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Implantation is initiated when an embryo attaches to the uterine
luminal epithelium and subsequently penetrates into the under-
lying stroma to firmly embed in the endometrium. These events
are followed by the formation of an extensive vascular network in
the stroma that supports embryonic growth and ensures success-
ful implantation. Interestingly, in many mammalian species, these
processes of early pregnancy occur in a hypoxic environment.
However, the mechanisms underlying maternal adaptation to
hypoxia during early pregnancy remain unclear. In this study, using
a knockout mouse model, we show that the transcription factor
hypoxia-inducible factor 2 alpha (Hif2a), which is induced in sublu-
minal stromal cells at the time of implantation, plays a crucial role
during early pregnancy. Indeed, when preimplantation endometrial
stromal cells are exposed to hypoxic conditions in vitro, we ob-
served a striking enhancement in HIF2a expression. Further studies
revealed that HIF2a regulates the expression of several metabolic
and protein trafficking factors, including RAB27B, at the onset of
implantation. RAB27B is a member of the Rab family of GTPases that
allows controlled release of secretory granules. These granules are
involved in trafficking MMP-9 from the stroma to the epithelium to
promote luminal epithelial remodeling during embryo invasion. As
pregnancy progresses, the HIF2a-RAB27B pathway additionally
mediates crosstalk between stromal and endothelial cells via VEGF
granules, developing the vascular network critical for establishing
pregnancy. Collectively, our study provides insights into the inter-
cellular communication mechanisms that operate during adapta-
tion to hypoxia, which is essential for embryo implantation and
establishment of pregnancy.
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mplantation in the mouse and human is initiated when the

blastocyst trophectoderm attaches to the uterine luminal epi-
thelium and subsequently penetrates the underlying stroma to
firmly embed in the maternal endometrium. This is followed by
formation of an extensive vascular network in the decidua that
supports the growing embryo before placentation (1-6). Failure
of any of these processes to proceed normally can result in a
number of diseases of pregnancy such as recurrent miscarriage,
preeclampsia, and intrauterine growth restriction (7-9). A cur-
rent challenge is to understand the complex processes by which
intercellular communications between epithelial-stromal and
stromal-endothelial cells of the endometrium occur to ensure
successful implantation and establishment of pregnancy.

Many aspects of implantation remain unclear, but there is
little doubt that concerted actions of the ovarian steroid hor-
mones progesterone (P) and 17p-estradiol (E) in the uterine cells
are essential for embryo implantation and establishment of preg-
nancy (1, 4, 10-12). In the past decade, several steroid-regulated
transcription factors have been described that control implanta-
tion (2, 3, 5, 12). Less clear are the precise mechanisms by which
paracrine signals generated downstream of these factors are
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transmitted from one uterine cell compartment to another to
create a tissue functionally competent for blastocyst implantation
and establishment of pregnancy.

In this study, we report that E markedly induces expression of
HIF2a in P-primed endometrial stromal cells at the onset of
implantation. HIF2a, is a member of the family of hypoxia-
inducible transcription factors (HIFs) that critically regulate a
tissue’s response to changes in oxygen levels (13). While HIF1a
expression in the uterus does not change during early pregnancy,
HIF2a is induced selectively in the subluminal stromal cells (14).
This finding is of great interest, because it has long been known
that the maternal environment during implantation is hypoxic
(15, 16). However, the mechanisms that enable maternal adap-
tation to hypoxia during this process remain unclear. Using genetic,
molecular, and cell biological approaches, this study demonstrates
that uterine stromal HIF2a regulates the trafficking of MMP-9
secretory granules, which mediate stromal-epithelial crosstalk to
promote epithelial remodeling and permit implantation. As preg-
nancy progresses, hypoxia-induced trafficking of VEGF granules
between stromal and endothelial cells promotes development of
the vascular network critical for successful perfusion of the growing
pregnancy. Together, the findings of this study provide important
insights into the molecular basis of adaptation to hypoxia, which is
critical for embryo implantation and establishment of pregnancy.

Significance

In many mammalian species, embryo implantation and pro-
cesses of early pregnancy occur in a hypoxic environment.
However, the mechanisms underlying maternal adaptation to
hypoxia during early pregnancy remain unclear. This work has
uncovered an important mechanism in mammalian reproduc-
tion and development by identifying maternal secretory gran-
ules that mediate molecular dialogue between the maternal
tissue compartments during early pregnancy. This dialogue,
which is the molecular basis of adaptation to hypoxia, is critical
for embryo implantation and establishment of pregnancy.
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Results

In mice, implantation is initiated 4 d after fertilization, when the
blastocyst reaches the uterus (14). Previous studies indicated that
HIFla expression in the uterus does not change during im-
plantation, but HIF2a is induced selectively in the subluminal
stromal cells (14). To analyze hormonal regulation of induction
of HIF2a during implantation, we utilized a delayed implanta-
tion model (17-19). Removal of the ovaries several hours before
implantation blocks implantation due to the lack of ovarian
steroids. Continued administration of P alone to these ovariec-
tomized pregnant animals allows blastocysts to remain viable, but
attachment of the embryo to the uterine epithelium does not
occur in the absence of E. Administration of E to the P-primed
mice promotes attachment of the blastocyst trophectoderm to
the luminal epithelium within 24 h.

