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Abstract

Objective—Pregnancies in women with the antiphospholipid syndrome (APS) are frequently 

complicated by fetal loss and intrauterine growth restriction (IUGR). How circulating 

antiphospholipid antibodies (aPL) cause pregnancy complications in APS is poorly understood. 

We sought to determine if the LDL receptor family member apoE receptor 2 (apoER2) mediates 

trophoblast dysfunction and pregnancy complications induced by aPL.

Methods—Placental and trophoblast apoER2 expression was evaluated by 

immunohistochemistry and immunoblotting. Normal human IgG (NHIgG) and aPL were purified 

from healthy individuals and APS patients, respectively. The role of apoER2 in aPL-induced 
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changes in trophoblast proliferation, migration and kinase activation was assessed using RNA 

interference in HTR-8/SVneo cells. The participation of apoER2 in aPL-induced pregnancy loss 

and IUGR was evaluated in pregnant apoER2+/+ and apoER2−/− mice injected with aPL or 

NHIgG.

Results—We found that apoER2 is abundant in human and mouse placental trophoblasts, and in 

multiple trophoblast-derived cell lines including HTR-8/SVneo cells. ApoER2 and its interaction 

with the cell surface protein β2-glycoprotein I were required for aPL-induced inhibition of 

cultured trophoblast proliferation and migration. In parallel, aPL antagonism of Akt kinase 

activation by EGF in trophoblasts was mediated by apoER2. Furthermore, in a murine passive 

transfer model of pregnancy complications of APS, apoER2−/− mice were protected from both 

aPL-induced fetal loss and aPL-induced IUGR.

Conclusion—ApoER2 plays a major role in the attenuation of trophoblast function by aPL, and 

the receptor mediates aPL-induced pregnancy complications in vivo in mice. ApoER2-directed 

interventions can now potentially be developed to combat the pregnancy complications associated 

with APS.

Introduction

The antiphospholipid syndrome (APS) is an autoimmune disease characterized by the 

production of antiphospholipid antibodies (aPL) that promote arterial and venous thrombosis 

and pregnancy complications (1-4). In up to 5-7% of all pregnancies APS threatens the well-

being of both the fetus and the mother (1-3). APS particularly afflicts women with systemic 

lupus erythematosus (SLE), with as many as 40% having circulating aPL (3;5). Women with 

aPL are at increased risk of pregnancy loss, as well as disorders associated with poor 

placental development such as preeclampsia and intrauterine growth restriction (IUGR) 

(1;6). Despite treatment with aspirin and heparin used to prevent presumed placental 

thrombosis in APS, the incidence of pregnancy complications remains high (7). Outcome 

studies have shown that the rate of fetal loss is up to 18% during APS pregnancies compared 

with a rate of early fetal loss of 1% and a rate of second and third trimester fetal demise of 

5% in the general population (3;8;9). The reported frequency of IUGR in APS pregnancies 

ranges from 13 to 33% (8;10;11), and aPL are detected in 25% of women whose infants 

suffer from IUGR (3). Premature delivery occurs in 16 to 50% of APS pregnancies despite 

maternal therapy, with an average gestational age at birth of 31 weeks in one study 

(8;11;12). Thus, APS during pregnancy is an important health problem that places both the 

fetus and the mother in danger.

Because circulating aPL are strongly associated with increased risk for thrombosis in 

nonpregnant individuals, pregnancy failure in APS patients was initially thought to arise 

from thrombotic events occurring at the maternal-fetal interface. However, histological 

studies have revealed that intravascular or intervillous thrombi are rarely found in the 

placentas of APS patients (13). Instead, APS is characterized by attenuated placentation, 

with reduced decidual and vascular trophoblast invasion and less spiral artery transformation 

(13;14). These observations indicate that aPL likely alter trophoblast function rather than 

provoking thrombotic occlusion of the placental vasculature. Consistent with these in vivo 

findings, aPL attenuate the migration, invasion and differentiation of cultured trophoblasts 
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and choriocarcinoma cell lines (6;15-19). The alterations in trophoblast function induced by 

the antibodies entail aPL binding to the cell surface protein β2-glycoprotein I (β2GPI). 

