymal Cells of Embryonic and Adult Tissues. Mol
Cell Biol (1997) 17:1626–41. doi: 10.1128/MCB.17.3.1626

39. Anczuków O, Krainer AR. Splicing-Factor Alterations in Cancers. Rna (2016)
22:1285–301. doi: 10.1261/rna.057919.116

40. Fuller-Pace FV. DEAD Box RNA Helicase Functions in Cancer. RNA Biol
(2013) 10:121–32. doi: 10.4161/rna.23312

41. Treiber T, Treiber N, Plessmann U, Harlander S, Daiß J, Eichner N, et al. A
Compendium of RNA-Binding Proteins That Regulate MicroRNA Biogenesis.
Mol Cell (2017) 66:270–84.e13. doi: 10.1016/j.molcel.2017.03.014

42. Yang H, Liu Y, Zhao MM, Guo Q, Zheng XK, Liu D, et al. Therapeutic
Potential of Targeting Membrane-Spanning Proteoglycan SDC4 in
Hepatocellular Carcinoma. Cell Death Dis (2021) 12:492. doi: 10.1038/
s41419-021-03780-y
Frontiers in Oncology | www.frontiersin.org 1645
43. Wilkinson ME, Charenton C, Nagai K. RNA Splicing by the Spliceosome.
Annu Rev Biochem (2020) 89:359–88. doi: 10.1146/annurev-biochem-091719-
064225

44. Staley JP, Guthrie C. An RNA Switch at the 5' Splice Site Requires ATP and
the DEAD Box Protein Prp28p. Mol Cell (1999) 3:55–64. doi: 10.1016/s1097-
2765(00)80174-4

45. Charenton C, Wilkinson ME, Nagai K. Mechanism of 5' Splice Site Transfer
for Human Spliceosome Activation. Science (2019) 364:362–7. doi: 10.1126/
science.aax3289

46. Mathew R, Hartmuth K, Mohlmann S, Urlaub H, Ficner R, Luhrmann R.
Phosphorylation of Human PRP28 by SRPK2 Is Required for Integration of
the U4/U6-U5 tri-snRNP Into the Spliceosome. Nat Struct Mol Biol (2008)
15:435–43. doi: 10.1038/nsmb.1415

47. Yeh FL, Chang SL, Ahmed GR, Liu HI, Tung L, Yeh CS, et al. Activation of
Prp28 ATPase by Phosphorylated Npl3 at a Critical Step of Spliceosome
Remodeling. Nat Commun (2021) 12:3082. doi: 10.1038/s41467-021-23459-4

48. Popli P, Richters MM, Chadchan SB, Kim TH, Tycksen E, Griffith O, et al.
Splicing Factor SF3B1 Promotes Endometrial Cancer Progression via
Regulating KSR2 RNA Maturation. Cell Death Dis (2020) 11:842.
doi: 10.1038/s41419-020-03055-y

49. Yang Y, Wei Q, Tang Y, Yuanyuan W, Luo Q, Zhao H, et al. Loss of
Hnrnpa2b1 Inhibits Malignant Capability and Promotes Apoptosis via
Down-Regulating Lin28B Expression in Ovarian Cancer. Cancer Lett (2020)
475:43–52. doi: 10.1016/j.canlet.2020.01.029

50. Zhou Y, Wang Q, Chu L, Dai W, Zhang X, Chen J, et al. FOXM1c Promotes
Oesophageal Cancer Metastasis by Transcriptionally Regulating IRF1
Expression. Cell Prolif (2019) 52:e12553. doi: 10.1111/cpr.12553

51. Kent LN, Leone G. The Broken Cycle: E2F Dysfunction in Cancer. Nat Rev
Cancer (2019) 19:326–38. doi: 10.1038/s41568-019-0143-7

52. Sun CC, Li SJ, Hu W, Zhang J, Zhou Q, Liu C, et al. Comprehensive Analysis
of the Expression and Prognosis for E2Fs in Human Breast Cancer. Mol Ther
(2019) 27:1153–65. doi: 10.1016/j.ymthe.2019.03.019

53. Kent LN, Bae S, Tsai SY, Tang X, Srivastava A, Koivisto C, et al. Dosage-
Dependent Copy Number Gains in E2f1 and E2f3 Drive Hepatocellular
Carcinoma. J Clin Invest (2017) 127:830–42. doi: 10.1172/JCI87583

54. Xiang S, Wang Z, Ye Y, Zhang F, Li H, Yang Y, et al. E2F1 and E2F7
Differentially Regulate KPNA2 to Promote the Development of Gallbladder
Cancer. Oncogene (2019) 38:1269–81. doi: 10.1038/s41388-018-0494-7

55. Putzer BM, Engelmann D. E2F1 Apoptosis Counterattacked: Evil Strikes
Back. Trends Mol Med (2013) 19:89–98. doi: 10.1016/j.molmed.2012.10.009

56. Reimer D, Sadr S, Wiedemair A, Stadlmann S, Concin N, Hofstetter G, et al.
Clinical Relevance of E2F Family Members in Ovarian Cancer–An Evaluation
in a Training Set of 77 Patients. Clin Cancer Res (2007) 13:144–51.
doi: 10.1158/1078-0432.CCR-06-0780

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.

Copyright © 2021 Zhao, Li, Qiu, Chen, Wu, Wang, Ma, Song and Kong. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
December 2021 | Volume 11 | Article 749144

https://doi.org/10.1530/ERC-11-0329
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1093/nar/gkz1001
https://doi.org/10.1158/0008-5472.CAN-17-0327
https://doi.org/10.1093/nar/gkw983
https://doi.org/10.1093/nar/gkw983
https://doi.org/10.1093/nar/gkz401
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1158/0008-5472.CAN-12-3859
https://doi.org/10.1038/onc.2016.307
https://doi.org/10.1016/j.celrep.2019.02.054
https://doi.org/10.1038/nature10166
https://doi.org/10.1016/j.yexcr.2020.112212
https://doi.org/10.3892/ijo.2020.4959
https://doi.org/10.1016/j.bbcan.2006.08.006
https://doi.org/10.1128/MCB.17.3.1626
https://doi.org/10.1261/rna.057919.116
https://doi.org/10.4161/rna.23312
https://doi.org/10.1016/j.molcel.2017.03.014
https://doi.org/10.1038/s41419-021-03780-y
https://doi.org/10.1038/s41419-021-03780-y
https://doi.org/10.1146/annurev-biochem-091719-064225
https://doi.org/10.1146/annurev-biochem-091719-064225
https://doi.org/10.1016/s1097-2765(00)80174-4
https://doi.org/10.1016/s1097-2765(00)80174-4
https://doi.org/10.1126/science.aax3289
https://doi.org/10.1126/science.aax3289
https://doi.org/10.1038/nsmb.1415
https://doi.org/10.1038/s41467-021-23459-4
https://doi.org/10.1038/s41419-020-03055-y
https://doi.org/10.1016/j.canlet.2020.01.029
https://doi.org/10.1111/cpr.12553
https://doi.org/10.1038/s41568-019-0143-7
https://doi.org/10.1016/j.ymthe.2019.03.019
https://doi.org/10.1172/JCI87583
https://doi.org/10.1038/s41388-018-0494-7
https://doi.org/10.1016/j.molmed.2012.10.009
https://doi.org/10.1158/1078-0432.CCR-06-0780
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Xia Bai Rong,

Anhui Provincial Hospital, China

Reviewed by:
Paula Cunnea,

Imperial College London,
United Kingdom
Susan Percy Ivy,

National Cancer Institute (NIH),
United States

*Correspondence:
Michael Wessolly

michael.wessolly@uk-essen.de

†These authors have contributed
equally to this work and share

last authorship

Specialty section:
This article was submitted to

Gynecological Oncology,
a section of the journal
Frontiers in Oncology

Received: 20 October 2021
Accepted: 07 February 2022
Published: 03 March 2022

Citation:
Wessolly M, Mairinger E,
Borchert S, Bankfalvi A,
Mach P, Schmid KW,
Kimmig R, Buderath P

and Mairinger FD (2022)
CAF-Associated Paracrine

Signaling Worsens Outcome
and Potentially Contributes

to Chemoresistance in
Epithelial Ovarian Cancer.
Front. Oncol. 12:798680.

doi: 10.3389/fonc.2022.798680

ORIGINAL RESEARCH
published: 03 March 2022

doi: 10.3389/fonc.2022.798680
CAF-Associated Paracrine Signaling
Worsens Outcome and Potentially
Contributes to Chemoresistance in
Epithelial Ovarian Cancer
Michael Wessolly1*, Elena Mairinger1, Sabrina Borchert1, Agnes Bankfalvi 1, Pawel Mach2,
Kurt Werner Schmid1, Rainer Kimmig2, Paul Buderath2† and Fabian Dominik Mairinger1†

1 Institute of Pathology, University Hospital Essen, Essen, Germany, 2 Department of Gynecology and Obstetrics,
University Hospital Essen, Essen, Germany

Background: High-grade serous ovarian cancer (HGSOC) is the predominant and
deadliest form of ovarian cancer. Some of its histological subtypes can be distinguished
by frequent occurrence of cancer-associated myofibroblasts (CAFs) and desmoplastic
stroma reaction (DSR). In this study, we want to explore the relationship between therapy
outcome and the activity of CAF-associated signaling pathways in a homogeneous
HGSOC patient collective. Furthermore, we want to validate these findings in a general
Epithelial ovarian cancer (EOC) cohort.

Methods: The investigation cohort consists of 24 HGSOC patients. All of them were
treated with platinum-based components and clinical follow-up was available. The
validation cohort was comprised of 303 patients. Sequencing data (whole
transcriptome) and clinical data were extracted from The Cancer Genome Atlas
(TCGA). RNA of HGSOC patients was isolated using a Maxwell RSC instrument and
the appropriate RNA isolation kit. For digital expression analysis a custom-designed gene
panel was employed. All genes were linked to various DSR- and CAF- associated
pathways. Expression analysis was performed on the NanoString nCounter platform.
Finally, data were explored using the R programming environment (v. 4.0.3).

Result: In total, 15 CAF-associated genes were associated with patients’ survival. More
specifically, 6 genes (MMP13, CGA, EPHA3, PSMD9, PITX2, PHLPP1) were linked to
poor therapy outcome. Though a variety of different pathways appeared to be associated
with therapy failure, many were related to CAF paracrine signaling, including MAPK, Ras
and TGF-b pathways. Similar results were obtained from the validation cohort.

Discussion: In this study, we could successfully link CAF-associated pathways, as
shown by increased Ras, MAPK and PI3K-Akt signaling to therapy failure (chemotherapy)
in HGSOC and EOCs in general. As platinum-based chemotherapy has been the state-of-
the-art therapy to treat HGSOC for decades, it is necessary to unveil the reasons behind
resistance developments and poor outcome. In this work, CAF-associated signaling is
shown to compromise therapy response. In the validation cohort, CAF-associated
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signaling is also associated with therapy failure in general EOC, possibly hinting towards a
conserved mechanism. Therefore, it may be helpful to stratify HGSOC patients for CAF
activity and consider alternative treatment options.
Keywords: tumor microenvironment, epithelial ovarian cancer, high-grade serous ovarian cancer, cancer-
associated fibroblasts, chemoresistance
1 INTRODUCTION
According to the Global Cancer Statistics 2020 (GLOBOCAN),
ovarian cancer ranks high as the deadliest tumor originating from
gynecological sites, especially when comparing new cases (313.959)
and disease-related deaths (207.252) (1). The staggering amount of
patient deaths from this tumor type make it a serious health
concern. Due to the lack of early symptoms, the disease is mostly
discovered in advanced tumor stages with an extensive spread inside
the peritoneal cavity (2). Epithelial ovarian cancer (EOC) is a
heterogeneous disease, comprised of various subtypes. The four
most prominent subtypes of EOC are clear cell, endometrioid,
mucinous and serous ovarian cancer. The latter can be further
subdivided into low-and high-grade serous ovarian cancer (3–5). In
order to rate EOC subtypes regarding their proliferative and
metastatic potential they can be differentiated as type I and type
II EOC (6). Type 1 EOCs, encompassing endometrioid, clear cell
and low-grade serous ovarian cancer, are characterized by slow
progression and can often be discovered in early disease stages.
Comparatively they have a better prognosis than type 2 EOCs (3, 5).
High-grade serous ovarian cancer (HGSOC) is a type II EOC and
the most prevalent EOC subtype, while also displaying a high
proliferation rate and metastatic potential. Furthermore, HGSOC
is mostly diagnosed at an advanced disease stage (3, 5). On a
molecular level, DNA repair defects and p53 mutations are
frequently encountered in HGSOC (4). Taken together, HGSOC
is considered to have the poorest prognosis among the listed tumors
and accounts for up to 80% of all deaths from EOCs (4, 7).

The two pillars of HGSOC therapy are cytoreductive surgery and
adjuvantchemotherapy.Theoutcome isdirectlydependedondisease
stage (8). Since the 1980s platinum agents in combination with first
cyclophosphamide and then paclitaxel are applied. The standard
treatment consists of six cycles of carboplatinum and paclitaxel every
three weeks (9, 10). In advanced stages, the anti-angiogenic agent
bevacizumab may be added in addition to combined chemotherapy
(10, 11).Whilemost tumors regress initially after treatment, patients
eventually face disease relapse, leading to the presumption that
chemoresistance will develop eventually in the majority of cases
(10, 12). From this point, patients are either defined as carrying a
platinum-resistant or platinum-sensitive disease. Platinum-resistant
patients present either with rapid progression after initial
chemotherapy or a complete remission of the tumor mass,
followed by a sudden relapse within six months after primary
therapy has been completed. Similary, platinum-sensitive patients
also display a complete remission after chemotherapy. However,
disease relapse occurs later than in platinum-resistant patients
(longer than six months after completing chemotherapy) (13–15).

In recurrent cases, platinum-based chemotherapy is also the
treatment of choice for patients deemed platinum-sensitive.
247
Moreover, platinum-sensitive tumors are especially vulnerable
for treatment with Poly-ADP-Ribose-polymerase (PARP)-
inhibitors in the first-line as well as the recurrent situation (16,
17). Platinum-resistant recurrent patients may also receive an
alternative chemotherapeutic agent (cyclophophamide,
doxorubicin, Pacitaxel or Topotecan) in combination with
bevacizumab (18, 19).

One particular molecular subtype of HGSOC, the
mesenchymal subtype is characterized by frequent generation
of desmoplastic stroma. Mixed subtypes containing both
epithelial and mesenchymal structures are also known. The
occurrence of desmoplastic stroma in HGSOC is linked to
decreased overall survival and resistance to platinum-based
chemotherapy (20–22). This cancer-associated stroma is an
important part of the tumor microenvironment. It may
strongly influence tumor progression, invasion, metastasis, and
angiogenesis (23, 24). A study by Zhang et al. (25) found
increased expression of collagens (COL5A1, COL11A1), FAP,
ACTA2 and p-SMAD2 within the stroma. FAP and ACTA2 (26,
27) are distinctive markers of a myofibroblast subtype, Cancer-
associated fibroblasts (CAFs), which can reorganize the
extracellular matrix to the tumors benefit or promote tumor-
supportive inflammation (28, 29). Additionally, they secrete
angiogenic factors (30). The constant reshuffling within the
extracellular matrix triggers integrin-mediated activation of
MAPK and PI3K-Akt signaling pathways, thereby enhancing
cell proliferation and migration (31, 32).

Considering the abundance of CAFs in certain HGSOC subtypes
and the link to dismal outcome, it seems very plausible that CAFs
and associated stroma support tumor cells by paracrine signaling
and providing a physical barrier, which facilitates the often-
occurring platinum-resistance in HGSOC and decreased survival
(33–35). We established a gene panel, encompassing various factors
involved in prominent signaling pathways (TGF-b-, PI3K-Akt-,
MAPK signaling) linked to desmoplastic stroma reaction (DSR). By
analyzing the effects of paracrine CAF-signaling in a clinically well-
defined and homogeneous collective of HGSOC patients, we intend
to link it to impaired therapy outcome. Thereby, we also provide an
mRNA-based expression signature, which may be helpful to stratify
patients for application of platinum-based chemotherapy in
the future.
2 MATERIAL AND METHODS

It should be noted that the following methods were applied as it
was described in (36). However, in this study the gene panel is
custom-designed in order to fit genes associated with DSR. This
March 2022 | Volume 12 | Article 798680
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gene list derived from both previous research and current
literature (37–40) includes key members of the canonical and
non-canonical TGF-b signaling pathway, the PI3K pathway,
WNT signaling, MAPK pathway, cell cycle progression,
important growth factors and their respective receptors and
well as main markers for activated myofibroblasts within the
tumor (FAP, FN1, ACTA2/a-SMA).

2.1 Study and Cohort Design
2.1.1 Investigation Cohort
The retrospective investigation cohort encompassed 24 patients
(Figure 1). They were diagnosed with high-grade serous ovarian
cancer (HGSOC). The diagnosis was confirmed by an
experienced pathologist according to the International Union
Against Cancer (UICC), more specifically the 8th edition of TNM
guidelines (41). Patients were included into the study based on
the following criteria: confirmed HGSOC with the ovaries as
primary site, treatment with platinum-based chemotherapy
(adjuvant) only, and sufficient follow-up data. Tumor tissue
from the omentum was excluded. Clinical data include
patients’ age, survival data (overall survival and recurrence-free
survival) as well as tumor grading. DSR was identified in all 24
cases via staining of FAP, FN1 and ACTA2. Additionally, 7/24
patients had shown strong FAP positivity and extensive stroma
remodeling. Based on recurrence-free survival (RFS), a binary
outcome variable was defined that correlates to resistance against
cisplatin. Patients displaying poor therapy outcome or therapy
resistance were characterized by an RFS below 6 months after
therapy completion, which conforms to the sources mentioned
above (13–15). Median overall and recurrence-free survival for
the investigation cohort were 35 and 9 months, respectively. All
important clinical data from the investigation cohort are
summarized in Supplemental Table 1.

2.1.2 Validation Cohort
A cohort (n=303) of epithelial ovarian cancers (EOC) served as a
validation cohort for this study. Gene expression data (RNA Seq)
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and clinical data were obtained from The Cancer Genome Atlas
(TCGA) database (National Cancer Institute, National Human
Genome Research institute, Bethesda, MD, US). The primary site
of tumors within the validation cohort were the ovaries, though
three tumor samples were derived from the omentum. A key
selection criterion was sufficient follow-up that allowed for
calculation of therapy outcome after platinum treatment. Poor
therapy outcome or therapy resistance was defined as it was
described in 2.1.1 (RFS below 6 months after therapy
completion) (13–15). Median overall and recurrence-free
survival for the validation cohort were 44 and 18 months,
respectively. All important clinical data from the validation
cohort are summarized in Supplemental Table 2.

2.2 RNA Extraction and Quantity
Measurement
2.2.1 Preparing Tissue Sections for RNA Isolation
Tumor tissue used for the study was formalin-fixed and paraffin-
embedded (FFPE). All samples have been collected between 2005
and 2010. Only one tumor per patient was selected for further
analysis. Each sample analyzed contained at least 85% tumor
cells. All specimens have been stored at room temperature in the
archives of the Institute of Pathology, University Hospital Essen.
Tissue sections (thickness: 10 microns) were made using a
“Microm HM340E” microtome (Thermo Fisher Scientific,
Massachusetts, USA). The amount of sections was dependent
on available tumor tissue (at least two sections per sample). The
first tissue section from the surface layer has been discarded due
to possible oxidation processes. In order to avoid loss of RNA
yield, slides were stored by freezing (-20°C) until the RNA
isolation procedure commenced.

2.2.2 RNA Isolation
RNA was isolated in a semi-automatic workflow with the help of
the Maxwell® RSC Instrument (Promega, Wisconsin, USA)
using a Maxwell® RSC RNA FFPE kit (AS1440, Promega,
Wisconsin, USA). The process was conducted according to the
FIGURE 1 | General methodical workflow of the study.
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manufacturer’s instructions. In the final step, RNA was eluted in
50 µL RNase-free water.
2.2.3 RNA Quantification
After the isolation process, RNA yield was quantified using a
Qubit 2.0 fluorometer (Life Technologies, California, USA).
Samples were prepared for Qubit measurement by utilizing an
RNA broad-range assay kit (Invitrogen, Thermo Fisher
Scientific, California, USA) according to the manufacturer’s
instructions. In short, the fluorometric quantification is based
on linear regression using predefined standards provided within
the kit.
2.3 Digital Gene Expression Analysis
Samples harboring sufficient RNA yield were analyzed on the
NanoString nCounter MAX/FLEX platform. 100 ng total RNA
were used for each reaction. Digital expression analysis of 221
genes associated with DSR, TGF-b-, PI3K-Akt and MAPK
signaling was performed utilizing a customized panel
encompassing key genes of those pathways (Supplemental
Table 3). Hybridization of capture- and reporter probes,
carrying the biotin-tag and the 6-digits fluorescence barcode,
respectively, with sample RNA was carried out using a
thermocycler (Eppendorf, Germany) at 65°C (72°C lid
temperature) for 21h as mentioned in the manufacturer’s
protocol. After this stringent hybridization, post-hybridization
processes including immobilization to the cartridge surface as
well as clean-up of the hybridization products were conducted
automatically on the NanoString nCounter Prep-Station
according to the high sensitivity protocol. The cartridge was
scanned directly after preparation on the NanoString
nCounter Digital Analyzer with maximum sensitivity (555
fields of view).
2.4 NanoString Data Processing
Count data acquired by NanoString analysis were normalized and
analyzed using the R statistical programming environment (The R
Foundation for Statistical Computing, Institute for Statistics and
Mathematics, Vienna, Austria; v. 4.0.3). Beside probes covering the
target genes, a variety of technical and biological controls are
included in the panel. First, eight different negative controls
comprising probes with sequences not complimentary to the
human transcriptome are included to estimate unspecific
binding capability and identify potential alterations in the
hybridization process. Second, six artificial RNA sequences with
predefined concentration are included in the panel (technical
positive controls). Those serve for detection of technical issues
as well as to define the dynamic range of the assay and for
calibration of linear regression, as those controls are diluted in a
predefined manner and can be used as a standard curve. Samples
without linear growth of those inherent positive controls
indicating incomplete hybridization or elevated negative controls
leading to decreased signal to noise ratio have been re-run. Third,
nine reference genes for biological normalization purposes have
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been included in the panel, covering three high, three medium and
three low expressed targets.

Technical normalization was performed by subtracting the
mean counts from inherent negative controls plus two-times
standard deviation from all target specific counts of each sample,
while biological normalization was carried out using the
geometric mean of included reference genes. In detail, a
normalization factor has been calculated by dividing the
geometric mean of all geometric means of the reference genes
through the sample specific geometric mean of the reference
genes. Afterwards, all target counts get multiplied by this
normalization factor and afterwards mathematically rounded
to integers. In addition to background subtraction, background
noise was excluded by utilization of one-side Wilks t-test of
negative controls and target specific counts in all samples to
identify genes not relevantly expressed (p < 0.05) (36).
2.5 Statistical Analysis
Statistical and graphical analyses were also performed within the
R statistical programming environment (v. 4.0.3)

First, the Shapiro–Wilks test was applied to test for normal
distribution of data (42). For ordinal variables containing two
groups, either the non-parametric Wilcoxon Mann-Whitney
rank sum test or the parametric Student’s t-test was utilized
(43). If ordinal variables contained more than two groups, the
ANOVA (Analysis of variance, parametric) or the Kruskal–
Wallis test (non-parametric) was used instead (44). Double
dichotomous contingency tables were analyzed using Fisher’s
exact test. To test dependency of ranked parameters with more
than two groups the Pearson’s Chi-squared test was used. Group
differences between metric variables were either detected by
Pearson product moment correlation or Spearman’s rank
correlation test (45). Quality control of run data was first
performed by mean-vs-variance plotting to find outliers on
target or sample level. True differences and clusters on both
target and sample level were calculated by correlation matrices.
To further specify the different candidate patterns, both
unsupervised and supervised clustering, as well as principal
component ana lys i s were per formed to overcome
commonalities and differences. Sensitivity and specificity of
markers were determined from receiver operat ing
characteristic (ROC) curves illustrating their performance to
discriminate the studied groups (46, 47). The bootstrap
procedure (1000 iterations) was used for internal validation of
the estimates in the ROC analyses. Pathway analysis is based on
the KEGG database (Kyoto Encyclopaedia of Genes and
Genomes) and was performed using the “pathview” package in
R. Differences were specified by -log2 fold changes between
means (parametric) or medians (non-parametric) of compared
groups. Overall survival (OS) and RFS were calculated using
single-factorial and combined fitting models. Survival analysis
was done by Cox-regression (COXPH-model), and statistical
significance was determined using likelihood ratio test, Wald test
and Score (logrank) test. Kaplan-Meier curves and visualization
via forest plots with a confidence interval of 95% (95% CI) were
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calculated based on existing survival data and combined survival
curves. Beside p-value, hazard ratio (HR), time-dependent
survival rate and median survival time have been calculated.
Gene set enrichment analysis (GSEA) was performed using the
WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) website
(48). In order to investigate certain signaling pathways,
differential gene expression analysis was visualized on
molecular network maps. These maps were provided by
KEGG (49).

In order to overcome the problem of repeated statistical
testing, p-values were corrected by utilizing the false discovery
rate (FDR). Results were considered significant at p < 0.05 after
adjustment (50).
3 RESULTS

3.1 Gene Expression in CAF-Associated
Pathways Negatively Impact Patient’s
Overall Survival
Predictably, outcome after chemotherapy is linked to reduced
overall survival (p < 0.05). However, in multivariate analysis, it
turned out that this influence was independent of other clinical
covariates like age at time of diagnosis, tumor grading or tumor
stage (p < 0.05, Supplemental Table 4), thereby establishing therapy
outcome as a sole determining factor influencing OS. Additionally,
the influence of age, grading and stage on therapy outcome (RFS < 6
months after therapy completion) was also examined. None of those
influenced therapy outcome in a multifactorial analysis, proving it
an independent factor (Supplemental Table 5).

Genes associated with TGF-b or PI3K-Akt signaling were
subjected to a cox proportional hazard model in order to assert
their expressions’ influence on either OS or RFS (Figure 2A).
Overall, 13 genes were linked to reduced OS (n = 9) or RFS (n =
6). Of those genes only SMURF2 and RHOA overlapped between
both survival variables (Figure 2B).

3.2 High Expression of CAF-Associated
Genes Drives Therapy Failure, While Also
Impacting Patients’ Survival
While the expression of certain genes influences patients’
survival, it may also be possible that specific genes may
constitute a gene expression signature, which can be correlated
to therapy outcome. As such, all genes involved in TGF-b and
PI3K-Akt signaling were subjected to differential expression
analysis in dependance of this outcome. All in all, six genes are
linked to therapy failure (p < 0.05, Table 1). Furthermore,
differential expression of those genes was analyzed whether
they were not (Resistant, “R”) or still responding to
chemotherapy (ongoing response, “onR”). Strikingly, the
expression of all genes was increased in patients without long-
term response to chemotherapy (Figure 3).

Two genes were also linked to OS (CGA, p= 0.018) and RFS
(MMP13, p= 0.0074). Group-based survival differences were
asserted by cox proportional hazard models. The patient
groups were separated based on whether genes displayed high
Frontiers in Oncology | www.frontiersin.org 550
or low expression rates. In either case, high expression of both
MMP13 and CGA were detrimental to patients’ survival
(Supplemental Figure 1). Moreover, we validated the
correlation between gene expression levels and the occurrence
of desmoplastic tumor stroma. The presence of CAFs within the
tumor, quantitatively depicted as FAP positivity, was strongly
linked to the expression of MMP13, AKT1, TGFB3 and
TGFBR2, among other factors (Supplemental Table 6).
3.3 Increased Activity of Signaling
Pathways Involved in Growth Factor and
Fibroblast Signaling Is Associated With
Novel Cell Death Pathways and Cytokine-
Cytokine Receptor Interactions
In the next step, single gene associations with outcome needed to
be put into context with larger signaling pathways. For this
purpose, a gene set enrichment analysis (GSEA) was performed
(Figure 4A), followed by KEGG pathways analysis (Figures 4B, 5).
The latter allowed for accurate examination of differential
expression, depending on durable therapy responses, in
specific pathways.

According to GSEA, genes in association with worsen therapy
outcome were highly expressed in signaling pathways linked to
“Necroptosis”, “Cytokine-cytokine receptor interaction” and
“Alcoholism”. However, they were barely expressed in
signaling pathways linked to “Hypertrophic cardiomyopathy”,
“Malaria” and “Amoebiasis” (Figure 4A).

It is especially interesting that one of the top listed pathways
regarding overexpression of genes correlated to poor outcome is
“Cytokine-cytokine receptor interaction” (Figure 4A). This
necessitated a more precise look into the underlaying pathways
(Figure 4B). Apparently, ligands for alpha-and beta interferon
receptors are highly expressed. Furthermore, TGFB1 and
TGFBR2 were highly expressed as well, which indicates high
TGF-b activity. Other factors, which also showed high
expression were FASLG, IL-1A, CXCL-12, NODAL and GDF7.
TGF-b signaling may also hint towards fibroblast activity which
is underlined by looking at “Pathways in Cancer” (Supplemental
Figure 2). Two important factors, often linked to fibroblast
activity FGF and PDGF (and PDGFR) display strong
expression in association with poor therapy outcome. Their
downstream signaling via Ras finally leads to activation of
matrix-metalloproteinases (MMPs) like MMP13. Other
important signaling pathways, which are also linked to
fibroblast activity are the TGF-b- (Figure 5A), PI3K-Akt-
(Figure 5B), and MAPK (Figure 5C) signaling pathways. Most
genes within those pathways display strong expression in case of
therapy failure. It should be noted that TGF-b signaling is still
partially carried out by canonical SMAD signaling, with SMAD2/
SMAD3 still being active, while the inhibitory SMAD6/7 are
seemingly not expressed in the group responding poorly to
chemotherapy (Figure 5A). However, in comparison, genes
linked to non-canonical TGF-b signaling (MAPK and PI3K-
Akt signaling) are more strongly expressed as indicated by
intensive red coloring (Figures 5B, C)
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3.4 Pronounced Non-Canonical TGF-ẞ
Signaling Can Be Found in Patients
Responding Poorly to Chemotherapy
Across Various Epithelial Ovarian
Cancer Subtypes
Similar observations regarding those specific pathways have been
made in the validation cohort. In contrast to the actual
investigation cohort, the validation cohort was heterogenous
TABLE 1 | Genes associated with poor therapy outcome after chemotherapy
(p < 0.05).

Associated genes: P-value:

MMP13 0.007
EPHA3 0.044
PSMD9 0.023
PITX2 0.027
PHLIPP1 0.0086
CGA 0.049
A

B

FIGURE 2 | Genes in association with CAF-signaling impact patients’ survival. (A) For every gene that is hinted to impact patients’ overall survival (upper group) or
recurrence-free survival (lower group) hazard ratios were calculated. The span of these values, including a risk estimate was visualized via forest plot. Of the original
24 patients available, only 19 were used in the calculations. Five patients were excluded due to missing survival data. The p-value was calculated by Score-logrank
test. (B) Both groups of genes, either in association with overall survival (green) or recurrence-free survival (blue), were compared and overlaps between them were
also highlighted.
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(see Study and Cohort Design). Thus, it was composed of
different malignant entities, including HGSOC. Similarly, TGF-
b, MAPK-, PI3K-Akt activity was increased when correlated to
therapy outcome (Supplemental Figures 3–7), thereby verifying
the influence of CAF-associated signaling on outcome in EOC.
4 DISCUSSION

Among the four EOC subtypes mentioned in the introduction,
HGSOC is the most aggressive (4, 7). Fortunately, its high
proliferation makes HGSOC rather susceptible towards cytotoxic
chemotherapy (3–5, 7). For this reason, chemotherapy has been a
cornerstone in clinical HGSOC management for decades (8–10).
One of the biggest problems, however, is the disease relapse of
HGSOC after initial tumor regression upon receiving
chemotherapy (10, 12). This occurs in the majority of patients,
creating a crucial necessity to explore the mechanical background
behind those relapses and also to provide biomarkers that help
stratifying patients for chemotherapy (10, 12).

A detailed look into the activities of the tumor micro
environment (TME) may be helpful to unveil reasons for poor
therapy outcome in HGSOCs. As a key factor within TME, CAFs
employ miscellaneous functions. One of their best-known
functions is the generation of fibronectin and collagen, two
substantial components of stroma tissue and the extracellular
matrix. Simultaneously, they counterbalance this activity by
production of matrix-metalloproteases (25, 28, 33). The
amassment of stroma within tissue is also called desmoplasia
or DSR, a process often encountered in tumors (51, 52). Besides
organization of the extracellular matrix, CAFs employ humoral
functions as well by releasing various cytokines. TGF-b is
perhaps the most well-studied of them. It has a multitude of
different functions like protecting cells from apoptosis and
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enabling cell cycle arrest. Furthermore, it regulates the immune
system by inhibiting effector functions of CD8 positive
lymphocytes, NK cells and dendritic cells, while simultaneously
promoting regulatory T cells (53–55). All these effects can also
benefit the tumor, thereby explaining TGF-bs’ often perceived
dual role in cancer (56). While many effects of TGF-b are
mediated via the SMAD signaling cascade (56, 57), it may also
initiate factors related to MAPK and PI3K-Akt signaling
pathways (non-canonical TGF-b signaling) (58, 59). These
pathways are linked with cell proliferation as well as migration,
thereby also enhancing tumor progression (31, 32).

