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SCIENTIFIC REPLIRTS

miR-29c¢ overexpression and
COL4A1 downregulation in infertile
"human endometrium reduces
o’ endometrial epithelial cell adhesive
et capacity in vitro implying roles in
receptivity

Meaghan Griffiths(®3, Michelle Van Sinderen'?, Katarzyna Rainczuk'? & Evdokia Dimitriadis®%%*

. The endometrium is a highly complex tissue that is vulnerable to subtle gene expression changes and
is the first point of contact for an implanting blastocyst. Successful blastocyst implantation can only
occur when the endometrium is receptive during a short window with each menstrual cycle. microRNAs
are small, non-coding RNAs that negatively regulate their gene targets. miR-29c has previously been
identified to be differentially regulated across the fertile menstrual cycle, however it has not been
investigated in association with infertility. We hypothesised that miR-29c dysregulation in the infertile
endometrium would negatively influence endometrial adhesion and blastocyst implantation outcomes
during the mid-secretory, receptive phase. miR-29c expression was elevated in early and mid-secretory
phase infertile endometrium and localised to the epithelial compartments of endometrial tissue.
Overexpression of miR-29c¢ in vitro impaired endometrial epithelial adhesion, and reduced collagen type
IV alpha 1 (COL4A1) mRNA expression. COL4A1 was immunolocalised to the luminal and glandular

. epithelial basement membranes in early and mid-secretory phase fertile and infertile endometrium

: for the first time. Knockdown of COL4A1 impaired endometrial epithelial adhesion suggesting a role in
endometrial receptivity and implantation. Our data suggests miR-29c overexpression with infertility
may impair the adhesive capacity of the endometrium, potentially contributing to implantation failure
and infertility.

Infertility is a global health burden that affects approximately 9% of couples worldwide and is defined by the
inability to conceive after 12 months of unprotected sex without the use of contraceptives!'-. Although access to
in vitro fertilisation (IVF) is abundant in developed countries, success rates have stagnated to around 30%*. There
. are also considerable financial costs to consider with Australian couples spending on average ~$35,000 on multi-
. ple IVF cycles before they achieve a live birth®. Therefore, it is important to investigate how IVF success rates can
. be improved to ease this burden on world health care and help infertile couples achieve a successful pregnancy.
For successful pregnancy to be achieved, blastocyst implantation must occur and is initiated via the firm
adhesion of a blastocyst to an adequately receptive endometrial epithelium. While blastocyst quality has been
extensively studied, equally as important is the preparation of the uterine lining, the endometrium.
Endometrial receptivity refers to the finite window in each menstrual cycle in which the endometrium is suffi-
ciently prepared for an implanting blastocyst®. If the endometrium is not receptive, blastocyst implantation fails. The
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receptive phase coincides with the mid-secretory phase of the menstrual cycle, approximately 7-10 following ovula-
tion, or days 19-23 of the average 28-day menstrual cycle. The endometrium is a highly complex tissue that is exten-
sively remodelled throughout each menstrual cycle, and therefore it is likely vulnerable to changes that occur early
in the cycle that may impair endometrial remodelling and the attainment of receptivity and embryo implantation.

There are many known regulators of human receptivity, including leukemia inhibitory factor (LIF) and
interleukin 11 (IL-11)"-'°, and more recently microRNA (miR) have been implicated to regulate endometrial
receptivity and blastocyst implantation'!. miR have been identified to be expressed and secreted by both human
endometrium and blastocysts and consequently taken up by the opposite to have downstream effects on gene
targets'>14,

miR are short, 20-24 nucleotide, non-protein coding lengths of RNA involved in post-transcriptional gene
regulation’®. miR act by binding to the 3/ untranslated region (UTR) of target genes to induce degradation of
mRNA transcripts or translational repression of the protein product®.

The miR-29 family consists of miR-29a, b, and c, distributed across two chromosomes, 1q32 and 7q32".
miR-29c¢ is well established as a tumour suppressor in many cancers including lung'®, gastric'?, pancreatic®, and
bladder?'. Within the endometrium, miR-29c¢ is upregulated in the mid-secretory, receptive phase compared to
proliferative phase endometrium of fertile women??, and is significantly reduced in the ectopic endometrium
compared to eutopic endometrium of women with endometriosis®.

miR-29¢ has not be investigated in relation to female infertility and endometrial receptivity. The rationale of
this study was to define the localisation and determine the expression levels of miR-29¢ in the early secretory,
pre-receptive phase endometrium from fertile and infertile women. We hypothesised that miR-29¢ is dysregu-
lated in the infertile endometrial epithelium and subsequently alters its target gene expression within the epithe-
lium, altering the attainment of receptivity, endometrial epithelial adhesive capacity and implantation outcomes.

Due to the difficulty in studying human endometrial receptivity in vivo, endometrial epithelial cells cultured in
vitro from primary endometrial biopsies are a commonly utilised model'>. Moreover, due to species differences,
mouse models of receptivity are also limited in their usefulness due to differences in gene expression profiles
required for mouse receptivity?*. For these reasons, we use primary human endometrial epithelial cells cultured
in vitro as a model of endometrial receptivity here.

