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Abstract

Background: Fibroblast growth factors (FGFs), in complex with their receptors (FGFRs), regulate
a broad spectrum of biological functions including cellular proliferation, survival, migration,
and differentiation. In human endometrial stromal cells, FGF9 is regulated with estrogen (E).
Methods/ Results: First, we report that in uterus tissue of ovariectomized wild type mice,
FGF9 is present in three isoforms and is regulated with E. Second, we found that during peri-
implantation, Fgf9 expression reached its peak at day 4.5 of pregnancy. Imnmunofluorescence
analyses demonstrated overlapping FGF9 and COX2 expression surrounding the blastocyst
attachment site. Next, we identified FGF9- and CD31-positive cells as a part of the microvessels;
however, expression was localized to a distinct population of cells. Finally, our data showed
synchronized, spatial expression of FGF9 on the luminal epithelium with FGFR2 present on
the trophectoderm. Conclusion: Our data suggest that FGF9 is a crucial factor required to
establish the appropriate microenvironment for successful implantation and the maintenance

of pregnancy. © 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

The steroid hormones estrogen (E) and progesterone (P), through their cognate
receptors estrogen receptor (ER) and progesterone receptor (PR), prepare the uterus
for pregnancy [1, 2]. The transcriptional activity of PR and ER leads to the synthesis of
cytokines, growth factors, lipid mediators, and genes that control the dynamics of uterine
transition to a receptive state and the establishment of pregnancy [2, 3]. In mice, the window
of uterine receptivity corresponds to the P-mediated downregulation of ER activity in the
uterine luminal epithelium (LE). At day 4 of pregnancy, in coordination with P, a short surge
of E is nidatory for embryo attachment and implantation [1]. Suppression of ER-mediated
proliferative activity by PR is mandatory for implantation and the establishment of pregnancy
[4]. A recent study showed that the anti-proliferative activity of P in the uterine epithelium

Biserka Mulac-Jericevi¢ Department of Physiology and Immunology, Faculty of Medicine,

University of Rijeka, B. Branchetta 20, 51 000 Rijeka (Croatia)
KARGER

Tel. +38551651233, E-Mail biserkamj@medri.uniri.hr

K
Opgﬁgg{cess

2318


http://dx.doi.org/10.1159%2F000480004

Cellular Physiology Cell Physiol Biochem 2017;42:2318-2329
DOL:

© 2017 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: August 17, 2017 | www.karger.com/cpb

Sucurovi¢ et al.: FGF9 Expression during Early Pregnancy

is mediated by heart and neural crest derivatives expressed transcript 2 (HAND2). Specific
deletion of HandZ2 in postnatal uteri [5] results in infertility and increased expression of
several fibroblast growth factors (Fgfs).

The vertebrate FGF family consists of 22 heparin-binding polypeptide growth factors.
Most FGFs are mitogens and stimulate various cellular functions including migration,
proliferation, and differentiation [6, 7]. These activities are critical for a wide variety of
physiological and pathological processes including embryonic development, angiogenesis,
and tumorigenesis [8]. The biological function of FGFs is mediated by signaling through
transmembrane tyrosine kinases receptors (FGFR) that are encoded by four distinct genes
(Fgfr1-Fgfr4) [9]. In addition to the membrane localization of FGFRs, FGF induced cellular
differentiation was found to be accompanied by the nuclear translocation of FGFRs [10].

In the uterus, components of the FGF signaling pathway can act as paracrine and/or
autocrine mediators of epithelial-stromal interactions. Paracrine activation of FGFRs induces
proliferation of the luminal epithelium in the uterus [11, 12]. Mice with uterine-specific
Hand?2 deletions failed to suppress the expression of Fgfl1, Fgf2, Fgf9, and Fgf18 on day 3.5 of
pregnancy [5]. A previous study demonstrated dynamic changes in FGF2 expression during
peri-implantation [13]. In addition, FGF9 is a survival and mitogenic factor that is induced in
endometrial cells by E and prostaglandins (PGs) [14, 15].

