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ABSTRACT  The eutherian species evolved an elaborate uterus to allow viviparity. For success-
ful pregnancy, the uterus must not only be differentiated, but must also function optimally and 
any defects in uterus differentiation and/or function can lead to infertility. The homoebox gene 
HOXA10 has emerged to be a key player in both uterine development and its optimal functioning 
in adulthood. Within the Abd-B family, the posterior Hoxa genes play a dominant role in anterio-
posterior segmentation of the Müllerian ducts in mammals, with Hoxa10 having a central role in 
uterine segmentation. In the adult endometrium, HOXA10 is expressed by endometrial cells and 
is regulated in a cyclic manner under the influence of ovarian steroids. During embryo implanta-
tion, expression of HOXA10 is increased in endometrial stromal cells by signals from the embryo 
to govern stromal cell transformation to decidual cells. Once decidualization is initiated, HOXA10 
is rapidly downregulated to activate expression of pro-invasive factors to promote trophoblast 
invasion. We propose that HOXA10 governs embryo implantation in a three-step process: 1) acqui-
sition of endometrial receptivity, 2) responding to signals from the blastocyst to modify receptive 
endometrium for decidualization 3) making the decidua conducive for trophoblast invasion and 
placentation. There is currently ample evidence that expression of HOXA10 is deregulated in a variety 
of “endometriopathies” such as endometriosis and endometrial cancers. Overall, HOXA10 appears 
to be the master regulator of endometrial health and a central determinant of fertility in mammals. 
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Introduction

Oviparity (egg laying) to viviparity (live birth) is one of the most 
fundamental transition during course of vertebrate evolution that 
requires changes in female reproduction anatomy and physiology. 
Although viviparity has evolved independently in multiple lineages of 
fishes, amphibians and reptiles, except for the eutherian mammals 
other species do not have all the steps of pregnancy. By definition, 
the key features of the initiation of pregnancy include the implanta-
tion of a highly invasive blastocyst; ‘acceptance’ by the mother, 
and creation of a feto–maternal unit (placenta). These processes 
are unique to the eutherian mammals and do not occur in other 
viviparous species. To the best of our knowledge, such integrated 
form of pregnancy is limited to eutherian (aka ‘placental’) mammals 
and that requires development of specialized organ structures in 
the female reproductive tract. 

In most species the female reproductive tract is a hollow tube that 
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includes an anterior ciliated funnel to capture eggs released from 
the ovary and a posterior muscular tube that aid in egg provisioning, 
shell deposition, egg storage and ends in the vagina. However, in 
the eutherian species, this tube underwent extensive modifications 
during evolution to develop anatomically and functionally distinct 
structures termed as the oviduct/fallopian tube, the uterus and the 
cervix. About 105 million years ago, placental mammals evolved 
with an elaborate uterus that allowed implantation of the hatched 
embryos, promoted invasion by the placenta and aided in maternal 
tolerance of the fetus for long gestation periods. The evolutionary, 
developmental and molecular aspects of embryo implantation and 
placentation has been a subject of recent review (Aplin and Ruane, 
2017; Chavan et al., 2017; Ashary et al., 2018). Herein we review 
on how a developmental factor HomeoboxA10 (HOXA10), which is 
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required for segmentation and specification of the uterus, governs 
its adult functions pertaining to endowing endometrial receptivity, 
embryo implantation, placentation and regulating maternal immune 
tolerance for a successful pregnancy.

Homeobox genes

The homeobox genes are classical developmental factors in-
volved in the body segmentation. These genes contain a conserved 
DNA sequence called homeobox that encodes the homeodomain. 
Homeodomain are helix-loop-helix-turn-helix structure which is 
responsible for recognizing and binding specific DNA sequences 
to regulate expression of target genes. In mice and humans, there 
are at least 39 HOX genes arranged in 4 clusters and designated 
as HOXA, HOXB, HOXC and HOXD. Unlike the Drosophila and 
other organisms, the HOX gene clusters in most mammals generally 
show a considerable overlap in their expression profiles sugges-
tive of their functional redundancy (Parker et al., 2016). However, 

despite these overlapping patterns of expression the HOX genes 
have a well-defined role in anteroposterior (A-P) body axis plans 
specifically in regulating segmental patterns of hindbrain, skeleton 
axis and the limb axis (Parker et al., 2016).

HOX code of Müllerian duct segmentation

During the sexually indifferent stages, the urogenital system 
i.e. the kidneys and the reproductive tracts develop from the 
mesonephric and paramesonephric ducts. The paramesonephric 
ducts are the origin of the female reproductive tract that arises 
from longitudinal ridges of the peritoneal lining of the coelom. In all 
species including humans, in the XY embryos the Wolffian ducts 
regress by the production of the anti-müllerian hormone (AMH), 
while gonads of the XX embryos produce minimal amounts of AMH 
resulting in their retention (Modi et al., 2006).

