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Andres Salumets
PII:
DOI:
Reference:

S1472-6483(19)30538-3
https://doi.org/10.1016/j.rbmo.2019.05.004
RBMO 2198

To appear in:

Reproductive BioMedicine Online

Received date:
Revised date:
Accepted date:

20 January 2019
20 April 2019
8 May 2019

Please cite this article as: Artjom Stepanjuk , Mariann Koel , Martin Pook , Merli Saare ,
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Abstract
Research question: How mucin MUC20 expression changes during the menstrual cycle in
different cell types of human endometrium?
Design: Study involved examination of MUC20 expression in two previously published RNAseq datasets in whole endometrial tissue (n=10) and sorted endometrial epithelial (n=44) or
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stromal (n=42) cells. RNA-Seq results were validated by qRT-PCR in whole tissue (n=10), and
sorted epithelial (n=17) and stromal (n=17) cell’s samples. MUC20 protein localisation and
expression were analysed in human endometrium by immunohistochemical analysis of intact
endometrial tissue (n=6) and also Western blot of cultured stromal and epithelial cells (n=2).
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Results: MUC20 is differentially expressed in the endometrium between the pre-receptive and
receptive phases. We show that MUC20 is predominantly expressed by epithelial cells of the
receptive endometrium, both at the mRNA and protein levels. We propose a model about

M

MUC20 function in the hepatocyte growth factor (HGF)-activated mesenchymal-epithelial
transition (MET) receptor signalling specifically in the receptive phase.

ED

Conclusion: Our results indicate to MUC20 as a novel marker of mid-secretory endometrial

PT

biology. Further investigations should reveal the precise function of MUC20 in human
endometrium and the possible connection between MUC20 and HGF-activated MET receptor

CE

signalling. MUC20 could potentially be included in the list of endometrial receptivity markers

AC

after further clinical validation.
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BMI – body mass index (kg/m2)
ERA – endometrial receptivity array
FBS – fetal bovine serum
HGF – hepatocyte growth factor

MET – mesenchymal-epithelial transition
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WOI – window of implantation
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IHC – immunohistochemistry

Introduction

Successful implantation of a blastocyst to the maternal endometrium is one of the key events

M

during embryonic development. Endometrial tissue cells that respond to hormonal regulation
interact with the blastocyst only during a short period during the normal endometrial maturation

ED

– 5-6 days after fertilisation (Hertig et al., 1956), which is referred to as a window of

PT

implantation (WOI) or a receptivity phase (Psychoyos, 1986). The surface of the endometrial
epithelium is the site where the first molecular interactions occur between the trophoblast cells of

CE

the implanting embryo and the maternal organism (Enders et al., 1983). However, the molecular
mechanisms of the embryo implantation process are still incompletely understood. Although

AC

assisted reproductive technologies have been widely used during the last decades, the rate of
successful pregnancies among patients who had passed in vitro fertilisation (IVF) procedure has
not remarkably risen. The ability to define the WOI more precisely would significantly improve
the pregnancy rate of the IVF procedure.
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Different approaches have been implemented to estimate the WOI in the human endometrium
including dating of the endometrial development based on the morphological parameters of
endometrial tissue biopsies (Noyes et al., 1950), immunohistological dating with integrated
expression scoring of previously known receptivity biomarkers (e.g. αVβ3 integrin) (Germeyer
et al., 2014), and more recently, transcriptomics-based analysis of the differences between pre-
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receptive and receptive endometrium (Carson et al., 2002; Haouzi et al., 2009; Hu et al., 2014;
Sha et al., 2011; Talbi et al., 2006). The commercial endometrial receptivity array (ERA) test
uses the expression profiling of 238 pre-defined genes and is currently used in clinical
diagnostics (Díaz-Gimeno et al., 2011). Transcriptome-based studies typically suffer from the
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small overlap between different studies (Altmäe et al., 2014), which can be increased by
improved meta-analysis that has the potential to reveal the signature of human endometrial
receptivity (Altmäe et al., 2017). However, new molecular markers are needed for more accurate
dating of WOI and a deeper understanding of the receptivity mechanisms in human

ED

M

endometrium.

PT

Mucins are integral components of mucosal surfaces all over the body, having a high variety of
functions from the physical protection and lubrication of the epithelial layers to the molecular

CE

modulation of immunity and cell signalling (Corfield, 2015; Hattrup and Gendler, 2008). The
mucin barrier is hormonally regulated during the menstrual cycle in many mammalian species

AC

including humans (Thathiah and Carson, 2002). Mucins form a diverse family of 19 highly
glycosylated proteins which are divided into two groups: secreted, and membrane-associated or
membrane-tethered types. The uterine membrane-tethered mucins play an essential role during
embryo implantation (Thathiah and Carson, 2002). Despite endometrial mucins’ potential role in
the regulation of receptivity, the only mucin that has been intensively studied in the human
endometrium is MUC1 (Aplin et al., 1994; Hey et al., 1994). Only a few studies have mentioned
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MUC4 and MUC16 in the context of human endometrial receptivity (Dharmaraj et al., 2014;
Gipson et al., 2008; Koscinski et al., 2006).

One of the mucins, MUC20 differs considerably from other members of the mucin family, both
by a relatively small size and a low level of glycosylation. This contrasts with other membrane-

CR
IP
T

tethered mucins that are highly glycosylated and can protrude from the cell membrane up to
hundreds of nanometers, and form the glycocalyx (Corfield, 2017). MUC20, on the other hand,
has an untypically long cytoplasmic tail (Higuchi et al., 2004a). MUC20 was described relatively
recently, and its functions in cell physiology are not well known (Higuchi et al., 2004b). In this
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study, we set out to precisely determine the expression of MUC20 in different endometrial cell
types both in the pre-receptive and receptive phases. Our results suggest that if validated in an
appropriately designed large scale clinical trial MUC20 could possibly be included into the list

M

of molecular markers for better estimation endometrial window of implantation and widen our

ED

knowledge about the role of mucin biology in endometrial receptivity mechanisms.

