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Successful embryonic implantation requires an effective maternal-embryonic molecular dialogue. How-
ever, the detailed mechanisms of epithelial-embryo adhesion remain poorly understood. Here, we report
that matrix metalloproteinase-26 (MMP-26) is a novel downstream target gene of homeobox a 10
(HOXA10) in human endometrial cells. HOXA10 binds directly to a conserved TTAT unit (—442 to

Keywords: —439) located within the 5’ regulatory region of the MMP-26 gene and regulates the expression and
xg)‘&fs secretion of MMP-26 in a concentration-dependent manner. Moreover, the adenovirus-mediated overex-

pression of MMP-26 in Ishikawa cells markedly increased BeWo spheroid adhesion. An antibody blocking
assay further demonstrated that the promotion of BeWo spheroid adhesion by HOXA10 and MMP-26 was
significantly inhibited by pre-treatment with a specific antibody against MMP-26. These results demon-
strate that the HOXA10-mediated expression of MMP-26 promotes embryo adhesion during the process
of embryonic implantation.

Embryo adhesion

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Embryo implantation is a dynamic process that includes the
apposition and attachment of the blastocyst to the receptive endo-
metrium and the invasion of the trophoblast cells of the conceptus
into the endometrium [1], all of which is ensured by sex steroids,
growth factors, adhesion molecules and extracellular matrix pro-
teins [2]. Indeed, any aberration in this process can result in infer-
tility, which is currently considered the most important limiting
factor for the establishment of viable pregnancy during assisted
reproduction [3].

Several key transcription factors, such as liver receptor homo-
log-1 (LRH-1) [4], signal transducer and activator of transcription
3 (STAT3) [5] and Kruppel-like factor 5 (KLF5) [6], have been impli-
cated in the control of embryo implantation. HOXA10 is a homeo-
box-containing transcription factor that is necessary for
implantation [7-10]. Proper HOXA10 expression is essential for
endometrial cell differentiation and receptivity, which facilitate
the development of the conditions that are necessary for embryo
implantation [11]. HOXA10 null mice are infertile primarily due
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to defective implantation (a failed attachment reaction) as well
as aberrant decidualization [7,9]. These mice produce viable em-
bryos that can implant and develop normally in a wild-type surro-
gate. In contrast, wild-type embryos fail to implant in HOXA10-
deficient mice. HOXA10 is expressed cyclically during the men-
strual cycle in the endometrium under the influence of estrogen
and progesterone, with maximal expression in the human endo-
metrial epithelium and stromal cells during the implantation win-
dow [8,12]. Furthermore, HOXA10 regulates the expression of
various downstream target genes that are also involved in implan-
tation, such as B3 integrin (ITGB3), empty spiracles homeobox 2
(EMX2) and p300/CBP-associated factor (p/CAF) [13-15]. Deficien-
cies in the expression of HOXA10 have been described in associa-
tion with endometriosis, polycystic ovary syndrome (PCOS) and
hydrosalpinges [12,16-17], all of which are conditions associated
with abnormal implantation. The role of HOXA10 in the human
endometrium, however, is less clear.

Here, we report that MMP-26 is a novel HOXA10 downstream
target gene in a human endometrial adenocarcinoma cell line
(Ishikawa cells). Our studies have shown that HOXA10 specifically
binds to the MMP-26 promoter and regulates the expression of
MMP-26 to promote embryo attachment. The results of this study
provide us with a better understanding of the role, regulation and
function of HOXA10 during the embryo adhesion phase.
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2. Materials and methods
2.1. Cell culture

The Ishikawa cells, HEK293T cells and BeWo cells used in this
study were cultured in Dulbecco’s modified minimum essential
medium (HyClone, Thermo Scientific, South Logan, UT, USA) con-
taining 10% fetal bovine serum (FBS, Gibco BRL/Invitrogen, Carls-
bad, CA, USA) and 1% penicillin/streptomycin (HyClone, Thermo
Scientific, South Logan, UT, USA). The Ishikawa cells were cultured
in the presence or absence of 10 nM 17p-estradiol (E2) and 1 uM
progesterone (P4) (Sigma, St. Louis, MO, USA) for the indicated
time periods.

