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Decreased Krüppel-like factor 4 
in adenomyosis impairs decidualization 
by repressing autophagy in human endometrial 
stromal cells
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Abstract 

Background: Poor decidualization and abnormal autophagy conditions in the endometria of adenomyosis patients 
have been reported previously. However, the specific regulatory mechanism of decidualization in adenomyosis and 
its relationship with autophagy levels have not been clarified.

Methods: Endometrial tissues from adenomyosis patients and uteri from an adenomyosis mouse model were col-
lected for the detection of different expression patterns of KLF4 and autophagy markers (LC3-B/LC3-A and Beclin-1) 
compared with control groups. Human endometrial stromal cells (hESCs) isolated from adenomyosis and control 
endometrial tissues were employed to elucidate the biological functions of KLF4 in autophagy and decidualization. 
Gene expression regulation was examined by quantitative real-time PCR (qRT-PCR), western blotting and luciferase 
reporter assays. In addition, DNA promoter-protein interactions were examined by chromatin immunoprecipitation 
(ChIP)/PCR assay and avidin–biotin conjugate DNA precipitation (ABCD) assay.

Results: KLF4 expression was decreased in endometrial tissues from adenomyosis patients compared with those 
from fertile controls, especially in stromal compartments. The opposite results were observed for autophagy marker 
(LC3-B/LC3-A and Beclin-1) expression. At the same time, KLF4 reversed the poor decidualization of hESCs from 
adenomyosis patients. In addition, KLF4 could induce hESC decidualization by promoting the autophagy level. 
Mechanistically, KLF4 bound to a conserved site in the autophagy-related 5 (ATG5) promoter region and promoted 
ATG5 expression. Similar expression patterns of KLF4 and autophagy markers were detected in adenomyotic mice.

Conclusions: KLF4 overexpression increases the autophagy level of hESCs by transcriptionally promoting ATG5 
expression, and abnormally decreased KLF4 in adenomyosis impairs hESC decidualization by repressing autophagy.
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Background
Adenomyosis can affect clinical pregnancy, and is one 
of the critical factors leading to infertility [1]. It is also 
considered an important reason for the decrease in 
pregnancy rate and the increase in miscarriage rate in 
assisted reproductive technology (ART) cycles [2, 3]. The 
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incidence rate of adenomyosis is increasing gradually and 
tends to occur in younger women. The incidence rate of 
adenomyosis is approximately 15%, which can reach as 
high as 54% of patients who turn to ART treatment. Stud-
ies have shown that adenomyosis has adverse impacts on 
embryo implantation, but the exact mechanism is cur-
rently unclear [4].

Successful embryo implantation depends on the appro-
priate interaction between high-quality embryos and 
receptive endometrium [5]. Under the control of ovarian 
oestrogen and progesterone, endometrial epithelial cells 
enter the "receptive state" to initiate the first maternity-
foetus dialogue; at the same time, the process of endo-
metrial stromal cell decidualization initiates, which is 
identified as a prerequisite for further embryo inva-
sion and development [5–7]. Studies have found that 
the endometrial receptivity of adenomyosis patients is 
impaired, which is mainly manifested by the abnormal 
expression of embryo adhesion related factors ( home-
obox A10 (HOXA10), leukaemia inhibitory factor (LIF), 
and cytochrome P450) [8–10] and the inhibition of 
endometrial stromal cell decidualization [11]. Therefore, 
abnormal decidualization may be one of the important 
factors affecting endometrial receptivity in adenomyo-
sis, and the regulatory mechanism needs further study. 
Decidualization is a process in which endometrial stro-
mal cells transform from initial fibroblast-like cells to 
specific decidual secretory cells with the remodelling of 
the stromal cytoskeleton [12, 13]. Decidualized stromal 
cells can provide a nutrient-supplied and immunotoler-
ant microenvironment for successful embryo implanta-
tion and formation of the placenta [14, 15].

Several members of the Krüppel-like factor family 
expressed in the endometrium have been confirmed to 
be regulated by oestrogen/progesterone and participate 
in embryo implantation (KLF5 and KLF9) [16–19]. In 
addition, our previous study suggested that KLF12 could 
affect the decidualization process by transcriptional inhi-
bition of the expression of the decidualization-related 
factors NR4A1 and FOXO1A, which leads to embryo 
implantation failure [20, 21]. In our further study, we 
found that KLF4, another member of the KLF family, 
could also regulate the decidualization of endometrial 
stromal cells. At the same time, we detected abnormally 
decreased expression of KLF4 protein in the endome-
trium of infertile patients with adenomyosis. Recent 
studies have shown that the autophagy condition of 
endometrial cells is closely related to embryo implanta-
tion and the maintenance of pregnancy. The expression 
of the autophagy marker protein LC3-B in the decidua 
and trophoblasts of normal pregnancy was significantly 
higher than that of patients experiencing embryo implan-
tation failure or early miscarriage [22]. The process of 

artificially induced decidualization of the uterus with low 
autophagy was inhibited in an obesity mouse model [23]. 
Therefore, normal autophagy conditions may be crucial 
for embryo implantation and decidualization of endome-
trial stromal cells with low autophagy conditions may be 
repressed, resulting in abnormal pregnancy. Abnormal 
changes in autophagy conditions in the endometria of 
adenomyosis patients have been reported. The endome-
tria of patients with adenomyosis are under conditions of 
high oestrogen stimulation and progesterone resistance, 
which represses the local autophagy condition through 
the mammalian target of rapamycin (mTOR) pathway 
[24]. Contrary to the expression pattern of KLF4, we 
found that the autophagy levels of endometrial stromal 
cells were significantly lower in infertile women with 
adenomyosis (decreased expression of LC3-B/LC3-A and 
Beclin-1) than in fertile women, similar to other stud-
ies [25, 26]. Therefore, we hypothesized that abnormally 
decreased KLF4 expression in patients with adenomyo-
sis leads to low autophagy levels in endometrial stromal 
cells, which is one of the important reasons for abnormal 
decidualization.

