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« PIBF1 levels peaked in the mid-
secretory phase of endometrium.

« PIBF1 expression decreased in the
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patients.

« PIBF1 regulated HESC proliferation
and decidualization via IL6/p-STAT3
signaling.

« The IL6/p-STAT3, Ki-67, prolactin, and
IGFBP1 levels were lower in RIF
patients.

« Low PIBF1 expression may account
for poor endometrial receptivity in
RIF patients.
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ABSTRACT

Introduction: Recurrent implantation failure (RIF) is a challenging problem of assisted reproductive tech-
nology that arises mainly due to inadequate endometrial receptivity and its pathogenesis is still unclear.
Objectives: In this study, we conducted the first investigation of the effect of decreased PIBF1 expression
in mid-secretory phase on endometrial receptivity in patients with RIF.

Methods: Microarray assay, reverse transcriptase-quantitative polymerase chain reaction, western blot,
and in-vitro experiments were conducted.

Results: The results showed that progesterone-induced blocking factor 1 (PIBF1) expression was highest
in the mid-secretory endometrium in control subjects, but was significantly lower in RIF patients. In
Ishikawa and human endometrial stromal cells (HESCs), rather than human endometrial epithelial cells,
PIBF1 knockdown significantly downregulated cell proliferation and the levels of interleukin 6 (IL6) and

Peer review under responsibility of Cairo University.

* Corresponding authors at: Reproductive Medical Center, Department of Obstetrics and Gynecology of Ruijin Hospital, School of Medicine, Shanghai Jiao Tong University,
197 Ruijin 2nd Road, Shanghai 200025, China (A. Zhang and B. Xu). Shanghai Key Laboratory of Reproductive Medicine, Department of Histoembryology, Genetics and
Developmental Biology, School of Medicine, Shanghai Jiao Tong University, 280 South Chongqing Road, Shanghai 200025, China (A. Zhang and Q. Liu).

E-mail addresses: qliu0122@shsmu.edu.cn (Q. Liu), bufangxu@163.com (B. Xu), zhaj1268@163.com (A. Zhang).

! They contributed equally to this study.

https://doi.org/10.1016/j.jare.2020.09.002

2090-1232/© 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2020.09.002&domain=pdf
https://doi.org/10.1016/j.jare.2020.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:qliu0122@shsmu.edu.cn
mailto:bufangxu@163.com
mailto:zhaj1268@163.com
https://doi.org/10.1016/j.jare.2020.09.002
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

M. Zhou et al.

p-STAT3
Endometrial decidualization

Journal of Advanced Research 30 (2021) 15-25

phosphorylated signal transducer and activator of transcription-3 (p-STAT3). Besides, in HESCs, the levels
of IL6, p-STATS3, prolactin and insulin-like growth factor binding-protein-1 (IGFBP1) decreased after PIBF1

knockdown during in-vitro decidualization. All these cellular changes could be notably restored by PIBF1
or IL6 overexpression. Consistent with our findings with PIBF1, the levels of IL6, p-STAT3, ki-67, prolactin,
and IGFBP1 in the mid-secretory endometrium were notably lower in patients with RIF compared with

controls.

Conclusion: In summary, in the mid-secretory phase, decreased expression of PIBF1, IL6, and p-STAT3

inhibited HESC proliferation and decidualization, which is of theoretical and clinical importance for

future research and clinical-treatment strategies.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Recurrent implantation failure (RIF), known as a failure to achieve
clinical pregnancy after having undergone more than three embryo
transfer cycles with the transfer of a total at least four good-quality
embryos (score > 7 or grade of 3BB or better) [1], is a difficult clinical
issue in the area of in-vitro fertilization and embryo transfer (IVF-ET)
[2]. Approximately 10% of sterile women receiving IVF-ET undergo
RIF, which is associated with a substantial emotional and economic
burden in these women [2]. To date, effective treatment for RIF has
only rarely been achieved [3]. Endometrial receptivity and embryo
quality were reported to be the main factors influencing the efficacy
of embryo implantation [4], and inadequate endometrial receptivity
was the main cause of RIF [5,6].

Decidualization is vital for the acquisition of endometrial recep-
tivity during the window phase. Proper proliferation of endome-
trial stromal cells is necessary for decidualization, and
attenuating proliferation inhibited decidualization and, hence, led
to pregnancy failure [7]. For example, decreased expression of
homeobox A10 (HOXA10), a known marker of endometrial recep-
tivity, was related to the inhibition of stromal cell proliferation
during decidualization and HOXA10-mutant mice had reduced fer-
tility [8,9]. Notch 1 has been reported to regulate cell proliferation
and promote successful decidualization, and depletion of the
Notch1 gene in mice led to fewer offspring [10,11].

