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During human pregnancy, a subset of placental cytotrophoblasts (CTBs) differentiates into cells that aggres-
sively invade the uterus and its vasculature, anchoring the progeny and rerouting maternal blood to the pla-
centa. In preeclampsia (PE), CTB invasion is limited, reducing placental perfusion and/or creating intermittent 
flow. This syndrome, affecting 4%–8% of pregnancies, entails maternal vascular alterations (e.g., high blood 
pressure, proteinuria, and edema) and, in some patients, fetal growth restriction. The only cure is removal of 
the faulty placenta, i.e., delivery. Previously, we showed that defective CTB differentiation contributes to the 
placental component of PE, but the causes were unknown. Here, we cultured CTBs isolated from PE and control 
placentas for 48 hours, enabling differentiation and invasion. In various severe forms of PE, transcriptomics 
revealed common aberrations in CTB gene expression immediately after isolation, including upregulation of 
SEMA3B, which resolved in culture. The addition of SEMA3B to normal CTBs inhibited invasion and recre-
ated aspects of the PE phenotype. Additionally, SEMA3B downregulated VEGF signaling through the PI3K/
AKT and GSK3 pathways, effects that were observed in PE CTBs. We propose that, in severe PE, the in vivo 
environment dysregulates CTB gene expression; the autocrine actions of the upregulated molecules (including 
SEMA3B) impair CTB differentiation, invasion and signaling; and patient-specific factors determine the signs.

Introduction
In humans, villous cytotrophoblasts (vCTBs) of the placenta dif-
ferentiate, establishing the maternal-fetal interface (ref. 1 and 
Supplemental Figure 1A; supplemental material available online 
with this article; doi:10.1172/JCI66966DS1). In floating villi, 
vCTBs fuse into syncytiotrophoblasts (STBs) with functions that 
include transport and hormone production. In anchoring villi, 
vCTBs acquire tumor-like properties that enable invasion of the 
decidua and the adjacent third of the myometrium (interstitial 
invasion). They also breach uterine spiral arterioles, transiently 
replacing much of the maternal endothelial lining and intercalat-
ing within the muscular walls (endovascular invasion) (2). Con-
sequently, high-resistance spiral arterioles are transformed into 
low-resistance, high-capacitance vessels that divert uterine blood 
flow to the floating villi. In contrast, CTBs breach and line only 
the termini of veins. At a molecular level, CTB invasion is accom-
panied by dramatic phenotypic changes in which these ectodermal 
derivatives mimic many aspects of the vascular cell surface, e.g., an 
adhesion molecule repertoire that includes VE-cadherin (3), Ephs/
ephrins that confer an arterial identity (4), and Notch family mem-
bers that play important roles in vessel functions (5). In parallel, 
the cells modulate the expression of a wide range of angiogenic/
vasculogenic molecules, including VEGF family members (6).

Given this organ’s complexity, the explosive nature by which 
it develops, and its many critical functions, it is not surprising 
that some of the most clinically significant pregnancy complica-

tions are associated with placental anomalies. Preeclampsia (PE), 
a syndrome that adversely affects the mother (by altering vascu-
lar function) and the fetus (by intrauterine growth restriction 
[IUGR]), is a prime example. A 2-stage theory of PE pathogenesis 
has been proposed — abnormal placentation followed by mater-
nal responses that eventually lead to the clinical presentation (7). 
In support of this concept, color Doppler ultrasound suggests 
that in PE deficient endovascular invasion precedes the signs (8). 
This finding, which is generally associated with the severe forms 
of this syndrome that occur during the late second trimester/
early third trimester period, is consistent with the major placen-
tal pathologies, which include shallow uterine invasion (Supple-
mental Figure 1B and ref. 9). Anchoring villi, in particular inva-
sive CTBs, are most consistently impacted. Interstitial invasion 
is often shallow, and endovascular invasion is incomplete with 
fewer spiral arterioles modified in toto (9–11). At a molecular 
level, many aspects of the unusual phenotypic switch to a vascu-
lar-type cell that normally accompanies CTB invasion fail in PE 
(5, 6, 12), with attendant increases in apoptosis (13).

What is known about the molecular underpinnings of the 2 
stages of PE? A great deal of attention has been focused on the sec-
ond stage — factors that play a role in the maternal signs. Among 
other molecules, sFlt (14), endoglin (15), and adrenomedullin (16) 
have been implicated. In contrast, the mechanisms that precipi-
tate the first stage — defective CTB differentiation/invasion — are 
largely unknown. We reasoned that PE-associated changes in CTB 
gene expression would give us important clues about the causes 
of this syndrome. Thus, we isolated CTBs from the placentas of 
women who were diagnosed with different forms of severe PE 
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(sPE) with or without IUGR, including superimposed hyperten-
sion and HELLP syndrome (HELLP is a syndrome characterized by 
hemolysis, elevated liver enzymes, and low platelet count). Global 
gene expression profiling immediately after isolation revealed a 
common set of upregulated mRNAs despite the different diagno-
ses. Surprisingly, they were downregulated to control levels over 
48 hours. The differentially expressed genes included molecules 
previously identified as dysregulated in PE and many that were not 
known to be involved in this pregnancy complication. We hypoth-
esized that their autocrine actions could contribute to the CTB 
phenotypic alterations that are the hallmark of PE. We proved this 
theory using the molecule SEMA3B and the VEGF signaling path-
ways it engages. Together, these results suggested that the CTB 
defects in sPE, which can be attributed to the in vivo environment, 
are reversible, evidence that therapeutic interventions may be pos-
sible. We also showed that a common signature of misexpressed 
genes that spans all the sPE subtypes we studied results in the 
diverse maternal signs that define these variants.

