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studyquestion: Is protein expression of the muscle segment homeobox gene family member MSX1 altered in the human secretory endo-
metrium by cell type, developmental stage or fertility?

summaryanswer: MSX1 protein levels, normallyelevated in the secretory phase endometrium, were significantly reduced in endometrial
biopsies obtained from women of infertile couples.

what is known already: Molecular changes in the endometrium are important for fertility in both animals and humans. Msx1 is
expressed in the preimplantation mouse uterus and regulates uterine receptivity for implantation. The MSX protein persists a short time,
after its message has been down-regulated. Microarray analysis of the human endometrium reveals a similar pattern of MSX1 mRNA expression
that peaks before the receptive period, with depressed expression at implantation. Targeted deletion of uterine Msx1 and Msx2 in mice prevents
the loss of epithelial cell polarity during implantation and causes infertility.

study design, size duration: MSX1 mRNA and cell type-specific levels of MSX1 protein were quantified from two retrospective
cohorts during the human endometrial cycle. MSX1 protein expression patterns were compared between fertile and infertile couples. Selected
samples were dual-labeled by immunofluorescence microscopy to localize E-cadherin and b-catenin in epithelial cells.

participants/materials, setting methods: MSX1 mRNA was quantified by PCR in endometrium from hysterectomies
(n ¼ 14) determined by endometrial dating to be in the late-proliferative (cycle days 10–13), early-secretory (cycle days 14–19) or mid-secretory
(cycle days 20–24) phase. MSX1 protein was localized using high-throughput, semi-quantitative immunohistochemistry with sectioned endomet-
rial biopsy tissues from fertile (n ¼ 89) and infertile (n ¼ 89) couples. Image analysis measured stain intensity specifically within the luminal epi-
thelium, glands and stroma during the early-, mid- and late- (cycle days 25–28) secretory phases.

main results and the role of chance: MSX1 transcript increased 5-fold (P , 0.05) between the late-proliferative and early
secretory phase and was then down-regulated (P , 0.05) prior to receptivity for implantation. In fertile patients, MSX1 protein displayed
strong nuclear localization in the luminal epithelium and glands, while it was weakly expressed in nuclei of the stroma. MSX1 protein levels accu-
mulated throughout the secretory phase in all endometrial cellular compartments. MSX1 protein decreased (P , 0.05) in the glands between
mid- and late-secretory phases. However, infertile patients demonstrated a broad reduction (P , 0.001) of MSX1 accumulation in all cell
types throughout the secretory phase that was most pronounced (�3-fold) in stroma and glands. Infertility was associated with persistent
co-localization of E-cadherin and b-catenin in epithelial cell junctions in the mid- and late-secretory phases.
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limitations, reasons for caution: Details of the infertility diagnoses and other patient demographic data were not available.
Therefore, patients with uterine abnormalities (Mullerian) could not be distinguished from other sources of infertility. Antibody against human
MSX2 is not available, limiting the study to MSX1. However, both RNAs in the human endometrium are similarly regulated. In mice, Msx1
and Msx2 are imperative for murine embryo implantation, with Msx2 compensating for genetic ablation of Msx1 through its up-regulation in a
knockout model.

