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Oxaliplatin (Oxa) is the first-line chemotherapy drug for colorectal cancer (CRC),
and Oxa resistance is crucial for treatment failure. Prostaglandin F,, synthase (PG-

Published online: October 21,2023 F, ) (PGFS), an enzyme that catalyzes the production of PGF,, is involved in the

resistance in CRC remains unclear.

AIM

proliferation and growth of a variety of tumors. However, the role of PGFS in Oxa

To explore the role and related mechanisms of PGFS in mediating Oxa resistance

in CRC.
METHODS
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The PGFS expression level was examined in 37 pairs of CRC tissues and paracancerous tissues at both the mRNA
and protein levels. Overexpression or knockdown of PGFS was performed in CRC cell lines with acquired Oxa
resistance (HCT116-OxR and HCT8-OxR) and their parental cell lines (HCT116 and HCTS) to assess its influence
on cell proliferation, chemoresistance, apoptosis, and DNA damage. For determination of the underlying
mechanisms, CRC cells were examined for platinum-DNA adducts and reactive oxygen species (ROS) levels in the
presence of a PGFS inhibitor or its products.

RESULTS

Both the protein and mRNA levels of PGFS were increased in the 37 examined CRC tissues compared to the
adjacent normal tissues. Oxa induced PGFS expression in the parental HCT116 and HCTS8 cells in a dose-
dependent manner. Furthermore, overexpression of PGFS in parental CRC cells significantly attenuated Oxa-
induced proliferative suppression, apoptosis, and DNA damage. In contrast, knockdown of PGFS in Oxa-resistant
HCT116 and HCTS cells (HCT116-OxR and HCT8-OxR) accentuated the effect of Oxa treatment in vitro and in vivo.
The addition of the PGFS inhibitor indomethacin enhanced the cytotoxicity caused by Oxa. Treatment with the
PGFS-catalyzed product PGF,, reversed the effect of PGFS knockdown on Oxa sensitivity. Interestingly, PGFS
inhibited the formation of platinum-DNA adducts in a PGF, -independent manner. PGF,, exerts its protective effect
against DNA damage by reducing ROS levels.

CONCLUSION
PGFS promotes resistance to Oxa in CRC via both PGF, -dependent and PGF,_-independent mechanisms.

Key Words: Prostaglandin F, synthase; Colorectal cancer; Oxaliplatin; Drug resistance; DNA damage

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Prostaglandin F,, synthase (PGF,,) (PGFS) is an enzymatic catalyst responsible for the biosynthesis of PGF,,. Our
study revealed that PGFS exerts an inhibitory effect on the generation of reactive oxygen species by means of its
downstream product PGF,_, and consequently facilitates resistance to oxaliplatin in colorectal cancer. Simultaneously, PGFS
suppresses the formation of platinum-DNA adducts in a manner that is not reliant on PGF,,, which is rarely reported.

Citation: Wang YJ, Xie XL, Liu HQ, Tian H, Jiang XY, Zhang JN, Chen SX, Liu T, Wang SL, Zhou X, Jin XX, Liu SM, Jiang HQ.
Prostaglandin F,, synthase promotes oxaliplatin resistance in colorectal cancer through prostaglandin F, -dependent and F, -
independent mechanism. World J Gastroenterol 2023; 29(39): 5452-5470

URL: https://www.wjgnet.com/1007-9327/full/v29/i39/5452.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i39.5452

INTRODUCTION

Colorectal cancer (CRC) is one of the most frequently diagnosed cancers and a leading cause of cancer death worldwide
[1]. In China, CRC is the third most common cancer, and the incidence rate also exceeds that of liver cancer, ranking third
in cancer[2]. The current clinical treatment regimen for CRC involves surgical resection followed by chemotherapy,
radiotherapy and combination therapy. For prevention of tumor recurrence, surgery alone or combined with adjuvant
chemotherapy remains the cornerstone of the treatment of nonmetastatic CRC[3]. Adjuvant oxaliplatin (Oxa)-based
fluorouracil, leucovorin, and Oxa (FOLFOX) or capecitabine plus Oxa chemotherapy is the standard for patients with
stage II or III colon cancer following surgery, as recommended by several treatment guidelines[4,5].

Oxa, as an alternative to cisplatin, is a third-generation platinum agent. Several multicenter clinical trials have been
conducted on the therapies with Oxa shown in preclinical and single-center trials to have beneficial anticancer effects.
Oxa can significantly reduce the risk of recurrence and mortality of CRC and prolong disease-free survival and overall
survival[6,7]. However, resistance to chemotherapy remains a major clinical issue in the treatment of CRC[8]. However,
only half of CRC patients respond to FOLFOX, and this half of chemotherapy-resistant patients also develop resistance
during chemotherapy, a type of resistance known as secondary resistance. That is, cancer drug resistance includes two
types: Intrinsic (also called innate or primary resistance) and acquired (also called avoidant, adaptive, or secondary
resistance).

Cisplatin resistance likely occurs for complex reasons, including increased drug efflux, drug breakdown, increased
repair of damaged DNA, and increased activation of prosurvival pathways or inhibition of pathways that promote cell
death[9]. Several studies have also shown that for Oxa resistance, the reduction in damage formation rather than the
increase in damage repair is the main factor in the acquired resistance to Oxa[10]. Compared with cisplatin, Oxa has a
large platinum atom ring, which can bind more DNA molecules to form platinum-DNA complexes and cause DNA
damage to cells. Then, the DNA repair mechanism is activated. Once the repair is successful, Oxa will be excreted from
the body, resulting in drug resistance. If DNA damage repair fails, the cell will undergo apoptosis[11]. Several studies
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have shown that although Oxa has greater cell lethality than cisplatin, side effects such as ototoxicity and nephrotoxicity
are weaker than those of cisplatin, and this drug can treat cisplatin-resistant tumors, but Oxa more easily results in
resistance than cisplatin[12,13]. Therefore, studying the resistance to Oxa has important clinical value.

