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Abstract.	 Mucin 1 (Muc1) is an integral transmembrane mucin glycoprotein expressed on the apical surface of most 
epithelia. It is considered to be a barrier to the regulation of embryo implantation by inhibiting attachment of the embryo 
to the endometrium. Therefore, loss of Muc1 on the surface of uterine epithelial cells is necessary for embryo implantation. 
Studies have demonstrated that microRNAs (miRNAs) play a key role in enhancing embryo implantation in mammals. In this 
study, we investigated the regulatory role of two miRNAs (let-7a and let-7b) on the expression of Muc1 in mouse uteri during 
implantation. Western blotting indicated that Muc1 expression was highest on day1 of pregnancy and constantly decreased 
thereafter until day 4. In contrast to Muc1 expression, increased expression of let-7a and let-7b was evident on day 4 of 
pregnancy as measured by real-time reverse transcription-polymerase chain reaction (real-time RT-PCR). We demonstrated 
direct binding of let-7a and let-7b to the 3’untranslated region of muc1. Furthermore, Muc1 expression was suppressed after 
transfection of mouse uterine epithelial cells isolated from day 1 of pregnancy with let-7a and let-7b. In summary, the present 
study provides evidence that Muc1 is a direct target of let-7a and let-7b. Additionally, the current study suggests that miRNAs 
are novel targets which can be used to facilitate a successful pregnancy and repair implantation failure.
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Successful embryo implantation depends on blastocyst quality 
and the timing of endometrial receptivity. However, unexplained 

embryo implantation failure sometimes occurs [1]. An interaction 
between the receptive endometrium and functional blastocysts is 
required for embryo implantation. Although a number of factors 
involved in this process have been examined, including endometrial 
morphology features, ovarian steroid hormones, adhesion mol-
ecules, pregnancy recognition signaling, cytokines, growth factors, 
microRNAs (miRNAs), uterine receptivity, and conceptus-uterus 
interactions [2–4], the detailed molecular mechanisms leading to 
successful implantation remain obscure [4].

Mucin 1 (Muc1) is a transmembrane glycoprotein belonging to 
the mucin family that is expressed in a variety of carcinomas and 
on the surface of epithelial cells in various organs, including the 
female reproductive tract, mammary gland, lung, kidney, stomach 
and pancreas [5–7]. In several species, Muc1 presents on the surface 
of the uterine epithelia (UE) and acts as an anti-adhesive molecule to 
block embryo attachment to the endometrium [8–10]. The decreased 
Muc1 expression in terms of both mRNA and protein levels in the 

luminal and glandular UE at the time of implantation suggests that a 
reduction in Muc1 expression is essential during implantation [11–14]. 
After entering the uterus, the blastocysts go through the apposition, 
adhesion and invasion phases to establish implantation; at the same 
time, the endometrium becomes receptive for embryos [15]. Muc1 
expression has been shown to be upregulated by progesterone [16] 
and may be more abundant in the receptive endometrium when both 
progesterone and estradiol levels are high [10]. Furthermore, the 
presence of blastocysts during the apposition phase may increase the 
expression of both UE Muc1 mRNA and protein levels. However, 
local Muc1 expression at the implantation site in humans has been 
shown to be diminished when blastocysts reach the adhesion phase and 
attach to the UE [10]. These studies demonstrated that the expression 
of UE Muc1 is regulated by the coordination of hormones and the 
embryo; thus, the anti-adhesive molecule Muc1 must be at least 
locally removed from the implantation site during the adhesion phase.

