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Summary

Embryo homing and implantation occur within a crypt (implantation chamber) at the

antimesometrial (AM) pole along the uterus. The mechanism by which this is achieved is not

known. Here we show that villi-like epithelial projections from the main uterine lumen towards

the AM pole at regularly spaced intervals to form crypts for embryo implantation were disrupted

in mice with uterine loss or gain of function of Wnt5a, or loss of function of both Ror1 and Ror2.

This disruption of Wnt5a-ROR signaling resulted in disorderly epithelial projections, crypt

formation, embryo spacing, and impaired implantation. These early disturbances under abnormal

Wnt5a-ROR signaling were reflected in adverse late pregnancy events, including defective

decidualization and placentation, ultimately leading to compromised pregnancy outcome. This
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study presents deeper insight regarding the formation of organized epithelial projections for crypt

formation and embryo implantation for pregnancy success.

Introduction

Reciprocal interactions between the receptive uterus and blastocyst are critical to

implantation. The uterus undergoes morphological, cellular and molecular changes during

pregnancy. This plasticity is reflected in its requirement for transcription factors, homeotic

proteins, growth factors, morphogens and signaling molecules (Cha et al., 2012). Genetic

intervention of these signaling pathways results in defective or deferred implantation, which

propagates adverse ripple effects throughout the remainder of gestation, compromising

pregnancy success (Song et al., 2002; Ye et al., 2005; Sun et al., 2012).

Blood vessels enter the uterus through the mesometrium, positioning the uterus along a

mesometrial-antimesometrial (M-AM) axis. Normally, implantation occurs within a crypt

(implantation chamber) at the AM pole as evident from histology of uterine cross-sections

(Daikoku et al., 2011). Blastocyst attachment to the luminal epithelium (LE) occurs in the

evening of day 4 of pregnancy (1800–2000 h) and is coincident with increased endometrial

vascular permeability at the site of blastocyst attachment. In mice, this vascular permeability

can be monitored by intravenous injection of a blue dye solution, which marks the

implantation sites (IS) as distinct blue bands (Psychoyos, 1973). With progression of

implantation on day 5, stromal cells around the implantation chamber undergo proliferation

and differentiation into specialized decidual cells (decidualization). Decidualization supports

embryonic growth and development and later directs placentation to establish maternal-fetal

vascular connection.

Wnt signaling is a conserved pathway with roles in organogenesis and cell fate

determination (Angers and Moon, 2009; MacDonald et al., 2009; van Amerongen and

Nusse, 2009). In canonical signaling, Wnt ligands bind Frizzled (Fzd) and LRP5/6 receptors

to stabilize β-catenin for nuclear translocation; β-catenin then binds to TCF/LEF

transcription factors and activates gene transcription. In non-canonical signaling, Wnts

function independently of β-catenin-mediated transcription to direct cell movements, cell

shape and polarity (Kikuchi et al., 2011; van Amerongen and Nusse, 2009; Veeman et al.,

2003). Wnt5a is considered a non-canonical Wnt ligand, and Wnt5a deletion in Xenopus,

zebrafish, and mice disturbs directed cellular movements and polarity (Gao et al., 2011;

Miyoshi et al., 2012; Schambony and Wedlich, 2007; Yamaguchi et al., 1999).

Several receptors including Frizzled, ROR, and Ryk were shown to mediate non-canonical

Wnt5a signaling in various systems (Green et al., 2008; Macheda et al., 2012; Minami et al.,

2010; Niehrs, 2012). Significance of Wnt5a-ROR signaling in morphogenetic movement

was recently reported in mouse embryogenesis (Ho et al., 2012). However, its role in the

adult female reproductive tract during pregnancy is unknown.

Utilizing LoxP-Cre system, we show here that an appropriate dosage of Wnt5a is required

for normal blastocyst attachment and implantation. Females with either uterine inactivation

(Wnt5ad/d) or overexpression (Wnt5aGOF) of Wnt5a are sterile or give birth to small litters.
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This subfertility phenotype is due to aberrant blastocyst attachment arising from defective

LE organization, crypt formation and embryo positioning in the uterus. These aberrations

led to defective implantation, embryo crowding, poor decidualization and placentation,

leading to increased resorption rate and subfertility. Mice with uterine inactivation of both

Ror1 and Ror2 (Ror1d/d/Ror2d/d) also showed similar phenotypes. These results suggest that

uterine Wnt5a-ROR signaling contributes to appropriate uterine LE organization and crypt

formation for blastocyst attachment.

Results

Wnt5a is expressed in a spatiotemporal manner in the periimplantation uterus

To better understand the function of Wnt5a in early pregnancy, we assessed the

spatiotemporal uterine Wnt5a expression. While Wnt5a expression was low to undetectable

on days 1 and 2 of pregnancy, the expression was localized to the LE and subepithelial

stroma on days 3 and 4, prior to and during the receptive phase. With implantation, the

expression was highly localized in stromal cells at the M pole on day 5 (Figure 1A). On day

8, uterine Wnt5a expression was lower, indicating downregulation with pregnancy

progression (Figure 1A). These results suggest that while Wnt5a expression on days 3 and 4

is associated with uterine receptivity, its localized expression at the M pole on day 5 shows a

Wnt5a gradient along the M-AM axis.

