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Increased expression of prokineticin 2 el

and its receptor in endometrium of recurrent
implantation failure patients decreased

the expression of MMP9 important

for decidualization
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Abstract

Background: Studies have shown that abnormalities in the decidualization process were closely related to recurrent
implantation failure (RIF). Prokineticin 2 (PK2) is a secreted protein with angiogenic and tissue remodeling functions
but its role in the endometrium is unknown.

Methods: PK2 levels and its receptor PKRT mRNA and protein levels in mid-secretory endometrium from normal and
RIF women were examined by real-time PCR and western blotting, respectively. The effects of PK2 were evaluated by
overexpressed PK2 in immortalized endometrial T-HESC cells using lentivirus vector and found different expression of
Matrix metalloproteinase 9(MMP9) and IncRNA LUCAT1 by RNA-sequencing. The ability of PK2 to regulate LUCAT1 and
MMP9 was verified in endometrial cells by real-time PCR and western blotting.

Results: Using endometrial biopsies from normal and RIF patients, we found increased expression of PK2, together
with its receptor PKR1 in RIF patients. We then overexpressed PK2 in immortalized endometrial T-HESC cells using
lentivirus vector and found decreased expression of Matrix metalloproteinase 9(MMP9), and increased expression

of IncRNA LUCAT1. We verified the ability of PK2 to stimulate LUCAT1 and decrease MMP9 in endometrial cells. We
further demonstrated that increased expression of a long noncoding RNA LUCAT1 and decreased expression of MMP9
in endometrial biopsies of patients with RIF. Thus, we highlighted the important role of PK2 and its receptor PKR1 in
decidualization and RIF,

Conclusion: Prokineticin 2 and its receptor are important in endometrium decidualization. PK2 may affect endome-
trial decidualization through the LUCAT1- MMP9 pathway, thereby affecting embryo implantation.
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Introduction

In recent years, assisted reproductive technology has

advanced, and the success rate per cycle has increased.

However, 5 to 11% of patients remain infertile after
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RIF is complex and involves abnormalities of gametes,
embryos, uterus, immune system, and prothrombotic
states [2, 3]. Moreover, the pathogenesis of most patients
remains elusive.

Studies have shown that abnormalities in the decidu-
alization process were closely related to RIF. Abnormal
expression of cytokines and transcriptional regulators
that regulate decidualization, such as Kriippel-like fac-
tor 12 (KLF12) [4], orphan nuclear receptor (Nur77) [5],
C/EBPB [6] and NOTCH signaling pathway [7] could
lead to impaired embryo implantation and decidualiza-
tion. Emerging evidence showed that the dysregulated
expression of long non-coding RNA (IncRNA) is associ-
ated with RIF. Xu et al. found differential IncRNA expres-
sion between RIF and normal endometrium tissues, and
showed that 169 IncRNAs were abnormally expressed in
RIE, but the underlying mechanism was unclear.

Prokineticin 2 (PK2), a secretory protein with pleio-
tropic functions [8], acts on its G protein-coupled recep-
tor to regulate various biological processes such as cell
differentiation, angiogenesis, circadian rhythm, and sex
hormone synthesis [9, 10]. PK2 could inhibit the tran-
scription of adipokines and reduce the accumulation of
adipose tissue [11]. The PK2 / PKRI1 signaling pathway
also promotes transformation of cardiac fibroblast pro-
genitor cells into vasculogenic cells and maintains cardiac
perfusion [12]. Prokineticin 2 has been detected in the
endometrium, but its role in the endometrium remains
unknown [13].

Long non-coding RNA (IncRNA) is a type of RNA
molecule with a length of more than 200 nucleotides
and participates in biological processes by interacting
with macromolecules such as proteins to regulate gene
imprinting, histone modification, cell cycle, RNA splicing
and chromatin remodeling [14—-16].

This study aims to explore the role of PK2 in the endo-
metrium, to study whether PK2 affects endometrial
decidualization by regulating IncRNA, to reveal the
mechanism of embryo implantation failure from a new
perspective of PK2/PK2 receptor and further explore
potential therapeutic strategies.