In this study, we identified KLF4 as a key decidualiza-
tion regulator, that promotes the decidualization pro-
cess of endometrial stromal cells by transcriptionally 
inducing expression of the ATG5 protein. In addition, 
we found that the level of KLF4 in the eutopic endo-
metrium of patients with adenomyosis was abnormally 
decreased and that the autophagy level was abnormally 
repressed. Therefore, these results revealed that abnor-
mally decreased KLF4 expression triggers low autophagy 
levels of the endometria of patients with adenomyosis, 
which impairs endometrial decidualization and leads to 
embryo implantation failure.

Methods
Patient sample collection
Endometrial samples were collected from patients who 
received in  vitro fertilization (IVF) treatment in the 
reproductive medicine centre of Nanjing Drum Tower 
Hospital. There were 12 infertile patients with adeno-
myosis and 12 patients with successful pregnancy in the 
control group. The detailed information of these patients 
is listed in Table 1, and there were no significant differ-
ences. None of the patients received oral contraceptives 
3 months before the operation. Endometrial tissues were 
obtained by endometrial biopsy 5–7 days after ovulation. 
The diagnostic criteria for adenomyosis were described 
in our previous studies [27]. The exclusion criteria were 
as follows: polycystic ovary syndrome (PCOS), untreated 
hydrosalpinx, endometrial polyps and endometrial 
lesions.



Page 3 of 12Mei et al. BMC Molecular and Cell Biology           (2022) 23:24  

Isolation and decidualization stimulation of human 
endometrial stromal cells (hESCs)
As mentioned in our previous study [11, 20], primary 
human endometrial stromal cells were isolated from the 
endometria of infertile patients with adenomyosis and 
control group patients. hESCs were cultured according to 
the routine [11, 20]. To induce decidualization, the hESCs 
were cultured in phenol red-free DMEM/F12 medium 
(HyClone, Thermo Scientific, South Logan, UT, USA) 
containing 2.5% (v/v) charcoal/dextran-treated foetal 
bovine serum (FBS; HyClone, Thermo Scientific, South 
Logan, UT, USA), 100  IU/ml penicillin, and 100  μg/ml 
streptomycin supplemented with 0.5  mM 8-Br-cAMP 
(Sigma, St. Louis, MO, USA) and 1  μM medroxypro-
gesterone acetate (MPA, Sigma, St. Louis, MO, USA) 
to induce decidualization in  vitro. After stimulation for 
different times, the culture supernatant was collected to 
detect decidual prolactin (dPRL) levels and evaluate the 
degree of decidualization. To overexpress KLF4 or reduce 
KLF4 expression, hESCs were treated with Ad-His-KLF4 
and SiKLF4 for 1–2  days before decidualization stimu-
lation. To explore the effect of autophagy inhibitors on 
decidualization, cells were pretreated with 3-methylade-
nine (3-MA, MedChemExpress, Shanghai, China) 2 days 
before decidualization stimulation.

Oligonucleotide transfection
The siRNA duplexes targeting human KLF4 (SiKLF4: 
GAG AGA CCG AGG AGT TCA A) and siRNA negative 
control oligonucleotides were synthesized by RiboBio 
(Guangzhou, China). The siRNA negative control shared 
a homologous region with the human genome sequences. 
Oligonucleotide transfection was performed in hESCs 
using Lipofectamine 3000 (Life Technologies, New York, 
USA) according to the manufacturer’s instructions. At 
48 h posttransfection, the cells were collected or decidu-
alization was induced for the indicated time [27].

RNA isolation and quantitative real‑time PCR
Human endometrial stromal cells were lysed with TRIzol 
reagent (Sigma, St. Louis, MO, USA) and total RNA was 
extracted in strict accordance with the instructions. Two 
micrograms of total RNA was added to a 20 μL system 

and reverse-transcribed into cDNA using 5 × All-In-One 
RT Master Mix (Abm, Canada). A SYBR Green PCR kit 
and MyiQ Single Colour Real-time PCR Detection Sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA) were 
employed for quantitative real-time PCR (qRT-PCR). The 
primer sequences used were as follows: KLF4, 5′-AGA 
GTT CCC ATC TCA AGG CA-3′ and 5′-GTC AGT TCA 
TCT GAG CGG G-3′; ATG5, 5′-AAA GAT GTG CTT CGA 
GAT GTGT-3′ and 5′-CAC TTT GTC AGT TAC CAA 
CGTCA-3′; dPRL, 5′-CAC TAC ATC CAT AAC CTC TC-3′ 
and 5′-ATG CTG ACT ATC AAG CTC AG-3′; IGFBP-1, 
5′-TAT GAT GGC TCG AAG GCT CTC-3′ and 5′-GTA 
GAC GCA CCA GCA GAG TC-3′ and 18S rRNA, 5′-CGG 
CTA CCA CAT CCA AGG AA-3′ and 5′-CTG GAA TTA 
CCG CGGCT-3′. The fold changes in the expression of 
each gene were measured by the  2−ΔΔCT method. The 
internal reference gene was 18S rRNA.

