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H3K27me3-modulated Hofbauer cell BMP2 signalling
enhancement compensates for shallow trophoblast invasion
in preeclampsia

Jianye Deng,* Hong-Jin Zhao,"* Ying Zhong,* Cuiping Hu," Jinlai Meng, Chunling Wang, Xiangxin Lan," Xiyao Wang,* Zi-Jiang Chen,®
Junhao Yan,**** Wei Wang,”** and Yan Li**"* oa

®Center for Reproductive Medicine, Shandong University, Jinan, Shandong, 250012, China

"Medical Integration and Practice Center, Shandong University, Jinan, Shandong, 250012, China

“Department of Cardiology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, Shandong, 250021,
China

dDepartment of Cardiology, Shandong Provincial Hospital, Shandong University, Jinan, Shandong, 250021, China

“Cardiovascular Research Center of the General Medical Services, Massachusetts General Hospital, Boston, MA, 02129, USA
fDepartment of Obstetrics and Gynaecology, Shandong Provincial Hospital, Shandong University, Jinan, Shandong, 250021, China
9IDepartment of Anesthesiology, Qilu Hospital of Shandong University, Jinan, Shandong, 250012, China

PDivision of Neonatology, Department of Pediatrics, Massachusetts General Hospital, Boston, MA 02115, USA

Summary eBioMedicine
Background Preeclampsia (PE) is a common hypertensive pregnancy disorder associated with shallow trophoblast 2923793 104664
invasion. Although bone morphogenetic protein 2 (BMP2) has been shown to promote trophoblast invasion in vitro, ~ PUblished Online xx
its cellular origin and molecular regulation in placenta, as well as its potential role in PE, has yet to be established. ?;Tg// /:;;:92/ ;3‘3
Additionally, whether BMP2 and/or its downstream molecules could serve as potential diagnostic or therapeutic 46é'4 T
targets for PE has not been explored.

Methods Placentas and sera from PE and healthy pregnant women were subjected to multi-omics analyses,
immunoblots, qPCR, and ELISA assays. Immortalized trophoblast cells, primary cultures of human trophoblasts,
and first-trimester villous explants were used for in vitro experiments. Adenovirus expressing sFlt-1 (Ad Fltl)-
induced PE rat model was used for in vivo studies.

Findings We find globally decreased H3K27me3 modifications and increased BMP2 signalling in preeclamptic pla-
centas, which is negatively correlated with clinical manifestations. BMP2 is derived from Hofbauer cells and
epigenetically regulated by H3K27me3 modification. BMP2 promotes trophoblast invasion and vascular mimicry by
upregulating BMP6 via BMPR1A-SMAD2/3-SMAD4 signalling. BMP2 supplementation alleviates high blood
pressure and fetal growth restriction phenotypes in Ad Fltl-induced rat PE model.

Interpretation Our findings demonstrate that epigenetically regulated Hofbauer cell-derived BMP2 signalling
enhancement in late gestation could serve as a compensatory response for shallow trophoblast invasion in PE,
suggesting opportunities for diagnostic marker and therapeutic target applications in PE clinical management.
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Articles

Research in context

Evidence before this study

Shallow trophoblast invasion causes improper maternal spiral
artery remodeling and poor placentation, which eventually
leads to PE, a common human-specific hypertensive
pregnancy disorder. Although BMP2 has been shown to
promote trophoblast invasion in vitro, its potential role in PE
has yet to be established. Besides, the cellular origin and
molecular regulation of BMP2 in placenta remain unknown.

Added value of this study

Our study shows that H3K27me3 modified BMP2 signalling
increases in preeclamptic placentas at delivery but is
negatively correlated with PE clinical manifestations. BMP2 is
derived from Hofbauer cells in placenta and promotes

Introduction
Preeclampsia (PE) is characterized by the de novo
development of concurrent high blood pressure (>140/
90 mmHg) and proteinuria (>300 mg/L per 24 h) after
20 weeks of gestation. As a complex, heterogeneous
syndrome complicating 2%-8% of human pregnancies,
PE remains a leading cause of maternal and perinatal
mortality and morbidity worldwide.'? It is also notable
that PE predisposes both mothers and offspring to
future cardiovascular diseases in the long term,**
underlining the medical utility of elucidating the path-
ophysiological mechanisms of PE and developing
effective interventions for its clinical management.
Considerable PE research has revealed that shallow
trophoblast invasion leads to subsequent improper
maternal spiral artery remodeling and poor placenta-
tion,™ specifically by promoting the release of anti-
angiogenic factors in maternal circulation that result in
systematic endothelial dysfunction and corresponding
clinical manifestations.”” Trophoblast invasion during
early human placentation refers to the process by which
a subset of trophoblasts that originate at the tip of
anchoring villi (termed as extravillous trophoblast (EVT)
cells) invade the maternal decidua and remodel the
uterine spiral arteries upon acquiring invasive and
vascular mimicry abilities.® Transforming growth factor-
B (TGF-p) superfamily member proteins, along with a
plethora of regulating factors, exert divergent functions
in regulating the trophoblast invasion process.® The
dysregulation of several TGF-f superfamily proteins,
including TGF-B1-3, Nodal, and activin A, has also been
observed in PE patients, supporting that TGF-p proteins
have the potential to serve as candidate diagnostic and
therapeutic targets for PE.* However, whether other
TGF-p superfamily proteins are dysregulated in PE pa-
tients and what roles such dysregulated proteins may
play in PE pathogenesis remain to be determined.

trophoblast invasion and vascular mimicry by upregulating
BMP6 via BMPR1A-SMAD2/3-SMAD4 signalling. In addition,
BMP2 supplementation at middle pregnancy stage
ameliorates high blood pressure and fetal growth restriction
in rat PE model.

Implications of all the available evidence

This study increases our knowledge of the cellular origin and
molecular regulation of BMP2 in placenta and highlights a
self-compensatory role of BMP2 signalling in PE. These
findings indicate that BMP2 and its downstream molecules
may serve as diagnostic markers and therapeutic targets for
PE clinical management.

Bone morphogenetic proteins (BMPs) are highly
conserved members of the TGF-p superfamily; these
secreted proteins have known functions in develop-
ment, angiogenesis, and reproduction.”"" TGF-p super-
family members exert their biological effects by
activating type I and type II transmembrane serine/
threonine kinase receptors to trigger downstream ca-
nonical (SMAD) or non-canonical (non-SMAD) signal
transduction. TGF-B superfamily members first bind to
extracellular domain of type II receptor, then a type I
receptor is recruited. After that, downstream signal
transduction molecules are phosphorylated by the type I
receptor. For BMPs, SMAD1/5/9 have been regarded as
the canonical downstream mediators; however, non-
canonical SMAD2/3 activation for mediation of BMP2
signalling has also been identified.”” Among the seven
type I receptors (activin receptor-like kinases 1 to 7,
ALK1-7) for TGF-p superfamily proteins in humans,
ALK1 (ACVRL1), ALK2 (ACVR1), ALK3 (BMPR1A) and
ALKG6 (BMPR1B) have been demonstrated as type I re-
ceptors for BMPs.” There are three known type II re-
ceptors for BMPs in mammals: BMP type II receptor
(BMPR?2), activin type II receptor (ACVR2), and activin
type IIB receptor (ACVR2B). Although BMPs, including
BMP2, BMP4, BMP6, and BMP10, are essential for
trophoblast differentiation of human embryonic stem
cells during early embryonic development,” > only
BMP2 has to date been identified as a pro-invasive factor
that can regulate the invasive behavior of human tro-
phoblasts in vitro.'” However, the cellular origin of
BMP2 in placenta, and whether dysregulated placental
BMP2 signalling impacts PE pathogenesis, have yet to
be established.

Roles for epigenetic modifications in regulating
placental development have been gradually revealed.”
Studies examining the roles of epigenetic regulation in
the etiology of PE are still limited; however, it has been
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suggested that the identification of epigenetic-based
targets related to PE could help identify potential bio-
markers for the onset of PE, as well as for classifying PE
according to severity.” Among the best-illustrated
epigenetic effects of histone modifications on placental
development,® trimethylation of lysine 27 of histone H3
(H3K27me3), a marker of tightly packaged heterochro-
matin and related to gene repression,” is known to
participate in regulating the expression of MMP2/9,
which are associated with trophoblast invasiveness.”
H3K27me3 is catalyzed by enhancer of zeste homolog
2 (EZH2), which is the catalytic subunit (with histone
methyltransferase activity) of polycomb repressive
complex 2 (PRC2).” A previous study reported that
BMP2 can be regulated by H3K27me3 modification in
mouse embryonic fibroblast”’; however, it remains un-
clear whether H3K27me3 contributes to dysregulated
placental BMP2 signalling during PE development.

Here, using a combination of multi-omics analyses
of patients’ placentas and sera, in vitro assays with
immortalized human EVT cells, primary human Hof-
bauer cells, and first-trimester villous explants, as well as
an Ad Fltl-induced rat PE model, we have demonstrated
that H3K27me3-modulated BMP2 signalling enhance-
ment in human Hofbauer cells compensates for shallow
trophoblast invasion in preeclamptic placentas,
providing potential molecular targets for PE clinical
management.

Methods

Patients and sample collection

Placental tissues from women with healthy pregnancy
(HP) or with clinical diagnosis of PE were collected
within 5 min after C-section deliveries (27-42 weeks
gestation) at the Department of Obstetrics, Shandong
Provincial Hospital. Briefly, the central maternal side of
the placenta was dissected, washed with cold sterile sa-
line, aliquoted, and quickly frozen with liquid nitrogen.
Corresponding maternal blood samples were collected
on the morning of delivery day. Sera were immediately
isolated, sub-bottled, and stored at —80 °C until being
assayed using Human BMP6 and BMP2 ELISA kit
(LSBio, LS-F4538; R&D, DBP200). The detailed clinical
characteristics of the 42 women with HP and the 27
women with PE are summarized in Table 1. Human
first-trimester chorionic villi from HP that underwent
elective terminations (6-8 weeks of gestation) were
collected at the Department of Obstetrics, Qilu Hospital,
and processed for villous explant culture within 1 h.

