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Increasing evidence has revealed a close relationship between
non-coding RNAs and recurrent implantation failure (RIF).
However, the role of circular RNAs (circRNAs) in RIF patho-
genesis remains largely unknown. Microarray analyses were
used to identify the differentially expressed circRNA-
circSTK40. Functional experiments, including decidualization
induction and terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) assay, were performed to determine
the effects of circSTK40 on human endometrial stromal cells
(ESCs). The interactions between circSTK40 and proteins
were investigated by RNA pull-down, RNA immunoprecipita-
tion, and co-immunoprecipitation (coIP) assays. We observed
that circSTK40 expression was upregulated in the RIF midlu-
teal-phase endometrial samples. circSTK40 overexpression in
ESCs inhibited the decidualization process but concurrently
enhanced cell survival during stress. Mechanistically,
circSTK40 directly bound to HSP90 and CLU, thus functioning
as a scaffold to block their interactions and hinder the protea-
somal degradation of HSP90. The resulting high levels of
HSP90 led to the activation of the AKT pathway and downre-
gulation of FOXO1 expression. Inhibitors of AKT (MK-2206)
and HSP90 (17AAG) both abolished the effects of circSTK40
overexpression in ESCs and increased the decidualization levels
in a dose-dependent manner. Our findings indicate a novel
epigenetic mechanism for RIF pathogenesis involving
circSTK40 activity and provide a foundation for targeted treat-
ments in patients with low endometrial receptivity.

INTRODUCTION
With the development of assisted reproductive technology (ART), the
obstacle of recurrent implantation failure (RIF) has been identified.
This condition is generally defined as the failure to achieve clinical
pregnancy after three or more transfers of high-quality embryos or
multiple transfers of at least 10 embryos,1 causing large financial los-
ses and considerable mental stress to these patients. The etiology of
RIF is clinically challenging, involving embryonic, uterine, tubal,
and immunological factors.2 However, the pathogenesis remains to
be elucidated in most cases. Endometrial receptivity is essential for
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embryo implantation and can represent the ability of the endome-
trium to allow an embryo to successfully implant during the implan-
tation window.2,3 The establishment of endometrial receptivity
involves many biological processes, including cell proliferation,
apoptosis, and differentiation; is primarily coordinated by ovarian es-
trogen and progesterone; and requires an elaborate interplay of
different transcription factors, cytokines, and signaling pathways.4,5

Although many receptivity-associated proteins have been
described,3,6 their interactions and regulatory factors in the network
of endometrial development are still not fully understood, especially
in the pathogenesis of unexplained RIF.

Non-coding RNAs (ncRNAs), such as microRNAs and long noncod-
ing RNAs (lncRNAs), have been shown to be involved in endometrial
receptivity and embryo development.7-9 Circular RNAs (circRNAs)
are an evolutionarily conserved class of ncRNAs that are character-
ized by covalently closed ends and are widely expressed in a tissue-
specific and cell-specific manner.10,11 circRNAs have been reported
to perform biological functions via multiple mechanisms, such as
acting as sponges for microRNAs,12,13 binding with cytoplasmic
and nuclear proteins,14-16 or encoding peptides.17,18 Increasing evi-
dence implicates circRNAs in the pathogenesis of various diseases,
such as neurological disorders,19,20 cardiovascular diseases,12,21 and
many cancers.13,22,23 Recently, the circRNA ciR8073 was reported
to mediate the apoptosis of endometrial epithelial cells in dairy goats
by functioning as a sponge for miR-181a, indicating a potential key
role of circRNAs in endometrial receptivity.24 In humans, although
variations in the expression of circRNAs have been reported in the
midluteal endometrium of RIF patients,25 the functions of differen-
tially expressed circRNAs and the potential molecular mechanisms
underlying RIF have yet to be determined.
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Clinical characteristics of patients with RIF and controls

Variables

Microarray analysis Separate verification

Controls (n = 8) RIFs (n = 8) p* Controls (n = 16) RIFs (n = 16) p*

Age (years) 28.88 ± 4.70 33.25 ± 3.96 0.064 30.81 ± 5.023 33.22 ± 2.922 0.093

Infertility duration (years) 3.69 ± 2.19 6.13 ± 3.5 0.117 4.97 ± 3.11 4.56 ± 3.13 0.703

