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Pigment epithelium-derived factor facilitates NLRP3
inflammasome activation through downregulating
cytidine monophosphate kinase 2: A potential
treatment strategy for missed abortion
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Abstract. A number of conditions may underlie the occurrence
of missed abortion (MA), including inflammation. Pigment
epithelium-derived factor (PEDF) is a novel mediator of the
inflammation-related nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome,
which is associated with several human diseases. However,
the association between MA and NLRP3 inflammasome, and
whether PEDF is reduced in MA, remain unknown. In the
present study, the decidua and chorion tissues of patients who
had suffered a MA were examined, and a lipopolysaccharide
(LPS)-induced human chorionic trophoblast HTR8/SVneo
cell model was established to mimic MA in vitro. The
results revealed that cytidine monophosphate kinase 2
(CMPK?2) expression and NLRP3 inflammasome activation,
downstream pro-IL-18 and pro-IL-1p expression, and IL-18
and IL-1p release, were all significantly increased in MA
tissues or LPS-induced HTR8/SVneo cells. PEDF reversed the
increase in CMPK2 expression and activation of the NLRP3
inflammasome axis and, thus, downregulated the production of
mitochondrial reactive oxygen species and mitochondrial DNA
release, resulting in reduced lactate dehydrogenase release,
and a resultant decrease in cell viability. Recovery of CMPK?2
expression abolished all the effects of PEDF, indicating that
CMPK?2 may be an effector downstream of PEDF. PEDF
reduced CMPK?2 protein levels but did not affect the mRNA
levels, and treatment with the proteasomal inhibitor MG132
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significantly reversed this reduction in CMPK?2 protein levels.
Furthermore, a ubiquitination assay of immunoprecipitation
demonstrated that CMPK2 was polyubiquitinated in the
presence of LPS, PEDF and MG132. These results indicated that
the NLRP3 inflammasome is implicated in the pathogenesis of
MA, and PEDF may reduce MA through ubiquitin-dependent
proteasomal degradation of CMPK2 to inhibit NLRP3
activation, which may serve as a novel strategy for preventing
or reducing the risk of MA.

Introduction

Missed abortion (MA) refers to the unrecognized intrauterine
death of the embryo or fetus without spontaneous expulsion in
the first 20 weeks of gestation (1), and it constitutes ~15% of
diagnosed cases of stillbirth in the clinical setting (2). Women
who suffer from M A may not be aware of a potential issue due
to a lack of obvious symptoms. Surgical evacuation is the stan-
dard treatment for MA, which has been performed worldwide
for the past 50 years (3). However, the high cost of surgery, as
well as the complications associated with surgery and anes-
thesia, are the primary unresolved issues that surgeons and
patients face. In addition to infection and bleeding, reduced
fertility caused by surgery-induced intrauterine adhesions
may be unacceptable for women with MA who wish to parent
a child. Thus, researchers recommend medical or expectant
management rather than surgical evacuation (4,5).

The causes of MA are diverse and complex, including
immune dysfunction (6), systemic infectious diseases (7),
abnormal chromosome number or structure (8) and endocrine
dysfunction (9). The innate immune-related nucleotide-binding
oligomerization domain-like receptor protein 3 (NLRP3)
inflammasome is a molecular platform that leads to excessive
innate immune responses following activation by promoting
the maturation of pro-inflammatory cytokines, such as IL-18
and IL-1p (10). Once the NLRP3 inflammasome is activated,
it forms a complex with its adaptor, apoptosis-associated
speck-like protein containing a caspase recruitment domain
(ASC), resulting in catalysis of pro-caspase-1 and the forma-
tion of an activated caspase-1 (Caspl) p10/20 tetramer (11). The
activation of Caspl converts pro-IL-18 and pro-IL-1f into their
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mature forms, IL-18 and IL-1f, which is necessary for immune
regulation (12). Recent studies have demonstrated a novel regu-
lator of the NLRP3 inflammasome, cytidine monophosphate
kinase 2 (CMPK2) (13). CMPK2 is a rate-limiting enzyme that
provides the deoxyribonucleotides for mitochondrial (mt)DNA
synthesis, which is essential for the production of oxidized
mtDNA fragments and the activation of the NLRP3 inflam-
masome (13). However, it is currently unknown whether the
activation of the NLRP3 inflammasome-associated pathway
is implicated in MA.

Pigment epithelium-derived factor (PEDF) is a multi-
functional paracrine protein that is a member of the serpin
superfamily (14). PEDF is widely expressed in various tissues,
including the placenta and trophoblast, and exerts anti-angio-
genic effects in the late stages of pregnancy (15,16). Previous
studies have revealed that activation of the NLRP3 inflam-
masome was inhibited by PEDF in ischemic cardiomyocytes
through its phospholipase A2/nutrin/patarin-like phospholipase
domain-containing 2 PEDF receptor (PEDFR) (17).