Materials and method

Sample collection

The study was approved by the Ethics Committee of the
First Affiliated Hospital of Zhengzhou University (2019-
KY-335) and all patients signed informed consent. From
September 2018 to December 2018, patients under the
age of 40years treated at the Reproductive Medicine
Center of the First Affiliated Hospital of Zhengzhou Uni-
versity were enrolled in this study. We recruited women
with RIF (no clinical pregnancy after transfer of >4 good-
quality embryos in >3 fresh or frozen cycles) and women
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with tubal factor who had at least one pregnancy history
served as control group. All patients had normal ovarian
reserve (FSH <10 mIU/ml, LH<10 mIU/mL, E, <50pg/
mL on Day 3 of menstrual cycle), normal menstrual cycle
(21 to 35days). Women were excluded if they used con-
traceptive drugs or had intrauterine operation opera-
tions within 3months. Also, those with endometriosis,
uterine malformation, endometrial polyps, intrauterine
adhesions, uterine fibroids, adenomyosis, hydrosalpinx,
polycystic ovary syndrome (PCOS), immune diseases,
prothrombotic, and endocrine diseases such as hyper-
prolactinemia were excluded. All patients were tested for
serum sex hormones before transvaginal ultrasound to
monitor follicle development and confirmed they were
at day 7 of the luteal phase. Endometrial tissues were
obtained 7 days after the LH using a Pipette endometrial
suction curette. Endometrial tissues were washed repeat-
edly with normal saline immediately and each sample
was divided into three sections for subsequent analysis.

Immunochemistry

Luteal phase endometrial tissue was embedded in paraf-
fin. Tissue sections were placed in citric acid (PH6.0) for
antigen retrieval and incubated with 3% H,O, at room
temperature in the dark for 25 min., washed three times
with PBS for 5min. Each before adding primary anti-
body (monoclonal rabbit anti-human PK2,PKR1,dilution
of 1:200) (Abcam, America), overnight at 4C.Secondary
antibody (HRT-labeled anti-rabbit IgG polymer) was
incubated at room temperature for 50 min; sections were
stained with DAB staining solution and counterstained
with haematoxylin. Finally, sections were examined by
microscopy.

Quantitative real-time PCR

Total RNA was extracted from endometrial tissue or
T-HESC using TRIzol (Sigma, America) with total
RNA content and concentration determined via spec-
trophotometry (Nano Drop 2000c). RNA was reverse-
transcribed into c¢cDNA by using a cDNA Reverse
Transcription Kit (Takara Bio, Japan). Real-time PCR
was carried out using SYBR Green (Takara Bio, Japan).
Each sample was tested three times independently and
each experiment was repeated three times. The rela-
tive expression level was analyzed using GAPDH as the
internal reference gene. Primer sequences were listed in
Table 1.

Western blotting

Frozen endometrial tissues or cells were lysed in 300ul
lysis buffer containing a protease inhibitor (EpiZyme,
Shanghai, China). After the protein concentration
was determined by BSA method, SDS-PAGE (sodium
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Table 1 Primer sequences

Name Primer Sequence
GAPDH Forward5-CGCTTCGGCAGCACATATAC —3/

Reverse5-AAATATGGAACGCTTCACGA — 3/

PRL Forward5-GCCTCTGTATCATCTGGTCACG — 3/
Reverse5-TGCGTAGGCAGTGGAGCAG — 3/

IGFBP1 Forward5-CTGCGTGCAGGAGTCTGA — 3/
Reverse5-CCCAAAGGATGG AATGATCC — 3/
PK2 Forward5-TTGGGCGGAGGATGCA — 3/
Reverse5-AAATGAAGTCCGTAAACAGGCC — 3/
PKR1 Forward5-TCTTACAATGGCGGTAAGTCCA — 3/
Reverse5-CTCTTCGGTGGCAGGCAT —3'
MMP9 Forward5-TCAAGTGGCACCACCACAAC-3/
Reverse5-TGTACACGCGAGTGAAGGTGA-3'
LUCAT1 Forward5-AAGGTCCATATTAAACGTCCTACAA-3/
Reverse5-TAGCCATTAGACTGCCAGAGGA-3
RAMP2-AST  Forward5-CTCTGGAGTCGGGAGAAGGA-3

