Original Article

Reproductive Sciences

2016, Vol. 23(11) 1580-1592

© The Author(s) 2016

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1933719116648216
rs.sagepub.com

®SAGE

Nectin-3 Is Increased in the Cell Junctions of
the Uterine Epithelium at Implantation

Connie E. Poon, PhD"?, Romanthi J. Madawala, PhD'??,
Samson N. Dowland, PhD'?, and Christopher R. Murphy, PhD, DSc'??

Abstract

Uterine luminal epithelial cells (UECs) undergo the plasma membrane transformation in the transition to receptivity. This involves
transient alterations in the apical junctional complex (AJC) including increases to the depth and complexity of the tight junction,
loss of the adherens junction, and a decrease in the number of desmosomes along the lateral cell membranes. Nectin-3 is key
protein involved in the structure and function of the AJC. This study, used immunofluorescence, Western blotting, colocalization,
and coimmunoprecipitation analyses, to investigate whether nectin-3 was present in the rat uterus and was regulated by hor-
mones and the blastocyst during early pregnancy. The results showed that nectin-3 was present in UECs as 3 molecular weight
protein isoforms (80 kDa, 60 kDa, and 32 kDa). At the time of fertilization (day | of pregnancy), nectin-3 was localized basally, but
at the time of implantation, (day 6 of pregnancy) when UECs were receptive, nectin-3 increased in the cellular junctions. When
UEC:s returned to the nonreceptive state (day 9 of pregnancy), nectin-3 redistributed back to the cell cytoplasm. This study also
showed that nectin-3 localization at the cell junctions was likely to be controlled by progesterone; however, neither ovarian
hormones nor the blastocyst regulated protein abundance. This study further showed that while nectin-3 localized to the tight
junction at the time of implantation, it did not interact with occludin or I-afadin. These results suggest that at the time of implantation,
nectin-3 may contribute to the formation of the tight junction in a protein complex independent from occludin and l-afadin.
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increases in depth and complexity,® the adherens junction is
lost,9 and the desmosomes decrease in number.!® Similar
changes have also been documented in the uteri of other species,
including mice,'""? pigs,'*'® rabbits,'*'® and humans.'*?!
These alterations permit preservation of the uterine luminal
contents and loosening of the epithelial adhesions in preparation
for blastocyst attachment and invasion to the underlying uterine
stroma for pregnancy.’

Besides the ultrastructure of the AJC, many of the proteins
that form the AJC have also been investigated previously in rat
UEC:s during early pregnancy including tight junction proteins,

claudin-1,*% claudin-3, claudin-4,>* and occludin*?3;

Introduction

The uterine luminal epithelial cells (UECs) form an intact
epithelial barrier that maintains mucosal integrity and prevents
invasion by the blastocyst and pathogenic agents during the
nonreceptive state." However, UECs undergo major alterations
to transition to a receptive state to permit attachment and
subsequent invasion by the blastocyst for pregnancy, largely
in response to ovarian hormones, progesterone and estrogen.’
The plasma membrane transformation describes these mor-
phological and biochemical modifications that occur in UECs
and involves major alterations to the apical junctional com-
plex (AJC).!

The AJC is an important defining feature of all simple and
polarized epithelia and is formed by 3 intercellular junctions,

the tight junction, the adherens junction, and the desmosome.>**
The tight junction serves to maintain apicobasal polarization
and also regulates the movement of fluid through the paracel-
lular pathway.>® The adherens junction and the desmosome
serve to maintain strong intercellular adhesion that provides
structural support for connection with the cellular cytoskeleton
and maintains the integrity of the epithelial barrier.*’
Previous ultrastructural studies of rat UECs have shown that
leading up to the time of implantation, the tight junction
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adherens junction proteins, pan—cadherin,24 and E-cadherinzs;
and desmosome proteins, desmoglein-1 and desmoglein-2.2°
Another protein that is frequently involved in the formation of
the adherens junction but that has not yet been investigated
specifically in the rat uterus during early pregnancy is nectin-3.2”

Nectin-3 (also known as PVRL3) is a Ca®-independent
immunoglobulin (Ig)-like cellular adhesion molecule that
belongs to the nectin family of proteins and structurally con-
sists of an extracellular domain with 3 Ig-like loops, a single
transmembrane domain and a cytoplasmic tail.*® Nectin-3 has 3
splice variants that have been proposed to yield 3 protein iso-
forms of different molecular weights: nectin-3a (60 kDa), nec-
tin-3p (55 kDa), and nectin-3y (47 kDa).?” Nectin-3 is
documented to serve as an intercellular adhesion protein that
is required for the formation and maintenance of adherens
junctions and tight junctions in epithelial tissues.?” Adhesion
is mediated through the formation of homo-cis-dimers fol-
lowed by hetero-trans-dimers with other members of the nectin
family.*’

Nectin-3 also provides a stimulatory signal that sequentially
recruits E-cadherin and then claudins for the formation of the
adherens junction and the tight junction, respectively.>® Bind-
ing of the nectin-3 cytoplasmic tail to the PDZ domain of the
F-actin-binding protein, afadin, further strengthens these junc-
tions.>® Studies involving the knockout of nectin-3 protein in
the testis demonstrate the critical role that nectin-3 plays in the
maintenance of the epithelial barrier.®!

