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Background: Abnormal endometrial receptivity is one of the major causes of embryo
implantation failure and infertility. The plasma membrane transformation (PMT) describes
the collective morphological and molecular alterations occurring to the endometrial luminal
epithelium across the mid-secretory phase of the menstrual cycle to facilitate implantation.
Dysregulation of this process directly affects endometrial receptivity and implantation.
Multiple parallels between these alterations to confer endometrial receptivity in women
have been drawn to those seen during the epithelial-mesenchymal transition (EMT) in
tumorigenesis. Understanding these similarities and differences will improve our
knowledge of implantation biology, and may provide novel therapeutic targets to
manage implantation failure.

Methods: A systematic review was performed using the Medline (Ovid), Embase, and
Web of Science databases without additional limits. The search terms used were “(plasma
membrane™ or cell membrane®) and transformation*” and “endometrium or endometria
Research studies on the PMT or its regulation in women, discussing either the endometrial
epithelium, decidualized stroma, or both, were eligible for inclusion.

Results: A total of 198 articles were identified. Data were extracted from 15 studies that
matched the inclusion criteria. Collectively, these included studies confirmed the
alterations occurring to the endometrial luminal epithelium during the PMT are similar to
those seen during the EMT. Such similarities included alterations to the actin cytoskeleton
remodeling of adherens junctions, integrin expression and epithelial-stromal
communication. These were also some differences between these processes, such as
the regulation of tight junctions and mucins, which need to be further researched.

Conclusions: This review raised the prospect of shared and distinct mechanisms existing
in PMT and EMT. Further investigation into similarities between the PMT in the
endometrium and the EMT in tumorigenesis may provide new mechanistic insights into
PMT and new targets for the management of implantation failure and infertility.

Keywords: plasma membrane transformation, endometrium, epithelial-mesenchymal transition, endometrial
luminal epithelium, cell polarity, receptivity, implantation
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INTRODUCTION

Embryo implantation failure is a major cause of infertility, which
affects approximately one in six couples worldwide (1). While
assisted reproductive technology has enabled many couples to
conceive, only approximately 25% of embryos transferred
successfully implant (2, 3). It is well established that a
successful implantation is reliant on a receptive endometrium,
a functional blastocyst, and synchronized cross-talk between
these two (2, 4). High-quality embryos alone do not necessarily
lead to a successful implantation which remains a significant
bottleneck for in vitro fertilization (IVF) treatment. There is a
recent focus on examining changes in the endometrium that are
required for successful implantation. The endometrium
undergoes substantial remodeling throughout the menstrual
cycle for the purpose of becoming adequately prepared or
receptive to an implanting blastocyst. The most luminal
portion of the endometrium, namely the functionalis,
undergoes ovarian-steroid-hormone-mediated alterations
across the average 28-day menstrual cycle to become receptive.
The functionalis is comprised of the glandular epithelium (GE),
luminal epithelium (LE) and stroma, and progesterone-mediated
structural and functional alterations must occur to become
optimally receptive during the “window of implantation”
(WOI), which spans day 20-24 of the menstrual cycle. Such
alterations include the increased secretory capacity and
tortuosity of the GE, the acquisition of adhesive and loss of
inhibitory cellular components within the LE, and stromal cell
decidualization. Sequential exposure of estrogen and
progesterone to the human endometrium is required for
attainment of receptivity (5). Both steroid hormones act via
their respective nuclear receptors to regulate transcription of a
large number of genes, the products of which can act to regulate
expression of additional genes in a downstream, autocrine,
paracrine, or endocrine manner (6).

Although progesterone is the main inducer of these changes,
progesterone itself is responsible for the down-regulation of its own
receptor in the endometrial epithelium during the WOI (7). Indeed,
progesterone receptor (PR) down-regulation is crucial for cell-
signaling and cytokine expression in mice (8), and failure of PR
down-regulation is associated with luteal phase defects (9) and
endometriosis (10) in women. Progesterone-medicated regulation
of receptivity within the epithelium during the mid-secretory phase
is therefore mostly attributed to progesterone induced paracrine
factors produced in the stroma. On the other hand, estrogen
receptor (ER) expression is reduced across the secretory phase in
all components of the human endometrium (11). As such, it is likely
that estrogen may have a negative impact on endometrial
receptivity. This inhibitory role is supported by the appearance of
integrin o(V3, critical for adhesion, with estrogen down-regulation
during the WOI (2). The main action of estrogen may be to prime
the endometrium during the proliferative phase, leading to the
induction of its proliferation and the recruitment of PR (5). While it
may not play a role during the WO, estrogen may contribute to the
early alterations occurring within the endometrium necessary to
confer receptivity. The observation that luteal-phase estrogen

antagonism disrupts the secretory development of the
endometrium supports this (12).

During endometrial remodeling in humans there is increased
secretion by glandular epithelial cells, coinciding with the loss of
cell polarity in the endometrial LE. Cell polarity is defined as the
asymmetrical distribution of cellular components (13). Polarity
is a fundamental feature of almost all cells, and has a differential
manifestation depending on the function of each cell type. Cell
polarity is established by molecular polarity determinants which
localize to each cellular domain and direct the functioning of
intracellular structures and systems (14). Epithelial cells exhibit
apical-basolateral and planar polarity (13), which direct the
formation of a functional barrier and regulate cell orientation,
tissue structure, cell-cell adhesion, and cell signaling. This is also
true for the endometrial epithelium, in which cell polarity
contributes to a repulsive apical surface, regulates paracellular
movement, directs cell-cell signaling, and maintains cytoskeletal
integrity. However, as the endometrial LE is the first point of
contact with the implanting blastocyst, the maintenance of
endometrial LE polarity would lead to a mutual repulsion
between the endometrium and polarized trophectoderm, and
therefore the endometrium would not be receptive. Endometrial
LE polarity must be lost during the mid-secretory phase of the
menstrual cycle for the endometrium to become receptive and
allow implantation to proceed. Loss of cell polarity involves the
endometrial LE undergoing both morphological and molecular
changes. These apical changes include those of the microvilli,
cell-surface markers, cellular junctions, and cytoskeletal
molecules (15-17). To facilitate invasion, the LE weakens the
lateral epithelial surface interactions by reducing the expression
of luminal adherens junction proteins and disturbs focal
adhesions to the basal lamina. Collectively, these LE alterations
lead to the “plasma membrane transformation” (PMT) (17-19)
which is essential for implantation.

In keeping with this notion, it has been validated that
dysregulation of PMT in the mid-secretory phase leads to
implantation failure and infertility. Dysregulation of apical
alterations has been best studied in this case. Apical alterations
confer the adhesive capacity of the LE during the mid-secretory
phase, and these include modifications of the apical morphology,
glycoprotein composition, and cell-surface charge (Figure 1)
(19). Notable examples for morphological change include
pinopods which are large bleb-like protrusions extending
beyond the microvilli (2). These are up-regulated during the
mid-secretory phase and are thought to contain specific
receptors required for blastocyst adhesion at the apex (20). A
reduced formation of pinopods has been implicated in at least
some clinical cases with unexplained infertility (21). The apical
surface of the LE also features a change of proteins that facilitate
the adhesive capability. Reduced expression of leukemia
inhibitory factor (LIF) receptor is observed in the apical LE of
women with unexplained infertility (21) and such reduction
impacts LIF dependent pathways involved in regulating
endometrial receptivity. LIF is thought to be a key regulator of
endometrial receptivity in mice and humans and therefore vital
for implantation. LIF protein expression has been found to be
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FIGURE 1 | Morphological and molecular alterations during the “plasma membrane transformation” in human endometrium. (A) Endometrial epithelium of the
proliferative phase. This figure shows the morphology and molecular mechanisms of epithelial cells in the estrogen-dominant proliferative phase. The microvilli are
intact, tight junctions (blue) are few and located apically, abundant MUC-4 is present apically, adherens junction are with an associated terminal web, the terminal
web is associated with plasma membrane proteins via ERM proteins, desmosomes, and focal adhesions are undisturbed, the basal lamina is relatively straight and
polarity determinants have established apical-basolateral polarity. (B) Endometrial epithelium of the secretory phase. This figure demonstrates the epithelial
morphology and molecular mechanisms in the progesterone-dominant secretory phase. The microvilli have been lost, tight junctions (blue) are up-regulated and have
moved down the lateral membrane, MUC-4 expression has been down-regulated and MUC-2 up-regulated, actin polymerization of the terminal web has led to
terminal web disruption and dissociation from adherens junctions, PC6 has cleaved ERM leading to dissociation of plasma membrane proteins with the terminal web,
desmosomes, and focal adhesions are disturbed, the basal lamina has become tortuous, and down-regulation of the polarity determinant Scribble has led to the loss

most prominent across the mid- and late-secretory phases in the
GE and LE offertile women (22). LIF messenger RNA (mRNA) is
shown to be up-regulated in the LE, GE, and decidua across the
secretory phase (23). The lack of adequate up-regulation of LIF
secretion in patients with unexplained fertility and recurrent
implantation failure supports the crucial role of LIF to
implantation (2). Moreover, in vivo treatment of the
endometrial GE with mifepristone, a progesterone antagonist,
reduces LIF expression at the expected time of implantation (24),
showing LIF expression may be regulated at least in part by
progesterone. Together, these indicate a crucial role for LIF in
endometrial receptivity. Indeed, LIF has been shown to interact
with various other secreted factors to regulate endometrial
receptivity, decidualization, blastocyst activation, embryo-
endometrial interaction, endometrial invasion, and immune
modulation, all crucial to implantation (25).

Reductions in cell-surface negativity with concomitant
modifications to the glycocalyx layer also improve the
adhesiveness of the endometrial LE (2, 16). The major
glycocalyx subunit known to be lost during the mid-secretory
phase is mucin 1 (MUC-1) (26). MUC-1 is well-known as an
anti-adhesive protein that expressed extensively on the apical
surface of uterine luminal and GE as well as cervical and vaginal
epithelium (27). The extracellular domain of MUC-1 is enriched
with proline residue which endow this glycoprotein with rigidity
to extend much further compared to other transmembrane
proteins (28). Upon embryo implantation in mice, MUC-1
expression is specifically reduced in the LE and in humans is

down-regulated in primary human endometrial epithelial cells at
the site of human blastocyst attachment in vitro attachment (27,
29). Investigation of clinical samples reveals that abnormal
endometrial MUC-1 levels are likely regulated by progesterone
and are associated with implantation failure (30).