PT

Materials and methods

CE

Study participants

The study was approved by the Research Ethics Committee of the University of Tartu (No

AC

221/M-31) and written informed consent was obtained from all participants. Endometrial
biopsies were obtained from healthy volunteers at fertile age (≤35 years) with normal BMI
(within a range of 19-25 kg/m2). All women selected for the study had a regular menstrual cycle,
were clinically examined by ultrasound for the absence of visible pelvic pathologies and
polycystic ovary syndrome, and had no symptoms or complaints of endometriosis. The levels of
testosterone and prolactin, measured from the blood plasma corresponded to the normal values
of reproductive age women. The level of progesterone measured from the blood plasma samples
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collected in the mid-secretory phase of the menstrual cycle corresponded to the expected levels
at that cycle phase. The women were non-smokers, were not taking any hormonal treatments for
three months prior to the study, had no previous infertility record, and had at least one live-born
child. Endometrial biopsies were obtained using Pipelle catheter (Laboratoire CCD, France) on
day 2 and 8 after the luteinizing hormone (LH) surge (LH+2 and LH+8) within the same natural
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cycle. Menstrual cycle dating was confirmed by combining menstrual cycle history and LH peak
estimation by the BabyTime hLH urine cassette (Pharmanova), vaginal ultrasound and
histological evaluation of biopsy according to Noyes’ criteria. Altogether 10 women were
recruited to detect MUC1 and MUC20 expression levels in whole endometrial tissue biopsies and
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26 women in sorted endometrial stromal and epithelial cells. The immunohistological evaluation
was performed in six additional women.

M

Western blot analysis was performed in cultured primary epithelial and stromal cells obtained
from two women. For isolation of primary cultures of endometrial epithelial and stromal cells,

ED

two separate biopsies were obtained. First endometrial biopsy (proliferative phase, menstrual
cycle day 12) was obtained from one 44-year-old woman with endometriosis (III

PT

stage) undergoing laparoscopy at the Tartu University Hospital Women’s Clinic (Tartu, Estonia).

CE

The woman had a regular menstrual cycle (28±5 days), body mass index 21 kg/m2 and used no
hormonal medications during previous three months before laparoscopy. Second endometrial

AC

biopsy (early secretory phase, menstrual cycle day 19) was obtained from one 35-year-old
woman with secondary infertility undergoing laparoscopy at the Tartu University Hospital
Women’s Clinic (Tartu, Estonia). No sign of pelvic abnormalities (no adhesions, normal size of
uterus and ovaries) or endometriosis was detected during laparoscopy. The woman had a regular
menstrual cycle (28±5 days), body mass index 26 kg/m2 and used no hormonal medications
during previous three months before laparoscopy. The endometrial biopsy samples were
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collected during the laparoscopy using an endometrial suction Pipelle catheter (Laboratoire
CCD, France).

Biopsies processing
The endometrial tissue biopsies for whole tissue study were placed into RNAlater (Ambion Inc.,
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USA) solution and stored at -80°C for the further analysis. For cell type-specific analysis the
endometrial tissue samples were placed immediately into the cryopreservation medium
containing 1×Dulbecco's Modified Eagle’s Medium (DMEM, Life Technologies USA), 30%
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(v/v) fetal bovine serum (FBS, Biowest, USA), and 7.5% (v/v) Dimethyl Sulfoxide Hybri-Max
(Sigma, USA). The cryovials were put into a Nalgene Cryo 1°C “Mr. Frosty” Freezing Container
(Thermo Scientific, USA) and placed into -80°C freezer overnight. The biopsies were stored in
liquid nitrogen until use. Total RNA from whole tissue was extracted by using miRNeasy Mini

M

kit following the manufacturer’s protocol (Qiagen, Germany). The endometrial biopsies

ED

handling, dissociation, and preparation for the fluorescence-activated cell sorting (FACS) has
been described in detail (Krjutškov et al., 2016). Briefly, the biopsied tissue samples were

PT

thawed, dissociated, and endometrial cells were stained with fluorochrome-conjugated antibodies
(Imai et al., 1992; Kato et al., 2007). Stromal cells were stained with mouse anti-human CD13

CE

monoclonal antibody (clone TUK1, R-Phycoerythrin, Invitrogen, USA), epithelial cells were
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stained simultaneously with the fluorochrome-conjugated mouse anti-human CD9 monoclonal
antibody (clone MEM-61, FITC, Novus Biologicals, USA) and all dead cells were stained with
DAPI (Invitrogen, USA). CD9 or CD13 positive and DAPI negative (alive) cells were sorted
directly into QIAzol Lysis Reagent (Qiagen, Germany). Total RNA was isolated immediately
using RNeasy Micro kit (Qiagen, Germany). The paired samples of (LH+2) and (LH+8)
endometrial tissue biopsies from three healthy volunteers were used in immunohistochemistry.
Tissue samples for histological assessment and immunohistochemical analysis were fixed and
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stored in the 10% formalin solution. All samples used in our study including two separate
biopsies for Western blot analysis are noted on the simplified menstrual cycle scheme (Fig. 1).