Reverse5-TGGCACATGAAGTCGCACAC-3'

dodecyl sulfate-polyacrylamide gel electrophoresis) was
performed, and the protein was transferred to PVDF
membrane. After TBST containing 5% fat-Free milk was
blocked at room temperature for 2h, the primary anti-
body was incubated, PKR1 antibody (Affinity, orb162427)
1: 500, PK2 antibody (Abcam, ab76747) 1: 200, MMP9
(N-terminal) Polyclonal antibody (Sanying,10,375-2-AP)
1: 100, IGFBP1 Polyclonal antibody (Sanying, 13,981-1-
AP) 1:1000, PRL antibody (Abcam, ab188229) 1:2000,
GAPDH Polyclonal antibody (Sanying, 10,494-1-AP) 1:
10000 overnight at 4 C. Next day, the PVDF membranes
were washed by TBST 5-6 times* 5min / per; were added
horseradish peroxidase conjugated secondary antibody
immunoglobulin G (IgG), were incubated at room tem-
perature for 2h, the membranes were finally revealed
using electro-chemiluminescence (ECL) substrate and
exposed to films.

Cell infection

Trypsin was used to digest T-HESC in logarithmic
growth phase. T-HESC was adjusted to a density of 10°
/ ml with DME / F-12 medium containing 10% FBS, and
was inserted into a 25cm? cell culture flask and incu-
bated overnight at 37°C. Lentivirus containing PK2
overexpressing vector was obtained from Hanheng
Bio(Shanghai, China). T-HESCs were infected with the
LV-PK2, or the control vector (NC). PK2-overexpressing
T-HESCs were measured by RT-PCR.

SiRNA transfection

HESC was inoculated on the 6 - well plates, and the cells
were cultured until the density reached about 75%. The
transfection was completed by Lipofectamine RNAIMAX
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transfection Kit (Invitrogen). In brief, PK2- siRNA or
scrambled siRNA was added to opti-MEM after vortex
mixing and was kept at room temperature for 20 min.
After 6h, the 6 - well plate medium was replaced. After
48h of transfection, PCR and Western-blotting were used
to verify the siRNA transfection effect, which could be
used for subsequent extraction of cell RNA and protein.

Induction of T-HESC decidualization in vitro

When the growth of cells reached about 90% conflu-
ency, cells were cultivated in DMEM / F12 medium for
48h, and then were switched to fresh medium contain-
ing 8-Br-cAMP (0.5 mmol / 1), MPA (1 umol /1) to induce
decidualization of the T-HESCs for 72h. The inverted
microscope was used to continuously observe the mor-
phological changes of cells during decidualization.

RNA extraction and sequencing

According to the manual of RNeasy Mini Kit (250)
Qiagen # 74106 kit, total RNA was extracted from
decidualized cells. Agilent Bioanalyzer 2100 (Agilent
technologies, Santa Clara, CA, US) was used for Qual-
ity Test. Magnetic beads containing Oligo (dT) was used
to enrich the extracted mRNA, and rRNA (including
cytoplasmic 28S, 18S, 5S rRNA and mitochondrial 128,
5.8S rRNA) was removed from the total RNA, then RNA
was used for non-coding RNA analysis. The remaining
RNA included mRNA and IncRNA. After enriching and
purifying mRNA, a ¢cDNA library was constructed, and
a eukaryotic strand-specific library, a IncRNA library, a
SmallRNA library, etc. were also constructed. The library
constructed by sequencing included mRNA and IncRNA
data. Ensuring the temperature is appropriate, a breaking
reagent was added to Thermomixer to break the mRNA
into suitable fragments as templates to synthesize the
first-strand cDNA, for the synthesis of the second-strand
cDNA. The second-strand cDNA was purified and recov-
ered with the sticky end repaired and the base “A” added
to the 3 ‘end of the cDNA for linker is connection. After
thisstep, the fragment size was selected, and finally PCR
amplification was performed before Illumina NovaSeq
6000 sequencing.

Bioinformatics analysis

We used R software package under P <0.05, | log2FC |
>1 to screen differential genes. GO and KEGG enrich-
ment analysis were performed to reveal gene functions
by using DAVID 6.8 tool (https://david.ncifcrf.gov/).
STRING database was used to analyze the network anal-
ysis of protein- protein interactions.
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Fig. 2 Immunolocalization of PK2 and PKR1 proteins in endometrial tissue of two groups. A, B Expression and localization of PK2 and PKR1 in
control group; C, D Expression and localization of PK2 and PKR1 in the RIF group. The scale bar at the lower-right part of all sections represents
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Statistical analysis

The results were analyzed using SPSS version 22.0 or R
software package version 3.2.2. The measurement data
were represented as “mean=+SD’, and the t tests were
performed for comparisons of two groups. The categori-
cal data were performed using the x2 test and Fisher’s
exact test. Differences of p <0.05 were considered statis-
tically significant.

