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The mammalian placenta is the site of nutrient and gas exchange between the mother and

fetus, and is comprised of two principal cell types, trophoblasts and endothelial cells.

Proper placental development requires invasion and differentiation of trophoblast cells,

together with coordinated fetal vasculogenesis and maternal vascular remodeling. Disrup-

tion in these processes can result in placental pathologies such as preeclampsia (PE), a dis-

ease characterized by late gestational hypertension and proteinuria. Epidermal Growth

Factor Like Domain 7 (EGFL7) is a largely endothelial-restricted secreted factor that is crit-

ical for embryonic vascular development, and functions by modulating the Notch signaling

pathway. However, the role of EGFL7 in placental development remains unknown. In this

study, we use mouse models and human placentas to begin to understand the role of EGFL7

during normal and pathological placentation. We show that Egfl7 is expressed by the endo-

thelium of both the maternal and fetal vasculature throughout placental development.

Importantly, we uncovered a previously unknown site of EGFL7 expression in the tropho-

blast cell lineage, including the trophectoderm, trophoblast stem cells, and placental

trophoblasts. Our results demonstrate significantly reduced Egfl7 expression in human

PE placentas, concurrent with a downregulation of Notch target genes. Moreover, using

the BPH/5 mouse model of PE, we show that the downregulation of Egfl7 in compromised
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placentas occurs prior to the onset of characteristic maternal signs of PE. Together, our

results implicate Egfl7 as a possible factor in normal placental development and in the eti-

ology of PE.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

The placenta serves as the site of contact for the maternal

and embryonic circulatory systems to enable nutrient and gas

exchange, and contains two primary functional cell types,

trophoblasts and endothelial cells. Proper placental develop-

ment requires invasion and differentiation of trophoblast

cells, as well as coordinated maternal vascular remodeling

and fetal vasculogenesis (Norwitz et al., 2001). Any disruption

in these processes can result in placental pathologies, includ-

ing preeclampsia (PE). PE is a leading cause of maternal and

fetal morbidity and mortality worldwide, and the only resolu-

tive treatment is delivery of the baby and placenta. Although

the pathophysiology of PE remains largely unknown, inade-

quate trophoblast cell invasion, endothelial cell dysfunction,

dysregulated uteroplacental vascularization, and an imbal-

ance of pro- and anti-angiogenic growth factors have been

implicated in the disease (Young et al., 2010).

Recent studies have implicated Notch signaling, an

evolutionarily conserved pathway that is important for cell

fate specification, proliferation, and patterning (Phng and

Gerhardt, 2009), in placental development and the pathogen-

esis of PE. Targeted mutations of Notch signaling components

in the mouse result in placental defects, demonstrating their

vital roles for proper placental development (Duarte et al.,

2004; Fischer et al., 2004; Hunkapiller et al., 2011; Krebs

et al., 2000). In addition, Notch pathway proteins are down-

regulated in trophoblast cells, endothelial cells, and stromal

cells of third trimester placentas from human preeclamptic

patients as compared to normal patients (Cobellis et al., 2007).

Epidermal Growth Factor Like Domain 7 (EGFL7) is a

secreted factor that is present in both soluble and extracellular

matrix-bound forms (Fitch et al., 2004). Egfl7 expression in the

developing embryo is largely restricted to endothelial progen-

itors and actively proliferating endothelium (Campagnolo

et al., 2005; Fitch et al., 2004; Soncin et al., 2003). However, it

is also found in embryonic stem cells, pre- and peri-implanta-

tion embryos, primordial germ cells, and some CNS neurons

(Campagnolo et al., 2008; Fitch et al., 2004; Parker et al., 2004;

Schmidt et al., 2009; Soncin et al., 2003). EGFL7 is largely down-

regulated during late embryogenesis and in the quiescent

endothelium of the adult mouse, and is upregulated during

pathological and physiological angiogenesis, such as in the

uterus (Campagnolo et al., 2005; Fitch et al., 2004; Soncin

et al., 2003). Egfl7 is upregulated in response to, and has a

protective effect against, hypoxia (Badiwala et al., 2010;

Gustavsson et al., 2007; Xu et al., 2008). It acts as a chemoattrac-

tant for endothelial cells and plays an important role in their

proliferation and migration (Campagnolo et al., 2005; Durrans

and Stuhlmann, 2010; Schmidt et al., 2007). EGFL7 functions

in vascular patterning, stratification, and tubulogenesis
et al, Novel expression of
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in vitro and in the mouse and zebrafish (Campagnolo et al.,

2005; Durrans and Stuhlmann, 2010; Nichol et al., 2010;

Parker et al., 2004). EGFL7 has been shown to modulate the

Notch signaling cascade by acting either as a Notch agonist,

such as in the developing embryo, or as a Notch antagonist,

such as in the postnatal retina and neural stem cells (Nichol

et al., 2010; Schmidt et al., 2009).

Despite its key role in early embryogenesis, vascular devel-

opment, and modulation of Notch signaling, the expression

pattern and function of EGFL7 in normal and PE placentas is

poorly understood. In this study, we investigated the expres-

sion pattern of EGFL7 in normal murine and human pla-

centas. Rodents and primates both undergo hemochorial

placentation (Cross et al., 2003). Despite some structural

differences, the trophoblast cell types and the molecular

pathways driving placental development are highly con-

served between mouse and human (Cross et al., 2003;

Georgiades et al., 2002; Hu and Cross, 2010; Rossant and

Cross, 2001). Importantly, the labyrinth in the mouse placenta

is analogous to the chorionic villi in human placentas,

whereas the junctional zone in mice is analogous to the cyto-

trophoblast cell columns (Rossant and Cross, 2001) or the

basal plate in humans (Georgiades et al., 2002).

In addition to examining the expression profile of Egfl7

during normal placental development, this study investigates

a potential role for EGFL7 in preeclampsia by analyzing

human PE placentas and compromised placentas from the

BPH/5 murine PE model. The BPH/5 mouse strain exhibits

the characteristic PE signs of late-gestational hypertension,

proteinuria, and endothelial dysfunction (Davisson et al.,

2002; Dokras et al., 2006). BPH/5 mice also show fetoplacental

defects such as impaired endothelial cell branching, maternal

spiral artery remodeling, and reduced fetal labyrinth depth

(Dokras et al., 2006). Here we have described the spatiotempo-

ral expression profile of Egfl7 in placental endothelial cells in

the mouse and human. We uncovered a previously unknown

site of EGFL7 localization in the non-endothelial trophoblast

lineage, beginning at the blastocyst stage and becoming

restricted to a subset of differentiated trophoblast cells.