Transcriptome data analysis
We used two of our previously published RNA sequencing (RNA-seq) datasets to determine the
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expression of mucins in the whole endometrium and in sorted epithelial and stromal LH+2 and
LH+8 endometrial cells (Altmäe et al., 2017). Both datasets are accessible via Gene Expression
Omnibus (www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE98386 and GSE97929,
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respectively. The paired-end 100 bp sequencing on Illumina HiSeq2500 instrument was used for
transcriptome profiling for whole tissue samples (GSE98386) for 10 women, as described in our
previous study (Altmäe et al., 2017). The cell-type specific RNA-seq analysis was performed
with sorted epithelial and stromal cells (GSE97929) for 26 women, as also described in the same

M

study (Altmäe et al., 2017), following our single-cell tagged reverse transcription (STRT)

ED

protocol (Krjutškov et al., 2016) with modifications for bulk RNA. In data analysis, preprocessing and differential transcriptome expression analyses were performed with STRTprep

PT

pipeline (v3dev branch, available at https://github.com/shka/STRTprep). This pipeline makes use
of the SAMstrt package (Katayama et al., 2013) utilising the variation of SAM (significance

CE

analysis of microarrays) statistical test which is adjusted to RNA-seq data (Li and Tibshirani,
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2011). As this is a non-parametrical statistical test, this is more robust to outliers and to the
deviations from the assumptions of parametrical methods (Li and Tibshirani, 2011).

Quantitative reverse transcription qRT-PCR
The MUC1 and MUC20 expression levels in whole endometrial biopsies were determined in ten
paired LH+2 and LH+8 endometrial samples. Cell type-specific expression pattern was
determined in the seventeen paired (LH+2 and LH+8) endometrial epithelial and stromal cell
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samples isolated by FACS method described before (Krjutškov et al., 2016). DNase treated
(TURBO DNA-free™ kit, Ambion Inc., USA) RNA was converted into cDNA using RevertAid
First Strand cDNA Synthesis Kit (Thermo-Fisher Scientific Inc., USA). qRT-PCR was
performed using 1 × HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne, Estonia)
according to conditions specified by the manufacturer. The following primers were used: MUC1
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(Rev- TACCTGCAGAAACCTTCTCATAGG, Fw- CATCTTTCCAGCCCGGGATAC) and
MUC20 (Rev- CACGCAGTAAGGAGACCTGG, Fw- CGTGAGTGCAGGTGAAAATGG).
The succinate dehydrogenase complex subunit A (SDHA: Rev-

CCACCACTGCATCAAATTCATG, Fw- TGGGAACAAGAGGGCATCTG) was used as

AN
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endogenous control. The expression differences between LH+2 and LH+8 were calculated using
Welch two-sample t-test, and a p-value cut-off of p <0.05. The 2-ΔΔCt method was used for
calculating the relative expression and the fold change between LH+2 and LH+8 samples (Livak

M

and Schmittgen, 2001).

ED

RNA interference (RNAi) mediated knock-down of MUC20

PT

Three unique 27mer siRNA duplexes specific to human MUC20 and scrambled control siRNA
(OriGene, USA) were transfected into epidermoid carcinoma cell line (A431) by using

CE

HiPerFect transfection reagent (Qiagen, Germany). A431 cell line was obtained from the
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American Type Culture Collection (ATCC). The formation of transfection complexes was done
according to the manufacturer’s instructions. On the day of transfection (0 h), 75,000 cells were
seeded into each well of 24-well cell culture plate in 500 µl Iscove’s modified Dulbecco’s
medium (IMDM medium, Lonza, Switzerland) containing 10% (v/v) fetal bovine serum (FBS,
PAN Biotech, Germany) and antibiotics mix suitable for cell culture (Penicillin (100
U/ml)/Streptomycin (0.1 mg/ml), Naxo, Estonia). Immediately after seeding, freshly formed
transfection complexes were added drop-wise to the cells. The final concentration of siRNA was
7.5 nM. Next day (24 h) the culture medium was changed with fresh medium without
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complexes. Subsequently (48 h), cells were passaged 1:2 and transfected for the second time
with the same protocol that was used for the first transfection. Next day (72 h), cells were lysed
in RIPA buffer containing 10 mM Tris-HCl (pH 7.2), 150 mM NaCl, 0.1% (w/v) SDS, 1% (v/v)
Triton X-100, 1% (w/v) sodium deoxycholate, 5 mM EDTA and Complete protease inhibitor

CR
IP
T

cocktail (Roche Diagnostics, Switzerland) and stored at -80˚C.

Cell culture

For isolation of primary cultures, the cryopreserved endometrial biopsy samples were thawed

AN
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and washed twice with Dulbecco’s modified Eagle’s medium (DMEM medium, Life

Technologies, USA). The isolation and culturing of endometrial primary stromal and epithelial
cells were performed as described previously by Chen and Roan with minor modifications (Chen
and Roan, 2015). In our protocol, the primary endometrial epithelial cells were plated on

M

fibronectin-coated (Sigma Aldrich, 20 µg / 2ml / 25cm2) flasks and trypsin-based detaching

ED

method was used for both, stromal and epithelial cells. The first passage of primary epithelial
cells and the second passage of stromal cells were used for protein isolation. MCF-7 cell line, a

PT

human breast cancer cell line, was obtained from ATCC and cultured in DMEM (DMEM-11A,
Capricorn Scientific, Germany) with 10% (v/v) FBS (PAN Biotech, Germany) and cell culture

CE

antibiotics (Penicillin (100 U/ml)/Streptomycin (0.1 mg/ml), Naxo, Estonia). The A431 cell line