Results
Ex vivo normalization of sPE CTB gene expression. We used global tran-
scriptional profiling to explore mRNA changes that underlie CTB 
defects in various forms of sPE. Villous CTBs were isolated from 
sPE placentas and placentas of preterm labor patients with no 
signs of infection (nPTL), which served as gestation-matched con-
trols. Our previous work showed that CTB invasion is essentially 
normal in the latter group (17), and we confirmed this finding 
for the samples in this study. However, we cannot eliminate the 
possibility of other placental pathologies relative to normal con-
trols, which are not possible to collect at the relevant gestational 
ages. The newborns did not differ by birth weight or gestational 
age at delivery (Supplemental Table 1). The patients with sPE and 
nPTL had comparable BMIs and ages, but women with sPE had 
higher systolic/diastolic blood pressures and proteinuria. To bet-
ter understand the CTB phenotype in the context of sPE variants, 
we included patients diagnosed with the most clinically significant 
forms of this condition that necessitated preterm delivery (18, 19): 
women with sPE with or without IUGR, superimposed hyperten-
sion, or HELLP syndrome with or without IUGR. We profiled the 
gene expression patterns of the case and control groups before 
plating (0 hour) and at 12, 24, and 48 hours after culture using the 
Affymetrix HG-U133Plus 2.0 GeneChip platform. With LIMMA, 
we identified numerous genes that were differentially expressed — 
a common CTB fingerprint — in nearly all the sPE samples at 1 or 
more time points (≥2 fold; P ≤ 0.05; Figure 1). Surprisingly, after 
48 hours in culture most were expressed at control levels. Unsuper-
vised hierarchical clustering showed that the gene expression pat-
terns of sPE and nPTL samples, which segregated into their respec-
tive groups at 0 hours, merged at 48 hours (data not shown). The 
initially upregulated molecules included factors previously associ-
ated with PE (e.g., growth hormone 2, corticotropin-releasing hor-
mone, inhibin A, KISS-1, ADAM-12) (20–23), a transcriptional reg-
ulator (HOPX), and an angiogenic factor (SEMA3B). In addition 
to growth hormone 2, other placenta-specific products, including 
PLAC1 and PLAC4, and 7 pregnancy-specific glycoprotein (PSG) 
family members, were also upregulated as was an enzyme involved 
in fat metabolism (oleoyl-ACP hydrolase). Many fewer genes were 
downregulated. A subset of the results was confirmed by qRT-PCR 
(Supplemental Figure 2). The fact that a common set of dysregu-
lated genes was associated with a broad spectrum of the maternal 

signs suggested that a complex interplay between abnormal pla-
centation and patient-specific factors ultimately determined the 
clinical features. The finding that most sPE-related aberrations in 
CTB gene expression normalized when the cells were cultured for 
2 days supported the theory that an unfavorable in vivo environ-
ment contributed to placental defects in this syndrome. Next, we 
asked whether any of the dysregulated genes were autocrine regu-
lators of the CTB phenotype that is the hallmark of PE.

Upregulated trophoblast expression of SEMA3B in sPE. In PE, tropho-
blast expression of angiogenic factors is dysregulated. This phe-
nomenon plays a central role in restricting CTB invasion (6) and 
in the etiology of the maternal signs, including elevated blood 
pressure and proteinuria (14, 15). In this context, we addressed 
the functions of SEMA3B. SEMA3 family members play impor-
tant roles in neuronal wiring (24), and SEMA3B is an angiogen-
esis inhibitor and tumor suppressor. As a first step, we profiled 
SEMA3B mRNA expression in a variety of human cells and organs. 
Placenta gave the strongest signal (Figure 2A). Northern blot 
analyses of mRNA from control (first, second, and third trimes-
ter) and experimental placentas from patients with sPE showed 
that the abundance of SEMA3B mRNA increased as a function of 
gestational age and was highest in sPE samples (Figure 2B). The 
2 bands likely reflect alternative splicing. In situ hybridization 
of placental chorionic villi demonstrated that SEMA3B mRNA 
expression, which was limited to trophoblasts, was lower in nor-
mal second trimester and nPTL samples as compared with sPE 
chorionic villi (Figure 2C). Immunoblot analyses of CTB lysates 
showed that expression of SEMA3B was either undetectable or 
low during the second and third trimesters of normal pregnancy 
and in cells isolated from nPTL placentas (Figure 2D). In con-
trast, higher levels of SEMA3B were detected in sPE CTBs imme-
diately after isolation. For these experiments, SEMA3A-Fc served 
as a negative control and recombinant SEMA3B protein served as 
a positive control for antibody specificity. Immunolocalization 
showed that trophoblasts of chorionic villi from control nPTL 
placentas had much lower anti-SEMA3B immunoreactivity as 
compared with samples of similar gestational ages from sPE pla-
centas (Figure 2E). Within the basal plate, extravillous CTBs in 
the setting of sPE also exhibited stronger staining for SEMA3B as 
compared with the nPTL samples (Figure 2E).

Neuropilin expression and SEMA3B actions. Next, we assessed the 
expression of the SEMA3B receptors, neuropilin-1 (NRP-1) and 
NRP-2 (24), in tissue sections of the maternal-fetal interface. 
Costaining with anti–cytokeratin-8/18 identified trophoblasts 
(Figure 3, A, C, E, and G). Immunolocalization analyses of normal 
second trimester samples showed that NRP-1, which was expressed 
by villous trophoblasts, was upregulated as the CTBs invaded the 
uterine wall (Figure 3B). Strong staining was also detected in asso-
ciation with endovascular CTBs and the endothelial lining of uter-
ine vessels (Figure 3D, arrow). NRP-2 immunoreactivity was asso-
ciated with villous trophoblasts and invasive CTBs as well as the 
villous stroma (Figure 3F). In the uterine wall, NRP-2 expression 
was strongly upregulated on endovascular CTBs (Figure 3H) and 
a subset of endothelial cells (data not shown).

