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ABSTRACT

As a common gynecologic disease, endometriosis (EM) poses a threat to the reproductive health
of about 10% women globally. Recent studies have revealed that circular RNAs (circRNAs) are
deeply implicated in EM pathogenesis. However, the functions of circPIP5K1A in EM have not
been studied yet. Our study intended to uncover the molecular mechanism of circPIP5K1A in EM.
In this work, gene and protein expressions were determined by RT-qPCR or Western blotting. CCK-
8, wound healing, transwell, and flow cytometry assays were conducted to analyze cell viability,
migration, invasion, cell cycle, and apoptosis. Additionally, bioinformatics analysis, dual-luciferase
reporter assay, as well as RIP assay were performed to investigate the combination between miR-
153-3p and circPIP5K1A or TMSB4X. Herein, we found remarkable high circPIP5K1A expression in
EM tissues and cells. Silencing of circPIP5SK1A suppressed proliferation, restrained cell cycle,
increased cell apoptosis, and decreased migration and invasion in EM cells. In addition, miR-
153-3p inhibition could abrogate the impacts of circPIP5K1A knockdown on EM progression
in vitro. Also, we found that circPIP5K1A regulated TMSB4X level via interaction with miR-153-
3p in EM cells. Besides, circPIP5SK1A promoted EM progression via TMSB4X. Moreover, TMSB4X
could activate the TGF-f signaling in hEM15A cells. To sum up, our study elucidated that
circPIP5K1A accelerated EM progression in vitro by activating the TGF-f3 signaling pathway via
the miR-153-3p/TMSB4X axis, providing a potential clinical target for EM treatment.
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As a common gynecological disorder, endometriosis
(EM) is characterized by abnormal growth of func-
tional endometrial tissues (glands and stroma) out-
side of uterus and closely associated with pain and/or
infertility [1,2]. EM pathogenesis is related to endo-
crine, altered immune, environmental, and genetic

disease, the biological behaviors of EM lesions are
analogous to those of malignant tumors, including
unbridled cell proliferation and metastasis caused by
disrupted cell cycle control and enhanced epithelial-
mesenchymal transition (EMT) [4-6]. Besides, there
is a high recurrence rate in EM patients despite
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complete lesion excision [7]. Hence, it is widely
believed that EM recurrence might be associated
with its tumor-like biological characteristics [8].
Unfortunately, due to diversified symptoms and
complex pathogenesis of EM, there are still no effi-
cient early diagnosis strategies or radical therapeutic
methods for EM [9]. Therefore, it is urgent to have
an in-depth understanding of EM pathogenesis.

Circular RNAs (circRNAs) refer to transcription-
ally or post-transcriptionally regulatory RNAs with
covalently closed-loop structures [10,11]. Increasing
evidence proves that circRNAs may participate in
the pathophysiological progression of several gyne-
cologic disorders, including EM [12,13]. To cite an
instance, a report from Jiang et al. revealed that
hsa_circ_0008433 was upregulated and induced cell-
cycle arrest and apoptosis in EM via interaction with
miRNAs [14]. As demonstrated by He et al,
through [-catenin signaling, circ_0004712/miR-
148a-3p regulated estrogen-induced epithelial-to-
mesenchymal transition (EMT) process in EM
[15]. Besides, it was elaborated by Dong et al. that
circ_ 0007331 facilitated EM development by
increasing the viability, proliferation, and invasive
capacity of ectopic endometrial cells through the
miR-200c-3p/HiF-1a pathway [16]. In a previous
report, Zhang et al. identified hsa_circ_0014130
(circPIP5K1A) as an upregulated circRNA in ovar-
ian EM [17]. However, the specific regulatory func-
tions of circPIP5K1A in EM remain obscure.

In this work, we intended to investigate the role of
circPIP5K1A in EM. We first demonstrated that
circPIP5K1A  was upregulated in EM and
circPIP5K1A inhibition suppressed EM phenotypes
through evaluation on EM cell viability, cell-cycle
regulation, apoptosis, migration, and invasion via
in vitro assays. Then, we further elaborated that
circPIP5K1A exerted promoting effects on EM pro-
gression in vitro via the miR-153-3p/TMSB4X axis.
Moreover, it was further disclosed that TMSB4X facili-
tated the activation of TGF-p signaling. Our findings
might provide a novel direction for the development
of effective EM diagnostic and therapeutic strategies.