wider implications of the findings: This investigation establishes that the MSX1 homeobox protein accumulation is associated
with the secretory phase in endometrium of fertile couples, and is widely disrupted in infertile patients. It is the first study to examine MSX1
protein localization in the human endometrium, and supported by genetic findings in mice, suggests that genes regulated by MSX1 are linked
to the loss of epithelial cell polarity required for uterine receptivity during implantation.
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Introduction
Abnormalities in the process of implantation are believed to be the basis
of much unexplained infertility (Simon and Laufer, 2012). It has been
established that histological dating of endometrial biopsies is a poor pre-
dictor of infertility (Coutifaris et al., 2004). The current literature indi-
cates that the endometrium can be accurately evaluated at the
molecular level to identify the receptive phase and changes associated
with abnormal implantation. Transcriptomic analysis of endometrial bi-
opsies by gene array has documented significant changes across the
normal endometrial cycle (Punyadeera et al., 2005; Yanaihara et al.,
2005; Henriquez et al., 2006; Talbi et al., 2006; Lai et al., 2007), during
uterine receptivity for implantation (Kao et al., 2002; Dominguez et al.,
2003; Riesewijk et al., 2003; Mirkin et al., 2005; Simon et al., 2005;
Henriquez et al., 2006), with gonadotrophin therapy (Mirkin et al.,
2004; Horcajadas et al., 2005; Simon et al., 2005), in endometriosis
(Eyster et al., 2002; Arimoto et al., 2003; Matsuzaki et al., 2004, 2005;
Wu et al., 2006), and in endometrial cancer (Hever et al., 2006).
Several genes contributing to endometrial development have been iden-
tified that appear to become dysregulated in disease. Proteins that accu-
mulate during the secretory phase have been strongly implicated in
various etiologies of infertility, including endometriosis (Kao et al.,
2003), idiopathic infertility (Laird et al., 1997; Mikolajczyk et al., 2007),
and failed uterine receptivity for implantation (Das et al., 1994; Leach
et al., 1999, 2012; Lessey, 2002; Wang and Armant, 2002; Kumar
et al., 2003; Franco et al., 2008).

Successful implantation requires establishment of efficient, bidirec-
tional communication between an implantation-competent blastocyst
and the receptive uterus (Cha et al., 2012; Zhang et al., 2013). The
uterine lining, which consists of luminal epithelium (LE), glandular epithe-
lium (GE) and stroma (STR; mesenchyme, leukocytes, endothelium and
vascular smooth muscle), undergoes a series of biological transforma-
tions during the secretory component of the menstrual cycle that is
crucial for the success of embryo implantation (Gellersen and Brosens,
2014; Leach et al., 2012). The human endometrium enters into a ‘recep-
tive’ interval comprised of only 4 days during the mid-secretory phase
(MSP) (Cha et al., 2012). Pregnancy success is negatively impacted

when the receptive interval is disrupted. For example, if embryo implant-
ation occurs 1 day after the receptive interval, the rate of early pregnancy
loss increases from 25 to 40%, and is further elevated to 80% after a delay
of 2 days (Wilcox et al., 1999). Few studies have been published involving
the receptive endometrium and its disruption, which potentially leads to
infertility and recurrent pregnancy loss (Martel and Psychoyos, 1981;
Nikas et al., 1995; Lessey, 2010; Aghajanova et al., 2011).

Muscle segment homeobox gene family members msh homeobox 1
(Msx1) and msh homeobox 2 (Msx2) encode transcription factors that
control organogenesis and tissue interactions during embryonic develop-
ment (Alappat et al., 2003). Msx1 and Msx2 are expressed in the preim-
plantation mouse uterus, and are critical for fertility in mice (Daikoku
et al., 2011; Nallasamy et al., 2012). It has been suggested that these tran-
scription factors have cell-specific functions in the pregnant uterus, and
its subsequent morphological and functional changes (Cha et al.,
2013). The Msx genes are expressed at very low levels in uteri of non-
pregnant mice, increase dramatically prior to implantation (Days 3–4
of pregnancy), and are rapidly down-regulated approaching implantation
and thereafter (Daikoku et al., 2011; Nallasamy et al., 2012). Conditional
uterine ablation of both Msx1 and Msx2 induces infertility in mice due to a
failure of implantation, and is accompanied by persistent polarized organ-
ization of epithelial cell junctions with co-localized E-cadherin and
b-catenin (Daikoku et al., 2011).