Western blot
According to our previous studies [20], we extracted and 
measured the total protein of endometrial tissue, hESCs 
and uteri of mice with or without adenomyosis. The pro-
tein concentrations were measured by the Bradford assay 
(Bio-Rad, Hercules, CA, USA). A fixed amount of protein 
(25–40  μg) was used for SDS polyacrylamide gel (10%-
15%) separation electrophoresis and then transferred to 
polyvinylidene fluoride (PVDF) membrane. Immunob-
lotting was carried out by incubating with the primary 
antibodies and horseradish peroxidase (HRP)-conjugated 
secondary antibodies. The specific antibody information 
was as follows: anti-KLF4 (1:1000; 11,880–1-AP, rabbit 
polyclonal antibody, Proteintech Group, USA), anti-Bec-
lin-1 (1:1000; 11,306–1-AP, rabbit polyclonal antibody, 
Proteintech Group, USA), anti-LC3A (1:1000; 18,722–1-
AP, rabbit polyclonal antibody, Proteintech Group, USA), 
anti-LC3B (1:1000; 18,725–1-AP, rabbit polyclonal anti-
body, Proteintech Group, USA), anti-ATG5 (1:1000; 
10,181–2-AP, rabbit polyclonal antibody, Proteintech 
Group, USA), anti-GAPDH (1:10,000; AP0063, GAPDH 
polyclonal antibody, Bioworld Technology, MN, USA) 
and goat anti-rabbit horseradish peroxidase (HRP)-con-
jugated secondary antibody (1:10,000; BS13278, Bioworld 
Technology, St. Louis Park, MN, USA). An enhanced 
chemiluminescence kit (Amersham Biosciences Corp., 
Piscataway, NJ, USA) was used for detection and Quan-
tity-one (Bio-Rad Laboratories, Hercules, CA, USA) soft-
ware was used for density analysis of each band.

Immunofluorescence staining for F‑actin filaments
According to our previous research [20], hESCs grown 
in 8-well chambers (Millipore, Billerica, MA, USA) 
were treated with adenovirus, siRNA or autophagy 
inhibitor for 2 days, and decidualization was induced by 

Table 1 Demographic details of the participants in this study

Disease Normal (n=12) Adenomyosis 
(n=12)

P value

Age (years) 30.1 ± 0.8 30.5 ± 0.7 NS

Body mass index 
(kg/m2)

22.7 ± 0.5 22.9 ± 0.7 NS

Menstrual cycle 
(days)

28.6 ± 0.3 29.4 ± 0.4 NS
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8-Br-cAMP + MPA for 3  days. Then, according to our 
previous research [20], hESCs were fixed with 4% para-
formaldehyde (w/v) for 30  min at room temperature. 
Next, the cells were washed with PBS and permeabilized 
with 0.5% Triton X-100 in PBS at room temperature. Sub-
sequently, the cells were blocked with 3% BSA in PBS and 
incubated with fluorescein isothiocyanate-labelled phal-
loidin (1:300; P5282, Sigma, St. Louis, MO, USA) at 4 °C 
overnight. Cell nuclei were stained with DAPI (5 μg/ml) 
on the following day. The final images were taken with a 
confocal laser microscope (Leica, Wetzlar, Germany).

Luciferase assays
The sequence (-2932  bp to + 100  bp) containing the 
KLF4 specific binding site in the ATG5 promoter region 
was inserted into the pGL3-basic luciferase reporter 
plasmids. At the same time, the sequence (-1859  bp 
to + 100 bp) without the KLF4-binding site was inserted 
into the pGL3-basic luciferase reporter plasmid. Human 
endometrial stromal cells cultured in a 12-well plate were 
infected with Ad-His-KLF4 and then transfected with 
300  ng luciferase reporter plasmid by Lipofectamine 
3000 (Life Technologies, Carlsbad, CA, USA). After 48 h, 
a dual luciferase analysis system (Promega, Madison, WI, 
USA) was used to analyse the luciferase activity. A lumi-
nescent counter (Centro xs3 LB 960, Berthold Technolo-
gies) was used to measure the luciferase activity.

Chromatin immunoprecipitation (ChIP)/PCR assay
hESCs (70% confluence) were infected with Ad-LacZ or 
Ad-His-KLF4 (at a multiplicity of infection (MOI) of 50) 
for 48 h and then maintained in phenol red-free DMEM/
F12 medium containing 2.5% charcoal/dextran-treated 
FBS with 0.5 mM 8-Br-cAMP plus 1 μM MPA. After 72 h, 
the hESCs were prepared for ChIP as described previ-
ously [20, 28]. Crosslinking, cell lysis, and genomic DNA 
fragment extraction were performed and KLF4 anti-
body was used for immunoprecipitation.The recovered 
DNA was analysed by RT-PCR. Specific primers (ATG5 
5’-ATG GCC ATC GTG AAC ACG TC-3’ and 5’-CAA ATC 
AGT GGC ACT GCA AA-3’) containing the KLF4-binding 
sequence were used for PCR amplification of ATG5 pro-
moter fragments and a negative control primer (target-
ing: − 8000 bp to − 7790 bp) was also employed.