Mice with uterine inactivation of Wnt5a show severely compromised fertility

To explore uterine Wnt5a’s role in pregnancy, we generated females with uterine

inactivation of Wnt5a (Wnt5ad/d). Wnt5ad/d females and their floxed littermates (Wnt5af/f)

were mated with WT males. We found that >70% of plug-positive Wnt5ad/d females failed

to produce any litters after multiple matings (Figure 1B). Moreover, those 33% of plug-

positive Wnt5ad/d females that delivered pups had significantly small litter sizes (Figure 1B).

Females with deletion of one allele of Wnt5a showed a modest reduction in litter size

(Wnt5ad/+: 5.0 ± 1.4 pups/litter, n=4; Wnt5af/f: 8.0 ± 0.6, n=6; mean ± SEM). This suggests

that regulated Wnt5a levels are critical for pregnancy success. Wnt5a was efficiently deleted

in Wnt5ad/d uteri, but not completely absent on days 4 or 5 of pregnancy (Figure 1C–D). The

residual Wnt5a may explain retention of some fertility in Wnt5ad/d females.

Mice with uterine overexpression of Wnt5a show reduced fertility

To further assess Wnt5a’s role, we generated females with uterine overexpression of Wnt5a

(Wnt5aGOF) (Figure S1A–E). Wnt5aGOF females mated with WT males had a significant

reduction in litter size (Figure 1B). We confirmed upregulation of Wnt5a in Wnt5aGOF uteri

on the mornings of days 4 and 5. In situ hybridization results showed ectopic Wnt5a

expression in all major uterine compartments (Figure 1C), and Wnt5a protein levels were 2–

3 fold higher in Wnt5aGOF uteri (Figure 1D). Interestingly, females with one allele of

upregulated Wnt5a showed normal litter size (Wnt5aGOF/+: 7.0 ± 1.4 pups/litter; Wnt5af/f:

8.3 ± 1.3; n=5, mean ± SEM).

Approaching blastocyst attachment, the receptive uterine LE shows a decrease in apicobasal

cell polarity with the loss of surface microvilli to facilitate trophectoderm adhesion to the
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apical surface of the LE (Daikoku et al., 2011; Schlafke and Enders, 1975). EM analysis

showed persistent apicobasal polarity of the LE in Wnt5ad/d and Wnt5aGOF mice with higher

cell heights and retention of glycosylated microvilli on the apical surface (Figure 1E). These

results suggest that aberrant uterine Wnt5a levels interfered with critical aspects of the

attachment reaction.

Wnt5ad/d and Wnt5aGOF mice show defective implantation

To address the severe subfertility phenotypes in Wnt5ad/d and Wnt5aGOF females, we

examined implantation status on day 5 of pregnancy. We found that Wnt5ad/d or Wnt5aGOF

uteri either failed to show blue bands or had very weak bands compared to those in floxed

littermates (Figure 1F), and unattached blastocysts were recovered from their uteri. In

addition, implantation sites in these females were often irregularly spaced. (Figure 1F).

These characteristics were reflected in cross-sections of day 5 IS with embryo implantation

in the middle of the lumen (Figure S1F). We next asked whether decidualization and

continued embryonic growth are affected under aberrant Wnt5a signaling.

Decidual development is aberrant in females with dysregulated uterine Wnt5a levels

In mice, stromal cells surrounding the blastocyst undergo differentiation to form the primary

decidual zone (PDZ) beginning on day 5 afternoon. PDZ is avascular with stromal cells

assuming organized epithelioid characteristics with the acquisition of epithelial cell markers

(Paria et al., 1999). The presumed functions of the PDZ are to support the early developing

embryo and protect it from noxious substances from the maternal circulation by creating a

selective barrier (Paria et al., 1999). By day 6, the PDZ is well developed and a secondary

decidual zone (SDZ) begins to form at the periphery of the PDZ (Cha et al., 2013). Decidual

growth peaks between days 7 and 8, after which the decidua progressively regresses to

accommodate embryonic growth and placentation (Cha et al., 2012; Dey et al., 2004). We

asked whether PDZ formation is disturbed in mice with aberrant Wnt5a expression.

Histology of cross- sections of day 6 IS showed atypical implantation with embryos

implanted close to the M pole rather than the AM pole (Figure 2A). Abnormal PDZ

development was associated with atypical distribution of cytokeratin 8 (CK8), E-cadherin

and ZO-1: ZO-1 distribution was reduced with retention of CK8/E-cadherin in the LE of

Wnt5ad/d and Wnt5aGOF uteri, suggesting poor trophoblast penetration through the LE

(Figure 2B). Notably, the PDZ was absent in some IS with the embryo entrapped within the

intact epithelium (Figure 2B). These results suggest that disturbances in periimplantation

Wnt5a signaling contribute to abnormal PDZ formation.