Antibodies directed against β2GPI are believed to be the major pathogenic antibodies in 

APS, and elevated levels of circulating anti-β2GPI antibodies are associated with 

reproductive failure in APS patients (20-22). β2GPI binds to exposed phosphatidylserine on 

trophoblasts and may provide the target for pathogenic aPL, which have been shown to 

localize to the placenta (23). Signaling pathways by which aPL and β2GPI invoke responses 

in trophoblasts such as IL-1β secretion are becoming more apparent (24;25). A critically 

important unknown is how the event of aPL recognition of β2GPI on the cell surface is 

transmitted across the trophoblast plasma membrane to alter intracellular processes in a 

manner that disturbs normal trophoblast function.

We previously demonstrated that aPL recognition of β2GPI on endothelial cells and 

resulting interactions of β2GPI with the LDL receptor family member apolipoprotein E 

receptor 2 (apoER2) underlie APS-related vascular thrombosis (26-28). In another recent 

study we discovered that apoER2 in endothelium also mediate responses to apolipoprotein 

E3 that are beneficial to cardiovascular health (29), highlighting the complexities of apoER2 

function even in a single cell type. The biology of apoER2 is best understood in neurons in 

which it is critically involved in central nervous system development and Alzheimer’s 

disease (30). In the current work, using cell culture and mouse models we tested the 

hypotheses that apoER2 is expressed in trophoblasts, and that apoER2 mediates trophoblast 

dysfunction and pregnancy complications induced by aPL. We additionally determined how 

aPL and apoER2 disturb trophoblast function.

Methods

Isolation of Control IgG and aPL

NHIgG was obtained from healthy non-autoimmune individuals. Polyclonal aPL were 

isolated from patients with APS having high-titer aPL Ab (>80 GPL U), thromboses, and/or 

pregnancy complications (26;31). The relevant laboratory and clinical features of the 

patients who provided aPL are the following: Patient 1; age 50, female, aCL (>80 LA PGA) 

positive, anti-β2GPI positive, with clinical features of arterial thrombosis, pregnancy losses, 

catastrophic APS, and myocardial infarction. Patient 2; age 57, male, aCL (>80 LA PGA) 

positive, anti-β2GPI positive, with clinical features of arterial thrombosis, recurrent 

pulmonary hemorrhage, and catastrophic APS. Patient 3; age 36, female, aCL (>80 LA 

PGA) positive, anti-β2GPI positive with clinical features of deep venous thrombosis, renal 

microthromotic angiopathy and stroke. Individuals gave informed consent before 

participating in these studies, and all protocols were approved by the Institutional Review 

Boards of the Hospital for Special Surgery. The IgGs were purified by affinity 

chromatography using protein G–Sepharose chromatography columns (Amersham 

Biosciences). Endotoxin was removed using Centriprep ultracentrifugation devices 

(Millipore), and lack of endotoxin was confirmed using the Limulus amebocyte lysate assay 

(26;31). Mouse monoclonal antibodies directed to β2GPI (designated FC1 and 3F8) and 

their isotype-matched controls were prepared as previously described (26).
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Immunohistochemistry for apoER2 and Cytokeratin 7

The cellular localization of apoER2 expression in first trimester and term human placenta 

was performed as previously described (32). First trimester placentas were obtained from 

elective terminations of normal pregnancies (6 - 12 weeks of gestation) performed at Yale-

New Haven Hospital, and placental tissue was also obtained from uncomplicated normal 

term pregnancies (37 - 41 weeks of gestation). The use of patient samples was approved 

under Yale University's Human Investigations Committee. Briefly, placental samples were 

fixed with 4% paraformaldehyde and then paraffin embedded. Sections of placenta (5μm) 

were then deparaffinized, rehydrated and subjected to an antigen retrieval step, before being 

blocked with 0.1% BSA and 1% goat serum for 1h at room temperature. Following three 

washes with PBS, samples were incubated overnight at 4°C with either the anti-apoER2 

rabbit polyclonal antibody at 1μg/ml (LifeSpan Biosciences), anti-cytokeratin 7 mouse 

monoclonal antibody (Thermo Scientific), or non-specific rabbit IgG at 1μg/ml (Southern 

Biotechnology). After three washes with PBS, specific staining was detected by incubating 

sections for 1h at room temperature with a biotinylated goat anti-rabbit or anti-mouse 

antibody (1:500 dilution; Vector Laboratories; Burlingame, CA) followed by a 1h 

incubation with Vectastain ABC Elite reagent and then a 1-5min incubation with DAB 

substrate (Vector Laboratories). Tissue sections were then counterstained with haematoxylin 

(Sigma) before dehydration with ethanol and Histosolve (Shandon Inc., Pittsburg, PA). 