2.2. Construction of adenovirus vectors

Adenovirus vectors harboring the full-length HOXA10 (Ad-
HOXA10-Myc) and MMP-26 genes (Ad-MMP26-Flag) were gener-
ated using AdMax (Microbix) systems according to the manufac-
turer’s recommendations. An adenovirus bearing LacZ (Ad-LacZ)
was obtained from Clontech (Mountain View, CA, USA).

2.3. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from Ishikawa cells using TRIzol re-
agent (Life Technologies, New York, NY, USA) according to the
manufacturer’s instructions. A 2 pg aliquot of total RNA was re-
verse transcribed into cDNA using the M-MLV RT system (Promega,
Madison, WI, USA). Quantitative real-time PCR was performed
using SYBR green (Bio-Rad Laboratories, Hercules, CA, USA). The
specific primers used for human MMP-26 primers were 5'-
GTGCAGAATGGAGATGCAGA-3' and 5-TGAGTTGCAACCAGGAA-
CAG-3'. The reactions were carried out using a MyiQ Single Color
Real-time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, USA) and were run for 40 cycles (95 °C for 10 s, 60 °C/63.6 °C
for 30 s) after an initial 3 min incubation at 95 °C. The fold change
in expression of each gene was calculated using the 27227 meth-
od; 18S rRNA served as an internal control.

2.4. Transient transfection and luciferase reporter assay

A pGL3-basic luciferase reporter vector (Promega, Madison, WI,
USA) harboring the MMP-26 promoter sequence (—550 to —200,
Promoter ID: 6224) was constructed with the following primers:
5-TATAGGTACCTCCTGACTTGTGATCTGCCCT-3' and  5'-TATA-
GCTAGCCACCTGATGGTCCTCA-3'. Mutagenesis of the putative
HOXA10 binding site in the MMP-26 promoter was performed
using overlapping extension PCR. At 60% confluence, Ishikawa cells
in 12-well plates were infected with Ad-HOXA10-Myc for 24 h. The
cells were then co-transfected with 300 ng of the MMP-26 reporter
construct and 10 ng of the Renilla luciferase reporter plasmid pRL-
RSV using Lipofectamine™ 2000 transfection reagent (Life Tech-
nologies, Grand Island, NY, USA). Luciferase activity was measured
after 48 h of transfection using the Dual-Luciferase reporter assay
system (Promega, Madison, WI, USA) with a Centro XS3 LB 960
luminescence counter (Berthold Technologies, GmbH Co., Bad
Wildbad, Germany) according to the manufacturer’s instructions.
Firefly luciferase activity was normalized for transfection efficiency
using the corresponding Renilla luciferase activity. The experi-
ments were performed in triplicate.

2.5. Chromatin immunoprecipitation (ChIP) assay

The protocol for the ChIP assay was based on the method of Sun
et al. as previously described [15]. Ishikawa cells were prepared for

ChIP using anti-c-Myc affinity gel (Sigma, St. Louis, MO, USA). The
purified DNA fragments were subjected to PCR using the following
set of primers designed to amplify the human MMP-26 promoter:
5-ATCTCCTGACTTGTGATCTG-3' and 5-ACTGCTTGAATTCAGGT-
ACA-3'.

2.6. Avidin-biotin conjugate DNA precipitation (ABCD) assay

ABCD assay was performed as described by Shen et al. [18]. The
following double-stranded oligonucleotides were used, all of which
were biotinylated at the 3’-end of the sense strand: MMP-26 for-
ward: 5-TGGATCTTTATTACAGCAGACATTATTTATTTCCC-3’, MMP-
26 reverse: 5'-GGGAAATAAATAATGTCTGCTGTAATAAAGATCCA-3'.

2.7. Western blotting

Immunoblotting was performed with primary antibodies
against HOXA10 and MMP-26 (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), Myc-HRP (1:5000; Invitrogen, San Diego,
CA, USA), Flag-HRP (1:5000; Sigma, St. Louis, MO, USA), FAK and
p-FAK(Y925) (1:1000; Bioworld, Nanjing, China), GADPH and B-ac-
tin (1:10000; Bioworld, Nanjing, China). Immunodetection was
accomplished using rabbit anti-mouse or goat anti-mouse second-
ary antibodies and an enhanced chemiluminescence kit.

