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Abstract: Implantation and structural architecture of embryo is very crucial for development of animal. Hox genes are key

regulator of implantation and structural changes of early embryo. Hox genes transcribe to form homeodomain-containing

transcription factors. The different types of Homeobox genes are involved in implantation and decidualization. Post-implantation

processes like limb development, lung development also involves the regulation by Hox genes. In the formation of female

reproductive tract from the undifferentiated duct, the Hox plays a decisive role in deciding its fate. Different Hoxa genes are

responsible for formation of the different part of the tract including oviduct, uterus and upper vagina. The development of

limb is depended on several HOXD genes. HOXB clusters of homeobox genes are responsible for axial patterning. This

review gives a holistic assessment on the functioning of Hox genes as regulators of numerous important roles in implantation

as well as the development of embryo.
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Introduction

Implantation is the attachment of the competent embryo on

to the receptive maternal endometrium. Occurring after

successful fertilization, it is a complex process of interaction

between the embryo and the endometrium. Both the embryo

and the endometrium exhibits genetical and cellular reciprocal

interactions within the stipulated time frame called window

of implantation. The cellular events such as proliferation and

differentiation of the endometrium making it compatible for

the implantation are governed by progesterone and estrogen.

These two ovarian steroids act via scores of various growth

factors, cytokines, and transcription factors that regulate the

intricate process via autocrine and paracrine signaling to ensure

successful implantation.

Transcription factors are types of proteins that bind

to the upstream regulatory elements of genes in the promoter

and enhancer regions of DNA and stimulate or inhibit gene

expression and protein synthesis (Kulig and Lloyd, 1996;

Erickson and Lloyd, 2004). Transcription factors may be tissue

specific or may be present in a variety of different tissue

types. Among the transcription signaling molecules, the

expression of homeobox transcription factors, plays a critical

role in embryogenesis and development. There are several

homeobox transcription factors like Msx, Hox, Wnt, Rbpj

etc. Among these the Hox family is the largest group and is

found to be invincible for the proper implantation and early

embryo development. The numerous genes constituting the

Hox family of genes are responsible for modulating the

physiologic changes during implantation and post-implantation.

So, these factors are of very much interest in contemporary

research. Reports suggest that along with the implantation
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they are also involved in other functions like embryogenesis,

organogenesis, tumorigenesis etc. This review presents a

detailed discussion on the Hox family of Homeobox-

containing transcription factors.

Homeobox(Hox) family

Hox/HOX genes are a group of homeobox-containing

transcription factors that belongs to a multigene family. These

developmentally regulated transcription factors are known

for their role in patterning the body plan of animals.

Homeobox is a conserved sequence element of 183bp, which

encodes a 61-amino acid domain, termed as the homeodomain.

Typically invertebrates possess a single Hox cluster containing

8 to 15 genes, as seen in Drosophila (HOM-C), whereas

vertebrates possess multiple clusters that differ among different

taxas (Pascual-Anaya et al.,2013). Mammals possess four

clusters of Hox genes (HoxA, B, C, and D) which are found

to have evolved by two rounds of gene duplication (McGinnis

and Krumlauf, 1992; Krumlauf, 1994).

The Hox genes were first identified in Drosophila
melanogaster and are found to have a major role in establishing

segmental identity along the anterior-posterior (A-P) axis in

the fly. In Drosophila, eight Hox genes called the homeotic

complex (HOM-C), clustered on a single chromosome, are

found which are divided into two groups named the

Antennapedia complex (ANT-C) and Bithorax complex (BX-

C). ANT-C comprises of five Hox genes namely labial(lab),

proboscipedia(pb), Deformed(Dfd), Sexcombsreduced(Scr)

and Antennapedia (Antp). The BX-C consists of three Hox

genes namely  Ultrabithorax (Ubx), Abdominal-A (Abd-A),

and Abdominal-B (Abd-B)(Taniguchi, 2014). On the other

hand 39 Hox genes present as four cluster HoxA, HoxB,

HoxC and HoxD are found to be located on different

chromosomes, at 7p15, 17q21.2, 12q13, and 2q31 in human

and 6C2, 11B4, 15F2 and 2C3 in the mouse. Each cluster

consists of 13 paralog groups (PGs) with nine to eleven

members assigned on the basis of sequence similarity and

relative position within the cluster. A high degree of homology

is evident between the human HOX genes and the Hom-C

genes of Drosophila, (He et al., 2018). Thus the human paralog

groups 1-8 are more closely related to antennapedia (Antp),

with groups 9-13 more closely related to abdominal-B (Abd-

B).

Structure and Expression pattern of Hox genes

Hox genes are those transcription factors that contain a unique

conserved sequence of 182bp called the homeobox sequence.

This sequence encodes a 61 amino acid domain called the

homeodomain. The Hox genes of mammals are small in size,

each containing only two exons separated by one intron which

can vary from around 200 bases to several kilobases. The

conserved homeobox sequence is found to be always present

within the second exon of the Hox genes. This property of

the Hox genes shows a high degree of homology among these

genes, especially within paralog groups. The Hox proteins

contain an acidic tail at the C-terminus and a pentamer

upstream of the homeodomain that binds the TALE (three

amino acid loop extension) proteins which act as cofactors.