Immunoblot analyses of CTB lysates from control nPTL placen-
tas showed upregulation of NRP-1 expression over 48 hours of 
culture, which was blunted in sPE (Figure 3I). As for NRP-2, con-
trol nPTL CTBs also upregulated this receptor, and soluble forms 
were detected (Figure 3J). In sPE, NRP-2 was expressed at reduced 
levels, and the relative abundance of the major soluble form of 
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this receptor increased as compared with the control nPTL CTBs. 
Together these data suggested that placenta-derived SEMA3B 
could have autocrine effects on CTBs and paracrine actions on 
uterine endothelial cells.

We tested this hypothesis in the context of VEGF actions using 
our in vitro model of CTB invasion. Previously, we showed that 
CTBs produce large amounts of VEGF and that its autocrine 
actions include promoting invasion and inhibiting apoptosis (6). 

Blocking VEGF signals (anti–VEGF-A) or the addition of recombi-
nant SEMA3B protein reduced invasion by approximately 60% as 
compared with cells that were cultured with a control CD6-Fc pro-
tein (Figure 4A). In contrast, removal of both ligands (anti-VEGF 
plus NRP-1–Fc or NRP-2–Fc) restored invasion to control levels. 
The removal of VEGF-A or the addition of SEMA3B doubled the 
rate of apoptosis and the absence of both ligands returned levels 
to below control values (Figure 4B). Taken together, these results 

Figure 1
sPE-associated aberrations in CTB gene expression returned to control values after 48 hours of culture. RNA was analyzed immediately after 
the cells were isolated (0 hour) and after 12, 24, and 48 hours in culture. The relative gene expression levels for CTBs isolated from placentas 
of patients who delivered due to nPTL (n = 5) or sPE (n = 5) are shown as a heat map, ranging from high (red) to low (blue). The sPE CTBs 
were from the following cases (tiled from left to right): (a) HELLP syndrome and IUGR; (b) sPE; (c) sPE and IUGR; (d) superimposed sPE; 
and (e) HELLP syndrome. One sample of nPTL CTBs collected at 48 hours was omitted for technical reasons. The fold changes for each 
time point (sPE vs. nPTL) are shown on the right. ns, no significant difference (LIMMA); t, no significant difference in expression (sPE vs. 
nPTL) by 48 hours (maSigPro).
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Figure 2
SEMA3B expression was high in the placenta and upregulated in sPE. (A) Binding of a 32P-SEMA3B probe to a multiple tissue expression 
array revealed high placental expression (coordinate B8). (B) Northern hybridization of polyA+ RNA extracted from chorionic villi and pooled 
from 3 placentas showed that SEMA3B expression increased over gestation and was highest in sPE (n = 3 replicates). (C) In situ hybridization 
(3 placentas per group) confirmed enhanced SEMA3B mRNA expression in the STB layer of the chorionic villi in sPE (25 weeks) as compared 
with normal pregnancy (23 weeks) and nPTL (34 weeks). (D) Immunoblotting of CTB lysates (15 μg per lane) showed that SEMA3B protein 
expression was low to undetectable in control cells from normal placentas (15–39 weeks). In all cases, expression was higher in sPE (26–33 
weeks) as compared with nPTL (30, 33 weeks). A protein of the expected Mr was detected in COS-1 cells transfected with SEMA3B but not in 
those transfected with SEMA3A-Fc. Vertical lines denote noncontiguous lanes from the same gel. The relative intensity of the bands quantified 
by densitometry is also shown. The values for each sample type were averaged and expressed relative to the α-actin loading controls. The 
entire experiment was repeated twice. (E) Staining tissue sections with anti-SEMA3B showed a sPE-associated upregulation of immunore-
activity associated with the trophoblast components of chorionic villi and among extravillous CTBs within the basal plate (n = 5 per group). 
Trophoblasts were identified by staining adjacent tissue sections with anti–cytokeratin-8/18 (data not shown). Scale bars: 100 μm (C and E). 
NB, Northern blot; GA, gestational age; RP, recombinant protein.
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suggested that SEMA3B opposed the actions of VEGF to restrain 
CTB invasion by promoting apoptosis of these cells.

As to vascular effects, a monolayer of uterine microvascular 
endothelial cells (UtMVECs) was disrupted with a scratch, and the 
effects of SEMA3B, in terms of migration, were tracked by video 
microscopy. The results of a typical experiment are shown in Figure 
4C. As with many ECs, the addition of VEGF strongly promoted 
directed UtMVEC migration; exogenous SEMA3B decreased levels 
to approximately 50% of control values, with a loss of directional-
ity. Figure 4D summarizes the results of 3 experiments. Under the 
same conditions, the opposite effects were observed with regard to 
apoptosis; VEGF was protective and SEMA3B was a strong inducer 
(Figure 4E). These findings suggested that SEMA3B is primarily 
antiangiogenic, as was previously proposed. To test this theory, 
we used the chick chorioallantoic membrane assay, in which filter 
paper discs delivered VEGF, SEMA3B, or CD6-Fc (Figure 4F, top 
row). Removal of the discs showed that SEMA3B markedly inhib-
ited angiogenesis as compared with the positive control VEGF or 
CD6-Fc (Figure 4F, bottom row). Together, these results suggested 
that the autocrine effects of enhanced SEMA3B expression recapit-
ulated aspects of the CTB phenotype in PE, with paracrine actions 
including impaired UtMVEC functions.