In the present study, the role of PEDF in CMPK2-mediated
NLRP3 inflammasome activation was determined in decidua
and chorion tissues from patients with MA and in the human
chorionic trophoblast HTR8/SVneo cell line. The aim was to
determine the expression of CMPK2 and NLRP3 inflamma-
some in the decidua and chorion and in lipopolysaccharide
(LPS)-induced HTR8/SVneo cells, and investigate the effects of
PEDF overexpression on CMPK?2 expression, NLRP3 inflam-
masome, mt reactive oxygen species (ROS) and mtDNA release.

Materials and methods

Clinical tissue collection. The protocol of the present study
was approved by the Medical Ethics Committee of Shanghai
Changning Maternity and Infant Health Hospital (approval
no. 20170914), and all the patients included in the study
provided signed informed consent. A total of 20 clinical
samples including decidua and chorion tissues from MA
patients, and 20 cases of samples from patients who underwent
induced abortion (IA), were collected between October 2017
and September 2018 at the Shanghai Changning Maternity and
Infant Health Hospital. The exclusion criteria were as follows:
1) Infection with hepatitis B or C virus,immunodeficiency virus,
papilloma virus, cytomegalovirus, Ureaplasma urealyticum
and Chlamydia trachomatis; ii) patients who tested positive
for blood group antibodies, anti-sperm, anti-cardiolipin and
anti-endometrial antibodies; iii) abnormalities in chromosome
number and structure; and iv) patients with any other systemic
diseases or those who had received hormone treatment over
the previous 3 months. Gestational age was determined based
on the last menstruation and by ultrasonography. There were
no significant differences in maternal age, gestational age,
gravidity or parity between the MA and IA groups (P>0.05;
Table I).

Decidua and chorion tissues were washed with saline imme-
diately after removal from the uterus. A part of each specimen
was fixed with 4% paraformaldehyde at room temperature
for immunohistochemical staining, and the remaining tissue
was stored at -80°C for protein and RNA extraction. In addi-
tion, serum was obtained from the elbow vein of MA and IA
patients during fasting. The blood was left to stand for 30 min,
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and then centrifuged at 2,000 x g at 4°C for 15 min. The serum
was collected and stored at -80°C for ELISA.

Immunohistochemistry. After the tissue collection, the
samples were fixed in 4% paraformaldehyde for 24 h at
room temperature, and then dehydrated and transparentized
through graded alcohol and xylene series. The tissue was
then embedded in paraffin. The paraffin-embedded decidua
and chorion tissues were cut into 4-ym sections, deparaf-
finized and rehydrated, and then blocked in 10% goat serum
for 15 min at 37°C. Endogenous peroxidase activity was
quenched using 3% hydrogen peroxide. Primary antibody
against NLRP3 (1:100; cat. no. ab214185; Abcam) was added
and incubated at 4°C overnight. The slides were washed with
PBS for 5 min at room temperature three times and incubated
with the secondary antibody from the streptavidin-peroxidase
secondary antibody kit (cat. no. SP-9001, Beijing Zhongshan
Golden Bridge Biotechnology Co.,Ltd.) according to the manu-
facturer's instructions. After chromogenic development with
3,3'-diaminobenzidine tetrahydrochloride (cat. no. ZLI-9017,
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.),
the slides were counterstained with hematoxylin for 5 min
at room temperature, dehydrated through a graded alcohol
series, and mounted with neutral gum. Brown-yellow granular
cytoplasmic staining was considered as positive.

The staining intensity and positive expression area of the
NLRP3 protein were evaluated by two independent patholo-
gists. The staining intensity was classified into 4 grades as
follows: 0, -; 1, +; 2, ++; and 3, +++. The positive expression
area was also divided into 4 grades as follows: 0, <1%; 1, 1-33%);
2, 34-66%; and 3, 67-100% of cells stained. The intensity
and percentage scores were added up and the final NLRP3
staining score was as follows: 0, no expression; 1 and 2, weak
expression; 3 and 4, moderate expression; and 5 and 6, strong
expression.

Cell culture and treatment. Human chorionic trophoblast
HTRS8/SVneo cells were purchased from ATCC. The cells
were plated on 60-mm dishes (Corning, Inc.) in RPMI-1640
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc.), and cultured at 37°C in a humidified atmosphere
containing 5% CO,.

