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Abstract
De�cient endometrial decidualization has been associated with unexplained recurrent spontaneous
abortion (URSA). However, the underlying mechanism is poorly understood. Here, we aimed to investigate
the temporal cytokine changes and the involvement of the cyclin D-cyclin-dependent kinase
(CDK)4/CDK6 and cyclin E-CDK2 pathways in the regulation of the G1 phase of the cell cycle during
decidualization in a murine model of URSA. Serum and decidual tissues of URSA group and normal
pregnant (NP) group mice were collected from gestation day 4 (GD4) to GD8. The embryo resorption and
abortion rates were observed on GD8 and the decidual tissue status was assessed using hematoxylin
and eosin staining. Cytokine levels in decidual tissues were analyzed using western blotting and reverse
transcription polymerase chain reaction. We found that the embryo resorption rate was signi�cantly
increased in the URSA group compared to that in the NP group on GD8. The expression of the
decidualization marker prolactin in the serum and decidual lysate of the URSA group was signi�cantly
decreased on GD6-8 compared to that of the NP group. Cyclin D, CDK4, CDK6, cyclin E, CDK2 and pRb
levels in the URSA group mice were signi�cantly lower compared to those in the NP group mice on GD6-8.
Our results suggest that the hyperactivated cyclin D-CDK4/CDK6 and cyclin E CDK2 pathways inhibit the
decidualization process on GD4, leading to de�cient decidualization on GD8. Moreover, they clarify the
role of cytokines in the cyclin D-CDK4/6 and cyclin E-CDK2 pathways during decidualization and provide
new insight into URSA pathogenesis.

Introduction
Recurrent spontaneous abortion (RSA) is de�ned as two or more consecutive pregnancy losses before 20
weeks of gestation [1]. The etiology of RSA is multifactorial, and the in�uencing factors include
anatomical malformations and infections, endocrine dysfunction, prothrombotic, and parental
chromosomal disorders [2, 3, 4]. Unexplained recurrent spontaneous abortion (URSA) accounts for
approximately 15% [5] of RSA cases and is characterized as pathological pregnancy with unexplained
pathogenesis excluding known factors. Thus, there is an unmet need to explore the mechanism
underlying URSA, an unsolved challenge in reproductive medicine. It has been reported that URSA may be
related to de�cient decidualization ascribed to abnormal changes during the decidualization process [6].
Decidualization is a crucial link required for the successful establishment and maintenance of pregnancy.
Decidualization is de�ned as the cyclic changes the endometrium undergoes in response to stimulation
by multiple hormones [7]. During this process, endometrial stromal cells (ESCs) proliferate and transform
from spindle-shaped �broblastic cells into large, round, and multinucleated decidual stromal cells (DSCs)
[8]. DSCs acquire a secretory epithelioid-like phenotype after transformation and secrete prolactin (PRL), a
functional marker re�ecting the level of decidualization [9]. In humans, decidualization is initiated in the
mid-secretory phase of each menstrual cycle (day 23) and the decidua is maintained if pregnancy occurs.
Brie�y, in the absence of implanted embryo in the uterus, the human decidua is routinely formed and then
shed off. Alternatively, in rodents, this process is initiated after embryo implantation [10, 11]. The cellular
changes that result from decidualization promote and produce various growth factors, hormones and
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cytokines needed to assure an ongoing pregnancy [12, 13]. Therebefore, the exploration of abnormal
changes during decidualization in URSA samples may offer new insights into the pathogenesis of this
disease and affect the relevant therapeutic approaches.