Furthermore, we provide evidence that a downregulation of

EGFL7 is associated with human PE and the BPH/5 mouse

model of PE, and this downregulation is concomitant with a

decrease in Notch target gene expression.

2. Results

2.1. EGFL7 is expressed by maternal and fetal endothelial
cells in the mouse placenta throughout gestation

To obtain a temporal and spatial expression profile for

Egfl7 throughout pregnancy, we used the mouse as a model
EGFL7 in placental trophoblast and endothelial cells and its impli-
od.2014.04.001
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system. To localize expression of Egfl7 transcripts in the

maternal and fetal placental vasculature, RNA in situ hybrid-

ization (ISH) was performed on 100 lm thick vibratome sec-

tions of C57BL/6 mouse placentas using an Egfl7 specific

riboprobe. Egfl7 transcripts were highly expressed at E10.5,

and were localized to maternal vessels, including the spiral

arteries of the decidua (Fig. 1A and B), and the branching vas-

cular structures in the fetal labyrinth (Fig. 1A and C). Follow-

ing ISH, specimens were embedded in paraffin, sectioned, and

counterstained to analyze the cellular morphology of Egfl7

mRNA expression in the placenta. Results revealed Egfl7 tran-

script expression in cells lining the large lumen of maternal

vessels in the decidua (Fig. 1D) and in the narrow and highly

branched capillaries of the fetal labyrinth (Fig. 1E). Egfl7 tran-

script levels were dramatically reduced at E12.5 and nearly

undetectable at E18.5 (Supplemental Fig. 1). Egfl7 sense
Fig. 1 – EGFL7 is expressed by maternal and fetal endothelial cells

to determine Egfl7 mRNA localization, using an Egfl7 riboprobe

placentas (A–E). Higher magnification images of boxes in (A) de

maternal decidua (B) and fetal labyrinth (C). Egfl7 sense controls

of the vibratome sections showing cellular morphology after Eg

labyrinth (E). To determine the cell types expressing EGFL7 prote

performed on E12.5 C57BL/6 placentas for EGFL7 (red), CD31 (gre

endothelial cell marker, CD31, in the maternal decidua (F–I) and

Zone, Lab-Fetal Labyrinth. Scale bar (F–M) = 20 lm.

Please cite this article in press as: Lacko, L.A. et al, Novel expression of
cation in preeclampsia, Mech. Dev. (2014), http://dx.doi.org/10.1016/j.m
controls (insets of Fig. 1A, Supplemental Fig. 1A and D) dem-

onstrate specificity of the Egfl7 riboprobe.

To determine the spatiotemporal expression profile of

EGFL7 protein, we performed double immunofluorescent

staining for EGFL7 and the pan-endothelial marker, CD31, on

C57BL/6 mouse placentas (Fig. 1F–M, Supplemental Fig. 2).

EGFL7 colocalized with CD31 in the maternal decidua and the

fetal labyrinth at every stage examined, confirming that EGFL7

localized to maternal and fetal endothelial cells in theplacenta.

Together, the results demonstrate that Egfl7 transcript and

protein expression was dynamic throughout gestation. Egfl7

expression is high during early stages of vascular develop-

ment in the placenta, with transcript expression peaking at

E10.5 (Fig. 1A–E), as well as high protein expression at E10.5

and E12.5 (Fig. 1F–M, Supplemental Fig. 2A). At E18.5, a time

point with fewer newly forming nascent vessels, Egfl7
in the mouse placenta. In situ hybridization was performed

on 100 lm thick vibratome sections of E10.5 C57BL/6

monstrating Egfl7 transcript is highly expressed in the

(A inset) show specificity of Egfl7 riboprobe. Paraffin sections

fl7 riboprobe staining in the maternal decidua (D) and fetal

in in the placenta, double immunofluorescent staining was

en) and nuclear DAPI (blue) (F–M). EGFL7 colocalizes with the

the fetal labyrinth (J–M). Dec-Maternal Decidua, JZ-Junctional

EGFL7 in placental trophoblast and endothelial cells and its impli-
od.2014.04.001
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transcript expression is dramatically lower (Supplemental

Fig. 1D), while the protein expression persists (Supplemental

Fig. 2B). Our data are consistent with previously reported Egfl7

expression data during vascular development and physiolog-

ical angiogenesis, where the highest expression levels of Egfl7

are detected in actively proliferating endothelial cells, such as

during formation of the initial vascular plexus during early

embryogenesis (Campagnolo et al., 2005, 2008; Durrans and

Stuhlmann, 2010; Fitch et al., 2004; Nichol et al., 2010;

Parker et al., 2004; Schmidt et al., 2007).

2.2. Novel EGFL7 expression in placental trophoblast cells
and the trophoblast cell lineage

In addition to demonstrating dynamic expression of EGFL7

in the placental endothelium, our in situ hybridization

images at high magnification also uncovered a novel expres-

sion domain for Egfl7 in non-endothelial cells of the junc-

tional zone of the mouse placenta, albeit at reduced levels

(Fig. 2A and B). Images of Egfl7 ISH paraffin sections revealed

clusters of EGFL7 positive cells located in the junctional zone,

between the fetal labyrinth and trophoblast giant cells

(Fig. 2B). Double immunofluorescent staining for EGFL7 and

the pan-trophoblast marker CYTOKERATIN (CK), performed

on mid-gestation mouse placentas confirmed EGFL7 localiza-

tion to the trophoblast lineage (Fig. 2C–F). This is the first evi-

dence that EGFL7 localizes to trophoblast cells of the placenta.

The newly uncovered expression of EGFL7 in placental tro-

phoblast cells prompted us to examine its temporal expres-

sion pattern during trophoblast lineage development in

mice. Differentiated trophoblast cells are derived from the

outer cell layer of blastocysts, the trophectoderm (Cross,

2005). We have previously shown that Egfl7 mRNA was

expressed by blastocysts and embryonic stem cells, however

its spatial expression in pre-implantation embryos was not

defined (Campagnolo et al., 2005, 2008). Here, we isolated

embryos from C57BL/6 mice at the blastocyst stage of devel-

opment and performed whole-mount immunofluorescent

staining for EGFL7 and the trophectoderm marker, CDX2. Both

inner cell mass cells and trophectoderm cells expressed

EGFL7 (Fig. 2G–J). Therefore, Egfl7 is expressed at the first step

of trophoblast lineage development.