Progesterone-induced blocking factor 1 (PIBF1), first found in
progesterone-treated lymphocytes from fertile women [12], has a
great effect on cell proliferation. For example, increased PIBF1 expres-
sion promoted tumor cell proliferation [13], and PIBF1 depletion
caused mitotic arrest [ 14]. Some researchers have found that the lower
PIBF1 expression was associated with abortion, preterm delivery and
eclampsia [15-17]. It was also reported that PIBF1 could induce the
decidual transformation with mouse endometrial stromal cells [18].
However, the underlying mechanisms remain unclear. Previously,
mid-secretory endometrial specimens were collected from patients
who successfully achieved clinical pregnancy after the first embryo
transfer and from patients with RIF for microarray analysis [1], and
we found that PIBF1 was significantly downregulated in the patients
with RIF. These findings raised the possibility that decreased PIBF1
expression was responsible for RIF. In this study, we conducted the
first investigation of the effect of decreased PIBF1 expression in mid-
secretory phase on endometrial receptivity in patients with RIF.

Material and methods
Study population

Ethical approval was obtained from the Institutional Ethics
Committee of Ruijin Hospital, School of Medicine, Shanghai Jiao
Tong University (2012-57), and all participants recruited signed
informed consent forms.

In this study, patients with a history of no pregnancies after at
least 3 embryo transfers (including a total of > 4 good-quality
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embryos) were recruited in the RIF group. Patients with tubal
obstruction or unexplained infertility who achieved a clinical preg-
nancy after the first embryo transfer were assigned to the control
group. All patients in the control group underwent cleavage-
stage embryo transfer. Blastocyst was transferred in patients after
being diagnosed with RIF. The inclusion and exclusion criteria for
all patients were as follows: the patients were 25-35 years old
with regular menstrual cycles and normal endocrine profiles.
Patients that used any intrauterine device or contraceptive drug
within the last 6 months, or with any of the following conditions
were excluded from the study: intrauterine pathology, hydros-
alpinx, salpingitis, polycystic ovary syndrome, endometriosis, ade-
nomyosis, chromosome abnormalities, or autoimmune disease.

Previously [1], we performed comprehensive mRNA profiling on
mid-secretory endometrial samples from three controls and three
individuals with RIF. The patient details are displayed in Supplemen-
tary Table 1, and their microarray data were analyzed in this study.
Between January 2016 and January 2020, endometrium samples
were collected from 58 control subjects. The samples were divided
into the following 6 phases of the menstrual cycle using the criteria
defined by Noyes et al. [19] and the chronological dating described in
Obstetrics and Gynecology (9th ed, People’s Medical Publishing
House): early proliferative (days 5-7 of the cycle, n = 8), mid-
proliferative (days 8-10 of the cycle, n = 8), late proliferative (days
11-14, n = 20), early secretory (days 15-19, n = 8), mid-secretory
(LH + 7 [20], days 20-23, n = 18), and late secretory (days 24-28,
n = 8). Specimens were obtained from all 20 RIF patients on day
LH + 7 of one natural cycle after at least 3 failed cycles. All samples
were collected using pipe-suction curettage (LILYCLEANER, Shanghai,
China). The endometria of 20 patients with RIF and 18 control sub-
jects on day LH + 7 were collected to analyze the expression of PIBF1
and PIBF1 signaling relevant molecules (Table 3). Endometrium sam-
ples from 48 control subjects in all 6 phases of the menstrual cycle
were collected for PIBF1-expression analysis (Table 4). What else,
for isolation of primary endometrial cells, endometrium from RIF
patients (mid-secretory phase, n = 11) and woman with history of
pregnancy who were acted as controls (late-proliferative phase,
n = 15; mid-secretory phase, n = 15) were collected.

Microarray assay

The mRNA expression profiles of three control and three indi-
viduals with RIF were analyzed applying the Affymetrix GeneChip®
PrimeView™ Human Gene Expression Array (Thermo Fisher Scien-
tific, Meridian, USA). Data from the Gene Expression Omnibus
(GEO) database (series GSE103465) were analyzed. We also ana-
lyzed data from another 2 datasets from the GEO database
(GSE58144 and GSE111974), which include data from 96 control
subjects and 67 patients with RIF. P-value between two groups
was automatically generated with the limma algorithm in the R
package, which uses a linear-regression model and Bayes testing
for differentially expressed gene (DEG) screening.
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Complementary DNA (cDNA) preparation and quantitative real-time
polymerase chain reaction (RT-qPCR) analysis

RNA extraction from endometrial biopsy tissues or cultured
cells was performed according to published instruction (9767;
Takara, Beijing, China). cDNA was synthesized using the reverse-
transcription kit (RRO36A, Takara, Beijing, China). The cDNA was
frozen at -20 °C until use.

qPCR was performed as we described previously [21], and
mRNA expression was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The 2744 method was
applied to calculate the relative mRNA expression levels. The pri-
mer pairs used in this study are shown in Table 1.

Western blot immunoassay

Protein was isolated from samples using RIPA buffer (89900,
Thermo, Meridian, USA) with 10% protease inhibitor
(5892970001, Roche, Mannheim, Germany). 60 pg of protein was
separated by 10% SDS-PAGE and transferred onto 0.22-um
polyvinylidene difluoride membranes at 90 mV for 90 min. After
blocking, the membranes were incubated with primary antibodies
(Table 2) for 12 h at 4 °C. The membranes were rinsed with Tris-
buffered saline and 0.1% Tween-20 for 30 min and incubated with
secondary antibodies for 1 h at room temperature. The membranes
were washed again before analysis with Immobilon Western
Chemiluminescent HRP Substrate (WBKLS0100, Merck, Darmstadt,
Germany). After enhanced chemiluminescence analysis of phos-
phorylated signal transducer and activator of transcription-3 (p-
STAT3), the membrane was then stripped with stripping buffer
(Solarbio, Beijing, China) and re-probed with an anti-STAT3
antibody.