Slides were mounted with Permount (Fisher Scientific, Pittsburg, PA) and visualized by 

light microscopy.

The expression of apoER2 in mouse placenta at E11.5 was also evaluated by 

immunohistochemistry. Sections were de-paraffinized and rehydrated followed by antigen 

retrieval in Buffer A (Electron Microscopy Sciences, USA) using a 2100-Retriever (Electron 

Microscopy Science, USA). Sections were then treated with 3% H202 to quench endogenous 

peroxidase, and processed using the Vectastain ABC kit according to the manufacturer’s 

protocol (Vector Labs, USA). Anti-apoER2 antibody (Abcam, UK) or anti-cytokeratin 

(Dako, USA) was used at a dilution of 1:100 from stock concentration. For negative 

controls, slides were incubated in fresh block without primary antibody. Antibody binding 

was visualized using Impact DAB reagent according to the manufacturer’s protocol (Vector 

Labs, USA). Following counterstaining in hematoxylin (Gills #2, Sigma, USA) or Nuclear 

Fast Red (Vector Labs, USA), sections were dehydrated and mounted in xylene-based 

mounting medium.

Cell Culture and Transfection

HTR-8/SVneo cells were previously derived from extravillous trophoblasts in the first 

trimester of pregnancy and immortalized using simian virus 40 large T antigen (33). These 

cells exhibit a high proliferation index and they share numerous phenotypic similarities with 

the parental primary cells (33;34). HTR-8/SVneo cells were kindly provided by Dr Charles 

H. Graham (Queen’s University, Canada). The cells were maintained in RPMI 1640 

containing 5% fetal bovine serum. In siRNA experiments, HTR8/SVneo cells were 

transfected with siRNAs using LipofectAMINE 2000 (Invitrogen) and studied 48 hours later 

(26;35). Double-stranded RNA with sequence 5′-GGACAGACCUGGAGAACGAUU-3′ 

(Antisense: 5′-UCGUUCUCCAGGUCUGUCCUU-3′) and 5′-
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CCUUGAAGAUGAUGGACUAUU-3′ (Antisense: 

5′UAGUCCAUCAUCUUCAAGGUU-3′) designed to target the open reading frame of 

human apoER2 (accession number NM_00463) and control dsRNA were purchased from 

Dharmacon (catalog D-001210-01-20).

Immunoblot Analysis

To evaluate apoER2 expression by immunoblot analysis, cell lysates were prepared from 

primary trophoblasts isolated from human or mouse placentas or established human 

trophoblastic cell lines, and the protein expression was assessed using anti-apoER2 rabbit 

polyclonal antibody (26). Human first trimester and term trophoblast cells were isolated as 

previously described (32). The following mouse trophoblast cell line and human first-

trimester trophoblast cell lines were also evaluated: mouse SM9-1 cell line, telomerase 

immortalized Sw.71 cells and HTR-8/SVneo cells (33;36). To evaluate aPL-induced 

changes in trophoblast intracellular signaling, HTR-8/SVneo cells were treated with EGF 

(100 ng/ml) for 0-10 min in the presence of NHIgG or aPL, and immunoblotting was 

performed evaluating phospho-Akt (S473), total Akt, phospho-MAPK, and total MAPK 

abundance. All findings in cell culture were replicated in 3 independent experiments.

Trophoblast Proliferation and Migration

Trophoblast proliferation was assessed by counting the number of viable cells per well 

following equal seeding at a density of 1 × 105 and growth in RPMI1640 + 10 % FCS using 

trypan blue exclusion. Twenty-four hours after seeding, cells were incubated in the presence 

of NHIgG or aPL (0-200 μg/ml) for 24h. In select studies the cells were also incubated with 

sBD1 (50 μg/ml) (28). Trophoblast migration was evaluated in scratch assays. Cells were 

grown to near-confluence in 6-well plates and treated with NHIgG or aPL (0-200 μg/ml) for 

