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Abstract
An implantation-competent blastocyst, several hours prior to its attachment on the uterine wall,
transmits signals to surrounding uterine cells and vice-versa to initiate a two-way interaction. The
language of this precocious dialogue is versatile, taking advantage of secreted molecules for long-
range interactions and membrane-bound molecules for more immediate interactions. Heparin-
binding epidermal growth factor-like growth factor (HB-EGF) was identified as an early messenger
of implantation which uses both modes of communication. In this review, we discuss the footprint
of HB-EGF as to how it was initially identified as a mediator of implantation and how it initiates
embryo-uterine interactions during this process.
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Embryo-uterine interaction in implantation – A brief overview
One prerequisite for mammalian reproduction is an effective reciprocal interaction between an
implantation-competent blastocyst and the receptive uterus. The blastocyst will implant only
when this molecular dialogue is established. In women, the uterus becomes receptive for a
short time, i.e., 7–9 days after ovulation (cycle days 21–23) during the mid luteal phase. After
this time period, the uterus becomes nonreceptive (refractory) and remains refractory for the
rest of the luteal phase. Many shortcomings of human infertility have been overcome by in
vitro fertilization and embryo transfer (IVF-ET) techniques. Nevertheless, the implantation
rate in IVF programs remains disappointingly low, with one cause being transfer of embryos
into nonreceptive uteri, resulting in implantation failure [1,2].
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The master regulators that specify uterine sensitivity related to implantation are the ovarian
steroid hormones progesterone (P4) and estrogen. In most mammals studied, the uterus
differentiates into an altered state when implantation-competent blastocysts are capable of
effective two-way communication to initiate the process of implantation. This state is termed
uterine receptivity for implantation and lasts for a limited period. The receptive uterine
environment is conducive to blastocyst growth and implantation [3–6].

In mice, the initial attachment reaction between the blastocyst and the receptive uterus occurs
on the evening (2000–2400 h) of day 4 of pregnancy (day 1= vaginal plug), and this attachment
always occurs at the antimesometrial pole of the uterus. The attachment reaction is preceded
by uterine luminal closure bringing the blastocyst in close apposition with the uterine luminal
epithelium. The attachment of the blastocyst is coincident with increased endometrial vascular
permeability at the site of blastocyst apposition and is then followed by decidualization of
stromal cells surrounding the blastocyst. Failure to sustain uterine growth and differentiation
after blastocyst attachment results in spontaneous abortion. Still, relatively little is known about
the hierarchy of events that direct uterine receptivity, blastocyst attachment and uterine
refractoriness [7–9].

In mice, the coordinated actions of P4 and estrogen regulate proliferation and/or differentiation
of uterine cells in a spatiotemporal manner to establish the window of receptivity for
implantation [10]. On days 1 and 2 of pregnancy, uterine epithelial cells undergo proliferation
under the influence of preovulatory estrogen secretion. Rising levels of P4 secreted from newly
formed corpora lutea then initiate stromal cell proliferation from day 3 onward which is further
stimulated by a small amount of ovarian estrogen secretion on the morning of day 4. These
coordinated effects of P4 and estrogen result in the cessation of uterine epithelial cell
proliferation, initiating differentiation [11]. During normal pregnancy, the presence of an active
blastocyst in the uterus is the stimulus for implantation. After the attachment reaction is initiated
on the evening of day 4 (2000–2400h), stromal cells surrounding the implanting blastocyst
undergo extensive proliferation and differentiate to decidual cells (decidualization) [3]. In
pseudopregnant mice, the uterine steroid hormonal milieu is similar to pregnant mice during
the periimplantation period due to the presence of newly formed corpora lutea. Thus, uterine
sensitivity to implantation in pseudopregnant mice on days 1–5 is quite similar to normal
pregnancy, and blastocyst transfer into the uterine lumen during the receptive phase (day 4)
provokes normal implantation reactions and subsequent decidualization.