Diagnostic criteria

The American College of Obstetrics and Gynecology
criteria were used to identify PE patients.”*** PE was
defined as hypertension that appeared after 20 weeks of
gestation with proteinuria (>0.3 mg urinary protein per
24 h). Hypertension was defined as systolic blood

www.thelancet.com Vol 93 July, 2023

pressure (SBP) > 140 mm hydrargyrum (Hg) or dia-
stolic blood pressure (DBP) > 90 mm Hg in two suc-
cessive measurements 4-6 h apart. Healthy samples
were obtained from women without pregnancy com-
plications who chose to receive C-sections for psycho-
social reasons. Patients with evidence of inflammation
were excluded on the basis of the following criteria:
maternal fever >37.3 °C, uterine tenderness, fetal
tachycardia (fetal heart rate >160 beats per min) and/or
(placental) histological criteria compatible with inflam-
mation. Other exclusion criteria for the PE and HP
groups included pre-existing medical conditions such as
a maternal history of hypertension and/or renal disease,
cardiovascular disease, diabetes, smoking, alcoholism,
chemical dependency, premature rupture of the mem-
branes, and fetal anomaly. Preterm placenta refers to the
placenta obtained from preterm delivery which occurs
before 37 weeks of gestation. Full term placenta refers to
the placenta obtained from full term delivery which
occurs after 37 weeks of gestation.

Animal study

9-week-old Sprague—Dawley rats (200-220 g) were pur-
chased from Beijing Vital River Laboratory Animal
Technology Co., Ltd (RRID:RGD_734476). All animals
were fed a standard laboratory diet and maintained
within a 12:12-h light/dark cycle. Gestational day 1 (G1)
was determined upon the presence of vaginal plug the
following morning. Pregnant rats were randomly
divided into 4 groups: Ad Fc + PBS (n = 3), Ad
Fc + BMP2 (n = 3), Ad Fltl + PBS (n = 3), and Ad
Fltl + BMP2 (n = 3). Adenoviruses expressing sFlt-1 or
control Fc were purchased from Genechem (Shanghai,
China). The detailed construction of the adenoviral
plasmid has been described previously.”* 1 x 10° PFU
of adenovirus was injected into the tail vein on G8 (early
second trimester). Recombinant BMP2 protein (10 pg/
kg/day) (R&D, 355-BM-010) or vehicle was injected into
the tail vein on G10 to G13. SBP and mean blood
pressure (MBP) on G7, G10, G13, G16 and G19 were
recorded via tail-cuff plethysmography (MRBP system,
IITC Life Science, Woodland Hills, CA, USA). Rats were
habituated to the experimental environment by training
using a restrainer with a tail cuff for 30 min for two
consecutive days. Before the measurement, the rats
were restrained and placed in the chamber at a constant
temperature of 32 °C for 15-20 min to calm them down,
and then 5 consecutive measurements were performed
with an interval of 1 min. The rats had to rest for 5 min
before the next measurement. DBP values were calcu-
lated with the equation DBP = (3MBP-SBP)/2. For
micro-computed tomographic imaging (micro-CT), rats
were scanned under isoflurane (Ruiwode Lifescience,
Shenzhen, China) anesthesia using a small animal
Quantum GX2 microCT (PerkinElmer, Waltham, MA,
USA) on G19. Scanning parameters were as follows:
copper and aluminium filter 0.06 mm + 0.5 mm,
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Characteristics

qPCR & ELISA

Bulk RNA sequencing

Preeclampsia (N = 27) Healthy pregnancy (N = 42) p value Preeclampsia (N = 7) Healthy Pregnancy (N =7) p value

Age (yr)- Mean = SD 35.4 + 4.5 33.4 +3.8
Height (cm)- Median (P25, P75) or Mean + SD* 162 (158, 167) 162 (158, 165)
Weight (kg)- Median (P25, P75) or Mean + SD* 84 (78, 95) 75.8 (68.75, 84)
BMI (kg/m®)- Mean + SD 33.13 & 5.15 29.34 = 3.57
SBP (mmHg)- Median (P25, P75) 163 (160, 180) 109 (102.75, 119)
DBP (mmHg)- Median (P25, P75) 110 (100, 120) 72 (68, 78)
Primigravida- no. 4 9

Parity (times)- Median (P25, P75) 1(1,1) 1(0,1)

Gestational age at delivery (week)- Median (P25, P75) 31.6 (28.7, 37.1)
Infant’s birth weight (g)- Median (P25, P75)

38.6 (38.3, 39.0)

1480 (900, 2980) 3335 (3018, 3590)

Male infant- no. 12 22
Delivery at <37 weeks- no. 20 0
SGA-no. 17 1
Singleton pregnancy- no. 27 42

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; SGA: small for gestational age (<10th percentile). *For normally distributed data, the mean = SD is presented. Otherwise,

the median (P25, P75) is presented. Normality was assessed by Kolmogorov-Smirnov tests.

0105 36.0+ 6.2 329+28 0.243

0.637 159 + 6.9 163 + 5.1 0.293

0.005 751+ 6.9 729 + 8.8 0.604
0.003  29.63 +222 27.44 +2.61 0.117

<0.001 152 (150, 160) 121 (115, 125) <0.001
<0.001 100 (89,100) 78 (72, 80) <0.001
0493 0 3 0.192

0121 1(0, 1) 1(0,2) 0.493

<0.001 33.1 (31.3,36.6) 37.6(37.4,38.2) 0.004

<0.001 1600 (1150, 3150) 3500 (3300, 3750) 0.001

0520 5 4 0.152

<0.001 6 0 0.005

<0.001 3 0 0.192

- 7 7 -

Table 1: Characteristics of healthy and preeclamptic pregnancies for RNA-seq, qPCR, and ELISA.

respectively, 1° rotation step over 360°, source voltage
90 kV, source current 88 pA, image isotropic pixel size
288 pm. Scan mode at Standard, scanning time 2 min.
PerkinElmer Quantum GX2 4.0 software was used for
image acquisition and reconstruction. Serum and urine
on G7, G13 and G19 were collected and measured by
sFlt-1 ELISA kit (Proteintech, KE10069), albumin ELISA
kit (Abcam, ab108789), and creatinine assay kit (Abcam,
ab65340), respectively. Kidney was collected on G19 for
histology. Placentas were collected on G19 for histology
and measurement of weight and Bmp2 mRNA level by
qPCR. The weights of maternal rats and fetal rats were
also measured on indicated days.

Reagents, antibodies, software and algorithms

All reagents, antibodies, software and algorithms were
listed in Supplementary Table S1 with a catalogue
number and Research Resource Identifier. Commercial
antibodies were validated and relevant documentation
are shown in the Supplemental Data (Reagent and Cell
Line Identification File).

Bulk RNA sequencing and data processing

Total RNA from placental tissues or cells was extracted
using TRIzol reagent (Thermofisher, 15596018). mRNA
purification, fragmentation, cDNA synthesis, and library
construction were performed by Novogene Corporation
(Beijing, China). The library preparations were
sequenced on the Illumina Novaseq 6000 platform. Raw
reads in fastq format were first processed using in-
house Perl scripts. Clean reads were obtained by
removing reads containing adapters, N bases and low-
quality reads from raw data. An index of reference
genome was built, and paired-end clean reads were
aligned to the human hg38 reference genome using

Hisat2 v2.0.5. featureCounts v1.5.0-p3 was used to
count the read numbers mapped to each gene. Differ-
ential expression analysis and principal component
analysis (PCA) were performed using the DESeq2 R
package (1.30.0). Gene set enrichment analysis (GSEA)
was performed using the GSEA Molecular Signatures
Database with the fgsea R package (1.16.0). Heatmaps
were generated using the ComplexHeatmap R package
(2.6.2). Venn diagrams were made using the VennDia-
gram R package (1.6.20). Dot plots and waterfall plots
were made using the ggplot2 R package (3.3.3).

Chromatin immunoprecipitation sequencing (ChIP-
seq) and data processing

The human placental tissues were cut into small pieces
and ChIP was performed as previously described using
anti-trimethyl-histone H3 (Lys27) (C36B11) rabbit mAb
(1:50, Cell Signaling Technology, 9733).”” ChlIP-seq li-
braries were constructed by Novogene Corporation
(Beijing, China) using the purified DNA. Paired-end
sequencing of the samples was performed on the Illu-
mina NovaSeq6000 platform. FastQC was used to
perform basic statistics on the quality of raw reads.
Then, these read sequences were pre-processed through
Trimmomatic software: remove adapters and low-
quality reads with a mean quality value less than 20 or
containing more than 15% N bases; drop reads below 18
bases long after trimming. The remaining reads that
passed all the filtering steps were counted as clean
reads, and FastQC was used to perform basic statistics
on the quality of the clean reads. An index of the human
hg38 reference genome was built and clean reads were
aligned to the reference genome using BWA mem v
0.7.12. The MACS2 v2.1.0 peak finding algorithm was
used to identify regions of IP enrichment (over
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background). A q value threshold of enrichment of 0.05
was used for all datasets. The ChIPseeker R package
(1.26.0) was used to annotate peaks. The DiffBind R
package (3.0.11) was used to perform differential peak
analysis. The EnrichedHeatmap R package (1.20.0) was
used to make the heatmap. The ChIPpeakAnno R
package (4.0.4) was used to make the aggregate plots of
the ChIP signals. The karyoploteR R package (1.16.0)
was used to create the karyoplots showing H3K27me3
ChIP-seq tracks.

Single-cell RNA sequencing data analysis

Two scRNA-seq datasets of placentas from 5 HP and
5 PE patients** were re-analyzed by the Seurat R
package (4.0.5) in our study. The clinical characteristics
of the donors with HP and PE are summarized in
Supplementary Table S3. Cells were first filtered with
the following criteria: gene number >500 and mito-
chondrial gene percentage <20% in droplet-based data;
gene number >1000 and mitochondrial gene percentage
<20% in Smart-seq2 data. To remove batch effects due
to background contamination of cell free RNA, a set of
genes that had a tendency to be expressed in ambient
RNA (PAEP, HBG1, HBA1, HBA2, HBM, AHSP and
HBG2) were also removed. After filtering, a filtered
gene-barcode matrix of all samples was integrated to
remove batch effects across different donors. In partic-
ular, 2000 shared highly variable genes were identified
using Seurat’s ‘SelectIntegrationFeatures()’ function.
Integration anchors were identified based on these
genes using canonical correlation analysis with 90 di-
mensions by the ‘FindTransferAnchors()’ function. The
data were then integrated using ‘IntegrateData()’ and
scaled using ‘ScaleData()’. PCA and uniform manifold
approximation and projection (UMAP) dimension
reduction with 40 principal components were per-
formed. A nearest-neighbor graph using the 40 di-
mensions of the PCA reduction was calculated using
‘FindNeighbors()’, followed by clustering using
‘FindClusters()” with a resolution of 0.93. Conserved
markers for each cluster were identified using ‘Fin-
dAllMarkers()’. Cells were re-annotated according to the
markers identified in original publications. To visualize
BMP2 and BMPRIA expression among different cell
types in the placenta, ‘FeaturePlot()’ and ‘VInPlot()’ were
used. GSEA was performed using the GSEA Molecular
Signatures Database with the fgsea R package (1.16.0).

