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ABSTRACT  Uncoordinated-5 homologs 1-4 (UNC5H1-4) transmembrane netrin receptors are re-
ported to control a number of cellular processes, including axonal guidance, angiogenesis and cell 
proliferation. These receptors are known as “dependence receptors” because they are able to induce 
apoptosis in the absence of their ligand, netrin. We have recently reported the localization of netrin-1 
and its uncoordinated-5-B (UNC5B) receptor in both villous and extravillous cytotrophoblasts in 
the human placenta. However, the roles that netrin-1 and UNC5B play in the development of the 
placenta, as well as the regulation of their expression during the early stages of placental develo-
pment, remain unexplored. Placental explants were used to demonstrate a proliferative effect of 
netrin-1 on cytotrophoblasts, as assessed by Ki67 staining. Primary cytotrophoblasts collected at 
different gestational ages during the first trimester of pregnancy indicated that netrin-1 mRNA ex-
pression decreased after 6 weeks of gestation (wg), whereas UNC5B expression increased gradually 
up to 13-14 wg. The BeWo cell line was used to evaluate the effect of hypoxia on the expression of 
netrin-1 and UNC5B. Primary cytotrophoblast and BeWo cells cultured under hypoxic conditions 
exhibited a decrease in the expression of UNC5B both at the mRNA and protein levels; in contrast, 
hypoxia induced no change in the levels of netrin-1. When hypoxia-inducible factor 1a (HIF-1a) was 
knocked down by siRNA, we found a significant increase in UNC5B expression, indicating that the 
HIF-1 pathway is involved in hypoxia-induced UNC5B transcriptional down-regulation. Altogether, 
these results demonstrate the role of netrin-1 as a new mitogenic factor for cytotrophoblastic 
cells, report the pattern of expression of netrin-1 and its receptor, UNC5B, in the human placenta 
during the first trimester of pregnancy, and bring insights into the direct control of the expression 
of UNC5B by HIF-1.
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Netrin and netrin receptors are widely expressed in various mam-
malian embryonic and adult tissues (Engelkamp 2002). These 
proteins are reported to control a number of cellular processes 
such as axonal guidance, angiogenesis, morphogenesis, prolife-
ration and apoptosis (Cirulli and Yebra 2007; Llambi et al., 2001; 
Matilanien et al., 2007). Netrin-1 has been proposed to play a 
role in tumorigenesis through the regulation of apoptosis. This 
survival activity is mediated via the inhibition of netrin-1 depen-
dence receptors DCC (Deleted in Colorectal Cancer) and UNC5H 
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(uncoordinated-5-homolog). 
Of all the proteins in the netrin and UNC5 families, netrin-1 

and UNC5B are the most extensively studied. We have recently 
characterized the expression of netrin-1 and its UNC5B recep-
tor in the human placenta during the first and last trimesters of 
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pregnancy. Both Netrin-1 and UNC5B were expressed in villous 
cytotrophoblasts, suggesting an autocrine regulatory mechanism 
in these cells which might be mediated by netrin-1 (Dakouane-
Giudicelli et al., 2010).

Disruption of one netrin allele, or of its UNC5H receptors, is lethal 
during early embryogenesis in mice, suggesting a crucial role for 
netrin-1 and its UNC5H receptors in this process (Navankasattusas 
et al., 2008; Rabe et al., 2009). As was mentioned above, netrin-1 
and UNC5B have been shown to control angiogenesis and vascu-
logenesis, two essential processes for a successful placentation 
during the first trimester of pregnancy. 

Recently, netrin-1 was shown to increase proliferation in the tro-
phoblast TVE cell line through its neogenin and UNC5B receptors 
(Yang et al., 2009). However, to date, neither the direct involvement 
of netrin-1 in cytotrophoblast proliferation in a physiological model 
such as the placental explant, nor the determination of its pattern 
of expression and that of its UNC5B receptor have been examined. 
Furthermore, the regulation of their expression by hypoxia during 
early placental development also remains unexplored. 

