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Editorial on the Research Topic

Molecular and cytogenetic research advances in human reproduction
Infertility is a frequently diagnosed medical condition affecting over 15% of couples

worldwide (1–3). It has diverse causes, including genetic and environmental factors (4, 5)

with dozens of molecular and cytogenetic factors being identified associated with male

and/or female infertility. Mainly, male infertility is caused by chromosomal abnormalities

including an abnormal number or structure of sex chromosomes or autosomes (6, 7).

Other than such gross chromosomal changes, single-gene mutations have recently

received attention as a cause of infertility (8–11). Indeed, hundreds of mutations have

been identified in men suffering from reproductive defects (12, 13), and more or less a

similar number of mutations have been identified in infertile women (14, 15). Such

mutations occur in genes responsible for germ cell development and other reproductive

processes (16–19).

Animal models mimicking human mutations have been generated to study the

mechanisms underlying the effects of the gene mutation (20). Different studies reveal

their contribution at various stages of the spermatogenesis or oogenesis (21).

Nevertheless, thousands of functionally relevant genes are expressed in human testes

and ovaries, and malfunctioning even a single gene can potentially cause infertility (22).

Moreover, routine testing for male infertility is limited to chromosome aberrations and

Y-chromosome microdeletions (23, 24). However, more and more attention is paid to

DNA mutations including the roles of gene expression regulators such as 3’UTR

sequences (25–27). Since the impact of mutations in gene 3’UTR sequences may not
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be adequately recognized in current sequencing analyses, a

potentially massive gap between fertility genetics and its

clinical applications has arisen.

The current Research Topic aimed to collect clinical and

basic research studies reporting advancement in cytogenetic,

molecular, and clinical aspects of human reproduction. After

rigorously reviewing submitted articles, the current volume

presents an authoritative collection of nine articles exploring

new dimensions of human reproduction.

Firstly, Gao et al. introduces the role of KCNQ1 in sperm

development and maturation. KCNQ1 is predominantly expressed

and localized to the head and tail of sperm; its silencing causes male

infertility by significantly reducing sperm motility and acrosome

reaction. Alongside sperm motility, sperm morphology has long

been known to be critical for successful fertilization. The study by

Khan et al. presented an analysis of multiple morphological

abnormalities of sperm flagella (MMAF) in two Pakistani families

with several infertile brothers. Intriguingly, they found that the

spermatozoan fibrous sheaths were disorganized and the central

singlet of microtubules was missing. Extensive analyses revealed

that the cause of MMAF involved DNAH1mutations. Galdon et al.

successfully isolated the cells from the testicular tissues of

individuals with Klinefelter Syndrome (KS) and maintained the

culture over 110 days. Cells with abnormal and normal karyotypes

were found in testicular cells after culture. These findings could be

helpful in the diagnosis and development of fertility therapies for KS

patients, such as in vitro spermatogenesis or transplantation of SSC

in vivo.

Testes are essential for male reproduction; different genes

and signaling pathways control testes’ cellular physiology and

morphology. Wang et al. reviewed the role of androgen receptor

signaling in spermatogenesis. As known, the androgen receptor

signaling regulates biological processes in Sertoli cells and germ

cells. Functionally, the androgen receptor helps in the

proliferation and maturation of Sertoli cells, self-renewal, and

differentiation of spermatogonia stem cells. Additionally, it

maintains the integrity of the blood-testis barrier to smoothen

the overall process of spermatogenesis. Similarly, Yu et al.

compiled the functions of estrogen receptors in female

endometrium. Mainly, estrogen induces the proliferation of

endometrium mucosa through interacting with estrogen

receptors, an essential step in normal menstruation and

pregnancy. The abnormal expression of estrogens or their

receptors could cause endometriosis (EMT), endometrial

hyperplasia (EH), endometrial cancer (EC), and infertility.

Therefore, it is suggested that future studies focus on

evaluating new therapeutic strategies that target specific ERs

and their related growth factor signaling pathways. Liu et al.

investigated increases in ApoE in follicular fluid (FF) and the

possible relationship between ApoE and EMT in 217 Chinese

women (111 healthy controls and 106 EMT patients). Higher

expression of ApoE was detected in the FF of EMT patients;

however, ApoE affected the quality of blastocysts while did not
Frontiers in Endocrinology 02
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change levels of fertility hormones. Thus, ApoE levels could only

be used as a predictor of EMT, but further details studies are

advised. On the other hand, Yu et al. determined that the

HOXA10 substantially overexpressed in the ovarian

endometriotic cysts stromal cell (OESC) and further

uncovered that HOXA10 and its interacting genes are critical

for cholesterol biosynthesis in endometrial stromal cells. To find

the genetic difference in natural and IVF-ET conceived

pregnancies, Yang et al. used placental tissues from both

pregnancies for genetic profiling. They identified 12

differentially expressed miRNAs and 258 genes in IVF-ET

placental tissues significantly enriched in angiogenesis,

pregnancy, PI3K-Akt, and Ras signaling pathways. These

findings provide a resource of potential molecular markers to

assess the association between placental function and safety in

IVF-ET offspring. Finally, Tan et al. explored the relationship

between recurrent miscarriages and ovarian reserves. For this

purpose, they recruited women with a history of one miscarriage,

two and three, or more miscarriages. They found that with the

increased number of recurrent miscarriages, the levels of anti-

Müllerian hormone, antral follicle counts, and ovarian reserves

significantly decreased.
Conclusion

Recent advances in next-generation sequencing (NGS)

technologies have brought a paradigm shift in investigating

rare and common human disorders. The ability cost-effectively

to generate genome-wide sequencing data with in-depth

coverage in a short time frame is replacing approaches that

focus on specific regions for gene discovery and clinical testing.

Articles included in the current Research Topic enlighten us

about various aspects of human reproduction, such as the roles

of different genes, hormones, and technologies. Isolation of

normal testicular cells from Klinefelter syndrome could bring

the hope of conceiving a child. However, it is too early to predict,

but it is an essential step toward developing infertility cures.
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Involved in Sperm Motility, Acrosome 
Reaction, Protein Tyrosine 
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1 School of Pharmacy, Hangzhou Medical College, Hangzhou, China, 2 Zhejiang Provincial Laboratory of Experimental 
Animal’s & Nonclinical Laboratory Studies, Hangzhou Medical College, Hangzhou, China

Potassium channels are involved in membrane hyperpolarization and ion homeostasis 
regulation during human sperm capacitation. However, the types of potassium channels in 
human sperm remain controversial. The voltage-gated ion channel KCNQ1 is ubiquitously 
expressed and regulates key physiological processes in the human body. In the present study, 
we investigated whether KCNQ1 is expressed in human sperm and what role it might have 
in sperm function. The expression and localization of KCNQ1 in human sperm were evaluated 
using Western blotting and indirect immunofluorescence. During capacitation incubation, 
human sperm were treated with KCNQ1- specific inhibitor chromanol 293B. Sperm motility 
was analyzed using a computer-assisted sperm analyzer. The acrosome reaction was studied 
using fluorescein isothiocyanate-conjugated Pisum sativum agglutinin staining. Protein tyrosine 
phosphorylation levels and localization after capacitation were determined using Western 
blotting and immunofluorescence. Intracellular K+, Ca2+, Cl−, pH, and membrane potential 
were analyzed using fluorescent probes. The results demonstrate that KCNQ1 is expressed 
and localized in the head and tail regions of human sperm. KCNQ1 inhibition reduced sperm 
motility, acrosome reaction rates, and protein tyrosine phosphorylation but had no effect on 
hyperactivation. KCNQ1 inhibition also increased intracellular K+, membrane potential, and 
intracellular Cl−, while decreasing intracellular Ca2+ and pH. In conclusion, the KCNQ1 channel 
plays a crucial role during human sperm capacitation.

Keywords: KCNQ1 potassium channel, sperm capacitation, acrosome reaction, hyperactivation, ion homeostasis, 
protein tyrosine phosphorylation

INTRODUCTION

Freshly ejaculated human sperm cannot immediately fuse with an oocyte but must undergo 
a series of physiological and biochemical events known as capacitation, inside the female 
reproductive tract before they can fertilize an egg (De Jonge, 2017). This process is essential 
for natural fertilization. Sperm capacitation is accompanied by the removal of cholesterol from 
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the membrane, membrane potential (Vm) hyperpolarization, 
and intracellular alkalization, while increasing membrane 
permeability, intracellular calcium concentration ([Ca2+]i), and 
protein tyrosine phosphorylation levels (Battistone et  al., 2013; 
Bernecic et  al., 2019). After capacitation, sperm exhibit 
hyperactive motility and can undergo the acrosome reaction 
(AR). Hyperactive motility is a sperm swimming pattern with 
deep and asymmetrical flagellar bends, which helps sperm to 
progress toward and then penetrate an oocyte. The AR is a 
single-vesicle exocytotic event that facilitates sperm-oocyte 
fusion (Lopez-Torres and Chirinos, 2017). However, the 
mechanisms underlying capacitation remain unclear.

Ion channels play important roles in capacitation by regulating 
sperm membrane potential (Vm), Ca2+ levels, and intracellular 
pH (pHi), which then affect AR, sperm motility, and other 
essential physiological processes involved in successful 
fertilization (Lishko et al., 2012; Brown et al., 2019). Potassium 
channels are crucial for sperm membrane potential 
hyperpolarization, ion homeostasis, and fertility (Vyklicka and 
Lishko, 2020). In mice, the principal K+ channel that mediates 
sperm membrane hyperpolarization during capacitation is Slo3, 
an intracellular alkalization-activated K+ channel, which is 
localized in the principal piece of the sperm tail region (Martinez-
Lopez et  al., 2009; Santi et  al., 2010; Brenker et  al., 2014). 
Mutations and deletions in Slo3 affect male fertility (Zeng 
et  al., 2011). In recent years, differences between human and 
mouse sperm K+ currents have been reported. The human 
sperm K+ current is activated by Ca2+ and is only weakly 
regulated by intracellular alkalization (Mannowetz et al., 2013). 
Mannowetz et  al. proposed that Slo1 is the main K+ channel 
in human sperm, as the Slo1 channel is activated by Ca2+. 
They found that Slo1 is expressed and localized in the tail 
region of human sperm. K+ currents in human sperm can 
be inhibited by Slo1-specific inhibitors (Mannowetz et al., 2013). 
In addition, Brenker et al. suggested that Slo3 mediates human 
K+ currents. They found that as in case of Slo1, Slo3 is also 
expressed and localized in the tail region of human sperm 
and Slo3-specific inhibitors suppress human sperm K+ currents 
(Brenker et  al., 2014). Lopez-Gonzalez et  al. suggested that 
both Slo1 and Slo3 contribute to capacitation-mediated 
hyperpolarization based on pharmacological methods (Lopez-
Gonzalez et  al., 2014). However, Brown et  al. reported an 
infertile patient whose sperm showed deficient K+ currents 
but still had intact Slo1 and Slo3 genes (Brown et  al., 2016). 
Impaired assembly or localization of the Slo1/Slo3 channel 
could be  an explanation, but the existence of other critical K+ 
channels in human sperm cannot be  ruled out at this time. 
Taken together, current literature suggests that K+ channels in 
human sperm have not yet been fully elucidated.

KCNQ1 (also known as Kv7.1 or KvLQT1) is the pore-
forming subunit (α subunit) of a voltage-gated K+ channel. It 
contains six transmembrane helices (S1-S6) and four intracellular 
C-terminal helices (HA-HD; Börjesson and Elinder, 2008; 
Catterall, 2010; Sun and MacKinnon, 2017). The S1-S4 segments 
constitute the voltage-sensing domain (VSD), which controls 
the opening of the channel. The S5-S6 segments constitute 
the pore domain (PD), which has K+ selectivity (Dixit et al., 2020) 

KCNQ1 forms a tetramer and performs its important 
physiological functions by interacting with auxiliary subunits, 
including KCNE family members (KCNE1-5; Nakajo and Kubo, 
2015; Sun and MacKinnon, 2020). KCNQ1 is expressed in a 
wide range of human tissues, including the heart, kidney, colon, 
cochlea, stomach, and small intestine (Bett et  al., 2006; Dixit 
et al., 2020). In different tissues, KCNQ1 interacts with different 
auxiliary subunits and performs different functions. For example, 
in the human heart, KCNQ1 interacts with KCNE1 and mediates 
a delayed rectifier K+ current, which is critical for cardiac 
action potential repolarization (Wu and Larsson, 2020). In the 
human stomach, KCNQ1 forms a functional channel with 
KCNE2 and regulates gastric acid secretion (Roepke et  al., 
2006). Previous studies have shown that KCNQ1 and KCNE1 
are expressed in rat testes and germ cells (Tsevi et  al., 2005). 
The auxiliary subunit KCNE1 is also expressed and localized 
in the tail region of human sperm (Yeung and Cooper, 2008), 
suggesting that its pore-forming subunit KCNQ1 may also 
be expressed in human sperm. KCNQ1 C-terminal intracellular 
helices, HA and HB, can interact with calmodulin (CAM), a 
cytosolic Ca2+-binding protein that affects KCNQ1 function. 
Reduced [Ca2+]i causes inactivation of the KCNQ1 channel 
(Sun and MacKinnon, 2017). Therefore, we  hypothesized that 
KCNQ1 exists in human sperm and plays a role in sperm 
function. The findings of this research will help in further 
understanding the role of K+ channels in human 
sperm capacitation.

MATERIALS AND METHODS

Chemicals and Reagents
Percoll was obtained from GE Healthcare BioSciences (Little 
Chalfont, UK). Lysis buffer and other reagents for sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
were purchased from the Beyotime Institute of Biotechnology 
(Shanghai, China). Dimethyl sulfoxide (DMSO) was acquired 
from Merck (Darmstadt, Germany). Enhanced 
chemiluminescence (ECL) Plus Chemiluminescence Kit, protein 
loading buffer, and pre-dyed protein markers were acquired 
from Thermo Fisher Scientific (Burlington, NC, United States). 
Polyvinylidene fluoride (PVDF) membranes were obtained from 
Millipore Corporation (Bedford, MA, United States). Fluorescein 
isothiocyanate-conjugated Pisum sativum agglutinin (PSA-FITC), 
KCNQ1 inhibitor chromanol 293B, and carbonyl cyanide 
m-chlorophenylhydrazone (CCCP) were obtained from Sigma-
Aldrich (St. Louis, MO, United  States). Complete mini EDTA-
free protease inhibitor cocktail and phosphatase inhibitor cocktail 
(broad-spectrum phosphatase inhibitor, including Ser/Thr and 
Tyr phosphatase inhibitors) were obtained from Roche 
(Mannheim, Germany). The antibodies used in this study were 
as follows: KCNQ1 (ab84819), KCNE1 (ab65795), rabbit anti-
β-tubulin (ab6046), Alexa Fluor 555-conjugated goat anti-mouse 
antibody (ab150118), Alexa Fluor 488-conjugated goat anti-
rabbit antibody (ab150077), and Alexa Fluor 488-conjugated 
goat anti-mouse antibody (ab150113) were purchased from 
Abcam (Cambridge, UK); p-Tyr (sc-7,020) and KCNQ1 
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(sc-365,764) were obtained from Santa Cruz Biotechnology 
Inc (Dallas, Texas, United  States). KCNE1 (31195A31) and 
horseradish peroxidase-conjugated goat antibodies were 
purchased from Invitrogen (Carlsbad, CA, United  States). 
Fluo3-AM and MQAE were obtained from Beyotime Institute 
of Biotechnology (Shanghai, China). BCECF-AM, DisC3(5), 
and PBFI-AM were purchased from Invitrogen (Carlsbad, CA, 
United  States).

Sperm Incubation Medium
Human tubal fluid (HTF) medium was prepared as previously 
described (Li et  al., 2021; Sun et  al., 2021). The HTF medium 
comprised 5.06 mM KCl, 90 mM NaCl, 25.3 mM NaHCO3, 
1.17 mM KH2PO4, 1.8 mM CaCl2, 1.01 mM MgSO4, 0.27 mM 
sodium pyruvate, 5.56 mM glucose, 21.6 mM sodium lactate, 
20 mM HEPES, 4 g/L bovine serum album, 5 mg/L phenol red 
and 60 mg/L penicillin. The pH was adjusted to 7.4. All chemicals 
were obtained from Sigma-Aldrich.

Semen Collection and Sample Preparation
This study was approved by the Medical Ethics Committee of 
Hangzhou Medical College (no. 2018004). Written informed 
consent was obtained from 15 healthy male donors (aged 
25–35 years). Sperm preparation was performed as previously 
described (Sun et  al., 2021). The donors abstained from sexual 
intercourse for 3 days before sample collection. Fresh semen 
were obtained via masturbation, collected in sterile containers, 
and subsequently liquefied at 37°C for 1 h. According to the 
World Health Organization (WHO) requirements, semen samples 
in this study met the following criteria: sperm viability ≥85%, 
sperm motility ≥50%, morphologically normal sperm ≥15%, 
and sperm concentration ≥ 20 × 106 sperm/mL. To remove dead 
sperm and cell debris, semen samples were centrifuged with 
40 and 80% discontinuous Percoll gradients at 750 × g for 15 min 
and the precipitate was resuspended in HTF medium. Sperm 
collected from at least three donors were mixed, washed, 
adjusted to a density of approximately 20 × 106 sperm/mL, and 
analyzed in the following experiments. The prepared samples 
were incubated in a 5% CO2 incubator at 37°C.

Protein Extraction and Western Blotting
According to our previously reported method (Sun et al., 2021), 
sperm samples were washed with phosphate-buffered saline 
(PBS) and resuspended in lysis buffer (P0013G, Beyotime 
Institute of Biotechnology, Shanghai, China) containing protease 
inhibitors (protease inhibitor cocktail and phosphatase inhibitor 
cocktail, Roche, Mannheim, Germany) and 1 mM 
phenylmethylsulfonyl fluoride (PMSF). After ultrasonication 
and centrifugation, the supernatant was collected. Protein sample 
concentrations were determined using a bicinchoninic acid 
assay (BCA) kit (Beyotime Institute of Biotechnology, Shanghai, 
China). For different treatment groups, equal amounts of sperm 
protein (20 μg) were denatured via incubation with protein 
loading buffer at 100°C for 5 min and separated by 10% 
SDS-PAGE with a pre-stained protein marker. Proteins, 
transferred to PVDF membranes, were blocked with 5% skim 

milk (m/v). The PVDF membranes were incubated with primary 
antibodies at 4°C overnight and then washed three times with 
TBS buffer supplemented with 0.01% Tween-20 (v/v). The 
membrane was incubated with appropriate secondary antibodies 
at room temperature for 2 h. After washing with TBS buffer 
three times, protein blots were detected by an ECL kit (Thermo 
Fisher Scientific) using a gel imaging system (Amersham Imager 
600; General Electric Company, United  States). For loading 
control, the membranes were stripped and probed with β-tubulin 
antibodies. Gray intensity was analyzed using the ImageJ software.

Indirect Immunofluorescence Staining
After fixation in 4% paraformaldehyde for 30 min, the sperm 
were mounted on Silane-Prep slides and airdried. Sperm were 
permeabilized with 0.1% Triton X-100 and blocked with 10% 
goat serum. The sperm were then incubated with primary 
antibodies (mouse anti-KCNQ1, rabbit anti-KCNE1 or mouse 
anti-p-Tyr) or normal IgG (negative control) overnight at 4°C. 
After washing three times with PBS, Alexa Fluor 555-conjugated 
anti-mouse IgG secondary antibody and Alexa Fluor 
488-conjugated anti-rabbit IgG secondary antibody were applied 
for 1 h at 37°C. Following incubation with DAPI and washing 
with PBS, the sperm were examined using fluorescence 
microscopy (Nikon Eclipse 80i; Nikon Inc., Tokyo, Japan). For 
the immunofluorescence studies of KCNQ1, KCNE1 and p-Tyr, 
both non-capacitation and capacitation for 3 h samples were used.

Evaluation of Sperm Capacitation and 
Sperm Viability
Because only capacitated sperm undergo exocytosis, human 
sperm capacitation was assessed indirectly using progesterone-
induced AR. Different sperm groups were treated with different 
reagents for 3 h during capacitation, followed by treatment with 
15 μM progesterone for 15 min to induce the AR. According 
to the WHO Laboratory Manual for the Examination and 
Processing of Human Semen (5th ed.), the AR was evaluated 
by PSA-FITC staining. After fixing with 95% ethanol for 30 min, 
sperm were mounted on Silane-Prep slides, air dried, and 
incubated overnight at 4°C with 25 mg/L PSA-FITC in the 
dark. Sperm were washed with PBS and analyzed by fluorescence 
microscopy. At least 200 sperm were counted for each sample. 
To detect spontaneous AR, sperm were stained with PSA-FITC 
immediately after discontinuous Percoll gradient centrifugation 
and washing.

To evaluate sperm viability, propidium iodide (PI) was used 
to detect dead cells. Sperm were stained with 12 μM PI for 
10 min at 37°C before or after capacitation for 3 h. After washing 
with PBS three times, the sperm were mounted on Silane-Prep 
slides, air dried, and analyzed by fluorescence microscopy. 
Sperm with red fluorescence at the head was considered dead 
sperm. At least 200 sperm were counted for each sample. The 
percentage of non-viable cells (NVC%) was calculated.

Sperm Motility Analysis
Sperm motility was analyzed using a computer-assisted sperm 
analyzer (CASA; IVOS, Hamilton-Thorne Bio-Sciences, Beverly, 
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MA, United States) with the following parameters: acquisition 
frame, 30; frame rate, 60 Hz; minimum cell size, 3 pixels; 
minimum contrast, 80; cell intensity, 40; magnification, 1.73 ×; 
temperature, 37°C; illumination intensity, 2,164; path velocity, 
25.0 μm/s; straightness threshold, 80%; slow cell, average path 
velocity (VAP) and straight line velocity (VSL) of less than 
5.0 μm/s and 11 μm/s, respectively; and chamber depth, 20 μm 
(n > 200 motile sperm per sample). Briefly, a 5 μL sperm 
sample was loaded into a 20 μm deep slide chamber warmed 
to 37°C. The following parameters were assessed for each 
sample: VSL, VAP, curvilinear velocity (VCL), straightness 
(STR), linearity (LIN), amplitude of lateral head displacement 
(ALH), beat-cross frequency (BCF), and percentage of motile, 
progressive, and hyperactivation. Hyperactivated sperm met 
the following criteria: VCL ≥ 150 μm/s, ALH ≥ 7.0 μm, and 
LIN ≤ 50%.

Intracellular K+ Measurement in 
Human Sperm
[K+]i in sperm was measured using PBFI-AM. Sperm were 
loaded with 10 μM PBFI-AM in a 5% CO2 incubator in the 
dark at 37°C for 30 min. Excess dye in the medium was removed 
by washing five times with HTF. PBFI-AM-loaded sperm were 
resuspended in HTF and incubated at 37°C for further 20 min. 
Sperm aliquots (106 cells/mL) were exposed to vehicle control 
(DMSO) and chromanol 293B (20, 100, or 200 μM). The K+ 
fluorescence signal was then recorded using a Synergy 2 Multi-
Function Microplate Reader (Bio-Tek Instruments, Winooski, 
United  States) with excitation at 340/380 nm and emission 
wavelengths of 500 nm. The data were acquired at 3 min intervals 
for 30 min during capacitating incubation because the effect 
of chromanol 293B on ion homeostasis may be  compensated 
for by other potassium channels over time. After capacitation 
for 3 h, a fluorescence signal was acquired. The ratio (340:380) 
of the two signals is directly proportional to [K+]i. First recorded 
raw intensity values were used to normalize the other raw 
intensity values.

Intracellular Ca2+ Measurement in Human 
Sperm
The [Ca2+]i levels in human sperm were measured using 
Fluo3-AM according to a previously described method (Li 
et  al., 2014). Briefly, the prepared sperm were loaded with 
10 μM Fluo3-AM in a 5% CO2 incubator at 37°C for 30 min 
in the dark and then washed five times with HTF to remove 
free Fluo3-AM. Fluo3-AM-loaded sperm were resuspended in 
HTF and incubated at 37°C for another 20 min. Sperm aliquots 
(106 cells/mL) were then exposed to vehicle control (DMSO) 
and chromanol 293B (20, 100, or 200 μM). The Ca2+ fluorescence 
signal was then recorded using a Synergy 2 Multi-Function 
Microplate Reader, at 485 nm excitation and 528 nm emission 
wavelengths. The data were acquired at 3 min intervals for 
30 min during the capacitating incubation. After capacitation 
for 3 h, a fluorescence signal was acquired. Fluorescence intensity 
is directly proportional to [Ca2+]i. First recorded raw intensity 
values were used to normalize the other raw intensity values.

Intracellular Cl− Measurement in Human 
Sperm
The [Cl−]i levels in sperm were measured using a Cl−- specific 
fluorescence probe (MQAE). Prepared sperm were loaded 
with 5 μM MQAE in a 5% CO2 incubator in the dark at 
37°C for 30 min and were then washed five times with HTF 
to remove free MQAE. MQAE-loaded sperm were resuspended 
in HTF and incubated at 37°C for another 20 min. MQAE-
loaded sperm aliquots (106 cells/mL) were exposed to vehicle 
control (DMSO) and chromanol 293B (20, 100, or 200 μM). 
The Cl− fluorescence signal was recorded using a Synergy 2 
Multi-Function Microplate Reader at 355 nm excitation and 
460 nm emission wavelengths. The data were acquired at 3 min 
intervals for 30 min during the capacitating incubation. After 
capacitation for 3 h, a fluorescence signal was acquired. 
Fluorescence intensity was inversely proportional to [Cl−]i. 
First recorded raw intensity values were used to normalize 
the other raw intensity values.

Intracellular pH Measurement in 
Human Sperm
Sperm sample pH was evaluated using BCECF-AM. The prepared 
sperm were loaded with 10 μM BCECF-AM in a 5% CO2 
incubator in the dark at 37°C for 30 min and were then washed 
five times with HTF to remove free BCECF-AM. BCECF-AM-
loaded sperm were resuspended in HTF and incubated at 37°C 
for another 20 min. BCECF-AM-loaded sperm aliquots (106 
cells/mL) were exposed to vehicle control (DMSO) and chromanol 
293B (20, 100, or 200 μM). To determine pHi, fluorescence 
signals were recorded using a Synergy 2 Multi-Function 
Microplate Reader at 490/440 nm excitation and 535 nm emission 
wavelengths. The data were acquired at 3 min intervals for 
30 min during the capacitating incubation. After capacitation 
for 3 h, a fluorescence signal was acquired. The ratio (490:440) 
of the two signals was directly proportional to the pHi. The 
first recorded raw intensity values were used to normalize the 
other raw intensity values.

Assessment of Sperm Membrane Potential 
Changes
Sperm membrane potential changes were evaluated using the 
potential-sensitive fluorescence probe DiSC3(5), as previously 
described (Xu et  al., 2007). Before measurement, the prepared 
sperm were loaded with 1 μM DisC3(5) in a 5% CO2 incubator 
in the dark at 37°C for 5 min. CCCP was added to a final 
concentration of 1 μM. Sperm were incubated for 2 min. Sperm 
aliquots (106 cells/mL) were exposed to vehicle control (DMSO) 
and chromanol 293B (20, 100, or 200 μM). The membrane 
potential fluorescence signal was then recorded using a Synergy 
2 Multi-Function Microplate Reader, with 620 nm excitation 
and 670 nm emission wavelengths. The data were acquired at 
3 min intervals for 30 min during the capacitating incubation. 
After capacitation for 3 h, a fluorescence signal was acquired. 
The fluorescence intensity was directly proportional to Vm. The 
first recorded raw intensity values were used to normalize the 
other raw intensity values.
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Statistical Analysis
The Statistical Package for the Social Sciences software (SPSS, 
version 23; IBM Corporation, Armonk, NY, United States) was 
used for statistical analyses. Results are expressed as the means 
± standard error of the mean (SEM). One-way analysis of 
variance was used to determine differences between the groups. 
When tests for the homogeneity of variance were not significant, 
the least significant difference test was used; otherwise, the 
data were analyzed using Dunnett’s T3 test; and p < 0.05 was 
considered statistically significant (two-sided).

RESULTS

Expression and Localization of KCNQ1 
and KCNE1 in Human Sperm
We studied the expression of KCNQ1 and KCNE1  in human 
sperm using Western blotting. The results showed the presence 
of a KCNQ1-specific band at approximately 70 kDa and nonspecific 
band at approximately 48 kDa, in addition to a KCNE1-specific 
band at 15 kDa (Figure 1A). We examined the immunofluorescence 
of KCNQ1 and KCNE1  in human sperm before and after 
capacitation (Figure  1B). The results showed that KCNQ1 was 
localized mainly in the head and tail regions of human sperm, 
while KCNE1 was localized mainly in the neck and tail regions, 
which is in accordance with previous studies (Yeung and Cooper, 
2008). The merging of both proteins showed that they were 
partially co-localized. The localization of KCNQ1 and KCNE1 in 
human sperm before and after capacitation was not significantly 
different. These results show that both KCNQ1 and KCNE1 are 
expressed in human sperm.

Chromanol 293B Affects AR During Human 
Sperm Capacitation
The effect of chromanol 293B on the human sperm AR was 
detected using a PSA-FITC staining assay. This method can 
easily distinguish sperm with acrosome integrity (AI) from 
those with AR (Figure  2A). For the AI pattern, bright and 
uniform fluorescence was observed in most regions of sperm 
heads, whereas for the AR pattern, no fluorescent staining 
was observed in the acrosomal zone, or only fluorescence bands 
in the equatorial zone were observed. The spontaneous AR 
(control 0 h) ratio was approximately 12.1 ± 1.4%, which was 
determined before capacitation incubation. After capacitation 
for 3 h, the AR ratio of vehicle control (DMSO) was approximately 
35.1 ± 1.7%. When human sperm were treated with 100 μM 
chromanol 293B during capacitation, the ratio of AR was 
significantly lower than that of the vehicle control (29.7 ± 1.4% 
vs. 35.1 ± 1.7%, p = 0.017; Figure 2B). However, chromanol 293B 
did not affect the sperm viability. As shown in Figure  2B, 
before capacitation, the number of NVC% was approximately 
13.0 ± 1.1%. After capacitation for 3 h, there were no significant 
differences in NVC% between the vehicle control group and 
the 100 μM chromanol 293B-treated group (12.6 ± 1.3% vs. 
14.7 ± 1.3%). These results suggest that the KCNQ1 channel is 
involved in human sperm capacitation.

Chromanol 293B Changes Human Sperm 
Motility Parameters During Capacitation
CASA was used to analyze the effects of chromanol 293B on 
human sperm motility. As shown in Table  1, no significant 
differences were observed in human sperm hyperactivation 
between the chromanol 293B-treated groups and vehicle control 
(DMSO) for 3 h capacitation. However, most sperm motility 
parameters in the 200 μM chromanol 293B group were 
significantly lower than those in the vehicle control group, 
including sperm motility, progressive sperm, VAP, VSL, VCL, 
BCF, STR, and LIN (p < 0.05). When sperm were treated with 
100 μM chromanol 293B, only sperm motility and progressive 
sperm showed significant differences compared to the vehicle 
control. These results suggest that KCNQ1 plays a role in 
human sperm motility during capacitation.

Chromanol 293B Changes Protein Tyrosine 
Phosphorylation Level and Localization 
During Human Sperm Capacitation
To further verify that the KCNQ1 potassium channel plays a 
role in human sperm during capacitation, we  examined the 
effect of chromanol 293B on protein tyrosine phosphorylation 
levels, because capacitated sperm show high levels of protein 
tyrosine phosphorylation (Visconti et  al., 2011). The effect of 
chromanol 293B on protein tyrosine phosphorylation levels 
was assessed by Western blotting. As shown in Figure  3A, 
protein tyrosine phosphorylation levels increased during human 
sperm capacitation. After 3 h of sperm capacitation, the 100 μM 
chromanol 293B group showed a significant decrease in protein 
tyrosine phosphorylation. We  analyzed the ratio of protein 
tyrosine phosphorylation levels to that of the loading control, 
β-tubulin (Figure  3B). Protein tyrosine phosphorylation was 
enhanced over time during capacitation. The effect of 30 min 
treatment of chromanol 293B on capacitation was negligible. 
However, after capacitation for 3 h, chromanol 293B reduced 
protein tyrosine phosphorylation levels in a dose-dependent 
manner. The addition of 100 μM chromanol 293B significantly 
decreased tyrosine phosphorylation, with bands at 120, 90, 
and 70 kDa compared to the DMSO control (p = 0.005, 0.012, 
and 0.032, respectively). We also examined the effect of chromanol 
293B on phosphorylated tyrosine localization using indirect 
immunofluorescence. Before capacitation, phosphorylated 
tyrosine was localized in the head and tail regions of the 
sperm, and the fluorescence intensity was weak. After capacitation 
for 3 h, the phosphorylated tyrosine was mainly localized in 
the equatorial and tail regions of the sperm, and the fluorescence 
intensity became intense. However, when the sperm were treated 
with 100 μM chromanol 293B, phosphorylated tyrosine only 
localized in the tail region (Figure  3C).

Chromanol 293B Increases Intracellular K+ 
Concentration During Human Sperm 
Capacitation
To determine whether the KCNQ1 channel mediates K+ 
currents during human sperm capacitation, the effect of 

11

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Gao et al. KCNQ1 in Human Sperm

Frontiers in Physiology | www.frontiersin.org 6 October 2021 | Volume 12 | Article 761910

chromanol 293B on intracellular K+ concentration ([K+]i) 
was examined. [K+]i was analyzed at 3 min intervals over 
30 min and once after sperm were capacitated for 3 h. The 
intracellular K+ concentration was detected using the K+ 
fluorescence probe PBFI-AM, and the fluorescence intensity 
was directly proportional to [K+]i. As shown in Figure  4A, 
[K+]i decreased during human sperm capacitation in the 
vehicle control (DMSO), suggesting that potassium channels 
open and result in K+ efflux. However, [K+]i increased when 
sperm were treated with chromanol 293B. The results showed 
dose-dependent changes, suggesting that chromanol 293B 

inhibits the KCNQ1 potassium channel, blocks K+ efflux 
through KCNQ1, and increases [K+]i.

Chromanol 293B Depolarizes Membrane 
Potential During Human Sperm 
Capacitation
Because KCNQ1 inhibition increases [K+]i in sperm and 
potassium channels are always involved in the regulation of 
membrane potential (Vm), we  further examined whether the 
membrane was depolarized when treated with chromanol 293B. 

A

B

FIGURE 1 | Expression and localization of KCNQ1 and KCNE1 in human sperm. (A) Human sperm were lysed after capacitation for 3 h. Sperm proteins were 
separated and analyzed using 10% SDS-PAGE and Western blotting, using antibodies for KCNQ1 (Abcam) and KCNE1 (Abcam). The figure is representative of 3 
separate experiments. The full uncropped immunoblots was provided in the supplementary data (Supplementary Figure 1). (B) Indirect immunofluorescence of 
KCNQ1 (Santa Cruz) and KCNE1 (Invitrogen) in human sperm before and after capacitation. KCNQ1 (red), KCNE1 (green), and co-localization of KCNQ1 and 
KCNE1 (merge). The negative control cells were incubated with normal IgG as the primary antibodies. The nuclei of spermatozoa were stained blue with DAPI. The 
figure is representative of 3 separate experiments.
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Vm was detected using the fluorescence probe DisC3(5). The 
fluorescence intensity was directly proportional to Vm. As shown 
in Figure 4B, Vm of the chromanol 293B-treated groups increased 
during human sperm capacitation. The depolarized sperm Vm 
values for the groups treated with 100 and 200 μM chromanol 
293B were much higher than those for the vehicle control 
group (p < 0.05). These results suggest that chromanol 293B 
increases [K+]i and depolarizes Vm in human sperm.

Chromanol 293B Decreases Intracellular 
Ca2+ Concentration During Human Sperm 
Capacitation
To explore whether the KCNQ1 channel indirectly influences 
other intracellular ion homeostasis, the effect of chromanol 

293B on intracellular Ca2+ concentration ([Ca2+]i) was detected 
using the Ca2+ fluorescence probe Fluo3-AM, fluorescence 
intensity of which was directly proportional to [Ca2+]i. When 
human sperm were treated with chromanol 293B, the [Ca2+]i 
decreased compared to the vehicle control at the beginning 
of 25 min (p < 0.05; Figure 4C). The effect of 200 μM chromanol 
293B on [Ca2+]i decrease was negligible compared to that 
of 100 μM chromanol 293B. However, both 100 and 200 μM 
chromanol 293B groups showed a significant decrease in 
[Ca2+]i compared to the vehicle control group (p < 0.05). 
These results indicate that KCNQ1 indirectly regulates [Ca2+]i 
during human sperm capacitation. After capacitation for 
3 h, [Ca2+]i increased significantly compared to the beginning 
of the experiment. However, there were no statistically 
significant differences between the groups at 3 h. The 

A

B

FIGURE 2 | Chromanol 293B effect on human sperm AR and viability. (A) The human sperm AR was evaluated using PSA-FITC staining. Sperm were treated with 
different reagents (DMSO or 100 μM chromanol 293B) for 3 h during capacitation, and the sperm were then treated with 15 μM progesterone for 15 min to induce 
AR. To detect spontaneous AR before capacitation, sperm were stained with PSA-FITC immediately after discontinuous Percoll gradient centrifugation and washing. 
AR indicates acrosome-reacted sperm, while acrosome integrity (AI) indicates uncapacitated sperm. (B) After PSA-FITC staining, sperm were examined by 
fluorescence microscopy. The AR ratio is calculated by dividing the number of AR sperm with the total number of sperm. For 100 μM chromanol 293B group 
compared to vehicle control group, *p < 0.05. Propidium iodide (PI) is used to stain dead sperm. Percentage of not viable cells (NVC%) was calculated. Values 
represent the means ± SEM of at least 6 experiments.
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explanation for this result may be  that chromanol 293B 
initially inhibits KCNQ1, while other potassium channels 
compensate over time.

Chromanol 293B Increases Intracellular 
Cl− Concentration During Human Sperm 
Capacitation
The intracellular Cl− concentration ([Cl−]i) was analyzed using 
the Cl− fluorescence probe MQAE. The fluorescence intensity 
is inversely proportional to [Cl−]i. As shown in Figure  4D, 
within the first 25 min, treatment with 200 μM chromanol 293B 
significantly decreased the fluorescence intensity of Cl−, which 
indicating that [Cl−]i increased (p < 0.05; Figure 4D). Although 
there were no significant differences between all the groups 
when sperm were capacitated for 3 h, the groups treated with 
100 and 200 μM chromanol 293B groups tended to have higher 
[Cl−]i. These results indicate that KCNQ1 indirectly regulates 
[Cl−]i during human sperm capacitation.

Chromanol 293B Decreases Intracellular 
pH During Human Sperm Capacitation
The intracellular pH (pHi) of human sperm during capacitation 
was measured using the pH fluorescence probe BCECF-AM. 
The fluorescence intensity was directly proportional to pHi. 
The chromanol 293B-treated groups showed a decrease in pHi 
compared to that of the vehicle control group (Figure  4E).

DISCUSSION

Potassium channels play an essential role in sperm function. 
The membrane potential of sperm becomes hyperpolarized 
during capacitation, which is mainly due to the outflow of 
K+ currents (Lopez-Gonzalez et  al., 2014). Patients lacking 
efflux K+ currents in sperm show reduced fertility (Brown 
et  al., 2016). It is known that the K+ current characteristics 
in human sperm are different from those in mouse sperm. 

The K+ channel type in human sperm remains controversial 
(Mannowetz et  al., 2013; Brenker et  al., 2014). To identify the 
critical K+ channel types in sperm, gene knockout studies 
provide direct and credible evidence. However, this strategy 
cannot be  used for studying human sperm. Other approaches, 
such as pharmacological assessment, immunolocalization, and 
patch clamp electrophysiology methods can be  used to study 
K+ channels in human sperm (Mansell et  al., 2014). Here, by 
using immunoblot, immunolocalization, and pharmacological 
methods, we  first report that the KCNQ1 channel is expressed 
and localized in the head and tail regions of human sperm. 
Moreover, the KCNQ1 channel was observed to play a role 
in regulating human sperm motility, AR, protein tyrosine 
phosphorylation, and ion homeostasis during capacitation.

The human KCNQ1 pore-forming subunit contains 676 amino 
acids with a molecular weight of approximately 74.6 kDa (Yang 
et  al., 1997). Our Western blotting experiment using KCNQ1-
specific antibodies showed a clear band at approximately 70 kDa 
(Figure  1A), demonstrating that KCNQ1 is expressed in human 
sperm. Using RT-PCR, Yeung et al. found that one of the KCNQ1 
auxiliary subunits, KCNE1, is expressed in human sperm. 
Immunofluorescence showed that this subunit localized in the 
tail regions and cytoplasmic droplets of human sperm (Yeung 
and Cooper, 2008). Human KCNE1 contains 129 amino acids 
with a molecular weight of approximately 14.6 kDa (Tian et  al., 
2007). Evaluation of KCNE1 expression in human sperm by 
Western blotting revealed a specific band at approximately 15 kDa 
(Figure  1A), indicating that KCNE1 was expressed in human 
sperm. We  found that KCNQ1 is localized in the head, neck, 
and tail regions of human sperm, while KCNE1 is localized in 
the neck and tail regions, as previously reported (Yeung and 
Cooper, 2008; Figure  1B). KCNQ1 and KCNE1 showed partial 
co-localization in the human sperm. The distribution of the two 
proteins showed no obvious differences between the non-capacitation 
and capacitation groups. These results suggest that KCNQ1 may 
form a functional channel in human sperm.

Because KCNQ1 is expressed in human sperm, we  further 
investigated its role in sperm capacitation using pharmacological 
assessments. Chromanol 293B is a specific inhibitor of KCNQ1 
which can electrostatically interact with the selectivity filter 
of KCNQ1 and block the channel (Lerche et  al., 2007). The 
half-maximal inhibitory concentration (IC50) of chromanol 
293B on KCNQ1 is approximately 65 μM. The KCNE family 
of auxiliary subunits enhances this block. The IC50 of chromanol 
293B on KCNQ1/KCNE1 is approximately 15 μM (Bett et  al., 
2006). Here, we  treated human sperm with 20, 100, or 200 μM 
chromanol 293B to examine the role of KCNQ1  in human 
sperm capacitation.

We analyzed the AR, hyperactivation, and protein tyrosine 
phosphorylation in human sperm treated with chromanol 293B 
because these phenomena occur during sperm capacitation. The 
results show that 100 μM chromanol 293B significantly reduced 
the AR ratio of human sperm after capacitation for 3 h (29.7 ± 1.4% 
vs. 35.1 ± 1.7%, p = 0.017), with no influence on sperm viability 
(Figure  2). In addition to KCNQ1 potassium channels, there are 
other potassium channels in human sperm, such as Slo1 and 
Slo3. These may play a compensatory role when KCNQ1 potassium 

TABLE 1 | Effect of chromanol 293B on motility parameters during human 
sperm capacitation. Values represent the means ± SEM of 5 experiments.