Results
miR-29c expression is elevated in early and mid-secretory phase infertile human endometrium,
compared to fertile controls, and localises to the endometrial epithelium. Relative quantifica-
tion with qPCR revealed miR-29c expression levels were elevated in early (Fig. 1a) and mid-secretory (Fig. 1b)
phase infertile whole endometrial tissue compared to fertile endometrium of the same phase (Fig. 1a; p=0.03;
n = 8-10/group; fertile 1.08 £ 0.37, infertile 3.20 +- 0.94 and Fig. 1b; p=0.01; n =6/group; fertile 0.49+0.13,
infertile 1.82 4-0.69).

miR-29c¢ localisation in the endometrium was determined using in situ hybridisation which revealed localisa-
tion to the luminal epithelium of fertile (Fig. 1c) and infertile (Fig. 1d) endometrium. Minimal localisation in the
endometrial stromal compartment in both fertile and infertile endometrium was found (Fig. 1¢,d). Investigation
of miR-29¢ expression in isolated primary human endometrial epithelial (HEEC) and stromal (HESC) cells
revealed significantly higher miR-29¢ expression in HEEC compared to HESC (Fig. 1f; p = 0.009; n = 3/group;
HEEC 1.05+0.14, HESC 0.35 4 0.04).

miR-29c overexpression in primary endometrial epithelial cell monolayers impaired HTR8/
SVneo trophoblast cell line spheroid adhesion. To determine the functional role of miR-29c over-
expression in the context of endometrial receptivity and blastocyst implantation, HEEC monolayers were tran-
siently transfected with synthetic miR-29¢ mimic. A HTR8/SVneo spheroid adhesion assay was performed
72hours later to emulate blastocyst implantation in the mid-secretory, receptive phase.

miR-29¢ overexpression in isolated HEEC was confirmed by qPCR shown in Fig. 2a (p =0.008; n = 8; + miR-
29¢ mimic 168.1 £ 104.2, scrambled control 1.05 £ 0.23). miR-29¢ overexpression in a HEEC monolayer sig-
nificantly reduced HTR8/SVneo trophoblast spheroid adhesion after two hours, compared to control (Fig. 2b;
p=0.04; n=>5; control 64.28% + 14.61, + miR-29¢ 27.78% +9.54).

miR-29c overexpression negatively regulates predicted target gene COL4A1. miRs negatively
regulate their gene targets by binding to the 3’UTR to induce mRNA degradation or translational repression®.
Confirmed and predicted miR-29¢ targets were identified using bioinformatics programs DIANA, TarBase, and
TargetScan as previously described®.

The expression of the miR-29c targets CDC42, COL4A1, ITGB1, MDM2, and MMP2 were determined using
qPCR and are shown in Fig. 3. When miR-29¢ was overexpressed in HEEC, COL4A1 mRNA expression was
significantly reduced compared to control (Fig. 3b; p=0.002; n=6; control 1.194+0.2, +miR-29¢ 0.45 £ 0.11).
No change was observed in COL4A1 mRNA expression in whole endometrial tissue (see Supplementary Fig. S1).
No changes in gene expression levels were observed for all other miR-29c¢ target genes in response to miR-29¢
overexpression (CDC42 p=0.56, ITGB1 p=0.19, MDM2 p =0.77, MMP2 p=0.28).

COL4A1 protein localises to the luminal epithelium basement membrane and is reduced in
early and mid-secretory infertile endometrium. To determine COL4A1 localisation and relative
protein levels in the endometrium of fertile and infertile women, immunohistochemistry was performed.
COL4A1 protein localised to the luminal and glandular epithelium basement membranes (Fig. 4) in early and
mid-secretory phase endometrium from fertile and infertile women. The COL4A1 immunoprotein staining
intensity was semi-quantitated by scoring COL4A1 staining in tissues blinded to the cycle stage and fertility status.
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Figure 1. miR-29c expression in the endometrium. miR-29c is significantly overexpressed in infertile
endometrium from the (a) early (p =0.03) and (b) mid-secretory (p =0.01) phases compared to fertile
endometrium of the same phase (n=6-10/group). (c) miR-29c localises to the luminal and glandular
epithelial compartments of the endometrium, depicted by green fluorescent staining, in both (c) fertile and

(d) infertile women, compared to negative control (e). (n=5/group) (f) miR-29¢ expression is significantly
(p=0.009) greater in isolated endometrial epithelial cells compared to endometrial stromal cells (n = 3/group).
Data presented as mean = SEM. Mann-Whitney test (a,b) and unpaired t-test (f) for significance (*p < 0.05,
**¥p < 0.01). Scale bars represent 50 um. (>luminal epithelium).

The luminal epithelium basement membrane staining was significantly lower in early secretory infertile endo-
metrium, compared to early secretory fertile endometrium (Fig. 4c; p=0.005; n = 7/group; fertile 0.93 £ 0.19,
infertile 0.04 4 0.04). Glandular epithelial basement membrane localisation was also significantly lower in early
secretory infertile, compared to fertile endometrium (Fig. 4d; p = 0.046; n = 8/group; fertile 1.03 £ 0.21, infertile
0.38 £0.07). In mid-secretory phase endometrium, the luminal epithelium basement membrane staining was
significantly reduced in the infertile endometrium (Fig. 4g; p = 0.04; n=7-8/group; fertile 1.28 £ 0.17, infertile
0.61+0.24). No difference was observed in mid-secretory glandular epithelium basement membrane COL4A1
localisation (Fig. 4h; p=0.07; n=7-8/group; fertile 1.0 - 0.60, infertile 0.46 £ 0.09).

Semi-quantitation of COL4A1 immunostaining intensity in the stromal and endothelial compartments was
also completed (see Supplementary Fig. 2), and no differences were seen between fertile and infertile endome-
trium respectively.