Ex vivo first-trimester villous explant culture and
EVT outgrowth measurement

Extravillous explants (2-3 mm) were obtained from the
tips of first-trimester human villi and maintained in 24-
well culture dishes precoated with growth factor-
reduced Matrigel substrate (Corning, 354230). These
explants were cultured in DMEM (Gibco, 11995040)
containing 10% (vol/vol) FBS (Gibco, 10091148) at 3%
0,/5%C0,/92%N, humidified atmosphere at 37 °C.
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Placental villi anchored on Matrigel (with successful
initiation of outgrowth) were used for subsequent ex-
periments. EVT outgrowth and migration from the
distal end of the villous tips were recorded daily for up to
2 days. The extent of outgrowth was assessed from im-
ages captured using an IX73 inverted microscope
(Olympus, Shinjuku City, Tokyo, Japan) and measured
at defined positions using Image] software. To test the
potential influence of BMP6 on BMP2-promoted EVT
migration, four wells of explants that were derived from
a single villous were transfected with siCtrl or siBMP6
(GenePharma, Shanghai, China) followed by treatment
with human BMP2 protein (25 ng/mL) (R&D, 355-BM-
010) or PBS.

Primary human Hofbauer cells (HBCs) isolation and
culture

Primary human HBCs were isolated from term pla-
centas as described previously.”® The placental tissue
was gently washed in PBS on a magnetic stirrer for
15 min to remove blood and maternal uterine cells.
After removing any visible blood clots with forceps, the
placental tissue was digested with pre-warmed 0.2%
trypsin (Gibco, 25200056)/0.02% EDTA at 37 °C with
gentle stirring for 10-15 min. Then, DMEM containing
20% FBS was added to arrest trypsin digestion. The
disaggregated cell suspension was filtered through a
muslin gauze and centrifuged at 120 g for 5 min at
room temperature followed by resuspension of the cell
pellet in PBS. Undigested tissue was retrieved from the
gauze and further digested with 1 mg/mL collagenase V
(Sigma—Aldrich, C9263) supplemented with 40 pg/mL
DNase I (Roche, 10104159001) for 40-60 min at 37 °C
with gentle shaking. The resultant cell suspension was
filtered, centrifuged and resuspended in PBS. Cell sus-
pensions from both trypsin and collagenase digests
were combined. Cells were layered onto a Ficoll gradient
(GE Healthcare Life Science, 17144002) and centrifuged
for 20 min at 600 g, room temperature, acceleration 0,
break 1. The leukocyte layer was collected and incubated
with antibody cocktail (CD3, FITC; CD14, PE-Dazzle
594; CD19, FITC; CD20, FITC; CD45, PerCP-Cy5.5;
CD66b, FITC; CD335, FITC; FOLR2, APC; HLA-A2,
APC-Cy7) on ice for 20 min. Cells were washed with
FACS buffer (PBS containing 2% FBS and 2 mM EDTA)
and resuspended for FACS sorting. Representative im-
ages of the gating strategy used for sorting HBCs were
presented in Fig. S2. The sorted cells were counted and
cultured in macrophage medium (ScienCell, 1921)
supplemented with 5% FBS (ScienCell, 0025) and
macrophage growth supplements (ScienCell, 1972) at a
density of 1 x 10° cells/mL.

Culture of HTR8/SVneo immortalized human EVT
cells

The HTR8/SVneo immortalized human EVT cell line
(ATCC, CRL-3271, RRID:CVCL_7162) was cultured in
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DMEM containing 10% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin (HyClone, SV30010) and
incubated at an atmosphere of 5% CO, (95% hu-
midity) at 37 °C. To avoid possible interference of
growth factors from FBS, cells were maintained in
DMEM supplemented with 0.1% (vol/vol) FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin for
24 h before recombinant protein treatment. Cell line
was validated and relevant documentation is shown in
the Supplemental Data (Reagent and Cell Line
Identification File).

Small interfering RNA (siRNA) transfection

Cells at approximately 50% confluency were transfected
for 48 h with 20 nM ON-TARGETplus SMARTpool
siRNA targeting human-specific genes or non-targeting
control siRNA (Dharmacon) using Lipofectamine
RNAIMAX (Thermo Fisher, 13778-150) and Opti-MEM
I (Gibco, 31985070) according to the manufacturer’s
instructions. Knockdown efficiency was assessed by
qPCR or immunoblotting.

Endothelial-like tube formation assay

Growth factor-reduced Matrigel (Corning, 354230) was
thawed on ice overnight and diluted 1:1 (vol/vol) with
DMEM containing 0.1% FBS. Then, 50 pL diluted
Matrigel was added to each well of a 96-well plate and
incubated at 37 °C for 2 h to solidify. HTR8/SVneo cells
were pre-treated with vehicle or BMP6 (50 ng/mlL) for
20 min, and then wells were seeded with 3 x 10* cells
suspended in 50 pL vehicle/BMP6-containing DMEM
supplemented with 0.1% FBS and incubated at 37 °C for
12 h. Digital images were taken with an Olympus IX73
inverted microscope, and total tube length was
measured with Image] software.

Matrigel-coated transwell invasion assays

Cell invasiveness was measured using 24-well Transwell
inserts (pore size 8 pm; Corning, 3422) coated with
40 pL growth factor-reduced Matrigel at a concentration
of 1 mg/mL. Inserts were seeded with 8 x 10* cells in
250 pL DMEM supplemented with 0.1% (vol/vol) FBS,
and 750 pL medium with 10% (vol/vol) FBS was added
to the lower chamber. Cells were incubated at 37 °C for
36 h, after which non-invading cells were wiped from
the upper side of the membrane, and cells on the lower
side were fixed with cold methanol (-20 °C) and air-
dried. Cell nuclei were stained with Hoechst 33258
(Abcam, ab228550) and imaged with an Olympus IX73
inverted microscope followed by analysis with Image].
Triplicate inserts were used for each individual experi-
ment, and five random microscopic fields were counted
per insert.

Immunofluorescence
For paraffin section immunofluorescence, the sections
were deparaffinized and rehydrated prior to antigen

retrieval and primary antibody incubation. For cells
grown in cultures, cell masses were fixed with 4%
paraformaldehyde in PBS, permeabilized with 0.2%
Triton X-100, and blocked with 10% goat serum before
antibody staining. Specific primary antibodies were
added at a 1:200 dilution overnight at 4 °C. Fluorescent
staining was developed using Alexa Fluor 488 (Ther-
mofisher, A11001) or Alexa Fluor 594 (Thermofisher,
A11012). The sections were then cover-slipped with
anti-fade mounting medium with 4',6-diamidino-2-
phenylindole (DAPI) (Thermofisher, P36935). Fluores-
cent images were collected by a Dragonfly spinning disc
confocal microscope system (Oxford Instruments,
Abingdon, UK). Image] was used for image analysis.

Immunoblotting

Cells and placentas were lysed in ice-cold cell lysis
buffer (Cell Signaling Technology, 9803) and RIPA lysis
buffer (Beyotime, P0013B), respectively, with added
protease/phosphatase  inhibitor cocktail  (Cellular
Signaling Technology, 5872). Protein concentrations
were determined using a BCA protein assay kit (Thermo
Fisher, 23235). The immunoblotting was performed as
previously described.” The antibodies used are listed in
Supplementary Table S1. All primary antibodies were
diluted by 1:1000 except BMPR2 was diluted by 1:2000.
Bound antibodies were visualized using HRP-
conjugated secondary antibody, ECL chemilumines-
cent substrates (Millipore, WBKLS0500), and a Chem-
iDoc MP Imaging System (Bio-Rad, Hercules, CA,
USA). Membranes were stripped with stripping buffer
(Invent Biotechnologies, WA-00350) and reprobed with
anti-a-Tubulin antibody (1:5000) as a loading control.
Densitometric quantification was performed using
Image].

Quantitative PCR (qPCR)

Total RNA was extracted from HTR8/SVneo cells or
homogenized placental tissues with TRIzol Reagent
according to the manufacturer’s instructions. Reverse
transcription was performed using 2 pg total RNA and
Prime Script RT reagent Kit (Takara Bio, RR047A).
qPCR was performed on a Roche LightCycle 480 in-
strument (Roche, Basel, Switzerland). The primers
used are listed in Supplementary Table S2. The speci-
ficity of each assay was confirmed by dissociation curve
analysis and agarose gel electrophoresis of PCR prod-
ucts. Assay performance was validated by assessing
amplification efficiencies by means of calibration
curves and ensuring that the plot of log input amount
versus ACq has a slope with an absolute value of <0.1.
Combined results are from at least three independent
experiments, wherein each sample was assayed in
triplicate and a mean value was used for relative
quantification of mRNA levels by the comparative Cq
method (with GAPDH or Gapdh as the reference gene)
and using the formula 27449,
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EdU proliferation assay

2.5 x 10°> HTR8/SVneo cells were seeded in each well of
a 96-well plate and cell viability was assessed using a
Cell-Light EdU Apollo 567 In Vitro Kit (RiboBio,
C10310-1) according to the manufacturer’s instructions,
with three independent replicates for each treatment
group. Images were captured using an IX73 inverted
microscope and three fields per well were counted using
Image].

TUNEL apoptosis assay

HTR8/SVneo cells were treated with BMP2 (25 ng/mL)
or BMP6 (50 ng/mlL) and incubated for 36 h followed by
4% paraformaldehyde fixation for 25 min. A per-
meabilization step was then completed using 1% Triton
X-100 in PBS for 5 min. TUNEL staining was performed
using a TUNEL kit (Keygen, KGA7063) according to the
manufacturer’s instructions. Finally, cell nuclei were
stained with Hoechst 33258 and imaged with an IX73
inverted microscope followed by analysis with Image].
Triplicate wells were used for each individual experi-
ment, and five random microscopic fields were counted
per well to determine the TUNEL-positive cell percent-
age, which was calculated by dividing total number of
TUNEL-positive nuclei by total number of nuclei.