HTRS8/SVneo cells were treated with LPS (10 pg/ml),
leupeptin (5 pg/ml), NH,CI (10 gmol/l), MG132 (10 gmol/l), or
DMSO (all purchased from Selleck Chemicals) for 6 h.

Lentiviral infection. Recombinant lentivirus (LV) was
purchased from Shanghai GeneChem Co., Ltd. PEDF and
CMPK2 overexpression plasmids were purchased from
Shanghai GenePharma Co., Ltd. and packaged in 293T
cells. A scrambled LV plasmid was constructed and used
as a control. There was no difference in PEDF and CMPK?2
protein expression between normal HTR8/SVneo cells and
the scrambled control infected cells (data not shown). The
concentrated titer of virus suspension was 2x10'> TU/I. When
the confluence of HTR8/SVneo cells reached ~80%, infection
was performed using the PEDF-LV or CMPK2-LV according
to the manufacturer's protocol.
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Table I. Comparison of general characteristics of patients with missed and induced abortion.

Characteristics Missed abortion (n=20) Induced abortion (n=20) P-value
Maternal age (years) 30.58+2.31 29.64+2.95 >0.05
Gestational age (days) 45.76+1.88 46.45+2.14 >0.05
Gravidity 2.36+0.41 2.47+0.48 >0.05
Parity 0.52+0.09 0.69+0.12 >0.05

Values are presented as mean + standard deviation.

Western blotting. Total protein was extracted from decidua
and chorion tissues using 100 mmol/l Tris-HCI, 4% SDS,
20% glycerine, 200 mmol/l DTT, phosphatase and protease
inhibitors (pH 6.8). Protein was extracted from HTR8/SVneo
cells using a Cell Total Protein Extraction kit (Sangon Biotech
Co., Ltd.) according to the manufacturer's protocol. Protein
concentration was measured using a bicinchoninic acid (BCA)
assay. Equivalent amounts of protein (40 ug) were loaded on
8-12% SDS gels and resolved using SDS-PAGE. The resolved
proteins were transferred to nitrocellulose membranes (EMD
Millipore). After blocking with 3% bovine serum albumin
(BSA; Sangon Biotech Co., Ltd.) for 2 h at room temperature
and washing for 3 times, the membranes were probed with
antibodies specific to NLRP3 (1:1,000; cat. no. ab214185,
Abcam), ASC (1:1,000; cat. no. ab155970, Abcam), Caspl
(p20) (1:1,000; cat. no. ab207802, Abcam), PEDF (1:1,000;
cat. no. ab14993, Abcam), CMPK2 (1:1,000; cat. no. ab194567,
Abcam), prolL-18 (1:1,000; cat. no. ab191152, Abcam),
prolL-1p (1:1,000; cat. no. D116, Cell Signaling Technology,
Inc.), and pB-actin (1:1,000; cat. no. ab8226, Abcam) at 4°C
overnight, and incubated with the relevant horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:10,000;
cat. nos. 926-32210 and 926-32221, Gene Co., Ltd.) at room
temperature for 2 h. After washing for 3 times, signals were
visualized using an Odyssey Infrared Imaging system (LI-COR
Biosciences). Digitized images were analyzed using ImageJ
software, version d1.47 (National Institutes of Health). Protein
expression levels were normalized to B-actin expression.

Immunoprecipitation. Total protein was extracted from decidua
and chorion tissues using a special lysis buffer (Sangon Biotech
Co., Ltd.) for immunoprecipitation. Lysates were centrifuged at
14,000 x g for 15 min at 4°C, and the protein concentrations were
measured using a BCA assay. Part of the supernatant was used as
the input control and the rest was immunoprecipitated overnight
with NLRP3 or CPMK2 antibody at 4°C with gentle agitation;
~4 ul antibody was used per 400 pg of total protein. Protein A/G
agarose beads (Santa Cruz Biotechnology, Inc.) were added to
bind with the immunoprecipitants for 2 h with gentle agitation
at room temperature. The precipitated proteins were washed
three times with lysis buffer and boiled with 5X loading buffer,
and western blotting was performed as described above. Rabbit
normal immunoglobulin G (1:500; cat. no. sc-3879, Santa Cruz
Biotechnology, Inc.) was used as the negative control.