COL4A1 mRNA knockdown in a HEEC monolayer significantly alters HTR8/SVneo trophoblast
spheroid adhesion.  Once we established that miR-29c¢ negatively regulates COL4A1 mRNA in the early
secretory infertile endometrium, we aimed to see if knockdown of COL4A1 in vitro would reduce HEEC adhe-
sion, similarly to miR-29¢ overexpression.
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Figure 2. Function of miR-29¢ overexpression. (a) Confirmation of miR-29c overexpression using a synthetic
miR mimic (+miR-29¢) in primary human endometrial epithelial cells (HEEC), compared to control
(p=10.008; n=_8/group; Wilcoxon signed rank test). (b) miR-29¢ overexpression (+miR-29¢) in a HEEC
monolayer significantly (p=0.04) reduces HTR8/SVneo trophoblast spheroid adhesion compared to control
(n=>5; paired t-test). Data are presented as mean &= SEM. Wilcoxon signed-rank test (a) paired t-test performed
(b) for significance (*p < 0.05, **p < 0.01).
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Figure 3. Regulation of miR-29c target gene expression. miR-29¢ overexpression ( +miR-29¢) in HEEC (n=6/
group) elicits (a) no change in CDC42, (b) significant (p=0.002) reduction in COL4A1 mRNA, (c) no change
in ITGBI, (d) no change in MDM2, and (e) no change in MMP2. Data are presented as mean & SEM. Paired
t-tests for significance (**p < 0.01).
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Figure 4. Collagen type IV alpha 1 (COL4AL1) protein localisation in the endometrium. COL4A1 localises to
the luminal and glandular epithelium basement membranes in early secretory (a,b) and mid-secretory (e,f)
fertile and infertile endometrium (>endothelial cells, — luminal epithelium basement membrane, #luminal
epithelium, *glandular epithelium, S stroma). Staining intensity was semi-quantitated and showed (c)
significantly lower COL4A1 protein localisation to the luminal epithelium basement membrane (p =0.005),
and (d) glandular epithelium basement membrane (p =0.04) in early secretory phase infertile endometrium,
compared to fertile. COL4A1 localisation is also lower in luminal epithelium basement membrane of mid-
secretory phase infertile endometrium (g), but not glandular epithelium basement membrane (h). Data are
presented as mean £ SEM. Mann Whitney tests (a,b,h) and unpaired t-test (g) for significance.
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Figure 5. Function of COL4A1 knockdown. (a) COL4A1 siRNA transfection significantly (p =0.02) reduces
COL4A1 mRNA expression in HEEC (n=5). (b) Knockdown of COL4A1 in HEEC monolayer significantly
(p=0.03) impairs HTR8/SVneo spheroid adhesion (n = 6). Data are presented as mean = SEM. Paired t-tests
(a) and Wilcoxon signed rank test (b) for significance.

siRNA knockdown of COL4A1 significantly reduced COL4A1 levels in HEEC (Fig. 5a; p =0.02; n=6; control
2.34+0.55, COL4A1 knockdown 0.13 +0.03). COL4A1 siRNA knockdown did not alter mRNA expression of
COL4A2, COL4A3, COL4A4, COL4A5, COL4A6 in HEEC (see Supplementary Fig. 3).

To determine if COL4A1 siRNA knockdown reduces endometrial epithelial adhesion, independent of miR-
29c overexpression HTR8/SVneo trophoblast spheroid adhesion assays were completed. COL4A1 knock down
in a HEEC monolayers significantly reduced HTR8/SVneo spheroid adhesion (Fig. 5b; p=0.03; n=6; control
34,48 +7.52, COL4A1 knockdown 22.95 +4.51).

Discussion

This is the first study to investigate the expression and function of miR-29c in the endometrium in relation to
infertility. We show for the first time, miR-29c¢ expression is significantly elevated in the early secretory and
mid-secretory phase endometrium of infertile women compared to fertile endometrium of the same phase.
Furthermore, we show miR-29c localises to the luminal epithelium of fertile and infertile endometrium. We
demonstrate miR-29¢ overexpression in vitro significantly impairs the adhesive capacity of HEEC and we propose
this may occur via the significant downregulation of COL4A1, which also results in impaired endometrial epithe-
lial adhesive capacity when reduced in HEEC in vitro.

Previously, miR-29c¢ has only been identified to be differentially regulated across the fertile menstrual cycle
with two array studies showing miR-29¢ expression in fertile endometrial epithelial cells and endometrial fluid is
elevated in the mid-secretory phase compared to the proliferative phase!>?2. This is the first study to show miR-
29c dysregulation in human endometrium with infertility.

Our in vitro functional studies demonstrate miR-29¢ overexpression impairs trophoblast spheroid adhesion,
suggesting it may act during the secretory phase of infertile women to impair receptivity and implantation suc-
cess. We hypothesised miR-29¢ overexpression observed in the infertile endometrium yields functional effects
during the receptive phase to impair implantation, and to support this we demonstrate a functional deficit on
trophoblast spheroid adhesion 72 hours after transfection with miR-29¢ mimic, suggesting miR-29c overexpres-
sion impairs endometrial cell adhesion, which is a critical process for successful implantation.

miR exert functional changes by post-transcriptionally regulating their gene targets by mRNA transcript deg-
radation or translational repression. Here, we used bioinformatics programs to identify miR-29c¢ targets of interest
and searched the literature for previously published confirmed miR-29c targets.