Statistics

The sample size in animal study was determined by
power analyses based on our pilot experiment.
The calculation used the following formula:
n=(2 x (Zojo + Zp)* x 8°)/d* ** with the parameters
a=0.053=0.2,27Z,,=1.96,Z3=0.84,5=4.04 mmHg
(standard deviation of systolic blood pressure), and
d = 10 mmHg (mean difference of SBP between
groups). To minimise potential confounders, the order
of treatments and measurements, as well as cage
location were also randomized. Experimenters were
unblinded to group assignment and outcome assess-
ment. No exclusion criteria were applied. For details
on statistical analysis, the number of samples or re-
peats used for each experiment, and summaries of
statistical ~ outputs, see the  corresponding
Figure legends and Results section. Statistical analysis
of bulk RNA-seq and ChIP-seq results is presented in
the Methods section for each sequencing technique.
In detail, Wald test with Benjamini-Hochberg adjust-
ment implemented in DESeq2 R package with default
settings* was used to assess the significance of co-
efficients in regression models for bulk RNAseq data
analysis, with the rationale to control the false dis-
covery rate (FDR) when conducting multiple hypoth-
esis tests. Wilcoxon rank-sum test with Bonferroni
correction implemented in Seurat R package with
default settings® was used to compare the distribu-
tions of two independent groups for single-cell RNA-
seq data analysis, with the rationale to control the
family-wise error rate (FWER) when comparing
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multiple pairs of groups. Multiple group comparison
was performed by one-way analysis of variance
(ANOVA) or two-way ANOVA followed by the Bon-
ferroni correction for pairwise comparisons. The
pROC R package (1.17.0.1) was used to generate
receiver operating characteristic (ROC) curves.
Shapiro-Wilk test and Q—Q plot were used to assess
the normality of data. Levene’s test was used to assess
the homogeneity of variances among groups. For non-
normally distributed data, Mann—Whitney U test was
performed. Correlation analysis was performed using
Spearman rank correlation analysis. For normally
distributed data, group comparisons were performed
by ANOVA or t-test. The two factors used in the two-
way ANOVA were either siRNA treatment (siCtrl vs.
siBMP6) or the adenoviral treatment (Ad Fc vs. Ad Flt-
1) and the BMP2 condition (with or without BMP2
supplementation). All bar graphs represent the mean
with 95% confidence interval (CI) from at least 3 in-
dependent experiments unless stated otherwise.

Ethics

All animal husbandry and procedures were approved by
the Ethics Committee and performed in accordance
with the Animal Care and Use Committee Guidelines of
Shandong University (Approve No. SULCLL2021-2-13).
The human studies were approved by the School of
Medicine Ethics Board of Shandong University, Jinan,
China (Approve No. SDULCLL2021-1-15) and were
performed in compliance with the Declaration of Hel-
sinki Principles. All samples were acquired after written
informed consent was obtained.

Role of the funding source

The funder of this work had no role in the study design,
data collection, data analysis, data interpretation, writing
of the report, or decision to submit the article for
publication.

Results

BMP2 and EZH2 target genes are aberrantly
regulated in preeclamptic placentas

To gain a global view of transcriptome changes in pre-
eclamptic placentas, we performed bulk RNA
sequencing (RNA-seq) of placentas from 7 (of 42)
healthy pregnant women and from 7 (of 27) women
with PE (Fig. la—c and Fig. Sla-b). The baseline char-
acteristics of the participants are summarized in
Table 1. Among a total of 2278 differentially expressed
genes (DEGs) (p < 0.05), genes including FLT1, LEP,
HTRA4, and SYNPR, have been previously reported as
PE-related (Fig. 1b).”**** We further ranked the 2278
DEGs based on a t-statistic and performed Gene Set
Enrichment Analysis (GSEA) using the Molecular Sig-
natures Database (MSigDB).”** The top differentially
enriched pathways, including TNFa signalling, hypoxia,
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Fig. 1: BMP2 signalling is increased in preeclamptic placentas and negatively associated with the severity of clinical manifestations. a,
Schema showing the design of clinical study in the present study. b, Volcano plot of RNA-seq data showing the most differentially expressed
genes (DEGs) in preeclamptic placentas vs healthy placentas (n = 7 in each group). Significantly regulated genes above and below two-fold are
shown in red and blue, respectively. DEGs previously reported as related to PE are labeled. ¢, Dot plot of significantly enriched Gene Ontology
(GO) terms in preeclamptic placentas compared to healthy placentas. Dot size represents the number of DEGs from a particular GO term (count),
and the color depicts the p value. d, The BMP2 expression in preeclamptic and healthy placentas from a published RNA-seq database with a
larger cohort (n = 30 in each group). e, gPCR analysis of BMP2 expression in preeclamptic and healthy placentas (N = 42 vs. 27) using GAPDH as
the reference gene. f, Receiver operating characteristic (ROC) curve for placental BMP2 expression as a diagnostic marker for PE. AUC with 95%
Cl is labeled. g, Spearman correlation analysis between the mRNA levels of BMP2 in preeclamptic placentas and the clinical diastolic blood
pressure (DBP) of the corresponding patients. The gray area represents 95% Cl. Each dot donates one sample. Adjusted p value by Wald test
with Benjamini-Hochberg adjustment is labeled in (d). DESeq2 by default employs the Wald test on raw count data to identify differential gene
expression, and adjusts p values via the Benjamini-Hochberg method to control false discovery rate. p value by Mann-Whitney U test is labeled
in (e).
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and epithelial-mesenchymal transition, have been pre-
viously reported as PE-related (Fig. S1a).”>**** Notably,
the Gene Ontology (GO) terms BMP2 targets and EZH2
targets were also significantly enriched (Fig. 1c).

We further explored the GSEA Molecular Signatures
Database and identified additional genes putatively
related to BMP2 signalling and EZH2 modification.
Interestingly, we found that BMP2 and 50 genes of the
206 previously reported BMP2 target genes were regu-
lated by EZH2 modification (Fig. S1b).*** Given that
EZH2 is the catalytic subunit of PRC2 which induces
H3K27me3, these findings suggest that H3K27me3-
related epigenetic mechanisms may be involved in the
regulation of BMP2 signalling in preeclamptic
placentas.

BMP2 is upregulated in preeclamptic placentas and
its level is negatively correlated with the severity

of clinical manifestations

Consistent with enriched BMP2 targets, we found that
BMP2 was significantly up-regulated in the PE placentas
(Fig. 1b). To corroborate our findings, we turned to a
published PE placenta bulk RNA-seq database with a
larger cohort (n = 30 vs. 30).*” We re-analyzed their data
and found BMP2 was also significantly up-regulated
(Fig. 1d). qPCR was also used to assess additional pre-
eclamptic and healthy placentas in our cohort (n = 27 vs.
42), and the significantly increased BMP2 level in the
preeclamptic placentas was consistently observed
(Fig. 1e). ROC curve analysis was then performed to
calculate BMP2’s diagnostic value for PE: the area under
the curve (AUC) for this was 0.713, indicating an
acceptable diagnostic ability (Fig. 1f).* We also per-
formed Spearman correlation analysis examining BMP2
mRNA levels in preeclamptic placentas and patients’
diastolic blood pressure (DBP). Although an increased
BMP2 level was observed in preeclamptic placentas, the
expression levels of BMP2 were negatively correlated
with DBP (Fig. 1g).

The average gestation age of preeclamptic placentas
was 33.1 weeks, while the average gestational age of
healthy placentas was 37.6 weeks (Table 1). To assess
whether the increased BMP2 levels we observed in
preeclamptic placentas were potentially biased due to
gestational age differences, immunoblotting was per-
formed to examine BMP2 protein levels in preterm and
term placentas of healthy pregnancies. We detected
comparable levels of BMP2 in preterm and term pla-
centas (Fig. Slc), arguing against bias in our data
resulting from different gestational ages between
healthy and preeclamptic placentas. Importantly, given
multiple previous studies showing that BMP2 promotes
trophoblast invasion by increasing trophoblast inva-
siveness and vascular mimicry ability,'>**° the negative
correlation we detected could be interpreted to indicate
that increased BMP2 may represent a self-compensatory
mechanism for shallow trophoblast invasion in PE.
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Genome-wide H3K27me3 is decreased in
preeclamptic placentas

To profile the aberrant genome-wide H3K27me3 mod-
ifications in preeclamptic placentas, we performed
ChlIP-seq. A GSEA of genes with differential H3K27me3
peaks indicated that promoters with H3K27me3 were
the most significantly enriched gene set (lowest p value)
in the ChIP-seq dataset (Fig. 2a).”” Response to BMP
was also significantly enriched, indicating that BMP
signalling was aberrantly regulated by H3K27me3
modification in preeclamptic placentas (Fig. 2a). There
was also enrichment among the differentially
H3K27me3-modified loci for genes encoding proteins
with functional annotations related to SMAD protein
signal transduction and TGF-B receptor signalling
(Fig. 2a). Next, we quantified the H3K27me3 signal
across the + 3-kb regions from the transcription start
sites (TSSs) of genes with at least one differentially
enriched chromatin peak. The H3K27me3 density at
these regions was significantly lower in preeclamptic
placentas than in healthy placentas (Fig. 2b and
Fig. S1d), reflecting a clear trend of H3K27me3 alter-
ation in preeclamptic placentas.