Reverse transcription-quantitative (RT-q)PCR. Total RNA
from decidua and chorion tissues and HTR8/SVneo cells was

extracted using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
RNA was reverse-transcribed to cDNA using the PrimeScript
RT reagent kit with gDNA Eraser (Takara Bio, Inc.) at 42°C
for 15 min and at 85°C for 5 min. Subsequently, a total of 20 ul
reaction volume was made with either pro-IL-18, pro-IL-1,
CMPK2 or p-actin-specific primers (Genewiz, Inc.), and the
specific genes were amplified using a PikoReal 96 Real-Time
PCR system (Thermo Fisher Scientific, Inc.) with SYBR-Green
PCR Master mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The thermocycling conditions were as follows:
Denaturation (95°C for 30 sec) and PCR reaction (40 cycles
at 95°C for 5 sec and 60°C for 30 sec). Relative quantitative
analysis of mRNA expression levels was performed using the
2-44¢4 method (18) and normalized to (3-actin. The sequences
of the primers were as follows: Pro-IL-18 forward, 5'-GGA
TCCTAACTTTGATGTAAGTTAG-3' and reverse, 5'-GAA
TTCACCATGGCTGCAATACCAGAAGAAG-3'; pro-IL-1p
forward, 5'"TGGGCCTCAAAGGAAAGA-3' and reverse,
5-GGTGCTGATGTACCAGTT-3"; CMPK2 forward, 5'-GGC
AATTATCTCGTGGCTTC-3' and reverse, 5-GTAGCTATG
GCGTAGGTGGC-3"; and B-actin forward, 5"TAAAGACCT
CTATGCCAACACAGT-3' and reverse, 5'-CACGATGGA
GGGCCGGACTCATC-3.

ELISA. The levels of IL-18 and IL-1f in the serum and
cultured supernatants was determined using specific ELISA
kits (cat. nos. BMS267-2 and BMS224-2; Lifescience)
according to the manufacturer's protocol. Standard serum
samples and HRP-labeled antibodies were sequentially
added to the pre-coated microwells, incubated for 1 h at
room temperature and thoroughly washed. The substrate
was developed with tetramethylbenzidine, which appears as
blue, then turns yellow when catalyzed by HRP. The depth
of the color is positively correlated with the levels of IL-18
and IL-1p in the sample. The absorbance was measured at
450 nm using an enzyme-labeled analyzer (Varioskan LUX;
Thermo Fisher Scientific, Inc.). The standard concentra-
tions were used as the abscissa, and the relative absorbance
values were plotted as the ordinate; a linear regression
analysis curve was drawn.

mtROS production assay. HTR8/SVneo cells were seeded
into a 48-well plate and 200 pl MitoSOX (Invitrogen; Thermo
Fisher Scientific, Inc.) was added for 10 min. After washing
three times with PBS, the nuclei were counterstained with
Hoechst 3342 stain for 15 min at room temperature. The cells
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Figure 1. Activation of the NLRP3 inflammasome was observed in the decidua and chorion tissues of MA patients. (A) Immunohistochemistry staining of
NLRP3 in the decidua and chorion tissues from patients who underwent IA or MA. Scale bar, 100 ym. (B) Ratio of moderate and strong expression to negative
and weak expression of NLRP3 in decidua and chorion tissues; n=20. (C) Western blot of an IP of the NLRP3 inflammasome in the decidua and chorion
tissues and the cell lysate input controls. Quantitative analysis of (D) PEDF and CMPK2, and (E) NLRP3, ASC and Caspl protein expression levels; n=20.
“P<0.05, “P<0.01 vs. indicated or relative IA group; “P<0.05 vs. relative decidua tissue of MA patients. MA, missed abortion; IA, induced abortion; NLRP3,
nucleotide-binding oligomerization domain-like receptor protein 3; IP, immunoprecipitation; IB, immunoblotting; PEDF, pigment epithelium-derived factor;
ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; CMPK?2, cytidine monophosphate kinase 2; Caspl, caspasel.

were observed using a fluorescence microscope (magnifica-
tion, x100; Olympus Corporation) and the mean density of
mtROS was analyzed using Image-Pro Plus, version 6.0
(Media Cybernetics).

Measurement of mtDNA. Total DNA was extracted from
HTRS8/SVneo cells using a DNeasy Blood & Tissue kit (Qiagen,
Inc.). The mtDNA in the cytosol was further isolated using