Materials and methods

Clinical samples

All the tissue specimens were obtained from
female patients (22 to 46 years old) who had

regular menstruation cycles (22 to 35 days) and
had not undergone any hormonotherapy at least
half a year before sample collection. The clinical
characteristics of the patients are as shown in
Table 1. Among them, paired eutopic (euEM,
n = 28) and ectopic (ecEM, n = 28) endometrial
specimens were obtained from 28 EM patients
during laparoscopy; normal endometrial speci-
mens were randomly obtained from 28 women
without EM in curettage. Specimen diagnoses
were confirmed by histologic analysis. This
study was permitted by the Ethics Committee
of Maanshan Maternal and Child Health Care
Hospital. Prior to specimen collection, each par-
ticipant enrolled in the current study provided
written informed consent. Patients with adeno-
myosis, pelvic inflammatory diseases, dysfunc-
tional uterine bleeding, or endometrial cancer
were excluded.

Cell culture and transfection

EM immortalized eutopic endometrial stromal
cell line (hEM15A) and normal human endome-
trial stromal cell line (hESC) obtained from BeNa
Culture Collection (Beijing, China) were culti-
vated in DMEM-H/F12 medium (Catalog
No. 11,965,118; Gibco, USA) containing 10%
FBS (Catalog No. 11,875-176; Thermo Fisher
Gibco) with 5% CO, at 37°C.

Table 1. Clinical and pathological characteristics of subjects.

EM Control
(n =28) (n =28) P-value
Age 36.1 £ 6.2 338 +49 NS

BMI (kg/m?) 221+35 23741 NS
Cycle phase NS
Proliferative 15 14
Secretory 13 14
Dysmenorrhea VAS 58 +3.7 6.1+42 NS
EM stage N/A
Mild Stage (I-11) 1" N/A
Severe Stage (IlI-1V) 17 N/A
EM lesion from total EM N/A
Only ovarian lesion 4 N/A
Ovarian plus other lesions 8 N/A
Only peritoneal lesions 6 N/A
Peritoneal plus other lesions 10 N/A
DIE status from total EM N/A
With DIE 16 N/A
Without DIE 12 N/A

BMI: body mass index; DIE: deep infiltrating endometriosis; N/A: not
applicable; NS: not significant; VAS: visual analogue scale.



Small interfering RNA (siRNA) against circPIP5K1A
(si-circPIP5K1A#1:5-AUUUUGCAUAGUCACAGA
AAG-3' and si-circPIP5K1A#2:5-GCAUAGUCAUUG
AAAGUUACA-3'), its negative control (si-NC: 5'-
AUCAUGUCUUACAUAAGAGAG-3'), NC
mimics(5'-AUCUAAUGCAUAGUCAGAGUAC
-3),  miR-153-3p mimics(5'-UUGCAUAGU
CACAAAAGUGAUC-3'), NC inhibitor (5'-
CUGAACUGCUAGGACGCGCUA-3"), miR-
153-3p inhibitor(5-GAUCACUUUUGUGACU
AUGCAA-3'), pcDNA3.1-circPIP5K1A overex-
pression  vector  (oe-circPIP5K1A),  pcD
NA3.1-TMSB4X overexpression vector (oe-
TMSB4X) and pcDNA3.1 empty vector
(Vector) were synthesized by GenePharma.
These plasmids were, respectively, transfected
into hEM15A cells via Lipofectamine 2000
reagent (Invitrogen) and harvested for later
experiments after 24 hours transfection.

RT-qPCR

Trizol reagent (Catalog No. D312; Takara) was
utilized to isolate total RNAs from tissues and
cells. Then, a PrimeScript reverse transcriptase
(RT) reagent kit was used to reversely transcribe
total RNA into cDNA. Thereafter, PCR assay was
conducted using an ABI PRISM 7500 real-time
PCR System and an miScript SYBR Green PCR
Kit (Qiagen), with GAPDH or U6 as the endogen-
ous control. The primers used are listed in Table 2.