BMI (kg/m2) 24.64 ± 3.80 24.19 ± 3.41 0.811 24.23 ± 3.49 23.43 ± 2.86 0.467

Basal FSH (IU/L) 6.44 ± 0.97 7.74 ± 3.99 0.387 6.59 ± 1.15 7.43 ± 2.81 0.271

Right AFC 8.13 ± 2.90 8.13 ± 3.91 1 8.38 ± 2.42 8.00 ± 3.31 0.711

Left AFC 6.88 ± 3.00 8.25 ± 3.99 0.449 7.75 ± 2.70 8.28 ± 3.58 0.634

Gravida, median (25th, 75th) 0 (0, 1) 0 (0, 1) 0.25 1 (0, 2) 0 (0, 1) 0.525

Parity, median (25th, 75th) 0 0 0.25 0 (0, 1) 0 0.263

Implantation failure times, median (25th, 75th) 0 4 (4, 5.75) 0 4 (3.75, 5) –

Statistical methods: two-tailed Student’s t test or Kolmogorov-Smirnov test. BMI, body mass index; FSH, follicle-stimulating hormone; AFC, antral follicle count. *p < 0.05 was consid-
ered to be statistically significant.
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In this study, we identified an upregulated circRNA (circSTK40) in
the midluteal-phase endometrium of RIF patients using microarray
analyses. Using an immortalized human endometrial stromal cell
line (THESCs) and primary human endometrial stromal cells
(hESCs), we found that circSTK40 overexpression impaired endome-
trial receptivity but enhanced cell survival by directly binding to both
heat shock protein 90 (HSP90) and clusterin (CLU). Functioning as a
scaffold, circSTK40 blocked the interaction between these two pro-
teins and prevented the proteasomal degradation of HSP90. The re-
sulting high levels of HSP90 activated the AKT pathway, leading to
a decrease in FOXO1 protein levels. Furthermore, inhibitors of
AKT (MK-2206) and HSP90 (17AAG) both abolished the effects of
circSTK40 overexpression and increased the decidualization levels
in a dose-dependent manner. Our findings thus demonstrate a key
contribution of circSTK40 to endometrial receptivity through the
modulation of HSP90 activity, thereby providing a foundation for
the development of targeted therapies to mitigate RIF during the
in vitro fertilization process.

RESULTS
circSTK40 expression is upregulated in the midluteal-phase

endometrial tissues of RIF patients

We first performed a circRNA microarray analysis using midluteal-
phase endometrial samples from eight RIF patients and eight controls
(Table 1) to compare the differential expressionof circRNAs.Using cut-
off values of p < 0.05 and fold change > 2, we found a total of 1,436
differentially expressed circRNAs between the RIF and control endo-
metrial samples (Figures 1A and 1B). Using divergent primers and
quantitative real-time PCR, several abundant, differentially expressed
circRNAs were validated in the midluteal-phase endometrial samples
from an independent cohort of 16 RIF and 16 control patients (Table
1; Figure S1A). In particular, circSTK40 (circBase accession: hsa_
circ_0011692), a circRNA generated by back-splicing of exons 4 and
5 of the STK40 gene, was the most abundant of the validated circRNAs
(Figures 1C and 1D; Figure S1A), and its sequence and back-splicing
junction site were then confirmed by Sanger sequencing (Figure 1E).
Subsequently, we determined that circSTK40 had greater resistance
to RNase R than to the linear STK40mRNA (mSTK40) (Figure 1F; Fig-
ure S1B). We then used cell sorting to examine the distribution of
circSTK40 in the midluteal-phase endometrial samples and observed
that the circSTK40 expression levels were significantly higher in the
ESCs than in the endometrial epithelial cells (Figure 1G). Furthermore,
the results of cytoplasmic/nuclear fractionation and fluorescence in situ
hybridization (FISH) revealed that circSTK40 was localized in both the
cytoplasm and nucleus of THESCs, predominantly in the cytoplasm
(Figures 1H and 1I). Overall, these findings suggest that circSTK40
expression was significantly upregulated in the midluteal-phase endo-
metrial tissues of RIF patients, especially in the ESCs.

Overexpression of circSTK40 inhibits the decidualization

process of ESCs while enhancing cell survival

To explore the potential role of circSTK40 in RIF pathogenesis, we
constructed an adenovirus vector for circSTK40 overexpression.
The efficiency of circSTK40 overexpression was confirmed by
quantitative real-time PCR (Figure S1C).

We next investigated the effects of circSTK40 overexpression on the
decidualization of ESCs, which is essential for endometrial receptivity.
After circSTK40 overexpression in both THESCs and primary hESCs
and subsequent in vitro induction of decidualization for 2–6 days, the
mRNA and protein levels of the decidualization markers prolactin
(PRL) and insulin-like growth factor-binding protein 1 (IGFBP1)
showed that the decidualization level had elevated gradually and
significantly with the increase in treatment time and that circSTK40
overexpression significantly reduced decidualization at day 4 in both
THESCs (Figure 2A; Figure S1D) and primary hESCs (Figure 2B).
We therefore decided to use day 4-induced THESCs (i-THESCs)
and day 4-induced primary hESCs (i-hESCs) for further experiments.

We also observed that circSTK40-overexpressing ESCs exhibited
higher viability with fewer dead cells during decidualization
compared with controls. We then assessed the role of circSTK40 in
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Figure 1. circSTK40 is upregulated in the midluteal-phase endometrial tissues of patients with RIF

(A and B) Microarray cluster and volcano plot of differentially expressed circular RNAs (circRNAs) in midluteal-phase endometrial tissues between controls (n = 8) and RIF

patients (n = 8). (C) The expression levels of circSTK40 validated in the midluteal-phase endometrial tissues of controls (n = 16) and RIF patients (n = 16). Ct values were

normalized to b-ACTIN. (D) Schema illustrating the production of circSTK40. circSTK40 was formed by back-splicing of exons 4 and 5 of the STK40 gene. (E) The back-

splicing junction site of circSTK40 was validated by Sanger sequencing (arrow). (F) The relative levels of circSTK40 and mSTK40 after RNase R treatment (n = 3). (G) The

(legend continued on next page)
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Figure 2. circSTK40 overexpression inhibits

decidualization of human endometrial stromal cells

while enhancing cell survival

(A and B) The mRNA levels of PRL (left) and IGFBP1 (right)

on days 0, 2, 4, and 6 (indicated as D0, D2, D4, and D6,

respectively, in the figure) of induced decidualization after

infection with the control vector or circSTK40-over-

expression adenovirus in THESCs/primary hESCs. The

relative expression levels of these genes at different times

were compared with their expression levels in cells with

the control vector at D0 (n = 3). (C–F) Representative

photomicrographs of TUNEL staining in day 4-induced,

circSTK40-overexpressing THESCs/primary hESCs.