Implantation sites in Wnt5ad/d and Wnt5aGOF mice show aberrant M-AM orientation

To gain further insight in decidualization under dysregulated Wnt5a levels, we assessed

decidual growth on day 8. We found abnormal embryo spacing and different sizes of IS in

Wnt5ad/d and Wnt5aGOF females (Figure 2C), indicating asynchronous development.

Furthermore, Wnt5ad/d IS assumed a more spherical morphology with reduced Cox2

expression in contrast to the elliptical appearance in floxed littermates with appropriate M-

AM axis formation and Cox2 expression at the M pole (Figure 2D). Thus appropriate M-

AM orientation in Wnt5ad/d IS was not realized. Ratios of the length along the M-AM axis
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respective to the anterior-posterior (A-P) axis in Wnt5ad/d IS were ~25% smaller than

Wnt5af/f sites (Figure S2A). Similar phenotypes were noted in Wnt5aGOF females (Figure

2C, Figure S2A). Since Wnt5a levels are normally low from day 8 onward, we attribute

these defects to adverse effects originating at the time of implantation. In several Wnt5ad/d

and Wnt5aGOF females, some decidual growth was noted on day 8 even with inappropriate

M-AM orientation of IS (Figure 2C, Figure S2A). This observation resembles the results of

previous studies that decidualization initiated from aberrant implantation can persist for a

limited time (Song et al., 2002; Sun et al., 2012).

Wnt5ad/d and Wnt5aGOF females show increased resorption rates

We speculated that early defects would lead to abnormalities at later stages. Indeed,

increasing numbers of resorption sites on days 10 and 12 were noted in Wnt5a-dysregulated

females (Figure 2E–G). Placental development was disrupted and embryos were

substantially smaller or absent in many IS from day 10 onwards. On day 10, the trophoblast

giant cell (TGC) layer, as marked by Prl3d1 expression, normally lies between the maternal

decidua basalis and developing placenta. However, clusters of Prl3d1-positive TGCs were

present in Wnt5ad/d and Wnt5aGOF IS in lieu of the embryo proper (Figure S2B).

Implantation sites that contained placentae had smaller spongiotrophoblast compartments as

indicated by reduced Tpbpa expression (Figure S2B). Many Wnt5ad/d and Wnt5aGOF IS

underwent resorption by day 12, but those few IS that persisted showed abnormal

placentation (Figure S2C). Gcm1 positive syncytiotrophoblasts in the labyrinth failed to

elongate, suggesting disrupted secondary branching morphogenesis of placental villi (Figure

S2C). In summary, both Wnt5ad/d and Wnt5aGOF mice showed more or less similar

phenotypes, suggesting that regulated Wnt5a levels are critical for normal implantation,

embryo spacing, decidualization, placentation.

Expression of uterine receptivity marker genes are not altered under dysregulated Wnt5a
levels

To examine Wnt5a’s role in uterine receptivity, we examined the expression of estrogen-

and progesterone (P4)-responsive markers of uterine receptivity in Wnt5ad/d and Wnt5aGOF

mice on day 4 (day of receptivity) (Lee et al., 2006; Lim et al., 1997; Matsumoto et al.,

2002; Song et al., 2000; Stewart et al., 1992). Expression patterns of P4-responsive genes

Hoxa10 and Ihh in stromal and epithelial cells, respectively, and estrogen-responsive gene

Lif in glandular epithelial cells in Wnt5ad/d and Wnt5aGOF mice were similar to those in

floxed uteri (Figure S3A & B). Expression of Msx1, another uterine receptivity marker

(Daikoku et al., 2011), was also comparable in these females (Figure S3A & B; S3A–C). In

addition, apicobasal polarity of LE as seen by immunofluorescence (IF) of αPKC and ZO1

was comparable (Figure S3D). Uterine receptivity is characterized by differentiation of LE

with increased stromal cell proliferation. We found that the population of Ki67 positive cells

in the LE and stroma of Wnt5ad/d and Wnt5aGOF females were nearly comparable to that of

floxed littermates on day 4 (Figure S3E). These results suggest that defective attachment and

implantation seen in Wnt5ad/d and Wnt5aGOF mice are not due to defects in uterine

receptivity on day 4 morning. Wnt11, another non-canonical ligand and modestly expressed

in the LE, was not altered in Wnt5ad/d or Wnt5aGOF day 4 uteri (Figure S3F). Expression of

Wnt7a, reported to be critical for uterine gland formation (Dunlap et al., 2011), was also
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similar in Wnt5ad/d and Wnt5aGOF mice with no apparent defects in gland formation (Figure

S3F). These results suggest that uterine Wnt11 and Wnt7a expression do not respond to

fluctuating uterine Wnt5a levels and may not intersect with uterine Wnt5a signaling.

