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Abstract

Rationale: Preeclampsia (PE) is a potentially life-threatening, placenta-based hypertensive
disorder during pregnancy, and the antiphospholipid syndrome (APS) frequently leads to PE. APS
pregnancies are also complicated by fetal demise and intrauterine growth restriction (IUGR).

Objective: Here we determined how the circulating antiphospholipid antibodies (aPL)
characteristic of APS alter placental trophoblast function to cause PE and also endanger the fetus.

Methods and Results: Experiments were performed in mice, in cultured human trophoblasts,
and in human placenta samples. Effects of aPL and 1gG from healthy subjects were compared.
Based on prior findings in culture, /n vivo studies were done in mice deficient in apolipoprotein E
receptor 2 (ApoER2) in trophoblasts. Endpoints in tissues and cells were determined by enzymatic
assay, Q-PCR, ELISA or immunoblotting. Whereas in wild-type mice aPL caused maternal
hypertension and proteinuria, fetal demise and IUGR, mice lacking trophoblast ApoER2 were
protected. In culture aPL attenuated trophoblast proliferation and migration via an ApoER2-related
protein complex comprised of the protein phosphatase PP2A, Dab2, and JIP4. Via trophoblast
ApoER2 in mice and in culture, aPL stimulated PP2A activity, leading to MMP14 and HIFla
upregulation and increased soluble endoglin (sEng) production. HIF1a and sEng upregulation was
related to PP2A desphosphorylation of PHD2. In mice PP2A inhibition prevented aPL-induced
maternal hypertension and proteinuria, and fetal demise and IUGR. Placentas from APS patients
displayed PP2A hyperactivation, PHD2 dephosphorylation and HIF1a upregulation, and these
findings were generalizable to placentas of women with PE from causes other from APS.

Conclusions: In APS pregnancies trophoblasts are the critical cell target of aPL, and via
ApoER2-dependent PP2A activation, aPL cause PE through MMP14 upregulation and PHD?2
dephosphorylation leading to HIF1a and sEng upregulation. Moreover, parallel processes may be
operative in PE in non-APS patients. Interventions targeting PP2A may provide novel means to
combat APS-related PE and PE unrelated to APS.

Graphical Abstract
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Abstract

Preeclampsia (PE) is a leading cause of morbidity and mortality during pregnancy. The initiating
processes in PE are poorly understood, and the only effective intervention is premature delivery,
which threatens the well-being of the child. The Antiphospholipid Syndrome (APS), which is
characterized by circulating antiphospholipid antibodies (aPL), is a common risk factor for PE,
and also for fetal demise, premature birth and intrauterine growth restriction. This work presents
an animal model of APS-related PE, revealing that aPL administration to pregnant mice induces
PE and fetal compromise via ApoER2 in trophoblasts. Mechanistically, via ApoER2, aPL activate
PP2A, which upregulates MMP14 and HIF1a, the latter via dephosphorylation of PHD2, leading
to increased production of soluble endoglin, which is a known driver of PE. A role for PP2A in PE
pathogenesis is revealed, and linkage of PP2A to PHD2 and HIF1a is demonstrated in placentas
from both APS patients and women with PE from causes other than APS. As importantly,
pharmacologic inhibition of PP2A affords full protection from both aPL-induced PE and the fetal
complications. Future research should interrogate how PP2A is activated in PE not associated with
APS, and how PP2A can be targeted to combat PE.

Subject Terms:

Animal Models of Human Disease; Basic Science Research; Cell Signaling/Signal Transduction
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INTRODUCTION

Preeclampsia (PE), which is characterized by new-onset hypertension and proteinuria after
20 weeks gestation during pregnancy, is a leading cause of mortality and morbidity in
mothers and fetuses that affects 5% to 7% of pregnant women worldwidel=3. PE is also
associated with substantial increased risk of cardiovascular disease in the mother and

child later in life*=6. One common risk factor for PE is the Antiphospholipid Syndrome
(APS):8 which is an autoimmune disorder characterized by the presence of circulating
antiphospholipid antibodies (aPL) and elevated risk of thrombosis. In addition to PE,

APS pregnancies are complicated by fetal loss, premature birth, and intrauterine growth
restriction (IUGR)%-13. APS adversely impacts more than 10% of pregnancies, particularly
in women with systemic lupus erythematosus (SLE)% 14, and whereas 7% of normotensive
pregnant women have detectable aPL, the antibodies are found in 29% of hypertensive
pregnant women10. In addition, a recent prospective case-control study provided strong
evidence for an association between the presence of aPL and early PE1®, and a recent
meta-analysis found that women with APS had the highest pooled event rate for PE among
fourteen known risk factors including chronic hypertension, pregestational diabetes and
obesity®. Thus, PE is a major health problem that places both the fetus and the mother

in danger, and APS is a common underlying condition leading to PE and other pregnancy
complications.

Although the adverse impacts of APS on pregnancy were initially believed to result

from placental thrombosis, in most obstetric APS cases there is no evidence of

placental thrombosis!®-18. Other processes that have been considered are inflammation

and complement activation in the placenta, particularly in response to aPL that recognize
B2-glycoprotein | (B2GPI), which are the most pathogenic antibodies in APS® 19, /n vitro
studies indicate that anti-p2GPI antibodies have direct detrimental impact on endothelial
cells, monocytes and trophoblasts, which are all critical to placental development and
function, and on platelets, which participate not only in thrombosis but also in inflammation
and complement activation29-24, In culture the anti-B2GPI antibodies decrease trophoblast
proliferation and migration, which are the hallmarks of the placental pathology observed

in PE due to multiple primary conditions?L. We previously found that the LDL receptor
family member Apolipoprotein E receptor 2 (ApoER2, also known as LRP8) is abundantly
expressed in human and mouse trophoblasts, and in cultured trophoblasts we determined that
ApOER?2 is required for aPL to impair cell growth and migration2®. We also showed in the
mouse model of maternal APS invoked by administration of aPL mid-pregnancy that fetal
survival and bodyweight are protected by global deletion of ApoER225. However, whether
aPL actions on trophoblasts underlie obstetric disorders in APS including PE, and the
molecular mechanisms by which aPL disrupt normal trophoblast development and function
in vivo leading to PE and other obstetric complications are entirely unknown.