Immunohistochemical staining

Tissues were fixed with 4% paraformaldehyde (BL539A,
Biosharp, Shanghai, China) and embedded in paraffin. Next, each
section (thickness, 5-um) was deparaffinized, rehydrated, sub-
jected to antigen retrieval, and submerged in 3% hydrogen perox-
ide (10 min). Then, the slides were flushed with Tris-buffered
saline and incubated with 5% normal goat serum (room tempera-
ture, 30 min). Thereafter, the slides were incubated with anti-
PIBF1 (1:100), anti-Ki-67 (1:200), or normal rabbit IgG antibodies
at 4 °C (12 h). Subsequently, they were incubated with secondary
antibodies, stained with diaminobenzidine, and counterstained
with hematoxylin before visualizing the slides using the Nikon
Eclipse 80i microscope.

The intensity of PIBF1 and Ki-67 staining was graded by calcu-
lating the immunohistochemical (IHC) score [21]:

IHC score = X (% of immunostained cells x intensity of staining).

The staining intensity of PIBF1 and Ki-67 was graded from O to 3
(corresponding to negative, weak, moderate, and strong staining,
respectively). A 600 x 600 pixel area within each slide used for
scoring was randomly chosen under 400 x magnification. Two
pathologists performed the scoring independently, and the IHC
scores of each section were used for analysis.

Culturing human endometrial stromal cells (HESCs), human
endometrial epithelial cells (HEECs), and Ishikawa cells

Primary cells were separated from endometrial samples. First,
the tissues were minced and digested for 1 h with 0.1% collagenase
(17100017, Gibco, NY, USA) in a 37 °C shaker. Each mixture was
then passed through a 100-um sieve and then a 40-um sieve. Con-
verge and centrifuged the flushing and the reverse-flushing perco-
late from the 40-um sieve to collect primary HESCs and HEECs,
respectively. HESCs represent spindle-shaped fibroblast-like mor-
phology while HEECs were polygonal cells and the purity
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Primers used for RT-qPCR.

Primer Sequence (5'-3")

PIBF1-F TTAGTGTTCGCTGTGCTCAT
PIBF1-R AATGGTCTCTGGATGCTACATAT
IL6-F AGAACAGATTTGAGAGTAGTGAGGAAC
IL6-R GGCATTTGTGGTTGGGTCAGG
MKI67-F GTGGAAGTTCTGCCTACGGA
MKI67-R TAGTGCCCAATTTCTCAGGC
PRL-F AGGAGCAAGCCCAACAGATG
PRL-R TACTTCCGTGACCAGATGATACAG
IGFBP1-F CCCAGAGAGCACGGAGATAAC
IGFBP1-R GGTGACATGGAGAGCCTTCG
GAPDH-F TGACTTCAACAGCGACACCCA
GAPDH-R CACCCTGTTGCTGTAGCCAAA

Table 2
Antibodies used in this research.
Antibody Dilution  Application Product
ratio details
Anti-PIBF1 rabbit 1:1000 Western blotting ab183107,
polyclonal antibody Abcam, CA,
USA
Anti-IL6 mouse 1:1000 Western blotting ab9324,
monoclonal antibody Abcam, CA,
USA
Anti-Phospho-STAT3 1:1000 Western blotting #9145, Cell
(Tyr705) Signaling,
rabbitmonoclonal MA, USA
antibody
Anti-STAT3 mouse 1:1000 Western blotting #9139, Cell
monoclonal antibody Signaling,
MA, USA
Anti-HOXA10 goat 1:1000 Western blotting ab191470,
polyclonal antibody Abcam, CA,
USA
Anti-PRL rabbit 1:1000 Western blotting ab188229,
monoclonal antibody Abcam, CA,
USA
Anti-IGFBP1 rabbit 1:1000 Western blotting ab180948,
monoclonal antibody Abcam, CA,
USA
Anti-GAPDH rabbit 1:1000 Western blotting #5174, Cell
monoclonal antibody Signaling,
MA, USA
HRP-linked anti-rabbit 1:5000 Western blotting #7074, Cell
IgG antibody Signaling,
MA, USA
HRP-linked anti-mouse 1:5000 Western blotting #7076, Cell
IgG antibody Signaling,
MA, USA
HRP-linked anti-goat IgG  1:1000 Western blotting A0266,
antibody Beyotime,
Shanghai,
China
Anti-PIBF1 rabbit 1:100 Immunohistochemical ab183107,
polyclonal antibody staining Abcam, CA,
USA
Anti-Ki67 rabbit 1:200 Immunohistochemical ab16667,
polyclonal antibody staining Abcam, CA,
USA
Anti-Vimentin rabbit 1:500 Immunocytochemical ab92547,
monoclonal antibody staining Abcam, CA,
USA
Anti-Cytokeratin 7 rabbit  1:100 Immunocytochemical ab181598,
monoclonal antibody staining Abcam, CA,
USA
Goat polyclonal 1:500 Immunocytochemical ab150077,
Secondary Antibody staining Abcam, CA,
to Rabbit IgG - H&L USA
(Alexa Fluor® 488)
Alexa Fluor® 594 GAR 1:100 Immunocytochemical R37117,
staining Invitrogen,
OR, USA
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was > 95%. Cultured HESCs and HEECs were identified by immuno-
cytochemistry after staining with stromal cell marker vimentin
(Table 2) or epithelial marker cytokeratin (Table 2) as described
previously (Fig. S1) [21,22].