The homeodomain is a highly conserved motif of 60 amino

acids (Lewin, 2000).

The order of expression of HOX genes within a cluster

is coordinated during development. The cells require positional

information to ensure that the uncommitted cells differentiate

into tissue appropriate for its location within the developing

embryo. During the early gastrulation of the developing

vertebrates, the Hox genes are first expressed when the

embryo generates its major body axis (Duboule, 1994). The

pattern of Hox gene expression is spatial wherein the 3‘ genes

are expressed earlier than 5‘ and 5‘ genes are expressed as the

embryo develops more progressively. This pattern of

expression of Hox gene is termed as “temporal colinearity”

(Shah and Sukumar, 2010).

Function of Hox genes during endometrial receptivity

and Implantation

Implantation occurs within the limited span of time termed

as “implantation window”, in which the uterus is at the receptive

state towards a competent blastocyst (Paria et al., 1993; Wang
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and Dey, 2006). Any discrepancy within this window can lead

to numerous adverse effects like defective decidualization and

placentation etc. (Lim and Wang, 2010). Of lately scores of

regulatory factors such as cytokines, growth factors, adhesion

molecules and transcription factors are identified to have

worked together as a network under the influence of estrogen

and progesterone hormones for a successful establishment

of implantation. (Wang and Dey, 2006; Cha et al., 2012; Zhang

et al., 2013; Tu et al., 2014). Among these molecules,

Homeobox transcription factors especially Hox family of genes

are found to have vital roles in implantation in human and

mice (Taylor, 2000).

A network of different transcription factors work

together under the regulation of ovarian steroids for the orderly

feto-maternal crosstalk which is the fundamental for the

implantation to take place successfully (Paria et al., 1993; Tu

et al., 2014). Among them the family of homeobox

transcription factors such as Hox and Msx are of great

importance (Cha and Dey, 2014; Du and Taylor, 2015). In a

study done by Satokata and team (Satokata et al., 1995), it is

revealed that Hoxa10 is expressed in the luminal and glandular

epithelium before Day 1.5 in mice and later on Day 4 the

expression shifts to stroma underlying the epithelium. It is

also found that the targeted deletion of Hoxa10 within this

time causes female infertility. Embryo transfer experiment

conducted by Benson et al.,  in 1996, revealed that Hoxa10

loss do not hinder the embryo survival during the embryo

transfer but impacts the uterine function and implantation.

Another member of Hoxa cluster, Hoxa11 is also found to

be expressed in the uterine stromal cells during implantation,

loss of which leads to female infertility (Hsieh-Li et al., 1995;

Taylor et al., 1999).Hoxa11-/- uteri are found to be hypoplastic,

decreasing number of glands and absence of gland derived

Lif expression, showing its functional importance during uterine

receptivity and implantation (Hsieh-Li et al., 1995; Gendron

et al., 1997; Taylor et al., 1999). No cases of HOXA10 and

HOXA11 mutations in human females are reported till date.

Both Hoxa10 and Hoxa11 genes show overlapping expression

pattern as well as upregulated expression during the secretory

phase, suggesting their role in uterine receptivity and

implantation (Benson et al., 1996; Taylor et al., 1997; Taylor

et al., 1999; Du and Taylor, 2015). It is evidenced that HOXA10

and HOXA11 expression is lower in the patients facing

implantation defects. Additionally, females with implantation

defects are also found to have anomalous posttranslational

modifications such as sumoylation and acetylation of HOXA10

(Fischer et al., 2011; Jana et al., 2013; Zhu et al., 2013; Jiang

et al., 2017). Xu and team recently reported the expression

three other Homeobox gene alongwith HOXA10 and

HOXA11 genes in human uterus. During the mid secretory

phase of menstrual cycle in human females increased

expression of HOXA9, HOXB6 and HOXD10 gene is seen in

the endometrium suggesting their involvement in human

endometrial receptivity (Xu et al., 2014).

It is seen that Hoxa10/HOXA10 genes exerts is effect

through repressing or activating cascade of downstream genes

in various physiological processes like implantation (Daftary

and Taylor, 2004). Through microarray analysis in murine

model during the implantation window forty (40) statistically

significant genes regulated by HOXA10 were identified (Vitiello

et al., 2008). In mice, Hoxa10 is found to promote the

proliferation of epithelial as well as stromal cells during

implantation by downregulating the expression of the

downstream gene Emx2(Empty Spiracles Homeobox 2)

showing inhibitory effect. On the other hand Hoxa-/- mice

uterus showed decrease in the expression of Wnt4 and FKBP52

downstream targets showing the positive regulatory function

of Hoxa10 in peri-implantation period of gestation (Daikoku

et al., 2004; Daikoku et al., 2005). Bagot and coworkers

demonstrated that Hoxa10 is very much important for the

pinopod development explaining its inevitable contribution

for successful blastocyst implantation (Bagot et al., 2001).In

humans also the HOXA10 gene is found to target the

downstream gene Emx2 as seen in mice. In human Emx2

gene exerts proliferative effects in the adult endometrium and

exerts a negative role by cyclically expressing in an inverse

spatiotemporal manner to HOXA10 (Troy et al., 2003).