We assessed five bioinformatically predicted and experimentally confirmed miR-29¢ targets. miR-29¢ has
been investigated in a number of cancer settings with a number of confirmed targets identified, including integrin
beta 1 (ITGB1) and matrix metalloproteinase 2 (MMP2) for which luciferase reporter assays confirming direct
targeting of miR-29¢ has been previously reported!®!?>. Predicted miR-29c¢ targets we assessed here include
CDC42, COL4A1, and MDM2. In the current study, we screened for potential miR-29c targets by observing
changes in mRNA transcript levels. This approach has limitations, namely it only allows for identifying targets
that undergo mRNA degradation in response to miR-29c¢ regulation, neglecting targets that are regulated by
translational repression.

Cell division cycle 42 (CDC42) has not been previously published in association with miR-29¢ however,
silencing CDC42 in a HESC in vitro model of implantation has been shown to reduce mouse blastocyst implan-
tation to HESC?®. Here, we saw no difference in CDC42 mRNA expression levels in HEEC where miR-29¢ was
overexpressed. This may suggest miR-29¢ does not target CDC42 in the human endometrial epithelium or,
CDC42 may be involved in the HESC invasion during blastocyst implantation, rather than the initial adhesive
interaction between blastocyst and HEEC of interest in the current study.

Expression of beta integrins fluctuates across the menstrual cycle, increasing during implantation”. ITGB1
has previously been confirmed by luciferase assay to be targeted by miR-29c in pancreatic, lung, and gastric can-
cers!®1%25 'We saw no difference in ITGB1 expression in response to miR-29c overexpression in HEEC.
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Mouse double minute homolog 2 (MDM2) has not been previously investigated in association with miR-29c¢,
however, MDM2 protein localises to the luminal epithelium of cycling endometrium and MDM2 knock down
impairs HEEC adhesive capacity'*. However, in the current study MDM2 mRNA remains unchanged when miR-
29c is overexpressed in HEEC, suggesting it may not be targeted by miR-29¢ for mRNA degradation.

MMP2 is a confirmed miR-29c¢ target in lung cancer'®. Its expression is reported to be highest in the fertile pro-
liferative phase, suggesting a role in endometrial remodelling®. It has also been reported MMP2 expression during
receptivity is dysregulated with infertility?®. However, we saw no difference in MMP2 expression when miR-29c¢ is
overexpressed, suggesting MMP2 may not be targeted by miR-29¢ for mRNA degradation in the cycling endometrium.

Collagen type IV alpha chain 1 (COL4A1) mRNA has been shown to be suppressed by miR-29¢ overexpres-
sion in endothelial cells in an abdominal aortic aneurysm study®®. COL4A1 is a predicted target of miR-29c.
Elevated levels of COL4A1 have also been associated with severe cases of pre-eclampsia®. In the present study,
COL4A1 mRNA was significantly reduced in HEEC where miR-29c is overexpressed, suggesting miR-29c may
negatively regulate COL4A1 in vivo.

COL4A1 is encoded in human chromosome 13 alongside COL4A2 which together form a triple helix isoform
that is present in all basement membranes®. Collagen type IV forms critical basement membrane scaffolding
that allows other proteins to be incorporated in the basement membrane and contribute to cell adhesion to the
basement membrane via interactions with integrin receptors®***. Collagen type IV knock out studies in mice
have shown embryonic lethality occurs relatively late, at E10.5-11.5, attributed by the authors to impaired base-
ment membrane integrity, rather than impaired basement membrane formation®. Importantly, changes in the
production of COL4A1 in the cellular basement membrane can alter the cell’s adhesive capacity and make it more
permissive to adhesion and invasion®.

In the context of female reproduction, it is quite well established that COL4A1 is upregulated in the pla-
centa during first trimester pregnancy?, and has been shown to positively correlate with preeclampsia sever-
ity®!. A follow-up study by the same authors correlated plasma levels of the COL4A1 fragment, arresten with
pre-eclampsia severity providing a potential diagnostic biomarker for preeclampsia’®.

In normal secretory phase fertile endometrium, COL4 (encompassing all six alpha chains) has been local-
ised to the glandular epithelium basement membrane and endothelial cells of the blood vessels®’, however, to
the best of our knowledge, COL4A1 has not been localised to the infertile endometrium. In the present study,
we identified COL4A1 mRNA is reduced in HEEC where miR-29¢ is overexpressed, suggesting miR-29c¢ acts
post-transcriptionally to induce mRNA degradation of COL4A1. To determine if increased miR-29c in vivo may
correlate with COL4A1 protein levels we immunolocalised COL4A1 in the early and mid-secretory phase infer-
tile endometrium, which had not previously been reported.

COL4A1 localises to the luminal and glandular epithelium basement membranes of early and mid-secretory
phase fertile and infertile endometrium. Immunostaining intensity revealed a significant reduction in COL4A1
staining intensity in the luminal epithelium basement membrane in the early and mid-secretory phase infertile
endometrium compared to fertile endometrium. Similarly, lower staining intensity was found in the glandular
epithelial basement membrane in the early secretory phase infertile endometrium, compared to fertile. These
findings are consistent with miR-29¢ overexpression evident in the early and mid-secretory phase infertile endo-
metrium, and suggest that miR-29¢ overexpression may translationally repress COL4A1 protein in the early and
mid-secretory phase endometrium. Whether miR-29¢ directly regulates or indirectly alters the expression of
COL4A1 remain to be demonstrated, although our data indicates an inverse correlation between miR-29c and
COL4AL1 levels in endometrial tissue and in primary HEEC. Furthermore, COL4A1 is a predicted target of miR-
29c also suggesting that in the endometrium, miR-29c may directly target COL4A1, though we only report an
association in the present study.