Results

Expression of PK2, PKR1, PRL and IGFBP1 in endometrium
We used RT-qPCR and Western blotting to detect
the expression of PK2, PKR1, PRL, and IGFBP1 in the
luteal phase endometrium between the control group
(n =10) and the RIF group(n=10). As compared
with the control group, the decidualization markers
PRL » IGFBP1 mRNA and protein levels were signifi-
cantly reduced in RIF group: however, PK2 and PKR1
mRNA and protein expression levels were significantly
increased (Fig. 1).
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Localization of PK2 and PKR1 protein in endometrial tissues
We used immunohistochemical staining to detect the
location and expression of PK2 and PKR1 proteins in
the two groups. The results showed that the PK2 and
PKR1 were mainly located in glandular epithelial cells
and stromal cells, and the expression of PK2 and PKR1
in the RIF group was significantly higher than that of
the control group (Fig. 2).

Effect of PK2 overexpression on the in vitro decidualization

of T-HESC

To clarify the effect of PK2 on endometrial stromal cell
decidualization, T-HESC was transfected with PK2-
expressing lentivirus and control lentivirus. Forty-
eight hours after transfection, they were cultured in 2%
DCC-FBS-Free DEME /F12 medium containing 8-Br-
cAMP (0.5 mmol/l) and MPA (SPELL OUT) (1 umol/l)
for 3days. We next monitored morphological changes
of the two groups at Oh, 24h, 48h, and 72h under
inverted microscope. We found that the morphology
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Fig. 3 Effect of PK2 overexpression on the in vitro decidualization of T-HESC. A Cell morphology changes of T-HESC in Control group and PK2
overexpression group at 0h, 24 h, 48 h, 72 h after decidualization in vitro. B PRL and IGFBP1 were measured by gRT-PCR in two groups, ** P<0.01
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of cells in the PK2 overexpression group was fusiform,
and did not change significantly. In the control group,
T-HESC gradually became larger and rounder from the
spindle shape, nuclei increased, and the cell bounda-
ries were blurred (Fig. 3A). Seventy-two hours after
decidualization in vitro, we used RT-qPCR to detect the
expression of decidualization markers PRL and IGFBP1.
The expression levels of PRL and IGFBP1 mRNA in the
PK2 overexpression group were lower than those of the
control group (Fig. 3B).

Page 6 of 11

Identification of differentially expressed mRNAs and IncRNAs
in PK2 overexpression group and control group

At 72h, three decidualized endometrial stromal cell
samples each were selected randomly from PK2-over-
expression group and Control group for subsequent
RNA-sequencing. A total of 266 mRNAs, 229 IncR-
NAs were detected with the criterion of |log2FC|>=1
and p-Value<=0.05. Among them,166 mRNAs, 194
IncRNAs, were significantly up-regulated, whereas
100 mRNAs, 35 IncRNAs were significantly down-
regulated in the PK2-overexpression group compared
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Fig. 4 A Clustering diagram of IncRNA expression profiles between two groups. The differentially expressed mRNA expression levels were clustered
using Ig (FPKM+4) values. Red area represents increased expression levels, and green represents decreased expression levels. The arrow indicates
LUCAT1. B. RT-gPCR for 5 IncRNAs in two groups. The x-axis indicates the names of the mRNAs, and the y-axis indicates mMRNA expression (Relative
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with those in the control group. The Heatmap revealed
that the PK2-overexpression samples were signifi-
cantly different from the control samples based on
the IncRNA data (Fig. 4A). The top 50 IncRNAs with
the largest difference between the two groups and the
arrow indicates LUCAT1 (Fig. 4B). Red area repre-
sents increased expression levels, and green repre-
sents decreased expression levels. Subsequently, we
randomly selected 5 IncRNA (LINC02454, FMR1-AS1,
LUCATI1, LINCO01561, LINC00957) in the two groups
for RT-qPCR verification. The results were consistent
with RNA-seq analyses, confirming that the sequencing
results were reliable (Fig. 4C).