The cells were incubated in medium in the following 2 weeks
containing DMEM/F12, 1% penicillin/streptomycin (15140122,
Gibco, NY, USA), and 10% fetal bovine serum (10091141, Gibco,
NY, USA) at 37 °C (5% CO,).

Lentiviral silencing and plasmid overexpression

Short-hairpin RNA (shRNA) against human PIBF1 and negative
shRNA were produced by Hanbio company (Shanghai, China),
and PIBF1 and interleukin 6 (IL6) overexpression and mock plas-
mids were produced by GeneCopoeia (Guangzhou, China). The
negative shRNA (5'-TTCTCCGAACGTGTCACGTAA-3') or PIBF1-
shRNA (5'-TCGTGAGGAATTGGCAGCAATGAAA-3") were transduced
into cells (concentration, 2 x 107 transducing units/mL) using
polybrene (10 pg/ml). The cells were selected with puromycin
(1 pg/ml) and then cultured with the puromycin reagent (0.5 pg/
ml). The plasmids bought from GeneCopoeia were transfected into
cells with transfection reagent (06366236001, Roche, Mannheim,
Germany), following the manufacturer’s instructions.

Proliferation assay

Cell proliferation was assayed in Ishikawa cells and HESCs with
the Cell Counting Kit (CCK-8; CK-04, Dojindo Molecular Technolo-
gies, Inc., Japan). The cells were plated in 96-well plates (1,000
cells/well), and CCK-8 solution (10 ul/well) was added on the sec-
ond day after plating. The optical density (OD) was measured using
a Multiskan GO instrument at 450 nm.

The CCK-8 has rarely been used to examine the proliferation of
HEECs because the cell mass is difficult to manipulate, which read-
ily causes errors. Instead, cell proliferation is widely measured
using the well-established marker, MKI67 [23,24]. Therefore, we
analyzed MKI67 expression by qPCR to explore HEEC proliferation.
Each experiment was repeated at least three times.

In-vitro decidualization assay

HESCs isolated from late proliferative-phase endometrium sam-
ples were isolated for analysis. After 4 days of lentivirus transduc-
tion and 3 days of plasmid transfection, the cells were then
cultured in serum-free medium with B-estradiol (10 nM, E2758,
Sigma, MO, USA), progesterone (1 puM, V900699, Sigma), and 8-
Br-cAMP (1 mM, ab141448, Abcam, CA, USA) for 48 h. Total RNA
was extracted and two markers of decidualization (prolactin,
[PRL] and insulin-like growth factor-binding protein 1 [IGFBP1])
were analyzed with RT-qPCR and western blot. The primers and
antibodies used are shown in Table 1 and Table 2, respectively.
Each experiment was repeated at least three times.

Enzyme-linked immunosorbent assay (ELISA) analysis

IL6 secretion was measured using ELISA kits (ml058097, Mlbio,
Shanghai, China) with 50 pl culture medium, following the manu-
facturer’s instructions. The standard curves were plotted using
recombinant human IL6. The OD was measured using a Multiskan
GO instrument at 450 nm. The IL6 levels for each sample were nor-
malized to the amount of the total protein in the cultured cells.

Statistical analysis

For continuous variables, the two-tailed Student’s t-test was
applied to calculate differences between two groups. Differences
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across more than two groups were analyzed by analysis of variance
(ANOVA) and the Bonferroni test for data with established normal-
ity and homogeneity of variance. Otherwise, a nonparametric test
was applied to analyze the data. For analyzing categorical vari-
ables, the Fisher’s exact test was used. All data processing was
managed using SPSS software (version 23.0, IBM, Inc.), and statis-
tical significance was set at P < 0.05. All data related to the figures
are displayed in Supplementary Table 2. The western blot images
of in-vitro cell experiments in triplicates and the western blot
images for endometrial tissues of all patients are provided in
Supplementary Fig. S7-S14.

Results
Patient characteristics

Except for the number of embryo transfers, there was no signif-
icant difference in the characteristics between the control and RIF
patients, or among patients during different phases of the men-
strual cycle (Table 3-4).