It has been shown that pregnancy loss is closely related to de�cient decidualization and that this
association is ascribed to abnormal changes during decidualization [14, 15, 16, 17]. Decidualization is
crucial for the successful establishment and maintenance of pregnancy. Decidualization is de�ned as the
endometrium undergoes cyclic changes in response to multiple hormones. During the process, ESCs
proliferate and transform from spindle-shaped �broblastic cells into large, round, and multinucleated
DSCs [18, 19]. DSCs acquire a secretory epithelioid-like phenotype after transformation and PRL is a
crucial maker re�ecting the level of decidualization [20]. In humans, decidualization is initiated in the mid-
secretory phase of each menstrual cycle (day 23 of menstrual cycle) and will maintain the decidua if
pregnancy. Differently, this process is initiated after embryo implantation in mice [21]. The cellular change
as results of decidualization product various growth factors, hormones, cytokines needed to assure an
ongoing pregnancy.

Decidualization involves a large number of cell cycle events, such as cell proliferation, aging and
apoptosis, and this process is believed to be regulated through complex signaling mechanisms
orchestrated by cell cycle genes [22, 23]. The cell cycle is tightly regulated at two speci�c checkpoints,
namely, the G1-S and G2-M phases. The normal operation of these phases is regulated by a complex
interplay of cyclins and cyclin-dependent kinases (CDKs) [24]. During cell cycle transitions, different
cyclins mediate their actions as positive growth regulators by associating with speci�c CDKs [25]. Cyclin
D and cyclin E associate with their speci�c CDKs, including CDK4, CDK6 and CDK6, and this is
particularly important for the transition from the G1 to the S phase. The cyclin-CDK complexes
orchestrate the cell cycle process by phosphorylating retinoblastoma protein (Rb) as their downstream
factor in the cyclin D-CDK4/CDK6 or cyclin E-CDK2 signaling pathway. Some studies have shown that
overexpression of cyclin D at the site of implantation improves decidualization defects by shortening the
G1 phase and allowing rapid entry into the S phase [26]. Furthermore, cyclin E has been proved to play an
active regulatory role in decidualization [27]. However, there is still an unmet need to explore the abnormal
expression of these cytokines in URSA and the relationship between these changes and the disease.

This study aimed to investigate the temporal changes of cytokines in cyclin D-CDK4/6 and cyclin E-CDK2
pathways during decidualization, and to analyze the effect of these cytokines on this process.
Furthermore, we explored the connection between abnormal cytokine changes and the high abortion rate
of URSA. The purpose of this study was to further characterize the molecular mechanism underlying
URSA.

Materials And Methods

1.Animals
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Ten male DBA/2, 10 male BALB/c and 50 female CBA/J mice (age, 6-8-week-old; weight, 16-22 g) were
used in this study. CBA/J mice were purchased from Beijing Huafukang Biotechnology Co., Ltd., and
BALB/c and DBA/2 mice were purchased from Beijing Charles River Laboratory Animal Technology Co.,
Ltd. All animals were housed in our center’s animal facility (Centro de experimental animal, Heilongjiang
University of traditional Chinese Medicine) under stable humidity (47%) and temperature (22-24℃)
conditions on a 14:10-h light/dark cycle, with free access to drinking water and food. All steps were in full
compliance with current regulations on the maintenance and use of experimental animals.

1.1 Pregnancy model and groups
Virgin female CBA/J mice were mated with male BALB/c mice (normal pregnant [NP] group) or DBA/2
male mice (URSA group). All CBA/J mice were examined at 10:00 am every day. The occurrence of two
phenomena was judged as pregnancy success: 1) the vaginal plug was observed, 2) sperm were
observed in the vaginal smear of the female CBA/J mice without vaginal plug. The day the sperm or
vaginal plug was observed was considered gestation day 1 (GD1).

1.2 Sample collection
Pregnant female mice were sacri�ced on days 4, 5, 6, 7 and 8 of pregnancy. Mice were sacri�ced using
pentobarbital sodium anesthesia followed by cervical dislocation. At necropsy, uteri were excised,
trimmed of fat, washed with saline, and uterine tissues were collected. To con�rm that there were no
blastocysts in the collected uterine, two uterine horns were �ushed with saline repeatedly. After
con�rming that there was no embryo residue, the decidual tissue was collected. Half of these decidual
tissues were stored at –80°C and the rest were �xed with 4% paraformaldehyde for total RNA or protein
extraction and �xed for preparing the para�n section.