Prostaglandins (PGs) are a group of biologically active lipid mediators derived from the cyclooxygenase (COX)
pathway of the arachidonic acid cascade[14]. PGs are involved in growth and development, inflammation, and cancer
progression by binding to their respective receptors[15]. Prostaglandin F,, (PGF,,) is one of the main PGs produced by the
COX pathway. PGF,, is synthesized by PGF,, synthase (PGFS), which is a member of the aldo-keto reductase (AKR)
family and a key enzyme in steroid metabolism[16]. PGFS converts prostaglandin D2 (PGD2) into 11B-PGF,,[17,18].
Recently, the cancer-promoting effects of PGFS in prostate cancer, gastric cancer, lung cancer, and other tumors have been
confirmed[19,20].

Oxidative stress is related to the occurrence and development of tumors, with reactive oxygen species (ROS) playing an
important role in inducing oxidative stress. Excessive ROS production is caused by the imbalance between defense and
metabolic mechanisms. Low concentrations of ROS induce cell proliferation and regulate the activation of several
signaling pathways[21]; however, high concentrations of ROS induce changes in gene expression and promote the
accumulation of mutations and DNA damage[22]. ROS can promote the generation of PGD2 and PGF, [3,23], but the
relationship between PGF,, and ROS and CRC treatment remains unclear.

In CRC, PGFS overexpression was reported to reduce the DNA damage caused by oxidative stress and thereby induce
cisplatin resistance[24]. However, studies on the drug resistance of Oxa are scarce. Moreover, the role and mechanism of
PGFS in CRC drug resistance and the relationship between PGF,, and DNA damage require further study. In this study,
Oxa-resistant CRC cell lines with PGFS overexpression and knockdown were evaluated, revealing its mediating effect on
Oxa resistance. Thus, this study provides novel ideas for the diagnosis and treatment of CRC.

MATERIALS AND METHODS

Patients and samples

Fresh CRC tissues and adjacent nontumor tissue samples were acquired from 37 patients with CRC who underwent
surgical resection at the Second Hospital of Hebei Medical University, Shijiazhuang, China. This study was approved by
the Ethics Committee of the Second Hospital of Hebei Medical University (approval No. 2021-R441). Each tissue was
divided into three parts: one part was directly snap-frozen in liquid nitrogen and stored at -80 °C for western blotting, a
second part was immediately frozen with TRIzol and stored at -80 °C for RNA extraction, and the third part was
immersed in 4% paraformaldehyde and stored at 4 °C for further paraffin embedding.

Resistance signature analysis

The different gene expression levels were compared between the nonresponse and response groups. The data on the
expression of PGFS in CRC patients with or without response to an Oxa-containing regimen are available in the cancer
treatment response gene signature database (http://ctrdb.ncpsb.org.cn/)[25]. Data were generated from the merged
dataset of CTR_Microarray_35 and CTR_Microarray_90. We found that 29 out of 45 patients were nonresponsive, and the
remaining 16 were responsive. The expression levels of PGFS in the two groups of patients were calculated using the
website tool.

Histology and immunohistochemical analysis

Sections were stained for hematoxylin and eosin and immunofluorescence staining. Immunohistochemistry (IHC) was
performed as previously described[26]. Briefly, the slides were routinely deparaffinized, rehydrated, subjected to antigen
retrieval, and incubated in 3% hydrogen peroxide to block endogenous peroxidase. Subsequently, the slides were blocked
and incubated with primary antibodies against PGFS (diluted 1:1000, Proteintech, Wuhan, China) and proliferating cell
nuclear antigen (PCNA) (diluted 1:500, Proteintech, Wuhan China) at 4 °C overnight, followed by incubation with
polymer-horseradish peroxidase-conjugated anti-rabbit secondary antibody the next day. Then, the section was stained
with 3,3’-diaminobenzidine and counterstained with hematoxylin, dehydrated and coverslipped.

Cell culture

The human CRC HCT116 cell line was obtained from the Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). Oxa-resistant cell lines (HCT116-OxR and HCT8-OxR) and HCTS cells were
purchased from Oulu Biotechnology (Shanghai, China). HCT116 and HCTS cells were cultured in roswell park memorial
institute (RPMI) 1640 medium (Gibco BRL, Rockville, MD, United States), which was supplemented with 10% fetal
bovine serum (Gibco BRL), 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a humidified incubator with 5%
CO,. HCT116-OxR and HCT8-OxR cells were cultured in Oxa-containing RPMI 1640 medium. HCT116, HCT116-OxR,
HCTS8, and HCT8-OxR cells were certified by Viva Cell Biosciences Ltd. (Shanghai, China). The reagents used in this
study were Oxa (Selleck, Shanghai, China), indomethacin (MCE, Shanghai, China), and PGF2a (Merck, Jiangsu Province,
China).