Immunofluorescence (IF) analysis showed that the HIF2a
protein, which was barely detectable in uterine sections of
P-supplemented delayed animals prior to E administration (Fig.
1 A, Left), was dramatically induced selectively in endometrial
stromal cells subjacent to the luminal epithelium within 24 h of E
treatment (Fig. 1 A, Right). No expression of HIF2a protein was
detected in luminal epithelium. These results identified HIF2a
as an E-regulated factor in P-primed endometrium during im-
plantation. Consistent with this observation, when preimplanta-
tion endometrial stromal cells on day 4 of pregnancy were
exposed to hypoxic conditions in vitro, we observed a striking
enhancement in HIF2a expression (Fig. 1B).

To investigate the function of HIF2« in the uterus, we created
a conditional knockout of this gene in adult uterine tissue.
Crossing mice that harbor the “floxed” Hif2a gene (Hif2d") with
progesterone receptor (PR)-Cre mice generated Hif2a™“ mice.
As shown in Fig. 1C, prominent HIF2a expression was observed
in uterine stromal cells of Hif2«/¥ mice on day 5 of normal preg-
nancy. By contrast, HIF2a expression was not detectable but
HIFla expression was unaffected in uterine sections from Hif2a"
mice, indicating successful abrogation of the Hif2a gene in uterine
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stromal cells (Fig. 1C). Since PR-Cre is not expressed in the germ
cells and therefore does not excise the floxed allele in these cells,
the floxed Hif2a gene remains intact in embryos resulting from
crossing of PR-Cre females with wild-type males. HIF2a expres-
sion is observed in the blastocysts isolated from pregnant Hif2a/”
females and also in blastocysts present in vivo at the implantation
sites of these females (SI Appendix, Fig. S1). As explained above,
the Hif2a conditional allele remains intact in embryos present in
pregnant Hif2a"“ females and therefore the embryos collected
from these females, or present at the implantation sites, exhibit
HIF2o expression. While HIF2a expression is lost in the endo-
metrial stromal cells of Hif2a® females, it remains intact in the
blastocysts present in Hif2a" females (SI Appendix, Fig. S1).

A 6-mo breeding study using wild-type males demonstrated
that Hif2a" females had no offspring (SI Appendix, Fig. S2A).
The number of blastocysts recovered from Hif2a" and Hif2a™
uteri and the serum levels of P and E were comparable on day 4 of
pregnancy, indicating normal ovarian function, fertilization, and
embryo transport in the two genotypes (S Appendix, Fig. S2 B-D).

We next examined embryo implantation in Hif2¢”” and Hif2a™?
females by employing the blue dye assay (20, 21), which assesses
increased vascular permeability at implantation sites. The blue
bands are the first discernible signs of impending implantation.
Both Hif2d" and Hif2a™ uteri displayed distinct blue bands (S
Appendix, Fig. S3, Upper), indicating implantation sites on the
morning of day 5 of pregnancy. Statistical analysis revealed no
difference between the number of implantation sites in Hif2a
and Hif2a™ females (SI Appendix, Fig. S3, Lower). While previous
reports implicated HIFla in regulation of uterine vascular per-
meability (22), our results indicated that HIF2a is not involved in
this process.

Histological analysis of Hif2¢’ and Hif2a"" females on the
morning of day 5 of pregnancy revealed close contact of em-
bryonic trophectoderm with uterine luminal epithelium, indi-
cating that embryo attachment had occurred (Fig. 24). When
examined 12 h later, on the evening of day 5, the implanting
blastocyst in Hif2a/” females had breached the luminal epithelium

C

Hif2of"

Hif2qdd

Hif2qdrd

(A) Induction of HIF2a expression in uterine stromal cells during delayed implantation. Uterine sections from delayed mice treated with P (A) and P

plus E (B) for 24 h. The sections were subjected to IF using HIF2a antibody. L and S indicate luminal epithelium and stroma. Embryo is indicated by an ar-
rowhead. Data were repeated with n = 3 mice. Representative images are shown. (B) Induction of HIF2«a in preimplantation stromal cells exposed to hypoxic
conditions. Mouse endometrial stromal cells isolated from uteri on day 4 of pregnancy were cultured under normoxic (Left) and hypoxic (3%) (Right) con-
ditions for 48 h, fixed, and subjected to IF using HIF2a antibody. Data were repeated with n = 3 mice. Representative images are shown. (C) Efficient ablation
of HIF2a in the uterus during implantation. Uterine sections obtained from day 5 pregnant Hif2a™ (a) and Hif2a®? (b) mice were subjected to IF using anti-
HIF2a antibody. Note the lack of HIF2a immunostaining in uteri of the mutant mice. HIF1a expression was unaffected in the uteri of mutant mice (c). S and E
indicate stroma and embryo. Blue: DAPI. Data were repeated with n = 2 mice. Representative images are shown.
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to firmly embed itself in the maternal stroma (Fig. 2 B, a). By
contrast, blastocysts in Hif2a’“ females failed to penetrate the
epithelium and remained within the uterine lumen (Fig. 2 B, D).
Cytokeratin immunostaining of uterine epithelial cells the evening
of day 5 of pregnancy indicated that in Hif24"" uteri, the breached
luminal epithelium was degraded; in Hif2a"“ uteri, it remained
intact with no signs of penetration by the blastocyst (Fig. 2 C, a
and b).

