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Abstract

Heparin-binding epidermal growth factor (EGF)-like growth factor (HBEGF) is expressed in the
embryo and uterus at the implantation site, stimulating trophoblast invasive activity essential
for placentation. The effect of extraembryonic HBEGF deficiency on placental development was
investigated by breeding mice heterozygous for the Hbegf null mutation. On gestation day 13.5,
the average placental weights of the wild-type (Hbegf+/+) and heterozygous (Hbegf+/−) mice were
approximately 76 and 77 mg, respectively, as opposed to reduced average placental weights of
approximately 61 mg in homozygous null (Hbgef−/−) females. In contrast, fetal weights were not
significantly affected by genotype. HBEGF immunostaining in placental sections was Hbegf gene
dosage-dependent, while expression of other EGF family members was comparable in Hbegf+/+

and Hbegf−/− placentas. Histological analysis revealed no apparent differences in trophoblast giant
cells, but the spongiotrophoblast region was reduced compared to labyrinth (P < 0.05) in Hbegf null
placentas. While no differences in cell apoptosis were noted, proliferation as assessed by nuclear
Ki67 staining was elevated in the labyrinth and decreased in the spongiotrophoblast region of
Hbegf −/− placentas. Labyrinth morphology appeared disrupted in Hbegf −/– placentas stained
with laminin, a marker for capillary basement membrane, and the capillary density was reduced.
Immunohistochemical staining revealed reduced vascular endothelial growth factor (VEGF) levels
in both spongiotrophoblast and labyrinth (P < 0.01) regions of Hbegf −/− placentas. In vitro, HBEGF
supplementation increases the expression of VEGF in a human trophoblast cell line. These findings
suggest that trophoblast HBEGF promotes placental capillary formation by inducing VEGF in the
developing placenta of mice.

Summary Sentence

Studies using a transgenic mouse model reveal HBEGF deficiency in extraembryonic tissues
reduces placental size.
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Introduction

Heparin-binding EGF-like growth factor (HBEGF) is a member of
the epidermal growth factor (EGF) family of peptide growth and dif-
ferentiation factors [1, 2]. The EGF family includes EGF, HBEGF,
transforming growth factor-alpha (TGFA), amphiregulin (AREG),
epiregulin, betacellulin, neuregulins, and the NRG-2 peptides [1].
Like other members of this family, HBEGF is synthesized as a trans-
membrane precursor (proHBEGF) that is processed by a metallo-
proteinase to release the soluble ectodomain (sHBEGF) from the cell
surface [2]. Both proHBEGF and sHBEGF can activate its cognate
receptors, EGFR/ERBB1 and ERBB4, with requisite binding to cell
surface heparin sulfate proteoglycans as cofactors [1–3]. The family
of ERBB receptor tyrosine kinases includes four transmembrane pro-
teins, EGFR/ERBB1, ERBB2, ERBB3, and ERBB4, which bind EGF
family ligands. The cytoplasmic domains become autophosphory-
lated through receptor homo- or heterodimerization upon ligation,
thus transmitting downstream signaling to regulate cell growth and
differentiation.

HBEGF is involved in a number of physiological and patholog-
ical processes that include wound healing [4], heart development
[5, 6], oncogenic transformation [7], and blastocyst implantation
[8–10]. HBEGF is expressed in both the blastocyst and the lumi-
nal epithelium during implantation in several species, including hu-
mans and rodents [9]. It is also expressed in the decidua and pla-
cental trophoblast cells [8]. HBEGF is a critical signaling molecule
for pregnancy success that directs trophoblast survival and invasion
during implantation and placentation [10–12]. The in vivo function
of HBEGF during development was examined in Hbegf mutant mice
(Hbegf−/−), revealing that it is essential for embryonic heart devel-
opment, but embryo implantation goes forward [5]. The Hbegf−/−

embryos appear to implant normally and Hbegf+/− embryos develop
into healthy adults. However, HBEGF expression in the uterus and
decidua appears to be critical during implantation. Using Hbegf−/−

mice it was found that loss of maternal HBEGF deferred on-time im-
plantation and compromised pregnancy outcome [10]. In humans,
HBEGF is expressed in the placenta throughout pregnancy [13–16].
Notably, HBEGF expression is deficient in trophoblast cells of pla-
centas of women with preeclampsia [13, 16], a hypertensive disorder
associated with poor trophoblast invasion [17] and elevated apopto-
sis [18, 19]. These findings suggest that in addition to its role during
blastocyst implantation, HBEGF could provide essential functions
during placental development. Although there is reason to suspect
that HBEGF deficiency directly impedes normal heart development
[5], developmental defects of the fetus, including heart, can arise sec-
ondarily from gene deletions that disrupt the structural organization
and function of the placenta [20–22].