PMT includes various modifications to the lateral and basal
plasma membrane during the mid-secretary phase to facilitate
implantation (Figure 1). Several lateral junction types have been
revealed with changes upon entering the mid-secretory phase. A
progesterone-mediated increase in junctional strand cross-linking
occurs within tight junctions, producing morphologically “tighter”
junctions (15, 17, 19). Tight junctions also increase in depth by
three-fold down the lateral membrane, and this, along with the
increase in junctional tightness, is thought to decrease paracellular
movement of luminal fluid which is essential to blastocyst
development (15, 17, 19). Immediately below are adherens
junctions, which are associated with an actin-rich terminal web
and are displaced with the downward movement of tight junctions
(17). A progesterone-mediated transient increase in intracellular
calcium is thought to suppress E-cadherin expression, the main
constituent of adherens junctions. Similarly, desmosomal protein
expression is reduced during the window of implantation (19).
Desmosomes are intercellular junctions providing strong adhesion
between adjacent cells by linking the intermediate filaments via
cadherin-rich protein plaques in the plasma membrane.
Collectively, these alterations in cellular junctions across the
lateral plasma membrane facilitate blastocyst development,
apical flattening, and cell individualization.
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Similarly alterations to the basal plasma membrane also
occur. A progesterone-mediated decrease in focal adhesions
occurs and serves to anchor the endometrial LE to the
extracellular matrix and basal lamina. Integrins have been
implicated in this process to facilitate the penetration of the
trophoblast through the LE into the stroma (19). Although
dysregulation of lateral and basal plasma membrane
modifications is associated with clinical infertile cases (31),
there is limited evidence of the precise mechanisms involved in
these events and the overall PMT process.

Resolving these questions has potential benefits of informing
novel approaches for fertility intervention. However, current
understanding of PMT in regulating endometrial receptivity
remains incomplete. “Epithelial-mesenchymal transition” (EMT)
is a similar process to PMT and describes the loss of apical-
basolateral polarity in epithelial cells and the acquisition of a
mesenchymal phenotype, typically associated with tumorigenesis.
Specifically, EMT involves the disruption of cell-cell junctions, an
acquisition of front-rear polarity, cytoskeletal and morphological
alterations, enhanced motility, the down-regulation of epithelial
and up-regulation of mesenchymal gene expression, and enhanced
extracellular matrix degradation (32). These changes result from
transcription program switching induced by various
interconnected transduction pathways and signaling molecules.
Some examples of these include transforming growth factor-f3,
bone morphogenetic protein, Wnt-B-catenin, Notch, Hedgehog,
steroid receptor coactivator, small GTPases, integrins, beta-catenin,
Src family kinases, and receptor tyrosine kinases (33, 34). These
factors alter gene expression to facilitate increased migration,
invasiveness, and resistance to apoptosis in tumor cells, thereby
enhancing invasion into local tissue and metastasis (35). Multiple
parallels have been drawn between PMT and EMT, specifically
with the loss cell polarity which raises the prospect of shared
mechanisms between these two processes. The dysregulation of
tight junctions and the destabilization of adherens junctions are
some examples (19, 32). Since EMT has been extensively studied in
humans, and the events of the EMT and its regulation are well
characterized, a systematic comparison between PMT and EMT
may improve knowledge of endometrial receptivity in women, and
therefore provide potential novel biomarkers for infertility or
therapeutic targets to manage implantation failure in IVF.

Research Question

To the best of our knowledge, there have been no systematic
reviews to date summarizing the events of the PMT in the human
endometrium. Therefore, the aim of the present review was to
evaluate the events of the PMT in women and compare these
results with the key events described in the EMT.

METHODS

Data Sources and Search Strategy

The Medline (Ovid), Embase, and Web of Science databases were
searched for articles published on or before the 27™ of May 2020.
The search terms used were “(plasma membrane* or cell

membrane*) and transformation*” and “endometrium or
endometrial.” No additional limits were used.

Inclusion and Exclusion Criteria

Human studies assessing the PMT or its regulation in women,
discussing either the endometrial epithelium, decidualized
stroma, or both, were eligible for inclusion. Decidualized
stroma was included as it can act on the LE via direct or
indirect effects and the function of decidualized stroma on
PMT is just beginning to be realized. Inclusion criteria
included: 1) articles discussing the PMT in the context of the
endometrial epithelium, decidualized stroma, or both; 2)
experimental designs; 3) studies including women as subjects.
Exclusion criteria included: 1) an animal other than human
without “human” in the title; 2) articles discussing gynecological
cancer, alterations to the trophoblast, or early pregnancy changes
without discussing the PMT; 3) conference abstracts, reviews or
lack of available full text; 4) use of exclusively animal subjects.
Sample size is indicated in Tables 1 and 2.

Data Extraction and Study Selection

Data were then extracted from the identified articles. Quality
assessment was performed independently by two reviewers (SW
and WZ). If there was disagreement, a third reviewer (ED) was
consulted. The analysis followed the PRISMA statement for
systematic reviews.

RESULTS

A total of 198 articles were identified (Figure 2). Duplicates were
removed, leaving 155 manuscripts for screening. Titles and
abstracts were read carefully, and application of the selection
criteria led to the exclusion of 135 articles. The full text of the
remaining 20 papers was read to ensure their relevance, and a
further five studies were excluded. The data from the remaining
15 studies were extracted and the quality of each was analyzed.

The results of the studies on the events of the PMT in human
endometrial epithelial cells and endometrial stromal cells are
summarized in Tables 1 and 2, respectively. Alameda et al. (43)
identified the expression of MUC-2 was increased in secretory
versus proliferative phase glandular endometrial epithelial cells.
Conversely, MUC-4 was reduced in the GE (43). The cell-surface
marker atrial natriuretic peptide (ANP) receptor was identified
within secretory phase fertile endometrial tissue compared to
proliferative phase tissue (47). Schumann et al. (48) revealed
claudin-3 and claudin-10 were expressed in both the LE and GE
across the proliferative and secretory phases, however no
significant differences were seen across the cycle. Trans-
epithelial resistance (TER), a sensitive indicator of cell-cell
barrier function and therefore a proxy measure of polarity, was
also found to be reduced in the endometrial epithelial cell line,
ECC-1, cells treated with combined estrogen and progesterone,
which mimics mid-secretory phase endometrial LE (44).
Moreover, Whitby et al. (44) revealed the expression of the
polarity determinants known to direct apical-basolateral polarity
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TABLE 1 | Summary of human endometrial epithelial cell studies included.

Author, year Sample type and Compare Cycle stage Relevant results
size with infertile
sample
Heneweer et al., Cell line: n = 6-15/ n/a RL95-2 cell line (MS) F-actin increases in the apex of cells upon spheroid adhesion, this actin
2002 (36) group remodeling most likely regulated by RhoA
Montazeri et al., Cell line: n =3 n/a RL95-2 cell line (MS) TLR-3 activation led to reduced spheroid adhesion, actin polymerization
2015 (37) and CD98 and B3-integrin expression
Martin et al., Primary cells: no Endometrial tissue (all L); RL95-2 cells have an adhesion rate of 81% and are associated with
2000 (38) unknown; RL95-2 cell line (MS); reduced ezrin and absent moesin expression compared to HEC-1A
Cell lines: unknown Hec-1A cell line (P) cells (46%). Primary cells have an intermediate adhesion rate (67%)
Heng et al., Tissue: n > 48; Yes Endometrial tissue (P n => 10, Reduced PC8, which cleaves the scaffolding protein EBP50, affects the
2011 (39) Cell line: unknown MS n = 25); interaction of EBP50 with ezrin, EBP50/ezrin cellular localization and
Hec-1A cell line (P) cytoskeleton-membrane connections
Demir et al., Tissue: n = 18 No Endometrial tissue (ES n = 4); Morphological and molecular changes in the LE and GE play a role in
2002 (40) Decidua EDn=6,LDn=28) cellular defense and limiting trophoblastic invasion during early
pregnancy compared to ES endometrium
Bentin-Ley Primary cells: unknown No Endometrial tissue (LH+5 to LH Blastocysts adhere and invade the endometrium via intrusive
et al., 2000 (41) +7) penetration simultaneously, leading to syncytium formation
Kabir-Salmani Tissue: n =23 No Endometrial tissue (EL n =5, ML  LIF expression increased in uterodomes during the MS phase, and was
et al., 2005 (42) n=10,LLn=28) co-localized with markers of exocytosis
Alameda et al.,  Normal and No Endometrial tissue: Normal (P MUC-4 is detected in the P GE (36.3%) but is down-regulated in the S
2007 (43) pathological tissue: n=11,Sn = 8); 44 endometrial  (12.5%) wherein MUC-2 is up-regulated (37.5%)
n=98n=79 hyperplasia and 35 endometrial
pathological) adenocarcinomas
Whitby et al., Tissue: n > 10/group;  no Endometrial tissue (P n = 10, ES  TER (as a measure for polarity) was reduced in ECC-1 cells treated with
2018 (44) Primary cells (SCs): n=10,MSn =10, LS n=10); E2 and P4. Stardust, atypical PKC, Crumbs and Scribble are reduced
n=>5; SCs (P or ESn = 5); in the LE and Scribble increased in SCs in S versus P endometrium.
Cellline: n=4 ECC-1 cell line (LE) Scribble KD in ECC-1 cells and SCs enhanced spheroid adhesion and
down-regulated decidualization, respectively
Greening et al.,  Tissue: n = 5/group; no Endometrial tissue (P, S, and T1); 157 cellular proteins are altered with progesterone, and 193 are further
2016 (45) Primary cells: n = 6; EECs: unknown; altered with hCG. 123 proteins are altered in the secretome with
Cell line: n =3 ECC-1 cell line (LE) progesterone, and 43 are further altered by hCG
Van Sinderen Tissue: n > 4/group; yes Endometrial tissue (ES or MS); Infertility is associated with increased soluble DLL1, which reduces
etal, 2017 (46)  Flushings: n = 14; Uterine lavage (S); epithelial adhesive capacity via HES1T mRNA down-regulation, and
Cell line: n = 3/group RL-95 cell line (MS) increased ADAM17 expression in the LE, which cleaves DLL1 to form

its soluble form. Soluble DLL1 may inhibit Notch signaling

n/a, not applicable; L, luteal phase; P, proliferative; S, secretory; T1, first trimester; LE, luminal epithelium; GE, glandular epithelium; ES, early-secretory; MS, mid-secretory; LS, late-
secretory; EL, early luteal; ML, mid-luteal; LL, late-luteal; ED, early decidua; LD, late decidua; EECs, endometrial epithelial cells; SCs, stromal cells; LH, luteinizing hormone; TLR-3, toll-like
receptor-3; CD98, 4F2 cell-surface antigen heavy chain; RhoA, Ras homolog family member A; hCG, human chorionic gonadotrophin; MUC, mucin; PC6, proprotein convertase 5/6;
EBP50, ezrin-radixin-moesin binding phosphoprotein 50; LIF, leukemia inhibitory factor; DLL1, delta-like ligand 1, HES1, hairy and enhancer of split-1; ADAM17, “a disintegrin and
metalloprotease” protease-17; TER, trans-epithelial resistance; IHC, immunohistochemistry; E2, estrogen; P4, progesterone; atypical PKC, atypical protein kinase C; KD, knock-down.
Cycle stage for cell lines is representative.

TABLE 2 | Summary of human endometrial stromal cell studies included.