Endometrial structural remodeling that results in loss of in-
tegrity of luminal epithelium, facilitating embryo implantation,
encompasses two critical molecular processes: remodeling of the
epithelial-stromal basement membrane and disruption of the
epithelial cell-cell junctions (23-25). Analysis of uterine sections
with Jones’ stain—a methenamine silver-periodic acid-Schiff
stain used to delineate basement membrane—indicates degra-
dation of the basement membrane at the site of embryo invasion
in Hif2d’' mice. Such basement membrane degradation fails to
occur in the Hif2a"* mice (Fig. 2 D, Upper). Following basement
membrane remodeling in Hif2o/' mice, the epithelial junctions
are disrupted. The disappearance of epithelial (E)-cadherin, a
component of the intercellular adherent junctions in the uter-
ine luminal epithelium, is a hallmark of successful epithelial
remodeling that allows implantation. We observed sharp down-
regulation of E-cadherin in the epithelium of Hif2o” uteri on day
5 of gestation, whereas E-cadherin expression remained intact in
adherens junctions of Hif2a"“ uteri (Fig. 2 D, Lower). Collectively,
these results indicate that, in the absence of maternal HIF2a, the

luminal epithelium does not undergo the remodeling that allows
an embryo to breach and embed in the stroma, leading to failure
of implantation. It is important to note that the Hif2a allele is
intact in the embryos resulting from crosses of Hif2a™ females
with wild-type males. Thus, the observed failure of implantation in
Hif2a™ mice is due not to an intrinsic lack of this gene in the
embryo but rather to a deficiency of HIF2a in the maternal tissue.

It is widely accepted that basement membrane remodeling is
mediated by MMPs, a family of zinc-dependent endopeptidases
that cleave structural elements of the extracellular matrix (ECM)
and also process a variety of non-ECM substrates (26-32). Some
MMPs, including Mmp-9 and Mmp-2, are reportedly expressed in
stromal cells at the implantation site, raising the possibility that
these factors, when secreted, may act on the epithelial cells in a
paracrine manner to influence basement membrane remodel-
ing and junctional disruption (28, 30, 31). Interestingly, pre-
vious studies have shown that HIFs in certain cells, such as
chondrocytes, regulate the expression of Mmp-9 (33). This led
us to examine whether MMP-9 expression is regulated by
HIF2a in endometrial stromal cells. Immunohistochemical
analysis of uterine sections from Hif2¢¥ and Hif2a”? on day 5 of
pregnancy revealed comparable levels of MMP-9 expression in
the two genotypes (SI Appendix, Fig. S4), indicating that HIF2a
does not directly control Mmp-9 gene e)§pressi0n. However, when
we cultured stromal cells from Hif2” and Hif2a™ uteri and
monitored MMP-9 expression, we observed distinctly different
localizations of MMP-9 in the two genotypes. In control stromal

Hif2qd/d
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Fig. 2. The embryo fails to invade through the luminal epithelium in Hif2a% mice. (A, Upper) H&E staining of uterine sections obtained from Hif2a"" (a) and

Hif2a® (b) mice (n = 5) on the morning of day 5 of pregnancy. Black arrows indicate embryo. (4, Lower) Implantation sites from Hif2a™ (Left) and Hif2a®
(Right) mice on the morning of day 5 were subjected to IF using anti-cytokeratin antibody (red). Yellow arrows indicate trophoblast cells of the embryo. (B)
H&E staining of uterine sections obtained from Hif2a™" (a) and Hif2a® (b) mice (n = 6) on the evening of day 5 of pregnancy. E represents embryo. (C) Uterine
sections obtained from day 5 pregnant Hif2a"" (a) and Hif2a®? (b) mice were subjected to IF using anti-cytokeratin antibody. n = 5 embryos were examined
per animal. (D, Upper) Uterine sections from Hif2a™ (a) and Hif2a®® (b) mice on day 5 were subjected to Jones’ silver staining. The basement membrane
(black) is observed at the base of the luminal epithelium. E represents embryo. (D, Lower) Uterine sections from Hif2a™ (c) and Hif2a®? (d) mice on the
evening of day 5 were subjected to IF using anti-E-cadherin antibody. n = 5 embryos were examined per animal.
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cells from Hif2d”" uteri, MMP-9 was localized predominantly at
the plasma membrane; but in stromal cells from Hif2a™ uteri,
MMP-9 expression appeared to be sequestered in the perinuclear
Golgi (Fig. 34). Consistent with these observations was the
marked decline in levels of MMP-9, but not of MMP-2, noted in
the conditioned media of cultured stromal cells from Hif2a® uteri
compared to Hif2a” controls (Fig. 3B). These results indicated that
HIF2a specifically regulates secretion of MMP-9 in endometrial
stromal cells.

To investigate the molecular basis of the secretory defect in
uteri lacking HIF2a, we isolated mouse endometrial stromal cells
(MESCs) from Hif2d and Hif2a” uteri on day 5 of pregnancy
and performed gene expression profiling. Interestingly, our study
revealed a marked decline in the levels of transcript corre-
sponding to Rab27b in stromal cells of Hif2a”“ uteri (Fig. 4 A,
Upper Left). The expression of Rab27a, a close member of this
family of proteins, remained unaltered in stromal cells of
Hif2a" uteri (Fig. 4 A, Upper Right). Consistent with the RNA
profile, we observed robust expression of RAB27B protein in
stromal cells surrounding the implanted embryo of Hif2a” uteri,
whereas its expression was dramatically down-regulated in Hif2a"*
uterine stromal cells on day 5 of gestation (Fig. 4 A, Lower). Im-
munocytochemistry of Hif2¢ endometrial stromal cells showed
that RAB27B and MMP-9 are both present at the cell membrane
of these cells with significant colocalization, whereas such localization
of these proteins was not found in stromal cells from Hif2a®" uteri
(Fig. 4B). These results indicated that HIF2« regulates RAB27B

A Hif2aff

expression, which then mediates MMP-9 trafficking to the plasma
membrane of endometrial stromal cells.