Seeking to better understand the PE that complicates APS, experiments were designed

in mice to identify the primary cellular target of aPL in the placenta participating in
APS-related PE and also fetal demise and IUGR. Utilizing cell-specific gene silencing,
we addressed the question whether the trophoblast is the critical cell target of aPL action,
and whether ApoER?2 in trophoblasts is the major driver of the maternal hypertension
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and proteinuria, and the fetal complications. Additional experiments were performed to 1)
determine how ApoER2 mediates actions of aPL on trophoblasts leading to PE, 2) evaluate
if the identified mechanisms are operative in human APS pregnancies, and 3) determine if
the same processes may participate in PE in non-APS patients.

Data Availability.

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Animal models of APS pregnancy.

In vivo studies were performed in wild-type C57BL/6 mice, or in littermate control

mice (ApoER21/M) or mice lacking ApoER2 specifically in trophoblasts (ApoER2ATR)

on C57BL/6-FVB mixed background. The latter mouse strain was generated by crossing
ApoER2f/M mice24 with mice expressing Cre recombinase under the regulation of Cyp19
promotor26. Virgin female mice (8-10 weeks old) were mated with males of the same
genotypes, and vaginal plugs were checked (day 0). On day 8 and 12 of pregnancy, pregnant
mice were randomly assigned to receive IP injection of NHIgG (10mg/mouse) or aPL
(10mg/mouse), as previously described?3 25, On day 15, the mice were euthanized and

the uteri were dissected, embryos were weighed and fetal resorption rate was calculated
(number of resorptions/(humber of live fetuses + number of resorptions) x100)(%)). The
representative images were chosen as those that are most similar to all of the other images in
the data set. Details are provided in Online Supplemental Materials and Methods.

Tail cuff systolic blood pressure (SBP) measurements were made using a Visitech System
BP-2000 Series 11 (Apex, NC) BP monitor2”: 28, Tail cuff SBP measurements were
necessary to assess blood pressure because instrumentation for radiotelemetry was not
feasible in pregnant mice at 8-10 weeks old in which the mouse model of aPL-induced
pregnancy complications was established?3: 25, Mice received tail cuff BP measurement
training for 2 days (days 6 and 7 of pregnancy), undergoing 10 measurements over a
30-minute period each morning. Starting day 8 of pregnancy, daily the mean of the last 6 out
of 16 readings was recorded as the SBP value for a given mouse. The experimenters were
blinded by placing each mouse in a separate cage with no identifiers.

Human IgG and placenta preparation.

Normal human 1gG (NHIgG) and aPL were isolated from healthy individuals and APS
patients as previously described?3: 25, Normal term placentas were obtained through the
Ob-Gyn Tissue Procurement Facility at UT Southwestern Medical Center. Placentas from
APS patients were obtained from UT Southwestern Medical Center. The relevant clinical
and laboratory features of the APS patients and the individuals with PE unrelated to APS
are provided in Online Supplemental Materials and Methods. Mouse monoclonal antibody
directed against f2GPI (designated 3F8) and its isotype-matched control (designated BBG)
were generated as previously described?4: 25,

Circ Res. Author manuscript; available in PMC 2022 September 17.
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Cell culture, siRNA and adenoviral transfection.

Human trophoblast cell line HTR8/SVneo was maintained as described?®. Additional
human trophoblast cell line Sw.71 was kindly provided by Dr. Gil Mor (Yale

University), and maintained as described previously2®. In siRNA experiments, cells were
transfected with the siRNAs (ThermoFisher) shown in Online Supplemental Materials
and Methods using siPORT Amine transfection reagent as previously described??.
Control siRNA was purchased from GE Dharmacon (ON-TARGETplus Non-targeting
Control siRNA). For reconstitution experiments, cells were first transfected with sSiRNA
targeting endogenous ApoER2, and subsequently the cells were transfected with adenoviral
particles (1010 particles/ml) encoding ApoER2 constructs24. Twenty-four hours after
adenoviral transfection, experiments were performed. Pharmacological inhibition studies
were performed using HIF1a inhibitor (1uM, GN44028, TOCRIS), MMP14 inhibitor
(10nM, NSC405020, Sigma-Aldrich), or p38 inhibitor SB 202190 (10 pM, Selleckchem)
in the presence of NHIgG or aPL (100 pg/ml).

PP2A Phosphatase assay.

PP2A phosphatase activity was evaluated using PP2A immunoprecipitation and a
phosphatase assay kit (EMD #17-313) as previously described?4. In brief, trophoblasts
were incubated with NHIgG or aPL (100ug/ml) for 2 h, or with C2-ceramide (30 uM) for

4 h to provide a positive control in select experiments. Mouse placentas were harvested

on day 15 of pregnancy and tissues were stored at —80°C. Cell or tissue lysates were
generated according to manufacturer’s instructions and immunoprecipitation was performed
with anti-PP2A-C antibody immobilized on agarose beads for 2 h. Immunoprecipitated
PP2A was incubated with phosphorylated peptide substrate for 20 min at 30°C. Malachite
green reagent was then used to quantify sample free phosphate content.

Immunoprecipitation and immunoblot analysis.

HTR8/SVneo or Sw.71 cells were lysed and immunoprecipitation was performed as
described in detail in Online Supplemental Materials and Methods. Immunoblot analyses
were performed using appropriate primary antibodies. Detailed information regarding the
antibodies used is provided in Online Supplemental Materials and Methods. All findings in
cell culture were replicated in three independent experiments.

Mass spectrometry?4,

Following protein separation by SDS PAGE, gel samples were digested overnight with
trypsin (Pierce) followed by reduction and alkylation with dithiothreitol and iodoacetamide
(Sigma—Aldrich). After solid-phase extraction cleanup with Oasis HLB plates (Waters), the
samples were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
using an Orbitrap Fusion Lumos mass spectrometer (Thermo Electron) coupled to an
Ultimate 3000 RSLC-Nano liquid chromatography system (Dionex). Raw MS data files
were converted to a peak list format and analyzed using the central proteomics facilities
pipeline (CPFP), Version 2.0.324 30, Peptide identification was performed using the X!
Tandem and Open MS Search Algorithm (OMSSA) search engines against a human protein
database from Uniprot24: 31,

Circ Res. Author manuscript; available in PMC 2022 September 17.
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Statistical analysis.