MiRNAs are 18-24 nucleotide non-protein-coding RNAs that 
participate in numerous biological processes, including development, 
cell proliferation and cell growth. MiRNAs regulate gene expression 
at the posttranscriptional level by binding to the coding region or the 
3’ untranslated region (3’UTR) of target mRNAs to cleave mRNAs 
or repress translation [3, 17, 18]. Many studies have indicated that 
miRNAs are involved in embryo implantation [3, 17–23]. The results 
from microarray and Northern blotting experiments demonstrated 
expression of the let-7 family in the mouse uterus during the peri-
implantation period, with let-7a, let-7b, let-7c, let-7d, let-7g, and 
let-7i upregulated at the implantation site [4]. Northern blotting 
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analysis demonstrated that the expression of let-7a was higher on 
days 6–7 of pregnancy in rat uteri compared with on days 4–5 [18]. 
Furthermore, in situ hybridization data showed that let-7a expression 
was localized to the glandular and luminal uterine epithelia on day 
4 of pregnancy, while a stronger signal was found in the decidua 
on day 6. Additionally, let-7b expression was found to increase on 
day 4 of pregnancy (i.e., the receptive phase) compared with day 1 
(i.e., the pre-receptive phase) in the mouse uterus [4, 24[REMOVED 
HYPERLINK FIELD]]. Our lab investigated the expression pattern 
of let-7b in mouse endometrial epithelial cells from days 1 to 4 of 
pregnancy and found that let-7b expression increased gradually 
from days 1 to 4 of the pre-implantation stage, with the highest 
expression on day 4 [3]. Therefore, the aim of the present study was 
to investigate the regulatory role of let-7 on the expression of Muc1 
during implantation in mice.

Materials and Methods

Animals
Sexually mature female mice (CD-1, 8 weeks old) were purchased 

from BioLASCO Taiwan. The animals were maintained in an 
individually ventilated cage (IVC) system under lighting conditions 
of 14 h of light (0700–2100 h) and 10 h of darkness. Food and water 
were provided ad libitum. The use of animals and the procedures for 
animal handling and treatments were approved by the Institutional 
Animal Use and Care Committee (IACUC) at National Chung Hsing 
University (no. 99–83). Female mice in the estrous stage were caged 
overnight with fertile males of the same strain to induce pregnancy. 
Mating was verified by the presence of a vaginal plug the following 
morning, which was designated as day 1 of pregnancy.

Isolation of mouse endometrial epithelial cells
The female mice were sacrificed in the afternoon on days 1, 

2, 3 and 4 of pregnancy. The endometrium isolation method was 
performed as described previously [25[REMOVED HYPERLINK 
FIELD]]. Briefly, the lumen of excised uterine horns was filled with 
0.76% EDTA (pH 7.4; Sigma, St Louis, MO, USA) in Dulbecco’s 
phosphate-buffered saline (DPBS), and whole tissues were incubated 
at 37 C in 5% CO2 for 20 min. The endometrial epithelium was 
scraped off from the inner wall of the uteri for protein extraction. 
For cell culture, the inner wall of the uteri were then incubated 
in collagenase type I (1 mg/ml) in DPBS at 37 C in 5% CO2 for 
another 20 min. The endometrial epithelial cells were spun down 
for 30 sec, and the cell pellets were washed with DPBS three times 
and resuspended in Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma) supplemented with 10% fetal bovine serum (FBS; Biological 
Industries, Kibbutz Beit-Haemek, Israel). All cells in this study were 
maintained in DMEM supplemented with 10% FBS at 37 C in a 
humidified 5% CO2 incubator.

Western blotting
The mouse uterine epithelia harvested during days 1 to 4 of 

pregnancy were subjected to sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). The endometrial scrapings were 
lysed in the sample extraction buffer (RIPA lysis buffer; 150 mM NaCl; 
1% Nonidet P-40; 50 mM Tris, pH 8.0; 0.5% sodium deoxycholate; 