BMP2 locus is modified by H3K27me3 in Hofbauer
cell which is the origin of BMP2 in placenta
Integrative Genomics Viewer (IGV) tracks for ChIP-seq
showed an enriched peak for H3K27me3 at the TSS
region of the BMP2 locus and a reduced extent of
H3K27me3 modification at the BMP2 locus in the pre-
eclamptic placentas compared to the healthy placentas
(Fig. 2c). These results suggest that decreased H3K27
trimethylation at the BMP2 promoter region may be
responsible for the increased BMP2 expression reported
for preeclamptic placentas.”” To validate the increased
BMP2 and decreased H3K27me3 levels in preeclamptic
placentas from our RNA-seq and ChIP-seq datasets, we
performed immunoblotting to quantify the BMP2 and
overall H3K27me3 levels in additional healthy and pre-
eclamptic placentas. Briefly, the BMP2 protein level was
significantly higher in preeclamptic placentas than in
healthy placentas, while the H3K27me3 level was
significantly lower in preeclamptic placentas than in
healthy placentas (Fig. 2d and e). Note that we also
detected comparable levels of H3K27me3 in preterm
and term placentas (Fig. S1c), precluding the possibility
that the trends in our data reflect different gestational
ages between the healthy and preeclamptic placentas.
To pinpoint the cellular source of BMP2 in placenta,
we integrated two already-published, single cell RNA-
seq datasets of placentas from 5 healthy donors and
5 PE donors.”* The characteristics of donors are sum-
marized in Supplementary Table S3. Using markers
established in these previous studies, we captured ma-
jority of cell types in placenta (Fig. 2f).”' We found that
Hofbauer cells, the placental villous macrophages of
fetal origin that are present throughout pregnancy,™
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were the main source of BMP2 in placenta (Fig. 2g).
Double staining of placenta sections with BMP2 and
CD163, a macrophage marker,”*? confirmed Hofbauer
cells as the origin of BMP2 (Fig. 2j). In addition, we
found that the level of BMP2 in Hofbauer cells from PE
patients was significantly higher than that in Hofbauer
cells from healthy controls (Fig. 2h), reinforcing our
findings from the bulk RNA-seq analyses of placenta. Of
note, we found that the EZH2 level in BMP2" Hofbauer
cells was significantly decreased compared to that in
BMPZ Hofbauer cells (Fig. 2i). In combination with our
ChIP-seq and immunoblotting data in placenta (Fig. 2c—
e), we speculate that decreased H3K27me3 at the BMP2
locus may account for the observed increase in the
BMP2 levels in Hofbauer cells from PE patients.

We experimentally pursued this by working with pri-
mary cultures of human Hofbauer cells that were isolated
from term placentas® (Fig. S2). Primary Hofbauer cells
were treated for 24 h or 48 h with or without 2 pM 3-
deazaneplanocin A (DZNep), which inhibits EZH2’s
function in catalyzing the addition of methyl groups at H3
lysine 27.>* qPCR showed that DZNep treatment signifi-
cantly increased BMP2 mRNA levels in a time-dependent
manner (Fig. 2k). Collectively, these results support that a
decreased extent of H3K27me3 at the BMP2 locus can
increase the BMP2 level in Hofbauer cells.

BMP2 upregulates trophoblast invasion and
increases the expression of BMP6, which is
associated with preeclampsia

As a secretory molecule, BMP2 has been identified as a
pro-invasive factor during human trophoblast differen-
tiation; it promotes human trophoblast invasion and
vascular mimicry.'>* To explore BMP2-induced pheno-
types of human trophoblast cells and examine potential
molecular targets of BMP2, we used RNA-seq to profile
the transcriptomes of immortalized human trophoblast
HTR8/SVneo cells that were treated with or without
BMP2 for 6 or 24 h (Fig. 3a—g). The clear separation in a
principal component analysis (PCA) scores plot indi-
cated that BMP2 treatment could obviously alter

trophoblast transcriptome (Fig. 3a-b). Among many
trophoblast- and PE-associated DEGs, several genes
including ID1-4, PGF, MMP2, MMP11, and MMP14
merit specific emphasis. Inhibitor of differentiation (ID)
proteins have been reported as BMP2 targets that
function in trophoblasts to promote invasive differenti-
ation***; here, we found that ID1, ID2, ID3, and ID4
were among the top-ranking DEGs upon BMP2 treat-
ment (Fig. 3c). The PGF gene encodes placental growth
factor (PIGF), an essential molecule in the prediction,
diagnosis, and treatment of PE.”> PGF was also among
the DEGs and was significantly upregulated in tropho-
blasts after BMP2 treatment (Fig. 3c). Moreover, many
genes encoding matrix metalloproteinases including
MMP2, MMP11, and MMP14, which are essential for
degrading decidual extracellular matrix proteins and
thereby facilitating cell invasiveness,*® were also signif-
icantly upregulated by BMP2 treatment (Fig. 3d and e).
GSEA showed that response to BMP, response to
TGF-p, and targets of SMAD2 and SMAD3 were
enriched in the transcriptome of trophoblasts treated
with BMP2 (Fig. 3f).® Components of the Notch, Wnt,
RhoA, Rb1, and SMARCE]1 signalling pathways, which
are each known to function in hierarchical vascular
network establishment,”* were significantly enriched
(Fig. 3f). GSEA in the GO term database showed sig-
nificant enrichment for terms including epithelial
proliferation,  differentiation,  development and
morphogenesis, epithelial-mesenchymal transition
(EMT), endothelial development and cell migration, and
artery development and morphogenesis, which are all
essential for trophoblast invasion and vascular mimicry
(Fig. 3g).”* Taken together, this transcriptome analysis
indicates that BMP2 regulates multiple trophoblast in-
vasion- and vascular mimicry-related events.
Interestingly, BMPG6 was among the top-ranking
upregulated DEGs after BMP2 treatment (Fig. 3c). We
also treated HTR8/SVneo cells with BMP2 for different
lengths of time and with different doses. Briefly, qPCR
showed that BMP2 increased the BMP6 mRNA level in
a time- and dose-dependent manner (Fig. 3h and i),

Fig. 2: BMP2 is derived from Hofbauer cells and aberrantly regulated by H3K27me3 modification in preeclamptic placentas. a-c, Genome-
wide H3K27me3 mapping by ChiIP-seq in 2 preeclamptic placentas and 2 healthy placentas. a, Gene set enrichment analysis (GSEA) using the
2009 genes with at least one enriched peak for H3K27me3 histone modification in the ChIP-seq dataset. Dot size represents the number of
genes with at least one enriched peak from a particular gene set (count), and the color depicts the p value. b, Heatmaps for + 3 kb region
around transcription start site (TSS) of the 2009 genes with enriched H3K27me3 ChIP signals. ¢, Genomic snapshots of H3K27me3 ChIP-seq
data for the BMP2 locus in preeclamptic and healthy placentas. d and e, Immunoblotting against BMP2 and H3K27me3 in preeclamptic and
healthy placentas normalized to the GAPDH and H3 signals, respectively. f-i, Two published single cell transcriptomes of placentas from 5
preeclamptic donors and 5 healthy donors were integrated and re-analyzed. f, t-SNE plot displays all captured cell types. g, Violin plot displays
the BMP2 expression level in all cell types. h, Violin plot displays the BMP2 expression level in Hofbauer cells from preeclamptic and healthy
placentas. i, Violin plot displays the EZH2 expression level in BMP2" and BMP2™ Hofbauer cells. j, Immunofluorescence staining of BMP2 and
(D163 in healthy placentas. Scale bar, 40 pm. k, Human primary Hofbauer cells were treated with an EZH2 inhibitor (DZNep; 2 pM) for the
indicated durations, and BMP2 mRNA levels were examined with qPCR using GAPDH as the reference gene. Each dot donates one sample and
quantitative results are expressed as mean with 95% Cl. Adjusted p values by non-parametric Wilcoxon rank sum test with Bonferroni correction
are labeled in (h, i). p values by two-tailed Student's t test are labeled in others.
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Fig. 3: BMP2 transcriptionally activates an anti-preeclampsia transcription program and BMP6 is increased in the serum of preeclamptic
patients. a-g, HTR8/SVneo cells were treated with or without 25 ng/mL BMP2 for 6 h or 24 h prior to RNA-seq. a, PCA showing the separation
between samples from the four experimental groups. b, Heatmap depicting DEG (adjusted p value < 0.05) signatures: “6 h specific” refers to
genes only differentially expressed after 6 h BMP2 treatment; “24 h specific” for genes only differentially expressed after 24 h BMP2 treatment;
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confirming that BMP6 transcription is upregulated by
BMP2 treatment in human trophoblasts. In addition, we
detected significantly increased BMP6 levels in the
third-trimester sera of preeclamptic patients as
compared to healthy pregnancies (n =41 vs. 26) (Fig. 3j);
the BMP2 levels were barely detectable in these sera
samples. ROC curve analysis indicated that BMP6
(AUC = 0.738) serve as a candidate circulating
biomarker for PE occurrence (Fig. 3k).

BMP6 mediates basal and BMP2-promoted human
trophoblast invasion

We next aimed to identify the roles of BMP6 in basal
and BMP2-increased human trophoblast invasion and
vascular mimicry. We first treated HTR8/SVneo cells
with human recombinant BMP6 protein for both
Transwell invasion assays and endothelial-like tube
formation assays. BMP6 significantly promoted the
invasiveness of HTR8/SVneo cells (Fig. 4a) and pro-
moted the extent of vascular mimicry as assessed by
total branching points and tube length (Fig. 4b), indi-
cating the pro-invasive role of BMP6 in human
trophoblast.

We then treated HTR8/SVneo cells with BMP6 for 6
or 24 h and conducted RNA-seq analysis. A PCA indi-
cated that the BMPG6-treated cells had obviously distinct
transcriptomes compared to the PBS controls (Fig. 4c).
The levels of ID1, ID2, ID3, ID4, PGF, and many other
PE-related genes were significantly altered after BMP6
treatment (Fig. 4d and Fig. S3a—c). Similar to BMP2
treatment, BMP6 treatment of trophoblasts significantly
changed genes enriched in epithelial proliferation, dif-
ferentiation and development, epithelial-mesenchymal
transition, mesenchymal cell differentiation, endothe-
lial development and cell migration, and artery devel-
opment and morphogenesis (Fig. 4e). To examine
whether BMPG6 activates canonical and/or non-canonical
TGF-f signalling pathways, HTR8/SVneo cells were
treated with BMP6 for different durations and dosages.
Immunoblotting showed that BMP6 treatment activated
both the p-SMAD2/3 and p-SMAD1/5/9 pathways, do-
ing so in a dose-dependent manner within 60 min of

treatment (Fig. S3d and e); no influence of BMP6
treatment was detected for the p-ERK, p-AKT, or p-FAK
pathways (Fig. S3f).

To examine whether BMP6 is required for the
observed effects of BMP2 on human trophoblast inva-
sion and vascular mimicry, we performed Transwell
invasion assays, endothelial-like tube formation assays,
and first-trimester villous explant outgrowth assays with
a combination of BMP2 treatment and siRNA-mediated
BMP6 knockdown. Consistent with previous find-
ings,”** we found that BMP2 treatment significantly
promoted both human trophoblast invasion and
vascular mimicry. siRNA-mediated BMP6 knockdown
abolished both the BMP2-induced pro-invasive effect
and vascular mimicry as examined with Transwell in-
vasion assays and endothelial-like tube formation assays
(Fig. 4f=h). Moreover, ex vivo experiments using first-
trimester villous explants again supported a mediation
role of BMP6 in BMP2-promoted trophoblast migration,
as knockdown of BMP6 in villous explants abolished
BMP2’s pro-migration effect (Fig. 4i). Of note, no dif-
ference in the proliferation or apoptosis rates of HTR8/
SVneo cells was detected upon BMP2 and BMP6 treat-
ment, or upon siRNA-mediated BMP6 knockdown
(Fig. S3g—j). These results show that BMP6 is required
for the observed effects of BMP2 on human trophoblast
invasion and vascular mimicry.