In humans, HBEGF appears to regulate trophoblast invasion and
survival. In vitro studies using an immortalized first trimester hu-
man trophoblast cell line demonstrated that EGF family members
EGF, TGFA, and HBEGF could induce its differentiation to an ex-
travillous trophoblast phenotype [11]. HBEGF and other members
of the EGF family have cytoprotective activity in trophoblast cells
exposed to various forms of oxidative stress [23, 24]. Survival of tro-
phoblast cells at low O2 concentration (2%) is dependent specifically
on HBEGF signaling [12, 25]. These in vitro studies are consistent
with HBEGF having a critical role in human placentation, and are
supported by the observation of its disruption in vivo associated
with preeclampsia [13, 16]. Unfortunately, a direct role of HBEGF

dysfunction in pathologies stemming from poor placentation is dif-
ficult to establish in humans. However, the Hbegf−/− mouse model
offers an opportunity to investigate the in vivo function of HBEGF
in trophoblast cells during placenta development.

In rodents, the fully developed placenta is composed of three ma-
jor layers. In mice, they are the maternal decidua, the placenta junc-
tional zone, and the innermost labyrinth [26]. The outer maternal
layer includes decidual cells of the uterus, and maternal vasculature
[26]. The decidua is devoid of trophoblast cells until mid-gestation
when trophoblast cells invade into the decidua and spiral arteries, re-
placing the endothelium and thereby promoting the transition from
endothelial cell- to trophoblast cell-lined maternal blood spaces [27].
The middle junctional region attaches the fetal placenta to the uterus
and contains fetoplacental (trophoblast) cells that invade the uterine
wall and maternal vessels [26]. The junctional zone consists of spon-
giotrophoblast cells (spongiotrophoblast region) and a layer of tro-
phoblast giant cells that delimit the implantation site [27]. The inner
labyrinth layer is composed of highly branched maternal blood si-
nuses intertwined with fetal capillaries for efficient nutrient exchange
[26, 28]. The sinuses contain maternal blood and are composed of
outer epithelial layers that are derived from the trophoblast cell lin-
eage (mononuclear layer of trophoblast cell, layer I) and a bilayer of
syncytiotrophoblast cells (layers II and III), and fetal blood vessels
[26]. The nutrients, gases, and waste must diffuse or be transported
across the four layers to get from one blood compartment to the next
[26].

We hypothesize that placental development is compromised in
the absence of intercellular signaling by HBEGF, which in turn
compromises trophoblast differentiation and survival. Therefore,
we compared placentation in Hbegf+/+ and Hbegf−/− mouse con-
ceptuses developing in heterozygous dams, focusing on trophoblast
differentiation and signaling in placentas on day 13.5 of gestation.

Materials and methods

Animal
All mice used in this investigation were housed in the Vanderbilt An-
imal Care Facility according to National Institutes of Health and in-
stitutional guidelines for laboratory animals. HBEGF heterozygous
(Hbegf+/−) mice on a C57BL/6J genetic background were gener-
ated as previously described [5]. Mouse Hbegf cDNA containing the
polyadenylation sequence flanked by loxP sequences was fused with
the first exon of the mouse Hbegf gene. Cre-mediated recombina-
tion led to deletion of Hbegf cDNA concomitant with expression of
the lacZ inserted downstream. Mice with systemic deletion of Hbegf
were generated by breeding Hbegfflox / lox mice with CAG-Cre mice
[10]. Hbegf+/− females were mated with Hbegf +/− males to induce
pregnancy (day 0.5 = vaginal plug).