Postnatally, the müllerian ducts have to undergo A-P pattern-
ing such that the anterior segment develops in to an oviduct, the 

Fig. 1. HOXA10 is required for uterine specifica-
tion in mouse Mullerian ducts. Mice hypormphic 
for HOXA10 were generated by overexpressing 
small hairpin RNA (shRNA) using testicular 
transgenesis. Three animals of the F2 genera-
tions showed anterior homeosis. (A) Histological 
analysis (Heamatoxylin & Eosin staining) of the uteri 
of wild type and HOXA10 Hypomorphs. Scale bar 
in is 250 mM. (B) Localization of OVGP1 protein in 
the uteri of wild type and HOXA10 Hypomorph. 
Paraffin sections probed with anti OVGP1 antibody 
as described earlier (Laheri et al., 2017). Brown 
staining is indicative of positive reaction. Blue is 
counterstain of the nuclei with haematoxylin. Scale 
bar in is 250 mM. (C) HOX code of the developing 
Mullerian duct system and effect of loss of HOXA10 
leading to anterior homeosis. Genes specifying 
different tissues of the female reproductive tract 
in infant and adult mice.

middle segment develops as the uterus, the 
posterior segment develops in to a cervix and 
the distal most portion develop in to upper 
vagina. This segmentation of the müllerian 
duct is governed primarily by the posteriorly-
expressed Drosophila gene abdominal-B 
(Abd-B) homeobox cluster (Hox). There are 
16 genes in the posterior Abd-B cluster of 
which the HOXA genes play a significant role 
in segmentation of the müllerian duct. Based 
on expression patterns of the HOX genes and 
the data on mice knocked out for individual 
HOX genes have revealed the HOX code of 
müllerian duct differentiation (Fig. 1). In the 
mice, prior to birth, Hoxa9, Hoxa10, Hoxa11, 
and Hoxa13 are detected along the length 
of the müllerian duct, however two weeks 
postnatally, a spatial Hox axis is established 
following the paradigm of spatial collinearity. 
Hoxa9 is detected in the differentiating ovi-
duct, both Hoxa10 and Hoxa11 in the uterus, 
Hoxa11 in the uterine cervix and Hoxa13 in 
the upper vagina (Taylor et al., 1997). 

B

C

A



HOX in endometrium development and adult function    229 

The critical roles of the Hox genes in segmentation are evidenced 
by targeted mutagenesis of these genes, which leads to region-
specific homeotic transformations. Hoxa10 is central to segmenta-
tion of the female reproductive tract specifically to demarcate the 
boundary of the fallopian tube and the anterior uterus is evident 
from studies in the Hoxa10 knockout mice (Satokata et al., 1995). 
In these animals, the müllerian duct is specified correctly, but the 
anterior portion of the duct has highly coiled structures resembling 
the oviduct. This phenotype has been faithfully recapitulated in our 
laboratory using mice hypomorphic for Hoxa10 (Fig. 1). We have 
developed mice that transgenecially expressed shRNA against 
Hoxa10 resulting in animals that have reduced expression of the 
HOXA10 protein. In a proportion of these animals, the anterior por-
tion of the tube appeared thinner and at times coiled. Histologically, 
Hoxa10 hypomorphs had multiple segments of the coiled structures 
in the anterior uterus that resembled the oviduct (Fig. 1). Further-
more, these extended coiled structures abundantly expressed the 
oviduct specific marker OVGP1 (Fig. 1) indicating that the loss of 
HOXA10 not only leads to a structural homeotic transformation but 
they also carry the molecular features of a transformed segment. 
These results imply that HOXA10 is essential for segmentation of 
the anterior müllerian duct in the oviduct and the uterus, the other 
HOX orthologous/paralogues cannot compensate for its loss.

HOX genes were once considered to be expressed only during 
embryonic development, however, in the female reproductive tract 
the persistence of HOX gene expression has been well character-
ized. Consistent with the developmental pattern, the posterior HOX 
genes are segmentally expressed in the adult female reproductive 
tract. (Fig. 2). Quantitatively, the HOXA cluster is most abundantly 
expressed in the female reproductive tract, HOXB9 is weakly 
expressed in the cervix, most members of HOXC cluster are not 
expressed in the female reproductive tract, and the HOXD cluster 
is expressed majorly in the endometrium (Fig 2). Amongst the three 
clusters, the HOXA cluster genes are expressed segmentally and 
faithfully recapitulate the developmental pattern. Transcripts for 
HOXA9 are highest in the fallopian tube; HOXA10 and HOXA11 are 

maximally expressed in the endometrium; HOXA11 is expressed 
in endometrium and cervix and HOXA13 is highly expressed in 
the cervix. Interestingly, the HOXC family does not show any such 
consistency, with only HOXC9 and HOXC10 are being weakly 
detected in fallopian tube. However, parallel to HOXA cluster, the 
segmental expression of HOXD cluster is relatively maintained, 
although lesser in abundance as compared to HOXA genes. HOXD9 
is detected in fallopian tubes, endometrium and cervix, HOXD10 
in the endometrium and cervix, HOXD11 only in the endometrium 
while HOXD13 is only detected in cervix. These observations imply 
that, while in the flies and most organisms, the HOX cluster is de-
velopmentally switched off, in the mammalian female reproductive 
tract the segmental expression of these genes occurs relatively later 
and is persistent well until adulthood. The functional significance 
of retaining the developmental segmentation pattern of the HOX 
cluster is yet not clear; it is possible that the persistent HOX gene 
expression may be a mechanism to retain developmental plastic-
ity. Interestingly, ectopic overexpression of the individual genes of 
HOXA cluster in ovarian surface epithelium can induce müllerian 
duct like phenotypes. Overexpression of Hoxa9 leads to papillary 
tumors resembling the oviduct, overexpression of Hoxa10 and 
Hoxa11 induced morphogenesis of endometrioid-like structures 
in the ovarian surface epithelium (Cheng et al., 2005). Preliminary 
data from our laboratory has shown that knocking down HOXA10 
from the endometrial epithelial cells, results in gain of expression 
of markers associated with oviduct epithelium, suggesting that 
the persistence of HOX genes in the adults may be required to 
maintain the developmental phenotypes. Amongst the HOX genes, 
HOXA10 has been well characterized for its expression in the adult 
endometrium. HOXA10 is a sequence-specific transcription fac-
tor that binds to the DNA sequence 5-AA[AT]TTTTATTAC-3 on 5’ 
regulatory region of genes to regulate their transcription (Du and 
Taylor, 2015). The human HOXA10 gene encodes for a 410 amino 
acid protein with an approximate molecular mass of 42kDa with a 
DNA binding domain between amino acids 336-395. Uniprot as-
sociates HOXA10 with DNA binding transcription factor and histone 