Wnt5ad/d and Wnt5aGOF females display aberrant crypt formation and Hbegf expression
prior to blastocyst attachment

In mice, blastocysts normally implant within specialized crypts at the AM pole (Daikoku et

al., 2011; Kirby, 1971). Our observation that blastocysts implanted closer to the M-pole in

Wnt5ad/d and Wnt5aGOF mice on days 5 and 6 suggested that blastocyst attachment failed to

occur towards the AM pole (Figure 2A & Figure S1F). In support of this, we performed

histological analysis of longitudinal uterine sections on day 4 evening prior to blastocyst

attachment with appropriate orientation of the M-AM axis confirmed by the positioning of

glands at the AM pole. We found that regularly-spaced villi-like epithelial projections

extended from the primary uterine lumen into the stroma towards the AM pole on day 4

evening in floxed females (Figure 3A). In contrast, these projections were randomly present

in both M and AM directions in Wnt5ad/d females with presence of glands even at the M

pole. Furthermore, crypt formation was frequently absent in these females with blastocysts

situated near the M pole (Figure 3A). Wnt5aGOF mice also showed defects in crypt

formation, embryo placement, including blastocysts situated within the primary lumen rather

than in a crypt or two embryos closely apposed within one site (Figure 3A). Intriguingly,

directional villi-like projections towards the AM pole in floxed mice were not seen on day 3

but became evident on day 4, coincident with the initiation of a Wnt5a expression gradient

along the M-AM axis in longitudinal sections (Figure 3B & Figure S4A). The loss of the

Wnt5a gradient is consistent with our observations of aberrant embryo spacing and

crowding on day 5 under dysregulated uterine Wnt5a levels (Figure 1F).

The altered LE architecture in these mice led us to hypothesize that on-time embryo-uterine

interactions were disturbed. Hbegf is first expressed in the LE around the blastocyst several

hours before the attachment reaction and is the first known molecular link mediating

blastocyst-uterine interactions in a juxtacrine and paracrine fashion (Das et al., 1994). We

found that Hbegf expression was undetectable in the LE around the misplaced blastocyst in

Wnt5ad/d or Wnt5aGOF uteri on day 4 evening (Figure 3C), suggesting that the bidirectional

communication was not realized under aberrant Wnt5a signaling.

Wnt5ad/d and Wnt5aGOF mice have normal ovarian function

Since PgrCre is also expressed in ovary, we examined whether infertility/subfertility in

Wnt5ad/d and Wnt5aGOF females is due to ovarian dysfunction. Wnt5a is mainly expressed

in corpora lutea. Its expression was slightly lower in Wnt5ad/d ovaries but higher in

Wnt5aGOF ovaries (Figure S4B), although qPCR results showed no significant changes in

transcript levels in these ovaries (Figure S4C). More importantly, we assessed ovarian

function with respect to ovulation, fertilization, preimplantation embryo development, and

hormone production. The number of IS plus recovered blastocysts in Wnt5ad/d and

Wnt5aGOF females on day 5 were comparable to the number of blue bands in floxed

littermates (Figure S4D), providing evidence that these processes were comparable among

these three genotypes. Serum levels of estradiol-17β (E2) and P4 on days 4, 8 and 12 of
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pregnancy in Wnt5ad/d and Wnt5aGOF females were comparable to their floxed counterparts

(Figure S4E & F). These results suggest normal ovarian function and hormonal milieu in

Wnt5ad/d and Wnt5aGOF females.

Uterine Wnt5a promotes ROR2 phosphorylation

Wnt5a can bind to ROR receptors to mediate non-canonical Wnt signaling (Green et al.,

2008; Grumolato et al., 2010; Minami et al., 2010; Niehrs, 2012). ROR2 levels were

upregulated in Wnt5ad/d uteri but downregulated in Wnt5aGOF uteri (Figure 4A); ROR1

levels did not show a similar pattern (Figure 4A). This observation suggests that Wnt5a and

ROR2 interact. ROR2 was primarily localized in epithelia of floxed uteri with seemingly

higher intensity in Wnt5ad/d mice on day 4, although some signals were noted in the

underlying stroma (Figure S5A). This result corroborates enriched ROR2 levels in isolated

primary uterine epithelial cells compared to stromal cells (Figure S5B). ROR1 was also

enriched in epithelial cells rather than stromal cells (Figure S5B).