2.Hematoxylin and eosin (H&E) staining
The reserved decidual tissues were removed from 4% paraformaldehyde and sectioned, followed by
para�n embedding (2 min). The para�n-embedded sections were depara�nized with xylene (10 min,
twice), and rehydrated using descending ethanol concentrations (100%, 5 min; 95%, 2 min, 80%, 2 min;
70%, 2 min) and running water (2 min). After hematoxylin staining for 10 min, the sections were washed
with running water. Differentiation was performed in differentiation medium for 30 s. The stained tissue
sections were immersed in warm water (50℃) for 10 min, stained with eosin for 1 min, and washed with
running water. After staining with H&E, the sections were dehydrated using an increasing alcohol gradient
and cleared with xylene. Finally, the slides mounted with neutral balsam were observed under an Olympus
BX60 microscope and photographed with a 3D HISTECH Pannoramic250 Panorama Scanner. Three
sections per uterine sample were randomly selected for observation. The mean endometrial thickness of
the three sections was then considered as the �nal endometrial thickness of a representative sample
from a particular group.

3.Elisa
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After PBS was added in proportion to decidual tissue, the tissue was dissociated with a homogenizer and
homogenized (500 µl PBS was added for every 10 mg decidual tissue). After centrifugation (3000 r/min,
20 min, 4 ℃), the supernatant was taken for standby. Standardized operation was carried out according
to the operation methods in the manual.

4.Immunohistochemistry
Decidual samples were immediately placed into a 10% formaldehyde solution bag and �xed for 10 to 24
h. Para�n blocks were sectioned into a 5 µm thickness. The EnVision two-step immunohistochemical
staining technique was used to detect the expression of PRL in the decidua. The immunohistochemical
staining was performed by one person only. Positive controls were included in every batch of tests. Rabbit
anti-rat PRL (Catalog: ab188229, Abcam, Co., Ltd) was used as the primary antibody. An anti-rabbit
HRP/DAP Detection kit (Abcam, Co., Ltd) was used for primary antibody detection. Mouse and rat normal
decidual tissues were used as PRL positive controls.

5.Reverse transcription PCR (RT-PCR)
Total RNA was extracted from decidual tissues using the TRIzol Reagent procedure (Thermo Fisher,
15596026), in accordance with the manufacturer’s instructions. Reverse transcription was performed
after the total RNA concentration was determined using 2 µg of total RNA. cDNA was generated using the
reverse transcription kit, according to the manufacturer’s instructions. Brie�y, RNA was incubated with
reverse transcriptase for 15 min at 37°C, followed by inactivation of the enzyme at 85°C for 5 s. To detect
the target cytokine transcripts, PCR was performed using Takara's 2x SYBR Green qPCR Mix Kit (Takara,
RR820A). The 20 µl reaction system consisted of 1 µl of cDNA, 10 µl of SYBR®Premix ex Taq II (TLI
RNaseH plus), 1.6 µl of primers (Table 1) and 7.4 µl of ultrapure water. Cycling conditions consisted of 45
cycles with denaturation steps at 95°C for 30 s, hybridization steps at 95°C for 5 s, and an extension step
at 60°C for 30 s. The β-actin and c-Met RT–PCR reactions were performed simultaneously, under the
same conditions.
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Table 1
Upstream and downstream primers for target gene detection using PCR

Gene Name Gene Primer Sequence (5’ to 3’)

CDK2 Forward Primer

Reverse Primer

TCCGGATCTTTCGGACTCTG

ACAAGCTCCGTCCATCTTCA

CDK6 Forward Primer

Reverse Primer

TTGTGACAGACATCGACGAG

GACAGGTGAGAATGCAGGTT

CDK4 Forward Primer

Reverse Primer

CCAGGCAGGCTTTTCATTCA

AGGTCCTGGAAGTATGGGTG

Cyclin D Forward Primer

Reverse Primer

GGGGACAACTCTTAAGTCTCAC

CCAATAAAAGACCAATCTCTC

Cyclin E Forward Primer

Reverse Primer

GAGCTTGAATACCCTAGGACTG

CGTCTCTCTGTGGAGCTTATAGAC

RB1 Forward Primer

Reverse Primer

ATTCCCTAGTTCACCCTTACGG

GATCCTCATTTCTCTTCCTTGTT

GAPDH Forward Primer

Reverse Primer

GCCTCGTCTCATAGACAAGATGGT

GAAGGCAGCCCTGGTAACC

CDK, cyclin-dependent kinase; RB1, retinoblastoma gene; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.