FGF9 is widely expressed in mouse embryos [16]. Ablation of Fgf9 alleles leads to
lethality at the neonatal stage mainly due to malformations of the lung, in addition to causing
male-to-female sex reversal [17]. To date, the expression of FGF9 and its receptors during
peri-implantation has not been investigated. In this study, we report the spatial and temporal
analyses of FGF9 expression during early pregnancy. We first compared the expression of
P-regulated FGFs at day 2.5, 4.5, and 7.5 of pregnancy, and found that only Fgf9 and Fgf2
expression changed significantly during peri-implantation. We found that the expression of
Fgf2 mRNA was highest at day 7.5 of pregnancy, whereas Fgf9 expression peaked at day 4.5
of pregnancy when implantation takes place.

Materials and Methods

Animals and tissue collection

All experimental and surgical procedures complied with the Guide of Care and Use of Laboratory
Animals and were approved by the ethical committee of the University of Rijeka Faculty of Medicine and
Ministry of Agriculture. Mice (BALB/c) were housed in humidity (55 + 10%) and temperature (22 * 2 °C)
controlled rooms with a 12-hour light-dark cycle with free access to food and water.

Wild-type females (10-12-weeks old) were housed with fertile males; the day that the vaginal plug
was observed was considered day 0.5 of pregnancy. The animals were sacrificed by cervical dislocation
on day 2.5, 4.5, and 7.5 of pregnancy. Implantation sites at day 4.5 of pregnancy were visualized by
intravenous injection (0.1 ml/mouse) of Chicago blue B dye (Sigma Aldrich, Taufkirchen, Germany) solution
(in 1% saline). A discrete blue band represented the implantation site. One uterine horn was fixed in 4%
paraformaldehyde and the other was frozen at -80 2C for RNA or protein isolation. For reverse transcription-
real-time-polymerase chain reaction experiments and western blot analysis, the conceptuses on day 7.5
of pregnancy were carefully dissected out of the implantation site. To analyze protein expression during
implantation, implantation and non-implantation sites were separated.

Wild-type mice (BALB/c) were ovariectomized [18] (from 6-8-week old animals) and allowed to rest
for 2 weeks before hormonal treatment. Mice (n = 3 /treatment) were given daily subcutaneous injections of
sesame oil (vehicle), sesame oil containing E (250 ng), and sesame oil containing E and P (EP) (250 ng / 2.5
mg) for 4 days. Uterus tissues were frozen at -80 °C for mRNA or protein isolation.

Immunofluorescence

Uterine sections (5 pm) were prepared from tissues that were fixed in 4% (wt/vol) paraformaldehyde
and paraffin-embedded. The sections were deparaffinized, rehydrated in graded concentrations of ethanol,
and subjected to heat-induced antigen retrieval (10 mM sodium citrate, pH 6.0). The slides were then
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washed in PBS, pre-incubated in 1% bovine serum albumin (BSA, Affymetrix, Santa Clara, CA, USA) in PBS
containing 0.001% NaN, for 1 hour at room temperature. The following primary antibodies were used:
mouse monoclonal FGF9 (D-8) IgG, (1:100 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit
monoclonal Cox2 (SP21) IgG (1:200 dilution, Thermo Scientific, Waltham, MA, USA), rabbit monoclonal
CD31 (PECAM-1) (D8V9E) IgG (1:100 dilution, Cell Signaling, Leiden, Netherlands), rabbit polyclonal FGFR-
3 (C-15) IgG (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and rabbit polyclonal FGFR-2
(Bek, C-17) IgG (1:50 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Primary antibodies were
diluted in 1% BSA in PBS containing 0.001% NaN, and incubated with tissue sections overnight at 4 °C in
a humid environment. To visualize immunocomplexes, Alexa donkey anti-rabbit 594 nm (1:500 dilution,
Molecular Probes, Eugene, OR, USA) and Alexa goat anti-mouse IgG, (1:300 dilution, Molecular Probes,
Eugene, OR, USA) were used. Secondary antibodies were diluted in blocking solution and incubated with
tissue sections in the dark for 1 hour at room temperature in a humid environment. Nuclei were visualized
with DAPI (Vector Laboratories, Burlingame, CA, USA). Images were captured using an Olympus (Tokyo,
Japan) imaging system equipped with a DP71CCD camera, and CellF imaging software was used. Images
were edited using Photoshop CS6 (Adobe, San Jose, CA, SAD).