These results led us to explore if ROR2 responds to Wnt5a stimulation. Wnt5a can modulate

ROR2 receptor function via tyrosine kinase activity and ROR2 autophosphorylation (Mikels

et al., 2009). IP-kinase assay in a uterine epithelial cell line expressing ROR2 showed that

ROR2 undergoes tyrosine phosphorylation after Wnt5a stimulation (Figure 4B). IP assays

also showed increased tyrosine phosphorylation of ROR2 in Wnt5aGOF uterine extracts

(Figure 4C). Furthermore, gel-shift assays for ROR1 and ROR2 phosphorylation showed

downward and upward shifts in day 5 uterine extracts of Wnt5ad/d and Wnt5aGOF females,

respectively (Figure 4D). These results intrigued us to determine the significance of ROR1

and ROR2 in female fertility.

Mice with uterine deletion of both Ror1 and Ror2 show severe subfertility

We first examined if mice with uterine inactivation of ROR2 (Ror2d/d) have adverse effects

on fertility. Despite efficient depletion of ROR2 (Figure 4E), Ror2d/d females had normal

fertility (Figure 5A). We speculated that ROR1 compensated for ROR2 deficiency because

of their redundant functions (Ho et al., 2012; Lyashenko et al., 2010; Nomi et al., 2001).

Indeed Ror2d/d uteri had increased levels of ROR1 (Figure 4E). Females with uterine

deletion of Ror1 showed normal fertility (Ror1d/d: 8.50 ± 0.56 pups/litter, n=6; Ror1f/f: 9.0 ±

0.81, n=6). Mice with uterine deletion of both alleles of Ror1 and one allele of Ror2 also had

fertility comparable to floxed littermates (Ror1d/d Ror2d/+: 7.0 ± 1.0 pups/litter, n=3;

Ror1f/fRor2f/f: 8.17 ± 0.48, n=6; mean ± SEM), suggesting that one allele of uterine Ror2 is

sufficient for normal fertility. We then examined fertility in mice with uterine deletion of

both alleles of Ror1 and Ror2 (Ror1d/dRor2d/d). Ror1d/dRor2d/d females showed severe

subfertility with only 29% of plug-positive females producing a small number of pups

(Figure 5B) and high resorption rates on day 12 (Figure 5C & D).

On day 5, defective implantation was marked by very weak or absence of blue bands in

Ror1d/dRor2d/d uteri with efficient deletion of both genes; unattached blastocysts were

recovered from these mice (Figure 5E & F). Again, we found defective crypt formation with

embryos entrapped within the highly branched LE on day 4 evening prior to blastocyst

attachment (Figure 5G). These findings suggest that blastocyst attachment was defective

Cha et al. Page 7

Cell Rep. Author manuscript; available in PMC 2015 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



leading to late stage defects. Defective implantation seemingly did not result from aberrant

expression of uterine receptivity genes Lif or Ihh; their expression was normal (Figure S5C–

D). Ovarian levels of ROR1 or ROR2 and serum P4 and E2 levels were also comparable

between Ror1f/fRor2f/f and Ror1d/dRor2d/d females (Figure S5E & F), suggesting normal

ovarian function and responsiveness.

On day 6, the formation of the PDZ as determined by histology and localization of

ZO-1/CK8 showed embryos entrapped within the intact LE (Figure S5G & H). These

changes are strikingly similar to those observed in females with dysregulated Wnt5a

signaling, thus reinforcing the critical role of Wnt5a-ROR signaling in blastocyst

attachment, implantation and decidualization.

Wnt5a-ROR signaling influences Bmp2 signaling during implantation

Normally, Bmp2 is expressed in the stroma surrounding the blastocyst at the initiation of

implantation and markedly increases in decidualization. Since Bmp2 is critical for these

events (Lee et al., 2007; Paria et al., 2001), we assessed uterine Bmp2 expression in

Wnt5ad/d and Wnt5aGOF females. We found reduced Bmp2 expression at the IS of these

mice on day 5 with attenuated nuclear localization of pSmad1/5/8 (Figure 5H & I). Bmp2

signaling is mediated by phosphorylation of Smad proteins, and Wnt5a was shown to

intersect with Smad signaling in other systems (Miyoshi et al., 2012). These results suggest

that Bmp2 signaling is compromised with altered Wnt5a levels. In contrast, Ptgs2 (encoding

Cox2) expression which is normally expressed both in the LE and subepithelial stroma at the

IS and critical for implantation (Lim et al., 1997), was comparable among Wnt5af/f,

Wnt5ad/d, Wnt5aGOF and Ror1d/dRor2d/d females (Figure 5H & I). These results suggest that

specific signaling pathways are affected under altered Wnt5a-ROR signaling.

Discussion

This study provides evidence for the requirement of Wnt5a-ROR signaling in promoting

villi-like epithelial projections towards the AM pole for crypt formation and implantation.

Although the presence of crypts were noted in uterine cross-sections in mice (Daikoku et al.,

2011; Kirby, 1971), the underlying mechanism regulating the formation of regularly spaced

villi-like epithelial projections from the main uterine lumen to form crypts at the AM pole

remained unknown. Wnt5a-ROR signaling has been reported to influence tissue patterning,

cell polarity and directional cell movement during organogenesis (Angers and Moon, 2009;

Bayly and Axelrod, 2011). Our findings that Wnt5a-ROR signaling is active in the adult

uterus to confer appropriate LE organization for implantation and that dysregulation of this

pathway leads to aberrant crypt formation and subfertility reveals an unrecognized critical

event in implantation.