6.Western blot analysis
Uterine tissues were su�ciently ground with liquid nitrogen and then lysed in RIPA lysis buffer (Catalog:
P0013B; Bioworld Technology, Inc.) premixed with phenylmethanesulfonyl �uoride. The lysate was
centrifuged at 12000 r for 5 min at 4 ℃ to remove the supernatant. Proteins were separated using 12%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (Catalog: P0014A; Bioworld Technology, Inc.)
and then transferred onto polyvinylidene �uoride (PVDF) (Catalog: IPVH00010; Millipore, Co., Ltd.)
membranes. The membranes were, then, blocked with 5% nonfat milk in tris-buffered saline with Tween-
20 (TBST) for 2 h and incubated with the primary antibodies overnight at 4 ℃. The speci�c primary
antibodies used were as follows: rabbit anti-rat wt-p53 polyclonal antibody (1:1000 dilution; Catalog:
bsm-2346M; Bioss, Co., Ltd.), rabbit anti-rat P21 polyclonal antibody (1:500 dilution; Catalog: BS1269;
Bioworld Technology, Inc.), rabbit anti-rat cyclin E1 polyclonal antibody (1:1000 dilution; Catalog: BS1085;
Bioworld Technology, Inc.), rabbit anti-rat cyclin D1 polyclonal antibody (1:1000 dilution; Catalog:
BS2436; Bioworld Technology, Inc., rabbit anti-rat CDK2 polyclonal antibody (1:1000 dilution; Catalog:
BS2263; Bioworld Technology, Inc.), rabbit anti-rat CDK4 polyclonal antibody (1:1000 dilution; Catalog:
MB0027; Bioworld Technology, Inc.), rabbit anti-rat CDK6 polyclonal antibody (1:1000 dilution; Catalog:
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BS6559; Bioworld Technology, Inc.), rabbit anti-rat pRB polyclonal antibody (1:1000 dilution; Catalog: bs-
1347R; Bioss, Co., Ltd.), and rabbit anti-rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
polyclonal antibody (1:5000 dilution; Catalog: ab9485; Abcam, Co., Ltd.). The membranes were washed
with TBST and incubated with HRP-conjugated secondary antibodies (goat anti-rabbit IgG [1:10000
dilution; Catalog: ZB-2305; ZSGB-BIO, Co., Ltd.]) for 1 h at room temperature. An enhanced
chemiluminescence substrate kit (Catalog: PE0020; Solarbio, Co., Ltd.) was used to detect HRP activity.
After developing and �xing, the �lm was scanned and analyzed using the Image J 2.0 software to detect
the gray values of each protein band.

7.Statistical analysis
Statistical analysis was performed using SPSS (version 23.0; IBM Corp.). Normally distributed data are
presented as the mean ± SEM or the mean ± SD, and analyzed using one-way analysis of variance with
Fisher’s least signi�cant difference (ANOVA—LSD) test or Independent sample t test. P values of <0.05
were considered statistically signi�cant. Graphs were generated using PRISM (version 8.0; GraphPad,
Inc.).