During normal pregnancy, the uterine sensitivity in the context of implantation is classified as
prereceptive, receptive and refractory [3,4]. In pregnant or pseudopregnant mice, the uterus
becomes receptive on day 4 (the day of implantation), while by late day 5 (examined by
blastocyst transfer experiments), the uterus becomes refractory and implantation fails. These
uterine phases can also be induced in ovariectomized mice by appropriate P4 and estrogen
treatment and also in delayed implanting mice. The uterus becomes neutral when exposed to
P4 alone similar to that which occurs during delayed implantation. Under this neutral condition,
the uterus will respond to the presence of blastocysts for implantation only if exposed to
estrogen after 24–48 h of P4 priming. Even so, the induced window of receptivity will only
last for a limited period (about 24 h). The uterus then automatically proceeds to the refractory
phase [3,4].

During delayed implantation, the uterus remains in a quiescent state and blastocysts undergo
dormancy. Delayed implantation occurs naturally in many mammals, but the factors that direct
this process vary [12]. For instance, delayed implantation occurs naturally (facultative) during
lactation after postpartum ovulation and fertilization in mice and rats [13], with implantation
ensuing rapidly after termination of the suckling stimulus. This lactational delay occurs due to
insufficient ovarian estrogen secretion. Whether this phenomenon occurs in humans is not yet
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known. Delayed implantation can also be induced experimentally. For example, in mice,
ovariectomy on the morning of day 4 of pregnancy before preimplantation ovarian estrogen
secretion results in implantation failure with blastocyst dormancy [13,14]. This condition of
delayed implantation can be maintained for many days by continued treatment with P4 and is
analogous to the neutral phase, since blastocyst activation with initiation of implantation is
rapidly initiated by a single injection of estrogen [13,14]. Mechanisms by which estrogen
mediates the processes of blastocyst activation and implantation in the P4-primed uterus are
poorly understood. This delayed implantation mouse model is widely used to better understand
the molecular signaling that emanates from the embryo and influences uterine biology and vice
versa.

HB-EGF in the mouse uterus: where the story began
The blastocyst, upon encountering the maternal interface, initiates a two-way communication
several hours before the attachment reaction occurs. HB-EGF first appears in epithelial cells
juxtaposed with blastocysts around 1600 h on day 4 of pregnancy [15]. As stated earlier, the
attachment reaction ensues in the evening of the same day. This early expression of HB-EGF
in the uterus is not hormone-dependent, as it is not seen in pseudopregnant mouse uteri when
hormonal milieu is very similar to that of normal pregnancy. Embryonic induction of HB-EGF
provided insights for the first time that blastocysts send signals for the preparation of the
maternal environment conducive to subsequent attachment reaction.

Why is HB-EGF turned on during early embryo-uterine interactions? Two in vitro experiments
offer clues to this question. First, 8-cell mouse embryos exposed to HB-EGF in culture showed
increased rates of hatching and growth [15]. EGF was not as effective as HB-EGF in promoting
hatching and growth of embryos. Second, HB-EGF promotes the outgrowth of trophoblasts
in vitro, which supports its role in trophoblast invasion during the process of implantation.