Author, year Sample size Cycle stage Relevant results
(fertility)

Gililland et al., n =7 (fertile) Endometrial tissue (P n =2; ES  Specific high affinity ANP-R were identified in endometrial tissue, and may regulate cell
1992 (47) n=3LSn=2) function or development via cGMP
Schumann et al.,  Decidua, n = 4; Decidua (7-9 weeks pregnant);  Claudin-3 and -10 were identified in the endometrial epithelium but not early pregnancy
2015 (48) Endometrial tissue: Endometrial tissue (P n =3, S decidua, and claudin-3 in extravillous trophoblast

n = 6 (fertile) n=3)
Murakami et al., n = 43 (unknown) Endometrial tissue (6-10 days ~ SUSD2 expression alters with cell-cell contact and Notch signalling, and thus alters the
2014 (49) post-LH surge) perivascular secretome upon decidualization
Szwarc et al., Unknown (unknown)  Endometrial tissue (all P) A subset of stromal cell genes regulated by PGR during decidualization also requires SRC-
2018 (50) 2, for example retinoid signaling

P, proliferative; ES, early-secretory; LS, late-secretory; S, secretory; LH, luteinizing hormone; ANP-R, atrial naturetic peptide-receptors, cGMP, cyclic guanosine monophosphate;, SUSD2,
sushi domain containing 2; PGR, progesterone receptor; SRC-2, steroid receptor coactivator-2.

in tumorigenesis, namely Stardust, atypical protein kinase C  cells (derived from endometrial adenosquamous carcinoma),
(PKC), Crumbs and Scribble, were increased in ECC-1 cells  which models the non-polar endometrial epithelium, upon
across the mid-secretory phase. Heneweer et al. (36) found apical ~ spheroid adhesion. This may be positively regulated by the Ras
F-actin expression and actin polymerization increased in RL95-2 homolog family member A (RhoA) GTPase (36), and negatively
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Articles found (n=198)

- Medline (Ovid) (n=28)
- Embase (n=65)
- Web of Science (n=105)

I

Records screened
(n=155)

A 4

Full-text articles assessed for

A 4

Duplicates removed (n=43)

Records excluded (n=135)
- Non-human subjects (n=63)
- Not assessing the plasma membrane
transformation (n=52)
- Reviews or abstracts (n=20)

eligibility
(n=20)

Full-text articles excluded (n=5)
- Full text unavailable (n=2)
- Not assessing the plasma membrane
transformation (n=3)

Studies included in qualitative analysis (n=15)

regulated by Toll-like receptor-3 (TLR-3) (37). Martin et al. (38)
revealed RL95-2 cells were also associated with reduced ezrin and
absent moesin expression, which otherwise contribute to
cytoskeletal stabilization in polarized cells by connecting
membrane-associated proteins to actin filaments.
Correspondingly, Heng et al. (39) found proprotein convertase
5/6 (PC6) knockdown in HEC-1A cells (endometrial
adenocarcinoma cell line), which model the polarized
endometrial epithelium, was associated with reduced mouse
blastocyst attachment. PC6 cleaves the ezrin-radixin-moesin
binding phosphoprotein 50 (EBP50) scaffolding protein and
usually facilitates cytoskeletal re-organization during the mid-
secretory phase. Montazeri et al. (37) also showed TLR-3
activation, which represents viral-induced immune activation
causing a reduced rate of implantation, was also associated with
reduced CD98 and B3-integrin expression.

Various other morphological and molecular alterations
involved in trophoblastic invasion were characterized within
the human endometrial epithelial studies (Table 1) (40).
Kabir-Salmani et al. (42) found LIF was co-localized with
markers of exocytosis in the pinopods of endometrial tissue
from fertile women using immunohistochemistry. Greening et al.
(45) found a significant alteration in the intracellular protein
profile and secretome of ECC-1 cells after supplementation with
estrogen and progesterone compared to estrogen alone.
Specifically, Van Sinderen et al. (46) showed soluble delta-like
ligand 1 (DLL1) was increased in the uterine lavage of infertile
patients, which was associated with increased intracellular “a
disintegrin and metalloprotease” protease-17 (ADAM17)
expression in endometrial tissue and reduced epithelial
adhesiveness of RL95 cells. ADAM17 cleaves DLLI into its
soluble form, which may inhibit Notch signaling and therefore
interfere with endometrial receptivity (46). Furthermore,
Murakami et al. (49) revealed the expression of sushi domain

FIGURE 2 | PRIMSA Flowchart. The above diagram shows the different phases of the systematic review process for this article as per the PRISMA guidelines.

containing 2 (SUSD2) was found to be altered in mid-luteal
phase stromal cells collected from women. This alteration was
shown to be associated with cell-cell contact and Notch signaling
and facilitated a change in the perivascular secretome. Szwarc
etal. (50) identified a subset of stromal cell genes regulated by the
progesterone receptor also required the co-receptor Steroid
receptor coactivator-2 (SRC-2), such as retinoid signaling.

DISCUSSION

The loss of endometrial LE polarity during the PMT is a crucial step
to attain endometrial receptivity to the blastocyst prior to
implantation. This overcomes the mutual repulsion that exists
between the otherwise polarized endometrial epithelium and
embryonic trophectoderm to facilitate blastocyst implantation.
While the events surrounding the loss of LE polarity have not yet
been fully characterized, multiple parallels have been drawn
between this process and the EMT in tumorigenesis. The present
review summarized and analyzed relevant studies within the
endometrium to compare these alterations to those seen during
an EMT. Collectively, these studies confirmed the morphological
and molecular alterations occurring during the PMT (Figure 1) are
similar to those which occur during an EMT. Such similarities
included alterations to the cytoskeleton, remodeling of cell-cell
junctions, and cell-surface marker expression (Table 3). The
endometrial epithelium can be divided into the LE and GE.
However, it should be noted that, although there are similarities
between the loss of cell polarity within these components of the
endometrium across the mid-secretory phase, there are also
differences. For example, the localization of some cell-cell
junctions along the basolateral membrane and the expression of
individual junctional proteins differs between the LE and GE (41).
Therefore, while investigating the alterations to the GE across the
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TABLE 3 | Summary of alterations during the plasma membrane transformation versus epithelial-mesenchymal transition and comparison to animal models.

Category Alteration Plasma membrane transformation Epithelial-mesenchymal transition Animal implantation models
Apical Microvilli Loss of microvilli leads to apical flattening  Loss of microvill causes apical flattening Loss of microvilli leads to a smooth apical
membrane and thus facilitates adhesion surface in mice (51)

Actin-rich  Up-regulation of pinopods co-localized Formation of actin-rich invadopodia co- LIF null mice fail to develop apical pinopods

apical with vesicles containing LIF contribute to  localized with vesicles containing MMPs aid and no implantation is observed (53)

protrusions  blastocyst adhesion and implantation tumor cell invasion (52)

Integrins Integrin oVB3 up-regulation and apical Increased apical integrin oVB3 expression and  Increased expression of integrin oVB3 is
recruitment of integrins contribute to integrin clustering at the leading edge observed in mouse luminal surface at the time
blastocyst adhesion contribute to tumor cell invasion (54) of implantation and blockade of integrin oV3

impairs implantation (55, 56),
Mucins MUC-1 and MUC-4 down-regulation and MUC-1 and MUC-4 play a crucial role in Substantial reduction of MUC-1 and loss of
MUC-2 up-regulation facilitates adhesion  tumorigenesis, invasion, and metastasis (57) MUC-4 occur before implantation in rat
facilitates adhesion (568, 59),
Lateral Tight Tight junctions become morphologically  Tight junctions are lost, contributing to cell Lateral tight junctions also increase in
membrane junctions “tighter” and increase in depth 3-fold individualization. Claudin-1, claudin-4 and complexity on the day of implantation in both
down the lateral membrane. Claudin-3 claudin-10 are differentially expressed (60, 61), mouse and rat models. Claudin-3 shift
and claudin-10 expression is increased localization to apical surface while Claudin-10 is
undetectable in luminal epithelium in mice (48)

Adherens  Adherens junctions are displaced and E-  E-cadherin endocytosis leads to adherens E-cadherin expression is down-regulated and

junctions cadherin down-regulated, contributing to  junction dissolution, thus facilitating cell redistributed from basal and lateral regions to
reduced cell-cell adhesion. This is individualization. This may be associated with  a more apicolateral region (63)
associated with reduced expression of Crumbs internalization (62)

Crumbs, Stardust, oPKC, and Scribble

Terminal Actin polymerization, mediated by RhoA,  Actin polymerization, mediated by Rho Dysregulation of RhoA impair embryo

web and dissociation with ERM proteins, GTPases, and dissociation with ERM proteins  implantation in mice. Inhibit PC6 block
regulated by PC6, contributes to may contribute to cytoskeletal alterations and  embryo implantation in mice (66, 67),
cytoskeletal alterations and apical apical flattening (64). However, increased
flattening moesin expression may contradict this (65)

Basal Focal Focal adhesions disruption facilitates cell  Focal adhesions disassembly facilitates cell In rat model, focal adhesion proteins

membrane adhesions  individualization individualization from invasion (32) disassemble along the basal membrane at the
time of implantation (68)

Epithelial- Direct Direct stromal-epithelial cell signaling in Direct tumor-stromal communication is WNT pathway in the stroma modulates E-

stromal stromal- the endometrium may regulate the events involved in the differential regulation of key cadherin-B-catenin complex in the uterine

communication epithelial of the plasma membrane transformation  regulators for tumorigenesis (69) epithelium, thus regulating apical-basal

signaling polarity (70)

Stromal Decidualized stromal cell-derived factors ~ Stromal-cell derived factors contribute to Different to humans, the transformation of

cell- may be involved in the regulation of the
derived plasma membrane transformation
factors

tumorigenesis (71)

stroma into secretory decidual cells is
triggered by embryo attachment (72)

Similarity and diifference compared to PMT were accordingly indlicated in green and red in both EMT and animal models. Black indlicates incomparable. Abbreviations: LIF, leukemia inhibitory factor;
MMPs, matrix metalloproteinases; MUC, mucin; oPKC, atypical protein kinase C; RhoA, Ras homolog family member A; ERM, ezrin, radixin, and moesin; PC6, proprotein convertase 5/6.

cycle is important, this review primarily focuses on the LE as the LE
is the first point of contact with the implanting blastocyst.

In vitro Assays Used to Investigate Plasma
Membrane Transformation and /n vivo
Animal Models

The functional studies included in this review are all based on in
vitro human models. Spheroid adhesion assays are commonly used
to test endometrial epithelial cell adhesive capacity. This assay
generally involves both endometrial epithelial cells and
trophoblast cell spheroids to mimic the blastocyst attachment.
The assay uses mechanical force to determine the adhesive
capacity of endometrial epithelial cells (73). In some studies,
spheroids are replaced with mouse embryos and in very rare
cases human IVF blastocysts are co-cultured with a primary
human endometrial epithelial/stromal cell bilayer (74). To identify
the role of specific molecules in endometrial cell adhesive capacity,

the levels of the relevant factor is altered experimentally and their
effect on adhesion determined. The xCELLigence technology which
incorporates real-time monitoring of cell adhesion is also used as an
approach to determine endometrial cell adhesive capacity (46). In
this assay, endometrial epithelial cells adhesion is measured either
directly on attachment to plastic plates or the plates are coated with
various extracellular matrix (ECM) proteins and endometrial
epithelial cell adhesion measured via electrical impedance in real-
time (75). The TER assay is used to measure the integrity of inter-
epithelial cell-tight junctions in vitro (44). Although these in vitro
assays provide new mechanistic insight into the PMT process, we
caution a direct extrapolation of these models to the equivalent
events occurring in vivo in the human endometrium. Clinical trials
are required to confirm the in vitro data in women. Confirmation in
animal models especially pre-clinical mouse models serve as a
complementary approach. Recent studies in mice have discovered
that the structural characteristics including endometrial LE cell
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polarity of uterine LE have important roles in embryo implantation.
Although raised as an exclusion, we have summarized animal
implantation models to compare the main results of PMT (Table
3) (32, 48, 51-72, 76) and have accordingly added the information
into the discussion where relevant.