DMSO
100 μM  

Chromanol 293B
200 μM 

Chromanol 293B

Motility (%) 67.06 ± 1.33 63.26 ± 0.80* 34.30 ± 1.24*

Progressive motility (%) 46.76 ± 1.13 42.89 ± 0.89* 21.90 ± 0.66*

VAP (μm/s) 81.81 ± 1.64 78.52 ± 1.40 70.17 ± 1.07*

VSL (μm/s) 72.25 ± 1.62 69.01 ± 1.33 59.46 ± 0.95*

VCL (μm/s) 130.33 ± 2.66 126.99 ± 2.78 118.95 ± 1.91*

ALH (μm) 5.65 ± 0.14 5.52 ± 0.14 5.91 ± 0.07
BCF (Hz) 31.48 ± 0.29 32.01 ± 0.31 25.67 ± 0.29*

STR (%) 85.12 ± 0.42 84.50 ± 0.38 81.90 ± 0.31*

LIN (%) 54.06 ± 0.44 53.10 ± 0.38 49.30 ± 0.45*

Hyperactivation(%) 7.00 ± 0.54 7.01 ± 0.82 7.70 ± 0.68

*p < 0.05.
VAP, average path velocity; VSL, straight line velocity; VCL, curvilinear velocity; ALH, 
amplitude of lateral head displacement; BCF, beat-cross frequency; STR, straightness 
(VSL/VAP multiplied by 100); LIN, linearity (VSL/VCL multiplied by 100); Hyperactivation, 
VCL ≥ 150 μm/s, ALH ≥ 7.0 μm, and LIN ≤ 50%.

14

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Gao et al. KCNQ1 in Human Sperm

Frontiers in Physiology | www.frontiersin.org 9 October 2021 | Volume 12 | Article 761910

channels are inhibited. Sperm treated with 100 μM chromanol 
293B showed lower sperm motility and progressive motility. 
Treatment with 200 μM chromanol 293B significantly reduced 
sperm motility parameters, including sperm motility, progressive 
motility, VAP, VSL, VCL, BCF, STR, and LIN. However, the 
hyperactivation of human sperm in the chromanol 293B-treated 
groups and vehicle control was not significantly different (Table 1). 
This may also be  because Slo1 or Slo3 potassium channels in 
human sperm play compensatory roles when KCNQ1 is inhibited. 
Many researchers have found that protein tyrosine phosphorylation 
is associated with sperm capacitation (Varano et  al., 2008; Dona 
et  al., 2011; Vyklicka and Lishko, 2020). Our research showed 

that protein tyrosine phosphorylation levels in the vehicle control 
group increased significantly after capacitation for 3 h. However, 
chromanol 293B decreased protein tyrosine phosphorylation levels 
in a dose-dependent manner after capacitation for 3 h (Figure 3B), 
suggesting that KCNQ1 is involved in human sperm function 
regulation. Chromanol 293B also changed the localization of 
phosphorylated tyrosine, reducing its levels in the equatorial region 
of human sperm (Figure  3C). Recently, Dona et  al. found that 
the Cl−/HCO3

− exchanger SLC4A1(AE1) can be  directly 
phosphorylated by Src family kinases, and the SLC4A1-Tyr-
phosphorylation level in the apical region of sperm is involved 
in sperm capacitation. The inhibitors of SLC4A1 reduced 

A

C

B

FIGURE 3 | Effect of chromanol 293B on protein tyrosine phosphorylation during human sperm capacitation. (A) Western blotting results showing the effect of 
chromanol 293B on protein tyrosine phosphorylation during human sperm capacitation. Sperm before capacitation incubation were used as the control group. 
Other sperm were treated with the vehicle control (DMSO), 20 μM chromanol 293B, and 100 μM chromanol 293B under capacitated conditions for 30 min and 3 h. 
Thereafter, sperm were lysed and then the proteins were resolved using 10% SDS-PAGE. Protein tyrosine phosphorylation was detected using a primary anti-
phosphotyrosine antibody by Western blotting. Subsequently, the blot was stripped and probed with an anti-β-tubulin antibody as a loading control. The figure is 
representative of 6 separate experiments. The full uncropped immunoblots was provided in the supplementary data (Supplementary Figure 2). (B) The ratio of 
protein tyrosine phosphorylation levels to that of the loading control, β-tubulin. Values represent the means ± SEM of 6 experiments. For 100 μM chromanol 293B 
group compared to vehicle control group, *p < 0.05. (C) Indirect immunofluorescence of protein tyrosine phosphorylation in human sperm before and after 
capacitation for 3 h. The figure is representative of 3 separate experiments.
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A B

C

E

D

FIGURE 4 | Effect of chromanol 293B on ion homeostasis during human sperm capacitation. (A) Intracellular K+ concentration ([K+]i) was detected using the K+ 
fluorescence probe PBFI-AM. The fluorescence intensity was directly proportional to [K+]i. (B) Human sperm membrane potential (Vm) was analyzed using the 
fluorescence probe DisC3(5). The fluorescence intensity was directly proportional to Vm. (C) Intracellular Ca2+ concentration ([Ca2+]i) was detected using the Ca2+ 
fluorescence probe Fluo3-AM. The fluorescence intensity was directly proportional to [Ca2+]i. (D) Intracellular Cl− concentration ([Cl−]i) was detected using the Cl− 
fluorescence probe MQAE. The fluorescence intensity was inversely proportional to [Cl−]i. (E) Intracellular pH (pHi) was analyzed using the pH fluorescence probe 
BCECF-AM. The fluorescence intensity was directly proportional to pHi. All the data were acquired at 3 min intervals for 30 min during capacitating incubation. After 
capacitation for 3 h, the fluorescence signal was acquired again. Asterisks indicate the significant differences between samples and vehicle control at the same time 
point (*p < 0.05). The exact P value were provided in the supplementary data (Table S1). Values represent the means ± SEM of 3 experiments.
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phosphorylated tyrosine levels in the head of human sperm, which 
is critical for AR (Dona et  al., 2020). Other researchers have also 
found that protein tyrosine phosphorylation in the sperm head 
region is relevant to AR (Dona et  al., 2011; Andrisani et  al., 
2015). Therefore, chromanol 293B changed the level and localization 
of protein tyrosine phosphorylation, which influenced the function 
of human sperm; however, the specific mechanisms remain  
unknown.

K+ is involved in Vm regulation and its retention in sperm 
causes the [K+]i to increase. During human sperm capacitation, 
Vm is always hyperpolarized, which is mainly due to the efflux 
of K+ (Lopez-Gonzalez et  al., 2014). We  found that chromanol 
293B depolarized human sperm Vm (Figure 4B), demonstrating 
that it inhibits KCNQ1 and increases [K+]i and Vm (Figure  5). 
Vm then regulates ion homeostasis, as some channels in sperm 
are voltage-gated, and ions are also regulated by potential and 
chemical driving forces.

Ca2+ is the most important ion in sperm function during 
capacitation. During human sperm capacitation, [Ca2+]i increases 
(Correia et  al., 2015). We  found that chromanol 293B decreased 
the [Ca2+]i (Figure  4C). This may be  because KCNQ1 inhibition 
causes Vm to increase, which then reduces the electrical driving 
force for Ca2+ influx (Clapham, 2013). Notably, Ca2+ is critical 
for sperm motility (Nowicka-Bauer and Szymczak-Cendlak, 2021), 
because it can bind to the motor protein dynein ATPase and 
regulate flagellar curvature (Wang et  al., 2020). Thus, KCNQ1 
inhibition decreases [Ca2+]i and reduces sperm motility parameters. 
It is generally known that [Ca2+]i and pHi increase during human 

sperm capacitation. Ca2+ and HCO3
− activate soluble adenylate 

cyclase (sAC), which converts ATP into cAMP. Protein kinase 
A (PKA) is subsequently activated and regulates its target proteins, 
and protein tyrosine phosphorylation levels increase (Allouche-
Fitoussi and Breitbart, 2020; Figure  5). The decrease in [Ca2+]i 
induced by chromanol 293B may explain the decrease in protein 
tyrosine phosphorylation levels during capacitation.

Furthermore, our results indicate that KCNQ1 inhibition 
increased [Cl−]i (Figure  4D). This may be  because chromanol 
293B depolarizes sperm membrane and then increases the 
electrical driving force for Cl−. The increasing of [Cl−]i in our 
study indicates that Cl− influx is greater than Cl− efflux. In 
human sperm, the anion channel cystic fibrosis transmembrane 
conductance regulator (CFTR) mediates the influx of Cl− (Xu 
et  al., 2007). Solute carrier 26 (SLC26) family and SLC4A1  in 
human sperm are Cl−/HCO3

− exchangers. Chan et  al. proposed 
that SLC26 family members take up HCO3

− and export Cl− with 
the interaction of CFTR. CFTR can provide the Cl− through a 
recycling pathway (Chan et  al., 2009; Chan and Sun, 2014; 
Puga Molina et al., 2018). Therefore, less Cl− outflow accompanies 
less HCO3

− influx, which leads to decreasing of intracellular 
pH and also disturbs sperm capacitation through sAC/cAMP/
PKA pathway (Figure 5). Bachmann et al. found that chromanol 
293B also blocked CFTR, with the IC50 fivefold higher than 
inhibition of KCNQ1/KCNE1 (Bachmann et al., 2001). However, 
some researchers observed no effect of chromanol 293B on Cl− 
currents mediated by CFTR (Alzamora et  al., 2011; Shimizu 
et  al., 2014). CFTR inhibition theoretically reduces Cl− influx 
and decreases [Cl−]i; however, our experiment showed that 
chromanol 293B increases [Cl−]i. These results suggest that 
chromanol 293B inhibits the KCNQ1 channel and indirectly 
regulates [Cl−]i in human sperm. Others have also found that 
KCNQ1 indirectly regulates Cl− secretion via CFTR in colonic 
cells by changing the electrical driving force, which is in accordance 
with our research (Preston et  al., 2010; Alzamora et  al., 2011).

Cytoplasmic alkalinization is another characteristic of sperm 
capacitation (Matamoros-Volante and Treviño, 2020). When 
human sperm were treated with chromanol 293B, the pHi of 
the sperm decreased (Figure  4E), and such a decrease is not 
conducive to capacitation. In human sperm, the most important 
Ca2+ channel, CatSper, is activated by progesterone, membrane 
potential depolarization and cytoplasmic alkalinization (Sun 
et  al., 2017). Chromanol 293B- mediated reduction in pHi 
may further inhibit Ca2+ influx through CatSper and cause a 
decrease in [Ca2+]i, as observed in the present study.

In summary, we found that KCNQ1 is expressed in human 
sperm, localized in the head and tail regions and is partially 
co-localized with KCNE1. KCNQ1 participates in the regulation 
of ion homeostasis and affects the AR, sperm motility, and 
protein tyrosine phosphorylation during human sperm 
capacitation. It is likely that when KCNQ1 is inhibited in 
human sperm, the K+ efflux is blocked, and the membrane 
potential is depolarized. The increase in membrane potential 
changes the electrical potential driving force of other ions 
and may influence other voltage-gated ion channels. Thus, 
ion homeostasis in human sperm is altered, including [Ca2+]i 
and pHi which are critical for capacitation (Figure 5). KCNQ1 

FIGURE 5 | Schematic representation of how KCNQ1 potassium channel 
regulates human sperm function. When human sperm are treated with 
chromanol 293B, the K+ outflow currents mediated by KCNQ1 are inhibited, 
which causes a [K+]i increase and the membrane depolarization. Vm changes 
regulate other voltage-gated channels and affect the electrical driving force for 
ions. Thus, [Cl−]i increases, while the pHi and [Ca2+]i decreases. It is generally 
known that during capacitation, Ca2+ and HCO3

− activate soluble adenylate 
cyclase (sAC) which converts ATP into cAMP. Then PKA can be activated. 
PKA subsequently activates target proteins and protein tyrosine 
phosphorylation levels increase. KCNQ1 in human sperm participates in ion 
homeostasis regulation and affects capacitation.
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is not the only potassium channel expressed in human  
sperm; there are many other important potassium channels, 
such as Slo1 and Slo3. These potassium channels may be able 
to help compensate if KCNQ1 is not fully functional. To 
verify the activity of the KCNQ1 channel in human sperm, 
its role in genetic male infertility should be  studied in 
the future.
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More than 10% of women suffer from endometriosis (EMT) during their reproductive years.
EMT can cause pain and infertility and requires further study from multiple perspectives.
Previous reports have indicated that an increase inapolipoprotein E (ApoE) may be
associated with a lower number of retrieved mature oocytes in older women, and an
association between ApoE and spontaneous pregnancy loss may exist in patients with
EMT. The purpose of this study was to investigate the existence of an increase in ApoE in
follicular fluid (FF) and the possible relationship between ApoE and EMT in Chinese
women. In the current study, 217 Chinese women (111 control subjects and 106 EMT
patients) were included. The ApoE genotypes were identified by Sanger sequencing. We
found that ApoE expression in FF was higher in patients with EMT than in the control
group. In addition, a significant difference in ApoE4 carriers (ϵ3/ϵ4, ϵ4/ϵ4) was found
between the control subjects and the patients with EMT. Furthermore, a nonparametric
test revealed significant differences in the numbers of blastocysts and high-quality
blastocysts, but not the hormone levels of FSH, LH, and E2, between the two groups.
We also established a multifactor (BMI, high-quality blastocysts, and ϵ4) prediction model
with good sensitivity for identifying patients who may suffer from EMT. Our results
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demonstrate that ApoE expression in FF is increased in EMT, the ApoE-ϵ4 allele is
significantly linked to EMT, and a combined analysis of three factors (BMI, high-quality
blastocysts, and ϵ4) could be used as a predictor of EMT.
Keywords: apolipoprotein E, endometriosis, follicular fluid, genotype, multifactor prediction model
INTRODUCTION

Endometriosis (EMT), which is a common disease in women of
reproductive age (1), is characterized by a chronic inflammatory
process (2, 3) in which endometrial tissue grows outside the
uterine body. EMT affects more than 10% of women of
reproductive age in the world, and approximately 30%–50% of
these women experience chronic pain and infertility (4). The
specific etiology of EMT has not yet been clarified, and its
incidence may be associated with a countercurrent flow of
menstrual blood, sex hormone disorders, immune factors, and
genetic factors (5). Thus, an investigation of the factors
contributing to EMT might be crucial to elucidating its etiology.

An increasing number of studies indicate that apolipoprotein E
(ApoE) is linked to inflammation and disease risk, and a higher
proinflammatory state is associated with the ϵ4 allele (6). ApoE,
which is a multifunctional protein that is widely found in
mammals, consists of 299 amino acids and has a molecular
mass of 34 kDa (7). ApoE is a component of very low-density
lipoprotein, which transports peripheral cholesterol to the liver for
metabolism. Thus, the important role of ApoE in lipid transport
has been widely studied (8, 9). The ApoE genotype also affects the
cholesterol and lipid levels in plasma and brain (10). The human
ApoE gene is encoded by the long arm of chromosome 19. ApoE is
primarily synthesized in liver and brain tissues and is also
expressed in the adrenal gland, ovary, kidney, and skeletal
muscle (11). In addition, both rat and human ovarian granulosa
cells produce ApoE in vitro. Polymorphisms in ApoE were first
proposed by Utermann (12). The three most common isoforms of
ApoE are ApoE2, ApoE3, and ApoE4, and these combine to form
six genotypes: ϵ2/ϵ2, ϵ3/ϵ3, ϵ4/ϵ4, ϵ2/ϵ3, ϵ2/ϵ4, and ϵ3/ϵ4. The
differences between these genotypes are mainly due to differences
in the amino acids at positions 112 and 158 in the amino acid
chain of the protein. ApoE3 contains a cysteine residue at position
112 and an arginine residue at position 158 (E3=Cys112/Arg158),
whereas ApoE2 has cysteine residues at both positions
(E2=Cys112/Cys158), and ApoE4 contains arginine residues at
both sites (E4=Arg112/Arg158) (13). ApoE-ϵ4 is a risk factor for a
variety of diseases, such as Alzheimer’s disease (AD) (14),
cardiovascular disease (15), and hyperlipidemia (16). ApoE is a
major source of cholesterol precursors for the synthesis of ovarian
estrogen and progesterone (13), and a relationship between the
serum estrogen level and ApoE exists in human ovarian follicular
fluid (FF) (17), which suggests that ApoE might play an important
role in the ovary. Furthermore, a previous study indicated that an
increase in the ApoE levels might be linked to a lower number of
retrieved mature oocytes in older women (18), and an association
between ApoE and spontaneous pregnancy loss may exist in
patients with EMT (19). This study aimed to investigate whether
in.org 221
ApoE expression is increased in FF and explore the possible
associat ion between APOE genotypes and EMT in
Chinese women.
MATERIALS AND METHODS

Subjects
The control group consisted of subjects undergoing in vitro
fertilization and embryo transfer (IVF-ET) for tubal factors
and/or male factor infertility in the Reproductive Medicine
Center, the First Affiliated Hospital of Anhui Medical
University. The experimental group consisted of patients
diagnosed with EMT at the First Affiliated Hospital of Anhui
Medical University. A total of 111 controls and 106 patients with
EMT were enrolled in this study. The majority of the patients
with EMT included in the study were diagnosed with ovarian
chocolate cysts, and the rest of the patients with EMT were
diagnosed laparoscopically. The inclusion criteria were as
follows: (1) patients who met the clinical diagnostic criteria for
EMT (20); (2) patients aged 21–36 years; and (3) patients who
voluntarily participated in the study and signed informed
consent forms. The exclusion criteria were as follows:
(1) patients with malignant tumors; (2) patients with metabolic
diseases; and (3) patients with serious endocrine diseases. This
study was approved by the Medical Ethics Committee of the First
Affiliated Hospital of Anhui Medical University. Each subject
provided written informed consent prior to entering the study.

Determination of the ApoE Genotype
DNAwas extracted from peripheral blood samples. Primers were
designed, and PCR amplification was performed. Sanger
sequencing was used to determine the APOE genotype.

Follicular Fluid Collection
Follicular fluid (FF) was collected from women undergoing
in vitro fertilization and embryo transfer (IVF-ET) after
obtaining informed patient consent and approval from the
ethical committees at the First Affiliated Hospital of Anhui
Medical University. Briefly, after retrieval of the cumulus-
oocyte complex, the discarded FF was centrifuged for 10 min
at 12,000 rpm and 4°C. The supernatant was collected and
maintained at −80°C until assayed.

Western Blot
Protein was extracted from FF according to a previously reported
procedure. The denatured protein was separated by 12% SDS-
PAGE and transferred to a PVDF membrane. Then, the
membranes were blocked with 5% nonfat dry milk diluted
November 2021 | Volume 12 | Article 779183
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with Tris-buffered saline with Tween 20 (TBST) for 2 h and
incubated with antihuman ApoE antibody (1:5,000) and tubulin
(Sigma) (1:10,000) overnight at 4°C. The next day, the
membranes were washed three times in TBST and incubated
with horseradish peroxidase (HRP)-conjugated rabbit antigoat
or goat antirabbit secondary antibodies for 1.5 h at room
temperature. The protein bands were detected using an
enhanced chemiluminescence detection system (Bio-Rad,
Hercules, CA, USA).
Data Analysis
The average values ± standard deviations were used to describe
the general characteristics of the control group and patients with
EMT, and the APOE alleles (ϵ2, ϵ3, and ϵ4) were examined
against Hardy-Weinberg equilibrium by c2 test. The counting
data were tested by t-test, nonparametric test, or c2 test, and all
the data were analyzed using SPSS 23 software. p < 0.05 was
considered to indicate statistical significance. Univariate analysis
was performed to identify the variables with significant
differences between the two groups. Multivariate logistic
regression analysis was conducted to construct a histogram
model for predicting endometriosis using R4.0.3.
RESULTS

ApoE Levels in the FF of the Control
Group and Patients With EMT
The follicular microenvironment in patients with EMT is closely
related to infertility; thus, ApoE expression was detected in the
FF of patients with EMT. As shown in Figures 1A, B, ApoE
expression was higher in the FF of patients in the EMT group
than in that of the control subjects (p < 0.05). ApoE genotypes
were confirmed by Sanger sequencing (Figures 1C–G).
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Descriptive Characteristics of the Control
and EMT Groups
The general characteristics of the control group and the patients
with EMT are shown in Table 1. The control group included 111
subjects between 23 and 34 years of age, and the EMT group
included 106 patients between 21 and 36 years of age. No
significant differences in age (p = 0.055), infertility time (p =
0.065), or egg number retrieved (p = 0.091) were detected
between the groups, but significant differences in the BMI (p =
0.024), number of blastocysts (p = 0.018), and number of high-
quality blastocysts (p = 0.004) were found.

The frequencies of APOE genotypes in the control and EMT
groups were as follows: control group, 0 for ϵ2/ϵ2, 1.8% for ϵ2/ϵ3,
0 for ϵ2/ϵ4, 92.8% for ϵ3/ϵ3, 4.5% for ϵ3/ϵ4, and 0.9% for ϵ4/ϵ4;
patients with EMT, 0 for ϵ2/ϵ2, 13.2% for ϵ2/ϵ3, 1.9% for ϵ2/ϵ4,
68% for ϵ3/ϵ3, 13.2% for ϵ3/ϵ4, and 3.7% for ϵ4/ϵ4 (Table 2). The
distribution of ApoE genotypes in both the control and EMT
groups followed Hardy-Weinberg equilibrium (Table 2).

Association of the ApoE Genotype
With EMT
In this study, we analyzed associations among the ApoE
genotypes in the control and EMT groups. Interestingly, a
A

B D

E

F

GC

FIGURE 1 | ApoE levels in the follicular fluid (FF) of the control group and patients with EMT. (A, B) Representative Western blotting results showing ApoE expression in
the FF of the control subjects and the patients with EMT. Tubulin was used as an internal control. The data are expressed as the means ± SEMs; *p < 0.05. (C–G)
Representative Sanger sequencing for E2/E3,E2/E4,E3/E3, E3/E4,E4/E4 genotype; The arrows indicate the positionof the single nucleotide polymorphism.
TABLE 1 | General characteristics of control subjects and patients with EMT.

Parameters Control (n = 111) EMT (n = 106) t/z p-value

Age 28.369 ± 2.347 29.094 ± 3.109 −1.932 0.055
BMI (kg/m2) 22.661 ± 3.968 21.626 ± 2.636 2.275 0.024*
Infertility time 3 (2, 4) 2 (1, 4) −1.846 0.065
Numbers of eggs 12 (9, 20) 11 (7, 17) −1.688 0.091
Numbers of blastocysts 5 (3, 8) 3.5 (2, 6) −2.369 0.018*
High-quality blastocysts 5 (2, 7) 3 (1, 5) −2.888 0.004**
November 2
021 | Volume 12
 | Article
The values show the means ± SD or medians. Student’s t-test and c2 were performed.
BMI, body mass index. Six individuals were included in the statistical analysis. *p < 0.05;
**p < 0.01.
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higher number of E4 carriers (ϵ3/ϵ4, ϵ4/ϵ4) was found in the
EMT group than in the control group (Table 2, p < 0.01).

Hormone Levels in the Control and
EMT Groups
The differences in hormone levels between the control group and
the patients with EMT are shown in Table 3. No statistically
significant differences in the levels of FSH (p = 0.798), LH (p =
0.930), or E2 (p = 0.172) were detected.

Prediction Model for Patients With EMT
As shown in Figure 2A, the results of the multivariate analysis
showed that the BMI, high-quality blastocysts, and ApoE-ϵ4 were
influencing factors for EMT. We then established a prediction
model for patients suffering from EMT (Figure 2B). Receiver
operating characteristic (ROC) analysis is usually used as a
performance indicator to evaluate the quality of a prediction
model. The area under the ROC curve (AUC) can be employed
to assess the accuracy of the predictions made by the prediction
model. To test the predictive ability of the established model for
patients with EMT, the multifactor sensitivity (Figure 3A, AUC =
0.693) and each of the three factors sensitivity (Figure 3B, BMI,
AUC = 0.554; high-quality blastocysts, AUC = 0.613; ApoE-e4,
AUC = 0.558) of the model for predicting EMT were investigated.
We found that the multifactor prediction model exhibited better
sensitivity than the single-factor prediction model. Subsequently, a
correction curve was generated using the prediction model for
patients suffering from EMT (Figure 3C).
DISCUSSION

In the present study, we investigated whether ApoE plays a vital
role in the pathogenesis of EMT and found that ApoE expression
was increased in the FF of patients with EMT compared with that
of the control subjects. In addition, we analyzed the differences in
the ApoE genotypes between the control and EMT groups. We
found a higher number of E4 carriers (ϵ3/ϵ4, ϵ4/ϵ4) in the EMT
Frontiers in Endocrinology | www.frontiersin.org 423
group than in the control group (p < 0.01), which suggests an
important role of ApoE-ϵ4 in the pathogenesis of EMT.

Previous studies have shown that ϵ3 is the most abundant
ApoE genotype in the human population, with a frequency of
49%–90%, followed by ϵ4 with a frequency of 5%–37%, and ϵ2
was the least abundant genotype, with a frequency of 0%–14%
(14). These findings are consistent with our analytical results that
showed the proportion of ϵ3 was highest in both the control and
EMT groups and that the proportion of ϵ2 in the control group
was as low as 1.8%. Most studies on ApoE have focused on
cardiovascular disease and Alzheimer’s disease risks due to its
role related to lipids (21). However, the effects of ApoE go far
beyond these diseases because this protein can affect a number of
diseases, such as fertility, diabetes, and obesity (22–24).

ApoE is expressed in the endometriumandgranulosa cells of the
ovary to varying degrees (13). The involvement of lipoproteins and
sterols in the regulation of ovarian function is complex due to the
multitude of cell types and compartments in ovarian follicles. It has
been reported that the growth of follicles is affected by the synthesis
of hormones and growth factors (25), including ApoE, and the
increase inApoEobserved inolderwomenmight be associatedwith
the lowernumberof retrievedmatureoocytes (18). Furthermore, an
association between ApoE and spontaneous pregnancy loss might
exist in patients with EMT (19), which suggests that ApoE plays a
vital role in the pathogenesis of EMT. These findings are consistent
with our results that the level of ApoE in the FF of patients with
EMTwas significantly higher than that in the FF of control subjects
(p < 0.05).

This study revealed a difference in the BMI between the two
groups (p = 0.024), which is consistent with the previous finding
that patients with EMT have a lower BMI than control subjects
(20). Although no significant difference in the number of eggs
was found between the two groups (p = 0.091), we found that the
numbers of blastocysts and high-quality blastocysts in the
control group was significantly higher than that in patients
with EMT. Blastocysts, particularly high-quality blastocysts,
from patients with EMT were damaged to varying degrees.
Furthermore, we also analyzed the hormone levels of the two
groups and found no significant difference in the FSH, E2, and
LH levels between the two groups, which is consistent with the
results from previous studies (26). In addition, a multifactor
prediction model for patients suffering from EMT was
successfully established. This model exhibited good predictive
significance, with an AUG value greater than 0.693. The
established model also provides evidence that can be used to
predict the occurrence and development of EMT.

This study has some limitations. First, previous studies have
shown that inflammation is the central process in EMT, which can
lead to pain, fibrosis, adhesion formation, and infertility (2, 27).
TABLE 3 | FSH/LH/E2 levels in the control group and patients with EMT.

Parameters Control (n = 111) EMT (n = 106) t/z p-value

FSH 7.30 (6.27,8.55) 7.30 (5.74,8.88) −0.256 0.798
LH 4.42 (3.27, 6.07) 4.75 (3.36, 5.83) −0.088 0.930
E2 128 (59.5, 227.75) 156.5 (72.25, 238.30) −1.365 0.172
No
vember 2021 | Volume 1
2 | Article
Nonparametric test analysis was performed.
TABLE 2 | Frequencies of the ApoE genotype and frequencies in the control
group and patients with EMT.

Control (%) EMT (%) p-value

Genotype
ϵ2/ϵ2 0 (0) 0 (0)
ϵ2/ϵ3 2 (1.8) 14 (13.2)
ϵ2/ϵ4 0 (0) 2 (1.9)
ϵ3/ϵ3 103 (92.8) 72 (68.0)
ϵ3/ϵ4 5 (4.5) 14 (13.2)
ϵ4/ϵ4 1 (0.9) 4 (3.7)
Allele frequency
ϵ2 2 (0.9) 16 (7.5)
ϵ3 213 (95.9) 172 (81.1)
ϵ4 7 (3) 24 (11.3)
H-W-E p-value 0.104 0.114
ApoE-ϵ4
ϵ3/ϵ4, ϵ4/ϵ4 6 (5.4) 18 (16.9) 0.006**
c2 test was performed. **p < 0.01.
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Inflammation plays an important role in the etiology and
pathophysiology of EMT (28, 29). Furthermore, ApoE-ϵ4 is
reportedly associated with higher levels of inflammation (18). The
cytokines in the human FF and the relationship between ApoE
expression and the cytokines in the humanFF of patientswith EMT
Frontiers in Endocrinology | www.frontiersin.org 524
will be investigated in our future studies. In addition, an increasing
number of studies have focused on the role of autophagy in EMT
and have shown that autophagy plays a vital role in EMT (30).
However, ApoE is reportedly associated with autophagy (31). As a
result,ApoEmight contribute to thedevelopmentofEMT inpart by
A

B

FIGURE 2 | Multivariate analysis and risk assessment of the control subjects and patients with EMT. (A) Forest map from the multivariate analysis of the control
subjects and patients with EMT; BMI, p = 0.008; high-quality blastocysts, p = 0.043; ApoE-ϵ4, p = 0.008. (B) Nomograph for predicting patients with EMT.
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regulating autophagy, which is a topic that wewill investigate in the
future. In addition, it has been reported that growth factors, such as
BMP15 and GDF9, are local paracrine and autocrine factors that
play an important role in regulating follicular development and
ovarian function (32) and a significant role in the pathophysiology
of EMT. The potential existence of an association between ApoE
and BMP15 or GDF9 in the FF of patients with EMT is also a
research topic that we will investigate in our future studies.
Furthermore, the sample size should be increased in future studies.

In conclusion, this study provides further evidence showing that
ApoE expression was increased in the FF and that ApoE4 is
associated with EMT in Chinese women. In addition, we
established a multifactor prediction model with good sensitivity
for identifying patients whomay suffer fromEMT, and a combined
analysis of three factors (BMI, high-quality blastocysts, and ϵ4)
could be used to predict EMT. The effects of ApoE on the
occurrence and development of EMT require further research.
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Objective: Supraphysiological hormone exposure, in vitro culture and embryo transfer
throughout the in vitro fertilization-embryo transfer (IVF-ET) procedures may affect
placental development. The present study aimed to identify differences in genomic
expression profiles between IVF-ET and naturally conceived placentals and to use this
as a basis for understanding the underlying effects of IVF-ET on placental function.

Methods: Full-term human placental tissues were subjected to next-generation
sequencing to determine differentially expressed miRNAs (DEmiRs) and genes (DEGs)
between uncomplicated IVF-ET assisted and naturally conceived pregnancies. Gene
ontology (GO) enrichment analysis and transcription factor enrichment analysis were used
for DEmiRs. MiRNA-mRNA interaction and protein-protein interaction (PPI) networks were
constructed. In addition, hub genes were obtained by using the STRING database and
Cytoscape. DEGs were analyzed using GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. Differentially expressed miRNAs were validated
through qRT-PCR.

Results: Compared against natural pregnancies, 12 DEmiRs and 258 DEGs were
identified in IVF-ET placental tissues. In a validation cohort, it was confirmed that hsa-
miR-204-5p, hsa-miR-1269a, and hsa-miR-941 were downregulation, while hsa-miR-
4286, hsa-miR-31-5p and hsa-miR-125b-5p were upregulation in IVF-ET placentas.
Functional analysis suggested that these differentially expressed genes were significantly
enriched in angiogenesis, pregnancy, PI3K-Akt and Ras signaling pathways. The miRNA-
mRNA regulatory network revealed the contribution of 10 miRNAs and 109 mRNAs while
EGFR was the most highly connected gene among ten hub genes in the PPI network.
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Conclusion: Even in uncomplicated IVF-ET pregnancies, differences exist in the placental
transcriptome relative to natural pregnancies. Many of the differentially expressed genes in
IVF-ET are involved in essential placental functions, and moreover, they provide a ready
resource of molecular markers to assess the association between placental function and
safety in IVF-ET offspring.
Keywords: in vitro fertilization-embryo transfer, placenta, differentially expressed genes, MiRNA-mRNA, next-
generation sequencing
INTRODUCTION

In vitro fertilization-embryo transfer (IVF-ET) is the main
method of assisted reproductive technology (ART), and can
improve the success rates of infertility treatment (1, 2). The
use of this procedure has been steadily increasing worldwide and
for example, in China, the average number of ART treatments
performed now exceeds 700,000 annually (3). The vast majority
of children successfully delivered through ART are healthy (4).
Nonetheless, there are increased risks of several pregnancy-
related complications, including gestational diabetes (5), pre-
eclampsia (6), placenta previa (7), abnormal placental growth,
preterm delivery (8), and low birth weight (9). Some reports have
suggested that the adverse perinatal outcomes occur due to IVF-
ET procedures such as supraphysiological estrogen level during
stimulation, in vitro culture, and microscopic manipulation (10,
11). However, the underlying causes of IVF-ET-associated
complications are largely unknown, although many
conceptually appear related to placental vascular complications
and the resulting effects on fetal development.

MicroRNAs (miRNAs) represent a major class of non-coding
RNAs consisting of single-stranded RNAs of approximately 18-
25 nucleotides in length (12). They function as negative gene
regulators by binding to the 3’ UTR of messenger RNAs
(mRNAs), to either prevent protein translation or to direct the
mRNA towards degradation (13). The placenta expresses many
ubiquitous as well as specific miRNAs and a growing body of
evidence proposes that miRNAs function as important regulators
of placental development (14). Here, various miRNAs have been
shown to control the differentiation, replication, apoptosis,
invasion/migration and angiogenesis of trophoblasts, indicating
the widespread contribution of miRNAs to the placental growth
(15, 16). For example, miR-346 and miR-582-3p down-regulate
the expression of endocrine gland-derived vascular endothelial
growth factor (EG-VEGF) and inhibit trophoblast cell invasion
and migration (17). miR-191 inhibits angiogenesis by activating
the nuclear factor-kB (NF-kB) signaling pathway (18). It was
also found that miR-29b inhibited trophoblast invasion and
angiogenesis by suppressing vascular endothelial growth factor
(VEGF) expression (19). In addition, animal experiments in mice
revealed that miR-450a-3p played a role in inhibiting cell
proliferation, promoting apoptosis and interfering with
embryonic development through regulating the target gene
Bub1 (20). However, the impact of specific microRNAs in IVF-
ET placental tissue, and their potential impact on related gene
regulatory networks has to date been poorly investigated.
n.org 228
This study aimed to understand the differences in placental
genomic expression profiles comparing IVF-ET and natural
pregnancy-derived placentas, and the link between IVF-ET
manipulation and placental structure and function. We used
next-generation sequencing techniques to analyze of miRNA and
mRNA expression profiles in IVF-ET and natural gestational
placental tissue. Based on co-expression analysis and online
prediction. we established a miRNA-mRNA regulatory
network comprising 10 miRNAs and 109 mRNAs together
with a PPI network comprised of ten hub genes. Furthermore,
we verified that miR-204-5p, miR-1269a and miR-941 were
downregulated in IVF-ET placentals thereby proposing these
as key regulators involved in the effects of IVF-ET on placental
development and function. Moreover, our study constitutes a
verified resource for enabling further investigation into the
transcriptomic and mechanistic differences between IVF-ET
and naturally conceived pregnancies with the goal of providing
new targets to assess the safety of IVF-ET in the clinic.
MATERIALS AND METHODS

Tissue Collection and Ethics
Placental tissue samples were collected from women who
underwent caesarean deliveries after IVF-ET assisted (n=3) or
natural conceived (n=3) pregnancies. Inclusion criteria included
full-term singleton delivery after IVF-ET, with age between 20
and 35 years, 37-42 gestational weeks, infant birth weight
between 2500 g and 4000 g, and uncomplicated pregnancies.
Three strictly matched natural pregnancies were selected as
controls with matching parameters: delivery, maternal age,
parity, and gestational duration (Table 1). A validation cohort
of 8 uncomplicated IVF-ET and 8 normal conception patients
were similarly collected (Table 2). We used an equal number of
male and female placentals for both discovery and validation
cohorts and selected tissue from the middle placenta throughout
to minimize sampling bias. All placental tissues were rinsed
extensively with ice cold PBS and stored at -80°C until later RNA
extraction. Tissue collection was approved by the Ethics
Committee of the Third Affiliated Hospital of Zhengzhou
University with written informed consent provided by all
patients prior to sample collection.

RNA Extraction and Sequencing
Total RNA was isolated from placental tissue using the mirVana
RNA Isolation Kit (Cat #. AM1561, Austin TX, US) according to
November 2021 | Volume 12 | Article 774997
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the manufacturer’s instructions. RNA concentration and
integrity were then verified using an Agilent Bioanalyzer 2100
(Agilent technologies Santa Clara, US) before subjecting the
samples to library preparation and sequencing. The
concentration and size of the constructed libraries were
measured using a Qubit® 2.0 Fluorometer (Life Technologies,
USA) and Agilent 2100 Bioanalyzer, respectively. The samples
were prepared according to the HiSeq 2500 User Guide, and the
flow cell with the cluster was loaded on the Illumina HiSeq 2500
(50-bp single-end FASTQ reads). The number of sequencing
reads per sample was at least 10M and the proportion of bases
with mass greater than 20 was greater than 95%, and the quality
control meets the requirements of data analysis.

Differential Expression Analysis
The DESeq2 package of R version 3.5.2 (http://www.r-project.
org) was used to define differentially expressed miRNAs
(DEmiRs) and genes (DEGs) with the Bayesian method used
to correct batch effects. MiRNAs and mRNAs with statistical
significance between the IVF-ET and control groups were
selected according to the threshold criterion of fold change
(FC) >1.5 and P < 0.05. Volcano maps were created in the R
studio using the plot packages to illustrate the differential
expression of DEmiRs and DEGs.

GO Enrichment Analysis for the Targets of
Transcription Factors
DEmiRs were uploaded to FunRich software to screen for
upstream transcription factors, which is primarily used for
functional enrichment and interaction network analysis of
genes and proteins, as well as enrichment targets for
transcription factor pathways (21). For interaction network
analysis between miRNAs, gene/mRNA, and transcription
Frontiers in Endocrinology | www.frontiersin.org 329
factors, gene ontogeny (GO) enrichment analysis was also used
(22, 23).

Construction of the miRNA-mRNA
Regulatory Networks
The miRWalk V2.0, StarBase and TargetScan databases were used
to predict the target mRNAs of the miRNAs identified as DEmiRs.
Subsequently, the predicted DEGs were matched with the
experimentally determined DEGs to develop miRNA-mRNA
regulatory networks with visualization using Cytoscape
software (http://www.cytoscape.org/) (24). All node degrees,
proximity and presence of the regulatory network were
simultaneously computed.

GO and KEGG Enrichment Analyses
For gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis of DEGs, we used the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) and used ggplot2 packages in the R studio
to identify significantly altered biological processes (BPs),
cellular components (CCs), molecular functions (MFs) and
pathways associated with DEGs (P < 0.05).

Protein-Protein Interaction (PPI) Network
Analysis and Hub Gene Identification
Differentially expressed gene data was uploaded to the STRING
database (http://www.string-db.org/) (25). Interactions with a
composite score of >0.4 were considered significant. The target
genes in the PPI network act as nodes and the line from two
nodes indicates relevant interactions. Cytoscape software was
used to visualize the PPI network. We screened the top 10 genes
with the highest degree of correlation to the others as hub genes
with the CytoHubba plugin of Cytoscape (26).
TABLE 2 | Clinical characteristics of IVF-ET and controls.

Clinical features IVF-ET (n = 8) Control (n = 8) P value

Maternal age (years) 31.13 ± 2.58 28.63 ± 2.67 0.078
Gestational week at delivery 39.41 ± 0.69 39.43 ± 0.86 0.967
Mode of delivery Cesarean Cesarean
Birth weight(g) 3512.50 ± 410.64 3686.25 ± 302.04 0.351
Infant sex
Female 4 4
Male 4 4
Baby/placenta weight 5.94 ± 0.46 5.69 ± 0.70 0.387
November 2021 | Volume 12 | Article
Data are presented as mean ± SD. t-test. IVF-ET, in vitro fertilization-embryo transfer.
TABLE 1 | Clinical characteristics of IVF-ET and controls for high-throughput sequencing.

Cases Age (years) Gravidity Parity Gestational week at delivery Mode of
delivery

Sex of
the baby

Birth weight(g) Weight of
placenta(g)

Baby/placenta weight

Control 1 27 1 0 39 Cesarean Female 3150 500 6.30
Control 2 28 1 0 40.29 Cesarean Male 3850 630 6.11
Control 3 21 1 0 39.71 Cesarean Male 3500 510 6.86
IVF-ET 1 31 2 0 38.14 Cesarean Male 3000 540 5.56
IVF-ET 2 33 1 0 38.57 Cesarean Female 2800 480 5.83
IVF-ET 3 29 1 0 38.14 Cesarean Male 3100 540 5.74
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Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
One mg total RNA was reverse transcribed into cDNA using the
ReverTra Ace qPCR RT Kit (Toyobo, Japan) according to the
manufacturers’ instructions. Specific primers were used to
synthesize the cDNA of miRNAs. qRT-PCR reactions were
performed with the indicated primers (Table 3) in triplicate
20 mL reactions using the SYBR Green Realtime PCRMaster Mix
(Toyobo, Japan) on a StepOnePlus™ Real-Time PCR System.
Cycling conditions were as follows: 95°C for 60 seconds, 40
cycles of 95°C for 15 seconds, 60°C for 15 seconds, and 72°C for
45 seconds. The results were normalized to U6 and the relative
changes calculated using the 2−DDCt method (27).