16 h in RPMI1640 containing 1% lipoprotein deficient serum (LPDS), and a defined region 

of cells was removed with a single-edged razor blade (37). In select studies cells were also 

incubated with sBD1 (50 μg/ml). The cells were incubated for additional 16h in the presence 

of NHIgG or aPL and fixed with 3% paraformaldehyde (Sigma-Aldrich), permeabilized in 

0.2% Triton X-100 (Bio-Rad Laboratories), stained with hematoxylin (Fisher Scientific), 

and viewed under an inverted microscope (Zeiss Axiovert 100M). The number of cells 

migrated past the wound edge was quantified in a minimum of 3 (10x magnification) fields 

per well. The recombinant peptide sBD1 was expressed in HEK293–EBNA cells and 

purified as previously reported (28). All findings in cell culture were replicated in 3 

independent experiments.

Animal Model of APS in Pregnancy

Mice were employed to evaluate processes occurring during pregnancies complicated by 

APS. Although there are differences in human and mouse placenta, both are hemochorial 

and placental development in both species entails syncytiotrophoblast and trophoblast 

invasion of decidual stroma and arteries, such that mice can provide valuable insights into 

human pregnancy disorders involving these cell types and processes (31;38-41). In vivo 

studies were performed in apoER2+/+ and apoER2−/− littermates on identical 129SvEv × 

C57BL/6J background (26). All experiments were approved by the Institutional Animal 

Care and Utilization Committees at the University of Texas Southwestern Medical Center 
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and the Hospital for Special Surgery. We employed a passive transfer model that has been 

previously used by us and other investigators to dissect the mechanisms underlying mid- and 

late-pregnancy complications in APS (31;39). Virgin female apoER2+/+ or apoER2−/− mice 

(8-12 weeks old) were mated with apoER2+/+ or apoER2+/− males, respectively. ApoER2 

homozygous null males are infertile due to a defect in sperm development (42). The two 

study groups are referred to by the genotype of the dam. The pregnant females were injected 

IP (10 mg/mouse) with NHIgG or aPL on days 8 and 12 of pregnancy, and on day 15 fetal 

resorption rates and fetal weights were evaluated (fetal resorption rate = numbers of 

resorption sites/numbers of surviving fetuses + numbers of resorption sites) and the 

genotypes of the surviving fetuses were determined. The dose of NHIgG or aPL used was 

determined in prior kinetic and dose-response studies, and the fetal survival and IUGR 

endpoints have also been previously established (31;39;43;44).

Results

ApoER2 expression in trophoblasts

We first evaluated whether apoER2 is expressed in trophoblasts. Immunohistochemical 

analysis of human placental villous tissue obtained at 6 weeks gestation revealed that 

apoER2 is abundant in the inner layer of villous trophoblasts, which are identified by 

positive staining for cytokeratin 7 (Fig. 1A) (45). A similar staining pattern for apoER2 was 

observed at 12 weeks gestation, and villous trophoblasts at term were also positive for 

apoER2. The expression of apoER2 in both human and mouse trophoblasts was further 

demonstrated by immunoblotting of placental lysates and cell lysates prepared from primary 

trophoblasts and trophoblast cell lines (Fig. 1B). The disparities in the size of the detected 

apoER2 protein likely represent differences in splice variants or in receptor glycosylation 

(46).

ApoER2 and APL attenuation of trophoblast proliferation and migration

The primary defect in obstetrical APS is likely an impairment in placental trophoblast 

migration and invasion (13;14), and aPL inhibit trophoblast migration through binding to 

β2GPI on the cell surface (17;19;47). We and others previously showed that the interaction 

of β2GPI with apoER2 is required for aPL-induced changes in endothelial cell function 

(26;48). To better understand aPL actions on trophoblasts, we first evaluated whether 

β2GPI-apoER2 interaction is required for aPL-induced inhibition of trophoblast 

proliferation. This was accomplished using the soluble binding domain 1 of ApoER2 

(sBD1), which is a peptide that competes for β2GPI and thereby blocks β2GPI binding to 

apoER2 (28). Cell proliferation was evaluated over 24h in HTR-8/SVNeo cells treated with 