RNA isolation and real-time RT-PCR analysis

Total RNA was isolated from uterine tissues (n = 3 per pool) using Trizol (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. The RNA was reserve transcribed and gene levels were quantified
by quantitative real time-PCR (qRT-PCR) using the ABI Prism 7300 detection system (Applied Biosystems,
Foster City, CA, USA). This procedure was independently repeated three times. Oligonucleotide primers
for mouse Fgfl (forward 5-TTTATACGGCTCGCAGACAC-3’; reverse 5°-CGCTTACAGCTCCCGTTCTT-3"),
Fgf2 (forward 5°-GGCTGCTGGCTTCTAAGTGT-3"; reverse 5-GTCCCGTTTTGGATCCGAGT-3"), Fgf9
(forward 5°-GCAGTCACGGACTTGGATCA-3"; reverse 5°-AATTCCAGAATGCCGAAGCG-37), Fgf18 (forward
5’- CCTGCACTTGCCTGTGTTTA-3’; reverse 5°- GCTGCTTCCGACTCACATCA-3) and Cox2 (forward
5’-GGGCCATGGAGTGGACTTAAA-3"; reverse 5- TGCAGGTTCTCAGGGATGTG-3") were obtained from
Metabion (Steinkirschen, Germany). Relative mRNA levels were determined after normalization to mouse
Gapdh expression [19].

Western blotting

Protein extracts were obtained from uterine tissues (n = 3) using RIPA buffer (Thermo Scientific,
Waltham, MA, USA). The concentration was determined using a Bradford protein assay kit (BioRad, Hercules,
CA, USA). Proteins were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), under reducing conditions, and then transferred onto a nitrocellulose membrane (BioRad,
Hercules, CA, USA). The membrane was blocked with 5% BSA in tris-buffered saline (TBS) with 0.05%
tween-20 (TBST) and incubated with rabbit anti-FGF9 IgG antibody (1:2000 dilution, Abcam, Cambridge,
UK) followed by incubation with species-specific HRP-conjugated secondary antibodies. In accordance
with the datasheet, this antibody recognizes three species of FGF9, specifically, 30, 29, and 25 kDa. Mouse
anti-f-actin (1:160 000 dilution, Millipore, Billerica, MA, USA) was used as a control of protein loading. For
detection, membranes were incubated with Amersham ECL Prime (GE Healthcare, Little Chalfont, UK), and
scanned with an Alliance 4.0 imager (Uvitec, Cambridge, UK).

Statistical analysis

All data are reported as mean + S.E.M. and were analyzed by a Student’s t test and one-way ANOVA
followed by the Scheffe post-hoc method. P < 0.05 was considered significant. All statistical analyses were
performed using STATISTICA 10 (StatSoft Inc, Tulsa, OK, SAD).

Results

Expression of Fgfs in the uterus during early pregnancy

Gene expression profiling on day 3.5 of pregnancy revealed elevated expression of mRNA
corresponding to several FGF members in mice with uterine-specific Cre-mediated ablation
of Hand2 [5]. To further assess the role of FGFs, we determined the mRNA expression of
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Fig. 1. Relative levels of Fgf1 (A), Fgf2 (B), Fgf9 (C) and Fgf18 (D) mRNA expression in uteri during early
pregnancy. Mice were bred and pregnancy was indicated by the appearance of a vaginal plug (day 0.5 of
pregnancy), after which animals were sacrificed at the indicated time points. Uterine horn tissue was re-
moved and real time reverse-transcription PCR was performed for quantification of gene expression. Bars
represent mean * SEM and those with different letters are significantly (p<0.05) different based on an ANO-
VA followed by the Scheffe post-hoc method.