Nectin-3 has been found previously in the glandular epithe-
lia of human endometrium.*? This protein is also present in the
mouse embryo during the early stages of development.*® Given
the role of nectin-3 in the formation and maintenance of the
AJC in other epithelial tissues and its reported presence in the
human endometrium, this study sought to investigate whether
nectin-3 protein was present in the rat endometrium during
early pregnancy when the AJC undergoes major alterations in
UEC: in the transition to receptivity. It was hypothesized that
nectin-3 may be present at the AJC at the time of fertilization
when the adherens junction is intact but may be downregulated
at the time of receptivity when the adherens junction is lost.
The second part of this study examined whether ovarian hor-
mones or the blastocyst regulate the colocalization and abun-
dance of nectin-3 protein. The final part of this study
investigated whether nectin-3 colocalized and interacted with
occludin and I-afadin to elucidate a role in the formation of the
tight junctions and the actin cytoskeleton.

Materials and Methods

Pregnant Animals

Female virgin Wistar rats aged 10 to 12 weeks were used in this
study. The University of Sydney Ethics Committee approved
all experimental procedures. Animals were maintained under a
12-hour light—dark cycle at a temperature of 21°C and were fed
and watered ad libitum. Vaginal smears were performed to
stage the estrous cycle of female rats, and those in proestrus

were mated with a fertile male overnight. Mating was con-
firmed the following morning by the presence of spermatozoa
in the vaginal smear and that same day was designated day 1 of
pregnancy. Pregnant rats were selected at random for sacrifice
on days 1 (preimplantation), 3, 6 (implantation), 7, and 9 (post-
implantation) of pregnancy and were euthanized with an intra-
peritoneal injection of sodium pentobarbital (10 mg/kg body
weight, Nembutal; Merial Australia, Macquarie Park, NSW,
Australia). The uterine horns from pregnant animals were
collected for immunofluorescence (25 rats total, 5 rats per day
of pregnancy), Western blotting (20 rats total, 5 rats per day of
pregnancy), or immunoprecipitation (IP; 12 rats total, day 6 of
pregnancy only).

Pseudopregnant Animals

Female rats in proestrus were mated with a vasectomized male
overnight to induce pseudopregnancy. Mating was confirmed
the following morning with the presence of a vaginal plug, and
this day was designated day 1 of pseudopregnancy. Pseudo-
pregnancy was confirmed with daily vaginal smears to check
for an arrested cycle.>* Pseudopregnant rats were sacrificed
using the same method as for pregnant animals. Uterine horns
from 5 rats on day 6 of pseudopregnancy were collected for
immunofluorescence and Western blotting.

Ovariectomized Animals

Bilateral ovariectomy was performed on 20 rats under anesthe-
sia with an intraperitoneal injection of xylazine (4 mg/kg;
TROY laboratories Pty Ltd, Smithfield, NSW, Australia) and
ketamine (75 mg/kg; Parnell Laboratories Australia Pty Ltd,
Alexandria, NSW, Australia), after which animals were
allowed to recover for 3 weeks. Progesterone (Sigma-Aldrich,
St. Louis, MO, USA) and 17-B-estradiol (Sigma-Aldrich) were
dissolved using benzyl alcohol (Sigma-Aldrich) and peanut oil
(1:4 vol/vol; carrier) to achieve doses within the normal phy-
siological range.**>” Rats were randomly assigned to the fol-
lowing treatment groups (5 rats per treatment) and were given a
subcutaneous injection in the rump for 3 consecutive days:
group 1 (Vehicle Control [VC]) injected with 0.1 mL of carrier
only (benzyl alcohol and peanut oil); group 2 (Estrogen only
[E]) injected with 0.1 mL of 17-B-estradiol (0.5 pg/day); group
3 (Progesterone only [P]) injected with 0.1 mL of progesterone
(5 mg/day); and group 4 (Progesterone and Estrogen [PE])
injected with 0.1 mL of progesterone (5 mg/day) for 3 days
and on the third day received an additional injection of 0.1 mL
of 17-B-estradiol (0.5 pg). After the final injection, rats were
left for 24 hours before sacrifice, and uterine horns were col-
lected for immunofluorescence and Western blotting.

Antibodies

The primary antibodies used were rabbit polyclonal nectin-3
immunoglobulin G (IgG) (sc-28637; Santa Cruz Biotechnology,
Dallas, TX, USA); mouse monoclonal occludin IgG (33-1500;
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Life Technologies Australia Pty Ltd, Mulgrave, VIC, Australia);
mouse monoclonal anti-1 Afadin IgG (ab90809; Abcam, Cam-
bridge, UK); and mouse monoclonal anti-B-actin (A1978;
Sigma-Aldrich). The isotype control antibodies used were rab-
bit serum IgG (I5006; Sigma-Aldrich), and mouse serum IgG
(I5381; Sigma-Aldrich). The secondary antibodies used were
Fluorescein (FITC)-AffiniPure goat anti-rabbit IgG (111-095-
144; Jackson ImmunoResearch Laboratories Inc, West Grove,
PA, USA), sheep anti-rabbit IgG conjugated to Cy3 (C2306;
Sigma-Aldrich), Fluorescein (FITC)-AffiniPure goat anti-
mouse IgG (115-095-166; Jackson ImmunoResearch Labora-
tories Inc), goat anti-rabbit polyclonal horseradish peroxidase
(HRP)-linked IgG (P0448; Dako, Glostrup, Denmark), and
sheep anti-mouse polyclonal HRP-linked IgG (NA931 V;
Dako).