PPl network construction

We imported the differentially expressed genes into the
STRING website for PPI analysis. Among the mRNAs
related to the decidualization process found in the PPI
network included Matrix metalloproteinase 9(MMP9)
and MMP9 can regulate the decidualization marker,
IGFBP1 (Fig. 5).
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IncRNA-mRNA co-expression network analysis

The IncRNA-mRNA gene co-expression network was
constructed based on the correlation analysis (Pearson
correlation coefficient>0.99, P<0.05) between the dif-
ferentially expressed IncRNA and mRNA. We found
82 IncRNAs were highly co-expressed with 90 mRNAs.
According to the threshold of Pearson correlation
coefficient> 0.7, P value <0.1, we filtered out IncR-
NAs-MMP9 network involving 52 IncRNAs. Previous
studies have found that LUCAT1 and RAMP2-AS1 are
mainly involved in regulating cell cycle, cell prolifera-
tion and migration, especially LUCAT1. Many studies
have confirmed that LUCAT1 is involved in regulat-
ing cell proliferation in various tissues. LUCAT1 and
RAMP2-AS1 may affect stromal cell decidualization
by regulating MMP9.

The expression levels of LUCAT1, RAMP2 - AS1 and
MMP9 in the endometrium of the two groups were
detected by RT-qPCR and Western blot. The results
showed that compared with the control group, the
LUCAT1 in the endometrium of the RIF group was sig-
nificantly increased, the mRNA and protein levels of
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Fig. 5 Protein-Protein Interaction Networks of differential genes
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MMP9 were significantly decreased, and RAMP2 - AS1
had no significant change, indicating that the abnormal
expression of LUCAT1 and MMP9 may play an impor-
tant role in mediating the decidualization failure of RIF
patients (Fig. 6).

Effects of lentivirus overexpression of PK2 and PK2 - siRNA

on the expression levels of LUCAT1 and MMP9

To investigate effects of over- and under-expression of
PK2 on T-HESCs. Through the construction of empty
vector + no decidualization group, empty vector +
decidualization group, overexpression of PK2 + decid-
ualization group, PK2-siRNA + decidualization group
lentiviral transfection cell model in decidualization D6
days,RT-qPCR and Western blot were used to study
the PK2 overexpression or knockdown of LUCATI,
MMP9 expression levels, the results showed that com-
pared with empty vector decidualization group, PK2
overexpression group LUCAT1 RNA expression levels
increased, MMP9 RNA and protein expression levels
decreased, PK2-siRNA decidualization group LUCAT1
RNA expression levels decreased, MMP9 RNA and
protein expression levels increased, further verify the
PK2 regulation of downstream genes LUCAT1, MMP9
(Fig. 7).
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Discussion
Endometrial decidualization is characterized by the
transformation of stromal cells into large round or
polygonal decidual cells [17] and impaired endometrial
decidualization is closely related to infertility, implanta-
tion failure, and miscarriage [18—20]. PK2 has been dem-
onstrated to be involved in multiple physiological and
pathological processes. The PK2-PKR signaling system is
expressed in the heart, kidney, uterus and other tissues,
but its role in the endometrium is unclear [21, 22].
Battersby et al. showed that the expression of PK2
and PKR1 mRNA in the human endometrium did not
change during the menstrual cycle, but the function of
PK2 in endometrial tissue has not been studied [13]. Our
results showed that the expression levels of decidualiza-
tion markers PRL and IGFBP1 in endometrium of RIF
patients in the middle luteal phase (7 days after LH peak)
were significantly lower than those in control group, con-
firming that endometrial decidualization was defective
in patients with RIF. Compared with the control group,
the expression levels of PK2 and PKR1 were significantly
elevated, and immunohistochemical results showed that
higher staining of PK2 and PKR1 was detected in stro-
mal cells than that in glandular epithelial cells, indicat-
ing that the abnormal expression of PK2 in endometrial
stromal cells of RIF patients may be related to embryo
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implantation failure. To clarify the role of PK2 in the pro-
cess of endometrial decidualization, we observed that
changes in cell morphology were abnormal in the PK2-
overexpression group after undergoing in vitro decidu-
alization and the expression of PRL and IGFBP1 were
dramatically reduced. Increased PK2 expression might
lead to defective endometrial decidualization.