HOXA10 is also found to upregulate the expression of the
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cell adhesion molecule â3 integrin in endometrial epithelial

cells (Daftary et al., 2002).

Homeobox gene: Its  role during post implantation

period and decidualization of pregnant mice uterus

After the successful implantation of the blastocyst, the stromal

cells surrounding the blastocyst transform into

morphologically and functionally distinct cells called decidual

cells through a process called decidualization (Okada et al.,
2018).Two of the major Hoxa cluster genes, Hoxa10 and

Hoxa11 are expressed in the uterus post-implantation implying

their role in the post implantation processes taking place in

the uterus. There is spatiotemporal change in the expression

of Hoxa10 in the pregnant mouse uterus. Hoxa10 is first

expressed on Day 1.5 in the epithelial cells. On Day 4 during

the onset of the attachment of the blastocyst to the competent

uterus, Hoxa10 is detectable in the stroma underlying the

epithelium. Post the attachment reaction the expression is

further enhanced on Day 5. On Day 6 the expression spreads

throughout the whole stroma (Satokata et al., 1995; Benson

et al., 1996).The importance of Hoxa10 in the mice uterus

during periimplantation is substantiated by decreased

decidualization in response to artificial stimuli in the Hoxa10-

/-mutant mice (Benson et al., 1996). Furthermore, Hoxa10-/-

female mice showed dysregulation of cyclin D3 and loss of

region-specific expression of CDK4 and CDK6 and abnormal

induction of the cell cycle inhibitors p15 and the negative cell

cycle regulators cyclins G1 and G2(Das et al., 1999; Tan et al.,
2002; Yao et al., 2003; Tan et al., 2004; Yue et al., 2005). As

reported by Gao et al, (2015), FoxM1 and cyclin D3, the

other two downstream targets of Hoxa10 also plays an

important role in normal regional decidualization. The above

results indicate that Hoxa10 may act as the control point of

the cell cycle progression and cellular differentiation during

decidualization. In addition to that, reports shows that, Hoxa10

deficiency also effects natural killer cell differentiation and

alters the expression of region-specific genes such as Gdf10

(Growth differentiation factor 10) also known as BMP-

3B(Bone morphogenetic factor-3B), Snail2 (Snail family zinc

finger 2), Hgf (Hepatocyte growth factor) and others, during

decidualization (Rahman et al.,2006).

Similarly, HOXA10 in humans is expressed in the

endometrial cells during mid-secretory phase of the menstrual

cycle, in which decidual differentiation is initiated by the stroma.

In vitro experiments conducted on endometrial stromal cells

have shown that HOXA10 regulates the expression of p57, a

cell cycle inhibitor (Qian et al., 2005), interleukins IL-15 and

IL-11(Godbole and Modi, 2010) and also the decidualization

marker IGFBP-1(Insulin like growth factor binding protein-

1) (Kim et al, 2007) suggesting its essential role during

decidualization.

Role  of  Hox genes  during the  embryonic

deve lopment

A. Development of reproductive tract

In terms of presence of Homeodomain, the Homeobox

transcription factors are broadly divided into Hox, Emx, Msx,

Hmx and others. Among these the “Hox family” is the largest

family and their roles in implantation and embryonic

development are found to be more evident. The formation

of the antero-posterior body axis of developing embryo is

one of the well characterized roles of Hox genes. Several

studies have revealed that HOX/Hox genes plays crucial role

in regulating the segmental pattern of hindbrain, skeleton axis

and the limb axis (McGinnis and Krumlauf, 1992). Along with

this, they also direct the development of female reproductive

tract in both humans and mice (Hunt and Krumlauf, 1992;

Krumlauf, 1994; Grapin-Botton and Melton, 2000; Du and

Taylor, 2015).

Well developed female reproductive system is the

key factor to fertility and successful pregnancy. Any disturbance

in proper formation of vagina, uterus and oviduct may lead

to several pregnancy issues and also infertile female (Kobayashi

and Behringer, 2003). Although as described earlier, the Hox

genes are found to be expressed in the adult uterus during

peri-implantation period in both mice and human, they are

also expressed in the developing female reproductive tract.

The female reproductive tract is developed from structures

Indira Sarma and Hirendra N Sarma, 2025 Role of Hox in implantation
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known as the Mullerian ducts. The development of oviduct,

uterus and upper vagina of reproductive tract proceed in

peculiar A-P order patterning of Mullerian ducts (Ma et al.,
1998; Kobayashi and Behringer, 2003; Lim and Wang, 2010).

Studies have found that different Hoxa genes are expressed

in different region of developing reproductive tract, Hoxa9 is

expressed in areas determined to become the oviduct, Hoxa10

is expressed in the developing uterus, Hoxa11 is expressed in

the primordia of the lower uterine segment and cervix, and

Hoxa13 is found in the upper vagina (Taylor et al., 1997). The

gene targeted studies reveals that mutagenesis of these genes

causes region specific impairments along the developing

reproductive tract, showing there important role.