Conceptuses were removed on gestation day 13.5 from Hbegf+/−

dams. Each fetus was separated, weighed, and genotyped using ge-
nomic DNA by PCR [5]. Placentas were weighed, fixed, and em-
bedded in paraffin for sectioning. Sections were stained with hema-
toxylin and eosin (H&E).

Immunohistochemistry
Immunohistochemistry was performed using a DAKO (Carpinteria,
CA) Autostainer Universal Staining System, as previously described
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[11, 13, 15]. Rehydrated sections of placenta were labeled for 1 h
at 25◦C with either 10 μg/ml nonimmune goat IgG (Jackson Im-
munoresearch Laboratories, West Grove, PA) or 5 μg/ml goat poly-
clonal antibody against human HBEGF (AF259), EGF (AF2028),
TGFA (AF239), AREG (AF989), laminin (EMD Millipore AB2034),
or vascular endothelial growth factor (VEGF) (AF293) (R&D sys-
tems unless otherwise indicated). Tissues were then incubated for
1 h at 25◦C with 0.1 μg/ml rabbit anti-goat IgG (Jackson Im-
munoresearch). To visualize and quantify antigen, an Envision Sys-
tem peroxidase anti-mouse/rabbit kit (DAKO) was used in conjunc-
tion with image analysis, according to our published procedure [13].
Images were processed using Simple PCI (C-Imaging Corp., Cran-
berry Township, PA), and the average gray level was obtained for
semiquantitative analysis, as previously described [13, 29]. Values
obtained with IgG substituted for primary antibody were subtracted
from each sample.

In brief, microscopic images were obtained at ×10 magnification
with a DM IRB inverted microscope (Leica, Wetzlar, Germany) at
the same light settings and processed for printing with Photoshop
version 5.0 using identical conditions of enlargement, color balance,
contrast, and brightness. Images were semiquantitatively analyzed
using Simple PCI. The 8-bit monochrome images were obtained from
the antibody labeled slides at ×40 magnification with blue and green
filtered light. The white level was obtained from the region without
any tissue, while the average gray level of staining was established
from the region with placenta tissue. The stain intensity was calcu-
lated by subtraction of the gray level from 255. The staining intensity
of each antibody was averaged from triplicate readings of a target
area after subtracting the background from nine slides incubated
with IgG. In our preliminary experiments, the concentration of the
primary antibody was selected that produced a stain intensity within
the linear response range in stained trophoblast cells cultured on the
slides.

Competition experiments were done by incubating sections of
placenta with anti-HBEGF (mab2591), anti-EGF (AF2028), anti-
TGFA (AF239), and anti-AREG (AF989), all from R&D Biosys-
tems, adsorbed with a 10-fold molar excess of mouse recombinant
HBEGF (Novus Biosciences), EGF (Novus Biosciences), rat TGFA,
and mouse AREG, performed as described above.

Morphometric analysis
Images of central cross sections through the placenta were used. The
spongiotrophoblast region and labyrinth layers of the entire placen-
tal area were circumscribed, and the areas were measured by image
analysis, using Simple PCI in 10 Hbegf+/+ placentas, 18 Hbegf+/–

placentas, and 10 Hbegf–/– placentas, and reported as a fraction of
the total placenta area, including the labyrinth. The size of spon-
giotrophoblast region or labyrinth layer in proportion to the total
area from these two layers was also reported. In addition, laminin-
highlighted capillaries were counted in images taken from laminin-
stained sections and recorded as the average number from three fields
for each of 8 Hbegf +/+ placentas and 8 Hbegf −/− placentas (one
placenta was randomly selected from each mouse).

Proliferation and cell death assays
Proliferation was quantified by immunohistochemical staining of
nuclear Ki67, as previously described [15, 30]. Sections labeled by
immunohistochemistry with a mouse monoclonal antibody against
Ki-67 (DAKO) were counterstained with hematoxylin and similarly
assessed for the percentage of Ki-67/hematoxylin-labeled nuclei as

an index of cell proliferation. Cell death was detected by termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL), using an alkaline phosphatase-based kit from Roche Ap-
plied Science (Indianapolis, IN) and counterstaining with hema-
toxylin as previous described [15, 30]. Slides were viewed at ×200
magnification and digital images were analyzed to determine the
percentage of TUNEL/hematoxylin-labeled nuclei (TUNEL index)
from triplicate fields. Positive and counterstained cells were counted
to obtain the Ki67 and TUNEL indices (%+).