Avidin–biotin conjugate DNA precipitation (ABCD) assay
Double-stranded oligonucleotides were designed based 
on the ATG5 promoter sequence (− 2644 to − 2605 bp). 
The 5′ end of the sense strand was biotinylated, and a 
deletion and a mutation were introduced (deletion and 
mutation of the CACCC sequence) to remove the spe-
cific binding site for KLF4. The following primers were 
designed: human ATG5 wild type: 5′-biotin-GTT CCC 

AAC AGA GAG TCA CCC CCA ATA AGC TAA AAC 
TTGG-3′; human ATG5 wild-type reverse: 5′-CCA 
AGT TTT AGC TTA TTG GGG GTG ACT CTC TGT TGG 
GAAC-3′; human ATG5 del: 5′-biotin-GTT CCC AAC 
AGA GAG TCC AAT AAG CTA AAA CTTGG-3′; human 
ATG5 del reverse: 5′-CCA AGT TTT AGC TTA TTG GAC 
TCT CTG TTG GGAAC-3′; human ATG5 mut: 5′-bio-
tin-GTT CCC AAC AGA GAG TCT GAC CCA ATA AGC 
TAA AAC TTGG-3′; human ATG5 mut reverse: 5′-CCA 
AGT TTT AGC TTA TTG GGT CAG ACT CTC TGT TGG 
GAAC-3′. hESCs were infected with Ad-LacZ and Ad-
His-KLF4 (50 MOI) for 48  h. The ABCD method was 
performed as described in our previous research [20, 28]. 
Cell extracts were harvested and lysed in RIPA buffer. 
Each double-stranded DNA sample (500 pmol) was incu-
bated with 500  μg of cell extract at 4  °C for 2–4  h, and 
the protein complexes were pulled down using strepta-
vidin agarose beads (Sigma) in binding buffer (10  mM 
Tris, pH 8.0; 150 mM NaCl; 0.5% Triton X-100; 0.5 mM 
DTT; 0.5  mM EDTA; 10% glycerol; and 20  μg/mL poly 
[dI–dC]) containing a protease inhibitor cocktail. The 
proteins were eluted, separated by SDS–PAGE, and then 
probed with KLF4 antibody (1:1000; 11,880–1-AP, rabbit 
polyclonal antibody, Proteintech Group, USA) and the 
corresponding secondary antibody.

Immunohistochemistry
Fresh endometrial tissue and mouse uterine tissue were 
fixed, embedded in paraffin and serially sectioned (5 μm). 
Formalin-fixed, paraffin-embedded uterine endometria 
were serially sectioned, dewaxed with xylene and rehy-
drated through a graded alcohol series, and then endog-
enous peroxidase activity was blocked using freshly 
prepared phosphate-buffered saline (PBS) containing 3% 
hydrogen peroxide for 20 min. Antigen retrieval was con-
ducted by autoclaving the samples at 121 °C for 15 min in 
the presence of EDTA (pH 9.0), followed by incubation 
in blocking solution for 30 min. Next, the sections were 
washed with PBS and incubated with the specific primary 
antibodies overnight at 4 ℃ [20]. The specific antibody 
information was as follows: anti-KLF4 (1:500; 11,880–1-
AP, rabbit polyclonal antibody, Proteintech Group, USA), 
anti-Beclin-1 (1:500; 11,306–1-AP, rabbit polyclonal 
antibody, Proteintech Group, USA), anti-LC3A (1:500; 
18,772–1-AP, rabbit polyclonal antibody, Proteintech 
Group, USA), anti-LC3B (1:500; 18,725–1-AP, rabbit pol-
yclonal antibody, Proteintech Group, USA), anti-ATG5 
(1:500; 10,181–2-AP, rabbit polyclonal antibody, Pro-
teintech Group, USA). Subsequently, the sections were 
rinsed with PBS and incubated with an HRP-conjugated 
goat anti-rabbit secondary antibody at 37 °C for 20 min. 
HRP activity was detected using diaminobenzidine 
(Invitrogen, Carlsbad, CA, USA), and the sections were 
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counterstained with haematoxylin. Control sections 
were run concurrently with the experimental sections 
using nonspecific rabbit IgG, and they were similarly 
pretreated. Nonspecific staining was not detected in the 
controls.

Mouse model of adenomyosis
All experiments involving animals were approved by the 
Institutional Animal Care and Use Committee of Nanjing 
Drum Tower Hospital. ICR mice were purchased from 
the experimental animal centre of Yangzhou Univer-
sity. On the second day after birth, ICR mice were sepa-
rated from their mothers in the early morning. After 6 h 
of starvation, they were treated with 5 μL/g peanut oil/
lecithin/condensed milk mixture (2:0.2:3) supplemented 
with tamoxifen (1.52  mg/(kg.bw)) for three consecutive 
days. After drip feeding, they were returned to the female 
cage. From the 22nd day, they were separated from the 
female and fed freely. Some mice needed to be sacrificed 
for the study. The method of sacrifice was cervical dislo-
cation after induced anaesthesia and sedation by pento-
barbital sodium. The uteri of 2-month old mice were 
stained with H&E, α-SMA and E-cadherin to observe the 
invasion of glands into the muscle layer and disordered of 
muscle layer proliferation.