LncRNAs play important roles in a variety of biologi-
cal processes, including epigenetics, transcription, post-
transcription, and translation. At present, the study of
the role of IncRNA in the decidualization process is in its
infancy. Liang et al. have found that LINC473 could par-
ticipate in endometrial decidualization. After knocking
out LINC473, decidualization was impaired, suggesting
that IncRNAs are involved in stromal cells decidualiza-
tion [23]. The expression of LncRNAHand2o0s1 in mouse
decidual cells at 6-8days of pregnancy is increased and
promotes the process of decidualization [24]. In placen-
tal trophoblasts of patients with recurrent miscarriage,
the expression of Tristetraprolin (TPP) was also up-reg-
ulated, and TPP could inhibit the expression of IncRNA
HOTAIR. HOTAIR was a regulatory factor regulating the

proliferation, migration and invasion of trophoblasts, and
the abnormality of HOTAIR leads to miscarriage [25].

In this study, we compared the expression level of
IncRNA and mRNAs in T-HESC transfected with PK2-
expressing lentivirus or negative control lentivirus by
RNA-seq. We identified 229 IncRNA transcripts and
266 mRNA transcripts that were significantly changed
in PK2-overexpression T-HESC group compared with
those in the control group. GO and KEGG analysis
found that differential mRNAs are mainly involved in
phagocytosis, immune response regulating cell surface
receptors, neutrophils mediated immune, and signaling
pathways such as cell adhesion molecules, chemokines,
and transendothelial migration of leukocytes. Using
protein-protein interaction analysis of mRNA related
to the decidualization, we also observed MMP9 con-
stitutes the main network and MMP9 can regulate the
decidualization-related gene IGFBP1.Matrix metallo-
proteinases (MMPs) are a family of proteases that are
capable of degrading all major components of extracel-
lular matrix [26]. MMPs secreted by endometrial stro-
mal cells and decidual cells can degrade extracellular
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matrix and activate growth factors, thereby promot-
ing the initiation of menstruation, regeneration and
remodeling of the decidua [27].

We further found that LUCAT1was negatively cor-
related with MMP9. It has been shown that IncRNA
is involved in regulating the proliferation, migration
and apoptosis of cancer cells. LUCAT1 was highly
expressed in breast cancer tissues, knockdown of
LUCAT1 inhibited cell proliferation [28-30]. It is found
that LUCAT1 is mainly involved in the regulation of
cell cycle, cell proliferation, migration, while endome-
trial stromal cells undergo proliferation and differentia-
tion during decidualization and require fine regulation
of multiple cell factors.

It has been reported that LUCAT1 regulates MMP9
in Laryngeal squamous cell carcinoma cell lines, but its
role in endometrial stromal cells remains to be studied
[31]. There has been a lot of evidence that MMP9 plays
an important role in the process of decidualization. Tar-
geted knockout of MMP9 gene in mice can lead to a cer-
tain degree of impairment of endometrial decidualization
and a reduction in the number of embryo implantations
[27, 32]. Injecting an MMP9 inhibitor into the mouse
uterine cavity prior to embryo implantation resulted in
a slowdown in the development and remodeling of the
mouse decidual region [33]. Therefore, we speculate that
PK2 may regulate MMP9 through LUCAT1 to affect the
decidualization.

We further study found that LUCAT1 was signifi-
cantly higher and MMP9 was significantly lower in
RIF patients than in normal endometrium. The abnor-
mal expression of LUCAT1 and MMP9 may be the key
factor in the failure of decidualization of RIF. In order
to verify the regulatory effect of PK2 on LUCAT1 and
MMPY, we found that the expression of LUCATI in
the PK2 overexpression group was increased and the
MMP9 level was decreased in the PK2 overexpression
group and PK2 knock-down group. PK2-siRNA decidu-
alization group showed the opposite trend. These stud-
ies suggested that the elevated PK2 in RIF patients may
inhibit the expression of MMP9 through LUCAT1 to
hinder the remodeling of extracellular matrix and thus
the decidualization process, leading to the failure of
embryo implantation. However, further experiments are
needed to further explore the mutual regulatory mecha-
nism of PK2, LUCAT1 and MMP9.
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