Statistical Analysis
Data were presented as means ± standard deviations (SD) for
quantitative variables and the Student’s t-test used to assess
differences between groups. Otherwise, for discrete variables
the Mann-Whitney U-test was used. A value of P < 0.05 was
regarded as statistically significant. SPSS 21.0 and GraphPad
Prism 6.0 were used for analysis.
RESULTS

Identification of Differentially Regulated
Genes in IVF-ET Placentals
The schema of the overall study and analysis approach is
presented in Figure 1. High throughput sequencing analysis
was performed to analyze the expression profiles of miRNAs and
mRNAs in placentals from uncomplicated full-term IVF-ET and
natural conception pregnancies. From these data we identified a
total of 12 differentially expressed miRNAs (DEmiRs; Figure 2A)
including 4 downregulated miRNAs: hsa-miR-1269a, hsa-miR-
204-5p, hsa-miR-224-5p and hsa-miR-941, and 8 upregulated
miRNAs: hsa-miR-1269b, hsa-miR-125b-5p, hsa-miR-193b-3p,
hsa-miR-193b-5p, hsa-miR-31-5p, hsa-miR-371a-5p, hsa-miR-
4286 and hsa-miR-9-5p (Table 4). We also identified 258
differentially expressed mRNAs consisting of 52 downregulated
Frontiers in Endocrinology | www.frontiersin.org 430
and 206 upregulated DEGs (Figure 2B and Supplementary
Table SI).

Verification of the DEmiRs by qRT-PCR in
Placental Tissues
To ensure the veracity of the high throughput sequencing
analysis, it was necessary to validate our findings using
alternative methodology and samples. On the basis of
subsequent bioinformatics (see below), we selected 6 of the 12
DEmiRs (3 downregulated and 3 upregulated, respectively) and
analyzed their expression using qRT-PCR in a validation cohort
of 8 IVF-ET and 8 normal conception placentas. Instructively,
we found that the relative expression levels of hsa-miR-204-5p,
hsa-miR-1269a, and hsa-miR-941 were significantly
downregulated whereas hsa-miR-4286, hsa-miR-31-5p and
hsa-miR-125b-5p were all upregulated, respectively, in IVF-ET
compared to the control placentas (Figures 3A–F). These results
suggest that the dysregulation of these miRNAs commonly
occurs in IVF-ET pregnancies but further verification will be
required to support the general veracity of the global sequencing
data and analysis of the study.

Transcription Factor Enrichment and GO
Enrichment Analysis
Transcription factors often represent the critical final step in
signal transduction pathways. To investigate the enrichment of
transcription factor targets likely associated with the genetic
landscape of the IVF-ET placenta, we filtered out the top 10
transcription factors most closely linked to the DEmiRs. In
deceasing probability order, this analysis identified SP1, EGR1,
SP4, KLF7, ONECUT1, MYF5, TCF3, NFIC, SRF, and HOXB4
(Figure 4A). It indicates a regulatory interaction between these
transcription factors and DEmiRs. Intriguingly, SP1 was
apparently able to regulate majority of the DEmiRs.

In concert with these findings, GO enrichment analysis
indicated that the top 5 biological progress (BP) terms with the
most enriched targets of the DEmiRs involved signal
transduction; regulation of nucleobase, nucleoside, nucleotide
and nucleic acid metabolism, transport, apoptosis, and
regulation of immune response (Figure 4B). GO enrichment
TABLE 3 | Oligonucleotides used in this study.

Primer sets name Reverse transcriptase primer (5′ to 3′) Real-time quantitative PCR primer (5′ to 3′)

U6 AACGCTTCACGAATTTGCGT F:CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT

has-miR-204-5p GTCGTATCCAGTGCAGGGTCCGAGGTAT F: CGCGTTCCCTTTGTCATCCT
TCGCACTGGATACGACAGGCAT R:AGTGCAGGGTCCGAGGTATT

has-miR-1269a GTCGTATCCAGTGCAGGGTCCGAGGTAT F: CGCTGGACTGAGCCGTG
TCGCACTGGATACGACCCAGTA R: AGTGCAGGGTCCGAGGTATT

has-miR-941 GTCGTATCCAGTGCAGGGTCCGAGGTAT F: CACCCGGCTGTGTGCAC
TCGCACTGGATACGACGCACAT R: AGTGCAGGGTCCGAGGTATT

has-miR-4286 GTCGTATCCAGTGCAGGGTCCGAGGTAT F: GCGCGACCCCACTCCT
TCGCACTGGATACGACGGTACC R: AGTGCAGGGTCCGAGGTATT

has-miR-31-5p GTCGTATCCAGTGCAGGGTCCGAGGTAT F: GCGAGGCAAGATGCTGGC
TCGCACTGGATACGACAGCTAT R: AGTGCAGGGTCCGAGGTATT

has-miR-125b-5p GTCGTATCCAGTGCAGGGTCCGAGGTAT F: CGCGTCCCTGAGACCCTAAC
TCGCACTGGATACGACTCACAA R: AGTGCAGGGTCCGAGGTATT
November 2021 | Volume 12 | Article 774997
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terms associated with molecular function (MF) indicated most of
the genes were involved in transcription factor activity,
transporter activity, RNA binding, Receptor signaling complex
scaffold activity, and GTPase activity (Figure 4C). The top 5
enriched cellular component (CC) terms were nucleus,
cytoplasm, Golgi apparatus, lysosome and membrane
raft (Figure 4D).

Construction of miRNA-mRNA Regulatory
Networks
Reliable identification of miRNA targets is still an imprecise
process, but it is widely appreciated that predictions can be
improved using the outputs of multiple algorithms (28).
Frontiers in Endocrinology | www.frontiersin.org 531
Consequently, we employed three databases (miRWalk V2.0,
StarBase and TargetScan) to analyze the potential impact of the
DEmiRs on the placental transcriptome. Screening miRNA
targets based on the overlapping results of the three databases
and the intersection with DEGs. This analysis yielded paired
interactions between 109 DEGs with 10 of the 12 identified
DEmiRs. The network of miRNA-mRNA interactions was
visualized in Cytoscape (Figure 5) and the target genes of the
DEmiRs are listed in Table 5. Notably, among these, the four
downregulated DEmiRs, particularly hsa-miR-204-5p, hsa-miR-
1269a and hsa-miR-941, formed the most extensive interactive
network with multiple gene targets while the upregulated
DEmiRs aligned with a more discrete set of target genes.
FIGURE 1 | Flow diagram of the study design. DEmiRs, differentially expressed miRNAs; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; PPI, protein-protein interaction.
A B

FIGURE 2 | Identification of DEmiRs and DEGs. Volcano plots illustrating (A) DEmiRs and (B) DEGs in placental tissues determined by comparing IVF-ET (n = 3)
with normal conception (n = 3) pregnancies. Differential expression thresholds employed for deriving DEmiRs and DEGs involved fold change (FC) >1.5 and P < 0.05.
Red and blue points represent significantly upregulated or downregulated miRNAs/mRNAs, respectively.
November 2021 | Volume 12 | Article 774997

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yang et al. MiRNA-mRNA Networks in IVF-ET Placentas
Functional Enrichment Analysis
of the DEGs
Independent of the preceding analysis, we utilized ggplot2 and
enrichment analysis to profile GO annotations and KEGG
pathways associated with the differentially expressed genes.
These predictions would allow an improved understanding of
the functional impact of the genes dysregulated in IVF-ET. As
illustrated, the top 10 enriched GO and KEGG terms are
presented in categories of biological processes (BPs), cellular
components (CCs), molecular functions (MFs) and defined
KEGG pathway identifiers (Figure 6).
Frontiers in Endocrinology | www.frontiersin.org 632
Notably, this analysis revealed significant enrichment for BP
entries aligned with angiogenesis, pregnancy, cell adhesion,
positive regulation of transcription from the RNA polymerase
II promoter and positive regulation of angiogenesis (Figure 6A).
Furthermore, the protein binding, poly (A) RNA binding and
transcriptional activator activity accounted for the majority of
MF terms (Figure 6B) while the most enriched CCs were
extracellular exosome, membrane, and extracellular region
(Figure 6C). The top 10 most highly enriched KEGG
classifications included the PI3K-Akt and Ras signaling
pathways along with focal adhesion (Figure 6D).
TABLE 4 | The 12 differentially expressed miRNAs (DEmiRs) in IVF-ET.

Symbol P Value logFC Up/Down

hsa-miR-941 <0.001 -0.758138251 Down
hsa-miR-9-5p 0.047 0.659018502 Up
hsa-miR-4286 <0.001 0.938226403 Up
hsa-miR-371a-5p 0.003 0.633507315 Up
hsa-miR-31-5p <0.001 0.962107998 Up
hsa-miR-224-5p <0.001 -0.664686886 Down
hsa-miR-204-5p <0.001 -1.207550612 Down
hsa-miR-193b-5p 0.020 0.954586891 Up
hsa-miR-193b-3p <0.001 0.878208945 Up
hsa-miR-1269b <0.001 3.787867629 Up
hsa-miR-1269a <0.001 -1.314083333 Down
hsa-miR-125b-5p <0.001 0.639432322 Up
November 2021 | Volume 12 | Arti
IVF-ET, in vitro fertilization-embryo transfer; FC, fold change.
A B

D E F

C

FIGURE 3 | Validation of differential expression of randomly selected DEmiRs in IVF-ET versus control placental tissues. The relative expression levels of (A) hsa-
miR-204-5p, (B) hsa-miR-1269a, (C) hsa-miR-941, (D) hsa-miR-4286, (E) hsa-miR-31-5p and (F) hsa-miR-125b-5p were measured in an independent cohort of
placental tissues from uncomplicated IVF-ET (n = 8) and natural conceived pregnancies (n = 8). Box and whisker plot with relative expression plotted in log scale
showing the range (whiskers), first and third quartiles (boxes) and median values. *P < 0.05, **P < 0.01.
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Construction of Protein-Protein Interaction
(PPI) Networks
Using the DEGs we next built a PPI network using the online
STRING database and tools in Cytoscape. The network was
mapped to a limit of 148 DEGs (Figure 7). Node size is
proportional to the degree of the node itself. Edge width is
proportional to the combined degree between genes. We assessed
their degree of connectivity and identified 10 hub genes, and the
genes are listed in Table 6.

Biological Analysis of the Hub Genes
Highly-connected genes with a network are considered master
regulatory elements otherwise known as hub genes (29). We used
the cytoHubba plugin of Cytoscape to reveal the ten most
strongly related interactions amongst the DEGs in IVF-ET.
This approach generated 10 nodes with 37 edges with the most
likely hub genes consisting of EGFR, FOS, SERPINE1, LEP, HGF,
EGR1, SPP1, HNRNPA2B1, IGF2 and ENG (Figure 8A). In
addition, KEGG analysis of the top 10 enrichment pathways
were identified (Figures 8B, C).
DISCUSSION

As one of the main tools of ART, IVF-ET can improve the
success rate of infertility treatments for many affected couples.
A B

DC

FIGURE 4 | Transcription Factor Enrichment and GO Enrichment Analysis. (A) Transcription factors (TF) of the differentially expressed miRNAs (DEmiRs) from
FunRich. Blue bars, orange bars, and red bars represent percentage of predicted genes, reference of P=0.05, and p value, respectively. (B) mRNAs involved in
biological process terms for DEmiRs. (C) mRNAs involved in molecular function terms for DEmiRs. (D) mRNAs involved in cellular component terms for DEmiRs.
Frontiers in Endocrinology | www.frontiersin.org 733
FIGURE 5 | Interaction networks of miRNA and target DEGs in IVF-ET
placenta tissues. microRNAs are represented by triangles and mRNAs
are represented by circles. Red indicates genes with up-regulated
expression and blue indicates genes with down-regulated expression.
miRNA, microRNA; mRNA, messenger RNA; IVF-ET, in vitro fertilization-
embryo transfer.
November 2021 | Volume 12 | Article 774997
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Nonetheless, despite its use for several decades and widespread
acceptance, there are still uncertainties associated with IVF-ET in
terms of perinatal risks and offspring health. On this basis we
hypothesized that complications associated with IVF-ET may be
associated with the altered expression of genes that regulate
placental development and function. Consequently, we
performed genome-wide miRNA and mRNA analyses
comparing placentas from IVF-ET assisted and naturally
conceived pregnancies. The choice of samples from
uncomplicated births was deliberate, as large gene differences
from pathological births would be expected while more
Frontiers in Endocrinology | www.frontiersin.org 834
fundamental changes could be revealed by the experimental
design used.

Foremost we considered the epigenetic regulatory
mechanisms involving miRNAs as these are recognized
effectors of placental-mediated complications during pregnancy
(15). Indeed, there has been strong interest in miRNAs as
predictive biomarkers for the detection of pathologies in
pregnancy with the villous trophoblast being a major source of
miRNAs found in maternal circulation (30). Such changes in
circulating miRNAs would naturally reflect the changes
occurring within the placenta. Our analysis produced a
TABLE 5 | The miRNA-mRNA network.

Symbol Up/
Down

Count Target mRNA

hsa-miR-941 Down 28 RBM25, MPHOSPH8, SOCS1, SEC62, HP1BP3, JUP, NFE2L1, THY1, FLT1, GOLGA4, TRIQK, C6orf89, NFYC, PPP1R13L,
ARHGAP26, IGF2, BCL6, LIFR, ANGPT2, FOSB, SCIN, PHACTR2, RRBP1, ARL5A, MME, ERBB3, UBE2V1, ENG

hsa-miR-4286 Up 2 RBP4, HMSD
hsa-miR-31-5p Up 5 GCSH, UCK2, HMSD, MXRA7, RPS4Y1
hsa-miR-224-5p Down 5 SYNCRIP, ARHGAP26, ARL5A, SERPINE1, SLC7A8
hsa-miR-204-5p Down 30 PAPPA2, WAC, SUB1, PROCR, SLCO2A1, HAPLN1, HP1BP3, LYNX1, NFE2L1, THY1, ACP2, CBR1, COBLL1, SLC7A8,

CREB3L2, ARID5B, SRSF11, TRIQK, SYNCRIP, ARHGAP26, BCL6, XPO7, SLC38A1, ATP6V1C2, ZFAT, NDEL1, SH3BP5,
RAP1B, SERPINE1, CYP19A1

hsa-miR-193b-5p Up 5 UCK2, DNASE1L3, HMSD, MXRA7, PLA2G2A
hsa-miR-193b-3p Up 2 HLA-G, DDX3Y
hsa-miR-1269b Up 2 RBP4, MXRA7
hsa-miR-1269a Down 28 RBM25, SYF2, SUB1, NCL, FOS, CALD1, THY1, SEC62, LAMC1, AFF1, LUC7L3, NUCB2, EIF3A, C6orf89, NSRP1, CREB3L2,

TRIQK, FLT1, SYNCRIP, ARHGAP26, NDRG1, LIFR, PHACTR2, ARL5A, ERV3-1, DERL3, MME, GBA
hsa-miR-125b-5p Up 2 GNG11, MXRA7
A B

DC

FIGURE 6 | Top 10 significant enrichment GO and KEGG terms of DEGs. (A) BP, biological process. (B) MF, molecular function. (C) CC, cellular component.
(D) KEGG, Kyoto Encyclopedia of Genes and Genomes.
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shortlist of 12 miRNAs that were differentially expressed in IVF-
ET compared to placental tissue from natural pregnancies.

Three of the 12 differentially expressed miRNAs were
confirmed in an independent cohort to be specifically
downregulated in IVF-ET placentas, i.e., hsa-miR-204-5p, hsa-
miR-1269a and hsa-miR-941. Notably, all three microRNAs have
been previously implicated in placental dysfunction and
potential fetal growth complications although the underlying
mechanisms generally remain unclear. The downregulation of
miR-204-5p is associated with fetal growth abnormalities and is
enriched in related biological pathways and has also been found
to be regulated in the presence of adverse pregnancy-related
outcomes (31). For instance, miR-204-5p can inhibit
angiogenesis by regulating pro-angiogenic genes such as
ANGPT1 and members of the VEGF family (32). miR-1269a
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was found to be a risk factor for ectopic pregnancy, and currently
known risk factors include assisted reproductive technologies
such as in vitro artificial insemination and hormonal stimulation
(33). It has also been suggested that miR-941 is expressed in
trophoblast cells and involved in insulin-related intracellular
signaling pathways such as Wnt signaling, phosphoinositide-3-
kinase, TGF-b signaling, and PPAR-gamma (34). In addition,
miR-941 has been shown to target Keap1 to activate the Nrf2
signaling pathway, which in turn protects human endometrial
cells from oxygen and glucose deprivation-re-oxygenation
induced oxidative stress and programmed necrosis (35). These
correlates provide a compelling rationale for the functional
significance of these miRNAs in IVF-ET fetal growth.

Given the central importance of miRNA expression in the
execution of the transcriptional programs, we predicted
transcription factors that might regulate these DEmiRs. The
top ranked transcription factor was specificity protein 1 (SP1),
a zinc finger transcription factor that binds to a variety of GC-
rich motifs and regulates the expression and function of miRNAs
as well as the expression of genes associated with embryonic
development and differentiation (36, 37). SP1 has been shown to
regulate the placental glucocorticoid barrier by repressing the
expression of 11b-hydroxysteroid dehydrogenase type 2, leading
to fetal growth restriction (FGR) (38). One study identified the
interaction of miR-331-3p with SP1 and the interaction of miR-
331-3p and miR-1908-5p with glycosyltransferases as a novel
mechanism for ABO blood group regulation (39). The second
ranked hit in the TF analysis was EGR1 which has been
previously implicated in follicular development, ovulation,
corpus luteum formation and placental angiogenesis (40), and
plays a key role in placental implantation (41). Notably, EGR1
was also identified in the construction of the PPI network.

Here we screened key genes altered in IVF-ET placental tissue
based on mRNA next-generation sequencing data and online
tools to identify ten hub genes. Among these, EGFR signals
through Src- and ERK-mediated pathways activated by VEGFR2.
Placental trophoblast cells are enriched in EGFR (42) and
activation of EGFR regulates the proliferation, migration and
invasive capacity of extravillous trophoblast cells (43). FOS is
another molecule involved in angiogenesis. FOS belongs to the
transcription factor-activated protein 1 (AP-1) superfamily,
which is responsible for a variety of cellular processes,
including proliferation, differentiation, apoptosis, hypoxia,
angiogenesis and steroidogenesis (44, 45), as demonstrated in
trophoblast cells (46). LEP, an important metabolic hormone,
is highly expressed in the placenta and regulates placental,
fetal growth and angiogenesis (47). SPP1, also called
osteopontin (OPN), is located in the cytoplasm of placental
syncytiotrophoblast and capillary endothelial cells and is
considered a marker of placental bed remodeling. Placental
development occurs in a hypoxic environment and can
stimulate angiogenesis through upregulation of the vascular
endothelial growth factor inhibitor of fibrinolytic plasminogen
activator 1 (SERPINE1) (48).

Considering the important role of these key genes in placental
development and angiogenesis, it was instructive to consider how
TABLE 6 | The top 10 genes in the network are ranked in order of degree.

Rank Symbol Score

1 EGFR 40
2 FOS 27
3 SERPINE1 21
3 LEP 21
5 HGF 19
5 EGR1 19
7 SPP1 18
8 HNRNPA2B1 17
9 IGF2 16
9 ENG 16
FIGURE 7 | The PPI Network of DEGs. The upregulated genes were
exhibited by the red color, while the blue color exhibited the downregulated
genes. Node size is proportional to the degree of the node itself. Edge width
is proportional to the combined degree between genes.
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these gene networks were impacted by altered miRNA
expression. We used the intersection of miRNA and mRNA
sequencing data to construct a microRNA-mRNA network. This
analysis revealed more complexity in predicted interactions for
the downregulated DeMiRs compared to their upregulated
counterparts. Indeed, the downregulated DeMiRs display a far
more extensive repertoire of target genes, particularly, hsa-miR-
204-5p, hsa-miR-1269a and hsa-miR-941, for which, as
discussed above, have tangible functional links to different
aspects of placental regulation. Nonetheless, more work is
needed to determine which gene targets are most functionally
important but further understanding of the underlying
mechanisms may help to reduce pregnancy complications and
improve offspring safety.

Our current study has its limitations. The discovery cohort
was small and we only validated selected miRNAs in the
placentas of 8 IVF-ET assisted conception patients and 8
normal controls, which may reduce the reliability of our
findings. Moreover, while we were diligent to sex match the
placentals and minimize sampling bias by location, placental
tissue is known to be divided into maternal, intermediate and
fetal zones with different gene expression profiles (49) and inter-
placental differences are inevitable. Moreover, the molecular
interactions and proposed functional relationships proposed by
Frontiers in Endocrinology | www.frontiersin.org 1036
the bioinformatic analyses need formal verification in both
experimental and clinical settings. Thus, more work is needed
to explore the specific functions of differentially expressed genes
in IVF-ET placentas and their mechanisms.
CONCLUSIONS

In summary, we constructed a miRNA-mRNA regulatory
network to regulate the expression of genes essential for IVF-
ET placental development and function using bioinformatic
analysis. Our data reveal both previously identified miRNAs
and mRNAs associated with placental dysfunction and
pregnancy complications along with novel candidates. As such
these data represent a ready resource for subsequent
investigations into the effects of IVF-ET on placental
development and function and may provide a basis for future
prevention and treatment of adverse perinatal outcomes.
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Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei, China

Male infertility is a prevalent disorder distressing an estimated 70 million people worldwide.
Despite continued progress in understanding the causes of male infertility, idiopathic
sperm abnormalities such as multiple morphological abnormalities of sperm flagella
(MMAF) still account for about 30% of male infertility. Recurrent mutations in DNAH1
have been reported to cause MMAF in various populations, but the underlying mechanism
is still poorly explored. This study investigated the MMAF phenotype of two extended
consanguineous Pakistani families without manifesting primary ciliary dyskinesia
symptoms. The transmission electron microscopy analysis of cross-sections of
microtubule doublets revealed a missing central singlet of microtubules and a
disorganized fibrous sheath. SPAG6 staining, a marker generally used to check the
integration of microtubules of central pair, further confirmed the disruption of central pair in
the spermatozoa of patients. Thus, whole-exome sequencing (WES) was performed, and
WES analysis identified two novel mutations in the DNAH1 gene that were recessively co-
segregating with MMAF phenotype in both families. To mechanistically study the impact of
identified mutation, we generated Dnah1 mice models to confirm the in vivo effects of
identified mutations. Though Dnah1△iso1/△iso1 mutant mice represented MMAF
phenotype, no significant defects were observed in the ultrastructure of mutant mice
spermatozoa. Interestingly, we found DNAH1 isoform2 in Dnah1△iso1/△iso1 mutant mice
that may be mediating the formation of normal ultrastructure in the absence of full-length
protein. Altogether we are first reporting the possible explanation of inconsistency
between mouse and human DNAH1 mutant phenotypes, which will pave the way for
further understanding of the underlying pathophysiological mechanism of MMAF.
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INTRODUCTION

Male infertility is a global health concern with social and
psychological impact on more than 70 million infertile men
(1). Recent studies have demonstrated that sperm defects, such as
reduced sperm count, decreased sperm motility, and abnormal
morphology, are directly linked with male infertility (2). Sperm
motility is required for normal fertilization, and around 80% of
infertility is caused by compromised sperm motility (3).
Subsequently, sperm morphology is also an important player
necessary for sperm locomotion, and defects in sperm
morphologies are associated with a major form of male
infertility (4). Defects in sperm morphology are generally
manifested with a wide range of phenotypic variations in the
head, neck, mid-piece, and tail of spermatozoa. Among these, the
most common type of abnormities is found in the form of
multiple morphological abnormalities of sperm flagella
(MMAF) in asthenospermia patients. The most common
defects of sperm flagella observed in MMAF phenotype include
coiled, bent, irregular, short, absent, or irregular-width flagella
(5). Normal sperm flagella contain a typical axonemal
arrangement of nine peripheral microtubules and two central
microtubules (CP), which are further surrounded by dense outer
fiber and fibrous sheath (6). This basic structure of flagella
remains conserved through the process of evolution. Any
structural aberrations in these components of sperm flagella
are associated with a wide range of MMAF phenotypes which
further caused a reduction of sperm motility or even sperm
immobility and eventually male infertility.

DNAH1 (MIM 603332) is an essential gene that encodes inner
dynein arm(IDA)heavy chain,which are believed to strengthen the
link between radial spokes and outer doublet (7). IDA, an ATPase-
based protein complex, is responsible for beat generation and
regulation of flagellar movement (8, 9). Recurrent mutations in
DNAH1 are commonly associated with MMAF in various
populations (7, 10, 11). Moreover, researchers are extensively
investigating the molecular mechanism of MMAF by generating
knockout (KO) mice models of various genes that have been
associated with MMAF phenotype in humans (6). Until now,
mutations in various genes, such as CFAP43, CFAP44, CFAP47,
CFAP58,CFAP65,CFAP69,CFAP70,CFAP74,CFAP91,CFAP206,
CFAP251, DNAH1, DNAH2, DNAH6, DNAH8, DNAH10,
DNAH17, WDR19, ARMC2, TTC21A, TTC29, FSIP2, AK7,
CEP135, SPEF2, QRICH2, DZIP1, BRWD1, DRC1, STK33, etc.,
have been reportedwithMMAFphenotype (10, 12–25).However, a
discrepancy exists in the Dnah1 KO mouse model and human
phenotype (26, 27). A previous study demonstrated thatDnah1KO
mice are completely infertile due to defects in sperm motility, but
the ultrastructure offlagella did not show any abnormalities in their
components (26). On the other hand, DNAH1 mutant human
sperm ultrastructure was severely compromised because of lacking
CP and other defects. Thus, uncovering the inconsistency between
human and mouse phenotypes of the DNAH1 gene required a
deeper study to discover the unknown isoforms mediating the
intact formation of normal ultrastructure of mouse sperm
flagella in the absence of full-length DNAH1 protein.
Frontiers in Endocrinology | www.frontiersin.org 240
In the present study, we recruited two extended consanguineous
Pakistani families suffering from male infertility due to
the MMAF phenotype. Subsequently, whole-exome sequencing
(WES) identified two novel mutations in the DNAH1 gene
that were recessively co-segregating with infertility phenotype
in both families. Furthermore, we generated Dnah1 mice
models to confirm the in vivo effects of identified mutations.
Interestingly, we found Dnah1 isoform2 in Dnah1△iso1/△iso1

mutant mice that may be mediating the formation of normal
ultrastructure in the absence of full-length protein. Altogether
we are the first one to present the possible explanation
of inconsistency between mouse and human DNAH1
mutant phenotype, which will pave the way for further
understanding of the underlying pathophysiological
mechanism of MMAF.
MATERIALS AND METHODS

Recruitment of Families
and Phenotype Confirmation
Two consanguineous families from Pakistan, comprising six
male patients, were enrolled to investigate the underlying
genetic cause of male infertility. Detailed pedigrees were
constructed according to the provided information by the
parents of the patients. An initial physical and andrological
examination displayed that all patients have normal body mass
index and no primary ciliary dyskinesia (PCD) symptoms. Other
associated diseases, such as hypogonadotropic hypogonadism,
cryptorchidism, varicocele, seminal ductal obstruction, testicular
trauma, and andrological tumor, were also not observed. Two
repeated semen analyses were performed according to the WHO
manual of 2010, and all the parameters were recorded (Table 1).
We also recruited the fertile siblings of patients and their parents
to serve as a positive control for genetic analysis. The study was
approved by a bioethical committee of Pakistan and the ethical
review board of the University of Science and Technology of
China. Informed consent was obtained from all participants of
both families.

WES and Linkage Analysis
Genomic DNA was extracted from all available members of both
families by using QIAamp Blood DNA Mini Kit (QIAGEN) as
per the protocol of the manufacturer. WES was conducted on
III:2, IV:1, III:3, V:1, V:2, V:3, and V:5 from family members of
PK-INF-15 and PK-INF-319, respectively, previously reported in
(28). Briefly, WES data from the selected members were enriched
by the Agilent SureSelect XT Human All Exon Kit. The Illumina
HiSeq XTEN platform accompanied next-generation
sequencing. The obtained raw reads were aligned to the human
genome reference assembly (GRCh37/hg19) using the Burrows-
Wheeler Aligner (29). Next, the Picard software was engaged to
remove polymerase chain reaction (PCR) duplicates and evaluate
the quality of variants. DNA sequence variants were analyzed by
the best practice genome analysis kit (30). VCF files were used for
November 2021 | Volume 12 | Article 765639
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parametric linkage analysis, as described previously (31), and
four linkage regions were identified with a logarithm of odds
(LOD) score of more than 0.5. Further screening was opted for
the variants that were located on linkage regions and following
Mendelian inheritance pattern.

Filtering and Selection of Candidate
Variants
Only variants that have depth >×20, genotype quality >90, and
0.5-cM intervals between each other were designated as markers.
MERLIN software was employed on genotyped single-nucleotide
polymorphism for linkage analysis with these parameters: due to
consanguinity in the families, recessive mode of inheritance was
adopted, with a disease allele frequency of 0.001 and 100%
penetrance. A number of five peaks with a LOD score of more
than 0.5 were considered as linkage regions. The variants that
resided in the linkage regions were further annotated by
ANNOVAR using the NCBI RefSeq gene annotation. We
adopted the following filtration strategy to select potential
candidate disease-causing variants in patients: (i) variants that
were heterozygous in the father and control brothers and
homozygous in patients were retained; (ii) variants with minor
allele frequency of more than 0.01 in public databases such as
1000 Genome project (32), ESP6500 (33), or ExAC database (34),
and variants homozygous in our in-house WES variants call set
generated from 578 fertile male samples (41 Pakistanis, 254
Chinese, and 283 Europeans) were excluded; (iii) variants that
affect protein sequence and predicted to be deleterious by around
10 of 13 in silico employed tools were kept; and (iv) variants
which have a predominant expression in the testes and their
inactivation affects male fertility were retained based on
spermatogenesis online database (35) and were checked by
Sanger sequencing to verify Mendel inheritance pattern. All
Frontiers in Endocrinology | www.frontiersin.org 341
these strategies are more clearly explained in a flow chart
diagram in Supplementary Figure S2. Finally, only DNAH1
variants followed the inheritance pattern and thus were
considered the potential candidates causing MMAF phenotype
in subjects under investigation. The list of primers used for
Sanger sequencing is shown in Supplementary Table S1.

Immunofluorescence Staining
Immunofluorescence on the spermatozoa of patients was
performed, as we have previously reported (36). Briefly, sperm
from patients were smeared on the clean slide and fixed with 4%
paraformaldehyde followed by three times of washing in
phosphate-buffered saline (PBS). The slides were permeabilized
with 0.5% Triton X-100 for 30 min and blocked with 1% BSA.
Next, the slides were incubated with primary antibodies,
including a-tubulin (Sigma, F2168), DNAH1 (Abcam,
ab122367), and SPAG6 (Proteintech, 12462-1-AP), overnight
at 4°C. On the next day, the slides were washed with PBST (PBS
containing Triton X-100) and incubated with secondary
antibodies DAR555 (Molecular Probes, A31572) and GAM488
(Molecular Probes, A21121) for 1 h at 37°C. Finally, the slides
were washed again and sealed with Hoechst and Vectashield.
Images were captured by using a laser scanning confocal
microscope (Olympus).

Electron Microscopy Analysis
Sperm samples from patients were processed in 0.1 M phosphate
buffer (pH 7.4) containing 4% paraformaldehyde, 8%
glutaraldehyde, and 0.2% picric acid at 4°C. Scanning and
transmission electron microscopy (SEM and TEM) were
performed as previously described, with minor modifications
(36). Briefly, spermatozoa were washed in 0.1 M PBS four times,
followed by fixation in 1% OsO4 and dehydration. Then, samples
TABLE 1 | Clinical characteristics of patients.

Reference values PK-INF-15 PK-INF-319

IV:1 V:1 V:2 V:3

Gene – DNAH1 DNAH1 DNAH1 DNAH1
cDNA mutation – c.7646_7647InsC c.6212T>G c.6212T>G c.6212T>G
Protein alteration – p.N2549Qfs*61 p.C1789Y p.C1789Y p.C1789Y
Fertility – Infertile Infertile Infertile Infertile
Age (years old)a – 1978 1980 1984 1986
Years of marriage – 2003 2005 2007 2010
Height/weight (cm/kg) – 183.0/70.0 183.0/99.0 180.0/86.0 180.0/86.0
Semen parametersb

Semen volume (ml) >1.5 1.5 2.4 ± 0.4 2.5 ± 0.5 3.8 ± 0.8
Semen pH Alkaline Alkaline Alkaline Alkaline Alkaline
Sperm concentration (106/ml) >15 6.0 3.0 ± 0.5 7.0 ± 4.0 20.0 ± 5.0
Normal sperm morphology (%) >4 0 2.6 0.6 –

Motile sperm (%) >40 0 0 0.5 ± 0.5 0
Progressively motile sperm (%) >32 0 0 0 0
Sperm flagella
Morphologically normal (%) – 0 2.6 0.6 –

Absent (%) – 11.0 24.7 26.8 –

Short (%) – 22.0 24.3 26.2 –

Coiled (%) – 19.0 30.5 29.2 –

Bent (%) – 5.0 4.8 8.0 –

Irregular caliber (%) – 43.0 13.1 9.2 –
November
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were infiltrated for acetone and epon resin mixture and
embedded in sputter-coated (SCD 500, Bal-Tel). Thinly
sectioned (70 mm) samples were stained with uranyl acetate
and lead citrate. The morphology of spermatozoa was examined
by Hitachi S-4800 field emission scanning electron microscope
under an accelerating voltage of 15 kV. The ultrastructure of
the samples was analyzed and captured by Tecnai 10 or
12Microscope (Philips) at 100 or 120 kV or by H-7650
microscope (Hitachi) at 100 kV.

Generation of Mutant Mice Models
Dnah1-/- and Dnah1△iso1/△iso1 mice were generated by using
CRISPR/Cas9 genome editing technology as previously reported
(37). Briefly, single guide RNAs (sgRNAs) designed to target
exon 2 and 49 of Dnah1 to generate KO and mutant mice,
respectively, were transcribed in vitro (Addgene, 5132). Single-
strand oligodeoxynucleotides (ssODNs), with a mutation similar
to family A2 patients and a synonymous mutation at the
protospacer adjacent motif, were created by the Sangon
Biotech system. The designed sgRNAs and ssODNs were
microinjected with Cas9 mRNAs into the zygotes of B6D2F1
(C57BL/6×DBA/2J) mice, following a previously published
methodology (38). The genotyping of newborn pups was
determined by Sanger sequencing, and heterozygous Dnah1+/-
and Dnah1+/△iso1 mice were bred to obtain the desired
homozygous results of Dnah1-/- and Dnah1△iso1/△iso1 mice for
future experiments. The sequence of guide RNAs and all the
primers used for genotyping is shown in Supplementary
Table S1.

Western Blotting
Testes from 8-week-old Dnah1-/- and Dnah1△iso1/△iso1 mice were
detached and processed in radio-immunoprecipitation assay buffer
(25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate) complemented
with protease inhibitors cocktail using a Tissuelyzer and then
cleared by centrifugation. Western blotting was performed as
previously reported (39). Nitrocellulose membranes were
incubated with primary antibodies against DNAH1 (this study)
Frontiers in Endocrinology | www.frontiersin.org 442
and GAPDH overnight at 4°C. On the next day, membranes were
washed in PBST and incubated with secondary antibodies for 1 h
at room temperature. The blots were developed with
chemiluminescence (Image Quant LAS 4000, GE Healthcare).

RNA Extraction and Reverse
Transcriptase-PCR
According to the protocol of the manufacturer, total RNA from
mice and control human testes was extracted by using Trizol
(Invitrogen) kit. RT-PCR was conducted as we have previously
described (40). The primer used for RT-PCR is listed in
Supplementary Table S1.

Phenotypic Investigation of Mutant Mice
The fertility status of Dnah1△iso1/△iso1 mice was assessed by
caging each mutant mouse with two wild-type females (C57/BL)
for 3 months. A total of five Dnah1△iso1/△iso1 mice were tested,
and none of them produce a single pup (Table 2). Testes
morphology, sperm count, H&E, sperm morphology, and
sperm motility were performed as previously described (36, 39).
RESULTS

Recruitment of Infertile Patients
Manifesting MMAF Phenotype
In the present study, we recruited two infertile consanguineous
Pakistani families (PK-INF-15 and PK-INF-319) consisting of
six patients that were suffering from primary infertility
(Figure 1A). The semen analysis of four patients showed a
sufficient sperm concentration, while all sperms were immotile
(Table 1). SEM and light microscopy investigation revealed
abnormalities in sperm tail, displaying different defects of
sperm flagella, including absent, short, coiled, bent, and
irregular caliber, suggesting MMAF (Supplementary Figures
S1A, B). Similarly, the SEM of sperm from patients also
confirmed the MMAF phenotype (Figure 1B). Altogether these
results indicated that MMAF accompanies the underlying cause
of infertility in these families.
TABLE 2 | Characteristics of Dnah1+/△iso1, Dnah1△iso1/△iso1, Dnah1+/-, and Dnah1-/- male mice.

Dnah1+/△iso1 Dnah1△iso1/△iso1 Dnah1+/- Dnah1-/-

Body weight (g) 24.87 ± 2.91 23.11 ± 2.63 19.28 ± 1.92 19.68 ± 4.32
Testis weight (mg) 188.1 ± 26.70 171.0 ± 17.70 128.5 ± 14.10 137.9 ± 36.8
Testis/body weight ratio (10-3) 7.56 ± 0.64 7.48 ± 1.27 6.77 ± 1.18 7.03 ± 0.95
Semen parameters
Sperm count (107) 1.17 ± 0.15 0.45 ± 0.08 1.05 ± 0.12 0.51 ± 0.03
Motile sperm (%) 71.10 ± 7.08 26.53 ± 7.03 70.74 39.56
Progressively motile sperm (%) 43.12 ± 1.13 3.97 ± 2.11 54.59 10.67
Sperm flagella
Normal (%) 81.84 ± 1.33 33.95 ± 7.58 84.01 ± 1.35 45.46 ± 5.91
Absent (%) 16.13 ± 0.73 53.11 ± 9.63 12.20 ± 2.67 48.56 ± 7.18
Short (%) 0.56 ± 0.19 3.68 ± 1.12 0.72 ± 0.32 1.12 ± 0.37
Coiled (%) 0.31 ± 0.28 2.37 ± 0.67 0.13 ± 0.13 1.19 ± 0.01
Bent (%) 0.98 ± 0.56 1.45 ± 0.69 2.50 ± 1.16 1.87 ± 1.14
Irregular (%) 0.19 ± 0.19 5.44 ± 1.30 0.43 ± 0.26 1.79 ± 0.66
November 2021 | Volume 12 | A
For semen analysis, three 8-week-old mice were examined for each genotype. Data are presented as mean ± SEM.
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Whole-Exome-Identified Novel Loss-of-
Function Mutations in DNAH1
In order to explore the underlying genetic cause of infertility, WES
wasperformedon fourpatients, the control brother and their parents
Frontiers in Endocrinology | www.frontiersin.org 543
(III:2, IV:1, III:3, V:1, V:2, V:3, and V:4). Considering the
consanguinity within the families, we screened the WES data and
only retained the variants thatdisplayed recessive inherencepatterns.
Furthermore, we filter the variants based on minor allele frequency,
A

B

D

E

C

FIGURE 1 | Recruitment of infertile families displaying multiple morphological abnormalities of sperm flagella phenotype. (A) Two consanguineous Pakistani infertile
families (PK-INF-15 and PK-INF-319), comprising six male patients, were recruited. Male individuals are represented by squares, while female individuals were
indicated with a circle. Diamonds indicate offspring, and the numerals inside designate the number of offspring. Solid squares are used to indicate patients, slashes
represent deceased family members, and parallel slash lines specify consanguineous marriages. The red arrows indicate the members selected for whole-exome
sequencing. (B) Scanning electron microscopy of sperm control (i) and from patients [PK-INF-319], V:1 (ii, ii, and iv) and V:2 (v and vi)] displayed various defects of
flagella, including absent, short, coiled, and irregular calibers. Scale bar, 10 um. (C) Chromatograms representing the segregation of DNAH1 mutations in available
members from families (a) PK-INF-15 and (b) PK-INF-319. The red arrows show the genomic position of DNAH1 mutations. (D) An illustrative representation of
DNAH1 gene and subsequent protein structure showing the identified mutation positions. (E) No DNAH1 signals were found on paraformaldehyde-fixed sperm from
a patient stained against DNAH1 and a-tubulin, while intact DNAH1 signals were observed on sperm obtained from a healthy control. Scale bar, 10 um.
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testis-specific expression, and reviewof literature about thegenes that
have an association with the MMAF phenotype. In short, we
identified two novel mutations in DNAH1: one was the insertion
of C (c.7646_7647InsC, p.N2549Qfs*61), causing a truncation of
protein in the family A1, and the other was a missense mutation
(c.6212T>G, p.C1789Y) in family A2 (Figure 1D). Sanger
sequencing on DNA from all available members of both families
indicated that themutations are recessively segregating in all patients
with infertility phenotype (Figures 1Ca, b). To check the effect of
these mutations on protein function, we performed
immunofluorescence (IF) of DNAH1 and alpha-tubulin on sperm
smear slides from patients IV:1, V:1, and V:2. The IF result showed
the absence of DNAH1 signals on the sperm tail of patients, while
positive signals of DNAH1 were observed on the control sample
(Figure 1E). Thus, these results indicated that the identified
mutations are loss-of-function mutations and caused transcript
decay by non-sense mRNA-mediated decay.

Ultrastructural Analysis of Spermatozoa
Displayed Numerous Defects in the
Axonemal Structures
In order to investigate the axonemal structures, we performed
TEM on patient (IV:1) spermatozoa. We statistically analyzed
good-quality cross-sections of microtubule doublets from the
patient and control spermatozoa samples and found that the
central singlet of microtubules was missing in 66% of these
sections (Figures 2A, B). Furthermore, the fibrous sheath was
disorganized in 10% of the sections, and missing microtubule
doublets were observed in 6% of analyzed sections. To further
confirm the disruption of the central pair, we stained the sperm
smear slides of the patients with SPAG6 antibody, which is a well-
known marker generally used to check the integration of
microtubules of the central pair. No signals of SPAG6 were
observed on the sperm flagella of the patients, while sperm from
the control individual displayed well-decorated signals on the
entire tail of the flagella (Figure 2C). Overall, these results
intimidated that the identified mutations have a deleterious effect
on the axonemal structures of sperm flagella.

Generation of Mutant Mice Model
In order to study the in vivo effects of mutations, we generated
Dnah1-/- mice by deletion of the Dnah1 transcript and
Dnah1△iso/△iso1 mutant mice similar to a mutation in family A2
(c.7646_7647InsC) by using CRISPR/Cas9 genome editing
technology (Figure 3A). Sanger sequencing of the PCR products
confirmed the genotype of Dnah1-/-and Dnah1△iso/△iso1 mice
(Supplementary Figure S3A). Furthermore, western blotting
confirmed the absence of full-length DNAH1 protein in both
mice models, while intact full-length DNAH1 (herein referred to
as DNAH1 isoform1) protein was observed in DNAH1+/△iso1 and
DNAH1+/- mice testes (Figure 3B). Interestingly, we observed the
presence of a short isoform of DNAH1 (referred to as isoform2) in
the testes of Dnah1△iso1/△iso1 mice, while no such isoform was
found in Dnah1-/- mice (Figure 3C). Thus, it can be deduced that
the Dnah1△iso1/△iso1 mice still harbor the short-length DNAH1
protein. Similarly, reverse transcriptase PCR with a specific primer
corresponding to isoform2ofDNAH1also verified thepresenceofa
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small-length transcript in Dnah1△iso1/△iso1 and wild-type (WT)
mice (Supplementary Figures S2A, B). Moreover, we performed
RT-PCR on control human spermatozoa to check the presence of
isoform2. However, no isoform2 was detected in control
spermatozoa, while a clear band corresponding to isoform1 was
observed (Supplementary Figure S2C).