Defective implantation and severe subfertility in both Wnt5ad/d and Wnt5aGOF mice suggest

that regulated Wnt5a levels are critical for early pregnancy events. Localized Wnt5a

expression at the M pole prior to and following implantation suggests the presence of a

Wnt5a gradient that directs uterine decidual growth patterning along the M-AM axis,

conferring an elliptical shape and proper embryonic growth. Appropriate directional decidua
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formation is essential for normal embryonic growth and placentation. Our results suggest

that aberrant Wnt5a-ROR signaling leads to abnormal decidual growth.

One major function of the decidua is to regulate trophoblast invasion into the stroma to

direct placentation at the M pole. Our finding of defective implantation and decidual growth

restriction under aberrant uterine Wnt5a levels suggests that some decidualization could be

initiated, but not sustained to support placentation and term pregnancy. This explains the

abnormal placentation seen on day 10 onwards in females with dysregulated Wnt5a-ROR

signaling. Notably, Wnt5a expression is appreciably lower during decidualization in floxed

females, suggesting that this defect originated from aberrations in the implantation process.

This resembles previous work by us and others (Song et al., 2002; Sun et al., 2012; Ye et al.,

2005).

The epithelial-mesenchymal interaction during implantation constitutes a reciprocal

signaling circuitry between the LE and stroma. Our study suggests that regulated Wnt5a-

ROR2 signaling participates in this transition. Reduced Bmp2 and pSMAD1/5/8 expression

with disrupted PDZ formation under aberrant Wnt5a-ROR signaling suggests that this

pathway influences Bmp2 signaling critical for decidualization (Lee et al., 2007).

Alternatively, the defective LE architecture, conferring poor blastocyst attachment under

abnormal-Wnt5a-ROR signaling perhaps resulted in defective decidualization and Bmp2

signaling. This is a possibility since LE architecture had already become aberrant in day 4

evening preceding Bmp2 expression. These results indicate a relationship between Wnt5a-

ROR signaling, appropriate LE architecture, and Bmp2 signaling for implantation and

decidualization. In this context, Wnt5a was shown to aid in intestinal stem cell niche

regeneration after injury via BMP-Smad signaling (Miyoshi et al., 2012).

Wnt5a-ROR signaling is active in embryogenesis (Ho et al., 2012; Yamaguchi et al., 1999).

However, subfertility phenotypes in Wnt5ad/d or Wnt5aGOF females in our studies did not

stem from embryogenesis defects, since females were mated with WT males. Furthermore,

uterine deletion of Ror1/Ror2 resulted in similar fertility defects seen in mice with

dysregulated uterine Wnt5a levels, suggesting that the defects primarily originated from

uterine aberrations. This is further reinforced by similar changes in LE morphology in mice

with dysregulated Wnt5a or Ror1/Ror2 levels. Since ovulation, fertilization, and

preimplantation embryo development were not disturbed with comparable levels of E2 and

P4 under these experimental conditions, we believe that ovarian dysfunction did not

contribute to fertility defects in these mice.

In WT females, invariable orientation of villous-like epithelial projections from the primary

lumen towards the AM pole with regular spacing is reminiscent of the patterning effect of

PCP signaling in organogenesis. Whether Wnt5a-ROR signaling involves PCP signaling

would require functional studies using mice with conditional uterine deletion of PCP

components.

Although certain aspects of implantation are similar in mice and humans, there are species-

specific differences. Nonetheless, placentation in both mice and humans is hemochorial.

Regarding the relevance of embryo spacing, abnormal implantation can occur close to or on
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the cervix in placenta previa which causes extensive bleeding with increased mortality

and/or morbidity of the mother and fetus. Aberrant embryo spacing can also contribute to

complications in multiple gestation pregnancy. Since Wnt signaling is highly conserved

across species, it would be interesting to know whether Wnt5a-ROR signaling is involved in

human implantation.

Collectively, our studies show that altered Wnt5a-ROR signaling leads to defects prior to

and during blastocyst attachment, poor decidual growth, placentation and pregnancy

outcome. This study has revealed a critical role for Wnt5a-ROR signaling in LE remodeling

for blastocyst attachment and implantation and has expanded our understanding of

implantation biology.

Experimental Procedures

For detailed methods, see Supplemental Experimental Procedures.