Statistical analysis
The data are presented as the means ± SEM. All experi-
ments were performed at least three times. Student’s 
t test was used for comparisons between two groups. 
Statistical analysis was conducted by ANOVA, followed 
by the Student–Newman–Keuls test, for experiments 
involving more than two groups. Pearson correlation 
analysis was used to assess the relationship between 
KLF4 and Beclin-1; and LC3-B/LC3-A. P values of less 
than 0.05 were considered statistically significant.

Results
Aberrant expression of KLF4, LC3‑B/LC3‑A, and Beclin‑1 
in the endometria of patients with adenomyosis
We investigated the expression patterns of related mol-
ecules in the endometria of infertile women with aden-
omyosis and normal fertile women. As shown in Fig.  1, 
the KLF4 protein level in the endometria of patients with 
adenomyosis was significantly lower than that in the 
endometria of normal controls (Fig. 1A and B). Similarly, 
we also detected reduced protein levels of the autophagy 
markers LC3-B/LC3-A and Beclin-1 (Fig. 1A, C and D). 
In addition, we analysed the correlation between KLF4 
protein levels and LC3-B/LC3-A or Beclin-1 protein lev-
els and found a moderate positive correlation (Fig. 1E and 
F). Furthermore, immunohistochemical analysis showed 
that the expression levels of KLF4, LC3-B and Beclin-1 in 

endometrial stromal cells of patients with adenomyosis 
were significantly decreased, while LC3-A levels were not 
decreased (Fig.  1G). Therefore, the expression of KLF4 
and the autophagy markers LC3-B/LC3-A and Beclin-1 
was abnormally decreased in the endometria of adeno-
myosis patients, and there was a moderate positive cor-
relation between KLF4 and autophagy markers (LC3-B/
LC3-A and Beclin-1).

KLF4 induces decidualization in vitro
To explore whether KLF4 can regulate decidualiza-
tion, KLF4-overexpressing adenovirus (Ad-His-KLF4) 
and KLF4-knockdown siRNA (SiKLF4) (Fig.  S1) were 
used to pretreat hESCs. After adding 8-Br-cAMP and 
MPA, the mRNA levels of decidual prolactin (dPRL) and 
insulin-like growth factor binding protein 1 (IGFBP-1) 
were significantly increased in the Ad-His-KLF4 + 8-Br-
cAMP and MPA groups compared with the 8-Br-cAMP 
and MPA alonegroups were obviously decreased in the 
SiKLF4 + 8-Br-cAMP and MPA groups (Fig.  2A and B). 
In addition, KLF4 overexpression increased the secretion 
of dPRL, while decreased KLF4 expression can repress 
the secretion of dPRL (Fig. 2C). At the same time, F-actin 
staining showed that high expression of KLF4 promoted 
the transformation of hESCs from the slender type to the 
round secretory type (Fig. 2D). Decreased KLF4 expres-
sion also inhibited this decidualized transformation 
(Fig.  2D). Our results suggested that the expression of 
KLF4 in the endometrium of patients with adenomyo-
sis was decreased (Fig. 1). We also isolated hESCs from 
adenomyosis patients. Decidualization was induced 
in hESCs from both adenomyosis patients and fertile 
women in  vitro. In adenomyotic hESCs, overexpression 
of KLF4 significantly reversed the decreased secretion of 
dPRL (Fig. 2E).

KLF4 induces decidualization by promoting autophagy 
levels
Overexpression of KLF4 in hESCs could promoted 
autophagy, as detected by increased expression of LC3-B/
LC3-A and Beclin-1 (Fig.  3A). As shown in Fig.  3B, an 
autophagy inhibitor (3-MA) inhibited the KLF4-induced 
autophagy marker protein levels (LC3-B/LC3-A and Bec-
lin-1). 3-MA also inhibited the mRNA levels of dPRL 
and IGFBP-1 induced by KLF4 overexpression (Fig.  3C 
and D). At the same time, the secretion level of dPRL in 
hESCs with higher KLF4 expression could be repressed 
by 3-MA (Fig.  3E). In addition, F-actin cytoskeleton 
staining suggested that 3-MA treatment could reverse 
the effect of KLF4 on the decidualization of hESC mor-
phological changes (Fig.  3F). Therefore, KLF4 promotes 
decidualization of hESCs by regulating their autophagy 
level.
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KLF4 promotes autophagy levels by transcriptionally 
increasing ATG5
To further clarify how KLF4 regulates the autophagy 
level of hESCs, we found that KLF4 could promote the 
expression of ATG5 at the mRNA and protein levels 
(Fig.  4A and B). In addition, we analysed the promoter 
region of ATG5, a key autophagy regulator, and found 
that this region contained a specific binding sequence 
of KLF4. Therefore, we constructed luciferase reporter 
plasmids containing the specific binding sites (ATG5-
Luc) and without the binding sites (ATG5-Luc-DEL). The 
luciferase reporter assay showed that KLF4 promoted 
the luciferase activity of ATG5-Luc-WT, but had no sig-
nificant effect on the deleted plasmid (ATG5-Luc-DEL) 
(Fig.  4C). Next, we performed ChIP-PCR analysis to 
investigate whether the ATG5 promoter is a direct bind-
ing target of KLF4 in hESCs. As shown in Fig.  4D, the 
promoter DNA fragment (-2732 to -2520  bp) could be 
effectively enriched and amplified from the immunopre-
cipitation complex of the Ad-His-KLF4 protein, which 

was more than that enriched from the Ad-LacZ control 
group. In addition, no specific PCR products (-8000 to 
-7790  bp) were obtained from the Ad-His-KLF4 or Ad-
LacZ immunoprecipitated complex using negative con-
trol primers. In addition, ABCD assays were performed 
using biotinylated double-stranded oligonucleotides 
corresponding to the WT (− 2644/ − 2605  bp), deleted 
(DEL) and mutated (MUT) ATG5 promoter sequences. 
The results showed that the KLF4 proteins strongly 
bound to the WT probe but not to the DEL or MUT 
probe (Fig. 4E).