Immunofluorescence and Colocalization

Uterine horns were cut into 5-mm blocks, embedded in OCT
medium (Tissue Tek; Sakura Finetek, Torrence, CA, USA),
and frozen in super-cooled isopentane (VWR International,
Murarrie, QLD, Australia). Frozen sections, 7-pum thick, were
cut using a Leica CM3050 cryostat (Leica, Heerbrugg, Switzer-
land) and air-dried on gelatin-chrome alum-coated slides. Sec-
tions were fixed in 100% acetone (nectin-3, nectin-3/occludin;
Thermo Fisher Scientific, Scoresby, VIC, Australia) for 15
minutes and air-dried for 30 minutes or fixed in 4% parafor-
maldehyde (nectin-3/afadin, Sigma-Aldrich) for 10 minutes
and washed in phosphate-buffered saline (PBS) for 5 minutes.
All sections were then blocked using 1% bovine serum albumin
(Sigma-Aldrich) in PBS for 30 minutes and probed with pri-
mary antibodies (nectin-3: 2 pg/mL; occludin: 2.5 pg/mL; and
l-afadin: 2 pg/mL) or the respective isotype control antibodies
at the same concentrations overnight at 4°C. Sections were
washed in PBS (3 x 5 minutes) and incubated with secondary
antibodies (anti-rabbit FITC: 5 pg/mL; anti-rabbit Cy3: 0.33
pg/mL; and anti-mouse FITC: 5 pg/mL) for 2 hours at room
temperature and washed in PBS (3 x 5 minutes). Sections were
mounted with 25 pL of Vectashield with diaminophenylindole
(DAPI) medium (Vector Laboratories, Burlingame, CA, USA),
coverslipped, and examined with the Zeiss Deconvolution
microscope (Carl Zeiss Pty Ltd, Australasia, North Ryde,
NSW, Australia) using the reflected light filters: DAPI (365,
395LP, and 420LP), CY3 (545/30, 570LP, and 610/75), and
Alexa 488 (480/40, 505LP, and 535/50). Images were captured
using a Zeiss AxioCam HRm digital monochrome charge-
coupled device (CCD) camera (Carl Zeiss Pty Ltd) and ana-
lyzed using the Zeiss Efficient Navigation (ZEN) software
(Carl Zeiss Pty Ltd).

Isolation of UECs

Uterine horns were cut longitudinally, and the luminal epithe-
lium removed by gentle scraping using sterile surgical blades
as described previously.>*>® Isolated epithelium was placed
immediately in either cold lysis buffer (50 mmol/L Tris-HCI,

1 mmol/L EDTA, 150 mmol/L NaCl, 0.5% sodium dodecyl
sulfate [SDS], 2.5% DOC, 5% polyoxyethylene nonyl phenol
[Igepal], 1% protease inhibitor cocktail, and 10% PhosSTOP
phosphatase inhibitor [Roche, Castle Hill, New South Wales,
Australia]; Sigma-Aldrich) or cold IP lysis buffer (50 mmol/L
Tris-HCI [pH 8.0], 150 mmol/L NaCl, 1% Igepal, 1% protease
inhibitor cocktail [Sigma-Aldrich], and 10% PhosSTOP phos-
phatase inhibitor [Roche]). The cell suspension was homoge-
nized using a 23-gauge needle and a 1-mL syringe (Livingstone
International, Rosebury, NSW, Australia) and briefly centri-
fuged at 8000 g for 30 seconds. The supernatant was removed,
and the protein concentrations of lysates were measured using a
bicinchoninic acid protein assay (MicroBCA Protein assay Kkit;
VWR International) and a CLARIOstar microplate reader
(BMG LabTech, Ortenburg, Germany). Cell lysates were then
either used immediately for IP or snap frozen for Western
blotting.

Co-IP

Prior to IP, primary antibodies (nectin-3: 3 pg; l-afadin: 1 pg;
and occludin: 3 pg) or respective isotype control antibodies at
the same concentrations were cross-linked to PureProteome
Protein G magnetic beads (Merck Millipore, Bedford, MA,
USA) using 13 pg/mL dimethyl pimelimidate (Sigma-Aldrich)
per the Abcam protocol. Cell lysates (300-500 pg per IP reac-
tion) were added to the cross-linked antibody/beads, diluted
with IP lysis buffer to a total volume of 50 pL, and incubated
for 3 hours at 4°C under constant rotation. Lysates were mag-
netically removed, and the beads were washed up to 10 times
with 1% phosphate-buffered saline with Tween 20 . Immuno-
precipitated proteins were separated from beads with native
elution (I-afadin) by incubation with 20 pL 0.2 mol/L glycine
(pH 2.5) for 2 minutes, followed by neutralization with 5 uL 1
mol/L Tris (pH 8.5) or denaturing elution (nectin-3 and occlu-
din) by incubation with 25 pL of sample buffer (8% glycerol,
50 mmol/L Tris-HCI, pH 6.8, 1.6% SDS, 0.024% bromophenol
blue, and 4% B-mercaptoethanol) at 95°C for 10 minutes.
Native elutes were combined with sample buffer (8% glycerol,
50 mmol/L Tris-HCI, pH 6.8, 1.6% SDS, and 0.024% bromo-
phenol blue), and all elutes were loaded onto 10% resolving
acrylamide gels and subjected to SDS-polyacrylamide gel elec-
trophoresis (PAGE) as detailed in Western blotting.