We next investigated whether Rab27b is a direct target of
HIF2a in endometrial stromal cells. Bioinformatic analyses revealed
the presence of two sites resembling the consensus hypoxia-response
element (HRE) in the Rab27b gene. We performed chromatin
immunoprecipitation (ChIP) analysis to determine the enrichment
of HIF2a at these sites in uterine stromal cells cultured under
normoxic and hypoxic conditions. We observed minimal occu-
pancy of HIF2a at the —84.8 site of the Rab27b gene as well as a
negative control region under both conditions. In contrast, a
marked enhancement of HIF2a occupancy was observed at the
+58.4 kb HRE in response to hypoxia (Fig. 4C). These results
indicate that hypoxia-induced accumulation of HIF2a triggers its
binding to the HRE of the Rab27b gene to regulate its expression
in endometrial stromal cells.

Since previous reports implicated RAB27B in regulated re-
lease of secretory granules in certain cells including platelet
dense granules and pancreatic acinar granules (34, 35), we next
investigated whether the Hif2a-Rab27b pathway regulates sub-
cellular distribution of secretory granules in endometrial stromal
cells during pregnancy. Stromal cells isolated from uteri on day 4
of pregnancy were subjected to immunocytochemical staining
using antibody against CD63, a glycoprotein of the tetraspanin
family. Intracellular CD63 trafficking is associated with granule-
derived secretory pathways (36, 37). Our studies revealed that
the CD63-positive granules were distributed diffusely throughout
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Fig. 3. HIF2a regulates MMP-9 secretion of mouse endometrial stromal cells. (A) Mouse endometrial stromal cells isolated from Hif2a™ (a) and Hif2a®? (b)
uteri on day 4 of pregnancy were cultured for 48 h, fixed, and subjected to IF using MMP-9 antibody. Data were repeated with n = 3 mice and for each sample

35 to 50 cells were examined over multiple fields. Representative images are shown. (B) Conditioned media from cultured stromal cells isolated from Hif2«

f1f

and Hif2a® uteri were analyzed for MMP-9 (Left) and MMP-2 (Right) using ELISA. Data represent mean + SEM from three separate samples.
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Hif2a® uterine stromal cells. (A, Lower) IF analysis of RAB27B (green) in Hif2a” and Hif2a®? uteri on day 5 of pregnancy. n = 3 mice were examined. (B) IF
analysis of RAB27B (green) and MMP-9 (red) in Hif2a"" and Hif2a® uteri on day 5 of pregnancy. Note colocalization of RAB27B and MMP-9 (yellow) in MESCs.
Data were repeated with n = 3 mice and for each sample 35 to 50 cells were examined over multiple fields. Representative images are shown. (C) Mouse
stromal cells were cultured under normoxic or hypoxic conditions. Chromatin immunoprecipitation was performed using HIF2a antibody, as described in
Materials and Methods. Chromatin enrichment was quantified by real-time PCR using primers flanking the potential HRE in the Rab27b promoter and also a
negative control region in the non-HRE region of Rab27b. Enrichments were normalized to 1% of input DNA. The experiment was repeated twice;

representative data are shown.

the Hif2d" stromal cells (Fig. 5 A, Leff). In contrast, Hif2a"
stromal cells exhibited perinuclear accumulation of CD63-
positive granules (Fig. 5 A, Right). To determine the role of
Rab27b in trafficking of CD63-positive granules, we next used
RNA interference to silence endogenous Rab27b expression in
endometrial stromal cells. MESCs were transfected with siRNA
targeted specifically to the mRNA of Rab27b. Cells in control
experiments were transfected with a scrambled siRNA. Endo-
metrial stromal cells treated with siRNA targeted to Rab27b
mRNA efficiently suppressed the level of its cognate mRNA but
did not significantly affect the level of Rab27a, Hif2a, or Mmp-9
mRNASs (81 Appendix, Fig. S5). This down-regulation of Rab27b
expression in MESCs was associated with perinuclear accumu-
lation of secretory granules (Fig. 5 B, Lower). In MESCs trans-
fected with control siRNA, CD63-positive secretory granules
were aligned with actin filaments and localized predominantly
near the periphery of stromal cells (Fig. 5 B, Upper). Consistent
with these observations, we noted MMP-9 accumulation close to
the nucleus in stromal cells transfected with Rab27b siRNAs
(Fig. 5 C, Right). By contrast, in MESCs transfected with control
siRNA, MMP-9 is clearly localized to the cell membrane
(Fig. 5 C, Left). Consequently, we saw a marked decline in MMP-
9 levels in the conditioned media of cultured stromal cells
transfected with Rab27b siRNAs, compared to cells treated with
control siRNAs (Fig. 5 D, Left). MMP-2 levels in the conditioned
media were similar in cultured stromal cells transfected with
Rab27b siRNAs or with control siRNAs (Fig. 5 D, Right). Taken
together, these results strongly suggest that CD63-positive se-
cretory granules associated with RAB27B are involved in MMP-
9 trafficking in endometrial stromal cells.
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To further address the contribution of Hif2a-mediated secre-
tion of MMP-9 in epithelial remodeling, we performed in vitro
experiments employing Ishikawa endometrial epithelial cells. We
observed that Ishikawa cells grown to near confluency exhibited
prominent junctional E-cadherin staining, indicating formation
of adherent junctions by these cells (Fig. 5 E, Upper Left). When
these cells were treated with recombinant MMP-9, the staining
of E-cadherin was drastically reduced, indicating a disruption in
cellular adherent junctions (Fig. 5 E, Upper Right). This result
provided direct evidence that MMP-9 is able to induce epithelial
remodeling.