Fig. 2. Collinearity of the pos-
terior HOX cluster in the adult 
human female reproductive tract. 
(A) Structural organization of the 
mammalian HOX cluster. The AbdB 
cluster is shown in red. (B) mRNA 
levels of posterior HOX genes in dif-
ferent segments of human female 
reproductive tract. The genes are 
listed in rows and the tissues in the 
columns. The mRNA levels (RPKM) 
values for each gene was retrieved 
from the Human Protein Atlas da-
tabase (https://www.proteinatlas.
org). The intensity of thee colour 
in each block depicts the transcript 
abundance. Blocks which do not 
have a colour have RPKM values 
below 0.1. (C) Persistence of the 
HOXA code of the adult human 
female reproductive tract.
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deacetylase activity as its major molecular function and anterior/
posterior segment specification as the major biological processes. 
Human HOXA10 has multiple phosphorylation, methylation, acetyla-
tion and ubiquitination sites. Recently, HOXA10 is also reported to 
undergo sumoylation (Jiang et al., 2017; Zhu et al., 2013). 

HOXA10 protein is detected in the nucleus and cytoplasm of 
the epithelial and stromal cells of mouse, baboon, bonnet monkeys 
and human endometrium (Godbole et al., 2007; Godbole et al., 
2017; Modi and Godbole, 2009). The mammalian endometrium is 
divided into two layers viz the stratum functionalis (the upper 2/3 
of the uterus from the lumen) and stratum basalis (the lower 1/3 
towards the myometrium). In the bonnet monkey endometrium, 
HOXA10 is more strongly expressed in the endometrial functio-
nalis as compared to the basalis zone. HOXA10 is also detected 
in the myometrium (Godbole et al., 2007). While the functional 
significance of such differential distribution of HOXA10 in the two 
zones of the endometrium is unknown, it is speculated that such 
zonal distribution might endow specialized roles to the functionalis 
zone for implantation or menstruation. Since the HOX family of 
genes aid in the differential distribution of the morphogens (Parker 
et al., 2016), it is possible that zone-specific distribution of HOXA10 
may aid the creation of boundaries of microenvironments within 
the uterus in preparation for implantation.

Endometrial receptivity

The endometrium undergoes cyclic changes under the influence 
of steroid hormones and is generally refractory to embryo implanta-
tion. Approximately day 21-24 of a 28-day human menstrual cycle 
(8-10 days posts ovulation), the uterus becomes “receptive” and 
enables blastocyst implantation. This phase is termed as “window 
of receptivity” or “window of implantation”, the endocrine regula-
tion of the menstrual cycle and the role of hormones in endowing 
receptivity to the endometrium has been a subject of extensive 
review (Evans et al., 2016). Several transcription factors, integrins 
and their ligands, cytokines and growth factors are differentially 
expressed during the cycle and many of these are steroid hormone 
regulated; a specific signature of the receptive endometrium has 
been identified (Altmäe et al., 2017), The genetic and proteomic 
networks that endow this receptive phase are also being dissected 
(Bajpai et al., 2012; Bhusane et al., 2016; Padmanabhan and 
Laloraya, 2016).

HOXA10 seems to be one of the players that endow receptivity to 
the endometrium. The expression of HOXA10 and HOXA11 varies 
in a cycle-dependent manner. In the mouse, monkeys and human 
endometrium, HOXA10 is weakly expressed in the proliferative 
phase, the expression is robustly increased in the secretory phase 
(Modi and Godbole, 2009; Taylor et al., 1998). Irrespective of the 
species, the expression of HOXA10 peaks in endometrial epithelial 
and stromal cells during the window of receptivity (Akbas et al., 2004; 
Godbole et al., 2007; Gui et al., 1999; Xu et al., 2014). The cyclic 
variations in the expression of HOXA10 in the endometrium are 
regulated by the sex steroids estrogen and progesterone. Evidence 
for estradiol-mediated regulation of HOXA10 expression came 
from in vitro observations where a significant increase in HOXA10 
mRNA was observed in human endometrial epithelial and stromal 
cells treated with estradiol (Akbas et al., 2004; Taylor et al., 1998). 
The 5’ regulatory region of the human HOXA10 contain estrogen 
response elements (EREs) that bind both estrogen receptor alpha 

(ERα) and beta (ERβ) to increase HOXA10 transcription (Akbas 
et al., 2004). While this estradiol mediated increase in HOXA10 is 
essential for fertility, the same mechanism compromises the fertility 
in the context of xenoestrogens. Xenoestrogens are estrogen like 
substances that can bind to ERs and imitate their effects. Humans 
are exposed to a wide variety of Xenoestrogens that have long 
lasting effects by affecting DNA methylation. The studies have 
shown that xenosestrogens like diethylstilbestrol, methoxychlor and 
bisphenol A alters HOXA10 expression by altering its methylation 
leading to developmental anomalies in the female reproductive 
tract resulting in permanent alteration of gene in the adult (Du and 
Taylor, 2015). It is possible that the xenoestrogen mediated effects 
on the HOXA10 gene might be a cause of infertility in a number 
of cases. Indeed, altered HOXA10 expression and changes in its 
methylation are observed in a number of “endometriopathies” (see 
discussion below and supplementary Table 1). 