AC

was obtained from ATCC and cultured in IMDM (Lonza, Switzerland) with 10% (v/v) FBS
(PAN Biotech, Germany) and antibiotics (Penicillin (100 U/ml)/Streptomycin (0.1 mg/ml),
Naxo, Estonia). Cell lines were cultured in the presence of 5% CO2 at 37˚C in humid conditions
and passaged with 0.25% Trypsin-EDTA (Naxo, Estonia). Cells were lysed in RIPA buffer
containing 10 mM Tris-HCl (pH 7.2), 150 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Triton X-100,
1% (w/v) sodium deoxycholate, 5 mM EDTA and Complete protease inhibitor cocktail (Roche
Diagnostics, Switzerland) and stored at -80˚C.
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SDS-PAGE and Western blotting
The protein concentration of samples in RIPA were measured with BCA Protein Assay Kit
(Thermo Fisher Scientific, USA), and equal protein amounts for each sample were loaded onto
4-10% gradient SDS-PAGE gels for electrophoresis (Mini-Protean system, Bio-Rad
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Laboratories, USA). The material was transferred to polyvinylidene difluoride membrane with
Mini Trans-Blot Cell system (Bio-Rad Laboratories, USA). The membrane was washed with
1×TBS-T (Tris-Buffered Saline + 0.1% (v/v) Tween 20) and blocked with 2% (w/v) bovine
serum albumin (Capricorn Scientific, Germany) dissolved in TBS-T (blocking solution) for 1 h
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followed by incubation with primary anti-MUC20 antibody (0.5 µg/ml, ab73043, Abcam, UK) in
blocking solution overnight at 4˚C. After washings with TBS-T, additional blocking with 2%
(v/v) normal goat serum in TBS-T was performed for 30 min. After that, the membrane was

M

incubated with the respective secondary goat antibody (Santa-Cruz Biotechnology Inc., USA)
conjugated with horseradish peroxidase (HRP) for 1 h at room temperature. Finally, the

ED

membrane was rinsed three times with TBS-T for 15 min followed by incubation with

PT

Immobilon Western Chemiluminescent HRP Substrate solution (Millipore Corporation, USA).
Chemiluminescent signal was detected with BioSpectrum 510 Imaging System with

AC

CE

VisionWorks LS software (both UVP, LLC, USA).

Immunohistochemistry
For immunohistochemical (IHC) experiments, 4 µm sections from paraffin-embedded tissue
blocks were mounted on Superfrost Plus (Thermo Scientific, USA) slides. Tissue sections on
slides were deparaffinized and rehydrated according to the standard protocol (Abcam IHC
guide). Subsequently, sections were subjected to the antigen retrieval procedure. For antigen
retrieving, slides were heated at 60˚C for 16 hours in 10 mM Na-citrate buffer (pH 6.0) with
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0.05% (v/v) Tween 20 (Naxo, Estonia). After antigen retrieving, slides were cooled down to
room temperature and washed with tap water 10 min. All following washing steps were done
using 1×Tris-buffered saline (TBS) with 0.025% (v/v) Triton X-100 (PanReac AppliChem,
Germany) as a washing buffer. For the IHC procedure, a mouse and rabbit specific HRP/DAB
(ABC) detection kit (ab64264, Abcam, UK) was used. All steps were done according to the
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producer’s protocol with only a few modifications. After protein blocking and washing steps, we
applied additional blocking against possible tissue endogenous biotin. For that purposes the
endogenous avidin-biotin blocking system (ab3387, Abcam, UK) was used. Mouse polyclonal
antibodies at concentration 5µg/ml, obtained by immunisation against the full-length protein
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(ab73043, Abcam, UK), were used as primary anti-MUC20 antibodies in IHC. Mouse IgG1
(MAB002), IgG2A (MAB003), IgG2B (MAB0041), and IgG3 (MAB007) subclasses (all from
R&D Systems, USA) were mixed and used for isotype control at the same concentrations as the
primary antibody. Incubation with primary antibody and mouse non-specific IgG subclasses was

M

done overnight in a humidity chamber at 4˚C. For antibody dilution and incubation 1×TBS

ED

buffer with 1% (w/v) BSA (Capricorn Scientific, Germany) was used. After incubation with the
primary antibody, we performed an additional blocking step with 4% (v/v) normal goat serum

PT

(Abcam, UK) diluted in 1×TBS buffer. Further steps were performed as per manufacturer’s
protocol. Chromogenic reaction was developed for 6 min and stopped after that. Cell nuclei were

CE

counterstained with Mayer’s haematoxylin solution during 1 min, and slides were then washed
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10 min with tap water. Slides were dehydrated through 30 sec incubation in different ethanol and
xylene solutions in opposite order of the rehydration step. Cover glasses were mounted with
Eukitt (Sigma-Aldrich, USA) quick-hardening medium. Slides were investigated under an
Olympus BX41 microscope with 10×, and 40× magnification objectives and tissue microphotos
were taken with an Olympus DP71 camera and Cell B (Olympus, Japan) software. Semiquantitative analysis of IHC (n=6) was performed with ImageJ package Fiji version 1.52e
(Schindelin et al., 2012). DAB signal intensity was measured separately for epithelial and
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stromal components of the endometrium. The relative DAB intensity was calculated according to
the formula: f=255-i, where f – relative DAB intensity, i – mean DAB intensity obtained from
the software; i ranges from 0 (zero – deep brown, highest expression), and 255 (total white). The
method we used for the signal intensity measurements with ImageJ has been previously
described for endometrial histological evaluation and consists of 10 image analysis steps that are
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precisely described in following publication (Fuhrich et al., 2013).