With normally distributed data a two-way ANOVA with Tukey’s post hoc test was used

for a dataset with two factors. In analyses of non-normally distributed data indicated by
Shapiro-Wilk test a) a Mann-Whitney U test was used to compare two groups for a single
factor, b) a Kruskal-Wallis test with Dunn’s post hoc test was used for datasets comparing
three or more groups for a single factor, c) an aligned rank transform (ART) two-way
ANOVA with Benjamini and Hochberg (BH) correction post hoc test was used for a dataset
with two factors, d) an ART two-way mixed ANOVA with BH correction was used for

a dataset with one between- subjects factor and one within-subjects factor, and an ART
three-way mixed ANOVA with BH correction was used for a dataset with two between-
subjects factors and one within-subjects factor. The statistical analysis was performed using
the R Statistical Package, and the ART ANOVAs and BH post hoc tests were carried

out with the R Statistical Package ARTool; the original non-normally distributed data first
underwent aligned rank transformation, and then the ranked data was analyzed with the
usual ANOVA procedure32-34, \ialues shown represent the mean + SEM. In all graphs the
specific comparisons made are shown by the horizontal lines below the P values provided,
which are all corrected P values. A Pvalue of less than 0.05 was considered statistically
significant. No experiment-wide multiple test correction was applied.

Study Approval.

RESULTS

All animal experiments were approved by the Institutional Animal Care and Use
Committees at the University of Texas Southwestern Medical Center. All human study
protocols were approved by the Institutional Review Boards of the Hospital for Special
Surgery and the University of Texas Southwestern Medical Center. Human subjects gave
written informed consent before participating in these studies.

APL induce PE in atrophoblast ApoER2-dependent manner.

The placental pathology in APS is characterized by attenuated placentation,

reduced decidual and vascular trophoblast invasion, and less spiral artery

transformation12 16. 17. 35,36 To first determine if aPL impact trophoblasts /77 vivo, pregnant
C57BL/6J mice received intraperitoneal (IP) injections of normal human IgG isolated from
healthy subjects (NHIgG) or aPL (10mg/mouse) at day 8 of pregnancy, and the status

of labyrinth trophoblasts and differentiating syncytiotrophoblasts was evaluated 48h later
(Fig. 1A). We found that branching morphogenesis of the labyrinth was reduced by aPL,
and that cell replication throughout the developing junctional zone and labyrinth layers

was attenuated. Thus, mirroring findings in human placentas!’: 3%, trophoblast phenotype is
disturbed /n vivo in this murine model of APS during pregnancy.

We next tested whether aPL injections impact blood pressure (BP) in pregnant mice (Fig.
1B). Mice initially displaying vaginal plugs following mating (51 mice) were injected with
NHIgG control (N=25) or aPL (N=26) 8 and 12 days later, and among them 30 were
ultimately pregnant and 21 were not, and the latter mice served as non-pregnant controls.
APL injections caused an increase in systolic blood pressure (SBP) in pregnant mice but not

Circ Res. Author manuscript; available in PMC 2022 September 17.
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in non-pregnant mice (Fig. 1B, C), indicating that the hypertensive response to aPL requires
pregnancy.

Having previously discovered that adverse actions of aPL in cultured trophoblasts require
ApoER225, we next determined whether ApoER2 in trophoblasts is required for aPL-
induced maternal hypertension. Compared to control ApoER2/f! mice, mice engineered to
lack the receptor in trophoblasts, designated ApoER2ATR  displayed a 96% loss of ApoER2
MRNA in placenta (Online Fig. I A) and a parallel decline in trophoblast ApoER?2 protein
(Online Fig. I B). In contrast, in endothelial cells in which ApoER2 is also normally
expressed, transcript level was unchanged (Online Fig. I C). In BP studies aPL induced an
elevation in SBP and also relative proteinuria in ApoER2//fl mice but not in ApoER2ATR
mice (Fig. 1D, E). In separate sets of mice, aPL caused a 2.2-fold increase in fetal resorption
rate and a decline in the weight of surviving fetuses in ApoERT/ controls, but had no
impact on these parameters in ApoER22TR (Fig.1F, G and Online Table 1). Thus, ApoER2
in trophoblasts mediates aPL-induced maternal hypertension and proteinuria, and fetal
resorption and IUGR.

APL activation of PP2A underlies trophoblast dysfunction.

To delineate the molecular mechanisms whereby ApoER?2 participates in aPL actions in
trophoblasts, we interrogated the ApoER2 interactome in HTR8/SVneo human trophoblasts
treated with NHIgG or aPL (OnlineTable I1). Not surprisingly, B2GPlI, the pathogenic
antigen for aPL, was detected to interact with ApoER2 only in cells treated with aPL. In
addition, the protein phosphatase 2A (PP2A) catalytic C subunit, and the PP2A scaffolding
A subunit (designated Aa)) displayed 5.6- and 4.1-fold greater interaction, respectively, with
ApoER?2 in aPL-treated cells. PP2A is a major protein phosphatase, and active PP2A is

a heterotrimeric holoenzyme composed of catalytic (C), scaffold (A) and regulatory (B)
subunits37: 38, Increased interaction between ApoER2 and the PP2A Aa subunit in response
to aPL was confirmed by co-immunoprecipitation (Fig. 2A). We then showed that aPL from
4 different APS patients caused marked increases in PP2A activity in HTR8/SVneo cells
(Fig. 2B), that the degree of activation with aPL was at least comparable to that observed
with the known PP2A stimulant ceramide (Online Fig. Il A), and that activation was also
observed in a second human trophoblast cell line, Sw.71 (Online Fig. Il B). In addition,
comparable activation was induced by an aPL-mimicking monoclonal anti-B2GPI antibody,
3F8 (Fig. 2C)23: 25, providing evidence that aPL binding to B2GPI triggers the activation.
Furthermore, injections of aPL but not NHIgG in pregnant mice resulted in PP2A activation
in the placenta, indicating that the process occurs /7 vivo in mice (Fig. 2D). Moreover,

in both HTR8/SVneo and Sw.71 cells, PP2A-Aa silencing prevented aPL attenuation of
EGF-induced Akt activation (Fig. 2E, Online Fig. Il C, D), which is a critical signaling event
in normal trophoblast function25: 3%-41, More importantly, whereas aPL blunted trophoblast
proliferation and migration in response to serum in control cells, the knockdown of PP2A-
Aa fully preserved normal proliferation and migration in aPL-treated cells (Fig. 2F, G).