Akin to estradiol, HOXA10 is also regulated by progesterone. In 
primary endometrial stromal cells and epithelial cells, progesterone 
alone increases the expression of HOXA10; combined estradiol 
and progesterone treatment that mimic the receptive state of the 
endometrium having a synergistic effects (Gui et al., 1999; Modi 
and Godbole, 2009; Taylor et al., 1998). While, the 5’ regulatory 
region of HOXA10 has progesterone response elements, whether 
these are functional and bind to progesterone receptor to regulate 
HOXA10 is yet not known. Nevertheless, that progesterone is es-
sential for maintenance of HOXA10 expression in the receptive 
endometrium is evident from the studies in mouse, human and 
monkeys where treatment with progesterone receptor modulators 
down regulate its expression in the mid luteal phase (Godbole et 
al., 2007; Whitaker et al., 2017) indicating that HOXA10 may be 
involved in endometrial receptivity.

The notion that HOXA10 is required for endometrial receptivity 
came from studies in Hoxa10 knockout mice (Hoxa10-/-). Altered 
expression of several receptivity related genes and pinopodes 
formation (the morphological hall mark of receptive endometrium) 
are observed in endometrium of Hoxa10-/- mice (Bagot et al., 
2001; Lim et al., 1999), underscoring the requirement of HOXA10 
in endowing receptivity in the rodents. That HOXA10 is required 
for endometrial receptivity in primates came from our studies 
in bonnet monkeys that were rendered infertile by low dose of 
antiprogestins which did not affect the hormone profiles but the 
uterus was non-receptive (Patil et al., 2005). As compared to luteal 
phase receptive controls, in the non-receptive endometrium, the 
expression of HOXA10 was down-regulated in the luminal and 
glandular epithelial cells along with the stroma in the functionalis 
zone but not in the basalis region (Godbole et al., 2007). These 
observations together suggest that HOXA10 is essential for en-
dowing receptivity to the endometrium and its loss may cause 
implantation failure. Indeed, mice knockout for Hoxa10  suffer from 
uterine factor infertility as the females produce normal number of 
embryos, but they fail to implant (Benson et al., 1996; Satokata et 
al., 1995) indicating that HOXA10 is indispensable for endowing 
receptivity in the endometrium.

Embryo implantation

It has long been assumed that a receptive endometrium is a 
passive tissue and gain of “receptive state” is sufficient for embryo 
implantation. However, studies from our lab and others have shown 



HOX in endometrium development and adult function    231 

that there are several morphological and molecular changes in the 
receptive endometrium in presence of an embryo. Using bonnet 
monkeys as our study model, we demonstrated that in the presence 
of the embryo there are distinct morphological changes in the luminal 
epithelium, glandular epithelium and stroma of the endometrium 
even prior to implantation. As compared to receptive control, in 
the monkeys that were mated (and the presence of embryo was 
verified) there was extensive proliferation, loss of columnar shape 
of luminal epithelial cells with diffusion of apico-lateral gap junction 
of the endometrium epithelial cells was observed (Rosario et al., 
2005a; 2008). A similar loss of junctional protein E cadherin and cell 
proliferation is observed in the mouse endometrium at the site of 
embryo implantation (Ashary et al., 2018). Beyond the epithelium, 
in presence of an embryo, the stromal cells undergo extensive 
compaction, there is loss of edema and the cells express markers 
associated with decidualization (Rosario et al., 2005a). In addition, 
there is increased angiogenesis in the endometrium in response to 
embryonic signals (Rosario et al., 2005a). These changes occur 
in the endometrium due to secretions from the embryo as similar 
morphological changes are seen in the endometria of baboons 
infused with embryonic factors human chorionic gonadotropin 
(hCG) and Interleukin 1beta (IL-1b)  (Modi et al., 2012; Modi and 
Bhartiya, 2015). 

The morphological changes in the endometrium are also 
paralleled by several molecular changes that include increased 
expression of estrogen receptor alpha (ER alpha), transforming 
growth factor beta (TGFb 2), Interleukin 6 (IL-6), Glycodelin and 
Integrin’s in the endometrium of bonnet monkeys in presence of 
an embryo (Nimbkar-Joshi et al., 2012; Rosario et al; 2005 b,c; 
Rosario et al., 2008).We also discovered a novel isoform of protein 
kinase a regulatory subunit which is transcribed at higher levels 
in endometria of monkeys in presence of an embryo (Rosario 
et al., 2009). Interestingly, comparable molecular changes are 
also observed in endometria of baboons infused with embryonic 
factors (human CG and IL1b) and these are summarized by us 
previously (Modi et al., 2012). That embryonic factors can also 
induce molecular changes in the humans came from analysis of 
endometrial biopsies derived from women infused with hCG. As 
compared to luteal phase biopsy, the tissue obtained after hCG 
infusion had higher expression of estrogen receptor alpha 1 (ESR1), 
progestrone receptor (PGR) and a-smooth muscle actin (a-SMA) 
which are also observed in monkey endometrium in presence of 
an embryo (Strug et al., 2016) These observations suggest that 
the embryo superimposes the molecular signature of a receptive 
endometrium prior to implantation. 

To dissect the molecular features of embryo-endometrial cross-
talk, we focused our studies towards the changes that occur in the 
luminal epithelium in the receptive endometrium during the course 
of implantation While HOXA10 was thought to be essential for 
receptivity and its expression is high in the luminal epithelial cells 
in the mid luteal receptive stage endometrium, to our surprise we 
observed loss of HOXA10 exclusively in the luminal epithelium of 
bonnet monkey in the presence of embryo (Godbole et al., 2007). 
Loss of HOXA10 expression is also observed in mouse endometrial 
luminal epithelium during the course of embryo implantation (our 
unpublished data, Satokata et al., 1995). The functional conse-
quence of the loss of HOXA10 in the endometrial epithelium in the 
context of embryo implantation is still being explored. 