IgG isolated from healthy human subjects (normal human IgG, or NHIgG), aPL isolated 

from APS patients, or aPL+sBD1 (Fig. 2A). In contrast to NHIgG, aPL decreased cell 

proliferation by 33%. However, aPL did not inhibit proliferation in the presence of sBD1. A 

requirement for apoER2 in aPL-induced inhibition of cell proliferation was also evaluated 

using RNA knockdown. HTR-8/SVneo cells were transfected with double-stranded RNA 

targeting human apoER2 sequence (ApoER2 RNAi) or scrambled sequence (Control RNAi), 

and effective apoER2 knockdown was confirmed by immunoblot analysis (Fig. 2B). Basal 

cell proliferation was evaluated by quantifying cell number at time 0 and 24h post-
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transfection, and it was found to be comparable in control and apoER2 knockdown cells 

(Fig. 2C). The impact of aPL was then assessed. APL treatment decreased trophoblast 

proliferation in control RNAi-transfected trophoblasts in a dose-dependent manner (Fig. 2D, 

E); in contrast, in cells deficient in apoER2, aPL did not inhibit cell proliferation. 

Furthermore, in contrast to isotype-matched control IgG, monoclonal antibodies against 

β2GPI (designated FC1 or 3F8) inhibited trophoblast proliferation, and they did so in an 

apoER2-dependent manner (Fig. 2F).

To determine if β2GPI-apoER2 interaction is required for aPL inhibition of trophoblast 

migration, HTR-8/SVneo cells were treated with NHIgG, aPL or aPL+sBD1, and 

trophoblast migration was evaluated over 16h using a scratch assay (Fig. 3A). In the 

presence of aPL, migration was inhibited by 65%, and the addition of sBD1 fully attenuated 

the effect of aPL. A requirement for apoER2 in aPL-induced inhibition of cell migration was 

further evaluated by knockdown of the receptor by RNAi (Fig. 3B). Twenty-four hours after 

transfection, the cells were treated with aPL or NHIgG for 16h and migration assays were 

performed during additional 16h in the presence of the antibodies. In cells with normal 

levels of apoER2, dose-dependent inhibition of trophoblast migration by aPL was 

demonstrable. In contrast, in cells depleted of apoER2, aPL did not inhibit migration. 

Furthermore, trophoblast migration was inhibited by monoclonal antibodies against β2GPI 

(FC1 or 3F8) but not by isotype-matched control IgG, and the inhibition required apoER2 

(Fig. 3C). Taken together, these results indicate that apoER2 and interaction between β2GPI 

and apoER2 are necessary for aPL-induced inhibition of trophoblast proliferation and 

migration.

ApoER2 and aPL attenuation of EGF signaling in trophoblasts

In processes critical to placental development, epidermal growth factor (EGF), Wnt-3A and 

chorionic gonadotropin upregulate matrix metalloproteins in trophoblasts and stimulate their 

migration via Akt kinase and MAP kinase (MAPK) activation (35;49;50). To determine if 

aPL actions via apoER2 interfere with these key signaling pathways in trophoblasts, we 

examined the effects of aPL on EGF-induced activation of Akt kinase or MAPK (Fig. 4A-

D). In HTR-8/SVneo treated with NHIgG, EGF stimulated Ser473 phosphorylation of Akt 

(pAkt) and Thr202/Tyr204 phosphorylation of MAPK (pMAPK) indicative of their 

activation. In contrast, EGF did not activate Akt in aPL-treated cells. The inhibitory effect of 

aPL was specific to Akt activation since MAPK phosphorylation (pMAPK) was not 

affected. To determine if apoER2 is required for aPL-induced alterations in kinase 

activation, RNAi-based knockdown was employed (Fig. 4E-H). Whereas MAPK activation 

by EGF was not affected by aPL, Akt kinase activation was inhibited by aPL in cells with 

normal apoER2 expression; in contrast, in cells with diminished apoER2 expression, aPL 

had no impact on EGF-induced Akt activation. Thus, apoER2 is required for aPL inhibition 

of Akt activation by EGF.

ApoER2 and aPL-induced fetal loss and IUGR

Having demonstrated that apoER2 is expressed in trophoblasts and critically involved in the 

attenuation of their proliferation and migration by aPL, we determined whether apoER2 is 

required for aPL-induced pregnancy complications in vivo. In preparation for studies in 
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mice, we performed immunohistochemical analysis of apoER2 in the mouse placenta (Fig. 

5). We found that apoER2 is abundantly expressed in the labyrinth of the mouse placenta. 

Staining was observed in cells that also express cytokeratin 7 and are associated with 

maternal and fetal blood spaces, which are characteristics of trophoblasts.