multiple centrifugation steps, as described previously (19). The
mtDNA copy number was measured using qPCR on a PikoReal
96 Real-Time PCR system (Thermo Fisher Scientific, Inc.) with
SYBR-Green PCR Master mix (Applied Biosystems; Thermo
Fisher Scientific, Inc.). To determine the relative mtDNA
levels, the mtDNA copy number was normalized to nuclear
DNA levels based on the ratio of mt cytochrome ¢ oxidase 1
(CO1) DNA vs. nuclear 18s DNA (20,21). The sequences of
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Figure 2. NLRP3 inflammasome increases downstream IL-18 and IL-1f levels in decidua and chorion tissues of MA patients. (A) The relative mRNA
expression levels of pro-IL-18 and pro-IL-1f in the IA and MA groups were determined; n=20. (B) Western blot and densitometry analysis of pro-IL-18 and
pro-IL-1p protein expression in IA and MA tissues; n=20. (C) The serum concentrations of IL-18 and IL-1f3 in IA and MA tissues were analyzed using ELISA;
n=20. "P<0.05, “P<0.01 vs. relative IA group or the indicated group; “P<0.05, #P<0.01 vs. relative decidua tissue of MA patients. NLRP3, nucleotide-binding
oligomerization domain-like receptor protein 3; MA, missed abortion; IA, induced abortion; IL, interleukin.

the primers used were as follows: mtCOl forward, 5'-CAG
CCGTCCTACTACTTCTCTCA-3' and reverse, 5'-GATTGG
GTCTCCACCTCCA-3"; and 18S forward, 5'-GACTCAACA
CGGGAAACCTC-3" and reverse, 5-AGACAAATCGCT
CCACCAAC-3.

Lactate dehydrogenase (LDH) release and cell viability
assay. HTR8/SVneo cells were seeded in 96-well plates at
a concentration of 1x10*/ml. LDH activity in HTR8/SVneo
cells released into the medium was assessed using an LDH
cytotoxicity assay kit (Roche Diagnostics) according to the
manufacturer's protocol. Cell viability was detected using a
Cell Counting Kit-8 according to the manufacturer's protocol
(Dojindo Molecular Technologies, Inc.). Absorbance at 450 nm
was measured using a microplate reader (BioTek Synergy 2;
BioTek Instruments, Inc.). The means of the optical density
measurements from 6 wells of the indicated groups were used
to calculate cell viability.

Statistical analysis. Data are expressed as the mean + standard
error of the mean. Statistical analysis was performed using SPSS
version 24.0 (IBM, Corp.). Significant differences between
means were analyzed using an unpaired Student's t-test, %> test,
or one-way ANOVA followed by Bonferroni's post hoc test.

P<0.05 was considered to indicate a statistically significant
difference.

Results

The NLRP3 inflammasome is activated in decidua and
chorion tissues of patients with MA. The expression of the
NLRP3 protein was detected using immunohistochemical
staining. As shown in Fig. 1A, NLRP3 expression in the
decidua and chorion tissues of the MA group was higher
compared with that in the IA group. In addition, the rate of
moderate and strong expression of NLRP3 in the decidua of
the MA group was significantly increased compared with that
in the IA group (45 vs. 35%, respectively; P<0.05), and the rate
of moderate and strong NLRP3 expression in the chorion of
the MA group was further increased compared with the IA
group (55 vs. 25%, respectively; P<0.01; Fig. 1B). These results
suggest that NLRP3 expression is increased in patients with
MA, particularly in chorion tissue.

Next, activation of the NLRP3-ASC-Caspl (p20)
inflammasome complex was determined using immunopre-
cipitation. As shown in Fig. 1C, NLRP3, ASC and Caspl
were strongly bound to each other in decidua and chorion
tissues from the MA group. Furthermore, the protein
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Figure 3. PEDF inhibits the activation of the NLRP3 inflammasome and reduces downstream increases in IL-18 and IL-1f through downregulation of CMPK?2
in the HTR8/SVneo human chorionic trophoblast cell line. (A) The NLRP3 inflammasome in HTR8/SVneo cells was immunoprecipitated using an NLRP3
antibody, and the cell lysate input controls were tested by western blotting. The HTR8/SVneo cells were treated with 10 yg/ml LPS for 6 h. Densitometry
analysis of (B) PEDF and CMPK2, (C) NLRP3, ASC and Caspl, and (D) pro-IL-18 and pro-IL-1p protein expression in HTR8/SVneo cells; n=5. (E) Relative
mRNA levels of pro-IL-18 and pre-IL-1f in HTR8/SVneo cells; n=5. (F) The protein concentration of IL-18 and IL-1f in the cultured supernatants was analyzed
by ELISA. n=5. "P<0.01 vs. relative normal group; “P<0.05, #/P<0.01 vs. relative LPS group; “P<0.05, ¥4P<0.01 vs. relative LPS + PEDF group. PEDF, pigment
epithelium-derived factor; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; LPS, lipopolysaccharide; ASC, apoptosis-associated
speck-like protein containing a caspase recruitment domain; CMPK?2, cytidine monophosphate kinase 2; Caspl, caspase 1; CMPK2 group, LPS + PEDF-LVs

+ CMPK2-LV; LV, lentivirus; IP, immunoprecipitation; IB, immunoblotting.