The human placenta undergoes a transition from a low oxygen-
ated to a highly oxygenated environment during the first trimester 
of pregnancy. This physiological switch in oxygen tension is a 
prerequisite for proper placental development and involves the 
hypoxia-inducible factor (HIF-1), a protein that is up-regulated 
under hypoxic conditions. HIF-1 modulates gene transcription by 
binding to a specific DNA sequence known as the hypoxic response 
element (HRE). HIF-1 is a heterodimer composed of HIF-1a and 
HIF-1b subunits; HIF-1b is generally constitutively expressed and 
insensitive to changes in O2 availability, whereas HIF-1a is acutely 
regulated in response to hypoxia (Ozaki et al., 1999). 

Fig. 1. Effect of exogenous netrin-1 on villous ex-
plants using Ki67 nuclear marker of proliferation. 
(A,B) Immunohistochemical detection of Ki67 in vi-
llous cytotrophoblast cells. (A) note the increase Ki67 
immunolabeled cells in the presence of exogenous 
netrin-1 with increase number of cytotrophoblast 
cells compared to control condition in the absence 
of exogenous netrin-1 (B). (C) Quantification of Ki67 

nuclear immunostaining in villous explants from first trimester placenta cultured in matrigel for 48 h. 
Note a significant increase of cytotrophoblast proliferation was observed in the presence of recom-
binant netrin-1(*p<0.05). Data represent the mean of 4 experiments +/- SEM.

system in which villous tissue architecture 
is maintained. Placental villous explant in 
culture preserves the topology of intact villi 
and mimics its physiological responses. The 
addition of exogenous netrin-1 to villous ex-
plants exhibited an increase in the index of 
cytotrophoblast proliferation by significantly 
increasing the Ki67 stained nuclei at 50 ng/
ml and 100 ng/ml (Fig. 1).

Pattern of expression of Netrin-1 and 
UNC5B mRNA during the first trimester

We investigated the ontogeny of netrin-1 
and UNC5B mRNA expression during the 
first trimester by exploring their content in 
cytotrophoblast cells isolated from placentas 
at different gestational ages (6 to 14 wg).

As shown in Fig. 2A, netrin-1 mRNA 
expression decreased in cytotrophoblast 
cells with increasing gestational age during 
the first trimester, the expression at 6 weeks 
being more than twice the level found in 
cytotrophoblast cells from 9 to 14 wg pla-
centas. Conversely, mRNA expression of 
UNC5B remained weak in cytotrophoblast 
cells through 6 to 11 wg but increased 4-fold 

Before 11 weeks of gestation (wg), placental oxygen remains 
low and is equivalent to 2-3%, which appears to be necessary to 
allow for specific placental metabolic activities, and to protect both 
placental and fetal tissues against toxic oxygen metabolites (Jau-
niaux et al., 2001; Illsley et al., 2010). An increase in the oxygen 
level occurs around 10 to 12 wg (Rodesch et al., 1992), when a 
continuous maternal blood flow is established in the intervillous 
space.

In fact, in the first trimester placenta, HIF-1a is expressed in 
syncytiotrophoblasts and in villous cytotrophoblasts (Rajakumar 
and Conrad, 2000). A study by Ietta et al., showed that HIF-1a 
mRNA and protein peaked at 7–10 weeks of gestation, when the 
oxygen tension is low, and declined thereafter (Ietta et al., 2006). 
In the present study we investigated the role of netrin-1 in pla-
cental development by determining its effect on the proliferation 
of trophoblasts in an organotypic model, the placental explant. 
Furthermore, we examined netrin-1 and UNC5B expression in 
primary trophoblast cells that have been isolated from placentas 
collected at different gestational ages during the first trimester of 
pregnancy, and determined the regulation of UNC5B expression 
by oxygen tension, as this parameter changes from very low to 
high levels during this period of placental development. BeWo cells 
were also used to determine the mechanisms by which hypoxia 
regulates netrin-1 and UNC5B gene transcription. 

Results

Proliferation
Previous data from our group showed that villous cytotrophoblasts 

express netrin-1 and possess UNC5B, but not DCC, receptors. To 
investigate the effect of netrin-1 on trophoblast proliferation, we used 
Ki67 staining of placental explants from first trimester placentas. It 
was particularly relevant to study netrin-1 effects in an organotypic 
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confirmed by western blot (Fig. 4F). In contrast, netrin-1 expression 
did not change under conditions of hypoxia (Fig. 4D).