The Mucin Family Members

The regulation of mucins on the apical surface of the endometrial
epithelium may be different between the EMT and PMT. Alameda
etal. (43) found MUC-4 was down-regulated and MUC-2 was up-
regulated in secretory versus proliferative phase endometrium.
Both MUC2 and MUC-4 have been shown to be crucial to
successful implantation, polymorphisms of each being linked to
endometriosis and infertility (77, 78). MUC-4 has also been
implicated in the implantation process in animals, which has
been shown to be down-regulated in the endometrium of rodents
during the time of implantation (79). As MUC-4 is differentially
altered across the cycle, it then leads that ovarian-hormones may
play a role in its regulation. This, however, may be an indirect role,
as steroid receptors have been shown not to be co-expressed with
MUC-4 in the luminal endometrial epithelium of fertile women
(80). Furthermore, while the present review did not include studies
on MUC-1, this mucin is an anti-adhesive mucin known to be
involved in the PMT, as it repels the blastocyst by steric hindrance
and must be lost during the mid-secretory phase to facilitate
implantation (2). Unlike in animal models, in humans MUC-1 is
down-regulated locally in the LE at the site of blastocyst
attachment (29) while it is produced in moderate levels in the
LE. This suggests that while MUC-1 may be expressed in the
endometrial LE during receptivity, communication between
blastocysts and LE is critical to down-regulate MUC-1 to enable
implantation. Contrary to this knowledge surrounding mucins in
the PMT, MUC-4, and MUC-1 have been shown to play a crucial
role in the EMT, where these contribute to the malignant
transformation, invasiveness and metastatic potential of cancer
cells (57). Therefore, these mucins may be differentially regulated
in the PMT compared to the EMT. However, Alameda et al. used
GE from women with an unknown fertility status. As such, further
research is required to fully elucidate the regulation of these
mucins in normal endometrial LE during the PMT compared to
the EMT.

Regulation of Tight Junctions Between
Plasma Membrane Transformation and
Epithelial-Mesenchymal Transition

Of note, the regulation of tight junctions in the PMT compared
to the EMT is rather different. While tight junctions increase in
depth and tightness during the PMT, they are lost in the EMT
(Table 3). In polarized epithelial cells, tight junctions prevent the
paracellular movement of transported solutes and water (15, 17).
Similar changes of tight junctions have also been recorded in
both mouse and rat models on the day of implantation (48, 81).
Crumbs and Par complexes localize to tight junctions at the
apical-basolateral interface to direct the formation of this
junctional seal in mammalian cells (82). However, as epithelial
cells acquire a mesenchymal phenotype for migration, tight

junction dissolution occurs with a concomitant decrease in
claudin and occludin expression, which are the main
constituents of these cell-cell junctions (32). The difference
between these processes is supported by the results from
Schumann et al. (48), which revealed claudin-3 and claudin-10
expression was maintained in both the LE and GE across the
cycle, expression of these being similar in the proliferative versus
secretory phases. However, claudin-1, claudin-4, and claudin-10
have been shown to be differentially expressed during the EMT
in oral lichen planus (60) and ovarian carcinomas (61).
Moreover, Whitby et al. (44) found constituents of the Crumbs
and Par complexes, known to localize to and maintain tight
junctions, are down-regulated during the mid-secretory phase.
Therefore, it could be that the regulation of tight junctions is
fundamentally different in the PMT when compared to the EMT.
Given the differential regulation of the Crumbs and Par
complexes, this could suggest that claudin expression does not
alter in the endometrium across the cycle, but rather a
progesterone-mediated alteration in polarity determinant
expression of those associated with tight junctions allows
for the cellular redistribution of claudins to enable these
cellular junctions to increase in number and depth down
the basolateral membrane. Indeed, it may even change
between species as claudin-10 is undetectable in the mouse
uterine LE before implantation (48). However, this discrepancy
needs to be further investigated to understand the specific
alterations occurring to tight junctions in the PMT compared
to the EMT.

The finding by Whitby et al. (44) that TER was reduced with
combined estrogen and progesterone treatment following estrogen
priming also provides insight into the integrity of tight junctions
across the PMT. As stated above, TER is a sensitive indicator of cell-
cell barrier function, but specifically TER is a measure of tight
junction formation. Therefore, this finding by Whitby et al. may
indicate that the mid-secretory phase of the menstrual cycle is
associated with a progesterone-mediated reduction in tight junction
formation. However, this is at odds with the hypothesis from the
previous paragraph and the observation that tight junctions increase
in tightness and depth down the basolateral plasma membrane
during the PMT. The use of ECC-1 cancer cell line could account
for this discrepancy, as tight junctions are known to be lost across
the EMT. Indeed, TER has been shown to be reduced in Raf-1
transfected mouse hepatic cell lines (83), with a concomitant
decrease in tight junctional proteins. Raf-1 is a signaling pathway
known to induce EMT, characterized by the down-regulation of
adherens and tight junctions and the re-organization of actin (83).
Alternatively, these discrepancies could be explained by the
experimental model used. It could be hypothesized that while
tight junction formation increases during the mid-secretory phase,
locally acting factors derived from the implanting blastocyst may
mediate the disruption of tight junctions at the site of implantation
to facilitate trophoblastic invasion. Therefore, the model used by
Whitby et al. may not have adequately replicated the uterine
microenvironment, and therefore did not allow the ECC-1 cells to
establish adequate tight junctional formation prior to hormonal
treatment. Regardless, this discrepancy requires further research to
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fully elucidate the function and regulation of tight junctions and the
role they play in barrier function during the PMT.

Comparison of Cytoskeleton Regulation
Between Plasma Membrane
Transformation and Epithelial-
Mesenchymal Transition

Alterations to the endometrial LE cytoskeleton are analogous to
those which occur in tumor cells in preparation for invasion and
metastasis. The actin network is a dynamic cellular structure which
undergoes continuous polymerization and disassembly. Globular-
actin monomers, called G-actin, increase in concentration at the cell
surface, termed the leading edge, during the EMT and polymerize
into filamentous-actin, called F-actin (84). This redistribution of
actin disrupts the cortical actin concentration and its regulatory
proteins, shifting them to the leading edge of the cancer cells to
confer their migratory capacity. As actin polymerization and
increased expression of apical F-actin is also observed in the
PMT, as shown by Henweer et al. (36), it is likely these events are
related. Notably, the redistribution of actin in tumor cells also
contributes to the formation of lamellipodia, filopodia, and
invadopodia on the leading edge, which are all actin-rich
cytoskeletal projections involved in migration and invasion (64,
84). This is similar to the up-regulation of pinopods on the
endometrial epithelial surface during the mid-secretory phase,
which are also actin-rich projections extending from the apical
surface. Moreover, vesicles containing membrane type I-matrix
metalloproteinase have been found to be co-localized with
exocytotic machinery and key regulators of cell polarity in
invadopodia in cancer cells (52), which is similar to the
observation by Kabir-Salmani et al. (42). Therefore, both
pinopods and invadopodia may play a role in implantation and
metastasis, respectively, through the exocytosis of locally acting
molecules or factors. Additionally, as RhoA was shown by
Heneweer et al. (36) to regulate actin polymerization and F-actin,
actin polymerization is also known to be regulated by small Rho
GTPases, such as RhoA and Ras-related C3 botulinum toxin
substrate 1 (Racl), in cancer cells. RhoA activates formin proteins
at the leading edge to drive actin polymerization near the plasma
membrane, and Racl regulates the nucleation of actin filaments in
lamellipodia via the Actin-related protein (ARP) 2/3 complex (85).
RhoA and Racl are involved in regulating mouse embryo
implantation (66, 86). The conditional deletion of Racl in the
mouse uterine epithelium affects the LE junctional remodeling and
prematurely decreases epithelial apical-basal polarity, which leads to
defective uterine receptivity and implantation failure. Further
analysis on the mechanisms reveals that Racl deletion abolishes
the activation of Ezrin-radixin-moesin proteins and a similar
mechanism has been confirmed in the human Ishikawa cell
adhesion in vitro (86).

Ezrin-radixin-moesin proteins play a crucial role in the
cytoskeletal alterations that occur in the PMT and EMT. These
proteins stabilize the cytoskeleton in polarized cells by connecting
membrane-associated proteins to cortical actin filaments. Therefore,
disruption of these with the loss of cell polarity causes cytoskeletal
relaxation and also alters signal transduction. In the PMT, the

convertase PC6 cleaves EBP50, which causes the dissociation of
EBP50 from ezrin and subsequent destabilization of these from the
actin cytoskeleton. Actin is released from the cytoplasmic face of the
epithelial cell membrane, which leads to terminal web disruption,
adherens junction destabilization and the loss of microvilli, resulting
in cell individualization and apical flattening. The temporal and
spatial localization of PC6 and EBP50 have been well characterized
(67, 87) in mice. Compared to apical membrane staining of EBP50
in the LE during implantation, PC6 expression instead, is restricted
to the stromal cells near the embryo attachment site, a location
seemingly incompatible to cleave EBP50. However, PC6 inhibition
blocks embryo implantation in mice (87). The involvement of
EBP50 in human PMT process may be analogous to that in
tumorigenesis, as EBP50 depletion in biliary cancer cells has been
shown to induce cellular features associated with an EMT (62).
These cells show reduced E-cadherin expression and increased
activity of the E-cadherin transcriptional repressor, as well as a
loss of cell polarity (62). Therefore, EBP50 disruption of biliary
cancer cells also contributes to adherens junction dissolution and
cytoskeletal re-organization as in the PMT. However, a recent study
revealed increased moesin expression regulated adhesion receptor
expression and contractile cytoskeletal elements during the EMT in
mammalian epithelial cells (65). This difference, however, will need
to be further validated. Despite this, there are some interesting
parallels between the role of ERM proteins in the rearrangement of
the cytoskeleton during the PMT and EMT which warrant
further investigation.