expression of CMPK?2, NLRP3 and Caspl was significantly
increased in decidua (P<0.05; Fig. 1D) and chorion tissues
(P<0.01; Fig. 1E) from the MA group compared with the TA
group. The increase in the protein expression levels in MA

chorion tissues was higher when compared with decidua
tissues from MA patients (P<0.05). Conversely, PEDF
expression was significantly decreased in both decidua and
chorion tissues of MA patients compared with the IA group
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overexpressing CMPK?2, were treated with 10 gg/ml LPS for 6 h. (B) Quantification of fluorescence density of mtROS in HTR8/SVneo cells. n=5. (C) Cytosolic
mtDNA copy numbers were measured using by quantitative PCR; n=5. HTR8/SVneo (D) cell death and (E) cell viability were determined by assessing LDH
release or using a Cell Counting Kit-8 assay, respectively. n=5.“P<0.01 vs. relative normal group; P<0.01 vs. relative LPS group; ¥4P<0.01 vs. relative
LPS + PEDF group. PEDF, pigment epithelium-derived factor; LPS, lipopolysaccharide; CMPK?2, cytidine monophosphate kinase 2; mt, mitochondrial;

ROS, reactive oxygen species; LDH, lactate dehydrogenase.

(P<0.01), and this decrease was more prominent in chorion
tissues (P<0.05).

The NLRP3 inflammasome promotes maturation and
secretion of IL-18 and IL-1f in patients with MA. As activa-
tion of the NLRP3 inflammasome modulates downstream
IL-18 and IL-1f maturation and secretion, the mRNA and
protein expression of pro-IL-18 and pro-IL-1p, the precursor
forms of IL-18 and IL-1P, respectively, were determined. As
shown in Fig. 2A and B, both the mRNA and protein expres-
sion levels of pro-IL-18 and pro-IL-1p were significantly
increased in the decidua (P<0.05) and chorion (P<0.01) of
the MA group compared with the IA group. Additionally, the

levels of pro-IL-18 (P<0.01) and pro-IL-1f (P<0.05) in chorion
tissues were higher compared with those in the decidua in the
MA group.

Subsequently, the serum concentrations of IL-18 and
IL-1p were measured. The levels of IL-18 (P<0.05) and IL-1§
(P<0.01) in the MA group were significantly higher compared
with those in the TA group (Fig. 2C).

PEDF inhibits NLRP3 inflammasome activation and IL-18
and IL-18 secretion through downregulation of CMPK?2 in
HTRS8/SVneo cells. As NLRP3 inflammasome activation
was more pronounced in the chorion tissues of MA patients,
LPS was used to stimulate an inflammatory response in the
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Figure 5. PEDF induces degradation of the CMPK2 protein via a ubiquitin-dependent proteasomal mechanism. (A) Relative mRNA expression levels of
CMPK2 in normal, LPS-induced, PEDF-overexpressing cells, and LPS + PEDF overexpression HTR8/SVneo cells; n=5. (B) Western blot and densitometry
analysis of CMPK?2 in HTR8/SVneo cells treated with LPS, leupeptin general protease inhibitor, NH4ClI lysosomal inhibitor, MG132 proteasome-specific
inhibitor or DMSO for 6 h following overexpression of PEDF; n=5. (C) Cells were pre-treated with PEDF or MG132 and subsequently treated with LPS,
and CMPK?2 was immunoprecipitated; n=5. CMPK?2 ubiquitination was determined using an anti-ubiquitin antibody. "P<0.05, “P<0.01. PEDF, pigment
epithelium-derived factor; LPS, lipopolysaccharide; CMPK?2, cytidine monophosphate kinase 2; IP, immunoprecipitation; IB, immunoblotting.

human chorionic trophoblast cell line HTR8/SVneo, in order
to mimic MA in vitro (22,23). LPS induction resulted in a
significant increase in the binding of NLRP3, ASC and Caspl
(Fig. 3A) and increased CMPK2 (P<0.01; Fig. 3B), NLRP3
(P<0.01), Caspl (P<0.01; Fig. 3C), and downstream pro-IL-18
and pro-IL-1f protein (P<0.01; Fig. 3D) and mRNA expres-
sion (P<0.01; Fig. 3E) in HTR8/SVneo cells. Furthermore,
the IL-18 and IL-1f levels in cultured supernatants were
also increased following LPS induction compared with the
control (P<0.01; Fig. 3F). Overexpression of PEDF alone by
infection with PEDF-LVs had no effect on the activation of
the NLRP3 inflammasome. However, PEDF significantly
inhibited LPS-induced activation of the NLRP3 inflamma-
some and increases in the aforementioned protein and mRNA
expression levels.