To further establish EGFL7 expression in the trophoblast

lineage, we assayed trophoblast stem cells (TSC), a model of

in vitro trophoblast cell differentiation. Multipotent TSC are

derived from the trophectoderm of blastocysts, and upon

removal of exogenous Fibroblast Growth Factor, they recapit-

ulate the defining characteristics of in vivo trophoblast cell

differentiation (Tanaka et al., 1998). Semi-quantitative and

Real Time RT-PCR analysis showed that TSC express Egfl7

mRNA at significantly higher levels than embryonic stem cells

(ESC), whereas primary mouse embryonic fibroblasts (MEF)

express very low levels of Egfl7 (Fig. 2K, P < 0.01). RNA in situ

hybridization on TSC revealed specific localization of Egfl7

mRNA in TSC (Fig. 2L–O). EGFL7 protein was detected on cul-

tured TSC, as shown by colocalization of EGFL7 and CDX2

using double immunofluorescent staining (Fig. 2P–T). Two

additional antibodies that are directed against different

regions of the EGFL7 protein gave comparable results (data

not shown). Together, our results show that EGFL7 is
Please cite this article in press as: Lacko, L.A. et al, Novel expression of
cation in preeclampsia, Mech. Dev. (2014), http://dx.doi.org/10.1016/j.m
expressed by the trophectoderm of blastocysts, in trophoblast

stem cells, and a subset of differentiated trophoblast cells in

the mid-gestation mouse placenta.

2.3. EGFL7 is expressed by fetal endothelial cells and
trophoblast cells of human chorionic villi

To determine if EGFL7 expression in endothelial and tro-

phoblast cells is conserved in human placentas, chorionic villi

samples were obtained from normal pregnant women with

an average pregnancy duration of 39 weeks. Double immuno-

fluorescent staining analysis revealed that EGFL7 was

expressed on fetal vessels, where it colocalized with the

pan-endothelial marker, CD31 (Fig. 3A–D). Importantly, EGFL7

was also expressed on the syncytiotrophoblast layer of the

villi, where it colocalized with the pan-trophoblast marker

CYTOKERATIN (Fig. 3E–H). To confirm this observation, EGFL7

staining was performed using two antibodies directed against

different regions of the EGFL7 protein, and both gave compa-

rable results (Supplemental Fig. 3). Of note, expression of Egfl7

was not detected in the analogous mouse syncytiotropho-

blasts. To further determine if EGFL7 localized to trophoblast

cells of the human placenta, we isolated cytotrophoblast cells

from term placentas as previously described (Hunkapiller and

Fisher, 2008). Double immunofluorescent staining showed

that EGFL7 and CYTOKERATIN colocalized to the isolated

cytotrophoblast cell (Fig. 3I–L). Thus, our data demonstrate

that EGFL7 is expressed in endothelial cells and trophoblast

cells in both mouse and human placentas.

2.4. EGFL7 is downregulated in placentas of the BPH/5
mouse model of PE, prior to the onset of maternal signs of PE

To examine potential variations in the expression and spa-

tial distribution of EGFL7 in PE, we first utilized the BPH/5

mouse model of preeclampsia. E10.5 placentas from control

C57BL/6 and compromised BPH/5 fetoplacental units (see

Materials and Methods) were subjected to immunofluores-

cent staining for EGFL7 and CD31 (Fig. 4B–I). Importantly, this

time point is prior to the onset of the late-gestational signs of

PE in BPH/5 mice (Davisson et al., 2002). EGFL7 protein expres-

sion was reduced in the fetal labyrinth zone of the BPH/5 pla-

centas compared to C57BL/6 (Fig. 4C and G). Total levels of

CD31 appear unchanged (Fig. 4D, E, H and I), suggesting no

overall reduction in placental vascular density. The pattern

of the vessels, however, appears irregular in BPH/5 placentas.

In fact, a previous study reported the anatomical appearance

of attenuated and irregularly branched fetal vessels in isolec-

tin B4-stained BPH/5 placentas (Dokras et al., 2006). To provide

quantitative evidence, we performed Real Time RT-PCR

analysis of E10.5 placentas from C57BL/6 and affected BPH/5

fetoplacental units for Egfl7. Results demonstrated that Egfl7

mRNA levels were significantly downregulated in BPH/5 pla-

centas compared to C57BL/6 (Fig. 4A, *P < 0.05).

2.5. EGFL7 expression is significantly reduced in human
preeclamptic placentas

Our results in the mouse model of PE prompted us to

investigate potential variations in the expression of EGFL7
EGFL7 in placental trophoblast and endothelial cells and its impli-
od.2014.04.001
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Fig. 2 – EGFL7 is expressed in the trophoblast cell lineage of the mouse. In situ hybridization was performed to determine

Egfl7 mRNA localization, using an Egfl7 riboprobe on 100 lm thick vibratome sections of E10.5 C57BL/6 placentas (A). Shown

is the junctional zone of the placenta (A). Paraffin sections of the vibratome section showing cellular morphology of Egfl7

riboprobe staining in the junctional zone of the placenta (B). Arrows indicate positive Egfl7 transcript signal in the junctional

zone trophoblast cells. (TGC = trophoblast giant cell). To determine the cell type expressing EGFL7 protein in the placenta,

double immunofluorescent staining was performed on E10.5 C57BL/6 placentas (C–F) for the pan-trophoblast marker,

CYTOKERATIN (CK, red), EGFL7 (green), and nuclear DAPI (blue). Cross-section of E10.5 placenta showing the fetal labyrinth

(Lab), junctional zone (JZ, demarked by white lines) and maternal decidua (Dec). High magnification images (D–F) of the

junctional zone demonstrating colocalization of EGFL7 with CK in the JZ trophoblast cells (arrows). Whole mount

immunofluorescent staining of blastocyst-stage C57BL/6 embryos (G–J) for DAPI (blue), EGFL7 (red), and trophectoderm cell

marker, CDX2 (green) reveals EGFL7 protein localization to both inner cell mass (ICM) cells and trophectoderm cells

(arrowheads). Real Time RT-PCR data for Egfl7 transcript expression in trophoblast stem cells (TSC), embryonic stem cells

(ESC), and mouse embryonic fibroblasts (MEF), shows a significantly higher level of Egfl7 expression in TSC,**P < 0.01 (K, top).

Agarose gel with products of semi-quantitative RT-PCR for TSC, ESC and MEFs are shown, using Egfl7 and b-actin specific

primers (K, bottom). RNA in situ hybridization analysis of Egfl7 mRNA in TSC (L–O) defines Egfl7 transcript expression in TSC.