0.1% sodium dodecyl sulfate; and 1:100 protease inhibitor). Equal 
amounts of total protein were denatured in electrophoresis sample 
buffer (10% SDS; 0.5 M Tris, pH 6.8; 20% v/v glycerol; and 0.2% 
w/v bromophenol blue). After boiling at 95 C for 5 min, proteins 
(95 µg) from each sample were analyzed on 6.5% polyacrylamide 
gel. Afterwards, the proteins were transferred onto nitrocellulose 
(NC) membranes in transfer buffer (25 mM Tris-HCl, pH 8.3; 192 
mM glycine; and 10% methanol) at a constant 300 V for 1 h. The 
NC membranes were blocked in 5% skim milk in 20 mM Tris-HCl, 
500 mM NaCl and 0.05% Tween 20 (TTBS) at room temperature 
for 2 h. After a brief wash with TTBS, the membranes were probed 
with rabbit polyclonal anti-Muc1 antibody (1:800 dilution in TTBS 
containing 3% skim milk; GTX15481, GeneTex, Irvine, CA, USA) 
or mouse anti-actin antibody (1:8000 dilution in TTBS containing 
3% skim milk; MAB1501, Chemicon, Merck Millipore, Billerica, 
MA, USA) at room temperature for 2 h. After several thorough 
washes with TTBS, the NC membranes were incubated with HRP-
conjugated goat-anti-rabbit IgG antibody (1:5000 dilution in TTBS 
containing 3% skim milk; KPL, Kirkegaard & Perry Laboratories) 
or goat-anti-mouse antibody (1:15,000 dilution in TTBS containing 
3% skim milk; Backer Man) at room temperature for 40 min. After 
washing with TTBS, the NC membranes were visualized using a 
SuperSignal® West Femto kit (Thermo Scientific, Waltham, MA, 
USA) according to the manufacturer’s instructions.

Real-time reverse transcription polymerase chain reaction 
(RT-PCR)

Total RNA from mouse endometrial epithelial cells collected from 
days 1–4 of pregnancy were extracted individually using TRIzol® 
(Invitrogen by Life Technologies). The reverse transcription (RT) 
reaction was carried out according to manufacturer’s suggestion using 
the ABI TaqMan MicroRNA assay protocol (Applied Biosystems 
by Life Technologies, Carlsbad, CA, USA). Briefly, 3 ng of each 
total RNA was used as a template in 20 µl of RT reaction mixture 
containing let-7a, let-7b or snoRNA 412 (as an internal control) 
reverse primers (Applied Biosystems by Life Technologies), 50 U 
MultiScribeTM Reverse Transcriptase, 3.8 U RNase inhibitor, 81 
mM dNTP and 1 × reverse transcription buffer. The RT reaction 
was conducted as follows: the mixture was incubated at 16 C for 
30 min, 42 C for 30 min; and then 85 C for 5 min. The RT product 
was maintained at 4 C. A 1.33 µl aliquot of RT products was used as 
a template for each 20 µl polymerase chain reaction (PCR) mixture 
according to the manufacturer’s instructions (Applied Biosystems 
by Life Technologies). Briefly, each real-time PCR reaction was 
performed using 1 × TaqMan Universal Master Mix, No AmpErase 
UNG and 1 × TaqMan microRNA assay (let-7a, let-7b or snoRNA 
412) at 98 C for 10 min, followed by 40 cycles at 98 C for 15 sec 
and 60 C for 1 min. The reactions were performed on an StepOne 
machine (Applied Biosystems by Life Technologies). All data were 
calculated by the ∆∆Ct method for relative quantification of gene 
expression as described previously [3, 25].