HIF-1a, UNC5B and Netrin-1 expression in BeWo cells after 
HIF-1a suppression

To further dissect the mechanism by which HIF-1 regulates 
netrin-1 and UNC5B mRNA, we suppressd HIF-1a expression 

Fig. 2. Expression and ontogeny of netrin-1 
and UNC5B mRNA in human first trimester 
placenta. (A) netrin-1 expression normalized 
to placenta at 6 wg demonstrating a decrease 
in netrin-1 mRNA expression with gestational 
age, (B) UNC5B expression normalized to 
placenta at 6 wg demonstrating increase in 
UNC5B mRNA expression with gestational 
age. The graph shows mean +/- SEM, where 
n represents the number of placenta analyzed 
for each gestational age.

Fig. 3. Characterization and expression of netrin-1 and its UNC5B receptor in BeWo 
cells. (A) Goat anti-netrin-1 immunoreactivity was found in BeWo cells. (B) Goat anti-
UNC5B immunoreactivity was found in BeWo cells. (C) Mouse anti-cytokeratin 7 showing 
immunoreactivity in BeWo cells. (D) Negative control processed in the absence of primary 
antibody. (E) Gel electrophoresis and ethidium bromide staining of netrin-1 and UNC5B, 
RT-PCR products from purified mRNA of BeWo cells. Note the presence of one PCR product 
at the expected size. (F)UNC5B and netrin-1 mRNA relative quantification using the 2-ΔΔCp 

method relative to level of houskeping gene TBP and b2M determined using comparative 
cycle: crossing point (Cp) in BeWo cells cultured under conditions of normoxia normalized 
to UNC5B and netrin-1 expression in villous cytotrophoblast cells isolated from placenta 
before 11wg.The graph show that netrin-1 mRNA was expressed more abundantly in BeWo 
cells (9-fold) in comparison to primary cytotrophoblast cells whereas UNC5B mRNA was 
similarly expressed in BeWo cells and in primary cytotrophoblast cells.

at 13 to 14 wg, compared to cells at 6 to 11 wg (Fig. 2B). 

Netrin-1 and UNC5B expression in cytotrophoblast cells and 
BeWo cells under conditions of hypoxia

To gain more insight into the causes that underlie these opposite 
patterns in netrin-1 and UNC5B mRNA expression, we first tested 
the influence of hypoxia (2% O2) on netrin-1 and UNC5B gene 

BA

expression in villous cytotrophoblast cells and in their 
surrogate BeWo cells. BeWo cells were first tested 
for the expression of netrin-1 and UNC5B protein and 
transcripts. Using RT-PCR and immunocytochemistry, 
we demonstrated that BeWo cells are indeed netrin-1 
and UNC5B expressing cells (Fig 3 A,B,E). By using 
quantitative RT-qPCR using SYBR green and norma-
lized to TBP and b2M our results showed that netrin-1 
mRNA was expressed more abundantly in BeWo cells 
(9-fold) in comparison to primary cytotrophoblast cells. 
UNC5B mRNA was similarly expressed in BeWo cells 
and in primary cytotrophoblast cells (Fig. 3F).

HIF-1a expression in BeWo cells under conditions 
of hypoxia

To validate our model of hypoxia it was necessary 
to demonstrate that HIF-1a mRNA expression is up-
regulated under our experimental conditions. Thus, 
HIF-1a expression in BeWo cells was examined by 
quantitative RT-PCR. The results showed that the 
level of HIF-1a mRNA was up-regulated two-fold 
after 6 hours of hypoxia and returned to the baseline 
levels after 24 hours. These results indicate that 
HIF-1a mRNA is up-regulated by hypoxia in BeWo 
cells, like in many other cell types, and validates our 
experimental conditions of hypoxia (Fig. 4C).

The effect of hypoxia on UNC5B and Netrin-1 ex-
pression in cytotrophoblast cells and in BeWo cells

The incubation of primary cytotrophoblast cells 
under hypoxia for 24 hours resulted in a 22±1% 
(Fig. 4B) decrease in UNC5B mRNA expression as 
assessed by relative quantification by 2-ΔΔCp method. 
As shown in Fig. 4E, the exposure of BeWo cells to 
conditions of hypoxia for 24 hours or 48 hours resul-
ted in a strong down-regulation (48±10%) of UNC5B 
as well. Down-regulation of UNC5B expression was 
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with specific siRNA. As shown in Fig. 5A, under conditions of 
hypoxia (2% O2), HIF-1a suppression resulted in an 80% HIF-1a 
gene silencing. In parallel, we observed a two-fold increase in 
UNC5B mRNA expression (Fig. 5C). These results demonstrate 
that UNC5B gene transcription is under the control of the HIF1 
pathway. These results were substantiated at the protein level as 
shown on the western blot (Fig. 5D).