Aberrant expression of KLF4, LC3‑B/LC3‑A, and Beclin‑1 
in the uterus of adenomyotic mice
To further explore the expression pattern of KLF4 and 
autophagy markers in  vivo, we used tamoxifen to con-
struct an adenomyosis mouse model. By H&E staining 
and immunofluorescence staining of α-SMA and E-cad-
herin, we found that the myometrium was disordered, 
and the endometrial glands invaded in the myometrium, 

Fig. 1 Aberrant expression of KLF4 and autophagy markers in the endometrium of patients with adenomyosis. A Differences in protein expression 
in endometrial samples were assessed by Western blotting using antibodies specific to KLF4, LC3-B, LC3-A and Beclin-1. B, C and D The total KLF4, 
LC3-B/LC3-A and Beclin-1 protein levels were normalized to GAPDH expression, and the data for all of the endometrial samples are shown in scatter 
plots. **P < 0.01, ***P < 0.001 and.****P < 0.0001 compared with the fertile group. E Correlation between KLF4 and LC3-B/LC3-A protein expression 
(n = 24, r = 0.5325, P = 0.0074). F Correlation between KLF4 and Beclin-1 protein expression (n = 24, r = 0.5815, P = 0.0029). G Immunohistochemical 
analysis was performed using KLF4, LC3-B, LC3-A and Beclin-1 antibodies. Endometrial tissue samples from fertile women and adenomyosis patients 
are shown at 400 × magnification, and parts of the images were enlarged 2 times. The negative control was nonspecific rabbit serum. Scale bar, 
50 μm
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which suggested that the adenomyosis mouse model was 
successfully constructed (Fig.  S2). Similar to the endo-
metrial samples of adenomyosis patients, we detected 
abnormally decreased expression of KLF4 and autophagy 
markers (LC3-B/LC3-A and Beclin-1) in the uteri of 
adenomyosis mice (Fig.  5A-D). In addition, the expres-
sion of KLF4 was positively correlated with LC3-B/
LC3-A and Beclin-1 (Fig.  5E and F). The immunohisto-
chemical staining showed similar results (Fig. 5G).

Discussion
Adenomyosis is closely related to the pregnancy out-
come of infertile patients who need IVF treatment and 
mainly manifests as embryo implantation failure or early 
miscarriage [1–3]. However, the exact mechanism by 
which adenomyosis affects pregnancy outcomes is still 
unclear. In recent years, the control of embryo quality 
in IVF cycles has improved gradually; meanwhile, endo-
metrial dysfunction (such as decreased endometrial 
receptivity to embryo adhesion or impaired deciduali-
zation) is increasingly considered to be one of the main 
factors limiting successful pregnancy among patients 

with adenomyosis [10, 29, 30]. Pregnancy is a complex 
and precise process, that requires perfect cooperation 
between the embryo and endometrium [31–34]. Decid-
ual endometrial stromal cells secrete matrix metallopro-
teinase (MMP) family molecules and tissue inhibitors 
of metalloproteinases (TIMPs), which work together to 
maintain the moderate invasion process of trophoblasts. 
MMPs promote the invasion process, while TIMPs pre-
vent the excessive invasion [35, 36]. In addition, decidual 
stromal cells play another role in information transmis-
sion between immune cells [37] and provide the neces-
sary immune tolerance microenvironment for embryo 
implantation [38]. Decidualization of endometrial stro-
mal cells plays an important role in embryo implantation 
and pregnancy maintenance. Therefore, impaired decidu-
alization may be an important reason for the lower rate 
of embryo implantation and higher rate of miscarriage 
in infertile patients with adenomyosis. In addition, our 
previous studies found that the expression of the orphan 
nuclear receptor family member NR4A1 in endometrial 
stromal cells of adenomyosis patients was significantly 
decreased, which inhibited the transcriptional activation 