In the human endometrial cycle, MSX1 mRNA expression appears to
be similarly down-regulated before the window of implantation, at MSP
(Kao et al., 2002; Riesewijk et al., 2003; Mirkin et al., 2005; Talbi et al.,
2006). We hypothesized that MSX1 transcript and protein expression
in the human endometrium correlates with uterine receptivity for im-
plantation, and is disrupted in a subset of infertile couples. To address
this idea, the expression pattern of human MSX1 was first determined
during the endometrial cycle. We then utilized 178 secretory phase
endometrial biopsies obtained by the National Institute of Child
Health and Human Development Cooperative Reproductive Medicine
Network’s Endometrial Biopsy Project, equally distributed between
women from fertile and infertile couples, to delineate the developmental
dynamics of MSX1 protein with regard to cyclic, cell type and
pathology-associated expression levels.
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Materials and Methods

Sample collection
Endometrial tissues were obtained from two retrospective cohorts. The first
cohort of endometrial samples was collected for MSX1 mRNA analysis with
institutional review board approval at the University of Tokyo. Fertile women
(aged 38.8+ 8.8 years; mean+ SD; N ¼ 14) underwent hysterectomy due
to uterine fibroids. All subjects had regular menstrual cycles, and received no
hormonal treatment for at least 6 months before surgery. Endometrial
samples were dated and grouped, according to the women’s menstrual
history and standard histological criteria (Noyes et al., 1950). Tissues
were collected during the late-proliferative phase (LPP; cycle days 10–13,
N ¼ 4), ESP (N ¼ 6), and MSP (N ¼ 4), and snap-frozen for RNA isolation.
RNA was isolated from the tissues using ISOGEN (Nippongene, Toyama,
Japan).

A second cohort of endometrial biopsies was obtained for MSX1 protein
analysis with approval of the WayneState University Human Investigation Re-
search Board, and those of all universities that contributed human biopsy
tissues. To determine cell-, cycle- and fertility-specific expression of MSX1
protein, timed endometrial biopsies, originally collected by the Reproductive
Medicine Network as part of a study examining the incidence of out of phase
endometrial biopsies, were used from fertile couples who had conceived and
delivered in the preceding 2 years (controls, n ¼ 89) and infertile couples
(n ¼ 89) (Coutifaris et al., 2004; Leach et al., 2012). The basis for sample in-
clusion was (i) consent from the research participants to utilize their tissues
for additional research beyond the primary purpose of the original study of
endometrial dating, and (ii) sufficient tissue in the paraffin blocks for prepar-
ation of supplemental slides. The mean ages of the women from fertile and
infertile couples were 31.9 and 30.2 years, respectively; however, additional
demographic or etiological patient information was not available. Timed
endometrial biopsies were obtained, fixed and embedded in paraffin as pre-
viously described (Coutifaris et al., 2004; Leach et al., 2012). The biopsies
were assigned cycle days, using histological dating criteria (Noyes et al.,
1950), and were grouped into early secretory phase (ESP; cycle days
14–19), MSP (cycle days 20–24), and late-secretory phase (LSP; cycle
days 25–28). While the cycle phase of the endometrial biopsies based on
timing to the LH surge had been estimated as MSP and LSP, the histological
evaluation revealed that 57 women were in the ESP, 80 in the MSP and 41
in the LSP of the cycle (Leach et al., 2012).

Quantitative PCR (qPCR)
Quantitative PCR was performed as previously described (Hirota et al.,
2008). A house-keeping gene, GAPDH, was used as an internal standard.
The following primers were used: MSX1, sense, 5′-TCCTCAAGCTGCCA
GAAGAT-3′; antisense, 5′-TACTGCTTCTGGCGGAACTT-3′; GAPDH,
sense, 5′-ACCACAGTCCATGCCATCAC-3′, antisense, 5′-TCCACCACCCT
GTTGCTGTA-3′.

Immunohistochemistry (IHC)
Tissue sections (5 mm) from endometrial biopsies were deparaffinized and
rehydrated through a series of xylene and ethanol, as previously described
(Leach et al., 2012). Antigen retrieval was carried out by heating slides
at 15 psi and 1218C for 15 min in modified citrate buffer, pH 6.1 (DAKO,
Carpinteria, CA, USA). Slides were cooled for 20 min and washed three
times with Tris-buffered saline (TBS). IHC was performed on sections pre-
pared from each specimen using an antibody against MSX1 (Santa Cruz
Biotechnology, Dallas, TX, USA). Negative controls were performed using
10 mg/ml nonimmune rabbit immunoglobulin IgG (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA). The antibody was titered and an
optimal concentration chosen based on the linear region of the IHC labeling

curve, prepared using paraformaldehyde-fixed HTR-8/SVneo human tropho-
blast cells.