Based on histological and genetic subtyping, five variants of
HGSOC can be distinguished. One of them is the mesenchymal
subtype which is characterized by occurrence of DSR.
Furthermore, this subtype is also associated with a poor
survival prognosis (22, 25, 60). Therefore, we aimed to identify
DSR in HGSOC patients and link it to poor outcome after
platinum-based chemotherapy in patients, defined as having an
RFS shorter than 6 months after therapy completion. DSR was
supposed to be identified based on the expression of specific
genes and activity of specific signaling pathways like MAPK,
PI3K-Akt and TGF-b signaling.

Of the six genes associated with therapy failure, CGA and
MMP13 are certainly the most outstanding, since they were also
linked to reduced OS and RFS, respectively (Supplemental
Figure 1). MMP13 plays a crucial role for epithelial-
mesenchymal transition (EMT) and therefore for cancer
progression (61). Furthermore, HIF-1a induced MMP13
expression appears to promote invasion and metastasis in
ovarian cancer as well (62). CAFs can also induce EMT via
secretion of TGF-b1, which then leads to invasion and metastasis
(40). The secretion of TGF-b by CAFs additionally promote
MMP13 activity (63, 64). CGA encodes for the conserved alpha
chain of human gonadotropins (LH, FSH, hCG). In ovarian
FIGURE 3 | Differential expression analysis of genes affecting therapy outcome. For each gene the number of measured counts were compared between patients
still responding to therapy (Ongoing Response, “onR”) or not (Resistant, “R”). Group-based expression differences were visualized by p-value, which was calculated
by Wilcoxon Mann-Whitney rank sum test.
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A

B

FIGURE 4 | (A) Gene set enrichment analysis of differentially expressed genes regarding therapy outcome in various signaling pathways. Blue: Genes in association
with therapy outcome are strongly expressed in those pathways. Yellow: Genes in association with therapy outcome are barely expressed in those pathways. FDR:
False Discovery rate. Due to testing the expression of certain genes in specific pathways multiple times, the p-values are adjusted for the naturally occurring variance
by the FDR method. (B) Genes expressed in association with “Cytokine-cytokine receptor interaction” and therapy failure in HGSOC. The color code indicates at
differential gene expression whether the patients did not (red) or did respond well to chemotherapy (green). This molecular network map stems from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.
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cancer, the levels of gonadotropins (LH/FSH) are increased.
Additionally, it seems they are able to facilitate invasion and
metastasis by overexpression of cyclooxygenase-2 (65).
Chorionic gonadotropin levels are significantly increased when
comparing benign and malignant tumors. Also, gonadotropin
levels moderately correlate with tumor staging and grading (66).
Taken together, both MMP13 and CGA are known to facilitate
invasion and metastasis, which does explain their well-founded
impact on patients’ outcome (Supplemental Figure 1). MMP13
is also strongly linked to CAFs and TGF-b signaling (40, 63, 64).

EPHA3 is a receptor tyrosine-kinase that is involved in various
cell-cell interactions. It is implicated to influence angiogenesis and
metastasis among other factors in various malignancies (67),
especially gastric cancer (68, 69). PSMD9 is a subunit of the 26s
proteasome and is mainly known for regulatory functions. Low
expression of PSMD9 was discussed as a biomarker to assess
patients’ suitability for radiation therapy in breast cancer, since
cells with low expression were more vulnerable for radiation
treatment (70). The transcription factor PITX2 has already been
investigated in ovarian cancer (71, 72). This factor promotes tumor
invasion and is activated by TGF-b and Activin-A (72). Apparently
PITX2 is also an important instigator of epithelial-to-mesenchymal
transition in ovarian cancer (72). PITX2 and EPH3, especially, are
both linked to cancer progression and metastasis, thereby
correlating with patients displaying poor therapy outcome.
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Additionally, PITX2 expression induced by CAFs can initiate
EMT (40, 72). It is indicated, that PITX2 activity is enhanced by
TGF-b via SMAD signaling in patients displaying poor therapy
outcome within our cohort (Figure 5A).

Though TGF-b signaling, more specifically SMAD-mediated
TGF-b signaling, may be considered to be strongly activated
according to our results, it should be noted that all downstream
components appear weakly expressed, when compared to Cytokine-
Cytokine signaling, MAPK signaling or PI3K-Akt signaling
(Figures 4B, 5B, C). This led us to the conclusion that TGF-b
could function by non-canonical signaling via Ras, MAPK and
PI3K-Akt. Facilitated by TGF-b, they also promote CAF activity
(31, 32, 39, 40, 58, 59). Supplemental Figure 2 displays a strong
expression of FGF, PDGF and HGF in patients with poor therapy
outcome. All three factors are strongly linked to CAF activity and
DSR (39, 73). An enhanced DSR is also associated with resistance to
chemotherapy as drug delivery is compromised by the physical
barrier provided by the stroma (40, 74). Summing up, the
correlation of MMP13 and PITX2 with poor therapy outcome
(Table 1) as well the strong gene expression in CAF-associated
pathways (Supplemental Figure 2 and Figures 4, 5) suggest an
important role of DSR in patients responding poorly to
chemotherapy. CAFs and associated processes have been studied
extensively in EOCs (75–77) and even HGSOCs (78). Our study
contributes to present knowledge by adding a direct comparison of
A

B

C

FIGURE 5 | Genes expressed in association with the TGF-b (A), PI3K-Akt (B) and MAPK (C) signaling pathways and therapy outcome in HGSOC. The color code
indicates at differential gene expression whether the patients did not (red) or did respond well to chemotherapy (green). This molecular network map stems from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
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CAF-associated signaling pathways in both HGSOC and EOC in
general. Taken together, our study underlines the prognostic value
of CAFs and its importance for clinical decisions. As to this day
poor response to platinum-based chemotherapy is a common
problem in HGSOC, predictive biomarkers are urgently needed
for the development of individualized treatment regimens. Patient
stratification for occurrence of DSR or CAFs before platinum-based
may be promising for development of models to predict patients’
therapy response in the future.
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Background: Ovarian cancer (OC) is a heterogeneous gynecological malignancy with a
poor prognosis as the majority of patients are diagnosed at an advanced stage.
Neoadjuvant chemotherapy (NACT) followed by interval debulking surgery (IDS) is
recommended for patients who cannot achieve optimal cytoreduction or cannot endure
primary debulking surgery (PDS). As there is an increased risk of chemoresistance for
platinum-based NACT, it is important to investigate an alternative option. A Poly (ADP-
ribose) polymerase inhibitor (PARPi), niraparib, has shown high anti-tumor activity,
especially in homologous recombination deficiency (HRD) positive patients with OC.
Thus, niraparib as a neoadjuvant treatment agent may help improve surgery
accessibility and create survival benefits.

Methods: This multicenter, prospective, single-arm, open-label, phase II study plans to
recruit 53 patients (aged 18-75 years) with newly diagnosed HRD positive, unresectable
(Fagotti score ≥ 8 or upper abdominal computed tomography [CT] score ≥ 3) International
Federation of Gynecology and Obstetrics (FIGO) stage III-IV OC. The HRD status was
detected by next-generation sequencing and HRD positive patients will be counseled for
study participation. Enrolled patients will receive niraparib capsules QD (200mg or 300mg
per day) for two cycles (4 weeks/cycle). After neoadjuvant niraparib treatment, patients
exhibiting complete response (CR), partial response (PR), or stable disease (SD) will
undergo tumor reduction surgery and subsequent standard carboplatin/paclitaxel-based
March 2022 | Volume 12 | Article 852772158
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chemotherapy. The primary objectives include the objective response rate (ORR) and R0
resection rate. The rate of treatment interruption/termination and progression-free survival
(PFS) will be secondary objectives. The study uses Simon’s optimal two-stage design (24
and 21 patients for the first and second stage respectively). The data manager will record
all adverse events (AEs).

Discussion: This is the first prospective study to evaluate the effectiveness and safety of
niraparib in neoadjuvant treatment for advanced OC. The result of this study will provide a
solid base for further expanding the clinical applications of the PAPRi and exploring more
therapeutic possibilities for patients with HRD positive advanced OC.
Clinical Trial Registration: https://clinicaltrials.gov/, identifier NCT04507841.
Keywords: ovarian cancer, HRD, neoadjuvant therapy, niraparib, phase II study, single-arm
INTRODUCTION

Cancer statistics in China indicated that there is an increasing
incidence and mortality due to cancer with about 55,342 (17.6%)
new ovarian cancer (OC) cases and 37,519 (18.1%) deaths in
2020 (1). The world OC coalition 2020 reported China with the
largest number of women with OC in terms of incidence and 5-
year prevalence (2). The majority of OCs are at an advanced
stage corresponding to stages II b to IV of the International
Federation of Gynecology and Obstetrics (FIGO) classification,
resulting in poor prognosis (3, 4). Advanced stage presentation
has a 5-year relative survival rate of 29% (5). The size of the
residual lesion after surgery is an important prognostic factor for
survival, so the 5-year survival rate is even worse for those who
cannot receive optimal resection.

Standard therapy as per NCCN guidelines for patients with
OC (2021) includes surgical debulking or cytoreductive surgery
(residual disease <1 cm [R1] and removal of macroscopic disease
[R0]) followed by platinum-based chemotherapy (6, 7). If
optimal resection (R0 and R1) cannot be achieved, platinum-
based neoadjuvant chemotherapy (NACT) with interval
debulking surgery (IDS) should be considered (6). Sub-optimal
debulking and platinum resistance predominantly leads to
treatment failure and high mortality. Hence, complete R0
resection and platinum sensitivity are important for prolonging
O, The International Federation of
djuvant chemotherapy; IDS, Interval
merase (PARP) inhibitors; FDA, Food
gous recombination deficiency; ORR,
free survival; CR, Complete response;
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survival (8). NACT increased the chances of complete resection
thereby resulting in improved progression-free survival (PFS)
and overall survival (OS) theoretically (9). However, according to
previous reports, survival benefits brought by increased R0
resection rate may be diminished by NACT-induced platinum
resistance. Evidence showed that NACT may enhance cancer cell
stemness, which may lead to chemoresistance, and patients who
underwent NACT may experience more platinum resistance and
shorter platinum-free interval for recurrence (10, 11). As the
platinum-containing regimen in NACT may induce resistance at
a later stage, therefore it is important to use an alternative non-
platinum-based NACT to avoid platinum chemoresistance and
to produce complete R0 resection opportunity in patients with
advanced OC.

Evidenced by multiple clinical trials, poly (ADP-ribose)
polymerase (PARP) inhibitors (including olaparib, niraparib,
veliparib, etc.) have revolutionized the treatment paradigm of
OC by eliminating HRD positive or BRCA 1/2 mutated tumors
(12–15). The anti-cancer activities of PARP inhibitors have been
confirmed step by step from the late-line to the front-line
maintenance therapy (16). Among these drugs, niraparib, an
efficient FDA (Food and Drug Administration)-approved PARP
1/2 inhibitor, showed competence as monotherapy for the late-
line treatment of OC, with an overall response rate of 28% in
homologous recombination deficiency (HRD) positive patients
(95% CI 15.6-42.6; one side P=0.00053) (17). Based on the
QUADRA trial, the FDA approved niraparib to treat HRD
positive ovarian cancer patients with platinum-sensitive relapse
after ≥3 line chemotherapy. Thus, niraparib might serve as an
alternative agent for platinum-based NACT in patients with
HRD positive OC. Besides, chemotherapy-naïve OC was more
sensitive to platinum, as compared to recurrent tumors, implying
the potential for a better anti-cancer efficiency of niraparib if
served as neoadjuvant therapy.

Therefore, it can be hypothesized that applying neoadjuvant
niraparib could reduce platinum resistance and ensure maximum
benefit from cytoreductive surgery and postoperative
chemotherapy in ovarian cancer patients with HRD positive,
unresectable or intolerable to surgery, and ultimately lead to
improved prognosis. And the present study is conducted aiming
March 2022 | Volume 12 | Article 852772
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to assess the efficiency and safety of niraparib in newly diagnosed
advanced OC.
METHODS

Study Design
This multicenter, prospective, interventional, single-arm, open-
label, phase II study plans to recruit 53 women from 10 centers
from China. This study will be conducted in accordance with the
protocol, the current version of the Declaration of Helsinki,
Good Clinical Practices (GCP) guidelines and any local
regulations. The study has been registered at ClinicalTrials.gov
(NCT04507841) was approved by the China-South East and
Middle Gynecological Oncology Group (CSEM GOG-017). This
trial was also approved by the Research Ethics Commission of
Tongji Medical College of Huazhong University of Science and
Technology (2020-S122). Informed consents will be obtained
from patients both before screening and before receiving
niraparib treatment.

The study design is provided in Figure 1. Treatment-naïve
patients (aged 18-75 years) with newly diagnosed, HRD positive,
low likelihood of optimal cytoreduction by computed
tomography evaluation ≥3 or Fogotti score ≥8, FIGO stage III-
IV OC will be included. The detailed inclusion and exclusion
criteria are provided in Table 1. Informed consent will be
obtained before HRD testing and receiving niraparib treatment,
and the choice of treatment will depend on patients’ preferences.
All enrolled patients will receive a minimum of 200mg or 300mg
QD of niraparib as 100mg capsules for 2 cycles each lasting for 28
days. The initial dose will be adjusted according to the baseline
body weight and platelet count (≥77 kg and 150000/UL, 300 mg
dose is recommended; otherwise 200 mg dose). After receiving
niraparib for 2 cycles, abdominal computed tomography (CT)
scan will be performed to classify objective remission status
Frontiers in Oncology | www.frontiersin.org 360
according to Response Evaluation Criteria in Solid Tumors
(RECIST version 1.1). If patients achieve complete response
(CR), partial response (PR) or stable disease (SD), they will
receive open laparotomy IDS. Post-surgery, routine platinum-
based chemotherapy will be given for 6 cycles, following which,
niraparib will be given as maintenance therapy within 12 weeks
up to 3 years or till disease progression or patient withdrawal
from the study since they are high risk of recurrence and
demonstrated efficacy in neoadjuvant therapy. However,
patients with progression disease (PD) will receive NACT and
follow-up therapy as recommended by the NCCN guidelines. In
the case of grade 3-4 adverse events (AEs), the treatment should
be suspended, and the AEs should be actively treated until
returning to grade 1-2. The dose may be reduced in the next
cycle of treatment depending on the decision of the investigators.
If the toxicity does return to grade 1-2 or below within 28 days, no
further reduction below 100mg/day will be allowed.

Study Objectives and Endpoints
The primary objective is to evaluate objective response rate
(ORR) and R0 resection rate after niraparib neoadjuvant
treatment. ORR is defined by the rate of patients achieving CR
or PR. The secondary endpoints will be to evaluate the number of
patients with treatment-related AEs or serious AEs as assessed by
Common Terminology Criteria for Adverse Events (CTCAE
version 5.0). Furthermore, the rate of treatment interruption
and termination caused by patients’ intolerance of side effects,
incidence of AEs at all levels during the course of the treatment,
surgery and chemotherapy following treatment will also be
determined. The secondary efficacy endpoints will be to
determine disease control rate (DCR); pathologic complete
response rate measured by Miller-Panye system; PFS; cancer
antigen 125 (CA125) progression rate as per Gynecologic Cancer
Intergroup Consensus (GCIC) guidelines; OS and long-term
benefits including chemotherapy-free interval (CFI) and time
FIGURE 1 | Study Design. *Blood and tissue samples were collected at various stages i.e., before and during treatment, disease progression/recurrence, during surgery
and post-operative chemotherapy and follow-up. **CA-125 was determined as per Gynecologic Cancer Intergroup Consensus (GCIC) guidelines. ***Abdominal CT or
laparoscopy is recommended to classify objective remission status. CA-125, cancer antigen-125; CR, complete response; CT, computed tomography; FIGO,
International Federation of Gynecology and Obstetrics; HRD, homologous recombination deficiency; NACT, neoadjuvant chemotherapy; N, number; PD, progressive
disease; PR, partial response; RECIST, Response Evaluation Criteria in Solid Tumors; SD, stable disease; TC, Paclitaxel and carboplatin regimen.
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to first subsequent therapy (TFST). The definitions of primary
secondary endpoints are provided in Table 2.

For assessing quality of life (QOL), validated patient report
outcome (PRO) tools will be used namely, Functional
Assessment of Cancer Therapy-Ovarian (FACT-O), Hospital
Frontiers in Oncology | www.frontiersin.org 461
Anxiety and Depression Scale (HADS), Insomnia Severity
Index (ISI), International Physical Activity Questionnaire
(IPAQ), EuroQol-visual analog scales (EQ-VAS).

The exploratory objectives will include changes in tumor
biomarkers such as CA-125 during treatment, exploring
TABLE 2 | Primary and secondary endpoints.

Primary endpoints Definition

R0 resection rate* The percentage of initially unresectable patients who successfully achieve R0 resection.
ORR The percentage of patients who experienced complete or partial remission after niraparib neoadjuvant niraparib treatment with evaluated by the

RECIST1.1 criteria.
Secondary
endpoints
PFS Time from receiving Niraparib to tumor progression or cancer-related death as assessed by RECIST version 1.1.
DCR The proportion of patients achieving CR, PR and SD.
OS Time between receiving Niraparib and death by any cause.
pCR Complete disappearance of the tumor cells in surgical specimens after niraparib neoadjuvant therapy.
*R0 resection indicates microscopically margin-negative resection, in which no gross/microscopic tumor remains in the primary tumor bed.
CR, complete response; DCR, disease control rate; OS, overall survival; PFS, progression-free survival; PR, partial response; RECIST, Response evaluation criteria in solid tumors; SD,
stable disease; pCR, complete pathologic response.
TABLE 1 | Key inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Women patients aged 18-75 years Personnel involved in the planning or implementation of the
research

High-grade serous or endometrioid ovarian/peritoneal/fallopian tube cancer, FIGO stage III-IV
confirmed by open or laparoscopic surgery or coarse needle aspiration biopsy

Patients participating in other clinical drug experiments or
administering other research drugs or neoadjuvant therapies
(chemo/radio/immuno therapies, TCM) at the same time as the
study

HRD positive confirmed by tissue/blood samples Allergy to niraparib or with similar chemical/biologic analogs

Consent for providing tissue/blood samples not only during the course of treatment but also for
expanded gene/tumor markers related research studies

Dysphagia or any other GIT condition interfering with the ADME of
the drug

At least one lesion measurable by CT/MRI Previously received any treatment or PARPIs for ovarian cancer

Failure to achieve R0 tumor reduction (Fagotti score ≥8, upper abdominal CT score ≥3) or
surgery intolerance (age ≥80 years, BMI ≥40, chronic diseases, malnutrition or hypoproteinemia,
moderate to massive ascites, newly diagnosed venous thromboembolism, ECOG >2)

Simultaneous treatment of symptomatic or uncontrolled brain
metastases requiring surgery, radiation and/or corticosteroids, or
clinical manifestations of spinal cord compression

Expected survival time: >12 weeks Non-recovery from a major surgery performed within 3 weeks
before the start of the study

ECOG score: 0-2 Previous or current diagnosis of MDS/AML or other primary
malignancies, except for carcinoma in situ of the skin’s basal and
squamous, breast ductal, or cervix

Good organ function:
─ Bone marrow (neutrophil count ≥1500/mL, platelet ≥100000/mL, Hb ≥10g/dL)
─ Liver (Total bilirubin ≤1.5 times, direct bilirubin ≤1 time, AST and ALT ≤2.5 times, if liver

metastasis exists ≤5 time of the upper limit of normal value)
─ Renal (Serum creatinine ≤1.5 times the upper limit of normal value, or creatinine clearance

rate ≥60 ml/min)

Disease or conditions exposing patients to high-risk toxicity, including
HIV, hepatitis B and C; severe cardiovascular disease, intractable
ventricular arrhythmias myocardial infarction in the last three months;
uncontrolled epileptic grand mal seizure, unstable spinal cord
compression or superior vena cava syndrome; psychiatric disorders
affecting patients’ informed consent; hypertension beyond drug
control or unsuitable for participation in the study identified by
researchers

Fertile women must have negative pregnancy tests, adequate contraception (except hormonal)
within one week before enrolment and should be non-lactating; women without reproductive
potential are also eligible (menopause/surgical sterilization)

Medical history or existing clinical evidence likely to interfere with
study results or patients’ compliance

Sound understanding and ability to comply with the procedures involved in study protocol such
as treatment schedule, laboratory testing, imaging testing, follow-up and willingness to complete
questionnaire survey of quality of life

Platelet or red blood cell transfusion within 3 days before the start
of treatment of the study drug

Previous chemotherapy toxicity should be ≤ CTCAE 1 or baseline level, except for sensory
neuropathy or alopecia with stable symptoms ≤ CTCAE grade 2

Clinical unresolved toxicity ≥ grade 2, except neuralgia,
lymphopenia, and depigmentation of skin
March 2022 | Volume 12 | Article 85277
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biomarkers related to efficacy and patient prognosis and changes
in gene mutation before and after treatment from tumor tissue
and blood.

Visiting Plan
HRD positive status will be screened by the next generation
sequencing technology on peripheral blood and tumor tissue
samples by using three classic indicators of genomic instability
(LOH, loss of heterozygosity; TAI, telomeric allelic imbalance
and LST, large scale state transitions). It takes 7 natural days
from sampling to issuing the report, the same time as routine
postoperative examination. Baseline data will be recorded at the
screening visit, and it must be completed within 28 days before
enrolment. Pre-assessment on the basis of parameters specified
in Figure 2 will be performed within 3 days before tumor
reduction surgery.

Patients will be followed up every three months during the
first two years of the treatment, every six months for 2-5 years,
Frontiers in Oncology | www.frontiersin.org 562
and every year thereafter. Information on disease progression,
safety and complications will be collected during follow-up and
further recorded in the case report form (CRF). The treatment
and follow-up plan has been presented in Figure 2. Survival
follow-up will be conducted every 90 days (± 7 days) after drug
withdrawal. Moreover, information of patients receiving new
chemotherapy for the first time after the end of this study
will be collected. Treatment can be terminated at any point
during the study due to any of the following reasons:
serious/life-threatening or intolerable treatment-related
AEs, risk to patients, protocol violation, withdrawal of
consent, pregnancy, and disease progression. The end of
treatment (EOT) and follow-up visit should be completed if
the study is discontinued or in case of patient’s withdrawal
from the study. The following categories of concomitant
medications are prohibited during the study period:
granulocyte colony-stimulating factor (G-CSF), CYP1A2
sensitive substrates, anticoagulants and antiplatelet drugs,
FIGURE 2 | Follow-up plan. 1In addition to the prescribed visit schedule, local researchers may conduct more frequent inspections as per patients’ requirements, which
may include blood and urine routine examination, blood biochemistry, ECG, CT, and serum tumor biomarker (within one week); 2Refers to platinum-based chemotherapy
post-surgery and included information collected from the patient’s medical record; 3It should not be completed >4 weeks before enrolment, excluding exceptional cases;
4Required to be completed within 72 hours of the start of the cycle 1 ( ± 1D); 5Required to be completed within 72 hours of the start of the cycle 2 ( ± 1D); 6Required to
be completed within 72 hours from the beginning of cycle 2 treatment D28 (± 1D); 7Required to be completed within 3 days pre-operation; 8Once every 12 weeks after
maintenance treatment and once every 24 weeks after two years; 9Includes name, age, gender, place of origin, contact details and date of admission; 10Time interval
from last inspection should be >7 days, otherwise the inspection shall be canceled; 11Includes heart rate, blood pressure, pulse and respiration; 12Records the tumor size
at least; 13Recommended, non-mandatory; 14The United States Eastern Cooperative Oncology Group (ECOG) physical status scores; 15Blood or urine b-HCG test;
16Completed within two weeks before enrollment; 17Includes neutrophil/platelet count, and Hb level; 18Atleast 7 days before enrollment; 19Includes measurement of serum
creatinine and electrolytes, total bilirubin, ALT/AST; 20Time interval from the last inspection should not be <1 week, otherwise the inspection shall be canceled; 21Includes
measurement of creatinine, urea nitrogen, and erythrocytes; 22Includes testing of CA125, CA199, CEA, and HE4 related markers; 23Biopsy done by laparoscopy,
laparotomy, or coarse-needle aspiration; 24Primary and metastatic tumor tissues obtained by laparotomy/laparoscopic tumor reduction surgery; 25Samples in 2ml EDTA
anticoagulant tube were used for HRD detection before enrollment and after two courses of treatment. Samples of 10ml Streck tube were collected before enrollment,
D15 and D28 of the first course of chemotherapy, D15 of the second course of chemotherapy, and before tumor reduction surgery and subsequent therapy;
26Abdominal CT or MRI is recommended for evaluation instead of ultrasound alone; 27If blood routine tests are abnormal during maintenance treatment, then it should be
carried out every 3 days and closely monitored until it becomes normal; 28The operation record of the biopsy should be sent to the research center for record within 7
days; 29Surgical records should be completed within 24 hours after the surgery and sent to the research center within 7 days for reference; 30All adverse events to be
documented from first day of receiving niraparib to post 30 days of treatment termination; 31All adverse events to be documented from first day of receiving niraparib to
post 30 days of treatment termination; 32Postoperative adverse events (D1 to D28); 33Includes FACT-O, HADS, ISI, IPAQ, and EQ-VAS; 34Recurrence and time of
recurrence, death and time of death, whether to continue follow-up and last follow-up time are recorded; 35The last follow-up before withdrawal; 36After the completion of
first-line chemotherapy, patients will receive maintenance treatment with niraparib within 12 weeks. ALT/AST, alanine aminotransferase/aspartate aminotransferase; CA,
cancer antigen; CEA, carcinoembryonic antigen; CT, computed tomography; D, day; ECOG, Eastern Cooperative Oncology Group; ECG, electrocardiogram; EDTA,
ethylenediaminetetraacetic acid; EQ-VAS, EuroQol-visual analog scales; FACT-O, Functional Assessment of Cancer Therapy-Ovarian; HADS, Hospital Anxiety and
Depression Scale; Hb, hemoglobin; b-HCG, b-human chorionic gonadotropin; HE4, human epididymis protein 4; HRD, homologous recombination deficiency; IPAQ,
International Physical Activity Questionnaire; ISI, Insomnia Severity Index; MRI, magnetic resonance imaging.
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systemic glucocorticoids, other PARPis, radiation therapy,
vaccines and hormonal contraceptives.

Effectiveness Evaluation
Computed tomography (CT) of the abdominal and pelvic cavity
and other tumor areas with clinical indications will be performed
at baseline and each follow-up (Figure 2). Tumor radiological
imaging will use RECIST v1.1 criteria to classify objective
remission status. Target lesions will be classified into CR, PR,
SD, PD and non-evaluable (NE). Non-target lesions will be
evaluated on the basis of CR, non-CR/non-disease progression
(NN), PD, and NE.

Tumor response will be classified as PD for target lesions if
there is ≥ 20% increase in the sum of the longest diameter of
target lesions in comparison to the smallest sum longest diameter
recorded in addition to an absolute increase of 5 mm whereas in
case of non-target lesions, appearance of one or more new lesions
or unequivocal progression of existing lesions will be considered
as PD. New lesions refer to the appearance of new malignant
lesions indicative of PD (18). In the case of PD, treatment should
be terminated, and the follow-up should be continued. Target
lesions of all patients will be measured by the same imaging
technique and recorded in the CRF. Patients receiving at least
two treatment cycles and one disease assessment or patients with
early progression will be considered evaluable. Full analysis set
(FAS) used for effectiveness evaluation will include all patients
with primary gynecological malignancies (sub-grouped by tumor
type), meeting the inclusion-exclusion criteria, with complete
medical records.
Frontiers in Oncology | www.frontiersin.org 663
Data and Sample Collection, Management,
and Monitoring
Recurrent tumor tissue and blood samples collected will be sent
to Tongji central laboratory. A detailed sample collection process
is presented in Figure 3. During the treatment period, patients
will receive relevant examinations and are expected to complete
questionnaires related to the QOL as per schedule. Post-
treatment, patients will be subjected to follow-up examination
and telephone follow-up. The detailed data obtained from the
patients will be recorded in the CRF and kept strictly confidential
in the research center. All study records and original documents
will be maintained and stored according to relevant regulations
and guidelines, or by the research institution’s rules. The
investigator will access the relevant raw data of the clinical
study and will be responsible for reviewing CRF to determine
completeness, accuracy, and consistency of the information with
the source data. Moreover, CRF, raw laboratory data, and
medical test results must be readily available for clinical
inspectors, auditors, and health authorities.

Safety Analysis
The most common adverse events observed in a previous study
were Anemia, Nausea, Thrombocytopenia, etc. and the serious
(grade ≥3) adverse events were anemia, thrombocytopenia and
neutropenia (19). All AEs will be monitored 30 days after the last
dose in this study. The research coordinator or data manager will
summarize all serious AEs resulting in treatment withdrawal or
deaths during or within 30 days of treatment termination on a
per-patient basis. AEs will be coded in accordance with Medical
FIGURE 3 | Sample collection plan. 1In addition to pathological sections, one copy of frozen, paraffin-embedded tissue for gene detection, and RNA preservation
samples will be sent for sample retention. Also, samples in 2ml EDTA anticoagulant tube and in 10 ml streck tube should be sent to Tongji laboratory immediately for
ctDNA sequencing; 2Tissue sample specimens should first meet the requirements of normal histopathological examination, and the remaining samples should be
subjected to gene detection and tissue preservation according to the sample collection process; 3Tissue samples should be obtained at the time of biopsy. Sample
in 2ml EDTA anticoagulant tube and in 10 ml streck tube should be sent to Tongji laboratory; 4Blood samples should be obtained within 72 hours after two weeks of
the first cycle of treatment; 5Blood samples should be obtained within 72 hours on Day 1, 15 and the last day of the second course of treatment; 6Tissue samples
should be obtained intraoperatively and blood samples within 72 hours after operation; 7Blood samples should be obtained once before adjuvant chemotherapy after
tumor reduction surgery; 8The third and sixth cycles of chemotherapy were obtained on Day 1; 9During the maintenance treatment of niraparib, follow-up was
conducted every 12 weeks to obtain blood samples; 10During the long-term follow-up after the withdrawal of maintenance treatment, follow-up was conducted every
12 weeks, and evaluation was conducted every 24 weeks up to two years to obtain blood samples; 11Tissue samples should be obtained at the time of biopsy, and
blood samples should be obtained within one week after confirming recurrence.
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Dictionary for Drug Regulatory Activities (MedDRA). Patient’s
survival and myelodysplastic syndrome/acute myeloid leukemia
(MDS/AML) information will be collected every 8 weeks from
the beginning of treatment up to 90 days after the end of the
study. The safety set (SS) used for safety evaluation will include
patients using niraparib at least once and with relatively
complete medical records.

Statistical Analysis
Hierarchical testing will be used to control the overall Type I
error rate. First, ORR analysis will be conducted at the 1-sided
alpha level of 0.05. If the result is positive, R0 resection rate
analysis will be conducted with the 1-sided alpha level of 0.05.
Descriptive measures will be used to summarize continuous
variables (average value, standard deviation, median,
maximum value, minimum value). Categorical variables will be
expressed in frequency and percentage. The time to event
analysis will be performed by the Kaplan Meier curve
providing the median time to event. All data collected on CRF
will be listed on a per-patient basis. Except for the date, the
missing data will not be estimated. All statistical analysis will be
calculated by SAS 9.4 statistical analysis software. Any deviations
from the statistical methods given in the protocol will be
reported in the final report as appropriate.

Sample Size
Sample size will be determined based on an intended statistical
power of 90% (one-sided test, significance level of 5%). ORR will
be the first primary endpoint as it is more objective and better
reflects the effectiveness of niraparib neoadjuvant therapy. Based
on the assumption that niraparib will be considered ineffective if
the ORR is ≤ 20% (P0), and effective if the ORR is ≥ 40% (P1),
this study can further proceed to large-scale clinical trials. The
proposed study will utilize Simon’s two-stage design wherein in
stage 1 a total of 24 patients will be enrolled. If the number of
patients achieving objective response is >5, then the study will
proceed to stage 2. In stage 2, a total of 21 patients were planned
to be enrolled. A total of 53 patients will be included in the study,
considering a possible 15% drop-out rate of patients. The
intended ORR for achieving the primary endpoint in stage 2
will be >8 patients with objective response. Once the study
achieves the first primary objective, the R0 resection rate of the
second primary endpoint will be analyzed sequentially. Using 45
sample size, one-sided test, significance level of 5%, power was
calculated to be 85.7%. Finally, the actual R0 resection rate and
the confidence interval will be obtained according to statistical
analysis of the data.
DISCUSSION

To the best of our knowledge, this will be the first prospective
multicenter study to evaluate the safety and effectiveness of
niraparib alone as neoadjuvant treatment in advanced OC. The
results from this study may propose a new treatment alternative
for HRD positive patients with OC and extend the therapeutic
Frontiers in Oncology | www.frontiersin.org 764
applications of PARPi. Currently, not much is known about
response of treatment-naïve patients to PARPi, and this long-
lasting unsolved question has troubled many researchers.