CCK-8

To assess cell viability, CCK-8 assay was per-
formed. In brief, 96-well plates were inoculated
with hEMI15A cells (2 x 10° cells/well). Then,
CCK-8 solution (Catalog No. B34304; Bimake,
USA) was added (10 pL/well) at indicated time
points (0, 24, 48, 72 hours after inoculation).
After cultivation for another 2 hours, a microplate

Table 2. List of RT-qPCR primers.
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reader (Bio-Rad, USA) was used to detect the
optical density (OD) at 450 nm [18].

Wound healing

The wound healing assay was utilized to evaluate
migration capacity of hEMI5A cells. The transfected
hEMI15A cells were inoculated into 6-well plates
(2 x 10° cells/well) and cultivated until the cell conver-
gence reached 90-100%. Then, a 20 uL micropipette tip
was employed to create a straight wound in each well,
and the plates were rinsed with cold phosphate buffer
saline (PBS) (Catalog No. 10,010,031; Thermo Fisher
Scientific) to remove the scraped cells. The cells left
were cultivated for another 24 hours after fresh culture
medium was supplemented to each well. Representative
pictures were taken for each well with a microscope
(Nikon, Japan) at 0 and 24 hours to measure wound

widths [19].

Transwell

A 24-well Transwell chamber with Matrigel-coated filters
(8 pum pore size) was applied for cell invasion assessment
[20]. Briefly, 200 pL of serum-free medium (containing
hEMI15A cells; 2 x 10° cells/mL) was added into upper
chambers; at the same time, 600 uL of complete culture
medium containing 10% FBS (Catalog No. 11,875-176;
Thermo Fisher Gibco) was added to lower chambers.
After cultivation for 24 hours, Matrigel and cells in upper
chambers were removed and cells below the filters were
fixed with 4% paraformaldehyde and stained with 0.2%
crystal violet. The invaded cells were counted under
microscope (Nikon).

Flow cytometry

Transfected hEM15A cells were centrifuged for super-
natant removal, washed with ice-cold PBS buffer, cen-
trifuged again, and resuspended in binding buffer. The
cells were mixed with 5 uL of Annexin V-FITC and

Forward Reverse
circPIP5K1A AGATTCCCTAACCTCAACCAGA CGAATGTTCTTGCCACCTGC
TMSB4X CTCCTCTGGTCTCGTCCTC GTCCTCGTCCTCCTCTTCC
TGF-B2 ATCTAGGGTGGAAATGGATACACG TGGTTAGAGGTTCTAAATCT
GAPDH CGACTTATACATGGCCTTA TTCCGATCACTGTTGGAAT
miR-153-3p ACACTCCAGCTGGGTTGCATAGTCACAAA CAGTGCGTGTCGTGGAGT
U6 GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT
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5 pL of propidium iodide (PI) (Catalog No. CA1020-
20; Solarbio, China) for 10 minutes in the dark. Then,
the cell apoptosis was analyzed by the flow cytometer
(BD Biosciences, USA) [21].

Regarding cell-cycle analysis, treated cells were
washed three times with PBS and fixed with etha-
nol at 4°C overnight. Thereafter, the cells were
permeabilized and stained with eBioscience™
Permeabilization Buffer (Catalog No. 88-8823-88;
Thermo Fisher Scientific, Inc.) and PI solution for
30 min. Thereafter, cell cycle was measured and
analyzed using an FACScan flow cytometer (BD
Biosciences, CA) and FlowJo (TreeStar, CA) [22].