Discussion

The present findings demonstrate for the first time that UNC5B 
expression is down-regulated by hypoxia both in villous cytotropho-
blast cells and in BeWo cells cultured under conditions of hypoxia. 
We found that UNC5B mRNA in villous cytotrophoblast cells is 
decreased at 6–11 wg, when oxygen tension is low, and then 
increased gradually until reaching peak expression at 13–14 wg, 
when the blood flow is established and oxygen tension increases in 
the intervillous space. Villous cytotrophoblast cells cultured under 
conditions of hypoxia exhibited significant lower levels of UNC5B 
transcript and protein when compared to normoxia. Our in vitro 
experiments established that hypoxia is an inhibitor of UNC5B 
expression. Consistent with this observation, it has been reported 
that in solid tumors, where hypoxia is essential for the growth of 
the tumor, there is also a loss of, or a reduction in, the expression 
of UNC5B. The decreased UNC5B expression leads to a reduction 
of pro-apoptotic activity and consequently provides an advantage 

for the growth of tumors (Thiebault 
et al., 2003). Here, we show a 
similar pattern of UNC5B gene 
expression with a dependence 
on oxygen tension throughout 
the first trimester of pregnancy. 
We found that the changes in 
UNC5B expression correlate with 
the changes in oxygen tension. 
Conversely to UNC5B expression, 
netrin-1 was strongly expressed 
at 6 wg and its expression subse-
quently decreased with advancing 
gestational age. The placenta at 
6 wg is characterized by a high 
cytotrophoblastic proliferation rate 
(Huppertz et al., 1998). Here we 
demonstrated for the first time 
that the highest levels of netrin-1 
expression are found during this 
period of gestation (6 wg), and we 
provide the evidence for the direct 
involvement of this protein in the 
proliferation of cytotrophoblast 
cells. Altogether, these findings 
show a negative correlation bet-
ween the rates of expression of 
UNC5B and netrin-1. Netrins and 
their receptors have been propo-
sed to play role in tumorigenesis 
by regulating apoptosis. In fact, it 
was reported that most colorectal 
tumors are associated with a loss 

Fig. 4. Effect of hypoxia on netrin-1, UNC5B and HIF-1a expression. (A,B) In primary cytotrophoblast cells 
hypoxia induces down-regulation of UNC5B (B) mRNA expression but not of netrin-1 (A). (C) In BeWo cells 
hypoxia induces up-regulation of HIF-1a mRNA by two-fold after 6 hours and then returns to the baseline profile. 
(D,E) In BeWo cells note that hypoxia induces Down-regulation of UNC5B (E), but not of netrin-1 (D). Confir-
mation of UNC5B down-regulation by Western blotting (F). Data represent the mean of 5 experiments +/- SEM 
*p<0.05, **p<0.01.
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of dependence receptors, or a gain of netrin-1 (Llambi et al., 2001). 
In vitro overexpression of the wild-type UNC5B in either COS7 or 
HEK293T cells significantly enhanced the apoptosis of transfected 
cells (Wang et al., 2009). Here, we found a resemblance between 
villous cytotrophoblast from early first trimester placenta and solid 
tumors at their netrin-1 and UNC5B transcriptional activities. In the 
placenta, the incidence of apoptosis in villous cytotrophoblast cells 
increased with gestational age (Smith et al., 1997), which correlates 
with the increase in UNC5B levels. The increase in UNC5B levels 
coincides with the oxygenation of the placenta and with the initiation 
of physiological cytotrophoblast apoptosis. Thus, our results suggest 
a physiological significance in placental development during the first 
trimester of pregnancy, when proliferation and apoptosis control 
most of the placentation processes. 