Fgf1, Egf2, Fgf9, and Fgf18 on days 2.5, 4.5, and 7.5 of pregnancy (Fig. 1). With pregnancy
progression, we observed significant changes in the expression levels of mRNA encoding
FGF2 and FGF9. Fgf9 mRNA expression reached its peak at day 4.5 of pregnancy when embryo
attachment induces the initiation of decidualization (Fig. 1C). With the development of the
mesometrial decidua (basalis) at day 7.5 of pregnancy, a decline in Fgf9 mRNA expression
occurred (Fig. 1C). Whereas Fgf9 mRNA decreased, FgfZ mRNA expression reached its
maximum (Fig. 1B) at day 7.5 of pregnancy. These data strongly suggest that FGF9 and FGF2
have distinct but overlapping roles during peri-implantation; specifically, FGF9 dominates
during implantation and primary decidualization, whereas FGF2 activity is involved in the
control of secondary decidua zone formation.

FGF9 protein expression during peri-implantation

To the best of our knowledge, spatiotemporal expression of FGF9 during the peri-
implantation period in mouse uteri has not been analyzed previously. Therefore, our nextaim
was to determine the localization of FGF9 on day 2.5, 4.5, and 7.5 of pregnancy. For this, we
employed immunohistochemistry for the fluorescent detection for FGF9, and counterstaining
with DAPI. At day 2.5 of pregnancy, FGF9 was primarily localized to the apical surface of
epithelial cells but was also found in the glandular epithelium (GE) and some stromal cells
(Fig. 2A, I-II). Next, on day 4.5 of pregnancy, when embryo attachment and implantation
commences, we utilized a vascular permeability assay to identify implantation sites [18].
The implantation sites, detected as distinct blue bands, were dissected and prepared for
analyses as described in the materials and methods section. The robust fluorescent staining
for FGF9 was identified on the apical surface of the LE surrounding the implanting conceptus.
Staining for FGF9 was also present throughout the cytoplasm of the LE, on the apical surface
of the glandular epithelium (GE), and subpopulation of stromal cells (Fig. 24, I1I-1V). By day
7.5 of pregnancy, FGF9 protein levels declined, but remained localized to the apical surface
of the residual LE (Fig. 24, V-VI).

Next, to analyze FGF9 distribution during early pregnancy we prepared protein extracts
from uteri at day 2.5, 4.5, and 7.5 of pregnancy for western blot analyses (Fig. 2B). At day
4.5 of pregnancy, protein extracts were prepared separately from dissected uterine sections
labeled with Chicago blue (implantation site) and from those that did not retain the blue color
(non-implantation site). Our results revealed that of the three expected FGF9 protein species
(25, 29, and 30 kDa) [20], the 25-kDa FGF9 protein species was not detected in the uterus
during early pregnancy (Fig. 2B). Although we detected FGF9 protein species of 29 and 30
kDa at all analyzed time points of pregnancy, our result indicates that the 30 kDa form was
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Fig. 2. Expression of FGF9 during peri-im-
plantation. (A) Localization of FGF9 protein
in mouse uteri at day 2.5 (I-1I), 4.5 (III-IV),
and 7.5 (V-VI) of pregnancy. Immunofluores-
cence staining with a mouse monoclonal an-
tibody to FGF9 (green) is shown. Nuclei were
counterstained with DAPI (blue). The arrow
in panel IV shows an embryo at the implan-
tation site. These results are representative
of at least three independent samples. Scale
bars =200 um (I, I1I, V) and 20 um (11, IV, VI);
dpc: days post coitum; (*) represents region
at higher magnification. (B) FGF9 protein
expression during early pregnancy. FGF9
protein was present as two separate bands
of approximately 30 and 29 kDa. Actin was
used as a loading control; NIS: non-implanta-
tion site; IS: implantation site. These results
are representative of three independent
samples.