Cell culture and treatments
The HTR-8/SVneo cytotrophoblast cell line [31] was maintained at
passages 29–45 in a 1:1 mixture of DMEM and Ham’s F12 me-
dia (DMEM/F12; Sigma Chemical Co., St. Louis, MO) containing
10% donor calf serum and cultured at 37◦C in a humidified, 5%
CO2/95% air incubator. HTR-8/SVneo cells were cultured for 24 h
in serum-free medium containing 5 mg/ml BSA (Sigma) in six-well
microtiter plates (Becton Dickinson Labware, Bedford, MA). The
cells were then treated with 0, 0.1 nM, 1 nM, or 10 nM HBEGF
(R&D system) for 24 h.

VEGF ELISA
HTR-8/SVneo cells treated for 24 h with recombinant human
HBEGF were extracted with 600 μl/plate of PBS containing 0.5%
Tween 20 (Sigma) and protease inhibitors (1 μg/ml each of leu-
peptin, chymostatin, and pepstatin, 25 KIU/ml aprotinin, 2 μg/ml
antipain, and 10 μg/ml benzamidine; all from Sigma). Extracts were
centrifuged at 5000 g and the supernatants were stored frozen at
−70◦C. Total cellular protein concentrations were determined using
a Pierce BCA protein assay kit (ThermoFisher Scientific, Waltham,
MA) for all cell lysates. ELISA was performed using the VEGF Quan-
tikine ELISA kit (R&D Systems). The optical density of the final
reaction product was determined at 450 nm using a programmable
multiplate spectrophotometer (Power Wave Workstation; Bio-Tek
Instruments) with automatic wavelength correction. VEGF concen-
trations were calculated from the corresponding standard curve.

Statistics
The data were analyzed for any differences between the means by
two-tailed t-test for two independent groups and ANOVA for three
or more independent groups by SPSS 21. A Tukey HSD post hoc test
was performed if significant difference was identified in ANOVA. A
P value of 0.05 and less was deemed to be statistically significant.

Results

Hbegf-null mice have smaller placentas with normal
size fetuses
In mice, the definitive placental structure is established by gestation
day 12.5. In our current study, 9 Hbegf heterozygous (Hbegf+/–) fe-
males were mated with Hbegf+/– males and 68 conceptuses were col-
lected on gestation day 13.5 and genotyped. The ratio of Hbegf+/+:
Hbegf +/−: Hbegf−/- conceptuses was 14:36:18. The average weights
of Hbegf+/+, Hbegf +/−, and Hbegf−/– fetuses were 0.151 ± 0.042 g,
0.143 ± 0.041 g, and 0.139 ± 0.027 g, respectively (Figure 1). No
significant difference (P > 0.05) was found among the three groups.
The average placental weights of Hbegf+/+, Hbegf +/−, and Hbegf−/−

conceptuses were 0.076 ± 0.017 (n = 14) g, 0.077 ± 0.014 (n = 36)
g, and 0.060 ± 0.015 (n = 18) g (Figure 1). The Hbegf−/− placentas



220 Z. Liu et al., 2019, Vol. 100, No. 1

Figure 1. Fetal weight and placental weights of Hbegf+/+, Hbegf+/−, and
Hbegf−/− conceptuses. ∗ P < 0.01.

were significantly lighter than Hbegf+/+ or heterozygous placentas
(P < 0.01). No significant difference was found between Hbegf+/+

and Hbegf+/− placentas (P > 0.05). These results show a 21% de-
crease in placental weight was not sufficient to significantly reduce
fetal weight.