To understand whether COL4A1 mRNA levels alter endometrial function, we used COL4A1 siRNA to knock-
down endogenous COL4A1 levels in HEEC and performed HTR8/SVneo spheroid adhesion assays. COL4A1
siRNA knockdown in a HEEC monolayer substantially reduced HTR8/SVneo spheroid adhesion, demonstrating
both miR-29c overexpression and COL4A1 knockdown result in the same functional effect of impaired endome-
trial adhesion, which suggests miR-29c alters HEEC adhesive capacity in part via downregulation of COL4A1.

This is the first evidence miR-29¢ is abnormally upregulated in the early and mid-secretory phase infertile
endometrium. As miRs are capable of targeting up to thousands of different mRNAs in vivo, this finding alone
is significant in furthering our understanding of dysregulated genes contributing to infertility. Furthermore, we
demonstrate an association with reduced COL4A1 mRNA in vitro following miR-29c overexpression in primary
HEEC. Functionally, overexpression of miR-29¢ or downregulation of COL4A1 in HEEC in vitro decreases HEEC
adhesive capacity. Our data demonstrate that alterations in miR-29c or COL4A1 levels alter primary HEEC adhe-
sive capacity and suggest that the interactions between miR-29c and COL4A1 may impair HEEC adhesive capac-
ity by disrupting basement membrane integrity, contributing to implantation failure and infertility. Targeting
COL4A1 or miR-29c in vivo may be useful in facilitating implantation in women and furthering our understand-
ing of human infertility, however further studies are required to establish an in vivo role.

Methods

Primary tissue collection and endometrial epithelial cell isolation. Endometrial tissue was col-
lected at Monash Medical Centre (Clayton, Victoria) from women in the early and mid-secretory phases of their
menstrual cycle. Written informed consent was obtained from each patient, with protocols approved by and in
accordance with the Monash Health Human Research Ethics Committee, Melbourne, Australia. Fertile women
(n=6-10/phase) had proven parity, while infertile women (n = 7/phase) had primary unexplained infertility. The
women had received no steroid treatment for at least two months prior to tissue collection. The collected tissues
were examined by an experienced gynaecological pathologist to confirm cycle stage and absence of endometrial
dysfunction.
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Primary human endometrial epithelial cells (HEEC) were isolated from whole endometrial tissue as previ-
ously published'*'* and cultured in DMEM/F12 (Thermo Electron Corporation, Melbourne, Australia) medium
with 10% fetal calf serum (FCS; Invitrogen, Carlsbad, CA, USA) and 1% antibiotic-myotic solution (Gibco,
Auckland, NZ).

miR-29¢ mimic and COL4A1 siRNA transfection. HEEC were cultured in 48-well or 96-well plates to
~70% confluence and transfected according to the manufacturer’ instructions using Lipofectamine RNAIMAX
and miR-29¢ mimic (10 nM; Life Technologies) or COL4A1 siRNA (10 nM; Dharmacon) for 72h. Scrambled
sequences (Life Technologies and Dharmacon) were used as negative controls.

HTR8/SVneo spheroid adhesion assay. Spheroids were made using the HTR8/SVneo cell line (2000
cells/spheroid)'*!* in a Cellstar U-shaped 96-well suspension culture plate and incubated for 48 h prior to
use in assay. Spheroids were harvested and transferred to transfected HEEC monolayer (10 spheroids/well of
96-well plate, 20 spheroids/well of 48-well plate). Spheroid number per well was counted and recorded using
a light microscope before incubation at 37 °C for 2 hours. Following incubation, wells were gently washed with
serum-free DMEM/F12 to remove non-adherent spheroids. The remaining spheroids were counted, and a per-
centage of adhered spheroids calculated'.

RNA isolation and real time quantitative PCR. RNA was isolated from HEEC or whole endome-
trial tissue biopsies using TRIReagent (Sigma) following the manufacturer’s instructions. RNA concentrations
were determined using NanoDrop spectrophotometry. RNA was then reverse transcribed using the TagMan™
microRNA primer sets (Applied Biosystems) or Superscript III First strand synthesis kit (Invitrogen) for
non-microRNA genes to yield complimentary DNA. Real-time qPCR was then performed using the TagMan™
Universal Master mix II no UNG (Applied Biosystems) or SYBR Power (Applied Biosystems) in combination
with TagMan™ miR primer sets or specific Oligo primer pairs (Sigma). Expression levels were normalised to
RNU44 and 18s respectively, for microRNA and target gene analysis. Relative expression levels were then calcu-
lated using comparative cycle threshold method (AACt).

In situ hybridisation. All in situ hybridisation buffers were prepared in diethyl pyrocarbonate (DEPC)
treated H,O and autoclaved prior to use to remove all RNase activity. Paraffin sections were cut in RNase free
environment to prevent endogenous degradation of microRNA.