Transfection
The complete sequence of the muc1 3’UTR (National Center 

for Biotechnology Information reference sequence NM_013605.1) 
was amplified by PCR from mouse genomic DNA forward primer 
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(5’-CGTCTAGAGAGCAAGTCACCCCACCCAC-3’) and reverse 
primer (5’-CGTCTAGAGGCCATCTTTTATTCAGCTA-3’); both 
primers contained the addition of the recognition sequence for the 
XbaI restriction enzyme at the 5’ends. Next, the amplified muc1 
3′ UTR (271 bp) was cloned into the pRL-SV40 vector (Promega, 
Madison, WI, USA) through the XbaI site located immediately 
downstream of the luciferase gene. This constructed vector was 
designated as the pRL-Muc1 vector. A total of 1.5 × 104 B16F10 
cells that express endogenous let-7a (data not shown) and let-7b 
[26[REMOVED HYPERLINK FIELD]] were seeded onto 24-well 
culture plates. Transfection was performed using the Lipofectamine 
2000 reagent (Invitrogen by Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer’s instruction. Briefly, 200 
ng of pRL-SV40 vector plus 40 ng of pGL3 vector (a kind gift 
from Dr YL Shiue, Institute of Biomedical Sciences, National 
Sun Yat-Sen University, Kaohsiung, Taiwan), which served as 
an internal control, and the pRL-Muc1 vector with/without 100 
pmol of let-7a inhibitor (let-7a antisense sequence, 2’-methlyl-
oligonucleotides: 5’AACUAUACAACCUACUACCUCA’3; 
Applied Biosystems by Life Technologies) or let-7b inhibi-
tor (let-7b antisense sequence, 2’-methlyl-oligonucleotides: 5’ 
AACCACACAACCUACUACCUCA’3; IDT, Integrated DNA 
Technologies, Coralville, IA, USA) were diluted in Opti-MEM® I 
Reduced Serum Medium (Invitrogen by Life Technologies) without 
serum (or other medium without serum) and mixed gently. The 
Lipofectamine 2000 reagent was diluted with Opti-MEM® I Medium, 
mixed gently before use and incubated at room temperature for 5 
min. Then, the diluted Lipofectamine 2000 was combined with the 
diluted vectors and let-7a or let-7b inhibitors. After gentle mixing and 
incubation for 20 min at room temperature, the mixture was added to 
each well containing cells and medium. After 6 h, the medium was 
replaced with fresh medium. Cells were harvested and lysed 30 h 
after transfection; then, the Dual Luciferase Reporter assay system 
(Promega) was applied to analyze the expression of luciferase in the 
transfected cells according to the manufacturer’s instructions. Cells 
transfected with Lipofectamine 2000 reagent only without miRNA 
inhibitor served as the control [3].

In vitro embryo adhesion assay
Mouse uterine epithelial cells harvested in the afternoon from one 

mouse on day 1 of pregnancy were seeded onto 24-well culture plates 
and transfected with 100 pmol of let-7a or let-7b precursor (Ambion 
Applied Biosystems, Austin, TX, USA) as described previously [25]. 
After 48 h, the hatching mouse blastocysts (8 hatching blastocysts 
for each group in each of 4 replicate experiments for a total of 96 
hatching blastocysts used in this experiment) collected from pregnant 
mice were transferred and cultured onto the monolayers of uterine 
epithelial cells for 24 h. The cells transfected with Lipofectamine 
2000 reagent only without the let-7a or let-7b precursor served as 
the control group. The embryos were scored as unattached if they 
moved from their original location when the plates were shaken and 
scored as attached if they did not move freely.

Statistical analysis
One of three statistical methods (Student’s t-test, one-way ANOVA 

followed by LSD, and Chi square analysis) was applied to analyze 

the data according to the experimental design. These analyses were 
conducted with a statistical analysis system program (SAS version 9.1; 
SAS Institute, Cary, NC, USA) to determine significant differences 
among experimental groups in various experiments. P values less 
than 0.05 were considered significantly different.

Results

Expression of the Muc1 protein in mouse endometrial 
epithelial cells during early pregnancy

Western blotting was performed to analyze Muc1 protein levels 
during pregnancy (days 1 to 4) using lysates of uterine endometrial 
cells. The results showed that Muc1 protein expression was highest 
on day 1 of pregnancy and constantly decreased until day 4. A 
significant difference was found between days 1 and 4 of pregnancy 
(P < 0.05; Fig. 1).

Expression of let-7a and let-7b in mouse endometrial epithelial 
cells during early pregnancy

The mouse uterine endometrial epithelia harvested on days 1 to 
4 of pregnancy were examined for the expression of let-7a during 
early pregnancy using real-time RT-PCR. The results showed that 
the expression of let-7a gradually increased from day 1 to day 4 
of pregnancy, reaching the highest level on day 4 (Fig. 2). This 
pattern is similar to the let-7b expression pattern demonstrated 
previously [26]. Additionally, the expressions of both let-7a and 
let-7b expression on day 4 of pregnancy were significantly higher 
than on days 1 and 2 (Fig. 2).

