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Placental growth factor mediates pathological ==

uterine angiogenesis by activating the NFAT5-
SGK1 signaling axis in the endometrium:
implications for preeclampsia development
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Satoru Takeda?, Florian Lang* and Madhuri S Salker'”

Abstract

After menstruation the uterine spiral arteries are repaired through angiogenesis. This process is tightly regulated

by the paracrine communication between endometrial stromal cells (EnSCs) and endothelial cells. Any molecular
aberration in these processes can lead to complications in pregnancy including miscarriage or preeclampsia (PE).
Placental growth factor (PIGF) is a known contributing factor for pathological angiogenesis but the mechanisms
remain poorly understood. In this study, we investigated whether PIGF contributes to pathological uterine
angiogenesis by disrupting EnSCs and endothelial paracrine communication. We observed that PIGF mediates a
tonicity-independent activation of nuclear factor of activated T cells 5 (NFAT5) in EnSCs. NFATS activated downstream
targets including SGK1, HIF-1a and VEGF-A. In depth characterization of PIGF - conditioned medium (CM) from
EnSCs using mass spectrometry and ELISA methods revealed low VEGF-A and an abundance of extracellular matrix
organization associated proteins. Secreted factors in PIGF-CM impeded normal angiogenic cues in endothelial

cells (HUVECs) by downregulating Notch-VEGF signaling. Interestingly, PIGF-CM failed to support human placental
(BeWo) cell invasion through HUVEC monolayer. Inhibition of SGK1 in EnSCs improved angiogenic effects in
HUVECs and promoted BeWo invasion, revealing SGK1 as a key intermediate player modulating PIGF mediated anti-
angiogenic signaling. Taken together, perturbed PIGF-NFAT5-SGK1 signaling in the endometrium can contribute

to pathological uterine angiogenesis by negatively regulating EnSCs-endothelial crosstalk resulting in poor quality
vessels in the uterine microenvironment. Taken together the signaling may impact on normal trophoblast invasion
and thus placentation and, may be associated with an increased risk of complications such as PE.
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Introduction

Pregnancy-associated vascular transformations of the
decidua are coordinated by complex cellular mechanisms
to induce remodelling at the maternal-fetal interface,
which are critical for a healthy pregnancy outcome [1,
2]. Angiogenesis is the development of new vessels from
existing blood vessels. In the adult, (healthy) angiogen-
esis rarely occurs except during wound healing and dur-
ing repair of the vascular bed after menstruation. Uterine
angiogenesis within the decidua is coordinated by sev-
eral factors secreted from stromal cells, surrounding the
endometrial vessels [3, 4]. Any aberrations in remodel-
ling of the uterine vasculature during early pregnancy
results in miscarriage or pregnancy disorders such as
preeclampsia (PE), fetal growth restriction (FGR) and
intrauterine deaths (IUD) or stillbirths [5-7]. PE, a preg-
nancy-specific pathology is associated with hypertension
and multiorgan dysfunction [8]. PE is reported to occur
in 5 to 7% of all pregnancies globally, unfortunately this
number is rising [9]. In 2022, pregnancies affected by PE
were responsible for over 70,000 maternal deaths and
500,000 fetal deaths worldwide [9]. Insufficient vascu-
larization within the uterine decidua, followed by poor
placentation at the maternal-fetal interface contributes to
ischemia, uteroplacental hypoxia, inflammation and ele-
vated levels of oxidative stress [5, 10, 11]. Women diag-
nosed with a pre-eclamptic pregnancy are reported to be
associated with 4-fold increased risk in future incident
heart failure and a 2-fold increase in coronary heart dis-
eases [12, 13]. Currently, there are no tests or treatments
to predict the onset of preeclampsia or prevent it. Hence,
there exists an urgent unmet clinical need to identify new
molecular targets for early diagnosis and therapeutics in
PE. Recent studies support that the pathophysiology of
PE likely involves endometrial determinants in its patho-
genesis [14—18]. Therefore, studying maternal uterine
health prior to pregnancy is of importance to identify
new molecular pathways driving adverse pregnancy out-
comes such as PE.