Protocol was performed following the miRCURY LNA miRNA ISH Optimisation kit Handbook (Qiagen) for
formalin fixed, paraffin embedded tissues, with the following details optimised for the miR-29¢ probe. Proteinase
K incubation was performed at 37 °C for 10 minutes. miR-29c custom detection probe (100nM), LNA U6 snRNA
positive control probe (80nM), and LNA scrambled negative control probe (100 nM) hybridisation was per-
formed for 60 minutes at 60 °C. Blocking was performed for 15 minutes at room temperature with 10% CAS
block (Invitrogen) 2% sheep serum and 1% bovine serum albumin (BSA) in PBS with 0.1% Tween. Fluorescent
anti-DIG reagent (Sigma-Aldrich) was diluted 1:50 in a diluent solution containing PBS and 1% sheep serum and
BSA, and incubated on sections for 60 minutes at room temperature. Nuclear stain was performed with DAPI
(ThermoScientific) diluted 1:1000 for 5 minutes. Sections were mounted using fluorescence mounting medium
(Dako). After 24 hours, sections were imaged using confocal microscopy. Scale bars were added in Fiji Image
software.

Immunohistochemistry. Sections were dewaxed in Xylene (Sigma) and rehydrated in graded ethanol.
Antigen retrieval was performed with heated citrate buffer (pH 6.0) prior to an endogenous peroxidase block
using 3% hydrogen peroxide in methanol. Following tris buffered saline (TBS) washes, non-immune blocking
was completed with 10% horse serum (Sigma) and 2% human serum in TBS for 1 hour at room temperature,
under agitation. COL4A1 antibody (LSBio LS-C312418) was added at 2.0 ug/mL overnight at 4 °C, with a con-
centration matched mouse IgG (Dako) for each. Sections were thoroughly washed with TBS Tween 0.6% 2 times
and once with TBS before sections were incubated in biotinylated horse anti-mouse secondary antibody (Vector)
for 30 minutes at room temperature. Simultaneously, avidin-biotin complex (ABC; Vector) was prepared and
incubated in the dark for at least 30 minutes prior to application. ABC was added for 30 minutes at room temper-
ature following extensive TBS Tween 0.6% and TBS washes. Diaminobenzidine (DAB; Dako) was added and sec-
tions were immersed in dH,O as brown staining appeared under light microscopy. Sections were counterstained
with haematoxylin, dehydrated through graded ethanols and cleared with Xylene (Sigma) before coverslips were
adhered using DPX. Staining intensity scores were determined by scorers blinded to the patient characteristics.
A score of 0 denoted no positive brown COL4A1 staining and 3 was intense staining. Scores were averaged and
plotted using Graphpad Prism 7. Images were captured using Olympus light microscope and CellSens software.
Scale bars were added in Fiji Image software.

Statistical analysis. All statistical analysis was performed in Graphpad Prism 7. All data is presented as
mean = standard error of the mean (SEM), unless stated otherwise. Normality of all data was determined by
Shapiro-Wilk normality test to determine appropriate statistical tests.

Parametric data was analysed using two-tailed, paired or unpaired student’s t-tests. Non-parametric data was
analysed using Wilcoxon signed rank test or Mann Whitney U-test.

Statistical tests performed include paired and unpaired Student’s t-tests for parametric data, or Wilcoxon
signed rank tests and Mann Whitney test for non-parametric data. Alpha value was set at p < 0.05.
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Data Availability
The data sets generated and/or analysed during the current study are available from the corresponding author on
reasonable request.

References

1.
2.

3.
. Norwitz, E. R., Schust, D. J. & Fisher, S. J. Implantation and the survival of early pregnancy. N. Engl. J. Med. 345, 1400-1408, https://

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.
25.

26.

27.
28.
29.
30.
31.

32
. Van Agtmael, T. & Bruckner-Tuderman, L. Basement membranes and human disease. Cell Tissue Res. 339, 167-188, https://doi.

34,
35.
36.

37.

Boivin, J., Bunting, L., Collins, J. A. & Nygren, K. G. International estimates of infertility prevalence and treatment-seeking: potential
need and demand for infertility medical care. Hum. Reprod. 22, 1506-1512, https://doi.org/10.1093/humrep/dem046 (2007).
Szamatowicz, M. Assisted reproductive technology in reproductive medicine — possibilities and limitations. Gynecology 87,
820-823, https://doi.org/10.5603/GP.2016.0095 (2016).

Evers, J. L. H. Female subfertility. Lancet 360, 151-159 (2002).

doi.org/10.1056/NEJMra000763 (2001).

. Chambers, G. M., Sullivan, E. A., Ishihara, O., Chapman, M. G. & Adamson, G. D. The economic impact of assisted reproductive

technology: a review of selected developed countries. Fertil. Steril. 91, 2281-2294, https://doi.org/10.1016/j.fertnstert.2009.04.029
(2009).

. Psychoyos, A. Hormonal control of ovoimplantation. Vitam. Horm. 31,201-256 (1973).
. Achache, H. & Revel, A. Endometrial receptivity markers, the journal to successful embryo implantation. Hum. Reprod. 12, 731-746

(2006).

. Cullinan, E. B. et al. Leukemia inhibitory factor (LIF) and LIF receptor expression in human endometrium suggests a potential

autocrine/paracrine function in regulating embryo implantation. Proc. Natl. Acad. Sci. USA 93, 3115-3120 (1996).

. Winship, A., Menkhorst, E., Van Sinderen, M. & Dimitriadis, E. Interleukin 11: similar or opposite roles in female reproduction and

reproductive cancer? Reprod. Fertil. Dev. 28, 395-405, https://doi.org/10.1071/rd14128 (2016).