Phase-contrast and bright-field images of TSC incubated with an Egfl7 sense control probe (L and M), and an Egfl7 antisense

probe (N and O). Double immunofluorescent staining of TSC (P–T) for DAPI, EGFL7, and CDX2 demonstrating EGFL7 protein

localization to TSC. Phase-contrast image of TSC colony is shown in (P). Scale bars in D–F = 25 lm, G–J = 20 lm, C and L–

T = 100 lm.
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in human PE placentas. Biopsies from normal and PE human

placentas were obtained and analyzed. Clinical characteris-

tics of patients in this study are shown in Table 1 (Nelson

and Burton, 2010). The study group consisted of ten early-

onset preeclamptic patients with average pregnancy duration

of 32 weeks. The control group consisted of ten healthy preg-

nant women with average pregnancy duration of 39 weeks.

All patients underwent Cesarean sections. There were no
Please cite this article in press as: Lacko, L.A. et al, Novel expression of
cation in preeclampsia, Mech. Dev. (2014), http://dx.doi.org/10.1016/j.m
differences in patient age at delivery, gravidity, or parity

between the study and control groups. However, the study

group exhibited lower neonatal birth weight and placental

weight, higher systolic and diastolic pressure, and earlier ges-

tational age, all of which are characteristic of PE patients.

To examine the EGFL7 protein expression profile of normal

and PE placentas, we performed immunofluorescent staining

for EGFL7 and CD31 on human placental biopsies (Fig. 5A–F).
EGFL7 in placental trophoblast and endothelial cells and its impli-
od.2014.04.001
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Fig. 3 – EGFL7 is expressed in endothelial cells and trophoblast cells of the human placenta. Double immunofluorescent

staining of normal human placentas (A–D) for EGFL7 (red), CD31 (green), and nuclear Hoechst (blue) showing localization of

EGFL7 protein on endothelial cells. Double immunofluorescent staining of human chorionic villi from placentas at 40-weeks

of gestation (E–H) for nuclear Hoechst (blue), EGFL7 (red), and pan-trophoblast marker CYTOKERATIN (CK) (green)

demonstrates EGFL7 protein localization to trophoblast cells (arrows-fetal vessels, arrowheads-trophoblasts). Control

staining of a close-by section (insets, E–H) using IgG and secondary antibodies only and nuclear Hoechst (blue) shows

specificity of the antibodies. Expression of EGFL7 protein is found in human cytotrophoblast cells isolated from term

placentas (I-L). Cells were stained for Hoechst (blue), EGFL7 (red) and CYTOKERATIN (green) (I–L). Scale bars in E–H and

insets = 100 lm, and I–L = 30 lm.

Fig. 4 – EGFL7 is downregulated in the placentas of the BPH/5 mouse model of preeclampsia. Real Time RT-PCR data for Egfl7

transcript levels in E10.5 placentas from C57BL/6 (WT) and BPH/5 mice reveal a significant decrease in Egfl7 in BPH/5 mice
*P < 0.05 (A). Immunofluorescent staining for EGFL7 protein (red), CD31 (green), and nuclear DAPI (blue) on the fetal labyrinth

of E10.5 placentas from C57BL/6 (B–E) and BPH/5 mice (F–I) demonstrating a decrease in EGFL7 in BPH/5 placentas. Scale

bar = 100 lm.
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EGFL7 was immunodetected on the endothelium and tropho-

blast cells of the human placenta. When comparing immuno-

fluorescent staining of normal and PE placentas, EGFL7

appeared lower in both endothelial and trophoblast cells of

PE placentas (Fig. 5A and B), whereas no major differences

were observed for CD31 (Fig. 5C and D).
Please cite this article in press as: Lacko, L.A. et al, Novel expression of
cation in preeclampsia, Mech. Dev. (2014), http://dx.doi.org/10.1016/j.m
To quantify this observation, we performed Real-Time RT-

PCR analysis on normal and PE samples for EGFL7 (Fig. 5G)

and CD31 (Fig. 5H). EGFL7 mRNA expression was significantly

decreased by more than 10-fold in PE when compared to nor-

mal placentas (*P < 0.05). In contrast, no significant difference

in the level of CD31 mRNA was detected, suggesting the
EGFL7 in placental trophoblast and endothelial cells and its impli-
od.2014.04.001
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Fig. 5 – EGFL7 is significantly reduced in human preeclamptic placentas. Double immunofluorescent staining of normal and

preeclamptic (PE) human placentas (A–F) for EGFL7 protein (red), CD31 (green), and nuclear Hoechst (blue) revealing a decrease

in EGFL7 protein in PE placentas (arrows-fetal vessels, arrowheads-trophoblasts). Real Time RT-PCR data for EGFL7 (G), CD31

(H), and VEGF (I) on normal and preeclamptic (PE) human placentas demonstrating a significant decrease in EGFL7 transcript

levels in PE placentas, even further than the known angiogenic factor, VEGF (n = 10, *P < 0.05). Scale bars = 50 lm.

Table 1 – Clinical characteristics of pregnancies for placentas studied. Data are presented as median ± standard deviation and
analyzed using a student’s t-test.

Parameter Clinical characteristics of pregnancies for placentas studied

Preeclampsia (n = 10) Control (n = 10) Significance

Parity 0 ± 0.3 0
Gestational age (weeks) 32 ± 2 39 ± 0 <0.0001
Maternal age (years) 34 ± 4 35 ± 6 0.54
Gravidity 2 ± 1 2 ± 1 0.59
Birth weight (g) 1235 ± 359 3372 ± 354 <0.001
Birth weight percentile 9 ± 3 63 ± 18 <0.001
Placental weight (g) 236 ± 65 550 ± 55 <0.001
Systolic blood pressure at delivery (mm Hg) 161 ± 11 130 ± 5 <0.001
Diastolic blood pressure at delivery (mm Hg) 109 ± 8 82 ± 3 <0.001
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difference in EGFL7 transcript levels was not due to an overall

reduced expression of endothelial-specific genes or a reduc-

tion in vascular density (Costa et al., 2013; Nadra et al., 2010;

Nichol et al., 2010; van Tuyl et al., 2005). In our study, the

reduction in EGFL7 levels in PE was more pronounced as

compared to VEGF levels (Fig. 5I), a growth factor whose
Please cite this article in press as: Lacko, L.A. et al, Novel expression of
cation in preeclampsia, Mech. Dev. (2014), http://dx.doi.org/10.1016/j.m
implication in PE has been extensively studied by others,

and found to be either decreased (Cooper et al., 1996; Lyall

et al., 1997; Park et al., 2010) or increased (Akercan et al.,

2008; Chung et al., 2004; Geva et al., 2002) in PE placentas.