Microarray results

According to the results of our previous microarray assay [1],
2519 DEGs displaying > 2-fold changes (adjusted P-value < 0.05)
were identified in the RIF group. Among these genes, PIBF1 expres-
sion was lower in the RIF group (fold change = -2.15, P < 0.05,
Fig. 1a). In addition, the gene-expression profiles of GSE58144
and GSE111974 showed that PIBF1 expression was lower in the
RIF group (fold change = -1.06 and —1.21 respectively, P < 0.01,
Fig. S2). In our microarray assay, Pearson correlation tests were
carried out between PIBF1 and all genes detected. The top 300
genes with the highest correlations were screened and passed

Table 3
Demographic characteristics of control subject and patients with RIF in mid-secretory
phase recruited in this study.

Variable Control RIF (n = 20) P
(n=18)

Age (y) 30.56 +3.45 3050 t 3.25 0.960

BMI (kg/m?) 22.88+3.52 21.63+234 0.215

Basal FSH level (mIU/mL) 6.08 £1.35 6.85 + 1.87 0.164

Basal LH level (mIU/mL) 419 +2.29 3.56 + 2.16 0.946

Basal E; level (pg/mL) 37.99 + 13.56 4050 + 18.99 0.646

P4 level on the day of ET (ng/mL) 13.27 £+ 6.72 16.61 + 5.20 0.055

P4 level on the day of 15.40 +4.17 17.21 +3.14 0.137
endometrial biopsy (ng/mL)

Endometrial thickness on the day  8.67 + 0.39 8.47 £ 0.38 0.125
of embryo transfer (mm)

Median embryo-transfer number 1 (1, 1) 4 (3,10) < 0.001°
(range)

Number of embryos per transfer 0.909°
(%)

1 6/18 (33.3%)  31/97 (32.0%)

2 12/18 (66.7%) 66/97 (68.0%)

Median score of transferred day- 8 (7, 9) 8 (7,10) 0.564*
3 embryos (range)

Score of transferred blastocysts -
(%)

3BB ) 11/58 (19.0%)

4AB ) 25/58 (41.3%)

4BB () 22/58 (37.9%)

The data are presented as the mean = SD and were analyzed by Student’s t-test,
unless otherwise stated. *P4 levels on the day of ET > 40 ng/ml in the control (5 for
the fresh embryo-transfer cycle and 2 for the frozen embryo-transfer cycle) and RIF
(5 for the fresh embryo-transfer cycle and 8 for the frozen embryo-transfer cycle)
groups were excluded. BMI, body-mass index; LH, luteinizing hormone; FSH, fol-
licle-stimulating hormone; E,, estradiol; P,4, progesterone. a, Mann-Whitney test; b,
Fisher’s exact test
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Table 4
Demographic characteristics of the recruited control subjects during the indicated phases of the menstrual cycle.
Variable EP (n=38) MP (n = 8) LP (n = 8) ES(n=8) MS(n=8)* LS(n=38) P
Age (y) 29.00 £ 2.73 27.25 +£3.11 28.38 £4.27 28.75 £ 2.66 29.63 £ 4.07 26.50 £ 3.96 0.508
BMI (kg/mz) 22.65 £ 148 21.03 £ 144 21.58 £2.02 20.98 £ 1.34 22.85 £2.26 2117 £1.57 0.119
Basal FSH level (mIU/mL) 6.40 + 1.19 6.87 + 1.31 6.02 +1.16 6.50 + 1.04 5.60 = 1.40 6.52 +1.24 0.403
Basal LH level (mIU/mL) 4.17 + 2.06 496 + 1.62 3.93 £ 148 4.69 + 2.32 3.46 + 1.58 430+ 1.65 0.630
Basal E; level (pg/mL) 37.25 +£9.82 38.25 £ 6.54 34.38 £ 8.16 35.63 £ 6.99 35.63 £11.29 41.75 +4.83 0.547
Endometrial thickness on ET day (mm) 8.39 + 0.36 8.51 +0.37 8.50 + 0.46 8.54 + 0.32 8.65 + 0.48 8.83 +0.18 0.286
Number of embryos per transfer, (%) 0.788*
1 3/8 (37.5%) 2/8 (25.0%) 4/8 (50.0%) 2/8 (25.0%) 1/8 (12.5%) 2/8 (25.0%)
2 5/8 (50.0%) 6/8 (75.0%) 4/8 (50.0%) 6/8 (75.0%) 7/8 (87.5%) 6/8 (75.0%)
Median score of transferred day-3 embryos (range) 8(7,9) 8(7,9) 7(7,9) 8(7,9) 8(7,8) 8(7,10) 0.512°

The data are presented as the mean + SD and were analyzed by ANOVA, unless otherwise stated. BMI, body-mass index; FSH, follicle-stimulating hormone; LH, luteinizing
hormone; E,, estradiol; EP: early proliferative phase; MP: mid-proliferative phase; LP: late proliferative phase; ES: early secretory phase; MS: mid-secretory phase; LS: late
secretory phase. * The information for this group overlaps with that in the control group shown in Table 3. a, Fisher's exact test; b, Kruskal-Wallis test
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Fig. 1. Microarray results for PIBF1 expression. (a) Microarray results for PIBF1 expression in the three control individuals and three RIF patients. (b) Protein — protein-
interaction network of the 300 genes that were most significantly correlated with PIBF1 expression. The red and blue nodes indicate upregulated and downregulated genes in
the RIF group. The node size corresponds to the number of edges linked to the node, including the in and out links. The green arrow points to STAT3. *P < 0.05.

through the STRING database to construct a protein — protein
interaction network. STAT3 was identified as a hub gene with a
rather high node degree (Fig. 1b).