Quantification of TUNEL-positive cells presented as the

percentage of TUNEL-positive cells among DAPI-stained

nuclei (n = 4–5). Scale bars represent 50 mm. (G) The

protein levels of BCL2 and BAX in day 4-induced,

circSTK40-overexpressing THESCs and primary hESCs.

Data are presented as the mean ± SEM. Student’s t test

was used for determining the differences between two

independent samples; an ANOVA was used for deter-

mining the overall differences within multiple samples. *p <

0.05, **p < 0.01, and ***p < 0.001; n.s., non-significant.
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ESC apoptosis, a process that is also associated with endometrial
receptivity. Our results showed that circSTK40 overexpression signif-
icantly reduced apoptosis in i-THESCs and i-hESCs exposed to
200 mMH2O2 compared with the controls, as indicated by a decreased
number of terminal deoxynucleotidyl transferase-mediated nick end
labeling (TUNEL)-positive cells (Figures 2C–2F) and an increase in
the BCL2/BAX ratio detected using western blots (Figure 2G). Inter-
estingly, we also found that the expression of both circSTK40 and
mSTK40 was significantly upregulated after exposing i-THESCs
and i-hESCs to 400 mM H2O2 and with a larger increment of
circSTK40 than mSTK40 (Figure S1E). Collectively, these results
strongly suggested that circSTK40 hindered the decidualization
process while concurrently enhancing cell survival.

circSTK40 interferes with HSP90-CLU interaction to reduce

HSP90 degradation

To elucidate the molecular mechanisms by which circSTK40 func-
tions in cell decidualization and apoptosis, we performed an RNA
expression levels of circSTK40 in primary human endometrial epithelial cells (ECs) and stromal cells (SCs) (n =

THESCs andmeasurement of circSTK40 expression levels by quantitative real-time PCR (n = 4). (I) Subcellular loca

situ hybridization assay in THESCs. U6 and 18S RNA served as the nuclear and cytoplasmic localization controls, r

as the mean ± SEM. Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001; n.s., non-significant.

Molecular Thera
pull-down assay and subsequent liquid chroma-
tography-mass spectrometry to search for and
identify potential circSTK40-binding proteins.
Compared with the circSTK40-negative probes
with the antisense transcript, we found that
stress-associated proteins HSP90, CLU, and E3
ubiquitin ligase RBBP6 were all exclusively en-
riched among the pull-down products using
the circSTK40-positive probes (Figure 3A). Subsequently, an RNA
immunoprecipitation (RIP) assay was performed to confirm the
endogenous direct associations betweenHSP90, CLU, and circSTK40.
The findings revealed that circSTK40 was enriched among the
immunoprecipitates of both anti-HSP90 and anti-CLU antibodies
in i-THESCs carrying an empty vector and that the enrichment was
significantly higher in lysates of cells carrying a circSTK40-overex-
pression adenovirus vector (Figure 3B).

We next examined the effect of circSTK40 overexpression on the
expression of HSP90 and CLU. A western blot analysis showed that
circSTK40 overexpression resulted in a significant upregulation of
HSP90 protein levels (Figure 3C), without altering CLU protein levels
(Figure S2B), in i-THESCs and i-hESCs. As no significant alterations
in the HSP90 mRNA levels were found after circSTK40 overexpres-
sion (Figure S2A), we then checked for changes in HSP90 degrada-
tion. After cycloheximide (CHX)-mediated inhibition of protein syn-
thesis, we found that circSTK40 overexpression retarded the
3). (H) Separation of cytoplasmic and nuclear RNA from

lization of circSTK40was detected by RNA fluorescence in

espectively. Scale bars represent 5 mm.Data are presented
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degradation of HSP90 and prolonged its half-life (Figure 3D). More-
over, treatment with MG132 to inhibit proteasomal degradation led
to the stabilization of HSP90 protein levels (Figure 3E), thus suggest-
ing that circSTK40 interferes with the proteasomal degradation of
HSP90.

CLU is a stress-activated, cytoprotective heat shock chaperone
involved in many physiological processes and interacts with
HSP90.26 In addition, studies have shown that CLU can interact
with E3 ubiquitin ligases to promote proteasome-mediated
degradation of target proteins.27 The presence of an E3 recognition
motif and network loops and the enrichment of GO term pairs
(http://ubibrowser.ncpsb.org.cn/ubibrowser/) together suggested
that RBBP6 likely functions as an E3 ubiquitin ligase in the degrada-
tion of HSP90, but not CLU. Thus, we hypothesized that CLU inter-
acts with RBBP6 and promotes the proteasomal degradation of
HSP90. To investigate this possibility, we first confirmed the interac-
tions between HSP90, CLU, and RBBP6 in ESCs using co-immuno-
precipitation (coIP) assays (Figures 3F and 3G; Figures S2D–S2F).
Further, we found that circSTK40 overexpression led to a reduction
in the protein levels of both RBBP6 and CLU among the immunopre-
cipitates with anti-HSP90 antibody (Figures 3F and 3G; Figures S2E
and S2F), thus indicating that circSTK40 potentially interfered in
HSP90-RBBP6 and HSP90-CLU interactions. We next investigated
whether CLU and RBBP6 play a regulatory role in the proteasomal
degradation of HSP90. In agreement with our results showing the
effects of circSTK40 overexpression, we found that knockdown of
CLU via small interfering RNA (siRNA) interference reduced the
interaction between HSP90 and RBBP6 (Figure 3H; Figure S2G)
and that knockdown of CLU or RBBP6 via their respective siRNA
interference (Figure S2C) attenuated the degradation of HSP90 after
CHX-mediated protein synthesis inhibition (Figure 3I; Figure S2H).
Taken together, these results indicate that circSTK40 directly binds
to HSP90, thereby reducing its proteasomal degradation by blocking
its interactions with CLU and RBBP6.