To confirm that the stromal cell secretions, which include
MMP-9, is responsible for epithelial remodeling, conditioned
media collected from Hif2¢” and Hif2a® stromal cells were
added to Ishikawa cells. As shown in Fig. 5 E, Lower, when
Ishikawa cells were treated with the conditioned media collected
from Hif2d”' stromal cells, which contains secreted MMP-9, a
down-regulation of E-cadherin staining was evident. In contrast,
when these cells were treated with the conditioned media col-
lected from Hi]‘?o/j/d stromal cells, which do not secrete MMP-9,
epithelial remodeling did not occur as indicated by intact junc-
tional E-cadherin staining. Collectively, these results are con-
sistent with our hypothesis that MMP-9, secreted by the
endometrial stromal cells, act on epithelial cells in a paracrine
fashion to induce epithelial remodeling.

Embryo invasion into uterine stroma is generally followed by
differentiation of stromal cells into decidual cells. Assessment of
the decidual response by alkaline phosphate activity (38—41), a
known biomarker of decidualization, detected no significant
difference between Hif2¢"f and Hif2a" uteri (SI Appendix, Fig.
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Fig. 5. HIF2a regulates granular secretion in MESCs by controlling Rab27b. (A) Mouse endometrial stromal cells isolated from Hif2a™ (a) and Hif2a® (b) uteri
on day 4 of pregnancy were cultured for 48 h, fixed, and subjected to IF using CD63 (red) antibody. Data were repeated with n = 4 mice and for each sample
35 to 50 cells were examined over multiple fields. (B) MESCs transfected with a scrambled siRNA (Upper) and Rab27b-specific siRNA (Lower) were fixed and
subjected to IF using CD63 (red) antibody. Data were repeated with n = 3 mice and for each sample 35 to 50 cells were examined over multiple fields. (C)
MESCs transfected with a scrambled siRNA (Left) and Rab27b-specific siRNA (Right) were fixed and subjected to IF using MMP-9 (red) antibody. Data were
repeated with n = 3 mice and for each sample 35 to 50 cells were examined over multiple fields. (D) Conditioned media (cm) from MESCs transfected with a
scrambled siRNA and Rab27b-specific siRNA were analyzed for MMP-9 (Left) and MMP-2 (Right) using ELISA. Data represent mean + SEM from three separate
samples. (E) Ishikawa endometrial cells were grown in Dulbecco’s modified Eagle medium to ~70% confluence. Cells were then treated with vehicle control
(=rMMP9), recombinant MMP-9, 0.001 pg/mL (+rMMP9), conditioned media from MESCs isolated from Hif2a™ (+cm Hif2a™) and Hif2a%? (+cm Hif2a¥9) uteri.
At 24 h after treatment, cell surface distribution of E-cadherin was examined by immunofluorescence using E-cadherin antibody. The experiments were

repeated three times.

S6, Upper). We also examined the expression of a panel of fac-
tors: Pgr, Hand2, Wnt4, and CEBPf, which are known regulators
of decidualization in mice (41-44). Our studies showed a trend
that the expression of Pgr, Hand2, Wnt4, and CEBP; mRNAs
decrease slightly upon the loss of uterine Hif2a, although the
differences were not statistically significant. These results in-
dicated that at least certain aspects of the decidualization process
progress normally in Hif2a®“ uteri (SI Appendix, Fig. S6, Lower).

Differentiation of endometrial stromal cells into decidual cells
is accompanied by development of vascular networks in the stroma
during early pregnancy. We therefore examined the extent of
angiogenesis in pregnant uteri of Hif2a™ mice, employing immu-
nofluorescence using an antibody against platelet/endothelial cell
adhesion molecule 1 (PECAM1), a marker of endothelial cells.
Uterine sections of the control Hif2¢/ mice on day 6 of pregnancy
exhibited a well-developed vascular network spread throughout the
decidual bed surrounding the implanted embryo (Fig. 6 A, Upper
Left). By contrast, PECAM1 immunostaining was markedly reduced
in uterine sections of pregnant Hif2a"“ mice (Fig. 6 A, Upper Right).
This defect in uterine angiogenesis was also evident in Hif2o/ and
Hif2a™ uteri subjected to experimentally induced decidualization,
indicating impaired development of uterine vasculature in the ab-
sence of Hif2a signaling (Fig. 6 A, Lower).

To gain insight into the angiogenesis defect in the absence of
Hif2a signaling, we next examined the expression of PECAM1
and RAB27 in the pregnant uterus. We noted partially over-
lapping expression patterns of RAB27 and PECAM1 on day 8 of
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pregnancy (Fig. 6 B, Left). A subset of stromal cells exhibiting
RAB27 immunostaining appeared next to endothelial cells marked
by PECAM]1, indicating close proximity of stromal cells containing
secretory granules to the endothelial network in the decidual bed
(Fig. 6 B, Right). This led us to postulate that stromal cells in which
the RAB27B pathway is activated regulate vesicular trafficking of
angiogenic factors, such as VEGF, to promote angiogenesis. To test
this possibility, we used the RNA-interference technique to silence
endogenous Rab27b expression in endometrial stromal cells. As
shown in Fig. 6C, VEGF expression in stromal cells transfected with
control siRNA was distributed throughout the cell extending to the
periphery. However, down-regulation of Rab27b expression by
transfection with Rab27b siRNA in stromal cells led to VEGF
accumulation near the nucleus (Fig. 6 C, Right). Further, a
significant decline in the levels of VEGFA was noted in the
conditioned media of cultured stromal cells transfected with
Rab27b siRNAs, compared to cells treated with control siRNAs
(Fig. 6D).