2.8. Attachment assay of BeWo spheroids to Ishikawa cells

According to our standard laboratory protocol, we used multi-
cellular spheroids of human choriocarcinoma BeWo cells with
endometrial Ishikawa cells as an in vitro model of attachment
[10]. Ishikawa cells grown in 12-well plates to 50% confluency
were infected with Ad-HOXA10-Myc, Ad-LacZ or Ad-MMP-26-Flag
at the indicated MOI for 24 h. A functional blocking antibody
against MMP-26 was also used in the attachment assay, as the ade-
novirus-treated cells were cultured in the presence of a mouse
antibody against MMP-26 or mouse preimmune IgG (Abcam, Cam-
bridge, MA, USA) at a concentration of 0.5 pg/mL for 1 h before the
transfer of the BeWo spheroids onto the surface of a confluent
monolayer of Ishikawa cells. After incubation at 37 °C for 2 h, the
unattached spheroids were removed by washing the cells with
PBS containing Ca®" (0.1 mg/L) and Mg?* (0.1 mg/L). We then
counted the attached spheroids under a light microscope and ex-
pressed the attachment rate as a percentage of the total number
of spheroids added to the Ishikawa monolayer. All attachment as-
says were performed in triplicate.

2.9. MMP-26 enzyme-linked immunosorbent assay

To detect the secretion of MMP-26, Ishikawa cells were cultured
in DMEM supplemented with 10% charcoal/dextran-treated FBS
(HyClone, Thermo Scientific, South Logan, UT, USA). MMP-26
secretion levels were measured using MMP-26 ELISA kits (Uscn
Life Science Inc., Wuhan, China). The detection range of the human
MMP-26 ELISA kit was 0.156-10 ng/mL. DMEM supplemented
with charcoal/dextran-treated FBS did not contain measurable
amounts of MMP-26.

2.10. Statistical analysis

The data are expressed as the means + SEM from at least three
independent experiments. Student’s t-test and ANOVA were per-
formed to detect differences between two groups and among more
than two groups, respectively. The values were determined to be
significant when P < 0.05.
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3. Results

3.1. HOXA10 transactivates the human MMP-26 promoter in Ishikawa
cells

Previous studies have shown that the transcription factor
HOXA10 plays an important role in endometrial physiological
functions [7-11]. However, the targets of HOXA10 in human endo-
metrial cells are less well known. We employed a gain-of-function
approach using adenovirus-mediated overexpression of HOXA10
(Ad-HOXA10-Myc) to identify potential target genes for HOXA10
in Ishikawa cells. The purified DNA fragments from the HOXA10-
chromatin complexes were subsequently cloned and sequenced.
Among the sequenced clones, we obtained five that appeared to
be from promoter regions and corresponded to bases —650 to
—76 of the MMP-26 promoter.

Fig. 1A shows that the human MMP-26 promoter was efficiently
amplified by PCR from the HOXA10-Myc chromatin complexes,
but not from the controls, suggesting that HOXA10 could bind di-
rectly to the MMP-26 promoter. To explore the functional role of
HOXA10 binding to the MMP-26 promoter, we constructed a lucif-
erase reporter plasmid containing approximately 350 bp of the hu-
man MMP-26 promoter with the TTAT-rich sequence (Fig. 1B,
—550 to —200; promoter ID: 6224). As depicted in Fig. 1C, overex-
pression of HOXA10 in Ishikawa cells enhanced human MMP-26
promoter activity in a concentration-dependent manner. In addi-
tion, the transfection of HOXA10 siRNA resulted in an 80% inhibi-
tion of endogenous HOXA10 protein expression in human
endometrial cells [15], which was reflected by a 70% decrease in
MMP-26 promoter activity in Ishikawa cells (Fig. 1D). Taken to-
gether, these results demonstrated that HOXA10 bound directly
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to the human MMP-26 promoter and activated MMP-26 promoter
activity.