Beyond HOXA10, a recent study from our lab has shown that 

oviductal glycoprotein 1 (OVGP1) is expressed in luminal epithe-
lium of endometrium only in presence of an embryo. OVGP1 is a 
120kDa secretory glycoprotein that is synthesized and secreted by 
the epithelial cells of the mouse oviduct, ovary, testis and epididy-
mis, but not by the endometrium (Laheri et al., 2017). However, 
we serendipitously discovered that there is expression of OVGP1 
exclusively in the luminal epithelium when embryo initiates im-
plantation in the receptive stage mouse endometrium, suggesting 
that OVGP1 should be induced by embryonic factors (Laheri et 
al., 2018). Indeed, we observed increased expression of OVGP1 
in human endometrial epithelial cell line (Ishikawa cells) by the 
ovarian hormone estrogen and human CG (Laheri et al., 2018). 
In vivo, along with progesterone, there is a transient estrogen 
surge which is necessary for embryo implantation to occur. We 
observed that the combined effect of estrogen, progesterone and 
hCG profoundly increased OVGP1 mRNA expression (Laheri et 
al., 2018). Interestingly, knocking down HOXA10 also increases 
OVGP1 in endometrial epithelial cells (unpublished). Thus, OVGP1 
is specifically induced in the luminal epithelial cells, most likely in 
response to steroid hormones and loss of HOXA10 in combination 
with the embryonic signals; it must have a role in implantation. 
Indeed, knocking down of OVGP1 in human endometrial epithelial 
cell line altered the expression of several implantation related fac-
tors including cytokines like leukemia inhibitory factor (LIF) and 
IL6, there is also reduced adhesive ability of trophoblast cells in 
response to media derived from OVGP1 depleted epithelial cells 
(Laheri et al., 2018). While these results are early and has obvious 
caveats, it is tempting to propose that the embryo driven signal-
ing leads to downregulation of HOXA10, followed by increase in 
OVGP1 production in the endometrial epithelium is required to 
create a milieu that is conducive towards implantation. 

With the accumulating data, it is getting increasingly clear that 
remarkable changes occur in the structural and molecular profile 
of endometrium in response to the embryo and these changes 
are highly specific and localized in nature. However, the functional 
implications of such observations remain far from clear. This is 
mainly due to our inability to perform genetic manipulations spe-
cifically in the endometrium before implantation, after the gain of 
receptivity. However, in vitro studies have tried to decipher the 
functional connotations of embryo to endometrial discussion during 
implantation. While it would be beyond the scope of this review to 
discuss these studies, it appears embryo-endometrial cross-talk 
permits the endometrium with a bio-sensing ability to judge the 
embryo quality. 

In recent years, experimental evidence haves emerged suggest-
ing that the endometrium has an ability to discriminate between 
normal and abnormal blastocysts. Incubation of morphologically 
normal and abnormal human embryos induces distinctly differential 
molecular changes in endometrial stromal cells in vitro. Soluble 
signals from the developmentally incompetent human embryos 
induce an endoplasmic reticulum stress response that leads to 
the termination of receptivity, ultimately leading to menstruation; 
the signals derived from competent embryos evoke a response 
that is supportive towards implantation (Macklon and Brosens, 
2014). These results imply that the embryo-endometrial cross-talk 
enable the mother to judge the embryo quality during implantation. 
These effects seem to be due to differential secretions of selected 
microRNAs and/or the microvesicles by implantation competent and 
implantation incompetent blastocysts. The embryo derived miRNA 
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and the microvesicle cargo that aid in the process of implantation 
is being identified and has been reviewed by us recently (Kurian 
and Modi, 2018). 

Based on the above studies, we propose a two phase response 
of the endometrium to govern implantation. The first involves at-
tainment of “receptivity status” in the endometrium; the second 
phase involves responses of the receptive endometrium towards 
the incoming embryo which allows it to attain a “selector status” and 
judge the developmental competence of the implanting embryo. 
Based on the blastocyst competence the endometrium decides 
to either continue with implantation and further decidualization or 
abort the receptive status to culminate in to menstruation. What 
are the endometrial tools that empower it to have such bio-sensing 
ability are hitherto unrecognized.

HOXA10 in stromal cell decidualization

Once the endometrium attains the receptivity state it undergoes 
decidualization: A postovulatory endometrial remodeling process 
which occur in preparation for pregnancy. During decidualization 
there is secretory transformation of the uterine stroma, influx of 
specialized uterine natural killer cells, and vascular remodeling 
(Evans et al., 2016; Gellersen and Brosens, 2014). In its strictest 
sense, decidualization is the morphological and biochemical re-
programming of the endometrial stromal compartment into highly 
specialized cells with distinctive functions. Decidualization only 
occurs in species where placentation involves breaching of the 
luminal epithelium by the trophoblast (Gellersen and Brosens, 
2014). In humans decidualization is obligatory and dependent on 
ovarian steroids; in almost all other species including non-human 
primates, the presence of an embryo or a physical assault to the 
endometrial epithelium is essential for decidualization (Evans et 
al., 2016). In humans around day 23 of the 28-day menstrual cycle, 
decidual transformation is first apparent in the stromal cells sur-
rounding the spiral arteries and is referred to as the pre-decidual 
response, this response is flared-up in case the embryo success-
fully implants. In most other species, decidualization occurs only 
upon embryo implantation. 