Western blotting

The hEM15A cells were lysed in RIPA buffer (Sigma,
USA) containing protease inhibitor cocktail (Sigma).
Then, proteins were isolated using 10% SDS-PAGE
gels, transferred onto PVDF membranes (Millipore,
USA), and blocked with nonfat milk (5%) at room
temperature for 2 h. Afterward, the membranes were
incubated with specific primary antibodies against
CDK2 (ab32147, 1:1000; Abcam, USA), CDK4
(ab137675, 1:1000), CDK6 (ab124821, 1:1000), Cyclin
D1 (abl6663, 1:1000), Bcl-2 (ab32124, 1:1000), Bax
(ab32124, 1:1000), cleaved Caspase-3 (ab4051, 1:1000),
N-cadherin (ab18203, 1:1000), vimentin (ab137321,
1:1000), E-cadherin (ab15148, 1:1000), TMSB4X
(ab167650, 1:1000), or TGF-B2 (ab113670, 1:1000) at
4°C overnight and incubated with corresponding HRP-
conjugated secondary antibodies (ab131368 and
ab191866; both 1:5,000) for 2 h at room temperature.
Eventually, the proteins were visualized via ECL
(Thermo Pierce), with GAPDH as the loading control.

Bioinformatics analysis

StarBase website (http://starbase.sysu.edu.cn)
was used to find candidate microRNAs
(miRNAs) for circPIP5K1A, and miRmap
(https://mirmap.ezlab.org), PITA (http://genie.
weizmann.ac.il/pubs/mir07/mir07_data.html), and
PicTar (http://www.pictar.mdc-berlin.de) data-
bases were used to predict the candidate target
genes for miR-153-3p.

Dual-luciferase reporter assay

To generate wild-type or mutant luciferase reporter
plasmids of circPIP5K1A (circPIP5K1A-WT or

circPIP5K1A-MUT) and TMSB4X (TMSB4X-WT
or TMSB4X-MUT), gene fragments of
circPIP5K1A and 3X-UTR of TMSB4X with wild-
type or mutant miR-153-3p binding sites were
amplified and inserted into pmirGLO luciferase
reporter vectors (Promega) and then transfected
into hEM15A cells with miR-153-3p mimics or
NC mimics, via Lipofectamine 2000. The cells were
lysed after 48 hours of cultivation. Finally, Double-
Luciferase Reporter Assay Kit Luminometer LB960
(Berthold Technologies, Germany) was utilized to
detect luciferase activity [23].

RNA immunoprecipitation (RIP) assay

For RIP assay, an EZ-Magna RIP kit (Millipore,
MA) was used. In brief, cell lysates were cultured
in RIP buffer with magnetic beads in conjugation

with anti-Argonaute2 (Ago2) and
Immunoglobulin G (IgG) antibodies (Catalog
No. 03-110; Millipore). Immunoprecipitated

RNA was isolated after the specimens were culti-
vated with Proteinase K buffer. Afterward, purified
RNAs were extracted. Eventually, RT-qPCR was
performed to analyze relative circPIP5K1A, miR-
153-3p, and TMSB4X expressions.

Statistical analysis

Every experiment was repeated three times. All data
were expressed as mean + standard deviation (SD).
Student’s t-test (2 groups) or one-way ANOVA (=3
groups) was conducted to analyze group differences.
Statistical analysis was conducted via GraphPad
Prism 6.0. Any difference with p-value <0.05 was
deemed statistically significant.

Results

In this study, we aimed to explore the regulatory
effects of circPIP5K1A in regulating EM progression.
Through in vitro assays on EM cell viability, cell-
cycle regulation, apoptosis, migration, and invasion,
we demonstrated that circPIP5K1A promoted EM
progression in vitro by activating the TGF-p signal-
ing via the miR-153-3p/TMSB4X axis, providing
a novel biomarker for EM detection and diagnosis.
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CircPIP5K1A knockdown inhibits EM progression
in vitro