Western Blotting

Protein (20 pg) was combined with sample buffer (8% glycerol,
50 mmol/L Tris-HCI, pH 6.8, 1.6% SDS, 0.024% bromophenol
blue, and 4% B-mercaptoethanol), loaded (without boiling)
onto a 12% resolving acrylamide gel, and separated using
SDS-PAGE (200 V for 45 minutes). Proteins were transferred
(100 V for 1 hour and 45 minutes) to Immobilon™ polyviny-
lidene fluoride (PVDF) membranes (Merck Millipore), blocked
using filtered 5% skim milk powder in Tris-buffered saline-
Tween 20 (TBST; 10 mmol/L Tris-HCI [pH 7.4], 150 mmol/L
NaCl, and 0.05% Tween 20) for 1 hour at room temperature
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with gentle agitation, and incubated with primary antibody
(nectin-3: 0.4 pg/mL, l-afadin: 0.2 pg/mL; and occludin:
0.5 pg/mL) diluted in 1% skim milk in TBST overnight at
4°C on a rocking platform. Membranes were rinsed in TBST
(3 x 10 minutes), incubated with 0.125 pg/mL secondary HRP-
linked antibody, diluted in 1% skim milk powder in TBST for
2 hours at room temperature, with gentle agitation, and rinsed
again in TBST (3 x 5 minutes). Protein bands were visualized
using Immobilon™ Western HRP Substrate (Merck Millipore)
and captured using a CCD camera and the Bio-Rad ChemiDoc
MP system (Bio-Rad Laboratories, Hercules, CA, USA). Mem-
branes were then incubated in stripping buffer (62.5 mmol/L
Tris-HCI (pH 6.7), 2% SDS, and 100 mmol/L B-mercaptoethanol)
at 60°C for 45 minutes and reprobed with either the IP partner
antibodies to confirm protein—protein interaction or B-actin
primary antibodies (1 pg/mL) to confirm equal loading of
samples.

Densitometry and Statistical Analysis

Band intensities for all blots were obtained using the Volume
Analysis Tool from the Bio-Rad Image Lab 4.0 software (Bio-
Rad Laboratories), and the protein band intensities were
divided by B-actin band intensities to obtain normalized inten-
sity values. Statistical analysis was performed on normalized
intensities with GraphPad Prism 6 software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). The effect of stage of preg-
nancy and the effect of hormone treatment on nectin-3 protein
in isolated UECs were evaluated in separate tests using a single
factor analysis of variance (ANOVA) with days of pregnancy
(D1, D3, D6, and D7) and hormone treatments (VC, E, P, PE)
as factors, respectively. The Tukey’s honest significant differ-
ence HSD post hoc test was then applied when ANOVA
yielded significance (P < .05) to determine which pairs of the
means were significantly different. The effect of the blastocyst
on nectin-3 protein in isolated UECs (D6 vs PSD6) was eval-
uated using the Student’s ¢ test (P < .05 was considered signif-
icant). Bar graphs were constructed with the mean + standard
error of the mean for all data.

Results

Nectin-3 Redistributes From the Basal Cell Surface to the
Apical Tight Junction in UECs at the Time of Implantation

To assess the presence of nectin-3 in the rat uterus during early
pregnancy, immunofluorescence was used to localize nectin-3
protein on days 1 (time of fertilization), 3, 6 (time of implanta-
tion), 7, and 9 (postimplantation) of early pregnancy (Figure 1).
On day 1 of pregnancy, nectin-3 was localized to the cytoplasm
of UECs, with some aggregation of staining in the basal region
of the cells (Figure 1A). On day 3, nectin-3 was distributed
within the UEC cytoplasm (Figure 1B). On day 6, nectin-3
was localized to the apical cell junctions (Figure 1C). On day
7, nectin-3 retained an apical distribution (Figure 1D); how-
ever, the staining was also cytoplasmic, similar to that

1gG control

Figure |. Nectin-3 protein localization in the rat uterus during days |
to 9 of early pregnancy. Immunofluorescence micrographs showing
nectin-3 protein (green, A488) and counterstained nuclei (blue, DAPI)
in the uterine luminal epithelium in the endometrium on (A) day |, (B)
day 3, (C) day 6, (D) day 7, (E) day 9 of early pregnancy, with a
representative (F) isotype (nonimmune) control of day 6 of pregnancy.
Immunofluorescence micrographs showing nectin-3 protein (green,
A488) and counterstained nuclei (blue, DAPI) in the (G) glandular
epithelium of the endometrium and in the (H) smooth muscle cells
of the myometrium, both on day 6 of pregnancy. All images are rep-
resentative of staining obtained from 5 independent experiments.
Scale bar 20 pm. DAPI indicates diaminophenylindole; ge, uterine
glandular epithelium; le, uterine luminal epithelium; st, stroma. (The
color version of this figure is available in the online version at http://
rs.sagepub.com/.)

observed in day 6 pregnant animals. By day 9 of pregnancy,
nectin-3 was again distributed throughout the cytoplasm of
the UECs (Figure 1E).

Nectin-3 protein was also faintly distributed throughout the
endometrial stroma (Figure 1A-E) in the cytoplasm of the
glandular epithelium (Figure 1G) and the cytoplasm of
the smooth muscle cells of the myometrium (Figure 1H); this
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localization did not change between the sampled days of
pregnancy. Isotype controls were performed alongside all
experimental runs in this study; no staining was observed for
any of the controls. A representative isotype control of rat
uterus from day 6 of pregnancy is shown in Figure 1F.