Dimitriadis, E., Salamonsen, L. A. & Robb, L. Expression of interleukin-11 during the human menstrual cycle: coincidence with
stromal cell decidualization and relationship to leukaemia inhibitory factor and prolactin. Mol. Hum. Reprod. 6, 907-914 (2000).
Liang, J., Wang, S. & Wang, Z. Role of microRNAs in embryo implantation. Reprod. Biol. Endocrinol. 15, 90, https://doi.org/10.1186/
$12958-017-0309-7 (2017).

Vilella, E. et al. Hsa-miR-30d, secreted by the human endometrium, is taken up by the pre-implantation embryo and might modify
its transcriptome. Development 142, 3210-3221, https://doi.org/10.1242/dev.124289 (2015).

Cuman, C. et al. Human Blastocyst Secreted microRNA Regulate Endometrial Epithelial Cell Adhesion. EBioMedicine 2, 1528-1535,
https://doi.org/10.1016/j.ebiom.2015.09.003 (2015).

Winship, A. et al. Mouse double minute homologue 2 (MDM2) downregulation by miR-661 impairs human endometrial epithelial
cell adhesive capacity. Reprod. Fertil. Dev., https://doi.org/10.1071/rd17095 (2017).

Lai, E. C. Micro RNAs are complementary to 3> UTR sequence motifs that mediate negative post-transcriptional regulation. Nat.
Genet. 30, 363-364, https://doi.org/10.1038/ng865 (2002).

Dior, U. P. et al. Emerging roles of microRNA in the embryo-endometrium cross talk. Semin. Reprod. Med. 32, 402-409, https://doi.
0rg/10.1055/s-0034-1376359 (2014).

Jiang, H., Zhang, G., Wu, J. H. & Jiang, C. P. Diverse roles of miR-29 in cancer (review). Oncol. Rep. 31, 1509-1516, https://doi.
org/10.3892/0r.2014.3036 (2014).

Wang, H. et al. miRNA-29c¢ suppresses lung cancer cell adhesion to extracellular matrix and metastasis by targeting integrin betal
and matrix metalloproteinase2 (MMP2). PLoS One 8, €70192, https://doi.org/10.1371/journal.pone.0070192 (2013).

Han, T. S. et al. MicroRNA-29c mediates initiation of gastric carcinogenesis by directly targeting ITGB1. Gut 64, 203-214, https://
doi.org/10.1136/gutjnl-2013-306640 (2015).

Jiang, J. et al. Reduction of miR-29¢ enhances pancreatic cancer cell migration and stem cell-like phenotype. Oncotarget 6,
2767-2778, https://doi.org/10.18632/oncotarget.3089 (2015).

Zhao, X. et al. MiRNA-29¢ regulates cell growth and invasion by targeting CDK6 in bladder cancer. American journal of translational
research 7, 1382-1389 (2015).

Kuokkanen, S. et al. Genomic profiling of microRNAs and messenger RNAs reveals hormonal regulation in microRNA expression
in human endometrium. Biol. Reprod. 82,791-801, https://doi.org/10.1095/biolreprod.109.081059 (2010).

Long, M., Wan, X,, La, X., Gong, X. & Cai, X. miR-29c¢ is downregulated in the ectopic endometrium and exerts its effects on
endometrial cell proliferation, apoptosis and invasion by targeting c-Jun. Int. J. Mol. Med. 35, 1119-1125, https://doi.org/10.3892/
ijmm.2015.2082 (2015).

He, J. P. et al. Identification of Gene Expression Changes Associated With Uterine Receptivity in Mice. Front. Physiol. 10, 125, https://
doi.org/10.3389/fphys.2019.00125 (2019).

Lu, Y. et al. MiR-29c inhibits cell growth, invasion, and migration of pancreatic cancer by targeting ITGB1. Onco Targets Ther. 9,
99-109, https://doi.org/10.2147/0tt.s92758 (2016).

Grewal, S., Carver, J., Ridley, A. J. & Mardon, H. J. Human endometrial stromal cell rho GTPases have opposing roles in regulating
focal adhesion turnover and embryo invasion in vitro. Biol. Reprod. 83, 75-82, https://doi.org/10.1095/biolreprod.109.080630
(2010).

Sueoka, K. et al. Integrins and reproductive physiology: expression and modulation in fertilization, embryogenesis, and
implantation. Fertil. Steril. 67,799-811 (1997).

Grzechocinska, B. et al. Matrix metalloproteinases-2, -7 and tissue metalloproteinase inhibitor-1 expression in human endometrium.
Folia Histochem. Cytobiol. 56, 133-140, https://doi.org/10.5603/FHC.a2018.0017 (2018).

Skrzypczak, J., Wirstlein, P., Mikolajczyk, M., Ludwikowski, G. & Zak, T. TGF superfamily and MMP2, MMP9, TIMP1 genes
expression in the endometrium of women with impaired reproduction. Folia Histochem. Cytobiol. 45(Suppl 1), S143-148 (2007).
Licholai, S., Szczeklik, W. & Sanak, M. miR-29¢-3p is an Effective Biomarker of Abdominal Aortic Aneurysm in Patients Undergoing
Elective Surgery. MicroRNA (Shariqah, United Arab Emirates) 5, 124-131 (2016).

Yong, H. E. et al. Increased decidual mRNA expression levels of candidate maternal pre-eclampsia susceptibility genes are associated
with clinical severity. Placenta 35, 117-124, https://doi.org/10.1016/j.placenta.2013.11.008 (2014).

Kuhn, K. Basement membrane (type IV) collagen. Matrix Biol. 14, 439-445 (1995).

0rg/10.1007/s00441-009-0866-y (2010).