Characterization of PIBF1 expression in endometrial tissues and in
HESCs after progesterone treatment

In the endometria of control subjects, the mRNA and protein
levels of PIBF1 were low during the proliferative phases, increased
in the early secretory phase, and peaked in the mid-secretory
phase during the menstrual cycle (Fig. 2a-2c). Immunohistochem-
ical staining revealed that PIBF1 was localized in the epithelium
and stroma of the endometrial tissues (Fig. 2d). In the stroma,
the staining intensity was lower in the RIF group compared to
the control group (Fig. 2e, P < 0.01). In the epithelium, although
the staining intensity showed a tendency towards decreased levels
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in the RIF group, no statistical difference was found (Fig. 2e). The
mRNA and protein levels of PIBF1 in mid-secretory endometrium
(Fig. 2f=2 h, P < 0.01) and HESCs (Fig. 2i-2 k) were notably lower
in the RIF group compared those in the control group. HOXA10 pro-
tein expression was significantly lower in the RIF group (Fig. 2g-
2 h, P <0.01). In addition, PIBF1 expression in HESCs was induced
by progesterone in a dose-dependent manner (Fig. S3a-b), and the
levels of PIBF1, IL6, PRL, IGFBP1, p-STAT3 and STAT3 could be
induced by progesterone or by the cocktail of estrogen, proges-
terone and cAMP (Fig. S3c-d).

Changes following knockdown of PIBF1 in Ishikawa cells, HESCs, and
HEECs

Fig. 3a-3 h revealed that the mRNA and protein levels of
IL6, the protein levels of phosphorylated STAT3, and cell
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subjects in different menstrual phases (n = 8 per group). (d) Representative immunohistochemical-staining images showing PIBF1 expression in endometrium tissue from
control and RIF patients, as well as negative-control (no staining) and positive-control (decidua tissue) slides. Negative, week, moderate, and strong staining are indicated
with gray, black, green, and red arrows, respectively. Scale bar = 50 um. (e) Quantification of PIBF1 expression in stromal and epithelial tissue from the control (n = 18) and RIF
(n =20) groups. mRNA-expression level (f) of PIBF1 and protein-expression levels (g and h) of HOXA10 and PIBF1 in the controls (n = 18) and RIF (n = 20) patients. The mRNA
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proliferation decreased significantly in Ishikawa cells and HESCs
following PIBF1 knockdown. However, in HEECs, the mRNA and
protein levels of IL6 (Fig. 3i-3 k) and the mRNA-expression
level of MKI67 (Fig. 31), a marker of proliferation, were not sig-
nificantly changed after PIBF1 knockdown. Our ELISA results
confirmed that, after PIBF1 knockdown, IL6 protein expression
was considerably more decreased in HESCs (P < 0.01) than in
HEECs (P > 0.05) (Fig. S4). In addition, measuring the in-vitro
decidualization activity revealed that the mRNA and protein
levels of PRL and IGFBP1 (markers of decidualization) and the
protein levels of IL6 and p-STAT3 decreased following PIBF1
knockdown in HESCs (Fig. 3m-30).
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Changes following PIBF1 overexpression in PIBF1 shRNA-transduced
Ishikawa cells and in HESCs and HEECs

Fig. 4a-4 h shows that in Ishikawa cells transduced with
negative-control or PIBF1 shRNA, as well as in HESCs isolated from
control subjects and patients with RIF, IL6 and p-STAT3 production
and cell proliferation increased notably following PIBF1 overex-
pression. The elevated levels of p-STAT3 and increased cell prolif-
eration with PIBF-1 overexpression could be suppressed by
inhibition of IL-6 (Fig. S5). However, in HEECs, the mRNA and
protein levels of IL6 (Fig. 4i-4 k) and mRNA levels of MKI67
(Fig. 41) did not significantly change after PIBF1 overexpression.
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Fig. 3. Changes in IL6 expression, STAT3 phosphorylation, cell proliferation, and stromal cell decidualization following PIBF1 knockdown. The mRNA-expression levels of
PIBF1 and IL6 after PIBF1 knockdown in Ishikawa cells (a), HESCs (e), and HEECs (i). The protein levels of PIBF1, IL6, phosphorylated STAT3 (Y705), and STAT3 after PIBF1
knockdown in Ishikawa cells (b and ¢) and HESCs (f and g). Protein-expression levels of PIBF1 and IL6 after PIBF1 knockdown in HEECs (j and k). Cell proliferation after PIBF1
knockdown in Ishikawa cells (d) and HESCs (h), as determined by CCK-8 assays, and in HEECs (1), as determined based on MKI67 expression, a marker of proliferation. The
mRNA-expression levels (m) of PRL and IGFBP1 (decidualization markers) and the protein levels (n and o) of IL6, PRL, IGFBP1, and phosphorylated STAT3 in stromal cells after
PIBF1 knockdown during in vitro decidualization. NC, negative control; PIBF1-KD, PIBF1-knockdown group. GAPDH and STAT3 were detected as loading controls. All data are

presented as the mean * SD. The detail of *P < 0.05, **P < 0.01.