Statistical analysis
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Mann-Whitney’ test or Welch two-sample t-test was used to assess gene expression for
significant differences between the pre-receptive (LH+2) and receptive (LH+8) phases using
RNA-seq or qRT-PCR data, respectively. For correlation analysis, the changes in the MUC20
gene expression (log2(fold-change) between LH+2 and LH+8) were compared with the changes

M

in expression of other epithelial cells’ genes. For that purpose, we used Spearman correlation test

ED

(Bonferroni corrected P<0.05, R>0.8). The enrichment of receptivity biomarkers in the human
genome or in the MUC20-correlated gene subset was compared using Fisher’s exact test.

PT

Statistical analyses and graphs were made in R (version 3.5.0). For semi-quantitative IHC
analysis, DAB signal intensities were compared using paired t-test with a statistically significant

CE

p-value cut-off of p<0.05. Statistical analysis and graph were prepared in Microsoft Office Excel

AC

(365 ProPlus, version 1809).
Results

Endometrial epithelial cells express higher level of MUC20 mRNA in the receptive than in
the pre-receptive endometrium
To determine the repertoire of mucins that are expressed in different cell compartments of the
human endometrium, we used two of our previously published RNA-seq datasets (GSE97929
and GSE98386) and profiled transcriptome expression either separately in stromal and epithelial
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cells (GSE97929), or in the whole endometrial tissue (GSE98386) during the pre-receptive
(LH+2) and receptive (LH+8) phases (Altmäe et al., 2017). Cell-type specific RNA sequencing
data (GSE97929) revealed the expression of eight different mucin mRNAs: MUC1, MUC6,
MUC13, MUC15, MUC20 and MUC22 in stromal cells, and MUC1, MUC4, MUC7, MUC13,
MUC15, MUC20 and MUC22 in epithelial cells (Table 1). MUC6 and MUC7 were only detected
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in one stromal or one epithelial sample, respectively. The majority of detected mucins were
expressed only in 1-8 out of 18 analysed LH+2 stage or 1-14 out of 26 analysed LH+8 epithelial
cell samples. MUC1 was expressed in most of the epithelial samples analysed irrespective of the
day (15/18 at LH+2; 24/26 at LH+8). In contrast, while MUC20 was expressed only in 5 out of

AN
US

18 epithelial samples on day LH+2, most samples (23/26) became positive for MUC20
expression on day LH+8. Therefore, unlike MUC1, MUC20 displayed a remarkable change in
expression between the pre-receptive and receptive phases. Next, the expression levels of MUC1
and MUC20 were studied further in the analysed cell-specific samples and provided as RNA-seq

M

normalised read counts in Supplementary Table 1. MUC1 expression was similar between the

ED

LH+2 and LH+8 endometria both within the epithelial and stromal cell populations (Fig. 2).
When we compared MUC1 expression between epithelial and stromal cells in LH+2 and LH+8

PT

phases, it appeared that MUC1 expression was significantly higher in epithelial cells irrespective
of the cycle day (P=0.005 at LH+2 and P=0.006 at LH+8). In contrast, the expression of MUC20

CE

was significantly higher in the LH+8 cycle phase compared with LH+2 in the epithelial cells
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(P=0.005). Since we detected MUC20 expression only in 2 samples out of 20 in early-secretory
(LH+2) stromal cells (Table 1), we could not compare MUC20 expression between different
phases in stromal cells. Further, the expression level of MUC1 and MUC20 was compared in the
whole endometrium RNA-seq dataset (GSE98386). In the whole endometrial tissue (n=10)
MUC1 expression was not statistically different between the LH+2 and LH+8, whereas MUC20
expression was significantly higher in the receptive LH+8 endometrium (P=7.58×10-5, Mann-
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Whitney’ test). MUC1 and MUC20 normalised read counts in whole tissue samples are given in
Supplementary Table 1.

The expression of MUC1 and MUC20 was validated by qRT-PCR both in the whole tissue and
in the sorted endometrial epithelial and stromal cells (Fig. 3). Our results were in good
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correlation with RNA-seq data, showing that MUC1 expression was significantly higher in
epithelial cells compared with stromal cells in both cycle phases (P=3.4×10-4 at LH+2; P=0.006
at LH+8). Importantly, qRT-PCR analysis confirmed that MUC20 expression differed between
LH+2 and LH+8 phases in the whole endometrium (P=1.1×10-4) and in epithelial cells
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(P=0.039). Again, we did not see MUC20 expression to be significantly different between
different cycle days in stromal cells. We also noticed that MUC20 expression was remarkably
higher in epithelial cells than in stromal cells specifically in the receptive (LH+8) phase

M

(P=0.002). Taken together, our results demonstrate that the MUC20 transcription is increased in

ED

epithelial cells during the transition from the pre-receptive to the receptive phase.
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MUC20 protein is expressed predominantly in endometrial epithelial cells

CE

Next, we aimed to confirm whether the expression of MUC20 seen at the mRNA level in
epithelial and stromal cells is the same at the protein level. MUC20 protein expression was

AC

analysed by Western blot in cultured primary epithelial and stromal cells. Both cell types were
isolated from two endometrial biopsies. One collected on menstrual cycle day 12 which
corresponds to the end of the proliferative phase (close to LH+2) and other on menstrual cycle
day 19 which corresponds to the beginning of the mid-secretory phase (close to LH+8) (Fig. 1).
We used an anti-MUC20 antibody, which we validated in epidermoid carcinoma cell line A431
that is known to express MUC20, by using RNAi-mediated silencing of MUC20 (Fig. 4A). We
transfected A431 cells with three different siRNAs against MUC20 in parallel with a scrambled