circSTK40 enhances HSP90-AKT interaction and activates the

AKT/FOXO1 pathway

Given that HSP90 is a ubiquitous molecular chaperone that can regu-
late the conformation, activation/deactivation, and degradation of
client proteins,28,29 we next investigated how circSTK40 overexpression
Figure 3. circSTK40 blocks the interaction between HSP90 and CLU, thus redu

(A) Fold changes of HSP90 and CLU detected through a liquid chromatography-bas

transcript of circSTK40 was used as the negative probe. (B) Enrichment of circSTK40 in

4-induced THESCs infected with a control vector or a circSTK40-overexpression aden

expressing THESCs and primary hESCs. (D) The protein levels of HSP90 at 0, 8, 16, an

induced, circSTK40-overexpressing THESCs (left). The results of relative quantification

protein levels of HSP90 in day 4-induced, circSTK40-overexpressing THESCs after tre

sociation between HSP90 and RBBP6 detected using coIP with anti-HSP90 antibody i

HSP90 and CLU detected using coIP with anti-HSP90 antibody in day 4-induced, circ

detected using coIPwith anti-HSP90 antibody in day 4-induced THESCs after CLU knoc

with CHX (100 ng/mL) in day 4-induced THESCs after CLU knockdownwith siRNA (left).

degradation curves (right). Data are presented as the mean ± SEM. Student’s t test was

was used for determining the overall differences within multiple samples. *p < 0.05, **p
affects the association of HSP90 and its well-established client protein,
AKT, a protein kinase associated with proliferation, decidualization,
and apoptosis in ESCs. coIP assays using antibodies against HSP90
or phosphorylated AKT (pAKT) showed that circSTK40
overexpression enhanced the interaction between HSP90 and pAKT
(Figure 4A). We then observed that the AKT pathway was activated,
indicated by increasing levels of pAKT concurrent with decreasing
levels of FOXO1 in circSTK40-overexpressing i-THESCs and i-hESCs
(Figure 4B). Notably, lower FOXO1 levels were also identified by a
western blot analysis in RIF endometrial samples in comparison with
control endometrial samples (Figure 4C).

To further confirm that the decline in FOXO1 levels was induced by
an increase in pAKT and HSP90 levels, the specific inhibitors MK-
2206 for AKT and 17AAG for HSP90 were used to rescue the
expression of FOXO1. The reduction of FOXO1 levels in
circSTK40-overexpressing i-THESCs and i-hESCs was significantly
mitigated after AKT phosphorylation was inhibited by MK-2206
and 17AAG (Figures 4D and 4E). Thus, these results suggest that
circSTK40 enhances HSP90-AKT interaction and subsequently
decreases FOXO1 expression through AKT pathway activation.

circSTK40 overexpression-mediated decreases in cell

apoptosis and decidualization can be abolished byMK-2206 and

17AAG

To further confirm that circSTK40 inhibits cell decidualization and
apoptosis via the HSP90/AKT/FOXO1 axis, we treated i-THESCs
and i-hESCs with both the AKT inhibitor MK-2206 and the HSP90
inhibitor 17AAG. We applied a range of doses of MK-2206 (0.5, 1,
and 1.5 mM) and 17AAG (5, 10, 15, and 20 nM) to circSTK40-over-
expressing ESCs and found that the reduced decidualization level was
not only significantly restored but also gradually elevated in a dose-
dependent manner (Figures 5A–5D). In addition, these inhibitors
also restored the wild-type level of cell apoptosis that was reduced
by circSTK40 overexpression, as shown by the increased number of
TUNEL-positive cells (Figures 5E–5J) and by the inversion of the
BCL2/BAX ratio in comparison with that in circSTK40-overexpress-
ing cells, as detected by western blots (Figures 5K and 5L). Together,
these results indicate that the effect of circSTK40 overexpression on
decidualization and cell apoptosis can be completely abolished by
treatment with the inhibitors of AKT and HSP90.
cing the proteasomal degradation of HSP90

ed mass spectrometry analysis after circSTK40 pull-down assays. The antisense

the RNA immunoprecipitates of anti-HSP90 (left) or anti-CLU (right) antibodies in day

ovirus (n = 3). (C) The protein levels of HSP90 in day 4-induced, circSTK40-over-

d 32 h after treatment with CHX (a protein synthesis inhibitor, 100 ng/mL) in day 4-

are expressed as the mean ± SEM (n = 3) and the degradation curves (right). (E) The

atment with or without MG132 (a proteasome inhibitor, 5 mM) for 6 h. (F) The as-

n day 4-induced, circSTK40-overexpressing THESCs. (G) The association between

STK40-overexpressing THESCs. (H) The association between HSP90 and RBBP6

kdownwith siRNA. (I) The protein levels of HSP90 at 0, 8, 16, and 32 h after treatment