We then studied a mouse model of APS in pregnancy in which the passive transfer of aPL 

induces fetal loss and IUGR, and compared pregnancy outcomes in apoER2+/+ and 

apoER2−/− females (31;39). Virgin female apoER2+/+ and apoER2−/− mice were mated with 

apoER2+/+ and apoER2+/− males, respectively. Mating with apoER2−/− males was not 

feasible due to sterility related to abnormal sperm development (42). NHIgG or aPL was 

then administered IP on days 8 and 12 of pregnancy, and on day 15 fetal resorption rates and 

fetal weights were evaluated. The fetal resorption rate in apoER2+/+ pregnancies was 

increased 4.2-fold with aPL compared to NHIgG control treatment (Fig. 6A). In contrast, 

aPL did not increase the rate of fetal loss in apoER2−/− pregnancies. Furthermore, compared 

with NHIgG, aPL caused a decrease in the weights of the surviving fetuses in apoER2+/+ 

pregnancies (Fig. 6B). However, normal fetal weights were preserved despite aPL treatment 

in apoER2−/− pregnancies. In apoER2−/− dams treated with aPL, there was no difference in 

survival rate (Fig. 6C) or fetal weight (Fig. 6D) between apoER2−/− and apoER2+/− fetuses. 

This indicates that the lack of one or both alleles of the receptor in the fetus, which is the 

source of placental trophoblasts, conferred similar protection against aPL-induced fetal loss 

and IUGR. These observations in the mouse model demonstrate for the first time that 

apoER2 is critically involved in the fetal loss and IUGR that complicate APS during 

pregnancy.

Discussion

In humans with APS and in experimental animal models of the disease, aPL trigger adverse 

pregnancy outcomes including fetal loss, IUGR, preterm birth and preeclampsia (1-4). 

Proposed mechanisms by which aPL induce pregnancy complications involve multiple 

interacting mechanisms: the activation of innate immune receptors, the production of 

inflammatory effectors, and alterations in trophoblast function (2;51;52). Our previous work 

indicated that aPL binding to trophoblasts activates complement to invoke placental injury 

and cause fetal loss and IUGR (31;39). In the present studies we identified apoER2 as a key 

plasma membrane protein on the trophoblast mediating the adverse actions of aPL. We 

further revealed that apoER2 provides the critical mechanistic link between β2GPI 

recognition by aPL on the cell surface and the resulting alterations in trophoblast function. 

Moreover, using an established mouse model of the pregnancy complications of APS, we 

provide the first evidence that apoER2 is required for aPL-induced fetal loss and IUGR. 

Taken together with previous work by us and others indicating that apoER2 mediates aPL-

induced thrombosis remote from pregnancy (26;28;48), these findings reveal that apoER2 is 

the common linchpin in the pathogenesis of APS-related disease in various clinical 

paradigms.

Along with revealing the role of apoER2 in the pregnancy complications of APS, the present 

work interrogates apoER2 in the placenta for the first time. In that manner the current 

findings extend our understanding of the biology of apoER2 beyond its well-established role 
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in CNS development and Alzheimer’s disease (30) and its recently revealed functions in 

endothelium (26;29). Immunohistochemical analysis of human placenta revealed that 

apoER2 is abundantly expressed in trophoblasts throughout gestation, and immunoblotting 

demonstrated that the receptor is also expressed in HTR-8/SVneo and SW.71 cells that 

retain the characteristics of trophoblasts in culture (33;34;36). We observed no reproduction-

related abnormalities in the pregnancies in apoER2−/− mice treated with control NHIgG, 

with similar numbers of live fetuses and fetal weights in apoER2−/− versus apoER2+/+ dams. 

These results indicate that the receptor is not required for normal trophoblast function or 

other processes governing fetal well-being. However, in the presence of aPL, via β2GPI the 

receptor elicits changes in trophoblast function, and apoER2 deficiency affords protection 

from aPL-induced fetal loss and IUGR. These findings reveal that the blockade of receptor 

actions invoked by aPL and β2GPI may prevent APS-related fetal and/or maternal disease in 

at-risk pregnancies, with little risk of altering normal trophoblast function.

In the investigation of how aPL impact intracellular signaling in trophoblasts we found that 

aPL inhibit Akt phosphorylation at S473 in response to EGF, and that this requires apoER2. 

