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window 468 ysaA, in 1982, nearly one in five married women of
Molecular lesions in infertility 469 yeproductive age reported that, during their lifetime, they
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Pratt, 1991) and, in 1988, 8.4% (a total of 4.9 million) of
Human endometrium is the end organ of the women aged 15-44 years reported impaired fecundity
hypothalamic—pituitary—ovarian axis. Therefore, endo- (Mosher and Pratt, 1993). In the USA, after all the standard
metrium is susceptible to changes in the cases ofclinical investigations are done and known causes of
infertility that originate from disturbances in the normal infertility attributable to tubal and pelvic pathologies, male
functioning of this axis. In addition, some cases of factor, ovulatory dysfunction and unusual problems are
unexplained infertility may be due to altered ruled out, a substantial number (10%) of infertility cases
endometrial function. This disturbed endometrial remain of unknown aetiology. These cases are designated
function may originate from lesions in the molecular as ‘unexplained infertility’ (Crosignaeit al, 1993; Lobo,
repertoire that are crucial to implantation. Human  1993; Speroff, 1994; Blacket al, 1997). The underlying
endometrium becomes receptive to implantation by the basis for the infertility in patients with unexplained
blastocyst within a defined period during the menstrual infertility is not known. In some of these women, an ‘en-
cycle. The duration of this so-called ‘endometrial dometrial factor’ may be involved in the infertility and
receptivity’ or ‘implantation’ period seems to span from  there may be a primary derangement in the expression of
few days after ovulation to several days prior to the endometrial genes crucial to implantation. In addition,
menstruation. Successful implantation results from a human endometrium is the end organ for the signals
co-ordinated series of events that would allow derived from the hypothalamic—pituitary—ovarian axis.
establishment of a timely dialogue between a receptive Therefore, the aetiological factor(s) causing infertility may
endometrium and an intrusive blastocyst. The members secondarily cause an alteration in the molecular repertoire
of the molecular repertoire that make endometrium of the endometrial receptivity. In either case, such
receptive to implantation are gradually being aberrations may be specific and thus may allow diagnosis
recognized. Among these are the cytokines, integrins, of the infertility. At the present time, only limited
heat shock proteins, tastin and trophinin. In addition, the  information exists regarding the genes that account for
expression of a second set of genes includibgmour  endometrial receptivity in humans and whose aberrant
necrosis factora (TNF-a) and ebaf may be the expression is associated with infertility. Therefore, before
appropriate signal for the closure of the ‘implantation we can gain an insight into the molecular lesions in
window’, for making the endometrium refractory to infertility, we should attempt to identify the molecular
implantation and for preparing it for the menstrual  signals that confer receptivity to endometrium or lead to its
shedding. resistance to implantation.
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Figure 1. An hypothesis for explaining the presence of an ‘implantation window’ in human endometrium.

Table I. Time required for conception in couples who will at- and Babaknia, 1995). This phase is followed by a ‘non-re-
tain pregnancy ceptive’ phase when the endometrium becomes refractory
Months of exposure % Pregnancy to the implantation process (Strauss and Gurpide,1991,;
3 = Psychoyos, 1993) (Figure 1).
6 - The presence of receptive and non-receptive phases
12 85 during the menstrual cycle is consistent with the hypothesis
24 93 that receptivity of endometrium to implantation by the