The results of relative quantification are expressed as themean ±SEM (n = 3) and the

used for determining the differences between two independent samples; an ANOVA

< 0.01, and ***p < 0.001; n.s., non-significant.
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Figure 4. circSTK40 enhances HSP90–AKT

interaction and activates the AKT/FOXO1 pathway

(A) The association between phosphorylated AKT (pAKT)

and HSP90 detected using coIP with anti-HSP90 and

anti-pAKT antibodies in day 4-induced, circSTK40-over-

expressing THESCs and primary hESCs. (B) The protein

levels of HSP90, pAKT, AKT, and FOXO1 in day 4-

induced, circSTK40-overexpressing THESCs and primary

hESCs. (C) The protein levels of FOXO1 in the midluteal-

phase endometrial tissues of controls (n = 4) and patients

with recurrent implantation failure (n = 4). (D) The protein

levels of HSP90, pAKT, AKT, and FOXO1 in day 4-

induced, circSTK40-overexpressing THESCs and primary

hESCs after rescue with or without MK-2206 (1 mM). (E)

The protein levels of HSP90, pAKT, AKT, and FOXO1 in

day 4-induced, circSTK40-overexpressing THESCs and

primary hESCs after rescue with or without 17AAG

(15 nM).
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DISCUSSION
Decidual transformation and the establishment of endometrial recep-
tivity represent a complex and coordinated process, in which ncRNAs
play essential roles.7 To the best of our knowledge, this is the first
study to comprehensively investigate the functions and underlying
mechanisms of a differentially expressed circRNA involved in the
impaired endometrial receptivity that is responsible for RIF in hu-
mans. Using microarray analyses, we identified an upregulated
circRNA (circSTK40) in the midluteal-phase endometrium of RIF
patients. Functional studies revealed that circSTK40 overexpression
inhibited the decidualization process and cell apoptosis in ESCs.
Mechanistically, circSTK40 reduced the degradation of HSP90 by
hindering its interactions with CLU and RBBP6, which then resulted
in the activation of the AKT pathway and the downregulation of
FOXO1 expression.

Human endometrial decidualization is triggered by elevated proges-
terone and cAMP in the secretory phase of the menstrual cycle,30
214 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
which induce the nuclear accumulation of the
transcription factor FOXO1 in ESCs and
subsequently lead to cell differentiation,
observed as a significant increase in the expres-
sion levels of the decidualization markers PRL
and IGFBP1.7,31 Activation of the AKT pathway
initiates the kinase cascade to phosphorylate
FOXO1, which promotes FOXO1 export from
the nucleus and blocks nuclear translocation,
finally leading to ubiquitin-proteasomal degra-
dation of FOXO1 and decrease of the decidual-
ization level.32,33 We found that the suppression
of decidualization marker expression by
circSTK40 was most prominent on day 4, and
it became limiting on day 6, possibly because
of the presence of other compensation or feed-
back mechanisms to compete with the effects
of ectopically expressed circSTK40 when the decidualization level
increased. It is worth noting that apoptosis is the terminal step in
cell decidualization, of which BCL2 family proteins are regula-
tors.34-36 It has been documented that both the activation of the
AKT pathway and the reduction of FOXO1 expression in the nucleus
can inhibit cell apoptosis through the inactivation of pro-apoptotic
molecules such as BAD and BAX37 or by decreasing the expression
of the apoptotic regulator BIM (BCL2-interacting mediator of cell
death).32 In this study, FOXO1 expression was also shown to be
significantly downregulated in the midluteal-phase endometrium of
RIF patients. Collectively, these results demonstrate that the dysregu-
lation of circSTK40 partially accounts for the deficient endometrial
receptivity in RIF through interference with the decidualization pro-
cess and inhibition of cell apoptosis via the activation of the AKT
pathway and the reduction of FOXO1 expression.

Previous proteomic analyses have identified many differentially ex-
pressed proteins associated with apoptosis and stress response in the
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mid-secretory-phase endometrial fluid compared with the early-secre-
tory-phase fluid38,39 or the non-implantative cycle fluid,40 suggesting
that it is common for the endometrium to encounter different stresses
during the implantation window and that the regulation of cell
apoptosis plays an important role. Notably, our results revealed that
when ESCs were subjected to H2O2 insult, circSTK40 transcription
significantly increased while cell apoptosis decreased, suggesting that
the upregulation of circSTK40 expression tomodulate the proteasomal
degradation ofHSP90 could be a protectivemechanism to promote cell
survival under stress while concurrently impairing endometrial recep-
tivity. Further investigation is needed to identify the mechanisms un-
derlying the stress-associated upregulation of circSTK40 expression.

Recent studies have revealed that lncRNAs can function as RNA scaf-
folds to recruit and modify proteins.41-44 Direct protein interaction to
regulate function is also a common mechanism by which circRNAs
act as regulators of protein activity.14-16,45 Strikingly, the pull-down/
mass spectrometry and RIP assays performed in this study demon-
strated that circSTK40 independently binds to two proteins, HSP90
and CLU, thereby blocking the interaction between them. Although
ncRNA-protein interactions have been established as a means of
enhancing enzyme activity, our study provides evidence of circRNAs
functioning as negative regulators of protein activity. It has been re-
ported that lncRNAs can facilitate the combination of HSP90 with its
client proteins (P53,AKT, and IKK) and thus competitively inhibit their
ubiquitination.46,47 However, only the AKT/FOXO1 pathway regulated
by HSP90 was investigated in this study; therefore, whether other
HSP90 client proteins,28 which may also be involved in endometrial
receptivity, such as steroid receptors,4 P53,48 and proteins of the ERK
and JNK pathways,49 are affected by the dysregulation of circSTK40 re-
quires further clarification. In addition, given that circSTK40 is localized
in both the cytoplasm and nucleus of ESCs, further investigation is
needed to determine whether this circRNA also has nuclear functions.