Western blot analysis
Proteins were extracted from CRC and adjacent tissues and cells using radio immunoprecipitation assay lysis buffer with
proteinase inhibitors. Protein concentrations were measured using bicinchoninic acid (Sigma-Aldrich St. Louis, MO,
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United States). The primary antibodies used included anti-PGFS antibody (diluted 1:500, Abways, Shanghai, China), anti-
B-actin antibody (diluted 1:1000, Abways), anti-cleaved-caspase 3 antibody (diluted 1:200, Abways), anti-cleaved poly
ADP-ribose polymerase (PARP) antibody (diluted 1:500, Abways), anti-PCNA (diluted 1:500, Abways), and anti-[y-H2A
histone family member X (y-H2AX), diluted 1:500, Abways]. Briefly, protein purification was confirmed using electro-
phoresis on a sodium dodecyl sulfate-polyacrylamide gel, which was then transferred onto a polyvinylidene difluoride
membrane. Membranes were incubated in 5% milk for 1 h before incubation with primary antibodies at 4 °C overnight.
The following day, the membrane was washed three times with TBS with Tween-20. Secondary antibodies were
incubated for 1 h at room temperature. The bands were visualized using an Odyssey infrared imaging system (LI-COR
Biosciences), and protein quantification was performed using Image] software (National Institutes of Health, Bethesda,
MD, United States).

Virus and small interfering RNA (siRNA) transfection

For generation of stable reporter lines, HCT116 and HCTS cells were infected with lentiviral particles expressing PGFS,
and the empty vector was used as a control. Lentiviruses for PGFS knockdown were infected into the Oxa-resistant cell
lines HCT116-OxR and HCT8-OxR following the manufacturer’s instructions. Subsequently, transfected cells were
selected for 14-d incubations in 5 ng/mL puromycin. The construction of PGFS knockdown and overexpression
lentiviruses was completed by GeneChem Co., Ltd. (Shanghai, China).

RNA extraction and real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from tissues using TRIzol reagent (Tiangen). Complementary DNA (cDNA) was synthesized
from total RNA through reverse transcription using the PrimeScript RT reagent kit from TaKaRa Biomedical Technology
Co., Ltd. (Beijing, China). cDNA was used for RT-PCR using the above PrimeScript RT reagent kit on a StepOnePlus™
RT-PCR system (Applied Biosystems, MS). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. Specific primer sequences were designed as follows: PGFS-forward: 5'-GTC ATC CGT ATT TCA ACC
GGAG-3’; PGFS-reverse: 5'-CCA CCC ATC GTT TGT CTC GTT-3’; GAPDH-forward: 5'-AGG GGG GAG CCA AAA GGG
TCA-3’; GAPDH-reverse: 5-TGG GTG GCA GTG ATG GCA TGG A-3'.

Cell viability assay

Cell viability was determined using a cell counting kit-8 (CCK-8) kit (Dojindo Laboratories, Kumamoto, Japan) following
the manufacturer’s instructions. Briefly, CCK-8 solution (10 pL) was added to each well and incubated for 2 h at 37 °C.
Absorbance was measured at 450 nm using a plate reader (BioTek, Winooski, VT, United States). CCK-8 assays were used
to examine the half-inhibitory concentration (IC,). The inhibition concentration (%) was calculated as [(anegative - blank)
- (Aexp - blank)]/ (anegative-blank) x 100%. The IC;, was calculated from the survival curves using GraphPad Prism 7
(Version X; La Jolla, CA, United States). Each assay was performed in triplicate.

Colony formation assays

Cells stably transfected with lentiviruses were reseeded (3 x 10° cells per well) in 6-well plates and cultured for two
weeks. The colonies were subsequently stained with 0.05% crystal violet for visualization. After routine culture for 2 wk,
colony numbers were counted under a microscope.

Apoptosis assays

For analysis of early/late apoptotic or necrotic cell death, cells were measured with the Annexin V-FITC apoptosis
detection kit (Beyotime, Shanghai, China) using flow cytometric analysis. We also detected total apoptosis by a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Beyotime, Shanghai, China).

Immunofluorescence assay

Stably transfected cells were seeded onto cover glasses in 24-well plates. After 24 h of intervention, cells were fixed in 4%
paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100, diluted in phosphate-buffered saline (PBS) for 10
min, and blocked with 5% normal goat serum for 30 min at room temperature. The cells were incubated with rabbit anti-
PGFS or rabbit anti-y-H2AX overnight at 4 °C. After washing with PBS, the cells were incubated with the secondary
antibody (594 goat anti-rabbit immunoglobulin G) for 1 h at room temperature. After washing, the slides were counter-
stained with 4'6’-diamidino-2-phenylindole dihydrochloride (Sigma-Aldrich) for 5 min. Images were acquired using a
laser scanning confocal microscope (Olympus, Tokyo, Japan).

Assays for intracellular ROS levels

Intracellular ROS levels were evaluated using a ROS assay kit (KGAF019, KeyGEN Biotech, Nanjing, China) following the
manufacturer’s instructions. Briefly, cells were stained with dihydroethidium (DHE) for 30 min and analyzed for
intracellular ROS levels under a fluorescence microscope (Olympus, Tokyo, Japan). The mean fluorescence intensity, as
an index of the amount of ROS, was measured using Image] software.