blastocyst is a regulated process. By removal of the uterine
epithelium, Cowell (1969) showed that endometrium
controls the implantation of the blastocyst. After removal of
the endometrial epithelium, blastocysts could implant in
endometrium completely independent of any hormonal
Human endometrium undergoes characteristic phasesaghtrol (Cowell, 1969). An additional feature of this control
proliferation and secretion. Exquisite mechanisms contrdg regulation of the depth of the invasion of the endometrium
the processes that drive endometrium through these phabgsthe trophoblasts. For example, the trophoblasts of the
and prepare this tissue for implantation (for a review, samplanting blastocysts can invade, quite deeply, tissues other
Tabibzadeh and Babaknia, 1995). Implantation is than endometrium (for review, see Denker, 1993). Despite
complex process which initially requires the interaction ofhe invasive behavioim vitro, in some animals such as pig,
the blastocyst and, subsequently, the developing embrilee trophoblasts attach but do not invade the uterine
and placenta with the endometrium. In implantation, botbpithelium (Dantzer, 1985; Keys and King, 1990). When
endometrial and embryonic factors are involved. Somgansplanted ectopically in the uterine wall, however, the
studies show that a 100% pregnancy rate cannot bame cells can invade tissues. Therefore, it is speculated that
achieved by increasing the number of embryos (Medicalvo sets of molecules may exist in endometrium. One set of
Research International Society for Assisted Reproductiveolecules makes endometrium receptive whereas a second
Technology, 1992). This suggests that other factor(s3et makes endometrium resistant to implantation. Therefore,
presumably of endometrial origin, may be involved in th@resence or absence of the ‘implantation window' may
implantation. These as yet unidentified factors are likely tdepend on the regulated and timed expression of these
account for the endometrial receptivity to the implantatiomolecules in endometrium (Figure 1).

process. Presence of endometrial receptivity was first
established in the rat and later validated in other speciss
(Psychoyos, 1973a,b, 1976, 1980, 1986, 1993; Psychoyos
and Casmiri, 1980). These studies show that endometriufhere is no general agreement as to the dates and duration
can be maintained in various states which include neutralf the ‘endometrial receptivity period’ or ‘implantation
receptive and non-receptive or refractory phases. It sindow’ during normal menstrual cycles. For example, it
postulated that in humans, an ‘implantation window’ alsavas suggested that the implantation window is confined to
exists (Navotet al, 1984, 1986, 1991; Paulsat al, the postovulatory days (POD) 5—7 of the normal menstrual
1990a,b; Psychoyos, 1993; for a review, see Tabibzadetcle (Psychoyos, 1993). Rogers and Murphy (1989),

Receptivity of human endometrium to
implantation

iod of endometrial receptivity
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however, concluded that the human implantation windowspecific proteins, such as complement C3 (Hastyl,

must be at least 3.5 days, whereas Forreigél (1987) 1994), MUC1 (Aplinet al, 1994,Hey et al, 1994), PP12
suggested that the period of endometrial receptivity may lfRutaneret al, 1986), prolactin (Maslar and Riddick, 1979),
as long as 7 days. Based on the available data, howevecathepsin D (Maudelondet al, 1987),01-PEG (Waiteset

can be concluded that the endometrial implantatioal., 1988),a,-PEG (Joshet al1980; Julkuneset al, 1986),
window in humans opens several days after ovulation andrious integrin molecules (Lessest al, 1992, 1994;
closes several days prior to menstruation. Tabibzadeh, 1992), cytokines (Tabibzadsthal, 1994,
1995a,b) and heat shock proteins (Tabibzadeth, 1996),
have been described in human endometrium during the
secretory phase. Among these, the expression of a few

Endometrial receptivity may depend on timed and regulatéHOt_einS’ including ?ntegrins_ (LeSS@ al, 1992, 1994;
bibzadeh, 1992), interleukin-6 (Tabibzadehl, 1995b),

expression of specific set of genes and presence of e

implantation window may require establishment of d/UC1 (Aplin etal, 1994; Heyet al, 1994), trophinin and
molecular dialogue between the blastocyst and tH@stin (Fukudzet al, 1995), seems to coincide with the
endometrium. For example, in the mouse, endometriRfriod of endometrial receptivity, suggesting that these
epithelial cells express H-type carbohydrate (Wilsbal, molecgles may be w_nphcated in rendering endometrium
1990, Raboudst al, 1992), and the abembryonic ectodern{€C€Ptive to implantation.