Previous work has uncovered the interactions between HSP90 and
CLU and their synergistic effects in modulating the functions of client
proteins.26 Furthermore, CLU inhibition has been shown to decrease
the transcription of heat shock factor 1 (HSF1), thus leading to the
downregulation of the expression of heat shock proteins.50 Our study
provides new insight into the association between HSP90 and CLU,
revealing that CLU interacts with the E3 ligase and promotes the pro-
teasomal degradation of HSP90, thus indicating a dual role of CLU in
Figure 5. Inhibition of decidualization and apoptosis resulting from circSTK40

(A and B) The mRNA levels of PRL (left) and IGFBP1 (right) in day 4-induced, circSTK40

MK-2206 (0.5, 1, and 1.5 mM, indicated as M0.5, M1, andM1.5, respectively) (n = 3). (C a

overexpressing THESCs and primary hESCs after treatment with different doses of 17AA

(E–G) Representative photomicrographs of TUNEL staining in day 4-induced, circSTK4

(5 mM) (n = 3–4). Quantification of TUNEL-positive cells presented as the percentage o

50 mm. (H–J) Representative photomicrographs of TUNEL staining in day 4-induced,

17AAG (30 nM) (n = 3–4). Quantification of TUNEL-positive cells presented as the per

represent 50 mm. (K) The protein levels of BCL2 and BAX in day 4-induced, circSTK40-o

(5 mM). (L) The protein levels of BCL2 and BAX in day 4-induced, circSTK40-overexpress

are presented as the mean ± SEM. Student’s t test was used for determining the differe

overall differences within multiple samples. *p < 0.05, **p < 0.01, and ***p < 0.001; n.s
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HSP90 expression and increasing the complexity of the interactions
between stress-associated proteins.

As reported in numerous preclinical and clinical studies, HSP90
inhibitors, such as 17AAG, 17DMAG, and BIIB021, have been devel-
oped for treating various cancers with higher safety and efficacy.51-53

In our work, HSP90 inhibition by 17AAG in a certain range of doses
resulted in not only a complete rescue of the effects of circSTK40 but
also a significant, dose-dependent increase in decidualization levels,
suggesting a potential therapeutic strategy for RIF patients. Given
that the improvement in endometrial receptivity remains an intrac-
table problem for clinicians, this finding may provide a foundation
for future development of treatments for RIF. However, HSP90 inhib-
itors are mostly applied in cancer treatment combined with other
antitumor drugs (such as cytotoxins, radiation, and antiangiogenics
agents) and inevitably cause some dose-limiting side effects, including
gastrointestinal reaction, ocular toxicity, and hepatotoxicity.51,52

Therefore, the application of these drugs in improving the endome-
trial environment still needs further investigation from animal testing
to human trials, especially from the aspects of drug dosage, adminis-
tration route, and safety concerns regarding maternal and fetal health.
Advances in novel drug development and nanotechnology are ex-
pected to broaden the choice of HSP90 inhibitor-based treatments.

Conclusion and future directions

In summary, our study demonstrated that a previously unknown
circRNA, circSTK40, participates in RIF pathogenesis through impair-
ing endometrial receptivity. We determined that circSTK40 functions
as a scaffold for proteins and reduces the degradation of HSP90 by hin-
dering its interactions with CLU and RBBP6 and that the resulting high
levels ofHSP90 lead to the activation of theAKTpathwayand the down-
regulation of FOXO1 expression. Inhibitors of AKT (MK-2206) and
HSP90 (17AAG) both abolished the effects of circSTK40overexpression
in ESCs and increased the decidualization levels in a dose-dependent
manner (Figure 6). This work describes a novel epigenetic mechanism
for RIF pathogenesis. To construct a complete regulatory network of
different ncRNAs and proteins involved in the modulation of endome-
trial receptivity, othermechanisms of circSTK40 and the effects of other
differentially expressed circRNAs warrant further investigation. Our
findings alsoprovide a potentially attractiveoption for targeted therapies
based on HSP90 inhibitors in patients with low endometrial receptivity;
nevertheless, further animal testing and human trials are still warranted.
overexpression can be abolished by MK-2206 and 17AAG
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MATERIALS AND METHODS
Patients and sample collection

This study was approved by the Ethics Committee of the Reproduc-
tive Medicine Center of Shandong University, and informed consent
was obtained from all participants.

Midluteal-phase endometrial samples were obtained from 24 RIF pa-
tients and 24 age-matched controls by Pipelle biopsy at the implanta-
tion window of a monitored natural cycle 7 days after ovulation.4,54 All
participants (24 controls and 24 RIF patients) were younger than 40
years and underwent in vitro fertilization (IVF)/intracytoplasmic
sperm injection (ICSI) treatment from January 2015 to January 2017
at the Reproductive Medical Center of Shandong University. Patients
were diagnosed with unexplained RIFwhen clinical pregnancy was still
absent after three or more transfers of high-quality embryos or transfer
of at least 10 embryos over several cycles1 and no clear causes were
found. The fertile control group included patients who underwent their
first IVF/ICSI treatment for purely male factor and achieved live birth
after the first or second transfer cycle.55 The exclusion criteria were as
follows: (1) diagnosis of uterine cavity abnormalities, such as congen-
ital uterine anomalies, fibroids, endometrial polyps, and adenomyosis;
(2) diagnosis of hydrosalpinx, chromosome anomalies, or endocrine
disorders; (3) receipt of hormone therapy or intrauterine operations
during the last three menstrual cycles.