In this work we confirmed the up-regulation of HIF-1a mRNA 
expression by a factor of two after 6 hours of hypoxia and a rever-
sion to the baseline level at 24 hours, suggesting a regulation of 
HIF-1a mRNA by prolonged hypoxia. Consistent with this, other 
studies have reported that HIF-1a mRNA in the brain, kidney and 
lung of rats and mice was up-regulated within 30 min and returned 
to baseline level after 4 hours (Wiener et al.,1996). On the other 
hand, a knockdown of HIF-1a using siRNAs under hypoxia induced 
an increase in UNC5B mRNA and protein expression, providing 
evidence that UNC5B down-regulation is mediated through the 
HIF-1 pathway. 

In conclusion, our results elucidate the pattern of expression of 
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netrin-1 and lend support for its direct involvement in the proliferation 
of trophoblasts. Moreover, our data demonstrate for the first time 
that UNC5B receptor expression is down-regulated by hypoxia in 
the human placenta during the first trimester of pregnancy, and that 
its regulation is under the direct control of HIF-1. The description 
of proliferative capacities in early placenta (6-10 wg) associated to 
high netrin-1 expression and the increased Ki67 staining described 
here is in favor of a proliferative netrin-1 effect at this stage. These 
data leave open the question of the receptor(s) such as neogenin, 
other UNC5 family members or members of integrin family, invol-
ved in the proliferative effect of netrin-1. A role of UNC5B in the 
proliferative/apoptotic balance is possible since UNC5B has been 
shown to mediate p53 dependent apoptosis (Tanikawa et al., 2003). 
These data bring new insights and questions to the regulation of 
placental development during the first trimester of pregnancy. 
This work represents a starting point for the study of netrin-1 and 
UNC5B in the placenta. By understanding gene regulation in the 
normal placenta, we can get more insight into their deregulation 
in placental diseases. Collectively, these findings highlight a new 
mechanism for the hypoxic inactivation of UNC5B via HIF-1 and 
the putative consequences on the proliferative/apoptotic balance.

Materials and Methods

Collection of samples
Informed consent was obtained in writing from all participants in this 

study. Placental villous tissue was collected on an anonymous basis from 
12 healthy women with viable singleton ultrasound-dated pregnancies 
who were undergoing an elective termination of pregnancy procedure at 
between 6 and 14 weeks of gestation (wg).

Fig. 5. Inhibition of HIF-1a with 
siRNA induces a reverse inhibitory 
effect of UNC5B. (A) HIF-1a with 
siRNA (6 nM or 10 nM) abolishes 
HIF-1a mRNA expression. (B) No 
significant change in netrin-1mRNA 
expression. (C) Significant increase 
in response to HIF-1a inhibition by 
siRNA HIF-1a with reverses of inhi-
bitory effect of hypoxia on UNC5B 
mRNA note increase amount up to 3 
fold. (D) UNC5B protein level is also 
increased after HIF-1a siRNA trans-
fection in BeWo cells under hypoxia. 
Control cells were transfected with 
non-silencing siRNA. Data represent 
the mean of 6 experiments +/- SEM 
(*p< 0.05, **p<0.01). 
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Isolation and treatment of cytotrophoblasts
Isolation and treatment of cytotrophoblasts were performed as described 

by (Dakouane-Giudicelli et al., 2010). Then cytotrophoblasts were RNA 
extracted or seeded at a density of 150,000 cells/cm2 in DMEM, 10% 
fetal bovine serum, 100 IU penicillin, 5mg/mL gentamycin and 10mg/
mL streptomycin. After 24 hours of culture at 37°C in 5% CO2, 95% air, 
cytotrophoblasts were then cultured for 24 hours at 37°C in 5% CO2, 
95% air or at 37°C in 2% O2, 5% CO2, 93% N2.

Culture of villous fragments and immunohistochemistry
To prepare the serial sections of explants, we cultured villous frag-

ments on matrigel. Placental explants were cultured for 48 hours on 
matrigel under either the absence or presence of different doses of 
exogenous netrin-1. Each set of conditions was fixed for 24 h at room 
and temperature in 4 % (vol/vol) paraformaldehyde, and immunolabled 
as described by (Dakouane-Giudicelli et al., 2010) with the commercial 
primary antibody against Ki67 (Dako) at 1:60 for 28 minutes at room 
temperature. Villous cytotrophoblast nuclei labeled positively for Ki-67 
were counted in three or more villous section by using a computer-
assisted morphometric (Histolab version 5.2.3; Microvision Instrument, 
Paris, France). The result was expressed as mean number of labeled 
nuclei of villous cytotrophoblast per surface area (80000mm2) of pla-
cental villous.