After menstruation, one of the critical processes of
the regenerating endometrium is the regrowth of blood
vessels (angiogenesis) [19]. During each menstrual
cycle and in early pregnancy, the uterine endothelium
becomes activated and undergoes sprouting angiogenesis
to increase the size and number of blood vessels in the
endometrium [20]. The demand for angiogenic stimulus
varies both spatially and temporally across the different
menstrual phases [21, 22]. Endometrial stromal fibro-
blasts are known to secrete biochemical cues (growth
factors and cytokines) to induce a pro-angiogenic
response in endothelial cells of the spiral arterioles [19,
23, 24]. Employing a 3 dimensional (3D) bioengineered
vascularized endometrium on-a-chip model, Ahn et al.
highlighted the importance of endometrial stromal cells
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in stimulating angiogenesis in endothelial cells [23]. Stro-
mal cells exhibit functionally directed proangiogenic cues
in regulating microvascular network formation through
neo-vessel sprouting of the endothelial cells [23, 25].
From a maternal standpoint, pregnancy is an example
of extraordinary rapid histogenesis that is unrivalled in
healthy adult tissues. This emphasizes the importance of
signaling factors produced by the ‘master’ stromal cells
within the uterine environment to influence dynamic
angiogenesis processes within the endothelial compart-
ment of spiral arteries. Hence, identifying molecular
factors that deregulate the vascularized endometrial
microenvironment prior to pregnancy and during early
placentation is of critical importance.

Placental growth factor (PIGF) is found in the endo-
metrial stroma and abnormal production of endometrial
PIGF may result in pregnancy complications, though
the mechanism is yet to be determined [26, 27]. The
functional role of PIGF in various biological processes
continues to expand, in particular its activity in disease
progression [28, 29]. The interplay of PIGF as a pleiotro-
pic cytokine is reported to augment ischemia, hypoxia,
inflammatory or malignant processes [30-34]. PIGF
shares a biochemical and functional relationship with
vascular endothelial growth factor (VEGF-A), that is
translated into high synergic activity in physiological and
pathological angiogenesis [35, 36]. PIGF-VEGFR1 signal-
ing is reported to modulate angiogenesis and tumour
growth by regulating the DIl4-Notch pathway [34]. Inhi-
bition of PIGF is further reported to selectively inhibit
pathological angiogenesis [32, 37]. Soluble fms-like tyro-
sine kinase-1 (sFlt-1), is a circulating anti-angiogenic pro-
tein that acts by binding to the receptor binding domains
of PIGF and to VEGF thereby preventing its interactions
with endothelial receptors [38]. Circulating VEGF con-
centrations are low through pregnancy whilst free PIGF
increases in normal pregnancies [38]. Therefore, free
PIGF a priori is pivotal for maintaining vascular endothe-
lial cell homeostasis [39].

PIGF is produced in many organs and cells including
the human endometrium, decidua, placenta, uterine nat-
ural killer cells and trophoblasts cells [40]. Endometrial
PIGF is higher in the proliferative phase with expression
levels declining in the secretory phase, higher levels of
PIGF were associated with implantation failure after IVF
[41, 42]. Moreover, gene expression studies of the first tri-
mester decidua prior to the onset of PE compared with
healthy pregnancies reveals that local decidual PIGF lev-
els are higher in the PE group [43]. Therefore, it is crucial
to identify the underlying local factors that potentially
contribute to the clinical manifestation of PE within
the decidua. To the best of our knowledge, the poten-
tial role of endometrial PIGF- associated physiological
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vessel development in the endometrium and its relation
to pregnancy complications has not been investigated.

Nuclear factor of activated T cells (NFAT5) is part of
the Rel family of transcriptional activators [44, 45]. It was
originally characterized as a cell volume — regulated tran-
scriptional factor activated by osmotic cell stress [44]. In
addition to its well-known osmoprotective role, NFAT5
activation can be mediated independent from tonicity,
thus having wider consequences on physiological func-
tions such as development, immune function and cel-
lular stress responses [46—51]. In a recent study, it was
revealed that the transcriptional activity of NFAT5 medi-
ates production of angiogenic factors causing neovascu-
larization and angiogenesis associated oedema [52]. In
retinal pigment epithelial cells aberrant PIGF signaling
via NFATS5 activity causes abnormal vessel development
in diabetic retinopathy [52]. NFAT5-inducible genes
include serum glucocorticoid regulated kinase 1 (SGK1)
[51, 53], which is a known activator of hypoxia inducible
factor 1 subunit alpha (HIF-1a) proteins and subsequent
VEGF-A formation and angiogenesis [54—58]. Thus,
these findings so far point to a compelling potential role
of PIGF-NFAT5-SGKI1 in vessel remodelling and thus
warrant further investigation in delineating this signaling
axis and its role in endometrial angiogenesis.