Let-7a and let-7b directly target the 3’UTR of muc1
Using online databases including MicroCosm Targets (http://

www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/detail_view.
pl?transcript_id=ENSMUST00000041142) and Diana miRGen (http://
www.diana.pcbi.upenn.edu/cgi-bin/miRGen/v3/Targets.cgi#Results), 
we found that the seed regions of let-7a and let-7b matched sites 
in the 3’UTR of muc1 (Fig. 3a). Therefore, a luciferase assay was 
applied to validate whether let-7a and let-7b bind directly to the 
3’UTR of muc1. We constructed a reporter plasmid (pRL-Muc1) in 
which the 3’UTR of muc1 was subcloned immediately downstream of 
the luciferase gene in the plasmid pRL-SV40. Transfection with the 
desired vectors or nucleotide sequences according to the experimental 
design was conducted in the B16F10 cell line. The results showed that 
the luciferase activities in the cells co-transfected with pRL-Muc1 
and pRL-SV40 were significantly lower than in the cells transfected 
with pRL-SV40 alone (Figs. 3b and 3c). Transfection of either let-7a 
or let-7b inhibitors with pRL-SV40 in B16F10 cells had no effect on 
the expression of luciferase activity, but the suppression of luciferase 
activity in cells transfected with pRL-Muc1 was significantly restored 
after transfection of either let-7a inhibitor or let-7b inhibitor (Figs. 
3b and 3c). These results indicate that Muc1is the target gene of 
let-7a and let-7b.

Suppression of Muc1 by overexpression of let-7a or let-7b
In addition to the evidence from the luciferase assay, the negative 

regulation of Muc1 by let-7a and let-7b was further confirmed by 
immunoblotting. The uterine endometrial epithelia collected from 
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mice on day 1 of pregnancy were transfected with let-7a or let-7b 
precursors for 72 h, and the expression of Muc1 was analyzed by 
immunoblotting. Due to the limitations of primary cell culture, 
50 μg of total protein from each sample was applied in this assay. 
The expression of Muc1 was significantly downregulated in the 
endometrial epithelial cells transfected with the let-7a or let-7b 
precursors compared with the control group (Fig. 4). Taken together, 
the current data suggested that the suppression of Muc1 in the mouse 
uterine endometrial epithelia is mediated by let-7a and let-7b.

Reduction of embryo adhesion to the endometria by let-7a and 
let-7b

Next, we investigated the effect of let-7a and let-7b on embryo 
adhesion. Mouse embryo adhesion assays were performed on mouse 
uterine epithelial cells collected from mice on day 1 of pregnancy. 
After transfection of let-7a or let-7b precursors for 48 h, cells 
were cocultured with mouse hatching blastocysts for another 24 h. 

Embryo attachment was evaluated by shaking the culture plates. 
The percentages of embryo adhesion were increased in the groups 
of blastocysts cocultured with epithelia transfected with let-7a and 
let-7b precursors compared with the control group (34% and 47% 
vs.19%; P < 0.01; Table 1).

Discussion

The successful implantation process relies on cross talk between 
the embryo and uterine epithelia, which requires well-developed 
blastocysts and differentiated receptive uteri. The reduction of Muc1 
on uterine luminal epithelial cells or in the confined region (i.e., 
the implantation site) before embryo attachment to the receptive 
uterus is important to guide the blastocyst to the precise area that 
is fittest for implantation [27–30, 44]. The implantation window 
during which the endometrium becomes receptive for embryos is 
sustained for a confined period of time [15, 31]. In mice, the uterus 
becomes receptive on day 4 of pregnancy or pseudopregnancy and 
continues to the refractory state on day 5 [32]. In the present study, 
the results showed that Muc1 expression was high on day 1 and 
constantly decreased until day 4 of pregnancy (Fig. 1). Therefore, 
our results are in agreement with previous reports indicating that 
Muc1 expression is downregulated in the uterine epithelia during 
the window of the receptive phase before blastocyst attachment [12].