So far, platinum-based chemotherapy is the only acceptable
option for neoadjuvant treatment in patients with advanced OC
(20). This study may extend the neoadjuvant treatment strategies
in OC. Notably, the use of NACT for patients with OC increased
from 17.6% in 2004 to 45.1% in 2016 (21). However, platinum-
and paclitaxel-based NACT failed to grant any survival benefits in
all existing randomized controlled trials (RCTs), leading to serious
concerns on the effectiveness of NACT (10, 22). Oncogene
targeted therapies have been proved to be more efficacious and
safer than chemotherapy in serval other types of tumors, such as
lung and breast cancer leading to a significantly improved
prognosis and quality of life (23, 24). Similar therapies are rarely
available for OC. Previously, ANTHALYA and GEICO 1205/
NOVA clinical trials provided evidence on bevacizumab as a
NACT in addition to chemotherapy in advanced OC, suggesting
limited improvement in ORR (25). Most recently, the NUVOLA
trial is recruiting patients to evaluate neoadjuvant olaparib and
weekly TC (carboplatin plus paclitaxel) in unresectable OC (26).
Therefore, it is imperative to explore more possibilities for
neoadjuvant treatment in OC. Keeping in view the facts
discussed above, our study was designed to find out whether
niraparib neoadjuvant treatment could reduce surgical complexity
and improve patients’ prognosis in advanced OC. Besides, this
study could provide a foundation for future RCTs aiming to
evaluate the potential PFS improvement with neoadjuvant
niraparib therapy in patients with HRD positive OC.

The primary endpoint chosen for this study will ensure the
maximum clinical translational potential since it represents the
neoadjuvant treatment response as well as the complexity of
the debulking surgery. Meanwhile, ORR, PFS, and OS could
depict the anti-tumor potential of niraparib comprehensively in
the short- and long-term respectively. Additionally, the sample
size was calculated using Simon’s two-stage design. If niraparib
was proven effective in a small population in the first stage, then
only this study can proceed to the second stage and recruit more
patients. More importantly, considering the safety concerns for
the enrolled patients, serum CA125 levels will be measured
biweekly. This will partially reflect the treatment responses and
ensure patients with uncontrolled diseases withdrew from the
experimental treatment on time. This design will not only secure
the greatest clinical benefit to participants but also establish a
scientifically reliable trial.

Several limitations of the study design can be acknowledged.
Firstly, as of now, only Chinese patients will be included in the
study. Secondly, no control group exists in this study, which
should be notified during the result explanation and further
appended in future studies.

Generally, this study may assess the potential of niraparib
neoadjuvant treatment and IDS as a valid therapeutic strategy for
patients with unresectable bulky tumors or poor general
conditions. International investigators are welcome to contact
and collaborate so that patients other than of Chinese origin can
be enrolled in the study.
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Background: The purpose of our research was to explore the value of preoperative CT
and MRI examinations and clinical indicators in the prediction of recurrence of ovarian
serous carcinoma in patients who underwent satisfactory staging surgery.

Procedure: Detailed inclusion and exclusion criteria were installed to screen all patients
collected and the eligible patients were divided into two groups. The CT and MRI features
and some clinical characteristics of two groups were analyzed, in addition, the apparent
diffusion coefficient (ADC) value in tumor solid region was measured. Univariate analysis
was used in this study.

Results: There were 78 patients with histologically proven ovarian serous carcinoma.
According to the strict inclusion and exclusion criteria, we retained 29 patients (recurrence
group: 11 patients, no recurrence group: 18 patients). For the peritoneal implantation
metastasis in CT or MRI images and Ki67 proliferation index (Ki67 PI), the differences
between two cohorts were statistically significant (P < 0.05). The rate of peritoneal
metastasis in the recurrence cohort (10/11, 91%) was higher than that in the no
recurrence cohort (7/18, 39%). Patients with high Ki67 PI expression had lower
recurrence risk than those with low Ki67 PI expression, HR=0.172 (95%CI: 0.050-0.589,
P=0.005), and patients without peritoneal planting had lower recurrence risk than those with
it, HR=9.373 (95%CI: 1.194-73.551, P=0.033). For FIGO III patients, ipsilateral fallopian
tube involvement was statistically significant between the two groups (P < 0.05). The
differences in the other preoperative imaging characteristics of ovarian serous cancer,
including the volume; capsule of the mass; main components; ADC value; cystic change;
bleeding; degree of enhancement of the mainly solid region in 3 periods; and range of tumor
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involvement in the ovary, uterus, bladder, bowel, and pelvic wall, were not statistically
significant. In addition, the differences in the other clinical indicators (i.e., age, FIGO stage)
between the two cohorts were not statistically significant.

Conclusions: In CT and MRI examinations before surgery, peritoneal implantation
metastasis was suggestive of the possibility of the recurrence of serous ovarian
carcinoma in the near future. In addition to that, ipsilateral fallopian tube involvement
and Ki67 PI may also indicate the possibility of recurrence (the former was only applicable
to FIGO III patients).
Keywords: ovarian cancer, recurrence, magnetic resonance imaging, diffusion-weighted imaging, apparent
diffusion coefficient value, Ki67 proliferation index
INTRODUCTION

Epithelial ovarian carcinoma (EOC) is a malignant tumor with the
highest mortality rate among gynecological malignant tumors (1).
The clinical symptoms of ovarian cancer are insidious, and the
early symptoms are not obvious. Approximately 2/3 of the patients
are FIGO III or IV when they visit the doctor for the first time (2).
According to the different pathological types of ovarian cancer, the
five-year survival rates of these patients with FIGO III and IV were
23.9%~37.0% (2). Serous carcinoma is the most common type of
EOC.According to the FIGO Cancer Report 2018, many cases of
high-grade serous ovarian carcinoma and peritoneal carcinoma
may originate in the tubal umbrella terminus (3). The lethality of
EOC is mainly due to the higher risk of recurrence (4, 5).
Recurrent ovarian cancers (ROCs) have a very poor prognosis,
and most patients with ROC eventually develop resistance to
chemotherapy drugs (6). Because of the complexity of the patients’
situation, it is more difficult to choose treatment options for them.
The prediction and earlier detection of ROC can help physicians
intervene earlier in the treatment process of patients to better
achieve individualized and accurate treatments. Imaging
examinations can provide important value in the process of
follow-up for ovarian carcinoma, but most studies on the risk of
recurrence of ovarian carcinoma have mainly focused on clinical
and hematological indicators and are relatively lacking in medical
imaging data. The purpose of this research was to define the
possibility of the use of imaging methods to analyze and predict
the recent recurrence of ovarian serous carcinoma, especially for
FIGO III patients, with the ultimate hope of helping clinicians to
plan more suitable treatments.
METHODS

Patients and Clinical Information
Upon searching the Hospital Information System (HIS), between
August 2015 and September 2019, there were 78 patients who had
histologically proven ovarian serous carcinoma in our hospital.
We retrospectively searched for these patients in the Picture
Archiving and Communication System (PACS), and there were
only 46 patients who underwent both pelvic MRI scan and
abdominal CT examination before pelvic surgery. The inclusion
268
criteria were as follows: 1) no obvious residual lesions were
observed visually after staging operation (the diameter of the
residual tumor was ≤1 cm); 2) the time periods between
baseline imaging examination and surgery were not more than 7
days; 3) the progression-free survival of the tumor was not less
than 6 months; 4) postoperative chemotherapy consisted of 4~6
courses, and the interval of each chemotherapy course was 21
days; 5) patients received first-line chemotherapy approximately 2
weeks after surgery and received first-line chemotherapy for
ovarian cancer; 6) the follow-up plan should meet the following
requirements: 1 year: once every 3 months, 2-3 years: once every 6
months, >3 years: once a year. Exclusion criteria were as follows:
1) failure to complete adequate and normal chemotherapy or loss
to follow-up; 2) severe combined diseases (e.g., heart, lung, liver
diseases or renal insufficiency); and 3) ovarian cancer combined
with other malignant tumors.

Chemotherapy regimens were mainly included TC (paclitaxel
+carboplatin) intravenous chemotherapy, TC+TP (paclitaxel
+cisplatin) intraperitoneal intravenous chemotherapy, DC
(docetaxel+carboplatin), and PC (cisplatin+cyclophosphamide).
Although the longest follow-up time was 40.8 months, in order
to avoid the influence of follow-up time on the recurrence of
ovarian serous cancer, the follow-up time node was set as 20
months, so that the recurrence of the above patients were divided
into two groups, namely the recurrence group and the non-
recurrence group. During the follow-up period, patients were
required gynecological examinations, ultrasound examinations,
and serum tumor marker tests to assess whether the patient had
relapsed. When suspicious indications of recurrence were found,
patients were advised to have abdominal imaging examinations.
Ovarian cancer recurrence was diagnosed when two or more of
the following were present: 1) increased levels of tumor markers;
2) a mass found in imaging examination; 3) a mass found on
physical examination; 4) hydrothorax and peritoneal fluid;
5) intestinal obstruction of unknown causes.

CT Examination
CT examinations were carried out on a 64-Row CT scanner
(Discovery CT750HD, fifth-generation spectral CT, GE
Healthcare), The scanning range was from the upper margin of
the diaphragm to the iliac crest. Abdominal plain scan and
dynamic enhancement scans of 3 phases (arterial phase, portal
April 2022 | Volume 12 | Article 754067
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phase, delay phase) were adopted. The parameter details were as
follows: tube voltage (TV), 120 kV; tube current, 280 mA; frame
rotation time, 0.8 s; pitch, 0.984:1; layer thickness, 5.0 mm; and
reconstruction interval, 5.0 mm. A double-cylinder power
injector (OptiVantage; Mallinckrodt; USA) was utilized to
inject the contrast material (4.4 ml/s, 270 mgl/ml, Visipaque,
General Electric Healthcare, USA) through peripheral veins.

MRI Examination
MRI scanning was carried out on a 3.0T system (Signa HDXT,
GE Healthcare, USA) equipped with an eight-channel torso array
coil. For any larger mass that could not be fully accommodated in
an axial plane, a sagittal or coronary scanning sequence was
adopted to cover as much of the entire mass as possible. Routine
MRI protocols were adopted for the examination of the adnexal
lesions, which included axial fast spin echo (FSE) T1-weighted
images (T1WI), axial FSE T2-weighted images (T2WI) and fat-
suppressed T2WI (FS T2WI). An axial DWI sequence included
an echo-planar imaging sequence with an array spatial-
sensitivity-encoding technique (ASSET). The specific
parameters of T1WI protocol were as follows: repetition time
(TR), 500 ms; echo time (TE), 7.8 ms; thickness, 6.0 mm; layer
spacing, 2.0 mm; and the number of excitations (NEX), 1. The
specific T2WI parameters were TR, 4200 ms; TE, 68 ms;
thickness, 6.0 mm; layer spacing, 2.0 mm; and NEX, 2. The
parameter details of FS T2WI were similar to those of the T2WI
sequence. The parameters of DWI were TR, 4000 ms; TE, 65 ms;
thickness, 6.0 mm; layer spacing, 2.0 mm; NEX, 6; and b value =
0 and 1000 s/mm2). Liver acquisition with a volume acceleration
(LAVA) sequence was adopted for contrast-enhanced pelvic
examination, and a power injector (Optistar LE; Mallinckrodt;
USA) was performed to inject the contrast material (0.1 mmol/
kg, Gadodiamide, General Electric Healthcare, USA). The
specific parameters of LAVA MR were TR, 4.5 ms; TE, 1.3 ms;
flip angle, 15°; layer spacing, 0 mm; NEX, 1; and band width,
166.67 kHz. The images were obtained from multiple phases
after the injection of the contrast agent in the axial and sagittal
planes (postcontrast at 20 s, 60 s, 120 s in the axial plane and
150 s in the sagittal plane).

Radiological Evaluation
MRI and CT images were analyzed carefully on an Advantage
Windows workstation 4.5 (AW 4.5 workstation, GE Healthcare,
USA) by two radiologists with 31 and 29 years of experience in
gynecological imaging. They were blinded to the pathological
results, and from each other’s results. The reader variability was
evaluated. The average of the measurements for the quantitative
data or the outcome of negotiations for the qualitative data
acquired by these two radiologists was the final value. For the
enrolled patients, the following MRI and CT characteristics were
recorded: volume (if there was only one lesion, the maximum
transverse diameter plus the maximum vertical diameter plus the
maximum anteroposterior diameter/cm; if there were multiple
lesions, the maximum lesion size was taken; if multiple lesions
showed fusions, the size of all the lesions was taken); whether one
or both ovaries was involved (single or bilateral); whether the
capsule of mass was intact (yes or no); the presentation of the
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main components in the mass (type A: mural nodule, type B:
solid mass, type C: loose tissue–similar to the spongy
appearance); ADC value (Function Tool software was adopted
to analyze the ADC value of the tumor, and the ROI was
manually placed in the solid area of tumor, which
corresponded to high signal intensity; we took 3 measurements
at the same level, and the mean value was obtained in mm2/s);
cystic changes (present or not); the degree of cystic extent
(graded as 0-3; grade 0: no sac change; grade 1: the area of
cystic changes was less than 1/3; grade 2: 1/3~2/3; grade 3: more
than 2/3); bleeding (present or not); the degree of enhancement
of the mainly solid region in the arterial period (20 s), venous
period (60 s) and the delayed period (120 s~) (mild: less than
gluteal muscles; moderate: similar to gluteal muscles; severe:
more than gluteal muscles); whether the ipsilateral fallopian tube
was involved (yes or no); whether the uterine/bladder/bowel/
pelvic wall was involved (yes or no); whether regional lymph
node metastasis was found (yes or no, decision criteria: uneven
lymph node signal, the disappearance of the lymph node hilum,
lymph node short diameter > 1.0 cm); whether there were
peritoneal implants; the degree of peritoneal thickening (the
thickest point was measured, cm); ascites (present or not); and
the deepest diameter of ascites in pelvic MR images
(perpendicular to trunk level, cm). The above image indicators
were required in the first preoperative examination. During
postoperative follow-up, the radiologists judged whether the
tumor recurred and the site of recurrence.

Histopathological Evaluation
All surgical samples were fixed with 4% neutral formaldehyde
and embedded with paraffin wax, and 4-µm sections were stained
by hematoxylin and eosin (HE) and immunohistochemistry
(EliVision). The main antibodies used included Ki67 PI,
CAM5.2, EMA, CK7, Ber-EP4, p53, BRCA1, CA-125, WT1,
ER, CD99, B72.3, CK20, vimentin, CEA, calretinin, CK5/6, and
TTF-1. Antigen negative indicated that all tumor cells were
negative, antigen positive indicated that more than 50% of
tumor cells were positive, and 0-50% indicated focal positivity
or negativity. Histological classification was estimated by two
senior pathologists.

Statistical Analysis
The measurement data with a normal distribution were
presented as the “mean ± standard deviation (SD)”, and the
independent sample t test was used for comparisons between
groups. Non-normally distributed measurement data were
presented as the median (P25-P75), and we used the rank-sum
test (Mann-Whitney U test) for comparisons between the two
cohorts. Qualitative materials were statistically described by
frequency and percentage (%), and the Fisher exact test was
used for comparisons between the two cohorts. Intraclass
correlation coefficients (ICCs) were used to evaluate the
interobserver agreement in the measurement of volume, ADC
values, degree of peritoneal thickening and the deepest diameter
of ascites, respectively (ICC > 0.8 was indicative of an almost
perfect agreement). Cohen’s Kappa coefficients were used to
analyze the consistency of the classification variables,
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respectively (Cohen’s kappa > 0.8 was indicative of an almost
perfect agreement). The test level a was 0.05. A P value of < 0.05
was considered statistically significant. SPSS version 20.0 was
used to perform all the statistical analyses. The univariate
analysis were performed for all parameters between the two
groups. Due to the high proportion of FIGO III patients
included, the above analysis were also performed for FIGO III
patients. In addition, we conducted receiver operating
characteristic (ROC) curve analysis on Ki67 PI, and obtained
the most optimal cut-off value. Higher than the value was
classified as high expression group, lower than the value was
classified as low expression group. The survival of the two groups
and progression-free survival period (month) were analyzed.
Again, all patients were divided into positive and negative
groups based on whether peritoneum was implanted and
survival curves were analyzed.
RESULTS

Based on the above inclusion and exclusion criteria, we removed
17 patients. In total, we retained 29 patients for the study (the
progression-free survival period ranged from 6 to 40.8 months,
with an average of (19.3 ± 9.7) months). All 29 patients
underwent laparotomy, and the pathological results of 27
patients were confirmed to be high-grade serous carcinoma,
while those of other 2 patients were confirmed to be low-grade
serous carcinoma. According to the postoperative follow-up
visits, the patients were divided into a recurrence group and a
no recurrence group. There were 11 patients in the recurrence
group, and 73% (8/11) patients had recurrent lesions in the
peritoneum. In the remaining patients, lymph node
abnormalities (e.g., inguinal area, adjacent to the iliac vessels,
around the rectum, retroperitoneal area, and mesenteric area)
were observed. In one patient, both peritoneal and lymph node
abnormalities were found. There were 18 patients in the no
recurrence group. Statistical analysis results showed that there
was a significant difference in Ki67 PI (P < 0.05). The result was
summarized in Table 1.

Regarding the presentation of the main components in the
mass, 4 patients were classified as type-A (Figures 1A, B), 5
patients as type-B, and 2 patients as type-C. The degrees of cystic
extent were as follows: 0 (n=0), 1 (n=4), 2 (n=2), and 3 (n=5)
Frontiers in Oncology | www.frontiersin.org 470
(Figures 1A–C). There were 6 patients who displayed high
intensity in some cyst regions on T1WI, which may have been
bleeding, but this sign did not appear in the remaining 5 patients.
In the no recurrence cohort (n=18), there were 8 patients with
intact capsules (Figures 2A–C). Regarding the presentation of
the main components in the mass, 11 patients were classified as
type-A (Figure 2B), 7 patients as type-B, and 0 patient as type-C.
The degrees of cystic extent were 0 (n=1), 1 (n=7), 2 (n=4), and 3
(n=6) (Figures 2A, B). There were 7 patients who displayed high
intensity in some cyst regions on T1WI that was low intensity on
T2WI, indicating a bleeding signal (Figures 2A, C), but this
feature was not observed in the remaining 11 patients. There
were no significant differences in the above indicators (P>0.05).

The ADC value of the recurrence group was lower than that of
the no recurrence group, but P>0.05. On the enhanced images of
the arterial period in the recurrence cohort, 3 patients (3/11, 27%)
displayed moderate enhancement, and 8 (8/11, 73%) patients
displayed severe enhancement (Figure 1D), and in the no
recurrence group, 5 (5/18, 28%) moderate enhancement
(Figure 2D), and 12 (12/18, 66%) severe enhancement, P>0.05.
In the venous period in the recurrence group, 9 (9/11, 82%) severe
enhancement (Figure 1E), and in the no recurrence group, 16(16/
18, 89%) patients severe enhancement (Figure 2E), P>0.05. In the
delayed period, the same manifestation was observed in the
recurrence group (Figures 1F, 2F). These findings were shown
in Table 2.

From the MR imaging findings, in the no recurrence group,
there were 8 patients with bilateral ovarian involvement
(Figures 2A, B). Regarding whether the uterus, bladder, bowel,
or pelvic wall was involved, the result was yes in 7 (7/11, 64%)
patients in the recurrence group, and the no recurrence group
existed 6 (6/18, 33%) cases. However, none of these indicators
mentioned above was statistically significant (P>0.05).

Lymph nodes were classified as metastatic lymph nodes when
there were very typical signs of lymph node metastasis. The
results showed that there were 4 (4/11, 36%) patients with lymph
node metastasis in the recurrence cohort and 3 (3/18, 17%)
patients in the no recurrence cohort (P>0.05), but the differences
in peritoneal implants were significantly (P < 0.05). In the
recurrence cohort, 10 (10/11, 91%) patients had peritoneal
implants (Figures 1F–I), while in the no recurrence cohort, 7
(7/18, 39%) patients had peritoneal implants. With respect to the
degree of peritoneal thickening in these two cohorts, the details
were summarized in Table 3 (P>0.05).

There was a good interobserver agreement between the two
radiologists for the above imaging indicators, with ICCs and
Cohen’s kappa coefficients ranging within 0.81–0.92 and 0.87–
0.99, respectively.

In addition, all indicators were compared between the two
groups only for FIGO III patients, and the results were shown in
Table 4. The results showed that Ki67 PI and ipsilateral fallopian
tube involvement were statistically significant between the two
groups (P < 0.05), while other indicators weren’t statistically
significant. These findings were shown in Table 4.

The optimal cut-off value obtained by ROC curve analysis of
Ki67 PI was 35% (area under the curve was 0.765, 95% confidence
TABLE 1 | The statistical results of univariate analysis of the clinical
characteristics of the recurrence and no recurrence groups.

Indicators Recurrence
(n=11)

No recurrence
(n=18)

Univariate analysis
(P)

Age (y) 53.0 ± 7.8 51.6 ± 8.4 0.742
Surgical
stage

0.251

FIGO I 1 3
FIGO II 0 4
FIGO III 10 11

Ki67 PI (%) 45.00 ± 24.39 62.78 ± 14.06 0.045
Values in bold are statistically significant.
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interval(CI) was 0.585-0.945). 35% of Ki67 PI was used as a node
to divide all patients into high expression group and low
expression group. Survival analysis was conducted on the
recurrence status of all patients, and the results were shown in
Figure 3A. It showed that Ki67 PI was an important factor
affecting the recurrence of ovarian serous cancer (P=0.005).
Patients with high Ki67 PI expression had lower recurrence risk
than those with low Ki67 PI expression, HR=0.172 (95%CI: 0.050-
0.589). Similarly, whether peritoneum was implanted that was
another important factor affecting the recurrence of ovarian serous
cancer (P=0.033), and patients without peritoneal planting had
lower recurrence risk than those with it, HR=9.373 (95%CI: 1.194-
73.551), and the results were shown in Figure 3B.
DISCUSSION

Ovarian cancer five-year overall survival in early FIGO stages is
90% vs 20–25% in advanced FIGO stages; however, 70% of
patients are diagnosed in advanced FIGO stages (7). The high-
grade serous subtype accounts for approximately 70% of cases (8).
The treatment of ovarian cancer typically includes surgical
treatment (staging or debulking) and intraperitoneal,
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intravenous, or combined chemotherapy (9). There is growing
acceptance of the importance of a personalized approach to
treatment in patients with ROC and the recognition of the
complex interplay between patient- and tumor-related factors
that impact the likelihood of patient prognosis (10). If it is
possible to predict the likelihood of postoperative recurrence
before the first treatment, this may assist in the selection of
individualized treatment options. Currently, CA125 and human
epididymis protein 4 (HE4) are the only two markers that have
been approved by the FDA for monitoring treatment and
detecting disease recurrence (7). However, imaging examinations
are noninvasive and may be of some benefit to patients if they can
help predict the prognosis of ovarian cancer.

Some past studies have suggested that surgical stage, lymph node
metastasis, peritoneal implantation, and abdominal water volume
played important roles in the prognosis of ovarian carcinoma (11–
14). In our study, except for peritoneal implantation, all the other
imaging indicators showed no statistical significance. The reasons
are analyzed in detail below. First, as for surgical stage, there were
more FIGO stage III patients in our study (21/29, 72.4%), while
there were fewer FIGO stage I and II patients, which may cause a
bias in the results. Second, regarding lymph node metastasis, our
study described imaging results to assess lymph node metastasis,
A B

D E F

G IH

C

FIGURE 1 | (A–I) Axial T2WI and FS T2WI showing a cystic solid mass with a capsule wall nodule [yellow arrow, (B)]. T1WI (C) displayed high signal in the liquid
region of the mass. In the arterial, venous and delayed period, the solid region of the mass revealed severe enhancement, more than the gluteal muscle (D–F). A
metastatic nodule was seen in the rectouterine depression [yellow arrow,(F)]. Postoperative follow-up revealed a retroperitoneal metastatic lymph node [yellow arrow,
(G)]. Postoperative gross specimen and HE staining at low magnification showed a high-grade serous carcinoma (H, I).
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and previous studies have focused on the results of operations for
lymph node metastasis to predict prognosis. These results may not
exactly match, as conventional imaging of lymph node metastasis
alone may not be able to assess small lymph node metastasis and
distinguish it from lymph node reactive hyperplasia. Third,
regarding abdominal water quantity, our study measured the
deepest diameter perpendicular to the horizontal axis of the pelvic
cavity to represent abdominal water quantity, but the results showed
no statistical significance, possibly because the pelvic fluid depth
could not completely reflect the total amount of fluid in the entire
abdomen or pelvis, and some ascites were scattered in the middle
and upper levels of the abdominal cavity. Fourth, regarding
peritoneal implantation metastasis, our study suggests that
Frontiers in Oncology | www.frontiersin.org 672
preoperative imaging methods were used to assess the peritoneal
metastasis in the recurrence group (10/11, 91%) and the no
recurrence group (7/18, 39%), with statistical difference, at the
same time, patients with peritoneal planting had higher
recurrence risk than those without it. However, peritoneal
implants were not statistically significant between the recurrent
and non-recurrent FIGO III groups. Because peritoneal implants
was histologically confirmed in all FIGO III patients, and most
peritoneal implants could be recognized in preoperative imaging
evaluation. A few could not be recognized, because the peritoneal
implantation foci were very small. So for FIGO III patients,
preoperative determination of radiographic implantation
metastases in peritoneum should not be used to make inferences
about patients’ outcomes. In addition, our study further analyzed
the degree of peritoneal thickening, but the results showed no
statistical significance. This may imply that no matter how great the
degree of peritoneal thickening, the patient’s prognosis was affected
as long as there was an implanted metastasis on CT or MRI. An
interesting result was that for FIGO III patients, the imaging
indicator of ipsilateral fallopian tube involvement was statistically
significant between the two groups, and no imaging signs of
fallopian tube involvement were observed in the recurrence
group. This has not been reported in previous literature, and
further study on large sample size or related mechanism is
needed. In addition to the above indicators, Ki67 PI was
statistically significant whether in large groups or in FIGO III
groups, implying that it was not affected by uneven staging. The
average Ki67 PI of the recurrence cohort was lower than that of the
no recurrence cohort, and there was some overlap between the two
groups. Previous studies have yielded mixed results for Ki67 PI for
prognostic assessment, so the results require further verification
with large sample data in the future.
A B

D E F

C

FIGURE 2 | (A–F) Axial FS T2WI and T2WI showed multiple cystic solid masses in both ovaries [yellow arrow, (B)], and the liquid-liquid plane was visible in part of
the capsule [yellow arrow, (A)]. In the arterial period, the solid region of the lesion revealed moderate enhancement (i.e., similar to that of the gluteal muscle) (D). In
the venous and delayed periods, the solid region of the lesion displayed severe enhancement (i.e., more than that of the gluteal muscle) (E, F).
TABLE 2 | The statistical results of the univariate analysis of the ADC values and
enhancement degrees of the recurrence and no recurrence groups.

Indicators Recurrence (n=11) No recurrence (n=18) Univariate
analysis (P)

ADC (×10-3mm2/s) 0.93 ± 0.27 1.02 ± 0.20 0.353
Arterial period* 1.000
Mild 0 1
Moderate 3 5
Severe 8 12

Venous period* 0.622
Mild 0 0
Moderate 2 2
Severe 9 16

Delayed period* 0.539
Mild 0 0
Moderate 2 1
Severe 9 17
*Enhancement degree.
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In our study, the preoperative imaging characteristics of
ovarian serous cancer were retrospectively analyzed in detail,
including the volume; capsule of the mass; main components;
ADC value; cystic change; bleeding; degree of enhancement of the
mainly solid region in 3 periods; and range of tumor involvement
in the ovary. These imaging characteristics were rarely observed in
the past literature. Although the results were not statistically
significant, the negative results are of some important clinical
significance, namely, that the preoperative imaging characteristics
may reflect only the localized characteristics of the tumor, and
reliance on preoperative imaging features to estimate the tumor’s
recurrence is very difficult. A combination of imaging methods
and clinical indicators to evaluate prognosis, is likely to achieve
more meaningful results.

Our study had several limitations. First, this study was
retrospective, and the number of patients was relatively small.
Second, the DWI model adopted in this study was a single index
Frontiers in Oncology | www.frontiersin.org 773
model, which could not eliminate the perfusion related
information in ADC values and could not fully reflect the
TABLE 3 | The statistical results of univariate analysis of the main CT and MRI
features of the recurrence and no recurrence groups.

Indicators Recurrence
(n=11)

No recurrence
(n=18)

Univariate
analysis (P)

Volume (cm3) 788.34 ±
646.67

528.32 ±
380.65

0.245

Capsule 0.096
Complete 1 8
Incomplete 10 10

Presentation of main
components

0.162

A 4 11
B 5 7
C 2 0

Degree of cystic extent 1.000
0 0 1
1 4 7
2 2 4
3 5 6

Bleeding 0.466
Yes 6 7
No 5 11

Ovarian involvement 0.450
Unilateral 4 10
Bilateral 7 8

Ipsilateral fallopian tube
involvement

0.096

Yes 1 8
No 10 10

Uterus/bladder/bowel/pelvic
wall involvement

0.143

Yes 7 6
No 4 12

The deepest diameter of
ascites in pelvic MR images
(cm)

4.39 ± 3.27 6.78 ± 4.74 0.121

Lymph node metastasis 0.375
Yes 4 3
No 7 15

Peritoneal implants 0.008
Yes 10 7
No 1 11

Degree of peritoneal thickening
(cm)

1.4 (0.5, 2.9) 0 (0, 2) 0.130
Values in bold are statistically significant.
TABLE 4 | The univariate analysis of the ovarian serous carcinoma on FIGO III
between the recurrence and no recurrence groups.

Indicators Recurrence
(n=10)

No
recurrence

(n=11)

Univariate
analysis (P)

Age (y) 52.80 ± 8.15 50.73 ±
7.31

0.546

Ki67 PI (%) 44.50 ±
25.65

67.27 ±
11.04

0.023

Volume (cm3) 824.23 ±
670.64

464.12 ±
336.06

0.150

Capsule 0.586
Complete 1 3
Incomplete 9 8

Presentation of main components 0.327
A 4 7
B 4 4
C 2 0

Degree of cystic extent 0.792
0 0 1
1 3 4
2 2 3
3 5 3

Bleeding 1.000
Yes 5 5
No 5 6

Ovarian involvement 0.659
Unilateral 3 5
Bilateral 7 6

Ipsilateral fallopian tube
involvement

0.004

Yes 0 7
No 10 4

Uterus/bladder/bowel/pelvic wall
involvement

0.659

Yes 7 6
No 3 5

The deepest diameter of ascites in
pelvic MR images (cm)

4.58 ± 3.38 7.79 ± 5.10 0.104

Lymph node metastasis 0.659
Yes 4 3
No 6 8

Peritoneal implants 0.090
Yes 10 7
No 0 4

Degree of peritoneal thickening
(cm)

1.78 ± 1.20 1.88 ± 1.82 0.883

ADC (×10-3mm2/s) 0.95 ± 0.27 1.01 ± 0.21 0.604
Arterial period* 1.000
Mild 0 1
Moderate 3 3
Severe 7 7

Venous period* 0.586
Mild 0 0
Moderate 2 1
Severe 8 10

Delayed period* 0.586
Mild 0 0
Moderate 2 1
Severe 8 10
April 2022
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*Enhancement degree.
Values in bold are statistically significant.
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diffusion of pure water molecules inside the tumor. However,
intravoxel incoherent motion imaging may provide a more
comprehensive analysis of a tissue’s diffusion imaging data. In
addition, the follow-up period was short, and the clinical
endpoints were not evaluated based on overall survival. These
limitations need to be addressed in the future.