BMP2 upregulates BMP6 in a BMPR1A-SMAD2/3-
SMAD4-dependent manner

BMPs exert their biological effects primarily via canon-
ical SMAD1/5/9-SMAD4 signalling; however, several
reports have demonstrated the mediation roles of non-
canonical ~ SMAD2/3-SMAD4  and/or = SMAD-
independent signalling in BMPs-regulated biological
behaviors.'**' To assess whether SMAD-dependent sig-
nalling is involved in the observed BMP2-upregulated
BMP6 expression in human trophoblasts, we
measured the phosphorylation of SMAD1/5/9 and
SMAD2/3 following treatment of HTR8/SVneo cells
with BMP2 for 15, 30, or 60 min. Immunoblotting
showed that BMP2 treatment significantly increased

“Common” for genes differentially expressed after both 6 h and 24 h BMP2 treatment, and sharing the same changing trend, and “Variable in
common” for genes with opposite changing trends. c-e, Waterfall plots showing “Common” DEGs (c), “6 h specific” DEGs (d), and “24 h
specific” DEGs (e). The gene lists are ranked by log2 fold change and all dots indicate DEGs. Red dots indicate DEGs with log2 fold change >2 (c
and e) or log2 fold change >1 (d). Blue dots indicate DEGs with log2 fold change < -2 (c and e) or log2 fold change < -1 (d). Cutpoints of 1 and
2 for log2 fold change were used in our RNAseq analysis, representing 2-fold and 4-fold changes in gene expression respectively. These
thresholds, chosen based on typical standards and our specific experimental design, strike a balance between identifying meaningful biological
changes and controlling false positives. f-g, Dot plots of significantly enriched pathways (f) and GO terms (g). Dot size represents the number of
DEGs from a particular pathway or GO term (count). h, HTR8/SVneo cells were treated with or without 25 ng/mL BMP2 for the indicated
durations, followed by qPCR analysis of BMP6 levels using GAPDH as the reference gene. i, HTR8/SVneo cells were treated with or without the
indicated BMP2 doses for 6 h, followed by qPCR analysis of BMP6 levels. j, BMP6 concentrations in the serum of healthy and preeclamptic
pregnant women assayed by ELISA (n = 41 vs. 26). k, ROC curve for serum BMP6 level as a diagnostic marker for PE. AUC with 95% Cl is labeled.
Each dot donates one sample and quantitative results are expressed as the mean with 95% CI. p values by two-tailed Student’s t test are labeled

in (h, i) and p value by Mann-Whitney U test is labeled in (j).
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both SMAD1/5/9 phosphorylation and SMAD2/3
phosphorylation (Fig. 5a). HTR8/SVneo cells were
further treated with BMP2 following siRNA-mediated
knockdown of SMAD1/5/9 (SMADI1, SMADS5 and
SMADY), SMAD2/3 (SMAD2 and SMAD3) or SMADA4.
The efficient knockdown was confirmed by immuno-
blotting (Fig. S4a and b). Knockdown of SMAD1/5/9
had no effect, whereas knockdown of SMAD2/3 or
SMAD4 significantly attenuated BMP2’s upregulation of
BMP6 (Fig. S4a—c). These findings support a mediation
role for SMAD2/3 in BMP2-induced BMP6 upregula-
tion, and the activated SMAD1/5/9 could regulate
additional BMP2-downstream targets rather than BMP6.

To investigate which type I receptors of the TGF-p
superfamily are involved in BMP2-induced SMADs
phosphorylation and BMP6 upregulation, HTR8/SVneo
cells were pretreated with or without 1 pM DMH-1 (a
known inhibitor of ACVR1 and BMPR1A®) or 10 pM
SB431542 (a known inhibitor of ACVR1B, TGFBRI and
ACVRIC®), prior to BMP2 treatment. BMP2-induced
phosphorylation of SMAD1/5/9 and SMAD2/3, as well
as BMP6 upregulation didn’t change after SB431542
treatment (Fig. 5b). The siRNA-mediated ACVRIB and
TGFBR1 knockdown didn’t change the inductions,
either (Fig. 5c and Fig. S4d), precluding the involvement
of ACVR1B, TGFBRI or ACVRIC. However, the in-
ductions were completely abolished by treatment with
DMH-1 (Fig. 5b and Fig. S4e), further precluding
the involvement of ACVRL1 or BMPR1B. Moreover,
siRNA-mediated BMPRI1A knockdown, but not siRNA-
mediated ACVRI knockdown, abolished BMP2-
induced SMADs phosphorylation and BMP6 upregula-
tion (Fig. 5d and Fig. S4f—i); BMPRIA was expressed in
trophoblast and upregulated upon BMP2 treatment
(Fig. 3c and Fig. S4g). Although BMPR?2, a type II re-
ceptor of the TGF-f superfamily, was also upregulated
by BMP2 in a BMPR1A-SMAD2/3-SMAD4-dependent
manner (Fig. 3c and Fig. S4j-m), we found that
BMPR2 did not mediate BMP2-induced SMADs phos-
phorylation and BMP6 upregulation (Fig. S4n). Taken

together, these results suggest BMPRIA is the func-
tional receptor for BMP2 in trophoblasts.

To confirm the pathological role of the identified
BMP2-BMPRI1A signalling in PE, we further explored
the human placenta single-cell transcriptome to identify
the cell-type-specific expression profile of BMPRIA at
the maternal-fetal interface during pregnancy.”**
BMPRIA expression was mainly detected in tropho-
blasts, especially in villous cytotrophoblasts (VCTs)
(Fig. 5e). The double staining of placenta section with
antibodies against BMPR1A and E-cadherin, a VCT
marker,”’ confirmed that BMPR1A was primarily
expressed in VCTs, which are lineage progenitors of
EVTs and are located in the innermost chorionic villi
layer of the placenta (Fig. 5f). As the villous Hofbauer
cells are the main origin of BMP2 (Fig. 2g and j), this
grants the spatial privilege for the occurrence of BMP2-
BMPRI1A signalling between Hofbauer cells and VCTs.

We then compared the transcriptome difference be-
tween BMPR1A® VCTs and BMPRIA™ VCTs and
consistently found that pro-invasive BMP2 target genes
including ID1, ID2, ID3, and ID4 were among the top-
ranking DEGs. Other known PE-related genes including
EGFR, GDF15, COL4A2, and XIST were also signifi-
cantly up-regulated in BMPR1A* VCTs (Fig. 5g).°* In
addition, EGF signalling, epithelial to mesenchymal
transition, TGF- signalling, vasculature development,
and other PE-related events were significantly enriched
in GSEA (Fig. 5h), emphasizing the role of BMPRIA,
which mediates the effects of BMP2 in the trophoblast
invasion process, in the prevention of PE development.
The explicit cell-type specific expression profiles of
BMP2 and BMPRIA (Figs. 2g and Se) potentially pro-
vide specific targets for PE treatment.

Supplementation with recombinant BMP2
alleviates PE-related phenotypes in an Ad
Flt1-induced PE rat model

To explore whether BMP2 upregulation can alleviate
PE-related phenotypes in vivo, we supplemented

Fig. 4: BMP6 mediates basal and BMP2-induced human trophoblast invasion and vascular mimicry. a-b, HTR8/SVneo cells were treated
with or without 50 ng/mL BMP6 for 36 h, followed by analysis of cell invasiveness (a) and endothelial-like tube formation (b). The left panel
shows representative images, and the right panel shows summarized quantitative results. Scale bar, 200 pm. c-e, HTR8/SVneo cells were treated
with or without 50 ng/mL BMP6 for 6 h or 24 h, followed by RNA-seq. ¢, PCA showing the separation between samples. d, Heatmap depicting
DEG (adjusted p value < 0.05) signatures of each group. The adjusted p value was obtained through the Benjamini-Hochberg procedure, which
corrects for multiple comparisons by ranking and recalibrating individual p values, thereby minimizing false positives. e, Dot plots of signifi-
cantly enriched GO terms. Dot size represents the number of DEGs from a particular term (count). f-h, Cells were transfected for 48 h with
20 nM non-targeting control siRNA or siRNA targeting BMP6 prior to treatment with or without 25 ng/mL BMP2 for 6 or 36 h. f, BMP6 mRNA
levels were examined by qPCR 6 h after BMP2 treatment. g, Cell invasiveness was examined with Transwell assay. The upper panel shows
summarized quantitative results; the lower panel shows representative images. Scale bar, 200 pm. h, The vascular mimicry phenotype of HTR8/
SVneo cells was examined by an endothelial-like tube formation assay. The upper panels show summarized quantitative total branching points
and total tube length results, and the lower panels show representative images. Scale bar, 200 pm. i, Extravillous explants from first-trimester
villi were transfected with 20 nM non-targeting control siRNA or siRNA targeting BMP6 prior to treatment with or without 25 ng/mL BMP2.
The migration distance of villous tips was qualified in the right panel. Scale bar, 100 pm. Each dot donates one sample and data is expressed as
the mean with 95% Cl. p values by two-tailed Student’s t test are labeled in (a, b) and p values by two-way ANOVA are labeled in (f-i).