We next assessed whether HIF2a-RAB27B-mediated vesicular
trafficking operates in human endometrial stromal cells. Undif-
ferentiated human endometrial stromal cells (HESCs) were placed
in culture and subjected to decidualization in vitro, in response to a
hormone mixture containing E, P, and 8-bromo-cAMP as described
previously (45-47). Examining HIF1a and HIF2o expression during
in vitro decidualization, we noted distinct nuclear staining of HIF2o
but not of HIF1a in HESCs with onset of decidualization (Fig. 74).
Attenuation of HIF2a by siRNA (Fig. 7B) led to a marked decline
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mice. (A, Upper) Uterine sections from Hif2a"" (a) and Hif2a®? (c) mice on day 6 of pregnancy

were subjected to IF using PECAM (red) antibody. n = 4 mice were examined for each genotype. (A, Lower) Ovariectomized Hif2a™ (b) and Hif2a® (d) mice
were subjected to experimentally induced decidualization, as described in Materials and Methods. The uterine sections were subjected to IF using an antibody
specific for PECAM. n = 3 mice were examined for each genotype. (B) Uterine sections on day 8 of pregnancy were subjected to IF using PECAM (a) and
RAB27B (b) antibodies. ¢ shows colocalization of PECAM and RAB27B in the uterus on day 8 of pregnancy. n = 3 mice were examined. (C) MESCs transfected
with a scrambled siRNA (Left) and Rab27b-specific siRNA (Right) were fixed and subjected to IF using VEGFA antibody (Upper). Lower shows staining with
VEGFA antibody and phalloidin. Data were repeated with three separate samples and for each sample 35 to 50 cells were examined over multiple fields. (D)
Conditioned media from MESCs transfected with a scrambled siRNA and Rab27b-specific siRNA were analyzed for VEGFA using ELISA. Data represent mean +

SEM from three separate samples.

in levels of MMP-9 or VEGFA in the conditioned media (Fig. 7C),
indicating that HIF2a regulates the secretory pathway in HESCs.
HIF2a siRNA had no effect on HIF1la mRNA (Fig. 7 B, Right)

We also investigated the involvement of Rab27b in trafficking
of MMP-9 and VEGFA secretory granules in HESCs. These
stromal cells were transfected with siRNA targeted specifically
to the mRNA of RAB27B; in control experiments, cells were
transfected with a scrambled siRNA. HESCs treated with a
siRNA targeted to RAB27B mRNA efficiently suppressed the
level of its cognate mRNA but did not significantly affect the
levels of RAB27A, HIF2a, HIF1a, MMP-9, or VEGF mRNAs
(SI Appendix, Fig. S7). In HESCs transfected with control siRNA,
CD63-positive secretory granules were distributed throughout the
cell (Fig. 8 4, Left). By contrast, HESCs transfected with RAB27B
siRNA showed CD63-positive secretory granules localized close to
the nucleus (Fig. 8 A4, Right). Consistent with these observations
we found that the MMP-9 and VEGFA levels were significantly
attenuated in the conditioned media of cultured HESCs trans-
fected with RAB27B siRNAs compared to cells treated with
control siRNAs (Fig. 8B). Collectively, our results support the
notion that RAB27B functioning downstream of HIF2« regulates
trafficking of MMP-9 and VEGF in mouse and human endometrial
stromal cells.
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Discussion

During early pregnancy, E acts in concert with P to orchestrate
changes in the uterine epithelium, rendering it competent for
embryo attachment and implantation (2, 12). As the uterine epi-
thelium becomes receptive to interacting with an incoming em-
bryo, the underlying stromal cells begin to proliferate, creating a
hypoxic uterine environment during early pregnancy (48-50). In
many mammalian species, including humans, the oxygen concen-
tration in the uterine environment during implantation ranges
from 1 to 5% (pO2 0.5 to 30 mmHg) (51). While it has long been
known that the maternal environment during implantation is
hypoxic (15, 16), the mechanisms of maternal adaptation to hyp-
oxia during implantation have remained unclear.

HIFs serve as critical regulators of a tissue’s response to changes
in oxygen levels (13). While HIFla is expressed ubiquitously,
HIF2ax is expressed in a tissue-restricted manner (13). HIFla or
HIF2o forms a complex with HIF1p/ARNT and the resulting
heterodimer binds to target genes to regulate adaptive transcrip-
tional responses to hypoxia (13). Here we report that, during
implantation in mice and women, decidualizing hormones induce
expression of HIF2« in the stromal cells. Ablation of HIF2« from
murine endometrial stroma prevents embryo invasion, leading to
implantation failure and infertility. Interestingly, HIF2a is also
detectable in the human endometrial stroma during the first 10 wk
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Fig. 7.

HIF2« is induced in HESCs during stromal cell differentiation. (A) Immunocytochemical (ICC) analysis of HIF2«a (a) and HIF 1« (b) in HESCs on day 4 of

culture under hypoxic conditions (3% O,); HIF2a protein (red), actin (green). (B) HESCs were transfected with a HIF2a-specific siRNA and scrambled siRNA for
controls. Cells were lysed to isolate total RNA and real-time PCR was performed to determine levels of HIF2a and HIF1a. (C) Conditioned media from HESCs
transfected with a scrambled siRNA and HIF2a-specific siRNA were analyzed for MMP and VEGFA using ELISA. Data represent mean + SEM from three

separate samples.

of pregnancy when oxygen tension is 1 to 2%, which raises the
possibility that HIF2a plays a critical and conserved function in
rodents and humans (52-54).