Mutant Mice With Mild Ultrastructural
Defects of Sperm Flagella
After confirming the deficiency of full-length DNAH1 protein in
Dnah1△iso1/△iso1mice, we first scrutinized the fertility ofmutantmice
by caging one mutant mouse with two WT females for 3 months.
During this duration, the female mice display vaginal plugs,
demonstrating normal mating efficiency. However, no pregnancy
was conceived, indicating that the Dnah1△iso1/△iso1 mice were
completely infertile (Table 2). Subsequently, testes morphology
(Supplementary Figure S3A) and testes-to-body-weight ratio were
comparable in mutant and WT mice (Table 2). On the other hand,
reduced sperm count was evident in Dnah1-/- and Dnah1△iso1/△iso1

mice (Table 2). Further examination of testis and epididymis section
fromDnah1△iso1/△iso1mouse displayed an intact seminiferous tubule
structure and the presence of all types of germ cells ranging from
spermatogonia to spermatozoa (Supplementary Figure S2C).
Similarly, an ample number of mature spermatozoa were present in
the lumen of cauda inDnah1△iso1/△iso1mouse, indicating that sperm
production is not severely affected on the grass root level
(Supplementary Figure S3D). Next, we analyzed sperm motility by
CASA system and observed that progressive motility is severely
compromised in Dnah1△iso1/△iso1 mouse, while no progressive
motile sperm was observed in Dnah1-/-mouse (Table 2). To explore
the reason of reduced motility, we performed a comprehensive
inspection of sperm morphology of Dnah1△iso1/△iso1 mouse and
Dnah1-/- mouse. Interestingly, we found that most of the
spermatozoa (53/49%) lack full-length flagella structure, only
possessing an intact head structure (Figure 3D), while few other
abnormalities were observed (Table 2). Interestingly, there are still
some (34/45%) sperm with normal flagella in Dnah1△iso1/△iso, and
Dnah1-/- mouse, and the flagella without sperm head also have a
normal morphology. On the other hand, ultrastructural investigation
of sperm flagella from Dnah1△iso1/△iso1 and Dnah1-/-mice displayed
nosignificantvariation in thearchitectureofaxoneme(Figures3E,F).
However, statistical analysis indicated more abnormal sections in
Dnah1-/- mouse than Dnah1△iso1/△iso1 mouse, indicating that
isoform2 may have a role in mediating the assembly and
stabilization of axonemal structures. Altogether our study provided
clues about the phenotype differences in Dnah1 KO and DNAH1
mutant human spermatozoa ultrastructure for the first time.
DISCUSSION

Spermflagellum is ahighly complex structure constitutedbya series
of proteins that mediate its assembly, composition, and function
(41). Defects in sperm flagellum can occur by exogenous and
endogenous factors, including genetic mutations that can also
reduce sperm motility (42). Studies on mouse models have
identified that several genes are required to properly develop the
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sperm flagellum. However, mutations in these genes are rarely
reported in humans suffering from impaired motility due to the
morphological defects of flagella. To date, variants in AKAP4,
CCDC39, DNAH1, CFAP43, CFAP44, and CFAP69 have been
associated with MMAF phenotype in humans and mice (16, 27,
43–45).DNAH1 is one of themost importantmembers of the inner
dynein arm and is considered an essential candidate gene for male
Frontiers in Endocrinology | www.frontiersin.org 745
infertility. Thefirstmutation inDNAH1 causingmale infertilitywas
reported in 2001 (26). Since then, various pathogenic mutations in
DNAH1 have been reported in various populations, causing male
infertility (10, 11, 46, 47). However, most of the cases of altered
spermmotility leading to humanmale infertility remain idiopathic.
Thus, it is still difficult to identify the association between genetic
mutations and impaired sperm motility.
A B

C

FIGURE 2 | Transmission electron microscopic investigation of spermatozoa from patients and healthy control. (A) The cross-section of a healthy control
spermatozoa represented an intact axoneme structure comprised of doublets of microtubules, circularly arranged around a central pair complex of microtubules
(nine + two organization), surrounded by outer dense fibers and fibrous sheath. The cross-section of a patient spermatozoa displayed a missing central singlet of
microtubules and disorganized fibrous sheath. Scale bars, 500 um. (B) Graphs representing the cross-sections of microtubule doublets corresponding to midpiece,
principal piece, and end piece were statistically analyzed in control and patient. (C) The patient spermatozoa were devoid of SPAG6 signals (marker to check the
integration of microtubules of the central pair), indicating disruption of inner dynein arm, while well-decorated SPAG6 signals were observed on the tail of
spermatozoa obtained from a healthy control. Scale bars, 10 um.
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In the current study, we recruited two extended consanguineous
Pakistani families suffering from male infertility due to MMAF
without having any symptoms of PCD. Next-generation
sequencing identified two novel loss-of-function mutations in
DNAH1 (c.6212T>G, p.C1789Y, and c.7646_7647InsC,
p.N2549Qfs*61) in family A1 and A2, respectively. These two
variants were pathogenic in nature as no DNAH1 signals were
observed on the sperm smear slides of the families of both patients,
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indicating that identified mutations caused the decay of mRNA
transcript and the subsequent disruption of DNAH1 protein.
Ultrastructural examination of patient spermatozoa revealed the
absence of central singlet of microtubules, suggesting that
mutations have adversely affected the axonemal structure. SPAG6
is an important marker that is widely used to check the integration
microtubules of the central pair. No SPAG6 signalswere observed on
the patient spermatozoa, suggesting the disruptionof the central pair.
A B

D

E F

C

FIGURE 3 | Generation of Dnah1-/- and Dnah1△iso1/△iso1 mice. (A) Representative Dnah1 structure and strategy used to generate Dnah1-/- and Dnah1△iso1/△iso1

mice through CRISPR/Cas9 genome editing technology by targeting exon 2 and exon 49, respectively. (B, C) Western blotting analysis confirmed the deletion of full-
length DNAH1 protein in Dnah1-/- and Dnah1△iso1/△iso1 mice testes, while isoform2 (50 kDa) still existed in Dnah1△iso1/△iso1 mice testes. GAPDH was used as an
internal control. (D) The sperm morphology analysis of Dnah1△iso1/△iso1 mice displayed spermatozoa without a sperm tail. Scale bars, 10 um (E) Transmission
electron microscopy investigation of Dnah1△iso1/△iso1 mice spermatozoa showing an intact ultrastructure with the presence of a central pair and outer dense fibers,
while abnormal sections were observed in Dnah1-/- mice spermatozoa. Scale bars, 10 um. (F) Quantification of normal and abnormal sections observed in the
spermatozoa of Dnah1-/- and Dnah1△iso1/△iso1 mice. *p < 0.05, ***p < 0.001 and NS, no significant difference.
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Subsequently, we generated mutant mice by targeting exon 49 of
Dnah1, and western blotting confirmed the absence of a full-length
DNAH1 protein. However, a short protein, possibly encoded by N-
terminal (isoform2), was observed in the mutant andWTmice.

Interestingly, we observed mild defects in the ultrastructure of
spermatozoa from mutant mice. We thought that maybe the
isoform2 is mediating the assembly of microtubules in the
absence of full-length DNAH1 protein in mice. Previous
studies suggested that the N-terminal of the heavy chain of
DNAH1 forms a stem structure and is required for the assembly
dynein complex and cargo attachment (26, 48). In order to
eliminate the effect of N-terminal-mediated isoform2, we
generated Dnah1-/- mice by targeting exon 2 that completely
disrupted the N-terminal, and western blotting confirmed the
absence of full-length as well as isoform2 DNAH1 protein.
Surprisingly, the TEM analysis of the ultrastructure of
spermatozoa from Dnah1△iso1/△iso1 and Dnah1-/- mice still
showed no significant phenotype. Though more abnormal
sections were observed in Dnah1-/- mouse as compared to
Dnah1△iso1/△iso1 mouse, Dnah1-/- mice spermatozoa still
displayed intact central singlet of microtubules, suggesting that
KO animals have some hidden factors that could ensure correct
axonemal biogenesis and organization or that complete
disruption of the heavy chain did not influence the assembly of
the other components of an axonemal structure in mice.
Alternatively, it can be hypothesized that the role of DNAH1
in axonemal structure is not as central in mice as it is in humans.

Surprisingly, most of the spermatozoa from Dnah1△iso1/△iso1

mouse and Dnah1-/- mice displayed an absence of the entire
flagellum tail, a different phenotype from patients. The inner
dynein arms are arranged in seven molecular complexes, viewed
as globular heads arranged in three-two-two groups and
corresponding to three different types of inner arms (IDA1 to
IDA3). We assumed that one of the IDA has been disorganized
in Dnah1 mutant mouse spermatozoa, leading to loss of
connection between external doublets of the microtubules and
the two central microtubules and ultimately affected the cargo
system required for cytoskeleton organization. Another
possibility is that Dnah1△iso1/△iso1 and Dnah1-/- spermatozoa
are defective in organizing the a- and b-tubulins required for
spermiogenesis (49). Thus, it can be inferred that DNAH1 also
regulates the a- and b-tubulin complexes, which play crucial
roles in sperm tail elongation during spermiogenesis.

It is reasonable to hypothesize that the position of mutations in
DNAH1 may have a different effect on the sperm flagellum
structure, which can completely reduce the immobility of
spermatozoa. Furthermore, the mutations in the N-terminal and
C-terminal ofDNAH1can display different effects on the axonemal
structure of human spermatozoa. Altogether our study described
that the role of DNAH1 is more central in regulating the axonemal
assembly and dimerization in humans than inmice. The finding of
this study will pave the way for finding out other intrinsic factors
responsible for different phenotypes of DNAH1 mutations in
humans and mice. Finally, it is suggested that screening the
deleterious mutations of DNAH1could be important for the
clinical molecular diagnosis of male infertility.
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Supplementary Figure S1 | Sperm morphology analysis. (A) Typical flagellar
appearance in control subject. (B) Various defects of sperm flagella, such as
absent, short, coiled, and bent, were common in the spermatozoa of patients.

Supplementary Figure S2 | Presence of DNAH1 isoform 2 in mutant and wild-
type (WT) mice. (A) Gel electrophoresis of cDNA products (one, three, and five WT
mice cDNA product; two, four, and six Dnah1△iso1/△iso1 cDNA mice products)
confirmed the presence of isoform 2 mRNA. (B) Corresponding Sanger sequencing
of WT and Dnah1△iso1/△iso1 mice cDNA further verified the presence of isoform 2 in
Dnah1△iso1/△iso1 mice. (C) Gel electrophoresis of cDNA product from control
human spermatozoa confirmed the absence of isoform2 in humans.

Supplementary Figure S3 | Genotyping and spermatogenesis in Dnah1-/- and
Dnah1△iso1/△iso1 mice. (A) Representative chromatograms from Dnah1+/-,
Dnah1+/△iso1, Dnah1-/-, and Dnah1△iso1/△iso1 mice confirming their genotype. The
red letters indicate the changes in the DNA sequences. (B) Representative image of
testes from adult rom Dnah1+/-, Dnah1+/△iso1, Dnah1-/-, and Dnah1△iso1/△iso1 mice.
Scale bars, 1 cm. (C) H&E staining of testes and caudal epididymis from adult
Dnah1+/△iso1 and Dnah1△iso1/△iso1 mice. Scale bars, 50 mm.
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The Sperm Laboratory, College of Life Sciences, Zhejiang University, Hangzhou, China

Androgen receptor signaling pathway is necessary to complete spermatogenesis in
testes. Difference between androgen binding location in Sertoli cell classifies androgen
receptor signaling pathway into classical signaling pathway and non-classical signaling
pathway. As the only somatic cell type in seminiferous tubule, Sertoli cells are under
androgen receptor signaling pathway regulation via androgen receptor located in
cytoplasm and plasma membrane. Androgen receptor signaling pathway is able to
regulate biological processes in Sertoli cells as well as germ cells surrounded between
Sertoli cells. Our review will summarize the major discoveries of androgen receptor
signaling pathway in Sertoli cells and the paracrine action on germ cells. Androgen
receptor signaling pathway regulates Sertoli cell proliferation and maturation, as well as
maintain the integrity of blood-testis barrier formed between Sertoli cells. Also,
Spermatogonia stem cells achieve a balance between self-renewal and differentiation
under androgen receptor signaling regulation. Meiotic and post-meiotic processes
including Sertoli cell - Spermatid attachment and Spermatid development are
guaranteed by androgen receptor signaling until the final sperm release. This review
also includes one disease related to androgen receptor signaling dysfunction named as
androgen insensitivity syndrome. As a step further ahead, this reviewmay be conducive to
develop therapies which can cure impaired androgen receptor signaling in Sertoli cells.

Keywords: androgen receptor, Sertoli cell, signaling pathway, spermatogenesis, androgen insensitivity syndrome
1 INTRODUCTION

Male infertility is currently a major problem worldwide and causes substantial psychological and
social distress (1). It not only puts a huge economic burden on patients, but also poses a great
challenge to the health-care system. Male infertility is due to abnormal sperm parameters in the
male partner and contributes to 50% of all cases of infertility, highlighting the importance of normal
spermatogenesis (2, 3).
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Spermatogenesis is a complex process that is under precise
regulation. Starting from spermatogonia stem cell (SSC)
producing differentiated spermatogonia, spermatogonia
transform into spermatocytes which then undergo meiotic
divisions to produce round spermatids (4). Round spermatids
undergo cytodifferentiation to form spermatozoa, which are
ultimately released to the lumen (5).

As the only somatic cell type in seminiferous tubules (6), Sertoli
cells (SCs) make normal spermatogenesis possible by providing the
nutrition necessary for the development of germ cells (7), forming
blood-testis barrier (BTB) between SCs inmammalian testes (8, 9),
attaching to germ cells (GCs) through adherens junctions (10) and
phagocytosing apoptotic GCs for recycling (11). SCs function like a
nurse to take good care of spermatogenesis (12). These functions of
SCs are regulated by both extrinsic and intrinsic factors. The former
factors include hormone and paracrine molecules and the latter
include genomic regulators. Here, we review androgen receptor
(AR) signalingpathway inSCs, a pathway that provides an excellent
example of a combination of extrinsic and intrinsic regulation. AR
begins its expression 3-5 days after birth in rodent testis while AR
expression begins about 5 months after birth in men (13, 14). In
men, its expression in SCs peaks during stage III of the six stages
(15). AR signaling pathway can be classified into classical signaling
pathway and non-classical signaling pathway with different
functions and different efficiencies. It has been shown that
abnormal AR signaling can impair spermatogenesis (16).
Although decades of studies have brought us a better
understanding of AR signaling in spermatogenesis using altered
testosterone signaling model, Sertoli cell androgen receptor
knockout model, specificity-affecting androgen receptor knock in
model as well as Ribo-Tag mouse model, not enough information
has been gained to lift the veil of its beauty.As a result, it is necessary
to review current work about androgen receptor signaling pathway
inSCs andput forward suggestions for future studies.Ultimately, all
of our hardwork aims to achieve “bench tobedside” translation that
can be used to develop therapies for illnesses related to
hormone dysfunction.

We surveyed articles in the PubMed database using the following
search terms: androgen receptor*, Sertoli cell*, spermatogonia*,
maturation and differentiation*, spermatogenesis*, meiosis*,
spermatid* and androgen-insensitive syndrome*. We will present
this review at the cellular/molecular level in six parts: SC proliferation
and maturation, SSC self-renewal and differentiation, spermatocyte
meiosis, BTB integrity maintenance, Sertoli cell - Spermatid adhesion,
and sperm release (Figure 1). The experimental models involved in
this review include mice, rats, boars, lambs, zebrafish and humans.
We include some contradictory results in this review and present our
opinions. We also discuss androgen insensitive syndrome (AIS),
briefly reviewing its pathogenesis, diagnosis and offering suggestions
for better diagnosis and treatment.
2 STRUCTURE OF ANDROGEN
RECEPTOR

The gene encoding AR is located on the X chromosome,
belonging to nuclear receptor subfamily 3, group C, member 4.
Frontiers in Endocrinology | www.frontiersin.org 251
It consists of 8 exons that encode 4 domains: an N-terminal
domain (exon 1), a DNA-binding domain (exon 2 and exon 3), a
hinge region that contains the nuclear localization signal (exon 3
and exon 4) and a ligand-binding domain (exons 4-8) (17, 18).

The N-terminal domain contains activation function domain-
1 which is constitutively active (15). The DNA-binding domain
contains two zinc fingers to complex with its hormone response
element, where each of them is coordinated by four cysteines.
One zinc finger is involved in direct DNA binding mediated by
the P(proximal) box, which recognizes the specific hormone
response element half-site 5′-AGAACA-3′. The other zinc finger
is involved in a “head-to-head” receptor dimerization through
the D(istal) box (19–22). The hinge region contains the nuclear
localization signal which is essential for nuclear import. Residues
from the major nuclear localization signal site 629-RKLKKL-634
contribute to importina binding (23–25). Then the ligand-
binding domain consists of 11 a-helices and two small, two-
stranded b-sheets arranged in a typical three-layer antiparallel
helical sandwich fold (26, 27). Binding of androgen to ligand-
binding domain can activate the receptor. Both of these
structures are important for androgen receptor function,
though the structure of full-length androgen receptor has not
been solved yet.
3 OVERVIEW OF ANDROGEN RECEPTOR
SIGNALING PATHWAY IN SERTOLI CELLS

In adult rodent testes, the AR expression level in SCs is low
except during stage VI-VIII of the seminiferous epithelium (28).
In men, its expression in SCs peaks during stage III of the six
stages (29). This stage-specific peak of AR expression in SCs is
coordinated with initiation of testosterone-dependent processes
that is essential for spermatogenesis such as appearance of
preleptotene spermatocytes and the initiation of meiosis during
stages VII–VIII, as confirmed by Sertoli cell androgen receptor
knock out model and androgen receptor knock out model (5). It
is reasonable that AR signaling in SCs mediates paracrine action
on germ cells and autocrine action on themselves to form a
microenvironment for meiosis completion.

Stimulated by luteinizing hormone in the pituitary gland
which is part of the hypothalamus-pituitary-gonadal axis,
Leydig cells produce androgen. When androgen saturates the
AR of SCs and binds to AR, the AR signaling pathway is activated
(30). Testosterone is the most abundant androgen produced in
the testis. Another important androgen is dihydrotestosterone
(DHT), which is produced by peripheral tissues where 5a-
reductases reduce testosterone to DHT (31, 32). When
hormone levels in the targeted tissue are low, DHT is more
potent than testosterone due to its higher binding affinity for AR.
When the testosterone level in the testis is high, there are no
differences between testosterone and DHT (33). Testosterone
concentrations in the testes of men (340–2000 nM) are 25 to 125-
fold greater than those in serum (8.75–35 mM), similar to the
situation in rodent testes (5). The testosterone level needed to
maintain spermatogenesis is approximately 10-25% of the
intratesticular testosterone level (34). AR signaling pathway in
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FIGURE 1 | Classical and non-classical AR signaling pathways in SCs. The SC shown on the left illustrates the classical signaling pathway, while the SC shown on
the right illustrates the non-classical signaling pathway (both classical and non-classical signaling pathways can exist in a single SC; the two pathways are presented
in separate cells for simplicity). Between the two neighboring SCs are germ cells (spermatogonia stem cells, spermatogonia, primary spermatocytes, secondary
spermatocytes, spermatids and spermatozoa). SCs function as a nurse to take good care of normal spermatogenesis as spermatogonia stem cells develop into
spermatozoa in the lumen. Androgen secreted by Leydig cells diffuses through the plasma membrane and binds to the AR complex in the cytoplasm to activate the
classical signaling pathway. The AR then detaches from the HSP complex and enters the nucleus to form AR dimers. Dimerized ARs bind to the AREs of their target
genes and thereby regulate their transcription. The classical signaling pathway can promote SC maturation, induce SSC differentiation, guarantee spermatocyte
meiosis, and ensure BTB integrity. The non-classical signaling pathway begins with translocation of the AR from the cytoplasm to the plasma membrane. There,
the AR interacts with Src and causes it to phosphorylate EGFR, and this in turn activates MAPK kinases to regulate targeted gene transcription. The non-classical
signaling pathway can regulate processes including BTB integrity, spermatocyte meiosis, Sertoli cell-Spermatid adhesion, spermatid development and sperm release.
The three orange ovals in the figure represent the BTB, and the two black lines represent cell–cell adhesion. TF is short for transcription factor. Areas for which
controversy exists are not included in the figure but are discussed in the article.
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SCs can be divided into classical signaling pathway and non-
classical signaling pathway. The main differences between them
lie in androgen binding location and response speed. Androgen
binds to cytoplasmic AR in classical signaling pathway while in
non-classical signaling pathway androgen binds to AR on plasma
membrane. Compared with non-classical pathway, classical
pathway requires more time to show transcriptional activity
change after androgen binding to androgen receptor (35).

3.1 Classical Signaling Pathway
Before binding to androgen, AR in the cytoplasm binds to
chaperones and cochaperones, such as heat shock proteins
(HSP) HSP23, HSP40, HSP56, HSP70, HSP90 via its ligand-
binding domain (17). When androgen in the cytoplasm binds to
AR, AR detaches from chaperone and cochaperone protein
complexes and exposes its ligand-binding domain (23, 24, 36).
With the help of importins, the AR monomer transits into the
nucleus, where 2 AR monomers dimerize to create AR
homodimers. AR homodimers then bind to androgen response
elements (AREs) in the promoter regions of targeted genes to
regulate their transcription (37, 38). In addition, activation
function domain-1 presenting in AR dimer N-terminal domain
and activation function domain-2 presenting in its ligand-
binding domain can recruit coactivators and corepressors that
activate or repress targeted gene transcription activity (17).
However, the binding sites for AR homodimers are not
restricted to AREs; AR homodimers can also bind to some
response elements for other transcription factor (39, 40).
Notably, the classical AR signaling is relatively slow, usually
30-45 minutes is needed to induce activation or suppression of
transcription, not considering the time required for protein
synthesis and secretion (35).

3.2 Non-Classical Signaling Pathway
To date, three types of non-classical signaling pathway have been
identified in the testis. Here is the first type, as well as the main
type. When the intratesticular testosterone level is relatively low
(10-250 nM), testosterone binds to the AR located in the cell
membrane and activates the non-classical AR signaling pathway
within 1 minute (41). In the TM4 Sertoli cell line, the transport of
cytoplasmic ARs to the membrane is facilitated by caveolin-1
(42). Testosterone binds to membrane AR which then interacts
with the SH3 domain of SRC proto-oncogene (Src). Src then
phosphorylates the epidermal growth factor receptor (EGFR)
which activates Ras kinase. This activates MAPK cascades (Ras-
Raf-MEK-ERK). Phosphorylated ERK can phosphorylate
ribosomal protein S6 kinase A1(p90Rsk). Activated p90Rsk

translocate into nucleus, where it activates transcription factors
such as cAMP-response element-binding protein (CREB), which
binds to the cAMP-response element (CRE) of the targeted gene
to regulate transcription (41, 43).

An in vitro study in which the TM4 cell line was exposed to
testosterone levels of 10-100 nM demonstrated that testosterone
can also activate a second non-classical signaling pathway, the
phosphatidylinositol 3 kinase (PI3K)/Akt pathway, directly by
activating the PI3K subunit p85a. Phosphorylated Akt can
activate Src and this facilitates the translocation of cytoplasmic
Frontiers in Endocrinology | www.frontiersin.org 453
AR to the plasma membrane (44). In addition to these in vitro
studies, some in vivo studies also showed that testosterone can
activate the non-classical signaling pathway in SCs (35, 45).

Another type of non-classical signaling pathway has only
been found in immature Sertoli cells. Testosterone causes
depolarization of Sertoli cells within thirty seconds due to
closed K+

ATP channel. This close is caused by G protein-
mediated activation of phospholipase C. This action results in
a rapid influx of Ca2+ and the activation of signaling molecules
(46–48).

Recently, Zrt- and Irt-like protein 9 (ZIP9), a novel
membrane-bound androgen receptor unrelated to classic AR,
was found in the 93RS2 Sertoli cell line which has no cytoplasmic
AR. ZIP9 participates in the phosphorylation of CREB and ATF1
via ERK1/2 to induce the expression of claudin proteins that are
components of BTB. The relationship between AR signaling and
ZIP9 signaling remains to be researched in the future (49).
4 ANDROGEN RECEPTOR SIGNALING
PATHWAY IN SERTOLI CELLS CAN
REGULATE SPERMATOGENESIS

4.1 Role of AR Mediated Signaling in
Sertoli Cell Proliferation and Maturation
SC proliferation occurs during fetal and early neonatal life in
rodents, and in the fetal and peripubertal periods in higher
primates when SCs undergo mitosis to increase their number
(50). During the end of neonatal period or prepubertal period,
SC proliferation stops. Then SCs maturation begins during
puberty period, switching from an immature, proliferate state
to a mature, non-proliferate state during which SCs establish
BTB and acquire the ability to sustain spermatogenesis (51) AR
signaling can participate in SC maturation process. Although it
remains to be investigated if AR signaling in SCs influences SC
proliferation, we still review studies in this field (Figure 2).

4.1.1 Sertoli Cell Proliferation
According to our knowledge, final testis size, number of germ
cells and sperm output are closely connected to the number of
SCs. This emphasizes the significance of SC proliferation. When
porcine testis was treated with AR antagonists during postnatal
proliferation, an increased number of SCs per testis was detected
(52). However, SC numbers were increased in young ram lambs
following prenatal exposure to testosterone (53). This is not
contradictory, because administration of exogenous testosterone
increases negative hypothalamic feedback and may reduce
intratesticular testosterone levels, leading to decreased
androgen signaling. However, when comparing the number of
SCs per testis in Sertoli cell androgen receptor knockout
(SCARKO) mice and androgen receptor knockout (ARKO)
mice with the control group, researchers found that the
SCARKO mice did not show significant differences compared
to the controls, whereas the ARKO mice showed a significant
decrease in SC number, indicating that in mice AR in SCs has
little impact on SCs proliferation (54, 55). A similar
February 2022 | Volume 13 | Article 838858
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phenomenon was found when researchers used a testicular
feminization mouse (Tfm) model that lacks functional AR in
all cells (56). It is difficult to reconcile these results. We think that
the expression of AR in SCs is undetectable or very weak during
most of the periods in which these cells proliferate. While AR on
other cell types such as peritubular myoid cells, which express
AR at relatively high level, may contribute to SC proliferation.
Hu et al. recently found that AR could interact directly with PI3K
regulatory subunit p85a to activate kinase Akt and that this
represses the expression of Cytokeratin 18 (CK18) (a marker of
immature and dysfunctional SCs) and induces the expression of
Ki67 (a marker of SC proliferation), thereby preserving SC
proliferation in mice (57). Since the experiments were
conducted on mature mice, additional experiments on
prepubertal mice are needed to test this result, although it is
true that some immature SCs are present in mature mice.
Considering these results as a whole, it seems that role of AR
signaling in SC proliferation is species-specific and phase-
specific. We suggest that future studies test different species
with the aims of understanding and combining their AR
expression patterns in SCs, their intratesticular androgen levels
and their SC proliferation patterns to provide a better
understanding of the role of AR in SC proliferation.
Frontiers in Endocrinology | www.frontiersin.org 554
4.1.2 Sertoli Cell Maturation
Followed by cessation of SC proliferation comes to SC
maturation. Around SC maturation, AR expression level is
progressively upregulated until all SCs express AR (58). AR in
SCs is key mediator for SC molecular and cytoskeleton
maturation (59–61).

In molecular level, several molecules important for
maturation are under AR signaling regulation (51) and the
level of heterochromatin (62). Among them, Anti Mullerian
hormone (AMH) has been widely researched. AMH is crucial
for fetal sex differentiation by regressing the Müllerian ducts in
male (13, 63). Secreted by immature SCs, AMH has become a
biomarker for testicular function in males during the prepubertal
period which is tightly regulated by AR (64). During the
postnatal period, AMH level can be maintained by androgen
epi-testosterone through non-classical AR signaling pathway
when intracellular AR level is very low (65). Other
transcription factors, such as sex determining region Y-box 9
(SOX9), steroidogenic factor 1 (SF1) can bind to their own
response elements to promote Amh transcription (66). Around
the onset of puberty, upregulation of AR expression
downregulates AMH expression by blocking SF1 binding to its
response elements or interacting with SF1 response elements to
FIGURE 2 | Function of the AR signaling pathway in SC proliferation, maturation and BTB integrity. By activating the PI3K/Akt pathway, the AR can promote SC
proliferation by downregulating CK18 and upregulating Ki67 (shown in orange). MicroRNAs, including miR124a, miRNA130a and miRNA762, can inhibit SC proliferation
by binding to the 3’-UTR of Ar mRNA (also shown in orange). AR dimers can bind to the AREs of Rhox5 and Amh to promote the expression of Rhox5 and inhibit the
expression of Amh, leading to SC maturation (blue). Binding to the ARE of TUBB3 induces tubular restructuring and achieve proper SC nuclei location, another process
that is important in SC maturation. Ube2b, activated by the classical signaling pathway, is able to induce GPI-anchor synthesis and oxidative phosphorylation (shown in
red). Both the classical and the non-classical signaling pathways are necessary for BTB integrity. The expression of Claudin13 and tight junction protein 2 isoform 3
(ZO-2)is upregulated by classical AR signaling, together with upregulated expression of Claudin1, Claudin5, Claudin11 and tPA by non-classical signaling. These
molecules regulate BTB dynamics (shown in pink) and TJ dynamics (shown in green). In addition, AR dimerization binds to the promoter of GATA-2 to inhibit its
expression. GATA-2 can induce Wt1 expression, while Wt1 inhibits the protein expression level of connexin 43 to regulate GJ dynamics. Ouabain increases the
expression of connexin 43 via the ATP1A1/Src/EGFR/ERK/CREB signaling pathway (shown in purple).
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prevent SF1from exerting a stimulatory effect on Amh
transcription (67). An in vitro study using TM4 Sertoli cells
and C3H10T1/2 cell line demonstrated that AR could
downregulate AMH expression by repressing SOX9, consistent
with the findings in the azoospermia patients and mice in
vivo (68).

Besides molecular level, AR signaling is necessary for SC
cytoskeleton maturation. In SCARKO mice, relatively normal
SCs nuclei were displaced from the basal basement and dispersed
throughout the seminiferous tubules, probably resulting from the
disrupted position of vimentin and the presence of thicker basal
lamina, both of which participate in the linkage between nuclei
and the cell membrane (69). Another group observed that SC
nuclei formed one or two layered rings located in the center of
tubule in mice in which AR function had been ablated (70).
Suppressed expression of connexin 43(Cx43) in mice resulted in
an intermediate state of SCs between proliferation and
maturation, along with weaker AR immunostaining (71). The
impaired SCs maturation observed in this model probably
resulted from disrupted AR function. AR can also regulate
microtubular composition and structure in SC so as to yield
proper SC shape via Class III b tubulin (TUBB3) in mice and rats
through classical signaling pathway (72).

Premature expression of ARs in postnatal mouse SCs resulted
in fewer SCs, although GCs development accelerated in a gain-
of-function mouse model (73). When the AR transgene was
injected into a prenatal mouse model, precocious maturation of
SCs occurred and limited the window for SC proliferation. The
production of fewer SCs can lead to lower-than-normal sperm
output (74).

4.1.3 Factors Regulating Androgen Receptor
Mediated Sertoli Cell Proliferation and Maturation
Precise regulation of Smad2/Smad3 is important both for SC
proliferation and SCmaturation (72). Type II A activin promotes
immature testis growth along with timely appropriate AR
expression via Smad3. The expression of Smad3 is then
downregulated, and this is associated with cessation of SC
proliferation and progression of the cells to terminal
differentiation. AR activation can induce Smad2 transcription,
which will further promote SC maturation through shifting from
using Smad3 only to using both Smad2 and Smad3 under activin
A activation. In Smad3-/- mice, delayed maturation of SCs was
accompanied by reduced levels of AR and Smad2 (75).

In recent years, microRNAs (miRNAs) have been found to
regulate SC proliferation and maturation. miR-124a binds to the
3’-UTR of Ar mRNA and downregulate AR expression, thereby
inhibiting the proliferation of immature porcine SCs, while the
coactivator really interesting new gene (RING) finger protein 4
(RNF4) binds to AR and promotes porcine SCs proliferation by
elevating Proliferation cell nuclear antigen (a marker of cell
proliferation) mRNA transcript levels (76). miR-762 promotes
porcine SC maturation by inhibiting binding of RNF4 to AR
(77). Moreover, miR-130a has been shown to inhibit AR
expression, although its impact on SC proliferation and
maturation remains to be elucidated (78). Additionally, the
Frontiers in Endocrinology | www.frontiersin.org 655
relationship of miR-133b (79) and miR-638 (80), which
regulate SC proliferation and maturation, to AR remains to be
investigated (Figure 2).

Importantly, the relationship between SC maturation and
spermatogenesis is not well understood. We hypothesize that
AR-regulated lipid metabolism in mature SCs can provide energy
for spermatogenesis (81); for example, AR signaling in SCs
induces the expression of ubiquitin-conjugating enzyme E2B
(Ube2b) which regulates the expression of genes related to
glycosylphosphatidylinositol (GPI)-anchor biosynthesis and
oxidative phosphorylation (82). So does AR-regulated glucose
uptake. The non-classical pathway participates in the regulation
of glucose uptake via the cytochrome C oxidase (83). Also, BTB
formed between SCs can facilitate normal spermatogenesis, as we
will discuss later.

4.2 Role of AR Mediated Signaling in
Spermatogonia Stem Cells Self-Renewal
and Differentiation
Following the migration of gonocytes to the basement membrane
and their differentiation into spermatogonia stem cells (5), SSCs are
influenced by a network of signaling that can trigger SSC self-
renewal and differentiation. AR signaling in SCs has been found to
participate in these two processes, probably promoting SSC
differentiation and repressing SSC self-renewal, although it is not
clear whether both of classical and non-classical signaling in SCs
contribute to these processes in all species (Figure 3).

4.2.1 Wnt5a
Wnt5a, which refers to Wingless-type MMTV Integration Site
Family Member 5A, is secreted by SCs in mice. Several studies
found thatWnt5a expression is regulated by androgen and that it
promotes SSCs self-renewal. Both in vitro and in vivo studies
confirmed that Wnt5a can increase SSC self-renewal division
after androgen blockage in mice SCs (84). In addition, Crespo
et al. found that in zebrafish one androgen, 11-ketotestosterone
(11-KT), indirectly inhibits SSC self-renewal by inhibiting
prostaglandin E2 (PGE2) in SCs. Otherwise, PGE2 promotes
SSC self-renewal by upregulating Wnt5a expression (85).
However, more investigations should focus on the existence of
AREs within the promoter of Wnt5a to confirm the exact
signaling pathway in SCs through which androgen exerts
its effects.

4.2.2 Plzf
Promyelocytic leukemia zinc finger (Plzf), a key transcription
suppressor gene, has been characterized as a marker for
undifferentiated SSCs in rodents (86) and primates (87). Plzf is
important for SSC maintenance (45). Recently, in vivo and in
vitro studies found that after activation of AR signaling in SCs,
AR homodimer binds to the ARE region of GATA binding
protein 2 (GATA-2) to inhibit its expression; this can further
decrease WT1 transcription factor (Wt1) expression since Wt1
expression requires binding of GATA-2to its promoter. Wt1
binds to b1-integrin and increases its expression in SCs; b1-
integrin will interact with unknown molecules on the surface of
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SSCs, to induce Plzf expression. As a result, activation of classical
AR signaling pathway can promote SSC differentiation by
downregulating Plzf expression. We propose that the exact
molecules that interact with b1-integrin on SSC surface should
be identified to determine a more concise relationship between
SCs and SSCs (88).

4.2.3 Other Factors
In zebrafish, Insulin like growth factor 3 (Igf3) mRNA transcript
level was found to be upregulated by androgen; this can promote
SSC differentiation through non-classical signaling pathway (89).
Reproductive homeobox 5 gene (Rhox5), which is directly
regulated by classical AR pathway, also contributes to
spermatogonia differentiation (90). Besides, in vitro study found
that testosterone can increase Glial-derived neurotrophic factor
(GDNF) secretion by Sertoli cell (91). Glial-derived neurotrophic
factor secreted will promote Gdnf family receptor a1 and proto-
oncogene Rearranged expression during Transfection expression
for SSC self-renewal and maintenance (92).
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4.3 Role of AR Mediated Signaling in
Spermatocytes Meiosis
In diploid organisms, the sexual differentiation requires the
production of haploid gametes via meiosis, a process in which
two consecutive cell divisions occur after a round of DNA
replication (93). During prophase I of meiosis, leptotene and
zygotene stages produce the DNA double strand breaks (DSBs)
needed for DNA recombination, along with the chiasmata
required for homologous chromosome separation. Following
the zygotene stage is pachytene stage, in which the synapsis is
completed, and DNA combination is finished as well as DSBs
repair. In SCs, the AR signaling pathway is believed to be
important in these stages (94) (Figure 3).

Loss of spermatocytes and spermatids in rodents occurred as
a result of decreased intratesticular testosterone level in
hypophysectomy, gonadotropin-releasing hormone antagonist
treatments and hypogonadal (hpg) models (95). Above results
indicate that testosterone mediated AR signaling is necessary for
normal meiosis. Furthermore, inhibition of AR-Src interaction
FIGURE 3 | Function of the AR signaling pathway in SCs in spermatogenesis. AR dimers in the nucleus can bind to the ARE of GATA-2 to inhibit its expression.
Downregulated protein levels of GATA-2 downregulate Wt1 and b1-integrin to promote SSC differentiation. The AR also promotes SSC differentiation by repressing
Wnt5a. However, the precise pathway between AR and Wnt5a remains unknown. Through unknown pathway, AR allows SCs to secret GDNF for SSC maintenance
(shown in green dotted line). Testosterone can also induce the expression of Igf3 through a non-classical signaling pathway to promote SSC differentiation. Through
an unknown pathway, the AR represses the expression of Nrg1, Egf, Btc and Ngfr to induce the onset of meiosis (shown in orange). To protect GCs from apoptosis
during meiosis, AR dimers bind to the AREs in the promoters of Rhox5 and Hsf1. Upregulated protein levels of Rhox5 repress Unc5c expression (shown in brown).
Downregulation of Hsf1 can also protect GCs from apoptosis (shown in brown). Also, AR signaling in SCs can inhibit UCHL1 expression in spermatocytes to prevent
them from apoptosis (shown in brown). In addition, the clearance of apoptotic cells is also important. Testosterone inhibits miR-471-5p and thereby upregulates the
expression of Dock1, ATG12, BECN1 and TFCPR1, resulting in clearance by SCs (shown in red). Elmo1 upregulation by AR dimerization can also promote this
process (shown in red). During spermiogenesis and spermiation, non-classical signaling induces the expression of testin, which is needed for proper adherence
junctions (AJ) dynamics (purple solid line). The residual body from the maturing sperm will be absorbed by the concerted action of Stx5a, Picalm and Eea1 (shown in
green). AR dimers also bind to the coactivator Src1 to induce the expression of Stx5a and to the corepressor NCoR1 to repress the expression of Picalm and Eea1.
Spermatid development is also regulated by AR signaling. AR signaling in SCs induce GRTH and PMCA4 transcription and expression in spermatids which will
promote their development and motility respectively (shown in blue line). Sperm release is facilitated by Src-mediated molecular processes (indicated by the purple
dotted line). ‘?’ indicates an unknown pathway.
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resulted in inactivation of non-classical signaling pathway in
mice. Arrested meiosis was observed at the first spermatogenic
wave (45). Moreover, in SCARKO mice where classical signaling
pathway is blocked, De et al. observed loss of primary
spermatocytes during stages VI-VII, a time when AR shows
high protein expression level (96). These results suggest that both
classical and non-classical AR signaling in SCs are indispensable
for normal meiosis (Figure 3). In their attempt to determine the
precise process that is regulated by AR signaling, Su et al. found
that in SCARKO mice, meiosis arrest occurred in prophase I;
cells failed to divide, and spermatocytes failed to acquire
competence for the meiotic division phase (97). Although
meiosis appeared to progress to a mid-pachytene-like
cytological state, most germ cells stalled at an early-pachytene
transcriptome stage (98). Precisely, meiosis arrest occurred
between leptotene/zygotene to early–mid pachytene transition.

We conclude that there are two causes of meiotic arrest:
chromosomal dysfunction and germ cell apoptosis.