Nectin-3 Is Present in Uterine Epithelial Cells and
Increases in Abundance at the Time of Implantation

Western blotting analysis of isolated UECs from rats on days 1,
3, 6, and 7 of pregnancy was used to measure the abundance of
nectin-3 protein during early pregnancy. The results showed
that nectin-3 was present in UECs as 3 molecular weight bands
of 80, 60, and 32 kDa (Figure 2A). Densitometry and statistical
analysis of the molecular weight protein band intensities for
nectin-3 revealed a statistically significant increase in the total
amount of nectin-3 (P = .0419, n = 5, Figure 2B) and specif-
ically in the 60 kDa band (P = .0142, n = 5, Figure 2C) in
UECs between day 1 of pregnancy (time of fertilization) and
day 6 of pregnancy (time of implantation). There was also a
statistically significant decrease in the amount of the 60 kDa
band from day 6 of pregnancy to day 7 of pregnancy (P =
.0216, n = 5, Figure 2C). The 32 kDa band also showed a
statistically significant increase in the amount on day 7 of
pregnancy compared to the other days of pregnancy (D1:
P = .0382, D3: P = .0272, D6: P = .0470, n = 5, Figure
2D). The abundance of the 80 kDa band, however, did not
change between the days of pregnancy sampled (ANOVA
P = .6746, n = 5, Figure 2E). On day 6 of pregnancy, the
60 kDa band was also the dominant form (80 kDa:
P = .0006, 32 kDa: P = .0011, n = 5, Figure 2F).

Progesterone Regulates the Localization, but Not
Abundance, of Nectin-3 Protein in UECs

The ovarian hormones estrogen and progesterone drive critical
protein and cellular changes necessary for uterine receptivity in
rats.>® For this study, rats were ovariectomized, treated with
progesterone and estradiol, and the isolated UECs subjected to
immunofluorescence and Western blotting analysis to investi-
gate whether these hormones when administered separately
induce changes to nectin-3 protein localization and abundance.
Ovariectomized rats treated with the minimal hormonal
requirement (2 consecutive days of progesterone and combined
progesterone and estrogen on the third day) to induce receptiv-
ity>” were also analyzed to investigate whether changes to
nectin-3 protein occur under these conditions.
Immunofluorescence analysis of uterine tissue taken from
hormone-treated rats demonstrated differences in nectin-3 protein
localization, suggesting that estrogen and progesterone can drive
changes in nectin-3 localization (Figure 3). In vehicle-treated rats
(VC), nectin-3 was distributed in the cytoplasm of UECs (Figure
3A). Inrats subjected to estrogen treatment alone (E), nectin-3 was
distinctly localized to the basal aspect of the cells with additional
staining evident in the underlying stroma (Figure 3B), similar to
that observed in rats on day 1 of pregnancy in Figure 1A. In rats

treated with progesterone alone (P) and with the progesterone and
estrogen in combination (PE), nectin-3 was localized to the apical
cell junctions, with a similar pattern of staining to that observed for
rats on day 6 of pregnancy in Figure 1C. No staining was observed
inany of the isotype controls; a representative isotype control of rat
uterus treated with progesterone is presented in Figure 3E.
Western blotting analysis of hormone-treated rats showed that
nectin-3 presented as the same 3 molecular weight forms of the
protein observed in normal pregnancy (Figure 3F). Densitometry
and statistical analysis of the molecular weight isoforms revealed
no statistically significant differences in either the total amount
(ANOVA P = .1922, n = 5, Figure 3G) or the 60 kDa band
(ANOVA P = .1362,n = 5, Figure 3H) of nectin-3 between the
4 treatment groups in the study. However, as in normal preg-
nancy, the 60 kDa band was the dominant protein band in rats
treated with progesterone and estrogen (80 kDa: P < .0001; 32
kDa: P <.0001,n =5, Figure 3I). There was also no statistically
significant difference in the amounts of the 80 kDa (ANOVA P =
5132, n =5, Figure 3J) or 32 kDa (ANOVA P = .2987,n =5,
Figure 3K) protein bands between the 4 treatment groups.

The Blastocyst Does Not Increase the Abundance
of Nectin-3 Protein at 60 kDa

As ovarian hormones were not responsible for inducing an
increase in the abundance of the 60 kDa band of nectin-3, the
study next used sterile mating to induce pseudopregnancy in
female rats to determine whether pregnancy-specific factors
and the presence of the blastocyst may be responsible for the
increase in the levels of the 60 kDa band of nectin-3 (Figure 4).
Immunofluorescence analysis of uterine tissue taken from day
6 pseudopregnant rats (Figure 4A) showed similar patterns of
localization when compared to uteri from day 6 pregnant ani-
mals (Figure 4B). In both groups, nectin-3 localized to the
apical junctions of UECs. Isotype controls were also per-
formed, and no staining was observed in any of the control
sections. A representative isotype control of rat uterus from
day 6 of pseudopregnancy is shown in Figure 4C.