www.thelancet.com Vol 93 July, 2023


www.thelancet.com/digital-health

Articles

16

Q  5min 30min 60min b DMSO DMH-1 SB431542 C  sicul SIACVRIB siTGFBR1
- 4+ - + - + BMP2 -+ - + - + BMP2 -+ - + - + BMP2
- - ! p-SMAD1/5/9 = -, SMAD1/5/9 == — w= _SMAD1/5/9
\- B s B 4 B SMAD1/5/9 ‘- S0 e aue sme @ S\IAD1/5/9 \— — - o o= == SMAD1/5/9
- - e p-SMAD2 ] - s p-SMAD2 - o ~ se® D-SMAD2
- W W e SMAD2 £ ‘-----—SMADZ = - S\IAD2
J— - &= -SMAD3 - ol p-SMAD3 .::':' L' | p-SMAD3
[ e s W SMAD3 ‘-——--_—SMADS F—---—SMADS
———— w— e 0-Tubulin ‘— S w— s w= 0-Tubulin ’— — o w= 0-Tubulin
d siCtrl  siACVR1 siBMPR1A ‘— L — =TV = \ S W == BMPS
-+ - 4+ - + BW2 B _ &
—_— e s o-Tubulin —-— -Tubuli
‘ - = ‘ o-SMAD1/5/9 ‘ - — = ‘ w— - a O-Tubulin
‘------‘ SMAD1/5/9 I 3
2
— =5 wee  p-SMAD2 ; 5
§ .
O | - - s s SMAD2 0 <
= s R
- = p-SMAD3 2
— LI)j - o
— . — — w— ww= SMAD3 < O N
g o 3. .
— w— w— w— e we 0-Tubulin 5 = o
o~ 5 K m
% .
- ~m‘-” - BMP6 = T T
s ‘ ‘ > Q@ N k@ @
< ) UMAP_1 T TS L
’--—---O‘ a-Tubulin A Q&o 0%
—-—ewe o
f E-cadherin BMPR1A DAPI Merge g 5 4 |
T ; o 31
o -
- 2 x 2
g 1 G 1]
= w
0 04
4 3 4
Q3 g3
3 2 © 2
8 1 5 1
0 O o] L

w

— 4 °
3 32
) N
h o 2 I
EGF signaling - ) Q9 31
- " o
Epithelial to mesenchymal transition - ° ° 6 0 O Ii===r
Vasculature development - . % 5 o 2 4 3
Blood vessel morphogenesis - O 8 4 § o) T 3 [ )
TGFbeta signaling pathway - . o 3 © @ «© 32 E
o
BMP2 targets - @ - 2 @ 5 1 ‘>£< !
Regulation of cell cell adhesion - @ 0 01=—
175 200 225 250 275 ¥ ¥ L
KR 3 ¥
NES > S D

Fig. 5: BMP2 upregulates BMP6 in trophoblast via BMPR1A-SMAD2/3-SMAD4 signalling. a, HTR8/SVneo cells were treated with or without
25 ng/mL BMP2 for the indicated durations and the protein levels of targets were assayed by immunoblotting. b, HTR8/SVneo cells were
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recombinant BMP2 protein to Ad Flt1-induced PE model
rats,” followed by assessment of PE-related pathological
changes and phenotypes, including blood pressure,
placental weight, placental labyrinth/junction ratio, and
fetal weight, as well as levels of soluble fms-like tyrosine
kinase-1 (sFlt-1, also known as soluble VEGFR-1) in
plasma and albumin/creatinine in urine (Fig. 6a).?*® sFlt-
1 expressing adenovirus injection at gestational day 8
(G8) successfully established the PE-like rat model; the
animals displayed the anticipated increases in plasma
sFlt-1 levels, mean blood pressure, systolic blood pres-
sure, urine albumin/creatinine ratio, and glomeruli
damage, as well as decreased placental weight, placental
labyrinth/junction ratio, and fetal weight (Fig. 6b—g and
Fig. S5a—). Supplementation with recombinant BMP2
significantly alleviated PE-related phenotypes including
increased mean blood pressure and systolic blood pres-
sure as well as decreased placental weight, placental
labyrinth/junction ratio, and fetal weight in the BMP2-
treated PE model group (Fig. 6b-g), without affecting
plasma sFlt-1 levels, urine albumin/creatinine ratio and
glomeruli damage in both non-model group and the
vehicle-treated PE model group (Fig. S5a—).

A previous study has demonstrated that a decrease in
systolic blood pressure by 10 mmHg was associated
with a reduced risk of preeclampsia and eclampsia in
humans (OR per 10 mmHg reduction in SBP 0.57, 95%
CI 0.53-0.60, P = 1.11 x 107®*).” In addition, for every
10 mmHg decrease in diastolic blood pressure, the level
of cardiovascular risk is reduced by 50% in humans.” In
our study, BMP2 supplementation led to a blood pres-
sure reduction of 10.3 mmHg (95% CI:5.3-15.0) and a
diastolic blood pressure of 15.0 mmHg (95%
CI:12.3-18.3) in rats, suggesting that BMP2 could have
a clinically significant role in preventing and treating
preeclampsia, in addition to its statistical significance.

Notably, significantly increased placental Bmp2
mRNA levels were observed in the Ad Fltl-induced PE
rat model (Fig. S5d), which is consistent with the
finding of increased placental BMP2 levels during late
gestation in PE patients. To examine the potential
physiological changes of BMP2 treatment in rats during
pregnancy, we measured the body weight and bone
morphogenesis of pregnant rats with or without

recombinant BMP2 supplementation. The body weight
of pregnant rats did not show significant differences on
G7 and G19 between the PBS and BMP2 groups
(Fig. S5e). In addition, the bone morphogenesis at
various positions (including the head, neck, thorax,
abdomen, hip, pelvic, and spine) was examined by
micro-CT, and the results show that recombinant BMP2
treatment (10 pg/kg/day from G10-G13 days) did not
influence bone formation of pregnant rats (Fig. S5f).
Taken together, these in vivo experimental findings
support the supplementation of recombinant BMP2 acts
as a useful intervention to treat PE-related phenotypes.

Discussion

Numerous studies have examined various strategies for
alleviating PE”"”%, however, this disease remains chal-
lenging to manage in the clinic owing to its poorly un-
derstood pathophysiology. The leading hypotheses
strongly rely on observations of insufficient trophoblast
invasion during early pregnancy, which is understood as
one of the initiating events during PE pathogenesis.’
Our results uncover an axis between Hofbauer cells
and trophoblasts mediated by BMP2-BMPR1A signal-
ling that can compensate for shallow trophoblast inva-
sion in preeclamptic placentas (Fig. 7), which supports a
complex model for PE pathogenesis and could facilitate
the development of effective diagnostic and therapeutic
strategies for PE management.

TGF-B superfamily members have been shown to
exert divergent functions in regulating trophoblast in-
vasion and have been proposed as diagnostic and ther-
apeutic candidates for PE.* Consistent with the
inhibitory effects of TGF-p1-3 and Nodal on trophoblast
invasion, increased expression levels of these molecules
have been observed in PE patients.”””* Meanwhile,
activin A, a well-defined pro-invasive factor in
trophoblasts,”””” has also been detected to be upregu-
lated in the third trimester of preeclamptic pregnancies.
Similar to activin A, leptin is another pro-invasive factor
in human trophoblasts and has been found to be
upregulated in PE patients.” Both activin A and leptin
are used as circulating biomarkers for PE.” While these
findings may, at first, appear contradictory, it should be

pretreated with vehicle (DMSO), ACVR1 and BMPR1A inhibitor DMH-1 (1 pM), or ACVR1B, TGFBRI and ACVR1C inhibitor SB431542 (10 uM) for
60 min followed by treatment with or without BMP2 (25 ng/mL) for 1 h (upper panel) or 48 h (lower panel). The protein levels of targets were
assayed by immunoblotting. c-d, HTR8/SVneo cells were transfected with 20 nM non-targeting control siRNA or siRNA targeting ACVR1B and
TGFBR1 (c) or ACVR1 and BMPR1A (d) for 48 h prior to treatment with or without BMP2 (25 ng/mL) for 1 h (upper panel) or 48 h (lower panel).
The protein levels of targets were assayed by immunoblotting. e, g and h, Two published single cell transcriptomes of placentas from 5
preeclamptic donors and 5 healthy donors were integrated and re-analyzed. e, t-SNE plot (left panel) and violin plot (right panel) displays the
BMPR1A expression level in all cell types. g, Violin plot displays the expression level of PE related DEGs in BMPR1A" VCTs and BMPR1A™ VCTs. h,
Dot plots displays the significantly enriched gene sets using the DEGs in g. Dot size represents the number of DEGs from a particular gene set
(count). f, Immunofluorescence staining of E-cadherin and BMPR1A in first-trimester placental villi. The lower panel is higher powered images of
the upper panel. VCT, villous cytotrophoblast; SCT, syncytiotrophoblast; CCC, cytotrophoblast cell column. Scale bar, 40 pm.
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Fig. 6: Supplementation with recombinant BMP2 alleviates PE-related phenotypes in Ad Flt1-induced PE rat model. a, Diagram illustrates
the animal experimental protocol. Adenoviruses expressing sFlt-1 or control Fc were injected into the tail vein of Sprague-Dawley rats on G8.
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noted that the upregulation of placental BMP2 was
observed in the late-gestational age of pregnancy, when
a compensatory effect could have manifested and
become detectable. Although this kind of compensatory
mechanism has not been reported in PE, previous
studies have reported that certain upregulated bio-
markers could be therapeutic drugs (as recombinant
protein) for hypertensive diseases; for example, natri-
uretic peptide, a biomarker of hypertrophic cardiomy-
opathy and high blood pressure, can confer anti-
hypertrophic and blood-pressure lowering effects.**'
Thus, the increased levels of pro-invasive factors such
as activin A, leptin, BMP2, and BMP6 in late gestational
period of PE may—beyond being circulating biomarkers
for PE occurrence—function in a compensatory
response to shallow trophoblast invasion during early
PE pathogenesis.

We observed the enrichment of BMP2 in Hofbauer
cells at the maternal-fetal interface, with the expression
levels even higher in placentas from PE patients
compared to healthy pregnancies. Notably, we observed
increased BMPG6 levels in the serum obtained on the
morning of the day of delivery in PE patients compared
to healthy pregnancies; however, BMP2 levels were
barely detectable in these serum samples. The increased
BMP2 levels were detected in placentas in late gestation.
Considering the pro-angiogenic roles of BMPs," these
findings suggest that the effects of BMP2 are local to the
placenta, while those of BMP6 could be systemic,
including its effects on maternal endothelium in addi-
tion to the placenta. As placental villous macrophages of
fetal origin, Hofbauer cells resemble M2-like phenotype,
functioning in placental morphogenesis and homeo-
stasis.”? Further investigations regarding paracrine reg-
ulatory roles of Hofbauer cells on different cell types at
the maternal—fetal interface could better elucidate the
potential therapeutic application of cytokines and
growth factors derived from Hofbauer cells in
preeclampsia.