Antibody staining, to avoid operation bias, was performed using a DAKO
Autostainer Universal Staining System, as previously described (Leach et al.,
2012). Briefly, slides were incubated for 30 min in 3% H2O2 (v/v) followed by
application of primary antibody for 1 h at room temperature. All samples
were then incubated for 30 min with an EnVision Systems peroxidase-
conjugated polymer coupled to anti-rabbit IgG (DAKO), and visualized
with 3,3-diaminobenzidine (DAB, DAKO). All slides were then rinsed in
Tris-buffered saline (TBS), mounted and cover slipped.

Immunofluorescence
Biopsies from selected fertile and infertile couples obtained during the MSP
and LSP were examined for the expression of E-cadherin and b-catenin.
Slides with deparaffinized/rehydrated tissue sections were dual labeled by
immunofluorescence microscopy, using a mouse antibody against E-cadherin
and a rabbit antibody against b-catenin (Abcam, Cambridge, MA, USA).
Negative controls were labeled with 10 mg/ml each of nonimmune mouse
and rabbit IgG (Jackson ImmunoResearch). Primary antibodies were visua-
lized using fluorescein isothiocyanate (FITC)- and Texas red-conjugated sec-
ondary antibodies, with a 4′,6-diamidino-2-phenylindole (DAPI) nuclear
counterstain. Images of each fluorophore were captured by epifluorescence
microscopy on a Leica (Wetzlar, Germany) DM IRB epifluorescence micro-
scope with a Hamamatsu Orca cooled-chip digital camera (Hamamatsu City,
Japan).

Semi-quantitative image analysis of MSX1
protein
The stain intensity obtained by IHC was quantified by image analysis, as pre-
viously detailed (Leach et al., 2012). This method of estimating tissue-specific
relative antigen levels compares linearly with enzyme-linked immunosorbent
assay (ELISA) results, although there is some overestimation at very low
levels. Sections of each specimen stained with hematoxylin and eosin were
used to identify and photo-document four to six random regions that con-
tained all three of the tissue features (glands (GE), stroma (STR) and
luminal epithelium (LE)) to be studied by IHC. Digital images of each selected
region were obtained at×200 using a Leica DM IRB microscope and mapped
using a 1.5 × 1.0 inch glass coverslip containing a 6 × 4 grid. The left edge of
the grid was aligned flush with the left edge of the tissue section to locate the
regions of interest identified by hematoxylin and eosin staining on adjacent
tissue sections. Monochromatic bright field images of the antibody/DAB
stained tissues were obtained at ×400 using a Hamamatsu Orca digital
camera. Brightness was adjusted in a region of each slide devoid of tissue
by setting the gray level to 255 and kept constant for all samples. Using
Simple PCI imaging software (Hamamatsu Corp., Sewickley, PA, USA),
areas determined to be LE, GE and STR were each digitally traced to deter-
mine the mean gray level of the circumscribed areas on the DAB-labeled
images.

Statistics
A significant P value from Levene’s test demonstrated the inequality of var-
iances among groups assessed for MSX1 mRNA. Therefore, the non-
parametric Kruskal–Wallis test and post hoc multiple pairwise Wilcoxon
test were performed to compare the MSX1 transcript levels. The IHC data
were non-normally distributed with unequal variances according to the
Shapiro–Wilk and Levene tests, respectively. The generalized estimating
equation, which provides robust modeling and valid inferences when distribu-
tion assumptions are violated, was used to examine the main effects and
interactions among fertility groups, tissue types and endometrial phases.
The significant interaction between fertility groups and tissue types allowed
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separate comparisons among tissue types for fertile and infertile groups with
Tukey’s post hoc test. To examine the trend of MSX1 expression (gray level)
throughout the endometrial cycle, linear regression was employed. Receiver
operating characteristic (ROC) curves were used to assess the accuracy of
MSX1 expression in predicting infertile patients. Best criterion for threshold
values (cutoff point) was determined by the Youden index (Youden, 1950;
Hughes, 2015). Statistical computations were performed using either the
open-source R software (http://www.r-project.org/) or MedCalc ver 13.0.6
(MedCalc Software, Mariakerke, Belgium). Post hoc power of the study was esti-
mated using G*Power software (version 3.1). A P value of , 0.05 was consid-
ered significant.