To delineate the processes by which PP2A enzymatic activity is stimulated by aPL, PP2A-B
regulatory subunit participation was interrogated. PP2A-B subunits merge with PP2A-A
and -C subunits to form functional heterotrimeric PP2A, and they afford specificity to the

Circ Res. Author manuscript; available in PMC 2022 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chuetal.

Page 9

substrates dephosphorylated by PP2A. PP2A-B subunits are divided into four structurally
distinct families designated B, B’, B” and B, and different cell types express unique sets of
B subunits3’. Characterizing the B subunits in trophoblasts for the first time, we found that
B (a, B, y and &), B’ (a, B, v, and &) and B” (a, B, and -y) are expressed in HTR8/SVneo

or Sw.71 cells (Online Fig. Il A). To identify the B subunit(s) required for aPL activation

of PP2A, the PP2A-C interactome was evaluated in HTR8/SVneo cells treated with NHIgG
versus aPL (OnlineTable I11). With aPL greater PP2A-Aa and PP2A-AR interaction with
PP2A-C was observed, confirming aPL induction of PP2A A-C hetero-dimers, and PP2A-
B& and PP2A-B’6 were recruited to PP2A-C. Then when either PP2A- B or PP2A-B’8 was
silenced in trophoblasts, EGF-induced Akt activation was preserved despite aPL treatment
(Online Fig. 111 B, C). Thus, PP2A-B6 and -B’& subunits mediate the effects of aPL in
human trophoblasts.

In addition to the B subunit-based direction of substrates to PP2A, substrate specificity
and also enzyme activity are regulated by post-translational modifications of the PP2A-C
subunit that govern the binding of the B subunits3”- 38 42. 43 The most common post-
translational modifications of PP2A-C are Y307 phosphorylation, which is associated with
attenuation of PP2A activity*# 4%, and L309 methylation, which is mediated by leucine
methyl-transferase 1 (LCMT-1) and enhances the affinity of PP2A-C for PP2A-B to provide
substrate specificity and also promote enzyme activation®3: 46 47 We found that whereas
PP2A-C Y307 phosphorylation was unaltered, aPL enhanced PP2A-C L309 methylation in
both HTR8/SVneo cells (Fig. 2H) and Sw.71 cells (Online Fig. Il D). Collectively these
findings indicate that aPL cause trophoblast dysfunction by stimulating PP2A heterotrimer
formation and enzyme activation.

APL activation of PP2A requires ApoER2, Dab2 and JIP4.

We next determined how aPL activate PP2A in trophoblasts. In HTR8/SVneo cells, ApoER2
knockdown prevented PP2A activation by aPL (Fig. 3A), thereby implicating the receptor.
A requirement for ApoER2 in trophoblasts was also demonstrated /7 vivo in pregnant

mice, with aPL activating PP2A in the placentas of control ApoER2%/f mice but not in

the placentas of ApoER2ATR mice (Fig. 3B), mirroring the role of trophoblast ApoER2

in aPL-induced maternal hypertension, fetal loss and IUGR (Fig. 1, Online Table I). How
APpOER?2 is coupled to PP2A was then interrogated by first determining the role of Dab1

or Dab2, which are adaptor proteins for ApoER2 in neurons and in endothelial cells that
interact with the receptor’s cytoplasmic NPXY domain and required for receptor-mediated
intracellular signaling24 48. We determined that Dab2, but not Dab1, is expressed in cultured
human trophoblasts (HTR8/SVneo and Sw.71) and in human and mouse placentas (Online
Fig. IV A). Using coimmunoprecipitation, it was then shown that aPL treatment increased
Dab2-ApoER?2 association both in cultured trophoblasts and in mouse placenta /n vivo
(Online Fig. IV B, C). Demonstrating a functional requirement for Dab2, its silencing in
cultured trophoblasts suppressed not only aPL activation of PP2A, but also aPL antagonism
of cell proliferation and migration (Online Fig. IV D-I).

Revealed initially in the ApoER2 interactome in trophoblasts (OnlineTable I1), we
additionally identified aPL-induced recruitment to ApoER?2 of C-Jun-N-terminal kinase-
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interacting protein 4 (JIP4), which is a member of the JIP protein family that regulates

JNK and p38 MAPK activity#® 50, To investigate a possible role for JIP4 in aPL action,

we first demonstrated JIP4 expression not only in cultured human trophoblasts (HTR8/
SVneo and Sw.71) but also in mouse and human placenta (Online Fig. IV A). By
coimmunoprecipitation we then confirmed JIP4 recruitment to ApoER2 in aPL-treated
cultured trophoblasts, in a protein complex that included Dab2, PP2A-Aa, and L309
methylated PP2A-C (Fig. 3C, Online Fig. V A; HTR8/SVneo and Sw.71, respectively).
Next we determined the ApoER2 C-terminal domain responsible for JIP4 interaction by
silencing endogenous ApoER?2 and replacing it with either wild-type ApoER2 (WT) or
mutant forms of the receptor disrupting the NPXY motif (substitution with NPVA) or
lacking the C-terminal 59 amino acid proline-rich domain (A59, Online Fig. V B, Fig. 3D).
Whereas there was a predictable loss of ApoER2-Dab? interaction with the NPVA mutant
receptor, aPL-induced recruitment of JIP4 to the receptor was retained (Fig. 3D, middle
panel). In contrast, there was a loss of aPL-induced JIP4 interaction with ApoER2-A59, and
there was an accompanying loss of Dab2 interaction. Next we found that knockdown of JIP4
in HTR8/SVneo cells negated PP2A activation by aPL (Fig. 3E), and aPL antagonism of
trophoblast proliferation and migration was also prevented (Fig. 3F, G).