It has been demonstrated that the decrease in Muc1 expression 
on the receptive endometrium is correlated with ovarian steroid 
hormones. Muc1 can be upregulated by estrogen and regulated 
by progesterone. The interaction between embryos and epithelia 
is facilitated under hormonal regulation [14]. Moreover, studies 
have implicated miRNAs as one of the regulatory factors involved 

Fig. 1.	 Expression of Muc1 analyzed by Western blotting in endometrial 
epithelial cells collected from mice during early pregnancy. 
Mouse uterine epithelia harvested during days 1 to 4 of pregnancy 
(one mouse for each stage of days 1 to 4 for a total of 12 mice in 
three replicates) were subjected to the Western blotting assay. (a) 
The expression of Muc1 was detected with a molecular weight of 
130 kDa. (b) The relative expression of MUC1 was normalized 
to β-actin and analyzed with the ImageJ software (version 1.44p; 
National Institutes of Health, Bethesda, MD, USA). Asterisks 
indicate statistical significance (P < 0.05) by Student’s t-test. 
Data are expressed as the mean ± SEM.

Fig. 2.	 Changes in let-7a expression in the mouse uterine epithelia during 
early pregnancy from days 1 to 4 by real-time RT-PCR analysis. 
Total RNA from mouse endometrial epithelial cells from days 1–4 
of pregnancy (one mouse for each stage) was extracted to conduct 
real-time RT-PCR. Day 1 was designated as the day that a vaginal 
plug was found. Bars with different letters differ significantly (P 
< 0.05) by one-way ANOVA followed by the LSD test. Data are 
expressed as the mean ± SEM from three replicates (n = 12 mice).
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Fig. 3.	 Let-7a and let-7b target the 3’UTR of Muc1. (a) GAGGUAG 
(underlined) is the seed region of let-7a and let-7b and is almost 
complementary to the Muc1 3’UTR. Analyses of luciferase 
activities were conducted in B16F10 cells transfected with pRL-
Muc1 and a let-7a inhibitor (b), or with pRL-Muc1 and a let-7b 
inhibitor (c). pRL-SV, cells co-transfected with pRL-SV40 and 
pGL3 vectors; pRL-Muc1, cells co-transfected with both pRL-
Muc1 and pGL3 vectors; pRL-SV-let-7a inh, cells co-transfected 
with both pRL-SV40 and pGL3 vectors plus let-7a inhibitor; 
pRL-Muc1-let-7a inhi, cells co-transfected with both pRL-Muc1 
and pGL3 vectors plus let-7a inhibitor; pRL-SV-let-7b inh, cells 
co-transfected with both pRL-SV40 and pGL3 vectors plus let-
7b inhibitor; pRL-Muc1-let-7b inhi, cells co-transfected with 
both pRL-Muc1 and pGL3 vectors plus let-7b inhibitor. Data are 
expressed as the mean ± SEM from three replicates. Asterisks 
indicate statistical significance (P <0.05) by Student’s t-test.

Fig. 4.	 Analysis of Western blotting revealed the reduction in Muc1 
expression by the let-7a and let-7b precursors. Mouse epithelial 
cells isolated from four pregnant mice on day 1 in each of three 
replicate experiments (n = 12 mice) were seeded onto 6-well 
culture plates and transfected with/without 100 pmol let-7a or 
let-7b precursor. The cells were analyzed 72 h after transfection 
by Western blotting (a). The relative expression of Muc1 was 
normalized to β-actin and analyzed with the ImageJ software 
(version 1.44p; National Institutes of Health, Bethesda, MD, 
USA); the cells transfected with Lipofectamine 2000 reagent only 
served as the control (b). Asterisks indicate statistical significance 
(*P < 0.05; ** P < 0.01) by Student’s t-test. Data are expressed as 
the mean ± SEM.

Table 1.	 Evaluation of embryo adhesion# to the monolayer of uterine 
epithelial cells transfected with let-7a or let-7b precursors

Treatment of epithelia* Embryo no. Attachment (%)
Control 32 6/32 (18.75 ± 6.25) a