In conclusion, in CT and MRI examinations before surgery,
peritoneal implantation metastasis was suggestive of the
possibility of the recurrence of serous ovarian carcinoma in the
near future. In addition to that, ipsilateral fallopian tube
involvement and Ki67 PI may also indicate the possibility of
recurrence (the former was only applicable to FIGO III patients),
but other imaging indexes show no obvious value for indicating
the possibility of recurrence.
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Objective: Cervical cancer is a common gynecological malignancy. In addition to the
open radical hysterectomy (ORH) and laparoscopic radical hysterectomy (LRH),
laparoscopic nerve-sparing radical hysterectomy (LNSRH) could be another treatment
option since it could preserve urinary, colorectal, and sexual functions. However, LNSRH
might result in early cancer metastasis and recurrence due to inadequate tumor resection.
Additionally, whether LNSRH should be considered based on perineural invasion (PNI)
status remains controversial. To assess different types of hysterectomy on the outcome of
early cervical cancer with PIN.

Methods: A retrospective study was performed in early cervical cancer patients who
received ORH, LRH, or LNSRH between January 2012 and December 2019. Age, FIGO
cancer stages, histopathological types, tumor size, histological grade, invasion depth,
lymph node metastasis, lymphovascular space invasion, and PNI were documented.
Disease-free survival (DFS) and overall survival (OS) were recorded.

Results: A total of 174 patients were included, with 33, 69, and 72 patients received
LRH, ORH, and LNSRH, respectively. Twenty-one patients (12.1%) had PNI. DFS (P =
0.000) and OS (P = 0.022) periods were shortened in positive PNI patients than in
negative PNI patients (P = 0.000 and 0.022, respectively). In patients with positive PNI,
lymph node metastasis, but not the surgery type, was an independent risk factor for DFS
and OS (P = 0.000).

Conclusion: Early cervical cancer patients with PNI had shorter postoperative DFS and
OS periods. In these patients, lymph node metastasis, but not the type of hysterectomy,
was independently associated with DFS and OS.

Keywords: perineural invasion, cervical cancer, nerve-sparing radical hysterectomy, laparoscopic surgery,
survival impacts
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HIGHLIGHTS

What is already known on this topic
PNI exists in early cervical cancer and is a poor prognostic

factor for patients with early cervical cancer.
Effect of nerve-sparing radical hysterectomy in early cervical

cancer with perineural invasion is unknown.
What this study adds
In early cervical cancer patients with perineural invasion,

lymph node metastasis was a risk factor for survival.
How this study might affect research, practice or policy
Physicians should evaluate lymph node metastasis when

treating early cervical cancer with perineural invasion.
INTRODUCTION

Cervical cancer is a commongynecologicalmalignancyglobally (1).
Its main treatment modalities include surgery and adjuvant
chemoradiation therapy. Traditionally, early cervical cancer was
treated with open radical hysterectomy (ORH) with or without
bilateral pelvic lymphadenectomy. Studies have confirmed that
ORH could prolong the disease-free survival (DFS) and the overall
survival (OS) in patients with early cervical cancer (2). Lately, a
minimally invasive surgical procedure, laparoscopic radical
hysterectomy (LRH), has been introduced. Compared with
traditional ORH, LRH could be a less traumatic procedure in
early cervical cancer patients but might result in a lower DFS and
OS (3–6). Both ORH and LRH could negatively impact the quality
of life. Moreover, these patients frequently develop severe
postoperative urinary, colorectal, and sexual dysfunctions (7).
Consequently, a new type of surgery, nerve-sparing radical
hysterectomy (NSRH), was proposed, preserving essential visceral
nerves to maintain normal physiological functions Clinical trials
have shown the benefits of NSRH in cervical cancer patients (8).

However, since NSRH leaves the visceral nerves and adjacent
tissue intact, it raises concerns about incomplete cancer resection,
early recurrence, and an increased risk of metastasis (9, 10). For
example, a malignant mass can spread cancer cells contiguously
along the nerve fibers, called perineural invasion (PNI) (11). PNI is
recognized as one of the routes of metastatic spread of primary
cancer (12). Studies have suggested that the presence of PNI is
correlated with a poor prognosis in early-stage cervical cancer
patients (13, 14). A shorter DFS and OS were reported after radical
hysterectomy incervical cancerpatientswithPNI than thosewithout
PNI (15). However, there is a paucity of studies exploring the
outcome of NSRH in early cervical cancer patients with PNI.

This study investigated the impact on the treatment outcome
of early cervical cancer with PNI with LRH, ORH, or LNSRH.
We recorded and analyzed the DFS and OS to ascertain the
postoperative prognosis and quality of life.
MATERIALS AND METHODS

Study Design and Patient Selection
We conducted a retrospective study of histopathologically
confirmed early cervical cancer patients who underwent
Frontiers in Oncology | www.frontiersin.org 277
surgical operations in Changzhou No. 2 People’s Hospital,
affiliated with the Nanjing Medical University, between January
2012 and December 2019. The hospital Institutional Review
Board approved this study.

The inclusion criteria were: 1) patients with a confirmed
histopathological diagnosis of cervical adenosquamous carcinoma,
squamous cell carcinoma, or adenocarcinoma, 2) patients with
preoperative early cervical cancer stages I A2– II A2 based on the
International Federation of Gynecology and Obstetrics (FIGO)
staging system (2018) and 3) patients who had ORH, LRH, or
LNSRH with additional pelvic lymphadenectomy +/- removal of
paraaortic lymph nodes. Patients with incomplete medical records
or abnormal vital organ function were excluded.

This study was approved by the hospital ethics committee
(approval number [2021] YLJSD015). All procedures performed
in the present study were in accordance with the ethical
standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

Data Collection
We recorded the participant’s age and cervical cancer
characteristics, including FIGO stage, pathological type, tumor
size, histological grade, invasion depth, lymph node metastasis,
lymphovascular space invasion (LVSI), and PNI.

All patients routinely had computed tomography (CT) of
the abdomen and pelvis and/or magnetic resonance imaging
(MRI) of the pelvis before surgery. These patients underwent
ORH, LRH, or LNSRH with additional pelvic lymphadenectomy
+/- removal of paraaortic lymph nodes. The indications for
paraaortic lymphadenectomy included enlarged nodes on the
CT or MRI examinations and a tumor diameter > 2 cm.
Our LNSRH surgical procedure has been reported previously
(16). In cervical cancer patients with signs of local extension, we
tailored the surgical procedures to dissect the parametrial
and paravaginal tissues. Since patients with parametrial
tumor infiltration were not good candidates for the nerve-
sparing procedure, we performed the partial nerve-sparing
Kobayashi radical hysterectomy to preserve some portions of
the inferior hypogastric plexus and the pelvic splanchnic
nerves (9).

Postoperatively, patients received adjuvant radiotherapy if
they had a risk of tumor recurrence. Risk factors for tumor
recurrence included: 1) positive resection margins, parametrial
invasion, and lymph node metastases; or 2) more than two of the
following factors, including stromal invasion >1/2 of cervical wall
thickness, tumor diameter > 4 cm, and LVSI (17–20).

Tumor tissue samples were obtained from the cervix and
parametrial areas of invasion during surgery. They were fixed,
embedded, and stained with hematoxylin-eosin (H&E). PNI was
confirmed if the H&E staining showed that: 1) any layers of the
nerve sheath, including the epineurium, perineurium, or
endoneurium, were infiltrated by the cancer cells or 2) ≥ 33%
of the nerve circumference was surrounded by the cancer cells
(12, 21). An example of PNI is shown in Figure 1.

After the hospital discharge, patients were followed up by a
telephone interview every three months. Follow-up information
April 2022 | Volume 12 | Article 889862
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collected included general health status, cancer recurrence, and
mortality. The duration of the follow-up was also documented.

DFS was the period from the time point of surgery to the
timepoint of cancer recurrence identified on repeat CT or MRI. If
there was no cancer recurrence, the time point of the last follow-
up examination or death was used. Overall survival (OS) was the
period from the time point of surgery to death.

Statistical Analysis
Multivariate logistic regression analyses were conducted to
examine the factors related to DFS and OS. Continuous data
are shown as mean ± standard deviation (SD) and compared by
one-way ANOVA. Categorical data are presented as percentages
and compared by the Chi-square test. The Kaplan–Meier
analysis was used to examine the DFS and OS. The log-rank
test was used to calculate each corresponding P-value. Statistical
significance was considered with a P < 0.05. All analyses were
performed in SPSS 20.0 (SPSS, IBM, New York, USA).
RESULTS

Participant Characteristic Comparisons
This study included 174 patients, with 33, 69, and 72 in the LRH,
ORH, and LNSRH groups, respectively. We did not observe
statistically significant differences in the FIGO stage,
histopathological types, tumor size, histological grade, invasion
depth, lymph node metastasis, and LVSI among the three
groups (Table 1).

A total of 21 patients (12.1%) had PNI, with 2, 10, and 9
patients in the LRH, ORH, and LNSRH groups, but with no
significant difference among them.

Postoperatively, 112 patients received adjuvant radiation
therapy. Twelve patients rejected radiotherapy, with three in
the LRH, six in the ORH, and three in the LRH group. Five of
Frontiers in Oncology | www.frontiersin.org 378
these 12 patients had cancer recurrences, with four in the ORH
group, and one in the LNSRH group.

Comparisons of Postoperative Survival
Among the Three Groups
Twelve patients were lost to follow-up, while the remaining162
patients had a median postoperative follow-up time of 44.9
months (0 – 115 months).

The DFS rates were 87.9, 82.6, and 91.7%, and the OS rates
were 97.0, 95.7, and 98.6% in the LRH, ORH, and LNSRH
groups, respectively, with no statistically significant difference
among the three groups (P = 0.302 for DFS and 0.553 for OS,
Figures 2A, B).

Patients were assigned into either the PNI positive or PNI
negative groups. The PNI positive and PNI negative groups had
DFS rates of 66.7 and 90.8% and OS rates of 90.5 and 98.0%,
respectively. Positive PNI patients had significantly lower DFS (P =
0.000) and OS (P = 0.022) than the negative PNI patients
(Figures 2C, D).

Multivariate Regression Analyses
In 21 patients with positive PNI, multivariate logistic regression
analysis revealed that lymph node metastasis, but not the type of
surgery, was independently correlated with DFS and OS (P =
0.000) (Table 2).
DISCUSSION

Despite increased prevention and screening efforts, cervical
cancer is still a common gynecological malignancy in women,
with more than 300,000 deaths worldwide annually (1). Its
management should consider the postoperative survival chance
and the quality of life.
FIGURE 1 | Histological image of perineural invasion (PNI) in cervical squamous cell carcinoma stained with Hematoxylin and eosin (H&E). PNI from small cancer cell
clusters is indicated by arrows (magnification, x200). Scale bar: 20mm each grid.
April 2022 | Volume 12 | Article 889862
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Surgical resection is the mainstay of treatment in early
cervical cancer patients. ORH is the traditional surgical
approach and was confirmed to improve the survival chance in
cervical cancer patients. Recently, LRH was introduced as a new
surgical modality, and early studies showed the benefits of LRH,
including less trauma, fast recovery, and short hospital stays (22).
However, more and more studies have demonstrated inferior
surgical outcomes, including short OFS and OS and early cancer
recurrence (3–6). Our study did not observe any statistically
significant differences in the baseline characteristics between
patients with early cervical cancer who underwent either ORH
or LRH. Patients treated with LRH or ORH had no statistically
significant differences in the OS and DFS. More studies to
investigate the surgical outcomes and survival in patients
treated with these two types of surgery are required.

Both ORH and LRH could also cause postoperative bladder,
colorectal, and sexual dysfunction, and decreased quality of life in
affected patients due to physical discomfort and mental stress (7).
NSRH was proposed to preserve the visceral nerves to retain
postoperative pelvic functions (9). Clinical evidence has
demonstrated that NSRH could be a practical and safe
procedure, that may improve the postoperative quality of life of
women with cervical cancer (23). However, whether the NSRH
could affect the postoperative survival outcomes and cancer
recurrence is still under investigation since cancer could spread
Frontiers in Oncology | www.frontiersin.org 479
along the splanchnic nerve, which might be inadequately removed
by the NSRH (9, 10).

PNI refers to cancer cell invasion of the nerve fibers. Recent
studies have shown that cervical cancer could have PNI. PNI
was correlated with poor postoperative survival and cancer
recurrence. In cervical cancer patients with PNI, NSRH might
leave the cancer cells in the nerve fibers intact. In addition, studies
have shown that PNI could be associated with other pathology
risk characteristics and poor prognosis (15, 24). Cervical cancer
patients with PNI could thus have a high risk for postoperative
cancer recurrence or metastasis. Some authors suggested that PNI
should be a major consideration when selecting NRSH for
patients with cervical cancer (10). However, preoperative
determination of PNI could be difficult. Studies have suggested
that preoperative pelvic MRI imaging and intraoperative frozen
section examinations might help to define the PNI, but the results
were not conclusive. More studies are required to find the
methods that can provide an accurate preoperative diagnosis
of PNI.

The objective of our study was to ascertain whether different
types of surgery could affect the prognosis of early cervical cancer
with PNI. In our study, 12.1% of patients with early cervical cancer
had PNI, which was more than 8.6% reported by Zhu et al. (13).
This percentage difference might be because our patients had
slightly higher FIGO stages than their patients. Our study results
TABLE 1 | Clinical and histopathological characteristics of study participants.

Characteristics LRH group (N = 33) ORH group (N = 69) LNSRH group (N = 72) P

Age, years (mean ± SD) 52.8 ± 8.0 52.8 ± 9.1 53.2 ± 10.2 0.085
FIGO stage, N (%) 0.920
IA 1 (3.0%) 0 (0.0%) 5 (6.9%)
IB1 6 (18.2%) 14 (20.3%) 9 (12.5%)
IB2 11 (33.3%) 15 (21.8%) 28 (38.9%)
IB3 1 (3.0%) 9 (13.0%) 4 (5.5%)
IIA1 2 (6.1%) 7 (10.1%) 9 (12.5%)
IIA2 2 (6.1%) 5 (7.2%) 2 (2.8%)
IIIC1 9 (27.3%) 18 (26.1%) 13 (18.1%)
IIIC2 1 (3.0%) 1 (1.5%) 2 (2.8%)

Pathology, N (%) 0.928
Squamous cell carcinoma 30 (90.9%) 61 (88.4%) 64 (88. 9%)
Adeno/adenosquamous carcinoma 3 (9.1%) 8 (11.6%) 8 (11.1%)

Histological grade, N (%) 0.089
Well-differentiated 8 (24.2%) 14 (20.3%) 14 (19.4%)
Moderately differentiated 17 (51.5%) 33 (47.8%) 29 (40.3%)
Poorly differentiated 8 (24.2%) 22 (31.9%) 29 (40.3%)

Tumor size, cm (mean ± SD) 3.5 ± 1.1 3.8 ± 1.2 3.5 ± 1.3 0.642
Depth of invasion 0.274
<1/2 13 (39.4%) 24 (34. 8%) 30 (41. 7%)
≥1/2 20 (60.6%) 45 (65.2%) 42 (58.3%)

LVSI 0.330
Present 9 (27.3%) 26 (37.7%) 29 (40.3%)

Lymph node metastasis
Positive 10 (30.3%) 19 (27.5%) 15 (20.8%) 0.246

Perineural invasion
Positive 2 (6.1%) 10 (14.5%) 9 (12.5%) 0.407

Rejected adjuvant radiation therapy, N (%) * 3 (14.3%) 6 (12.0%) 3 (5.7%) 0.152
Cancer recurrence 0 (0.0%) 4 (66.7%) 1 (33.3%)
April 2022 | Volume 12 | Article 8
LVSI, lymphovascular space invasion.
*These patients were considered to have the risk of tumor recurrence and were offered the adjuvant radiation therapy. However, they refused the treatments.
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showed that early cervical cancer patients with PNI had lower
postoperative DFS and OS than those without PNI. This result is
consistent with previous reports (14, 15). Multivariate regression
analysis demonstrated that, in all patientswithPNI, the lymphnode
metastasis, but not the type of surgery, was an independent risk
factor impacting theDFS andOS. Thisfinding implied that LNSRH
probably has similar efficacy as LRH and ORH in treating early
cervical cancer patients with PNI. Therefore, physicians should
carefully consider lymph node metastasis and not the type of
surgery when considering hysterectomy in these patients with
PNI. Lymph node metastasis and not the type of hysterectomy
would determine the length of postoperative survival.
Frontiers in Oncology | www.frontiersin.org 580
In this retrospective study, we performed NSRH
laparoscopically. The minimally invasive techniques could
enhance postoperative recovery, decrease postoperative
complications, and improve short-term prognosis compared with
major gynecologic surgery, such as RH (25, 26).We did not identify
a statistically significant DFS and OS difference among the three
groups, but the DFS andOSwere higher in the LNSRH group than
in the other two groups. These findings suggest that LNSRH is a
feasible, safe, and effective surgical option for treating early cervical
cancer with PNI (23).

Additional benefits of LNSRH could be the earlier return of
bladder function, allowing patients to undergo earlier
TABLE 2 | Multivariate analysis for disease-free survival and overall survival.

Variables Disease-free survival time Overall survival time
P P

FIGO stage, n (%) 0.216 0.258
Depth of invasion 0.815 0.250
LVSI 0.652 0.146
Lymph nodes metastases 0.000 0.000
Type of surgery* 0.990 0.690
April 2022 | Volum
LVSI, lymphovascular space invasion.
*Types of surgery, open radical hysterectomy, laparoscopic radical hysterectomy, or laparoscopic nerve-sparing radical hysterectomy.
A B

DC

FIGURE 2 | Kaplan-Meier survival analyses. (A) Comparisons of disease-free survival (DFS) periods among three groups. (B) Comparisons of overall survival (OS)
periods among three groups. There was no statistically significant difference in DFS and OS among the three groups. (C) DFS periods between positive and negative
PNI groups. (D) OS periods between positive and negative PNI groups. PNI positive group had lower DHS and OS than the PCI negative group.
e 12 | Article 889862
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postoperative adjuvant radiotherapy, and potentially improving
the chances of survival.

Ourstudy’s strengths include itsdirect survival comparisonamong
three different types of hysterectomy and relatively long-term follow-
up periods. The study’s limitations include the retrospective design,
single-center study, and a very small sample size.We only studied the
survivals, but not thepostoperative complications andquality of life of
these patients. Future prospective studies should be conducted to
validate our findings and address these questions.

In conclusion, patients with early cervical cancer and PNI had
shorter postoperative DFS and OS periods. In these patients,
lymph node metastasis, but not the surgery types, was
independently associated with the DFS and OS.
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Ultrasound targeted microbubble destruction (UTMD) was introduced as a promising
method to improve anti-tumor therapeutic efficacy, while minimizing side effects to healthy
tissues. Nevertheless, the acoustical phenomenon behind the UTMD as well as the exact
mechanisms of autophagy action involved in the increased anti-cancer response are still
not fully understood. Therefore, we examined the drug resistance-reversing effects of low-
intensity focused ultrasound with microbubble (LIFU+MB) in paclitaxel (PTX)-resistant
ovarian cancer cells. Cell viability was evaluated using CCK8 (Cell Counting Kit-8),
apoptosis was detected by flow cytometry, quantitative real-time PCR and Western
blot were used to detect the expressions of mRNA and protein, and autophagy was
observed by transmission electron microscopy (TEM). We revealed that the level of
autophagy was increased (p < 0.05) in PTX-resistant ovarian cancer cells. Treatment of
LIFU+MB combined with PTX can notably inhibit proliferation as well as increase
apoptosis (p < 0.01) in drug-resistant cells. We proposed that LIFU+MB might affect
the sensitivity of ovarian cancer cells to PTX by modulating autophagy. To verify the
hypothesis, we analyzed the autophagy level of drug-resistant cells after the treatment of
LIFU+MB and found that autophagy was significantly inhibited. Altogether, our findings
demonstrated that LIFU+MB could reverse PTX resistance in ovarian cancer via inhibiting
autophagy, which provides a novel strategy to improve chemosensitivity in ovarian cancer.
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INTRODUCTION

Drugresistance is still a severeproblemin themanagementofovarian
cancer all over the world (1). The standard postsurgical
chemotherapy is the use of paclitaxel (PTX), a natural antimitotic
agent, which has proven effective in many ovarian epithelial
carcinomas (2). However, the treatment is often compromised by a
high rate of relapse because of the development of drug resistance,
which is a major obstacle in the management of ovarian cancer (3).
Drug resistance has been linked to many mechanisms, including
efflux transporters, apoptosis dysregulation, autophagy, cancer stem
cells, epigenetics, and the epithelial–mesenchymal transition. Thus, it
is key to developing and choosing effective therapies (4).

In recent years, therapeutic ultrasound, especially low-intensity
focused ultrasound (LIFU), has received increasing attention due to
its non-invasive nature, safety, and low cost (5). Ultrasound can
cause physical and biochemical effects to affect tumor cell damage
and apoptosis (6). A large number of recent studies have verified
that ultrasound-targeted microbubble destruction (UTMD)
technology can be applied for tumor-targeted therapy, providing
a new treatment method for malignant tumors (7). Many UTMD-
induced bioeffects have been reported already. For example, studies
have shown that sonoporation can induce cellular stress,
progression delays, endocytosis, actin cytoskeleton disruption,
and membrane blebbing (8). However, the role of UTMD-
induced autophagic changes in PTX-resistant cells remains
unclear; thus, further studies are needed to elucidate its role.

Autophagy is an evolutionarily conserved indispensable
catabolic process for the degradation of cytoplasmic components
within lysosomes, which leads to organelle turnover and provides
energy and macromolecular precursors (9). Autophagy frequently
occurs during tumor growth and cancer chemotherapy (10).
However, increasing evidence implicated that constructive
autophagy usually functions to protect cancer cells during
chemotherapy, leading to cancer drug resistance and refractory
cancer (11). Recently, some studieshave revealed that, under certain
conditions, inhibiting autophagy can suppress cancer
resistance (12).

Although the efficiency of UTMD-mediated cavitation in
permeabilizing the biological barriers has been demonstrated, the
exact mechanism behind the action of UTMD-induced autophagic
changes has not been completely elucidated (13). Furthermore, the
effect of UTMD in autophagy has not been tested yet. The main
objective of this studywas to explore the underlyingmechanisms of
clinically approved MB, in combination with LIFU in cancer
therapy. Our data revealed that LIFU+MB was effective in cell
apoptosis. The biological effects of LIFU+MB were significant
determinants for the inhibition of cell proliferation, while we
proposed that downregulated autophagy might be a contributing
factor for improving chemosensitivity.
MATERIALS AND METHODS

Cell Culture
PTX-sensitive ovarian cell lines SKOV3 and A2780, and PTX-
resistant cell lines SKOV3-TR and A2780-TR were gifts from
Frontiers in Oncology | www.frontiersin.org 284
Women’s Reproductive Health Research Laboratory of Zhejiang
Province (Hangzhou, China). A2780 and A2780-TR were
cultured in RPMI 1640 media (Gibco, China) containing 10%
fetal bovine serum (FBS, GIBCO or CellMax) and 1% penicillin/
streptomycin (HyClone Laboratories, USA; 100 units/ml
penicillin and 100 mg/ml streptomycin). SKOV3 and SKOV3-
TR cells were cultured in McCoy’s 5A medium (Boster Biological
Technology Co., Wuhan, China) supplemented with 10% FBS
and 1% penicillin/streptomycin. To maintain the drug-resistant
phenotype, SKOV3-TR and A2780-TR cells were cultured in the
presence of 10 nmol/L PTX (Bristol-Myers Squibb
Pharmaceuticals Ltd., USA) and passaged for 1 week in a
drug-free medium before the experiment. All cells were grown
in an incubator with a humidified atmospheric air containing 5%
CO2 at 37°C. The cells were used for experiments on the
logarithmic phase.

Determination of the Inhibitory
Concentration 50%
To identify the situation of the PTX resistance, cells were treated
with increasing dosages of PTX for 48 h, and cell viability was
tested by the Cell Counting Kit-8 (CCK-8, Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer’s instructions.
The absorbance at 450 nm was measured by using a Versamax
microplate reader (Thermo Varioskan Flash, USA). Absorption
in the blank well was subtracted, and the control was set as 100%,
and others were normalized accordingly. The IC50 was calculated
by the GraphPad Prism program.

LIFU+MB Therapy System
The ultrasound probe system was developed and produced by our
group (14, 15). We followed the best community-accepted
practices in the tutorial papers as guidance (16, 17). The water
tank type and the portable type are made using in vitro and in vivo
experiments (Figures 1A–E). The system can deliver focused
ultrasound energy (transducer’s active diameter 67 mm, −6 dB
focal diameter 2.44 mm, −6 dB focal length 5.0 mm). In in vitro
experiments, acoustic absorbing layers were placed at the inner
wall of the tank, consisting of a computer, a waveform generator
(RIGOL DG1022U, Beijing RIGOL Technology Co., Ltd., China),
a power amplifier (JYH-1000, JIE HUI Industry Co., Ltd.,
Shanghai, China), and a motion stage to allow for movement
and positioning perpendicular to the ultrasound beam axis. The
animal experiment was performed using a portable ultrasonic
probe (the cover of the probe is made of a sound-absorbing
material), which was also designed and produced by our group.
The beam profiles were recorded using a needle hydrophone
(HNR-0500; Onda, Sunnyvale, CA, USA) and an automated
three-axis micro-positioner (ASTS-01; Onda Corporation).
Figures 2A, B show the corresponding peak negative pressure
on the hydrophone scan plane. Figures 2C, D show the simulation
results of the temperature rise in the PVDF sensor when the
ultrasound transducer worked for 1 s (15).

The SonoVue® microbubble contrast agent (Bracco S.p.A,
Milan, Italy) was reconstituted in 5 ml of normal saline, a
concentration of 10% (v/v) of which was used in each
April 2022 | Volume 12 | Article 823956
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A B

D E

C

FIGURE 1 | Design of acoustic exposure platform. Illustration of the entire platform setup that includes (A) compute, (B) waveform generator, (C) power amplifier,
(E) transducer, and (D) the exposure platform immersed within a degassed water bath.
A B

D C

FIGURE 2 | Characterization of the in situ ultrasound field and temperature change. (A) 3-D plot of the peak negative pressure on the hydrophone scan plane. (B) 2-D
plot of the peak negative pressure. Red circle: −3 dB focal region. Yellow circle: −6 dB focal region. (C) Temperature rise in the sensor. (D) Temperature change at the
front side and back side of PVDF.
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experimental group. Once reconstituted, it can be chemically and
physically stable for 6 h. Studies showed that SonoVue®

microbubbles are safe and well tolerated when administered
intravenously at 0.03 and 0.3 ml/kg, which are the expected
clinical dose and 10 times the clinical dose, respectively. The
extremely rapid pulmonary elimination of the compound would
indicate that SF6 does not accumulate in healthy subjects, even
with repeated administration. SonoVue® microbubbles can also
serve as artificial and preexisting nuclei for ultrasound-induced
stable and inertial cavitation, which are considered to be the most
important mechanism for therapeutic applications. The mean
terminal half-life was 12 min (range, 2 to 33 min). More than
80% of the administered sulfur hexafluoride was recovered in
exhaled air within 2 min after injection and almost 100% after
15 min (18).

The ultrasonic stimulation experiments were conducted in
cells with and without microbubbles. Figure 3 shows the
relat ionship between SKOV3 cel l viabi l ity and the
concentration of SonoVue® microbubbles, treatment time,
ultrasonic intensity, and duty factor. During the experiments,
the system operating parameters were 1 MHz, 20% duty cycle
(on 0.2 s, off 0.8 s), 3 min exposure duration, 0.42 MPa peak
negative pressure, 3 W/cm2 ISPPA, 0.6 W/cm2 ISPTA, and 108.0 J/
cm2 with delivered acoustic energy density. The ultrasound beam
propagates vertically into the target through an acoustically
transparent sealed chamber (NUNC™ OptiCell®, cat. no.
155330; OptiCell® is a unique cell culture format for growing,
monitoring, and transporting cells, which consists of two parallel
Frontiers in Oncology | www.frontiersin.org 486
gas-permeable and cell culture-treated polystyrene membranes),
with acoustic coupling provided by degassed water.

Cell Proliferation
The in vitro experiment included eight groups: (1) Blank, (2)
LIFU alone, (3) MB alone, (4) LIFU+MB, (5) PTX (200 nM), (6)
PTX (200 nM)+LIFU, (7) PTX (200 nM)+MB, and (8) PTX (200
nM)+LIFU+MB. For the Blank and LIFU alone groups, an
equivalent volume of medium was used instead of MB or PTX.
After 0 h, 12 h, 24 h, 48 h, and 72 h, the medium was exchanged
and cell viability was determined as mentioned above. All assays
were replicated three times.

Cell Apoptosis Analysis
Apoptosis of the cells was measured by an Annexin V-
fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit (MultiSciences Biotechnology, Zhejiang,
China) according to the manufacturer’s instruction. The cells
were randomly divided into the aforementioned eight treatment
groups. In brief, cells were harvested after 24 h and double-
stained with Annexin V-FITC and PI for 15 min in the dark and
then analyzed using a FACSCalibur flow cytometer (BD
LSRFortessa, USA). The experiments were replicated at least
three times.

Western Blot Analysis
Cultured cells were harvested and lysed in RIPA buffer
(Beyotime Biotechnology, Shanghai, China) containing 1%
A B

D C

FIGURE 3 | Relationship between different parameters and the cell viability. (A) Relationship between the SonoVue® microbubble concentration and the cell viability.
The frequency, duty factor, treatment time, and ultrasonic intensity were 1 MHz, 20%, 3 min, and 3 W/cm2, respectively. (B) Relationship between the treatment time
and the cell viability. The frequency, duty factor, SonoVue® microbubble concentration, and ultrasonic intensity were 1 MHz, 20%, 10% (v/v), and 3 W/cm2,
respectively. (C) Relationship between the ultrasonic intensity and the cell viability. The frequency, duty factor, SonoVue® microbubble concentration, and treatment
time were 1 MHz, 20%, 10% (v/v), and 3 min, respectively. (D) Relationship between the duty factor and the cell viability. The frequency, SonoVue® microbubble
concentration, treatment time, and ultrasonic intensity were 1 MHz, 10% (v/v), 3 min, and 3 W/cm2, respectively.
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protease inhibitor and separated by electrophoresis, transferred
to membranes, and subjected to Western blot according to the
standard procedure. The following antibodies were used: Anti-
LC3B (ab192890, 1:1,000) was purchased from Abcam
(Cambridge, MA, USA), anti-SQSTM1/p62 (#8025, 1:1,000)
was purchased from Cell Signaling Technology (Danvers, MA,
USA), and anti-GAPDH (AF0006, 1:1,000), used as the internal
control, was purchased from Beyotime Biotechnology (Beyotime
Biotechnology, Shanghai, China). After incubation with the
appropriate secondary antibody, results were detected using
ECL detection reagents. Immunoreactive bands were quantified
by densitometry using ImageJ software.

Transmission Electron Microscopy
The cells were collected after centrifugation at 1,000g for 5 min.
Subsequently, the cells were washed twice with cold phosphate-
buffered saline (PBS) and fixed with 2.5% glutaraldehyde
overnight at 4°C. Then, cells were dehydrated in a graded
ethanol series and embedded by epoxy resin. After mounting
on copper grids, the ultrathin sections were double-stained with
uranyl acetate and lead citrate. The samples were examined and
imaged with a TECNAI 10 or 12 transmission electron
microscope (Philips, Holland).

RNA Preparation and Quantitative Real-
Time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, USA),
and RT-PCR was performed according to the manufacturer’s
instructions. cDNA was synthesized using the PrimeScript RT
reagent Kit (Code No. RR047A, Takara, Dalian, China). RT-PCR
was performed using the Roche LightCycler 480 and TB Green™

Fast qPCR Mix (Code No. RR820A, Takara, Dalian, China). The
primer sequences are listed in Table 1. All reactions were run in
triplicate. The expression level was normalized to the GAPDH
control, and relative expression values were determined against the
control using the 2–DDCT method.

Animal Experiment
Animal experiments were approved by the medical experimental
animal care commission of Zhejiang University. Female nude
mice, aged 4–6 weeks, weighing 18–20 g, were purchased from
the Animal Experiment Center (Shanghai SLRC Experimental
Animal Co., Ltd., China) and were maintained under controlled
conditions of temperature (20 ± 1°C, relative humidity 50%–
80%) and illumination (12-h light, 12-h dark). All mice had free
access to a standard diet and water.

Approximately 1×107 A2780-TR cells in 200 ml of serum-free
medium and Matrigel solution were injected directly into the
flank of each mouse. The tumor-induced nude mice were
Frontiers in Oncology | www.frontiersin.org 587
randomly divided into four groups, with four mice in each of
the following groups: the control group, the PTX (10 mg/kg)-
treated group, the LIFU+MB-treated group, and the PTX (10
mg/kg)+LIFU+MB-treated group. When the tumor volume
reached 150 mm3, the mice received a corresponding
treatment. The therapeutic transducer was positioned on top of
the tumor. An acoustic absorbing pad was placed under the
animal to prevent standing waves from developing. PTX
injection is a sterile, stabilized solution of PTX, suitable for
dilution for intravenous administration. All the mice were
anesthetized with intraperitoneal injections of 1% sodium
pentobarbital (6.25 ml/kg), and different suspensions (0.2 ml)
were administered via the lateral tail vein catheterized with a 26-
gauge angio-catheter (Angiocath, Becton Dickinson, UT). For
ultrasound stimulation experiments, the animals were exposed to
tumor-directed acoustic insonation immediately after injection.
The acoustic setup and insonation parameters are described as
before. The mice were treated, the long and short diameters of
the tumor were measured, and the tumor volumes (TV, TV =
0.5 × length × width2) were calculated every 3 days. The tumor
growth curve was drawn according to the measured TV values.
After 18 days of treatment, the nude mice were sacrificed by
cervical dislocation, and the tumor mass was removed
and weighed.