Platinum-DNA adduct determination
The DNA concentration was determined using a nanodrop spectrophotometer (Thermo Fisher Scientific), and the DNA-
bound platinum content was quantified using inductively coupled plasma-mass spectrometry.
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Alkaline comet assay

DNA damage was detected using a comet assay. CRC cells were administered different drug concentrations and had
different exposure times. The comet assay was performed according to the alkaline comet assay protocol (KeyGEN
Biotech, Nanjing, China). Nuclear DNA and migrating DNA (comet tail) labeled with propidium iodide appeared red
and were observed at 515-560 nm using a fluorescence microscope (Olympus, Tokyo, Japan). Comet tail length and tail
moment (percentage of DNA in the tail to the total DNA) were analyzed using Image] software.

Animal study

Nude mice were implanted subcutaneously with HCT8-OXR cells. When the average volume of the tumors reached
approximately 100 mm?®. The nude mice in the LV-shNC + Oxa and LV-shPGFS + Oxa groups were treated with Oxa by
gavage at a dosage of 10 mg/kg/d for 14 d, and the volume of tumors was measured. We sacrificed the nude mice when
the treatment was completed, and the tissues were fixed with 4% paraformaldehyde or immediately placed at -80 °C. The
animal protocol was designed to minimize pain and discomfort to animals. The nude mice were acclimatized to
laboratory conditions for 1 wk prior to our experiment. Intragastric gavage administration was conducted by using
straight gavage needles (22 gauge). All the animals in our study received humane care, and the ethics committee of the
Second Hospital of Hebei Medical University approved our study (approval letter No. 2022-AE010).

Statistical analyses

Data are presented as the mean + SD. The association between PGFS expression and clinicopathological features was
evaluated using a nonparametric test. The statistical analyses included analysis of variance (ANOVA) with the Student-
Newman-Keuls post hoc test and a standard two-tailed Student’s ¢ test. Student’s f test was used for comparisons
between two groups, while comparisons between three or more groups were conducted using one or two-way ANOVA
with the Brown-Forsythe test for equality of group variances. Statistical analysis was performed using SPSS software
version 25.0 (Chicago, IL, United States). P < 0.05 was considered statistically significant.

RESULTS

PGFS expression is elevated in CRC tissues

We first tested the expression of PGFS in 37 pairs of CRC tissues and matched paracarcinoma tissues. PGFS was
significantly upregulated at both the protein and RNA levels in cancerous tissues compared with adjacent nontumor
tissues (Figure 1A and B). IHC analysis showed that the strong positive PGFS signals were mainly detected in the nuclei
of the cancerous epithelial cells. In contrast, the normal tissue samples showed low expression of PGFS homogenously
distributed in the nuclei and cytoplasm (Figure 1C). Then, we investigated the relationship between PGFS and
clinicopathological features. High PGFS expression was associated with advanced T stage (Tables 1 and 2). Moreover,
PGFS expression was higher in the Oxa-nonresponsive group than in the Oxa-responsive group (Figure 1D).

PGFS is upregulated in Oxa-resistant CRC cells

To assess the role of PGFS in Oxa resistance in CRC cells, we used two Oxa-resistant CRC cell lines derived from HCT116
and HCT8 (hereafter named HCT116-OxR and HCT8-OxR). The resistance of the two Oxa-resistant cell lines was
determined by measuring the resistance index (RI), which was calculated as the ICy; ratio of drug-resistant cells to their
parent cells. Both HCT116-OxR and HCT8-OxR cells showed moderate Oxa resistance, with RIs of 10.1 and 5.86,
respectively (IC;,-HCT116-OxR vs. IC5-HCT116: 64.2 pM vs. 6.315 pM; IC,;-HCT8-OxR vs. IC;-HCTS: 6.241 pM vs. 1.064
puM; Supplementary Figure 1A). Colony formation assays revealed increased colony formation efficiency in the two Oxa-
resistant cell lines (Supplementary Figure 1B). PGFS expression was significantly increased in HCT116-OxR and HCTS-
OxR cells compared with their parent cells (HCT116 and HCT8) (Supplementary Figure 1C). The elevated PGFS
expression in the resistant cells was confirmed using immunofluorescence staining and was largely localized in the
cytoplasm and nuclei (Supplementary Figure 1D). Furthermore, Oxa induced PGFS expression in a dose-dependent
manner, peaking at 24 h, in both parent and Oxa-resistant cells (Supplementary Figure 1E-H). Therefore, upregulated
PGFS is associated with acquired Oxa resistance in CRC cells.

PGFS attenuates Oxa-induced proliferation inhibition, apoptosis, and DNA damage in CRC cells

To further confirm the role of PGFS in Oxa resistance, we performed lentivirus-mediated overexpression of PGFS in
HCT116 and HCTS cells, which showed low levels of PGFS. Overexpression of PGFS was verified by western blotting
(Supplementary Figure 2A). Stable overexpression of PGFS induced a significant right shift of the IC;; value for Oxa,
which indicated a reduction in sensitivity to Oxa (Figure 2A). To validate this result, we designed three siRNAs to target
PGFS and evaluated their knockdown efficiency in Oxa-resistant cells with high PGFS expression. The short hairpin RNA
(shRNA) sequence that caused an obvious reduction in PGFS expression was cloned and inserted into a lentiviral vector
for the stable knockdown of PGFS (Supplementary Figure 2B and C). Lentiviral shRNA-mediated knockdown of PGFS
decreased the IC,; value for Oxa in HCT116-OxR and HCT8-OxR cells (Figure 2B). We then examined the effect of PGFS
on the expression of PCNA (a marker of cell proliferation). Treatment with Oxa resulted in a decrease in PCNA
expression, which was diminished by overexpression of PGFS in HCT116 and HCTS cells (Figure 2C). In contrast,
knockdown of PGFS further exacerbated the Oxa-induced reduction in PCNA expression in HCT116-OxR and HCT8-OxR
cells (Figure 2D). Additionally, overexpression of PGFS restored the colony-forming capacity of CRC cells treated with
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Table 1 Correlation between prostaglandin F,, synthase expression level and clinicopathological characteristics in 37 colorectal cancer

patients, n (%)