Results

1.Comparison of the abortion rate and morphology of
decidual tissues on GD8
First, we compared the abortion rates of the NP and URSA groups on GD8. In the NP group, the number of
normal embryos was 7-9, almost no absorbed and immature embryos or only one was observed.
However, in the URSA group, the total number of embryos was 8-10. However, all embryos were immature,
and 3-6 embryos were absorbed or dead (Figure 1A). The abortion rateon GD8 in the URSA group was
40.48±5.43%, which was signi�cantly higher than that in the NP group(11.07±2.79%) (Figure 1B).
FollowingH&E staining, the texture of URSA group tissueswas loose with uneven staining, and large
hemorrhagic and necrotic areas were present. Magni�ed images of the necrotic area (200× and
400×)showed that the structure of necrotic cells and the boundary between necrotic cells and decidual
tissue were unclear(Figure 1C).

Figure 1. A. On GD8, the uterus of the NP group exhibited normal shape with clearly visible implanted
embryos. Immature, absorbed, or dead implanted embryos were often found in the URSA group.
Arrowheads point to absorbed and necrotic sites. B. The abortion rate (mean±SEM, %) on GD8 was
signi�cantly higher in the URSA group compared to that in the NP group. Abortion rate = ratio of absorbed
and necrotic embryos to the total number of implanted embryos. *Signi�cantly different (p<0.005)
between null vs. NP.; C. 50×, 200×, and 400× magni�cation images of enucleated decidual tissue stained
for hematoxylin and eosin taken after whole tissue scanning. Arrowheads point to necrotic sites. GD8,
gestation day 8; NP, normal pregnancy; URSA, unexplained recurrent spontaneous abortion.
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2.Temporal changes of PRL protein expression in decidual
tissues from GD4 to GD8
To better observe the temporal changes of PRL protein expression during decidualization in URSA mice,
we examined the spatiotemporal expression of PRL protein from GD4 (the start time of decidualization)
to GD8 (the end time of decidualization) in both groups of tissues. A heightened PRL expression was
noted in NP tissues on GD6-GD8, in contrast, a moderate expression, lower than that in NP tissues was
observed in URSA tissues. Furthermore, this pattern of expression was enhanced with the progression of
pregnancy.

The results of ELISA showed that the expression level of PRL in the NP and URSA groups was similar on
GD4 and GD5, an early time of decidualization. However, unlike the continuous increase of PRL
expression in the NP group, PRL expression in the URSA group decreased slightly after GD6 and until
GD8, the middle and late stages of decidualization. Furthermore, the PRL levels of the two groups were
highest on GD6 and a signi�cant difference was apparent from GD6 to GD8. Finally, the URSA decidual
tissue exhibited decidualization de�ciency.

Figure 2. A. Immunostaining for PRL on GD4-GD8. Brown staining indicates positive signals. Nuclei are
counterstained with dark brown. The magni�cations in the upper panels are at 200×. Results are shown
as the mean ± SD. * Signi�cantly different (p<0.05). B. The histogram on the left shows the difference in
PRL levels in decidual tissues between the two groups on GD4-GD8. * Signi�cantly different (p<0.05). The
line chart on the right shows the temporal changes of PRL levels. PRL, prolactin; GD, gestation day.

3.Cyclin-CDK expression during decidualization
To determine the cause of de�cient decidualization in URSA mice, we measured the levels of cell cycle
regulatory genes in decidual tissues throughout the whole decidualization process. The results revealed
that these genes played an important role in decidualization. Firstly, we found that the gene levels of the
NP and URSA groups showed different trends mainly after GD5. The cyclin D levels of the NP group
tended to be stable after reaching their peak on GD6, whereas those in the URSA group gradually
decreased after GD5. The CDK6 levels of the NP group gradually increased from GD4 to GD8, whereas
those of the URSA group were relatively stable and did not signi�cantly increase. Although the levels of
cyclin E, CDK4 and CDK2 mRNA in the two groups gradually decreased after reaching their peak on GD5,
the degree of decline in the URSA group was signi�cantly greater than that in the NP group (Figurer 3A).
Further, by comparing the time associated with signi�cant differences in these gene levels, we found that
except for the signi�cant difference between the two groups in the cyclin E mRNA levels beginning on
GD7, signi�cant differences in the mRNA expression of other genes began on GD6 (Figure 3B). In general,
the gene level differences between the URSA and NP groups occurred in the middle and late stages of
decidualization. Consistent with the above results, further quantitative analyses of cell cycle regulatory
genes (cyclin D, cyclin E, CDK2, CDK4, CDK6) using western blotting also revealed signi�cant differences
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between the two groups in the levels of all target proteins on GD7-GD8, whereas only cyclin D, CDK4 and
CDK6 levels showed signi�cant differences on GD6 (Figure 4).