Actin polymerization also controls the turnover of cadherin by
regulating its endocytosis and therefore regulates adherens junction
remodeling during the EMT. The ARP2/3 complex regulating actin
polymerization is also thought to play a role in membrane
invagination and vesicle formation during endocytosis (88).
ARP2/3 is a downstream target of Cell division control protein 42
homolog (Cdc42), which when activated leads to the nucleation of
actin at sites of internalization adjacent to adherens junctions, and
the subsequent endocytosis of E-cadherin (88). Notably, the
disruption of this apical polarity determinant, namely Cdc42,
during this process may also mediate the internalization of the
Crumbs complex, another apical polarity determinant required for
adherens junction stability. Therefore, Cdc42 may also have an
indirect effect on E-cadherin endocytosis or disruption (88). The
interaction of Cdc42 with Crumbs is consistent with the findings
from Whitby et al. (44), which revealed Crumbs was reduced in
secretory phase LE. This study also identified Stardust, atypical PKC
and Scribble to be reduced in treated cell lines mimicking the
receptive LE. In polarized epithelial cells, the apical domain is
specified by the Crumbs complex, which contains Stardust in
Drosophila (14, 89), and Par complex, which contains atypical
PKC in Caenorhabditis elegans, Drosophila, and mammals (13,
14, 82, 89), as well as Cdc42 in Drosophila. Conversely, the
basolateral domain of a cell is specified by the Scribble complex
(13), and negative feedback between these two domains establishes
mutually antagonistic interactions to maintain cell polarization (14,
89). It is therefore tempting to postulate that the down-regulation of
Stardust, atypical PKC and Scribble also contributes to the loss of
cell polarity in the endometrium. Additionally, since the alterations
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to Crumbs, Stardust, atypical PKC, and Scribble were observed in
the progesterone-dominant secretory phase, it could be
hypothesized that progesterone, either directly or indirectly, plays
a role in the regulation of polarity determinants during the PMT.
However, these targets have not been well investigated in mouse
uterus and further research is required to validate these hypotheses.

Focal adhesions are also intimately linked to the actin
cytoskeleton and are involved with extracellular communication
and local signal transduction. Cytoskeletal remodeling during the
EMT causes focal adhesion disassembly and the subsequent cellular
redistribution or altered expression of the main constituents of these
junctions, including focal adhesion kinase, integrin molecules, and
vinculin (32). Increased expression of integrin avPB3 contributes to
the pro-invasive functions at the leading edge of lung cancer cells
(54). Furthermore, it has been shown to promote the clustering of
integrins at the leading edge during the EMT (32). Collectively,
these findings reflect the phenomenon of focal adhesion disassembly
and apical integrin recruitment recorded in the PMT. This is
supported by the work of Montazeri et al. (37), who found TLR-3
activation, known to disrupt implantation, leads to reduced P3-
integrin expression. The importance of integrin o3 and focal
adhesion disruption on implantation has been confirmed in the
animal models, as summarized in Table 3.

Stromal-Epithelial Communication

Stromal-epithelial communication, either direct or indirect, is also
essential to facilitate implantation. During the mid-secretory phase
in humans, stromal cells transform to secretory decidualized
endometrial stromal cells. Stromal cell-epithelial cell signaling, as
well as proteins from epithelial or stromal cells contributing to the
uterine secretome, are likely to be involved in the PMT. Murakami
et al. (49) showed SUSD2-expressing perivascular cells establish
specific chemokines and cytokine profiles around the uterine
vasculature upon decidualization, which is regulated by cell-cell
contact and Notch signaling. Van Sinderen et al. (46) revealed
increased soluble DLL1 was associated with reduced cell adhesion
and may alter Notch cell signaling (46). Therefore, both SUSD2 and
DLL1 may play a role in Notch signaling in the endometrium,
which, importantly, is also a well-known inducer of transcription
program switching in the EMT. Szwarc et al. (50) revealed
progesterone-mediated retinoid signaling was co-regulated by
SRC-2, a Src family kinase which is also a known inducer of
transcription program switching in the EMT, thereby highlighting
another important parallel between these two processes. Moreover,
Whitby et al. (44) found Scribble expression was increased in
secretory phase stromal cells, which is a key polarity determinant
in epithelial cells as discussed above. Although unlike humans,
decidualization in mice is triggered by attachment of implanting
embryos, genomic analysis on decidualized stromal cells has
revealed an overall conserved gene network regulated by steroid
hormones in both humans and mice (90). As such, animal models
may provide direct in vivo evidence to inform conserved stromal-
epithelial communication pathways in humans. For example, an
in vivo functional study using a mouse model has confirmed that
uterine deletion of Scribble impaired the formation of the primary
decidual zone surrounding the implantation site (91) and
compromised implantation. Taken together, these results

demonstrate that the regulation of stromal cell signaling in the
PMT is similar to that in the EMT, which contributes to epithelial-
stromal signaling either directly or indirectly. Proteins in the
epithelial cell secretome are also likely involved in the regulation
of the PMT. Results from Greening et al. (45) revealed a large
number of differentially regulated proteins upon comparing the
soluble secretome of ECC-1 cells treated with combined estrogen
and progesterone, compared to estrogen alone. Proteins involved
in the regulation of cellular adhesion and extracellular-matrix
organization were enriched with combined treatment estrogen
and progesterone treatment, while the expression of various
cytoskeletal and microtubule components was significantly
down-regulated in response to combined estrogen and
progesterone treatment. Importantly, this further supports the
role of progesterone in the indirect regulation of the PMT by
mediating factors secreted into the uterine microenvironment.
Similarly, tumor-stromal communication occurs indirectly via
epithelial or stromal cell secreted molecules, or directly via cell-
cell contact, which contribute to the secretome and is an important
source of key regulators for tumorigenesis (71). Therefore,
progesterone-mediated stromal cell signaling in the
endometrium, either directly or indirectly by contributing to the
uterine microenvironment, along with secreted proteins from
epithelial cells, is likely vital to the PMT as it is in the EMT.

The Heterogeneity of the Endometrium
Various markers and gene signatures of the EMT and their
association with the tumor microenvironment are currently being
evaluated for prognosis prediction (92), for example in head and neck
squamous cell carcinoma (93) and glioma (94). Although further
research is needed to confirm the use of EMT markers or signatures
as predictors of cancer prognosis, this is a promising development for
the field. Since multiple parallels have been drawn between the PMT
and the EMT, the use of EMT markers or signatures within the
context of the endometrium could also provide an interesting avenue
for identification of biomarkers of infertility. Furthermore, given the
complexity of the regulation of the PMT, while also considering
patient-to-patient variation, it is unlikely that a single modulator
would be able to predict endometrial receptivity. Therefore, the use of
an EMT signature to predict endometrial receptivity could not only
provide new biomarkers, but could give a more accurate prediction of
infertility. However, there are also many differences between the
EMT and PMT, and these are yet to be fully characterized. Therefore,
understanding the similarities and differences between these
processes in a broader context will improve our knowledge of
endometrial receptivity in women, and therefore may provide
novel biomarkers for infertility or therapeutic targets to manage
implantation failure in IVF.

Limitations

There were some limitations to process of this systematic review.
Firstly, while the term “plasma membrane transformation” was
introduced by Murphy et al. (95) and has gained wide
acceptance, some studies relevant to this review may not have
used this terminology. Despite the optimization of the search
terms used here, the possibility that some relevant studies have
not been included cannot be ignored. Indeed, the lack of studies
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discussing alterations to desmosomes or intermediate filaments
during the PMT supports this. This review also limited the
included studies to those in women. While this ensured results
were targeted to the unique implantation biology of humans, the
PMT is not well characterized in women due to the difficultly of
studying implantation biology directly. Although this likely
limited the number of studies included in this review, it was
necessary in order to identify gaps in the current literature
in humans.

Limitations also existed with the data itself. Each included
study discussed a different aspect of the PMT, making it difficult
to draw well-substantiated conclusions. Moreover, the included
manuscripts often used small sample sizes and varying study
subjects, including cell lines, primary tissue, and uterine lavage,
which also made drawing comparisons difficult. Different
endometrial epithelial cell lines have differing phenotypical and
molecular characteristics. For example, while the RL95-2 and
ECC-1 cell lines are both considered receptive and both express
estrogen and progesterone receptors (96, 97), their cellular
makeup is likely still different because they a derived from
endometrial adenosquamous carcinoma and endometrial
adenocarcinoma, respectively (96, 97). Being derived from
cancers, it is also difficult to make direct comparisons between
these cell lines and phenotypically “normal” endometrial cells,
made more complicated with the continual passage of these cells.
This is an advantage of using primary cells, because these
cells more accurately reflect in vivo conditions. However, many
of the primary cells used in the included studies were collected
from infertile women with known pathologies, or from women
with an unknown or undefined fertility status. While this reflects
the difficultly of obtaining normal fertile human endometrial
tissue, drawing conclusions from these studies may be unreliable
and not directly translatable to endometrial receptivity in normal
fertile women. Moreover, drawing accurate comparisons
between adhesion assay results across the included studies was
difficult due to the use of human or B6C3F1 mice blastocysts,
or spheroids made with the JAR, HTR-8/SVneo, or
L2TSC cell lines, for the same reasons previously discussed.
The JAR, HTR-8/SVneo, and L2TSC cell lines are derived from
invasive human choriocarcinoma cells, normal first-trimester
placenta, and trophectoderm cells from the 32-cell stage
blastocyst, respectively.

Future Studies

Future studies should validate the differences identified between
the PMT and EMT in this review. Future research incorporating
human participants is required to more completely characterize
the unique endometrial and implantation biology of women. In
terms of utilizing newer technologies and methods, the use of
three-dimensional cell culture models incorporating primary
epithelial and stromal cells from fertile women would increase
the translatability of results to the normal endometrium.
Emerging studies of cryopreservation and recovery of human
endometrium has expanded capacity to use primary epithelial
cells for the assessment of epithelial cell polarity and could be
employed in future studies (98). To progress the studies toward

translation into the clinic, standardized analysis of marker PMT
signatures and determinations of the functional significance of
the PMT makers using appropriate models will facilitate
translation. Information from the cancer field has identified
that targeting EMT remains challenging and should be
considered when investigating translation, however,
endometrial remodeling is a normal physiological process and
the endometrial luminal epithelium membrane remodeling does
possess all the classical features of EMT described in cancer cells.
Therefore direct comparison of EMT between the non-
transformed endometrium and cancer should reflect these
differences and interpreted accordingly.

CONCLUSIONS

To the best of our knowledge, this was the first systematic review
analyzing the current literature discussing the PMT and
comparing this to the existing literature on the EMT. Many
similarities were found between the process of the PMT and
EMT. Most notably, alterations to the actin cytoskeleton,
remodeling of adherens junctions, differential integrin
expression, and stromal-epithelial communication were similar
between these processes. However, there were also some
differences between the events of the PMT when compared to
the EMT, such as between the alterations to tight junctions and
mucin expression. This research will provide new insights into
the alterations occurring to the endometrial epithelium during
the mid-secretory phase to confer endometrial receptivity. This
may provide novel biomarkers or therapeutic targets to manage
embryo implantation failure, and therefore help more couples
achieve pregnancy.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary materials. Further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to the conception of
this review and the critical appraisal of the literature summarized
herein. SW wrote the manuscript and it was critically evaluated
and revised by WZ and ED. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by a project grant (APP1120689) and a
senior research fellowship (#550905) from the National Health
and Medical Research Council (NHMRC) of Australia to ED.

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 596324


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Whitby et al.