Poschl, E. et al. Collagen IV is essential for basement membrane stability but dispensable for initiation of its assembly during early
development. Development 131, 1619-1628, https://doi.org/10.1242/dev.01037 (2004).

Oefner, C. M. et al. Collagen type IV at the fetal-maternal interface. Placenta 36, 59-68, https://doi.org/10.1016/j.
placenta.2014.10.012 (2015).

Yong, H. E. et al. Anti-angiogenic collagen fragment arresten is increased from 16 weeks’ gestation in pre-eclamptic plasma. Placenta
36, 1300-1309, https://doi.org/10.1016/j.placenta.2015.08.013 (2015).

Bilalis, D. A., Klentzeris, L. D. & Fleming, S. Immunohistochemical localization of extracellular matrix proteins in luteal phase
endometrium of fertile and infertile patients. Hum. Reprod. 11,2713-2718 (1996).

SCIENTIFIC REPORTS |

(2019) 9:8644 | https://doi.org/10.1038/s41598-019-45155-6 9


https://doi.org/10.1038/s41598-019-45155-6
https://doi.org/10.1093/humrep/dem046
https://doi.org/10.5603/GP.2016.0095
https://doi.org/10.1056/NEJMra000763
https://doi.org/10.1056/NEJMra000763
https://doi.org/10.1016/j.fertnstert.2009.04.029
https://doi.org/10.1071/rd14128
https://doi.org/10.1186/s12958-017-0309-7
https://doi.org/10.1186/s12958-017-0309-7
https://doi.org/10.1242/dev.124289
https://doi.org/10.1016/j.ebiom.2015.09.003
https://doi.org/10.1071/rd17095
https://doi.org/10.1038/ng865
https://doi.org/10.1055/s-0034-1376359
https://doi.org/10.1055/s-0034-1376359
https://doi.org/10.3892/or.2014.3036
https://doi.org/10.3892/or.2014.3036
https://doi.org/10.1371/journal.pone.0070192
https://doi.org/10.1136/gutjnl-2013-306640
https://doi.org/10.1136/gutjnl-2013-306640
https://doi.org/10.18632/oncotarget.3089
https://doi.org/10.1095/biolreprod.109.081059
https://doi.org/10.3892/ijmm.2015.2082
https://doi.org/10.3892/ijmm.2015.2082
https://doi.org/10.3389/fphys.2019.00125
https://doi.org/10.3389/fphys.2019.00125
https://doi.org/10.2147/ott.s92758
https://doi.org/10.1095/biolreprod.109.080630
https://doi.org/10.5603/FHC.a2018.0017
https://doi.org/10.1016/j.placenta.2013.11.008
https://doi.org/10.1007/s00441-009-0866-y
https://doi.org/10.1007/s00441-009-0866-y
https://doi.org/10.1242/dev.01037
https://doi.org/10.1016/j.placenta.2014.10.012
https://doi.org/10.1016/j.placenta.2014.10.012
https://doi.org/10.1016/j.placenta.2015.08.013

www.nature.com/scientificreports/

Acknowledgements

We thank Dr Masashi Takamura for isolating primary endometrial epithelial cells used in some of the spheroid
adhesion assays. This work was supported by funding for a project grant and senior research fellowship from the
National Health and Medical Research Council (NHMRC) of Australia to ED. This work was supported by the
Victorian Government’s Operational Infrastructure Support Program.

Author Contributions

M.G. performed qPCR, in situ hybridisation, primary cell isolations, spheroid adhesion assays, data analysis,
figure and manuscript preparation. M.V.S. performed qPCR, contributed to study design, and critical analysis
of manuscript. K.R. performed immunohistochemistry, immunohistochemistry scoring, in situ hybridisation,
primary cell isolations, and data analysis. E.D. conceived and designed study, performed immunohistochemistry
scoring, and critical analysis of manuscript. All authors edited and approved manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45155-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:8644 | https://doi.org/10.1038/s41598-019-45155-6 10


https://doi.org/10.1038/s41598-019-45155-6
https://doi.org/10.1038/s41598-019-45155-6
http://creativecommons.org/licenses/by/4.0/

	miR-29c overexpression and COL4A1 downregulation in infertile human endometrium reduces endometrial epithelial cell adhesiv ...
	Results

	miR-29c expression is elevated in early and mid-secretory phase infertile human endometrium, compared to fertile controls,  ...
	miR-29c overexpression in primary endometrial epithelial cell monolayers impaired HTR8/SVneo trophoblast cell line spheroid ...
	miR-29c overexpression negatively regulates predicted target gene COL4A1. 
	COL4A1 protein localises to the luminal epithelium basement membrane and is reduced in early and mid-secretory infertile en ...
	COL4A1 mRNA knockdown in a HEEC monolayer significantly alters HTR8/SVneo trophoblast spheroid adhesion. 

	Discussion

	Methods

	Primary tissue collection and endometrial epithelial cell isolation. 
	miR-29c mimic and COL4A1 siRNA transfection. 
	HTR8/SVneo spheroid adhesion assay. 
	RNA isolation and real time quantitative PCR. 
	In situ hybridisation. 
	Immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 miR-29c expression in the endometrium.
	Figure 2 Function of miR-29c overexpression.
	Figure 3 Regulation of miR-29c target gene expression.
	Figure 4 Collagen type IV alpha 1 (COL4A1) protein localisation in the endometrium.
	Figure 5 Function of COL4A1 knockdown.