Exogenous SEMA3B alters CTB signaling, phenocopying sPE effects. 
Next, we investigated the CTB signaling pathways that were 
involved. First, we asked whether SEMA3B opposed VEGF sig-
naling by inhibiting the activation of PI3K, as measured by the 
production of phosphatidylinositol 3,4,5-triphosphate (PIP3). The 
addition of SEMA3B to first or second trimester CTBs reduced 
PIP3 concentrations to levels that were comparable to those after 
addition of the PI3K inhibitor, wortmannin (Figure 5A). DMSO, 
the vehicle, had no effect. Addition of VEGF increased PIP3 pro-
duction 2.5 fold over control levels. These results suggested 
SEMA3B as a negative regulator of PI3K (25).

Then we sought to explain the mechanisms involved. A previous 
study demonstrated that VEGF-mediated VEGFR-2 phosphoryla-
tion creates a docking site for the p85 subunit of PI3K (26). However, 
preliminary experiments showed that SEMA3B did not interfere with 
VEGFR-2 phosphorylation (data not shown). Thus, we studied the 
interactions between the regulatory subunits of PI3K. UtMVECs were 
cultured in medium containing SEMA3B and VEGF or in the absence 
of one or the other factor. Cell lysates were immunoprecipitated with 
an antibody that specifically recognized the p85 regulatory subunit of 
PI3K. The pull downs were immunoblotted with anti–VEGFR-2, anti–
NRP-2, and anti-p110α PI3K (Figure 5B); NRP-1 was not expressed 
(data not shown). VEGFR-2 and NRP-2 levels remained constant 
under all the test conditions. The addition of SEMA3B resulted in 
the dissociation of p85 and p110α, which was rescued by the addition 
of VEGF. Taken together, these results suggested that SEMA3B inhib-
ited PI3K activity (Figure 5A) by preventing the association of p85 and 
p110α, to our knowledge a novel mechanism.

Downstream of PI3K activation, AKT is phosphorylated at 
Thr308 and/or Ser473 (27, 28). Thus, we were interested in the 
effects of SEMA3B on this process (Figure 5C). In initial experi-
ments, we failed to detect SEMA3B-associated changes in phos-
phorylation of Thr308. Thus, we focused on modification of 
Ser473. First, COS-1 cells were either transfected with an empty 
vector or SEMA3B. No Ser473 phosphorylation was observed 
in the latter case. Next, we evaluated AKT phosphorylation as a 
function of CTB differentiation in culture. Lysates of cells isolated 
from first and second trimester placentas were assayed immedi-
ately upon isolation (0 hour) and after 12 hours in culture, during 
which time a band with strong anti–p-Ser473 reactivity appeared. 

Figure 3
NRP-1 and NRP-2 (protein) expression at the maternal-fetal interface 
in normal pregnancy and in sPE. Tissue sections were double stained 
with anti–cytokeratin-8/18 (CK), which reacts with all trophoblast sub-
populations, and anti–NRP-1 or NRP-2. (A and B) NRP-1 expression 
was detected in association with villous trophoblasts. Within the uterine 
wall, immunoreactivity associated with invasive CTBs was upregulated 
as the cells moved from the surface to the deeper regions. (C and D) 
Endovascular CTBs that lined a maternal blood vessel (BV) were also 
stained. (E–H) Anti–NRP-2 reacted with trophoblast and nontrophoblast 
cells in anchoring villi (AV) as well as interstitial and endovascular CTBs. 
Essentially the same staining patterns, but with weaker intensity, were 
observed in sPE (data not shown). CTBs were isolated from the pla-
centas of control nPTL cases and from the placentas of women who 
experienced sPE. (I) Over 48 hours in culture, NRP-1 expression was 
upregulated in both instances but to a lesser degree in sPE. (J) Control 
nPTL CTBs also upregulated NRP-2. Expression of this receptor was 
reduced in sPE and the soluble form was more abundant. (A–J) The 
data shown are representative of the analysis of a minimum of 3 sam-
ples from different placentas. Scale bars: 100 μm. AV, anchoring villi.
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The time course was rapid. After initial CTB adhesion (1 hour), 
the addition of wortmannin for 30 minutes downregulated Ser473 
phosphorylation as did addition of SEMA3B; addition of VEGF 
had the opposite effect. In each case, the results were compared 
with the total amount of AKT, which was determined by stripping 
the blots and reprobing with an antibody that recognized all forms 
of this molecule. Together, these data suggested that, in CTBs, 
SEMA3B strongly downregulated AKT signaling.

AKT inactivates GSK3α and GSK3β by phosphorylating Ser21 
and Ser9 (29, 30), respectively. In COS-1 cells, expressing SEMA3B 
abolished phosphorylation of GSK3α and GSK3β (Figure 5D). In 
first and second trimester CTBs, GSK3β phosphorylation on Ser9 
increased during 12 hours of culture, whereas GSK3α phosphory-
lation on Ser21 was variable (Figure 5D). LiCl, a GSK3 inhibitor, 
increased phosphorylation of Ser9 (data not shown), with wort-
mannin having the opposite effect (Figure 5D). Consistent with 
the AKT results, the addition of exogenous SEMA3B decreased 

phosphorylation of GSK3β, which was increased by the addition of 
VEGF. Immunoblot analysis with an antibody that recognized the 
GSK3 protein backbone showed that levels did not change under 
any of the experimental conditions. Since GSK3, often a negative 
regulator, intersects several critical signaling pathways (30, 31), it is 
likely that overexpression of SEMA3B has important consequences.