acquires the ability to specifically bind H-type-l structures e recently attempted to identify the genes expressed
around the time of implantation (White and Kimber, 1994)during the implantation period by using representational
So far, little information exists in humans about the genddifference analysis (RDA; Gruidit al, 1997). When the
whose expression in endometrium is essential to igD_NAs of a proliferative endometrium were used as _the
interaction with the blastocyst. Most of our currendriverand the cDNAs of a postovulatory day 5 endometrium

knowledge regarding expression of such genes has bhedge used as the tester, a number of bands were identified by
derived from animal studies. Studies in experimentdRDA. DNA of the cloned RDA products revealed that the
animals have revealed potential molecular cues that dFelority of the clones contained a fragment of a cDNA
implicated in endowing endometrium with this receptivityidentical to that ofi-crystallin B chain (Gruidet al, 1997).
An increased expression of leukaemia inhibitory factor (LIFNorthern blot analysis showed that the expression of the
was found in the endometrial glands in the mouse prior to tRecrystallin B chain mRNA was absent during the
implantation of the blastocyst. This increased expression wagliferative phase. The expression of the mRNA of
found to be under maternal control (Bleathl, 1991). Later, a-crystallin B chain first appeared in the secretory phase,
the role of LIF in this process was shown by eliminating therogressively increased during this phase and peaked in the
LIF gene by homologous recombination (Stevetrial, late secretory endometria (Grugdlal, 1997). The pattern of
1992). LIF-deficient mice were infertile. These animal€xpression of a-crystallin B chain  mRNA in the
ovulated, and their ova could be fertilized. The blastocystgndometrium of mature cycling babooRsyio anubiswas
however, failed to implant in the endometrium of thesgimilar to that seen in human endometrium (Greidal,
animals but successfully implanted in the endometria df997). As revealed by Western blot analysis, the expression
normal surrogate female mice (Stewetral, 1992). These Of thea-crystallin B chain protein in human endometrium
data suggest that specific molecules are involved in tfigllowed a pattern of expression similar to its MRNA. At the
receptivity of the endometrium to implantation by thecellular level, the immunoreactive protein first appeared in
blastocyst in the mouse. We may not infer from animahe surface epithelial cells of human endometrium within the
studies, however, that in humans the same set of endometii@plantation window. Within the same period, there was no
genes is implicated in endometrial receptivity andignificant immunoreactivity in the underlying glandular
implantation. For example, despite the data thatells. During the mid and late secretory phases, the intensity
amphiregulin may be important in implantation in the mousef staining in the epithelial cells was enhanced and an intense
(Das et al, 1995), throughout the entire pregnancy inmmunoreactivity was developed in the glandular
humans, no immunoreactivity for amphiregulin wasepithelium.a-Crystallin B chain was virtually an epithelial
detectable in the gestational endometria (Lysta#, 1995). product and no immunoreactivity for this protein was
Many changes in the structural morphology (for a reviewjetectable in the stromal cells, endothelial cells or lymphoid
see Martelet al, 1987; Psychoyos, 1993) and enzymecells. The expression af-crystallin B chain could be
activity (Tseng and Gurpide, 1974; Kingt al, 1981; regulated, both by medroxy progesterone acetate as well as
Satyaswarooget al, 1983), as well as the expression ofby oestrogen withdrawal, in human endometrial carcinoma

Molecular repertoire of endometrial receptivity
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cells (EnCa-101) transplanted to nude mice (Grefiddl, 1995d), changes that are seen in the late secretory and
1997). The function of thex-crystalin B in human menstrual phases (Tabibzadeh, 1996; Tabibzatiei,
endometrium may be to act as a molecular chaperone for th@96). Taken together, these findings suggest thatadNF-
proteins whose proper functioning is required during thenay be implicated in glandular dissociation and menstrual
implantation process. Tumour necrosis faatpFNF-a) isa  bleeding during the menstrual phase.
cytotoxic cytokine that is secreted during the secretory We have recently identified a novel gene of the
phasea-Crystallin B chain may protect the endometriumtransforming growth factor (TGH-family, endometrial
against the potential cytotoxic damage of TéWHuring the  bleeding associated factoeb@j, whose expression, in
critical period of the implantation window. human endometrium is confined to the late secretory and
menstrual phase (Kothapadit al, 1997). The size of the
ebafmRNA species detected in all endometria was ~2.5 kb.
Molecules signalling closure of the However,ebafmRNA seems to also exist as 2.1 and 1.5 kb
implantation window species (unpublished data). The expression of this gene is not