Western blotting analysis of isolated UECs from day 6 of
pseudopregnant rats showed that nectin-3 was present as the 3
molecular weight bands obtained in day 6 of pregnant animals:
80 kDa, 60 kDa, and 32 kDa (Figure 4D). Densitometry and
statistical analysis of both total nectin-3 protein (P = .3565,
n = 5, Figure 4E) and the 60 kDa band (P = .5010, n = 5,
Figure 4F) revealed no statistically significant difference
between day 6 of pregnant and day 6 pseudopregnant animals,
suggesting that the blastocyst does not affect the amount of
nectin-3 protein in UECs around the time of implantation. The
analysis of individual protein bands specifically on day 6 of
pseudopregnancy, however, showed that there was a signifi-
cantly greater amount of the 60 kDa band when compared to
the 80 kDa band of nectin-3 protein (P = .0073, n = 5,
Figure 4G). There was also no statistically significant difference
in the amounts of the 80 kDa (P = .2840,n = 5, Figure 4H) or 32
kDa (P = .2595, n = 5, Figure 4]) protein bands between day 6
pregnant and day 6 pseudopregnant animals.
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Figure 2. Nectin-3 protein abundance in isolated UECs during days | to 7 of early pregnancy. A, Western blotting image of nectin-3 protein
from isolated UECs on day | (DI), day 3 (D3), day 6 (Dé), and day 7 (D7) of pregnancy with B-actin as the loading control. Images are
representative of immunoblotting obtained from 5 independent experiments. B-F, Scatter plots showing the normalized band intensity values
and statistical analysis (1-way ANOVA and Tukey post hoc test) results for (B) total nectin-3 protein, (C) nectin-3 60 kDa, (D) nectin-3
32 kDa, (E) nectin-3 80 kDa during days | to 7 of normal pregnancy, and (F) nectin-3 molecular weight bands on day 6 of normal
pregnancy. Each bar is the mean + SEM, n = 5. Asterisks indicate statistical significance where P < .05. ANOVA indicates analysis of
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Figure 3. Nectin-3 protein localization (A-E) and abundance in UECs (F-) of ovariectomized rats treated with hormones. Immunofluorescence
micrographs of nectin-3 protein (green, A488) and counterstained nuclei (blue, DAPI) in UECs of ovariectomized rats treated with (A) vehicle
only (VC), (B estrogen only (E), (C) progesterone only (P), and (D) progesterone and estrogen (PE). E, Isotype (nonimmune) control from a
progesterone- and estrogen-treated rat. All images are representative of staining obtained from 5 independent experiments. Scale bar 20 um. F,
Western blotting image of nectin-3 protein in isolated UECs from rats treated with vehicle (VC), estrogen (E), progesterone (P), and
progesterone and estrogen (PE). G-K, Scatter plots showing the normalized band intensity values and statistical analysis (1-way ANOVA and
Tukey post hoc test) results for (G) total nectin-3 protein, (H) nectin-3 60 kDa, (I) nectin-3 molecular weight bands with progesterone and
estrogen treatment, (J) nectin-3 80 kDa, and (K) nectin-3 32 kDa. Each bar is the mean + SEM, n = 5. Asterisks indicate statistical significance
where P < .001. ANOVA indicates analysis of variance; DAPI, diaminophenylindole; IB, immunoblotting; le, uterine luminal epithelium; MWs
(kDa), molecular weights (kilodaltons); SEM, standard error of the mean; st, stroma; UECs, uterine luminal epithelial cells. (The color version of
this figure is available in the online version at http://rs.sagepub.com/.)
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Figure 4. Nectin-3 protein localization (A-C) and abundance (D-G) in UECs from day 6 of pseudopregnancy compared to day 6 of normal
pregnancy. Immunofluorescence micrographs of nectin-3 protein (green, A488) and counterstained nuclei (blue, DAPI) in UECs from day 6 of
(A) pseudopregnancy and (B) normal pregnancy. C, Isotype (nonimmune) control from day 6 of pseudopregnancy. All images are representative
of staining obtained from 5 independent experiments. Scale bar 20 um. D, Western blotting image of nectin-3 protein on day 6 of pseudo-
pregnancy (PSD6) and day 6 (D6) of normal pregnancy with B-actin as the loading control. Image is representative of immunoblotting obtained
from 5 independent experiments. E-l, Scatter plots showing the normalized band intensity values and statistical analysis (Student t test, |-way
ANOVA, and Tukey post hoc test) results of (E) total nectin-3 and (F) nectin-3 60 kDa when comparing between day 6 of normal pregnancy and
pseudopregnancy, (G) the 3 molecular weight bands of nectin-3 on day 6 of pseudopregnancy (H) nectin-3 80 kDa, and (I) nectin-3 32 kDa.
Each bar is the mean + SEM, n = 5. Asterisks indicate statistical significance where P < .0l. ANOVA indicates analysis of variance; DAPI,
diaminophenylindole; IB, immunoblotting; le, uterine luminal epithelium; MWs (kDa), molecular weights (kilodaltons); SEM, standard error of
the mean; st, stroma; UECs, uterine luminal epithelial cells. (The color version of this figure is available in the online version at http://
rs.sagepub.com/.)

Nectin-3 colocalizes with I-afadin and partially colocalizes Given that nectin-3 appeared to localize to the apical cell
with occludin but does not coimmunoprecipitate with proteinin  junctions at this time, the study next investigated whether
UEC:s at the time of implantation. nectin-3 was involved in the tight junction through colocalization
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and co-IP experiments with occludin. Occludin is a tight
junction protein that is upregulated specifically at the time
of implantation in UECs, when the tight junction is
extended.”> Colocalization immunofluorescence showed that
nectin-3 colocalized with occludin in UECs at the time of
implantation (Figure 5A-C); however, co-IP experiments
showed that the 2 proteins do not coimmunoprecipitate (Fig-
ure SE). Isotype controls were performed for both colocali-
zation and co-IP analyses; no staining was observed in any of
the controls (Figure 5D and E).