Mice

PgrCre/+, Wnt5aloxP/loxP and/or Ror1loxP/loxP/Ror2loxP/loxP floxed lines were generated as

described (Ho et al., 2012; Miyoshi et al., 2012; Soyal et al., 2005). Details of Wnt5a

conditionally overexpressing mouse line generation are described in Supplemental

Experimental Procedures. Wnt5ad/d, Wnt5aGOF, and Ror1d/dRor2d/d mice were generated by

mating floxed females with PgrCre/+ males, as described (Daikoku et al., 2011). All mice

used in this study were housed in the Cincinnati Children’s Animal Care Facility according

to NIH and institutional guidelines for the use of laboratory animals. All protocols were

approved by the Institutional Animal Care and Use Committee.

Analysis of Pregnancy Events

Ovulation, fertilization, preimplantation embryo development, and implantation were

assessed as described (Daikoku et al., 2011).

Immunostaining and histology

Tissue sections from control and experimental groups were processed onto the same slide

for immunohistochemistry and IF (Daikoku et al., 2011).

RNA isolation and qRT-PCR

qRT-PCR was performed as described (Daikoku et al., 2011).

In Situ Hybridization

Paraformaldehyde-fixed frozen sections from control and experimental groups were

processed onto the same slide and hybridized with 35S-labeled or DIG-labeled cRNA probes

(Daikoku et al., 2011; Simmons et al., 2008).

Primary uterine cell culture

Primary epithelial and stromal cells were isolated and cultured with ≥95% purity as

described (Daikoku et al., 2011).
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Immunoblotting

Western blotting was performed as described (Daikoku et al., 2011). The same blots were

used for quantitative analysis of each protein. Bands were visualized using an ECL kit (GE

Healthcare). Actin served as a loading control.

Immunoprecipitation

IP was performed as described (Daikoku et al., 2011).

IP-Kinase assay

Ishikawa cells (ATCC) expressing endogenous ROR2 were lysed and subjected to IP-kinase

assay as previously described with modification (Paria et al., 1993).

Electron microscopy—Sections (80 nm) of Wnt5af/f and Wnt5aGOF uteri on day 5 of

pseudopregnancy were cut with a Leica UC-7 ultramicrotome, stained with 3% uranyl

acetate and Sato’s Lead, and examined under a JEOL JEM-1400 Transmission Electron

Microscope at 80KV.

Assay of serum E2 and P4 Levels—Sera were collected on days 4, 8, and 12 of

pregnancy, and E2 and P4 levels were measured by EIA kits (Cayman) (Daikoku et al.,

2011).

Statistics

Statistical analyses were performed, using two-tailed Student’s t-test. A value of p < 0.05

was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Normal embryo implantation requires regulated uterine Wnt5a-ROR signaling

• Wnt5a-ROR signaling aids in orienting villi-like epithelial projections

• Aberrant Wnt5a-ROR signaling is reflected in altered Bmp2-Smad signaling

• Defective implantation compromises decidualization, placentation and fertility
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Figure 1. Wnt5a is expressed in the periimplantation uterus and its dysregulation results in
defective implantation
(A) In situ hybridization of Wnt5a expression patterns on days 1–5 and 8 of pregnancy.

Arrowheads, embryo location. Scale bar: days 1–5, 500 μm; scale bar: day 8, 1 mm. M,

mesometrial pole; AM, anti-mesometrial pole. (B) Litter sizes in pregnant Wnt5ad/d and

Wnt5aGOF females and their Wnt5af/f littermates (mean ± SEM). Percentages and numbers

within parentheses indicate number of litters born compared to total number of plug-positive

females in each genotype (n = number of mice). (C) In situ hybridization of uterine Wnt5a

expression in Wnt5ad/d, Wnt5aGOF and floxed littermates on days 4 and 5. Arrowheads,

embryo location. Scale bars, 250 μm. (D) Western blotting of uterine Wnt5a levels of

Wnt5ad/d, Wnt5aGOF and IS of floxed littermates on day 5. Bar diagram, quantification of

Wnt5a protein levels relative to actin (mean ± SEM). (E) Representative TEM images of the

apical surface of uterine LE of Wnt5ad/d, Wnt5aGOF and floxed littermates on day 5

morning. mv, microvilli. Scale bar, 500 nm. (F) Day 5 IS (blue bands) in Wnt5ad/d and

Wnt5aGOF females. Unfilled arrows indicate differential blue band intensities in adjacent IS.

Brackets indicate clustering of IS. Unattached blastocysts retrieved from uterine lumenal
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flushings from representative mice are shown. le, luminal epithelium; s, stroma; myo,

myometrium.
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Figure 2. Defective implantation under dysregulated Wnt5a levels leads to compromised
decidualization and resorption
(A) Histology of day 6 IS in Wnt5af/f, Wnt5ad/d, and Wnt5aGOF females. Brackets indicate

the distance from the implanting embryo to the main LE at the M pole; asterisks, aberrantly

short distance. Scale bar, 500 μm. (B) IF of ZO-1 shows epithelioid cells in the primary

decidual zone (PDZ, bracket) on day 6. E-cadherin IF marks the embryo and LE. Scale bar,