Several studies have shown that deficiency in Hoxa10

causes the homeotic transformation of the anterior part of

the uterus into an oviduct-like structure (Satokata et at., 1995;

Benson et al., 1996). Hypoplastic urogenital sinus and agenesis

of the posterior portion of the mullerian duct is seen in

Hoxa13-/- mice. Alongwith the Hoxa cluster genes the Hoxd

cluster genes are also expressed in the developing reproductive

tract. The Hoxd13 gene shows similar pattern of expression

as that of the Hoxa13 gene. The crucial role of presence of

Hoxd13 gene is understood by a study on Hoxa13+/- and

Hoxd13-/- deficient female mice. In both the cases the mice

shows malpositioning of the vagina and improper separation

of the vagina from the urogenital sinus. Similarities in the

expression of human HOXA genes to the mice indicate a

similar role in the development of female reproductive tracts

both in mice and humans (Mortlock and Innis, 1997; Warot

et al., 1997; Taylor, 2000).

B. Limb development in embryo

Several Hox genes are related to development of limb in the

developing embryo of human.HOXD13 is a gene of HOXD

cluster which is responsible for the limb development in a growing

embryo. It is found that any mutation in this gene leads to

synpolydactyly(SPD),a rare  limb malformation which is

dominantly inherited, with a combination of syndactyly(fusion

of digits) and polydactyly (extra digits)(Sayli et al.,1995; Sarfarazi

et al., 1995; Muragaki et al., 1996). People who are homozygous

for SPD, shows Brachydactyly, a condition in which there is

shortening of the digits (Muragaki et al., 1996). Similarly,

Hypodactyly a condition with loss of digit development is seen

in mice. A semi dominant syndrome with homozygous

hypodactyly showing hindrance in digital arch formation is seen

in mice with Hoxa13 deletion (Mortlock et al, 1996).

C. Hox genes and development of Lung

The development of lung is associated with synchronized

expression of large network of genes in spatio-temporal manner.

A high expression of 3‘ Hox genes in clusters A and B is found

in fetal rodents and human lung development in various studies

(Molard and Dziadek, 1997; Golpon et al., 2001). Moreover, as

lung development progresses the expression of most of the

genes are found to be lowered suggesting their involvement in

the early stages (airway branching etc.) of the lung

morphogenesis. On the other hand, expression of Hoxa5 gene

of the Hoxa cluster is found high throughout the development

suggesting its role in the later stages like the pulmonary

maturation (Kim and Nielson, 2000). Mice with reduced or deleted

Hox genes show strong evidence of the role of Hox genes in

the structural development of the respiratory system and

regulation of pulmonary surfactant production. In mice with

reduced Hoxb5 genes shows reduction in the degree of branching

morphogenesis (Volpe et al., 2000). Additionally, Hoxa5 knock-

out mice die in early neonatal period. Though these knockout

mice develop full term they could not survive due to tracheal

occlusion and reduced levels of expression of surfactant proteins

(Aubin et al., 1997).

Studies reveal that various lung abnormalities are associated

with abnormal HOX gene expression in human. Over expression of

HOXB5 is found in both bronchopulmonary sequestration (Volpe

et al., 2000) and congenital cystic adenomatoid malformation

characterized by deregulated patterns of morphogenesis in primordial

lung tissue (Golpon et al., 2001). Several acquired disorders like

emphysema, primary pulmonary hypertension and lung carcinomas

are also characterized by altered pattern of expression of HOX gene

(Calvo et al., 2000; Volpe et al., 2003).
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D. Hox genes in Axial patterning of Embryo

As stated earlier Hox genes plays an important role in AP

axis patterning in vertebrate. Anatomically, the vertebral column

can be divided in 5 different regions as cervical, thoracic,

lumbar, sacral, and caudal. In particular, it is thought that

speciûc combinations of Hox genes along the AP axis are

responsible for the generation of vertebrae with distinct

anatomical properties (Wellik, 2007). A large number of

studies, mainly using the mouse as a model, have highlighted

the complexity of the Hox patterning activities leading to the

production of a properly organized axial skeleton (Mallo et
al., 2010). In vertebrates, Hox gene expression is initiated in

cells of the posterior primitive streak that contribute to

extraembryonic mesoderm and then expands anteriorly into

prospective cells of the embryo proper (Deschamps et al.,
1999). Sequential activation of Hox genes directly reûects their

position within the cluster, with expression of more posterior

(50) genes being progressively initiated at later developmental

time points (Izpisua Belmonte et al., 1991). The initial Hox

expression domains are transmitted to the nascent paraxial

mesoderm during gastrulation, creating the ûrst Hox.

Numerous reports have shown that targeted mutations

of Hox genes reflected that mutations in genes from Hox3 to

Hox 11 generate axial skeleton defects (Wahba et al., 2001;

Wellik and Capecchi, 2003, McIntyre et al., 2007). Study on

expression of Hox genes have shown that 3- genes exhibit

phenotypes in anterior region of the axial vertebrae and 5- hox

genes display phenotypes in posterior displaying the collinear

expression. This phenomenon is also reflected in the study

wherein it is seen that loss of Hoxd3 function results in defects

of the ûrst and second cervical vertebrae, C1 and C2, while loss

of Hoxd11 function causes changes in sacral patterning (Condie

and Capecchi 1993; Davis and Capecchi, 1994).