HB-EGF was identified as a mitogen for fibroblasts and smooth muscle cells [16]. HB-EGF,
like other EGF-like growth factors, is initially expressed as a transmembrane form (HB-
EGF™) with multiple domains such as signal peptide, heparin-binding, EGF-like,
juxtamembrane, transmembrane, and cytoplasmic domains [16]. HB-EGF™ then can be
enzymatically processed further for shedding and the secreted mature HB-EGF acts as a
paracrine factor. While the mature form is a potent mitogen for various cell types, HB-
EGF™, because of its physical containment within the membrane, plays a role as an adhesion
molecule by interacting with juxtaposed receptors. In the uterine luminal epithelium, HB-EGF
is expressed as transmembrane and in soluble forms [17], implying its role as a juxtacrine and
paracrine signaling mediator. At the time of HB-EGF™ expression, the blastocyst is closely
apposed to the luminal epithelium due to the generalized uterine edema and uterine luminal
closure induced by P4 and estrogen. Thus, it was speculated that a closely apposed blastocyst
expresses receptors for HB-EGF™ for juxtacrine interactions. Raab and others devised an in
vitro experimental system to show the juxtacrine interaction of blastocysts and HB-EGF™
[17]. They engineered 32D cells to express HB-EGF™ and co-incubated these cells with
blastocysts. When dormant blastocysts were used in the experiment, HB-EGF™-expressing
32D cells did not adhere to the embryonic surface. One of the factors that are downregulated
in dormant blastocysts is ErbB1 (EGF-R) and ErbB4 [18,19]. Thus, HB-EGF™-mediated
adherence of 32D cells is likely to use ErbB1 and/or ErbB4 on implantation-competent
blastocysts. In addition, HB-EGF™ may also utilize various heparin sulfate proteoglycans
(HSPGs) synthesized by blastocysts. When blastocysts were pretreated with heparinase to
remove cell surface heparin sulfate, the number of adhering 32D cells was reduced by 50%
[17].
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More concrete evidence establishing the role for HB-EGF in implantation came later with the
application of in vitro model of implantation and the availability of knockout mouse models.
Growth factor-soaked beads are widely used in the field of developmental biology to study
cellular and molecular responses to morphogens. This approach was adopted in implantation
by substituting embryos to growth factor-soaked beads. Beads of about the size of blastocysts
were chosen and soaked with various growth factors. They were transferred into the uteri of
pseudopregnant mice similar to transfer of normal blastocysts. Among many factors, HB-EGF
and IGF-1 efficiently elicited discrete local implantation-like responses, such as increased
vascular permeability, decidualization and expression of implantation marker genes [20]. HB-
EGF-soaked beads also induced expression of HB-EGF itself in the luminal epithelium,
suggesting an auto-induction loop in regulating HB-EGF expression during implantation
[21]. Since implantation-competent blastocysts themselves express HB-EGF, it is thought that
HB-EGF serves as a two-way signaling bridge between the embryo and uterus during
implantation [21].

Genetic studies have shown that Hbegf−/− female mice are sub-fertile with reduced litter size.
Further scrutiny of these mice revealed that HB-EGF plays a dual role in reproduction by
regulating both ovarian and uterine functions [22]. As stated above, HB-EGF is also expressed
both in the blastocyst and the uterus during implantation [21]. Reciprocal embryo transfer
experiments, however, showed that uterine HB-EGF deficiency causes deferral in
implantation, leading to compromised pregnancy outcome, since Hbegf−/− blastocysts can
implant when transferred into uteri of wild-type mice [22]. This work also demonstrated that
prolonged amphiregulin expression partially compensates for the loss of HB-EGF in
Hbegf−/− uteri. Interestingly, this compensation was achieved by the reduction in ovarian
estrogen secretion caused by ovarian HB-EGF deficiency. Overall, these studies show that HB-
EGF is crucial for embryo-uterine interactions during implantation in mice.

Tracking down the receptors for HB-EGF in implantation
One interesting feature of HB-EGF™ is that it utilizes various molecules as its “receptors”.
The primary receptors of HB-EGF are the ErbB system, especially ErbB1 and ErbB4. Mature
HB-EGF induces dimerization of ErbB receptors, autophosphorylation, and activation of
MAPK pathway [16]. HB-EGF can also use HSPGs as receptors and the heparin-binding
domain is required for this interaction.

When HB-EGF is expressed in the luminal epithelium during early implantation phase, the
classical ErbB system and HSPGs are both available for its interaction. To delineate which
ErbB is used for blastocyst activation for implantation, the chimeric toxins composed of HB-
EGF or TGF-α coupled to Pseudomonas exotoxin (PE) were used as measures of ligand
preference and receptor expression [19]. In this experiment, HB-EGF-PE was much more
efficient in killing implantation-competent (active) blastocysts than TGF-α-PE. HB-EGF-PE
also killed egfr−/− blastocysts, suggesting a presence of yet another receptor mediating HB-
EGF binding. The presence of ErbB4 in active, but not in dormant blastocysts, and HB-EGF’s
strong affinity towards ErbB4 suggest that ErbB4 is a high affinity receptor for HB-EGF in
embryo-uterine interactions (Fig. 1).