Overexpression of CMPK2 by infection with CMPK2-LVs
significantly reversed the effects of PEDF on LPS-induced
activation of the NLRP3 inflammasome, suggesting that

the effect of PEDF on NLRP3 inflammasome activation is
associated with inhibition of CMPK2 expression.

PEDF facilitates mitochondrial and cellular damage by
reducing CMPK?2 expression in LPS-induced HTRS/SVneo
cells. Damage resulting from the mitochondria is primarily
the result of mtROS, which alters mitochondrial structure
and biogenesis through oxidation of macromolecules, such
as mtDNA (24,25). The cytoplasmic levels of mtROS and
mtDNA were found to be associated with NLRP3 inflamma-
some activation (26,27). Similar to the previous results, the
release of mtROS and mtDNA into the cytosol was signifi-
cantly increased following LPS induction compared with
the control (P<0.01; Fig. 4A-C), and overexpression of PEDF
resulted in a sharp decrease in mtROS and mtDNA levels
(P<0.01). CMPK2 overexpression significantly abolished
the effects of PEDF overexpression on mtROS and mtDNA
inhibition (P<0.01).
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Consistently, the extracellular concentration of LDH
was significantly increased and cell viability was reduced in
LPS-induced HTR8/SVneo cells compared with the control
group (P<0.01; Fig. 4D and E). PEDF overexpression signifi-
cantly increased LPS-induced cellular damage (P<0.01), and
CMPK?2 overexpression reduced the protective effects of
PEDF on LPS-induced HTR8/SVneo cells (P<0.01).

PEDF promotes degradation of CMPK?2 through ubiquitin-
dependent proteasomal degradation. The possible mechanism
through which PEDF downregulates CMPK?2 were investi-
gated. The mRNA expression of CMPK?2 was evaluated by
RT-gPCR, and the results revealed that CMPK2 mRNA levels
were significantly increased in the LPS-induced cells compared
with the control group (P<0.01; Fig. 5A). Overexpression of
PEDF and LPS induction resulted in further increase of the
CMPK2 mRNA expression levels (P<0.05), suggesting a
compensatory increase in mRNA expression.

CMPK2 protein levels were analyzed by treating cells
with leupeptin (general protease inhibitor), NH,CI (lysosomal
inhibitor), MG132 (proteasome specific inhibitor), or DMSO
for 6 h. The results demonstrated that leupeptin and NH,Cl
did not reverse the decrease in CMPK?2 protein expression
caused by PEDF, but CMPK?2 expression was significantly
increased in the MG132 + PEDF group compared with PEDF
overexpression alone (P<0.01; Fig. 5B). It is well established
that ubiquitination is essential for proteasome-dependent
degradation (28); thus, a ubiquitination assay was performed
to pull down CMPK?2 through immunoprecipitation. As shown
in Fig. 5C, a typical polyubiquitin protein ladder was observed
in the MG132 group, demonstrating that CMPK?2 was polyu-
biquitinated and unable to undergo proteasomal degradation
(Fig. 5C). MG132 + PEDF co-treatment resulted in significant
upregulation of polyubiquitinated-CMPK?2 in LPS-induced
HTRS8/SVneo cells. These results suggest that PEDF
downregulates CMPK?2 expression in a ubiquitin-dependent
manner.

Discussion

MA is type of unconstrained miscarriage without outside
intervention. In this type of abortion, the dead fetus may
be present for several weeks, and the uterus has failed
to expel the dead fetus before 20 weeks' gestation (29).
In recent years, the incidence of MA has increased and
accounts for 15-20% of spontaneous abortions (30). There
are numerous etiological factors that may explain the
possible mechanisms underlying the occurrence of MA,
including inflammation, immunological and endocrino-
logical abnormalities, abnormal chromosome number or
structure, inherited thrombophilia, and uterine and environ-
mental factors (31). However, the precise mechanism of MA
requires further study.

Inflammation is initiated through pathogen-associated or
damage-associated molecular pattern sensing (32,33). NLRP3
is a unique pattern-recognition receptor and it responds to
numerous extracellular stimuli. NLRP3 exposes its pyrin
domain following binding of ASC and recruits Caspl to form
a NLRP3 inflammasome complex (32-34). The assembly of
the complex induces Caspl activation to convert pro-IL-18
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and pro-IL-1p to their mature forms, and the aberrant acti-
vation of the NLRP3 inflammasome is associated with
various inflammatory and degenerative conditions (32). It
was recently indicated that CMPK2 is a rate-limiting mito-
chondrial nucleotide kinase for de novo mtDNA synthesis,
which is strongly associated with the activation of the NLRP3
inflammasome (13). However, to the best of our knowledge,
the association between MA and the CMPK2-NLRP3
inflammasome has not been reported to date.