Discussion
Endometrial decidualization refers to the process during which ESCs are gradually transformed into DSCs
following stimulation by decidualization-inducing factors, and continue to proliferate and spread until the
decidua is completely formed [6–9]. Unlike humans, who can spontaneously undergo decidualization
without pregnancy, the decidualization process of rats can occur only after embryo implantation [13, 14].
Generally, at 22-24 days of gestation, after the blastocyst reaches the luminal epithelium and adheres to
the implantation site, ESCs start to activate the decidualization process under the action of hormones [15,
16]. ESCs surrounding the blastocyst, including �broblasts, �rst begin to differentiate and proliferate until
the formation of the primary decidual zone (PDZ), composed of dense DSCs on GD6. Subsequently, DSCs
in the PDZ region and adjacent ESCs continue to proliferate and differentiate, and �nally form a
secondary decidual zone (SDZ) wrapping the PDZ on GD8 [17]. At this point, the 4-day decidualization
process is completed, and the mouse endometrium is completely transformed into the pregnant decidua.
Whether the decidualization process is smooth or not is closely related to the pregnancy outcome.
Decidualization defects will cause a variety of adverse pregnancy outcomes, such as spontaneous
abortion, premature delivery, and recurrent abortion [10]. In this study, we selected to use an
internationally recognized URSA animal model (CBA / J female * DBA / 2 male) [18]. It was found that the
level of decidualization markers in the decidua of URSA mice was signi�cantly lower than that of normal
decidua [4], which con�rmed that decidualization defects were closely related to the occurrence of URSA
disease. Furthermore, this is consistent with the research results of Blois s m and achache h [11, 12].

The decidualization process is actually the transformation and proliferation of endometrial stromal cells,
which needs to be regulated by a large number of cell cycle regulators. The cell cycle is divided into the
interphase (g phase) and division phase (M phase). Most of the cell life activities occur in the interphase,
and the division phase accounts for only a small part of cell activities [221]. Although the interphase
includes the G1 phase (�rst gap), the S phase (synthesis) and G2 phase (second gap), the duration of the
G1 phase is long, and the cell cycle arrest in G1 is reversible. When stimulated by certain stimuli, the cell
cycle process can be restored again and the cell enters the S phase [222-224]. Cyclin D, cyclin E, CDK4,
CDK6 and CDK2 are key cytokines that play a regulatory role in the G1 phase [225,226]. Therefore, this
study deeply explored the dynamic changes and roles of the above cytokines in the decidualization
process of URSA using animal experiments. According to previous studies, cyclin D accumulates in the
G1 phase and forms cyclin D/CDK complexes after binding to CDK4 or CDK6, which can accelerate the
initiation of DNA replication and play an important role in promoting cell cycle proliferation. The
synthesis of cyclin E in G1 occurs slightly later than that of cyclin D, and its combination with CDK2 can
also promote DNA replication and accelerate the completion of the G1-S phase transition [227-230].