Fig. 3. Analysis of FGF9 expression in the
uterus of ovariectomized mice. Animals were
treated with sesame oil as a control (C), es-
trogen (E), or estrogen/progesterone (EP).
FGF9 was present as three separate bands
of approximately 30, 29, and 25 kDa. Actin
was used as a loading control. These results
are representative of three independent
samples. No signals were observed when
primary antibodies specific for FGF9 were
replaced with whole rabbit IgG, confirming
antibody specificity (data not shown).

dynamically expressed, whereas expression of the 29 kDa form was constant. Stronger FGF9
expression was detected at day 4.5 of pregnancy, with no appreciable difference between

B
25dpc  439P° 4SIPC 7 5apc FGFO
PET SR W TRE
., =—25kDa
Actin
————— S— W— |
WTC WTE WT EP FGF9
..' 2 E w —-=— 30kDa
. - s -e— 29 kDa
e ok Tl
_ — 25kDa
L —
° ) ’
Actin
—— - - e—— —~——— 43 kDa

implantation and non-implantation sites (Fig. 2B).

We also examined FGF9 expression in ovariectomized mouse uteri after treatment
with E, EP, and sesame oil as a control (Fig. 3). In addition to the 29 and 30 kDa bands, an
additional 25-kDa band was present after E treatment (Fig. 3). Altogether, our results imply

that FGF9 activity could be necessary for embryo implantation.
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Expression of FGF9 at the implantation site

Tightly controlled spatial and temporal cellular and molecular changes induced by E
and P are required for establishing the window of implantation. Consequences of ER«a
ablation include partial loss of PR expression and complete loss of embryo attachment
and implantation [21, 22]. Previously, it was reported that along with E, PGE2 induces
the expression of FGF9 [23, 24]. In addition, the rate-limiting step in PGE2 synthesis is
regulated by COX2 [25]. In mice, genetic ablation of COX2 results in infertility because of
defective implantation and decidualization [26]. Earlier analyses using in situ hybridization
and immunohistochemistry suggested that COX2 expression was restricted to the stroma
surrounding the implantation site at day 4.5 of pregnancy [27].

Here we analyzed Cox2 and Fgf9 mRNA and protein expression using qPCR and
immunostaining with indirect immunofluorescence. We found a substantial increase
in Cox2 mRNA expression at the site of implantation, when compared to that at the non-
implantation site (Fig. 4D). Immunostaining for COX2 indicated that at day 4.5 of pregnancy,
very strong expression of COX2 was present in stromal cells proximal to the implanting
embryo (Fig. 4, A-C). In addition, at the same point of pregnancy, our analyses indicated
that lower levels of COX2 were also present throughout LE (Fig. 4B). Also, at day 4.5 of
pregnancy, immunofluorescence indicative of FGF9 (Fig. 4, E-G) was found in the LE, but
not in COX2-positive stromal cells (Fig. 4C). Contrary to Cox2 mRNA, Fgf9 mRNA expression
was not significantly different between implantation and non-implantation sites (Fig. 4H).
Furthermore, studies with COX2 mutant mice showed that COX2-derived PGs are important

NIS IS

Relative CoxZ mRNA levels

45MNS 4518
Day of pregnancy

Relative Fgf9 mRNA levels

45NIS 4518
Day of pregnancy

Fig. 4. Distribution of COX2 and FGF9 protein at day 4.5 of pregnancy. (A&E) Expression of COX2 and FGF9
at day 4.5 of pregnancy. (B&F) Localization of COX2 and FGF9 at non-implantation site. (C&G) Localization
of COX2 and FGF9 at implantation site around blastocyst attachment. Mice were sacrificed at the indicated
time point and uterine tissues were isolated. Immunofluorescence staining was performed with a rabbit
monoclonal antibody to COX2 (red) and mouse monoclonal antibody to FGF9 (green). Nuclei were counter-
stained with DAPI (blue). These results are representative of at least three independent samples. Scale bars
=200 pum (A, E) and 50 um (B, C, E, G); dpc: days post coitum; NIS: non-implantation site; IS: implantation
site (*) represents region at higher magnification at non-implantation site; (**) represents region at higher
magnification at implantation site. Difference in relative levels of Cox2 and Fgf9 mRNA expression between
non-implantation and implantation site (D&H). Mice were bred and pregnancy was indicated by the ap-
pearance of a vaginal plug, after which animals were sacrificed at day 4.5 of pregnancy. Implantation sites at
day 4.5 of pregnancy were visualized by intravenous injection of Chicago blue B dye. The implantation sites,
detected as distinct blue bands, were dissected and prepared separately from the non-implantation site for
RNA isolation. Real time reverse-transcription PCR was performed for quantification of gene expression.
Bars represent mean + SEM and those with ** are significantly (p<0.01) different based on the Student’s t
test.
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for vascular permeability and angiogenesis during implantation and decidualization [28].
Therefore, we applied triple immunofluorescence to analyze the relationship between
FGF9 and COX2 at the implantation site (Fig. 5A & B). We found a strong signal for FGF9
and COX2 in cells surrounding the implantation site. In the LE, FGF9 was detected on the
apical site of the cells, whereas COX2-positive cells were present in the stroma as well as in
some cells of the LE. Interestingly, in the LE, COX2-positive cells were localized to the site of
immediate contact between the embryo and the LE (Fig. 5A & B). This indicates that local
COX2 enzymatic activity should induce adequate expression of PGs for stimulation of FGF9
activity at the site of embryo implantation.