PEDF has attracted attention as an endogenous secreted
protein. PEDF is a 50-kDa protein with two primary receptors,
PEDFR and laminin receptor (LR). PEDFR is widely present
on the membrane of various types of cells, and when PEDF
binds to PEDFR, it triggers downstream activation of phos-
pholipase A2 enzymatic activity and lipase activity, in order
to modulate inflammation and fatty acid metabolism (35,36).
LR is primarily expressed in endothelial cells and its functions
include inhibition of cell migration, angiogenesis and tube-like
network formation (37).

In the present study, an increase in NLRP3 inflammasome
activation was observed in the chorion and decidua tissues of
women who suffered an MA, and PEDF treatment decreased
the activation of the NLRP3 inflammasome through a ubiq-
uitin-dependent degradation pathway in an MA cell model.
The upregulation in expression of NLRP3 in MA patients
was significantly higher compared with that in the IA group,
and there was also an increased rate of NLRP3 expression
in the chorion compared with decidua tissue. In addition to
the alterations in NLRP3 levels, the activation of the NLRP3
inflammasome, including ASC and Caspl, and CMPK?2 were
increased in the MA group. PEDF protein expression was
abundant in the IA group, and the development of MA signifi-
cantly decreased the PEDF levels, although the mechanisms
underlying this decrease is unknown. Similarly, the mRNA
and protein expression levels of the downstream molecules
pro-IL-18 and pro-I1L-1f, and the serum IL-18 and IL-1f
levels, were significantly increased in MA patients compared
with the TA group, and the increase in chorion tissues was
significantly greater compared with that in the decidua.
LPS was used to induce the human chorionic trophoblast
cell line HTR8/SVneo, in order to investigate the effects of
PEDF MA in vitro. The expression of PEDF in LPS-treated
HTRS8/SVneo cells was significantly decreased compared
with that in normal controls. Additionally, activation of the
NLRP3 inflammasome, and the expression of CMPK2,
pro-IL-18 and pro-IL-1f, and secretion of IL-18 and IL-1{ in
HTRS8/SVneo cells, were all significantly increased following
LPS treatment. Furthermore, the increased mtROS produc-
tion and mtDNA copy numbers in LPS-treated HTR8/SVneo
cells resulted in reduced cell viability and increased release
of LDH, ultimately resulting in cell death. PEDF inhibited all
the effects of LPS on HTR8/SVneo cells and subsequently
decreased mtROS and mtDNA release, resulting in reduced
cell damage. Overexpression of CMPK?2 abolished the protec-
tive effects of PEDF, suggesting that PEDF may improve MA
through facilitating the activation of the NLRP3 inflamma-
some through modulation of CMPK?2. Therefore, the role of
PEDF in CMPK2 inhibition was investigated. The mRNA
expression levels of CMPK2 in the LPS + PEDF group were
higher compared with those in the LPS group, which may
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be attributed to the increased compensatory mRNA expres-
sion caused by the decrease in the protein expression levels.
Furthermore, LPS + PEDF HTR8/SVneo cells treated with the
proteasome specific inhibitor, MG132, abolished the inhibitory
effect of PEDF on CMPK2, and a typical polyubiquitin protein
ladder was observed in the ubiquitination assay. These results
demonstrated that PEDF downregulates CMPK?2 expression in
a ubiquitin-dependent proteasomal degradation manner.

There were certain limitations to the present study. As
there are numerous mechanisms underlying the pathogenesis
of MA, and the inflammatory response is only one of these,
the use of LPS-induced HTR8/SVneo cells to simulate the MA
model in vitro has several limitations, and a more suitable MA
cell model must be established. Furthermore, both the specific
mechanism underlying the decrease in PEDF expression in
MA tissues and the identification of the receptor responsible
for the protective roles of exogenous PEDF on MA require
further investigation. Moreover, 40 samples in present study
may not be sufficient, and more samples are required in future
experiments.

In conclusion, the present study demonstrated activation
of the NLRP3 inflammasome in MA tissues and LPS-induced
HTR&/SVneo cells; PEDF reversed the activation of the
NLRP3 inflammasome in HTR8/SVneo cells, and protected
cells from mitochondria-associated damage, at least partly
through ubiquitin-dependent degradation of CMPK2. The
findings of the present study may provide novel insight into
potential improvements for the treatment of MA, and highlight
the potential of PEDF-based therapies.
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