Our previous work showed that in endothelium aPL-β2GPI binding to apoER2 initiates 

intracellular signaling that leads to the activation of PP2A, which inhibits eNOS activation 

by dephosphorylating the enzyme at the critical serine residue S1177(26). In trophoblasts 

PP2A regulates the phosphorylation of the bHLH transcription factors HAND-1 and 

HAND-2, which are required for trophoblast differentiation (53). It is not yet known 

whether PP2A modulates Akt in trophoblasts. In neurons the apoER2 ligand Reelin binds to 

apoER2 and initiates intracellular signaling by recruiting the adaptor protein Dab-1 to the 

cytoplasmic domain of apoER2 (54). In mice, a knock-in mutation of the apoER2 

cytoplasmic domain that disrupts Dab-1 interaction (alteration of the NFDNPVY motif to 

EIGNPVY) leads to neuronal developmental defects identical to those observed in Reelin−/− 

mice (54). Interestingly, in platelets aPL induces the binding of Dab-1 to apoER2 (28). 

Studies are now warranted to determine whether Dab-1 or other apoER2 adaptor molecules 

are required for aPL effects in trophoblasts.

Up to 5 to 7% of pregnancies are complicated by APS (1-3) and it is the only known cause 

of fetal death, preterm birth, IUGR and preeclampsia/eclampsia that can be diagnosed in the 

mother to actually prevent these disorders if effective therapy were available. Based on the 

thrombosis that occurs with APS remote from pregnancy and despite the lack of evidence 

that placental thrombosis occurs in APS, current interventions to prevent the obstetric 

complications of APS are limited to heparin and aspirin (1;3;7). Despite these treatments, in 

APS pregnancies the fetal loss rate is up to 18%, the IUGR rate is up to 33%, and the rate of 

premature births is up to 50%, and heparin therapy can cause maternal bleeding (1;3;7). 

Fortunately our understanding of APS pathogenesis during pregnancy now goes well beyond 

a possible involvement of thrombosis., which has been recently shown not to contribute to 

placental pathology (13). With the discovery of the pathogenetic role of apoER2, 

mechanism-directed therapies can now be developed that may offer far greater efficacy and 

fewer treatment-related side-effects than anticoagulation.
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Figure 1. 
ApoER2 is expressed in human and mouse placental trophoblasts.

A. Human placental villous tissue from first trimester (6-12 weeks gestation) and normal 

term deliveries (37-41 weeks gestation) was immunostained for ApoER2 or cytokeratin 7. 

Inserts show negative immunostaining using a rabbit IgG control. Images are at 10X (left 

panels) and at 40X magnification (right panels). B. ApoER2 expression in human placental 

tissue, primary trophoblasts and trophoblast cell lines was evaluated by immunoblot 

analysis. Brain lysates from apoER2−/− and apoER2+/+ mice (5 μg total protein loaded) were 

used as controls. Lanes: 1; mouse placenta (25 μg), 2; mouse SM9-1 cells (mouse 

trophoblast cell line, 25 μg), 3; BeWo cells (human choriocarcinoma cell line, 25 μg), 4,5; 

human primary trophoblasts (term delivery, 25 μg), 6,7; human primary trophoblasts (first 

trimester) (6 μg), 8; Sw.71 cells (first trimester trophoblast cell line, 20 μg), 9; HTR-8/

SVneo cells (first trimester trophoblast cell line, 20 μg).
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Figure 2. 
ApoER2 and β2GPI-apoER2 interaction are required for the suppression of trophoblast 

proliferation by aPL.

A. HTR-8/SVneo cells were plated at 10 × 104cells/well and incubated with PBS (NT), 

NHIgG or aPL (100 μg/ml) in the presence or absence of sBD1 (50 μg/ml). Cell number was 

counted after 24h incubation (N=9, mean±SEM, *p<0.05 vs. NT, †p<0.05 vs. aPL alone). B. 
HTR-8/SVneo cells were transfected with control siRNA or double-stranded siRNA 

targeting apoER2, and whole cell lysates were immunoblotted for apoER2 and actin. Results 

for 3 samples for each condition are shown. C. HTR-8/SVneo cells were transfected with 

control siRNA or double-stranded siRNA targeting apoER2, and following transfection the 

increase in cell number over 24 h was evaluated. N=3, Mean±SEM, *p<0.05 vs. 0h. D, E. 
Following transfection with control siRNA or siRNA targeting apoER2, the increase in cell 

number over 24 h was evaluated in cells treated with various concentrations of NHIgG or 

aPL. (0-200 μg/ml, N=3, Mean±SEM, *p<0.05 vs. 0h, †p<0.05 vs. NHIgG). F. Following 

transfection with control siRNA or siRNA targeting apoER2, the increase in cell number 

over 24 h was evaluated in cells treated with anti-β2GPI monoclonal antibodies (FC1 or 