Netrin-1 and UNC5B immunocytochemistry of BeWo cells 
BeWo cells were cultured in LabTek for 48 h, after washing in 

phosphate-buffered saline solution and fixation in methanol for 5 min. 
the primary antibodies used were polyclonal goat anti-N-terminal ne-
trin-1 (Santa Cruz biotechnology, Santa Cruz CA, USA, dilution 1:50), 
rabbit anti- C-terminal netrin-1 (Santa Cruz, dilution 1:50), goat anti-
UNC5B (Santa Cruz, dilution 1:50) for 30 min, or mouse monoclonal 
anti–cytokeratin 7 (Dako Cytomaton, Glostrup, Denmark) for 30 min, 
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which was used as a marker for epithelial cells. As negative controls, 
LabTek slides were processed as above but in the absence of the 
primary antibody and in presence of normal rabbit IgG, normal mouse 
IgG (BioGenex, San Ramon, CA) and normal goat IgG (Santa Cruz).

Culture of choriocarcinoma BeWo cell line under hypoxic and nor-
moxic conditions

BeWo choriocarcinoma cells (ATCC Rockville, MD, USA) were pla-
ted at a density of 2.105cells on a 35 mm dish in 2ml DMEM/ F-12 Ham 
(Sigma-Aldrich) containing 15% fetal bovine serum, 100 IU penicillin 
and 10 mg/mL streptomycin. After 24 hours, cells were cultured under 
normoxic (20% O2) or hypoxic (2% O2) conditions for 6 hours, 24 hours 
or 48 hours (2% O2 is close to the physiological O2 tension that is present 
during early pregnancy).

HIF-1a knockdown induced by small interfering RNA (siRNA) in 
choriocarcinoma BeWo cell line

Two hundred thousand BeWo cells were plated in a 35 mm dish in 2ml 
DMEM/ F-12 Ham containing 15% fetal bovine serum without antibiotics. 
Cells were grown up to 40–50% confluency and then transfected with 
HIF-1a specific siRNA oligonucleotides (Santa Cruz biotechnology, Santa 
Cruz CA, USA) or with fluorescently-labeled negative control siRNAs, 
using Lipofectamine™ RNAiMAX (Invitrogen Carlsbad, CA, USA) for 24 
hours, 48 hours and 72 hours.

RNA isolation and RT-PCR analysis
RNA extraction, RNA quantification and reverse Transcription were 

performed as described by (Dakouane-Giudicelli et al., 2010), followed by 
quantitative PCR using syber green detection on light cycler 480 (Roche 
Light Cycler 480, Mannheim, Germany) using the primers described in 
Table 1.

The data were analyzed using the 2-ΔΔCp method. Fold changes in 
netrin-1 and UNC5B expressions were established relative to the TBP 
(TATA-binding protein) and b2 microglobulin housekeeping genes under 
the various experimental conditions used. 

Western blot analysis
Western blot analysis was performed as described by (Dakouane-

Giudicelli et al., 2010) with goat anti-UNC5B (1:200) or with mouse 
anti- 9-actin (1:100; Santa Cruz biotechnology) for standardization. Blots 
were then rinsed three times with TBS-T and incubated with the appro-
priate anti-IgG (horseradish peroxydase-linked antirabbit IgG for 9-actin 
1:5000 or horseradish peroxydase-linked antigoat IgG for antiUNC5B 
1:10000) in TBS for 1 hour. Finally, the blots were washed three times 
with TBS-T, and the antibody-antigen complexes were detected using the 
enhanced chemiluminescence detection system (Amersham Pharmacia 
Biotech). Membrane chemiluminescence was captured using the FX7 
image acquisition system with cooled CCD technology (Vilber-Lourmat, 
Marne-la-Vallée, France). Data produced by the Fusion FX7 were analyzed 
using Bio-1D software.

Statistical analysis
All values were expressed as mean ± SEM of 4 to 6 separate experi-

ments, and statistical analysis was performed using the non-parametric 
paired Wilcoxon test.
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