We firstly detected circPIP5K1A expression in
ecEM, euEM, and normal tissues. RT-qPCR
showed that circPIP5K1A level was prominently
higher in ecEM tissues than that in euEM and
normal tissues (Figure 1(a)). Besides, circPIP5K1A
expression enrichment was also obviously upregu-
lated in EM immortalized eutopic endometrial
stromal cell line (hEM15A), compared with normal
human endometrial stromal cell line (hESC)
(Figure 1(b)). Hence, circPIP5K1A expression was
elevated in EM, suggesting that it might play a vital
role in regulating EM progression. To explore the
potential biological function of circPIP5K1A in
EM, a series of functional assays were performed.
First of all, circPIP5K1A knockdown was per-
formed in hEMI15A cells (Figure 1(c)). As si-
circPIP5K1A#1 showed a better transfection effect,
si-circPIP5K1A#1 was adopted for the following
experiments. CCK-8 and flow cytometry assays
exhibited that circPIP5K1A inhibition suppressed
the cell proliferative capability, induced GO/G1 cell
cycle arrest, and increased cell apoptosis in
hEMI15A cells (Figure 1(d-f)). Western blotting
analysis showed that the expression levels of cell
cycle-related proteins (CDK2, CDK4, CDK6, and
Cyclin D1) were decreased after circPIP5K1A
knockdown (Figure 1(g)). Besides, circPIP5K1A
inhibition suppressed Bcl-2 expression but stimu-
lated Bax and cleaved Caspase-3 levels (Figure 1
(h)). Wound healing and transwell assays disclosed
that the migrative and invasive abilities of hREM15A
cells were remarkably restrained by circPIP5K1A
depletion (Fig. I and J). Consistently, circPIP5K1A
silencing down-regulated N-cadherin and vimentin
levels but wup-regulated E-cadherin level in
hEMI15A cells (Figure 1(k)). To sum up,
circPIP5K1A played a crucial role in expediting
EM cellular activities.

CircPIP5K1A sponges miR-153-3p in EM cells

Next, we probed into the specific molecular
mechanism of circPIP5K1A in EM. StarBase website
predicted potential miRNAs with binding sites with
circPIP5K1A. Eight candidate miRNAs (miR-616-
3p, miR-153-3p, miR-552-3p, miR-515-5p, miR-
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519e-5p, miR-450b-5p, miR-2681-5p, and miR-
2355-5p) were predicted under the condition of
strict stringency (=5) in CLIP Data. Then, the abun-
dances of the 8 candidate miRNAs in hEM15A cells
transfected with si-circPIP5K1A#1 or si-NC were
detected. RT-qPCR  results exhibited that
circPIP5K1A silencing markedly upregulated miR-
153-3p enrichment in hEMI15A cells (Figure 2(a)).
MiR-153-3p expression was distinctly lower in
ecEM tissues, relative to euEM and normal tissues
(Figure 2(b)). Moreover, miR-153-3p enrichment
was also obviously downregulated in hEMI15A
cells, compared with hESC cells (Figure 2(c)).
Figure 2(d) shows the binding site of miR-153-3p
to circPIP5K1A. Dual-luciferase reporter assay man-
ifested that the luciferase activity of circPIP5K1A-
WT was remarkably reduced by miR-153-3p over-
expression, whereas miR-153-3p upregulation had
no obvious effects on the luciferase activity of
circPIP5K1A-MUT (Figure 2(e)), implying a direct
binding between circPIP5K1A and miR-153-3p.
Additionally, RIP  assay exhibited higher
circPIP5K1A and miR-153-3p expressions in Ago2
group than IgG group (Figure 2(f)), thus further
verifying the association between circPIP5K1A and
miR-153-3p. Then, circPIP5K1A was overexpressed
in hEM15A cells (Figure 2(g)). RT-qPCR revealed
that miR-153-3p expression was substantially down-
regulated after circPIP5K1A upregulation (Figure 2
(h)). The above findings suggested that
circPIP5K1A acted as a sponge for miR-153-3p
in EM.

MiR-153-3p inhibition reverses EM phenotypes
induced by circPIP5K1A silencing in vitro