While HSPG can interact with HB-EGF, the proposed function of HSPG is somewhat broader
than that of HB-EGF. HSPG is not only present in extracellular scaffolds and basement
membranes as a structural component, but also sequesters various heparin-binding growth
factors including HB-EGF [23]. Heparinase or metalloproteases are required for releasing
sequestered growth factors for further paracrine interaction. Heparan sulfate (HS) is found on
the surface of trophectoderm cells at the time of attachment reaction [24] and may provide an
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efficient mechanism for delivery of uterine HB-EGF for interaction with its receptor on
blastocysts.

Cross-talk: reciprocal signal transmission
Above studies have shown that HB-EGF™ in the uterine luminal epithelium interacts with
ErbB1 and/or ErbB4 of blastocysts. Now the questions are how the signal for HB-EGF-ErbB
interaction is propagated and what cellular changes this interaction induces in furthering the
implantation process.

There is evidence that HB-EGF activates intracellular Ca2+ signaling and promotes trophoblast
development to an adhesion-competent stage [25]. This effect of HB-EGF on trophoblast
development first requires the translocation of ErbB4 to the apical surface of trophoblast cells
and then eliciting a Ca2+ influx through N type Ca2+ channels. Accumulated Ca2+ within
trophoblast cells then activates calmodulin and protein kinase C pathway [25]. Ca2+ influx by
HB-EGF is further regulated by cross-talk with lysophosphatidic acid (LPA) pathway and ErbB
receptors. LPA apparently induces the transient accumulation of HB-EGF on the embryo
surface, thereby promoting autocrine signaling of HB-EGF followed by Ca2+ influx [26]. These
results suggest that HB-EGF-ErbB interactions converge upon other signaling pathways for
intricate intracellular signaling cascades.

HB-EGF also has a unique role in regulating certain uterine functions. In vitro cultured primary
uterine stromal cells respond to HB-EGF and show heightened DNA synthesis with increased
polyploidy [27]. In these cells, HB-EGF induces expression of cyclin D3, which is a distinct
D-type cyclin involved in decidualization [27,28]

EGF-like ligands in embryo-uterine interactions
Transforming growth factor-α (TGF-α), amphiregulin (Ar), betacellulin (BTC), epiregulin
(Ereg), neu differentiating factor (NDF) and neuregulins (NRGs) are other members of EGF-
like ligands that can generate ErbB signaling. Interestingly, many of these growth factors
exhibit unique yet overlapping expression patterns during the periimplantation period in mice.
As previously reviewed [29], overlapping expression of HB-EGF, Ar, BTC, EPI, and NDF is
transiently achieved at the time of attachment reaction around midnight of day 4 of pregnancy
[29,30]. Thus, it is assumed that a compensatory mechanism rescues implantation in the
absence of one or more members of the EGF family of ligands.