Results

MSX1 mRNA expression in fertile women
Uterine tissue obtained from hysterectomies performed in fertile
women was used for qPCR analysis of RNA in the endometrial tissue.
MSX1 mRNA was quantified during the LPP, ESP and MSP as receptivity
for implantation emerges. Transcript increased �5-fold (P , 0.05)
between the LPP and ESP, and then returned to low levels by the MSP
(Fig. 1).

Cellular expression of MSX1 in fertile couples
The expression of MSX1 protein was examined during the ESP, MSP and
LSP in each cellular compartment (LE, GE and STR) of the endometrium
in women from fertile couples. Although MSX1 mRNA declined in the
MSP, the protein remained present and persisted to the LSP in all com-
partments, based on images of IHC labeling without a counterstain
(Fig. 2A–C). Substitution of nonimmune IgG for primary antibody
resulted in minimal IHC staining (Fig. 2C, inset). At high magnification
with a hematoxylin counterstain, nuclear localization of MSX1 was ap-
parent in the LE and GE, while cytoplasmic labeling was more predom-
inant than nuclear labeling in the STR (Fig. 2G). Epithelial cells also
contained unlabeled nuclei and exhibited labeling of the cytoplasm.

MSX1 protein expression was documented by semi-quantitative
measurement of the IHC stain intensity. MSX1 was expressed in LE,
GE and STR of fertile couples across the secretory phase, with no signifi-
cant trend (Fig. 3A), according to regression analysis. Expression in all
tissue compartments was highest during the MSP, with a significant de-
crease in stain intensity from an average gray level of 32.6+ 3.8 to
24.7+4.2 in the GE between the MSP and LSP for fertile patients
(P , 0.05).

Cellular expression of MSX1 in infertile
couples
IHC analysis revealed dysregulation of MSX1 expression in women of
infertile couples. MSX1 protein levels appeared to be noticeably
reduced throughout endometrial tissues of women from infertile
couples (Fig. 2D–F). MSX1 was reduced in epithelial cell nuclei of
some specimens (Fig. 2H), while in others MSX1 was nearly absent
(Fig. 2I). Very little cytoplasmic MSX1 was observed in the STR, with
no nuclear labeling.

Semi-quantitative analysis of MSX1 IHC labeling confirmed its dysre-
gulation with infertility. Infertile patients demonstrated a significant
(P , 0.001) reduction in MSX1 expression throughout the endomet-
rium during the secretory phase, compared with fertile couples

(Fig. 3B), although there were several samples from infertile couples
within the normal range (Fig. 3A). The greatest reductions (�3-fold)
were found in GE and STR, which demonstrated lower (P , 0.001) la-
beling by MSX1 antibody than the LE (Fig. 3B). Post hoc power analysis
was performed to confirm statistically adequate sample size for each
cell type, using mean expression and standard deviation values. Using
a two-tail analysis at a ¼ 0.01, and effect sizes of 0.788, 3.269 and
2.803, power values of 98.6, 100 and 100% were obtained for LE, GE
and STR, respectively.

Diagnosticpotential ofMSX1forthedetection
of infertility
The ROC curve analysis was performed for each cellular compartment
(LE, GE and STR). The area under the curve (AUC) with 95% confidence
intervals (CIs) was calculated for each region (Fig. 4). The results reveal a
higher AUC for STR and GE regions (0.980 and 0.964, respectively) com-
pared with LE (0.723). The accuracy of classifier prediction was cross-
validated, using a bootstrap-based, Monte-Carlo sampling simulation
with 1000 iterations. In each iteration, the data were split into a testing
set that included 25% of randomly drawn cases, and a training set that
comprised the remaining 75% of samples. The training set was used to
train the classifier, which was subsequently evaluated by prediction of
the group of samples (fertile/infertile) in the testing set. Using this