In the present study, we studied the effect of PIGF
mediated NFAT5 regulation in the endometrial stromal
cells (EnSCs). Further, we identified a signaling down-
stream pathway involving PIGF-NFAT5-SGK1 activation
in EnSCs. We also characterized the angiogenic factors
secreted by the stromal cells upon PIGF mediated NFAT5
activation. To mimic the effect of secreted angiogenic
cues on vessel formation ability we also demonstrated its
responsiveness in endothelial (HUVECs) cells. Aberrant
PIGF mediated secreted factors impaired trophoblast
invasion through the HUVEC monolayer. Furthermore,
angiogenic behaviour and trophoblast invasion were
reversed by inhibiting SGK1.

Our study reveals that PIGF mediated NFAT5-SGK1
activation in endometrial stromal cells negatively regu-
late secretion of pro-angiogenic factors within the uter-
ine microenvironment. Additionally, we show that the
secreted angiogenic factors activate pathological pathway
in endothelial cells resulting in impaired angiogenesis. In
summary, aberrant endometrial PIGF expression could
lead to dysregulated stromal-endothelial communication
leading to poor trophoblast invasion.

Materials and methods

Cell culture

Primary human EnSCs (#T0533, Applied Biological
Materials Inc) were cultured at 37 °C in a humidified
5% CO, atmosphere in DMEM/F-12 medium (#11039-
021, Invitrogen) containing 10% (v/v) dextran coated
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charcoal stripped (#C6241, Sigma-Aldrich) fetal bovine
serum (#10270-106, Invitrogen), 1% (v/v) antibiotic-anti-
mycotic solution (#15240-062, Invitrogen) and 1% (v/v)
L-glutamine (#25030-024, Invitrogen). Human umbili-
cal vein endothelial cells (HUVECs) (#C-12,203, Sigma-
Aldrich) and GFP-tagged HUVECs (#P20201, Innoprot)
were cultured in endothelial growth medium (#C-22,010,
PromoCell) with 1% (v/v) antibiotic-antimycotic solu-
tion (#15240-062, Invitrogen). Human trophoblast cell
line, BeWo cells (#86,082,803, Sigma-Aldrich) were cul-
tured in DMEM/F-12 medium (#11039-021, Invitrogen)
containing 10% (v/v) fetal bovine serum (#10270-106,
Invitrogen). All work was carried out in a Class I laminar
flow hood. All cells were routinely tested for mycoplasma
(every 3 months) and always gave a negative result.

Treatment and transfection of EnSCs

Before treatment or transfection of EnSCs, the cul-
ture medium was changed to fresh DMEM containing
2% (v/v) dextran coated charcoal stripped fetal bovine
serum, 1% (v/v) antibiotic-antimycotic solution and 1%
(v/v) L-glutamine for serum starvation. EnSCs were sub-
jected to treatment with PIGF (#P1588, PIGF-1, Sigma-
Aldrich) at a concentration of 20 ng/ml for 6 days [59].
The concentration was determined by a kinetic assay
and time course experiments (Fig. 1 and Supplementary
Fig. 1). For hyperosmolarity treatment in EnSCs, cells
were treated with 800 mOsm in 2% DCC DMEM for
6 h. For gene silencing experiments, EnSCs were treated
with siSGK1 (50 nM, #L-003027-00-0005, Dharma-
con). The siRNAs were transfected with Lipofectamine
RNAIMAX (#13,778,075, ThermoFisher Scientific) for
48 h with and without additional PIGF treatment. Stro-
mal cell cultures were first treated with PIGF (20 ng/ml)
for 4 days followed by transfection with SGK1 siRNA
or in combination with PIGF for 48 h, and then con-
tinued with PIGF treatment for a further 2 days. The
experimental groups are classified as Con (untreated
EnSCs), PIGF, siSGK1 and siSGK1+PIGE. Dimethyloxa-
lylglycine, N-(Methoxyoxoacetyl)-glycine methyl ester
(DMOG) (#D3695; Sigma-Aldrich) treatment in EnSCs
was carried out for 24 h at a concentration of 0.5 mM.