4.3.1 Chromosomal Dysfunction
The fact that AR expression peaks at stages VI-VIII of meiosis,
coinciding with the preleptotene and leptotene stages, suggests
that the AR might mediate the preparation of SCs for
chromosomal synapsis and recombination. Male germ cells can
enter prophase I of meiosis normally and undergo normal DSBs
formation in the absence of AR signaling (5). However, the
problems happened on DSBs repair and chromosome synapsis.
In SCARKO mice, chromosome synapsis was incomplete, as
shown by the fact that Chen et al. detected a significantly larger
number of univalent chromosomes in spermatocytes than in the
control group. Additionally, RAD51 and DMC1 which are
required for reso lut ion of DSBs and homologous
recombination, along with TEX15, BRCA1, BRCA2 and
PALB2 which load RAD51 and DMC1 onto DSBs sites,
showed decreased protein expression in SCARKO mice.
Furthermore, activation of AR can negatively regulate
Epidermal growth factors (EGFs), including Egf, betacellulin
(Btc) and neuregulin 1 (Nrg1). These EGFs bind to their
corresponding receptors (EGFR, ERBB4) on the surface of
spermatocytes and stimulate the accumulation of above
homologous recombination factors for appropriate prophase
preparation (94). At the synaptonemal complex, nuclear
autoantigenic sperm protein (NASP) inhibits formation of
CDC2/cyclinB1 complex via HSP70-2 which are important for
G2/M transition. NASP showed elevated expression after
androgen manipulation. Other genes that show changes in
transcript after androgen manipulation, such as Mapre1, Ruvbl1,
Tuba1c, Tuba3a and Tubb2c, are related to spindle dynamics and
the formation of dynactin complexes (99). Although fewer
spermatocytes may gain competence to enter metaphase I, they
cannot complete meiosis due to the lack of normal spindle
dynamics, and this may account for the disruption in post-
meiotic differentiation. More proteins account for chromosome
synapsis and dynamics that is under AR regulation deserve to be
confirmed to establish the AR downstream signaling network by
taking advantage of the development of proteomics.
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4.3.2 Germ Cell Apoptosis
GC apoptosis, especially apoptosis of spermatocytes, is another
cause of meiotic arrest. This is not difficult to understand, since
spermatocytes are cells that undergo meiosis. Through single cell
transcript analysis technology, genes related to apoptosis have
been identified. Aldh1a1, Igfbps, and mitochondrial membrane
and oxidative phosphorylation transcripts were upregulated in
SCARKO mice (98). Another group found that androgen
deprivation led to a decreased expression of Aldh2, Prdx6 and
Gstm5, which encode protectors of oxidative stress (99). Other
genes related to androgen-dependent apoptosis, such as Diablo,
Cbl, Hsf1 showed increased expression in mice after androgen
deprivation or knocking out AR in SCs (97, 100). Hu et al.
showed that Rhox5 can repress expression of Unc-5 Netrin
Receptor C(UNC5C) which can promote spermatocyte
apoptosis in vitro (101). Since Rhox5 is regulated by classical
signaling pathway (90, 102, 103), it needs to be determined
whether AR signaling represses UNC5C expression and thereby
protects spermatocytes from apoptosis. Recently, Marina et al.
found that ubiquitin carboxyl-terminal hydrolase L1(UCHL1) is
negatively regulated by androgen. Decreased level of androgen
leads to increased level of UCHL1 in spermatocytes, which will
lead to deubiquitination of the pro-apoptotic factor p53.
Deubiquitination of p53 triggers germ cell death (104). In
addition, phagocytic clearance of apoptotic germ cells by SCs is
vital for meiosis because phagocytosis of dying GCs provides
lipid sources for SCs which will provide ATP for GCs
development. Lower androgen increases the expression of miR-
471-5p, resulting in inhibition of Dock1, Tecpr1, Atg12 and
Becn1. This leads to impaired LC3-associated phagocytosis.
Besides, inhibition of Dock1, Rac1-GTPase in this model leads
to disrupted engulfment of SCs (11). Both of these inhibitions
impair clearance of apoptotic GCs by SCs. Another protein
Elmo1, which is upregulated by classical AR signaling in vivo,
participates in apoptotic germ cells clearance by SCs and
functions downstream of Dock1 and Rac1-GTPase (73, 105).

Many of the transcription factors and regulators related to
AR signaling that have been found are not mentioned here.
These factors can participate in the regulation of meiosis. For
additional information on these factors, please see Table 1. For
additional genes that show changes in expression after
androgen manipulation, please see the supplied references
(98, 99, 123).

Based on the evidences presented above, we propose the
reasons for meiotic arrest when AR signaling in SC is
impaired. Chromosomal dysfunction or breakage can induce
oxidative stress that cannot be repressed because of the decreased
level of oxidative stress protectors. This leads to apoptosis of
some spermatocytes. The presence of increased number of
apoptotic cells, the failure to clear apoptotic cells combined
with DNA damage trigger the inner meiotic checkpoint and
cause meiosis to halt in prophase I. Future studies might focus on
the roles of genes related to AR signaling that have been mined
through mRNA transcript analysis in meiosis and attempt to
determine whether they play permissive roles or instructive roles
for meiosis.
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4.4 Role of AR Mediated Signaling in
Maintenance of Blood-Testis Barrier
SCs in mammalian testis can divide the seminiferous epithelium
into basal and adluminal compartments through the
construction of BTB. During stages VII-VIII of seminiferous
epithelium cycle when the AR expression level peaks in rodents,
BTB undergoes restructuring to facilitate the translocation
of preleptotene spermatocytes from the basal area to the apical
area where they will complete the entire processes of meiosis
and post-meiotic processes. This transition, facilitated by
testosterone, requires breakage of the ‘old’ BTB before
preleptotene spermatocytes and formation of ‘new’ BTB after
preleptotene spermatocytes entering into adluminal
compartment (97, 124). Moreover, BTB shields haploid germ
cells from recognition by the innate immune system; and this is
Frontiers in Endocrinology | www.frontiersin.org 958
why we also call it ‘immune barrier’ (125). BTB includes many
types of junctions: tight junctions (TJs), gap junctions (GJs),
desmosomes, basal ectoplasmic specialization (ES). These
junctions undergo dynamic changes to fulfill their roles.
Exposure of SC cultures to adenovirus constructs expressing
inhibitors of either classical or non-classical AR signaling
pathway led to increased permeability of BTB, suggesting that
both classical and non-classical signaling pathway are important
for BTB integrity, probably through regulating junction proteins
(45, 126). (Figure 2).

4.4.1 Tight Junction
Classical signaling pathway regulates proper tight junction
dynamic. In mouse models with mutations in exon1 of AR,
increased permeability of BTB was observed (124, 127).
TABLE 1 | Transcription regulators, upstream regulators and downstream regulators of Androgen receptor signaling during spermatogenesis.

Regulators species function reference

Coactivator
ARID4B/4A mice BTB integrity

Timely SC maturation (106, 107)
Normal meiosis
Normal Rhox5 function
Post-meiotic differentiation

ARIP4 rats Normal Rhox5 function (108)
Germ cells proliferation

SRC-2 human Sustainable production of spermatozoa (109)
TRAM-1 human Regulation of transcription (110)
PSPC1 mice Promote AR transactivation (111)
NONO mice Promote AR transactivation (111)
SFPQ mice Promote AR transactivation (111)
SRC-1 rats Promote residual body absorption (112)

Corepressor
DjA1 mice Inhibit spermatocyte death (113)

Promote round spermatid differentiation
Maintain adhesion junctions

HBO-1 human Participate DNA replication (109)
Initiate and maintain spermatogenesis

NCOR1 rats Promote residual body absorption (112)
Upstream regulators

P110bPI3-kinase mice Spermatocyte differentiation (114)
Tzfp mice Normal cross-over through pachynema (115)

Germ cell formation
Repress AR signaling

NF-kB rats Activate transcription of AR (116)
LncNONO-AS goats Activate AR expression via NONO (117)

Downstream regulators
Rhox5 mice Enter prophase during prepuberty (101, 102)

Facilitate the first step of meiosis during puberty
Sperm release
BTB remodeling

FGF2 mice Trigger spermatogonia proliferation and differentiation (118)
Meiosis initiation

Aard mice Normal spermatogenesis (119)
Regulate transcription activity

Cbl rats Activate androgen-dependent (120)
PMCA4 mice Movement and motility of sperm (121)
Hsf1 mice Protect immature gem cells (100)
Ube2b mice glycosylphosphatidylinositol (GPI)-anchor biosynthesis and oxidative phosphorylation (82)
Elmo1 mice Sertoli cell mediated phagocytic clearance of apoptotic germ cells (105)
Spinlw1 rats Sperm motility (122)
testin mice Adhesion junction dynamics (113)
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Although the BTB appears to be present in this model under
microscopic examination, it is incomplete as we found biotin
enter into adluminal area with the help of biotin tracer (127).
Reversibly, BTB were strengthened after testosterone treatment
of an SC culture system with disrupted AR function (128). To
further investigate the molecular basis of these effects, microarray
analysis was used to identify the genes that may be involved. The
mRNA transcript level of tight junction protein including
Claudin 3, Claudin 11, Claudin 13 were all downregulated
while Occludin and Claudin 26 showed elevated transcript
levels after ablation of exon1 of AR in mice (129). Among
them, Claudin 3 which is not essential for fertility, is expressed
in the newly formed BTB after preleptotene spermatocytes
migrate past the old BTB (127). Claudin 13 shows a similar
expression pattern to Claudin 3. CHIP-seq assays found putative
AREs in the promoter regions of Claudin 13 and tight junction
protein 2 isoform 3, indicating a potential classical signaling
regulation pattern. In contrast to Claudin 3, Claudin 11 preserves
its expression throughout the seminiferous cycle. Besides,
membrane-associated GUK family of proteins including tight
junction protein 1, tight junction protein 2 isoform 1, tight
junction protein 2 isoform 2, and tight junction protein 2
isoform 3, can function as a bridge that links tight junction
proteins to the cytoskeleton like actin filaments. Their mRNA
transcripts were found to be downregulated in mouse SCs after
ablation of AR (129–131). What’s more, it was found that tight
junction proteins can enter the nuclei of SCs and regulate their
own transcription (132), indicating possible tight junction
proteins compensatory effects in Cldn3-/- mutant mice.

Apart from its directly regulation of TJ proteins, non-classical
signaling can regulate TJ proteins via tissue type plasminogen
activator (tPA) during stages VII-VIII of spermatogenesis when
BTB undergoes restructuring (133). We also know that tPA is
involved in BTB degradation (134), indicating a potential role
of tPA in BTB dynamics. Moreover, Dietze et al. and Bulldan
et al. found that Claudin 1, Claudin 5 and Claudin 11 protein
levels were upregulated by CREB protein (49, 135, 136). These
results further support the idea that non-classical androgen
signaling can maintain BTB integrity by regulating tight
junction dynamics.

Besides, in heat-treated monkey testes, AR regulates
reversible changes in BTB integrity via Par complex (Par6-
Par3, Par6-aPKC, and Par6-Cdc42) targeting TJ proteins (ZO-
1 and occludin) and basal ES proteins (N-cadherin, E-cadherin,
ɑ-catenin, b-catenin, and g-catenin) (137).

Based on the results described above, we hypothesize that
although the transition of preleptotene spermatocytes into
adluminal compartment is not blocked when AR signaling in
SC is prevented, the amount of claudin available for remodeling
BTB (Claudin 3, Claudin 11, Claudin 13) is insufficient under
these conditions. Besides, the downregulated tight junction
proteins are not sufficient to enter the nucleus and increase
their own transcription, let alone to recruit more claudins to the
BTB. While Occludin and Claudin26 show relatively upregulated
mRNA transcript levels, this is not enough to compensate for the
loss of other tight junction proteins. Thus, humoral immunity
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against self-antigens is mounted, resulting in disruption of
normal spermatogenesis.

4.4.2 Gap Junction
Connexin 43 (Cx43), one gap junction protein, also under AR
regulation as shown by its reduced mRNA transcript levels and
protein expression levels in adult pig testes treated with
flutamide, an anti-androgen (138). Interestingly, we also found
weak AR immunostaining and partial disruption of AR signaling
in SCs in Sertoli cell specific knock-out of connexin 43 mice (71).
Xia et al. found that androgen can regulate the expression of Wt1
indirectly by inhibiting GATA-2expression. Androgen inhibits
GATA-2 expression through the classical pathway. Wt1 can bind
to the promoter of Cx43 and inhibit its expression, indicating
that androgen can promote Cx43 expression by downregulating
GATA-2 and Wt1 (139). What’s more, ouabain binding to its
receptor ATP1A1can upregulate Cx43 expression via non-
classical signaling pathway in vivo (140). The relationship
between Cx43 and AR deserves further investigation. It
remains to be determined whether reversing one of them
(Cx43 or AR) can restore the other to normal level in human
and correct impaired spermatogenesis, though it is possible that
treating hpg mice with DHT can restore the expression and
localization of Cx43 to the BTB (141).

4.4.3 Blood-Testis Barrier Renewal
The endocytosis of old BTB proteins for renewal is also
important for BTB integrity (142). Testosterone can promote
the endocytosed occludin to the BTB location through recycling
pathway (124). Other cells such as Madin-Darby canine kidney
cells and epithelial cells can internalize occluding and claudin via
clathrin- and caveolin-mediated pathways (143, 144).
Coincidentally, Su et al. found that testosterone increases levels
of clathrin and caveolin-1 in SCs (145), this suggests that AR
signaling may participate in tight junction protein endocytosis
for renewal via the clathrin and caveolin-1 pathways. This
possibility needs further investigation.

Since AR signaling is important for BTB integrity, what will
happen if AR is overexpressed under normal conditions? The
influence of a tighter BTB on spermatogenesis remains
unknown. We suggest an in vitro AR overexpression
experiment to answer this question. Recently, in muscle cells, it
was found that AR can participate in IGF-1/IGF-1R-PI3K/Akt-
mTOR pathway (146). We also know that mTOR signaling can
regulate BTB dynamic by balancing the levels of F-actin binding
proteins epidermal growth factor receptor pathway substrate 8
and actin related protein 3 (147). Therefore, we suggest
investigation into crosstalk between AR and mTOR pathway
and its downstream molecules related to actin-binding proteins
in germ cell lines.

4.5 Role of AR Mediated Signaling in
Sertoli Cell - Spermatid Adhesion and
Sperm Release
Before spermiogenesis occurs, round spermatids are linked to
SCs by desmosomes. When the cycle of seminiferous epithelium
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enters into stage VII, the round spermatids begin to elongate
accompanied by the replacement of desmosome anchors with
new specialized adhering proteins. We call the structure
formed in this way as apical ectoplasmic specialization (ES).
The proteins that form ES disassemble before sperm release
during stage VIII. The complexes connecting SC and elongated
spermatids are tubulobulbar complex and the focal adhesion-
related disengagement complex. AR signaling pathway is
important in two processes during spermiogenesis and final
spermiation: Sertoli cell – Spermatid adhesion and sperm
release (Figures 2, 3).

The importance of AR signaling in Sertoli cell - Spermatid
adhesion and sperm release is elucidated by two in vivo model.
First, in rats that received subdermal testosterone and oestradiol
(TE) implants to lower the intratesticular testosterone level,
researchers found loss of stage VIII and late spermatids (148,
149). Additionally, hypomorphic SCARKO mice displayed
premature release of round spermatids as well as blockage of
terminal differentiation and release of elongated spermatids. The
unreleased mature spermatids were degenerated or phagocytized
by SCs (149, 150).

4.5.1 Sertoli Cell - Spermatid Adhesion
The molecular mechanism through which Sertoli cell -
Spermatid adhesion occurs has been elucidated. Based on
experiments in which adenovirus constructs were used to
express different AR mutants that impair the classical or
nonclassical pathways and on other experiments in which
inhibitors of ERK kinase and Src kinase were added to an SC-
GC coculture system, it is proposed by study that non-classical
AR signaling pathway contributes dominantly to Sertoli cell-
Spermatid adhesion, while activation of the classical AR
signaling pathway is not sufficient to permit Spermatids
binding to SCs (151). Testosterone can promote the
attachment of spermatids to SCs in Sertoli cell -Spermatid co-
culture system by activation ERK and Src, which belong to the
non-classical signaling pathway (152). Terada et al. found that
testin, which can be induced by non-classical signaling pathway,
is important for Sertoli cell - Spermatid adhesion.
Overexpression of testin can block spermatid differentiation,
probably due to excessive adhesion to SCs (113). However, an
in vivo study adopting TE implants brought about not only the
loss of spermatids but also the activation of ERK before sperm
release, along with breakage association of N-cadherin and b-
catenin indicating disruption of ES (153). This result seems
contradictory to in vitro study. One possible reason maybe that
the formation of ES requires ERK activation only at the
beginning of formation rather than during the entire process.

4.5.2 Sperm Release
Round spermatids develop into elongated sperm before
final releasing.

Gonadotropin Regulated Testicular Helicase (GRTH/
DDX25) is significant in this process, mainly by participating
on the nuclear export and transport of specific mRNAs as well as
the structural integrity of Chromatoid Bodies of round
spermatids (154). As an RNA helicase and only DEAD-box
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family member regulated by androgen in spermatids, GRTH/
DDX25 transcription in spermatid is regulated by AR signaling
pathway in Sertoli cells through a paracrine fashion. Germ cell
nuclear factor (GCNF) in spermatids can promote GRTH/
DDX25 transcription and expression in response to androgen
regulation (155–158). However, the signal relayed to spermatids
remains to be further elucidated.

Before releasing sperm, SCs endocytose the residual body
from maturing sperm. Kumar et al. found that AR dimerization
can recruit corepressor nuclear receptor corepressor 1 (NCoR1)
to the ARE of phosphatidylinositol binding clathrin assembly
protein (Picalm) and early endosome antigen 1 (Eea1) and
thereby inhibit their expression. Coactivator steroid receptor
coactivator-1 (Src1) can be recruited to ARE of syntaxin 5
(Stx5a) and induce its expression (112, 159, 160). Since the
products of these 3 genes are located around tubule bulbar
complexes and participate in endocytosis and intracellular
transport, it is possible that they are involved in residual
body absorption.

Activation of Src is important for sperm release (161, 162). The
injection of Src inhibitor into rat testis can block the release of
elongating spermatids, while injection of an ERK inhibitor has little
effect on sperm release (152, 163). Additionally, O’Donnell et al.
pointed out that the disengagement complex, including a6b1
integrin which associates with Src, and tyrosine-phosphorylated
focal adhesion kinase (FAK), remains associated with sperm that
fail to be released. Both Src and FAK can be phosphorylated on
activation of non-classical androgen signaling (149). Further study
confirmed that activated non-classical signaling target Src is near
the head of sperm to be released (164).

Also, sperm motility is significant during sperm release.
Located in elongated spermatids, ATPase Ca++ transporting
plasma membrane 4 (PMCA4) is critical for sperm motility
(165). Recently, it was found that PMCA4 is positively regulated
by AR signaling in SCs both in vitro and in vivo (121).

In a summary, non-classical AR signaling promotes Sertoli
cell – Spermatid adhesion by activating both ERK and Src while
promoting sperm release by activating Src. Considering the
above study, future studies might focus on achieving a deeper
understanding of the different effects of Src to immature
spermatid and mature spermatid as well as the impact of both
ERK and Src to other kinds of proteins in apical ES.
5 DISCUSSION ON ANDROGEN
INSENSITIVITY SYNDROME: PRESENT
ADVANCES AND FUTURE THERAPIES

Infertility is an emerging worldwide public health issue.
Approximately 20-70% of cases are due to male infertility
(166). For most men suffering from infertility, the primary cause
is low quality and low quantity of sperm (167). Hormones,
including androgens, are necessary for spermatogenesis. We
have reviewed AR signaling in SCs above. Clinical mutations
in androgen receptor can cause reproductive diseases such as
Androgen insensitivity syndrome, Sertoli cell-only syndrome and
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Obstructive azoospermia.Herewewill focus on androgen insensitivity
syndrome, which is closely related to ARmutations in SCs.

Androgen insensitivity syndrome (AIS) is an X-linked recessive
disorder of sex development in patients with the 46, XY karyotype
(168).According to theNational Institutes of health, approximately
2-5 in 100000 people may have AIS. The biochemical mechanism
behind AIS is the inability of cells expressing AR to respond to
androgen, leading to incomplete or absent genital virilization of the
46, XY embryo (169). Specifically, the mutations in AR result in
disrupted capacity of binding to testosterone or DHT, leading to
impaired differentiation of the Wolffian ducts and impaired
virilization of the external male genitalia respectively (170). At
present,AIS is classified into two categories, AIS type I andAIS type
II. In AIS type I, mutations exist in AR itself; this type of AIS can be
further classified into complete AIS (CAIS), partial AIS (PAIS) and
mild AIS (MAIS) according to the AR mutation level, while
mutations in AIS type II occur in molecules downstream of AR
rather than in AR itself (171). The clinical phenotype of CAIS is
characterized by an external female phenotype with undescended
testes (172), PAIS leads to different ranges of hypospadias and
ambiguous genitalia (173) and individuals with MAIS display a
male phenotype, sometimes with gynecomastia, and insufficient
sperm production (174). Recent years, studies and many case
reports have revealed different AR mutations in patients with AIS.
Mutations found up to now include gene deletion, mutations in
transactivation domain, mutations in the DNA binding domain,
mutations in the ligand binding domain. (For additional
information, please see review (175)) In addition, even
individuals without a mutation in the AR gene can show an AIS-
like syndrome, indicating that mutations may have occurred
somewhere else (176).

Currently, researches on AIS focus mainly on recording patient
phenotypes and detectingARmutations through sequencing ofAR
gene. Various AR mutations have been found to date (177).
Inadequate research on associated gene expression patterns
presents much difficulties for the development of therapies,
especially for type II AIS. In addition, few studies have used
testicular histology to examine the effects of AR mutations on
testis. Recently, one CAIS patient showed unusually high level of
AMH and SOX9, accompanied by immature SCs, a phenomenon
that has been linked in a mouse model to the AR/SOX9/AMH
pathway discussed above (178). AMH, along with Inhibin B, which
mayhavepositive or inverse correlationwithAMH, is thought tobe
appealing subject for study by endocrinologists because patients
with androgen insensitivity or defects in androgen synthesis have
normal or high levels of AMH (179).

Notably, a high level of estrogen was found in patients with
CAIS, and this may explain the development of breast cancer in
some of these patients. Supporting this idea, it is known that
testosterone can be converted into estrogen via aromatase and
luteinizing hormone can stimulate testicular estrogen synthesis.
Researchers have found high levels of luteinizing hormone and
testosterone in AIS patients (168, 175, 180). Interestingly,
apolipoprotein D (APOD), which is induced by DHT, is a
potential candidate marker for the detection of AIS, especially for
type II AIS. Treating type II AIS patients with DHT can induce
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endogenous APOD expression but the level of APOD is below the
calculated cut-off (181). Other molecular pathways downstream of
AR in AIS patients are remaining to be elucidated. One question
arises for ourmolecular research. Althoughmice and rats have high
homology with humans, some phenotypes in AIS patients cannot
be reproduced inmouse or ratmodels. Although this is a significant
barrier in our research, we should not be pessimistic. In a
comparison of control males and CAIS females, significant
differences in the transcription levels of 612 genes were found at
the cellular level, suggesting that androgens may play a role in
transcriptome regulation in humans (182). We are pleased to see
that AR can regulate the transcriptome level inmouse models (98);
this observation can guide us to investigate genes with known
function in mouse models in our clinical diagnosis and to research
genes that show no overlap between two species in mice to
determine their function.

In summary, our opinions are that the diagnosis for AIS should
combine power from different fields of study. For geneticists, family
history is recommended to record for prenatal diagnosis, along with
determining the patient’s karyotype after birth (183). Some
important biomarkers, such as AMH, estrogen, luteinizing
hormone and testosterone should be measured at birth or at
puberty to distinguish AIS from androgen synthesis deficiency by
endocrinologists. Cytologists and histologists use fine needle
aspiration cytology (184) and histopathology to examine the state
of SCs and the testicular lumen, and the results obtained may be
compared with results obtained from patients with other syndromes
like, such as Sertoli cell-only syndrome or nonobstructive
azoospermia, possibly benefiting from therapies for those diseases.
Finding associated genes and impaired signaling pathway are tasks
for molecular biologists. Combined efforts are powerful.

At present, the most common treatment for CAIS is
gonadectomy in early adulthood. There are two reasons for this:
1) an undescended testis has an increased risk of malignant
transformation after puberty; and 2) testosterone produced by the
testis can be converted to estrogen, so puberty will occur naturally
(185, 186). Besides, treatment for PAIS vary between different
patients. Treatments currently include androgen supplementation
at puberty, surgeries to repair hypospadias and bring undescended
testes into the scrotum. Personal treatment should combine
diagnosis, sex assignment and biochemical examination (187).
Previous study using AR transgene model restored the impaired
spermatogenesis in SC AR mutant mice (188). Whether
transfection of AR constructs into human SCs can benefit AIS
patients remains to be elucidated.

Moreover, the job of a doctor is not only to treat patients
physically, but also to treat them psychologically. Helping AIS
patients overcome their psychological disorders and live a
normal life without discrimination is a responsible behavior for
doctors and for society as a whole.
6 CONCLUSION AND PERSPECTIVE

Both classical and non-classical androgen receptor signaling
pathway are essential for spermatogenesis. These two pathways
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not only regulate genomic action in Sertoli cells but also
influence germ cells between Sertoli cells through paracrine
action. Sertoli cells are expected to be a new therapeutic target.
However, rare studies focus on the relationship between
androgen receptor signaling pathway, Sertoli cell and clinical
diseases. The transgenic model developed recently which is able
to activate only classical or non-classical signaling pathway,
allows us to screen more genes related to androgen receptor
signaling pathway. These genes are helpful for us to develop
therapies for treating infertility. Moreover, spermatogonia
transplantation is a method to inject spermatogonia into
seminiferous tubule lumen and promote spermatogonia to
form colonization at basement area, which may cure fertility
fundamentally. The problem about making spermatogonia
migrating from adluminal area to basement area may be solved
by androgen therapies because lowering testicular testosterone
level can open BTB reversibly.
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GLOSSARY
11-KT 11-ketotestosterone
Aard alanine and arginine rich domain
AIS Androgen insensitive syndrome
AMH Anti Mullerian hormone
APOD apolipoprotein D
ARE Androgen response element
ARID4A/AB AT-rich interaction domain 4A/4B
ARIP4 androgen receptor-interacting protein 4
AR androgen receptor
ARKO Androgen receptor knock out
BTB Blood-testis barrier
Btc betacellulin
CAIS Complete androgen insensitive syndrome
Cbl calcineurin B-like protein
CK18 Cytokeratin 18
CRE cAMP-response element
CREB cAMP-response element-binding protein
Cx43 connexin 43
DHT Dihydrotestosterone
DjA1 type 1 DnaJ protein
DSBs DNA double strand breaks
Eea1 early endosome antigen 1
EGFR Epidermal growth factor receptor
Elmo1 engulfment and cell motility 1
ES Ectoplasmic specialization
FAK Focal adhesion kinase
FGF2 Fibroblast growth factor 2
GATA-2 GATA binding protein 2
GC Germ cell
GCNF Germ cell nuclear factor
GDNF Glial-derived neurotrophic factor
GJ gap junction
GPI Glycosylphosphatidylinositol
GRTH/DDX25 Gonadotropin Regulated Testicular Helicase
hpg hypogonadal
Igf3 Insulin like growth factor 3
Hsf1 Heat shock transcription factor1
lncNONO-AS target NONO lncRNA

(Continued)
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MAIS Mild androgen insensitive syndrome
NASP nuclear autoantigenic sperm protein
NCoR1 nuclear receptor corepressor 1
Nrg1 neuregulin 1
NONO non-POU domain-containing octamer-binding protein
p90RSK ribosomal protein S6 kinase A1
PAIS Partial androgen insensitive syndrome
PGE2 prostaglandin E2
PI3K phosphatidylinositol 3 kinase
Picalm phosphatidylinositol binding clathrin assembly protein
Plzf Promyelocytic leukemia zinc finger
PMCA4 ATPase Ca++ transporting plasma membrane 4
PSPC-1 paraspeckle component 1
Rhox5 Reproductive homeobox 5 gene
RNF4 really interesting new gene (RING) finger protein 4
SC Sertoli cell
SCARKO Sertoli cell androgen receptor knock out
SF1 steroidogenic factor 1
SFPQ splicing factor proline/glutamine rich
SOX9 sex determining region Y-box 9
Spinlw1 Epididymal protease inhibitor
Src SRC proto-oncogene
Src1 steroid receptor coactivator-1
SSC Spermatogonia stem cell
Stx5a syntaxin 5
T testosterone
TE testosterone and oestradiol
Tfm testicular feminized mouse
tPA type plasminogen activator
TJ tight junction
TRAM-1 thyroid hormone receptor activator molecule-1
TUBB3 Class III btubulin
Tzfp testis zinc finger protein
Ube2b ubiquitin-conjugating enzyme E2B
UCHC1 ubiquitincarboxyl-terminal hydrolase L1
UNC5C Unc-5 Netrin Receptor C(UNC5C)
Wnt5a Wingless-type MMTV Integration Site Family

Member 5A
Wt1 WT1 transcription factor
ZIP9 Zrt- and Irt-like protein 9.
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The physiological role of estrogen in the female endometrium is well established. On the
basis of responses to steroid hormones (progesterone, androgen, and estrogen), the
endometrium is considered to have proliferative and secretory phases. Estrogen can act in
the endometrium by interacting with estrogen receptors (ERs) to induce mucosal
proliferation during the proliferative phase and progesterone receptor (PR) synthesis,
which prepare the endometrium for the secretory phase. Mouse knockout studies have
shown that ER expression, including ERa, ERb, and G-protein-coupled estrogen receptor
(GPER) in the endometrium is critical for normal menstrual cycles and subsequent
pregnancy. Incorrect expression of ERs can produce many diseases that can cause
endometriosis, endometrial hyperplasia (EH), and endometrial cancer (EC), which affect
numerous women of reproductive age. ERa promotes uterine cell proliferation and is
strongly associated with an increased risk of EC, while ERb has the opposite effects on
ERa function. GPER is highly expressed in abnormal EH, but its expression in EC patients
is paradoxical. Effective treatments for endometrium-related diseases depend on
understanding the physiological function of ERs; however, much less is known about
the signaling pathways through which ERs functions in the normal endometrium or in
endometrial diseases. Given the important roles of ERs in the endometrium, we reviewed
the published literature to elaborate the regulatory role of estrogen and its nuclear and
membrane-associated receptors in maintaining the function of endometrium and to
provide references for protecting female reproduction. Additionally, the role of drugs
such as tamoxifen, raloxifene, fulvestrant and G-15 in the endometrium are also
described. Future studies should focus on evaluating new therapeutic strategies that
precisely target specific ERs and their related growth factor signaling pathways.
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INTRODUCTION

The endometrium is the primary target tissue for estrogen. The
main function of the endometrium is to prepare for implantation
and to maintain the pregnancy after embryo implantation.
Estrogen exerts a critical influence on female reproduction via
the two main classical estrogen receptors (ERs), ERa and ERb,
and perhaps through G-protein-coupled estrogen receptor
(GPER; formerly GPR30) (1). Recent descriptions of the
phenotypes of ER-knockout mice have also revealed key roles
of estrogen signaling in the endometrium. Estrogen acts through
ERs that are associated with the onset and maintenance of
disease and tumor events, particularly in uterine tissue. This
review focuses on recent advances in our knowledge of the role of
ERs in the endometrium, animal models of ER deficiency in the
uterus, and how ERs are involved in endometrial diseases and
pharmacological treatments.
ER ACTIVATION

ERa and ERb are members of the nuclear receptor (NR)
superfamily and consist of five domains (A/B, DNA-binding;
D, ligand-binding; and F) (Figure 1). The structurally distinct
amino-terminal A/B domains share 17% amino-acid identity
between the ERs, acting as ligand-independent activation
function 1 (AF-1); AF-1 is involved in both inter-molecular
and intra-molecular interactions as well as in activating gene
transcription (2). The near-identical central C region (97%
amino-acid identity) is the DNA-binding domain that allows
ERs to dimerize. Acting as a flexible hinge, the D domain (36%
amino-acid identity) contains a nuclear localization signal, is
important for receptor dimerization and binding to chaperone
heat-shock proteins and links the C domain to the
multifunctional carboxyl-terminal (E) domain. The E domain,
Frontiers in Endocrinology | www.frontiersin.org 270
also known as the ligand-binding domain (LBD), shares 56%
amino-acid identity between the ERs and is a globular region that
comprises an 17b-estradiol (E2)-binding site, a dimerization
interface (homo- and heterodimerization), and ligand-
dependent coregulator interaction activity (activation function
2, AF-2); the LBD works synergistically with the amino-terminal
domain to regulate gene transcription (3–6). The F domain
shares 18% amino-acid identity between the ERs and is located
at the extreme carboxyl-terminus of the receptors. In ERa, the F
domain appears to modulate transcriptional activity, co-activator
interactions, dimerization, and stability; however, its role in ERb
is unclear (7–9).

The uterus reacts to cyclical changes in estrogen and
progesterone levels to prepare the embryo for implantation.
Most known estrogen effects are mediated by ERa and ERb,
which regulate classical hormone signaling pathways (10). Both
ERa and ERb are expressed in the murine uterus (11). ER dimers
bind to estrogen response elements (EREs) in the promoter
regions of target genes, initiating the recruitment of co-
activators, co-suppressors, and chromatin remodeling factors
to activate or inhibit transcription of target genes. Despite the
presence of similarities in initiation and termination, the ERE-
dependent signaling pathway substantially differs between ERa
and ERb in terms of the mode and extent of transcription,
presumably because their distinct amino-termini influence the
magnitude of transcriptional responses (6, 12, 13). The amino-
terminal A/B domains of ERa include the ligand-independent
AF-1, while the LBD includes the ligand-dependent AF-2. Both
AF-1 and AF-2 of ERa are necessary for uterine physiology
because their functional integration is required to mediate
transcription at full capacity in response to E2 in a tissue-
specific manner (14, 15). In contrast, ERb displays a lower
affinity for ERE binding and considerably lower transcriptional
activity in the E2-induced ERE-dependent genomic signaling
pathway; moreover, it interacts with a different set of proteins,
GRAPHICAL ABSTRACT |
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presumably because of the absence of AF-1 in its amino-
terminus (6, 16). The N-terminal domain of ERb is much
shorter than the corresponding domain of ERa. Moreover, the
amino-terminus of ERb has been proven to impair receptor-ERE
interactions and does not interact with the carboxyl-terminus
(17, 18).

In the nonclassical pathway of estrogen action, ER can
regulate genes that lack a canonical ERE. ER can activate or
suppress gene expression by interacting with other transcription
factors, such as activator protein-1 (AP-1), specificity protein-1
Frontiers in Endocrinology | www.frontiersin.org 371
(SP-1), nuclear factor kappa-B (NF-kB) (19, 20). Jun and Fos are
members of the AP-1 transcription factor family that can form
Jun-Jun or Jun-Fos dimers; their basic regions can interact with a
consensus sequence known as the TPA response element (21).
Selective estrogen receptor modulators (SERMs) and selective
estrogen receptor downregulators (SERDs) can activate the
transcriptional responses mediated by ERa at TPA response
element sites, while they cannot activate transcriptional
responses mediated by ERb (22–24). Another transcription
factor, SP-1, binds to a consensus sequence known as the GC
FIGURE 1 | Estrogen receptor-mediated signaling pathways in the endometrial. E2 promotes endometrial growth, while progesterone and other progesterone
hormones block endometrial growth and promote differentiation. E2 mediates its biological response by binding to ERs via genomic and non-genomic pathways.
There are 3 main mechanisms of genomic regulation. Firstly, in genomic regulation, E2 ligands passively enter the cells by diffusion. ERa and ERb are located in the
cytosol. The binding of E2 to the ER promotes the formation of dimers, enters the nucleus and is directly binding to EREs, or to transcription factors which regulate
transcription of its target genes. Secondly, the nonclassical pathway involves binding the E2-bound ER to TFs that are already bound to the DNA. The third
mechanism is hormone-independent. The ER can regulate E2 responses by activating the signaling of growth factors via the phosphorylation of different serine
(118/167) residues on the receptor. In non-genomic regulation, binding of E2 to ERs and GPR30 at the plasma membrane leads to various nongenomic responses,
such as calcium signaling, PKC, and cAMP/PKA pathways. E2, 17b-estradiol; ER, estrogen receptor; GPER, G-protein-coupled estrogen receptor; EGFR, epidermal
growth factor receptor; PKA, protein kinase A; SF-1, steroidogenic factor 1; TNFa, tumor necrosis factor a; PR, progesterone receptor; MAPK, mitogen-activated
protein kinases; PI3K, phosphoinositide-3-kinase. ERE, estrogen response element.
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box element. ERa has been shown to tether to GC box response
element-bound SP-1, for which the amino-terminus of ERa is
critical (25). In addition, in ligand-independent genomic events,
ER activates growth factor signaling by phosphorylating different
serine (118/167) residues on the receptor, thereby regulating the
E2 response.

Beginning in the 1990s, there was increasing evidence that
rapid modulation (within seconds or minutes) of estrogen-
mediated signaling pathways occurs via a subpopulation of ERs
located in or adjacent to the plasma membrane; these non-
genomic effects induced by E2 were determined by the
observation that exposure of uterine or ovarian cells to E2 could
rapidly induce ion influx, cyclic adenosine monophosphate
(cAMP) production, and phosphoinositide-3-kinase (PI3K)
activation (26–30). In the 2000s, membrane ERs were
characterized; these primarily consisted of GPR30/GPER, ER-X,
and the Gq membrane ER (31–33).

Among all membrane ERs, GPER has been recognized as the
major mediator of the rapid cellular effects of E2 because
stimulating GPER activates metalloproteinases and induces the
release of heparin-binding epidermal growth factor, which binds
and activates epidermal growth factor receptor (EGFR); this
interaction leads to the activation of downstream signaling
molecules such as extracellular signal-regulated kinase 1/2
(ERK1/2), followed by the production of cyclic cAMP,
intracellular calcium mobilization, and PI3K activation (34–
37). Additionally, GPER indirectly regulates transcriptional
activity through signaling mechanisms that involve cAMP,
ERK, and PI3K (38) (Figure 1).

Regarding targeted therapies for GPER, the first GPER-
selective agonist G-1 was identified in 2006. Subsequently, a
GPER-selective antagonist G-15 was identified in 2009, followed
in 2011 by G-36, a more selective GPER antagonist than G-15
(39, 40). Fulvestrant is a SERD that causes degradation or
downregulation of ER, but acts as a GPER agonist (41).
TRANSCRIPTIONAL CONTROL BY ERS

E2 activity is mediated by the two classical nuclear hormone
receptors, ERa and ERb. Transcriptional regulation arises from
the direct interaction of the ER with components of cellular
transcriptional machinery. Cells can express a set of coregulators
that can enhance or decrease the transcriptional activity of steroid
hormone receptors, called ER coactivators and corepressors,
respectively. Coregulators are crucial for ER transcriptional
activity and have led us to recognize that there is a great deal of
sophistication in transcriptional regulation. ER is able to bind to
cofactors through the AF-1 and AF-2 domains, acting
synergistically in the recruitment of coregulators. Coregulators
are both targets and propagators of posttranslational modification
codes and are involved in many steps of the gene expression
process, including chromatin modification and remodeling,
transcription initiation, elongation of RNA chains, mRNA
splicing, mRNA translation, miRNA processing, and
degradation of the activated NR coregulator complexes (42).
Frontiers in Endocrinology | www.frontiersin.org 472
Approximately 200 coactivators play a central role in NR-
mediated promotion of gene expression and are associated with
cancer and other diseases. Many additional ERa coregulators
have been found, although little is known about Erb (43).
Investigation of coregulators of ERs began in the 1990s and the
first identified ERa coregulator was called steroid receptor co-
activator (SRC-1). Co-expression of SRC-1 reverses the ability of
ER to inhibit human progesterone receptor (PR) activation (44).
Coregulators of ERa include the SRC/p160 group, histone
acetyltransferase cAMP response element binding protein
(CREB)/p300, ATP-dependent chromatin remodeling
complexes such as SWI/SNF, E3 ubiquitin protein ligases, and
steroid RNA activator (45). Then transcriptional corepressors
have the NR corepressor and thyroid hormone receptors (46, 47).
Therefore, nuclear ERs play a variety of roles and functions in
different cells and tissues that are mediated by various
intermediaries and differential utilization of coregulators (48).

From studies of cancer cells, we have learned that a large
number of coregulators have specific structural motifs that affect
their contact with the ER ligand binding domain. The ER crystal
structure suggests that helix 12 lays across the ligand binding
pocket when binding agonists, resulting in a surface suitable for
the binding of LXXLL motifs found on coregulators. Conversely,
we know that co-inhibitory factors block ER-mediated gene
transcription by directly interacting with unbound ERs, using
their corepressor NR box or by competing with coactivators (49).
It has also been reported that some post-translational
modifications, such as phosphorylation, methylation,
ubiquitination, SUMOylation and acetylation, can affect the
action of coregulatory factors that target gene expression
(50, 51).
THE ROLE OF ERS IN
ENDOMETRIAL PHYSIOLOGY

The dynamic expression pattern of steroid hormones and their
receptors in the endometrium during the menstrual cycle has been
established and drive cyclical growth, shedding, and regeneration
of the endometrium. During the follicular phase of the menstrual
cycle, estrogen, working through ERs, induces growth of the
endometrium, producing a measurable thickening of the mucosa
(52). After ovulation, the corpus luteum continues to produce a
large amount of estrogen ligand in addition to progesterone. The
presence of progesterone inhibits estrogen-induced endometrial
growth and transforms the endometrium into a receptive state for
blastocyst implantation (1). Physiologically, progesterone plays an
important role in preventing endometrial hyperplasia (EH) (53).
In animal models, high levels of estrogen without progesterone
interference can lead to EH or cancer, suggesting that the balance
between estrogens and progestogens is often dominated by
estrogens during cancer formation (54, 55) (Figure 1).

During postnatal development, the uterus undergoes a unique
pattern of changes in ER expression. ERa is weak and the
proliferative activity is high from postnatal days 1 to 7 in the
uterine stroma. In contrast, the cell proliferation rate is decreased
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from day 7 to puberty, but ERa expression in the epithelial and
stroma cells is increased (56). The low rate of proliferation
in the prepubertal period is due to estrogen levels being
too low to activate ERa (57, 58). However, in the proliferative
phase, ERa immunoreactivity is significantly stronger than ERb
immunoreactivity in the nuclei of epithelial, stromal, and muscle
cells, suggesting ERa mRNA expression is dominant in the
human uterus. Immunohistochemical localization revealed
increased expression of ERa and ERb in the late proliferative
and early secretory phases, and then a decrease in the mid-late
phase (59). ERb is the main ER subtype expressed in the
endometrial stroma in the late secretory phase (60). ERa
and ERb are differentially expressed in endometrial vascular
endothelial cells and perivascular cells surrounding endometrial
blood vessels. Monoclonal antibodies and immunocytochemistry
have shown that ERa is localized to muscle cells of uterine
arteries (61). Analysis of immunostaining confirmed that
endometrial endothelial cells only express ERb, which may be
the target of selective agonists or antagonists for the ERb subtype
(59) (Table 1). It is notable that nonradioactive in situ
hybridization confirmed that ERa and ERb were localized in
both epithelial and stromal cells of endometriotic tissues
(66) (Figure 1).

The plasticity of the human endometrium is beyond other
tissues, and it can still respond to steroid hormones and induce
endometrial cycles after menopause. The post-menopausal
endometrium has low circulating estrogen level and lacks
progesterone, while androgen levels from adrenal glands are
relatively unchanged. ERb mRNA expression in the
myometrium of postmenopausal women is significantly higher
Frontiers in Endocrinology | www.frontiersin.org 573
than in premenopausal women, while ERa expression is
decreased (67). Thirty-one postmenopausal women underwent
combined treatment with E2 and testosterone, which increased
AR and ERb expression in the endometrium (68). In contrast,
levels of ERa and PRs in the endometrium were upregulated
after estrogen-alone treatment (68). This study indicated that the
antiproliferative effect of androgen treatment in the
endometrium is associated with increased ERb expression and
that ERa may promote endometrial proliferation.