As aforementioned, one of the first signs of implantation is increased endometrial
vascular permeability at the site of embryo apposition [29]. In addition, it is known that FGFs
are strong angiogenic inducers [30]. Previously, it was reported that FGF9 delivery during
angiogenesis produces durable, vasoresponsive microvessels wrapped by smooth muscle
cells [31]. Therefore, we hypothesized that FGF9 might be associated with angiogenesis
during early pregnancy. For these analyses, we used an antibody specific for FGF9 and
a marker of endothelial cells, specifically, anti-CD31 (PECAM-1). With triple-labeling
immunofluorescence, we identified that FGF9- and CD31-positive cells were part of the
microvasculature, but localized to a distinct population of cells (Fig. 5C & D). Therefore,
FGF9-positive cells could represent a mural population of cells. Mural cells, consisting of
vascular smooth muscle cells and pericytes, cover endothelial cells to regulate vascular
stability and homeostasis [32]. This finding indicates that FGF9 could have an important
role in microvessel maturation during angiogenesis at the implantation site.

Expression of FGF9 and its receptors at the implantation site
The biological activity of FGFs is mediated by four different tyrosine kinase receptors
(FGFR1-4). To exert its effect, FGF9 is known to bind FGFR2, FGFR3, and FGFR4 [33]. We

Fig. 5. FGF9 expression
at the implantation site at

COX2/FGF9/DAPI COX2/FGF9/DAPI

day 4.5 of pregnancy. (A&B)
Co-expression of FGF9 and
COX2 at the implantation
site at day 4.5 of pregnan-
cy. Mice were sacrificed at
the indicated time point
and uterine tissues were
isolated. Triple immuno-
fluorescence staining was
performed with a mouse CD31/FGFO/DAPI
monoclonal antibody to .
FGF9 (green) and a rab-
bit monoclonal antibody
to COX2 (red). Nuclei were
counterstained with DAPI
(blue). (C&D) Analysis of
FGF9 co-expression with
CD31 (PECAM-1) at the
implantation site at day 4.5

of pregnancy. Triple immu-

nofluorescence staining was performed with a mouse monoclonal antibody to FGF9 (green) and a rabbit
monoclonal antibody to CD31 (red). Nuclei were counterstained with DAPI (blue). The arrows in panel A
and C depict the embryo; dpc: days post coitum; (*) represents the region at a higher magnification. These
results are representative of at least three independent samples. Scale bars represent 50 pm (4, C) and 20
um (B, D).
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Fig. 6. Localization of
FGF9 and its receptors,
FGFR2 and FGFR3, at the
implantation site at day
4.5 of pregnancy. (A) Tri-
ple immunofluorescence
staining was performed
using a mouse monoclo-
nal antibody specific for
FGF9 (green) and a rab-
bit polyclonal antibody
for FGFR2 (red). Nuclei
were counterstained with DAPI (blue). (B) Triple immunofluorescence staining was performed with a