200 μm. (C) Day 8 Wnt5ad/d and Wnt5aGOF IS after intravenous blue dye injection. Note

differential sizes (arrowheads) and crowding (brackets, asterisks) of IS. (D)

Immunohistochemistry shows reduced Cox2 expression at the M pole of day 8 Wnt5ad/d and

Wnt5aGOF IS. Bar, 200 μm. (E) Histology of day 10 Wnt5ad/d and Wnt5aGOF IS show

resorptions. Scale bar, 1mm. (F) Day 12 Wnt5af/f, Wnt5ad/d and Wnt5aGOF uterine horns.
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(G) Resorption rate in Wnt5ad/d and Wnt5aGOF females on day 12. Percentages and numbers

within parentheses indicate number of resorptions over total number of IS. n, numbers of

mice. M, mesometrial pole; AM, anti-mesometrial pole. Arrowheads, location of embryos or

resorption sites.
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Figure 3. Wnt5ad/d and Wnt5aGOF females show poor crypt formation with undetectable Hbegf
expression
(A) Histology of longitudinal sections of Wnt5ad/d and Wnt5aGOF uteri approaching

attachment reaction (day 4, 1900h) show aberrant luminal architecture and villi-like

epithelial projections in both M and AM directions compared to regularly spaced projections

towards the AM pole in floxed littermates (asterisks). Note normal placement of blastocyst

within a crypt (nidus) at the AM pole in floxed mice (top, first panel). In Wnt5ad/d and

Wnt5aGOF females, blastocysts were often situated at the M pole (second and third panels),

within the primary lumen (fourth panel), and/or adjoined together within one site (bottom,

fifth panel). Left panels, scale bar, 500 μm; right panels, scale bar, 250 μm. (B) In situ

hybridization of Wnt5a expression in WT females on day 3 (1000h) and day 4 (1600h and

1900h). Asterisks, locations of epithelial projections towards the AM pole. Scale bar, 500

μm. (C) In situ hybridization of Hbegf expression in Wnt5ad/d and Wnt5aGOF females.

Arrowheads, locations of blastocysts. le, luminal epithelium; ge, glandular epithelium; s,

stroma; myo, myometrium. Left panels, scale bar, 500 μm; right panels, scale bar, 250 μm.
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Figure 4. Uterine Wnt5a levels influence ROR levels, and uterine inactivation of Ror1 and Ror2
(Ror1d/dRor2d/d) show fertility defects
(A) Western blotting results of ROR1 and ROR2 in day 5 Wnt5ad/d and Wnt5aGOF IS. Bar

diagram, quantification of ROR levels (*p<0.05, mean ± SEM). (B) IP-kinase assay for

ROR2 tyrosine phosphorylation in a uterine epithelial cell line (Ishikawa) exposed to Wnt5a.

(C) IP results show increased tyrosine phosphorylation of ROR2 in day 5 IS. (D) Gel-shift

immunoblotting shows upward shift of ROR1 and ROR2 in Wnt5aGOF sites and downward

shift in Wnt5ad/d IS on day 5. (E) Western blotting results from Ror2d/d day 5 IS show

compensation by ROR1 for ROR2 deficiency.
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Figure 5. Implantation phenotype in Ror1d/dRor2d/d females resembles that of Wnt5ad/d females
(A–B) Fertility of mice with uterine inactivation of Ror2 (Ror2d/d) (A) or both Ror1 and

Ror2 (Ror1d/dRor2d/d) (B) and their floxed littermates (litter size, mean ± SEM).

Percentages and numbers within parentheses indicate the number of litters over total number

of plug-positive females within each genotype. (C) Day 12 Ror1d/dRor2d/d uteri.

Arrowheads, resorption sites. Bracket, large area of resorption. (D) Resorption rate on day

12 in Ror1d/dRor2d/d females. Percentages and numbers within parentheses indicate number

of resorptions over total number of IS. n, numbers of females. (E) Ror1d/dRor2d/d IS on day

5 after blue dye injection. Arrowheads, locations of very weak blue bands in Ror1d/dRor2d/d

females. (F) Western blotting results of day 5 Ror1d/dRor2d/d IS show efficient deletion of
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both Ror1 and Ror2. (G) Histology of the irregular LE projections of Ror1d/dRor2d/d

females on day 4 (1900h). Note the location of a blastocyst within a highly branched lumen.

Scale bars: Left panel, 500 μm; right panel, 200 μm. (H) In situ hybridization of Ptgs2 and

Bmp2 in Wnt5ad/d, Wnt5aGOF, and Ror1d/dRor2d/d IS on day 5. Scale bars, 500 μm. (I) IF

results for phospho-Smad1/5/8 (pSmad1/5/8) in Wnt5ad/d, Wnt5aGOF, and Ror1d/dRor2d/d

day 5 IS. Bars, 100 μm. Arrowheads, locations of blastocysts.

Cha et al. Page 22

Cell Rep. Author manuscript; available in PMC 2015 July 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