To investigate the role of miR-153-3p in EM pro-
gression via interaction with circPIP5K1A in vitro,
hEM15A cells were transfected with si-NC, si-
circPIP5K1A#1, si-circPIP5K1A#1+ NC inhibitor,
or si-circPIP5K1A#1+ miR-153-3p inhibitor. First,
the efficiency of miR-153-3p inhibition was con-
firmed by RT-qPCR (Figure 3(a)). As indicated by
CCKS8 assay and flow cytometry assays, miR-153-3p
inhibition significantly enhanced hEM15A cell pro-
liferation capability, accelerated cell cycle process,
and reduced apoptosis (Figure 3(b-d)), thereby
abrogating the effects on hEM15A cells induced by
circPIP5K1A  depletion. Wound healing and
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Figure 1. CircPIP5K1A knockdown inhibits EM progression in vitro. (a) Relative expression levels of circPIP5K1A in normal, euEM and ecEM
tissues by RT-gPCR (n = 28). (b) Relative expression levels of circPIP5KTA in hESC cells and hEM15A cells by RT-gPCR. (c) The knockdown
efficiency of si-circPIP5K1A#1 and si-circPIP5K1A#2 was assessed by RT-qPCR in hEM15A cells. (d) CCK-8 assay was performed to identify the
effect of circPIP5K1A inhibition on proliferative ability of hEM15A cells. (e and f) flow cytometry assays were performed to analyze cell-cycle
regulation and cell apoptosis in hEM15A cells. (g) The expression levels of cell cycle-related proteins (CDK2, CDK4, CDK6, and cyclin D1) were
detected by western blotting. (h) The expression levels of apoptosis-associated proteins (Bcl-2, Bax, and cleaved Caspase-3) were detected
by western blotting. (i and j) wound healing and transwell assays were performed to identify the migrative and invasive ability of hEM15A
cells. (k) The expression levels of EMT-related proteins (N-cadherin, vimentin, and E-cadherin) were detected by western blotting. Data are
shown as mean + SD; *P < 0.05, **P < 0.01.
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Figure 2. CircPIP5K1A sponges miR-153-3p in EM cells. (a) Relative expression of 8 miRNAs in hEM15A cells after circPIP5K1A
knockdown. (b) Relative expression levels of miR-153-3p in normal, euEM and ecEM tissues by RT-qPCR (n = 28). (c) Relative
expression levels of miR-153-3p in hESC cells and hEM15A cells by RT-gPCR. (d) The molecular binding site between miR-153-3p and
circPIP5K1A-WT or circPIP5K1A-MUT. (e) Dual-luciferase reporter assays confirmed the combination between circPIP5K1A and miR-
153-3p. (f) The interaction between circPIP5K1A and miR-153-3p was further confirmed by RIP assay. (g) CircPIP5K1A overexpression
efficiency in hEM15A cells was assessed by RT-gqPCR. (h) miR-153-3p expression in hEM15A cells transfected with vector or oe-
circPIP5KTA was detected by RT-qPCR. Data are shown as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001.

transwell assays also showed that circPIP5K1A
blocking suppressed hEMI15A cell migration and
invasion, while miR-153-3p downregulation mani-
festly eliminated such impacts (Figure 3(e,f)). In
summary, circPIP5K1A might expedite EM progres-
sion in vitro via interaction with miR-153-3p.

CircPIP5K1A regulates TMSB4X expression in EM
cells as a sponge for miR-153-3p

In order to find the downstream target of miR-
153-3p, 3 databases (miRmap, PITA, and PicTar)
were adopted to predict latent target genes of miR-
153-3p. As indicated in Figures. 4(a), 3 candidate
target genes (AHR, ORC2, and TMSB4X) were
screened under certain conditions (Degradome
Data: high stringency (=3); CLIP Data: strict strin-
gency (=5)). Since TMSB4X has been verified to
promote cell proliferation and metastasis [24],
TMSB4X was selected as the target for miR-153-
3p in this work. It was found that TMSB4X enrich-
ment was clearly higher in ecEM tissues than
euEM and normal tissues (Figure 4(b)) and

upregulated in hEM15A cells, relative to hESC
cells (Figure 4(c)). StarBase website predicted
a binding site between miR-153-3p and TMSB4X
(Figure 4(d)). Subsequently, a dual-luciferase
reporter assay was conducted to analyze the bind-
ing condition between miR-153-3p and TMSB4X.
The results revealed that the luciferase activity was
visibly reduced in the TMSB4X-WT groups, rela-
tive to the TMSB4X-MUT groups after miR-153-
3p overexpression (Figure 4(e)). RIP assay further
confirmed that both miR-153-3p and TMSB4X
were enriched in the anti-Ago2 group (Figure 4
(f)). Afterward, RT-qPCR showed that miR-153-3p
upregulation reduced TMSB4X abundance in
hEMI15A cells, whereas miR-153-3p inhibition
had an opposite effect (Figure 4(g)). Therefore,
TMSB4X was a target for miR-153-3p in EM.
Additionally, circPIP5K1A knockdown signifi-
cantly decreased TMSB4X level in hEM15A cells,
whereas miR-153-3p inhibition counteracted this
inhibitory effect on TMSB4X level (Figure 4(h)).
Also, miR-153-3p depletion remarkably increased
TMSB4X level in hEMI5A cells, while
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circPIP5K1A  silencing  partly  offset  such
a promoting effect on TMSB4X expression
(Figure 4(i)). Therefore, it could be concluded
that circPIP5K1A regulated TMSB4X via directly
binding to miR-153-3p.