Downstream genes of Hoxa10

HOXA10 is found to exert its effect in the endometrium through

various downstream target genes. Among them are IGFBP1 (Kim

et al., 2003), p/CAF (Sun et al., 2009), EMX2 (Troy et al., 2003), â3

Integrin subunit (Daftary et al., 2002). It has been also shown at

molecular level that the expression of cyclinD3, a cell cycle regulator

(Das et al., 2009)is perturbed  during the decidual progression in

mice with Hoxa10 null mutation (Rahman et al., 2006; Das et al.,
1999), indicating its importance downstream of Hoxa10 during

decidualization. It is further reported by Gao et al. (Gao et al.,
2015) that the expression of Forkhead box M1 (FOXM1), during

decidualization is regulated by Hoxa10 at the transcriptional level,

shown by the significant reduction of FoxM1 expression at the

SDZ  in Hoxa10-/- mice causing impaired regional decidualization.

Further Hmgn5 is another gene involved in the regulation of cellular

proliferation and differentiation of uterine stromal cells by acting

downstream of Hoxa10 (Li et al., 2016).

Table 1. Functions associated with different Hox genes.

Hox gene An i ma l Process associated

Hoxa5 Mice Pulmonary maturation

Hoxb5/HOXB5 Mice, Human Branching morphogenesis of lung

Hoxa9/HOXA9 Mice, Human Developing oviduct

Hoxa10/HOXA10 Mice, Human Endometrial receptivity, Implantation

& decidualization, developing uterus

Hoxa11/HOXA11 Mice, Human Endometrial receptivity, Implantation,

developing lower uterine segment &

cervix

Hoxa13/HOXA13 Mice, Human Developing upper vagina

HOXA9 Human Endometrial receptivity

HOXB6 Human Endometrial receptivity

HOXD10 Human Endometrial receptivity

HOXD13 Human Limb development

Discussion

Implantation and decidualization is a complex

process that involves interplay of numerous genes and

pathways. Techniques involving gene silencing in combination

with microarray analysis with the use of bioinformatics tools

have made it feasible in contemporary time to define a role

for particular factor of interest during decidualization. Among

such factors, Homeobox (Hox) gene family has been found

to have essential role in the regulation of embryonic and post

natal physiologic developmental processes. As with other

homeobox genes, HOXA10 is a regulator of embryonic

morphogenesis and differentiation (McGinnis and Krumlauf,

1992) and is essential in determining body pattern along the
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anterior–posterior axis. HOXA10 is necessary for the

development and differentitation of the reproductive tract

(Izpisua-Belmonte et al., 1991).The Hox comes together to

set up the axis and provide constant input in different tissues,

thus orchestrating the developmental sequence sublimely. In
vivo studies alongwith genome editing tools to study the

Homeobox genes as well as non-coding DNA becomes very

important to identify specific gene products involved in the

orchestration which might ultimately become feasible target

for therapeutic intervention.

References

Aubin J,  Lemieux M, Tremblay M, Berard J and

Jeannotte L. 1997. Early postnatal lethality in Hoxa-5 mutant

mice is attributable to respiratory tract defects. Dev Biol.

192(2): 432-45.

Bagot CN, Kliman HJ and Taylor HS. 2001.  Maternal

Hoxa10 is required for pinopod formation in the development

of mouse uterine receptivity to embryo implantation. Dev

Dyn. 222: 538-544.

Benson GV, Lim H, Paria BC, Satokata I, Dey SK

and Maas RL. 1996.  Mechanisms of reduced fertility in

Hoxa-10 mutant mice: uterine homeosis and loss of maternal

Hoxa-10 expression. Development. 122: 2687-2696.

Calvo R, West J, Franklin W, Erickson P, Bemis L,

Li E, Helfrich B, Bunn P, Roche J,  Brambilla E,

Rosell R, Gemmill RM and Drabkin HA. 2000.  Altered

HOX and WNT7A expression in human lung cancer. Proc

Natl Acad Sci USA. 97(23): 12776-81.

Cha J and Dey SK. 2014. Cadence of procreation:

orchestrating embryo-uterine interactions. Semin Cell Dev

Biol. 34: 56-64.

Cha J,  Sun X and Dey SK. 2012. Mechanisms of

implantation: strategies for successful pregnancy. Nat Med.

18: 1754-1767.

Condie BG and Capecchi MR. 1993.  Mice homozygous

for a targeted disruption of Hoxd-3 (Hox-4.1) exhibit anterior

transformations of the first and second cervical vertebrae,the

atlas and the axis. Development. 119: 579-595.

Indira Sarma and Hirendra N Sarma, 2025 Role of Hox in implantation

Davis AP and Capecchi MR. 1994. Axial homeosis and

appendicular skeleton defects in mice with a taregeted

disruption of hoxd-11. Development. 120: 2187-2198.