Conditioned medium treatment of HUVECs

Post 6 days PIGF treatment in EnSCs, cell superna-
tant was collected as conditioned medium (CM). The
control-CM (untreated) / PIGF-CM / siSGK1 CM /
siSGK1+PIGF CM were collected respectively and stored
at -80 °C until processing. HUVECs were split and plated
onto cell culture plates at a density as required. Post
cell adhesion, the HUVECs were treated with respec-
tive conditioned medium diluted with HUVEC growth
medium at 1:1 dilution factor and incubated at 37 °C for
48 h. HUVECs were treated with Dimethyloxalylglycine,
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Fig. 1 PIGF activates NFAT5 expression and activity in EnSCs. (@) NFAT5 mRNA transcript kinetics in EnSCs treated with PIGF for 2, 4 and 6 days at a con-
centration of 20 ng/ml. L719 was used as a housekeeping gene and the data was normalized to untreated (Con) (n=5, **, p<0.01). (b) Original Western
blot analysis of NFAT5 protein with GAPDH as loading control in untreated (Con) and PIGF treated EnSCs. (c) Average NFAT5 protein levels after 6 days
treatment with PIGF (n=5, ** p<0.01). The samples are represented after normalization with untreated control (Con). d) Immunofluorescence images
confirms nuclear translocation of NFAT5 from the cytoplasm when activated by PIGF (n=3). Scale bar: 20 um. Data represented as arithmetic mean + SEM.
Significance was determined using student’s unpaired two-tailed t-test with Welch's correction method. n represents the number of independent experi-

ments (biological replicates)

N-(Methoxyoxoacetyl)-glycine methyl ester (DMOG)
(#D3695; Sigma-Aldrich) to induce hypoxia for 24 h [60].
VEGF-A (#PHC9391, ThermoFisher Scientific) treatment
was carried out for 24 h at a concentration of 40 ng/ml
to induce vascular permeability [61]. The experimental
groups in HUVEC:s are classified as Con-CM, PIGF-CM,
siSGK1-CM and siSGK1+PIGF-CM.

Quantitative real time-polymerase chain reaction (qRT-
PCR)

Post treatment, cells were collected for downstream anal-
ysis of messenger RNA (mRNA) extraction and Quantita-
tive Real-time PCR (qRT-PCR). Total RNA was extracted

using TRizol™ reagent (#15,596,026, Invitrogen). One pg
RNA was utilized to synthesize cDNA using the Ther-
moFisher Scientific Maxima™ H Minus cDNA Synthesis
Master Mix with dsDNase (#M1681, Invitrogen). qRT-
PCR was performed on the QuantStudio 3 Real-Time
PCR System (Invitrogen) by using sets of gene-specific
primers and the PowerUp™ SYBR® Green Master Mix
(#A25742, Invitrogen). The relative differences in PCR
product amounts were quantified by the 2AC; method,
using ribosomal L19 (L19) as an internal housekeeping
control [62]. Experiments were performed in triplicate
(technical replicates). Melting curve was used to confirm
amplification specificity. The gene expression levels of
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the samples are provided as arbitrary units defined by the
AAC, method. All the gene-specific primers used in this
study were designed using primeblast (NCBI) and pur-
chased from Sigma-Aldrich. The primer sequence can be
provided on request.