Unlike other members of the JIP family, JIP4 does not participate in JNK signaling®®.
Alternatively, JIP4 binds to p38a. MAPK and promotes its activation by a mechanism that
requires the MAP kinase kinases MKK3 and MKK64, To delineate how JIP4 recruitment to
ApoER?2 causes PP2A activation, coimmunoprecipitation was employed to evaluate proteins
associated with JIP4 (Fig. 4A). Whereas JNK was not coimmunoprecipitated with JIP4,
MKKS3 and p38 interaction with JIP4 was increased by aPL treatment. In a parallel manner,
aPL had no impact on JNK-T183/Y185 phosphorylation (Online Fig. V C), and alternatively
aPL increased p38 MAPK-T180/Y 182 phosphorylation indicative of its activation (Fig. 4B).
In addition, siRNA silencing of p38 or treatment with the p38 inhibitor SB202190 abolished
aPL activation of PP2A (Fig. 4C, D), and SB202190 additionally suppressed aPL-stimulated
methylation of PP2A-C-L309 (Fig. 4E). Furthermore, silencing of MKK3 resulted in a loss
of aPL-induced p38 phosphorylation and PP2A activation (Fig. 4F, G). Collectively, these
results indicate that aPL cause formation of an ApoER2-Dab2-JIP4-PP2A complex that
results in PP2A activation via JIP4-related stimulation of MKK3 and p38 MAPK.

APL induce MMP14 upregulation and soluble endoglin production in trophoblasts.

To next determine how aPL-ApoER2 actions in trophoblasts cause PE, we assessed whether
aPL influence the production of soluble fms-like tyrosine kinase-1 (sFlt-1) or soluble
endoglin (sEng), which are produced by dysfunctional placenta and implicated in the
pathogenesis of PE in rodent models as well as in humans®1-54, We found that aPL treatment
increased sEng secretion in HTR8/SVneo cells in an ApoER2 dependent manner (Fig. 5A).
In parallel, plasma levels of SEng were elevated by aPL in pregnant ApoER2//fl mice, but
not in ApoER2ATR mice (Fig. 5B). APL administration did not affect plasma sFlt-1 level in
either ApoER2M or ApoER2ATR mice (Online Fig. V1). Noting that the metalloproteinase
MMP14 is responsible for the cleavage of full-length Eng to produce sEng®>-58, we
evaluated the expression of MMP14 in mouse placenta and found that it was upregulated by
aPL in the placentas of ApoER2/f mice, but not in the placentas of ApoER2ATR mice (Fig.
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5C). We also showed that aPL induced the secretion of MMP14 by cultured trophoblasts

in an ApoER2-dependent manner (Fig. 5D). Furthermore, siRNA knockdown of MMP14 or

treatment with the MMP14 inhibitor NSC405020 abrogated the aPL-induced release of SEng
(Fig. 5E, F), indicating that MMP14 is required for aPL-induced upregulation of sEng. Thus,
via ApoER2, aPL upregulate MMP14 and sEng production by trophoblasts.

PP2A inhibition prevents APS-related PE in mice.

Next we sought to test whether pharmacological inhibition of PP2A by Cantharidin®9-61
improves either the maternal or fetal outcomes in aPL-treated wild-type mice. Before
attempting /7 vivo experiments, we determined that Cantharidin prevented aPL activation

of PP2A, and aPL suppression of cell proliferation and migration in cultured trophoblasts
(Fig. 6A-C). /n vivo experiments were then performed in pregnant C57BL/6 mice, and
Cantharidin decreased aPL-induced PP2A activation in the placenta, and it afforded
protection from aPL-related systolic hypertension and proteinuria (Fig. 6D-F). Furthermore,
Cantharidin prevented aPL-induced fetal demise and IUGR (Fig. 6G, H).

To test whether PP2A inhibition blocks the mechanisms revealed to underlie aPL-mediated
PE, the effect of Cantharidin on MMP14 and sEng was first evaluated in cultured
trophoblasts. Whereas cells treated with vehicle showed increased release of MMP14 and
SEng in response to aPL, Cantharidin prevented the increases in MMP14 and sEng (Fig.
7A, B). In addition, Cantharidin decreased the levels of MMP14 and Eng mRNA expression
observed with aPL (Fig. 7C, D). Mirroring the findings in cell culture, /n vivo levels of
circulating sEng and MMP14 and transcript abundance in the placenta were increased by
aPL in control-treated mice, but not in mice administered Cantharidin (Fig. 7E-H).

Next, recognizing that the transcription factor hypoxia inducible factor-1 (HIF1a) plays

a key role in PE pathogenesis82-56 and that HIF1a. accumulation is regulated by HIF

prolyl hydroxylase 2 (PHD2)87, we interrogated whether aPL impact HIFa and PHD2 in
HTR8/SVneo cells. We found that aPL caused an upregulation of HIF1a, and there was

a related decrease in PHD2 S125 phosphorylation, which promotes the accumulation of
HIF1a87 (Fig. 71). A link between PP2A and relative PHD2 phosphorylation and HIF1a
was then sought in trophoblasts, and we found that Cantharidin prevented the effects of
aPL on both PHD2 phosphorylation and HIF1a (Fig. 7J). Furthermore, whereas the HIF1a
inhibitor GN44028 did not affect aPL upregulation of MMP14 mRNA or protein (Online
Fig. VIl A,B), HIF1a inhibition blocked aPL-induced upregulation of Eng mRNA and sEng
release (Online Fig. VII C,D). Thus, aPL modulate HIF1a in trophoblasts, doing so via
PP2A actions on PHD2 and resulting in increases in SEng, explaining why PP2A inhibition
prevents aPL-induced PE in the mouse model.

Placental PP2A, PHD2 and HIFla are dysregulated in human APS and in non-APS PE.

To determine if the induction of PP2A activity may contribute to the pathogenesis of APS
in human pregnancies, PP2A activity was measured in human placental explants incubated
with aPL or the anti-B2 monoclonal antibody 3F8. Both treatments activated PP2A (Fig.
8A). PP2A activity was then quantified in non-fixed placentas from an APS pregnancy
and three normal pregnancies, and activity was markedly higher in the APS placenta (Fig.
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8B). Since PP2A-C L309 methylation, an indicator of PP2A activation, can be evaluated in
formalin-fixed tissue, PP2A-C L309 methylation was compared in formalin-fixed samples
of placenta from four normal pregnancies and four pregnancies complicated by APS, and
it was found that PP2A-C L309 methylation is increased in the APS placentas (Fig. 8C,D).
In parallel, in the APS placentas there was a reduction in PHD2 S125 phosphorylation and
upregulation of HIF1a (Fig. 8C,E, F), mirroring the findings for aPL actions on PP2A,
PHD2 and HIF1a in cultured human trophoblasts (Fig. 7J).