3.2. HOXA10 is required for hormone-induced MMP-26 expression in
Ishikawa cells

HOXA10 binds to the MMP-26 promoter and activates MMP-26
promoter activity in Ishikawa cells, which prompted us to investi-
gate whether MMP-26 expression was regulated by HOXA10. We
found that the overexpression of HOXA10 (Fig. 2A) in Ishikawa
cells markedly increased the expression of MMP-26 mRNA by 5-
fold (Fig. 2B) and led to the secretion of MMP-26 protein into the
culture medium in a concentration-dependent manner (Fig. 2C).

Moreover, the knockdown of endogenous HOXA10 mRNA
expression by 70% (Fig. 2D) in Ishikawa cells substantially de-
creased the expression of MMP-26 mRNA expression to half of that
observed in the siCTL group (Fig. 2E). The release of MMP-26 pro-
tein into the medium was also monitored by ELISA, as illustrated in
Fig. 2F. Treatment with HOXA10 siRNA markedly inhibited MMP-
26 protein secretion compared with control siRNA at 50 nM
(3.34£0.23 vs. 4.74+0.40; P<0.05 vs. control siRNA group,
n=3)and at 100 nM (2.91 £ 0.33 vs. 4.74 + 0.40, P < 0.05 vs. control
siRNA group, n = 3).

Consistent with previous reports, we found that estrogen and
progesterone induced the expression of HOXA10 and MMP-26
(Fig. 2G). Importantly, HOXA10 knockdown in Ishikawa cells sig-
nificantly attenuated the expression of MMP-26 mRNA induced
by estrogen and progesterone compared to the control siRNA
group (Fig. 2H).

Taken together, these data suggest that MMP-26 is a novel tar-
get gene of HOXA10 in human endometrial epithelial cell lines.
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Fig. 1. Identification of MMP-26 as a HOXA10 target gene in human endometrial Ishikawa cells. (A) Chromatin immunoprecipitation assays showed that HOXA10 interacted
with the MMP-26 promoter in Ishikawa cells. (B) Schematic representation of the HOXA10 consensus binding sites (TTAT and TAAT) within the MMP-26 promoter region. (C)
Overexpression of HOXA10 in Ishikawa cells enhanced human MMP-26 promoter activity demonstrated by luciferase assays (n = 3). **P < 0.01 compared with Ad-LacZ alone.
(D) HOXA10 knockdown suppressed human MMP-26 promoter activity (n = 3). *P < 0.05, **P < 0.001 vs. siCTL alone.
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Fig. 2. Effect of HOXA10 on MMP-26 expression. Ishikawa cells were transduced with Ad-LacZ or Ad-HOXA10-Myc at the indicated MOI for 2 days. (A) HOXA10 and (B) MMP-
26 mRNA expression levels were measured using qRT-PCR (n = 3). *P < 0.05, **P < 0.001 compared with Ad-LacZ. (C) Release of MMP-26 into the medium was measured by
ELISA (n = 3), *P < 0.05 compared with Ad-LacZ alone. Exogenous HOXA10 protein expression was determined by Western blot analysis using an anti-Myc antibody. Ishikawa
cells were transfected with siHOXA10 (50 nM and 100 nM) and siCTL (50 nM and 100 nM) for 72 h. (D) HOXA10 mRNA and (E) MMP-26 mRNA expression were measured by
qRT-PCR (n = 3). *P < 0.05, **P < 0.001 vs. siCTL alone. (F) MMP-26 released into the medium was measured by ELISA (n = 3); *P < 0.05 compared with siCTL alone. Endogenous
HOXA10 protein expression was determined by Western blot analysis using an anti-HOXA10 antibody. (G) Ishikawa cells were treated with estrogen (E2) (10 nM) and
progesterone (P4) (1 uM) for different times periods as indicated. HOXA10 and MMP-26 mRNA expression levels were measured by qRT-PCR (n = 3). * #*P < 0.05 compared
with Ad-LacZ. (F) Ishikawa cells were transfected with siHOXA10 (100 nM) and siCTL (100 nM) for 72 h. The cells were then treated with estrogen (E2) (10 nM) and
progesterone (P4) (1 pM) for 24 h. HOXA10 and MMP-26 mRNA expression levels were measured by qRT-PCR (n = 3). * *P < 0.05 compared with siCTL alone.