Decidualization involves large scale reprogramming of the 
stromal cells to achieve the decidual phenotype which is marked 
by secretion of a variety of proteins amongst which prolactin (PRL) 
and insulin-like growth factor binding protein-1 (IGFBP-1) are the 
principle ones (Okada et al., 2018). This process of endometrial 
stromal cell decidualization can be faithfully recapitulated in vitro 
both at morphological and molecular level by treating primary 
cultures of human endometrial stromal cells with estrogen and 
progesterone which can be hastened by addition of cAMP (Lucas 
et al., 2018.). 

As discussed above, in presence of an embryo, the expression 
of HOXA10 is increased in the endometrial stromal cells when they 
initiate decidualization. This increase in expression of HOXA10 is 
also observed in the endometrial stromal cells during the course 
of in vitro decidualization using estrogen and progesterone alone 
(Godbole and Modi, 2010) and also in combination with cyclic 
adenosine monophosphate (cAMP) (Lu et al., 2008). Decidual-
ization of stromal cell requires HOXA10 is evident from the fact 
that knocking down HOXA10 in the human endometrial stromal 
cells inhibits the expression of decidual markers (Godbole and 
Modi, 2010); decidualization is also compromised in endometria 

of mice knockout for Hoxa10 -/- (Lim et al., 1999). The molecular 
mechanism by which HOXA10 regulates endometrial stromal cell 
decidualization has been worked out. It is known that the endometrial 
stromal cells undergo proliferation just prior to decidualization and 
HOXA10 seem to be controlling this process. In the endometria 
of mice knockout for Hoxa10, there is inhibition of stromal cell 
proliferation mediated by progesterone (Lim et al., 1999; Yao et 
al., 2003) and this phenotype can be rescued by overexpression 
of cell cycle genes Ccnd3 and FoxM1 (Gao et al., 2015). Even in 
humans, inhibition of HOXA10 during the course of decidualization 
impedes cell proliferation by affecting the expression of cell cycle 
genes (Lu et al., 2008). Thus, proliferation seems to be the rate 
limiting step in stromal cell decidualization and HOXA10 seems 
to be key regulator.

Decidualization is multiphasic in nature

The observations that HOXA10 is highest during the window of 
receptivity and its loss impedes decidualization led to the notion 
that HOXA10 must be sacrosanct for differentiation of decidua. 
However, we had observed that the during the course of in vitro 
decidualization there were multiple waves of HOXA10 expres-
sion (Godbole and Modi, 2010). During a 24 day course of in vitro 
decidualization of human endometrial stromal cells by steroid 
hormones, there was an initial increase in expression of HOXA10 
mRNA by day 8 which drops subsequently only to rise again by day 
24. We further observed that while the initial rise of HOXA10 (on 
day 8) was essential for endometrial stromal cell decidualization 
as the expression of decidual markers dropped significantly, loss 
of HOXA10 at the later time points (day 24) surprisingly increased 
the expression of decidual markers (Godbole and Modi, 2010). A 
similar observation was also reported (Kim et al., 2007) where the 
loss of HOXA10 increased the expression of the decidual Insulin-
like growth factor-binding protein 1 (IGFBP1) in cultured decidual 
cells. These observations led us to propose that while HOXA10 
may be essential for initial decidual transformation of endometrial 
stromal cells, it must be down regulated for their terminal differen-
tiation. These findings gained significance when we compared the 
expression profiles of HOXA10 in the endometrium and decidua 
in vivo. We observed that in the decidua of human and baboons 
(obtained at 10 weeks and 60 days of pregnancy respectively) the 
expression of HOXA10 is far lower than that observed in the stromal 
compartment of endometrium of implantation stages (Godbole et 
al., 2017). Global gene profiling revealed that loss of HOXA10 in 
the decidualized endometrial stromal cells promoted the expres-
sion of several cytokines and growth factors associated with the 
decidua (Godbole et al., 2017). These observations prompted us to 
postulate that endometrial decidualization is perhaps a multiphasic 
process, where there is initial transformation of stromal to decidual 
cells require HOXA10; the next phase involves downregulation of 
HOXA10 leading to its further differentiation (Fig. 3). Indeed, such 
multiphasic decidual response has been also observed in time 
dependent transcriptome profiling of in vitro decidualizing human 
endometrial stromal cells and is associated with the similar rise 
and fall of HOXA10 (Rytkönen et al., 2018). Single cell RNAseq 
of first trimester human decidua or in vitro decidualized cells have 
identified 2-3 sub-populations of stromal cells that have unique 
transcriptome signature (Suryawanshi et al., 2018; Vento-Tormo 
et al., 2018). Presently, we do not know if HOXA10 is differentially 
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expressed in these decidual cell types, but based on our data we 
suspect that the oscillating kinetics of HOXA10 in the decidual 
cells that may regulate this process of multiphasic decidualization.