Previous studies have suggested that HIF1a expression in uterine
epithelium is likely to affect vascular permeability at implantation
sites via local production of VEGF (22). Interestingly, pregnant
Hif2u-ablated uteri, which retained epithelial expression of HIF1a,
exhibited no alteration in vascular permeability at the sites of
blastocyst apposition. However, despite close apposition and at-
tachment of the blastocysts to the luminal epithelium, mice lacking
uterine Hif2a displayed implantation failure and bore no offspring.
These observations indicate that HIF1la and HIF2a have non-
redundant roles in embryo implantation during early pregnancy.

Following attachment of the embryo to the uterine wall, structural
remodeling disrupts the integrity of the luminal epithelium, enabling
an embryo to breach the epithelium, disrupt the basement mem-
brane, and invade the underlying stroma. Our studies show that, in
mice with ablation of stromal Hif2«, epithelial remodeling—including
degradation of the basement membrane and disruption of the
epithelial cell-cell junctions—fails to occur. Previous studies have
shown that MMPs such as -2 and Mmp-9 are expressed in the
uterus at the time of implantation. MMPs are known to be re-
sponsible for remodeling extracellular matrix, especially degrading
the basement membrane (26-31). In addition, some MMPs such
as MMP-9 have been shown to disrupt cell-cell junctional com-
plexes (55); and, in chondrocytes, HIF2o has been reported to
regulate MMP-9 expression (33). Our results show that HIF2a
does not affect MMP-9 gene expression in uterine cells but it does
stimulate protein secretion. Interestingly, our previous study showed
that E signaling via ESR1 regulates the expression of Fos-related
antigen 1 (FRA-1), a member of the Fos family of transcription
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factors, which in turn promotes the expression of MMP-9 in dif-
ferentiating uterine stromal cells (56). Taken together, it appears
that E induces expression of FRA-1 and HIF2« in stromal cells at
the onset of implantation; and while FRA-1 regulates MMP-9
expression, HIF2a controls the trafficking pathway that regulate
MMP-9 secretion.

Our studies revealed that RAB27B, a member of the RAB family
GTPases, is a unique target of HIF2a. RABs mediate various
protein trafficking events (57, 58). All cells have constitutive
secretory vesicles, which carry newly synthesized proteins directly
from the Golgi complex to the cell surface. However, certain
secretory cells divert classes of secretory proteins away from the
constitutive pathway into a specialized class of secretory vesicles:
the secretory granules. These are small subcellular membrane-
surrounded vesicles that form from the Golgi apparatus and
contain densely packed proteins destined for secretion. Secretory
granules move toward the periphery of a cell where, upon stim-
ulation, their membranes fuse with the cell membrane and their
protein load is exteriorized. RAB27B is specifically involved in the
controlled release of secretory granules, including platelet dense
granules and pancreatic acinar granules, in response to ap-
propriate physiological signals (34, 35, 59); and down-regulation
of RAB27B in human glioblastoma cells decreases the amount of
active MMP-9 in the extracellular matrix (60). Decidual cells in
rodents and humans are known to possess dense secretory gran-
ules (61), so it is conceivable that the Hif2a-Rab27b pathway
mediates regulated exocytosis of these granules to control endo-
metrial function in a stage-specific manner.

Our study demonstrates that HIF2a directly regulates the ex-
pression of RAB27B, which mediates movement of secretory
granules containing MMP-9 toward the cell periphery. Interestingly,
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Fig. 8. RAB27B-mediated granular secretion in HESCs. (A) HESCs transfected with a scrambled siRNA (a) and RAB27b-specific siRNA (b) were fixed and
subjected to IF using CD63 (red) antibody. (B) Conditioned media from HESCs transfected with a scrambled siRNA and RAB27B-specific siRNA were analyzed
for MMP-9 (Left) and VEGFA (Right) using ELISA. Data represent mean + SEM from three separate samples.

these secretory granules also transport CD63, a transmembrane
glycoprotein. Recent studies have shown that the N-terminal region
of CD63 can interact with certain MMPs to facilitate intracellular
trafficking of MMPs (62). We speculate that CD63 is involved ei-
ther in sorting these MMPs into the secretory granules or in de-
granulation (exocytosis) of the secretory vesicles containing MMP-9.
Further studies are needed to gain a comprehensive understanding
of the secretory pathways operating in the decidual cells during
early pregnancy.