Nectin-3 has also been frequently linked to the actin cytos-
keleton by l-afadin, an actin filament-binding protein.**-*>
Thus, this study next used colocalization and co-IP to investi-
gate whether nectin-3 was linked to the actin cytoskeleton
through l-afadin. Colocalization immunofluorescence showed
that nectin-3 colocalized with l-afadin in UECs at the time of
implantation (Figure 6A-C). Co-IP analysis (Figure 6E), how-
ever, showed that the 2 proteins do not interact. Isotype con-
trols were performed for all immunofluorescence and IP
reactions; no staining was observed in any of the controls (Fig-
ure 6D and E).

Discussion

The AJC of the uterine luminal epithelium, comprising the tight
junction, adherens junction and desmosomes, undergoes
major modification in the transition to uterine receptivity in
the rat.5'" This study sought to determine whether nectin-3,
an intercellular adhesion protein frequently associated with the
AJC in other epithelial tissues,”’ plays a similar role in the
uterus. It was hypothesized that nectin-3 may be present at the
intercellular junctions at the time of fertilization, a time when
the AJC is intact.” The present study, however, showed results
that contrast with the outlined hypothesis.

This study found that nectin-3 was present in the cytoplasm
and at the basal surface of UECs as 3 molecular weights of 80
kDa, 60 kDa, and 32 kDa on day 1 of pregnancy at the time of
fertilization, when UECs are not receptive to implantation. At the
time of implantation (day 6 of pregnancy), the 60 kDa form of the
protein increased with relocalization of the protein to the tight
junction of UECs. After the implantation period, when UECs
revert to a nonreceptive state,' nectin-3 decreased in abundance
and redistributed back to the cell cytoplasm. This study is the first
to document nectin-3 protein during early pregnancy in the rat.
Nectin-3 has been found previously in the human endometrium,*?
where this protein was localized to the membrane of the glandular
epithelium, however, no changes were observed between the pro-
liferative and secretory phases of the menstrual cycle.

Nectin-3 is proposed to exist as 3 protein isoforms, o, B, and
v, with calculated molecular weights of 60 kDa, 55 kDa, and 47
kDa, respectively.?’ In the present study, only the 60 kDa pro-
tein band matches the calculated molecular weight of the o
isoform, with the other 2 bands, 80 and 32 kDa, differing con-
siderably from that previously reported for the B and vy iso-
forms. Nectin-3 has been reported previously in transfected
Cosl (monkey kidney) cells at 83 kDa*’; however, as the
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Figure 5. Nectin-3 colocalization (A-D) and coimmunoprecipitation
(E) with occludin on day 6 of pregnancy. A-D, Immunofluorescence
micrographs of nectin-3 and occludin colocalization experiments: (A)
nectin-3 protein (single channel, red, Cy3), (B) occludin protein (single
channel, green, Alexa 488), and (C) merged triple channel micrograph
of nectin-3 protein (red, Cy3), occludin protein (green, Alexa 488) and
counterstained nuclei (blue, DAPI). D, Merged triple channel micro-
graph of isotype (nonimmune) controls. Images are representative of
staining obtained from 3 independent experiments. le, uterine luminal
epithelium, arrows, areas of colocalization. Scale bar 20 pm. E, West-
ern blotting images of coimmunoprecipitation (co-IP) assays per-
formed on isolated UEC lysates from day 6 of pregnancy and using
cross-linked nectin-3 and occludin antibodies. Images are representa-
tive of immunoprecipitation and immunoblotting obtained from 3
independent experiments. Arrow indicates heavy chain immunoglo-
bulin dimer residue from immunoprecipitation reaction at ~50 kDa;
DAPI, diaminophenylindole; IP, immunoprecipitation; IB, immunoblot;
IgG, immunoglobulin control; input, IP lysate; MWs (kDa), Molecular
Weights (kilodaltons); UEC, uterine luminal epithelial cell. (The color
version of this figure is available in the online version at http:/rs.sa-
gepub.com/.)

protein undergoes a high level of N-glycosylation, as also
observed for L cells (mouse cell line),?’ it is likely the 80
kDa band reported in this study may represent a cell-specific
variation in the posttranslational glycosylation process. There
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Figure 6. Nectin-3 colocalization (A-D) and coimmunoprecipitation
(E) with l-afadin on day 6 of pregnancy. A-D, Immunofluorescence
micrographs of nectin-3 and l-afadin colocalization experiments: (A)
nectin-3 protein (single channel, red, Cy3), (B) |-afadin protein (single
channel, green, Alexa 488), and (C) merged triple channel micrograph
of nectin-3 protein (red, Cy3), l-afadin protein (green, Alexa 488) and
counterstained nuclei (blue, DAPI). D, Merged triple channel micro-
graph of isotype (nonimmune) controls. Images are representative of
staining obtained from 3 independent experiments. Scale bar 20 pm. E,
Western blotting images of coimmunoprecipitation (co-IP) assays per-
formed on isolated UEC lysates from day 6 of pregnancy and using
cross-linked nectin-3 and I-afadin antibodies. Images are representa-
tive of immunoprecipitation and immunoblotting obtained from 3
independent experiments. Arrow indicates heavy chain immunoglo-
bulin dimer residue from immunoprecipitation reaction at ~ 50 kDa;
arrows, areas of colocalization, DAPI, diaminophenylindole; IP, immu-
noprecipitation; IB, immunoblot; IgG, immunoglobulin control; input,
IP lysate; le, uterine luminal epithelium; MWs (kDa), molecular weights
(kilodaltons); UEC, uterine luminal epithelial cell. (The color version of
this figure is available in the online version at http://rs.sagepub.com/.)

also have been no previous reports of the 32 kDa, but as nectin-
3 is susceptible to cleavage by the enzyme y-secretase,*’ the 32
kDa may represent another processing variant of the protein.