EGF family expression in Hbegf−/− placentas
Members of the EGF family, including EGF, HBEGF, TGFA, AREG,
BTC, and EREG, are expressed in the human placenta, and regulate
implantation and placentation [11, 16]. Immunohistochemistry was
performed to evaluate their expression in mouse placentas of the
three genotypes, as it provides important information on the lo-
cation, as well as the amount, of expressed protein. In Hbegf+/+,
the expression of EGF family members (HBEGF, TGFA, EGF, and
AREG) was stronger (P < 0.05) than background (nonimmune IgG)
controls (Supplemental Figures S1 and S2) or labeling with anti-
body preadsorbed with the corresponding recombinant growth fac-
tor (Figure 2E), according to semiquantitative analysis. HBEGF was
present throughout Hbegf+/+ placentas (n = 24; Figure 2A and E),
moderately expressed in Hbegf+/− placentas (n = 17, P < 0.05;
Figure 2E), but was not detected in Hbegf−/− placentas (n = 21,
P < 0.05; Figure 2B and E). However, the placental expression of
TGFA (Hbegf+/+ n = 24, Hbegf+/− n = 9, Hbegf−/− n = 21; Figure
2E), EGF (Hbegf+/+ and Hbegf−/− n = 12; Figure 2C–E), and AREG
(Hbegf+/+ n = 13, Hbegf−/− n = 11) did not differ (P > 0.05) among
the three genotypes.

Spongiotrophoblast region is reduced in Hbegf−/−

placentas
To explore morphological changes in Hbegf−/− conceptuses, placen-
tas of the three genotypes were sectioned and stained with H&E. The
size of the spongiotrophoblast region in proportion to the whole pla-
cental area including spongiotrophoblast region and labyrinth layer
was examined (Figure 3A–D). Morphometric analysis demonstrated
the relative size of the spongiotrophoblast region to be 50.6%,

43.2%, and 36.9%, as a fraction of the total placental measured
area in Hbegf+/+, Hbegf +/−, and Hbegf−/− placentas (n = 8 for all
groups), respectively, including the labyrinth (Figure 3E). The rela-
tive size of the spongiotrophoblast region in Hbegf−/− placentas was
significantly reduced compared with Hbegf+/+ placentas (P < 0.05).
The relative size of the spongiotrophoblast region in Hbegf+/− pla-
centa was intermediate and did not differ from the other genotypes
(P > 0.05). The absolute size of labyrinth layer did not significantly
differ among the three phenotypes, but the absolute size of spon-
giotrophoblast region demonstrated the same pattern of change as
its relative size (data not shown).

Proliferation is altered in Hbegf−/− placentas
To examine the cause of reduction of the spongiotrophoblast re-
gion in Hbegf−/− placentas, apoptosis and proliferation were evalu-
ated by TUNEL and Ki67 immunostaining, respectively. There were
no differences in apoptosis in either the spongiotrophoblast regions
or labyrinth layers between Hbegf+/+ and Hbegf−/– placentas (not
shown). However, proliferative capacity was significantly reduced
in the spongiotrophoblast region and increased in labyrinth layer
of Hbegf−/– placentas (n = 10) compared with Hbegf+/+ placentas
(n = 11; Figure 4).

Labyrinth morphology is disrupted in Hbegf−/−

placentas
The labyrinth layer contains trophoblasts and blood vessels. To high-
light labyrinth structure, capillaries were labeled with anti-laminin
by immunohistochemistry (Figure 5A). Examples of two fields from
Hbegf+/+ placentas appear in the left panels and examples from
Hbegf–/– placentas appear in the right panels. In Hbegf+/+ placen-
tas, fetal capillaries (fc) were clearly circumscribed by a basement
membrane containing laminin. Capillaries in the Hbegf−/− placentas
were poorly defined and contained disorganized laminin structures
(arrows in Figure 5A). Capillaries were counted to quantify the den-
sity of capillaries in the labyrinth (Figure 5B). Analysis demonstrated
a reduced density of laminin-lined capillaries (n = 8, P < 0.02) in
Hbegf−/− placentas (57.7 ± 11.5/field), compared to the Hbegf+/+

placentas (n = 8, 71.3 ± 8.9/field).

Expression of VEGF is reduced in Hbegf−/− placentas
VEGF is a key factor regulating blood vessel genesis. Immunostaining
was used to detect VEGF expression in trophoblast cells. VEGF ex-
pression was significantly reduced in the labyrinth layer (P < 0.01)
of Hbegf−/− placentas (n = 9) compared with Hbegf+/+ placentas
(n = 7) (Figure 6), and exhibited a trend toward reduction in spon-
giotrophoblast (P = 0.06).