Among these ligands, Ar is the only P4-regulated gene which disappears shortly after the
attachment reaction. Although Ar has these unique features over other EGF-like ligands, Ar
deficient mice do not show any overt reproductive abnormalities [31], suggesting that it is
dispensable for implantation or that a compensatory mechanism is in operation. Ereg deficient
mice also do not exhibit implantation defects [32]. Because of the distinct attribute of HB-EGF
as a mediator of implantation, studies in other species centered on this molecule and potential
involvement of other EGF-like ligands in embryonic development and implantation has not
been pursued extensively. Leukemia inhibitory factor (LIF) is a cytokine critical for blastocyst
implantation [33]. In Lif−/− female uteri, even the normal blastocysts cannot initiate
implantation due to the failure of the uterus to achieve the receptive state. In uteri of these mice,
many of the EGF-like growth factors are not expressed at the sites of blastocyst apposition.
Ar, HB-EGF and Ereg are all absent in the luminal epithelium where the blastocysts maintain
close contact before and during the anticipated time of implantation [34] (Fig. 2). This suggests
that induction of EGF-like growth factors including HB-EGF during early implantation phase
requires normal LIF signaling.
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Since a variety of EGF-like ligands was identified at implantation sites, the availability of
ErbBs within the uterine compartment and in the embryo has been scrutinized. In the mouse
uterus, ErbB1, ErbB2, ErbB3 and ErbB4 exhibit differential expression pattern. In epithelial
cells, ErbB2 and ErbB3 are co-expressed, enabling signaling by BTC and NDF. In the uterine
stroma, ErbB1, ErbB2, and ErbB4 are expressed [35,36]. Thus, at least three combinations of
ErbB dimers can form. However, judging from the expression of HB-EGF and other factors
in the luminal epithelium at the time of attachment reaction, roles for ErbBs in the
trophectoderm appear important for implantation. In the mouse blastocyst, all four ErbBs are
expressed in the trophectoderm, suggesting direct interaction with uterine ligands [18,19,37].

Why is HB-EGF special in implantation? – The conservation across species
Expression of HB-EGF and cognate ErbB receptors during implantation is described in other
species as well. In rabbits, day 7 of pregnancy is considered the time of blastocyst attachment.
HB-EGF mRNA is induced at the antimesometrial side of the uterus where the attachment
reaction occurs on day 7 [38]. ErbBs exhibit differential expression patterns in trophoblast
cells, but understanding roles of HB-EGF and ErbBs in rabbit endometria and embryos will
require further investigation. HB-EGF is also expressed in the baboon endometrium and is
regulated by progesterone and trophoblastic chorionic gonadotropin [39]. In pigs, uterine
luminal flushings contain multiple forms of HB-EGF, suggesting the secretion of this factor
to the lumen [40]. HB-EGF is also detected in the elongated bovine blastocysts on day 13 of
pregnancy along with EGF and TGF-α [41].

In hamsters, the process of implantation is unique in that it occurs in the presence of P4 alone,
not requiring the presence of ovarian estrogen. HB-EGF in the hamster uterus is solely
expressed in the luminal epithelium surrounding the blastocyst prior to and during the initial
phase of implantation [42]. This is reminiscent of the typical embryonic induction pattern of
HB-EGF observed in mice [15]. However, in the ovariectomized hamster uterus, E2, via its
nuclear receptor ER, induces expression of HB-EGF rapidly in the luminal epithelium within
2 hrs of injection. This offers an interesting hypothesis that embryonic induction of HB-EGF
locally in the implantation site differs from rapid estrogenic induction seen in the
ovariectomized hamster uteri. In the mouse uterus, HB-EGF expression is briefly seen on day
1 of pregnancy when estrogen level is high due to preovulatory estrogen surge [15]. Thus, HB-
EGF expression in the uterus is likely to be regulated by multiple factors depending on cellular
and physiological contexts.

How work in mice translates to humans
As with many studies on implantation, the importance of a molecule in embryo-uterine
interactions is first defined in mouse models and other species. In humans, it is virtually
impossible to obtain the actual site of implantation due to ethical and technical issues.
Therefore, studies using human samples are generally confined to tissue biopsies and limited
number of embryos that are discarded with the consent of patients who undergo in vitro
fertilization.