Based on our analysis of SEMA3B/VEGF effects on PI3K/AKT 
and GSK3 signaling, we predicted that this pathway would be 
dysregulated in sPE. CTBs from control placentas throughout 
gestation and from patients who were diagnosed with sPE were 
analyzed immediately after isolation. As with UtMVECs (Figure 
5B), an IP/immunoblot strategy showed disassociation of the 
p85 and p110α subunits of PI3K in sPE (Figure 5E). In this case, 
the expression of P110γ was also detected and relative expression 
was reduced in sPE. The results of the AKT and GSK3 analyses 
were interpreted using the expression of α-actin as a control for 
protein loading (Figure 5F). The 2 bands observed in the 32-week 

Figure 4
Exogenous SEMA3B mimicked the effects of sPE on CTBs and endothelial cells and inhibited angiogenesis. (A) The addition of anti-VEGF or 
SEMA3B protein significantly inhibited CTB invasion as compared with the addition of a control protein, CD6-Fc. The removal of both ligands 
(anti–VEGF/NRP1-Fc and anti–VEGF/NRP-2–Fc) restored invasion to control levels. (B) The variables tested in A had the opposite effects on CTB 
apoptosis, suggesting that increased programmed cell death contributed to decreased invasion. (C) Exogenous VEGF stimulated the migration 
of UtMVECs, which was inhibited by SEMA3B. (D) The results in C were quantified relative to the addition of CD6-Fc. (E) In UtMVECs, VEGF 
promoted survival and SEMA3B increased apoptosis relative to control levels. (F) In the chick chorioallantoic membrane angiogenesis assay, 
VEGF promoted angiogenesis by approximately 3 fold and SEMA3B inhibited this process approximately 5 fold relative to the effects of CD6-Fc. 
Arrows mark the edge of the filter paper used to apply the protein. The area of the CAM beneath the filter paper is shown in the bottom row. Scale 
bar: 200 μm (top row); 100 μm (bottom row). n = 6 replicates (A–D); n = 3 replicates (E and F). Mean ± SEM; 2-tailed Student’s t test. *P < 0.05, 
**P < 0.01, ***P < 0.001.
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sPE sample were attributed to proteolysis, which is sometimes 
observed in these samples. Two patterns were seen in sPE. In one 
(26 week), no differences were detected at the protein level, but 
phosphorylation was markedly decreased. The other was char-
acterized by downregulation at both levels (25 and 32 week). 
In the case of AKT, p-Ser473 was either undetectable or nearly 
absent in the sPE samples (Figure 5F). Likewise, p-Ser9 of GSK3β 
was lower in abundance. Finally, we reasoned that an increase in 
GSK3 activity would have important effects on pathways that we 
know are critical to CTB invasion. In chorionic villi from sPE pla-
centas, we observed a large increase in the phosphorylated form 
of β-catenin, which leads to ubiquitination and proteosomal deg-

radation of this molecule (Figure 5G). Given that activation of 
β-catenin is associated with tumorigenesis (32), inhibiting this 
pathway could restrict CTB invasion perhaps by altering cell 
adhesion or Wnt signaling (33).

Based on these data, we propose a model that integrates 
SEMA3B and VEGF functions in normal pregnancy and in sPE 
(Figure 6). We found that SEMA3B competed with VEGF bind-
ing to neuropilins. High SEMA3B levels led to the dissociation 
of the p85 and p110α subunits of PI3K, a novel mechanism. 
The downstream consequences included inactivation of AKT 
and activation of GSK3, which led to apoptosis and degrada-
tion of β-catenin. Together, these data suggested an autocrine 

Figure 5
SEMA3B inhibited PI3K/AKT and GSK3β signaling in CTBs and the same effects were observed in sPE. (A) SEMA3B and wortmannin (WM) 
inhibited PI3K activity, which was stimulated by VEGF. DMSO was used as a vehicle control. Mean ± SEM, 2-tailed Student’s t test. *P < 0.05,  
**P < 0.01. (B) The addition of SEMA3B to UtMVECs resulted in the dissociation of the p85 and the p110α subunits of PI3K, which was rescued by 
the addition of VEGF. (C) In COS-1 cells, SEMA3B inhibited AKT Ser473 phosphorylation (activation), which increased during CTB differentiation/
invasion (0–12 hours). The addition of SEMA3B inhibited AKT phosphorylation, which was enhanced by exogenous VEGF. (D) In COS-1 cells, 
SEMA3B inhibited GSK3β Ser9 phosphorylation (inactivation), which increased during CTB differentiation/invasion (0–12 hours). Exogenous 
SEMA3B inhibited GSK3β phosphorylation, which was enhanced by VEGF. GSK3α Ser21 phosphorylation was variable. (E) In CTBs, sPE cor-
related with dissociation of the p85 and p110α (and γ) subunits of PI3K relative to control cells isolated from normal third trimester placentas. (F) 
In freshly isolated CTBs, sPE was associated with decreased phosphorylation of AKT Ser473 and GSK3β Ser9. α-Actin was used as a loading 
control. (G) In chorionic villi, sPE was associated with phosphorylation (inactivation) of β-catenin. (A–D) The same results were obtained in 3 
separate experiments that used different preparations of cells. (F and G) The results shown are representative of analyses of a total of 6 CTB 
isolates from different placentas of women diagnosed with sPE.
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mechanism by which elevated SEMA3B levels contributed to the 
sPE-associated phenotype of invasive CTBs in terms of the sig-
naling pathways that we analyzed.