Variables No. of patients Relatives PGFS expressions (mean * SD) P value
All cases 37 (100)

Gender 0.376
Male 22 (59) 1.84+1.67

Female 15 (41) 1.68 +1.02

Age (yr) 0.495
260 19 (51) 1.40+0.8

<60 18 (49) 212+18

Tumor location 0.066
Colon 15 (41) 171412

Rectum 22 (59) 1.84 +1.65

Differentiations 0.437
Well and Moderately 26 (70) 1.65+1.29

Poorly 11 (30) 1.81+£1.08

T stage 0.023°
T1 or T2 25 (68) 1.26 £0.52

T3 or T4 12 (32) 247 £0.87

Lymph node metastasis 0.063
No 25 (68) 1.17 £0.56

Yes 12 (32) 2.09 +1.69

AJCC stage 0.069
TorlIl 29 (78) 1.44+0.89

I or IV 8(22) 3.09 +2.69

P < 0.05 concluded that T stage was correlated with prostaglandin F2a synthase expression level. PGFS: Prostaglandin F, synthase; AJCC: American Joint
Committee on Cancer.

Table 2 Spearman analysis of the correlation between prostaglandin F,, synthase expression level with clinicopathological, n (%)

PGFS expression level Spearman

Variables No. of patients . P value
correlation

T stage 0.666 0*

T1 or T2 25 (68)

T3 or T4 12 (32)

AJCC stage 0.113 0.504

Torll 29 (78)

II or IV 8(22)

P < 0.05 indicates that there is a significant relationship between T stage and prostaglandin F2a synthase (PGFS) expression level in tissues. The Spearman
correlation of PGFS expression level, also known as the sample correlation coefficient, was 0.666, that is, the significance relationship was moderately
correlated and passed the significance test. PGFS: Prostaglandin F,, synthase; AJCC: American Joint Committee on Cancer.
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Figure 1 Prostaglandin F,, synthase is upregulation in patients with colorectal cancer. A: Prostaglandin F,, synthase (PGFS) protein expression
was verified using western blot in 37 pairs of colorectal cancer (CRC) and adjacent normal tissues; B: Real-time polymerase chain reaction analysis of PGFS mRNA
expression in 37 pairs of CRC and adjacent normal tissues; C: Hematoxylin and eosin staining and immunohistochemistry for PGFS expression (scale bar, 50 ym); D
PGFS expression in non-response and response patients analyzed by the Cancer Treatment Response gene signature DataBase (http://ctrdb.ncpsb.org.cn/). 2P <
0.05,°P < 0.01. T: Tumor; N: Adjacent normal tissues; PGFS: Prostaglandin F,, synthase; HE: Hematoxylin and eosin.

Oxa. However, knockdown of PGFS caused a further decrease in clonogenic capacity (Figure 2E and F). In summary,
PGFS attenuates Oxa-induced proliferation suppression.

We then tested the effect of PGFS on apoptosis induced by Oxa. Western blotting showed that treatment with Oxa
elevated the levels of cleaved PARP and cleaved caspase 3 in HCT116 and HCTS cells. However, overexpression of PGFS
inhibited the Oxa-induced increase in the two proteins (Figure 3A). Conversely, silencing PGFS in HCT116-OxR and
HCT8-OxR cells led to a further increase in the two apoptosis markers caused by Oxa (Figure 3B). Furthermore, we
examined apoptosis by TUNEL staining. We observed that PGFS overexpression reduced the increase in TUNEL-positive
cells induced by Oxa treatment. In contrast, the number of apoptotic cells was further increased by infection with
lentivirus expressing sh-PGFS (Figure 3C and D). In addition, we performed flow cytometry as further evidence of
apoptosis. The percentage of apoptotic cells was decreased in the PGFS-overexpressing CRC cells but increased in the
Oxa-resistant cells with PGFS knockdown (Figure 3E and F). These observations suggested that PGFS protects CRC cells
against Oxa-induced apoptosis.

Oxa induces DNA damage by directly binding to DNA. We investigated the role of PGFS in DNA damage caused by
Oxa by detecting the expression of y-H2AX (a marker for DNA damage). The y-H2AX level was increased by treatment
with Oxa, which was diminished by PGFS overexpression in the parental CRC cells, while it was elevated by knockdown
of PGFS in the Oxa-resistant CRC cells (Figure 4A and B). We then examined DNA double-strand breaks (DSBs) by y-
H2AX immunofluorescence staining. Overexpression of PGFS in HCT116 and HCTS cells led to a reduction in the
number of y-H2AX-positive DNA damage foci induced by Oxa treatment. Conversely, the number of y-H2AX foci was
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Figure 2 Prostaglandin F,, synthase resists the inhibitory effect of oxaliplatin on colorectal cancer cell proliferation. A: The effects of
prostaglandin F,, synthase (PGFS) overexpression on cell viability in HCT116 and HCT8 cells; B: The effects of PGFS knockdown on cell viability in HCT116-OxR
and HCT8-OxR cells; C and D: Western blot analysis showed proliferating cell nuclear antigen levels in parental and oxaliplatin-resistant (OR) colorectal cancer
(CRC) cells; E and F: Plate colony formation assay in parental and OR CRC cells. 2P < 0.05, °P < 0.01, °P < 0.001, “No significance. PCNA: Proliferating cell nuclear
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antigen; PGFS: Prostaglandin F,, synthase; Oxa: Oxaliplatin; IC,: Half-inhibitory concentration.