As the embryo breaches the luminal epithelium and invades
the stroma, the stromal cells undergo a dramatic transformation
to form a specialized tissue known as the decidua. During this
process, termed decidualization, fibroblastic stromal cells pro-
liferate and then differentiate into secretory decidual cells that
support embryo growth and survival until placentation ensues
(1-4). As the decidua forms around the implanted embryo,
uterine endothelial cells proliferate to create an extensive vas-
cular network that is embedded in the decidua and critical for
embryo development (5, 6). Our studies revealed that differen-
tiation of stromal cells to form decidual cells, as indicated by
expression of a subset of differentiation markers, is not affected
by the loss of HIF2a. A recent study reported that loss of uterine
HIF2a causes implantation failure by affecting decidualization
and degradation of the embryo on day 8 of pregnancy (63).
While we observed no impact of HIF2a on decidualization, we
did note a drastic decrease on day 8 in the development of the
uterine vascular network that supports embryonic growth. In-
terestingly, HIF2o does not regulate expression of VEGFA by
decidual cells but instead controls its secretion. Stromal cells in
proximity to the endothelial cells that proliferate to form the
angiogenic network express RAB27B, which then promotes
granular secretion of VEGFA to regulate stromal angiogenesis
in a stage-specific manner during early pregnancy.
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An important finding of this study is that in rodents and humans,
the HIF2a-RAB27B pathway mediating secretion of MMP-9 and
VEGFA is conserved. Notably, the levels of MMP-9 and VEGFA
declined markedly upon attenuation of HIF2a and RAB27B in
HESCs. In summary, this study demonstrates that a hypoxic envi-
ronment is essential for secretion of proteins that facilitates embryo
invasion and later angiogenesis during early pregnancy. Interest-
ingly, a genome-wide allelic differentiation scan comparing in-
digenous highlanders of the Tibetan Plateau (3,200 to 3,500 m) with
a closely related lowland Han population, revealed a genome-wide
significant divergence across eight single-nucleotide polymorphisms
(SNPs) located near HIF2a. The SNPs identified in HIF2a are
associated with lower rates of pregnancy loss in indigenous Tibetan
highlanders as compared to the Han (64). Following this report, a
more recent study identified a mutational hot spot in HIF2q that is
associated with recurrent pregnancy loss (65). While no reports to
date link loss of MMP-9 to human infertility, a previous study in-
dicated that in women with recurrent miscarriage, endometrial
VEGFA expression is reduced (66). More studies are needed to
determine whether an impaired HIF2a-RAB27B pathway is in-
volved in affecting establishment of pregnancy and causing miscarriage
in the human.

Materials and Methods

Animals. Mice were maintained in the designated animal care facility at the
College of Veterinary Medicine of the University of Illinois at Urbana-
Champaign, according to the institutional guidelines for the care and use of
laboratory animals. The Institutional Animal Use and Care Committee at the
University of lllinois at Urbana—Champaign approved all procedures involving
animal care, killing, and tissue collection. Conditional Hif2a-null mice (Hif2a%")
were generated by crossing mice harboring a floxed Hif2a gene (The Jackson
Laboratory) with Pgr-Cre knockin mice, as described previously (47). Francesco
J. DeMayo, National Institute of Environmental Health Sciences, Durham, NC,
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and John P. Lydon, Baylor College of Medicine, Houston, TX, provided the Pgr-
Cre knockin mice (67).

Chemicals, Reagents, and Antibodies. As reported previously (47), progesterone (P),
17p-estradiol (E), naphthol AS-MX phosphate, Fast Blue RR (4-benzoylamino- 2,5-
dimethoxyaniline diazonium), collagenase, pancreatin, dimethyl sulfoxide
(DMSO), 8-bromoadenosine 3’,5'-cyclic monophosphate salt, and Trypan blue
were purchased from Sigma. Fetal bovine serum was purchased from Fisher
Scientific. Fluoromount-G with DAPI was purchased from eBiosciences.
Primary antibodies including hypoxia-inducible factor 2 alpha (Hif2o, 1:200,
Novus, 122), hypoxia-inducible factor 1 alpha (Hif1a, 1:200, Santa Cruz Bio-
technology, sc-10790), Ras-related in brain 27B (RAB27B, 1:200, Santa Cruz
Biotechnology, sc-22993), matrix metalloproteases 9 (MMP9, 1:200 Abcam,
ab38898), matrix metalloproteases 2 (MMP2, 1:200 Life Technology, 436000),
vascular endothelial growth factor A (VEGFA, 1:100, Santa Cruz Biotechnology,
sc-152), cytokeratin 8 (KRT8, 1:50, Developmental Studies Hybridoma Bank,
TROMA-), platelet/endothelial cell adhesion molecule 1 (PECAM1/CD31, 1:500,
BD Pharmigen, 557355), E-cadherin (1:200, Santa Cruz Biotechnology, sc-7870),
and CD63 (CD63, 1:200, ab193349) were employed for immunohistochemical
analysis of uterine sections or endometrial stromal cells as described pre-
viously in ref. 47. The secondary antibodies that were used for analyses
include rhodamine or Cy3 donkey anti-rabbit, Cy3 donkey anti-mouse, 488
donkey anti-mouse, 488 donkey anti-goat, and Cy3 donkey anti-rat. For
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immunocytochemistry, F-actin filaments were stained using phalloidin conjugated
to Alexa 488.

The siRNA oligos against human EPAST (EntrezGene:2034) were purchased
from Dharmacon (.-004814-00-0020). The siRNA oligos targeting human
RAB27B (EntrezGene:5874), purchased from Dharmacon (.-004228-00-0020),
were used to silence the expression of RAB27B in the human endometrial
stromal cells. The siRNA oligos targeting mouse RAB27B (EntrezGene:80718),
purchased from Dharmacon (.-050808-01-0020) were used to silence the ex-
pression of RAB27B in the mouse endometrial stromal cells. The siRNA oligos
used for silencing each of the above-mentioned genes consisted of a mixture
of four siRNA provided as a single reagent (SMARTpool). Nontargeting siRNA
oligos used as control were purchased from Dharmacon (D-001810-01-05).

Full details of fertility assessments, delayed implantation, experimentally
induced decidualization, primary mouse and human endometrial stromal
cultures, immunofluorescence analysis, real-time qPCR, chromatin immuno-
precipitation, siRNA transfections, microarray analysis, ELISA, and statistical
analyses can be found in SI Appendix, SI Materials and Methods.

Data Availability. Microarray data reported in this paper have been deposited
in the Gene Expression Omnibus (GEO) database (accession no. GSE146650).
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