If implantation fails, the endometrium is shed during th&€€N in endometrium in the proliferative, early and mid
menstrual period. Therefore, it is conceivable that SEcrétory phases (Kothapallet al, 1997). In-situ

specific molecular repertoire prepares endometrium for tHyPridization  confirmed the findings of Northern  blot
menstrual shedding. The same molecular repertoire mgpaly&s. Sections of late secretory endometria exhibited

signal the closure of the implantation window and act tBYPridization signals with the anti-sereigafRNA probe in
make endometrium refractory to implantation. Littleth® Stroma. Within stroma, the mRNA expression was
information is available regarding the molecules that makgonfined to pre-decidualized stromal cells in the upper layers
endometrium resistant to implantation. However, it haf €ndometrium underlying the surface epithelium. In the
been suggested that MUC1 may act as an anti-adhesi#HNe endometria, the stroma in the basal part of the
molecule during embryo attachment in the mous&ndometrium overlying the myometrium failed to exhibit
(Surveyoret al, 1995). We have identified TN&-as a evidence of MRNA expression. In these endometria, with the
member of the premenstrual/menstrual moleculd®xception of a few glands located near the surface
repertoire that may play a role in menstrual shedding. ThPithelium, virtually noebaf mMRNA expression could be
assumption is based on the following information. TaNF- identified in the epithelial cells. On the other hand, sections
is expressed by the human endometrium (Tabibzade®f, late proliferative endometria failed to show any
1991; Huntet al, 1992; Tabibzadeét al, 1995€)In-situ hybridization signal with the anti-sensbaf RNA probe
hybridization and immunohistochemical staining showeéKothapalliet al, 1997). TheebafmRNA was expressed in
that most of thaNF-0 mRNA and immunoreactivity is the endometria of patients with endometrial bleeding during
confined to the endometrial glands (Tabibzadeh, 1991he proliferative, early and mid secretory phases when no
Huntet al, 1992). Northern blot analysis showed that th@xpression of thebafmMRNA was expected (Kothapatt
amount ofTNF-0 mRNA progressively increased towardsal, 1997). Northern blot analysis failed to reveal the
the menstrual phase (Phillipacux and Piguet, 1993). Wasesence of 2.5 kiebaf mRNA in a number of normal
also showed that the amount of TMReleased into the tissues, including lung, kidney, ovary, liver, colon, rectum,
endometrial cavity also progressively increased toward@pleen, lymph node and stomach (Kothaealll, 1997).

the late secretory phase (Tabibzadshal, 1994). In The predicted protein sequence of ebaf showed a strong
addition, TNFe was present in the menstrual discharge ilomology to the mouse lefty/stra3 (Bouillet al, 1995;
amounts far exceeding those found in the peripherdeno et al, 1996). The deduced amino acid sequence of
circulation (Tabibzadehet al, 1995a). Furthermore, ebaf protein is 77% identical and 83% similar to lefty
TNF-a is cytotoxic and by virtue of damaging theprotein. A motif search revealed that the predicted ebaf
endothelial cells, causes oedema (Remick and Kunkglrotein contains most of the cysteine residues which are
1994) and bleeding in various organs (Shalabyal, conserved among the TGF+elated proteins (Kingsley,
1989). Injection of TNFa into mouse causes endometriall994) and which are necessary for the formation of the
bleeding and apoptosis in the endometrium (Shaahl,  cysteine knot structure (Daopital, 1992; McPherron and
1989) which are reminiscent of human menstruatiohee, 1993). The ebaf sequence contains an additional
(Tabibzadeh, 1996). TN&- also causes epithelial cysteine residue, 12 amino acids upstream from the first
dissociation (Tabibzadehet al, 1995c), apoptosis conserved cysteine residue. The only other family members
(Tabibzadelet al, 1994) and converts the F actin to G actirknown to contain an additional cysteine residue are F&F-