Finally, having discovered a central role for PP2A in the pathogenesis of PE related to
APS, we determined if the PP2A-related mechanism is generalizable to other forms of

PE. To do so, studies were performed in placentas from six normal pregnancies and six
pregnancies complicated by PE not related to APS. The systolic blood pressures in the
normotensive pregnancies and the hypertensive pregnancies were 122.3+3.9 and 163.2+4.5,
respectively (mean£S.E., P<0.0001), and the diastolic blood pressures were 79.0+2.1 and
98.8 (meanzS.E., P<0.0001). We found that PP2A activity was increased in the PE placentas
(Fig. 8G), and there were parallel marked declines in PHD2 S125 phosphorylation (Fig 8H,
I) and increases in HIF1a (Fig. 8J,K). Thus, the PP2A-driven processes discovered to be
underlying PE in the mouse model of APS pregnancy may be operative in human APS
pregnancies, and PP2A may additionally play a role in PE in non-APS patients.

DISCUSSION

Preeclampsia (PE) is one of the leading causes of maternal death and a major contributor to
maternal and fetal and neonatal morbidity worldwidel=3. APS is a common risk factor for
PE”. 8, and pregnancies in women with APS are also complicated by fetal demise, premature
birth and IUGR%-13. 20, |n the present work we established a model of APS-related PE

in mice, and then employed the model to reveal that trophoblasts are the critical cellular
target of aPL by which the antibodies induce maternal hypertension and proteinuria and
fetal complications. We additionally demonstrated that ApoER2 in trophoblasts is a critical
linchpin in the underlying pathogenetic processes.

The present studies additionally revealed a key role for trophoblast PP2A in APS-related
PE and in APS-associated fetal loss and IUGR (Online Fig. 1X). Polyclonal human aPL
from multiple patients or the monoclonal anti-32GPI antibody 3F8 stimulated PP2A in an
ApoER2-dependent manner in cultured trophoblasts, and mice lacking ApoER2 selectively
in trophoblasts were protected from aPL-induced activation of the phosphatase. In addition,
PP2A activation was required for aPL antagonism of trophoblast cellular functions, and in
the disease model pharmacologic inhibition of PP2A by Cantharidin prevented aPL-induced
PE, fetal loss and IUGR. The latter findings link PP2A activation to the maternal and

fetal complications of APS in vivo, and they provide proof-of-concept that PP2A inhibition
may be an intervention to protect the health of both the mother and the fetus in an APS
pregnancy.

The mechanistic underpinnings of PP2A activation by aPL via ApoER2 were also delineated
(Online Fig. IX). The PP2A-B regulatory subunits affording PP2A substrate specificity37: 42
in aPL-exposed trophoblasts were identified to be & and p’8. In addition, the ApoER2
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adaptor molecule Dab2 was determined to be recruited to the NPV'Y sequence in the
receptor cytoplasmic domain, and required for aPL activation of PP2A and inhibition of cell
proliferation and migration in trophoblasts. Although the exact role of Dab2 in trophoblast is
not yet clear, upon binding to NPXY sequence of ApoER2, Dab2 may mediate the activating
L309 methylation of the PP2A catalytic subunit by leucine methyl transferase-1, as has

been shown in endothelial cells?4. We further identified JIP4 as a novel adaptor molecule

for ApoER?2 that upon aPL treatment binds to the C-terminal proline-rich region of the
receptor and is necessary for PP2A activation and resulting adverse effects on trophoblast
function. MKK3 and p38 MAPK were then found to be recruited to JIP4 in response to

aPL and necessary for PP2A activation. PP2A modulation by p38 MAPK has been observed
previously in cardiac stem cells; however, in contrast to cardiac stem cells in which p38
inhibits PP2A58, we found that in trophoblasts p38 promotes PP2A activation in response

to aPL. Although how p38 MAPK stimulates PP2A activity in trophoblasts is yet to be
determined, these findings reveal multiple previously unknown potential therapeutic targets
worthy of further consideration in the management of PE during APS pregnancies.

In studies determining how PP2A activation promotes PE, the current work demonstrated
that aPL induce sEng secretion from trophoblasts (Online Fig. 1X). Maternal circulating
levels of placenta-derived anti-angiogenic proteins such as sEng and sFLT1 are elevated
in pregnancies complicated by PE®3:54.69. 70 sEng is produced by proteolytic cleavage
of transforming growth factor p (TGFp) co-receptor endoglin (Eng), and elevated

levels of circulating sEng interfere with TGF signaling in vascular endothelial cells,
thereby inducing hypertension®. sEng is cleaved from full-length endoglin by matrix
metalloprotease 14 (MMP14 or MT1)%5-58, Our work revealed that aPL upregulates

both MMP14 and endoglin/sEng in trophoblasts via ApoER2 and PP2A. We further
obtained evidence that the Eng upregulation occurs via PP2A-mediated PHD2 S125
dephosphorylation, which attenuates the activity of PHD2 to degrade HIF1a, leading to
HIF1a upregulation and resulting increases in endoglin gene transcription53: 65 The basis
for the upregulation of MMP14 by aPL via ApoER2 and PP2A now deserves attention.

To determine the human relevance of the mechanisms discovered to underlie APS-related PE
in the murine model, we leveraged the observations related to PP2A. We demonstrated that
aPL potently stimulate PP2A activity in human placental explants, and more importantly,

we discovered that activating PP2A-C subunit methylation, pPHD2 dephosphorylation

and HIF1a upregulation are exaggerated in placentas from APS pregnancies in women.
Furthermore, we demonstrated that PP2A hyperactivation and PHD2 dephosphorylation may
also be proximal mechanisms driving HIF1a upregulation in cases of PE that are not related
to APS. Along with confirmation of the current findings in larger datasets from pregnancies
complicated by these conditions, the possible means by which trophoblast PP2A is activated
in PE in non-APS patients should be pursued. If such efforts provide additional evidence
linking PP2A dysregulation with HIF1a in the placental processes underlying PE in women
both with and without APS, the insights gained in the current study of a specific cause of PE
may have therapeutic implications for millions of pregnant women worldwide per year.
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Nonstandard Abbreviations and Acronyms:

aPL antiphospholipid antibodies
ApoER2 Apolipoprotein E Receptor 2
APS Antiphospholipid Syndrome
Dab2 Disabled-2
Eng endoglin
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HIF-1la hypoxia-inducible factor-1la
MKK3 mitogen-activated protein kinase kinase 3
MMP14 Matrix Metallopeptidase 14
NHIgG normal human IgG
PHD2 prolyl hydroxylase domain containing protein 2
PP2A protein phosphatase 2A
SBP systolic blood pressure
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Novelty and Significance
What Is Known?