FGF2R/FGF9/DAPI 3 FGF3R/FGF9/DAPI

mouse monoclonal antibody for FGF9 (green) and a rabbit polyclonal antibody for FGFR3 (red). Nuclei were
counterstained with DAPI (blue). The arrows in panel A and B indicate the trophectoderm of the embryo;
dpc: day post coitum. These results are representative of at least three independent samples. Scale bars =
20 pm.

next analyzed the spatial relationship between FGF9 and FGFR2/FGFR3, which are known
to bind FGF9 with high affinity [34, 35], at the implantation site. Triple immunofluorescence
staining using an antibody specific for FGF9 in combination with that recognizing FGFRs
showed that FGFR2 localized to the cytoplasm (Fig. 6A), whereas FGFR3 was predominantly
present in the nuclei (Fig. 6B) of stromal and epithelial cells. Strong immunofluorescence
staining indicated the presence of FGF9 on the apical side of epithelial cells. In addition,
intense staining for FGFR2, but not FGFR3, was present in the trophectoderm. Altogether,
our results demonstrated synchronized spatial expression of FGF9 and its receptor, FGFR2.
Therefore, FGF9-FGFRZ signaling could be important for communication between the uterine
epithelium and trophoblast, which is necessary for embryo apposition and implantation.

Discussion

E-driven proliferation in the uterus is mediated by paracrine signaling involving FGFs
[11, 15]. P suppresses E-dependent proliferation in the epithelium, which is mandatory
to establish the microenvironment required for successful implantation [36]. Our data
provide evidence that expression of Fgf2 and Fgf9 peak at two distinct time points during
pregnancy: Fgf9 at day 4.5 of pregnancy, when attachment and implantation commence, and
Fgf2 at day 7.5 of pregnancy, corresponding to decidua formation. Previously, whole mount
in situ hybridization data showed that FgfZ expression appears in the stroma surrounding
the implanting blastocyst and continues to increase with decidualization [13]. Our data
presented here show for the first time that FGF9 expression is highly upregulated during
implantation in the mouse uterus. Earlier, it was reported that FGF9 in human stromal cells
is regulated by E [15].

Recent studies using chromatin immunoprecipitation followed by sequencing of
enriched chromatin fragments showed that Fgf9 has an ER-, but not a PR, response element
[37, 38]. We assessed the effect of E and EP on FGF9 expression in ovariectomized mouse
uteri, and our data showed the existence of three FGF9 isoforms detected as bands of 25,
29, and 30 kDa. Only the 25-kDa FGF9 species was strongly induced by E treatment. The
existence of three protein species of FGF9, at 25, 29 and 30 kDa, was previously reported
for FGF9 isolated from human glial cells [20]. Therefore, with more than 99% sequence
identity between human and mouse FGF9 homologs, it is reasonable to assume that these
heparin-binding proteins could be post-translationally processed in the same manner in the
uteri of both species. It is known that in mice, at day 4 of pregnancy, a short surge of E is

2325


http://dx.doi.org/10.1159%2F000480004

Cellular Physiology Cell Physiol Biochem 2017;42:2318-2329
DOL:

© 2017 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: August 17, 2017 |www.karger.com/cpb

Sucurovi¢ et al.: FGF9 Expression during Early Pregnancy

mandatory for embryo attachment and implantation [1]. Surprisingly, the E-induced 25-kDa
FGF9 isoform, detected in the uteri of ovariectomized mice, was absent from pregnant uteri
during the peri-implantation period. The lack of this FGF9 protein species and the maximum
expression of the other 29- and 30-kDa proteins at day 4.5 of pregnancy suggest that FGF9
isoforms have a selective role in endometrial functions.