in the endometrial epithelial cells (Tabibzadeh al, inhibins and GDF-3 (McPherron and Lee, 1993; Kingsley,
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1994). Similar to lefty, ebaf GDF-3/Vgr2 and GDF-9, lackamechanism(s) involved in implantation and lead to lesions
the cysteine residue that is known to form the intermolecular the molecular repertoire required in this process.
disulphide bond (Jonext al, 1992; McPherron and Lee, From the members of the molecular repertoire of
1993). Therefore, ebaf appears to be an additional memtiee ‘endometrial receptivity’ period, with the exception of
of the TGF superfamily with an unpaired cysteine residuentegrina, 33 (Lesseyet al, 1992), no other molecule has
which may not exist as a dimer. Nevertheless, it has bebren described thus far whose aberrant expression is
suggested that, in GDF-3 and GDF-9 which also lack suchaasociated with or results in infertility. It has been
cysteine residue, hydrophobic contacts between the twoiggested that the expression of the immunoreactivity for
monomer subunits may promote dimer formation (Kingsleyntegrinsa4f31 andayf3 coincides with the putative ‘im-
1994). Whereas the carboxy terminus of the B3&milyis  plantation window’ (Lessegt al, 1994). Immunostaining
usually CX1CX1, ebaf has a longer C-terminal sequencir ay increased throughout the menstrual cycle, while the
CX1CX19. In addition, the members of the T@F- (3 subunit appeared abruptly on cycle day 20 on luminal
superfamily are synthesized as prepro-proteins which asmd glandular epithelial cells (Lesset al, 1992).
cleaved at RXXR site to release the mature form of thBiscordant luteal phase biopsies3(days out of phase)
protein. The predicted protein of ebaf exhibits two sucfrom infertile patients exhibited delayed epithelf®
RXXR sites which are respectively located at amino acitnmunostaining (Lessest al, 1992).
residues 73—76 and 131-134. If one of these sequences is tHEo gain an insight as to whether the expressiabafis
cleavage site, a mature protein of 294 and 236 amino acidisturbed in cases of infertility, we have performed
should be produced. The deduced amino acid sequenceNafrthern blot analysis on RNA extracted from endometria
lefty also contained two potential cleavage sites at amiref women who had unexplained infertility. During the
acid residues 74—77 and 132-135, with mature proteins iofiplantation window, the 2.1 kkebaf mRNA was
291 and 233 amino acids (Meabal, 1996). In the case of aberrantly expressed in these endometria. In addition,
lefty, the expression of the protein in 293T cells led taising a primer set framing the coding region ofehaf
formation of a non-secretory, 42 kDa, protein which is theDNA, the polymerase chain reaction of menstrual
size of the prepro-protein (Mera al, 1996). endometrial cDNAs followed by Southern blotting
Besides the sequence similarighaf and lefty share revealed amplified products ebaf mRNA of various
several other featurek-situ hybridization revealed that sizes. Sequencing of some of the products showed that the
the transient expression @bafwas primarily confined to  size difference was due to deletions in the coding region of
the mesenchymal cells of the endometrial stroma rath#reebafcDNA (unpublished results). In the endometria of
than the epithelium or endothelium. Tlely mMRNA was patients with infertility, products that were aberrant in size
also transiently expressed in the mesoderm in the left halere noted during the implantation window (unpublished
of the gastrulating mouse embryo just before the first sigiesults). These findings show that female infertility is
of lateral symmetry appeared (Meeb al, 1996). By associated with aberrant expressioelmifmRNA.
fluorescent in-situ hybridization, the ebaf gene was  We recently identified a novel gertél, whose aberrant
localized to the human chromosome 1 at band g42eipression is seen in some patients with unexplained
(Kothapalliet al, 1997). Similarly, the location of thefty  infertility (unpublished data). The expressionHif was
has been provisionally assigned to chromosome 1 (tenaseen in the normal endometria irrespective of the phase of
al., 1996). Taken together, the available data shovelizt the menstrual cycle. On the other hand, the expression of
is a new member of the T@Fsuperfamily. In view of this gene was missing from the endometria of a subset of
chromosomal localization, great homology in the cDNAwomen with unexplained infertility.
and the predicted protein sequence and other structurallherefore, the available evidence suggests that infertility
featuresebafseems to represent the human homologue &f associated with lesions in the molecular repertoire that is
mouselefty. In addition,ebaf may be a member of the expressed during the periods of receptivity and
premenstrual and menstrual molecular repertoire thatfractoriness of the endometrium to implantation.
participates in menstrual shedding.
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