Fig. 2 KLF4 enhances 8-Br-cAMP and MPA-induced hESC decidualization in vitro. A and B hESCs (from fertile controls, n = 3) were infected with 
Ad-His-KLF4 or Ad-LacZ (MOI = 50) and transfected with SiControl or SiKLF4 (100 nM) for 24 h followed by treatment with 0.5 mM 8-Br-cAMP and 
1 μM MPA for 3 days. dPRL and IGFBP-1 mRNA levels were measured by qRT–PCR. **P < 0.01, ***P < 0.001. C hESCs (from fertile controls, n = 3) were 
infected with Ad-His-KLF4 or Ad-LacZ (MOI = 50) and transfected with SiControl or SiKLF4 (100 nM) for 24 h followed by treatment with 0.5 mM 
8-Br-cAMP and 1 μM MPA for 3 days. Prolactin release into the medium was measured by an enzyme-linked fluorescent assay (ELFA). *P < 0.05, 
**P < 0.01. D hESCs from fertile controls were infected with Ad-LacZ or Ad-His-KLF4 (MOI = 50) and transfected with SiControl or SiKLF4 (100 nM). 
After 24 h, the cells were treated with 0.5 mM 8-Br-cAMP and 1 μM MPA as indicated for an additional 72 h. Fluorescein isothiocyanate-labelled 
phalloidin was used to label actin filaments and to analyse the morphological transformation of hESCs. Scale bar, 50 μm. E hESCs (from 
adenomyosis patients, n = 3) were infected with Ad-His-KLF4 or Ad-LacZ (MOI = 50) for 24 h followed by treatment with 0.5 mM 8-Br-cAMP and 
1 μM MPA for 3 days. Prolactin release into the medium was measured by an enzyme-linked fluorescent assay (ELFA). **P < 0.01
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of FOXO1A, leading to inhibition of the decidualization 
process [11].

Krüppel-like factor family members are evolutionarily 
conserved DNA binding proteins and important nuclear 
transcription factors, that can directly bind to specific 
conserved motifs in the promoter region of target genes 
and play a role in downstream transcriptional regula-
tion [39, 40]. Through the study of gene knockout mice, 
it has been confirmed that a variety of endometrial KLFs 
participate in the process of embryo implantation. The 
decidualization process of uterine Klf5 knockout mice 
was significantly inhibited, resulting in the failure of 
embryo implantation [16, 17] and the embryo implan-
tation rate was cleraly decreased obviously Klf9 knock-
out mice [18, 19]. Our previous studies confirmed that 
KLF12 could inhibit the decidualization process by tran-
scriptional repression of NR4A1 and FOXO1A expres-
sion [20, 21]. Another KLF family member, KLF4, could 
be upregulated by progesterone during the preimplanta-
tion period, while KLF4 could affect the proliferation and 
apoptosis of epithelial cells, suggesting that KLF4 might 
participate in the regulation of embryo implantation 
[41, 42]. Furthermore, we found that KLF4 can promote 

endometrial stromal cell decidualization. The expres-
sion of KLF4 in endometrial stromal cells of adenomyo-
sis-infertile patients was significantly decreased, which 
might be an important reason for the impaired deciduali-
zation process.

Previous studies have suggested that the level of 
autophagy in endometrial cells is closely related to early 
embryo implantation. Compared with normal pregnancy 
decidua, early abortion decidua is in a state of lower 
autophagy [22]. In addition, in a mouse model of artificial 
decidualization, the inhibition of autophagy by 3-meth-
yladenine resulted in impaired decidualization and 
abnormal expression of progesterone receptor (PR) and 
HOXA10 protein [43]. Therefore, endometrial autophagy 
may be necessary for embryo implantation, which is 
closely related to the decidualization process in early 
pregnancy. We further detected abnormally decreased 
expression of autophagy markers (LC3-B/LC3-A and 
Beclin-1) in the endometria of adenomyosis patients and 
their expression levels weremoderately positively cor-
related with KLF4 expression levels. Furthermore, we 
investigated the effect of KLF4 on the autophagy status 
of endometrial stromal cells. The results showed that 

Fig. 3 KLF4 enhances 8-Br-cAMP and MPA-induced hESC decidualization by promoting autophagy. A HESCs (from fertile controls, n = 3) were 
infected with Ad-His-KLF4 or Ad-LacZ (MOI = 25 and 50) for 48 h. LC3-B, LC3-A, Beclin-1, and KLF4 protein levels were analysed by western blot. 
B hESCs (from fertile controls, n = 3) were infected with Ad-His-KLF4 or Ad-LacZ (MOI = 50) for 24 h followed by treatment with 3-MA (5 mM) for 
24 h. LC3-B, LC3-A, Beclin-1, and KLF4 protein levels were analysed by western blot. C and D hESCs (from fertile controls, n = 3) were infected with 
Ad-His-KLF4 (MOI = 50) or Ad-His-KLF4 (MOI = 50) with 3-MA (5 mM) for 24 h followed by treatment with 0.5 mM 8-Br-cAMP and 1 μM MPA for 
3 days. dPRL and IGFBP-1 mRNA levels were measured by qRT–PCR. **P < 0.01, ***P < 0.001. E hESCs (from fertile controls, n = 3) were infected with 
Ad-LacZ (MOI = 50), Ad-His-KLF4 (MOI = 50) or Ad-His-KLF4 (MOI = 50) with 3-MA (5 mM) for 24 h followed by treatment with 0.5 mM 8-Br-cAMP 
and 1 μM MPA for 3 days. Prolactin release into the medium was measured by an enzyme-linked fluorescent assay (ELFA). *P < 0.05, **P < 0.01. F 
hESCs from fertile controls were infected with Ad-His-KLF4 (MOI = 50) or Ad-His-KLF4 (MOI = 50) with 3-MA (5 mM). After 24 h, the cells were treated 
with 0.5 mM 8-Br-cAMP and 1 μM MPA as indicated for an additional 72 h. Fluorescein isothiocyanate-labelled phalloidin was used to label actin 
filaments and to analyse the morphological transformation of hESCs. Scale bar, 50 μm
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overexpression of KLF4 could promote the expression of 
autophagy-related proteins and that the autophagy status 
of KLF4-reduced endometrial stromal cells was signifi-
cantly repressed. The addition of an autophagy inhibitor 
(3-MA) significantly reversed the positive effect of KLF4 
overexpression on decidualization of the endometrial 
stromal cells, indicating that KLF4 promotes decidualiza-
tion by inducing autophagy.