Previously, it was shown that the COX2 product PGE2 induces FGF9, which promotes
endometrial stromal cell proliferation [23]. Female mice with genetic ablation of Cox2
exhibit pleiotropic defects including impaired implantation and decidualization [26, 39].
The spatial-localized expression of COX2 around the attachment site could be a consequence
of embryonic signaling through protease-activated epithelial Na* channel (ENaC), which
results in Ca?*influx and the induction of a COX2 and PGs surge [40, 41]. Our results suggest
that at day 4.5 of pregnancy, PGs synthesized around the implantation site by COX2 might
induce epithelial FGF9 expression. This upregulation of FGF9 signaling could be required to
produce a highly specific, transient environment that is necessary for the functional window
of implantation. As previously reported, FGF9 expression is regulated with E and PGE2 [14,
15]. PGE2 signaling is mediated by the EP3 receptor [23, 24]. In uterine stromal cells, the
EP3 receptor is a product of the transcriptional activity of HOXA-10, and accordingly, the
expression of EP3 is reduced in HOXA-107- mice [42]. Recent reports revealed that in the
endometrium of mice and humans, HOXA-10 is regulated by P [4]. Therefore, in the uterus,
the activity of FGF9 could depend on a delicate balance between E and P activity.

One of the first signs of implantation is increased endometrial vascular permeability
at the site of blastocyst attachment and penetration. This process is regulated with PGs
[26]. In addition, it is known that FGFs have role in angiogenesis in the uterus [43]. Recent
data showed that FGF9 delivery during angiogenesis produces durable, vasoresponsive
microvessels wrapped by smooth muscle cells, and promotes new vascular maturation. In
addition, the combination of FGF2 and FGF9 in Matrigel plugs implanted in mice resulted
in a robust synergistic effect on microvessel formation [31]. Microvessels consist of a
tubular endothelial-cell lining surrounded by supporting mural cells. Our data, based on
triple immunofluorescence analysis of FGF9, CD31 (PECAM-1), and DAPI, showed that FGF9
is located in cells that are associated with microvessels; however, its expression does not
overlap with CD31 in endothelial cells. Therefore, we speculate that FGF9-positive cells
could be mural cells acting in a paracrine and autocrine fashion to stimulate microvessel
maturation.

FGF9 binds with high affinity to FGFR2-11Ic and FGFR3-IlIc receptors [33]. Interestingly,
FGFR3 was expressed in the nucleus of stromal cells and the LE surrounding the implantation
site. Nuclear localization of FGFR3 has been reported for breast, bladder, and pancreatic
cancer [44-46]. It has also been proposed that cellular mechanisms used by cells during
implantation can be exploited by cancer cells to migrate through and invade tissues [36, 47].
Therefore, in addition to progressing the understanding of the intricate mechanism of embryo
implantation, further study of FGFR3 could also contribute to improved understanding
of cellular and molecular events leading to metastasis. A recent study showed that post-
natal uterine specific ablation of FGFR2 resulted in stratified LE and pregnancy loss during
peri-implantation. This demonstrates a critical role for FGFR2 in proper post-natal uterine
development as well as normal uterine function [12]. Further, it was established that FGF9-
FGFR2IIIc signaling in the uterine epithelium prevents epithelial stratification [12, 48]. The
presence of FGFR2 was also previously detected in mouse blastocysts and was shown to
play an important role in development during peri-implantation [49]. Furthermore, global
deletion of Fgfr2 results in peri-implantation death and trophoblast arrest, suggesting
that the mutant dies before a visible decidual reaction. FGFR2-deficient blastocysts induce
increased capillary permeability, which is an indication of the first step of implantation, but
without appropriate stromal decidualization. Hence, it appears that in the absence of FGFR2,
uterine trophectoderm-induced decidualization is inadequate [50]. Implantation is an
intricate process that requires a properly prepared endometrium and a functional embryo
that is competent for implantation [41]. Our results, showing the expression of FGF9 in the
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endometrium and the presence of FGFR2 in the trophectoderm, indicate that an FGF9-FGFR2
axis could be vital for the recognition of blastocysts that are competent for implantation.

Conclusion

In summary, our data suggest that in mice, FGF9 is a crucial factor required for
establishing an appropriate microenvironment for successful implantation and for
pregnancy establishment. Additional analyses of pathways through which FGF9 participates
in angiogenesis and endometrium-embryo communication should contribute to the
understanding of molecular mechanisms that underlay process of implantation. Many
pathways involved in endometrial function during implantation are conserved in mice
and humans. Therefore, better knowledge of the molecular mechanisms involved in the
FGF9 regulation of implantation could conceivably contribute to understanding as well as
treatment of infertility.
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