Daftary GS and Taylor HS. 2004.  Pleiotropic effects of

Hoxa10 on the functional development of peri-implantation

endometrium. Mol Reprod Dev. 67: 8-14.

Daftary GS, Troy PJ, Bagot CN, Young SL and Taylor

HS. 2002. Direct regulation of beta3-integrin subunit gene

expression by HOXA10 in endometrial cells. Mol Endocrinol.

16: 571-579

Daikoku T, Song H, Guo Y, Riesewijk A, Mosselman

S, Das SK and Dey SK. 2004.  Uterine Msx-1 and Wnt4

signaling becomes aberrant in mice with the loss of leukemia

inhibitory factor or Hoxa-10: evidence for a novel cytokine-

homeobox-Wnt signaling in implantation. Mol Endocrinol.

18: 1238-1250.

Daikoku T, Tranguch S, Friedman DB, Das SK, Smith

DF and Dey SK. 2005. Proteomic analysis identifies

immunophilin FK506 binding protein 4 (FKBP52) as a

downstream target of Hoxa10 in the periimplantation mouse

uterus. Mol Endocrinol. 19: 683-697.

Das SK. 2009.  Cell cycle regulatory control for uterine

stromal cell decidualization in implantation. Reproduction.

137: 889-899

Das SK, Lim H, Paria BC and Dey SK. 1999.  Cyclin

D3 in the mouse uterus is associated with the decidualization

process during early pregnancy. J Mol Endocrinol. 22: 91-101.

Du H and Taylor HS. 2015.  The role of Hox genes in

female reproductive tract development, adult function, and

fertility. Cold Spring Harb Perspect Med. 9: 6(1).

Duboule D. 1994. Temporal colinearity and the phylotypic

progression: a basis for the stability of a vertebrate Bauplan

and the evolution of morphologies through heterochrony.

Development Suppl. 135-42.

Erickson LA and Lloyd RV. 2004. Practical markers used in

the diagnosis of endocrine tumors. Adv Anat Pathol. 11: 175-189.

Fischer CP, Kayisil i U, Taylor HS. 2011. HOXA10

expression is decreased in endometrium of women with

adenomyosis. Fertil Steril. 95: 1133-1136.



19

Indira Sarma and Hirendra N Sarma, 2025 Role of Hox in implantation

Gao F, Bian F, Ma X, Kalinichenko VV and Das SK.

2015. Control of regional decidualization in implantation:

role of FoxM1 downstream of Hoxa10 and cyclin D3. Sci

Rep. 5: 13863.

Gendron RL, Paradis H, Hsieh-Li HM, Lee DW,

Potter SS and Markoff E. 1997. Abnormal uterine

stromal and glandular function associated with maternal

reproductive defects in Hoxa-11 null mice. Biol Reprod. 56:

1097-1105.

Golpon HA, Geraci MW, Moore MD, Miller HL,

Miller GJ, Tuder RM and Voelkel NF. 2001. HOX

genes in human lung: altered expression in primary pulmonary

hypertension and emphysema. Am J Pathol. 158(3): 955-66.

Godbole G and Modi D.  2010.  Regulation of

decidualization, interleukin-11 and interleukin-15 by homeobox

A 10 in endometrial stromal cells. J Reprod Immunol. 85:

130-139.

Grapin-Botton A and Melton DA. 2000. Endoderm

development: from patterning to organogenesis. Trends Genet.

16: 124-130.

He B, Ni ZL, Kong SB, Lu JH and Wang HB. 2018.

Homeobox genes for embryo implantation: From mouse to

human. Anim Models Exp Med. 1: 14-22.

Hsieh-Li HM, Witte DP, Weinstein M, Branford W,

Li H, Small K and Potter SS.1995.  Hoxa 11 structure,

extensive antisense transcription, and function in male and

female fertility. Development. 121: 1373-1385.

Hunt P and Krumlauf R. 1992. Hox codes and positional

specification in vertebrate embryonic axes. Annu Rev Cell

Biol. 8: 227-256.

Ipzisua-Belmonte JC, Falkenstein H, Dolle P, Renucci

A and Duboule D. 1991. Murine genes related to the

Drosophila AbdB homeotic genes are sequentially expressed

during development of the posterior part of the body. The

EMBO Journal. 10(8): 2279-2289.

Jana SK, Banerjee P, Mukherjee R, Chakravarty B

and Chaudhury K. 2013. HOXA-11 mediated dysregulation

of matrix remodeling during implantation window in women

with endometriosis. J Assist Reprod Genet. 30: 1505-1512.

Jiang R, Ding L, Zhou J, Huang C, Zhang Q, Jiang Y,

Liu J, Yan Q, Zhen X, Sun J, Yan G and Sun H.2017.

Enhanced HOXA10 sumoylation inhibits embryo implantation

in women with recurrent implantation failure. Cell Death

Discov. 3: 17057.

Kobayashi A and Behringer RR. 2003.  Developmental

genetics of the female reproductive tract in mammals. Nat

Rev Genet. 4: 969-980.

Krumlauf R.1994.  Hox genes in vertebrate development.

Cell. 78: 191-201.

Kim C and Nielsen HC. 2000. Hoxa-5 in mouse

developing lung: cell-specific expression and retinoic acid

regulation. Am J Physiol Lung Cell Mol Physiol.