TMSB4X overexpression abrogates the effects of
circPIP5K1A deletion on EM progression in vitro

To inquire into whether TMSB4X is involved in the
regulation of EM progression mediated by
circPIP5K1A, rescue assays were performed. First,
TMSB4X overexpression efficiency was confirmed in
hEMI5A cells via RT-gPCR and western blotting
(Figure 5(a)). Then, hEM15A cells were, respectively,
transfected  with  si-NC,  si-circPIP5K1A#1,  si-
circPIP5K1A#1+ Vector, and si-circPIP5K1A#1+ oe-
TMSB4X. According to CCK-8 and flow cytometry
assays, TMSB4X overexpression partly reversed the
inhibitory effect on hEMI5A cell proliferation and the
promoting impact on cell-cycle arrest and apoptosis
induced by circPIP5K1A knockdown (Figure 5(b,d)).
Besides, wound healing and transwell assays showed
that the impacts of circPIP5KIA knockdown on
hEM15A cell migration and invasion could be abro-
gated by TMSB4X overexpression (Figure 5(gh)).
These results implied that circPIP5K1A might acceler-
ate EM development in vitro via regulating TMSB4X.

TMSB4X activates TGF-$ signaling pathway in
hEM15A cells

TGEF-p signaling is critical in regulating cell inva-
sion and migration [25]. TGF-P2 is an isoform of
the TGF-p cytokine [26]. First of all, the efficiency
of TMSB4X knockdown in hEM15A cells was ver-
ified by RT-qPCR and western blotting (Figure 6
(a)). As shown in Figure 6(b) and C, TMSB4X
depletion decreased TGF-B2 expression in
hEM15A cells, while TMSB4X overexpression
increased TGF-[2 expression. The above data indi-
cated that TMSB4X could activate the TGF-f sig-
naling pathway in hEM15A cells.

Discussion

EM is a kind of gynecological disorder threatening
millions of women of childbearing age [27].
Although there are various hypotheses about EM

pathogenesis, none of them can solely explain EM
occurrence in an appropriate manner [28].
Therefore, it is very important to find novel bio-
markers for EM detection and treatment. As evi-
denced by multiple studies, circRNAs play
essential roles in EM development and progression
[29]. As a circRNA, circPIP5K1A has been proven
to facilitate the progression of multiple human
tumors, including hepatocellular carcinoma [30],
gastric cancer [31], glioma [32], colon cancer [33],
and ovarian cancer [34], through promoting cell
proliferation, migration, and invasion. In this
work, we verified that circPIP5K1A expression
was upregulated in EM tissues and cells. A series
of loss-of-function assays manifested that
circPIP5K1A promoted cell proliferation, acceler-
ated cell-cycle progression, reduced cell apoptosis,
and increased cell migration and invasion in EM,
indicating that circPIP5K1A facilitated EM pro-
gression in vitro.