Discussion
The causes of PE remain poorly understood and are under intense 
investigation. Here, we focused on the placental component of 
this pregnancy complication, thought to be the first link in the 
chain of events leading to the syndrome. As such, we reasoned 
that the findings might give us a better understanding of the 
instigating factors. We targeted the CTB subpopulation that 
invades the uterine wall for analysis, as defects in this process, 
particularly the remodeling of the arterial side of the uterine vas-
culature, are the hallmark of this condition. As anticipated from 
our study design, global transcriptional profiling revealed the 
gene expression patterns of CTBs from the placentas of affected 
patients. The molecules encoded by the dysregulated genes — the 
sPE signature — included factors that have been associated with 
this syndrome, others that have not been studied in relationship 
to the placental component of sPE, and novel participants. Addi-
tionally, a significant number were placenta-specific gene prod-
ucts that are unique to humans, an interesting observation given 
the fact that PE is confined to our species.

We reasoned that the differentially expressed genes might play 
autocrine roles in CTB functions that go awry in PE. Given our 
discovery that these cells undergo a vascular-like transformation as 
they invade the uterine wall (3), we focused our mechanistic analyses 
on SEMA3B, which has been proposed as an angiogenesis inhibi-

tor. The results suggested that this molecule is a major driver of the 
CTB aberrations in sPE. The endpoints we analyzed included CTB 
invasion, which was inhibited, and apoptosis, which was increased. 
We confirmed the antiangiogenic properties of this molecule and 
described the signaling pathways it engages, a combination of novel 
and known mechanisms that are also dysregulated in sPE. These 
data extended the concept that antiangiogenic factors contribute 
to the maternal signs of PE (34) by showing that they also play an 
important role in the observed CTB phenotypic alterations that 
underlie the etiology of this syndrome. We previously proposed this 
idea in relationship to dysregulated CTB production of VEGF fam-
ily members in sPE (6). In support of this concept, altering maternal 
levels of adrenomedullin also affects placentation (16).

Other CTB genes that were upregulated in sPE included growth 
hormone 2, a placental isoform, which increases the invasiveness 
of primary CTBs in vitro (35). In contrast, KISS-1 inhibits tro-
phoblast (and tumor cell) invasion (36). The product of the HOP 
homeobox gene (HOPX), which marks intestinal epithelial stem 
cells (37), interacts with HDAC2 to enable GATA4 deacetylation, 
thereby inhibiting proliferation of embryonic cardiomyocytes 
(38). We described human trophoblast progenitor expression of 
GATA4 (39), which indicates that it might be possible that this 
same relationship regulates placental growth. In mice, deletion of 
Hopx expands the trophoblast giant cell population, with a com-
mensurate reduction in spongiotrophoblasts (40). We confirmed 
a sPE-associated upregulation of HOPX expression in CTBs (our 
unpublished observations). Frizzle-related proteins, a component 
of the sPE gene signature, have actions that are often context 
dependent. They usually act as Wnt inhibitors, which could also 
negatively regulate β-catenin, a downstream target of SEMA3B 
signaling (41). Placenta-specific-1 is unique to this organ (42). 
Its function(s) is as yet unknown, but it is overexpressed in sev-
eral pregnancy complications (43). CTB production of numerous 
isoforms of pregnancy-specific β-1 glycoprotein (PSG-1) was also 
upregulated. Although their functions are not well understood, 
they appear to have vasculogenic (44, 45) and immune properties 
(46, 47). Glypican 3, proposed as a receptor for some PSG fam-
ily members (48), was also upregulated. ADAM-12 is involved in 
STB formation (49) and promotes CTB invasion (50). Thus, as a 
group, the functions of many of these molecules were relevant to 
the impact of sPE on the placenta. Furthermore, many of them are 
expressed by both CTBs and STBs. Since placental hypoperfusion 
is associated with increased numbers of giant cells (51), the dysreg-
ulated molecules could bias the cells toward fusion in vivo.

Additionally, the microarray analyses produced several surpris-
ing results. For one, nearly all of the CTB genes that were dysreg-
ulated in sPE reverted to control levels over 48 hours of culture. 
This unexpected finding was not due to apoptosis, because we 
failed to observe upregulation of genes involved in this process 
(Supplemental Figure 3). This is in contrast to our previous 
report that sPE is associated with many TUNEL-positive inva-
sive CTBs in situ (13). Thus, we concluded that the in vivo envi-
ronment, rather than intrinsic CTB defects, was involved in the 
observed gene dysregulation, which resolved in vitro and pro-
gressed to apoptosis in situ. Given the importance of stromal fac-
tors in influencing the behavior of epithelial cells (52), it may be 
that signals from chorionic villous fibroblasts or decidual cells 
impede invasion in PE. As to the possible involvement of other 
maternal factors, metabolic syndrome (53), vascular disease (54), 
and/or advanced maternal age (55) increase PE risk. As to fetal 

Figure 6
Model of SEMA3B effects on CTBs in sPE and normal pregnancy.
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factors, trisomy 21 is associated with an increased incidence of 
PE, and some of the same aberrations in CTB invasion/differen-
tiation are observed in these pregnancies (56).

Other findings suggest that maternal and placental factors work 
in concert. For example, we showed that physiological hypoxia 
regulates the balance between CTB replication and differentiation 
(57). In support of a role for oxygen tension, by 48 hours, COS-1 
cells and second trimester chorionic villi upregulated SEMA3B in 
2% vs. 20% O2 (Supplemental Figure 4). This finding suggested 
that some of the changes in gene expression that were observed 
in sPE could be due to reduced placental perfusion, which might 
explain the in vitro “rescue” that we observed. However, given 
the number of hypoxia-responsive elements in the genome, it 
was impossible to determine whether genes with this promoter 
sequence were overrepresented in the sPE signature. Additionally, 
querying the Ingenuity Knowledge Database failed to identify any 
pathways that linked the dysregulated molecules, suggesting a 
complex etiology that will be interesting to unravel. For example, 
aberrations in the dialogue between trophoblasts and decidua that 
are initiated at implantation and required for normal CTB inva-
sion could begin the process that culminates in PE (58).