Thus, EGFL7 expression is significantly downregulated in both

a mouse model of PE and human PE placentas.
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Fig. 6 – Expression of NOTCH target genes and NOTCH receptors are downregulated in PE, concomitant with EGFL7. Real Time

RT-PCR data for NOTCH pathway members on normal and preeclamptic (PE) human placentas (A–H). Gene expression

analysis for HES1 (A), HEY1 (B), and HEY2 (C) demonstrating a significant decrease in all NOTCH target gene transcripts in PE.

Gene expression analysis for NOTCH receptors NOTCH1 (D), NOTCH2 (E), and NOTCH4 (F) demonstrating a significant

downregulation in NOTCH1 and NOTCH4, and a downward trend in NOTCH2 in PE patients. Gene expression analysis

indicating no change in NOTCH ligands DLL4 (G) and JAGGED1 (H). (n = 3–7, *P < 0.05). Immunofluorescent staining of a cross

section of human villi (I–K) for EGFL7 (red), NOTCH4 (green), and Hoechst (blue) (arrowheads-trophoblasts) shows

colocalization of EGFL7 protein and NOTCH4. (*P < 0.05) Scale bars = 50 lm.
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2.6. EGFL7 expression correlates with Notch signaling in
normal and PE placentas

Previous studies demonstrated that EGFL7 interacts with

and modulates Notch signaling in vitro and in vivo (Nichol

et al., 2010; Schmidt et al., 2009). To examine if EGFL7 and

the Notch signaling pathway are concomitantly dysregulated

in PE, we performed Real-Time RT-PCR analysis of normal and

human PE placentas for NOTCH pathway members and

NOTCH target genes. Our results demonstrated a significant

decrease in HES1, HEY1, HEY2, NOTCH1, and NOTCH4 mRNA

expression (*P < 0.05), and a downward trend in NOTCH2

expression in PE samples when compared to normal pla-

centas (Fig. 6A–F). In contrast, transcript levels for the Notch

ligands DLL4 and JAGGED1 were unchanged (Fig. 6G and H).

Additionally, double immunofluorescent staining of human

placentas revealed that EGFL7 colocalized with NOTCH4 on

the syncytiotrophoblast cells (Fig. 6I–K). Thus, downregula-

tion of Notch signaling members and NOTCH target gene

expression correlate with a downregulation of EGFL7 in PE

placentas, suggesting that EGFL7 may possibly function

through the Notch signaling pathway.

3. Discussion

PE is a complex placental disease that occurs in

approximately 2–7.5% of pregnancies worldwide (Dolea and
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AbouZahr, 2003; Wallis et al., 2008), yet the etiology of the dis-

ease remains unknown and early predictive biomarkers are

lacking. Research on the human placenta has mostly been

limited to studying the organ at late gestation and full term.

To fully understand the early causes and progression of this

placental disease, it is crucial to employ appropriate animal

and in vitro models. Our results show that expression of EGFL7

is significantly reduced in compromised placentas from the

BPH/5 mouse model of PE compared to control mice. These

findings are corroborated by our results from human PE

samples. Importantly, reduced EGFL7 expression in PE

placentas did not correlate with reduced expression of the

pan-endothelial marker CD31 or reduced density of CD31-

positive vessels. This suggests that the change in EGFL7 was

not a consequence of reduced vascular density. However, as

a caveat, CD31 transcript expression is an indirect indicator

for endothelial cell content and therefore may vary from the

total vascular density in the placenta.

Of interest to this study, EGFL7 was identified in two recent

microarray studies as one of the genes significantly reduced

in human PE placentas compared to normal placentas, con-

sistent with our data (Johansson et al., 2011; Junus et al.,

2012). Importantly, PE is thought to begin much earlier in ges-

tation than when the late-stage human placental biopsies

used in most studies are obtained (Merviel et al., 2004;

Waite et al., 2002). Our results describe changes in EGFL7

expression in phenotypically abnormal placentas of a PE
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mouse model, prior to the onset of characteristic maternal

signs of PE, suggesting EGFL7 may be an early biomarker for

the disease. It would be of interest to determine whether

EGFL7 is altered in phenotypically abnormal placentas of

other placental pathologies.

Moreover, we have shown that EGFL7 is downregulated in

human placentas of early-onset PE patients. Formally, we

cannot rule out the possibility that the difference in EGFL7

expression is due to a difference in gestational age (PE:

week-32 versus Normal: average of 39-week gestation). How-

ever, analysis of a single placenta at week-34 of gestation

from a normal pregnancy indicated that EGFL7 expression

levels were similar to those in normal term placentas (data

not shown). Furthermore, both early onset PE and intrauter-

ine growth restriction (IUGR) are associated with abnormal

placentation and changes in plasma levels of placental angio-

genic factors, but IUGR does not present with the maternal

signs of hypertension and proteinuria. A recent study

demonstrated that isolated IUGR with no maternal disease

is associated with the same changes in placental angiogenic

factors and subclinical endothelial dysfunction as in PE

(Crispi et al., 2006), suggesting the only difference between

these two diseases may be maternal manifestations of the

disease. Early-onset PE, which manifests by maternal

hypertension and proteinuria, and progresses to a systemic

hypoperfusion of multiple maternal organs, is often accom-

panied by abnormal fetal growth (Ness and Sibai, 2006), as

in the cases of our study (9/10; 90%). Therefore, reduced EGFL7

expression correlates with abnormal placentation that may

be associated with either early-onset PE or isolated IUGR.

Contribution of additional facilitating factors, possibly at the

level of maternal predisposition, may influence the manifes-

tation of maternal hypertension and proteinuria.

Previously, EGFL7 expression was thought to be restricted

to actively proliferating vascular endothelium and to embry-

onic stem cells (Campagnolo et al., 2008; Fitch et al., 2004;

Schmidt et al., 2009). Our study has used multiple methods

to uncover a novel and dynamic expression pattern for Egfl7

during murine placental development. Egfl7 is expressed

highly in the fetal and maternal vasculature of the placenta.