The relocation of nectin-3 from the basal cell surface to the
cellular junction specifically at the time of implantation is a
particularly interesting finding. Nectin-3 is frequently associ-
ated with the junctional complex in various epithelial tis-
where it serves to mediate the initial adhesive
forces to recruit first E-cadherin for the formation of the adhe-
rens junction and then claudins and occludins to establish the
apical tight junction,?*' completing the junctional complex. A
similar but altered mechanism may operate in the uterus as
E-cadherin,® claudin-1,% and occludin® also localize to the
apico-lateral borders of UECs at the time of implantation.

However, in the present study, nectin-3 was localized to the
cellular junctions, specifically at the time of implantation,
when the adherens junction is lost.” This result is unusual, as
nectin-3 is understood to predominantly localize to the adhe-
rens junction, where it mediates adhesion and provides the
stimulating signals to initiate tight junction formation.?**>
Thus far, there have been no reports involving nectin-3 in the
regulation of paracellular permeability as is well documented
for claudins*® and occludin,*’ key facilitators of this function in
the tight junction.*® Therefore, it may be that the localization of
nectin-3 to the cellular junctions may represent a compensatory
mechanism to maintain adhesion and retain some epithelial
barrier integrity given the loss of the adherens junction and
desmosomes in UECs at this time.

The hypothesis that nectin-3 may support compensatory
intercellular adhesion may further be supported with the increase
in the 60 kDa a-isoform of the nectin-3 protein specifically at the
time of implantation. The a-isoform of nectin-3 is documented
to be the main variant that mediates adhesion in L cells (mouse
cell line)*’ and thus, an increase in the abundance of this isoform
coincident with localization to the tight junction provides a
strong connection for this adhesive function.

This study also showed that localization of nectin-3 to the
cellular junctions requires ovarian progesterone; however, ovar-
ian hormones alone were not sufficient to increase the levels of
the 60 kDa a-isoform in UECs. Furthermore, it was observed
that there was no significant difference in the amount of this
isoform between pregnant and pseudopregnant rats on day 6 of
pregnancy. These results indicate that neither ovarian hormones
nor the blastocyst are responsible for the protein increase, but
taken further, that other factors common to the pregnant and
pseudopregnant state may be causing this change. One potential
candidate is seminal plasma, which has been observed to aug-
ment progesterone levels.*’ Since progesterone was able to
induce localization changes in nectin-3, it may be that exposure
to seminal plasma may be required to increase levels of ovarian
progesterone that are sufficient to induce a concomitant increase
in the levels of the 60 kDa a-isoform of nectin-3.

The final set of results in this study also demonstrated that
while nectin-3 colocalized with both occludin and I-afadin,
nectin-3 did not coimmunoprecipitate with the proteins, indi-
cating that nectin-3 does not directly interact with occludin or
l-afadin at the time of implantation. Nectin-3 has been reported
to colocalize with occludin at the tight junction in previous
studies, however, the association has usually been transient and
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at a time prior to the establishment of a stable junctional com-
plex in motile cells.’® The indication that nectin-3 does not
associate with l-afadin in UECs, however, remains a unique
observation, given that the two proteins are well documented
in a variety of cell types to together mediate a separate adhesion
complex, alongside the E-cadherin/B-catenin/a-catenin com-
plex within the adherens junction.>'- Thus, the present results
pose an interesting and unique situation in which nectin-3 and
l-afadin colocalize in the same junctional region, but do not
appear to interact. Given that UECs dismantle many of their
adhesions mediating intercellular attachment, and the adherens
junction is lost at the time of implantation,’ it may be that an
independent nectin-3 complex is required to mediate some
intercellular adhesion to maintain the tight junction but also
mediate adhesion that is sufficiently weak to be breached by
the embryo during the attachment process.

Another possibility is that nectin-3 may also interact with
the other isoform of the afadin protein, s-afadin, which has
been documented previously.**>? S-afadin was originally
believed to be restricted to brain tissues; however, recently
other tissues have been reported to produce the s-afadin pro-
tein.** Thus far, there have been no reports on the presence of
afadin in uterine tissues, and therefore a nectin-3/s-afadin inter-
action remains to be investigated in UECs.

In summary, this study showed that nectin-3 was present in
the rat endometrium as 3 protein isoforms and increased at the
cellular junctions of UECs, specifically at the time of implan-
tation. It also appears that progesterone is responsible for the
localization of nectin-3 at the cellular junctions, however, the
factor responsible for increasing the abundance of the 60 kDa
protein isoform remains to be identified. The presence of
nectin-3 at the cellular junction may serve to maintain inter-
cellular adhesion as compensation for loss of the adherens
junction and desmosomes, and thus maintain some element
of mucosal integrity at this critical time.
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