HOXA10 in decidua governs trophoblast invasion

Once the endometrium encounters a developmentally competent 
blastocyst it implants in the endometrium and the trophoblast cells 
begins to invade in to the maternal decidua to establish placenta-
tion. Trophoblast cells inherently can invade any tissue; however, 
its invasion is highly controlled in the pregnant endometrium, thus 
leading to the notion that decidua must restrain trophoblast invasion 
(Sharma et al., 2016). However, studies in knockout mice for vari-
ous genes have shown that decidualization is central for successful 
embryo implantation and placentation (Gellersen and Brosens, 
2014). The notion that decidualization is required for trophoblast 
invasion came from our in vitro studies using supernatants derived 
from highly purified human endometrial stromal cells. We observed 
that supernatants derived from the in vitro decidualized cells (but 
not the primary stromal cells) increased the invasiveness of tro-
phoblast cell lines JEG3 and ACH3P (Godbole et al., 2011). The 
invasion promoting ability of the decidual secretome is by its ability 
to activate matrix metalloprotease transcription and activity in the 
trophoblast cells (Godbole et al., 2011) that aids in matrix degrada-
tion. To understand how decidualization aids in trophoblast invasion 
we profiled the secretome of the decidual cells and observed that 
as compared to stromal cells, the supernatants from the in vitro 
decidualized cells have enhanced levels of several pro-invasive 
molecules such as cytokines and growth factors (Sharma et al., 

2016). Thus, decidualization driven changes in the endometrial 
stromal cells create a microenvironment favorable for implantation 
and trophoblast invasion (Sharma et al., 2016). 

Interestingly, we further observed that while decidualization of 
endometrial stromal cells is essential for trophoblast invasion, this 
ability is further enhanced upon loss of HOXA10. Our in vivo stud-
ies in humans and baboons revealed that the levels of HOXA10 
are very low at decidua basalis near placentation as compared to 
decidua parietalis away from placenta. This led us to speculate that 
loss of HOXA10 in the decidual cells might promote trophoblast 
invasion. Indeed, as compared to the stromal cells, the secretions 
from decidual cells enhanced trophoblast invasion, this ability was 
increased by several folds when HOXA10 was knocked down from 
the decidualized cells. The supernatants from HOXA10 knock down 
decidua also activated matrix metalloproteinase (MMP) production 
in trophoblast cells (Godbole et al., 2017). We and others have 
earlier shown that during the course of invasion, the trophoblast 
cells actively switch their integrin profiles with initial requirements 
of the avb3 that switch to a5b1 and a6b1 (Damsky et al., 1994; 
Mangale et al., 2008) . Our results showed that while the decidual 
supernatants by themselves marginally activates transcription of a5 
and a6 subunits, the expression of av was not switched off (God-
bole et al., 2011); however loss of HOXA10 in the decidual cells 
enhanced the expression of a5 and a6 subunits but downregulates 
ITGAV mRNA leading to a complete switch (our unpublished data). 
These results indicate that loss of HOXA10 in the deicidal cells, 
in a paracrine manner; alter trophoblast cell physiology towards a 
pro-invasive phenotype. 

Global gene profiling and secretome analysis of the HOXA10 

Fig 3. Diphasic role of HOXA10 in 
the endometrium during embryo 
implantation. Initially at the recep-
tive stage, the increase in HOXA10 
expression in stromal cells in response 
to embryonic stimuli induces prolifera-
tion and initial transformation. In the 
second step, in transformed stromal 
cells,downregulation of HOXA10 pro-
motes decidualization and cytokine 
production. Together, these events 
aid trophoblast invasion and embryo 
implantation (See Fig. 4 for the 
mechanism). 
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knocked down decidual cells revealed increased expression and 
secretion of several cytokines mainly the gp130 cytokines Leukemia 
inhibitory factor (LIF), Interleukin -6 (IL6) and Interleukin -11 (IL11) 
that are major activators of trophoblast invasion (Dimitriadis et al., 
2010; Godbole et al., 2017; Suman et al., 2012). We propose that 
the loss of HOXA10 in the decidual cells enhances the expression 
of pro-invasive factors to promote trophoblast invasion

We next asked what could be the mechanism by which loss of 
HOXA10 might regulate trophoblast invasion. Our earlier studies 
had shown that the gp130 cytokines activate STAT3 in the tropho-
blast cells to promote invasion (Suman et al., 2012) and STAT3 
seems to be the converging point of all pro-invasive signaling in 
trophoblast cells (Sharma et al., 2016). These observations led us 
to speculate that the secretions derived from the HOXA10 depleted 
decidualized stromal cells must activate STAT3. As expected, we 
did observe increased STAT3 phosphorylation in the trophoblast 
cells treated with supernatants from HOXA10 depleted decidual 
cells as compared to supernatants from decidual cells having 
abundant HOXA10. This STAT3 activation is necessary and suf-
ficient to drive invasion as blocking of STAT3 in the trophoblast 
cells impeded its invasion mediated by supernatants derived from 
HOXA10 depleted decidual cells (Godbole et al., 2017). 

Two-cell two transcription factor mechanism of 
trophoblast invasion

The decidual control of trophoblast invasion seems to be a two-
step process. The first involves the initial decidual transformation of 
the stromal cells under high HOXA10 making the tissue favorable 
for trophoblast invasion. In step 2, in the decidualized stromal cells, 
there is downregulation of HOXA10 leading to a burst in produc-
tion of pro-invasive factors that in a paracrine manner activate 
STAT3 and stimulate MMP and alter integrin profile production 
in the trophoblast cells to potentiate their invasion (Fig. 4). In the 
decidual cells at the non-implantation sites, there would be sufficient 

HOXA10 to limit the production of pro-invasive molecules there 
by restraining invasion. Thus, it is likely that during the course of 
placentation, in the decidual cells there could be oscillating kinet-
ics controlled by HOXA10, both spatially and temporally creating 
localized gradients of pro-invasive factors that may differentially 
regulate STAT3 activity and MMP’s production in the trophoblast 
cells leading to the fenestration of the developing placenta at the 
feto-maternal interface. We propose that decidual HOXA10 is like 
a rheostat that via the controlled production of pro-invasive factors 
keeps the STAT activity in the trophoblast in check to regulate inva-
sion. Indeed, preliminary observations have suggested defective 
placental organization in the Hoxa10 hypomorphs (unpublished 
observations). It will be of interest to determine the HOXA10 
activities in decidua of patients suffering from “placentopathies”, 
which are the leading causes of many obstetric complications and 
maternal morbidity and mortality.