Its highly regulated expression pattern that correlates with

expression during embryonic development suggests a poten-

tial angiogenic role in placental angiogenesis. Notably, in

addition to its expression in the fetal and maternal vessels

of the placenta, we showed, for the first time, that Egfl7 was

also expressed in the trophoblast cell lineage, beginning at

the blastocyst stage and becoming restricted to a subset of

differentiated trophoblast cells in the mature placenta.

Trophoblast cells are the principal non-endothelial cell popu-

lations at the feto-maternal interface. Targeted mutations in

genes important for trophoblast cell differentiation result in

placental defects or complete loss of placenta formation

(Cross, 2005). Interestingly, knockdown of Egfl7 in ESC

decreases the proliferation rate of undifferentiated ESC and

impairs endothelial cord formation in an embryoid body

model of ESC differentiation (Durrans and Stuhlmann,

2010). Determining the role of Egfl7 in TSC and trophoblasts

will be crucial for understanding the molecular mechanisms

that control trophoblast lineage development and formation

of the placenta.
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EGFL7 has previously been shown to colocalize and func-

tionally interact with NOTCH to modulate Notch signaling

(Nichol et al., 2010; Schmidt et al., 2009). Notch signaling is

a crucial pathway for placental development that affects both

trophoblast and vascular cell function. For example, mouse

strains with targeted deletions in the Notch receptors

Notch1/4, their ligand Dll4, Notch target genes Hey1/2, or the

Notch nuclear co-activator RBPJj show defects in chorioallan-

toic branching and fetal placental angiogenesis (Duarte et al.,

2004; Fischer et al., 2004; Gale et al., 2004; Gasperowicz and

Otto, 2008; Krebs et al., 2004, 2000; Limbourg et al., 2005;

Oka et al., 1995). Mash2, a basic helix-loop-helix transcription

factor that is thought to be repressed by the Notch target Hes1

(Gasperowicz and Otto, 2008), is critical for trophoblast cell

fate specification in the mouse (Guillemot et al., 1994). Notch2

receptor function is crucial for formation of maternal blood

sinuses and maternal spiral artery and arterial canal remod-

eling (Hamada et al., 2007; Hunkapiller et al., 2011). A recent

study demonstrated that the Notch2 receptor is prominently

expressed in the junctional zone trophoblast cells at E10.5

(Gasperowicz et al., 2013), as is EGFL7. It would be of interest

to determine if EGFL7 functionally interacts with NOTCH2 in

the placental junctional zone. Here we showed that NOTCH4

colocalized with EGFL7 in the placenta, and that downregula-

tion of EGFL7 coincided with a reduction in Notch target gene

expression in human PE placentas. Together, our results sug-

gest EGFL7 may act, at least in part, as a NOTCH agonist in the

placenta. Interestingly, whereas Egfl7 was found to act as an

antagonist of Notch postnatally and in HUVECs (Nichol

et al., 2010; Schmidt et al., 2009), embryonic overexpression

of Egfl7 significantly increased Hey1 and Hey2 transcript lev-

els, consistent with acting as a Notch agonist during embryo-

genesis (Nichol et al., 2010). It will be important to further

explore the functional relationship between EGFL7 and the

Notch signaling pathway during placental development, in

addition to other pathways through which EGFL7 may be

functioning.

EGFL7 gain- and loss-of-function approaches will help to

fully understand the role of EGFL7 in the placenta and in pla-

centopathies, and to dissect the underlying mechanism in

both trophoblast cells and endothelial cells. It will be impor-

tant to examine if endothelial and/or trophoblast-derived

EGFL7 acts as an angiogenic factor in the placenta and if

secreted EGFL7 acts in an autocrine or paracrine fashion, as

has been suggested (Nichol and Stuhlmann, 2012). Of interest,

partial embryonic lethality at mid-gestation was reported in

the EGFL7 mutant mice that either overexpress EGFL7 or are

EGFL7 deficient (Nichol et al., 2010; Schmidt et al., 2007). It is

plausible that the partial lethality is, at least in part, due to

a dysfunction in placental development.

In conclusion, our study has uncovered a novel expression

domain for EGFL7 in non-endothelial trophoblast cell types.

Its novel and dynamic expression pattern suggests a potential

role in the molecular mechanisms that regulate trophoblast

cell proliferation, differentiation, and invasion during placen-

tal development. Our study also links a significant downregu-

lation of EGFL7 expression to PE placentas. We demonstrate

that, in a PE mouse model, the change occurs in phenotypi-

cally abnormal placentas before the onset of the characteris-

tic maternal signs of preeclampsia. It is tempting to speculate
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that EGFL7 could play a functional role in the pathophysiology

of PE, and that EGFL7 could be an early biomarker of PE.

4. Materials and methods

4.1. Mice and placental sampling

All animal protocols were approved by the Institutional

Animal Care and Use Committee at Weill Cornell Medical

College and Cornell University. BPH/5 mice were from

in-house colonies. C57BL/6 mice were obtained from Jackson

Laboratories and served as a control for the BPH/5 strain

(Davisson et al., 2002). For timed pregnancies, the day of visu-

alization of a vaginal plug was designated embryonic day 0.5

(E0.5). Fetoplacental units of BPH/5 pregnancies are of varying

status as assessed by ultrasonography in utero, ranging from

normal to compromised to resorbed (Davisson et al., 2002).

A subset of placentas were dissected only from E10.5 BPH/5

fetoplacental units that were compromised, i.e., with reduced

fetal size, heart rate, and blood flow as determined by

ultrasound as described (Davisson et al., 2002; Dokras et al.,

2006). Placentas from normal or resorbed BPH/5 fetoplacental

units were not sampled.

4.2. Human placenta sampling

Biopsies of placentas from normal (n = 10) and early-onset

PE pregnancies (n = 10) were obtained from the Catholic Uni-

versity of Rome. The study respected the principles expressed

in the Declaration of Helsinki and was approved by the Bio-

ethical Committee of the Catholic University of Rome. For

the collection of samples, all patients provided written

informed consent. Clinical criteria used to define preeclamp-

sia in our study were in accordance with the definition of the

International Society for the Study of Hypertension in Preg-

nancy (ISSHP). In short, a patient (previously normotensive)

was defined as being affected by PE if she had at least two dia-

stolic blood pressure measurements of 90 mm Hg in 24 h

(P4 h apart), accompanied by proteinuria of at least 300 mg

in a 24-h collection of urine. Early-onset PE diagnosis was

defined as the development of PE before the 34th week of ges-

tation. All 10 PE patients displayed abnormal uterine artery

Doppler velocimetry. Among PE patients, two had a normal

umbilical artery Doppler velocimetry, and five patients

showed altered umbilical artery Doppler data (two of which

were associated with a brain sparing effect). No Doppler data

were available for three PE patients. Nine out of ten (90%) of

the early-onset PE pregnancies were associated with intra-

uterine growth restriction, defined as an estimated fetal

weight below the 10th percentile for gestational age.