Let-7a 32 11/32 (34.38 ± 10.67) a

Let-7b 32 15/32 (46.88 ± 5.98) b

# The hatching mouse embryos were cultured on the uterine epithelial 
cells for 24 h, and embryo attachment was scored (4 replicates, total 
12 mice used). * The uterine epithelial cells were collected from mice 
on day 1 of pregnancy (4 replicates, total 8 mice used) and transfected 
with let-7a or let-7b precursors for 48 h before being cultured with 
mouse blastocysts. Different superscripts in the same column indicate 
significant differences (P < 0.01, Chi-squared test).
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in oocyte maturation, early development, and embryo implanta-
tion [20, 33]. miR-200a can downregulate phosphatase and tensin 
homolog (PTEN) levels, resulting in a reduction of pregnancy 
rates by affecting embryo implantation in mice [21]. Additionally, 
during embryonic development in mice, let-7 was previously found 
to be highly expressed in mature oocytes and zygotes; however, 
expression continuously decreased from the 2-cell to the 8-cell stage 
[33]. In contrast, let-7a expression in the uterus was significantly 
induced by active blastocysts, the process of embryo invasion, and 
decidualization during the implantation window, indicating the 
importance of let-7a in embryo implantation [18]. Based on results 
from microarrays, Northern blotting and in situ hybridization, let-7a 
and let-7b expression are significantly increased in the implantation 
sites compared with the inter-implantation sites in mouse uteri on 
day 5 of pregnancy [4, 24]. Other data further indicated that let-7b 
gradually increased from day 1 to day 4 of pregnancy, with expression 
reaching the highest level on day 4 [3]. In the present study, the 
real-time RT-PCR results showed that let-7a increased from day 
1 to day 4, with significantly higher expression on day 4 (Fig. 2), 
similar to the pattern observed with let-7b [3].

Because miRNAs require only partial matching to the target 
sequences [34–38], we applied computer-based sequence analyses to 
predict candidate targets of let-7a and let-7b. The results suggested 
that these two miRNAs might regulate Muc1 (Fig. 3a). Luciferase 
reporter assays are a commonly used method to ascertain the direct 
binding and regulation between miRNAs and their predicted target 
mRNAs [39, 40]. Using a luciferase assay, we found that luciferase 
activity was significantly decreased after transfection with pRL-Muc1, 
while expression was restored by co-transfection with let-7a and 
let-7b inhibitors (Figs. 3b and c). Therefore, we demonstrated that 
let-7a and let-7b can interact directly with the 3’UTR of Muc1. 
Next, we provided evidence from Western blotting showing that 
let-7a and let-7b can mediate Muc1 expression. The results revealed 
that the expression of Muc1 was significantly decreased 72 h after 
transfection with let-7a and let-7b (Fig. 4). Additionally, our previous 
study demonstrated that Muc1 protein expression was regulated by 
miR-199a [25], indicating that Muc1 protein levels are not only 
regulated by miR-199a but also by let-7a and let-7b. It is known 
that one miRNA can bind to and regulate more than 100 different 
mRNAs; furthermore, a single mRNA can be regulated by different 
miRNAs [41]. To our knowledge, this is the first study to reveal the 
expression patterns of Muc1 and let-7a/let-7b in mouse endometrial 
epithelia during implantation and to demonstrate the regulation of 
Muc1 by let-7a and let-7b.

Muc1 prevention of embryo attachment has been demonstrated 
by both in vitro embryo implantation and embryo-cell (an embryo 
with cells) aggregation assays [42]. Complete downregulation of 
Muc1 could increase the receptivity of the endometrial epithelium 
to embryo adhesion in vitro, although Muc1 represents only 10% of 
the total cell-associated mucins in the mouse endometrial epithelia 
[11, 43, 44]. The function of the physiological reduction of Muc1 
caused by let-7a and let-7b was validated by the in vitro embryo 
adhesion assay. Our results showed that mouse blastocysts exhibited 
significantly increased rates of attachment to endometrial epithelial 
cells transfected with let-7b mimics compared with the group in 
which the epithelia had not been transfected (Table 1). Therefore, 

we suggest that uterine receptivity resulting from the reduction of 
Muc1 could be regulated by let-7a and let-7b.

In conclusion, in the present study, we clearly demonstrated the 
expression patterns of Muc1, let-7a and let-7b in mouse uterine 
epithelial cells during early pregnancy. Our findings identified Muc1 
as a direct target of let-7a and let-7b. Due to the regulation of miRNA 
during the process of implantation, we propose that a better understand-
ing of the physiological and molecular mechanisms responsible for 
implantation could help to improve modern reproductive therapies.
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