increased in the drug-resistant CRC cells upon PGFS knockdown (Figure 4C). In addition, we used a comet assay to
determine DNA damage. Tail length and DNA content percentage (tail DNA%) were significantly increased after
incubation with Oxa in HCT116 and HCTS8 cells, and these changes were attenuated by overexpression of PGFS.
Moreover, PGFS knockdown resulted in enhanced DNA damage induced by Oxa (Figure 4D and E). These results
showed that PGFS is resistant to Oxa-induced DNA damage. Collectively, these findings indicated that PGFS promotes
Oxa resistance in CRC cell lines.

PGFS knockdown enhances the efficiency of Oxa in vivo

HCT8-OxR cells with stable PGFS knockdown were inoculated subcutaneously into nude mice. Treatment with Oxa
caused a decrease in tumor volume and weight, which were further decreased by knockdown of PGFS (Figure 5A-C).
Immunohistochemical staining was used to evaluate PCNA expression in the xenograft tumors. Knockdown of PGFS
further exacerbated the Oxa-induced reduction in PCNA expression (Figure 5D). These data indicated that PGFS
knockdown enhances the sensitivity of CRC to Oxa.

PGFS exerts an Oxa-resistant effect through its PGF,, synthase activity

PGFS catalyzed synthesis of PGF,,. To clarify whether the Oxa-resistant effect of PGFS is dependent on its enzymatic
action, we blocked PGFS activity by its inhibitor indomethacin. PCNA expression was upregulated by PGFS overex-
pression in CRC cells treated with Oxa, and this effect was inhibited after indomethacin administration. Moreover,
overexpression of PGFS attenuated the upregulation of cleaved PARP and cleaved caspase-3 caused by Oxa treatment,
while indomethacin treatment reversed the effect of PGFS overexpression on the expression of apoptotic proteins
(Supplementary Figure 3A). Flow cytometric analysis showed that Oxa-induced apoptosis was suppressed by infecting
CRC cells with a lentivirus expressing PGFS. Treatment with indomethacin abolished the ability of PGFS to resist Oxa-
induced apoptosis (Supplementary Figure 3B). Western blot analysis revealed that overexpression of PGFS inhibited the
upregulation of y-H2AX caused by Oxa, which was diminished by indomethacin incubation (Supplementary Figure 3C).
A comet assay further revealed that overexpression of PGFS in CRC cells inhibited the increase in comet DNA tail length
and percentage of DNA in the tail induced by Oxa, while the inhibitory function of PGFS was attenuated by
indomethacin (Supplementary Figure 3D). These findings suggested that the effect of PGFS on increasing CRC resistance
to Oxa depends on its PGF,, synthase activity.

PGFS promotes resistance to Oxa through its product PGF,,

PGFS catalyzes the reduction of PGD2 to PGF,,. To confirm the role of PGF2a in PGFS-mediated Oxa resistance, we
performed rescue experiments by introducing PGF,, to HCT116-OxR and HCT8-OxR cells with PGFS knockdown.
Western blot analysis revealed that PCNA expression was further decreased by the depletion of PGFS in HCT116 and
HCTS cells treated with Oxa, which was alleviated by the addition of PGF,,. Knockdown of PGFS further increased Oxa-
induced elevation of cleaved PARP and cleaved caspase 3, which was partially rescued by PGF,, supplementation
(Figure 6A). TUNEL staining results showed that the percentage of apoptotic cells was increased after the knockdown of
PGFS in Oxa-treated cells, while the addition of PGF,, decreased apoptosis (Figure 6B). Moreover, knockdown of PGFS
further increased the upregulation of y-H2AX expression caused by Oxa, while supplementation with PGF,, attenuated
the effect of PGFS depletion (Figure 6C). Similarly, comet assays showed that the percentage of comet tail DNA and tail
length were elevated by Oxa stimulation and were further increased in HCT116-OxR and HCT8-OxR cells with PGFS
knockdown, which was alleviated by the addition of PGF,, (Figure 6D). These data indicate that PGF,,, the product
catalyzed by PGFS, plays an important role in PGFS-mediated Oxa resistance.

PGFS promotes Oxa resistance through both PGF, -dependent and PGF, -independent mechanisms

Oxa exerts its cytotoxic effect by forming platinum-DNA adducts or by generating a large amount of ROS, thereby
causing DNA damage. To explore the role of PGFS in the formation of platinum-DNA adducts, we measured the amount
of platinum on DNA after treatment with Oxa by inductively coupled plasma mass spectrometry. Overexpression of
PGFS did not affect the platinum concentrations in HCT116 and HCTS cells (Figure 7A). In contrast, knockdown of PGFS
induced an increase in the platinum concentrations in HCT116-OxR and HCT8-OxR cells (Figure 7B). However, the
addition of PGF,, did not affect the formation of platinum-DNA adducts in HCT8-OxR cells with knockdown of PGFS
(Figure 7C). These findings suggested that PGFS may suppress the formation of platinum-DNA adducts in a PGF,,-
independent manner.