3.3. Identification of the HOXA10 functional binding sites within the
human MMP-26 promoter region

HOXAT10 transactivates target gene promoters through prefer-
ential binding to a consensus core of TTAT or TAAT sequences
[19]. Based on the human MMP-26 promoter sequence deposited
in the transcriptional regulatory element database (accession No.
6224), we identified seven conserved binding elements within
the cloned MMP-26 promoter fragment. To localize the HOXA10-
binding site within the MMP-26 promoter, we generated five
MMP-26-Luc reporter constructs that were used in luciferase re-
porter assays: FL-Luc, F1-Luc, F2-Luc, F1-Luc Mu and F2-Luc Mu
(Fig. 3A). We found that HOXA10 overexpression in 293T cells acti-
vated the luciferase activity of the FL-Luc, F1-Luc and F1-Luc MU
constructs by greater than 20-fold. In contrast, HOXA10 overex-
pression induction of the MMP-26 promoter did not obviously alter
the luciferase activity of the F2-Luc and F2-Luc Mu constructs
(Fig. 3B). These data suggest that HOXA10 induces MMP-26 pro-
moter activity through the transactivation of three consecutive
TTAT sites located between —450 and —410bp in the human
MMP-26 promoter.

To further identify which of the consecutive TTAT units is re-
quired for HOXA10 binding, we performed ABCD assays using bio-
tinylated double-stranded oligonucleotides. The WT, MU-1, MU-2
and MU oligonucleotides derived from the MMP-26 promoter se-

quence are shown in Fig. 3C. As shown in Fig. 3D, Myc-tagged
HOXAT10 protein strongly bound to WT and MU-2, but not to the
oligonucleotide with mutations in all three TTAT units (MU). These
data demonstrate that the first conserved TTAT unit (—442 to
—439) is required for specific HOXA10 binding.

3.4. Activation of MMP-26 by HOXA10 promotes embryo adhesion
in vitro

MMP-26 was localized exclusively to epithelial cells of both the
gland and luminal surface, implying that it may be essential for
implantation. We therefore fused a Flag tag to the C-terminus of
MMP-26 and expressed the fusion protein in a recombinant adeno-
virus vector. We subsequently infected Ishikawa cells with this
adenovirus to upregulate MMP-26 expression and secretion
(Fig. 4A and B). Using an in vitro adhesion/attachment model with
BeWo spheroids, we found that overexpression of Ad-HOXA10 or
Ad-MMP-26 in Ishikawa cells could increase the ratio of BeWo
spheroid adhesion by approximately 20% compared with the
expression of Ad-LacZ (55.1+3.53%, 53.3+4.01% and
31.8 +2.24%, respectively; Fig. 4D, gray bars). An antibody-block-
ing assay further demonstrated that the HOXA10- and MMP-26-
mediated promotion of BeWo spheroid adhesion to Ishikawa cells
was more significantly inhibited by pre-treatment with an anti-
body specific to MMP-26 compared with control mouse IgG (For
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Fig. 3. Identification of functional HOXA10 binding sites within the human MMP-26 promoter region. (A) Schematic representation of human MMP-26 promoter mutants. (B)
The effects of HOXA10 on the activity of human MMP-26 promoter mutants (n = 3). **P < 0.01 compared with empty vector. (C) Schematic representation of the MMP-26 WT,
MMP-26 MU-1, MMP-26 MU-2 and MMP-26 MU promoter core regions used in the ABCD assays. (D) The ABCD assays and Western blot analysis illustrate the binding of

HOXAT10 to the different MMP-26 promoter deletion mutants.

HOXAT10, the attachment rates were 55.1 + 3.53% (control IgG) vs.
42.9+3.78% (MMP-26 antibody); for MMP-26, the attachment
rates were 53.3 +4.01% (control IgG) vs. 39.7 £3.41% (MMP-26
antibody), P < 0.05; Fig. 4D, black bars). In addition, Western blot
analysis (Fig. 4E) indicated that the overexpression of HOXA10
and MMP-26 could increase the phosphorylation of the focal adhe-
sion kinase (FAK) protein at Tyr 925 in Ishikawa cells, implying
that MMP-26 could active FAK signaling pathways to regulate em-
bryo-endometrial interactions.