Cell Polarity and Endometrial Function

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Evers JL. Female subfertility. Lancet (2002) 360:151-9. doi: 10.1016/S0140-
6736(02)09417-5

Achache H, Revel A. Endometrial receptivity markers, the journey to
successful embryo implantation. Hum Reprod Update (2006) 12:731-46.
doi: 10.1093/humupd/dml004

. Salamonsen LA, Nie G, Hannan NJ, Dimitriadis E. Society for Reproductive

Biology Founders’ Lecture 2009. Preparing fertile soil: the importance of
endometrial receptivity. Reprod Fertil Dev (2009) 21:923-34. doi: 10.1071/
RD09145

. Revel A. Defective endometrial receptivity. Fertil Steril (2012) 97:1028-32.

doi: 10.1016/j.fertnstert.2012.03.039

. Teh WT, McBain ], Rogers P. What is the contribution of embryo-

endometrial asynchrony to implantation failure? ] Assist Reprod Genet
(2016) 33:1419-30. doi: 10.1007/s10815-016-0773-6

. Young SL. Oestrogen and progesterone action on endometrium: a

translationalapproach to understanding endometrial receptivity. Reprod
BioMed Online (2013) 27:497-505. doi: 10.1016/j.rbmo.2013.06.010

. Lessey BA, Young SL. What exactly is endometrial receptivity?Fertil Steril

(2019) 111:611-7. doi: 10.1016/j.fertnstert.2019.02.009

. Wetendorf M, Wu S-P, Wang X, Creighton CJ, Wang T, Lanz RB, et al.

Decreased epithelial progesterone receptor A at the window ofreceptivity is
required for preparation of the endometrium for embryoattachmentt. Biol
Reprod (2017) 96:313-26. doi: 10.1095/biolreprod.116.144410

. Lessey BA, Yeh IT, Castelbaum AJ, Fritz MA, Ilesanmi AO, Korzeniowski P,

et al. Endometrial progesterone receptors and markers of uterinereceptivity
in the window of implantation*$*Supported by the National Institutes of
Health grants HD-29449 and HD-30476-1 (BAL), Bethesda, Maryland, and
Berlex Laboratories, Inc., Wayne, New Jersey, and the Rockefeller
Biotechnology Fellowship, New York, New York.fPresented at the 50th
Annual Meeting of The American Fertility Society, San Antonio, Texas,
October 11 to 14, 1993. Fertil Steril (1996) 65:477-83. doi: 10.1016/s0015-
0282(97)81885-7

Lessey BA, Kim JJ. Endometrial receptivity in the eutopic endometrium of
women withendometriosis: it is affected, and let me show you why. Fertil Steril
(2017) 108:19-27. doi: 10.1016/j.fertnstert.2017.05.031

Lessey BA, Killam AP, Metzger DA, Haney AF, Greene GL, McCarty KS Jr.
Immunohistochemical analysis of human uterine estrogen and progesterone
receptors throughout the menstrual cycle. J Clin Endocrinol Metab (1988)
67:334-40. doi: 10.1210/jcem-67-2-334

Fritz MA, Westfahl PK, Graham RL. The effect of luteal phase estrogen
antagonism on endometrial development and luteal function in women. J Clin
Endocrinol Metab (1987) 65:1006-13. doi: 10.1210/jcem-65-5-1006

Liu Y, Chen LP. The regulation of cell polarity in the progression of lung
cancer. J Cancer Res Ther (2013) 9(Suppl 2):S80-5. doi: 10.4103/0973-
1482.119110

Thompson BJ. Cell polarity: models and mechanisms from yeast, worms and
flies. Development (2013) 140:13-21. doi: 10.1242/dev.083634

Orchard MD, Murphy CR. Alterations in tight junction molecules of uterine
epithelial cells during early pregnancy in the rat. Acta Histochem (2002)
104:149-55. doi: 10.1078/0065-1281-00644

Bazer FW, Spencer TE, Johnson GA, Burghardt RC, Wu G. Comparative
aspects of implantation. Reproduction (2009) 138:195-209. doi: 10.1530/REP-
09-0158

Murphy CR. Junctional barrier complexes undergo major alterations during
the plasma membrane transformation of uterine epithelial cells. Hum Reprod
(2000) 15:182-8. doi: 10.1093/humrep/15.suppl_3.182

Kaneko Y, Day ML, Murphy CR. Uterine epithelial cells: Serving two masters.
Int ] Biochem Cell Biol (2013) 45:359-63. doi: 10.1016/j.biocel.2012.10.012
Murphy CR. Uterine receptivity and the plasma membrane transformation.
Cell Res (2004) 14:259-67. doi: 10.1038/sj.cr.7290227

Bentin-Ley U, Sjogren A, Nilsson L, Hamberger L, Larsen JF, Horn T.
Presence of uterine pinopodes at the embryo-endometrial interface during
human implantation in vitro. Hum Reprod (1999) 14:515-20. doi: 10.1093/
humrep/14.2.515

Aghajanova L, Altmée S, Bjuresten K, Hovatta O, Landgren B-M, Stavreus-
Evers A. Disturbances in the LIF pathway in the endometrium among women

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

with unexplained infertility. Fertil Steril (2009) 91:2602-10. doi: 10.1016/
j.fertnstert.2008.04.010

Vogiagis D, Marsh MM, Fry RC, Salamonsen LA. Leukaemia inhibitory factor
in human endometrium throughout the menstrual cycle. ] Endocrinol (1996)
148:95. doi: 10.1677/j0e.0.1480095

Gonzalez M, Neufeld J, Reimann K, Wittmann S, Samalecos A, Wolf A, et al.
Expansion of human trophoblastic spheroids is promoted by decidualized
endometrial stromal cells and enhanced by heparin-binding epidermal growth
factor-like growth factor and interleukin-1 beta. Mol Hum Reprod (2011)
17:421-33. doi: 10.1093/molehr/gar015

Danielsson KG, Swahn ML, Bygdeman M. The effect of various doses of
mifepristone on endometrial leukaemia inhibitory factor expression in the
midluteal phase-an immunohistochemical study. Hum Reprod (1997)
12:1293-7. doi: 10.1093/humrep/12.6.1293

Salleh N, Giribabu N. Leukemia inhibitory factor: roles in embryo
implantation and in nonhormonal contraception. ScientificWorldJournal
(2014) 2014:201514-4. doi: 10.1155/2014/201514

Gipson IK, Ho SB, Spurr-Michaud SJ, Tisdale AS, Zhan Q, Torlakovic E, et al.
Mucin genes expressed by human female reproductive tract epithelia. Biol
Reprod (1997) 56:999-1011. doi: 10.1095/biolreprod56.4.999

Surveyor GA, Gendler SJ, Pemberton L, Das S, Chakraborty I, Julian J, et al.
Expression and steroid hormonal control of Muc-1 in the mouse uterus.
Endocrinology (1995) 136:3639-47. doi: 10.1210/endo.136.8.7628404

Carson DD, Desouza MM, Regisford EGC. Mucin and proteoglycan functions
in embryo implantation. Bioessays (1998) 20:577-83. doi: 10.1002/(SICI)
1521-1878(199807)20:7<577::AID-BIES9>3.0.CO;2-H

Meseguer M, Aplin JD, Caballero-Campo P, O’Connor JE, Martin JC, Remohi
], et al. Human endometrial mucin MUCI is up-regulated by progesterone
and down-regulated in vitro by the human blastocyst. Biol Reprod (2001)
64:590-601. doi: 10.1095/biolreprod64.2.590

Horne A, Lalani EN, Margara R, Ryder T, Mobberley M, White J. The
expression pattern of MUCI glycoforms and other biomarkers of endometrial
receptivity in fertile and infertile women. Mol Reprod Dev (2005) 72:216-29.
doi: 10.1002/mrd.20307

Koler M, Achache H, Tsafrir A, Smith Y, Revel A, Reich R. Disrupted gene
pattern in patients with repeated in vitrofertilization (IVF) failure. Hum
Reprod (2009) 24:2541-8. doi: 10.1093/humrep/dep193

Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-
mesenchymaltransition. Nat Rev Mol Cell Biol (2014) 15:178-96. doi:
10.1038/nrm3758

Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-
mesenchymaltransition. Sci Signaling (2014) 7:re8-8. doi: 10.1126/
scisignal.2005189

Guarino M, Rubino B, Ballabio G. The role of epithelial-mesenchymal
transition in cancerpathology. Pathology (2007) 39:305-18. doi: 10.1080/
00313020701329914

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal
transition.] Clin Invest (2009) 119:1420-8. doi: 10.1172/JCI39104

Heneweer C, Kruse LH, Kindhauser F, Schmidt M, Jakobs KH, Denker HW,
et al. Adhesiveness of human uterine epithelial RL95-2 cells to trophoblast:
Rho protein regulation. Mol Hum Reprod (2002) 8:1014-22. doi: 10.1093/
molehr/8.11.1014

Montazeri M, Sanchez-Lopez JA, Caballero I, Lay NM, Elliott S, Lopez-Martin
S, et al. Activation of Toll-like receptor 3 reduces actin polymerization and
adhesion molecule expression in endometrial cells, a potential mechanism for
viral-induced implantation failure. Hum Reprod (2015) 30:893-905. doi:
10.1093/humrep/deu359

Martin JC, Jasper MJ, Valbuena D, Meseguer M, Remohi J, Pellicer A, et al.
Increased adhesiveness in cultured endometrial-derived cells is related to the
absence of moesin expression. Biol Reprod (2000) 63:1370-6. doi: 10.1095/
biolreprod63.5.1370

Heng S, Cervero A, Simon C, Stephens AN, Li Y, Zhang J, et al. Proprotein
convertase 5/6 is critical for embryo implantation in women: regulating
receptivity by cleaving EBP50, modulating ezrin binding, and membrane-
cytoskeletal interactions. Endocrinology (2011) 152:5041-52. doi: 10.1210/
en.2011-1273

Demir R, Kayisli U, Celik-Ozenci C, Korgun E, Demir-Weusten A, Arici A.
Structural differentiation of human uterine luminal and glandular epithelium

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 596324


https://doi.org/10.1016/S0140-6736(02)09417-5
https://doi.org/10.1016/S0140-6736(02)09417-5
https://doi.org/10.1093/humupd/dml004
https://doi.org/10.1071/RD09145
https://doi.org/10.1071/RD09145
https://doi.org/10.1016/j.fertnstert.2012.03.039
https://doi.org/10.1007/s10815-016-0773-6
https://doi.org/10.1016/j.rbmo.2013.06.010
https://doi.org/10.1016/j.fertnstert.2019.02.009
https://doi.org/10.1095/biolreprod.116.144410
https://doi.org/10.1016/s0015-0282(97)81885-7
https://doi.org/10.1016/s0015-0282(97)81885-7
https://doi.org/10.1016/j.fertnstert.2017.05.031
https://doi.org/10.1210/jcem-67-2-334
https://doi.org/10.1210/jcem-65-5-1006
https://doi.org/10.4103/0973-1482.119110
https://doi.org/10.4103/0973-1482.119110
https://doi.org/10.1242/dev.083634
https://doi.org/10.1078/0065-1281-00644
https://doi.org/10.1530/REP-09-0158
https://doi.org/10.1530/REP-09-0158
https://doi.org/10.1093/humrep/15.suppl_3.182
https://doi.org/10.1016/j.biocel.2012.10.012
https://doi.org/10.1038/sj.cr.7290227
https://doi.org/10.1093/humrep/14.2.515
https://doi.org/10.1093/humrep/14.2.515
https://doi.org/10.1016/j.fertnstert.2008.04.010
https://doi.org/10.1016/j.fertnstert.2008.04.010
https://doi.org/10.1677/joe.0.1480095
https://doi.org/10.1093/molehr/gar015
https://doi.org/10.1093/humrep/12.6.1293
https://doi.org/10.1155/2014/201514
https://doi.org/10.1095/biolreprod56.4.999
https://doi.org/10.1210/endo.136.8.7628404
https://doi.org/10.1002/(SICI)1521-1878(199807)20:73.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-1878(199807)20:73.0.CO;2-H
https://doi.org/10.1095/biolreprod64.2.590
https://doi.org/10.1002/mrd.20307
https://doi.org/10.1093/humrep/dep193
https://doi.org/10.1038/nrm3758
https://doi.org/10.1126/scisignal.2005189
https://doi.org/10.1126/scisignal.2005189
https://doi.org/10.1080/00313020701329914
https://doi.org/10.1080/00313020701329914
https://doi.org/10.1172/JCI39104
https://doi.org/10.1093/molehr/8.11.1014
https://doi.org/10.1093/molehr/8.11.1014
https://doi.org/10.1093/humrep/deu359
https://doi.org/10.1095/biolreprod63.5.1370
https://doi.org/10.1095/biolreprod63.5.1370
https://doi.org/10.1210/en.2011-1273
https://doi.org/10.1210/en.2011-1273
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Whitby et al.