Contrast-Enhanced Ultrasound
Imaging Technique
In a preliminary study, contrast-enhanced ultrasound (CEUS)
was performed in mice. The examinations were performed using
a GE LOGIQ 9 unit (GE Healthcare, Waukesha, USA) and a
linear probe (9L), adjusted to examinations using a microbubble
contrast agent. SonoVue® was used at a dose of 0.1 ml,
immediately followed by an injection of 0.1 ml of normal
saline. Images were recorded for 3 min after contrast
agent injection.

Histological Analysis and
Immunohistochemistry
Tumor tissues from the control and LIFU+MB groups were
embedded in paraffin and cut into 4 mm-thick sections. Then, the
sections were stained with hematoxylin and eosin (H&E). For
immunohistochemical staining, the sections were incubated with
Anti-LC3B antibodies at 4°C overnight. The subsequent sections
were exposed to HRP-antibody colored with diaminobenzidine
(DAB), and visualized bymicroscopy (DM 2500, Leica, Germany).

Statistical Analysis
All statistical analyses were performed using SPSS 19.0 software
(SPSS Inc., Chicago, IL, USA). Data were presented as mean ±
TABLE 1 | Sequences of primers for quantitative real-time PCR.

Gene Name Forward Primer Sequence (5′!3′) Reverse Primer Sequence (5′!3′)

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
p62(SQSTM1) AAGCCGGGTGGGAATGTTG CCTGAACAGTTATCCGACTCCAT
LC3B-II GATGTCCGACTTATTCGAGAGC TTGAGCTGTAAGCGCCTTCTA
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standard deviation. One-way analysis of variance (ANOVA) was
used to analyze the differences among groups. The Student’s t-test
and Mann–Whitney U-test were used to compare the means of the
two continuous data. All contingency tables and multiple
parameters were assessed using the chi-squared test. *p-values <
0.05, **p < 0.01, or ***p < 0.001 (two-tailed) were considered as
statistically significant. Images were processed using GraphPad
Prism 6 (GraphPad Software, La Jolla, CA, USA) and Adobe
Photoshop CS5 (Adobe, San Jose, CA, USA).
RESULTS

The Sensitivity of PTX in Human Ovarian
Cancer Cell Lines SKOV3, A2780, SKOV3-
TR, and A2780-TR
SKOV3, SKOV3-TR, A2780, and A2780-TR cells were treated with
increasing concentrations of PTX for 48 h (Figures 4A, B). Then,
CCK-8 assay was used to detect the cells’ viability. Cell survival was
decreased in a dose-dependent manner in all cell lines. As expected,
the SKOV3-TR and A2780-TR cells were more resistant under
different concentrations of PTX, as compared with the SKOV3 and
A2780 parental cells (p < 0.05). IC50 values confirmed these results
(Figure 4C). The IC50 values of PTX for SKOV3 vs. SKOV3-TR and
A2780 vs. A2780-TR cells were 206.6 ± 28.9 vs. 7,914.1 ± 675.5 and
47.4 ± 3.9 vs. 3,538.0 ± 363.9 nM, respectively.

The Increasing Autophagy Status in Cell
Lines SKOV3-TR and A2780-TR
To determine the contributions of autophagy to cell
chemosensitivity, the autophagy level was evaluated in SKOV3,
SKOV3-TR, A2780, and A2780-TR cells. Compared with the
PTX-sensitive cells, PTX-resistant cells showed higher LC3B-II
protein level in Western blot analysis. For the change of p62/
SQSTM1, it was inconsistent in two cell lines, which increased in
A2780 but declined in SKOV3 (Figures 5A–C). Furthermore,
autophagic flux was measured by assessing LC3B-II and p62/
SQSTM1 in the presence of BafA1, an inhibitor that blocks the
lysosomal degradation of autophagosomes. Consistently, PTX-
resistant cells had higher levels of autophagic flux compared with
the sensitive cells (Figures 5A–C). The RT-PCR results showed
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that the LC3B-II expression level was decreased, while the p62/
SQSTM1 expression level was increased in the PTX-sensitive cell
lines compared with the PTX-resistant cell lines. These results
indicated that autophagy activity was higher in PTX-resistant
cells than that in PTX-sensitive cells (Figures 5D, E). As
expected, transmission electron microscopy (TEM) revealed
the increasing number of autophagosomes in the SKOV3-TR
and A2780-TR cells compared to the SKOV3 and A2780 cells
(Figures 5F–H). Therefore, these results suggested that the
higher level of autophagy in SKOV3-TR and A2780-TR cells
might associate with the drug resistance character.

LIFU+MB Recovered the Chemosensitivity
of SKOV3-TR and A2780-TR Cells to PTX
Cell viability assays demonstrated that the treatment of LIFU and
MB alone did not influence cell growth, but LIFU+MB inhibited
cell proliferation to some extent. PTX+LIFU and PTX+MB
treatments were unable to enhance chemosensitivity, while the
PTX+LIFU+MB combination can distinctly inhibit cell growth
of SKOV3-TR and A2780-TR cells (Figures 6A, B). In addition,
the enhancement effect of LIFU+MB on the cells is short term.

To determine whether LIFU+MB treatment exerted a pro-
apoptotic effect on cells, flow cytometry analysis via Annexin V-
FITC/PI staining was performed. The results demonstrated that
apoptotic cell death was induced upon LIFU+MB treatment
while US and MB treatment did not. Consistent with these
results, PTX+LIFU+MB significantly induced apoptosis
compared with PTX treatment (Figures 6C–F). These results
suggested that LIFU+MB treatment was able to enhance drug-
induced apoptosis.

LIFU+MB Decreased Autophagy Status of
SKOV3-TR and A2780-TR Cells
To further figure out the major factors of LIFU+MB treatment-
induced chemosensitivity, we tested the autophagic rate after
treatment. SKOV3-TR and A2780-TR cells were pretreated with
autophagy inhibitor Baf A1 for 1 h, treated with LIFU+MB, and
cultured for 24 h; the autophagic rate was detected later. Western
blot analyses demonstrated that LC3B-II expression levels were
decreased in the treatment group, and p62/SQSTM1 expression
level was increased in A2780-TR but decreased in SKOV3-TR
A B C

FIGURE 4 | Paclitaxel inhibits ovarian cancer cell viability. (A, B) Viability of paclitaxel-resistant (SKOV3-TR and A2780-TR) and paclitaxel-sensitive (SKOV3 and
A2780) cell lines in response to different concentrations of paclitaxel measured by the CCK-8 assay. (C) IC50 values of paclitaxel for SKOV3, A2780, SKOV3-TR,
and A2780-TR cells. The IC50 values are calculated by SPSS 19.0 software. (**p < 0.01, n = 3, student t-test, means ± 95% CI).
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(Figures 7A–C). In the presence of Baf A1, the LIFU+MB group
had lower levels of autophagy compared with the control. These
observations were independently validated using TEM. LIFU+MB
treatment strikingly decreased the number of autophagosomes in
both SKOV3-TR and A2780-TR cells with or without BafA1
(Figures 7F–H). In addition, mRNA levels were also detected by
qRT-PCR, and the data showed that LC3B-II expression level was
decreased, while the p62/SQSTM1 expression level was increased
after treatment (Figures 7D, E). These results suggested that
downregulated autophagy of LIFU+MB treatment could
contribute to chemosensitivity.

LIFU+MB Improved PTX Efficiency in
Ovarian Cancer In Vivo
The tumors showed complete hyperenhancement during the
arterial phase in a preliminary experiment (Figure 8A). During
the late phase, the tumors were also hypo-enhanced (Figure 8B).
Next, the effects of LIFU+MB treatment on PTX efficiency were
tested in vivo. The results showed that PTX and LIFU+MB
treatment slightly suppressed tumor growth, whereas the LIFU
+MB and PTX combination significantly enhanced the effect of
PTX, suppress ing tumor growth (Figures 8C, D) .
Immunohistochemical analyses showed that LIFU+MB
decreased LC3B expression levels (Figures 8E, F). Our findings
indicated that LIFU+MB treatment could sensitize ovarian
cancer cells with PTX resistance in vivo.
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DISCUSSION

Drug resistance is a major problem in chemotherapy for ovarian
cancer (19). Numerous studies have found that autophagy
dysregulation might play important roles in chemoresistance
(20). Autophagy has dual roles in cancer. It may allow cells to
survive under unfavorable conditions. Paradoxically, it may also
emerge as a tumor suppressor and eventually kill cancer cells
(21). In this study, we observed that the autophagy levels of PTX-
resistant cell lines SKOV3-TR and A2780-TR were higher than
their parental cells, SKOV3 and A2780 (p < 0.05), indicating that
autophagy may play a pro-survival role here, consistent with the
report from Zhang et al. (22). As a further layer of complexity,
upregulation of autophagy may lead cancer cells to a non-
proliferative dormant state that protects the cells from toxic
injuries while preserving their stem-like properties (23).

In this study, we designed and constructed a LIFU
therapeutic system, aiming to explore the efficacy and
mechanisms responsible for the enhancement of combining
UTMD+PTX treatment for refractory ovarian cancer. Early
studies showed that UTMD could increase the permeability of
the plasma membrane, and the mechanical and cavitation effects
were considered responsible for the low-intensity ultrasound
bio-effects (6). Cavitation divides into two different physical
processes, stable and inertial, that affect cells in different ways
(24). Stable cavitation refers to the periodic expansion and
A
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FIGURE 5 | Autophagy detection in SKOV3, A2780, SKOV3-TR, and A2780-TR cells. (A–C) Western blot showed p62(SQSTM1) and LC3B levels in SKOV3,
A2780, SKOV3-TR, and A2780-TR cells. The densitometric evaluations are calculated by ImageJ. (D, E) The expression of autophagy was determined by real-time
PCR. (F–H) The autophagic vacuoles (autophagosomes) were detected in SKOV3, SKOV3-TR, A2780, and A2780-TR by transmission electron microscopy (TEM).
The representative TEM images are shown and the typical autophagosomes are marked with red arrows. The number of autophagosomes per cell was calculated by
counting the number of double-membrane organelles in 10 cells. (*p < 0.05, **p < 0.01, n = 3, student t-test, means ± 95% CI).
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FIGURE 6 | LIFU+MB enhanced the chemosensitivity of SKOV3-TR and A2780-TR cells to paclitaxel. (A, B) OD values were assessed by the
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FIGURE 7 | Autophagy detection in SKOV3-TR and A2780-TR cells after LIFU+MB. (A–C) Western blot showed p62(SQSTM1) and LC3B levels in SKOV3-TR and
A2780-TR cells. (D, E) The expression of autophagy was determined by qRT-PCR. (F–H) Analysis of autophagy after LIFU+MB in SKOV3-TR and A2780-TR cells.
(*p < 0.05, **p < 0.01, n = 3, student t-test, means ± 95% CI).
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FIGURE 8 | The effects of different treatments on the tumor-induced nude mice. (A) Contrast-enhanced ultrasound with time–intensity curve. (B) Preliminary
assessment of tumors in mice, images at 15 s and 2 min after administration of 0.1 ml microbubble. (C) LIFU+MB significantly inhibited subcutaneous tumor growth
in mice treated with paclitaxel. (D) Growth curve of A2780-TR subcutaneous xenograft tumors. (E, F) LC3B expression analyzed by immunohistochemistry in tumor
tissues and quantified. Scale bar: 50 mm (×400). (**p < 0.01, n = 3, student t-test, means ± 95% CI).
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contraction of microbubbles around their equilibrium radius in a
low-pressure sound field. Inertial cavitation refers to the large
expansion and rapid collapse of microbubbles in a high-pressure
sound field, and may trigger sonochemical reactions, generate
reactive oxygen species, and cause sonoluminescence (25, 26).
However, in our experiment, only LIFU (1 MHz, 3 W/cm2, 20%
duty cycle) had little influence for cells, indicating that the
inertial cavitation (LIFU+MB) may be a key factor.

To further explore the association between LIFU+MB and the
level of autophagy, apoptosis and autophagy were evaluated in
this study. Our results showed the increasing apoptosis rate of
PTX-resistant cells, but the expression of LC3B-II decreased after
treatment of LIFU+MB (p < 0.05). These results suggested that
the LIFU+MB-induced cell death is achieved by inducing
apoptosis. Indeed, therapies such as chemotherapy can induce
stress, and the metabolic contributions from autophagy can help
ameliorate the detrimental cellular effects (27). High-density
stress conditions such as LIFU+MB may disrupt these
metabolic compensations and induce apoptosis (28). Others,
such as LIFU+MB-induced stress response, resembles cellular
responses to electroporation and pore-forming toxins in
membrane repair, thus restoring cellular homeostasis, and may
lead to cell death (29). We also noticed that the effect of LIFU
+MB did not last long in vitro. Thus, to enhance the effect of
LIFU+MB treatment, the tumors were treated every 3 days
in vivo.

During autophagy, the adaptor protein p62/SQSTM1 is
consumed, and LC3B conversion is promoted. LC3B has two
forms in cells: LC3B-I and LC3B-II, which is the central protein
in the autophagy pathway. LC3B-I residing in the cytosol is
converted to the membrane-bound LC3B-II during
autophagosome formation (30). Thus, initiative autophagic flux
can be indicated by LC3B-II amount and the accomplishment
of p62/SQSTM1 degradation status, respectively (31). In this
study, we found that LC3B-II expression level decreased
after LIFU+MB treatment, suggesting that LIFU+MB could
inhibit LC3B-mediated autophagy in PTX-resistant
ovarian cancer cells. Nevertheless, further work needs to be
performed to detect autophagy with the LIFU+MB and
PTX combination.

Paradoxically, we found that basal p62/SQSTM1 expression
was higher in SKOV3-TR cell lines, which is fundamentally
different from what we found in A2780-TR cells. Following
treatment with LIFU+MB, the level of p62/SQSTM1 decreased
in SKOV3-TR cells while it increased in A2780 cells.
Interestingly, qPCR revealed that the level of p62/SQSTM1
increased in two cell lines. In a previous study, p62/SQSTM1
was related to the resistant mechanism of SKOV3 cells, not only
PTX but also other drugs (32). A possible explanation was
that ovarian cancer is a heterogeneous disease in which
different histological types may result from different origins
and distinct genetic patterns (33). Because p62 contains several
interaction domains to many signaling molecules for their
proteasomal degradation, monitoring p62 degradation thus
cannot accurately evaluate the exact autophagic flux or
autophagy outcome (34). Moreover, whether downregulating
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the expression of p62/SQSTM1 can effectively sensitize PTX-
resistant tumor is also not known (32, 35).

In vivo, we believe that the therapeutic efficacy observed
can be attributed to not only the potential decrease of
autophagic level in the tumor, but also other pathways. It is
known that ultrasound in combination with microbubbles can
increase the fenestration size of tumor's vascular wall, allowing
deeper drug penetration. (36). It can also disrupt the tumor
microenvironment and can affect many aspects of tumor biology
such as hypoxia, vascular permeability, and interstitial
fluid pressure (37). Nevertheless, further work needs to be
performed to ascertain the true mechanisms behind the
improved therapeutic efficacy in tumor tissue (38).

However, our studies have some limitations. First, cavitation
is typically evaluated on a cell monolayer, allowing direct contact
between the target cell line and microbubbles in vitro. Second,
further experiments are needed to better understand the
upstream regulation of autophagy and the related pathways in
ovarian cancer. Moreover, whether the method presented here is
effective in other refractory tumors is not known and require
additional work.
CONCLUSIONS

We have studied the efficacy and potential mechanism of
UTMD+PTX treatment on refractory ovarian carcinoma. Our
study indicated that LIFU+MB could enhance the localized
anticancer effect of PTX via inhibiting autophagy. Hence,
reversal of drug resistance is significantly improved by low-
intensity focused ultrasound with microbubbles. In a more
general sense, the combined LIFU+MB+chemotherapy drug
treatment might offer an innovative way to effectively reduce
the drug dosage so as to minimize the side effects of
conventional chemotherapy.
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Quanzhou, China, 2 Department of Oncology, The 2nd Affiliated Hospital of Fujian Medical University, Quanzhou, China

Background: Dysregulated non-coding RNAs exhibit critical functions in various cancers.
Nonetheless, the levels and corresponding functions of cirCSNX14 in esophageal
squamous cell carcinoma (ESCC) yet remain to be elucidated.

Methods: Initially, the aberrant low levels of lncRNA-LET within ESCC tissues are
validated via qRT-PCR observations. Moreover, the effects of lncRNA-LET upregulation
on cell proliferation in vitro are determined. In addition, a series of assays determining the
mechanistic views related to metabolism is conducted. Furthermore, the effects of
lncRNA-LET in affecting tumor growth are investigated in vivo in a mouse model.
Moreover, the interactions between lncRNA-LET and its networks are predicted and
determined by RNA immunoprecipitation-assisted qRT-PCR as well as luciferase
reporter assays.

Results: The downregulation of lncRNA-LET is correlated to the poor prognosis of ESCC
patients. Moreover, the upregulated expression of lncRNA-LET could have reduced the
cell viability. In vivo tumor inhibition efficacy assays showed that an increase of lncRNA-
LET presented excellent inhibitory effects on cancer proliferation as reflected by tumor
weight and volume in mice. Finally, the mechanistic views regarding the effects of miR-
106b-5p or miR-93-5p and SOCS4 on ESCC are related to the feedback of lncRNA-LET.

Conclusion: Collectively, this study suggested that lncRNA-LET miR-93-5p or the miR-
106b-5p–SOCS4 axis may provide great potential in establishing ESCC therapy.

Keywords: esophageal squamous cell carcinoma, lncRNA-LET, miR-93-5p, miR-106b-5p, SOCS4
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INTRODUCTION

Esophageal squamous cell carcinoma (ESCC), a primary
esophageal cancer subtype, has remained as one of the
significant healthcare challenges globally (1). Despite several
advancements in treatment options and the development of
various medical technologies, the treatment against ESCC
remains highly challenging due to its location, which
significantly hampers early prognosis and ease of surgical
sectioning (2). Moreover, understanding the underlying
mechanism is another highly challenging task in developing
therapeutics against this malignant disease (3).

In addition to various attributes of increased glucose uptake
and lactate production, the intrinsically available long non-
coding ribose nucleic acids (lncRNAs) offer various essential
functions in cancer prognosis (4, 5). Interestingly, several reports
indicated the association of lncRNAs with cancer cell survival
and proliferation through cell metabolic activities (6). In a case,
lncRNA UCA1 enhanced tumorigenesis in bladder cancer
through the upregulation of HK2, a key enzyme for
metabolism (7). In another case, the downregulation of
lncRNA DUXAP8 markedly inhibited the expression of HK2
and LDHA and thus decreased the glucose uptake in NSCLC
cells (8).

Similarly, abnormal lncRNA levels have been identified in
ESCC, which could assist in understanding the origin and
proliferation of cancer cells towards early prognosis and the
development of therapeutic options—for instance, it was
reported that lncRNA POU3F3 could be beneficial for the
early screening of ESCC (9). Moreover, lncRNA HCG22 could
prevent the migration of cells in ESCC (8). In addition, lncRNA-
uc002yug.2 could improve the RUNX1 combination with
MALAT1, PEG10, and CASC9, showing an association with
ESCC (10). These findings, based on lncRNA levels, would
undoubtedly offer great potential in the early diagnosis or
prognosis of ESCC. However, the critical and targeted
functionalities of lncRNA-LET in ESCC cells still remain
unclear. Furthermore, abnormally expressed miRNAs have
been reported within various cancers (11), for instance, miR-
185-5p serves as a tumor-promoting gene (11), and KLF3 plays
critical biological impacts on cancer apoptosis (12).

In general, lncRNAs serve as the spongers of microRNAs
(miRNAs) that are abnormally expressed in various tumors (13,
14), affecting other target genes via base pairing (15),—for
instance, it was reported that the miR-548k in ESCC exerted
oncogenic functions through downregulating the lncRNA-LET
expression (16). On the contrary, upregulation of miR-93-5p and
miR-106b-5p within esophageal carcinoma has been reported in
the literature (17, 18). In another instance, the suppressors of
cytokine signaling (SOCS-1 and SOCS-3) were revealed to be
implicated in ESCC progression (19). Moreover, the association
of lncRNA TUSC7, miR-616, and SOCS4 has been revealed in
endometrial carcinoma (16, 20). Notably, miR-1290 was
abnormal in lung adenocarcinoma, contributing to cancer
progression through targeting SOCS4 (21). Inspired by these
facts, herein we intend to detect the levels and functions of
lncRNA-LET and its network in ESCC cancers. Moreover, the
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underlying regulated gene and protein expressions were also
investigated to thoroughly understand the function of
lncRNA-LET.
EXPERIMENTAL SECTION

Specimen Collection, Cell Culture,
and Transfection
In total, 80 ESCC and matched non-carcinoma samples were
altogether collected in cases from the 2nd Affiliated Hospital of
Fujian Medical University (FMU). The patients who underwent
chemotherapy or radiotherapy were excluded from our work to
avoid affecting the gene expression. Each case had provided
informed consent. Our study protocols gained approval from the
medical ethics committee of the 2nd Affiliated Hospital of FMU.

The ESCC cells (KYSE0, TE-1, KYSE150, KYSE410, and Eca-
109) were provided by the American Type Culture Collection
(Manassas, VA, USA) and cultured within Dulbecco’s modified
Eagle’s medium (Gibco, Grand Island, NB, USA) containing 8%
or 10% fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (Gibco).

The complementary deoxyribose nucleic acid (cDNA)
plasmids of lncRNA-LET were purchased from Genomeditech
Co, Ltd. (Shanghai, China). Puromycin (2 mg/ml, Solarbio Co.,
Ltd., Beijing, China) was used to select stable transfection cell
lines. The miR-106b-5p mimics, miR-93-5p, and corresponding
controls were provided by GeneChem Co., Ltd. (Shanghai,
China), which were transfected into cells with Lipofectamine
2000 (Invitrogen, NY, USA). The pcDNA-lncRNA-LET and
controls were provided by GenePharma (Shanghai, China) and
transfected using Lipofectamine 2000. Then, the pcDNA-
(SOCS4) vectors were designed and synthesized by Biovector
Science Inc. (Beijing, China):

lncRNA-LET WT: 5′-UACUUUGCCAAAUAGCACUUUA-3′
lncRNA-LET MUT: 5′-UACCCAGCUAGGCCCACGUAGA-3′
hsa-miR-93-5p: 5′-GAUGGACGUGCUUGUCGUGAAAC-3′
hsa-miR-106b-5p: 5′-UAGACGUGACAGUCGUGAAAU-3′
SOCS4 WT: 5′-AGAAGUAGACAAUUGCCACUUUU-3′
SOCS4 MUT: 5′-AGAAGUAGACAAUUGCAGCGACU-3′
Cell Proliferation
The cell counting kit (CCK)-8 (Solarbio, Beijing, China) was
adopted for examining cell proliferation. Briefly, non-treated or
treated cells (5 × 103/well) were inoculated into 96-well plates for
incubation. Each well was added with CCK-8 solution (10 ml) for
another 2 h of incubation. Finally, the plate was scanned using a
multiple-microplate reader (Bio-rad, Shanghai, China) at
450 nm.

RNA Extraction and qRT-PCR Assay
Initially, RNAstorm™ Kit (#CD501, Biotium, Fremont, USA)
was adopted for extracting total RNA, which was later prepared
into cDNA with miRNA Reverse Transcription Kit from Qiagen
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(Hilden, Germany). Next, cDNA amplification was performed by
7500 Fast Real-Time System (Bio-Rad) after mixing with SYBR
Green PCR Master Mix. The relative RNA expression was
obtained with the standard 2−DDCt method, in which b-actin
and U6 were applied as the endogenous references. The primer
sequences are as follows:

• b-Actin
F: 5′-AGCTCTGTAACCACAGGTTC-3′
R: 5′-GGGCGGTTGTTGGTCACAGA-3′

• U6
F: 5′-GCGCGCAACGGCGACTCA-3′
R: 5′-GAGGTAGGCGCTCCAGACGA-3′

• hsa-miR-93-5p
F: 5′-GCCGTTAAAGTCGTGTTC-3′
R: 5′-CAGAGCAGGGATCGATCTA-3′

• hsa-miR-106b-5p
F: 5′-TCCCGACAAACGAGCTTTGA-3′
R: 5′-AGGCAATGATCAGCGAATTC-3′

• SOCS4
F: 5′-GGGCACGGACAGCATGTTGC-3′
R: 5′-CCGTGAGTTAATGCTGCCTGGG-3′
Dual-Luciferase Reporter Assay
We obtained lncRNA-LET and miRNA targets from the sRNA
target dataBase (https://www.hsls.pitt.edu/obrc/index.php?page=
URL20110217163843). From the starBase analyses, the binding
sites of miR-106b-5p and miR-93-5p within the non-coding
region of the SOCS4 gene were observed. Primarily, the
mutant (SOCS4 MUT) and wild type (WT) of SOCS4 were
prepared via Genomeditech Co., Ltd. (Shanghai, China), which
were later inserted in the respective vector. Then, miR-106b-5p
and miR-93-5p or control mimics were transfected into cells and
then treated with pRL-SV40 (Promega). Finally, an analytical
assay exploring the luciferase activities was conducted with the
luciferase reporter assay kit (Solarbio).

RNA Immunoprecipitation–qRT-PCR
RNA Immunoprecipitation Kit (Sigma, St. Louis, USA) was
adopted for RNA immunoprecipitation (RIP) assay. Initially,
cell lysates were obtained using the abovementioned RNA
extraction kit and subjected to centrifugation. The magnetic
beads pre-treated with anti-IgG (ab1-470, Abcam, Cambridge,
UK) or anti-AGO2 (ab2-81, Abcam) were incubated with the
obtained supernatant. Subsequently, qRT-PCR was employed to
determine the enrichment of lncRNA-LET, miR-93-5p, and
miR-106b-5p.

Western Blotting
Initially, RIP assay lysis buffer was used to obtain total protein
from cellular lysates, and then the protein was quantified with
the Bradford method. Subsequently, the total denatured protein
was scattered with 10 or 12% SDS-PAGE and then transferred
onto nitrocellulose membranes (Sigma). Then, 5% bovine serum
albumin (BSA) was used to block the membranes and incubated
using anti-SOCS4, anti-HK2, anti-LDHA, anti-amino acid
Frontiers in Oncology | www.frontiersin.org 397
transporter-2 (ASCT2), and anti-glutaminase 1 (GLS1)
primary antibodies, respectively. b-Actin was applied as a
loading control. Then, horseradish peroxidase (HRP)-labeled
anti-rabbit IgG antibody (#7074, CST, USA) or HRP-labeled
anti-mouse IgG antibody (#7076, CST, USA) was adopted for
incubating the membranes. The blots were visualized by
enhanced chemiluminescence substrates. All reagents, except
antibodies, are obtained from Beyotime (Shanghai, China).

Determination of Glucose Uptake, Lactate,
ATP Production, Glutamine, and a-KG
Initially, controls or lncRNA-LET-overexpressed plasmids were
utilized to transfect the ESCC cells for a 48-h period.
Furthermore, the corresponding colorimetric assay kits
(BioVision, CA, USA) were used to determine the glucose and
lactate concentrations. The ATP levels in each group were
detected by an ATP colorimetric/fluorometric assay kit
(Sigma). The contents of glutamine and a-KG were detected
with a glutamine/glutamate determination kit (Sigma). Finally,
similar detections were conducted after the transfection with
miRNA mimics.

In Vivo Investigations
The in vivo investigations using mice were conducted strictly
following the Institutional Animal Care and Use Committee
guidelines from the 2nd Affiliated Hospital of FMU. The animals
were raised under a 12-h light/dark cycle room in an SPF
environment. To establish the tumor model, BALB/c nude
mice (age, 6 weeks old) were given an injection of Eca-109
cells transfected with normal vector or lncRNA-LET pcDNA
vector (200 ml of 1 × 106 cells/mouse) on the dorsal side of the
animal. Furthermore, the tumor volume was calculated using the
following equation: volume = (length × width2)/2, in which
length indicates the longest dimension, while width represents
the shortest dimension of the tumor. Finally, the mice were
euthanized with CO2 inhalation, and the excised tumors were
weighed accurately.

Immunohistochemistry Assay
Initially, the excised tumor tissues from nude mice were prepared
as paraffin slides, followed by antigen retrieval. Furthermore, 5%
BSA was adopted for blocking the tissue sections for a 1-h period,
followed by incubation using antibodies against anti-Ki67,
SOCS4, HK2, LDHA, ASCT2, and GLS1, respectively (Cell
Signaling Technology, Danvers, MA, USA). Finally, the slides
were observed using a microscope.

Statistical Analysis
The experimental results are displayed as mean ± SD. The statistical
analysiswasperformed, usingGraphPadPrism9.0, throughone-way
ANOVA or Student’s t-test plus Tukey’s post-hoc test at a defined
statistical significance of P <0.05 (*P < 0.05, **P < 0.01, and ***P <
0.001). Associations among lncRNA-LET and clinical features were
analyzed through chi-square test. The correlation between lncRNA-
LET miR-93-5p/miR-106b-5p and SOCS4 was examined by
Pearson’s correlation test.
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RESULTS

lncRNA-LET Profiles in ESCC Tissues
Initially, cancerous and paracancerous ESCC tissues were
analyzed by qRT-PCR to explore the clinical functionality of
lncRNA-LET. It was observed that lncRNA-LET was expressed
significantly lower (P < 0.001) in ESCC tissues compared to the
paracancerous tissues (Figure 1A). Then, the relationship
between lncRNA-LET and the prognosis of ESCC was
established by the overall survival rate evaluation (Figure 1B).
The overall survival time in patients with low levels of lncRNA-
LET indicated poor prognosis, demonstrating the anti-cancer
potential of lncRNA-LET. The lncRNA-LET decreased with an
increase of clinical T stage in ESCC patients (P < 0.001)
(Figure 1C), and lncRNA-LET in clinical LN-negative was
expressed significantly higher than that in clinical LN-positive
(P < 0.001) (Figure 1D). Owing to a wide variety of cells in the
tumor microenvironment, several other cell lines were selected to
more precisely characterize the expression levels of lncRNA-LET
in cancer cells. As depicted in Figure 1E, lncRNA-LET was
downregulated within the ESCC cell lines compared to the
paracancerous samples, indicating the anti-cancer efficacy of
lncRNA-LET. Furthermore, the overall survival time in
patients with high levels of SOCS4 indicated good
prognosis (Figure 1F).

Taking the median expression value of lncRNA-LET in the 80
cases of ESCC (Figure 1A) as a cutoff value, the patients were
randomly distributed into two groups as low and high lncRNA-
LET expression groups (n = 40). Based on the relationship of
lncRNA-LET with clinical features, the lncRNA-LET levels were
firmly related to the tumor size and differentiation, TNM stage,
Frontiers in Oncology | www.frontiersin.org 498
and lymph node metastasis. However, it should be noted that the
obtained results were independent of the age and gender of the
patients (Table 1).