. Preeclampsia (PE) frequently complicates pregnancy in women with the
antiphospholipid syndrome (APS).

. APS, which is characterized by circulating antiphospholipid antibodies (aPL),
also increases the risk of fetal demise, premature birth and intrauterine growth
restriction (IUGR).

What New Information Does This Article Contribute?

. aPL actions via Apolipoprotein E receptor 2 (ApoER2) in placental
trophaoblasts cause PE and fetal demise and IUGR in a mouse model of APS
during pregnancy.

. Via ApoER?2, aPL activate trophoblast protein phosphatase 2A (PP2A), which
upregulates matrix metallopeptidase 14 and hypoxia-inducible factor-1la
(HIF1a), the latter via dephosphorylation of prolyl hydroxylase domain
containing protein 2 (PHD?2), leading to increased soluble endoglin
production.

. In placentas from both APS patients and women with PE from causes other
than APS, PP2A is hyperactivated, PHD2 is dephosphorylated and HIF1a is
upregulated, and PP2A inhibition protects pregnant mice from aPL-induced
PE and fetal complications.
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Fig. 1.
Mice lacking ApoER?2 selectively in trophoblasts (ApoER2ATR) are protected from aPL-

induced maternal hypertension and proteinuria, and fetal loss. (A) Pregnant C57BL/6 mice
received NHIgQG (a, c, €) or aPL (b, d, f) on day 8 of pregnancy, and 48h later uteri were
harvested. Placental sections were immunostained with antibody against E-cadherin (a, b)
and probed for Gem-1 (c, d) using in situ hybridization, and proliferation was evaluated

by Ki67 staining (e, ). D; Decidua, G; Giant cells, S; Spongiotrophoblasts, L; Labyrinth.
Arrows indicate areas of positive staining. Representative images from N=3 mice/group in
2 independent experiments are shown. Scale bars = 100 um. (B, C) Mated female C57BL/6
mice were injected with NHIgG or aPL on days 8 and 12 following evidence of a vaginal
plug, and systolic blood pressure (SBP) was measured on days 8-14 in mice that were
ultimately pregnant (B) or not pregnant (C). (D-G) Pregnant control ApoER21/l mice or
ApoER22TR mice were injected with NHIgG or aPL as described in B and C, and SBP
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was monitored (D), or urine protein (E, N=14,13,14,13) and fetal resorption rates (F, G,
N=28,30,17,26) were assessed at day 15. In F, asterisks indicate fetal resorption. Values
are mean + SEM. Statistical analyses were done by aligned rank transform two-way mixed
ANOVA (B,C), by aligned rank transform three-way mixed ANOVA with Benjamini and
Hochberg (BH) correction (D), and by aligned rank transform two-way ANOVA with BH
correction (E, G).
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Fig. 2.

APL induces trophoblast dysfunction through the activation of PP2A. (A) HTR8/

SVneo trophoblasts were incubated with PBS (\Veh), aPL or NHIgG. ApoER2 was
immunoprecipitated (IP), and ApoER2 and PP2A Aa subunit (PP2A-Aa) were detected.
(B) Cells were incubated with PBS (Veh), NHIgG or aPL from 4 different APS patients
(#1-#4), and PP2A activity was measured. N=6. (C) Cells were incubated with PBS (\eh),
NHIgG, aPL, the anti-p2 GPI monoclonal antibody 3F8 or BBG (subclass-matched control
IgG) and PP2A activity was measured. N=6. (D) Pregnant C57/BL6 mice were injected with
NHIgG or aPL as in Fig. 1, and on day 15 PP2A activity in the placenta was measured.
N=20. (E-G) Following transfection with control siRNA or siRNA targeting PP2A-Aa, cells
were treated with vehicle (PBS) or EGF in the absence or presence of NHIgG or aPL,

and Akt S473 phosphorylation was evaluated (E). Separate sets of cells were pretreated

with NHIgG or aPL and then incubated in the presence or absence of 10% serum, and cell
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proliferation was quantified by BrdU incorporation (F, N=8) and cell migration was assessed
by scratch assay (G, N=16). (H) PP2A-C Y307 phosphorylation and L309 methylation were
assessed in cells treated with aPL or NHIgG. Values are Mean+SEM. For statistical analysis
Kruskal-Wallis with Dunn’s post-hoc test (B), Mann-Whitney U test (C, D), or aligned rank
transform two-way ANOVA with Benjamini and Hochberg correction (F, G) was used.
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Fig. 3.
ApoER?2 and JIP4 partnership is required for aPL activation of PP2A and inhibition of

trophoblast cell proliferation and migration. (A) HTR8/SVneo trophoblasts were treated
with control siRNA or siRNA targeting ApoER2, treated with NHIgG or aPL, and PP2A
activity was measured. N=6. (B) ApoER2f/Tl or ApoERATR mice were injected with

NHIgG or aPL as in Fig. 1, and PP2A activity in the placenta was measured on day

15. N=15. (C) Cells were treated with NHIgG or aPL, ApoER2 was immunoprecipitated,
and ApoER2, Dab2, JIP4, PP2A-Aa and L309 methylation of PP2A-C were detected.