HBEGF upregulates VEGF expression in a human
trophoblast cell line
To explore the role of HBEGF in regulating the expression of VEGF
in trophoblast cells, an in vitro study with placental trophoblast was
performed, using the human trophoblast cell line, HTR-8/SVneo.
HBEGF supplementation (≥0.1 nM) increased the expression of
VEGF after 24 h of treatment (P < 0.01) as measured by ELISA
(Figure 7). Of note, 1 nM HBEGF is the concentration achieved
within 4 h during hypoxic treatment of HTR-8/SVneo cells [12].
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Figure 2. Expression of EGF family proteins in placentas with different Hbegf genotypes. Immunohistochemistry of HBEGF (A, B) and EGF (C, D) in Hbegf+/+ (A,
C) and Hbegf−/−(B, D) placentas. Size bar in C, 500 μm. S, spongiotrophoblast region; L, labyrinth; D, decidua. Semiquantification of expression of HBEGF and
TGFA in placentas of the three genotypes (E, top panels), and the growth factors EGF and AREG in Hbegf +/+ and Hbegf –/− genotypes (E, bottom panels) are
shown. The open bars indicate values for placentas in which the antibody had been incubated with recombinant antigen, as described in competition experiment
of Materials and Methods section (n = 3). Values are compared to IgG control shown in Supplemental Figure 1. Nonmatching letters over bars indicate P < 0.05.

Discussion

In this study, we explored the role of extraembryonic HBEGF dur-
ing placentation in mice. During pregnancy, the placenta is ex-
posed to both maternal and fetal (extraembryonic and embryonic)
HBEGF. Therefore, it is difficult to isolate the effects of extraem-
bryonic HBEGF from maternal and embryonic HBEGF. The ideal
approach to study the effect of HBEGF on placentation would be to
transfer Hbegf+/+ or null embryos to Hbegf−/− dams. Unfortunately,

Hbegf−/– females rarely survive to reproductive age (our unpublished
data). Thus, we mated Hbegf+/– males and females and compared
the status of placentas among the three resulting fetal genotypes.
As expected, the expression of extraembryonic HBEGF decreased in
proportion to Hbegf gene dosage in placentas. Other members of the
EGF family, including EGF, TGFA, and AREG, failed to compen-
sate for the loss of HBEGF in the placenta, since their expression was
not altered with Hbegf gene dosage in the placentas, and Hbegf−/–
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Figure 3. Morphology of placentas with different Hbegf genotypes. (A–D) H&E staining of Hbegf+/+ and Hbegf−/− placentas at low (×20) and high (×200)
magnifications. Size bars, 500 μm. Sp or S, spongiotrophoblast region; L, labyrinth. E. Relative cross-sectional size of the labyrinth and spongiotrophoblast
region. Nonmatching letters indicate P < 0.05, while bars that share a letter are not statistically different due to genotype.

placentas weighed less than Hbegf+/– and Hbegf+/+ placentas. Our
data show that extraembronic HBEGF has important roles in mouse
placentation, even under the influence of maternal HBEGF.

The mouse placenta is comprised of three major layers: mater-
nal decidua, junctional zone consisting of parietal giant trophoblast
cell layer and spongiotrophoblast region, and labyrinth layer. The
labyrinth layer is exposed to both maternal and fetal HBEGF. How-
ever, the spongiotrophoblast is not directly exposed to maternal and
embryonic HBEGF. Therefore, the effects of HBEGF on the devel-
opment of spongiotrophoblast mainly reflect extraembryonic contri-
butions. We found that the spongiotrophoblast region was smaller
in Hbegf−/− placentas, suggesting that extraembryonic HBEGF de-
ficiency restricts the full development of the spongiotrophoblast re-
gion. This is also consistent with our observation that Ki67 staining

is reduced in the spongiotrophoblast, compared with labyrinth, re-
gion.