Cell Polarity and Endometrial Function

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

during early pregnancy: an ultrastructural and immunohistochemical study.
Placenta (2002) 23:672-84. doi: 10.1053/plac.2002.0841

Grund S, Grimmer R. Direct Cell~Cell Interactions in the Endometrium and
in Endometrial Pathophysiology. Int ] Mol Sci (2018) 19:2227. doi: 10.3390/
ijms19082227

Kabir-Salmani M, Nikzad H, Shiokawa S, Akimoto Y, Iwashita M. Secretory
role for human uterodomes (pinopods): secretion of LIF. Mol Hum Reprod
(2005) 11:553-9. doi: 10.1093/molehr/gah218

Alameda F, Mejias-Luque R, Garrido M, de Bolos C. Mucin genes (MUC2,
MUC4, MUC5AC, and MUCS6) detection in normal and pathological
endometrial tissues. Int | Gynecol Pathol (2007) 26:61-5. doi: 10.1097/
01.pgp.0000225837.32719.c1

Whitby S, Salamonsen LA, Evans J. The Endometrial Polarity Paradox:
Differential Regulation of Polarity Within Secretory-Phase Human
Endometrium. Endocrinology (2018) 159:506-18. doi: 10.1210/en.2016-1877
Greening DW, Nguyen HPT, Evans J, Simpson R], Salamonsen LA.
Modulating the endometrial epithelial proteome and secretome in
preparation for pregnancy: The role of ovarian steroid and pregnancy
hormones. ] Proteomics (2016) 144:99-112. doi: 10.1016/j.jprot.2016.05.026
Van Sinderen M, Oyanedel ], Menkhorst E, Cuman C, Rainczuk K, Winship
A, et al. Soluble Delta-like ligand 1 alters human endometrial epithelial
celladhesive capacity. Reprod Fertil Dev (2017) 29:694-702. doi: 10.1071/
RD15313

Gililland JL, Tseng YCL, Troche V, Lahiri S, Wartofsky L. ATRIAL-
NATRIURETIC-PEPTIDE RECEPTORS IN HUMAN ENDOMETRIAL
STROMALCELLS. J Clin Endocrinol Metab (1992) 75:547-51. doi: 10.1210/
jcem.75.2.1322428

Schumann S, Buck V, Classen-Linke I, Wennemuth G, Griimmer R. Claudin-
3, claudin-7, and claudin-10 show different distributionpatterns during
decidualization and trophoblast invasion in mouse and human. Histochem
Cell Biol (2015) 144:571-85. doi: 10.1007/s00418-015-1361-z

Murakami K, Lee YH, Lucas ES, Chan YW, Durairaj RP, Takeda S, et al.
Decidualization Induces a Secretome Switch in Perivascular NicheCells of the
Human Endometrium. Endocrinology (2014) 155:4542-53. doi: 10.1210/
en.2014-1370

Szwarc MM, Hai L, Gibbons WE, White LD, Mo Q, Kommagani R, et al.
Retinoid signaling controlled by SRC-2 in decidualization revealedby
transcriptomics. Reproduction (2018) 156:387-95. doi: 10.1530/REP-18-0282
Chavez DJ, Anderson TL. The Glycocalyx of the Mouse Uterine Luminal
Epithelium duringEstrus, Early Pregnancy, the Peri-Implantation Period, and
Delayed Implantation. I. Acquisition of Ricinus communis Binding Sites
during Pregnancy. Biol Reprod (1985) 32:1135-42. doi: 10.1095/biolreprod32.
5.1135

Revach O-Y, Geiger B. The interplay between the proteolytic, invasive, and
adhesivedomains of invadopodia and their roles in cancer invasion. Cell Adh
Migr (2014) 8:215-25. doi: 10.4161/cam.27842

Fouladi-Nashta A, Jones C, Nijjar N, Mohamet L, Smith A, Chambers I, et al.
Characterization of the uterine phenotype during theperi-implantation period
for LIF-null, MF1 strain mice. Dev Biol (2005) 281:1-21. doi: 10.1016/
j-ydbio.2005.01.033

Shah PP, Fong MY, Kakar SS. PTTG induces EMT through integrin ot V 3 3-
focal adhesionkinase signaling in lung cancer cells. Oncogene (2012) 31:3124-
35. doi: 10.1038/0nc.2011.488

Lessey BA. Adhesion molecules and implantation. JReprod Immunol (2002)
55:101-12. doi: 10.1016/s0165-0378(01)00139-5

Illera MJ, Cullinan E, Gui Y, Yuan L, Beyler SA, Lessey BA. Blockade of the
owvf3 integrin adversely affects implantation in the mouse. Biol Reprod (2000)
62:1285-90. doi: 10.1095/biolreprod62.5.1285

Ponnusamy MP, Seshacharyulu P, Lakshmanan I, Vaz AP, Chugh S, Batra SK.
Emerging role of mucins in epithelial to mesenchymal transition. Curr Cancer
Drug Targets (2013) 13:945-56. doi: 10.2174/15680096113136660100
DeSouza MM, Mani SK, Julian J, Carson DD. Reduction of mucin-1
expression during the receptive phase in the rat uterus. Biol Reprod (1998)
58:1503-7. doi: 10.1095/biolreprod58.6.1503

Idris N, Carraway KL. Regulation of sialomucin complex/Muc4 expression in
rat uterine luminal epithelial cells by transforming growth factor-p:
Implications for blastocyst implantation. J Cell Physiol (2000) 185:310-6.
doi: 10.1002/1097-4652(200011)185:2<310::AID-JCP16>3.0.CO;2-W

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Hémaldinen L, Soini Y, Pasonen-Seppénen S, Siponen M. Alterations in the
expression of EMT-related proteins claudin-1, claudin-4 and claudin-7, E-
cadherin, TWIST1 and ZEBI in oral lichen planus. J Oral Pathol Med (2019)
48:735-44. doi: 10.1111/jop.12917

Lin X, Shang X, Manorek G, Howell SB. Regulation of the epithelial-
mesenchymal transition by claudin-3 andclaudin-4. PloS One (2013) 8:
€67496. doi: 10.1371/journal.pone.0067496

Claperon A, Guedj N, Mergey M, Vignjevic D, Desbois-Mouthon C, Boissan
M, et al. Loss of EBP50 stimulates EGFR activity to induce EMT
phenotypicfeatures in biliary cancer cells. Oncogene (2012) 31:1376-88. doi:
10.1038/0nc.2011.334

Potter SW, Gaza G, Morris JE. Estradiol induces E-cadherin degradation in
mouse uterine epitheliumduring the estrous cycle and early pregnancy. J Cell
Physiol (1996) 169:1-14. doi: 10.1002/(SICI)1097-4652(199610)169:1<1::
AID-JCP1>3.0.CO;2-S

Morris H, Machesky L. Actin cytoskeletal control during epithelial to
mesenchymaltransition: focus on the pancreas and intestinal tract. Br J
Cancer (2015) 112:613-20. doi: 10.1038/bjc.2014.658

Haynes J, Srivastava J, Madson N, Wittmann T, Barber DL. Dynamic actin
remodeling during epithelial-mesenchymaltransition depends on increased
moesin expression. Mol Biol Cell (2011) 22:4750-64. doi: 10.1091/mbc.E11-
02-0119

Liu L, Wang Y, Yu Q. The PI3K/Akt signaling pathway exerts effects on the
implantation ofmouse embryos by regulating the expression of RhoA. Int J
Mol Med (2014) 33:1089-96. doi: 10.3892/ijmm.2014.1701

Nie G, Li Y, Wang M, Liu YX, Findlay JK, Salamonsen LA. Inhibiting uterine
PC6 blocks embryo implantation: an obligatoryrole for a proprotein
convertase in fertility. Biol Reprod (2005) 72:1029-36. doi: 10.1095/
biolreprod.104.036889

Kaneko Y, Lecce L, Day ML, Murphy CR. B1 and B3 integrins disassemble
from basal focal adhesionsand B3 integrin is later localised to the
apical plasma membrane of rat uterine luminal epithelial cells at the
time of implantation. Reprod Fertil Dev (2011) 23:481-95. doi: 10.1071/
RD10211

Kim JB, Stein R, O’'Hare MJ. Tumour-stromal interactions in breast cancer:
the role of stroma in tumourigenesis. Tumour Biol (2005) 26:173-85. doi:
10.1159/000086950

Hantak AM, Bagchi IC, Bagchi MK. Role of uterine stromal-epithelial
crosstalk in embryoimplantation. Int ] Dev Biol (2014) 58:139. doi: 10.1387/
ijdb.130348mb

da Cunha BR, Domingos C, Stefanini ACB, Henrique T, Polachini GM,
Castelo-Branco P, et al. Cellular Interactions in the Tumor
Microenvironment: The Role ofSecretome. | Cancer (2019) 10:4574. doi:
10.7150/jca.21780

Cha J, Sun X, Dey SK. Mechanisms of implantation: strategies for
successfulpregnancy. Nat Med (2012) 18:1754-67. doi: 10.1038/nm.3012
Takamura M, Zhou W, Rombauts L, Dimitriadis E. The long noncoding RNA
PTENPI regulates human endometrial epithelialadhesive capacity in vitro:
implications in infertility. Biol Reprod (2019) 102:53-62. doi: 10.1093/biolre/
ioz173

Bentin-Ley U, Horn T, Sjogren A, Sorensen S, Falck Larsen J, Hamberger L.
Ultrastructure of human blastocyst-endometrial interactions invitro. ] Reprod
Fertil (2000) 120:337-50. doi: 10.1530/jrf.0.1200337

Winship A, Ton A, Van Sinderen M, Menkhorst E, Rainczuk K, Griffiths M,
et al. Mouse double minute homologue 2 (MDM2) downregulation by miR-
661impairs human endometrial epithelial cell adhesive capacity. Reprod Fertil
Dev (2018) 30:477-86. doi: 10.1071/RD17095

Illingworth IM, Kiszka I, Bagley S, Ireland GW, Garrod DR, Kimber SJ.
Desmosomes are reduced in the mouse uterine luminal epithelium during the
preimplantation period of pregnancy: a mechanism for facilitation of
implantation. Biol Reprod (2000) 63:1764-73. doi: 10.1095/biolreprod63.
6.1764