In humans, several studies have reported GPER mRNA and
protein expression in the uterine epithelia (epithelial and stromal
cells), endometrium, myometrium, and early pregnancy decidua
(62, 65, 69). Real-time PCR and immunohistochemistry results
showed that GPER mRNA was highly expressed in glandular
epithelial cells in the mid- and late- proliferative phase, higher
than during the secretory and menstrual phases. GPER
expression levels were also found to decrease rapidly from the
early secretory phase and remained low until the end of the cycle
(62). In decidual tissue, GPER mRNA expression was localized in
both the glandular and luminal epithelium and in the stroma
(62). GPER activation enhanced contractile responses to
oxytocin in the myometrium. These findings suggest that
GPER may be involved in the physiological changes in human
uterine activity during pregnancy (65). In general, several studies
using cell and animal models have highlighted the importance of
ER signaling in female reproduction. GPER is involved in cyclic
alterations of endometrial estrogen action, and high GPER transcript
levels were observed in the eutopic endometrium during the
proliferative phase, whereas higher GPER mRNA expression
has been shown during the secretory phase (70) (Table 1).
TABLE 1 | ER expression by uterine phase.

Tissue Specific location Period Method Results References

ERa The proliferative phase The stroma and epithelial cells lining the
glands

Real-time PCR;
Immunocytochemistry

ERa mRNA was higher in the proliferative than in
the secretory and menstrual phases

(59, 62, 63)

The secretory phase In the glands and stroma of the functionalis Immunocytochemistry ERa expression declined (59)
Days 7-27 of the
normal cycle

Localized to perivascular smooth muscle
Cells in nonpregnant endometrium

Monoclonal
antibodies;
immunocytochemistry

ERa was observed in muscle cells of uterine
arteries

(59, 61)

ERb The proliferative phase Predominantly in glandular epithelial cells Using non-radioactive
in-situ hybridization

ERb mRNA concentrations were lower than ERa
mRNA.

(64)

The secretory phase In nuclei of the glands and stroma Real-time PCR;
Immunocytochemistry

The mRNA expression of ERb had a peak in the
late secretory phase; ERb declined much more
in the glands than in the stroma

(59, 62)

The proliferative and
secretory phases of
the menstrual cycle

In the endothelial cells Immunohistochemistry only ERb was present in the endothelial cell
population

(59)

GPER The proliferative phase In epithelium cells and stromal cells
(epithelial cells are the main source of
GPER mRNA)

Real-time PCR;
Western blot; In situ
hybridization;

High content (GPER predominantly localized in
the mid- and late-proliferative phase)

(62)

The secretory phase In the stroma Real-time PCR; Low content (GPER dropped rapidly to low
levels in the early secretory phase)

(62)

The menstrual phase In the stroma Real-time PCR; Low content (62)
In early pregnancy
decidua phase

In glandular and luminal epithelium, and in
the stroma

Real-time PCR;
Western blot;
Immunohistochemistry

Low content (62)

Myometrium localized in the plasma membrane and in
some areas colocalized with caveolae in
myometrial smooth muscle cells

RT-PCR; Western
blotting;
Immunocytochemistry

concentrations of GPER mRNA and protein did
not change across the not-in-labor to in-labor
continuum

(65)
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GPER is also found in the endometrium of women with
endometriosis (71).
ROLES OF ERS IN THE ENDOMETRIUM

It is currently thought that E2-induced uterine epithelial cell
proliferation is mediated by stromal ERa. ERa knockout mice
showed no expression of estrogen responsive genes in the uterus,
and the basic levels of PR mRNA in the aERKO uterus were
equal to those in wild type mice (72). The levels of PR protein in
the uterus of ERa knockout mice were at 60% of the level
measured in a wild-type uterus, which is enough to induce the
genomic responses mediated by progesterone but not enough to
support embryo implantation (73). These observations suggest
that ERa modulation of PR levels is not necessary for
progesterone action in ERa knockout mouse uterus (Table 2).

ERs are dependent on AF-1 in the N-terminal domain and AF-2
in the C-terminal LBD to induce the specific conformational
changes that are required for ER transcriptional activity
(Figure 1). In the model of AF-2-mutated ERa knock-in
(AF2ERKI), AF2ERKI homozygote female mice have hypoplastic
uterine tissue and rudimentary mammary glands that are
indistinguishable from ERa knockout mice (15). ERa AF-2 has
been demonstrated to play a crucial role in the endometrial
proliferative effect of E2. Furthermore, Abot et al. investigated the
role of ERa AF-1 in the regulation of gene transcription and cell
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proliferation in the uterus. Targeted deletion of AF-1 in mice
showed normal uterine development but delayed response to E2
(83). Nevertheless, in a study using the “EAAE” mouse, which has
more severe DNA-binding domain mutations in ERa, uterine
epithelial proliferation could not be induced through the estrogen
signaling pathway, manifesting an ERa null-like phenotype with
impaired uterine growth and transcriptional activity (80, 81)
(Table 2). The ERa (EAAE/EAAE) mouse suggested that the
DBD is necessary for estrogen action and the LBD is insufficient.

Nonclassical ERa knock-in (NERKI) mice with an ERa
mutated at the DNA recognition helix that disrupts DNA
binding but leaves nonclassical signaling intact have also been
developed (Table 2). The uteri of NERKI mice are larger than
those of ERa knockout mice but smaller than those of wild type
mice. NERKI mice also have defective ovulation and
underdeveloped mammary glands (76). The NERKI mice
indicate that nonclassical ERa signaling plays a critical role in
uterine growth and development, which is beneficial to restore
the proliferation of luminal epithelial cells (77).

By establishing a uterine epithelial-specific ERa knockout
(UtEpiaERKO) mouse line, it was found that while female
UtEpiaERKO mice were infertile, they had regular estrous
cycles and complete follicular development stages, indicating
ovulation (82) (Table 2). Embryonic implantation was not
observed in the uterus after natural mating or embryo transfer,
suggesting that ERa in the uterine epithelium is necessary for
embryo receptivity. E2 treatment to UtEpiaERKO mice
TABLE 2 | Summary of mouse models involving ERa and ERb.

Organisms Year Type Fertility levels of E2 Notes Reference

Mouse
model

1995 ERaKO NA serum levels of E2 in the
ERaKO female are more than
10-fold higher than those in
the wild type

increased DNA synthesis, and transcription of the
PR, lactoferrin, and glucose-6-phosphate
dehydrogenase genes

(72)

2000 ERb−/− mice poor reproductive
capacity

NA enlargement of the lumen; increase in volume and
protein content of uterine secretion; induction of the
luminal epithelial secretory protein

(74)

2000 ERb−/− mice exhibit variable
degrees of subfertility.

NA reproductive tract normal (75)

2002;
2006

NERKI mice the heterozygous
NERKI females (AA/+)
are described to be
infertile;

steroid hormone levels are
similar to wild-type females

have grossly enlarged uteri with cystic hyperplasia (76, 77)

2003 immature female
mice were treated
with ER subtype-
selective agonist

NA NA inhibited PR and AR mRNA and protein expression (78)

2006 ERb−/− mice NA NA hyperproliferation and loss of differentiation in the
uterine epithelium

(79)

2009;
2014

EAAE mouse infertility; females
heterozygous for the
EAAE ERa mutations
are fertile

NA the inability of E2 to induce uterine epithelial
proliferation; has an ERa null–like phenotype; with
impaired uterine growth and transcriptional activity;
the hypoplastic uteri

(80, 81)

2010 UtEpiaERKO infertile NA the uterine epithelial E2-specific loss of response;
increased uterine apoptosis

(82)

2011 AF-2-mutated ERa
knock-in (AF2ERKI)

infertile high serum E2 levels have hypoplastic uterine tissue and rudimentary
mammary glands similar to ERaKO mice

(15)

2013 mice lacking
ERaAF-1 (ERaAF-10)

NA NA ERaAF-1 is required for E2-induced uterine
epithelial cell proliferation

(83)
February 2022 | Volume 13 | Art
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stimulated epithelial cell growth, but apoptosis in the epithelial
cells significantly increased compared with wild type mice. These
studies might help to determine how the proliferation of uterine
epithelial is mediated by ERb in the stroma, while uterine
epithelial-derived ERa is required subsequent to proliferation
to prevent epithelial apoptosis ensuring the full uterine epithelial
response (82).

Despite ERa being the predominant ER in the adult rodent
uterus, transcripts encoding ERb have also been detected in wild
type and ERa−/−murine uteri (11). The uteri of untreated ERb−/−

mice exhibit exaggerated responsiveness to E2, as indicated by
enlargement of the lumen, increased volume and protein content
of uterine secretions, and induction of the luminal epithelial
secretory protein (74). The increased cell proliferation and
exaggerated response to E2 in ERb-/- mice suggest ERb inhibits
ERa function, resulting in an anti-proliferative function in the
immature uterus. ERb can act as a regulator of ERa-mediated
gene transcription in the uterus, alternatively, it is responsible for
downregulating PR in the luminal epithelium. Paradoxically,
there is evidence that ERb can partially compensate for loss of
ERa in the reproductive tract, as the uterine phenotype of ERab
double knockout mice is similar to the aggravated uterine
phenotype of ERa knockout mice, whereas the reproductive
tract of ERb knockout mice appears normal (75) (Table 2).
Meanwhile, the uterine epithelium of ERb−/− mice showed
hyperproliferation and loss of differentiation (79). This
suggests that the absence of ERb predisposes the uterus to
abnormal endometrial proliferation. Fully mapping ERb
expression in the endometrium may be useful in identifying
women at higher risk of EH.

A study examining the potential synergistic regulation of gene
expression and uterine growth by the two receptors for estradiol,
ERa and ERb, using ER subtype-selective agonist ligands showed
that the ERb agonist diarylpropionitrile did not increase uterine
weight or luminal epithelial cell proliferation, but inhibited PR
and AR mRNA and protein expression (78) (Table 2).
Additionally, ERb can modulate ERa activity in a response-
specific and dose-dependent manner (78).

The structure of GPER is dramatically different from that of
ERa and ERb. No obvious developmental or functional defects
have been observed in the reproductive organs of GPER knockout
mice (84–86). Treating wild-type mice with G-1 stimulates uterine
epithelial proliferation despite a lower potency relative to that of
E2; conversely, blocking GPER with G-15 reduces the E2-
mediated proliferative response by approximately 50% (40).
Stable knockdown of GPER substantially eliminated the tumor
growth induced by autocrine motility factor (AMF) in EC, with
significantly longer survival times in tumor-bearing mice (87).
Conversely, Gao et al. demonstrated that in an ovariectomized
mouse uterus, GPER activation by high-concentration G-1 altered
the expression of E2-dependent uterine genes and mediated
inhibition of ERK1/2 and phosphorylation of ERa (Ser118) in
the stromal compartment; thus, they concluded that GPER is a
negative regulator of ERa-dependent uterine growth in response
to E2, suggesting an interaction between non-genomic and
genomic ERs (69).
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Estrogen plays a different role in embryo implantation and
angiogenesis. This suggests that although studies in mouse models
provide evidence for the role of ovarian steroid hormones in
regulating uterine function, extrapolation of mouse endometrial
estrogen findings to human conditions needs to be considered
carefully. Despite their compelling results, many of the reviewed
studies were limited by a lack of replication, small sample sizes,
retrospective designs, publication bias, and/or the use of non-
standardized tools to diagnose conditions.
THE ENDOMETRIUM AND ERS

Endometriosis
Endometriosis is the presence of endometrial cells outside the
uterine cavity, which can invade local tissues and cause severe
inflammation and adhesions. Approximately 15% of infertile
women are reported to have endometriosis, although the true
prevalence of endometriosis is unclear (88). Multiple cellular and
molecular signaling pathways are likely to be involved in the
pathogenesis of endometriosis.

Endometrial development and function are highly dependent
on the cyclic secretion of sex steroid hormones and the
expression of their cognate receptors (89). The endometrial cell
types that are primarily targeted by steroid hormones include
epithelial and stromal cells. Proliferation and differentiation of
the endometrium are regulated by estrogens (90). Endometriosis
typically involves higher levels of E2 than observed in a normal
endometrium, which is due to higher gene expression levels of
aromatase and 17b-hydroxysteroid dehydrogenase type 1 (91);
the higher levels of E2 result in increased E2 binding and
activation of ERs in endometriotic tissues, thereby stimulating
estrogen-dependent growth. These higher levels of local E2
activity could contribute to the proliferation of endometriotic
tissues (92). Estrogen-mediated changes in cell signaling
presumably have important implications for the pathogenesis
of endometriosis (93). For example, the invasion and migration
of eutopic endometrial endometriosis stromal cells is regulated
by the estrogen/H19/miR-216a-5p/ACTA2 axis (94).
Alternatively, studies have implicated that tamoxifen and the
phytoestrogen genistein can induce steroidogenic factor 1 (SF-1)
target gene aromatase expression in a GPER-dependent manner
to promote the proliferation of Ishikawa cells. Based on this
finding, we hypothesized that GPRE/SF-1 may promote
endometriosis by increasing local estrogen concentrations and
mediating the proliferation of synthetic estrogens in combination
with classical ER signaling (95) (Figure 2).

Estrogen activity is mediated via genomic pathways including
nuclear ERa/b, as well as by more rapid, non-genomic pathways,
such as ERa36 and GPER (96). Elevated estrogen promotes the
expression of ERa and ERb, which reach their highest levels in
the late proliferation phase (97); however, aberrant levels of ERs
are observed in women with endometriosis. Compared with
endometrial tissue, ERb mRNA and protein levels were more
than 100-fold increased, while the levels of ERa were several
times lower (98); inhibiting the enhanced ERb activity via an
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ERb-selective antagonist also suppressed the growth of ectopic
lesions in mice (99). Notably, ERb activity stimulates
endometriotic progression: ERb inhibits tumor necrosis factor
a (TNFa)-induced apoptosis through interactions with
apoptotic mechanisms to avoid endogenous immune
surveillance of surviving cells (99). ERb directly induces Ras-
like estrogen-regulated growth inhibitor gene expression in an
estrogen-dependent manner to enhance the proliferative activity
of endometriotic tissues (100). The role of ERb is presumably
more complicated, because greatly elevated levels of ERb are
present in both the nucleus and cytoplasm of endometriotic
tissues (101).

It remains controversial whether ERa exhibits an
endometriotic tissue-specific pattern (102). Studies of ERa
knockout mice with endometriosis have shown that ERa
causes cell adhesion and proliferation and that it regulates
inflammatory signaling in ectopic lesions (103). E2 increases
the expression of PRs mainly through ERa activation, thereby
mediating the effects of progesterone on the endometrium and
triggering the secretory phase of endometrial circulation.
Estrogen responsiveness is considerably complex, as indicated
by the results obtained from experiments in mice and the
findings in human tissues contain splice-form variants of ERa
and ERb. Moreover, the differential effects of estrogen on
endometrial cells may depend on the total amount of cellular
ERs and/or the ratio of ERa to ERb (104).

EH
EH is a uterine pathology that involves a continuum of
morphologic alterations that range from mild, reversible
glandular hyperplasia to direct cancer precursors. Compared
with the normal proliferative endometrium, the predominant
characterization of EH is an increased endometrial gland-to-
stroma ratio. During the reproductive period, the risk of EH is
increased by conditions associated with intermittent or
anovulation, such as Polycystic ovary syndrome. After
menopause, when ovulation stops, EH is more common in
women with increased circulating estrogen levels.

During the normal reproductive cycle, ERa expression in
uterine epithelial cells is downregulated in the secretory phase.
Hu et al. assessed the expression of ERa and ERb in 114 patients
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using immunohistochemistry (105). The results indicated that
from normal proliferation to simple and complex hyperplasia,
the expression of ERa increased, while the expression of ERb
showed no significant change. Other studies have also revealed
similar results. As early as 2003, Uchikawa et al. detected the
expression levels of ERs in 20 normal endometrium samples, 36
hyperplastic endometrium samples, and 58 malignant
endometrium samples, and found that ERa expression was
increased in EHs compared with normal endometrium samples
(106). In 2005, Bircan et al. described that ERa levels were
significantly higher in EH than in the normal secretory
endometrium (107).

However, different variants have different protein activities
and different regulatory functions on ER signaling. ERa D3 lacks
part of the DNA binding domain of exon 3 and inhibits estrogen-
dependent transcription activation in a dominant negative way,
which may potentially affect ERa signal transduction (108). The
D3 variation is detected in prolactinoma, EH, and breast cancer,
but not in the normal pituitary, normal endometrium, or
endometrial cancer (EC) (109–111). For example, this variant
was found in 19 of 21 EH cases, but not in any of 29 EC cases
(110). Additionally, ERa D3 expression is reduced more than 30-
fold in breast cancer compared with in the normal breast
epithelium (112). It is speculated that the dominant negative
activity of D3 may decrease normal estrogen signaling, and thus
interfere with tumor progression and growth (Figure 2).

GPER is highly expressed in abnormal EH, and its expression
trend follows that of ERa, which is gradually increased from the
normal proliferative endometrium to simple EH, and then to a
maximum in complex EH (Figure 2). This could imply that in
normal and benign proliferation, GPER expression increases
proportionally due to the induction of GPER by ERa (71,
113). Aromatase activity is not detected in the normal
endometrium but is highly expressed in endometriosis and
malignant endometrium cells (114, 115). Surprisingly, GPER
activation increased aromatase expression in both endometriosis
and malignant endometriosis cells (95). Thus, we speculate that
the mechanism by which GPER regulates the growth of
abnormal endometrial cells might be that it induces the
expression of aromatase, increasing the synthesis of
intracellular estrogen. In turn, estrogen activates intracellular
FIGURE 2 | Molecular pathways regulated by ER in endometrial diseases. E2, estradiol; ER, estrogen receptor; GPER, G-protein-coupled estrogen receptor;
SF-1, steroidogenic factor 1; TNFa, tumor necrosis factor a; PR, progesterone receptor; MAPK, mitogen-activated protein kinases; PI3K, phosphoinositide-3-kinase.
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GPER by the intracellular pathway, further increasing the
abnormal proliferation rate of cells.

EC
EC is an estrogen-dependent malignancy. The administration of
estrogen alone for an extended period can increase the risk of EC in
postmenopausal women. Some endometrial atypical hyperplasias
can evolve into EC over a long period of time. EC is subdivided into
two types on the basis of histopathology. Type I endometrial
tumors, also known as low-grade endometrioid, which make up
account for 75% of endometrial cases, are usually associated with
high levels of ERa (116). Type II tumors include high-grade
endometrioid tumors, serous tumors, clear cell tumors,
carcinosarcomas, and mixed histology tumors. Carcinomas can
typically be classified into two types according to their estrogenic
state, type 1 (ER-positive EC) and type 2 (ER-negative EC).

In a previous study, the expression of GPER, estrogen,
progesterone, EGFR, and Ki-67 in 47 EC patients treated
between 1997 and 2001 based on early immunohistochemical
methods showed that GPER was overexpressed in high-risk EC
patients and was negatively correlated with PR expression (117).
E2 and G-1 trigger the mitogen-activated protein kinase
(MAPK) pathway in ER-negative KLE cells and ER-positive
RL95-2 cells, which require GPER involvement (118). Li et al.
investigated the relationship between AMF and GPER in EC
(87). This mechanistic study demonstrated that the interaction
between AMF and GPER activates PI3K signaling, which in turn
accelerates the growth of EC cells (Figure 2). However, there
have been inconsistent results regarding the expression of GPER
in EC. In 2012, Krakstad et al. found decreased GPER mRNA
and protein levels and increased ERa levels in high grade
endometrial carcinoma, supporting the association between
GPER loss and disease progression from primary to metastatic
lesions (119). Furthermore, in another study, GPER expression
in EC cells was found to be lower than in normal endometrial
samples. Treating GPER-positive EC cells with the GPER agonist
G-1 resulted in significant growth reduction, suggesting that
GPER mRNA might be sufficient to mediate the antiproliferative
effects of its ligand in EC (120) (Figure 2). Due to its high
expression and mitogenic role in other tissues and cancers,
among the three ERs encoded in the human genome, ERa and
ERb are considered to be the major mediators of pro-growth
estrogen signaling in EC cells.

The results of studies investigating the expression and role of
ERb in EC are not yet fully known. ERb may play a suppressive
role in EC. Immunohistochemical results have shown decreased
ERb mRNA and protein levels in endometrioid EC compared
with in normal proliferative endometrium or adjacent normal
endometrium from post-menopausal control women (121, 122).
In addition, Zhang et al. indicated that in ERb knockout mice,
there is an unusual proliferation of cells in the uterus (74).
Nevertheless, ERb also shows a potential tumorigenic effect. A C-
terminally altered ERb isoform, ERb5, is upregulated in
endometrial carcinoma and is associated with the expression of
oncogenes such as HER2 and MyBL2 (123, 124) (Figure 2).

Analysis of The Cancer Genome Atlas data showed that the
mean expression level of ERa in EC was 2.9-fold higher than that
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of ERb (125). The reason for this may be that EC mainly affects
postmenopausal women, and higher gonadotropin levels in
postmenopausal women may downregulate ERb (126). Because
ERb acts as a dominant negative regulator of ERa, the
postmenopausal endometrium may promote uterine cell
proliferation through unopposed ERa action (74). In terms of
analyzing the relationship between ERa/ERb and the clinical
characteristics of EC patients, it was found that ERa expression
is higher in the early stages of EC and decreased in advanced EC
(127). Thus, ERa may promote the progression of EC by
interacting with estrogen in endometrial atypical hyperplasia
and the early stages of EC.

It is well known that obesity is one of the most common risk
factors forECbecauseandrogensareconverted toestrogen inadipose
tissue. In fact, ERmutations arepresent in5.8%ofprimaryECs (128).
In EC, ERamutations are associated with worse outcomes and less
obesity, somutations in ERamight explainwhywomenwith normal
body andwithout other risk factors alsodevelopEC(129). Evaluation
of an EC cell model that includes that D538Gmutation revealed that
mutant ER has estrogen-independent activity as well as an expanded
set of genomic binding sites (130). Mutation confers estrogen-
independent activity to ER, which causes gene expression changes.
Understanding the molecular and pathological effects of ER
mutations in EC will further our knowledge of ER mutant disease
and may provide treatment options for patients with ER
mutant tumors.

ER is used as a regulatory cofactor to regulate gene expression,
and different transcription factors may be responsible for
controlling the genomic interactions of ER in EC cells. Motif
analysis of endometrial cancer-specific ER-bound sites, along with
gene expression analysis, revealed that ETV4, a member of the
ETS family, overlaps with 45% of ER binding sites in Ishikawa cells
(131). In a recent study reported using CRISPR/Cas9 to knockout
ETV4 in EC cells, genetic deletion of ETV4 resulted in a large
reduction of ER binding signal at the majority of bound loci across
the genome, leading to an expected decrease in the transcriptional
response to E2 treatment and thus reduced cells growth (132). Qi
et al. found that estrogen regulates the histone acetylation hMOF
expression through activating the PI3K/Akt and Ras–Raf–MEK–
ERK signaling pathway to promote cell cycle progression in EC
cells (133). Unfortunately, although the role of ER in the
development of EC has been demonstrated in numerous studies,
there are still many gaps in our knowledge of ER in EC.
TREATMENTS TARGETING ERS

Hormone replacement therapy (HRT) has been used in
menopausal women to relieve hot flashes, vaginal dryness,
fluctuating emotions, irregular menses, chills, and sleeping
problems. Pure antiestrogens represent an endocrine-targeted
therapy for which the mechanism of action involves competition
with ER ligands and ER downregulation. However, treating
menopause symptoms with estrogen must be accompanied by a
progestin component to avoid the effects of excess estrogen on the
endometrium. Progesterone has been shown to downregulate ERs
and stimulate direct PR-mediated effects that oppose estrogenic
February 2022 | Volume 13 | Article 827724

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yu et al. Estrogen Receptor in Endometrium
actions. In a postmenopausal estrogen/progestin interventions trial,
women assigned to estrogen alone were more likely to develop
simple, complex, or atypical hyperplasia. Combining conjugated
equine estrogens with cyclic or continuous progestin protected the
endometrium from hyperplastic changes associated with estrogen-
only therapy (134). A small but not significant reduction in the risk
of EC was observed in a sequential combination regimen with
estrogen and progesterone (135). In the early 2000s, the Women’s
Health Initiative raised numerous concerns regarding the use of
hormone replacement therapy, as combined estrogen-progestin
treatment was associated with a statistically significant increase in
invasive breast cancer and in cardiovascular events after
approximately five years of follow-up (136). Therefore, hormone
replacement therapy use is now recommended to be relatively
short-term (i.e., 3–5 years in post-menopausal women) and be
administered at low doses; moreover, its use is very narrow and
should be limited to women without a history of breast cancer and
women who are not at increased risk of cardiovascular or
thromboembolic disease (137). Consequently, novel ER
modulators are necessary to maintain endocrine homeostasis.

Tamoxifen acts as an agonist in most estrogen target tissues,
presumably in association with differences in the expression of co-
activator and co-repressor proteins in different tissues, which result
in the formation of distinct complexes with ERs (6, 138) (Figure 3).
Tamoxifen stimulates ER dependent gene regulation in the uterus
(139). In endometrial cells, tamoxifen-bound ERa is able to recruit
coactivator proteins and to initiate gene transcription. This
differential recruitment of coactivators contributes to the tissue
specificity of tamoxifen ERa function (140). However, the estrogen
agonist effects on the endometrium from partial agonists cannot be
neglected and can manifest as increased endometrial thickness,
endometrial polyps, leiomyomas, and EC (141–143). Tamoxifen
may promote cancer development by upregulating ERa, PR,
vascular endothelial growth factor, EGFR, mechanical target of
rapamycin, IGF-1R, and C-MYC in EC cells (144, 145). In a
randomized trial, Fornander et al. found that among 931
postmenopausal patients treated with tamoxifen, there was a 6.4-
fold increase in the incidence of EC compared with controls (146).
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This could be related to the dose of tamoxifen used (40mg per day),
which is higher thanwhat was used by other trials. Similarly, Fisher
et al. demonstrated a significant increase in EC severity among
women treated with tamoxifen, with a relative risk of 7.5 (147). It
has been suggested that tamoxifen treatment has a cancer-
promoting effect via GPER, which significantly stimulates the
proliferation of endometrial cells (148). Because tamoxifen has a
selective antiestrogenic effect in breast cancer but an agonistic
estrogenic effect in the bones and the uterus/EC, it is not suitable
for use in the general population due to the increased incidence
of EC.

The mechanism of action of raloxifene occurs through
binding to ERa and ERb. This binding results in activation
and blockade of estrogenic pathways in tissues that express ERs.
The crystal structures of the LBD of ER in complex with the
endogenous estrogen, E2, and the selective antagonist raloxifene,
have shown that they are all bind in the same site within the core
of the domain, but raloxifene induces a transcriptionally inactive
LBD conformation (149). Raloxifene has estrogenic antagonistic
effects in the uterus and breast. ERa blockade using raloxifene
indicated that E2 alters endometrial cell proliferation via ERa.
The antagonistic effect of raloxifene on estradiol-treated
endometrial epithelial Ishikawa cells has been demonstrated by
the altered expression of genes such as HOXA 10, leukemia
inhibitory factor, PR, and EMX2 (150). Notably, raloxifene does
not exhibit the endometrial side effects observed with tamoxifen
(151, 152). In estrogen-stimulated ovariectomized rat surgical
models of endometriosis, treatment with 10 mg/kg raloxifene for
7 to 14 days resulted in reduced uterine volumes (153). Adult
female rhesus monkeys with spontaneous endometriosis treated
with 10 mg/kg/d raloxifene for 90 days showed degeneration of
endometrial tissue and attenuated uterine volume (154).
Although raloxifene does not induce breast tenderness, EH, or
EC, it may augment the risk of thromboembolic disease (1/1000
cases per year) as well as hot flashes (in 4%–6% of cases).
Furthermore, raloxifene reduces proliferative markers in the
epithelium of lesions in rodent models but not in the stroma,
while the stromal component is the major contributor to
FIGURE 3 | Treatments for endometrial diseases. ER, estrogen receptor; GPER, G-protein-coupled estrogen receptor; EGFR, epidermal growth factor receptor;
ERE, estrogen response element; MMP, matrix metallopeptidase; LBD, ligand-binding domain; P, phosphorylation.
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endometriotic lesions (155). Petrie et al. have demonstrated that
GPER plays an important role in the estrogen-mediated
signaling of the ERa−/ERb− EC cell line Hec50 and the SERM
raloxifene is an agonist for GPER (156). In contrast to tamoxifen
or raloxifene, antagonists such as fulvestrant (also known as
SERDs) show complete antagonism. It completely inhibits
estrogen-mediated changes in gene transcription and therefore
has no agonist activity. The large side chain that originates from
the B ring prevents H12 of ERa from docking in the agonist
conformation, thereby preventing co-activator binding and
transcriptional activation (149, 157) (Figure 3). Other effects of
fulvestrant include inhibition of receptor dimerization and
nucleocytoplasmic shuttling of the ER (158). Tamoxifen,
raloxifene, or fulvestrant have been shown to be agonists of
GPER. However, pharmacological inhibition of GPER activity in
vivo prevents estrogen-mediated tumor growth, and the selective
GPER antagonist G-15 retarded the growth of endometrial
carcinoma (40) (Figure 3).
CONCLUSION

This review provides a summary of the body of published
systematic reviews and meta-analyses of the effects of different
ERs on the endometrium. The endometrium is a dynamic tissue
that undergoes proliferation, secretion, and menstrual during the
menstrual cycle of the female reproductive age. The current
findings show that unopposed endometrial exposure to estrogen
increases the risk of EH and cancer and emphasize the importance
of modulating ERs to control the development of endometrial
diseases. Multiple variants of ER are involved in endometrial
pathophysiology and signaling pathways. ERa promotes uterine
cell proliferation and is strongly associated with an increased risk
of EC, because it plays an important role in tumor development
and metastasis by activating signaling pathways involved in
promoting proliferation, resisting apoptosis, stimulating
migration and invasion, and inducing angiogenesis. In contrast,
the responses mediated by ERb has a key opposite effect in the
endometrium. GPER is normally expressed in the endometrial but
is highly expressed in abnormal EH, whereas paradoxically
expressed in patients with EC. More research is needed to
elucidate the disease mechanisms that involve ERs.

It is well known that the identification of risk factors that are
strongly associatedwith endometrial risk canhelp the identification
of high-risk groups of women, which will benefit from targeted
prevention strategies. The mechanisms of action of hormone
therapy involves competition with the ER ligands and ER
downregulation. Unfortunately, the role of HRT has been
debated. Estrogen receptor modulators provide potential
treatment for high-risk women. Among SERMs, tamoxifen
therapy improves survival in Era-positive primary and advanced
breast cancer. However, in endometrial, many authors have
confirmed that tamoxifen use may cause endometrial thickness
and polyps (54, 159). Raloxifene, a second SERM, has a high affinity
to ERa, with a relative binding affinity of 46% for human ERa
compared with E2 (160). It has anti-estrogen effects on the uterus
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and protects the endometrium from hyperplasia and irregular
bleeding caused by estrogen hyperstimulation. Fulvestrant is a
non-agonistic ER antagonist that blocks the ER and inhibits the
proliferative effects of estrogenon tumorcells. Tobetter treat orcure
endometrial disease, a deeperknowledgeof the roles ofERa, ERbor
GPER and their interactions is required.

Although there are still many diseases for which estrogens
have been implicated but the role of their receptors has not been
elucidated. Endometrium-associated diseases may require
simultaneous attacks on multiple targets or a systems approach
for effective treatment. With the increased understanding of
the molecular basis and the pathways related to specific
disease progression, the era of molecularly targeted therapies
has emerged as a most promising direction of research.
To develop personalized therapies, the molecular regulation of
endometriosis, EH and EC needs to be carefully studied. Because
endometrial disease is essentially a hormone-dependent
manifestation of high ER and PR expression, targeting ER may
be a viable approach to develop novel treatment strategies for this
disease. Screening of various compounds by molecular
simulation can help to identify promising selective agonists or
antagonists for the prevention and treatment of estrogen-affected
endometrial diseases.

Further work is needed to develop new, more bioavailable
SERMs/SERDs with better pharmacological properties, and
therapies that inhibit all types of ERs. Furthermore, due to low
bioavailability, it is expected to improve existing formulations to
address the barriers to optimal SERM or SERD use and
efficacy profiles.
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Background: The expression of homeobox A10 (HOXA10) in endometrial stromal cells is
regulated by steroid hormones, especially by estrogen. As a precursor molecule of
estrogen, abnormal cholesterol metabolism is significantly positively correlated with
endometriosis. The purpose of this study was to explore the regulation of HOXA10 on
cholesterol synthesis in endometrial stromal cells.

Method: mRNA expression data of eutopic endometrial stromal cell (ESC) and ovarian
endometriotic cysts stromal cell (OESC) were download from the Gene Expression
Omnibus (GEO) databases. Overexpression and silence of HOXA10 were conducted in
cultured ESC and subjected to mRNA sequencing. The differentially expressed genes
(DEGs) were selected by analyzing the sequencing data. Weighted gene co-expression
network analysis (WGCNA) was applied to identify the key genes associated with
HOXA10. The methylation rate of HOXA10 CpGs and the correlation between HOXA10
expression and the methylation in eutopic endometrial tissue (EU) and ovarian cyst (OC)
were analyzed.

Results: HOXA10 in ESC was significantly higher expressed than that in OESC. Six key
genes (HMGCR, MSMO1, ACAT2, HMGCS1, EBP, and SQLE), which were regulated by
HOXA10, were identified from the salmon4 module by WGCNA. All these key genes were
enriched in cholesterol synthesis. Moreover, the expression of HOXA10 was negatively
related to its CpGs methylation rate.

Conclusion: In this study, six key genes that were regulated by HOXA10 were selected,
and all of them were enriched in cholesterol synthesis. This finding provided a new insight
into the metabolic mechanism of cholesterol in ESC. It also provided a potential treatment
strategy for cholesterol metabolism maladjustment in patients with ovarian endometriosis.
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INTRODUCTION

Ovarian endometriosis (OEM) is a common gynecological disease
and characterized by the presence of endometrial tissue outside the
endometrial cavity, causing chronical pain and infertility (1–3).
OEM is also an estrogen-dependent disease (4). Estrogen not only
promotes the proliferation of normal endometrium and improves
endometrial tissue implantation to the peritoneum but also
stimulates local and systemic inflammation (5, 6).

One of the prerequisites for uterus normal function is the
endometrium receptivity in which HOXA10, a transcription
factor encoding gene, plays critical role (7, 8). In human
endometrium, HOXA10 is expressed in both glandular and
stromal cells and regulated by estrogens (9). HOXA10 is
regulated by steroid hormones because there are functional
estrogen response elements (EREs) in the 5′ transcription start
site of HOXA10 (10). Additionally, HOXA10 also has a strong
correlation with serum lipid in polycystic ovary syndrome (11).

It is reported that local steroid hormones (such as estrone,
estradiol, and progesterone) of endometrial and endometriotic
tissues are more determined by active local synthesis and
metabolism instead of being determined by passive diffusion
from circulating steroids (12, 13). In endometriotic lesions,
estradiol biosynthesis is higher and estradiol inactivation is
lower compared with the normal endometrium (12, 14).
Hence, abnormal steroid hormone biosynthesis and
metabolism is one of the factors contributing to endometriosis.

The parent molecule of steroid hormone is cholesterol (15).
Abnormal cholesterol metabolism has been observed to be
correlated with endometriosis (16). Melo et al. reported that the
serum levels of low-density lipoprotein (LDL), non-high-density
lipoprotein (non-HDL), triglyceride (TG), and total cholesterol
(TC) are higher, and even the HDL : TC ratio is lower in patients
with endometriosis compared with those without endometriosis
(16). Additionally, Mu et al. found that patients with confirmed
endometriosis had a significant greater risk of cardiovascular disease
than patients without endometriosis (17). Furthermore,
gonadotropin-releasing hormone (GnRH) antagonist, as a
common medicine used in endometriosis treatment, can inhibit
ovarian follicular growth and ovulation, leading to a decreased
production of circulating estradiol and a reduced growth of ectopic
endometrium. As a side effect of GnRH antagonist, the risk of
cardiovascular disease caused by increased serum lipid (TG, LDL,
HDL, and even the ratio of LDL cholesterol toHDL cholesterol) also
increases at the prolonged low estrogen state (4, 18). These indicate
the important role of regulation of cholesterol synthesis in EMs.

Considering the irreplaceable role of HOXA10 in endometrium
function and its potential role in cholesterol synthesis, we first
analyzed the expression of HOXA10 in both ESC and OESC and
performed HOXA10 overexpression and RNA interference (RNAi)
on the ESC. Then, the key genes that were associated with HOXA10
expression were screened. Furthermore, given that an abnormal
hypermethylation of HOXA10 has been found in ectopic lesions
(19), we also detected the methylation rate of the representative
CpG sites of HOXA10 in eutopic and ectopic tissue. We want to
figure out how HOXA10 acts in cholesterol synthesis in the
endometrium. Our research partly illustrated the role of HOXA10
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in cholesterol synthesis in endometriosis, which provides new
insights for the development and treatment for OEMs.
METHODS AND MATERIALS

Patients Inclusion
Considering the potential regulatory effect of HOXA10 on the
estrogen metabolism pathway, we first excluded patients who
received hormone therapy. We enrolled 48 women with a history
of OEMs or non-endometriosis-related disease (Supplementary
Table S1). All study participants had a normal menstrual cycle
and had not used oral contraception, hormonal therapy, or an
intrauterine device for at least 3 months before the endometrial
biopsy. Tissue samples were collected from patients by
laparoscopic surgery or hysteroscopy during the proliferative
phase of their menstrual cycle for the evaluation of pelvic pain,
suspected ovarian cysts, or other unknown endometrial diseases.
Then, all diagnoses were confirmed by tissue biopsy.

Data Collection and the HOXA10 mRNA
Expression Level Analysis in ESC and
OESC
The mRNA expression microarray dataset (GSE136412) was
downloaded from the GEO database (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc). The mRNA expression of
HOXA10 and the key genes of ESC and OESC were analyzed
(Supplementary Table S2).

ESC Isolation, Purification, and
Identification
ESC used in our study were respectively isolated from five
eutopic endometrium tissues from patients with non-
endometriosis-related diseases. Tissues were digested with 1
mg/ml type IV collagenases (Solarbio, Beijing, China) and 150
U/ml DNase I (Tiangen Biotech, Beijing, China) in 37°C for 30
min and homogenized into single-cell suspension. Then, cells,
which were filtered through a 40-mm filter (Solarbio, CHN), were
collected and resuspended in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 complete medium (HyClone, Logan,
UT, USA) containing 10% fetal bovine serum (FBS) (GIBCO,
Grand Island, NY, USA). ESC with high purity were cultured by
differential adherent and identified by using Alexa Flour 488
anti-human vimentin antibody (BD Biosciences, USA) and Alexa
Flour 647 anti-human cytokeratin antibody (BD Biosciences,
Franklin Lakes, NJ, USA). The flow cytometry data and gating
strategies are provided in Supplementary Data 1.

Over-Expression and Silence of HOXA10 in
Cultured ESC
For HOXA10 over-expression, the pHBLV-ZsGreen-HOXA10
plasmid (Han Bio, Shanghai, China) and packaging plasmid
(PSPAX2, pCMV-VSVG) (Han Bio, Shanghai, China) were
transfected into 293T (Procell, Wuhan, China) to package the
recombinant lentivirus. The plasmid pHBLV-ZsGreen was set as
control. Virus was collected by ultracentrifugation, and the final
April 2022 | Volume 13 | Article 852671
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concentration was 2×107 virus/ml. ESC cells of HOXA10 over-
expression group (HOXA10OE) and control group (ZsGreen)
were treated with 0.8 mg/ml polybrene for 30 min, respectively.
Then, ESC cells in both groups were infected with corresponding
viruses, respectively [multiplicity of infection (MOI) ratio = 10].
For HOXA10 silence, ESC cells of HOXA10 silence group
(siHOXA10) and control group (siNC) were transfected with
50 nM of HOXA10 siRNA (RIBOBIO, Guangzhou, China) and
50 nMofNC siRNA (RIBOBIO, Guangzhou, China), respectively,
by Lipofectamine 3000 Transfection Reagent lipo3000 (Thermo
Fisher Scientific, Waltham, MA, USA). Total mRNAs of all
treatment groups and control groups were extracted with an
RNeasy Mini kit (Qiagen, Hilden, Germary) and subjected to
RNA sequencing (Berry Genomic, Illumina Nova 6000). The
fragments per kilobase million (FPKM) of RNA-seq data are
provided in Supplementary Table S3. The sequence of HOXA10
siRNA was 5′-GAGCTCACAGCCAACTTTA -3′.

Differentially Expressed Genes Screening
Two groups of differentially expressed genes were screened
respectively in both HOXA10-overexpresed ESC and HOXA10-
RNAi ESC by comparing with their control group via the “limma”
R package, according to the criteria of adj.P.Val <0.05 and |logFC| >
2 (20). By merging the two sets of different genes and removing
duplicate genes, a set of genes was screened as DEGs.

Weighted Gene Co-Expression Network
Analysis
WGCNA is used to cluster highly coordinated gene sets and
determine phenotype-related genes based on their correlation
(21). To identify the related genes of HOXA10, we used WGCNA
R package to analyze the mRNA expression data of HOXA10OE
group, siHOXA10 group, and control groups. The soft-thresholding
power was determined based on a scale-free R2 = 0.85. Similar
dynamic modules were merged by setting 0.2 as the dissimilarity
threshold. Pearson correlation analysis was used to selected the
model related to HOXA10 expression. HOXA10-associated genes
were identified when the gene significance (GS) is >0.8 and module
membership (MM) is >0.8 in the selected model.

PPI and Cystoscope
Protein–protein interactions (PPIs) are a vital mechanism for the
regulation and coordination of most biological processes within
the cell (22). Intersection genes were selected as candidate genes
between the DEGs and HOXA10-associated genes screened by
WGCNA. To investigate the key genes that were related to
HOXA10, PPIs were constructed in the database (https://www.
string-db.org) and visualized by Cytoscape software (version
3.2.1) based on the intersection genes. Then, key genes were
selected by MCODE APP in Cytoscape software.

Function Enrichment Analysis and
Correlation Analysis Between HOXA10 and
the Key Genes
To identify the significant biological functions and pathways in
which the key genes were involved, Gene Ontology (GO)
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functional annotation and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis with the “clusterProfiler” R package
were applied. p-value < 0.05 was chosen as the criteria. The
correlation between HOXA10 and the key genes were analyzed.