Influence of lncRNA-LET on Proliferation,
Glycolysis, and Glutamine Decomposition
of ESCC Cells
Based on the results displayed in Figure 1C, two kinds of ESCC
cells, i.e., Eca-109 and KYSE410, were selected due to the
extremely low expression of lncRNA-LET. As depicted in
Figure 2A, lncRNA-LET plasmid pcDNA overexpression
could significantly increase the expression of lncRNA-LET in
Eca-109 and KYSE410 lines. The transfection would
substantially inhibit the viabilities of Eca-109 and KYSE410
cells (Figure 2B). Owing to the engagement of lncRNAs in the
metabolism of cancer cells via regulating transporters and
enzymes (7), in this study, the glucose content, lactate
generation, and ATP after the transfection of the lncRNA-LET
plasmid were evaluated. It was observed that the overexpression
of lncRNA-LET presented an apparent inhibition of glucose
intake, ATP generation, and lactate generation within both cell
lines (Figures 2C–E). Moreover, two crucial enzymes (HK2 and
LDHA) for glycolysis were markedly decreased with the
overexpression of lncRNA-LET (Figure 2F). Collectively, we
confirm that the upregulation of lncRNA-LET had significantly
repressed the glycolysis process intracellularly. Furthermore, the
glutamine, a-glutamine, and glutamic acid levels in Eca-109 and
KYSE410 cells were determined by an a-ketoglutarate (a-KG)
detection kit. Glutamate, glutamine, and a-KG within cells
transfected with the lncRNA-LET plasmid were significantly
decreased (Figures 2G–I), suggesting the inhibition of
A B

D E F

C

FIGURE 1 | (A) lncRNA-LET expression within esophageal squamous cell carcinoma (ESCC) and matched non-carcinoma samples was measured by qRT-PCR.
(B) The overall survival (OS) rate in cases showing lncRNA-LET downregulation (n = 40) and lncRNA-LET upregulation (n = 40) was analyzed by the Kaplan–Meier
plot. (C) lncRNA-LET expression in different clinical T stages was measured by qRT-PCR. (D) lncRNA-LET expression within clinical LN-negative and LN-positive
was measured by qRT-PCR. (E) lncRNA-LET expression in ESCC cell lines and the normal cell het-1a was measured by qRT-PCR. (F) The OS rate in cases
showing SOCS4 downregulation (n = 40) and SOCS4 upregulation (n = 40) was analyzed by the Kaplan–Meier plot. ***P < 0.001.
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lncRNA-LET on metabolism. In addition, the expression levels
of GLS1 and ASCT2 protein related to glutamine uptake and
metabolism were decreased with the overexpression of lncRNA-
LET in both cell lines (Figure 2J) (22, 23).

lncRNA-LET Sponge miR-106b-5p and
miR-93-5p
The starBase database was employed to analyze the miRNA binding
site of lncRNA-LET (Figure 3A) to elucidate the aspects of targeted
miRNA. It was observed that the lncRNA-LET wild type could bind
to miR-106b-5p and miR-93-5p. Eca-109 and KYSE410 cells were
subjected to miR-93-5p mimic treatment or non-treatment to
confirm the prediction accuracy. To explore these aspects,
miRNA expression was determined through qRT-PCR. From
Figure 3B, miR-93-5p mimic transfection could remarkably
increase the expression of miR-93-5p (P < 0.001) in both selected
cell lines. Similarly, miR-106b-5p mimic transfection markedly
increased miR-106b-5p expression compared to miR-nc in both
selected cell lines (P < 0.001, Figure 3C). Then, the luciferase
reporter gene experiment was performed in Eca-109 and KYSE410
cells. In comparison to miR-nc, the overexpressed miR-93-5p or
miR-106b-5p could have significantly decreased the wild-type
lncRNA-LET vector luciferase activity in Eca-109 and KYSE410
cells. Contrarily, the inhibition was retracted with the mutation of
the predicted binding sites of miR-106b-5p or miR-93-5p
(Figure 3D). Subsequently, we carried out the RNA pull-down
assay by the biotin-labeled lncRNA-LET probe. As depicted in
Figure 3E, it was confirmed that lncRNA-LET cells directly sponge
mir-106b-5p or miR-93-5p. Furthermore, the RIP–qRT-PCR assay
observations presented that the Ago2 group enriched more
lncRNA-LET and miR-106b-5p/miR-93-5p, suggesting an
interaction of lncRNA-LET with miR-106b-5p/mir-93-5p (Figure
3F). To verify the oriented association of lncRNA-LET with miR-
93-5p/miR-106b-5p, the miR-106b-5p andmiR-93-5p levels in Eca-
109 and KYSE410 cells after lncRNA-LET overexpression derived
from the use of pcDNA were detected. Compared with a vector, the
overexpression of lncRNA-LET substantially downregulated the
Frontiers in Oncology | www.frontiersin.org 599
miR-106b-5p and miR-93-5p expression (Figure 3G). Then, the
miR-93-5p (Figure 3H) and miR-106b-5p (Figure 3I) expressions
within 80 ESCC subjects andmatched non-carcinoma samples were
detected, in which their expression in ESCC was remarkably
elevated within cancer tissues. Moreover, a correlation between
the relative expressions of miR-93-5p and miR-106b-5p in the
patient samples was established (Figure 3J). In addition, negative
correlations between lncRNA-LET and miR-93-5p (Figure 3K) or
(Figure 3L) expression were demonstrated by Pearson correlation
coefficient analysis. Furthermore, the miR-93-5p (Figure 3M) and
miR-106b-5p (Figure 3N) expressions were increased within the
ESCC cell lines (KYSE150, KYSE410, Kyse 0, TE-1, and Eca-109).

lncRNA-LET Targets miR-93-5p/miR-106b-
5p to Regulate Glycolysis and Glutamine
Decomposition in ESCC Cells
To explore the effects of miR-93-5p or miR-106b-5p on lncRNA-
LET-induced metabolism inhibition and tumor inhibition effects
on ESCC cells, the cell viability of Eca-109 and KYSE410 cells was
determined after treating with a vector, lncRNA-LET, and co-
transfection (lncRNA-LET+miR-93-5p and lncRNA-LET+miR-
106b-5p) (Figure 4A). Notably, it was observed that the cell
proliferation ability in the selected cell lines was significantly
reduced in the overexpression of the lncRNA-LET treatment
group. In contrast, cell viability was increased after co-
incubation of miR-106b-5p or miR-93-5p. In addition, the
overexpression of lncRNA-LET inhibited the glucose contents,
lactate generation, and ATP production intracellularly
(Figures 4B–D). In contrast, the co-transfection of miR-106b-5p
or miR-93-5p with lncRNA-LET partially increased the glucose
contents, lactate generation, and ATP production, suggesting the
tumor promotion roles of miR-106b-5p or miR-93-5p, along with
their negative correlation with lncRNA-LET. The HK2 and ldhA
protein levels in different groups of Eca-109 and KYSE410 cells
revealed that the overexpression of lncRNA-LET had decreased
the levels of HK2 and ldhA proteins in cells. Simultaneously, miR-
106b-5p ormiR-93-5p co-transfection partially recovered the HK2
TABLE 1 | The relationship between lncRNA-LET and the clinical features of patients.

Clinical characteristics High lncRNA-LET (n = 40) Low lncRNA-LET (n = 40) P-value

Age 0.3705
≥60 years 21 17
<60 years 19 23
Gender 0.1432
Female 15 9
Male 25 31
Tumor size 0.0389
≤3 cm 29 20
>3 cm 11 20
Differentiation degree 0.0452
High/moderate 33 25
Low 7 15
Lymph node metastasis 0.0322
Positive 35 27
Negative 5 13
Clinical stage 0.0125
I–II 22 11
III–IV 18 29
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and ldhA protein levels in ESCC cells (Figure 4E). As depicted in
Figures 4F–H, the overexpressed lncRNA-LET inhibited
glutamine, glutamate, and a-KG levels, while the co-incubation
of miR-106b-5p or miR-93-5p partially abrogated the inhibition
effect of lncRNA-LET. In contrast, the levels of ASCT2 and gls1
proteins in different groups of Eca-109 and KYSE410 cells showed
different trends (Figure 4I). With the single transfection of
lncRNA, the levels of ASCT2 and gls1 protein in cells were
decreased, while the miR-106b-5p or miR-93-5p co-transfection
partially increased the ASCT2 and gls1 protein levels in cells.

Both miRNAs Target SOCS4
To investigate the downregulated miR-93-5p/miR-106b-5p
expression, we analyzed their binding sites by starBase online
database. It was observed from the experimental results that
miR-106b-5p and miR-93-5p were associated with SOCS4.
Frontiers in Oncology | www.frontiersin.org 6100
Furthermore, miR-106b-5p or miR-93-5p overexpression could
inhibit SOCS4 in Eca-109 and KYSE410 cells (Figure 5A).
However, no inhibition was observed in the SOCS4 mutant
group. As shown in Western blotting, the expression of SOCS4
protein in Eca-109 and KYSE410 cells was decreased in the cases
of pre-treatment by miR-106b-5p or miR-93-5p mimics
(Figures 5B, C). Unlike the negative regulation of miR-106b-
5p or miR-93-5p to SOCS4, lncRNA-LET overexpression
increased the expression levels of SOCS4 protein, while less
SOCS4 protein was detected in the co-transfection group
(Figures 5D, E).

The Effects of SOCS4 on the Inhibition of
Glycolysis and Glutamine Decomposition
Furthermore, the levels of SOCS4 in clinical samples were
measured via qRT-PCR and immunohistochemistry to define
A B
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I
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C

FIGURE 2 | (A) The transfection efficiency of plasmid pcDNA lncRNA-LET was determined through qRT-PCR. (B) Cell viabilities in Eca-109 and KYSE410 cells transfected
with or without lncRNA-LET pcDNA at 0, 24, 48, 72, and 96 h were measured through CCK-8 assay. (C–E) The levels of glucose, lactate, and ATP production were detected
by the glycolysis kit. Western blotting was used to detect (F) the expressions of HK2 and ldhA proteins in Eca-109 and KYSE410 cells with or without lncRNA-LET
transfection. (J) ASCT2 and gls1 protein levels in different groups (vector, lncRNA-LET). (G–I) The levels of glutamine, glutamic acid, and a-glutamine in cells after control
vector or lncRNA-LET pcDNA transfection were detected by a-KG detection kit. ***P < 0.001.
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FIGURE 3 | (A) The binding sites for miR-106b-5p and miR-93-5p predicted on lncRNA-LET were checked by starBase database. We conducted qRT-PCR to
measure the (B) miR-93-5p levels after miR-nc mimic or miR-93-5p mimic transfection. (C) The miR-106b-5p level with miR-93-5p mimic or miR-nc mimic
transfection. (D) Wild-type lncRNA-LET plasmid or binding site mutant plasmid luciferase activity affected by miR-106b-5p or miR-93-5p mimic transfection was
detected by dual-luciferase activities. (E) The interaction of lncRNA-LET and with miR-93-5p/miR-106b-5p was verified through RNA pull-down assay. (F) The
enrichment of lncRNA-LET, miR-93-5p, and miR-106b-5p was performed through RNA immunoprecipitation–qRT-PCR. (G) The miR-93-5p and miR-106b-5p levels
within Eca-109 and KYSE410 cells after lncRNA-LET transfection were measured through qRT-PCR. We conducted qRT-PCR for detecting (H, I) miR-106b-5p and
miR-93-5p expression within clinical tissue samples. (L) The miR-93-5p level and (M) miR-106b-5p level within esophageal squamous cell carcinoma (ESCC) cell
and healthy esophageal epithelial cell line het-1a. (J) The correlation between the relative expressions of miR-106b-5p and miR-93-5p in the patient samples. (K, L)
The association of lncRNA-LET with miR-93-5p/miR-106b-5p expressions. (M, N) The expressions of miR-93-5p and miR-106b-5p within ESCC cells (KYSE150,
KYSE410, Kyse 0, TE-1, and Eca-109). *P < 0.05, **P < 0.01, and ***P < 0.001.
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the roles of SOCS4 in glycolysis and glutamine decomposition.
As displayed in Figures 6A, B, the SOCS4 levels were
dramatically reduced within ESCC tissues compared to the
adjacent non-carcinoma samples. Furthermore, the SOCS4
protein expression levels were significantly lower within
various ESCC cell lines of KYSE 0, TE-1, KYSE150, KYSE410,
Frontiers in Oncology | www.frontiersin.org 8102
and Eca-109 than those of healthy human immortal esophageal
epithelial cells (het-1a) (Figure 6C). Accordingly, Eca-109 and
KYSE410 cell lines with the lowest SOCS4 expression levels were
used to determine the roles of SOCS4. Compared with a vector,
SOCS4 plasmid transfection can effectively overexpress the
SOCS4 protein level in both cell lines (Figure 6D). Unlike the
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FIGURE 4 | (A) Cell viability in cells after lncRNA-LET transfection or lncRNA-LET and miR-93-5p or miR-106b-5p transfection was measured with CCK-8 kit.
(B–D) Glucose consumption, lactate production, and ATP generation within cells after lncRNA-LET transfection or lncRNA-LET and miR-93-5p or miR-106b-5p
transfection were defined by a glycolysis kit. We performed Western blotting for detecting (E) hK2 and ldhA protein expression within cells after lncRNA-LET
transfection or lncRNA-LET and miR-106b-5p or miR-93-5p transfection and (I) ASCT2 and gls1 protein levels within cells after lncRNA-LET transfection or lncRNA-
LET and miR-106b-5p or miR-93-5p co-transfection. (F–H) The glutamine, glutamate, and a-KG levels within cells after lncRNA-LET transfection or lncRNA-LET and
miR-106b-5p or miR-93-5p co-transfection were measured through a-KG detection kit. *P < 0.05, **P < 0.01, and ***P < 0.001.
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tumor-promoting roles of miR-106b-5p or miR-93-5p, SOCS4
overexpression dramatically inhibited cell proliferation
(Figure 6E). Moreover, the regulatory role of SOCS4 in cell
metabolism was similar to that of lncRNA-LET (Figures 6F–H).
In addition, the overexpression of SOCS4 inhibited glucose
uptake and lactate generation, together with ATP generation,
while SOCS4 upregulation decreased the levels of HK2 and ldhA
protein in the selected cells (Figure 6I). The obligatory increase
of SOCS4 levels inhibited the glutamine, glutamate, and a-KG
levels (Figures 6J–L) as well as resulted in the reduction of the
expression levels of ASCT2 and gls1 proteins in various ESCC
cells (Figure 6M).

lncRNA-LET Upregulation Inhibited ESCC
Cell Proliferation In Vivo
Finally, the Eca-109 tumor mice model was established for
evaluating the influence of lncRNA-LET levels in vivo. Eca-109
cells transfected with or without lncRNA-LET were given into the
dorsal side of nude mice via subcutaneous injection. As observed,
the mice in the lncRNA-LET transfected group had a remarkably
decreased tumor volume than those in the vector treatment group
(Figure 7A). Correspondingly, the subcutaneous tumor weight in
the lncRNA-LET-overexpression treatment group was lighter than
those in the normal vector group (Figure 7B). The tumor tissues
Frontiers in Oncology | www.frontiersin.org 9103
in the lncRNA-LET-overexpressed treatment group showed a
lesser Ki-67 (proliferative marker) positive rate than the control
vector group (Figure 7C). Notably, all cell metabolic markers
(HK2, ldhA, ASCT2, and gls1) were downregulated in the
lncRNA-LET treatment group. Contrarily, the positive trend of
SOCS4 was observed in the lncRNA-LET tumormodel, which was
consistent with the positive correlation between lncRNA-LET and
SOCS4. Finally, the miR-106b-5p and miR-93-5p within
subcutaneous tumors of different groups were determined,
indicating that their expression decreased in the lncRNA-LET
group (Figure 7D).
DISCUSSION

ESCC is one of the life-threatening malignant tumors affecting
numerous patients globally, requiring the exploration of the
underlying mechanisms and subsequent development of
treatment options. In this vein, the lncRNAs could regulate
cancer progression through interacting with biological factors
(24–26). Initially, we observed that lncRNA-LET was expressed
lower in the ESCC cancer tissues compared to the paracancerous
tissues. With the lncRNA-LET pcDNA transfection, the
lncRNA-LET level was dramatically elevated, giving rise to the
A

B

D EC

FIGURE 5 | miR-93-5p/miR-106b-5p regulate the levels of SOCS4. (A) The predicted binding sites for SOCS4 gene on miR-93-5p and miR-106b-5p were
analyzed by the starBase database. Western blotting was used to determine (B, C) SOCS4 protein in cells subjected to miR-93-5p or miR-106b-5p transfection and
(D, E) in cells transfected with vector, lncRNA-LET, or lncRNA-LET+miR-106b-5p or miR-93-5p, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001.
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markedly reduced cell viability, which suggested the tumor
inhibition function of lncRNA-LET. Moreover, it should be
noted that the lncRNAs were involved in various metabolic
processes (27). Thus, the levels of various metabolic substances
reflected that overall glycolytic flux and mitochondrial oxidative
respiration were obtained. As shown in Figure 2, data on the
levels of glucose, lactate, and ATP indicated augmented lncRNA-
LET levels, reducing intracellular glycolysis. Furthermore, the
Frontiers in Oncology | www.frontiersin.org 10104
expressions of HK2 and LDHA in ESCC cells with the
transfection of lncRNA-LET were measured via the Western
blotting method. The HK2 and LDHA levels dramatically
decreased due to lncRNA-LET overexpression. We further
explore the roles of lncRNA-LET on metabolic transporters
(ASCT2) responsible for glutamine transportation and
enzymes (GLS1) involved in the TCA cycle via converting
glutamate into a-KG (23, 28). We altogether firmly believe
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FIGURE 6 | Overexpression of SOCS4 inhibited glycolysis and glutamine decomposition of esophageal squamous cell carcinoma (ESCC) cells. Western blotting
(WB) (A) and immunohistochemistry (B) were used for determining SOCS4 expression within 80 ESCC and matched non-carcinoma samples. (C) SOCS4 protein
levels within ESCC cells and healthy cells (het-1a) and (D) the overexpression of SOCS4 efficiency were detected by the WB method. (E) The cell viability of Eca-109
and KYSE410 cells at 0, 24, 48, 72, and 96 h was detected by the CCK-8 kit. (F–H) The glucose consumption, lactate production, and ATP in different groups
(vector, SOCS4) of Eca109 and KYSE410 cells were defined by the glycolysis kit. (I) The levels of hK2 and ldhA protein in different groups (vector, SOCS4) of Eca-
109 and KYSE410 cells and (M) gls1 and ASCT2 protein levels within cells with or without SOCS4 transfection. (J–L) Glutamate, glutamine, and a-KG expression in
cells transfected with/without SOCS4 transfection was detected by a-KG detection kit. *P < 0.05, **P < 0.01, and ***P < 0.001.
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that lncRNA-LET played a critical role in cell glycolysis and the
TCA cycle.

To this end, miRNAs play important roles in various cancers,
exhibiting tumor-promoting or tumor-inhibiting effects (29–32). In
this context, the expressions of miR-106b-5p and miR-93-5p were
abnormal within ESCC tissues. The cell viability assay revealed that
miR-106b-5p and miR-93-5p showed tumor promotion efficiency.
In addition, the overexpression of these two miRNAs significantly
affected the glucose uptake, ATP generation, and lactate generation,
indicating their roles in regulating the metabolism in Eca-109 and
KYSE410 cells. In addition, a reduction in HK2 and ldhA protein
expressions in cells transfected with a single lncRNA-LET plasmid
was observed. However, increased HK2 and ldhA expressions were
observed in the co-transfection treatment group.

In humans, the SOCS family affects the release of cytokines and
the downregulation of SOCS activity, resulting in excessive cytokine
generation and promoting cancer development (24). Despite their
importance, only a few reports concerning SOCS4 have been
published to date (33). Subsequently, herein, we observed that
miR-106b-5p and miR-93-5p harbored the binding sites of
SOCS4. The tumor inhibitory roles of SOCS4 similar to lncRNA-
LET were also demonstrated with functional and metabolic assays.
Moreover, miR-106b-5p and miR-93-5p affected the SOCS4 levels,
inducing a decrease of SOCS4 and reversing the functions of miR-
106b-5p and miR-93-5p in cancer progression.

As lncRNA-LET was downregulated within ESCC cells and
tissues, we increased the lncRNA-LET levels, in which inhibition
Frontiers in Oncology | www.frontiersin.org 11105
of the proliferation, glycolysis, and glutamine decomposition of
ESCC cells was observed. Subsequently, it was revealed that
lncRNA-LET targeted miR-106b-5p and miR-93-5p, affecting
glycolysis and the glutamine decomposition of ESCC cells. As
the SOCS4 proteins are downstream targets of both miRNAs, the
overexpression of SOCS4 correspondingly inhibited the glycolysis
and glutamine decomposition of ESCC cells. In addition, lncRNA-
LET overexpression inhibited ESCC cell proliferation in vivo. The
interactions of lncRNA-LET, miR-106b-5p, miR-93-5p, and
SOCS4 were altogether investigated, and hopefully, this axis
could be a promising target for ESCC.
CONCLUSION

In summary, our findings revealed the role of lncRNA-LET in
repressing tumor cell survival in vitro and in vivo. In addition,
lncRNA-LET could affect miR-106b-5p and miR-93-5p, while
SOCS4 affected cell metabolism, thus inhibiting tumor progression.
Our results altogether indicated that lncRNA-LET, miR-106b-5p, or
the miR-93-5p–SOCS4 axis might contribute to ESCC treatment.
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FIGURE 7 | An increase of lncRNA-LET inhibited esophageal squamous cell carcinoma cell proliferation in vivo. (A) The subcutaneous tumor volume in the tumor
xenograft model. (B) The tumor weights in different groups. (C) The expression of Ki-67, SOCS4, hK2, ldhA, ASCT2, and gls1 proteins in subcutaneous tumor
tissues was detected by immunohistochemistry. (D) lncRNA-LET, miR-106b-5p, and miR-93-5p expression within subcutaneous tumor tissues were detected
through qRT-PCR. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Cervical cancer (CC) is one of the most common malignancies in women worldwide.
Dismal prognosis rates have been associated with conventional therapeutic approaches,
emphasizing the need for new strategies. Recently, immunotherapy has been used to
treat various types of solid tumors, and different subtypes of the tumor microenvironment
(TME) are associated with diverse responses to immunotherapy. Accordingly,
understanding the complexity of the TME is pivotal for immunotherapy. Herein, we
used two methods, “ssGSEA” and “xCell,” to identify the immune profiles in CC and
comprehensively assess the relationship between immune cell infiltration and genomic
alterations. We found that more adaptive immune cells were found infiltrated in tumor
tissues than in normal tissues, whereas the opposite was true for innate cells. Consensus
clustering of CC samples based on the number of immune cells identified four clusters
with different survival and immune statuses. Then, we subdivided the above four clusters
into “hot” and “cold” tumors, where hot tumors exhibited higher immune infiltration and
longer survival time. Enrichment analyses of differentially expressed genes (DEGs)
revealed that the number of activated immune signaling pathways was higher in hot
tumors than that in cold tumors. Keratin, type I cytoskeletal 23 (KRT23), was upregulated
in cold tumors and negatively correlated with immune cell infiltration. In vitro experiments,
real-time reverse transcription-quantitative polymerase chain reaction, cytometric bead
arrays, and ELISA revealed that knockdown of KRT23 expression could promote the
secretion of C-C motif chemokine ligand-5 and promote the recruitment of CD8+ T cells.
We also constructed a model based on DEGs that exhibited a high predictive power for
the survival of CC patients. Overall, our study provides deep insights into the immune cell
infiltration patterns of CC. Moreover, KRT23 has huge prospects for application as an
immunotherapeutic target. Finally, our model demonstrated a good predictive power for
the prognosis of CC patients and may guide clinicians during immunotherapy.
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INTRODUCTION

Cancer is widely acknowledged to pose the highest clinical,
social, and economic burden in terms of cause-specific
disability-adjusted life years (1). Cervical cancer (CC) is ranked
fourth for incidence and mortality in women worldwide (2).
Invasion and metastasis by CC cells are associated with a poor
prognosis, representing the most prevalent cause of cancer-
associated deaths (3, 4). Current evidence suggests that
surgery, chemotherapy, and radiotherapy yield satisfactory
efficacy for early-stage and low-risk CC (5–7). However, the
reported 5-year survival for metastatic cervical cancer is only
16.5% (8). In addition, side effects caused by chemotherapy and
radiotherapy limit their clinical use. Accordingly, the exploration
of the biological mechanisms and the development of new
therapeutic targets and strategies for CC patients are essential.

In recent years, many emphases have been placed on the crucial
role of immunotherapy in CC. Given the high expression of
programmed cell death-1 (PD-1) and programmed cell death
ligand-1(PD-L1) in advanced CC, an increasing body of evidence
suggests that pembrolizumab (a humanized monoclonal anti-PD-1
antibody) yields substantial antitumor activity and exhibits a good
biosafety profile in clinical trials during the treatment of recurrent
CC or metastatic CC (mCC) (9–11). Even immunotherapy has
achieved remarkable efficacy. Accumulated data in recent years
have demonstrated that many patients experience minimal or no
clinical benefit if provided with identical treatment. This
phenomenon has been attributed to the complexity and
uniqueness of the tumor microenvironment (TME).

The TME is a complex, plastic, and dynamic system sculpted
by tumor cells and other surrounding cells (12, 13). Cells from the
innate immune system and adaptive immune system, representing
important components of the tumor stroma, can be
reprogrammed according to the TME and may be involved in
the survival and progression of tumor cells (14, 15). For example,
tumor-associated macrophages (TAMs) represent the largest
population of infiltrating myeloid cells in most solid tumors
(16). It has been established that TAMs display a high degree of
functional plasticity when exposed to various microenvironmental
conditions and can be classified as “M1-like” (pro-inflammatory
and usually antitumor) or “M2-like” (anti-inflammatory and
protumor) (17, 18). Accumulating evidence substantiates the
critical roles of the TME in promoting tumor progression.
However, it remains unclear how the TME affects the efficacy of
immunotherapy in CC. It is well-recognized that immunotherapy
harnesses or restores the immune system to kill tumor cells, but
this process requires the infiltration of immune cells in the tumor
site. Many studies have demonstrated that different types of TMEs
are associated with diverse degrees of clinical efficacy with
immunotherapy. In this regard, a “hot” tumor with sufficient
tumor-infiltrating lymphocytes and antigen-presenting cells can
robustly respond to immunotherapy. In contrast, a “cold” tumor
lacking immune cells, in general, cannot elicit an effective response
to immunotherapy (19). Therefore, understanding and
distinguishing the unique classes of the TME are useful for
predicting and guiding immunotherapy.
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Herein, we undertook a comprehensive analysis to explore the
infiltration of immune cells in CC using two different methods and
constructed a predictionmodel.We observed that CCpatientswith
greater immune cell infiltration survived longer times. To uncover
the underlying mechanisms of immune cell infiltration, we
subdivided CC tumors into hot and cold types and ascertained
the differentially expressed genes (DEGs) between them. Then, we
identified Keratin, type I cytoskeletal 23 (KRT23), as a
immunotherapeutic target. In addition, our model exhibited good
predictive power for the overall survival (OS) of CC patients.
MATERIALS AND METHODS

Ethics Statement
Primary CC specimens were obtained after surgery and were
frozen in the biobank of the First Affiliated Hospital of
Zhengzhou University; some specimens have received
neoadjuvant therapy. All participants provided written
informed consent for their specimens to be used in this study.
The study protocol was approved by the Ethics Committee of the
First Affiliated Hospital of Zhengzhou University.

Cell Culture
A human cervical cell line (HeLa) was purchased from the
Institute of Biochemistry and Cell Biology of the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in
RPMI1640 medium with 5% fetal bovine serum and an
atmosphere of 5% CO2 in a humidified incubator at 37°C.

Acquisition and Normalization of Data
Level-2 mRNA sequencing data (fragment per kilobase of
transcript per million mapped reads) of CC were downloaded
from The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/) and transformed to transcripts per
million for further analyses. The clinical data of CC were
downloaded from the University of California Santa Cruz Xena
(http://xena.ucsc.edu/). The GSE78220 dataset was downloaded
from the Gene Expression Omnibus database (https://www.ncbi.
nlm.nih.gov/geo/). A dataset of patients with metastatic
urothelial cancer treated with anti-PD-L1 agents downloaded
from the online website is supplied in the article (http://research-
pub.gene.com/IMvigor210CoreBiologies/).

Estimation of the Immune Profile
The immuneprofile (i.e., the number and type of immune cells)was
estimated by the R packages “ssGSEA” and “xCell” (R Institute for
Statistical Computing, Vienna, Austria). For xCell analysis, we
selected samples with p < 0.05 and only included immune cells
for further analyses. The Immune Score, Stromal Score, and tumor
purity were calculated by the R package “ESTIMATE.”

Identification and Functional Annotation of
Differentially Expressed Genes
Tumor samples were divided into “cold” and “hot” subtypes.
DEGs were calculated by the R package “Limma” and visualized
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by volcano plots using the R package “ggplot2.”DEGs with log fold
change>1andp<0.05were selected for annotationusing theKyoto
Encyclopedia of Genes and Genomes (KEGG; https://www.
genome.jp/) and Gene Ontology (GO; http://geneontology.org/)
databases using the R package “clusterprofile.” A protein–protein
interaction (PPI)networkwas constructedusingSearchTool for the
Retrieval of Interacting Genes/Proteins (STRING; www.string-db.
org/) and visualized by Cytoscape v3.6.1 (https://cytoscape.org/).

Correlation and Survival Analyses
The R package “corrplot” was used to analyze the correlation of
immune cells. The correlation of KRT23 and C-X-C motif
chemokine ligand 9 (CXCL9) and CXCL10 and C-C motif
chemokine ligand 5 (CCL5) in TCGA dataset was analyzed
through cbioportal (www.cbioportal.org/). The correlation of
KRT23 and immune cells as well as KRT23 expression in the
pan-cancer dataset was determined by the online website TIMER
(https://cistrome.shinyapps.io/timer/). Correlation analysis in
tumor tissues from patients was conducted by Prism7
(GraphPad, San Diego, CA, USA). For survival analyses,
samples were divided into four clusters or “hot” and “cold”
tumor. The R package “survival” was used to assess the survival
difference using the log-rank test.

Real-Time Reverse Transcription-
Quantitative Polymerase Chain Reaction
Total RNA was extracted by TRIzol®Reagent according to the
manufacturer ’s (TaKaRa Biotechnology, Shiga, Japan)
instructions, and the concentration was measured using a
spectrophotometer (NanoDrop™ 2000; Thermo Fisher,
Waltham, MA, USA). RNA (1 µg) was used to reverse DNA
using the PrimeScript™ RT Reagent kit (TaKaRa Biotechnology).
The primers for KRT23 were constructed by PrimerBank (https://
pga.mgh.harvard.edu/primerbank/index.html/) and synthesized
by Sangon Biotech (Shanghai, China) (Supplementary Table
S1). Glyceraldehyde-3-phosphate dehydrogenase was used for
data normalization.

Small Interfering RNA Transfection
Knockdown of KRT23 expression was achieved using the
jetPRIME® Transfection Reagent kit (Polyplus-transfection,
Illkirch-Graffenstaden, France). HeLa cells (1 × 105) were
seeded in six-well plates with RPMI1640 medium. Before
transfection, the small interfering RNA (siRNA) of KRT23 was
diluted to 20 µM according to the manufacturer’s instructions.
Then, 200 µl of transfection buffer and 4 µl of jetPRIME reagents
were mixed and incubated for 10 s at room temperature.
Subsequently, 50 nM of siRNA was added and incubated for
15 min at room temperature. siRNA efficacy was analyzed by
real-time reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) after 48 h. The sequence of siRNA
synthesized by Gene Pharma (Shanghai, China) is listed in
Supplementary Table S2.

Transwell™ Assay
Migration of CD8+ T cells was analyzed through the Transwell
assay. CD8+ T cells (2 × 104) isolated by microbeads from healthy
Frontiers in Oncology | www.frontiersin.org 3110
donors were activated with CD3/CD28 beads and seeded in the
upper chamber of the Transwell apparatus with serum-free
medium (Millipore, Billerica, MA, USA). HeLa cells (2 × 104)
were seeded in the lower chamber with RPMI1640 medium. The
number of CD8+ T cells was calculated using flow cytometry.

Enzyme-Linked Immunosorbent Assay
Tumor cells were transfected with siRNA for 48 h. Then,
supernatants were collected and centrifuged (1,500 rpm,
5 min) to remove debris. The CCL5 concentration was
measured by the LEGEND MAX™ Human CCL5 (regulated
upon activation normal T cell expressed and secreted factor,
RANTES) ELISA kit according to the manufacturer’s (Biolegend,
San Diego, CA, USA) instructions. Briefly, standard dilutions
and samples were prepared, followed by the addition of 50 ml of
Assay Buffer B to each well. Then, 50 ml of the standard or sample
was added to the appropriate well, followed by incubation at
room temperature for 2 h with agitation at 200 rpm. Then, 100 ml
of Human CCL5 Detection Antibody solution was added to each
well, followed by 100 ml of Avidin-HRP A solution. Results were
read at an optical density of 450 nm.