Another surprising finding was that CTBs from the severe forms 
of PE have common gene signatures. Since we were assaying the 
same CTB preparation at four 12-hour intervals, which yielded 
highly statistically significant data, we had the opportunity to 
compare sPE with other variants of the syndrome. For this pur-
pose, we included superimposed hypertension (1 case) and HELLP 
syndrome (2 cases). We also added IUGR as a variable. Despite 
the different maternal and fetal manifestations, we found essen-
tially the same pattern of CTB gene dysregulation in all cases. We 
took this as preliminary evidence that the various forms of sPE 
diverged at the level of maternal (and fetal) responses, a theory 
that will need further validation given the low number of samples 
that we analyzed from the sPE variants. Nevertheless, our findings 
are possible evidence of individual differences in the mechanisms 
that lead to the signs of PE. Although it is not clear what these are, 
they could include the same risk factors (discussed above) that pre-
dispose women to develop this pregnancy complication. However, 
why PE is more common in nulliparous women remains enigmatic 
(59). One explanation could be that CTB remodeling of the uterine 
stroma and/or spiral arterioles becomes progressively easier with 
each subsequent pregnancy.

Our data demonstrating that sPE-associated aberrations 
in CTB gene expression are reversible bolster the rationale for 
developing therapeutic interventions and biomarkers for gaug-
ing their utility. One strategy is to target the CTB population 
that we studied. A small molecule inhibitor that blocks binding 
of SEMA3A to NRP-1 has been described (60), raising the possi-
bility that a similar compound could be developed for disrupting 
SEMA3B actions in sPE. Of note, a portion of the molecules that 
we identified are dysregulated in this pregnancy complication, 
e.g., the particular combination of PSGs whose expression was 
upregulated, could be useful biomarkers for predicting elevated 
risk and/or assessing therapeutic efficacy in women. Another 
strategy would be to target maternal responses. However, our 
data also suggest that potential therapeutics may need to be 
tailored to specific patient populations according to the signs 
of PE, which are not consistent despite a common set of CTB 
defects. Finally, if faulty decidual signals play a role in restraining 
CTB invasion, they could also be therapeutic targets.

In summary, our data suggest new concepts or reinforce pro-
posed mechanisms that suggest a possible theory regarding the 
pathophysiology of PE. First, in vivo signals drive CTB gene 
dysregulation. Cells that were cultured from affected placentas 
normalized their gene expression patterns over 48 hours. These 
data also suggested the second concept, i.e., CTB phenotypic 
alterations in sPE are reversible and recovery is possible. Third, 
our data suggest that the autocrine actions of the dysregulated 
molecules contribute to the CTB functional defects that are the 
hallmarks of this syndrome — shallow invasion and apoptosis 
that are associated with deficits in particular signaling path-
ways. In this context, we identified previously unknown rele-
vant actions of molecules, including SEMA3B, an angiogenesis 
inhibitor. Fourth, unified CTB defects manifest as diverse signs 
in different patients. Thus, our data suggested that individual 
differences in maternal responses are driving the clinical presen-
tation of the various forms of sPE. In this regard, we also noted 
disparate fetal responses in terms of growth effects. Together, 
our findings provide an important rationale and framework for 
pursuing treatments, a research area that is usually relegated 
to the back burner because of questions regarding feasibility, 
which our data support.

Methods
Antibodies and chemicals. The sources and concentrations used are summa-
rized in Supplemental Table 2.

Tissue collection, CTB, and RNA isolation. Pregnancy complications were 
diagnosed using published criteria (18, 19). Biopsies were either fixed in 
paraformaldehyde and frozen in OCT or fixed in formalin and embed-
ded in paraffin. The remaining tissue was used for CTB isolation as 
described previously (61), and the cells were cultured up to 48 hours. 
RNA was purified using RNeasy Plus Kits (QIAGEN) immediately after 
the cells were isolated (0 hour) and at 12, 24, and 48 hours after culture. 
RNA concentration/quality was initially assessed on a Nanodrop spec-
trophotometer (Thermo Scientific) followed by evaluation using an Agi-
lent RNA 6000 Nano LabChip Kit (Agilent Technologies) and an Agilent 
Bioanalyzer 2100 System. Samples with a RIN number >9 were used in 
the microarray experiments.

Global transcriptional profiling and data analysis. Microarray analyses were 
performed using the GeneChip Human Genome U133 Plus 2.0 array 
(Affymetrix). Sample processing and hybridization was accomplished by 
using the protocols devised by the UCSF Gladstone (NHLBI) Genom-
ics Core Facility as previously described (62). The raw image data from 
the microarrays were analyzed for quality by using RLE-NUSE T2 plots, 
and the data were normalized using Robust Multi-array Average (RMA-
Express v.1.05). Significant differential expression between groups was 
determined using the Bioconductor (v.2.11) packages limma (v.3.14) and 
maSigPro (v.1.12) within the software environment R (v.2.15). Then dif-
ferentially expressed genes were determined by statistical analysis of log 
odds ratio (B > 0) and absolute fold change of ≥2. maSigPro was used to 
evaluate gene expression over time (Benjamini-Hochberg P ≤ 0.05) (63). 
Microarray data were deposited in the Gene Expression Omnibus (acces-
sion no. GSE40182).