As Oxa exerts its antitumor effect through the induction of ROS, we explored the role of PGFS in the generation of ROS
by DHE staining. Compared with that of the parent CRC cells, ROS production was reduced in drug-resistant cells
(Figure 7D). In addition, overexpression of PGFS led to a decrease in Oxa-induced ROS (Figure 7E). Conversely, the
increased ROS induced by Oxa was further elevated by knockdown of PGFS (Figure 7F), which was alleviated by supple-
mentation with PGF,, (Figure 7G). These data indicated that PGFS inhibits the generation of ROS in a PGF,,-dependent
manner.
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Figure 3 Prostaglandin F,, synthase suppresses apoptosis induced by oxaliplatin in colorectal cancer cell lines. A and B: Western blot analysis
showed cleaved poly ADP-ribose polymerase and cleaved caspase-3 were assessed in colorectal cancer (CRC) cells or in oxaliplatin-resistant (OR) CRC cells; C and
D: Apoptosis of parental and OR CRC cells evaluation by terminal deoxynucleotidyl transferase dUTP nick end labeling assay, scale bar 100 um; E and F: Apoptosis
was measured by the Annexin V-PI staining in parental and OR CRC cells. 2P < 0.05, °P < 0.01, °P < 0.001. Oxa: Oxaliplatin; PARP: Poly ADP-ribose polymerase.

DISCUSSION

PGFS belongs to the AKR superfamily of NADP (H)-dependent enzymes, which play central roles in the proinflammation
[20,27], proliferation[15,28] and drug resistance of tumors[29-31]. Previous studies have shown that Oxa suppresses cell
proliferation and induces apoptosis in CRC cells[32]. The involvement of PGFS in resistance to cisplatin has been reported
previously[24]. However, the role of PGFS in Oxa resistance in CRC and its molecular mechanism remain unclear.

Our study revealed that PGFS expression was significantly higher in human CRC tissues than in adjacent normal
tissues, and PGFS may be correlated with tumor stage[28] and lymph node metastasis[33]. Therefore, how PGFS regulates
CRC progression and metastasis warrants further investigation.

Induction of cell death is one of the challenges for chemotherapy. Any factors that enhance the effect of Oxa on cell
proliferation and apoptosis may improve the therapeutic effect of Oxa on tumors[34,35]. PGFS-PGF,, may be a target in
tumor chemotherapy. Zhou et al[33] recently found that PGFS activates nuclear factor kappaB and promotes hepato-
cellular carcinoma proliferation and metastasis. Other studies found that PGF,, enhances mitogen-activated protein
kinase signaling and inhibits peroxisome proliferator-activated receptor-gamma, a cancer inhibitor; therefore, PGF,,
promotes cancer cell proliferation and inhibits differentiation[36-38]. The present study found that PGFS was induced by
Oxa in a dose-dependent manner. These findings indicated that PGFS was related to Oxa resistance in CRC. In our in vitro
study, we constructed PGFS-overexpressing and PGFS knockdown cells in both parental and Oxa-resistant CRC cell lines.
We proved that the effect of Oxa on apoptosis and proliferation was suppressed by PGFS overexpression and enhanced
by PGFS knockdown. These results indicated that PGFS was involved in Oxa resistance in CRC.

The main mechanism of DNA damage caused by Oxa is the direct combination of platinum with DNA, ultimately
destroying tumors[39]. Oxa is a platinum-based chemotherapy that induces a complex spectrum of DNA damage,
including DSBs, single-strand breaks, and DNA crosslinks[40], and oxidized bases elicit DNA damage[41]. Indomethacin,
a PGFS-specific inhibitor, has additive/synergistic effects on Oxa-induced proliferative inhibition, apoptosis, and DNA
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Figure 4 The protective effect of prostaglandin F,, synthase on DNA damage induced by oxaliplatin in colorectal cancer cells. A and B: DNA
damage marker protein y-H2A histone family member X (y-H2AX) was determined using western blot in HCT116 and HCT8 cells and HCT116-OxR and HCT8-OxR
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cells; C: y-H2AX fluorescent spots were detected using immunofluorescence staining; D and E: Detection of DNA damage using single-cell gel electrophoresis (comet
assay) in parent and drug-resistant cells (scale bar, 50 pym). 2P < 0.05, °P < 0.01, °P < 0.001. PGFS: Prostaglandin F,, synthase; Oxa: Oxaliplatin; y-H2AX: y-H2A
histone family member X.
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Figure 5 Prostaglandin F,, synthase knockdown improves oxaliplatin efficiency in vivo. A: Morphologies of collected tumors in subcutaneous
HCT8-OxR xenografts in nude mice; B: Curves of tumor growth in each group; C: Tumor weights were measured after collection; D: Hematoxylin-eosin (upper panel;
magnification, x 200) and immunohistochemical staining for proliferating cell nuclear antigen (bottom panel; magnification, x 200) using xenograft tumor samples from
each group. 2P < 0.05, °P < 0.01. PCNA: Proliferating cell nuclear antigen; PGFS: Prostaglandin F,, synthase; HE: Hematoxylin and eosin; Oxa: Oxaliplatin.

damage, whereas the administration of PGF,, partially alleviated the above effects[42]. In summary, our data implied that
the effect of PGFS on resistance in CRC is PGF,, dependent. The knockdown of PGFS sensitizes CRC to Oxa treatment.

Several studies have demonstrated that Oxa-resistant cells can modulate the cellular resistance capacity to oxidative
stress by regulating key detoxification enzymes[43,44]. The present study found that PGFS inhibited the effect of Oxa on
DNA damage and thereby promoted Oxa resistance in CRC.