3F8) or isotype-matched control IgG (Con IgG). (N=3, Mean±SEM, *p<0.05 vs. 0h, 

†p<0.05 vs. Con IgG).
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Figure 3. 
ApoER2 and β2GPI-apoER2 interaction are required for the attenuation of trophoblast 

migration by aPL.

A. HTR-8/SVneo cells were treated with PBS (NT), NHIgG (100 μg/ml), aPL (100 μg/ml), 

or aPL+sBD1 (50 μg/ml) for 24 h during scratch assays. Migration was expressed relative to 

migration with NT (N=4, Mean±SEM, *p<0.05 vs. NT, †p<0.05 vs. aPL alone). B. Scratch 

assays were performed in HTR-8/SVneo cells transfected with control siRNA or apoER2 

siRNA in the presence of various concentrations of NHIgG of aPL (0-200 μg/ml) for 24 h. 

Migration was expressed relative to migration of NHIgG-treated cells (N=10, Mean±SEM, 

*p<0.05 vs. NHIgG). C. Scratch assays were performed in HTR-8/SVneo cells transfected 

with control siRNA or apoER2 siRNA in the presence of control IgG (Con IgG) or anti-β2 

GPI monoclonal antibodies (FC1 or 3F8) Migration was expressed relative to migration of 

Control IgG-treated cells (N=10, Mean±SEM, *p<0.05 vs. NHIgG).
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Figure 4. 
APL inhibit EGF-induced Akt activation via apoER2.

A-D. HTR-8/SVneo cells were incubated with NHIgG or aPL (100 μg/ml) for 16 h, then 

treated with EGF (100 ng/ml) for 0, 5, or 10 min. Cell lysates were immunoblotted for 

phospho-Akt (S473), total Akt, phospho-MAPK, and total MAPK A, B. Representative 

immunoblots are shown. C, D. Summary data for 3 experiments, mean±SEM, *p<0.05 vs. 

time 0. E-H. HTR-8/SVneo cells were transfected with control siRNA or double-stranded 

siRNA targeting apoER2. Twenty-four hours following transfection, the cells were treated 

and immunoblot analyses were done as in A-D. E, F. Representative immunoblots are 

shown. G, H. Summary data for 3 experiments, mean±SEM, *p<0.05 vs.time 0.
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Figure 5. 
ApoER2 is expressed in mouse placental trophoblasts in vivo.

A-C. Immunostaining of ApoER2 was performed in wild-type mouse placenta (E11.5). 

ApoER2 protein was detected in trophoblasts in the labyrinth. Images are at 4X (A), 10X 

(B) and 40X magnification (C). Inset in C shows cytokeratin 7 staining in an adjacent 

placenta section. D. Control staining without primary antibody.
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Figure 6. 
ApoER2−/− mice are protected from aPL-induced fetal resorption and IUGR. Following 

mating of apoER2+/+ or apoER2+/− males with apoER2+/+ or apoER2−/− females 

respectively, the females were injected with NHIgG or aPL (10 mg/mouse IP) on day 8 and 

12 of pregnancy. Mice were euthanized on day 15 of pregnancy, uteri were dissected, 

embryos were weighed, and fetal resorption rates were calculated (number of resorptions/

number of live fetuses + number of resorptions). A. Fetal resorption frequency. N=7814, 

Mean±SEM. *p<0.05 vs. NHIgG, †p<0.05 vs. apoER2+/+. B. Fetal weights. N=55896, Mean

±SEM. *p<0.05 vs. NHIgG, †p<0.05 vs. apoER2+/+. C, D. Surviving fetuses from 

apoER2−/− pregnant mice treated with aPL were genotyped for apoER2 (C) and fetal 

weights were determined (D). In a total of 66 fetuses, 36 were apoER2+/− and 30 were 

apoER2−/−.
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