Previous experimental studies and literature reports also showed that cyclin D, cyclin E and their
speci�cally-bound CDK complexes changed dynamically during endometrial decidualization, thus
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regulating decidualization involving cell cycle events, such as cell proliferation, differentiation, and
apoptosis. According to the research of Zhang Tan [231] and Tan j [232], cyclin E and CDK2 were
expressed at low levels in pregnant mice on GD1-GD2, but the expression in the intima gradually
increased with the process of decidualization from GD3, and began to decline after reaching its peak on
GD5-GD8. In this study, to more accurately display the changes and trends of detection indices, we
detected the mRNA and protein levels of cyclin D, CDK4, CDK6, cyclin E and CDK2 in decidual tissue
during the whole process of decidualization (from GD4 to GD8). The results showed that during the
decidualization of normal female rats, the expression of cyclin E mRNA increased in the decidua from
GD4 to GD5, and began to decrease after its peak on GD5 to GD8. The expression trend of CDK2 is
almost consistent with that of cyclin E, which is also consistent with the research results of Jian Tan et
al. [236], showing that the expression of cyclin E and CDK2 is higher in the decidua around blastocyst
embedding and early after implantation, and then decreases. The expression of cyclin D was low on GD4,
but then increased rapidly until it reached its peak on GD8. From the overall trend, cyclin D levels
continuously increased in the process of decidualization, with a large increase on GD4-GD6 and a small
increase on GD7-GD8. The level of CDK4 increased brie�y on GD4-GD5, but then gradually decreased. On
the contrary, the expression of CDK6 was lower on GD4-GD5, and increased from GD6-GD8. We believe
that normal mice accumulate a certain amount of cyclin E and CDK2 in the endometrium before
implantation on GD4. Cyclin E/CDK2 can accelerate the entry of cells into the S phase, promote the
proliferation of ESC and increase endometrial receptivity under the synergistic action of other factors,
which is conducive to embryo implantation. After the decidualization reaction induced by embryo
implantation, the levels of cyclin E and CDK2 increased on GD5, while those of cyclin D and CDK4 also
increased on GD4-GD5. The two cyclin/CDK complexes worked together to accelerate the G1-S phase
transition of DSC cells around the embryo implantation site and accelerated the proliferation of DSC cells,
so the PDZ was quickly formed and blastocysts were embedded. However, after GD6, with the formation
of PDZ and the formation of SDZ on GD7 and GD8, cyclin D levels in the PDZ almost disappeared, which
inhibited the activity of the cyclin/CDK complex, and affected cell cycle transition from the G1 to the S
phase. However, because the level of cyclin D in the SDZ is still high, the cyclin D levels in the decidua still
rise slightly, and the gradual rise of CDK6 levels compensates for the decline of CDK4 levels, maintaining
the activity of the cyclin D/CDK complex. Therefore, although some decidual cells continue to proliferate,
some cells return to the G1-S phase. These cells break away from the cell proliferation cycle and continue
to replicate in the nucleus, maintaining gene stability, limiting the life span of decidual cells, and
mediating the orderly apoptosis of decidual cells, thus providing space for embryonic growth. In
conclusion, we found that the cyclin/CDK levels showed an overall upward trend in the decidualization
process of normal pregnant female rats, which was conducive to maintaining pregnancy.

After clarifying the change trend of cytokines in the decidua of NP mice, we detected and compared the
above factors in the decidua of URSA pregnant mice using RT-PCR and Western blot. Firstly, we found
that the levels of the above factors decreased in varying degrees compared to those of the normal
decidua in the decidualization process of pregnant female rats with URSA. Compared to the level of NP
rats, the level of cyclin E in URSA rats showed a more signi�cant increase after GD5. However, according
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to the results of RT-PCR, the mRNA level of cyclin E in URSA female rats and normal female rats was
signi�cantly different on GD7 and GD8 (P < 0.05). According to the Western blot results, the protein level
of cyclin E is consistent with the trend shown using PCR. The protein level of CDK2 was signi�cantly
different from that of NP rats on GD7 and GD8 (P < 0.05). This signi�cant difference occurred later than
GD6 based on the PCR results. We believe that this may be due to a low protein detection sensitivity
associated with the Western blot procedure or a delay of mRNA transcription. However, in terms of the
overall change trend, the expression of cyclin E and CDK2 in the decidua of URSA pregnant rats was
slightly lower than that of NP rats, which had a certain impact on early cell proliferation, differentiation
and PDZ formation, but this impact was small and did not affect the early implantation process of
embryos. With the advancement of decidualization, the levels of cyclin E and CDK2 continued to decline,
so the transformation from the G1 to the S phase could not be promoted during the proliferation of SDZ
after GD6, affecting cell proliferation. In addition, the levels of cyclin D and CDK4 showed a downward
trend after the formation of the PDZ on GD6-GD8, while CDK6 levels did not rise on GD6-GD8 like in
normal female rats, but showed a continuous low expression throughout the decidualization process.
This low level could not compensate for the maintenance of the activity of the cyclin D/CDK complex, so
the cell cycle process was blocked, cells could not transition from the G1 to the S phase, and stagnated in
the G1 phase for a long time, resulting in cell cycle arrest. The formation of PDZ and SDZ was affected,
which eventually affected the process of decidualization and caused decidualization defects.