In the present study, PGFS was significantly increased in CRC tissues, PGFS overexpression inhibited the cytotoxic
effect of Oxa on CRC cells, and downregulation of PGFS improved the efficacy of Oxa in the treatment of CRC. PGFS
promotes CRC resistance to Oxa in a PGF, -dependent manner; therefore, the PGFS-PGF,, pathway may be a potential
target for the treatment of CRC patients with Oxa resistance.
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Figure 7 Prostaglandin F,, synthase may suppresses the formation of platinum-DNA adducts. A: The effect of Prostaglandin F,, synthase
(PGF2a) (PGFS) overexpression on the formation of platinum-DNA adducts was determined using inductively coupled plasma mass spectrometry in colorectal
cancer (CRC) cells; B: The effect of PGFS knockdown on the formation of platinum-DNA adducts in oxaliplatin-resistant (OR) CRC cells; C: The effect of PGF2a on
the formation of platinum-DNA adducts in OR CRC cells; D: The reactive oxygen species (ROS) content were significantly decreased in OR CRC cells; E: PGFS
overexpression significantly decreased ROS content in CRC cells; F: PGFS knockdown significantly decreased ROS content in OR CRC cells; G: PGFS knockdown
significantly decreased ROS content in OR CRC cells (scale bar, 50 ym). 2P < 0.05, °P < 0.01; °No significance. PGF,: Prostaglandin F,,; Oxa: Oxaliplatin.

CONCLUSION

PGFS knockdown effectively inhibited the resistance of CRC to Oxa. Mechanistically, PGFS knockdown increased DNA
and platinum binding. Moreover, the downstream product PGF2a of PGFS was reduced. The production of ROS was
increased. In summary, the above function causes reduced cell death. Hence, we surmise that downregulation of PGFS
could improve the efficacy of Oxa in the treatment of CRC.

ARTICLE HIGHLIGHTS

Research background

Chemoresistance is a major obstacle in colorectal cancer (CRC) therapy. Therefore, characterizing mechanisms of
chemoresistance is beneficial to improve the treatment efficacy and survival rate of CRC patients. In this study, we
identify the role and potential mechanism of prostaglandin F2, synthase (PGF,,) (PGFS) in drug resistance to CRC,
providing a novel therapeutic target against cancer drug resistance in the treatment of CRC.

Research motivation

The new theory of this study is that PGFS resistance to oxaliplatin (Oxa) has two effects, one is to reduce the production
of reactive oxygen species (ROS) through the generation of PGF,, products, and the other is the direct protective effect of
PGFS on CRC nucleus. The new method in this study is the application of comet experiment to detect DNA damage, and
the other is the application of inductively coupled plasma mass spectrometry (ICP-MS) to directly detect the platinum
content of DNA in the nucleus, so as to directly detect the effect of PGFS on the binding of platinum and DNA.

Research objectives

This study was designed to exploit the function and mechanism of PGFS in chemoresistance in CRC. Our study reveals
the different ways in which PGFS promotes chemoresistance in CRC, and provides a potential target for predicting and
reversing chemoresistance of CRC.
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Research methods

The expression level of PGFS is assessed in 37 pairs of CRC tissues and para-cancer tissues by as detected by quantitative
polymerase chain reaction and western blot. We examined the influence of PGFS overexpression or knockdown in
acquired Oxa-resistant CRC cell lines (HCT116-OxR and HCT8-OxR) and their parental cell lines (HCT116 and HCTS). In
order to analyze how PGFS affects colon cancer cell proliferation, A cholecystokinin octapeptide assay was utilized to
determine the half-inhibitory concentration value of the cells, a plate clone formation assay was used to determine the
clonogenesis ability, and an analysis of proliferating cell nuclear antigen expression was performed to determine the
growth rate. Transferase dUTP nick end labeling and Annexin V/propidium iodide stainings, as well as the apoptotic
markers cleaved-poly ADP-ribose polymerase and cleaved-caspase 3, were used to detect apoptosis. Western blot and
cellular immunofluorescence were used to detect the expression and morphology of the DNA damage marker y-H2AX.
The DNA damage was detected by single-cell gel electrophoresis. Indomethacin, an inhibitor of prostaglandin synthase of
PGFS, was used to elucidate the underlying mechanisms. Rescue experiments were conducted by introducing PGF,,, the
product of PGFS, subsequent to the knockdown of PGFS. The platinum-DNA adducts were quantified using ICP-MS, and
intracellular ROS levels were measured using a kit for measuring reactive oxygen species.

Research results

We found that PGFS reduced the production of ROS through its downstream product PGF,,, and thereby promotes Oxa
resistance in CRC, meanwhile, it inhibited the formation of platinum-DNA adducts in a PGF,,-independent manner. The
suppressive role of PGFS in the formation of platinum-DNA adducts has never been reported before. However, some
questions need to be further clarified, for example, by what mechanism does PGFS suppress the formation of platinum-
DNA adducts?

Research conclusions

This study aims to explore the relationship between PGFS and the occurrence and development of CRC, and the
relationship between PGFS and Oxa resistance in CRC as well as the related mechanisms. In the future, it is hoped to
predict whether patients with CRC are resistant to Oxa by detecting PGFS genes.

Research perspectives
Further work will be needed to clarify the function of PGFS in the nucleus and its mechanisms of action. Moreover, the
inhibition mechanism of PGFS in the formation of platinum-DNA adducts needs to be further elucidated.
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