CircRNA microarray

The circRNA expression profiles were detected on the endometrial
samples of eight RIF patients and eight age-matched control women.
Briefly, total RNA was digested with RNase R (Epicenter, Madison,
WI, USA) to remove linear RNAs and enrich circRNAs. Subsequently,
Molecular Thera
after amplification and transcription into fluores-
cent cRNAs using a random priming method
(Arraystar Super RNA Labeling Kit; Arraystar,
Rockville, MD, USA), RNA array hybridization
was performed using the Arraystar Human
circRNAArrays V2 (8� 15K, Arraystar). Micro-
array scanning and data analyses were conducted
by KangChen Bio-tech (China). Differential anal-
ysis between the groups was performed using t
tests. The cutoffs were fold changes > 2 and p
values < 0.05.

RNA preparation and quantitative real-time

PCR

Total RNA from endometrial samples and cells
was extracted using TRIzol Reagent (TaKaRa,
China) according to the manufacturer’s proto-
col. For RNase R treatment, 1 mg of total RNA
was incubated with RNase R (Geneseed, China) at 37�C for 10 min.
Reverse transcription (RT) was performed using the PrimeScript
RT reagent kit (TaKaRa, China) with random hexamers for circRNA
or oligo (dT) for mRNA. Thereafter, RNA expression was determined
by quantitative real-time PCR using TB Green Premix Ex Taq
(TaKaRa, China). Using TA cloning, the PCR products of circRNAs
were inserted into pMD18-T vector (TaKaRa, China) and subjected
to Sanger sequencing to confirm the back-splicing junctions. The
primer sequences are listed in Table S1.

Cell culture and treatment

THESCs and hESCs were used for functional and mechanistic
research. THESCs (ATCC CRL-4003) were kindly provided by
Professor H.B. Wang (Xiamen University, China), and hESCs were
isolated from the biopsies of proliferative-phase endometrial tissues
from fertile volunteers of reproductive age who had regular cycles
and no hormonal medication or history of gynecological malignancy.

ESCs were cultured in phenol-red-free DMEM/F-12 maintenance
medium (Gibco, Waltham, MA, USA) containing 10% charcoal-
stripped fetal bovine serum (CS-FBS).56,57 The ESCs were then
treated with 0.5 mM db-cAMP (cAMP; Sigma, St. Louis, MO,
USA) and 1 mM medroxyprogesterone acetate (MPA; Sigma, St.
Louis, MO, USA) for 2–6 days to induce in vitro decidualization in
DMEM/F-12 differentiation medium containing 2% CS-FBS,57,58

and the medium was changed every 48 h. Cells and supernatants
were collected at different times (days 0, 2, 4, and 6) to measure the
mRNA and protein levels of the decidualization markers (PRL and
IGFBP1). Different doses of 17AAG (Selleck, Houston, TX, USA),
the specific inhibitor of HSP90, and MK-2206 (Selleck, Houston,
py: Nucleic Acids Vol. 26 December 2021 217
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TX, USA), the selective inhibitor of AKT1/2/3, were added to the
above-mentioned differentiation medium to investigate the effects
of HSP90 and the AKT pathway on cell functions. THESCs were
treated with 100 ng/mL CHX (a protein synthesis inhibitor; Meilun-
bio, China) for 0, 8, 16, and 32 h to evaluate the half-life of HSP90 and
with 5 mMMG132 (a proteasome inhibitor; APExBIO, Houston, TX.
USA) for 6 h to explore the degradation pattern of the proteins.

Adenoviral infection

circSTK40 overexpression was achieved using an adenovirus vec-
tor, which was synthesized and packaged by HanBio Biotechnology
(China). At 70% confluency, the ESCs were infected with an
adenovirus expressing circSTK40 and a control virus harboring
an empty vector at an MOI of 150:1 when initiating decidualiza-
tion induction.

Sorting of hESCs and endometrial epithelial cells

Midluteal-phase endometrial tissues from fertile control women were
collected, minced, and rinsed repeatedly with phosphate-buffered
saline (PBS). The tissues were mixed with an appropriate amount
of collagenase I (Gibco, Waltham, MA, USA; 0.5 mg/mL) and incu-
bated at 37�C for 30 min. The digested suspension was first filtered
through a 150-mm mesh to remove the fibers and undigested tissues
and subsequently through a 40-mm mesh to separate ESCs and
endometrial epithelial cells. These two types of cells were collected
and subjected to RNA extraction and quantitative real-time PCR to
determine circSTK40 expression.

Cytoplasmic/nucleus fraction

Separation of cytoplasmic and nuclear RNA was performed using a
PARIS kit (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s instructions. GAPDH and MALAT1 were used as
the positive controls for cytoplasmic and nuclear RNA, respectively.

FISH

THESCs were hybridized overnight with a mixture of Cy3-labeled
circSTK40, U6, or 18S probes (RiboBio, China). All operations were
completed using a Fluorescence in situ Hybridization Kit (RiboBio,
China) according to the manufacturer’s instructions. Specimens
were visualized using a laser confocal microscope (Andor, UK).

TUNEL

After inducing decidualization for 3 days, ESCs were subjected to
H2O2 insult (200 mM) and serum starvation for 18 h. Cell apoptosis
was then detected with TUNEL staining (KeyGEN, China) according
to the manufacturer’s instructions.

Western blots

Proteins from the endometrial samples were extracted using a Minute
Total Protein Extraction Kit (Invent, Plymouth, MN, USA) according
to the manufacturer’s instructions. Cells were lysed with sodium do-
decyl sulfate (SDS) lysis buffer (Beyotime, China) containing protease
and phosphatase inhibitor cocktail (Cell Signaling Technology,
218 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Danvers, MA, USA). Protein concentrations were quantified using
a BCA Protein Assay Kit (Beyotime, China).