279(5): L863-71.

Kim JJ, Taylor HS, Akbas GE, Foucher I, Trembleau

A, Jaffe RC, Fazleabas AT and Unterman TG. 2003.

Regulation of insulin-like growth factor binding protein-1

promoter activity by FKHR and HOXA10 in primate

endometrial cells. Biol Reprod. 68: 24-30.

Kim JJ, Taylor HS, Lu Z, Ladhani O, Hastings JM,

Jackson KS, Wu Y, Guo SW and Fazleabas AT. 2007.

Altered expression of HOXA10 in endometriosis: potential

role in decidualization. Mol Hum Reprod. 13: 323-332.

Kulig E and Lloyd RV. 1996.  Transcription factors and

endocrine disease. Endocr Pathol. 1: 245-250.

Lewin B. 2000. Homeodomains bind related targets in DNA.

In Genes VII. Oxford: Oxford University Press. 660-62.

Li DD, Zhao SY, Yang ZQ, Duan CC, Guo CH,

Zhang HL, Geng S, Yue ZP and Bin Guo B. 2016.

Hmgn5 functions downstream of Hoxa10 to regulate uterine

decidualization in mice. Cell Cycle. 15(20): 2792-2805.

Lim HJ and Wang H.  2010. Uterine disorders and

pregnancy complications: insights from mouse models. J Clin

Invest. 120: 1004-1015.

Ma L, Benson GV, Lim H, Dey SK and Maas RL.

1998. Abdominal B (AbdB) Hoxa genes: regulation in adult

uterus by estrogen and progesterone and repression in

mullerian duct by the synthetic estrogen diethylstilbestrol

(DES). Dev Biol. 197: 141-154.



20

McGinnis W and Krumlauf R. 1992. Homeobox genes

and axial patterning. Cell. 24;68(2): 283-302.

McIntyre DC, Rakshit S, Yallowitz AR, Loken L,

Jeannotte L,  Capecchi MR and Wellik DM. 2007.

Hox patterning of the vertebrate rib cage. Development.

134(16). 2981-2989.

Mollard R and Dziadek M. 1997.  Homeobox genes from

clusters A and B demonstrate characteristics of temporal colinearity

and differential restrictions in spatial expression domains in the

branching mouse lung. Int J Dev Biol. 41(5): 655-66.

Mortlock DP and Innis JW. 1997. Mutation of HOXA13

in hand-foot-genital syndrome. Nat Genet. 15: 179-180.

Mortlock DP, Post LC and Innis JW. 1996. The molecular

basis of hypodactyly (Hd): a deletion in Hoxa 13 leads to arrest

of digital arch formation. Nat Genet. 13(3): 284-89.)

Muragaki Y, Mundlos S, Upton J and Olsen BR. 1996.

Altered growth and branching patterns in synpolydactyly caused

by mutations in HOXD13. Science. 272(5261): 548-51.).

Nilay Shah and Saraswati Sukumar. 2010. The Hox

genes and their roles in oncogenesis. Nature reviews Cancer.

10(5): 361-71.

Okada H, Tsuzuki T and Murata H.  2018.

Decidualization of the human endometrium. Reprod Med

Biol. 17(3): 220-227.

Paria BC, Huet-Hudson YM and Dey SK. 1993.

Blastocyst’s state of activity determines the “window” of

implantation in the receptive mouse uterus. Proc Natl Acad

Sci. 90: 1015910162.

Pascual-Anaya J, D ’Aniello S, Kuratani S and Garcia-

Fernandez J. 2013. Evolution of Hox gene clusters in

deuterostomes. BMC Dev Biol. 13: 26.

Qian K, Chen H, Wei Y, Hu J and Zhu G. 2005.

Differentiation of endometrial stromal cells in vitro: down-

regulation of suppression of the cell cycle inhibitor p57 by

HOXA10? Mol Hum Reprod. 11: 245-251.

Godbole G and Modi D.  2010.  Regulation of

decidualization, interleukin-11 and interleukin-15 by homeobox

A 10 in endometrial stromal cells. J Reprod Immunol.

85: 130-139.

Rahman MA, Li M, Li P, Wang H, Dey SK and Das

SK. 2006.  Hoxa-10 deficiency alters region-specific gene

expression and perturbs differentiation of natural killer cells

during decidualization. Dev Biol. 290: 105-117.

Sarfarazi M, Akarsu AN and Sayli BS. 1995.  Localization

of the syndactyly type II (synpolydactyly) locus to 2q31 region

and identification of tight linkage to HOXD8 intragenic marker.

Hum Mol Genet. 4(8): 1453-58.

Satokata I,  Benson G and Maas R. 1995. Sexually

dimorphic sterility phenotypes in Hoxa10-deficient mice.

Nature. 374: 460-463.

Sayli BS, Akarsu AN, Sayli U, Akhan O, Ceylaner S

and Sarfarazi M. 1995. A large Turkish kindred with

syndactyly type II (synpolydactyly). 1. Field investigation, clinical

and pedigree data. J Med Genet. 32(6): 421-34.