Validation of mRNA Expression of Six Key
Genes in Both HOXA10-Overexpresed ESC
and HOXA10-RNAi ESC
We detected the mRNA expression levels of these six genes in
HOXA10-overexpressing ESC and HOXA10-knockout ESC by
quantitative PCR (qPCR). The total RNA of ectopic and eutopic
tissue was extracted according to the RNeasy Plus Mini Kit protocol
(Qiagen, Hilden, Germary). According to the Iscript cDNA Synthesis
Kit protocol (Bio-Rad, Hercules, CA, USA), cDNA sample were
synthesized. qPCR reactions were carried out by the iTaq Univer
SYBR Green Supermix Kit protocol (Bio-Rad, Hercules, CA, USA)
by repeating each reaction at least three times. The information about
the primers is provided in Supplementary Table S4.

Detection of Methylation Rate of HOXA10
CpG Site
According to the reported research (19), we selected three adjacent
CpG sites in the third islands, which have only been methylation
modified in endometriosis patients. Genomic DNA of both OC and
EU tissues were extracted with the QIAamp DNA Mini Kit
according to the manufacturer’s instructions (Qiagen, Hilden,
Germany). Then, each genomic DNA was converted into bis-
DNA with the EZ DNA Methylation-Lightning Kit in accordance
with the manufacturer’s protocol (Zymo Research, Irvine, CA,
USA). The specific methylation and non-methylation probes for
CpGs of interest were designed, and the methylation rates of these
CpGs sites were detected by droplet digital PCR (ddPCR). Primers
and probes were designed on the basis of the above CpG sites (13).
Digital droplet PCR was conducted, and the methylation rate (MR)
of each CpGs was calculated. MR (%) = CMS/(CMS + CNMS) ×
100% (CMS and CNMS represent the copies for the methylation
and non-methylation sites, respectively). The total RNA were
extracted, and cDNA was synthesized. qPCR reactions were
carried out by the iTaq Univer SYBR Green Supermix Kit
protocol (Bio-Rad, Hercules, CA, USA) by repeating each
reaction at least three times. To investigate the correlation
between the MR of HOXA10 and HOXA10 mRNA expression
(Supplementary Table S5), the correlation matrix was generated.
The primers and probes were listed below:

HOXA10 primer: forward: 5′- TCCGAGAGCAGCAAAGCCT-3′,
reverse: 5′-TCCGAGAGCAGCAAAGCCT-3′.

HOXA10 methylation primer: forward: 5′-ATGTTA
GGTAATTTTAAAGGTGAA-3′, reverse: 5′-CTTCTCCAAC
TCCAATATCTAAT-3′, HOXA10 methylation probes: M: 5′-FAM/
TGGTCGGAAGAAGCGTTGTTTTTATAC/BHQ1-3′, NM:
5′-HEX/TGGTTGGAAGAAGTGTTGTTTTTATAT/BHQ1-3′.
(M, methylation; NM, non-methylation).

Data Analysis
The statistical analyses performed in this study were conducted
in the R environment (version 4.0.3) and GraphPad Prism
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(version 8.0). The comparison of FPKM of HOXA10 in ESC and
OESC was analyzed with t-test. The comparison of mRNA
expressions and MRs of HOXA10 in tissue samples was
analyzed by GraphPad Prism with non-parametric t-test. The
comparison of key genes mRNA expressions was analyzed by t-
test. p<0.05 was considered a significant difference. The
correlation of Dct and MRs of HOXA10 in tissue samples was
analyzed by “corrplor” R package. All R scripts were provided in
Supplementary Data 2.
RESULTS

HOXA10 mRNA Expression in ESC and
OESC
To compare the expression of HOXA10 in ESC and OESC, we
analyzed the download data (GSE136412). The mRNA
expression of HOXA10 in ESC was significantly higher than
that in OESC no matter in 2D or 3D culture system (p<0.0001
and p<0.0001, respectively) (Figure 1).

The Effects of HOXA10 Over-Expression or
Silence in Cultured ESC
The cultured cells were verified as ESC by flow cytometry, which
positively expressed vimentin and negatively expressed
cytokeratin (Figures 2A, B). mRNA sequencing was conducted
in HOXA10-OE ESC (Figure 2C) and HOXA10 RNAi ESC
(Figure 2D). There were 341 DEGs including 103 upregulated
genes and 238 downregulated genes in HOXA10 over-expression
group (Figure 2E). In HOXA10 RNAi group, there were 418
DEGs including 132 upregulated genes and 286 downregulated
genes (Figure 2F). A union of 636 DEGs that associated with
HOXA10 expression were selected after removing the repeated
genes (Figure 2G).
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Weighted Gene Co-Expression Network
Analysis
For screening the HOXA10-associated genes, WGCNA was used
to analyze the expression values of 19,225 genes in 20 samples of
4 groups. The soft-thresholding power was 5, which was
determined based on a scale-free R2 (R2 = 0.85) (Figure 3A).
Therefore, we identified 37 modules when the Diss Thres was set
as 0.2 after merging dynamic modules, as shown in the clustering
dendrograms (Figure 3B). Then, to identify the most HOXA10-
related module, we calculated the correlation coefficients
between modules and HOXA10 expression. As shown in
Figure 3C, the salmon4 module exhibited the strongest
correlation, with the Pearson correlation of 0.94 and the p-
value of 4E−10. Figure 3D also indicated that the salmon4
module was most correlated to the HOXA10. Key genes are
indicated in the upper-right corner with the threshold of gene
significance (GS) > 0.8 and module membership (MM) > 0.8.
Finally, for the subsequent analysis, we set the thresholds of GS >
0.8 and MM > 0.8, which allowed us to screen out the final 180
HOXA10-associated genes (Figure 3E).

Screening and Pathway Enrich of Key
Gene
We selected the 42 intersection genes between the 636 DEGs and
180 HOXA10-associated genes (Figure 4A). To investigate the
key genes that were related to HOXA10, PPIs were constructed
in the database (https://www.string-db.org) and visualized by
Cytoscape software (version 3.2.1) based on the 42-candidate
gene (Figure 4B). HMGCR, MSMO1, ACAT2, HMGCS1, EBP,
and SQLE were selected by MCODE APP as key genes
(Figure 4C). The correlation analysis indicated that all these
key genes showed significantly negative relationship with
HOXA10 (Figure 4D). As shown in Figure 4E, the six key
genes were markedly enriched in the biological process (BP) of
FIGURE 1 | The mRNA expression of HOXA10 in ESC and OESC (ESC_2D, ESC cultured in 2D system; OESC_2D, OESC cultured in 2D system; ESC_3D, ESC
cultured in 3D system; OESC_3D, OESC cultured in 3D system. ****p<0.0001).
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cholesterol synthesis pathway by GO analysis; the main related
molecular function (MF) terms was oxidoreductase activity, and
the main cellular component (CC) was peroxisomal membrane.
KEGG analysis demonstrated that the most significantly
enriched pathway was steroid biosynthesis and terpenoid
backbone biosynthesis (Figure 4F).

The Regulation of HOXA10 on Key Genes
To figure out the details of the HOXA10 regulation effect on key
genes, we analyzed the gene expression [log2(fpkm+1)] of both
HOXA10 and key genes in four groups (Figure 5A). HOXA10
over-expression downregulated all the key genes (Figure 5B),
and interfering with HOXA10 expression by siRNA up-regulated
the expression of ACAT2, EBP, and SQLE (Figure 5C).

Validation of mRNA Expression of Six Key
Genes
We verified the mRNA expression levels of key genes in the above
four groups of ESC by qPCR. As shown in Figure 6, all six genes
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were down-regulated in HOXA10-overexpresed ESC (Figure 6A).
In addition, five of the six key genes were upregulated in HOXA10-
RNAi ESC except for HMGCR (Figure 6B). The qPCR results
confirmed the results of mRNA sequencing.

Comparation of the Methylation Rate of
HOXA10 in EU and OC Tissues
We collected surgical endometrial tissue samples from patients
with non-endometriosis-related disease [negative control (NC);
n = 24], surgical eutopic endometrial tissue samples from
patients with OEMs (EU; n = 16), and ovarian cyst (the
chocolate-colored part of the tissue) (OC; n = 24). We further
verified the MR of the selected CpGs in both OC and EU tissue.
As shown in Figure 7, the MR of the representative sites in OC
was remarkably higher than that in EU (p<0.0001) (Figure 7A),
while the expression of HOXA10 in OC was notably lower than
that in EU (p<0.0001) (Figure 7B). The methylation rates of the
representative CpGs were positively correlated with DCt values
HOXA10 mRNA expressions (R=0.708) (Figure 7C). Results of
A B

D

E F G

C

FIGURE 2 | DEGs screening between HOXA10 over-expression and HOXA10 silence ESC. (A) ESC culturation. (B) ESC identification. (C) Heatmap of DEGs
between HOXA10OE group and ZsGreen group. (D) Heatmap of DEGs between siHOXA10 group and siNC group. (E) Volcano plot of DEGs between HOXA10OE
group and ZsGreen group. (F) DEGs between siHOXA10 group and siNC group. (G) The union of two sets of DEGs (HOXA10OE, HOXA10 over-expression ESC;
ZsGreen, control for over-expression group; siHOXA10, HOXA10 silence ESC; siNC, control for silence group).
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EU and OC from the same patient showed that the MR of the
representative sites in OC was also remarkably higher than that
in EU (p<0.0001) (Figure 7D), the expression of HOXA10 in OC
was also notably lower than that in EU (p<0.0001) (Figure 7E).
The methylation rates of the representative CpGs were positively
correlated with DCt values HOXA10 mRNA expressions
(R=0.716) (Figure 7F).
DISCUSSION

HOXA10 is highly expressed in endometrial stromal cells and plays
a key role in the proliferation and differentiation of the
endometrium (23). However, the expression of HOXA10 is
significantly diminished in ectopic lesions of OEMs (24). What is
more, patients with endometriosis have a significantly increased risk
of diseases, which is probably due to the lipids (total cholesterol,
LDL-C) (25). It is reported that the expression of HOXA10 in
patients with polycystic ovary is positively correlated with the
concentrations of blood HDL and is negatively correlated with
the concentrations of blood TG, TC, and LDL (11). Therefore,
HOXA10 may play a regulatory role in the steroid hormone–
cholesterol synthesis pathway of endometrial stromal cells. The
expression of HOXA10 in ESC is regulated by the level of steroid
Frontiers in Endocrinology | www.frontiersin.org 690
hormones (10, 26), but the regulation mechanism is still unclear. In
patients with OEMs, the expression of HOXA10 in ectopic lesions is
diminished or significantly downregulated (24, 27). In patients with
OEMs, it is accompanied by abnormal cholesterol metabolism. As
cholesterol is the parent molecule of sterol hormones, HOXA10
may play a regulatory role in the steroid hormone–cholesterol
synthesis pathway of endometrial stromal cells. The expression of
HOXA10 is diminished in ectopic endometrium. Abnormal
cholesterol metabolism in patients with ovarian endometriosis
may be related to the abnormal low expression of HOXA10.

In our study, we found that HOXA10 mRNA expression in ESC
was significantly lower than that in OESC. Six genes (HMGCOR,
MSMO1, ACAT2, HMGCS1, EBP, and SQLE) were screened and
markedly enriched in cholesterol and secondary alcohol synthesis
pathway (Figures 4C–F). HMG-CoA reductase (HMGCR), as the
rate-limiting enzyme for cholesterol synthesis, catalyzes the
formation of mevalonate, which is a key intermediate for sterol
synthesis (28, 29). The 3-hydroxy-3-methylglutaryl-CoA synthase 1
(HMGCS1) works as a potential gatekeeper in the mevalonate
pathway (30). Squalene epoxidase (SQLE) is also one of the rate-
limiting enzymes in the cholesterol biosynthesis (31). MSMO1 is the
oxidase-encoding gene, catalyzing demethylation of C4-
methylsterols, which was named as meiosis activating and
stimulated cell over proliferation (32). The protein encoded by
A B

D EC

FIGURE 3 | Weighted gene co-expression network analysis. (A) Selection of the optimal soft-thresholding power for the scale-free network. (B) Module clustering
dendrograms. (C) Correlation analysis of the module most associated with HOXA10 (Pearson’s correlation coefficient and the corresponding p-value are shown in the
horizonal bars). (D) Cluster plot of the relationship between HOXA10 and the 37 modules. (E) Scatter plot of the genes in salmon4 module showing the relationship
between GS and MM (GS, gene significance; MM, module membership).
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gene EBP is an ER-localized protein, which is also a 3-beta
hydroxysteroid-delta (8) and delta (7)-isomerase and essential for
sterol biosynthesis in eukaryotic cells (33). ACAT1 encodes an
enzyme that synthesizes cholesterol and long-chain fatty acids into
cholesterol esters, which is transported to the circulatory system
through cholesterol ester transfer protein (34). Therefore, we
proposed that HOXA10 may regulate cholesterol synthesis in
endometrial stromal cells.

All key genes were downregulated by HOXA10 over-
expression, and at least three key genes (ACAT2, EBP, and
SQLE) were upregulated by HOXA10 silence. Compared with
the cholesterol synthesis promoted by HOXA10 downregulation,
the upregulation of HOXA10 inhibited the synthesis of
cholesterol more significantly. Hence, we proposed that
HOXA10 acts as an inhibitor of cholesterol synthesis, and the
low expression of HOXA10 in ectopic lesions loses its regulatory
effect on cholesterol synthesis. Additionally, we also found that
MRs of the representative CpGs was significantly related to
HOXA10 mRNA expression in endometrial tissue. Therefore,
HOXA10 DNA methylation modification be involved in
regulating its mRNA expression. As one of the epigenetic
modification, DNA methylation modification is the early event
of diseases (35), indicating that HOXA10 methylation may be the
Frontiers in Endocrinology | www.frontiersin.org 791
early indicator of endometriosis. It should be noted that
chocolate cysts contain very few endometriotic tissues (36), so
further purification of the ovarian ectopic endometrial tissue is
required to illustrate the relationship between HOXA10 mRNA
and methylation rates.

It was reported that steroid hormone regulates the expression
of HOXA10 in vivo and in vitro (37). After binding to estradiol,
the estrogen receptor binds to the estrogen response elements
(EREs) of HOXA10 to upregulate its expression (10). In the
primary endometrial cell from healthy volunteers, the expression
of HOXA10 is significantly upregulated after being treated with
17b-estradiol (9). Considering that cholesterol is the parent
molecule of estrogen and HOXA10 regulated the synthesis of
cholesterol in ESC, we speculated that HOXA10 plays an
important negative feedback regulation role in the pathway of
cholesterol and estrogen metabolism. After estrogen upregulated
the expression of HOXA10, the synthesis of cholesterol was
inhibited by downregulating the six key genes of cholesterol
synthesis, thereby reducing the synthesis of estrogen parent
molecules. Therefore, for patients with OEMs, the abnormal
expression of HOXA10 in OESC reduced the inhibitory effect on
the cholesterol synthesis pathway, leading to an increased risk of
sterol metabolism diseases. The cholesterol abnormal
A B

D
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C

FIGURE 4 | Selection and enrichment analysis of the key genes. (A) Venn diagrams showing the candidate genes between the 636 DEGs and 180 HOXA10-
associated genes. (B) PPI network of the candidate genes. (C) Key genes selected by MCODE APP. (D) Correlation between the HOXA10 and the six selected
key genes. (E) GO enrichment analysis of the key genes. (F) KEGG enrichment analysis of the key genes (BP, biological process; CC, cellular component; MF,
molecular function).
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A
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C

FIGURE 5 | The regulatory effect of HOXA10 on key genes. (A) Heatmap of key genes in HOXA10OE, ZsGreen, siHOXA10, and siNC groups. (B) The comparison of
key genes mRNA expression in HOXA10OE and ZsGreen groups. (C) The comparison of key genes mRNA expression in siHOXA10 and siNC groups (HOXA10OE,
HOXA10 over expression ESC; ZsGreen, control for over-expression group; siHOXA10, HOXA10 silence ESC; siNC, control for silence group. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001; ns, no significant difference).
A B

FIGURE 6 | Validation of mRNA expression of six key genes by qPCR. (A) The relative mRNA expressions of the six key genes in HOXA10OE and ZsGreen
groups. (B) The relative mRNA expressions of the six key genes in siHOXA10 and siNC groups (HOXA10OE, HOXA10 over expression ESC; ZsGreen, control
for HOXA10OE; siHOXA10, HOXA10 silence ESC; siNC, control for silence group; *p<0.05, **p<0.01, ***p<0.001. ns, no significant difference).
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metabolism has been observed to be correlated with the
endometriosis (16). Mu et al. reported a strong association
between confirmed EMs and hypercholesterolemia and
hypertension in a large prospective cohort study (17). We also
proposed that patients treated with GnRH antagonist may also
need to consider the use of drugs that inhibit cholesterol
accumulation. HOXA10 and its methylation modification sites
may become one of the potential therapeutic targets for OEMs.

However, our study was not without its shortcomings. We
have not verified the regulatory effect of HOXA10 on the six key
genes in ectopic endometrial stromal cells because we have not
obtained target cells that can be passaged stably. Additionally,
whether HOXA10 directly or indirectly affects these six key genes
needs to be verified by Hi-C or Chip-seq. The correlation
between methylation and HOXA10 expression needs to be
verified by methylation editing in our future study.

In summary, we found that HOXA10 regulates the cholesterol
synthesis in ESC through the six key genes. We speculated that the
relatively high expression of HOXA10 in normal endometrium
inhibits the excessive synthesis of cholesterol. On the contrary, the
relatively low expression of HOXA10 in ectopic lesions may lead to
the loss of proper inhibition of cholesterol synthesis in the patients
with OEMS. In addition, the expression of HOXA10 may be
regulated by the methylation modification on HOXA10 CpGs.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.
Frontiers in Endocrinology | www.frontiersin.org 993
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Guangzhou Women and
Children’s Medical Center, Guangzhou, China (Permit Approval
No. 2017102709). The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

MY designed the research and revised the language of the paper. JT,
CG, PD, and NL collected the research data. YH sorted the patients’
information. QL analyzed the data and wrote the draft. All authors
contributed to the article and approved the submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.852671/
full#supplementary-material

Supplementary Table 1 | Clinical characteristics of the study participants.

Supplementary Table 2 | HOXA10 mRNA expression level in ESC and OESC.

Supplementary Table 3 | The FPKM of HOXA10 over-expression and HOXA10
silence in ESC.

Supplementary Table 4 | The qPCR primers for mRNA expression of the six
genes.

Supplementary Table 5 | The data of MR and mRNA expression of HOXA10 in
tissue samples.
A B

D E F

C
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Decreased Ovarian Reserves
With an Increasing Number of
Previous Early Miscarriages:
A Retrospective Analysis
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The fact of ovarian reserve (OR) decreased in womenwith recurrent miscarriage has been well
known. However, Whether OR would decrease with increasing numbers of previous
miscarriages (PMs) is still unclear. To address this, OR parameters of following four groups’
patients were evaluated: 99 womenwith one previousmiscarriage (PM1), 46 womenwith two
previous miscarriages (PM2) and 35 women with three or more previous miscarriages (PM3).
The control group included 213womenwithout a history of miscarriage (PM0). The correlation
of OR parameters and the proportion of diminished ovarian reserve (DOR) patients between
the four groups were analyzed using Kendall’s Tau-B coefficients. The results showed the
median anti-Müllerian hormone (AMH) levels were 4.04, 3.40, 3.14 and 2.55 respectively in
the PM0, PM1, PM2 and PM3 groups, respectively (H=15.99, P = 0.001); the median antral
follicle counts (AFCs) were 10, 8, 8 and 6, respectively (H=24.53, P < 0.001); and the
proportions of DOR patients were 10.8%, 15.2%, 23.9% and 31.4% (c2 = 13.01, P = 0.005).
In addition, AMH level and AFC correlated negatively with the number of PMs (correlation
coefficients -0.154,P < 0.001; -0.205, P < 0.001 respectively), the proportion of DOR patients
correlated positively with the number of PMs (correlation coefficients 0.156, P = 0.001). After
stratification by age, AMH and AFC levels were still significantly lower in the PM3 group than
the PM0 group (P < 0.05). The proportion of DOR patients between the PM0 and PM3
groups was statistically significant (P < 0.001). This study showed that AMH levels and AFCs
decreased as well as the proportion of DOR patients increased significantly as the number of
PMs increased. In conclusion, our study indicates decreased AMH levels and AFCs might be
one of the factors contributing to early miscarriage.
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INTRODUCTION

Miscarriage is defined as spontaneous loss of a pregnancy before
22 weeks of gestational age (1), which is recognized as a relatively
common event, occurring in 15-20% of pregnancies. Most
miscarriages are early, occur before 12 weeks of gestational age
(1, 2).

Approximately 1–2% of the women face three or more
consecutive spontaneous miscarriages with the same partner,
termed recurrent miscarriage (RM). Even after a detailed
evaluation of the etiology of early miscarriage, 50% of RM
cases remained unexplained, idiopathic, or unknown (1–3).

Abnormal or low-quality oocytes could be a potential factor
contributing spontaneous pregnancy losses in these women (4,
5). Ovarian reserve (OR) demonstrates reproductive potential as
the number and quality of remaining oocytes. The basal serum
levels of basal follicle-stimulating hormone (FSH), luteinizing
hormone (LH), estradiol (E2), and FSH : LH ratio, inhibit B, anti-
Müllerian hormone (AMH) and antral follicle count (AFC) are
parameters of OR, which have been proven to be predictors of
oocyte quantity (6–10). Although still be controversial, they are
also thought to be possible predictors of oocyte quantity (9–12).
Diminished ovarian reserve (DOR) is a common phrase for
evaluating the value of OR, which is important to provide the
clinical counseling for women with the previous miscarriages
(PMs) (4, 9, 13, 14).

Recent studies have documented an association between RM
and decreased OR, using AMH levels and AFCs as markers of
OR (9, 14, 15). In addition, many of these studies showed that the
proportion of DOR patients in the RM group was significantly
higher than that in the control group (9, 14). However, whether
OR would decrease with the number of PMs is still unclear. As an
approach to address this problem, we conducted a cohort study
to explore the association between OR parameters and the
proportion of DOR patients with increasing numbers of PMs.
MATERIALS AND METHODS

Patients
All patients who had undergone assisted reproductive
technology (ART) therapy because of female pelvic or fallopian
tube factor infertility at the Center for Reproductive Medicine of
the First Affiliated Hospital of Sun Yat-sen University from
October 2016 to May 2018 were retrospectively included. The
study was performed after receiving approval from the Medical
Ethics Committee of the First Affiliated Hospital of Sun Yat-sen
University (No. 2016115), and informed consent was obtained
from all patients.

All patients were classified into the following study groups
according to their medical records: 99 women with one previous
Abbreviations: PM1, one previous miscarriage; PM2, two previous miscarriages;
PM3, three or more previous miscarriages; PMs, previous miscarriages; RM,
recurrent miscarriage; OR, ovarian reserve; DOR, diminished ovarian reserve;
AMH, Serum levels of anti-Mullerian hormone; AFC, antral follicle count; FSH,
follicle-stimulating hormone; LH, luteinizing hormone.
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early miscarriage (PM1), 46 with two previous early miscarriages
(PM2) and 35 with three or more previous early miscarriages
(PM3). Additionally, the control group included 213 women
without a history of miscarriage (PM0). All patients underwent
routine investigations of infertility and examinations to exclude
factors known to interfere with OR, including parental
chromosomal abnormalities, a history of ovarian surgery,
endometriosis, structural uterine abnormalities (e.g., unicornuate
uterus, uterine septum) and endocrine abnormalities (e.g., thyroid
dysfunction, polycystic ovary syndrome). Women in the PM2 and
PM3 groups were further investigated to exclude possibly known
causes of miscarriage, including autoimmune disease,
antiphospholipid syndrome, lipidemia, hemolysis and
thrombophilia. The exclusion criterion was abnormal results
during any of the aforementioned investigations or hemolysis.
Finally, 393 women who underwent IVF-ET because of pelvic or
fallopian tubal factors met the eligibility criteria.

Measurements of Ovarian
Reserve Parameters
We used the following six OR tests: AMH, AFC, follicle-
stimulating hormone FSH, LH, E2, and FSH : LH ratio. The
serum levels of FSH, LH and E2 were measured during the early
follicular phase (Days 3-5) of the menstrual cycle within 6 months
before the initiation of IVF cycles. An ultrasound assessment of
the number of AFCs measuring 2–10 mm in diameter between the
second and the fifth days of the menstrual cycle was performed by
a single skilled physician who was blinded to the patients’
conditions. All women involved in the study were administered
a long-term or short-term gonadotropin releasing hormone
agonist (GnRH-a) for pituitary downregulation during the mid-
luteal phase, according to the protocol. Before initiating
gonadotropin injections, blood samples were collected from a
peripheral vein on the 3rd to the 5th day of a menstrual cycle and
then centrifuged at 3000 r/min for 15 mins at room temperature.
Then the serum was separated and stored in a refrigerator at
–80°C.

The serum levels of FSH (normal range: 2.00-138.00 IU/L),
LH (normal range: 0.40-105.00 IU/L) and E2 (normal range:
0.00-300.00 pg/ml) were measured using the chemiluminescence
method (Architect Alinity, Abbott, Longford, Ireland). The
serum level of AMH (normal range: 0.24-11.78 ng/ml) was
measured using an enzyme-linked immunosorbent assay
(ELISA) (Diagnostic Kits for the Quantitative Detection of
AMH; GK Biological Technology Ltd).

Statistical Analyses
The Kolmogorov–Smirnov test was used to assess the
distribution of data. Nonnormally distributed data were
analyzed using the Kruskal–Wallis test for comparisons
between multiple groups and the Mann–Whitney U test for
comparisons of two groups. The chi-square test was used to
compare categorical data and Bonferroni comparisons were
performed for two groups. Kendall’s Tau-B correlation
coefficients were calculated to describe the correlations between
variables. Significance was defined as a P value <0.05.
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RESULTS

The Baseline Characteristics
and Variables Indicating of the
OR Between Groups
The baseline characteristics and variables indicating of the OR
are presented in Table 1. The mean age of the 393 included
women was 33.86 years (range: 25–45 years). The numbers of
PMs ranged from 0 to 10. The mean age, proportions of women
aged <35 years and ≥35 years and body mass index (BMI) values
did not differ significantly among the groups (P>0.05).

The Relationship Between AMH
Levels and AFCs Numbers With an
Increasing Number of PMs
Regarding the variables indicating of OR (Table 1), the median
AMH levels were 4.04, 3.40, 3.14 and 2.55 in the PM0, PM1, PM2
and PM3 groups, respectively, and the differences were
statistically significant (H= 15.99, P = 0.001). The median
AFCs values were 10, 8, 8 and 6 in the PM0, PM1, PM2 and
PM3 groups, respectively, and the differences were statistically
significant (H= 24.53, P < 0.001). According to the Mann–
Whitney U test for comparisons of pairs of groups, the
differences in the AMH level and AFC between the PM0 and
PM3 groups were statistically significant (P < 0.001), while the
differences between other groups were not statistically
significant. In contrast, the comparisons of basal FSH and E2
levels and FSH/LH ratios did not yield significant differences.

The Correlations Between the PM Number
and Age With OR
Regarding the variables indicative of OR, AMH and AFC showed
a decreasing trend (Figure 1). Kendall’s Tau-B correlation was
subsequently used in this study to evaluate the correlations
between OR markers (AMH concentration, AFC), and age
with the number of PMs (Table 2). The AMH level, as a
marker of OR function, exhibited significant negative
correlations with both age and the number of PMs (Kendall’s
Tau-Bthe numbers of PMs= -0.154, P < 0.001; Kendall’s Tau-Bage=-
0.340, P < 0.001). Similar results were also observed when the
Frontiers in Endocrinology | www.frontiersin.org 398
AFC was used as a marker of OR function. Age and the number
of PMs were negatively correlated with AFC (Kendall’s Tau-B the

numbers of PMs= -0.205, P < 0.001; Kendall’s Tau-Bage=-0.339, P <
0.001). The comparison of other OR functions (basic FSH and E2
levels and the FSH/LH ratio) showed no significant differences.

The Relationship Between the PM0 and
PM3 Groups and OR
Asmaternal age was identified as a prominent confounding factor
affecting AMH levels and AFC, we further compared the PM0
and PM3 groups after stratification by age (Table 3). Among
participants aged <35 years, AMH and AFC levels were both
significantly higher in the PM0 group (median 4.96 ng/ml, IQR
[2.99-8.00] and median 11 number, IQR [8-15], respectively)
than in the PM3 group (median 3.62 ng/ml, IQR [1.71-5.49], P =
TABLE 1 | Comparison of baseline characteristics and parameters of the ovarian reserve between groups.

Variables PM 0 (n = 213) PM 1(n = 99) PM 2 (n = 46) PM 3 (n = 35) P-value

<35 years 138 (64.00%) 49 (49.49%) 25 (54.35%) 19 (54.29%) 0.061
≥35 years 75 (35.21%) 50 (50.51%) 21 (45.65%) 16 (45.71%)
BMI (kg/m2) 20.83 (19.48, 23.01) 21.08 (19.29, 23.23) 21.01 (19.42, 23.46) 21.64 (20.03, 24.03) 0.340
AMH (ng/ml) 4.04 (2.32, 6.93) 3.40 (2.05, 5.06) 3.14 (1.36, 6.10) 2.55 (1.30, 3.78) 0.001
AFC (number) 10 (7, 15) 8 (6, 12) 8 (6, 10) 6 (5, 10) <0.001
FSH (IU/L) 5.55 (4.67, 6.67) 5.79 (4.79, 6.96) 5.20 (4.53, 6.92) 5.83 (4.52, 7.58) 0.641
E2 (pg/ml) 34.00 (26.25, 45.75) 36.00 (27.00, 44.00) 35.00 (27.00, 46.00) 36.00 (29.00, 55.00) 0.636
LH (IU/L) 3.48 (2.66, 4.45) 3.21 (2.49, 4.18) 3.58 (2.25, 4.35) 3.28 (2.58, 4.16) 0.745
FSH/LH(value) 1.63 (1.21, 2.27) 1.75 (1.38, 2.35) 1.77 (1.33, 2.28) 1.74 (1.21,2.60) 0.598
June 2022 | Volume 13 | Article
Nonnormally distributed data were presented as numbers (%) or as medians (interquartile ranges).
OR, ovarian reserve; PM0, no previous miscarriages; PM1, one previous miscarriage; PM2, two previous miscarriages; PM3, three or more previous miscarriages; BMI, body mass index;
AMH, anti-Müllerian hormone; AFC, antrum follicle count; FSH, follicle-stimulating hormone; E2, estradiol; LH, luteinizing hormone.
A B

FIGURE 1 | Comparisons of AMH level (A) and AFC (B) numbers show a
decreasing trend from PM0 to PM3.
TABLE 2 | Correlation analyses of PM number and age with AMH levels and
AFCs levels (by Kendall’s Tau-B correlation).

parameters AMH AFC

correlation
coefficient

P -value correlation
coefficient

P- value

Age -0.340 <0.001 -0.339 <0.001
Number of
PM

-0.154 0.001 -0.205 <0.001
PM, previous miscarriage; AMH, anti-Müllerian hormone; AFC, antral follicle count.
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0.01 and median 6 number, IQR [5-8.5], respectively; P < 0.05).
Among women aged >35 years, the AMH level was also
significantly higher in the PM0 group than in the PM3 group
(median, [IQR]: 2.81[1.48-4.82] vs. 2.00[1.19-2.82], P = 0.03);
however, the AFCs did not differ significantly (median, [IQR]: 8
[6-11.75] vs. 6[4-10.5], P = 0.25). The AFC was still lower in the
PM3 groups than in the PM0 groups but was not different.

The Relationship and Correlations
Between the PM Number and
Age With DOR
Thus far, the definition of DOR remains controversial. In the
present study, the DOR was defined as an FSH level ≥10 mIU/
mL and/or AMH level < 1.1 ng/mL and/or AFC< 5 by referring
to a large number of studies and conference reports (9, 14–16).
Using chi-square values from PM0 patients, the proportions of
DOR were 10.8%, 15.2%, 23.9% and 31.4% in the groups PM0,
PM1, PM2 and PM3 groups, respectively, with statistically
significant differences (c2 = 13.01, P = 0.005). According to
the Bonferroni pairwise comparison, the difference in the
proportion of DOR patients between the PM0 and PM3
groups was statistically significant (P<0.001), while the
comparisons between other groups showed no significant
differences (Table 4). In addition, the proportion of DOR
patients showed significant positive correlations with both age
and the number of PMs (Kendall’s Tau-B the numbers of PMs =
0.156, P = 0.001; Kendall’s Tau-Bage=0.277, P < 0.001) (Table 5).
DISCUSSION

Our study revealed a significant negative correlation between the
number of PMs and OR after adjusting for maternal age, as
measured by AMH levels and AFCs. To the best of our
Frontiers in Endocrinology | www.frontiersin.org 499
knowledge, the present study is the first to report a possible
relationship between OR parameters and the proportion of DOR
patients with the number of PMs. Previous studies mainly explored
the potential association between the OR and RM, not including the
PM1 or PM2 groups. We also verified that low AMH levels and
AFCs in women with RM in both women aged <35 years and those
aged >35 years. In addition, the percentages of women with DOR in
the RM group were significantly higher than those in the PM0
group, consistent with recently reported observations (9, 14).

In our study, only the PM3 group had a significantly lower
AMH levels and AFCs than the PM0 group. The respective
comparisons of the PM0 group with the PM1 and PM2 groups
did not yield statistically significant results. In addition, we
conducted the Kendall’s Tau-B correlation analyses and
confirmed a significant negative correlation of AMH levels and
AFCs with the number of PM after adjusting for maternal age.
Therefore, in women with advanced maternal age or DOR who
are predisposed to a greater risk of more miscarriages, and
adverse effects become apparent and only then does OR
decrease to a sufficient extent. It is well known that OR are
thought to be possible markers of oocyte quality (6, 7). Besides, it
is assumed that quality of oocytes could be one of the potential
factors related to aberrant embryo quality or embryo aneuploidy
which may lead to subsequent early miscarriage (17, 18). Our
study also supported the hypothesis that a decreased OR might
be a potential contributing factor to the etiology of the PM.

OR represents the quality and quantity of the remaining
oocytes. The basal serum levels of basal FSH, E2, LH, FSH/LH,
inhibin B and AMH, as well as the AFC, ovarian stromal
vascularization and ovary volume, are commonly used to
assess OR (4, 13), However, the value of these OR tests to
predict the quality and quantity of the ovarian primordial
TABLE 3 | Comparisons of parameters of OR between the PM0 and PM3 groups with age stratification.

Age <35years ≥35years

parameters PM 0 PM 3 p-value PM 0 PM 3 p-value

Age (years) 30.49±2.39 31.26±2.53 0.19 38.13±2.73 39.19±2.54 0.16
AMH (ng/ml) 4.78 (2.96,8.35) 3.70 (1.76.5.37) 0.01 2.81 (1.48,4.82) 2.00 (1.13,2.96) 0.03
AFC (ug/L) 11.00 (8.00,15.00) 6.00 (5.00,8.50) <0.001 8.00 (6.00,11.50) 6.00 (4.00,10.50) 0.25
FSH (ug/L) 5.42 (4.55.6.39) 5.06 (4.27,7.02) 0.50 5.86 (5.00,7.43) 7.27 (5.37,7.73) 0.14
E2 (ug/L) 34.00 (26.75,44.00) 36.00 (27.00,55.00) 0.29 34.50 (25.75,48.00) 36.50 (29.00,59.50) 0.52
LH (ug/L) 3.59 (2.68,4.49) 3.39 (2.87,4.30) 0.86 3.35 (2.51,4.45) 2.72 (2.53,4.16) 0.71
FSH/LH (value) 1.53 (1.13,2.09) 1.51 (0.95,2.39) 0.78 1.88 (1.45,2.42) 2.23 (1.52,2.81) 0.32
Jun
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Data are presented as medians (interquartile ranges).
OR, ovarian reserve; PM0, no previous miscarriages; PM3, three or more previous miscarriages; AMH, anti-Müllerian hormone; AFC, antrum follicle count; FSH, follicle-stimulating
hormone; E2, estradiol; LH, luteinizing hormone.
TABLE 5 | Correlation analyses of PM number and age with DOR (by Kendall’s
Tau-B).

parameters DOR

correlation coefficient p- value

Age 0.277 <0.001
Number of PM 0.156 0.001
PM, previous miscarriage; DOR, diminished ovarian reserve.
TABLE 4 | Comparison of the proportion of DOR patients among groups.

PM0 PM1 PM2 PM3 p

DOR 23 (10.8%) 15 (15.2%) 11 (23.9%) 11 (31.4%) 0.005
Non-DOR 190 (89.2%) 84 (84.8%) 35 (76.1%) 24 (68.6%)
PM, previous miscarriage; DOR, diminished ovarian reserve.
859332
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follicular pool remains controversial (9, 14, 18, 19). Hormone
levels fluctuate with the menstrual cycle and vary between
laboratories to laboratories (19, 20), but they are still used in
most units as a baseline test for ovarian function. The present
study showed no statistically significant differences in the levels
of FSH and E2 between women with RM and PM0, which was
consistent with numerous studies (21–23). However, studies by
Atasever, et al. (14) and Trout, et al. (24) reported statistically
significant differences in the levels of FSH and E2 between the
RM and explained RM groups. In addition, similar to our study,
Tow studies (14, 21) showed no statistically significant
differences in the FSH : LH ratio between women with RM
compared with the non-RM group.

In contrast, the serum AMH level, a novel marker of OR, is a
dimeric glycoprotein produced solely by the ovarian follicles and
is not affected by the menstrual cycle. Recently, an increasing
number of studies have verified that lower AMH levels in women
with RM than in non-RM groups (9, 14, 15, 25); Similarly, our
results also showed that women with three or more previous
unexplained miscarriages had lower AMH levels. However, one
study by Prakash et al. (26) suggested that AMH levels were not
significantly different between RM and non-RM groups.

The AFC has a better value in predicting a poor response and
OR than the basal FSH level. In the present study, we found that
women with RM had lower AFC levels, suggesting an association
with decreased OR, but no statistically significant differences were
observed between the PM1, PM2 and PM0 groups. A systematic
(9) review also supported the hypothesis that low AFCs predict a
higher odds of miscarriages. However, Atasever, et al. (14)found
that the AFC level in the RM group was not significantly different
from that in the non-RM group, but the results may have been
affected by difficulties in obtaining an accurate AFC, such as
intraobserver variability and anatomic variations.

Accordingly, AMH levels and AFCs are closely related, and
they are considered the most reliable and accurate markers of OR
(4, 13, 18, 19). Based on our results, these two markers might also
be considered to have the best prognostic value. Recently, Sophie
Pils et al. (27) confirmed the effect of the number of PMs, which
predicted the outcome of further pregnancies in women with RM
through a multivariate analysis. In our study, we found that
AMH levels and AFCs decreased with increasing numbers of
PMs. We suggest that a decreased quantitative OR may predict
poor oocyte quality which affects the next pregnancy. Blood
samples were analyzed under the same conditions, and previous
studies have reported that different ovulation stimulation
protocols, including GnRH-a, have no effect on the results of
AMH analyses (28). Therefore, we propose that the AMH
measurements in our study are stable and reliable and
therefore did not affect the final conclusions.

In recent decades, DOR has gradually become a challenge for
women of reproductive age and those using reproductive medicine
(9, 14, 29). However, the criteria for defining DOR remains
controversial, including the selection of various OR functional
markers and the specific ranges. AMH levels and AFCs have been
widely used OR markers. However, the detected values of AMH
levels are quite different because of the diversities of testing
Frontiers in Endocrinology | www.frontiersin.org 5100
methods, laboratory conditions, the absence of international
unified standards and quality control systems, and other factors.
Similarly, AFC measurements are highly subjective. Research has
shown that AMH levels and AFCs combined with FSH levels
jointly predict DOR, which is an overall assessment of egg quantity
and quality and is conducive to the prediction of embryo quality
and pregnancy outcomes (29, 30).

In this study, the DOR patients were defined as an FSH level ≥10
mIU/mL and/or an AMH level <1 ng/mL and/or AFC<5, based on
a previous expert consensus, academic conferences and related
studies (9, 16, 29–31). In contrast, previous studies reporting on
DOR with RM used cutoff values of FSH levels, E2 levels, AMH
levels and AFC that had not been updated as the definition of DOR.
Our study found the similar higher odds of DOR in the RM group,
consistent with the aforementioned studies (9, 14, 32). We
previously knew that patients with DOR had high miscarriage
rates, and many patients with DOR were of advanced age. Thus,
for many years, we were unable to differentiate whether high
miscarriage rates in patients with DOR were associated with
advanced age. Recently, Morin SJ et al. (33) reported that an
aneuploidy rate less than 38 in patients with DOR was similar to
that in controls, even in patients with higher FSH levels and lower
AMH levels and AFCs. In our study, we found that the association
of miscarriage women associated with DOR was evenly balanced
with age.

Our study explored the number of PM groups and multiple
parameters of OR which is in different with previous studies.
However, one limitation of present study is that our sample size is
still limited, especially in the PM2 and PM3 groups. In future, large
prospective cohort studies are warranted and mechanism of OR
decreased on spontaneous miscarriage should be explored. Similar
to advanced age women, Patients with RM also have high embryo
aneuploidy and decreased OR (8, 34, 35), but it is still unknown
whether their mechanism was similar or not. The other limitation
of present study is the absence of chromosome information in no
PM group patients because of its retrospective approach.

In conclusion, our study found that AMH levels and AFCs
decreased as well as the proportion of DOR patients increased
significantly as the number of PMs increased. Decreased AMH
levels and AFCs might be a contributing factor to early
miscarriage. We believe that these new insights could be useful
in counseling for couples with PM. DOR should be predicted in
multiple PMs patients and early interference should be conducted
to achieve the better pregnancy outcomes in the future.
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In vitro propagation of XXY
human Klinefelter spermatogonial
stem cells: A step towards new
fertility opportunities

Guillermo Galdon1,2, Nicholas A. Deebel1,3,
Nima Pourhabibi Zarandi1, Darren Teramoto4, YanHe Lue4,
Christina Wang4, Ronald Swerdloff4, Mark J. Pettenati5,
William G. Kearns6, Stuart Howards3, Stanley Kogan1,3,
Anthony Atala1,3 and Hooman Sadri-Ardekani1,3*

1Wake Forest Institute for Regenerative Medicine (WFIRM), Winston-Salem, NC, United States,
2Facultad de Medicina, Escuela de doctorado, Universidad de Barcelona, Barcelona, Spain,
3Department of Urology, Wake Forest School of Medicine, Winston-Salem, NC, United States,
4Division of Endocrinology, The Lundquist Institute at Harbor-University of California, Los Angeles
(UCLA) Medical Center, Los Angeles, CA, United States, 5Section of Medical Genetics, Department
of Pathology, Wake Forest School of Medicine, Winston-Salem, NC, United States, 6AdvaGenix and
Johns Hopkins Medicine, Baltimore and Rockville, MD, United States
Klinefelter Syndrome (KS) is characterized by a masculine phenotype,

supernumerary sex chromosomes (47, XXY), and impaired fertility due to loss

of spermatogonial stem cells (SSCs). Early testicular cryopreservation could be

an option for future fertility treatments in these patients, including SSCs

transplantation or in vitro spermatogenesis. It is critically essential to adapt

current in vitro SSCs propagation systems as a fertility option for KS patients. KS

human testicular samples (13,15- and 17-year-old non-mosaic KS boys) were

donated by patients enrolled in an experimental testicular tissue banking

program. Testicular cells were isolated from cryopreserved tissue and

propagated in long-term culture for 110 days. Cell-specific gene expression

confirmed the presence of all four main cell types found in testes:

Spermatogonia, Sertoli, Leydig, and Peritubular cells. A population of

ZBTB16+ undifferentiated spermatogonia was identified throughout the

culture using digital PCR. Flow cytometric analysis also detected an HLA-/

CD9+/CD49f+ population, indicatingmaintenance of a stem cell subpopulation

among the spermatogonial cells. FISH staining for chromosomes X and Y

showed most cells containing an XXY karyotype with a smaller number

containing either XY or XX. Both XY and XX populations were able to be

enriched by magnetic sorting for CD9 as a spermatogonia marker. Molecular

karyotyping demonstrated genomic stability of the cultured cells, over time.