Figure 1 Expression of homeobox protein MSX1 mRNA in endo-
metrial tissues during the menstrual cycle. MSX1 mRNA was quantified
by PCR in extracts prepared from endometrial tissue of women with
normal fertility, which were obtained during the late-proliferative
phase (LPP), early secretory phase (ESP) or mid-secretory phase
(MSP). Boxes marked by different letters were significantly different
(P , 0.05), as determined by the Kruskal–Wallis test and a post hoc
multiple pairwise Wilcoxon test. Box ¼ 25–75th percentiles; horizon-
tal line within the box ¼ median; whisker ¼ 1.5 × Interquartile range
(third quartile to first quartile).
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method, the mean successful classification rates+ standard error of
mean (SEM) for STR and GE were estimated as 93.7+0.19% and
88.1+0.17%, respectively.

Expression of E-cadherin and b-catenin in
fertile and infertile couples
Deletion of Msx1 and Msx2 in mice disrupts the normal down-regulation
of E-cadherin and b-catenin during implantation (Daikoku et al., 2011).
To determine whether E-cadherin and b-catenin are dysregulated in
endometrial epithelial cells from couples with infertility, selected fertile
and infertile subjects were examined at MSP and LSP (n ¼ 3, each).
E-cadherin andb-catenin were not co-localized in epithelial cell junctions
during the MSP and LSP in fertile couples, as shown in representative
images (Fig. 5). E-cadherin expression was low in LE and GE (arrowheads

in Fig. 5), while b-catenin was down-regulated in the GE, but remained
present in LE junctions. In couples with infertility, both E-cadherin and
b-catenin remained highly expressed and were co-localized in epithelial
cell junctions during the MSP and LSP. Tissue sections of biopsies
obtained at LSP from infertile patients that were labeled with nonimmune
IgG of both species used for primary antibodies were negative (shown
in Fig. 5).

Discussion
This is the first report to describe the dynamic regulation of the MSX1
transcription factor in human endometrium, specifically focusing on
the secretory phase in fertile and infertile couples. As predicted by
studies in a mouse model (Daikoku et al., 2011; Nallasamy et al.,
2012), MSX1 was elevated during the period of receptivity for

Figure2 Localization of homeobox protein MSX1 labeled by immunohistochemistry in endometrial biopsies of women from fertile and infertile couples.
Representative images of MSX1 in fertile controls (A–C) and in women from infertile couples (D–F) during the early- (A, D), mid- (B, E), and late- (C, F)
secretory phases. Images in (A–F) were not counterstained. Glands (GE), stroma (STR) and luminal epithelium (LE) are indicated in (B). Inset in (C) shows
endometrial tissue from a fertile control labeled with nonimmune IgG in place of anti-MSX1 antibody, as a negative control. High magnification, color images
of MSX1 labeling from fertile (G) and infertile (H, I) couples with a hematoxylin counterstain are shown in the bottom row. Nuclei (nu) in GE, indicated by
arrows, were both labeled (brown) and unlabeled (blue) throughout all epithelia of fertile couples (G), and poorly labeled in STR. The cytoplasm (cy) was
labeled in the STR, as well as epithelia. Reduced MSX1 labeling was found in the infertile group, ranging from low (H) to nearly absent (I).
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implantation at the MSP, and appeared to be regulated through a brief
period of heightened transcription at the ESP, prior to implantation.
The protein appeared to be more stable than the mRNA, as in mice
(Nallasamy et al., 2012), although it is not known whether it is down-
regulated after an embryo implants. Consistently low levels of MSX1
protein were found throughout the secretory phase in the endometrium
of women from infertile couples, in accordance with the infertility of mice
lacking uterine Msx1/Msx2. Power analysis revealed that the sample size
was adequate to distinguish infertile from fertile patients. Furthermore,
ROC analysis demonstrated extremely high sensitivity and specificity
to discriminate fertility status based on MSX1 accumulation in the STR
and GE. The likelihood ratios (+LR; 2LR) calculated in STR (14.80;
0.01) and GE (16.47; 0.14) regions classified MSX1 measurement as a
‘very useful’ and conclusive diagnostic test (Chien and Khan, 2001).
The findings reveal that endometrial MSX1 deficiency could contribute
clinically to infertility in women. Several proteins thought to function in
embryo implantation were examined in this same set of 178 endometrial

biopsies in a previous study (Leach et al., 2012). Although significant
cyclic changes were documented, none were comparable with the rela-
tionship of MSX1 levels to fertility, suggesting that dysregulation of this
transcription factor could represent a fundamental problem in human
uterine receptivity.