Detection of Multiple Chemokines
We used the LEGENDplex™ kit (BioLegend) to detect the
chemokines secreted by tumor cells. First, 25 µl of assay buffer
was added to the standard or sample in each tube. Then, we
added 25 µl of mixed beads (A and B) and incubated at room
temperature for 2 h with agitation at 500 rpm. Subsequently, we
added 25 µl of antibodies to each tube and incubated at room
temperature for 1 h with agitation at 500 rpm. Next, we added 25
µl of SA-PE to each tube and washed it with washing buffer. The
fluorescence intensity was detected by a flow cytometer and
analyzed by LEGENDplex v8.0.
Statistical Analyses
Statistical analyses were undertaken using Prism 7 (GraphPad)
and R 3.6.3. Two-tailed unpaired t-tests and the Wilcoxon test
were used to compare the difference between the two groups.
Spearman’s rank correlation coefficient was used to evaluate the
correlation. A p-value <0.05 was statistically significant.
RESULTS

Infiltration Pattern of Immune Cells in
Tumor and Adjacent Normal Tissue
We carried out a multistep analysis to explore the infiltration of
immune cells into CC (Figure 1). First, we estimated the number
of immune cells in each sample between tumor and adjacent
normal tissues by Single sample gene set enrichment analysis
(ssGSEA) and xCell algorithms. ssGSEA and xCell consistently
showed that the number of each cell type that infiltrated into the
TME was different, revealing the complexity of the TME. In
general, the number of adaptive immune cells, such as activated
CD4+ T cells, effector memory CD4+ T cells, type-17 T-helper
(Th17) cells, and Th2 cells, in tumor tissue was higher than that
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https://www.genome.jp/
https://www.genome.jp/
http://geneontology.org/
https://www.string-db.org/
https://www.string-db.org/
https://cytoscape.org/
https://www.cbioportal.org/
https://cistrome.shinyapps.io/timer/
https://pga.mgh.harvard.edu/primerbank/index.html/
https://pga.mgh.harvard.edu/primerbank/index.html/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Immune Characterization of Cervical Cancer
in adjacent normal tissue, which indicated an activated immune
response in tumor tissue. The number of CD8+ T cells was higher
in tumor tissues, but the difference was not statistically
significant. Cells from the innate immune system were
significantly infiltrated in normal tissues (Figures 2A, B).
Tumor tissues had a lower Immune Score, but the difference in
Stromal Score was not significant (Figures 2C, D). We also
compared the difference in immune cells in patients who
received radiotherapy. After radiotherapy, pro-B cells and Th1
cells accumulated in tumor tissue (Supplemetary Figures
S1A, B) . Overall, the above results revealed distinct adaptive
and innate immune cell infiltration patterns.

Characterization of Immune Clusters in
Cervical Cancer Tissues
It is widely acknowledged that an efficient antitumor immune
response requires the synergistic action of multiple cells. To
explore the relationships between different cell types, we
performed a correlation analysis of infiltrating cells in tumor
tissues. Most infiltrating cells showed a high correlation with
each other, especially activated CD8+, CD4+ T, dendritic, and B
cells. We observed a high correlation between immunosuppressive
and immune cells, such as regulatory T cells, myeloid-derived
suppressor cells, and M2 macrophages, which suggested that
immune suppression was induced by tumor cells after activation
of the immune system. The innate immune system cells, such as
Frontiers in Oncology | www.frontiersin.org 4111
monocytes, neutrophils, and natural killer cells, exhibited a weak
association with other cells, demonstrating a unique antitumor
immune process (Figures 3A, B).

Next, we performed consensus clustering of all samples based
on the proportions of immune cells to identify the subtypes of
infiltrating immune cells. The consensus matrix heatmap showed
four distinct groups estimated by two methods (Figures 3C, D).
We observed a gradual increase in immune cell infiltration in
tumor tissue from groups 1–4. Groups 1 and 2 demonstrated
little infiltration of immune-related cells, group 3 had modest
infiltration levels, and group 4 demonstrated high levels of
immune cells (Supplemetary Figures S2A, B) . Consistently,
group 4 had the highest Immune Score (Supplementary Figures
S2C, D) . To further characterize the clusters of CC cells, we
intersected each group obtained from the two methods and
denoted them as clusters 1–4 (Supplementary Figure S3A) .
In accordance with the results stated above, cluster 4 had a high
Immune Score (Figure 4A). Next, we analyzed the expression of
genes involved in the immune response, immune tolerance, and
antigen presentation in the four clusters. The expression of
immune checkpoint-related genes (CD276, CD274, CD40,
CTLA4, HAVCR2, LAG3, PDCD1), antigen presentation-
related genes (B2M, HLA-B, HAL-C, HLA-DQA1, TAP1, TAP2,
HLA-DQA2), cytokine-related genes (GZMB, GZMH, IFNG,
PRF1, TNF), and chemokine-related genes (CCL5, CXCL10,
CXCL13, CXCL9) increased gradually from cluster 1 to cluster
FIGURE 1 | Multiple-step analysis of this study.
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4 (Figure 4B; Supplementary Figures S3B–D) . Survival
analyses revealed that cluster 4 had the longest survival relative
to clusters 1, 2, and 3 in terms of OS and progression-free
interval (PFI) and have potential trends of a higher percentage of
patients with low stages, although there was inconsistency with
grade (Figures 4C, D; Supplementary Figures S4A, B) .

Survival Status and Signaling Alterations
Between Hot Tumors and Cold Tumors
To further explore the mechanisms of immune cell infiltration,
we redefined cluster 1, cluster 2, and cluster 3 as cold tumors and
cluster 4 as a hot tumor based on infiltration of immune cells and
survival status. Hot tumors had longer OS and PFI than those in
cold tumors (Figures 5A, B). Next, we analyzed the difference
between the two groups at the transcriptional level. Hot and cold
tumors showed different transcription patterns according to
volcano plots (Figure 5C). In this study, 657 and 55 mRNAs
were upregulated in hot and cold tumors, respectively. To further
explore the function of DEGs, functional enrichment analyses
were conducted using GO and KEGG. The GO analysis revealed
that DEGs in cold tumors were significantly enriched in the
“apical part of cell,” “actin-based cell projection,” and “apical
plasma membrane” (Figure 5D), while those in hot tumors were
Frontiers in Oncology | www.frontiersin.org 5112
primarily enriched in “T cell activation,” “regulation of
lymphocyte activation,” “leukocyte cell–cell adhesion,”
“regulation of T cell activation,” and “leukocyte proliferation”
(Figure 5E). KEGG analyses of enrichment of DEGs revealed
that DEGs in hot tumors were enriched mainly in “cytokine–
cytokine receptor interaction,” “chemokine signaling pathway,”
and “cell adhesion molecules,” which indicated an active
immune response in hot tumors (Figures 5F); none of the
KEGG annotations were enriched in cold tumors. These results
suggested that the immune system was activated in hot tumors,
especially the T cell-mediated immune response. Finally, the PPI
networks revealed that the DEGs of hot tumors were mainly
immune-related chemokines and cytokines, and DEGs of cold
tumors were metabol ic genes and Kerat in fami ly
(Supplementary Figures S5A, B) .

Inhibition of KRT23 Expression Promotes
Infiltration of CD8+ T Cells
The above results revealed a correlation between immune cell
infiltration and longer survival, suggesting that inducing immune
cell infiltration in cold tumors may enhance antitumor immunity
and prolong survival time. Among the DEGs between cold and
hot tumors, we found that KRT23 was most significantly
A

B D

C

FIGURE 2 | Infiltration pattern of immune cells in adjacent normal and tumor tissues. (A, B) Level of immune cells in normal and tumor tissues estimated by ssGSEA
and xCell. (C, D) Immune and Stromal score in normal and tumor tissues estimated by ESTIMATE. ns, not significant; *p ≤ 0.05, **p ≤ 0.01.
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expressed in cold tumors than in hot tumors. Pan-cancer analysis
revealed that KRT23 has a higher expression in tumor tissues in
most types of cancers (Supplementary Figure S6A) . Functional
enrichment analyses using the KEGG and GO databases revealed
that KRT23-related genes were negatively correlated with
immune response (Figures 6A, B). Knockdown of KRT23
expression in HeLa cells inhibited cell proliferation
(Figures 6C, D), which suggested an important role of KRT23.
To explore how KRT23 affected immune cell infiltration, we used
cytometric bead arrays to detect the chemokines derived from
tumor cells with KRT23 knockdown. Results revealed that the
secretion of CD8+ T cell-related chemokines (CCL5, CXCL9, and
CXCL10) was increased in the knockdown group (Figure 6E).
Then, we quantified the expression of KRT23 and CD8+ T cell-
related chemokines in clinical tumor samples; the detailed
information of patients was listed in Table 1. Results showed
that KRT23 expression was negatively correlated with these
chemokines, and this result was confirmed using TCGA
Frontiers in Oncology | www.frontiersin.org 6113
database (Figure 6F; Supplementary Figure S6B) . We further
found that KRT23 was negatively correlated with CD8+ T cells
(Supplementary Figure S6C) . In addition, we validated the
CCL5 expression because CCL5 changed most obviously after
knocking down KRT23. Results revealed that the knockdown of
KRT23 expression increased CCL5 secretion (Figure 6G).
Transwell assays further indicated that knockdown of KRT23
promoted the recruitment of CD8+ T cells (Figure 6H).

Construction and Validation of a
Prediction Model Based on Differentially
Expressed Genes
Next, we used DEGs to construct a prediction model. We
performed a univariate Cox analysis followed by a Least
absolute shrinkage and selection operator (LASSO) regression
analysis (Supplementary Figure S7A) . To optimize the model,
we carried out multivariate Cox analysis and finally identified 11
genes to construct our model (Supplementary Figure S7B) .
A

B D

C

FIGURE 3 | Correlations of immune cells. (A, B) Correlation of immune cells in tumor tissues estimated by ssGSEA and xCell. (C, D) The heatmap shows the
consensus clustering of CC based on levels of immune cells estimated by ssGSEA and xCell.
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Heatmaps were generated to reveal the expression of these genes
in high- and low-risk groups in the training and internal test
cohorts; the detailed information of patients was listed in
Table 2. Survival analyses showed that patients with a high
risk had shorter survival in the training and test cohorts
(Figures 7A, B). To explore the accuracy of our model, we
analyzed receiver operating characteristic (ROC) curves in the
training and test cohorts at 1, 3, and 5 years. Our model yielded
high area under the ROC curve (AUC) values (Figures 7C, D).
Given that our model was established based on DEGs in hot and
cold tumors, we hypothesized that this model could also predict
tumor response to immunotherapy. Hence, we used two external
cohorts of CC patients treated with immunotherapy. The results
demonstrated that patients with a high risk had shorter survival
in both cohorts (Figures 7E, F), suggesting that our model could
predict the survival of patients who respond to immunotherapy.
DISCUSSION

Up to now, there is ample evidence suggesting that
chemotherapy for CC is associated with limited efficacy. The
optimal regimen against recurrent CC or mCC includes a
combination of cisplatin, paclitaxel, and bevacizumab,
associated with an overall response rate of 48% and a median
survival of 17 months (20). Moreover, the side effects associated
with radiotherapy limit their clinical application in CC (21),
highlighting the need for new and efficient therapeutic strategies.
Frontiers in Oncology | www.frontiersin.org 7114
In recent years, immunotherapy has demonstrated sustainable
clinical response and is the first-line treatment for various
tumors (22). “Cancer immunotherapy” is a general term that is
described as harnessing a patient’s immune system to elicit
antitumor effects (23). Antibodies against PD-1 and PD-L1 are
commonly used for cancer immunotherapy. Their mechanism
involved releasing the “inhibitory brakes” of T cells, resulting in
robust activation of the antitumor immune response (24).

As previously stated, the major risk factor for CC is Human
Papilloma Virus (HPV) infection (25), and the retained viral
antigens in CC make immunotherapy an attractive option
because they could be recognized as foreign. This rationale has
led to the development of antibodies against PD-1 or PD-L1
assessed in several ongoing clinical trials (23, 26). Effective
immunotherapy is contingent on the infi ltration of
lymphocytes and antigen-presenting cells. In general, the TME
can be divided into two broad phenotypes: “T cell-inflamed” and
“non-T cell-inflamed” (27). Several methods have been used to
estimate the immune profile in the TME, encompassing ssGSEA,
CIBERSORT, TIMER, MCP-counter, and xCell (28–32). ssGSEA
and MCP-Counter use specific cell-maker genes and score the
immune profile through the expression of these genes.
CIBERSORT focuses on the ratios of each cell type using Nu-
support vector regression. xCell integrates these methods and
expands the cells that can be evaluated to 64 types. To more
accurately reflect the level of immune cells in the TME of CC, we
used two different methods. The comparison between tumor and
adjacent normal tissues and correlation analysis of estimated
A

B D

C

FIGURE 4 | Characterization of immune clusters of CC. (A) Expression of immune score, stromal score, and tumor purity in the four subtypes. (B) Expression of
cytotoxicity-related cytokines in the four subtypes. (C, D) Kaplan–Meier curve shows the OS and PFI of 4 clusters. **p ≤ 0.01, ****p ≤ 0.0001.
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immune cells yielded consistent findings, suggesting that these
two methods can be used to estimate immune levels. We found
that CC could be divided into 4 clusters based on consensus
clustering, and clusters with higher immune infiltration yielded
better survival rates. In a study by Wang et al. (33), CIBERSORT
showed that CD4+ T cells represent an independent prognostic
factor of CC. Meanwhile, immune cell infiltration has also been
correlated with the response to chemotherapy (34).

In this study, we further redivided the 4 clusters into 2 subtypes:
“hot” and “cold” tumors based on the immune levels. “Hot” tumors
exhibited a T cell-inflamedphenotype, and “cold” tumors acted as a
non-T cell-inflamed phenotype. Pathway enrichment analysis
confirmed that “hot” tumors were associated with an active
Frontiers in Oncology | www.frontiersin.org 8115
immune response. Cold tumors are characterized by the
infiltration of few immune cells and are hence the most
challenging to eradicate, accounting for their poor prognoses
(35). Several strategies have been used to convert cold tumors to
hot tumors: radiotherapy, chemotherapy, targeted therapy, and
adoptive-cell therapy (36–40). In this study, we analyzed the
differences between hot and cold tumors and identified KRT23 as
the most significantly upregulated gene in cold tumors. Keratin is
the main component of epithelial cells, and malignant tumor cells
originate from these epithelial cells. KRT23 is a newly identified
gene in the KRT family (41, 42). Studies have reported that KRT23
overexpression promotes the migration of ovarian cancer cells via
epithelial–mesenchymal transition. Interestingly, KRT23 could
A B

D

E F

C

FIGURE 5 | Survival and transcriptome characteristics of cold and hot tumors. (A, B) Kaplan–Meier curve shows the OS and PFI of cold and hot tumors.
(C) Volcano plot shows the difference of gene expression in cold and hot tumors. (D) GO enrichment analysis in cold tumors. (E) GO enrichment analysis in hot
tumors. (F) KEGG enrichment analysis in hot tumors.
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promote the proliferation of colorectal tumor cells by increasing
telomerase reverse transcriptase expression (43). Although the
oncogenic role of KRT23 has been explored, it remains unclear
how KRT23 affects the immune response. We found that KRT23
expression was negatively correlated with the immune response.
Knockdown of KRT23 expression in tumor cells resulted in
increased secretion of CCL5 and inhibited tumor cell
proliferation. Our results corroborate that the inhibition of
KRT23 expression enhances the antitumor response. Hence, a
potential combination strategy of targeting KRT23 and
immunotherapy could be a rational approach against CC.

The large difference in survival between hot and cold tumors
inspired us to construct a prediction model based on the DEGs
between the two types of CC tumors. Thismodel performedwell in
the training cohort and internal and external validation cohorts.
Hence, our model was reliable and could be used to guide clinical
treatment. Over the years, several prediction models for CC have
been documented in the literatures. Mei et al. (44) conducted
immune profiling by ssGSEA and identified four immune-related
Frontiers in Oncology | www.frontiersin.org 9116
prognostic gene signatures. Chen et al. (45) constructed a TME-
related signature to predict the prognosis of CC. The results from
those studies further substantiate ourfindings.Moreover,Ding et al.
(46) screened survival-related immune genes and constructed a
prediction model containing 13 genes. In addition, Yang et al. (47)
constructed a prediction model based on ferroptosis-related genes.
Of note, our model exhibited a high predictive power for the
survival of patients with melanoma and urothelial cancer
receiving immunotherapy.

However, there are some limitations in this study. First, we
did not explore the effect of KRT23 on migration or apoptosis of
tumor cells. Second, the prediction model lacks validation using
clinical specimens.
CONCLUSIONS

In the present study, we undertook a comprehensive analysis of
the infiltration of immune cells in CC. We identified hot and cold
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FIGURE 6 | KRT23 promotes CD8+ T cell recruitment. (A, B) GO and KEGG analysis of KRT23-related genes. (C) qPCR analysis shows the knockdown
efficacy of KRT23. (D) Proliferating rate of tumor cells with knockdown of KRT23. (E) The heatmap shows the concentration of cytokine and chemokine
secreted by tumor cells with knockdown of KRT23. (F) Correlation of KRT23 and CCL5, CXCL9, and CXCL10 in tumor tissues of CC. (G) ELISA shows the
CCL5 secretion by tumor cells with knockdown of KRT23. (H) Number of CD8+ T cells recruited by conditioned medium derived from tumor cells with
knockdown of KRT23. **p ≤ 0.01, ***p ≤ 0.001.
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tumors of CC; the former was associated with a more favorable
outcome. Moreover, we demonstrated that KRT23 is a negative
regulator of the immune response, and knockdown of KRT23
expression could promote CCL5 secretion. In addition, a
prediction model based on DEGs between the two types of CC
Frontiers in Oncology | www.frontiersin.org 10117
was established. This model performed well in predicting the
survival of CC patients receiving immunotherapy. Overall, our
findings provided novel insights into immune cell infiltration in
TABLE 1 | Clinicopathological parameters of patients with cervical cancer in our
cohort in the study.

Characteristic Number

Histological type
Cervical squamous cell carcinoma 42
Non- squamous cell carcinoma 5

History of neoadjuvant treatment
No 35
Yes 12

Sample type
Primary 47
Metastatic 0

Age at initial diagnosis
≥60 21
<60 26

Clinical stage
I 9
II 22
III 11
IV 5

HPV infection
Yes 19
No 2
NA 26

Differentiation
Low 15
Moderate 28
High 4
TABLE 2 | Clinicopathological parameters of patients with cervical cancer in
TCGA dataset in the study.

Characteristic Number

Histological type
Cervical squamous cell carcinoma 235
Non- squamous cell carcinoma 50

History of neoadjuvant treatment
No 285
Yes 0

Sample type
Primary 283
Metastatic 2

Age at initial diagnosis
≥60 227
<60 58

Clinical stage
I 154
II 64
III 39
IV 22
NA 6

Histologic grade
G1 17
G2 124
G3 116
G4 1
GX 27

HPV infection
Yes 20
NA 265
June 2022 | Volume 12 | Articl
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FIGURE 7 | Construction and validation of the prediction model. (A, B) Kaplan–Meier curve shows the OS in the high- and low-risk group in the training and test
cohorts. (C, D) ROC curve analysis shows the AUC of the prediction model in the training and test cohorts. (E, F) Validation of the prediction model using the
dataset of patients with metastatic melanoma and urothelial cancer receiving immunotherapy treatment.
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CC and highlighted KRT23 as a potential target to enhance
immunotherapy against CC.
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Supplementary Figure 1 | the level of immune cells in tumor tissues that
received radiotherapy or not. (A-B) Comparison of immune cells estimated by
ssGSEA and xCell in tumor tissues with radiotherapy or not. ns: not significant,
*p ≤ 0.05, **p ≤ 0.01.

Supplementary Figure 2 | Immune infiltration of 4 groups. (A-B) Infiltration of
immune cells estimated by ssGSEA and xCell in 4 groups. (C-D) Expression of
immune score, stromal score and tumor purity in 4 groups.****p ≤ 0.0001.

Supplementary Figure 3 | Immune profiles in 4 clusters.(A) Venn plot shows
intersecting of samples in each cluster based on immune infiltration estimated by
ssGSEA and xCell.(B)Expression profiles of antigen presentation-related genes in 4
clusters. (C)Expression profiles of chemokines in 4 clusters.(D)Expression profiles
of checkpoints in 4 clusters.** p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

Supplementary Figure 4 | Comparison of clinical parameters among the 4
clusters. (A,B) Bar charts shows the percentage of clinical stage and histologic
grade among 4 clusters.

Supplementary Figure 5 | PPI network of DEGs. (A) PPI netwok of genes
upregulated in cold tumor. (B) PPI netwok of genes upregulated in hot tumor.

Supplementary Figure 6 | Correlation of KRT23 and immune level. (A) Box plot
shows the expression of KRT23 between tumor and normal tissue in pan-cancer
dataset. (B)Correlation of KRT23 and CCL5,CXCL9 and CXCL10.(C) Correlation of
KRT23 and immune cells.***p ≤ 0.001.

Supplementary Figure 7 | Selection of genes for constructing prediction model.
(A) Partial likelihood deviance plot. (B) Multi-Cox of selected genes by
LASSO.(C-D) Heatmap showing gene expression of genes in prediction model in
training and test cohort.
REFERENCES
1. Mattiuzzi C, Lippi G. Current Cancer Epidemiology. J Epidemiol Glob Health

(2019) 9(4):217–22. doi: 10.2991/jegh.k.191008.001
2. Meads MB, Gatenby RA, Dalton WS. Environment-Mediated Drug

Resistance: A Major Contributor to Minimal Residual Disease. Nat Rev
Cancer (2009) 9(9):665–74. doi: 10.1038/nrc2714

3. Lopez MS, Baker ES, Maza M, Fontes-Cintra G, Lopez A, Carvajal JM, et al.
Cervical Cancer Prevention and Treatment in Latin America. J Surg Oncol
(2017) 115(5):615–8. doi: 10.1002/jso.24544

4. Shi X, Wang J, Dai S, Qin L, Zhou J, Chen Y. Apolipoprotein C1 (APOC1): A
Novel Diagnostic and Prognostic Biomarker for Cervical Cancer. Onco
Targets Ther (2020) 13:12881–91. doi: 10.2147/OTT.S280690

5. Somashekhar SP, Ashwin KR. Management of Early Stage Cervical Cancer.
Rev Recen t C l in Tr ia l s (2015) 10(4 ) : 302–8 . do i : 10 .2174 /
1574887110666150923113629

6. Brucker SY, Ulrich UA. Surgical Treatment of Early-Stage Cervical Cancer.
Oncol Res Treat (2016) 39(9):508–14. doi: 10.1159/000448794

7. Falcetta FS, Medeiros LR, Edelweiss MI, Pohlmann PR, Stein AT, Rosa DD.
Adjuvant Platinum-Based Chemotherapy for Early Stage Cervical Cancer.
Cochrane Database Syst Rev (2016) 11(11):Cd005342. doi: 10.1002/
14651858.CD005342.pub4
8. Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J, Rosso S, Coebergh JW,
Comber H, et al. Cancer Incidence and Mortality Patterns in Europe:
Estimates for 40 Countries in 2012. Eur J Cancer (2013) 49(6):1374–403.
doi: 10.1016/j.ejca.2012.12.027

9. Chung HC, Ros W, Delord JP, Perets R, Italiano A, Shapira-Frommer
R, et al . Efficacy and Safety of Pembrolizumab in Previously
Treated Advanced Cervical Cancer: Results From the Phase II
KEYNOTE-158 Study. J Clin Oncol (2019) 37(17):1470–8. doi: 10.1200/
JCO.18.01265

10. Frenel JS, Le Tourneau C, O'Neil B, Ott PA, Piha-Paul SA, Gomez-Roca
C, et al. Safety and Efficacy of Pembrolizumab in Advanced, Programmed
Death Ligand 1-Positive Cervical Cancer: Results From the Phase Ib
KEYNOTE-028 Trial. J Clin Oncol (2017) 35(36):4035–41. doi: 10.1200/
JCO.2017.74.5471

11. Youn JW, Hur SY, Woo JW, Kim YM, Lim MC, Park SY, et al.
Pembrolizumab Plus GX-188E Therapeutic DNA Vaccine in Patients With
HPV-16-Positive or HPV-18-Positive Advanced Cervical Cancer: Interim
Results of a Single-Arm, Phase 2 Trial. Lancet Oncol (2020) 21(12):1653–60.
doi: 10.1016/S1470-2045(20)30486-1

12. Hinshaw DC, Shevde LA. The Tumor Microenvironment Innately Modulates
Cancer Progression. Cancer Res (2019) 79(18):4557–66. doi: 10.1158/0008-
5472.CAN-18-3962
June 2022 | Volume 12 | Article 779356

https://xenabrowser.net/
https://xenabrowser.net/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://research-pub.gene.com/IMvigor210CoreBiologies/
http://research-pub.gene.com/IMvigor210CoreBiologies/
https://www.frontiersin.org/articles/10.3389/fonc.2022.779356/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.779356/full#supplementary-material
https://doi.org/10.2991/jegh.k.191008.001
https://doi.org/10.1038/nrc2714
https://doi.org/10.1002/jso.24544
https://doi.org/10.2147/OTT.S280690
https://doi.org/10.2174/1574887110666150923113629
https://doi.org/10.2174/1574887110666150923113629
https://doi.org/10.1159/000448794
https://doi.org/10.1002/14651858.CD005342.pub4
https://doi.org/10.1002/14651858.CD005342.pub4
https://doi.org/10.1016/j.ejca.2012.12.027
https://doi.org/10.1200/JCO.18.01265
https://doi.org/10.1200/JCO.18.01265
https://doi.org/10.1200/JCO.2017.74.5471
https://doi.org/10.1200/JCO.2017.74.5471
https://doi.org/10.1016/S1470-2045(20)30486-1
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Immune Characterization of Cervical Cancer
13. Arneth B. Tumor Microenvironment. Medicina (Kaunas) (2019) 56(1):15.
doi: 10.3390/medicina56010015

14. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

15. Grivennikov SI, Greten FR, Karin M. Immunity, Inflammation, and Cancer.
Cell (2010) 140(6):883–99. doi: 10.1016/j.cell.2010.01.025

16. Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Macrophages and
Metabolism in the Tumor Microenvironment. Cell Metab (2019) 30(1):36–50.
doi: 10.1016/j.cmet.2019.06.001

17. Cassetta L, Pollard JW. Targeting Macrophages: Therapeutic Approaches in
Cancer. Nat Rev Drug Discovery (2018) 17(12):887–904. doi: 10.1038/
nrd.2018.169

18. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, et al.
Transcriptome-Based Network Analysis Reveals a Spectrum Model of
Human Macrophage Activation. Immunity (2014) 40(2):274–88. doi:
10.1016/j.immuni.2014.01.006

19. Haanen J. Converting Cold Into Hot Tumors by Combining
Immunotherapies. Cell (2017) 170(6):1055–6. doi: 10.1016/j.cell.2017.08.031

20. Tewari KS, Java JJ, Gatcliffe TA, Bookman MA, Monk BJ. Chemotherapy-
Induced Neutropenia as a Biomarker of Survival in Advanced Ovarian
Carcinoma: An Exploratory Study of the Gynecologic Oncology Group.
Gynecol Oncol (2014) 133(3):439–45. doi: 10.1016/j.ygyno.2014.03.013

21. Tan Mbbs Mrcp Frcr Md LT, Tanderup Ph DK, Kirisits Ph DC, de Leeuw Ph
DA, Nout Md Ph DR, Duke Mbbs Frcr S, et al. Image-Guided Adaptive
Radiotherapy in Cervical Cancer. Semin Radiat Oncol (2019) 29(3):284–98.
doi: 10.1016/j.semradonc.2019.02.010

22. Bagchi S, Yuan R, Engleman EG. Immune Checkpoint Inhibitors for the
Treatment of Cancer: Clinical Impact and Mechanisms of Response and
Resistance. Annu Rev Pathol (2021) 16:223–49. doi: 10.1146/annurev-pathol-
042020-042741

23. Kagabu M, Nagasawa T, Sato C, Fukagawa Y, Kawamura H, Tomabechi H,
et al. Immunotherapy for Uterine Cervical Cancer Using Checkpoint
Inhibitors: Future Directions. Int J Mol Sci (2020) 21(7):2335. doi: 10.3390/
ijms21072335

24. Perez-Ruiz E, Melero I, Kopecka J, Sarmento-Ribeiro AB, Garcia-Aranda M,
De Las Rivas J. Cancer Immunotherapy Resistance Based on Immune
Checkpoints Inhibitors: Targets, Biomarkers, and Remedies. Drug Resist
Update (2020) 53:100718. doi: 10.1016/j.drup.2020.100718

25. Walboomers JM, Jacobs MV, Manos MM, Bosch FX, Kummer JA, Shah KV,
et al. Human Papillomavirus is a Necessary Cause of Invasive Cervical Cancer
Worldwide. J Pathol (1999) 189(1):12–9. doi: 10.1002/(SICI)1096-9896
(199909)189:1<12::AID-PATH431>3.0.CO;2-F

26. Mayadev JS, Enserro D, Lin YG, Da Silva DM, Lankes HA, Aghajanian C, et al.
Sequential Ipilimumab After Chemoradiotherapy in Curative-Intent
Treatment of Patients With Node-Positive Cervical Cancer. JAMA Oncol
(2020) 6(1):92–9. doi: 10.1001/jamaoncol.2019.3857

27. Trujillo JA, Sweis RF, Bao R, Luke JJ. T Cell-Inflamed Versus Non-T Cell-
Inflamed Tumors: A Conceptual Framework for Cancer Immunotherapy
Drug Development and Combination Therapy Selection. Cancer Immunol Res
(2018) 6(9):990–1000. doi: 10.1158/2326-6066.CIR-18-0277

28. Aran D, Hu Z, Butte AJ. Xcell: Digitally Portraying the Tissue Cellular
Heterogeneity Landscape. Genome Biol (2017) 18(1):220. doi: 10.1186/
s13059-017-1349-1

29. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al.
Erratum to: Estimating the Population Abundance of Tissue-Infiltrating
Immune and Stromal Cell Populations Using Gene Expression. Genome
Biol (2016) 17(1):249. doi: 10.1186/s13059-016-1113-y

30. Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, et al. TIMER: A Web Server
for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res
(2017) 77(21):e108–10. doi: 10.1158/0008-5472.CAN-17-0307

31. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
Enumeration of Cell Subsets From Tissue Expression Profiles. Nat Methods
(2015) 12(5):453–7. doi: 10.1038/nmeth.3337

32. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for
Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA
(2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102
Frontiers in Oncology | www.frontiersin.org 12119
33. Wang J, Li Z, Gao A, Wen Q, Sun Y. The Prognostic Landscape of Tumor-
Infiltrating Immune Cells in Cervical Cancer. BioMed Pharmacother (2019)
120:109444. doi: 10.1016/j.biopha.2019.109444

34. Galon J, Bruni D. Approaches to Treat Immune Hot, Altered and Cold
Tumours With Combination Immunotherapies. Nat Rev Drug Discov (2019)
18(3):197–218. doi: 10.1038/s41573-018-0007-y

35. Zhang Y, Yu M, Jing Y, Cheng J, Zhang C, Cheng L, et al. Baseline Immunity
and Impact of Chemotherapy on Immune Microenvironment in Cervical
Cancer. Br J Cancer (2021) 124(2):414–24. doi: 10.1038/s41416-020-01123-w

36. Demaria S, Coleman CN, Formenti SC. Radiotherapy: Changing the Game in
Immunotherapy. Trends Cancer (2016) 2(6):286–94. doi: 10.1016/
j.trecan.2016.05.002

37. Gomes-Silva D, Ramos CA. Cancer Immunotherapy Using CAR-T Cells:
From the Research Bench to the Assembly Line. Biotechnol J (2018) 13
(2):10.1002/biot.201700097. doi: 10.1002/biot.201700097

38. Morgan JB, Wheeler TL, Koohmaraie M, Crouse JD, Savell JW. Effect of
Castration on Myofibrillar Protein Turnover, Endogenous Proteinase
Activities, and Muscle Growth in Bovine Skeletal Muscle. J Anim Sci (1993)
71(2):408–14. doi: 10.2527/1993.712408x

39. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini JL, et al.
Calreticulin Exposure Dictates the Immunogenicity of Cancer Cell Death. Nat
Med (2007) 13(1):54–61. doi: 10.1038/nm1523

40. Zitvogel L, Kepp O, Kroemer G. Decoding Cell Death Signals in
Inflammation and Immunity. Cell (2010) 140(6):798–804. doi: 10.1016/
j.cell.2010.02.015

41. Kurokawa I, Takahashi K, Moll I, Moll R. Expression of Keratins in Cutaneous
Epithelial Tumors and Related Disorders–Distribution and Clinical
Significance. Exp Dermatol (2011) 20(3):217–28. doi: 10.1111/j.1600-
0625.2009.01006.x

42. Zhang JS, Wang L, Huang H, Nelson M, Smith DI. Keratin 23 (K23), a Novel
Acidic Keratin, is Highly Induced by Histone Deacetylase Inhibitors During
Differentiation of Pancreatic Cancer Cells. Genes Chromosomes Cancer (2001)
30(2) :123–35. doi : 10.1002/1098-2264(2000)9999:9999<: :AID-
GCC1070>3.0.CO;2-W

43. Ren M, Gao Y, Chen Q, Zhao H, Zhao X, Yue W. The Overexpression of
Keratin 23 Promotes Migration of Ovarian Cancer via Epithelial-
Mesenchymal Transition. BioMed Res Int (2020) 2020:8218735. doi:
10.1155/2020/8218735

44. Mei J, Xing Y, Lv J, Gu D, Pan J, Zhang Y, et al. Construction of an Immune-
Related Gene Signature for Prediction of Prognosis in Patients With Cervical
Cancer. Int Immunopharmacol (2020) 88:106882. doi: 10.1016/
j.intimp.2020.106882

45. Chen Q, Qiu B, Zeng X, Hu L, Huang D, Chen K, et al. Identification of a
Tumor Microenvironment-Related Gene Signature to Improve the Prediction
of Cervical Cancer Prognosis. Cancer Cell Int (2021) 21(1):182. doi: 10.1186/
s12935-021-01867-2

46. Ding H, Fan GL, Yi YX, Zhang W, Xiong XX, Mahgoub OK. Prognostic
Implications of Immune-Related Genes' (IRGs) Signature Models in Cervical
Cancer and Endometrial Cancer. Front Genet (2020) 11:725. doi: 10.3389/
fgene.2020.00725

47. Yang X, Yin F, Liu Q, Ma Y, Zhang H, Guo P, et al. Ferroptosis-Related Genes
Identify Tumor Immune Microenvironment Characterization for the
Prediction of Prognosis in Cervical Cancer. Ann Transl Med (2022) 10
(2):123. doi: 10.21037/atm-21-6265

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.