(D) Cells previously transfected with siRNA targeting ApoER2 were then transfected

with vector alone (+Con) or cDNA encoding wild-type apoER2 (+WT), ApoER2 with
NPVA point mutation (+NPVA) or ApoER2 with C-terminal deletion (+A59). ApoER2 was
immunoprecipitated, and ApoER2, Dab2 and JIP4 were detected. (E) Cells were transfected
with control siRNA or siRNA targeting JIP4, treated with NHIgG or aPL, and PP2A activity
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was measured. N=6. (F, G) Similarly transfected cells were incubated with or without
10% serum and cell proliferation (F, N=18) and cell migration were assessed (G, N=15).
Values are Mean£SEM. Two-way ANOVA with Tukey’s post-hoc test (A), or aligned rank
transform two-way ANOVA with Benjamini and Hochberg correction (B, E-G) was used.
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ApoER2, JIP4, MKK3 and p38a partner to mediate aPL activation of PP2A. (A) HTR8/
SVneo trophoblasts were treated with NHIgG or aPL, JIP4 was immunoprecipitated and
JIP4, ApoER2, INK, MKK3 and p38a were detected. (B) Cells were treated with NHIgG or
aPL, and phospho-p38a (p-p38a, Thr180/Tyr182) and total p38 abundance was determined.
(C) Cells were transfected with control siRNA or siRNA targeting p38a, treated with
NHIgG or aPL, and PP2A activity was evaluated. N=6. (D, E) Cells were pretreated with
p38 inhibitor SB 202190 then treated with NHIgG or aPL, and either PP2A activity (D,
N=6) or PP2A-C L309 methylation was determined (E). (F, G) Cells were transfected

with control siRNA or siRNA targeting MKK3, treated with NHIgG or aPL, and p38
phosphorylation (F) or PP2A activation was assessed (G, N=6). Values are Mean+SEM.
Aligned rank transform two-way ANOVA with Benjamini and Hochberg correction was

performed (C, D, G).
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APL increase trophoblast soluble endoglin secretion through ApoER2-dependent
upregulation of MMP14. (A) HTR8/SVneo trophoblasts were transfected with control
SiIRNA or siRNA targeting ApoER2, treated with NHIgG or aPL, and soluble endoglin
(sEng) release was measured. N=6. (B, C) ApoER2/f or ApoER2ATR mice were injected
with NHIgG or aPL as in Fig. 1, and on day 15 plasma sEng was measured (B,
N=25,23,18,17) and placenta MMP14 content was determined (C, N=5,8,7,5). (D) Cells
were transfected with control siRNA or siRNA targeting ApoER2, treated with NHIgG or
aPL, and the release of soluble MMP14 was assessed. N=5. (E) Cells were transfected
with control siRNA or siRNA targeting MMP14 (upper panel), treated with NHIgG or aPL
and sEng release was measured. N=5. (F) Cells were incubated with aPL or NHIgG in
the presence of vehicle or MMP14 inhibitor (NSC405020, 10 nM), and sEng release was
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guantified. N=9. Values are Mean+SEM. Aligned rank transform two-way ANOVA with
Benjamini and Hochberg correction was used (A-F).
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PP2A inhibitor Cantharidin prevents aPL inhibition of trophoblast cell proliferation and
migration in culture, and aPL-induced maternal hypertension and proteinuria and fetal

complications /n vivo. (A-C) HTR8/SVneo trophoblasts were treated with vehicle or
Cantharidin (5pM) and with NHIgG or aPL, and PP2A activity was measured (A, N=6).

Similarly-treated cells were incubated in the presence or absence of 10% serum, and cell
proliferation (B, N=8) and cell migration were assessed (C, N=12). (D) C57BL/6 mice
treated with NHIgG or aPL on day 8 and 12 of pregnancy were injected with vehicle or
Cantharidin on day 8, 10, 12, and 14, and placenta PP2A activity was determined on day

15. (E-H). C57BL/6 mice received vehicle or Cantharidin via minipump starting on day
7 of pregnancy and they were administered NHIgG or aPL on day 8 and 12. SBP was
monitored from day 8 to 15 (E), and on day 15 urine protein (F, N=13,12,15,12), fetal

resorption rate (G, N=14, 18, 12, 20) and body weights of surviving fetuses (H, N=40, 71,
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23, 65) were evaluated. Values are Mean£SEM. Aligned rank transform two-way ANOVA
with Benjamini and Hochberg correction was used (A-D, F-H), or aligned rank transform
three-way mixed ANOVA with Benjamini and Hochberg correction was used (E).
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Fig. 7.
APL increase trophoblast SEng production via PP2A- and HIF-1a-dependent transcriptional

upregulation of MMP14 and endoglin. (A-D) Following pretreatment with vehicle or
Cantharidin, HTR8/SVneo trophoblasts were treated with NHIgG or aPL, and the release
of MMP14 (A, N=6) and sEng (B, N=6) was assessed, and transcript levels for MMP14
(C, N=3) and Eng were quantified (D, N=4). (E-H) Pregnant C57BL/6 mice received
vehicle or Cantharidin on day 8, 10, 12 and 14 of pregnancy, and they were injected with
NHIgG or aPL on day 8 and 12. On day 15 plasma MMP14 (E, N=4,3,5,3) and sEng

(F, N=12,17,16,16) were measured, and placenta MMP14 (G, N=8,6,5,3) and Eng (H,
N=11,10,10,9) transcript abundance were determined. (1) Cells were treated with NHIgG
or aPL, and HIF-1a., phospho-PHD2 (S125), total PHD2 and GAPDH abundance were
evaluated. (J) Cells were pretreated with vehicle or Cantharidin, treated with NHIgG or
aPL, and HIF-1a, phospho-PHD2, total PHD2 and GAPDH abundance was assessed. Values
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are Mean+SEM. Aligned rank transform two-way ANOVA with Benjamini and Hochberg
correction was used (A-H).
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Fig. 8.

APL activate PP2A in human placental explants, and placentas from pregnancies affected

by APS, and PE unrelated to APS display PP2A hyperactivation, phospho-PHD2
downregulation and HIF-1a upregulation. (A) Human placenta explants from normal term
pregnancies were incubated ex vivo with PBS (Veh), NHIgG, aPL or 3F8, and PP2A activity
was measured. N=18. (B) PP2A activity was measured in placentas from three normal term
pregnancies (Con #1-#3) and one APS pregnancy. Samples were from 4 quadrants (a-d)

in each placenta. (C-F) PP2A-C L309 methylation and total PP2A-C (C,D), PHD2 S125
phosphorylation and total PHD2 (C,E), and HIF-1a and GAPDH (C,F) were quantified in
placentas from 4 normal term pregnancies and 4 APS pregnancies. N=4. (G-K) In placentas
from normotensive and hypertensive mothers (N=6), PP2A activity was measured (G), or the
abundance of phosphorylated PHD2 (S125) and total PHD2 (H, I) or HIF-1a and GAPDH
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(J,K) was assessed. Values are Mean+SEM. Kruskal-Wallis with Dunn’s post-hoc test (A),
or Mann-Whitney U test (D-G, I, K) was performed.
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