Msx genes are crucial for transitioning the uterus between the pre-
receptive and receptive states in mice (Daikoku et al., 2011), thereby
regulating uterine receptivity and maintaining uterine readiness for im-
plantation, independent of the ovarian hormone levels. Because the ex-
pression of MSX genes in the human endometrium is variable during the
menstrual cycle, there are potentially implications for female fertility. Ab-
lation of uterine Msx1/Msx2 in mice undergoing experimentally induced
diapause alters the uterine proteome profile, inducing proteasomal
stress and inflammation to confer a pseudoimplantation state that ultim-
ately succumbs to resorption (Cha et al., 2015). Interestingly, in the mice
lacking Msx1/Msx2, the phenotypic responses were attenuated by treat-
ment with dexamethasone. The physiological responses in mice are con-
sistent with the observations of inflammation and reduced fertility in
endometrium of women with endometriosis (Macer and Taylor,
2012). A lack of uterine Msx1/Msx2 expression prevents the loss of epi-
thelial polarity, which normally occurs on Day 4 of pregnancy in mice,
with persistence of E-cadherin and b-catenin co-localization in cell

Figure 3 Semi-quantitative analysis of homeobox protein MSX1 in
endometrial biopsies of women from fertile and infertile couples
during the secretory phase. MSX1 protein expression was calculated
from gray levels measured by immunohistochemistryand image analysis,
as described in the Materials and Methods. (A) MSX1 levels are shown
for individual women by cycle day in the luminal epithelium (LE), glandu-
lar epithelium (GE) and stroma (STR). Cycle day was determined by
histological dating. Regression lines are drawn with 95% CIs, indicated
by shadowing for fertile and infertile couples. (B) Data were grouped
as indicated, according to tissue region and fertility, showing the
mean+ SEM values for MSX1. *P , 0.001 compared with fertile
couples, or compared between tissue regions in the infertile couples.

Figure 4 Receptor operator characteristic curve (ROC) analysis to
distinguish infertility. ROC analysis was performed with gray level
values obtained from luminal epithelium, glandular epithelium or
stroma, as indicated, and plotting specificity against sensitivity. Areas
under the curves (AUC) with 95% CIs were calculated for each cellular
region, and the best criteria for threshold values were determined in the
box below. Positive likelihood ratios (+LR) and negative likelihood
ratios (2LR) were determined to assess diagnostic performance.
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junctions until Day 6 (Daikoku et al., 2011). We found a similar persist-
ence of E-cadherin co-localization with b-catenin at epithelial cell junc-
tions in couples with infertility. These studies provide evidence that the
MSX gene family constitutes a conserved molecular mediator of
female reproductive fitness, and support the view that MSX dysregula-
tion contributes to infertility in humans, rather than being caused by in-
fertility.

MSX1 protein expression was reduced in infertile patients, suggesting
that its target genes might be critical to sustain blastocyst implantation
and decidualization. Two other transcription factors essential for decid-
ualization and successful implantation, homeobox A10 (HOXA10) and
progesterone receptor B (PGRB) (Benson et al., 1996; Wetendorf and
DeMayo, 2014), were previously examined in the same endometrial
biopsyspecimens, revealing both cyclic and fertility-dependent variations
(Leach et al., 2012). A decline in PGRB at the ESP was delayed in the in-
fertile group until MSP, suggestive of progesterone resistance. HOXA10,
a target gene of PGRB (Benson et al., 1996; Wetendorf and DeMayo,
2014), rose significantly in the LE between MSP and LSP, but failed to
do so in infertile couples. Additionally, leukemia inhibitory factor (LIF),
a cytokine of the IL-6 family that is essential for uterine receptivity in
mice (Stewartet al., 1992) wasconsistently lower in endometrial biopsies
of infertile couples, although the decline did not reach statistical signifi-
cance (Leach et al., 2012). Whether there is a correlation between the
altered expression patterns of these regulatory proteins and the