Controversies exist regarding the dysregulation
direction of BMP2 in preeclamptic placentas since a
recent study has revealed that decreased BMP2
expression in the placenta may contribute to the onset
of severe preeclampsia.”” However, we would like to
point out that consistent with our multi-omics ana-
lyses, the placental transcriptomes from other bulk

RNAseq and scRNA-seq databases also show increased
BMP2 in preeclamptic placentas.’®***” This inconsis-
tent finding regarding either decreased (by Yi et al.)*?
or increased placentas BMP2 expression levels in
preeclampsia could be due to the different locations/
gestational ages of placental samples collected by
different groups; we consistently collected the central
area of full-term placenta adjacent to the maternal side
and the placentas examined with RNA-seq in our
study were from patients at higher gestational age
(33.05 weeks for PE vs. 37.61 weeks for HP) as
compared to the patients of Yi’s study (29-30 weeks).*
Moreover, Yi’s study analyzed microarray and RNA-
seq datasets from patients with early-onset PE, which
accounts for 5-20% of all PE cases, while our study
included samples from both early-onset and late-onset
PE patients (mostly late-onset PE patients). These
distinctions can potentially help explain the differ-
ences in the findings about placental BMP2 levels in
PE patients. Notably, our data show that placental
BMP2 mRNA levels were negatively correlated with
the severity of PE, supporting the essential role of
BMP2 signalling in preventing PE progression, which
reach a consensus with the above mentioned study
that insufficient BMP2 signalling at the maternal fetal-
interface leads to preeclampsia occurrence and
progression.®

Even though the upregulated placental BMP2 and
circulating BMP6 levels were detected at the end of
pregnancy, it is not clear if such changes occur during
the early stages of human placental development (i.e.,
the first 4 months of pregnancy, when greater invasion
and remodeling occur). Studies examining the early
gestational age of pregnancy are difficult to conduct in
PE research; however, we measured first-trimester
maternal serum of PE patients and healthy pregnan-
cies (34 vs. 34 individuals) from the human biobank of
our large-scale assisted reproductive cohort platform:
maternal circulating BMP2 and BMP6 levels in the first
trimester of pregnancy were both below the detection
range. Notably, we observed significantly increased
Bmp2 mRNA levels in the Ad Fltl-induced PE rat
model, which is consistent with the finding of increased
placental BMP2 levels during late gestation in PE pa-
tients. The current data suggest that the BMP2 signal-
ling enhancement regulated by H3K27me3 and the

The pregnant rats then were subjected to tail vein recombinant BMP2 protein (10 pg/kg) or PBS injection daily from G10 to G13. Rats from 4
groups including Ad Fc + PBS (n = 3), Ad Fc + BMP2 (n = 3), Ad FIt1 + PBS (n = 3), and Ad Flt1 + BMP2 (n = 3) were harvested on G19 with fetal
rats and tissues collection. Blood pressure was measured and recorded every three days from G7 to G19. Urine and blood samples were collected
on G7, G13 and G19. b-c, Mean blood pressure (MBP) and systolic blood pressure (SBP) of pregnant rats from each group (n = 3) were analyzed.
d, The representative image of fetal rats and placentas (G19) from each group (n = 7). e, HE staining of rat placentas was performed to observe
placental labyrinth and junction areas. Representative images were presented in left panel and the placental labyrinth/junction ratios in each
group were quantified and summarized in right panel (n = 9). Scale bar, 2 mm. f-g, The weight of fetal rats and corresponding placentas was
determined on G19 in Ad Fc + PBS group (n = 46), Ad Fc + BMP2 group (n = 44), Ad Flt1 + PBS group (n = 45) and Ad Flt1 + BMP2 group
(n = 44). Quantitative results are expressed as the mean with 95% CI and p values by two-way ANOVA are labeled.
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Fig. 7: H3K27me3-modulated Hofbauer cell BMP2 signalling enhancement compensates for shallow trophoblast invasion in pre-
eclampsia. By taking advantage of clinical samples from healthy and preeclamptic pregnant participants, as well as in vitro, ex vivo and in vivo
experimental models, we found that BMP2, a pro-invasive factor of human trophoblast, was upregulated in preeclamptic placentas with
Hofbauer cells as its cellular origin; Reduced H3K27me3 modification contributes to the observed BMP2 upregulation in preeclamptic placentas;
BMP6, a downstream target of BMP2 and a newly identified pro-invasive factor in trophoblasts, was upregulated in late gestational serum of
patients with preeclampsia; BMP2 promotes trophoblast invasion and vascular mimicry by upregulating BMP6 expression in a BMPR1A-SMAD2/
3-SMAD4-dependent manner. Our findings demonstrate that epigenetically regulated Hofbauer cell-derived BMP2 signalling enhancement in
late gestation could serve as a compensatory response for shallow trophoblast invasion in PE, suggesting opportunities for diagnostic marker
and therapeutic target applications in PE clinical management. This schematic diagram is created with Biorender.com.

elevated circulating BMP6 levels at late gestational age
could be a late compensatory consequence of the
placental developmental dysfunction that occurred in
the early gestational stage of PE patients, rather than its
cause.

Our findings show that BMP6 is a human tropho-
blast pro-invasive factor and mediates the pro-invasive
impacts of elevated BMP2 levels. Moreover, we
demonstrate that, whereas BMP2 activates both canon-
ical SMAD1/5/9 and non-canonical SMAD2/3 signal-
ling, only SMAD2/3 signalling is required for its
upregulation of BMP6. BMP6 has been suggested as a
candidate marker for predicting cardiovascular disease.*
Moreover, recombinant BMP6 has been approved for
clinical application to accelerate bone healing.** BMP6’s
current use as a disease biomarker and its commercial
availability as a protein drug lend support to the idea of
potentially exploiting BMP6 for the diagnosis of PE and
perhaps even as a therapeutic intervention. Given the
established roles of BMPs in angiogenesis," it is

conceivable that the increased placental BMP2 levels
(and subsequent increase in circulating BMP6 levels)
protect against the pathogenesis of PE by both
increasing trophoblast invasion and impairing endo-
thelial dysfunction.

By utilizing a PE-like rat model induced by Ad Flt1
injection, we found significantly alleviated PE-like phe-
notypes after recombinant BMP2 supplementation.
Since the elevated sFlt-1, which is an antiangiogenic
factor and induced by Ad Flt1 injection, could lead to
PE-related phenotypes,® the protective effects observed
after BMP2 supplementation could be attributed to the
altered expression of proangiogenic factors, including
placental-secreted placental growth factor (PIGF) and
BMPG6, which are BMP2’s downstream molecules. Even
though, we observed alleviated insufficient placental
development in Ad Fltl-induced PE rats after recombi-
nant BMP2 supplementation, supporting this interven-
tion as a useful measure to treat PE-related poor
placentation. Considering the known pro-angiogenic
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roles of BMPs, the beneficial effect of BMP2 supple-
mentation in alleviating PE-related phenotypes in PE-
like rats could be explained by its pro-invasive effects
on trophoblasts in early pregnancy or by its impacts on
maternal tissues such as repairing endothelial dysfunc-
tion. In addition, although our study demonstrated a
positive association between high placental BMP2 levels
during late gestation and the occurrence of PE, it does
not necessarily contradict the protective roles played by
BMP2 in placental development previously demon-
strated by functional studies using animal models. It is
conceivable that the upregulation of BMP2 detected in
the third trimester of pregnancy could represent a
compensatory response to the shallow trophoblast in-
vasion that occurs in the first trimester of pregnancy.
Admittedly, detailed in vivo mechanisms and strategies
for alleviating PE worth further investigation, especially
with the advancement of animal models which could
better recapitulate PE pathophysiology.

As a FDA-approved drug for bone graft substitutes,
BMP2 (usually used at the concentration of 1.5 mg/mL
in humans for inducing consistent bone formation) has
also been reported to have many side-effects, including
ectopic bone formation, osteoclast-mediated bone
resorption, and inappropriate adipogenesis.*® To deter-
mine the effects of BMP2 supplementation during
pregnancy, we examined the maternal body weight and
bone formation in pregnant rats given a dose of 10 pg/
kg/day. This dosage effectively alleviated symptoms in a
rat model of Ad Fltl-induced PE without changing
maternal body weight or bone formation. However,
further investigation is necessary to fully understand the
potential side effects of BMP2 supplementation during
pregnancy.

Our study suggests a compensatory role of
H3K27me3-modulated human Hofbauer cell BMP2
signalling for shallow trophoblast invasion in PE.
However, potential uncontrolled confounders,
including maternal age, BMI, and pre-existing medical
conditions, could influence both H3K27me3 and
BMP2 signalling and thus may have affected our re-
sults. Furthermore, we acknowledge that the experi-
mental models used in our study, while useful, may
not fully recapitulate the complex in vivo conditions.
Therefore, further validation, ideally through prospec-
tive research in a larger and diverse cohort, is war-
ranted to substantiate our findings.

The relatively small number of clinical samples is a
limitation of our study. Perspective studies are also
needed to further evaluate the diagnostic value of BMP6
with different combinations of other biomarkers in PE.
Although we found increased BMPG6 levels in sera from
PE patients, we did not observe significantly increased
BMP6 mRNA levels in preeclamptic placentas
compared to healthy placentas, possibly owing to the
high abundance of BMP6 transcription in human pla-
centas and the secretory nature of the BMP6 protein.

www.thelancet.com Vol 93 July, 2023

The difficulty in collecting gestational age-matched pla-
centas from fully healthy pregnant women with large
sample sizes is a perennial challenge in PE studies; PE
is frequently accompanied by iatrogenic preterm birth,
and the majority of spontaneous preterm labor without
PE is associated with inflammation. Consistent with a
previous study,*” our results show comparable levels of
H3K27me3 in the second and third trimesters of
healthy placentas, thus excluding the possibility of arti-
ficial observations due to the relatively smaller gesta-
tional age of preeclamptic placentas compared to healthy
placentas.

In conclusion, our findings uncover an epigenetic-
regulated trophoblast BMP2 signalling enhancement
in preeclamptic placentas that compensates for shallow
trophoblast invasion during PE pathogenesis. We also
identify BMP6 as a pro-invasive factor in human tro-
phoblasts and a circulating biomarker for PE occur-
rence. Studies of molecules and signalling pathways for
compensating for or alleviating shallow trophoblast in-
vasion, particularly in the context of PE pathogenesis,
warrant further attention and seem likely to promote
efforts to develop drug-based interventions for the
diagnosis and treatment of PE caused by insufficient
trophoblast invasion. That is, the identification of mol-
ecules and pathways that can repair placental dysfunc-
tion could provide valuable diagnostic and/or
therapeutic targets for PE clinical management, which
could reduce the considerable burden of morbidity,
mortality, and long-term cardiovascular disease risk
associated with PE.
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