Conclusions
In conclusion, this study demonstrates that decidualization defects are an important cause of URSA, and
that the abnormal decrease of cell cycle regulators (cyclin D, cyclin E, CDK2, CDK4 and CDK6) in the
decidua in the middle and later stages of decidualization is closely related to the decidualization defect.

Availability of data and materials
The current study was based on the results of relevant published studies.

Abbreviations
URSA
Unexplained Recurrent Spontaneous Abortion
CDK
Cyclin D-Cyclin-Dependent Kinase
NP
Normal Pregnant
GD4
Gestation Day 4, the Start Time of Decidualization
GD8
Gestation Day 8, the End Time of Decidualization
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Figures

Figure 1

A. On GD8, the uterus of the NP group exhibited normal shape with clearly visible implanted embryos.
Immature, absorbed, or dead implanted embryos were often found in the URSA group. Arrowheads point
to absorbed and necrotic sites. B. The abortion rate (mean±SEM, %) on GD8 was signi�cantly higher in
the URSA group compared to that in the NP group. Abortion rate = ratio of absorbed and necrotic embryos
to the total number of implanted embryos. *Signi�cantly different (p<0.005) between null vs. NP.; C. 50×,
200×, and 400× magni�cation images of enucleated decidual tissue stained for hematoxylin and eosin
taken after whole tissue scanning. Arrowheads point to necrotic sites. GD8, gestation day 8; NP, normal
pregnancy; URSA, unexplained recurrent spontaneous abortion. 

Figure 2

A. Immunostaining for PRL on GD4-GD8. Brown staining indicates positive signals. Nuclei are
counterstained with dark brown. The magni�cations in the upper panels are at 200×. Results are shown
as the mean ± SD. * Signi�cantly different (p<0.05). B. The histogram on the left shows the difference in
PRL levels in decidual tissues between the two groups on GD4-GD8. * Signi�cantly different (p<0.05). The
line chart on the right shows the temporal changes of PRL levels. PRL, prolactin; GD, gestation day.

Figure 3

Quantitative RT-PCR analyses of the cell cycle regulatory genes cyclin D, cyclin E, CDK2, CDK4, CDK6 and
of the control gene GAPDH from GD4-GD8 in the NP and URSA groups. A. The line charts on the left show
the temporal changes of gene expression from GD4 to GD8. B. The bar graphs on the right show the
mRNA expression difference in decidual tissues between the two groups on GD4-GD8. * Signi�cantly
different (p<0.05). RT-PCR, reverse transcription PCR; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; CDK, cyclin-dependent kinase; GD, gestation day; NP, normal pregnancy; URSA,
unexplained recurrent spontaneous abortion.
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Figure 4

A. Western blot analyses of cyclin D, cyclin E, CDK2, CDK4, CDK6 and GAPDH in decidual tissues from
GD4 to GD8 between the NP and URSA groups. B. Bar graphs showing the quantitative analysis of the
protein expression levels of these cytokines based on the Western blot analyses. Results are shown as
the mean ± SD. * Signi�cantly different (p<0.05). GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
CDK, cyclin-dependent kinase; GD, gestation day; NP, normal pregnancy; URSA, unexplained recurrent
spontaneous abortion.