HBEGF receptors, EGFR/ERBB1 and ERBB4 [1–3], are both
expressed in murine placentas. There was no difference in the ex-
pression level and pattern for these receptors among HBEGF wild
type, heterozygous, and null placenta (unpublished data). EGFR
is expressed primarily in the decidua, trophoblast giant cells, and
spongiotrophoblast cells, with low levels detected in the labyrinth
[32]. Homozygosity for a null allele of EGFR in mice leads to peri-
implantation or postnatal lethality that is strongly dependent on
genetic background [33–35]. EGFR null fetuses, which die at mid-
gestation or postnatal stage, have reduced spongiotrophoblast region
and small placentas [33, 34]. Our data demonstrating smaller pla-
centas and reduced spongiotrophoblast region in Hbegf−/− mice are
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Figure 4. Cell proliferation in labyrinth and spongiotrophoblast regions of
placentas with different Hbegf genotypes. Proliferation was measured by im-
munohistochemistry for Ki67. Images of sections stained for Ki67 (A) were
semiquantified (B), as described in the Materials and Methods section. WT:
wild type; KO: knockout. ∗, P < 0.05; ∗∗∗, P < 0.001

consistent with the above findings. However, the effects of loss of
HBEGF on the spongiotrophoblast region are milder than in the
EGFR knockout, probably due to some compensatory effects of
other EGFR agonists such as EGF and/or TGFA in Hbegf−/− mice.
ERBB4 is expressed in the murine placenta, specifically in mater-
nal decidua and trophoblast giant cells [32]. Mice lacking ERBB4
die during mid-embryogenesis from the aborted development of my-
ocardial trabeculae in the heart ventricle [36]. The placental changes
in Errb4−/− mice have not been reported. Since ERBB4 is only ex-
pressed in trophoblast giant cells, its role in murine placentation,
especially in the spongiotrophoblast region, might be limited. There-
fore, our data are consistent with the idea that HBEGF regulates
murine placentation predominantly through EGFR.

In Egfr−/− mice, the reduction in the spongiotrophoblast region
is caused by reduced proliferation; there is no difference in apop-
tosis between Egfr−/− and Egfr+ /+ mice [32]. Our data suggest that
HBEGF regulates murine placentation mainly through EGFR, which
is consistent with the observation that Ki67 staining, a marker of pro-
liferation, was reduced in the spongiotrophoblast region in Hbegf− /−

mice. Note that in Egfr−/– mice, the proliferative capacity of the total
placenta was compared [32], while in our study, we used immunohis-
tochemistry to compare proliferation of each region. We found that
the proliferative capacity was significantly reduced in the spongiotro-
phoblast region, and increased in the labyrinth region of Hbegf−/−

placentas. The decreased proliferation in the spongiotrophoblast re-
gion is consistent with its reduced size; however, the significance and
cause of increased proliferation in the labyrinth layer in Hbegf−/−

placentas is not clear. The lack of differences in apoptosis between

Figure 5. Density of capillary vessels in placentas with different Hbegf geno-
types. (A) Capillary vessels were labeled with an antibody against laminin
and vessels in the labyrinth are shown. Size bars, 500 μm. (B) The density
of laminin-labeled capillary beds in the labyrinth determined as described in
the Materials and Methods section. ∗ P < 0.05.

Hbegf+/+ and Hbegf−/− placentas in our study is consistent with a
previous report in Egfr−/− mice [32].

The labyrinth is a highly vascularized component of the mouse
placenta that mediates efficient transfer of gases, nutrients, wastes,
and other molecules between the maternal and embryonic circula-
tions. Egfr−/− placentas had a disorganized labyrinthine trophoblast
layer, with reduced cell numbers [34]. Our results support the idea
that loss of HBEGF, an agonist of EGFR, might disorganize the
labyrinth. In this study, we examined the vascular complexity in the
labyrinth by laminin staining. We found that Hbegf−/− placentas
have reduced vascular density compared with Hbegf+/+ placentas.
In the labyrinth, laminin is expressed only in basement membrane of
fetal-derived blood vessels [37]. Since fetal labyrinth blood vessels are
separated from maternal blood by three layers of trophoblast cells,
maternal HBEGF is unlikely to readily impact fetal blood vessels.
Therefore, it was most likely that fetal (extraembryonic and embry-
onic) HBEGF deficiency disrupted the development of those vessels.