Furthermore, the in vitro-decidualization activity assay revealed
that the mRNA and protein levels of PRL and IGFBP1, as well as
the protein levels of IL6 and p-STAT3, clearly increased in HESCs
following PIBF1 overexpression (Fig. 4m-40).

Changes following IL6 overexpression in PIBF1 shRNA-transduced
Ishikawa cells and in HESCs and HEECs

Using Ishikawa cells transduced with negative-control and
PIBF1 shRNA, as well as HESCs isolated from control subjects and
RIF patients, we found that p-STAT3 production and cell prolifera-
tion increased notably following IL6 overexpression (Fig. 5a-5 h).
In Ishikawa cells and HESCs, dose-dependent induction of STAT3
phosphorylation was demonstrated following IL6 overexpression,
but this effect was blocked when treated with an IL6-neutralizing
antibody (Fig. S6). In HEECs, however, the mRNA-expression level
of MKI67 did not significantly change following IL6 overexpression
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(Fig. 5i). In addition, assaying the in vitro decidualization activity
revealed that the mRNA and protein levels of PRL and IGFBP1,
and the protein levels of p-STAT3 increased in HESCs following
IL6 overexpression (Fig. 5j-5 1).

In vivo expression of IL6, p-STAT3, PRL, IGFBP1, and Ki-67 in
endometrial tissues

In the three microarray datasets above mentioned, IL6, PRL, and
IGFBP1 were downregulated in the RIF group, except for the IL6 in
GSE111974 and the PRL in GSE103465, which were slightly upreg-
ulated without significance (Fig. S2). Subsequent validation
revealed that the mRNA and protein levels of IL6, PRL, and IGFBP1
were remarkably lower in the RIF group (Fig. 6a-6i). What else, the
p-STATS3 level was lower in the RIF group (Fig. 6b-6¢, P < 0.01) and
the staining intensity of Ki-67 was lower in the stroma of the RIF
group (Fig. 6j-6 k, P < 0.01).
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Fig. 4. Changes in IL6 expression, STAT3 phosphorylation, cell proliferation, and stromal cell decidualization following PIBF1 overexpression. The mRNA-expression levels of
PIBF1 and IL6 after PIBF1 overexpression in Ishikawa cells transduced with negative-control or PIBF1 shRNA (a) and in HESCs (e) and HEECs (i). Protein levels of PIBF1, IL6,
phosphorylated STAT3 (Y705), and STAT3 in Ishikawa cells transduced with negative-control or PIBF1 shRNA (b and c) and in HESCs isolated from control or RIF patients (f
and g). Protein-expression levels of PIBF1 and IL6 after PIBF1 overexpression in HEECs (j and k). Cell proliferation after PIBF1 overexpression in Ishikawa cells transduced with
negative-control or PIBF1 shRNA (d) and in HESCs (h), as determined by the CCK-8 assay, and in HEECs (1), as determined by measuring the mRNA-expression level of MKI67, a

marker of proliferation. The mRNA-expression levels (

m) of PRL and IGFBP1 (decidualization markers) and the protein levels (n and o) of IL6, PRL, IGFBP1, and phosphorylated

STAT3 (Y705) after PIBF1 overexpression during in vitro decidualization. HESCs were isolated from control subjects or patients with RIF as indicated (f and g). NC, negative
control; PIBF1-OE, PIBF1-overexpression group. GAPDH and STAT3 were detected as loading controls. All data are presented as the mean # SD. *P < 0.05, **P < 0.01.

Discussion

Implantation failure is a problematic clinical issue in reproduc-
tive medicine that is mainly related to inadequate endometrial
receptivity, and no clear explanatory mechanisms have been pur-
ported [5,6]. In this study, we found that decreased PIBF1/IL6/p-
STAT3 expression during the mid-secretory phase inhibited human
endometrial stromal cell proliferation and decidualization, which
may be one of the causes of implantation failure.

During the menstrual cycle, PIBF1 expression in the endome-
trium of the controls was relatively low in the proliferative phase,
elevated in the early secretory phase, and peaked in the mid-
secretory phase, suggesting that high PIBF1 expression during the
implantation window helps the acquisition of endometrial recep-
tivity. The microarray analysis results and further validation con-
firmed that PIBF1 expression decreased significantly in the RIF
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group during the mid-secretory phase, which was consistent with
the expression of HOXA10, an accepted marker of endometrial
receptivity [25]. These results implied that decreased expression
of PIBF1 during the window phase may be one of the prime causes
underlying the inadequate endometrial receptivity.