Proteins were separated by SDS-polyacrylamide gel electrophoresis
and then transferred to a polyvinylidene difluoride membrane
(Millipore, Burlington, MA, USA). After blocking with 5% skim
milk for 1 h, the membranes were incubated with primary antibodies,
including anti-HSP90 (4877, Cell Signaling Technology, Danvers,
MA, USA), anti-AKT (4691, Cell Signaling Technology, Danvers,
MA, USA), anti-phospho-AKT (4060, Cell Signaling Technology,
Danvers, MA, USA ), anti-FOXO1 (2880, Cell Signaling Technology,
Danvers, MA, USA), anti-BCL2 (12789-1-AP, Proteintech, China),
anti-BAX (ab32503, Abcam, UK), anti-RBBP6 (abs139373, Absin,
China), anti-a-Tubulin (66031-1-Ig, Proteintech, China), and anti-
b-Actin (A5441, Sigma, St. Louis, MO, USA) antibodies, at 4�C over-
night and then incubated with secondary antibodies conjugated to
horseradish peroxidase (Proteintech, China) at room temperature
for 1 h. The immunostained bands were detected with an ECL chem-
iluminescence kit (Millipore, Burlington, MA, USA) and a ChemiDoc
MP Imaging System (Bio-Rad, Hercules, CA, USA). The details of the
antibodies are listed in Table S2.

Enzyme-linked immunosorbent assay (ELISA)

Cell supernatants were collected and centrifuged at 4�C for 10 min to
remove cell fragments. Next, 100 mL of supernatants or standards
were added into each well of an ELISA plate. All steps were performed
according to the manufacturer’s instructions in the ELISA kits for
PRL and IGFBP1 (Cusabio, China). The optical density was
determined using a microplate reader at 450 nm/540 nm to generate
standard curves and measure the protein levels.

RNA pull-down assay and mass spectrometry analysis

Biotin-labeled positive and negative probes of circSTK40 (Table S3)
were synthesized and purified by Cloudseq (China). Streptavidin
magnetic beads were incubated with biotinylated probes at room tem-
perature for 1 h. THESC lysates were then added to the two mixtures
and incubated at room temperature for 2 h. After thoroughly washing
the mixtures five times, the retrieved proteins were digested with
trypsin and subjected to protein label-free quantitation (LFQ) by
liquid chromatography-based mass spectrometry. The mass spec-
trometry data were analyzed using the MaxQuant computational
platform (MaxQuant v.1.6.0.16, Germany) and quantified as LFQ
and quantile-normalized LFQ59,60 at Cloudseq (China).

RIP

RIP was performed using a Magna RIP RNA-Binding Protein Immu-
noprecipitation Kit (Millipore, Burlington, MA, USA) according to
the manufacturer’s instructions. THESCs (1 � 107) were collected
with an RIP lysis buffer containing RNase inhibitor and protease
inhibitor cocktail. Magnetic beads were incubated with 5 mg of anti-
HSP90 (ab13492, Abcam, UK), anti-CLU (sc-5289, Santa Cruz,
Dallas, TX, USA), or IgG antibodies (CS200621, Millipore, Burling-
ton, MA, USA) at room temperature for 30 min. Subsequently, cell
lysates were incubated with the bead-antibody complexes at 4�C
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overnight. After thoroughly washing the mixtures six times, the co-
precipitated RNAs were extracted, reverse-transcribed, and quanti-
fied with quantitative real-time PCR. Simultaneously, immunopre-
cipitated proteins were confirmed using an immunoblotting analysis.
The details of the antibodies are listed in Table S2.
CoIP

ESCs were collected with Pierce IP Lysis Buffer (Pierce, Waltham,
MA, USA) supplemented with protease and phosphatase inhibitor
cocktail (Cell Signaling Technology, Danvers, MA, USA) according
to the manufacturer’s instructions. A total of 0.5 mg of proteins
were incubated with 1–4 mg of anti-HSP90 (ab13492, Abcam, UK),
anti-phospho-AKT (4060, Cell Signaling Technology, Danvers, MA,
USA), anti-CLU (sc-5289, Santa Cruz, Dallas TX, USA), or IgG
(CS200621, Millipore, Burlington, MA, USA) antibodies at 4�C over-
night and then with PureProteome Protein A/G Magnetic Beads
(Millipore, Burlington, MA, USA) at room temperature for 30 min.
The immunoprecipitates were washed three times with 0.1%
Tween-20 in PBS and then subjected to immunoblotting with the
indicated antibodies.
Statistics

All experiments were performed independently three or more times
under similar conditions. Graphs were generated using GraphPad
Prism 6 (GraphPad Software, San Diego, CA, USA), and figures
were assembled using Adobe Illustrator 23 (Adobe, San Jose, CA,
USA). All statistical analyses were performed using SPSS version
20.0 (IBM, Armonk, NY, USA). Data for normally distributed vari-
ables are expressed as the mean ± SD/SEM, and statistical differences
were analyzed by the two-tailed Student’s t test and an analysis of
variance (ANOVA). In contrast, data for non-normally distributed
variables are expressed as medians and quartiles, and statistical differ-
ences were analyzed by a non-parametric test. Significant differences
are represented as *p < 0.05, **p < 0.01, and ***p < 0.001, and n.s. in-
dicates non-significance.
Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request. The microarray data
that support the findings of this study are available at Gene Expres-
sion Omnibus (GEO), with the accession number GEO: GSE147442
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147442).
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