ACCEPTED MANUSCRIPT
control siRNA and detected MUC20 expression by Western blot analysis. We observed a
significant decrease in the expression of MUC20 at 95-130 kDa in A431 cells with all siRNAs,
strongly suggesting that the anti-MUC20 antibody used specifically recognises MUC20. Next,
we detected MUC20 expression separately in cultured endometrium-derived epithelial and
stromal cells using A431 cells as a positive and breast adenocarcinoma cell line MCF-7 as a
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negative control (Fig. 4B). MUC20 protein was expressed at a much higher level in the epithelial
cells compared to stromal cells derived from both biopsies (cycle day 12 and 19). MUC20
expression in epithelial cells cultured from cycle day 12 biopsy seems to be weaker than from
cycle day 19. As we had only one sample from cycle day (cd) 12 (close to LH+2) and one
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sample from cd 19 (close to LH+8) this was not enough for statistical analysis. However, from
these two biopsies we see that cycle phase-independent MUC20 protein expression is higher in
the epithelial cells (Fig. 4B). The nearly undetectable expression of MUC20 in stromal cells in
Western blot analysis also coincides well with the low level of its transcript in stromal cells

M

irrespective of the cycle day (Fig. 2 and Fig. 3). Thus, we conclude that the epithelial cells are

PT

ED

the major source of MUC20 protein in the endometrium.

Immunohistological detection of MUC20 localisation in the endometrium in the pre-

CE

receptive and receptive phases

AC

Next, we set out to determine the localisation of MUC20 expression in the intact endometrial
tissue using immunohistochemistry (IHC). The endometrial tissue was isolated from six healthy
women both at cycle days LH+2 and LH+8. Only very slight, almost undetectable MUC20
expression was detected in the endometrial tissue sections in the pre-receptive phase (Fig. 5A, C,
E), which was remarkably increased in the receptive phase. The expression of MUC20 was
stronger particularly in the glandular and luminal epithelial cell compartments (Fig. 5B, D, F),
and less so in the stromal compartment at LH+8. The semi-quantitative analysis confirmed that
MUC20 expression is increased at the LH+8 stage compared to the LH+2 in the endometrial
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epithelial cells (n=6, P=0.029), while stromal MUC20 expression was similar between these two
stages (Fig. 5I). These results confirm that MUC20 expression is markedly higher in the
receptive than in the pre-receptive endometrial epithelium.

MUC20 expression correlates with other receptivity biomarkers
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To identify the genes that change expression together with MUC20 in the epithelial cells
between the pre-receptive (LH+2) and receptive phases (LH+8), we analysed the transcriptome
expression of the epithelial cells from our previous cell-specific RNA-seq dataset (GSE97929)
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(Altmäe et al., 2017). We found 386 genes whose expression was highly correlated with MUC20
(Spearman correlation test; Bonferroni corrected P<0.05, R>0.8; Supplementary Table 2).
Importantly, we found among the differentially expressed genes several previously known
endometrial-epithelial receptivity marker genes including DPP4, TSPAN8, CP, COMP, LAMB3,

M

ANXA4 and ARID5B (Supplementary Table 2). Moreover, receptivity biomarkers were 7.98
times over-represented among MUC20-correlated genes compared to the rest of the protein-

ED

coding genes in the human genome (Fisher’s exact test, two-sided P = 6.47 × 10-5). This finding

CE
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verifies the receptive phase-specific expression of MUC20 in the human endometrium.

A model of MUC20 interaction with the MET pathway in the receptive endometrium

AC

MET (mesenchymal-epithelial transition) receptor mediates stromal cell-secreted hepatocyte
growth factor (HGF)-signalling that is important for epithelial proliferation and survival (Bottaro
et al., 1991; Montesano et al., 1991; Rubin et al., 1991). It has been shown that MUC20 can
interact with the cytoplasmic tail of the MET receptor that results in the suppression of epithelial
proliferation (Higuchi et al., 2004a). Therefore, we decided to use cell-type specific RNA
sequencing data (GSE97929) to see changes in MET expression between the pre-receptive LH+2
and receptive LH+8 endometrium. We found that MET expression highly correlated with the
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MUC20 expression in endometrial epithelial cells (Spearman correlation test; Bonferroni
corrected P=0.000994, R=0.898; Supplementary Table 2). Moreover, we identified that the
expression of both HGF mRNA in stromal cells and MET mRNA in epithelial cells increased
during the transition between the pre-receptive and receptive phases (Fig. 6). Such synchronous
change in the expression of MUC20 and MET in the epithelium and HGF in the stroma between

mediated signalling pathway during the WOI.
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Discussion
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the LH+2 and LH+8 phases raises the possibility that MUC20 could function in blocking MET-

Our study has identified increased MUC20 expression in the receptive endometrium epithelium,
and we propose it as a new promising biomarker candidate of endometrial receptivity that needs
to be validated further to prove its ability to define the WOI. High expression of MUC1 already

M

in the pre-receptive phase has been previously reported (Aplin et al., 2001). Our results coincide

ED

with an earlier study, which detected MUC1 expression both in the pre-receptive and receptive
phases, thus not allowing to distinguish between different cycle days based on MUC1 expression

CE
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(Jeschke et al., 2009).