The reviewer IB declared a shared parent affiliation with the authors to the
handling editor at the time of review.

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.
June 2022 | Volume 12 | Article 779356

https://doi.org/10.3390/medicina56010015
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1016/j.cmet.2019.06.001
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.1016/j.cell.2017.08.031
https://doi.org/10.1016/j.ygyno.2014.03.013
https://doi.org/10.1016/j.semradonc.2019.02.010
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.3390/ijms21072335
https://doi.org/10.3390/ijms21072335
https://doi.org/10.1016/j.drup.2020.100718
https://doi.org/10.1002/(SICI)1096-9896(199909)189:1%3C12::AID-PATH431%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1096-9896(199909)189:1%3C12::AID-PATH431%3E3.0.CO;2-F
https://doi.org/10.1001/jamaoncol.2019.3857
https://doi.org/10.1158/2326-6066.CIR-18-0277
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1186/s13059-016-1113-y
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.biopha.2019.109444
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1038/s41416-020-01123-w
https://doi.org/10.1016/j.trecan.2016.05.002
https://doi.org/10.1016/j.trecan.2016.05.002
https://doi.org/10.1002/biot.201700097
https://doi.org/10.2527/1993.712408x
https://doi.org/10.1038/nm1523
https://doi.org/10.1016/j.cell.2010.02.015
https://doi.org/10.1016/j.cell.2010.02.015
https://doi.org/10.1111/j.1600-0625.2009.01006.x
https://doi.org/10.1111/j.1600-0625.2009.01006.x
https://doi.org/10.1002/1098-2264(2000)9999:9999%3C::AID-GCC1070%3E3.0.CO;2-W
https://doi.org/10.1002/1098-2264(2000)9999:9999%3C::AID-GCC1070%3E3.0.CO;2-W
https://doi.org/10.1155/2020/8218735
https://doi.org/10.1016/j.intimp.2020.106882
https://doi.org/10.1016/j.intimp.2020.106882
https://doi.org/10.1186/s12935-021-01867-2
https://doi.org/10.1186/s12935-021-01867-2
https://doi.org/10.3389/fgene.2020.00725
https://doi.org/10.3389/fgene.2020.00725
https://doi.org/10.21037/atm-21-6265
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Immune Characterization of Cervical Cancer
Copyright © 2022 Li, Cheng, Cheng and Shi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
Frontiers in Oncology | www.frontiersin.org 13120
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
June 2022 | Volume 12 | Article 779356

http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Gang Chen,

Huazhong University of Science and
Technology, China

Reviewed by:
Arutha Kulasinghe,

The University of Queensland,
Australia

Saumya Pandey,
IndiraIVF Hospital, India

*Correspondence:
Bin Xiong

binxiong1961@whu.edu.cn

Specialty section:
This article was submitted to

Gynecological Oncology,
a section of the journal
Frontiers in Oncology

Received: 31 December 2021
Accepted: 02 June 2022
Published: 29 June 2022

Citation:
Xu J, Huang Z, Wang Y, Xiang Z and
Xiong B (2022) Identification of Novel
Tumor Microenvironment Regulating

Factor That Facilitates Tumor Immune
Infiltration in Cervical Cancer.

Front. Oncol. 12:846786.
doi: 10.3389/fonc.2022.846786

ORIGINAL RESEARCH
published: 29 June 2022

doi: 10.3389/fonc.2022.846786
Identification of Novel Tumor
Microenvironment Regulating Factor
That Facilitates Tumor Immune
Infiltration in Cervical Cancer
Jingjing Xu1,2,3, Zhe Huang4, Yishu Wang5, Zhenxian Xiang1,2,3 and Bin Xiong1,2,3*

1 Department of Gastrointestinal Surgery & Department of Gastric and Colorectal Surgical Oncology, Zhongnan Hospital of
Wuhan University, Wuhan, China, 2 Hubei Key Laboratory of Tumor Biological Behaviors, Wuhan, China, 3 Hubei Cancer Clinical
Study Center, Wuhan, China, 4 Department of Electrical and Computer Engineering, University of Illinois at Urbana-Champaign,
Urbana, IL, United States, 5 Department of Legal English and TOEIC, Adelaide University, North Terrace, SA, Australia

Cervical cancer is one of the most common gynecologic malignancies and one of the
leading causes of cancer-related deaths in women worldwide. There are more than 30
categories of human papillomavirus infections in the genital tract. The recently discovered
immune checkpoint suppression is a potential approach to improve clinical outcomes in
these patients by altering immune cell function. However, many questions remain
unanswered in terms of this method. For example, the proportion of responders is
limited and the exact mechanism of action is uncertain. The tumor microenvironment
(TME) has long been regarded as having nonnegligible influence on effectiveness of
immunotherapy. The programmed cell death protein 1 (PD-1) pathway has received much
attention due to its involvement in activating T-cell immune checkpoint responses. Since
tumor cells may evade immune detection and become highly resistant to conventional
treatments, anti-PD-1/PD-L1 antibodies are preferred as a kind of cancer treatment and
many have just been licensed. To provide a theoretical basis for the development of new
therapies, investigating the effect of tumor microenvironment on the prognosis of cervical
cancer is necessary. In this work, immunological scores obtained from the ESTIMATE
algorithm were used to differentiate between patients with high and low immune cell
infiltration. We identified 11 immunologically significant differentially expressed genes
(DEGs). For example, CXCR3 was found to be an important factor in CD8+ T cell
recruitment and tumor immunological infiltration in cervical cancer. These results may
lead to novel directions of understanding complex interactions between cancer cells and
the tumor microenvironment, as well as new treatment options for cervical cancer.

Keywords: CXCR3, tumor microenvironment, estimate, CIBERSORT, PD-1, cervical cancer
Abbreviations: TME, tumor microenvironment; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
PPI, protein–protein interaction; DEG, differentially expressed gene; CXCR3, CXC chemokine receptor-3; GSEA, Gene Set
Enrichment Analysis; TIC, tumor-infiltrating immune cell; TIL, tumor-infiltrating lymphocyte.
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INTRODUCTION

Cervical cancer is a type of gynecological cancer very harmful to
women’s health (1, 2). Human papillomavirus (HPV) infection,
smoking, and a compromised immune system are all risk factors
for cervical cancer (3, 4). Because persistent HPV infection is
associated with immune system dysfunction and the
development of cervical cancer (5), cervical cancer is a
promising target audience for treatment through the use of
immunotherapeutic means (6). Various immunomodulatory
therapies, such as bacterial vaccine vectors and T-cell therapies,
have been investigated. In the case of recurrence or metastasis,
immune checkpoint inhibition in combination with
chemoradiotherapy for definitive treatment shows potential
(7, 8). Therefore, it is crucial to investigate the oncogenic
process and treatment of cervical cancer.

The significance of the tumor microenvironment (TME) in
tumor development is evidenced by an increasing number of
studies (6). Collaboration between cancer cells and their
supporting cells, such as immortal proliferation, resistance to
apoptosis, and evasion of immune surveillance, influences the
malignant phenotype of cancer (9). Thus, TME has a significant
impact on the therapeutic response and clinical prognosis of
cancer patients (10, 11). Cervical cancer is a HPV-related cancer,
and the tumor microenvironment (TME) plays an important
role in its progression. Tumor epithelial cells and other tumor-
supporting cel ls such as immune cel ls , fibroblasts ,
immunosuppressive cells, adipocytes, endothelial cells, and
pericytes constitute the tumor microenvironment, which is a
complex and dynamic biome (12). To promote tumor
angiogenesis, proliferation, invasion, and metastasis, and to
dictate treatment-resistant activities, cancer cells rapidly attract
supporting cells from the surrounding endogenous host stroma
(13). Tumor-infiltrating immune cells (TICs) are promising
prognostic indicators because they are closely associated with
tumor growth (14). TICs are crucial in cervical cancer prognosis
and are associated with overall survival (15). The CXCL10/
CXCR3 signaling pathway regulates leukocyte trafficking and
angiogenesis through paracrine interactions between tumor and
stromal cells (16). Through the JAK and STAT signaling
pathways, CXCL10-CXCR3 is hypothesized to regulate PD-L1
synthesis in fibroblasts (17). Activation of PD-L1/PD-1 poses
great difficulties for cancer therapy (18), which is often associated
with cytotoxic T lymphocyte malfunction. In patients with
gynecologic malignancies, elevated PD-L1 expression may be a
useful biomarker for predicting clinical outcomes (19, 20). Based
on these findings, adaptive immunity in the tumor
microenvironment is crucial for cervical cancer treatment.
Therefore, it is difficult to find precise genetic tests to
determine the dynamic regulation of immune and stromal
components in the TME.

How different cell types affect regulation of TME was
highlighted by transcriptome sequencing patterns and
functional genomics analysis. The number of TICs and the
proportion of immune and stromal components in CESC
samples from The Cancer Genome Atlas (TCGA) database
were calculated using ESTIMATE and CIBERSORT algorithms
Frontiers in Oncology | www.frontiersin.org 2122
in the R software. A predictive biomarker, CXC chemokine
receptor-3 (CXCR3), was identified. The chemokine receptor
CXCR3 has three different ligands. Three alternative CXCLs
exist, which are CXCL9, CXCL10, and CXCL11 (21). In the
tumor microenvironment, CXCL10 has been revealed to have
anti-malignant properties. According to the recent study,
elevated PD-L1 expression via the CXCL10-CXCR3 axis
improves viral latency and immune evasion of fibroblasts (17).
Therefore, CXCR3 may participate in CESC TME and
immunotherapy. By examining differentially expressed genes
(DEGs) generated by immune and stromal components in
CESC samples, we found that CXCR3 may be a viable
biomarker for TME alteration and immunotherapeutic status
in CESC. The tumor microenvironment is largely thought of as
immunosuppressive, leading to CD8+ T lymphocyte dysfunction
and thus promoting tumor development. The presence of high
concentrations of CD8+ T cells in tumor tissue is a positive
prognostic indicator in many cancers. Blockade of the
suppressive programmed cell death 1 (PD-1) pathway
produces a therapeutic response in a variety of tumor types
(22). At the same time, the majority of patients do not respond or
have disease recurrence, necessitating additional studies (23).
Recent studies found the CXCR3 chemokine system is a
biomarker of PD-1 blockade sensitivity, and increasing the
intratumoral activity of this chemokine system may improve
treatment efficacy (24). However, only a proportion of patients
respond to PD-1 immune checkpoint blockade, emphasizing the
need for a better understanding of the underlying mechanisms
of PD-1-inhibitor-mediated enhancement of the anti-tumor
CD8+ T cell response (25). Finding new ways to understand
how cancer interacts with the tumor microenvironment can lead
to discoveries which can be used to generate prognostic
assessments and clinical treatment options.
MATERIALS AND METHODS

Raw Data
The TCGA database was accessed to obtain transcriptomic
RNA-seq data and clinical data from 309 CESC patients
(normal samples, 3 cases; tumor samples, 306 cases). (https://
portal.gdc.cancer.gov/).

Generation of ImmuneScore,
StromalScore, and ESTIMATEScore
The ESTIMATE algorithm uses the estimation package installed
in R language version 4.1.0 to estimate the immune and stromal
components of the TME for each sample, expressed as three
scores. The total proportion of immune, stromal and both
components of the TME was positively correlated with
Immunocore, StromalScore, and ESTIMATEScore, which
means the higher the correlation value, the higher the
proportion of the corresponding component of the TME.

Survival Analysis
Analyses were performed using the survival and survminer
packages loaded with the R language, as well as the Kaplan-
June 2022 | Volume 12 | Article 846786
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Meier plotter website (https://kmplot.com/analysis/index.php?
p=service&cancer=pancancer_rnaseq). For survival analysis,
exact survival ranging from 0 to 17.6 years was recorded for all
tumor samples. Statistical significance was determined using the
log-rank test, and p<0.05 was considered significant. To create
survival curves, the Kaplan-Meier method was utilized, and the
log-rank test was performed to determine statistical significance.

Generation of DEGs Between High-Score
and Low-Score Groups Regarding
ImmuneScore and StromalScore
The dataset of 306 tumor samples were classified as high or low
scoring based on comparison with the median immune and
stromal scores. Differential gene expression analysis was
performed using the limma package, and DEGs were
constructed by comparing samples with high and low scores.
After logarithmic (high group/low group) transformation, DEGs
with a change greater than 1 and false discovery rate (FDR) less
than 0.05 were judged to be significant.

Heatmaps
The pheatmap package in the R language was used to construct
heatmaps of stromal and immune DEGs.

Difference Analysis of Scores With
Clinical Stages
The TCGA database was used to collect the clinicopathological
characteristics of the CESC samples. The study was carried out in
the R language. Depending on the number of clinical stages, the
Wilcoxon rank-sum or the Kruskal-Wallis rank-sum test was
used to determine significance.

GO and KEGG Enrichment Analysis and
PPI Network Construction of DEGs
GO and KEGG enrichment analysis was performed on 425 DEGs
using R language with packages clusterProfiler, enrichplot, and
ggplot2. Results were considered significantly enriched at a
significance threshold p of 0.05. The STRING database
(https://string-db.org/) was used for online PPI network
analysis. These protein interaction data were imported using
Cytoscape version 3.8.0. Nodes with an interaction confidence
level greater than 0.95 were used to build the network.

COX Regression Analysis
Survival package for univariate COX regression are available in
R. Univariate Cox regression analysis was conducted to explore
the impact of each gene on overall survival. The top 114 genes for
univariate COX are displayed in the graph, arranged by p-value
from the lowest to the highest.

Gene Set Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) is a method for
interpreting biological meaning of a list of genes by the analysis
of the overlaps with various previously defined gene sets (26).
Kegg.v7.3.symbols.gmt were downloaded from Molecular
Signatures Database as the target sets using the software GSEA
4.0.3 downloaded from Broad Institute. Only the gene sets with
Frontiers in Oncology | www.frontiersin.org 3123
NOM p<0.05 were considered to be significant after the whole
transcriptome of all tumor samples were applied by GSEA.

TICs Profile
Using the CIBERSORT, a method for characterizing the
abundances of member cell types in a mixed cell population
from their gene expression profiles (27), the TIC abundance
profiles of all tumor samples were analyzed, and only 250 tumor
samples with a p<0.05 were chosen for further investigation
using quality filtering.
RESULTS

Analysis Process of This Study
Figure 1 depicts the analytical approach in our study. To assess
the proportion of TICs and the number of immune and stromal
components in the CESC samples, we extracted transcriptomic
RNA-seq data from the TCGA database for 309 patients using
the CIBERSORT and ESTIMATE techniques. The ESTIMATE
algorithm is a method for estimating the proportion of TICs and
the amount of immune and stromal component in CESC
samples. A PPI network and univariate COX regression
analysis were created using DEGs shared by ImmuneScore and
StromalScore, and intersection analysis were performed using
the core nodes of the PPI network and the top prognostic genes
obtained from the univariate COX regression analysis. After
obtaining 11 genes, we conducted a series of studies on CXCR3,
including survival and COX regression, Gene Set enrichment
analysis (GSEA), as well as association with TICs.

Scores Were Correlated With the Survival
of CESC Patients
To study the correlation between immune and stromal
component ratios and the survival rate, survival analysis was
used for ImmuneScore, StromalScore, and ESTIMATEScore
respectively. The estimated higher score in ImmuneScore or
StromalScore represents the larger amount of the immune or
stromal component ratios in TME. ESTIMATEScore is the sum
of ImmuneScore and StromalScore denoting the comprehensive
component ratio of both of them in TME. As shown in
Figures 2A, B, ESTIMATEScore and StromalScore had
no significant correlation with the overall survival rate.
ESTIMATEScore still showed positive correlation with the
survival rate (Figure 2C). These results implied that the
immune and stromal components in TME were significant for
indicating the prognosis of CESC patients.

Scores Were Associated With the
Clinicopathological Features of
CESC Patients
Clinical data from CESC patients in the TCGA database were
analyzed to study the correlation between immune and stromal
component ratios and clinicopathological features. We
analyzed the correlation of grade, TNM stages M classification,
N classification, age, as well as T classification with
June 2022 | Volume 12 | Article 846786

https://kmplot.com/analysis/index.php?p=service&cancer=pancancer_rnaseq
https://kmplot.com/analysis/index.php?p=service&cancer=pancancer_rnaseq
https://string-db.org/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. CXCR3’s Role in CESC
ImmuneScore (Figures 3A–E), StromalScore (Figure 3F–J) and
ESTIMATEScore (Figures 3K–O). StromalScore and
ESTIMATEScore were found to be negatively correlated with M
classification of TNM stages (Figure 3G, p=0.046 and Figure 3L,
p=0.022, respectively). The ratio of immunological and stromal
components was related to the development of CESC, such as
invasion and metastasis, as shown in Figures 3G, L (p=0.046 and
p=0.022, respectively).

Identification and Functional Analysis
of DEGs
The specific alterations of gene profiles associated with
immunological and stromal components in TME were
discovered by a comparative investigation of high-scoring
and low-scoring samples. In contrast to the median,
ImmuneScore (high vs. low scoring samples) yielded a total
of 1067 DEGs, with 643 genes upregulated and 424 genes
Frontiers in Oncology | www.frontiersin.org 4124
downregulated (Figures 4A–D). Similarly, StromalScore
identified 947 genes, of which 917 were up-regulated and 30
were down-regulated (Figures 4A–D). The Venn diagram’s
intersection analysis shows that 408 up-regulated genes had
higher ImmuneScore and higher StromalScore, whereas 17
down-regulated genes had lower scores. These DEGs may be
used to assess the status (425 genes in total). These results
closely matched immune-related GO terms, such as the
interaction of hematopoietic cell lines and viral proteins with
cytokines and cytokine receptors, according to gene ontology
(GO) enrichment analyses (Figure 4E). Natural killer cell-
mediated cytotoxicity, S. aureus infection, B-cell receptor
signaling pathways, and T-cell receptor signaling pathways
were also discovered by KEGG enrichment analysis
(Figure 4F). As a result, overall function of DEGs appears
to engage in immune-related activities, showing that
immunological factors are a key aspect of TME in CESC.
FIGURE 1 | Analysis workflow of this study.
B CA

FIGURE 2 | Correlation of scores with the survival of patients with CESC. (A) Kaplan–Meier survival analysis for CESC patients grouped into high or low score in
ImmuneScore determined by the comparison with the median. p = 0.066 by log-rank test. (B) Kaplan–Meier survival curve for StromalScore with p = 0.0295 by log-
rank test. (C) Survival analysis with Kaplan–Meier method for CESC patients grouped by ESTIMATEScore (p = 0.024 by log-rank test).
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B C D E

F G H I J

K L M N O

A

FIGURE 3 | Correlation of ImmuneScore and StromalScore with clinicopathological staging characteristics. (A–E) Distribution of ImmuneScore in grade, M, N, age,
and T classification. The p value is calculated by Kruskal–Wallis rank sum test. (F–J) Distribution of StromalScore in grade, M, N, age, and T classification. The p
value is calculated by Kruskal–Wallis rank sum test. (K–O) Distribution of ESTIMATEScore in grade, M, N, age, and T classification. The p value is calculated by
Kruskal–Wallis rank sum test.
B

C

D

E

F

A

FIGURE 4 | Heatmaps, Venn plots, and enrichment analysis of GO and KEGG for DEGs. (A) Heatmap for DEGs generated by comparison of the high score group
vs. the low score group in ImmuneScore. Row name of heatmap is the gene name, and column name is the ID of samples which not shown in plot. Differentially
expressed genes were determined by Wilcoxon rank sum test with q = 0.05 and fold-change>1 after log2transformation as the significance threshold. (B) Heatmap
for DEGs in StromalScore, similar with (A). (C, D) Venn plots showing common up-regulated and down-regulated DEGs shared by ImmuneScore and StromalScore,
p < 0.05 and fold-change>1 after log2 transformation as the DEGs significance filtering threshold. (E, F) GO and KEGG enrichment analysis for 425 DEGs, terms
with p < 0.05 were believed to be enriched significantly.
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Intersection Analysis of PPI Network and
Univariate COX Regression
To examine the underlying mechanisms of the correlation of the
genes, we used Cytoscape software to establish a PPI network
based on the STRING database. As shown in Figure 5A, 425
genes interacted with each other, and the top 30 genes, ranked by
several nodes, are represented as a histogram (Figure 5B). We
used univariate COX regression analysis on the survival of CESC
patients to find the top prognostic genes among the 425 DEGs
(Figure 5C). Only 11 genes, CD3E, CCR2, CD28, BTK, CD3D,
CD79A, CD79B, CXCR3, ITK, CCR7, and CD3G, were
identified to overlap in a intersection analysis between the
leading nodes in the PPI network and the top 104 genes
ordered by p-value in the univariate COX model (Figure 5D).

The Correlation of CXCR3 Expression With
the Survival in CESC Patients and the
Potential to Be an Indicator of
TME Modulation
The tumor microenvironment is immunosuppressive, and
contributes to tumor growth by causing the malfunction of
CD8+ T cells. According to CXCR3 analysis, CXCR3
expression was significantly higher in tumor samples than in
normal samples (Figure 6A). Based on the median CXCR3
expression, all CESC samples were divided into two groups,
high expression of CXCR3 and low expression of CXCR3.
According to our study, CESC patients with high CXCR3
expression lived longer than those with low CXCR3 expression
(Figure 6B). The final clinical characterization study yielded
similar results, with greater CXCR3 expression in patients who
were alive (Figure 6C). According to the results of the study,
Frontiers in Oncology | www.frontiersin.org 6126
CXCR3 expression in TME was associated with a better
prognosis in CESC patients. This may be due to the anti-
tumor response of CXCR3-signaling CD8+ T cells in the tumor
microenvironment, which leads to a better prognosis of patients
(23). This may explain why CXCR3 expression is higher in
cervical cancer, but it may also indicate a better prognosis for
patients with cervical cancer. Since the level of CXCR3 was
favorably associated with the survival of CESC patients, GSEA
was used to respectively compare the samples of CXCR3
expression in the high and low expression groups. As shown in
Figure 6D, the CXCR3 high presentation group was enriched in
antigen processing and presentation, B-cell receptor signaling,
chemokine signaling, natural killer cell-mediated cytotoxicity, T-
cell receptor signaling, and toll-like receptor signaling. In the
CXCR3 low expression group, genes related to metabolic
pathways such as biosynthesis of unsaturated fatty acids,
glycosaminoglycan biosynthesis, keratin sulfate, and O-glycan
biosynthesis were identified (Figure 6E). These results suggest
that CXCR3 may be used as an indicator of TME status.

Correlation of CXR3 With the Proportion
of TICs
The fraction of tumor-infiltrating immune subpopulations was
determined using CIBERSORT, and 21 different types of
immune cells in tumor tissues were created to further support
the link between CXCR3 expression and the TME (Figure 7). As
detailed below, the differences and correlations were studied.

According to differential and correlation analyses, CXCR3
expression was linked to a total of 13 TICs (Figure 8). M1
macrophages, resting mast cells, plasma cells, activated memory
CD4+ T cells, CD8+ T cells, T follicular helper cells, gamma-delta
B C

D

A

FIGURE 5 | Protein–protein interaction network and univariate COX. (A) Interaction network constructed with the nodes with interaction confidence value > 0.95.
(B) The top 30 genes ordered by the number of nodes. (C) Univariate COX regression analysis with 425 DEGs, listing the top significant factors with p < 0.05.
(D) Venn plot showing the common factors shared by leading 30 nodes in PPI and top significant factors in univariate COX.
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(gd) T cells, and regulatory T cells (Tregs) were found to
be positively correlated with CXCR3 expression. Five
TICs, including activated dendritic cells, eosinophils, M0
macrophages, activated mast cells, and resting memory
CD4+T cells, were found to be negatively correlated with
CXCR3 expression. These findings back up the hypothesis that
CXCR3 levels impact TME immune activation.
Frontiers in Oncology | www.frontiersin.org 7127
DISCUSSION

The purpose of this study is to seek for genes associated with
TME that affect survival and TNM staging in CESC patients in
the TCGA database. Based on a series of bioinformatic studies,
CXCR3 may be an indicator of TME status in CESC patients.
The immune system function is associated with CXCR3 (28).
Future work can be focused on helping modify the therapeutic
purpose of TME and the relationship between TME and tumors
(29). The role of the immune microenvironment in cancer has
been demonstrated in several studies. According to our
transcriptome analysis on the CESC data in the TCGA
database, the immune component of TME has an impact on
patient prognosis. In particular, the ratio of immune and stromal
components in TME was found to be strongly associated with the
development of CESC including invasion and metastasis. These
findings shed light on the importance of studying tumor-
immune cell interactions as they provide new insights into
how to develop more effective therapeutic options (30).

It is crucial to have a comprehensive understanding of
the complex interplay of receptors-cell death cascades in
inflammatory tumor microenvironment in cervical cancer (31).
Previous research has shown that immunogenic cell death and
cancer stem cells-related innovative clinical and translational
research provided patients a boon in targeted immunotherapy in
gynecologic malignancies including cervical cancer as well
as other inflammatory cancers (32, 33). PD-L1 is an
important suppressive immune receptor involved in the
immunosuppression of cancer (34). Recent studies have found
that PD-L1 is overexpressed in cervical cancer and its
knockdown reduces the proliferation, invasiveness, and
B

A

FIGURE 7 | TIC profile in tumor samples and correlation analysis. (A) Barplot
showing the proportion of 21 kinds of TICs in CESC tumor samples. Column
names of plot were sample ID. (B) Heatmap showing the correlation between
21 kinds of TICs and numeric in each tiny box indicating the p value of
correlation between two kinds of cells. The shade of each tiny color box
represented corresponding correlation value between two cells, and Pearson
coefficient was used for significance test.
B C

D E

A

FIGURE 6 | Survival analysis, clinical characteristics and GSEA for samples with high CXCR3 expression and low expression of CESC patients. (A) Differentiated
expression of CXCR3 in the normal and tumor sample. (B) Survival analysis for CESC patients with different CXCR3 expression. Patients were labeled with high
expression or low expression. (C) The correlation of CXCR3 expression with survival stage(fustat: 0 = survival, 1 = death). (D) Enriched gene sets in KEGG of high
CXCR3 expression. Only several leading gene sets are shown in plot. (E) Enriched gene sets in KEGG by the low CXCR3 expression.
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oncogenicity of cervical cancer cells (35). Three chemokine
ligands of CXCR3 are CXCL9, CXCL10, and CXCL11 (21).
CXCL10 has been regarded as having an anti-malignant role in
the tumor microenvironment (36). According to recent work, the
CXCL10-CXCR3 axis enhances viral latency and immune
evasion of fibroblasts through upregulation of PD-L1
expression (17). Thus, CXCR3 may be a part of CESC TME
and immunotherapy. The CXCR3 chemokine system was found
to be a biomarker of PD-1 blockade sensitivity in recent studies,
and therapeutic efficacy may be improved by enhancing the
intratumoral activity of this chemokine system (24). Therefore,
we investigated the association between CXCR3 expression and
TME. According to GSEA data, immune-related signaling
pathways were significantly enriched in the CXCR3 high
expression group, including natural killer cell-mediated
cytotoxicity, S. aureus infection, B-cell receptor signaling
pathway, and T-cell receptor signaling pathway. The CXCR3 low
expression group regarding unsaturated fatty acid production,
glycosaminoglycan biosynthesis, keratin sulfate, and O-glycan
biosynthesis were enriched. Based on these findings, we argue that
CXCR3 may function in the immunity and metabolism of TME.

In this work, a fraction of TICs was analyzed using
CIBERSORT, and a good association between CD8+ T cells
and CXCR3 expression was found in CESC patients. For some
malignancies, the presence of a high number of CD8+ T
lymphocytes in the tumor tissue is a good prognostic signal
(37). There are some studies focused on the application of
prognostic and therapeutic TILs in cervical cancer. A study
compared lymphocytes in cervical tissues from 19 patients with
CIN and from 20 patients with normal cervices. The proportion
Frontiers in Oncology | www.frontiersin.org 8128
of CD8+ T cells is significantly increased in the dysplastic tissue,
which clearly indicates that a higher density of CD8+ TILs are
positively associated with the progress of cervical cancer (38). A
systematic review with meta-analysis on the prognostic
significance of TILs showed that CD8+ lymphocytes had a
positive effect on patient overall survival (OS) of cervical
cancer with a hazard ratio (HR) of 0.71, indicating that CD8+

TILs have prognostic values for not only cancer progression but
also patient OS (39). A finding from phase II trials indicates
that TILs therapy may prove an efficacious option for cervical
cancer. The treatment was among 27 patients with metastatic
cervical carcinoma refractory to the standard of care. This
response was seen sustainedly in patients whose disease was
refractory to standard treatment (40, 41). CXCR3 seems to be
important for maintaining the immune activity of TME, as
there is a positive correlation between CD8+ T cell numbers and
CXCR3 expression in CESC patients (42). Based on the increase
in CD8+ T cells, CXCR3 may have antitumor efficacy in CESC.
These molecular analyses at the tissue and cell level could reveal
the cellular status of TME, but information related to spatial-
level cellular distribution, co-organization, and cell-cell
interaction is insufficient in the TME (43). Deep spatial
analysis is capable of unraveling tumor evolutionary
trajectories as well as geospatial evolution in cell populations
and their expression signatures (44). In cervical tumors, spatial
analysis data could map the spatial relationships between
different cell phenotypes. Spatial analysis is able to
distinguish different cell populations that play specific roles in
activation and regulation close to the malignant cells,
suggesting that those cells can play specific roles according to
B

CA

FIGURE 8 | Correlation of TICs proportion with CXCR3 expression. (A) Violin plot showed the ratio differentiation of 21 kinds of immune cells between CESC tumor
samples with low or high CXCR3 expression relative to the median of CXCR3 expression level, and Wilcoxon rank sum was used for the significance test. (B) Scatter
plot showed the correlation of 15 kinds of TICs proportion with the CXCR3 expression (p<0.05). The blue line in each plot was fitted linear model indicating the
proportion tropism of the immune cell along with CXCR3 expression, and Pearson coefficient was used for the correlation test. (C) Venn plot displayed 13 kinds of
TICs correlated with CXCR3 expression codetermined by difference and correlation tests displayed in violin and scatter plots, respectively.
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their distribution. As is reported in lung adenocarcinoma, the
close proximity and interaction between malignant cells and T-
cells expressing PD-L1 and PD-1 suggest that cytotoxic T-cells
actively interface with the malignant cells and may increase the
risk of tumor recurrence in those patients (45). Recent study
provides functional and spatial analysis of immune cells in the
Lymphocyte-rich classic Hodgkin lymphoma (LR-CHL)
microenvironment at single-cell resolution. It identifies a
unique CD4+PD-1+CXCL13+CXCR5- TFH-like subset that
surrounds Hodgkin Reed-Sternberg (HRS) cells, appears in
close proximity to CXCR5+ B cells, and is associated with
poor clinical outcome. This finding suggests the pathogenic
mechanism of the CXCL13/CXCR5 axis and PD-1+CXCL13+ T
cells as a treatment target in LR-CHL. This reveals that the
expression profiles of CXC motif cytokines and their receptors
have a crucial impact in the TME and patient prognosis at the
tumor spatial-level. Several studies showed that checkpoint
blockades targeting PD-1/PD-L1 pathways have achieved
efficient clinical responses by suppressing cancer progression
and improving survival in cervical cancer (46). We can infer
that CXCL10/CXCR3 axis and PD-1+CXCL10+ T cells may also
play specific roles corresponding to their distribution in cervical
cancer. Therefore, more studies are needed to determine the
precision of combining CXCR3 expression, tumor-infiltrating
T-cell isoforms, and anti-PD-1/PD-L1 treatment response in
patients with cervical cancer. In addition, we need to validate
the findings of the study through experiments in vitro and in
Frontiers in Oncology | www.frontiersin.org 9129
vivo. We also should admit that the TCGA data has limitations.
The TCGA isoform expression quantification data annotation
errors and batch effects may occur due to the fact that the data
was collected not only at different times but also by different
institutions (47).
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