Chorionic villus samples were obtained from 3 healthy

patients during prenatal diagnosis on the 10th week of gesta-

tion, following standard biopsy procedures. Placental villi

from the third trimester of gestation were collected from 10

normotensive, healthy patients during Cesarean section by

multiple biopsies in the parasagittal plane with respect to

the umbilical cord insertion. Similar procedures were

followed for the collection of PE samples. Portions of all

placental sample types were immediately frozen in liquid
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patients in this study are shown in Table 1 (Nelson and

Burton, 2010).

4.3. Cell Culture

Mouse trophoblast stem cells (TSC) were gifts from Dr. Kat

Hadjantonakis (Memorial Sloan Kettering Institute, New York,

NY) and Dr. Janet Rossant (Hospital for Sick Children, Toronto,

Canada). TSC were cultured and maintained using published

methods (Tanaka et al., 1998), on mouse embryonic

fibroblasts (MEF) or with 50% MEF preconditioned medium.

Primary human cytotrophoblasts were isolated from term

placentas of normal patients, using a published protocol

(Hunkapiller and Fisher, 2008). Cytotrophoblast cells were

cultured on Matrigel-coated dishes in DMEM/H-21 medium

(Gibco) supplemented with 2% Nutridoma (Roche).

4.4. RT-PCR

Placentas from C57BL/6 and BPH/5 mice were dissected

and flash frozen in liquid nitrogen. TSC were grown on

60-mm plates for RNA extraction. For mouse and cell culture

studies, RNA was isolated using Trizol (Invitrogen) and reverse

transcribed using qScript cDNA Supermix (Quanta Biosci-

ences). Gene expression was measured quantitatively using

SYBR Green (Applied Biosciences) and specific primer sets

for b-actin and Egfl7 as described (Nichol et al., 2010). Differ-

ences among target expression were quantified using the

DDCT method with normalization to b-actin. For semi-quanti-

tative RT-PCR, cDNA was amplified using the following

primers:

Egfl7 (forward) 5 0-CCACAAAAAGAAGAAGGCTACCC-3 0

Egfl7 (reverse) 5 0-TCCAAGAAGGACCCTGCTCACTC-3 0

b-actin (forward) 5 0-GTGGGCCGCTCTAGGCACCAA-3 0

b-actin (reverse) 5 0-CTCTTTGATGTCACGCACGATTTC-3 0

Products were analyzed on agarose gels.

DNAse-free RNA from human placental tissue was pre-

pared using the RNeasy Mini Kit (Qiagen). RNA quality was

examined by determining the presence of ribosomal RNA

bands in agarose gels. RNA was reverse transcribed using ran-

dom primers and the Superscript First Strand Synthesis Sys-

tem (Invitrogen) following the manufacturer’s protocol.

Specific intron-spanning primers for EGFL7, CD31 and VEGF

were designed using Primer Express software (Applied Biosys-

tems, sequences are listed below). Gene expression was mea-

sured using Real Master Mix SYBR ROX (Eppendorf) and

normalized to GAPDH.

EGFL7: 5’-TCGTGCAGCGTGTGTACCAG-3 0, 5 0-GCGGTAGGCG

GTCCTATAGATG-3 0

CD31: 5 0-TAGCGCATGGCCTGGTTAGAG-3 0, 5 0-GGCGGTGCT

CCCAAGTAGTCT-3 0

VEGF: 5 0-ATGACGAGGGCCTGGAGTGTG-30, 5 0-CCTATGTGC

TGGCCTTGGTGAG-3 0

GAPDH: 50-TCGGAGTCAACGGATTTGGT-30, 5 0-GAATTTGCC

ATGGGTGGAAT-30
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NOTCH1: 5 0-GCGGGATCCACTGTGAGAA-3 0, 5 0-CCGTTGAAG

CAGGAGCTCTCT-3 0

NOTCH2: 5 0-AAAAATGGGGCCAACCGAGAC-3 0, 5 0-TTCATC

CAGAAGGCGCACAA-3 0

NOTCH4: 5 0-CGGGCCTCTCTGCAACCT-30, 5 0-GACGTCTAT

GCCTTGGCTCAGT-3 0

HES1: 5’-AAAGATAGCTCGCGGCATTC-3’, 5’-AGGTGCTTC

ACTGTCATTTCCA-3’

HEY1: 5 0-CATCGAGGTGGAGAAGGAGAGT-3 0, 5 0-GACATGG

AACCTAGAGCCGAACT-3 0

HEY2: 5 0-CGACCTCCGAGAGCGACAT-3 0, 5 0-CTTTGCCCCG

AGTAATTGTTCT-3 0

JAGGED1: 5 0-GGAGGCGTGGGATTCCA-3 0, 5 0-CCGAGTGAG

AAGCCTTTTCAATAAT-30

DLL-4: 50-CCAGCCAGATGGCAACTTGT-3 0, 5 0-CCCGAAAGAC

AGATAGGCTGTT-3 0

4.5. RNA in situ hybridization

Egfl7 cDNA probes were generated by RT-PCR using the

following primers: Egfl7 forward 5 0-AGTTACTGGTGCCAGGG

ATG-3 0 and Egfl7 reverse 5 0-TCCTCCAAGAAGGACACCTG-30.

Amplicons were subcloned into pCR-2.1 or pCRII-Topo-TA

vectors (Invitrogen) and linearized with SpeI or EcoRV. All

probes were synthesized using DIG-labeling mix (Roche)

according to manufacturer’s instructions.

In situ hybridization (ISH) was performed by modification

of the protocol described by Hurtado and Mikawa (2006).

C57BL/6 placentas were isolated, fixed in 4% paraformalde-

hyde, and methanol dehydrated. Placentas were rehydrated,

incubated in 5% low melt agarose (BioRad) at 42 �C for 2 h,

and embedded in 5% low melt agarose through solidification

at room temperature. Blocks were cut at 100 lm thickness.