As competing endogenous RNAs (ceRNAs) for
miRNAs, circRNAs could regulate mRNA expres-
sion post-transcriptionally [35]. Besides, it has
been demonstrated that circRNA-regulated
ceRNA networks are deeply implicated [36].
Herein, miR-153-3p was verified as a target of
circPIP5K1A by bioinformatics analyses, dual-
luciferase reporter assay, and RIP assay. In this
work, we detected that miR-153-3p abundance in
hEM15A cells was distinctly increased after
circPIP5K1A knockdown and markedly decreased
after circPIP5K1A overexpression. In addition,
miR-153-3p expression was lowly expressed in
EM tissues and cells. Previous studies reported
that many miRNAs have been identified as poten-
tial biomarkers for EM and participate in EM
development and progression [37,38]. As
a widely recognized anti-cancer gene, miR-153-3p
has been demonstrated as a tumor suppressor in
retinoblastoma [39], melanoma [40], and gastric
cancer [41], indicating its function of suppressing
cell proliferation, migration, and invasion. Herein,
it was observed from rescue assays that miR-153-
3p inhibition could increase cell proliferation,
expedite cell cycle process, decrease cell apoptosis,
and promote cell migration and invasion, thereby
partially, though not completely, abrogating the
suppressive effects of circPIP5K1A knockdown
on the EM cellular process. Therefore, it was
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Figure 5. TMSB4X overexpression abrogates the effects of circPIP5K1A deletion on EM progression in vitro. (a) The overexpression
efficiency of oe-TMSB4X was assessed by RT-qPCR and Western blotting in hEM15A cells. (b) hEM15A cells were respectively
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hEM15A cells transfected with si-NC, si-TMSB4X, vector, or oe-TMSB4X. Data are shown as mean + SD; **P < 0.01.

suggested that circPIP5K1A promoted EM devel-
opment in vitro via negatively regulating miR-
153-3p.

Next, Thymosin Beta-4 X-Linked (TMSB4X)
was identified as the target gene of miR-153-3p
in this work. Chu et al. elaborated that TMSB4X
upregulation in mesenchymal stem cells promoted
tumor growth in ovarian cancer [24]. Besides, An
et al. disclosed that TMSB4X promoted diffuse-
type gastric cancer metastasis [42]. In addition,

Makowiecka et al. uncovered that TMSB4X facili-
tated melanoma migration and invasion [43]. To
sum up, TMSB4X might play a promotive role in
regulating cell proliferation, migration, and inva-
sion. Herein, it was found that TMSB4X enrich-
ment was lifted in EM tissues and cells. Besides,
circPIP5K1A positively regulated TMSB4X level
via interaction with miR-153-3p in hEMI5A
cells. Rescue assays further exhibited that
TMSB4X  overexpression partly offset the



inhibitory effects of circPIP5K1A silencing on EM
progression in vitro, suggesting that circPIP5K1A
accelerated EM development in vitro via the miR-
153-3p/TMSB4X axis.

TGEF-beta signaling plays a vital role in a variety
of cellular processes, including cell growth, differ-
entiation, cell-cycle regulation, apoptosis, and
EMT [44,45]. Besides, TGF-P signaling is also
involved in EM pathophysiology [46]. Chen et al.
demonstrated that HES5-induced FBXW7 sup-
pression alleviated EM progression by inhibiting
the activation of the TGF-p signaling, as indicated
by the enhanced apoptosis and inhibited prolifera-
tion and invasion of hESC cells [47]. A previous
study also elaborated that Syndecan-1 also modu-
lated endometrioma invasion via the TGF-f sig-
naling in an EM subgroup [48]. Herein, it was
shown that TGF-B2 expression in hEMI15A cells
was decreased by TMSB4X knockdown and
increased by TMSB4X upregulation, indicating
that TMSB4X activated TGF-f signaling pathway
in EM.

Conclusion

This study is the first to probe into the biological
functions of circPIP5K1A and its regulatory
mechanism in EM. Our findings indicated that
circPIP5K1A might expedite EM development
in vitro by accelerating biological activities of
EM cells through activation of the TGF-P signal-
ing pathway via miR-153-3p/TMSB4X axis.
However, our work is still limited because of the
small sample size and the lack of in vivo experi-
ments. In the future, additional in vitro studies
on more EM cell lines, in vivo studies, and larger
sample sizes will be applied to further evaluate
the role and molecular mechanisms of
circPIP5K1A in EM.

Research highlights

CircPIP5K1A depletion suppressed EM progression in vitro.

CircPIP5K1A promoted EM phenotypes in vitro via inter-
action with miR-153-3p.

CircPIP5K1A regulated TMSB4X expression in EM cells
via miR-153-3p.

CircPIP5K1A accelerated EM progression in vitro via
regulating TMSB4X expression.
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