Sun H, Chen L, Yan G, Wang R, Diao Z, Hub Y and

Li C. 2009. HOXA10 suppresses p/CAF promoter activity

via three consecutive TTAT units in human endometrial

stromal cells. Biochem Biophy Res Commun. 379: 16-21

Tan J, Raja S, Davis MK, Tawfik O, Dey SK and Das

SK. 2002. Evidence for coordinated interaction of cyclin D3

with p21 and cdk6 in directing the development of uterine

stromal cell decidualization and polyploidy during implantation.

Mech Dev. 111: 99-113.

Tan Y, Li M, Cox S, Davis MK, Tawfik O, Paria BC

and Das SK. 2004. HB-EGF directs stromal cell polyploidy

and decidualization via cyclin D3 during implantation. Dev

Biol. 265: 181-195.

Taylor HS. 2000. The role of HOX genes in human

implantation. Hum Reprod Update. 6: 75-79.

Taylor HS, Igarashi P, Olive DL and Arici A. 1999.

Sex steroids mediate HOXA11 expression in the human peri-

implantation endometrium. J Clin Endocrinol Metab.

84: 1129-1135.

Taylor HS, Vanden Heuvel GB and Igarashi P. 1997.

A conserved Hox axis in the mouse and human female

reproductive system: late establishment and persistent adult

expression of the Hoxa cluster genes. Biol Reprod.

57: 1338-1345.

Indira Sarma and Hirendra N Sarma, 2025 Role of Hox in implantation



21

Indira Sarma and Hirendra N Sarma, 2025 Role of Hox in implantation

Troy PJ,  Daftary GS,  Bagot CN and Taylor HS.

2003. Transcriptional repression of peri-implantation EMX2

expression in mammalian reproduction by HOXA10. Mol

Cell Biol. 23: 1-13

Tu Z, Ran H, Zhang S, Xia G, Wang B and Wang

H.2014. Molecular determinants of uterine receptivity. Int J

Dev Biol. 58: 147-154.

Vitie l lo D, Pinard R and Taylor HS. 2008. Gene

expression profiling reveals putative HOXA10 downstream

targets in the periimplantation mouse uterus. Reprod Sci.

15: 529-535.

Volpe MV, Pham L, Lessin M, Ralston SJ, Bhan I,

Cutz E and Nielsen HC. 2003.  Expression of Hoxb-5

during human lung development and in congenital lung

malformations. Birth Defects Res Part A Clin Mol Teratol.

67(8): 550-6.

Wahba GM, Hostikka SL and Carpenter EM. 2001.

The paralogous Hox genes Hoxa10 and Hoxd10 interact to

pattern the mouse hindlimb peripheral nervous system and

skeleton. Developmental Biology. 231: 87-102.

Wang H and Dey SK. 2006.  Roadmap to embryo

implantation: clues from mouse models. Nat Rev Genet.

7: 185-199.

Warot X, Fromental-Ramain C, Fraulob V, Chambon

P and Dolle P. 1997.  Gene dosage-dependent effects of

the Hoxa-13 and Hoxd-13 mutations on morphogenesis of

the terminal parts of the digestive and urogenital tracts.

Development. 124: 4781-4791.

Wellik  DM and Capecchi MR. 2003. Hox10 and Hox11

genes are required to globally pattern the mammalian skeleton.

Science. 301. 363-367.

Xu B, Geerts D, Bu Z, Ali J, Jin L, Li Y, Zhang H

and Zhu G. 2014. Regulation of endometrial receptivity by

the highly expressed HOXA9, HOXA11 and HOXD10 HOX-

class homeobox genes. Hum Reprod. 29: 781-790.

Yasushi Taniguchi. 2014. Hox Transcription Factors:

Modulators of Cell-Cell and Cell-Extracellular Matrix Adhesion.

BioMed Research International. 2014: 591374.

Yao MW, Lim H, Schust  DJ, Choe SE, Farago A,

Ding Y, Michaud S, Church GM and Maas RL. 2003.

Gene expression profiling reveals progesterone-mediated cell

cycle and immunoregulatory roles of Hoxa-10 in the

preimplantation uterus. Mol Endocrinol. 17: 610627.

Yue L, Daikoku T, Hou X, Li M, Wang H, Nojima

H, Dey SK, and Das SK. 2005. Cyclin G1 and cyclin G2

are expressed in the periimplantation mouse uterus in a cell-

specific and progesterone-dependent manner: evidence for

aberrant regulation with Hoxa-10 deficiency. Endocrinology.

146: 2424-2433.

Zhang S, Kong S, Lu J, Wang Q,Chen Y, Wang W,

Wang B, and Wang B. 2013.  Deciphering the molecular

basis of uterine receptivity. Mol Reprod Dev. 80: 8-21.

Zhu LH, Sun LH, Hu YL, Jiang Y, Liu HY, Shen XY,

Jin XY, Zhen X, Sun HX and Yan GJ. 2013. PCAF

impairs endometrial receptivity and embryo implantation by

down-regulating beta3-integrin expression via HOXA10

acetylation. J Clin Endocrinol Metab. 98: 4417-4428.