The initiation of autophagy depends on a double mem-
branous vesicle called a phagocyte, which isolates the 
material in the cytoplasm for lysosomal degradation. The 
ubiquitin like binding system promotes the elongation 
and expansion of the phagocyte membrane after phago-
cytes initiate complex nucleation by autophagy. One 
of the key binding systems is composed of autophagy 
related 16 like 1 (ATG16L1), ATG12 and ATG5 [44]. A 
recent study suggested that ATG16L1 is involved in the 
regulation of endometrial decidualization and plays an 
important role in embryo implantation [45]. In addi-
tion, the knockdowns of two important ATG proteins, 
ATG7 and ATG5, impaired decidualization, confirming a 
positive role of these proteins and of autophagy for the 
correct decidualization of human endometrial stromal 
cells [46]. To further explore how KLF4 regulates the 

autophagy level of endometrial stromal cells, we visually 
scanned the promoter sequence of the autophagy related 
protein ATG5 (-3000 to + 100  bp) and found conserved 
KLF4-binding sites. In addition, we confirmed that KLF4 
can directly bind to the promoter region of ATG5 and 
transcriptionally activate its expression by ChIP-PCR 
and ABCD experiments. Moreover, inhibition of ATG5 
expression could suppress the autophagy status of endo-
metrial stromal cells with high KLF4 expression, which 
indicated that KLF4 might promote autophagy by tran-
scriptionally inducing ATG5 expression. However, KLF4 
may have transcriptional regulation of other autophagy 
related proteins. Therefore, ChIP sequencing is worthy 
of further investigation to identify downstream genes 
of KLF4, which can help us better describe the molecu-
lar network of KLF4 regulating the autophagy status of 
endometrial stromal cells.

We have identified that KLF4 maintains nor-
mal autophagy and decidualization of endometrial 
stromal cells through transcriptional regulation of 
ATG5 expression. The abnormally decreased expres-
sion of KLF4 in endometrial stromal cells of patients 
with adenomyosis breaks the original balance, which 
puts endometrial stromal cells in an abnormally low 

Fig. 4 KLF4 directly induces ATG5 transcription. A and B hESCs (from fertile controls, n = 3) were infected with Ad-LacZ or Ad-His-KLF4 (MOI = 25 
and 50) for 48 h. ATG5 mRNA and protein levels were measured by qRT–PCR and Western blotting, respectively. ***P < 0.001. C hESCs (from 
fertile controls, n = 3) were infected with Ad-LacZ or Ad-His-KLF4 (MOI = 50) for 48 h and then transfected with ATG5-Luc or ATG5-Luc deletion 
(300 ng/well). After 48 h, luciferase assays were performed, and the data were plotted after normalization to Renilla luciferase activity. **P < 0.01. 
D ChIP-PCR amplification using primers against the human ATG5 promoter region. PCR products were separated by agarose gel electrophoresis. 
Input (nonprecipitated) chromatin was utilized as a positive control in these analyses. E ABCD assays were performed using biotinylated or 
nonbiotinylated (competitor) double-stranded ATG5 wild-type (WT), conserved element-deleted (DEL) and conserved element-mutated (MUT) 
oligonucleotides with whole-cell extracts from hESCs infected with Ad-His-KLF4 or Ad-LacZ (MOI = 50) for 48 h



Page 10 of 12Mei et al. BMC Molecular and Cell Biology           (2022) 23:24 

autophagy state and damages the decidualization pro-
cess, thus impairing embryo implantation and further 
pregnancy maintenance. However, the immunohisto-
chemical results of the endometrium in adenomyo-
sis patients showed that KLF4 and autophagy-related 
marker expression were reduced in both endometrial 
stromal cells, but also in endometrial epithelial cells. 
Embryo implantation failure may also occur at the 
stage of embryo adhesion. The abnormal expression of 
KLF4 in endometrial epithelial cells and its abnormal 
autophagy condition may also reduce the ability of the 
endometrium to accept embryo adhesion in adenomyo-
sis patients. Therefore, the specific effect of abnormal 
KLF4 expression in endometrial epithelial cells and its 
exact regulatory mechanism need to be further stud-
ied. On the other hand, our study only used in  vitro 
experiments to explore the regulatory mechanism and 
an adenomyosis mouse model for preliminary in  vivo 
investigation. Furthermore, it is necessary to construct 
a conditional Klf4 knockout mouse model of endo-
metrial epithelial cells and stromal cells. This could 
be used to fully evaluate the physiological function 

of KLF4 and the important function of endometrial 
autophagy in embryo implantation.

Conclusion
In conclusion, our results highlight the novel role of 
KLF4 and autophagy in the decidualization of endo-
metrial stromal cells. The expression level of KLF4 in 
endometrial stromal cells of patients with adenomyo-
sis was abnormally decreased and it was in an abnor-
mally low autophagy state. Our findings may provide a 
theoretical basis for the mechanism of embryo implan-
tation failure caused by adenomyosis. They may also 
provide potential biomarkers and therapeutic targets 
for the decidualization dysfunction associated with 
adenomyosis.
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