reduced expression of MSX1 in infertile couples is not known. Compro-
mised uterine receptivity is a major cause of pregnancy failure in human in
vitro fertilization (IVF) programs (Margalioth et al., 2006). Our findings
suggest a potential avenue to improve implantation rates in IVF programs
by manipulating uterine levels of MSX1 or its gene targets in embryo
transfer cycles to improve uterine responsiveness for implantation.

The analysis of MSX1 in clinical specimens reported here has several
limitations. Patient demographics were not available. The study included
a population of individuals with infertility; however, the basis of the diag-
nosis of infertility was not available, and patients with uterine (Mullerian)
abnormalities could not be distinguished from other sources of infertility.
Infertility in about 20–30% of couples is due solely to a male factor
without a uterine component (Agarwal et al., 2015). The ostensive inclu-
sion of couples with nonuterine etiologies might account for MSX1
values of some infertile couples that fell within the range of fertile
couples, evident in Fig. 3A. Our results were also limited to an analysis
of only one MSX homeobox gene family member, as a specific antibody
to human MSX2 is not available. Since microarray studies suggest that
MSX1 and MSX2 expression levels are similarly altered in women
during the window of implantation (Kao et al., 2002; Riesewijk et al.,
2003; Mirkin et al., 2005; Talbi et al., 2006), we can speculate that
MSX2 protein might also be down-regulated in infertile patients. An im-
portant future goal would be to investigate whether MSX1 protein ex-
pression is altered in the secretory endometrium of infertile patients

Figure 5 Expression and localization of E-cadherin and b-catenin in endometrial biopsies of women from fertile and infertile couples. Immunofluores-
cence images are shown of E-cadherin (green), b-catenin (red) and merged fields in fertile (left three columns) and infertile (right three columns) couples
during the mid- (rows A and B) and late- (rows C and D) secretory phases, as indicated. Luminal epithelium (rows A and C) and glandular epithelium (rows B
and D) are indicated by arrowheads in the merged images. Negative controls (IgG, bottom right three panels) were labeled with nonimmune IgG of both
species used for the primary antibodies. 4′,6-Diamidino-2-phenylindole (DAPI) nuclear counterstain (blue) is included in the merged images. Bars 50 mM.
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because of implantation failure. With further validation, MSX1 could
prove to be a useful biomarker of endometrial insufficiency.

This study provides an impetus for additional basic and translational
research on the molecular function of MSX1 in human fertility. Protein
expression and localization provided insights into the role of this
gene in development of the endometrium that is not attainable from tran-
scriptome analysis, potentially establishing a basis for MSX1 as a useful
biomarker for evaluating women with reproductive abnormalities. Local-
ization of MSX1 in endometrial biopsies by IHC indicated its presence
in both nuclei and cytoplasm, similar to its staining patterns in mice
(Nallasamy et al., 2012). Evidence from studies in mice indicating that
Msx1/Msx2 signaling operates downstream through noncanonical
Wnt5a and FGF pathways (Daikoku et al., 2011; Nallasamy et al.,
2012) supports the possibility of a similar mechanism in human implant-
ation. Indeed, there is ample evidence that the WNT pathway is widely
expressed in the human endometrium, and regulates uterine cellular
function (Tulac et al., 2003; Matsuzaki et al., 2010; Sonderegger et al.,
2010; Li et al., 2013). An analysis of gene expression in pseudo-pregnant
mouse uteri with ablated Msx1/Msx2 demonstrates changes in cell ad-
hesion and the extracellular matrix (Sun et al., 2015) that could signify
a general defect in the remodeling of the uterus required for successful
trophoblast invasion during the peri-implantation period. These
studies suggest that Msx1/Msx2 gene expression in humans is critical
for uterine receptivity for implantation, closely paralleling its regulation
and function in mice.
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