In the human endometrium, HB-EGF expression is the highest in the apical surface of the
luminal epithelium immediately prior to the implantation window (day 19–21 of the human
menstrual cycle) [43]. In the archived pathology specimens from pregnancy terminations
between 6–8 week, HB-EGF expression was noted in both cytotrophoblast and
syncytiotrophoblasts of the chorionic villi during early pregnancy [44]. These observations
suggested that HB-EGF in the human endometrium is associated with the promotion of
trophoblast invasion and mitogenesis. HB-EGF expression in the epithelium is the highest
when fully developed pinopodes are present, suggesting its involvement in the attachment and
penetration steps [45]. The mitogenic potential of HB-EGF on the human endometrium was
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further demonstrated in an in vitro experiment using cultured endometrial stromal cells. These
cells express ERBB1, ERBB4, and HB-EGF™, and addition of HB-EGF in culture media
induces heightened DNA synthesis [46]. The endometrial expression of the human HB-EGF
seems to be under hormonal regulation, as addition of P4 and E2 not only increases HB-EGF
expression but also the ability of HB-EGF to induce epithelial expression of leukemia
inhibitory factor (LIF), HOXA-10, and β3 integrin subunit, all of which are also potential
mediators of implantation [47].

More direct evidence showing the role for HB-EGF in the attachment reaction in implantation
in humans was generated using a cleverly designed in vitro experimental model. The
ectodomain of HB-EGF was fused to the Fc region of human IgG (HB-EGF-Fc) and applied
onto protein A-coated cover slips via the Fc tag. When hatched human blastocysts were
incubated on the coated surface, most of the blastocysts adhered to the surface. This binding
was abrogated by adding soluble HB-EGF in the incubation media. Similar results were
obtained when HB-EGF™-expressing CHO cells were used. In human blastocysts, ERBB1 is
localized in the inner cell mass while ERBB4 is abundant in the trophectoderm. This
observation suggests that HB-EGF™ expressed in the luminal epithelium of the endometrium
interacts with blastocyst ERBB4 to mediate implantation in humans [48]. HB-EGF also has a
stimulatory effect on human embryo development from the 8-cell stage and on hatching [49].

Role for HB-EGF as a key regulator of implantation is further provided in a study on its
association with pre-eclampsia. Pre-eclampsia is a disorder of pregnancy with poor
cytotrophoblast invasion and patients generally suffer from hypertension and proteinuria. In
placental tissues obtained from pre-eclamptic patients, dramatic reduction of HB-EGF
immunostaining was noted [50]. This result suggests that defective HB-EGF signaling is
responsible for poor trophoblast invasion and flawed placentation leading to pre-eclampsia.

Conclusion
For the last several decades, a variety of molecules were identified as potential mediators of
embryo-uterine interactions during implantation. These studies, usually started by describing
an expression map of a molecule, were followed by more mechanistic approaches such as using
gene-targeted mouse models and in vitro systems. While the list of “implantation” regulators
is expanding, the role of HB-EGF as the earliest indicator of embryonic signals is unique (Fig.
3). HB-EGF-ErbB signaling for the attachment reaction seems to be conserved across several
species. Further investigations focusing on the propagation of HB-EGF signaling for
trophoblast invasion and identification of target genes are warranted.
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Fig. 1.
Expression of ErbB1 and ErbB4 in day 4 and day 7 delayed blastocysts. Day 4 pregnant mice
were ovariectomized and received daily P4 injections from day 4 to day 6. On day 7, dormant
blastocysts were obtained by uterine flushing. Immunoreactive ErbB1 and ErbB4 show red
deposits mainly in the trophectoderm of day 4 normal blastocysts. In dormant blastocysts, both
ErbB1 and ErbB4 are downregulated (reproduced from [18,19]).
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Fig. 2.
Altered uterine expression of Ar, HB-EGF and Ereg around the time of implantation in wildtype
and Lif−/− mice. Photomicrographs of representative uterine sections showing in situ
hybridization of Areg, Hbegf, and Ereg mRNAs on day 5 of pregnancy are shown at 100X.
Arrows indicate the location of blastocysts (reproduced from [34]).
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Fig. 3.
A schematic landscape of signaling by HB-EGF™ and mature HB-EGF. HB-EGF takes
advantage of autocrine, paracrine, and juxtracrine modes of signaling to regulate both
embryonic and uterine functions. HB-EGF affects trophoblast growth and adhesion during
implantation. In the uterine stroma, HB-EGF increases DNA synthesis and cell cycle
progression. This versatility of HB-EGF synergizes upon the process of successful
implantation.
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