Finally, single-cell RNAseq analysis confirmed transcription of ID4, TCN2, and
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NANOS 3 within a population of putative SSCs population. This is the first study

showing successful isolation and long-term in vitro propagation of human KS

testicular cells. These findings could inform the development of therapeutic

fertility options for KS patients, either through in vitro spermatogenesis or

transplantation of SSC, in vivo.
KEYWORDS

spermatogonia, stem cell, germ cell transplantation, fertility preservation, Klinefelter
Syndrome, male infertility, cell culture
Introduction

Klinefelter Syndrome (KS) is a classically underdiagnosed cause

of male infertility characterized by a male phenotype and altered

karyotype, usually presenting as non-mosaic 47 XXY (1). However,

variants have been described with additional X chromosomes and

different degrees of mosaicism. Recent studies using non-invasive

genetic diagnostic technology estimated KSmay affect one of every

600-1000 males born (2, 3). Hence, KS is now considered the most

common chromosomal cause of male infertility.

The pathophysiological mechanisms underlying male

infertility in KS patients are not yet entirely understood.

However, several studies have attempted to describe KS

testicular morphology from the fetus into adulthood (4–6).

Testicular morphology remains largely unaffected in

prepubertal patients. During puberty, when testicular fibrosis

accelerates, distortion of the tubular architecture was seen (7).

By the end of puberty, over 95% of KS patients are azoospermic

(8). Leydig cell hyperplasia occurs in the interstitial space in

response to elevated LH. Despite Leydig cell hyperplasia, KS

patients commonly present with low or low normal range

serum testosterone levels. Nevertheless, the degree of testicular

fibrosis differs from patient to patient. Foci of active

spermatogenesis have been found in KS patients with testicular

fibrosis. Current literature shows that only 8% of KS patients have

sperm present in the ejaculate (9). These KS patients with

adequate sperm in the ejaculate can achieve natural conception

with euploid offspring suggesting that cells that complete meiosis

may develop into normal gametes (10). The current gold standard

of care for treatment of infertility in KS patients is micro-TESE

(microscopic testicular sperm extraction) with a reported 44%

success rate in testicular sperm retrieval (11, 12), 43% pregnancy

rate, and 43% birth rate from in vitro fertilization (IVF) or
matogonial Stem Cell;

R; MACS, Magnetic

Hybridization; PGM,
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intracytoplasmatic sperm injection (ICSI). No other fertility

options for KS patients are currently available.

Since the development of prenatal genetic diagnostic

techniques (e.g. Amniocentesis, Chorion Villus Sample, Cell-

Free-Fetal DNA determination, Quantitative Fluorescence PCR,

Multiplex Ligation Dependent Probe Amplification,

Preimplantation Genetic Screening), it is now possible to

diagnose and follow KS patients in the prepubertal period,

providing social support and enhanced education for

preservation of occult sperm that would provide fertility options,

should infertility develop. Several reports showed that in patients

from whom no spermatozoa could be retrieved by microTESE,

viable spermatogonia, including SSCs, may be found in testicular

biopsies (13, 14). SSCs are a subpopulation of undifferentiated

spermatogonia present in the testis. Their primary function is both

continuous self-renewal and differentiation into germ cells

committed to undergo spermatogenesis (15). It has been

hypothesized that SSCs should be capable of complete restoration

of spermatogenesis following transplantation into infertile patients

(16). This hypothesis has been supported by several different animal

studies (17–22). However, successful SSCs transplantation in

humans has yet to be accomplished (23). Experimental SSCs-

based therapies may potentially treat KS patients’ infertility, even

in those patients with unsuccessful TESE. Testicular tissue banking

has been implemented in KS patients to provide a source of

spermatogonia for new fertility treatments (24, 25). As previously

mentioned, germ cell loss in KS accelerates with the onset of

puberty. Therefore, retrieval of viable spermatogonia in testicular

biopsy is higher in peripubertal than in adult KS patients (8). About

25% of KS patients are diagnosed before puberty (1), and storing

testicular tissue from these patients is not a standard practice. Our

Wake Forest Baptist School of Medicine group has established an

experimental testicular tissue banking for boys andmenwith a high

risk of infertility. KS is one of the approved indications (26).

Participating patients are given the option to donate a portion of

their testicular samples for research voluntarily.

Our setting provides a unique opportunity to explore the

ability to isolate and propagate KS testicular cells from testicular

biopsy performed before puberty. Expanding the number of KS
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testicular cells in vitro would be critically important when

considering autologous cell-based fertility treatments. It would

also provide material for research to preserve and enhance fertility

in KS patients, and improve our understanding of why XXYmales

lose germ cells at puberty. Our previous work tested SSC isolation

and culture on 41 XXY KS mice (27–30). Cells were successfully

propagated in culture for up to 120 days while expanding 650,000-

fold in number. Moreover, characteristic phenotypes of all four

common cell types were maintained in culture, including a

population of putative SSCs (30). Similar findings are now

confirmed using human frozen testicular tissue from KS patients.
Material and methods

Patients

Selected Klinefelter adolescent patients eligible for micro-

Testicular Sperm Extraction (mTESE) were offered the

opportunity to store their testicular tissue for potential stem cell

therapy at Wake Forest Baptist experimental testicular tissue bank

under IRB approved protocols at Wake Forest School of Medicine

(IRB00021686 and IRB00061265). Surgery was performed by

experienced pediatric and adult reproductive urologists (26).

Intraoperative testicular tissue examination to evaluate the

presence of sperm was performed by the clinical embryologist.

The protocol included several rinses, microbiology testing, and

histology tissue processing. Testicular samples were dissected into

2-4mm3 portions and cryopreserved in 1ml cryovials using

cryoprotectant solution: Hank Balances Saline Solution 5%

Human Serum Albumin (CSL Behring LLC) 5% DMSO (Mylan

Institutional). A controlled rate freezing machine was used to freeze

the samples following the in house validated protocol (26, 31).

Cryovials were transferred into vapor nitrogen tanks at the

Manufacturing and Development Center (MDC) of Wake Forest

Institute for Regenerative Medicine (WFIRM) for long-term

storage. A maximum of 20% of stored tissue was used in this

study. The remaining portion (80%) was kept for future clinical use.

A portion of the testicular biopsies was fixed in 4% Formalin,

4% Paraformaldehyde, and Bouin fixatives. Tissue was then

processed, paraffinized, and mounted by a clinical pathology

lab for staining and histology.

Hematoxylin-Eosin staining and immunohistochemical

staining with PGP 9.5 (UCHL1) as a spermatogonia marker

were performed on 5 micron thick tissue sections using an

automated stainer. Immunostaining was performed using the

Leica Microsystems Bond 3 autostainer at the Wake Forest

University clinical pathology laboratory. After 20 minutes of

antigen retrieval using Bond Epitope Retrieval Solution 2 (ER2),

the primary antibody (PA0286; mouse monoclonal PGP9.5
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(UCHL1)) was incubated for 15 minutes at room temperature.

To detect and visualize the antigen, a Bond Polymer Refine

Detection kit (peroxide block, post-primary, polymer reagent,

DAB chromogen/Leica, DS9800, followed by hematoxylin

counterstain) was used. Counterstaining of hematoxylin

identified the nucleus of cells. Isotype control (mouse IgG) was

used as a negative control for the primary antibody. Age-

matched controls (testes biopsies from 46 XY patients via

National Disease Research Interchange, NDRI) were used to

compare testicular morphology. Microscopic images were

acquired using LEICA DM4000B microscope, Olympus

camera DP73, and Olympus Cellsens software.
Cell isolation, culture, and
cryopreservation

Testicular cells were isolated from cryopreserved testicular

tissue. The process was performed under pre-clinical Good

Laboratory Practice (GLP)-conditions following a protocol

previously described by our group (30, 32, 33) with some

modifications for potential clinical application of human SSCs

isolation and culture. Selected cryovials were thawed uniformly

by immersion in warm water. Immediately after, DMSO was

washed out from the tissue using 1x MEM 8µg/ml DNAse

(Roche). External connective tissue was removed, and single

seminiferous tubules were dissected apart using a dissecting

microscope (Leica S6D) and jeweler tweezers.

Tissue was transferred into a 1.5 ml Eppendorf tube due to

the small sample size and resuspended in an enzymatic digestion

solution made of: 1x MEM; 12µg/ml DNAse (Roche); 0.4 PZU/

ml Collagenase NB4 Standard Grade (SERVA); 0.02 DMCU/ml

Natural Protease NB (SERVA). Samples were incubated in a

shaking water bath at 120 rpm and 32°C. The enzyme mix was

exchanged after every hour of incubation. Tubules and cells were

pelleted by centrifugation at 16g for 5 min. A sample of the pellet

was examined under the microscope, and the process was

repeated with fresh enzymatic solution until disassociation of

the tubules was confirmed by these examinations.

Once the enzymatic digestion disrupted the seminiferous

tubules and many single floating cells were visible floating, the

sample was pipetted up and down energetically to help release the

remaining cells. The tube was then centrifuged for 5 min at 350g

(1500 rpm) with a brake. The resultant supernatant was discarded,

and pellets containing released cells were used for culture.

During the isolation process released tubular cells might

form tight clumps. In these cases, it was helpful to additionally

incubate the sample in 0.25% Trypsin-EDTA (FisherScientific-

Gibco) at 37°C for 5-30 minutes, checking every 5 minutes until

a single cell suspension was observed again. Then the sample was
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centrifuged again for 5 min at 350g (1500 rpm) with brake,

trypsin supernatant was removed, and the pellet containing

released cells was used for culture.

The final pellet of cells was resuspended on MEM 10% FBS

for culture. This culture media was used to improve the initial

attachment of cells. Hematocytometer should be used to assess

cell numbers in the final sample and all the previously removed

supernatants to ensure no cell is wasted. Viable cells were seeded

at 10.000 cells/cm2 on plastic plates (Falcon) and kept in an

incubator constant 37°C 5% CO2 in a room with positive air

pressure GLP conditions. The next day, culture media was

switched from MEM 10% FBS into an enriched StemPro

medium, Table 1 (32, 33), previously reported to support

testicular cell propagation in vitro.

During the culture, samples were checked every other day.

The media was refreshed every 2-3 days. Cells were passaged and

split when cell confluency approached 80% using 0.25%

Trypsin-EDTA (FisherScientific-Gibco).

After every passage, when possible, a portion of cells were

cryopreserved for backup in a 2ml cryotube (Sigma Aldrich).

Cryopreservation media used was MEM 20% FBS and 8%

DMSO, and Mr.Frosty (Nalgene) at -80˚C was used for slow
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freezing overnight. The next day, cryotubes were transferred into

liquid nitrogen tanks for long-term storage.
Quantitative reverse transcriptase
polymerase chain reaction

RNA was extracted using RNEasy Minikit (Qiagen) from

Snap Frozen tissue or cells. The quality and quantity of extracted

RNAs were tested with a spectrophotometer (Nanodrop 2000,

ThermoFisher). RNA was then converted to cDNA using

Reverse Transcriptase Kit (Life Technologies) and through the

following thermocycler (Simpli amp thermal cycler, life

technologies) conditions: 25°C for 10min, 37°C for 120min,

85°C for 5 min, and 4°C hold.

The cDNA samples underwent PCR amplification using

Taqman primers (Table 2) and applied Biosystems 7300 Real

Time PCR system. The cycling conditions followed were 95˚C

for 10 minutes, then 40 cycles of 95˚C for 15 seconds, and 60˚C

for 1 minute.

All primers were chosen intron spanning and previously

tested for not amplifying genomic DNA. A minus RT (water)
TABLE 1 Stempro Complete culture media composition.

Reagent Company Catalog # Final concentration

Stem Pro-34 SFM Invitrogren 10639-011 –

Stem Pro Supplement Invitrogren 10639-011 –

Bovine Albumine Roche 1.07E+10 5 mg/ml

D(+) Glucose Sigma G7021 6 mg/ml

Ascorbic acid Sigma A4544 1x 10-4

Transferrin Sigma T1147 100 mg/

Pyruvic acid Sigma P2256 30 mg/ml

d-Biotin Sigma B4501 10 mg/ml

2-beta Mercatoethanol Sigma M7522 5x 10-5

DL-lactic acid Sigma L4263 1 ml/ml

MEM-non essential Invitrogen 11140-035 10 ml/ml

Stem Pro Supplement Invitrogen 10639-011 26 ml/ml

Insulin Sigma I1882 25 mg/ml

Sodium Selenite Sigma S1382 30 nM

Putrescine Sigma P7505 60 mM

L-Glutamine Invitrogen 25030-024 2 mM

MEM Vitamine Invitrogen 11120-037 10 ml/ml

b-Estradiol Sigma E2758 30 ng/ml

Progesterone Sigma P8783 60 ng/ml

Human EGF Sigma E9644 20 ng/ml

Human bFGF Sigma F0291 10 ng/ml

Human LIF Chemicon LIF1010 10 ng/ml

GDNF Sigma G1777 10 ng/ml

FCS Invitrogen 10106-169 1%

Pen/Strep Invitrogen 15140122 0,5%
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control has been used to rule out any contamination in PCR

mixtures (not shown in the gel picture, Figure 4). POLR2A was

selected as a housekeeping gene, and the expression of genes

were normalized to this gene; relative expression was determined

with the Delta CT method.

Amplified cDNA from RT qPCR was later used for an

Electrophoresis study on a gel to visualize the specific product

bands. A 2% Agarose gel was used, given that our target primers

were between 50-120 bp in length (Table 2). Ethidium Bromide

was included in the gel formulation at a concentration of 5ul/

100ml. After the Samples and DNA ladder were loaded, a 140V

Voltage (Enduro power supply, Labnet) was applied for 20 mins

when the DNA dye reached 2/3 of the total gel size. Images of the

gel were taken using a UV light Camera system (Gel logic 200

imaging system).
Digital reverse transcriptase polymerase
chain reaction

Digital PCR is a molecular biology tool that evenly

distributes sample cDNA along with RT PCR mix into

independent microch ip we l l s . Then independent

thermocycling reactions are conducted separately in each well
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prior to fluorescent signal reading. Digital PCR is especially

useful for small population assessment or rare events analysis.

This system has been validated by both manufacturer and

independent researchers (34), even in a clinical setting (35, 36).

To estimate the percentage of undifferentiated spermatogonia

during the culture, we used a Digital PCR system (Quant Studio,

Life Technologies) and Taqman assays labeled with VIC (for

POLR2A as housekeeping gene) and FAM for target gene

(ZBTB16). As each mammalian cell has a range of 10–30 pg of

total RNA, we used the cDNA made from 50 ng of total RNA in

20 000 wells of a digital PCR chip for each assay.

The chips were loaded following the manufacturer’s protocol

with commercially available dPCR Master Mix (Life

Technologies), water, cDNA, and Taqman primers. cDNA for

this project was obtained using retrotranscriptase reaction on

RNA extracted from Snap Frozen cells. Cycling conditions were:

95˚C for 10 minutes, then 40 cycles of 95˚C for 15 seconds and

60˚C for 1 minute.
Flow cytometry analysis and MACS-
sorting

The population of putative spermatogonial stem cells in

culture was estimated as HLA-ABC-/CD9+/CD49f+ population

(37–41) using BD Accuri C6 Flow cytometry system without

sorting. BD antibodies were used (Table 3) at a concentration of

5ul of antibody per 50.000 cells in 100ul Flow Cytometry buffer

(PBS 1% FBS). Cells were incubated with the antibody for 30

minutes at room temperature and then washed with flow

cytometry buffer. Obtained data were analyzed using BD

Accuri software. Unstained cells and cells incubated with

isotypes control antibodies (Table 3) were used to optimize

channel compensation and negative control. In every condition,

10,000 events were evaluated.

The same staining method was used in separate experiments

to perform Fluorescence Activated Cell Sorting using BD FACS

ARIA. Cells expressing HLA-ABC-/CD9+/CD49f+ were sorted

and used for FISH analysis.
TABLE 2 Taqman assay primers used for PCR.

Gene Catalog # Primer length

UCHL1 Hs00985157 m1 80

ZBTB16 Hs00957433 m1 65

THY1 (CD90) Hs00174816 m1 60

PRM1 Hs00358158 g1 99

GATA4 Hs00171403 m1 68

Clusterin Hs00971656 m1 93

CD34 Hs02576480_m1 63

STAR Hs00264912 m1 85

TSPO Hs00559362 m1 57

CYP11A1 Hs00897320 m1 81

POLR2A Hs00172187 m1 61
TABLE 3 Antibodies used for Flow cytometry and Magnetic-activated cell sorting (MACS).

Antigen Reactive species Raised in Flourochrome Company Catalog #

HLA-ABC Anti-Human Mouse FITC BD Biosciences 555552

CD9 Anti-Human Mouse PE BD Biosciences 341637

CD49f (Integrin alpha 6) Anti-Human Mouse APC Thermofisher 17-0495-80

Mouse IgG FITC BD Biosciences 340755

Mouse IgG PE BD Biosciences 340756

Mouse IgG APC BD Biosciences 340754

FcR Blocking Reagent Anti-Human MACS Microbeads Miltenyl Biotec 120-000-442

Anti-PE Anti-Human MACS Microbeads Miltenyl Biotec 120-000-294
fro
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Single-cell RNA sequencing

Cultured and cryopreserved testicular cells from XXY and

XY adolescent individuals were sent from WFIRM to UCLA.

Upon arriving at the Lundquist Institute of Harbor-UCLA

Medical Center, testicular cells were revived and cultured in a

25 cm2
flask with 4 ml of enriched StemPro-34 medium/flask for

five days. Cells were harvested, washed, resuspended in 0.04%

BSA in PBS, and delivered to UCLA Technology Center for

Genomics and Bioinformatics (TCGB). The cell concentration

and viability were determined at TCGB using a countess II

automated cell count. Per manufacturer recommendations, a

single cell suspension (1000 cells/µL) from each sample was

loaded onto the 10x Chromium chip and controller. Ten

thousand cells were targeted for capture per sample. Cell

capture and 10X single cell 3’ gene expression sequence library

preparation were performed. The resultant library was

sequenced using a NovaSeq 6000 SP (100 Cycles). Mapping,

cell identification, and clustering analysis were performed using

10x Cell Ranger software at the UCLA-TCGB.

For the data analysis, raw count matrices generated from

10X Genomics and Cell Ranger were imported to the Seurat

package in R, where cells were screened based on QC metrics

(42). An object of class Seurat 19618 features across 9580 cells of

XY testicular sample and 19284 features across 11845 cells of

XXY sample were subject to data analysis. Data normalization,

scaling, and feature selection was performed as described in the

SeuratV3 procedure. These were followed by unsupervised cell

clustering and a UMAP analysis (43, 44). Differential gene

expression among clusters was determined in Seurat using a

Wilcoxon rank sum test, and gene expression probability across

clusters was visualized with VlnPot and FeaturePlot.
X and Y chromosome fluorescent in situ
hybridization

After cells in culture had been trypsinized, fifty thousand

cells were cytospin for 10 min at 1000 RPM on glass poly-l-lysine

slides (Cytopro, ELI Tech Biomedical Systems) using the cytopro

7620 cytocentrifuge system (Wescor). The slides were left to dry

at room temperature overnight. In parallel, testicular tissue

samples from the same patients archived in pathology were

processed by for the same X and Y hybridization.

Slides were soaked in 2X saline sodium citrate (made from

stock 20xSSC from ABBOTT/VYSIS Company) at 37°C for 35

minutes. Subsequently, cells were incubated in Pepsin

(AVANTOR PERFORMANCE MATERIALS, INC 2629,

company) 0.5mg/ml solution of HCl 0.1M at 37 degrees C for

35 minutes. Slides were then washed at room temperature in
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1XPBS for 5 minutes, and Post-Fixation Solution (0.9%

formaldehyde W/V; 4.5 mg/ml MgCl2 in PBS) was added for

5 minutes incubation at room temperature. Slides were re-washed

at room temperature 1XPBS for 5 minutes, and the dehydration

process was performed by submerging slides in increasing

concentrations of ethanol (70%, 80%, 100%) for 1 minute each

at room temperature.

A working solution of X and Y chromosome probes (EMPIRE

GENOMICS Company kit 1:1:4 probe buffer dilution) was added

to the sample, and slides were kept at 75°C for 5minutes, followed

by overnight incubation at 40°C (16 Hours minimum). The

following day, slides were washed in 0.3% IGEPAL/solution

(SCI-GENE) on 0.4X saline sodium citrate/for 2 minutes at 73°

C and 0.1% IGEPAL (SCI-GENE) solution on 2X saline sodium

citrate for 1 minute at room temperature.

Slides were finally mounted with ABBOTT/VYSIS DAPI II

and coverslipped.

Imaging of the slides was performed using a Zeiss Axiophot

microscope and Applied Spectral Imaging Software.
Molecular karyotyping with next
generation sequencing

The cryopreserved cultured cells were transported from

WFIRM to AdvaGenix and Johns Hopkins Medicine lab. After

DNA extraction, fifty to 100 ng of amplified DNA underwent

library preparation (Thermo Fisher Scientific, Waltham, MA).

First, the pooled DNA samples underwent enzymatic shearing to

produce fragment sizes of approximately 200 bp. The DNA

fragments were purified using an AMPure Bead (Beckman

Coulter, Sharon Il) wash, stabilized by the ligation of adapters

and barcodes at either end of each fragment, and size selected using

a second AMPure Bead wash. Each DNA fragment was bound to

one ion sphere particle (ISP) and amplified thousands of times

using an emulsion PCR reaction. The positive template ISPs were

recovered using Dynabeads MyOne Streptavidin CI bead washes

(Invitrogen, Carlsbad, CA). Following recovery, sequencing

primers and Ion Hi-Q sequencing polymerase were added to the

samples, and the samples were loaded onto a sequencing chip and

analyzed at a depth of 1X across the entire genome by a Personal

Genome Machine (PGM) or S5 (Thermo Fisher Scientific,

Waltham, MA). Sequencing data were processed by a Torrent

Browser Server (Thermo Fisher Scientific, Waltham, MA) to

provide initial sequencing information and ensure adherence to

our required quality assurance metrics. The data was then

transferred to an Ion Reporter Server (Thermo Fisher Scientific,

Waltham,MA) for comprehensive data analysis and interpretation.

The PGM or S5 sequencing provided a minimum of over 3.5

million reads with a median sequencing fragment length of 181 bp.
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Results

Presence of undifferentiated
spermatogonia in TESE negative KS
patients’ testes

Standard of care atWake Forest testicular tissue bank includes

histologic analysis and pathology review of all samples. Every KS

patient case is discussed and compared with age-matched controls

from our archives. Three KS patients enrolled in the testicular

tissue bank were selected for this study (13 years old, 15 years old,

and 17 years old). Pathology slides from testicular biopsy stained

immunohistochemically for PGP 9.5 (UCHL1) and Hematoxylin-

Eosin and compared with age-matched controls (Figure 1).

In all KS subjects, most seminiferous tubules were either

hyalinized or only contained Sertoli cells. Rarely, some tubules

contained the cells expressing the PGP 9.5, a marker for

undifferentiated spermatogonia, with no further spermatogenic

cells such as spermatocytes and spermatid. Leydig cell hyperplasia

was prominent between tubules. No evidence of germ cell

neoplasia or carcinoma in situ was observed. In contrast, age-

matched controls presented a well-organized tubular architecture

containing spermatogonia at different stages of differentiation

into elongated spermatids.
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Given that sperm were not found using micro TESE in any

of the three patients (TESE negative), they were considered ideal

candidates to benefit from SSCs isolation and culture strategy.
Long term in vitro propagation of KS
testicular cells

Compared to previous experiences by our group in isolating

cells from human testes, KS samples presented as a different

consistency. Tubules were thickly packed and more difficult to

dissect. In our hands, pieces took between 2-2.5 h of enzymatic

digestion to release cells, but it varied from sample to sample.

Once the isolation method was tuned and optimized for KS

tissue, cell isolation yield was comparable to XY age matched

controls. Similarly, the morphology of cells in short- and long-

term cultures was similar to previous testicular cells cultured

from euploidy patients (Figure 2).

Isolated testicular cells from KS patients remained viable in

culture for more than 90 days. For the first eight days in culture,

the number of cells did not significantly increase. Cells then

started growing exponentially until the end of the study. The

number of cells expanded more than 100 million fold within 90

days (Figure 3). Cell viability was always ≥ 95%, as determined

by trypan blue staining at each passage. These findings are
FIGURE 1

Immunostaining for undifferentiated spermatogonia marker UCHL1 (PGP 9.5), subjects’ ages: 13, 15 and 17 years old. On the top panel, three
Klinefelter patients included in the study. On the bottom panel, three aged-matched controls. Scale bar 100µm.
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comparable to previous data from our group in propagating

testicular cells from peripubertal euploid patients (32).
Presence of undifferentiated
spermatogonia and somatic cells in
culture

After testicular cell isolation, a heterogeneous mixture of cells

is expected in this culture system. Somatic cells are expected to
Frontiers in Endocrinology 08
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quickly attach to the culture surface and form a feeding layer that

provides an excellent environment for spermatogonia

propagation. It is critically important to confirm the presence of

all significant testicular cell types during the culture period, as a

misbalance could prevent the other cell types from expanding.

qPCR analysis was used to confirm the presence of

characteristic gene expression from the main four testicular cell

types expected in culture: undifferentiated spermatogonia (UCHL1,

ZBTB16, and THY1), Leydig (TSPO, STAR, CYP11A1), Sertoli

(GATA4, Clusterin) and peritubular cells (CD34) (Figure 4). A
FIGURE 2

Bright field microscope images of the human KS testicular cells in culture at passage 1, 12 days in culture (A) and passage 10, 90 days in culture
(B). As it was also reported previously (30, 32, 33), the current culture system includes both spermatogonia and testicular somatic cells. Somatic
cells usually attach earlier forming an extensive network of plain elongated cells. Then round spermatogonia cells attach forming clusters on top
of somatic cell feeder layer (showed in inserts). Scale Bar 10 µm.
FIGURE 3

Evolution of the number of isolated human KS testicular cells in culture. Results show the average from KS subjects’ testicular tissue. The initial
number of cells was standardized to 1 to better assess growth along time in the graph and compare subjects with different initial cell numbers.
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positive signal for all of these was obtained from cultured cells.

Conversely, the expression of differentiated germ cell marker PRM1

remained negative (Figure 4). This demonstrated that

spermatogonia remained undifferentiated and capable of

maintaining a putative SSCs population suitable for transplantation.

After confirming the phenotypes of cells present in the

culture, the focus moved to determining the percentage of

spermatogonia throughout the culture period. Digital PCR
Frontiers in Endocrinology 09
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analysis was performed (Figure 5) on isolated testicular cells

from frozen tissue with 2.3% of cells shown to be ZTBTB16+.

This population grew during the initial stages of culture,

climbing from 20- 37% between days 13-66. In the culture’s

late stages, the percentage of undifferentiated spermatogonia

dropped to 14% but remained present throughout the entire

culture period (Figure 5). Therefore, our culture system for

Klinefelter testicular cells propagated every cell type expected
FIGURE 4

RT-PCR to confirm the presence of the four main testicular cells in culture based on cell-specific gene expression: spermatogonia (UCHL1,
ZBTB16, THY1, PRM1), Sertoli (Gata4, Clusterin), peritubular (CD34) and Leydig (STAR, TSPO, CYP11A1). POLR2A was used as a housekeeping
gene for internal control. Results confirmed the presence of all four common cell types. However, differentiated germ cell marker PRM1
remained negative, indicating the undifferentiated status of the germ cells in culture.
A B

FIGURE 5

Digital PCR analysis was used to assess the population of undifferentiated spermatogonia expressing ZBTB16 (PLZF) marker and housekeeping
gene POLR2A in testicular cells in culture: After 2nd passage from 15-year-old KS patient (A). The same analysis was repeated at different time
points. The graph shows the average undifferentiated spermatogonia population during the culture of testicular cells from KS patients (B).
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while maintaining a significant population of undifferentiated

spermatogonia throughout the 90 days culture.
The constant presence of SSCs during
the culture

At the time of transplantation, only SSCs are expected to

migrate to the basal membrane of the seminiferous tubules and

restore spermatogenesis in azoospermic patients. So far, the

scientific community has struggled to identify a single marker

that could fully characterize this population of cells. Meanwhile,

a combination of HLA-ABC -/CD9 +/CD49f + has been

postulated as markers for the enrichment of SSCs and

predicting therapeutic success following transplantation (38–

41, 45).To assess putative SSCs in culture, flow cytometry

analysis was utilized.

Successfully propagated testicular cells from KS patients

presented putative SSCs at every analyzed time point

(Figure 6). Quantitative analysis suggested a consistent

population in culture, representing between 2-10% of cells in

the culture. This indicates that our culture system not only

promotes cell propagation, but also provides an excellent

environment for maintaining SSCs phenotype, in vitro. These

results align with prior data using dPCR that identified viable

undifferentiated spermatogonia within the culture.
ID4 positive cells in culture as an SSCs
sub-population

To further characterize the cells in culture, ScRNA Seq

analysis was carried out. Cell partitioning via UMAP identified
Frontiers in Endocrinology 10
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6 clusters in cultured XY and 7 clusters in cultured XXY

testicular cells. As shown in Figure 7, the ID4, TCN2, and

NANOS 3 positive SSCs (46–48) are predominately located

within clusters 0 and 1. The data showed that ID4 positive

SSCs were more abundant in the XY testicular cell culture than

in the XXY culture. The number of TCN2 and NANOS 3

positive SSCs was similar between XY and XXY testicular cell

cultures. This data demonstrated that our human testicular cell

culture system could provide a favorable environment for SSCs

to grow and support survival, in vitro.
The stable genotype of SSCs in culture

NGS technology has been successfully established to assess

chromosome copy number and integrity by applying linear

regression to the amplification of chromosome-specific

sequences for 24-chromosome aneuploidy screening (49). In

this study, chromosome copy number analysis was essential to

address the concern of genotype instability of cells in culture.

Fluorescence-activated cell sorting (FACS) was used to

isolate putative SSCs using the markers HLA-ABC. -/CD9

+/CD49f
+ and compared to peripheral blood XX and XY

controls. Results showed no significant difference in the

number of somatic chromosomes using up to a 10%

confidence filter (Figure 8). Sexual chromosome analysis

identified an XXY sample compared to XX and XY controls.

The sample was finally characterized as non-mosaic 47XXY.

These data suggested that cells in culture remained

karyotypically stable. These findings are interpreted as a

favorable indication of clinical application potential. The same

experiment was conducted on non-sorted cells with equivalent

results (data not shown).
A B

FIGURE 6

(A) Spermatogonial stem cells (SSC) population was estimated by combining HLA-/CD9+/CD49f+ markers on Flow Cytometry analysis. After 68
days in culture and nine passages, the percentage of putative SSC was 10.1% of a 17-year-old KS patient (B). Several time points were analyzed
to evaluate the evolution of this population over time in all subject samples in culture. The graph shows the average of the SSCs population
during the culture in KS patients (B).
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Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) staining for X and Y

chromosomes was performed to demonstrate the presence of KS

XXY cells in culture. The probes used for this study marked the

X chromosome with a red signal (5-ROX) and the Y

chromosome with a green signal (5-Fluorescein).

The initial goal of this analysis was to confirm the

aneuploidy of the cells in culture. Cytospun slides were

systematically examined, XXY cells were identified.

Additionally, XY and XX and their dividing counter partners

were also seen (Figure 9A).
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After these findings were confirmed, we hypothesized that

although all of the patients included in this study had been

clinically diagnosed as non-mosaic 47XXY Klinefelter, we might

have some mosaicism in the testicular cell culture. An

experiment was designed to analyze FISH slides in consecutive

passages to identify different mosaic populations and describe

their evolution in culture over time. Moreover, when the total

cell number was sufficient, FISH staining was performed in

parallel in CD9+ Magnetic Activated Cell Sorter (MACS) cells

and non-sorted controls.

Results showed that even at the earliest time point at four

days, there was a small population of both XY (1.4%) and XX
FIGURE 7

Single cell RNAseq analysis of cultured human XY (upper panel) and XXY (lower panel) testicular cells. Cell partitioning via UMAP identified 6
clusters in cultured XY and 7 clusters in cultured XXY testicular cells. Expression patterns of ID4, TCN2 and NANOS 3 (violin plot) supported the
presence of SSCs during the culture.
FIGURE 8

Molecular Karyotyping by next-generation sequencing. After 47 days and 6 passages, Klinefelter cells in culture were FAC Sorted for putative
SSC markers HLA-/CD9+/CD49f+. Then cells were analyzed with next generation sequencing and compared to XX and XY controls. Results
identified cells in culture as 47 XXY with a 10% confidence filter.
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(0.2%) (Figure 9A). As time passed, both populations thrived

and came to represent (4.4%) and (0.9%) respectively.

Furthermore, when cells were MACS sorted using CD9 to

enrich spermatogonia, XY and XX populations were enriched

up to 6.8% and 1.4%, respectively (Figure 9B). These findings

confirmed that small populations of XY and XX cell mosaicism

among XXY cells in culture and suggested XX and XY cells were

preferably spermatogonia. This is critical, as euploid

spermatogonia may impact the product of spermatogenesis

and might, at some level, provide an explanation for the

presence of healthy offspring produced from azoospermic KS

patients with intratesticular sperm available.

A question was raised about the possibility of KS patients

presenting some congenital testicular mosaicism that had

remained undiagnosed with standard clinical Karyotype

techniques. FISH staining was then performed in testicular

tissue histology slides from the same patients. The results
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showed most cells presenting XXY signal. However, few XX

and XY cells were found inside the few preserved seminiferous

tubules (Figure 10). In the basal membrane from one of the

tubules, few XY cells were found to be dividing. These findings

strongly support some mosaicism in the testes of non-Mosaic 47

XXY KS patients diagnosed by karyotyping.
Discussion

Although testicular morphology was severely affected by

fibrosis in all KS subjects, PGP 9.5 positive spermatogonia cells

were still found inside several seminiferous tubules (Figure 1).

Following isolation and culture of testicular cells from all three

subjects, undifferentiated spermatogonia cells were positive for

PGP 9.5 ZBTB16 and THY1. These findings suggest that even

in patients with negative IHC for spermatogonia, viable
A

B

FIGURE 9

DNA FISH analyses of cultured cells was used to assess the number of copies of X (red probe) and Y (green probe) chromosomes on KS
testicular cells in culture. (A) Detection of XXY, XY and XX in culture as well as their respective dividing counterparts. (B) Quantification of XXY,
XY and XX populations in consecutive passages during the culture. The results showed a consistent mosaic population (solid lines). Moreover,
when cells in culture were enriched for undifferentiated spermatogonia marker CD9+ using MACS, both XY and XX population increased (dot
lines) suggesting that higher number of euploid cells in spermatogonia population.
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spermatogonia are likely present in the cryopreserved samples.

Cell isolation and culture under optimal conditions may be

able to selectively expand these spermatogonia for fertility

treatments. The age of the subjects and other developmental

factors may be vital in predicting the success of spermatogonia

retrieval and optimizing cell culture.

SSC transplantation is the definitive test for SSCs

identification. However, regulatory limitations do not allow

for human SSC transplantation. The connection between

HLA-/CD9+/CD49f+ enriched cells and SSC transplantation

success has long been characterized in autologous animal

models and xenotransplantation (37–41). The presence

of SSC in our culture system has previous already been tested

using xenotransplantation into nude mice (32). We feel

that SSC characterization using FACS and RNAseq can

reasonably assess the SSC population and may predict

SSC transplantation efficacy without the economic

costs, ethical challenges, and time associated with low

efficient xenotransplantation.
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By reaching a 20 million-fold increase in the number of cells in

culture, the goal of in vitro propagation of spermatogonia cells was

achieved. The number of cells isolated per biopsy varied between

subjects from 275,000 to 400,000, and the propagation culture

system could provide around 5.5 and 8 trillion cells. Conservatively

estimating the enriched population of SSCs (HLA-ABC-/CD9

+/CD49f+ or ID4 +) as 2% of propagated testicular cells, 110

billion SSCs could be provided after 50 days of culture. Based on

previous studies in non-human primates (19, 21, 22), these

numbers of cells might potentially enable SSC transplantation.

An even lower number of cells might be needed for in vitro

spermatogenesis (45, 50). Another advantage to this strategy is

that only XY SSCs fromKS subjects (1% of all propagated SSCs) are

likely to go through complete spermatogenesis. Also worth

mentioning is that a maximum of 20% of the original testicular

biopsy sample was used for this project, as 80% remained un-

touched for future clinical applications. When the full samples are

used, the starting number of cells in culture will increase, and the

duration of culture reduced.
FIGURE 10

DNA FISH analyses of KS testicular tissue was used to assess any mosaicism in KS testes: X (red probe) and Y (green probe) chromosomes. The
top magnified region showed all three XXY, XY and XX cells in non-mosaic KS subject. The bottom magnified region shows an XY cell actively
dividing in the basal membrane of seminiferous tubules of non-mosaic KS subject.
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Due to characterization challenges, it has been difficult to

quantify the SSC population in vivo. However, recent reports by

Brinster and Kubota (15) in different mammals estimated this

population to be somewhere between 0.01-12.5% of

spermatogonia. Using HLA-/CD9+/CD49f+ markers, a

population of 2-10% putative SSC was identified in culture.

RNAseq data provided confirmation of SSC presence, identifying

ID4, TCN2, and NANOS 3 positive clusters of cells. These findings

correlate with current literature describing SSC dynamics and their

cellular niche, which could indicate an in vitro systemmimicking in

vivo physiology (38, 40, 41, 46, 47, 51). Although further research is

required on this topic, we expect these data to help optimize the

timing between testicular cell culture and SSC transplantation.

Different hypotheses may explain the fluctuation in the

number of undifferentiated spermatogonia in culture. It is

possible that somatic cells, although able to be maintained in

culture long term, do not have the ability to propagate

indefinitely. Therefore, somatic testicular cells become less

proliferative and efficient in supporting the SSCs population.

FISH and NGS analyses were combined to better

characterize the chromosomal stability of cells in culture.

Molecular Karyotyping by NGS gave a broad overview of

chromosomal integrity across hundreds of thousands of cells

using a high number of specific gene loci, very reproducible

technology, increased statistical power. The technical limitations

of statistical analysis provided a 10% confidence filter, meaning

that mosaicisms representing less than 10% of the cells could not

be detected.

The limitation of detecting mosaicism in cultured cells was

overcome using FISH staining for X and Y chromosomes and

manually counting over 5000 cells per subject. Using this

method, XY and XX cells were identified within the

predominantly XXY population, and the ratio of these

karyotypes were characterized during the time in culture.

Consistent with NGS data, mosaicism never reached 10%,

meaning at least 90% of the cells in culture presented a 47XXY

karyotype. Up to 10% might present some mosaicism, including

XX and XY karyotypes. Therefore, looking to potential clinical

fertility applications, preimplantation genetic screening (PGS)

should be recommended for these patients. However, our data

support a reasonable level of genetic stability and safety in the

cells in culture.

Previous studies have shown sex chromosome mosaicism in

cultured iPSCs (52). Similar mosaicism was also described by

Hirota et al. (45) using iPSC derived from both XXY mouse and

human fibroblasts. Cells in our culture system were not

immortalized and achieved long-term culture, up to 100 days.

Future studies should compare different cell sources in parallel to

verify which options presents the greatest chromosomal stability

in culture.

Another interesting finding was that observation of XY and

XX cells, even at the earliest timepoint (day four) in our culture

system. Similar FISH staining was performed on testis tissue
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from the same patients before isolation to validate this data. A

general review of the slides identifed both XX and XY cells. This

fact contradicted previous clinical genetics reports that

diagnosed these subjects as non-mosaic Klinefelter 47 XXY.

Standard clinical karyotyping usually analyzes no more than

20 cells in peripheral blood smear and cannot rule out organ-

specific mosaicism. Although these procedures are beneficial for

diagnosing minor defects on the chromosomes constantly

present in cells, it lacks the sensitivity to detect small mosaic

populations. Further studies are needed to systematically analyze

the histology and establish a better quantification method for

testicular mosaicism of the KS patient testis, in vivo, and its

fertility repercussions.

To assess the impact of this finding for future KS fertility

treatments, the suitability of KS testis for transplantation should

be evaluated. Previous reports by Lue et al. (29) successfully

demonstrated SSC transplantation from XY mice into the

seminiferous tubules of azoospermic young adult XXY mice.

This study suggests that azoospermic KS adult testis, although

severely fibrotic, may still retain the basic seminiferous

architecture required to perform SSC transplantation.

Subsequent studies have shown SSC transplant efficacy in

structurally defective seminiferous tubules (53), even without

prior germ cell ablation (54) Nevertheless, more studies are

needed to confirm that these animal model results are

reproducible in humans.

On the other hand, Hirota et al. (45) successfully

transplanted primordial iPSC derived germ cell-like cells from

XXY mouse fibroblasts into the seminiferous tubules of

azoospermic KS mice. Donor XXY SSCs successfully migrated

into the basal membrane and restored spermatogenesis.

Fertilization and healthy offspring were achieved by ICSI using

testicular sperm (45). Our current study suggests that the use of

primary human SSCs may provide a better strategy for clinical

fertility applications.
Conclusions

To the best of our knowledge, this is the first report of in

vitro propagation of human SSCs in long-term culture. This

study describes the dynamic chromosomal changes in primary

testicular cells from KS subjects in culture. This is a critical step

forward in utilizing SSC technology to preserve fertility in

KS patients.
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