Agarose was removed; sections were washed in PBT (PBS-

0.01% Tween20), and treated with Proteinase K (10 lg/ml,

Roche) for 20 min. After terminating Proteinase K reaction

with Glycine (2 mg/ml) and postfixation with 4% paraformal-

dehyde–0.1% gluteraldehyde (40 min), samples were washed

with PBT, preincubated with hybridization buffer (50% Form-

amide, 200 lg/ml Yeast RNA, 0.5% Chaps, 1.3· SSC, 5 mM

EDTA, 100 lg/ml Heparin, 0.2% Tween20 in DEPC-H2O) for

1hour at 60 �C, and incubated overnight with DIG-labeled

RNA probes (1 lg/ml) at 60 �C. Samples were washed and

blocked with 2% Boehringer Blocking Reagent (BBR) (Roche)

in MABT for 1 h and 2% BBR–20% NGS in MABT for 1hour, then

incubated with alkaline phosphatase conjugated anti-DIG

(Roche) at 1:2000 overnight at 4 �C. Samples were washed with

MABT then NTMT (100 mM NaCl, 100 mM Tris–HCl pH9.5,

50 mM MgCl2, 1% Tween20, 20 lM Levamisole, in H2O). Signals

were detected with NBT-BCIP (Roche) chromogenic substrate

in NTMT at 4 �C. Samples were post-fixed in 4% paraformalde-

hyde and imaged using a DKC-5000 (Sony) Digital Photo

Camera.

Specimens were processed for paraffin sectioning as

described by Hurtado and Mikawa (2006). Briefly, after ISH

specimens were post-fixed with 4% paraformaldehyde in

PBS, rocking for 48 h at room temperature, and then overnight

at 4 �C. Specimens were then dehydrated stepwise in ethanol/
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double distilled H2O solutions as follows: 70% ethanol for

10 min, 90% ethanol for 10 min, 95% ethanol for 10 min,

3 · 100% ethanol for 10 min, 1:1 of ethanol/Citrisolv (Sigma)

for 15 min. Specimens were then incubated in paraffin at

65 �C as follows: 1:1 of Citrisolv/paraffin for 15 min, 3 · paraf-

fin for 1 h, paraffin overnight, 2 · paraffin for 1 h. Specimens

were then embedded in paraffin in a sagittal orientation

and sectioned at 10 lm thickness. Sections were rehydrated

through a series of ethanol washes (100%, 90%, 85%, 70%),

counterstained with Nuclear Fast Red (Sigma–Aldrich), dehy-

drated through a series of ethanol washes (70%, 85%, 90%,

100%), and mounted with Permount (Fisher Scientific).

For TSC, in situ hybridization was performed as above with

the following modifications: TSC were cultured on 8-chamber

slides (BD Biosciences) for 2 days prior to fixation and Protein-

ase K incubation was carried out for 3 min.

4.6. Antibodies

The following primary antibodies were used for all immu-

nostaining: EGFL7 (Santa Cruz, SC-34416, 2 lg/ml; R&D Sys-

tems AF3089; 2 lg/ml, In-house EGFL7 (Fitch et al., 2004),

1:100), CD31 (BD Biosciences, 553370; 5 lg/ml (mouse studies)

or 0.78 mg/ml (human studies)), CDX2 (Biogenex; CDX2-88;

25 mg/ml), Cytokeratin (DakoCytomation; 53.5 lg/ml (human

studies)), Cytokeratin (DAKO Z0622; 12 lg/ml (mouse studies)),

and NOTCH4 (Santa Cruz, SC-5594; 2 lg/ml). The following

secondary antibodies were used: Dylight 594-donkey-a-goat

(Jackson Immunoresearch, 1.5 lg/ml), Alexa 488-donkey-a-

goat (Jackson Immunoresearch, 1.5 lg/ml) or Cy3-donkey-a-

goat (Chemicon, 4 lg/ml), Alexa488 donkey-a-rabbit (Jackson

Immunoresearch, 1.5 lg/ml) or FITC-donkey-a-rabbit (Chem-

icon, 4 lg/ml), Alexa488 donkey-a-mouse (Jackson Immunore-

search, 1.5 lg/ml (mouse studies) or Invitrogen, 4 lg/ml

(human studies)).

4.7. Immunofluorescence

Mouse whole fetoplacental units or placentas alone were

isolated and embedded in an OCT:30% sucrose (2:1) mixture.

Sections were permeablized in 0.5% Triton-X/0.1% Saponin/

PBS (TSP) and blocked with 1% donkey serum in 0.1% TSP/

PBS (PBS–TSP). Primary antibodies (EGFL7, CD31, CYTOKERA-

TIN) were incubated for 3 h at 37 �C in block, then secondary

antibodies in block, and mounted with Prolong Gold + DAPI

(Invitrogen).

TSC were grown on 8-chamber slides (BD Biosciences) for

2–4 days and fixed with cold methanol for 5 min. TSC were

washed in PBS-TSP and blocked with 1% donkey serum in

PBS. Primary antibodies (EGFL7, CDX2) were incubated over-

night at 4 �C or 2 h at RT in block, then secondary antibodies

in block, and mounted as above.

For the human studies, sections were fixed in methanol for

5 min at �20 �C and blocked in 10% donkey serum/PBS. Sec-

tions were incubated with primary antibodies (EGFL7, CD31,

CYTOKERATIN, NOTCH4) in 0.1% BSA/PBS overnight at 4 �C.

Sections were incubated in secondary antibodies, stained

with Hoechst33342 (Sigma–Aldrich), and mounted with

Möwiol (Sigma–Aldrich).
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Primary human cytotrophoblasts were cultured overnight,

fixed with ice-cold methanol for 5 min at �20 �C, and immu-

nostained with EGFL7 and CYTOKERATIN antibodies.

All images were acquired using an Axioplan 2 imaging

microscope (Carl Zeiss) or a LSM Live 5 line scanner confocal

microscope (Carl Zeiss).

4.8. Whole mount immunostaining

Blastocyst-stage embryos were isolated by flushing uteri

with M2 Medium (Sigma). Embryos were collected between

E3.5 and E4.0, washed with M2 medium, fixed in 2% parafor-

maldehyde, and permeablized with 0.25% Triton-X/PBS.

Embryos were blocked with 2.5% donkey serum/0.5%

PBS–TSP/PBS, and incubated with primary antibodies (EGFL7,

CDX2) overnight at 37 �C in block. Blastocysts were incubated

with secondary antibodies and mounted with Prolong Gold +

DAPI using Fastwell spacers (Sigma–Aldrich).

4.9. Statistics

Data are represented as mean ± SEM. The data were ana-

lyzed using a student’s t-test with statistical significance

defined as P < 0.05.
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