MUC20 mRNA expression has been once documented in the endometrial tissue using

AC

microarray-based gene expression analysis (Evans et al., 2012). However, information about
MUC20 protein expression in the human endometrium is completely lacking. Here, we provide
clear evidence that unlike MUC1, MUC20 expression is dynamically regulated during the
menstrual cycle. We detected a significant increase in MUC20 expression during the transition
from the pre-receptive to the receptive phase of the endometrium. This change also occurred at
the protein level, and more importantly, differential expression of MUC20 protein was
specifically detected in the endometrial epithelium. Strikingly, MUC20 expression correlated
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well with other epithelial receptivity markers. The previously defined receptivity biomarkers
(Altmäe et al., 2017) were almost eight times over-represented among MUC20 correlated genes
against the whole human genome. MUC20 expression correlation with previously known
receptivity markers does not automatically mean that MUC20 itself plays an important role in
the receptivity process, to reveal that, further clinical validation and functional studies are
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crucial. However, MUC20 coexpression with other endometrial receptivity markers verifies that
MUC20 expression is receptive phase-specific in human endometrium. Thus, this knowledge is
essential if we think about more precise dating of implantation window. From an endometrial
dating perspective, it is crucial that MUC20 expression is increased in the receptive

AN
US

endometrium, but if we want to compare it with currently used markers bigger cohorts of
patients need to be analysed in the clinical validation studies. However, some limitations of our
study should also be highlighted. In our study, we showed that both epithelial MUC20 mRNA
and protein levels change when the endometrial tissue becomes receptive. As post-receptive

M

endometrial samples were not available for this study, it is impossible to say whether the

ED

MUC20 expression declines or remains at the same level until the onset of menstruation. We are
unable to provide data on whether the receptivity marker MUC20 may be altered in different

PT

patient’s groups, where the endometrial receptivity is affected. Also, the benefit of MUC20 in
clinical settings can only be confirmed if data concerning embryo transfer success is

CE

ascertained in an appropriately designed trial. Furthermore, we acknowledge that the sample size

AC

of our study is relatively low and we cannot entirely exclude the presence of undiagnosed
asymptomatic endometriosis cases among the control women, that may theoretically bias the
conclusions of the current study.

Until now, the physiological function of MUC20 which is not related to cancer has been
described in kidney cells. It has been shown that MUC20 participates in the regulation of HGFactivated MET receptor-mediated pathway in the renal tubule epithelium (Higuchi et al., 2004a).
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Stromal cells resident in a wide variety of different tissues are producing HGF that is utilised by
epithelial cells via MET receptor (Bottaro et al., 1991; Montesano et al., 1991; Rubin et al.,
1991). We found that the expression of MET in the epithelium and HGF in the stroma increased
in the receptive endometrium compared with the pre-receptive endometrium. Moreover, MET
expression highly correlated with MUC20 expression in the epithelial cells. Consistently, the up-
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regulation of MET mRNA during the WOI has been previously observed by others (Evans et al.,
2012).

Previously, it has been shown that MUC20 interaction with the MET receptor blocks a signalling
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cascade leading to the inhibition of cell proliferation (Fig. 7B). However, this interaction does
not affect cell scattering, morphogenesis and cell survival (Higuchi et al., 2004a). We propose a
similar function of MUC20 to be present in the human receptive endometrium at a time when the

M

proliferation rate of the epithelial cells slows down (Fig. 7A). Although this hypothesis is
intriguing, we cannot provide any direct support to this, because it is difficult to establish the

ED

experimental model to prove this claim. It is well known that the endometrial primary epithelial

PT

cells are difficult to maintain in culture, and their passage is often limited to only single passage
(Chen et al., 2016; Kyo et al., 2003; Masuda et al., 2016). As epithelial cells are highly

CE

differentiated, strongly self-adherent and have to be polarised to maintain apical/basolateral
morphology, the culturing of these cells is much more difficult compared to their stromal

AC

counterparts, mostly because of their limited expansion potential and extremely short life-span.
This is the reason why we were unable to apply our MUC20 knock-down protocol in these
demanding cells. Endometrial epithelial cell lines like Ishikawa, HEC-1A or RL95-2 are also not
suitable as a model for studying MUC20 functions in the endometrial receptivity state because of
their cancerous origin. In different types of cancers and particularly endometrial cancers mucins
expression is aberrant and MUC20 is no exception from that, as overexpression of MUC20 in
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endometrial cancers is known to lead to the more malignant and aggressive phenotype (Chen et
al., 2013; Zheng et al., 2019).

Due to the aforementioned difficulties in controlling our hypothesis in the endometrial model,
we can only rely on a recent functional study on pancreatic ductal adenocarcinoma cells where
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MUC20 was silenced. Co-immunoprecipitation revealed the physical association of MUC20 and
MET. Moreover, MUC20 silencing suppressed the MET/HGF induced malignant phenotype
(e.g., high proliferation and viability, migration, invasion) of cancer cells (Chen et al., 2018).
That coincides well with our hypothesis that MUC20 and MET also interact in human
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endometrium, but at the moment we only have indirect confirmation of our hypothesis, and we
do not know exact mechanisms of that interaction due to difficulties in performing MUC20
knock-down or other functional studies using primary endometrial epithelial cells. However, our

M

model of potential interaction of MUC20 and MET in the receptive endometrium is also
supported by an interactome study of human embryo implantation that speculated on the

PT

ED

potential function of signalling networks within the endometrial tissue (Altmäe et al., 2012).

CE

To conclude, to our knowledge this is the first study to report the cycle-dependent expression of
MUC20 in the human endometrium both at mRNA and protein levels. An implication of this

AC

study is the possibility that MUC20 could be included in the list of endometrial receptivity
markers after further precise clinical validation. Maybe that will help us to determine better the
endometrial receptivity status in the future. However, further investigation should also reveal the
exact connection between MUC20 and HGF-activated MET receptor signalling in the human
endometrium or disprove our hypothesis.
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Key message
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The main source of mucin MUC20 mRNA and protein in the human endometrium is an
epithelial compartment. MUC20 expression is cycle-depended and can be considered as a new
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potential marker candidate of receptive endometrium that may prove to be useful for IVF
patients after clinical validation.