HOXA10 and endometrial disorders

As stated above Hoxa10-/- mice have malformation of uterus. In 
humans, mutations in HOXA10 gene have been identified in women 
with müllerian anomalies like didelphic and bicornuate (Cheng et 
al., 2011; Ekici et al., 2013) but not in women with Mayer–Rokitan-
sky–Kuster–Hauser syndrome, who lack the complete müllerian 
derivatives (Liatsikos et al., 2010). These observations underscore 
the importance of HOXA10 in uterine development in humans. 

Several studies have reported that the expression of HOXA10 
in endometria of women with uterine abnormalities including 
unexplained infertility and recurrent implantation failures (see 
supplementary Table 1 and references therein). Interestingly, ir-
respective of the pathology, the expression of HOXA10 seems to 
be downregulated in the abnormal endometrium. Furthermore, in 
women with endometriosis the expression of HOXA10 is lower in 
the eutopic endometrium. Mechanistically the downregulation of 
HOXA10 in most of these cases is attributed to hypermethylation 

Fig 4. Mechanisms of decidual control of 
trophoblast invasion by HOXA10. Downregu-
lation of HOXA10 increases levels of pro-invasive 
cytokines and represses anti-invasive cytokines. 
These pro-invasive cytokines (mainly LIF, IL6 and 
IL-b) in a paracrine manner act on trophoblast 
cells to phosphorylate STAT3. This increases 
production of metalloproteinases (MMPS) and 
lead to integrin switching. This leads to extracel-
lular matrix (ECM) degradation and increase in 
trophoblast invasion.
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of 5’ regulatory region HOXA10 gene (see supplementary table 1 
for references). Based on these studies it has been postulated that 
infertility observed in these women may not be due to morphological 
defects but perhaps due to altered receptivity of the endometrium. 

At present, it is unknown whether the loss of HOXA10 is cause or 
consequence of endometrial pathologies. Considering the require-
ment of HOXA10 in maintenance of normal endometrial functions, 
and that disruptions in HOXA10 expression due to xenoestrogens 
(during early life) affect uterine development, it is possible that 
loss of HOXA10 may actually cause some of these disorders 
(Du and Taylor, 2015). While experimental studies are lacking in 
these directions using Hoxa10 knockout mice, preliminary studies 
in our Hoxa10 hypomorphs, have shown phenotypes resembling 
endometrial hyperplasia in humans (our unpublished data). Inter-
estingly, mice knockout for Hoxa10 regulated gene Fkbp52 have 
increased growth of endometriotic lesions and developed features 
resembling human endometriosis (Hirota et al., 2008). Together 
these results imply that loss of HOXA10 maybe a cause of atleast 
some of these endometrial disorders, more studies are needed 
to clarify the association of HOXA10 and endometrial pathologies 
and uterine disorders.

Summary

HOXA10 has emerged to be an extraordinary regulator of the 
uterus that allows the structural segmentation to specify the uterus 
during development and also function in the adult endometrium 
to regulate embryo implantation and early pregnancy. Develop-
mentally, loss of HOXA10 leads to homeotic transformation in the 
müllerian ducts, in the adult endometrium HOXA10 functions to 
endow receptivity in the endometrium, govern embryo implanta-
tion and decidualization. Alterations in HOXA10 expression in the 
mouse and primates is associated with defects in uterine func-
tions resulting in sterility suggesting that HOXA10 is perhaps the 
gatekeeper of endometrial health for fertility. 

Our results suggest that in the context of HOXA10, embryo im-
plantation is a three step process: 1) attainment of a receptive state 
in the endometrium; 2) modulation of the receptive endometrium 
in response to embryonic signals and finally 3) implantation of the 
embryo culminating in decidualization and placentation. From the 
current data it appears that unlike in the Drosophila where HOX 
genes have a role in segmentation, in mammals HOXA10 (and 
perhaps other genes of the HOX cluster) have acquired newer 
functions in the adult endometrium. In the adult female reproductive 
tract, these HOX genes (atleast HOXA10) behave like a signaling 
factor that regulate expression of many cytokines and growth fac-
tors to direct many cell non-autonomous functions (like placenta-
tion). To our knowledge, such activity has not been ascribed for 
HOX genes and leads us to postulate that HOXA10 is a molecular 
multitask protein that orchestrate a range of activities from uterine 
segmentation to embryo implantation. To fully appreciate the role 
of HOXA10, the need of the day is to identify and characterize the 
direct gene targets of this gene in development and adulthood. We 
believe that, increased understanding of how HOX transcription 
factors are integrated to regulate endometrial functions will provide 
us with an clear picture of physiological mechanisms involved in 
initiation of pregnancy and pathophysiological mechanism underly-
ing the endometriopathies. 

Clinically, the implications of such research are far reaching. 

Currently, the treatment of recurrent miscarriages and implanta-
tion failure are highly empirical and ineffective. Endometriosis 
is a common disorder where we do not know the etiology and 
many women continue to suffer from it due to lack of specific and 
effective therapies. We believe that our newer understanding of 
the processes involved in uterine development to decidualization 
and placentation will aid in developing effective approaches to 
modulate implantation and treat pregnancy related complications. 
It is envisaged that such data will not only to assist in the devel-
opment of specific therapeutics for fertility management but may 
also lead to the development of newer methods for endometrium 
based contraception.
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