Chang CY-Y, Chen Y, Lin W-C, Chen C-M, Chen C-P, Lee S-C, et al. MUC2
polymorphisms are associated with endometriosis development and
infertility: a case-control study. BMC Med Genet (2012) 13:15-5. doi:
10.1186/1471-2350-13-15

Chang CY, Chang HW, Chen CM, Lin CY, Chen CP, Lai CH, et al. MUC4
gene polymorphisms associate with endometriosis development and

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 596324


https://doi.org/10.1053/plac.2002.0841
https://doi.org/10.3390/ijms19082227
https://doi.org/10.3390/ijms19082227
https://doi.org/10.1093/molehr/gah218
https://doi.org/10.1097/01.pgp.0000225837.32719.c1
https://doi.org/10.1097/01.pgp.0000225837.32719.c1
https://doi.org/10.1210/en.2016-1877
https://doi.org/10.1016/j.jprot.2016.05.026
https://doi.org/10.1071/RD15313
https://doi.org/10.1071/RD15313
https://doi.org/10.1210/jcem.75.2.1322428
https://doi.org/10.1210/jcem.75.2.1322428
https://doi.org/10.1007/s00418-015-1361-z
https://doi.org/10.1210/en.2014-1370
https://doi.org/10.1210/en.2014-1370
https://doi.org/10.1530/REP-18-0282
https://doi.org/10.1095/biolreprod32.5.1135
https://doi.org/10.1095/biolreprod32.5.1135
https://doi.org/10.4161/cam.27842
https://doi.org/10.1016/j.ydbio.2005.01.033
https://doi.org/10.1016/j.ydbio.2005.01.033
https://doi.org/10.1038/onc.2011.488
https://doi.org/10.1016/s0165-0378(01)00139-5
https://doi.org/10.1095/biolreprod62.5.1285
https://doi.org/10.2174/15680096113136660100
https://doi.org/10.1095/biolreprod58.6.1503
https://doi.org/10.1002/1097-4652(200011)185:23.0.CO;2-W
https://doi.org/10.1111/jop.12917
https://doi.org/10.1371/journal.pone.0067496
https://doi.org/10.1038/onc.2011.334
https://doi.org/10.1002/(SICI)1097-4652(199610)169:13.0.CO;2-S
https://doi.org/10.1002/(SICI)1097-4652(199610)169:13.0.CO;2-S
https://doi.org/10.1038/bjc.2014.658
https://doi.org/10.1091/mbc.E11-02-0119
https://doi.org/10.1091/mbc.E11-02-0119
https://doi.org/10.3892/ijmm.2014.1701
https://doi.org/10.1095/biolreprod.104.036889
https://doi.org/10.1095/biolreprod.104.036889
https://doi.org/10.1071/RD10211
https://doi.org/10.1071/RD10211
https://doi.org/10.1159/000086950
https://doi.org/10.1387/ijdb.130348mb
https://doi.org/10.1387/ijdb.130348mb
https://doi.org/10.7150/jca.21780
https://doi.org/10.1038/nm.3012
https://doi.org/10.1093/biolre/ioz173
https://doi.org/10.1093/biolre/ioz173
https://doi.org/10.1530/jrf.0.1200337
https://doi.org/10.1071/RD17095
https://doi.org/10.1095/biolreprod63.6.1764
https://doi.org/10.1095/biolreprod63.6.1764
https://doi.org/10.1186/1471-2350-13-15
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Whitby et al.

Cell Polarity and Endometrial Function

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

endometriosis-related infertility. BMC Med (2011) 9:19. doi: 10.1186/1741-
7015-9-19

McNeer RR, Carraway CA, Fregien NL, Carraway KL. Characterization of the
expression and steroid hormone control of sialomucin complex in the rat
uterus: implications for uterine receptivity. J Cell Physiol (1998) 176:110-9.
doi: 10.1002/(SICI)1097-4652(199807)176:1<110::AID-JCP13>3.0.CO;2-B
Koscinski I, Viville S, Porchet N, Bernigaud A, Escande F, Defossez A, et al.
MUCH4 gene polymorphism and expression in women with implantation
failure. Hum Reprod (Oxford Engl) (2006) 21:2238-45. doi: 10.1093/humrep/
del189

Murphy C, Swift J, Mukherjee T, Rogers A. Effects of ovarian hormones on
cell membranes in the rat uterus. II.Freeze-fracture studies on tight junctions
of the lateral plasma membrane of the luminal epithelium. Cell Biophys (1981)
3:57-69. doi: 10.1007/BF02782153

Margolis B, Borg J-P. Apicobasal polarity complexes. J Cell Sci (2005)
118:5157. doi: 10.1242/jcs.02597

Lan MD, Kojima T, Osanai M, Chiba H, Sawada N. Oncogenic Raf-1 regulates
epithelial to mesenchymal transition viadistinct signal transduction pathways
in an immortalized mouse hepatic cell line. Carcinogenesis (2004) 25:2385-95.
doi: 10.1093/carcin/bgh248

Sun B, Fang Y, Li Z, Chen Z, Xiang J. Role of cellular cytoskeleton in epithelial-
mesenchymal transitionprocess during cancer progression. BioMed Rep
(2015) 3:603-10. doi: 10.3892/br.2015.494

Ortega-Carrion A, Feo-Lucas L, Vicente-Manzanares M. Cell Migration. In:
RA Bradshaw, PD Stahl, editors. Encyclopedia of Cell Biology. Waltham:
Academic Press (2016). p. 720-30.

Tu Z, Wang Q, Cui T, Wang J, Ran H, Bao H, et al. Uterine RACI via Pakl-
ERM signaling directs normal luminalepithelial integrity conducive to on-
time embryo implantation in mice. Cell Death Differ (2016) 23:169-81. doi:
10.1038/cdd.2015.98

Li X, Xu W-M, Yin T-L, Zhao Q-H, Peng L-Y, Yang J. Temporal and spatial
regulation of ezrin-radixin-moesin-binding phosphoprotein-50-kDa (EBP50)
during embryo implantation in mouse uterus. Int ] Mol Sci (2012) 13:16418—
29. doi: 10.3390/ijms131216418

Collinet C, Lecuit T. Chapter Two - Stability and Dynamics of Cell-Cell
Junctions. In: F van Roy, editor. Progress in Molecular Biology and
Translational Science. Academic Press (2013). p. 25-47.

Tepass U. The apical polarity protein network in Drosophila epithelial cells:
regulation of polarity, junctions, morphogenesis, cell growth, and survival.
Annu Rev Cell Dev Biol (2012) 28:655-85. doi: 10.1146/annurev-cellbio-
092910-154033

90.

91.

92.

93.

94.

95.

96.

97.

98.

Ramathal CY, Bagchi IC, Taylor RN, Bagchi MK. Endometrial
decidualization: of mice and men, Seminars in reproductive medicine. ©
Thieme Medical Publishers (2010) p. 017-26.

Yuan J, Aikawa S, Deng W, Bartos A, Walz G, Grahammer F, et al. Primary
decidual zone formation requires Scribble for pregnancy success in mice. Nat
Commun (2019) 10:1-10. doi: 10.1038/s41467-019-13489-4

Santamaria PG, Moreno-Bueno G, Portillo F, Cano A. EMT: Present and
future in clinical oncology. Mol Oncol (2017) 11:718-38. doi: 10.1002/1878-
0261.12091

Jung AR, Jung C-H, Noh JK, Lee YC, Eun Y-G. Epithelial-mesenchymal
transition gene signature is associated with prognosis and tumor
microenvironment in head and neck squamous cell carcinoma. Sci Rep
(2020) 10:3652-2. doi: 10.1038/s41598-020-60707-x

Tao C, Huang K, Shi J, Hu Q, Li K, Zhu X. Genomics and Prognosis Analysis
of Epithelial-Mesenchymal Transitionin Glioma. Front Oncol (2020) 10:183.
doi: 10.3389/fonc.2020.00183

Murphy CR. The plasma membrane of uterine epithelial cells: structure
andhistochemistry. Prog Histochem Cytochem (1993) 27:1-66. doi: 10.1016/
s0079-6336(11)80004-5

Korch C, Spillman MA, Jackson TA, Jacobsen BM, Murphy SK, Lessey BA,
et al. DNA profiling analysis of endometrial and ovarian cell lines
revealsmisidentification, redundancy and contamination. Gynecol Oncol
(2012) 127:241-8. doi: 10.1016/j.ygyno.2012.06.017

Way DL, Grosso DS, Davis JR, Surwit EA, Christian CD. Characterization of a
new human endometrial carcinoma (RL95-2)established in tissue culture. In
Vitro (1983) 19:147-58. doi: 10.1007/BF02618053

Chen JC, Hoffman JR, Arora R, Perrone LA, Gonzalez-Gomez CJ, Vo KC,
et al. Cryopreservation and recovery of human endometrial epithelial cellswith
high viability, purity, and functional fidelity. Fertil Steril (2016) 105:501-10.
doi: 10.1016/j.fertnstert.2015.10.011

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Whitby, Zhou and Dimitriadis. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

October 2020 | Volume 11 | Article 596324


https://doi.org/10.1186/1741-7015-9-19
https://doi.org/10.1186/1741-7015-9-19
https://doi.org/10.1002/(SICI)1097-4652(199807)176:13.0.CO;2-B
https://doi.org/10.1093/humrep/del189
https://doi.org/10.1093/humrep/del189
https://doi.org/10.1007/BF02782153
https://doi.org/10.1242/jcs.02597
https://doi.org/10.1093/carcin/bgh248
https://doi.org/10.3892/br.2015.494
https://doi.org/10.1038/cdd.2015.98
https://doi.org/10.3390/ijms131216418
https://doi.org/10.1146/annurev-cellbio-092910-154033
https://doi.org/10.1146/annurev-cellbio-092910-154033
https://doi.org/10.1038/s41467-019-13489-4
https://doi.org/10.1002/1878-0261.12091
https://doi.org/10.1002/1878-0261.12091
https://doi.org/10.1038/s41598-020-60707-x
https://doi.org/10.3389/fonc.2020.00183
https://doi.org/10.1016/s0079-6336(11)80004-5
https://doi.org/10.1016/s0079-6336(11)80004-5
https://doi.org/10.1016/j.ygyno.2012.06.017
https://doi.org/10.1007/BF02618053
https://doi.org/10.1016/j.fertnstert.2015.10.011
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Alterations in Epithelial Cell Polarity During Endometrial Receptivity: A Systematic Review
	Introduction
	Research Question

	Methods
	Data Sources and Search Strategy
	Inclusion and Exclusion Criteria
	Data Extraction and Study Selection

	Results
	Discussion
	In vitro Assays Used to Investigate Plasma Membrane Transformation and In vivo Animal Models
	The Mucin Family Members
	Regulation of Tight Junctions Between Plasma Membrane Transformation and Epithelial-Mesenchymal Transition
	Comparison of Cytoskeleton Regulation Between Plasma Membrane Transformation and Epithelial-Mesenchymal Transition
	Stromal-Epithelial Communication
	The Heterogeneity of the Endometrium
	Limitations
	Future Studies

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