These results suggest that MMP-26 secreted from the glandular
epithelium is essential for embryo adhesion.

4. Discussion

Successful implantation of a good quality human embryo in a
receptive endometrium requires complex interactions between
multiple factors [1-2]. As a known marker of endometrial receptiv-
ity, the HOXA10 transcription factor regulates the downstream tar-
get genes that are also involved in implantation [13-15]. In the
present study, we used chromatin immunoprecipitation to identify
MMP-26 as a novel HOXA10 target gene in human endometrial
epithelial cells.

MMP-26 is a novel enzyme that displays a unique expression
pattern and is different from all other known endometrial MMPs.
MMP-26 mRNA is localized to epithelial cells and upregulated dur-
ing the early secretory phase of the cycle immediately preceding
the period of embryo implantation [20]. The regulation of MMP-
26 is a complicated process. Several reports have indicated that
estrogen regulates MMP-26 expression through a direct estrogen
receptor-mediated pathway (ESR-I) and indirectly through the reg-
ulation of other pathways in women [21]. Recently, using an ovari-
ectomized hormone-treated rhesus macaque model, Almeida et al.

confirmed that endometrial MMP-26 expression is dependent on
the presence of progesterone in the early secretory phase, while
it gradually becomes refractory to progesterone stimulation in
the late secretory phase [22].

HOXAT10 acts downstream of estrogen and progesterone to reg-
ulate endometrial function [8,12]. We found seven conserved
HOXA10 binding elements (TTAT or TAAT) within the cloned
MMP-26 promoter fragment; thus, it is reasonable to presume that
HOXA10 directly regulates MMP-26 expression. In this study, via
ChIP/PCR, ABCD and qRT-PCR analysis, we observed that HOXA10
bound specifically to a conserved TTAT unit (—442 to —439) within
the MMP-26 promoter and increased MMP-26 expression. Impor-
tantly, the knockdown of endogenous HOXA10 expression in Ishik-
awa cells significantly attenuated the estrogen- and progesterone-
mediated induction of MMP-26 mRNA expression. However, the
significance of the HOXA10 regulation of MMP-26 secretion in
the human endometrium is not clear.

Matrix metalloproteinases (MMPs) and their inhibitors have
been shown to play direct roles in the process of embryonic
implantation [23]. As previously reported, MMP-26 is exclusively
expressed in the epithelial compartment during the early secretory
phase and is barely expressed in stromal cells [20]. However, we
found that HOXA10 also regulated MMP-26 expression in human
stromal cells and MMP-26 secretion from the mid-secretory endo-
metrium (data not shown); thus, MMP-26 may degrade the base-
ment membrane of endometrial cells to facilitate embryo
attachment and the subsequent invasion of the underlying mater-
nal endometrial tissue. In this study, we observed that the upreg-
ulation of MMP-26 expression and secretion could increase the
attachment of BeWo spheroids to Ishikawa cells, and this adhesion
effect was significantly inhibited in vitro by MMP-26 blocking anti-
bodies. Additionally, the overexpression of HOXA10 and MMP-26
activated integrin-FAK signaling pathways; however, the detailed
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Fig. 4. HOXA10 upregulates MMP-26 expression and mediates BeWo spheroid adhesion to Ishikawa cells. (A, B) Ishikawa cells were transduced with Ad-MMP26-Flag at the
indicated MOI for 2 days. MMP-26 protein expression was measured by Western blot and ELISA. (C) BeWo spheroids (150-200 pm diameter) were attached to Ishikawa cells
after 1.5 h of co-culture. (D) Adhesion experiments with BeWo spheroids attached to the Ishikawa cell monolayer. The data are the average of three independent experiments,
n=3. ANOVA was used to compare the percentage of the attached spheroids in each treatment with that of the control. The error bars indicate +SD of three independent
experiments; * *P < 0.05 versus the control group. (E) Overexpression of MMP-26 enhances FAK phosphoryation at Tyr 925. Ishikawa cells were infected with the indicated
adenoviruses for 48 h, and whole-cell lysates were analyzed by Western blotting with the indicated antibodies.
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