ACCEPTED MANUSCRIPT

ED

M

AN
US

CR
IP
T

Figure legends
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Figure 1 A simplified scheme of the different phases of the menstrual cycle showing the days
when the samples were collected in this study. Endometrial biopsies were obtained on day 2 and

CE

8 after the luteinising hormone surge (LH+2 and LH+8) during the same cycle. For sorted cells’
samples, CD9 was considered as an epithelial marker and CD13 as a stromal marker. Two

AC

separate biopsies were obtained on cycle day 12 and cycle day 19 for primary cell culture and
following protein analysis. The number of samples analysed on indicated days is shown in
brackets (n). LH – luteinising hormone, WB – Western blot.
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Figure 2 The levels of MUC1 and MUC20 mRNAs in sorted human endometrial cells based on
our published RNA-seq dataset (GSE97929) (Altmäe et al., 2017). Early-secretory (LH+2) and

AC

mid-secretory (LH+8) endometrial epithelial (n=44) and stromal (n=42) cells were analysed. The
Mann-Whitney’ test was used to compare the gene expression changes between the samples.
Results are presented as a boxplot diagram where median values are marked as black lines inside
boxes. P values that indicate the significant difference between the groups are displayed above
the square brackets.
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Figure 3 The levels of MUC1 and MUC20 mRNAs were validated by RT-qPCR. Early-

ED

secretory (LH+2) and mid-secretory (LH+8) endometrial epithelial (n=17) and stromal (n=17)
cells or whole endometrial tissue samples (n=10) were analysed. The gene expression changes

PT

were subjected to Welch two-sample t-test. Results are presented as a boxplot diagram; median
values are marked as black lines inside boxes. P values of statistically significant comparisons
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are marked above the square brackets.
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Figure 4 MUC20 protein is expressed in human endometrium. A – validation of an anti-MUC20
antibody in A431cell line with three different siRNAs against MUC20. B – the expression of
MUC20 in primary cultured endometrial epithelial (n=2) and stromal (n=2) cells. Cells isolated
from cycle day 12 and 19 biopsies. The A431 cell line was used as a positive and MCF-7 cell
line as a negative control. The expression of actin was used as a loading control. Size markers
are given in kilodaltons (kDa).
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Figure 5 MUC20 protein expression and localisation in the endometrial tissue in early-secretory
(LH+2) and mid-secretory (LH+8) endometrium visualised using immunohistochemistry (n=6).

PT

Tissue samples of six fertile volunteers were analysed in early-secretory and mid-secretory
phases of the menstrual cycle. Representative images of the MUC20 expression in the three

CE

tissue samples in early-secretory (A, C, E) and mid-secretory (B, D, E) phases of the menstrual

AC

cycle. Mouse IgG was used as an isotype control for both phases (G, H). The ground images of
the tissue have 400× and areas bordered by black lines 100× of magnification. Semiquantification of all immunohistochemistry (n=6) results (I). Relative DAB signal intensity was
measured with ImageJ package Fiji and paired t-test was used to compare results (values are
mean±SD). Significant P value (P=0.029) is displayed on the column chart. GE – glandular
epithelium, LE – luminal epithelium, and S – stroma.
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Figure 6 The levels of HGF and MET mRNAs in endometrial stromal and epithelial cells,
respectively, based on our published RNA-seq data (Altmäe et al., 2017). Early-secretory

CE

(LH+2) and mid-secretory (LH+8) endometrial stromal (n=42) and epithelial (n=44) cells were

AC

analysed. The Mann-Whitney’ test was used to compare the gene expression changes between
the samples. Results are presented as a boxplot diagram where median values are marked as
black lines inside boxes. P values that indicate the significant difference between the groups are
displayed above the square brackets.
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Figure 7 An interaction of MUC20 with the MET receptor signalling. A – A hypothetical model
of MUC20 interaction with the MET receptor in the human endometrium during WOI. The
expression of MUC20 and MET increase in the epithelial cells at LH+8, with the concomitant

M

increase of HGF expression in stromal cells. This regulation by MUC20 may prove to be
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important for the successful preparation of the endometrium for embryo implantation. B – The
interaction of MUC20 with the MET receptor blocks HGF-induced proliferation of epithelial
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cells, which was shown previously in the case of renal tubule epithelium.
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Table 1 Expression of different mucin mRNAs in human endometrial epithelial and stromal cells
based on our published cell-type specific RNA-seq (GSE97929) data (Altmäe et al., 2017). For
each tissue sample, the ratio of positive samples (detected/analysed) and the percentage of
positive samples that express the indicated mucin are shown in the upper and lower row,

MUC4

MUC6

MUC7

1/18
(5.6%)

0/18
(0%)

0/18
(0%)

3/26
Epithelium 24/26
LH+8
(92.3%) (11.5%)

0/26
(0%)

1/26
(3.8%)

Epithelium 15/18
LH+2
(83.3%)

MUC13 MUC15 MUC20 MUC22
4/18
8/18
(22.2%) (44.4%)

5/18
(27.8%)

3/18
(16.7%)

14/26
11/26
23/26
(53.8%) (42.3%) (88.5%)

1/26
(3.8%)
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respectively.

9/20
(45%)

0/20
(0%)

1/20
(5%)

0/20
(0%)

1/20
(5%)

3/20
(15%)

2/20
(10%)

4/20
(20%)

Stroma
LH+8

12/22
(54.5%)

0/22
(0%)

0/22
(0%)

0/22
(0%)

1/22
(4.5%)

4/22
(18.2%)

10/22
(45.5%)

2/22
(9.1%)
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