TaqMan qPCR. cDNA libraries were prepared with 500 ng RNA using 
the iScript Kit (Bio-Rad) and diluted 20 fold in water. TaqMan qPCR 
reactions were carried out in triplicate. Differences among target 
expression levels were estimated by the ΔΔCT method with normal-
ization to GAPDH. Differences between means were assessed using a 
2-tailed Student’s t test (P = 0.05), assuming unequal variance. The val-
ues shown are the mean ± SD.
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estimated as described above for CTBs. The chick chorioallantoic mem-
brane angiogenesis assay was performed as we previously described (65). 
Each experiment was performed at least 3 times.

PI3K activity assay. Isolated second trimester CTBs were cultured for 45 
minutes in medium containing SEMA3B, VEGF165, wortmannin, or CD6-
Fc. Lysates were prepared using a buffer of 1% NP-40, 20 mM Tris, pH 
7.4, 137 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, and 1 mM NaVO3, which 
contained a proteinase inhibitor cocktail (57). The PI3K activity assay was 
performed according to the manufacturer’s instructions (Echelon Biosci-
ences Inc.). Briefly, precleared lysates were incubated with anti-PI3K for 2 
hours, and then the immunocomplexes were collected on protein A-Sep-
harose beads. After thoroughly washing, the PI(3,4)P2 substrate was added. 
The reaction was initiated by the addition of 5 mM HEPES, pH 7.0, 10 mM 
MgCl2, and 25 mM ATP and terminated by the addition of 5 mM EDTA. 
Then, the reaction mixtures were incubated with anti-PIP3 for 2 hours. The 
PIP3 signals were detected by the addition of 3,4,5-trimethoxy benzalde-
hyde and quantified by detection at 450 nm by using an absorbance plate 
reader. Each sample was run in duplicate. The experiment was performed 
6 times. Data were expressed as percentage of control.

Statistics. Analysis of the microarray and qPCR data is described above. 
CTB invasion, CTB/endothelial apoptosis, endothelial migration, PI3K 
activity, and the clinical data were analyzed by using a 2-tailed Student’s  
t test. P values of less than 0.05 were considered significant.

Study approval. The UCSF Institutional Review Board approved this 
study. Informed consent was obtained from all tissue donors. Placentas 
were collected immediately following pregnancy terminations, after deliv-
ery due to a complication (nPTL or a form of sPE), or at the conclusion of 
normal pregnancy.
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Multiple tissue expression array. The BD MTE Multiple Tissue Expres-
sion Human Array 3, which contained poly A+ RNAs from 67 different 
human tissues, 8 cancer cell lines, and 8 controls, was from BD Bio-
sciences Clontech. A 32P-labeled SEMA3B antisense probe was prepared 
using 32P-UTP and RNA polymerase. Hybridization to the MTE Array 
was carried out in BD ExpressHyb solution according to the manufac-
turer’s instructions. Signals were detected by exposing the membranes 
to Kodak BioMax MS film.

Plasmid constructs. The cDNA fragment encoding SEMA3B, nt 585–1,464, 
was amplified using a PCR Master Mix Kit (Promega). To obtain the con-
struct for the Northern/in situ hybridization probes, the cDNA fragment 
was subcloned into a pCRII-TOPO vector (Invitrogen). The cDNA encod-
ing full-length SEMA3B was subcloned into the pcDNA3.1 directional 
TOPO plasmid (Invitrogen) or pET23(+) to obtain pcDNA3.1-SEMA3B 
and pET23(+)-SEMA3B constructs tagged with V5 and histidine repeats, 
respectively. All constructs were confirmed by DNA sequencing.

Northern and in situ hybridization, immunolocalization, and immunoblotting. 
Northern and in situ hybridization (4), immunolocalization (6), and 
immunoblotting (6) were performed as previously described. In every case, 
at least 3 different placentas or CTB preparations were analyzed per exper-
imental group.

Preparation of recombinant SEMA3B. COS-1 cells were transfected with 
the full-length pcDNA3.1-SEMA3B construct or, as a control, an empty 
pcDNA3.1 plasmid. Following the manufacturer’s instructions, trans-
fections were performed in TransFast Reagent (Promega Corp.). After 
48 hours, the cells were transferred to culture medium containing 500 
μg/ml geneticin to select for those expressing the plasmid (Invitrogen). 
Gene expression was confirmed by Northern hybridization. Protein 
expression and secretion were assessed by immunoblotting for V5. BL-21 
E. coli cells were transformed with the pET23(+)-SEMA3B construct. 
His-tagged proteins were purified on Ni-NTA agarose according to the 
manufacturer’s instructions (QIAGEN). The identity of the purified pro-
tein was confirmed by mass spectrometry (QqTOF) (QSTAR Elite mass 
spectrometer; AB Sciex).

CTB invasion and apoptosis assays. The assays were performed as pre-
viously described (6). CTBs isolated from first or second trimester 
placentas were plated in Transwell inserts (6.5 mm; Costar Corp.) on 
Matrigel-coated polycarbonate filters (8-μm pores). After 36 hours, 
the Transwell filters were divided in half. One part was stained with 
an anti-cytokeratin antibody (7D3), which enabled the counting of the 
number of CTBs that reached the filter’s underside. The other half was 
labeled using a TUNEL Kit to determine the number of CTBs undergo-
ing apoptosis (R&D Systems). Three filters were plated per test variable, 
and the entire experiment was performed 6 times. Data were expressed 
as percentage of control; the statistical significance of the data was 
determined by Student’s t test.

Culture of uterine vein microvascular cells, tracking migration, and chorioallantoic 
membrane angiogenesis assay. The cells were obtained from BioWhittaker Inc. 
They were cultured as described previously (64). Migration was analyzed 
using methods that we previously published (4). Endothelial apoptosis was 
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