Previously, it was reported that PIBF1 could bind to the pro-
moter of IL6 to enhance its expression [26] and that IL6 stimulated
STAT3 phosphorylation to promote cell proliferation in many types
of cancer cells [27-29]. Furthermore, prior research demonstrated
that IL6 could induce the proliferation of stromal cells from
patients with endometriosis by activating STAT3 [30]. In this study,
our microarray analysis revealed that STAT3 belonged to the hub of
PIBF1-related genes, and the IL6 and p-STAT3 levels decreased
markedly in the RIF group, which corresponded with the PIBF1-
expression changes in individual patients. Following PIBF1 knock-
down, the proliferation and levels of IL6 and phosphorylated STAT3
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Fig. 5. Changes in IL6 expression, STAT3 phosphorylation, cell proliferation, and stromal cell decidualization following IL6 overexpression. IL6 mRNA expression after IL6
overexpression in Ishikawa cells transduced with negative-control or PIBF1 shRNA (a) and in HESCs (e) and HEECs (i). Protein levels of IL6, phosphorylated STAT3 (Y705), and
STAT3 in Ishikawa cells transduced with negative-control or PIBF1 shRNA (b and c) and in HESCs isolated from control subjects or patients with RIF (f and g). Cell proliferation
after IL6 overexpression in Ishikawa cells transduced with negative-control or PIBF1 shRNA (d) and in HESCs (h), as determined by the CCK-8 assay, and in HEECs (i), as
determined by measuring the mRNA-expression level of MKI67, a marker of cell proliferation. The-mRNA expression levels (j) of PRL and IGFBP1 (decidualization markers)
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patients with RIF as indicated (f and g). NC, negative control; PIBF1-KD: PIBF1-knockdown group; IL6-OE: IL6-overexpression group. GAPDH and STAT3 were detected as

loading controls. All data are presented as the mean + SD. *P < 0.05, **P < 0.01.

in Ishikawa cells and HESCs decreased significantly, which could be
reversed by overexpressing PIBF1 or IL6. What else, the increased
cell proliferation and elevated levels of p-STAT3 following PIBF-1
overexpression could be suppressed by inhibition of IL-6. However,
the changes in HEECs showed no statistical significance. Ishikawa
cells are surrogates for human endometrial cells that are usually
used to study the proliferative function of endometrial cells
[31,32], which were derived from endometrial adenocarcinoma
with higher proliferative and invasive characteristics than that pri-
mary HEECs. In addition, previous research showed that the gene-
expression profile differed between Ishikawa cells and HEECs [33],
which may account for the different reactions to PIBF1.

Proper proliferation of endometrial stromal cells is necessary
for decidualization, and both IL6 and STAT3 phosphorylation play
important roles in the decidualization process [34,35]. We further
found that, in HESCs, the levels of IGFBP1 and PRL (decidualization
markers) and levels of IL6 and p-STAT3 notably decreased follow-
ing PIBF1 knockdown, but increased after PIBF1 or IL6 overexpres-
sion during the in-vitro decidualization. In vivo expression levels
revealed that, consistent with the PIBF1/IL6/p-STAT3 levels, the
expression levels of Ki-67, IGFBP1 and PRL decreased notably in
the RIF group. These results indicate that in the mid-secretory
endometrium, decreased PIBF1 can inhibit the proliferation and

decidualization of HESCs by inhibiting the IL6/p-STAT3 pathway.
Furthermore, immunohistochemistry revealed that PIBF1 expres-
sion was significantly lower in the stroma than in epithelium of
the endometrial tissues in RIF patients, which suggested that PIBF1
may act a pivotal part in HESCs in terms of the establishment of
endometrial receptivity.

During the menstrual cycle, PIBF1 expression in the endome-
trium is consistent with the levels of progesterone, and our in-
vitro experiment showed that PIBF1 expression increased in
dose-dependent manner after progesterone treatment in HESCs.
Further study proved that both progesterone and the cocktail of
decidualization containing progesterone could induce the expres-
sion levels of PIBF1/IL6/p-STAT3 in HESCs, suggesting the effect
of progesterone on the induction of this pathway. However, levels
of PIBF1/IL6/p-STAT3 decreased significantly while the serum pro-
gesterone level on the day of biopsy was not reduced in the RIF
group. These results implied that the decreased expression of PIBF1
in RIF patients during mid-secretory phase was affected by other
factors besides progesterone. For example, some groups reported
that PIBF1 expression was also affected by the IL-33 concentration,
as well as the number of B cells and mitochondrial DNA copies
[15,36,37]. The reason(s) underlying PIBF1 downregulation in
patients with RIF should be further investigated.
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Conclusion

In summary, we found that PIBF1 expression changed dynami-
cally during the menstrual cycle and peaked in mid-secretory
phase. During the same period, in the endometrium of RIF group,
the levels of PIBF1, IL6, and p-STAT3 decreased significantly, and
the proliferation and decidualization of HESCs were notably inhib-
ited. Our results suggested that lower PIBF1 expression inhibited
the proliferation and decidualization of HESCs by decreasing the
levels of IL6 and p-STAT3, which could be one of the main causes
of poor endometrial receptivity in RIF patients. However, further
study on the mechanism of decreased PIBF1 levels in the mid-
secretory endometrium and the mechanism by which PIBF1 may
regulate endometrial receptivity should be conducted with animal
models.
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