VEGF and its receptors are important in these processes during
placentation [38]. We observed reduced VEGF expression in both
spongiotrophoblast and labyrinth of Hbegf−/− placentas although
HBEGF has not been reported to exhibit appreciable biological
effects on vasculogenesis and angiogenesis. The low expression
of VEGF is probably related to the low density of vessels in the
labyrinth. Although cross talk between VEGF and HBEGF pathways
has not been reported in the literature, cross talk between VEGF and
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Figure 6. The effect of Hbegf genotype on expression of VEGF in the mouse
placenta. Immunohistochemical labeling with anti-VEGF antibody or nonim-
mune IgG (A) was subjected to semiquantitative analysis (B), as described
in the Materials and Methods section. VEGF expression was measured in
sections of mouse placentas with the indicated genotype. P values of com-
parisons between Hbegf+/+ and Hbegf−/− in the labyrinth and spongiotro-
phoblast region (#, P = 0.06; ∗∗P < 0.01).

EGFR pathways is well established [39]. To test the effect of HBEGF
on VEGF, we used a human trophoblast cell line, HTR-8/SVneo
[31]. We found that HBEGF supplementation increased expression
of VEGF. This supports the existence of cross talk between HBEGF
and VEGF pathways. It suggests that placentation could rely on
HBEGF induction of VEGF signaling in the vascularization and
branching of the chorionic villi.

The relationship between placenta weight and fetal body weight
has been explored widely because the placenta is critical in delivery
maternal nutrients, oxygen, and hormones to the fetus. In the hu-
man, there is a significant association between placenta volume in
the second trimester and birth weight percentile [40] and significant
correlation between placenta weight and fetal birth weight at deliv-
ery [41]. In mouse there was a significant correlation between fetal
and placental weights during mid-gestation, but there was no corre-
lation during late gestation [42]. Demographic, environmental, and
medical factors influence the placental weight to birthweight ratio in
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Figure 7. The effect of HBEGF on expression of VEGF in HTR-8/SVneo cells
as measured by ELISA. Cells were treated with the indicated concentrations
of HBEGF and ELISA was performed for VEGF, as described in Materials and
Methods section. ∗∗, P < 0.01 and ∗∗∗, P < 0.001, compared to the nontreated
control.

the human [41]. The effect of individual genes on placentation has
been mainly explored in mice [43, 44]. The function of the junctional
zone is poorly understood. However, it could act as structural sup-
port for the developing villous structures of the labyrinth [45]. Of
note, the overgrowth of spongiotrophoblast in lpl-null placenta does
not confer a fetal growth advantage in mice mid-gestation [44]. In
our study, no significant change in fetal body weight was observed
even though the placenta was smaller due to reduced spongiotro-
phoblast region in Hbegf−/– mice in midgestation. These data are
consistent with a supportive role of spongiotrophoblast region in
placenta. However, the labryinth layer is very important for nutri-
ent, gas, and waste exchange. Its disorganization or malfunction will
have a dramatic effect in fetal development. The reduced capillary
density of the labyrinth in Hbegf−/– mice did not compromise fetal
growth, since the fetal weights in all three genotypes were similar,
which suggests that the observed changes in capillary density were
not severe enough to compromise fetal growth and development at
gestational day 13.5. However, the effect of HBEGF in fetal birth
weight needs further evaluation.

In summary, this is the first study to explore the role of HBEGF
in murine placentation. Our findings demonstrate that extraembry-
onic HBEGF regulates the growth of the spongiotrophoblast region
and angiogenesis in the labyrinth during placentation at gestation
day 13.5. Moreover, our results support the idea that extraembry-
onic HBEGF most likely exerts these biological activities via EGFR,
possibly through cross talk with VEGF. These results, in turn, are
consistent with our previous report of a role for HBEGF deficiency
in human placental insufficiency [13, 16].

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. Nonimmune IgG staining in the Hbegf+/+

placenta.
Supplemental Figure S2. Semiquantitative expression of EGF,
HBEGF, TGFA, and AREG compared with IgG alone in the

https://academic.oup.com/biolre/article-lookup/doi/10.1093/biolre/ioy174#supplementary-data
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Hbegf+/+ placenta, determined as described in Materials and Meth-
ods section. ∗, value for the IgG control was significantly different
than all other values.
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