Western blotting

Whole cell protein lysate was extracted from EnSCs cul-
tured on 6-well plates (approx. 1x10° at time of harvest-
ing) using hot 1X Laemmli buffer with a cell scraper as
previously reported [63]. Lamelli lysis buffer contains
0.5 M Tris hydrochloride (#9090.1, Roth) pH 6.8, 20%
Sodium dodecyl sulfate (#151-21-3, Sigma-Aldrich),
0.1% Bromophenol blue (#34725-61-6, Serva),1% beta
mercaptoethanol (#60-24-2, Sigma-Aldrich), and 20%
glycerol (#56-81-5, Roth). Whole cell protein lysates
were collected and heated at 95 °C for 3 min. Protein
extracts were then loaded on to a 10% sodium dodecyl
sulfate polyacrylamide gel (SDS-PAGE) using the XCell
SureLock® Mini-Cell apparatus (Invitrogen) followed by
electrophoresis. The protein from the gel was then trans-
ferred onto a nitrocellulose membrane (#10,600,003,
GE HealthCare). After incubation with 5% non-fat milk
or BSA in TBST (10 mM Tris, pH 8.0, 150 mM NacCl,
0.5% Tween 20) for 60 min, the membrane was washed
once with TBST and incubated with primary antibodies
against NFAT5 (1:2000, #NB20-3446, Novus Biologicals)
[64], SGK1 (1:1000, #07-315, Merck) [65], phospho-SGK1
(1:1000, #36-002, Merck) [65], p38 MAPK (1:1000,
#8690S, Cell Signaling Technologies) [66], phospho-
p38 MAPK (1:1000, #4511, Cell Signaling Technologies)
[66], VEGEF-A (1:3000, #ab46154, abcam) [67], VEGFR1
(1:1000, #2893, Cell Signaling Technologies) [68],
VEGFR2 (1:1000, #2479, Cell Signaling Technologies)
[69], or GAPDH (1:1000, #5174, Cell Signaling Tech-
nologies) [70] at 4 °C for overnight. Membranes were
then washed three times for 15 min and incubated with
HRP-conjugated anti-rabbit secondary (1:2000, #7074s,
Cell Signaling Technologies) [71] antibodies for 1 h in
room temperature. Post-secondary antibody incubation,
blots were washed with TBST three times for 15 min
and developed with the ECL system (#R-03031-D25,
Advansta) according to the manufacturer’s protocols.
The fluorescence signals were scanned with an iBright
CL1000 (ThermoFisher Scientific), and the intensities
were assessed by densitometry analysis to measure the
relative expression of the target proteins using GAPDH
as a loading control by Image] software [72].

Immunofluorescence

For immunolabelling of cells, EnSCs (5000 cells) were
seeded on 4-well glass chamber slides (#94.6170.402,
Sarstedt) and cultured in 10% DCC FBS containing
DMEM medium. Post treatment with PIGF as described
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above, the cells were fixed with 4% paraformaldehyde
for 15 min, washed with PBS, and permeabilized for
15 min in 0.1% Triton X-100/PBS. The samples were then
blocked with 5% BSA in 0.1% TritonX-100/PBS for 1 h at
RT and washed with PBS. The slides were then incubated
with primary antibodies for NFAT5 (1:200, #NB20-3446,
Novus Biologicals) [64] at 4 °C overnight. Subsequently,
washed with PBS and incubated with FITC conjugated
secondary antibody (#4412, Alexa Fluor 488 Conjugate,
ThermoFisher Scientific) for 1 h at room temperature.
Post incubation, slides were washed again with PBS,
dehydrated, air-dried and mounted using ProLong Gold
antifade reagent containing DAPI (#P36931, Invitro-
gen). Fluorescence was detected with LSM 800 confocal
laser scanning microscope (Zeiss). The images were cap-
tured using oil immersion, 40x objective lens. Scale bar
—20 pum. Mean fluorescence intensities were calculated
using Image] software.

Luciferase reporter assay
EnSCs cells were seeded onto 24-well plates at a den-
sity of 5x10* cells/well with 10% DCC-FBS/DMEM and
allowed to attach for 24 h. Post serum starvation, cells
were transfected with HIF-1a vector (#87,261, Addgene)
using Lipofectamine LTX with Plus reagent (#15,338,100,
ThermoFisher Scientific) as per the manufacturer’s
instructions. After transfection for 24 h, cells were sub-
jected to treatment with PIGF+siSGK1 as described
above. The reporter activation was determined using the
Dual-Luciferase Reporter Assay System (#E2920, Pro-
mega) according to the manufacturer’s instructions.
Briefly, growth medium was removed and cells were
washed with PBS. Subsequently, cells were lysed for
15 min at room temperature using 1X passive lysis buf-
fer. Lysed cells were used for determination of luciferase
activity. LAR II reagent was added to each well, and fire-
fly luminescence was measured using a microplate reader
(LUX VARIOSKAN, ThermoFisher Scientific). Next,
Stop & Glo reagent was added to each well and renilla
luciferase activity was measured using a microplate
reader. Three replicate wells were used for each analysis,
and the results were normalized to the activity of renilla
luciferase.

ELISA

The secreted VEGEF-A levels in PIGF-conditioned
medium were measured with ELISA. Briefly, after the
treatment of EnSCs with PIGF as described above, the
conditioned medium was harvested and stored at -80 °C.
The collected medium was processed with Human
ELISA kit for VEGF-A (#BMS277-2, Invitrogen) follow-
ing the manufacturer’s instructions performed in bio-
logically independent experiments (with three technical
replicates).
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Preparation of conditioned medium for proteomic analysis
For proteome analyses, conditioned medium (three bio-
logical replicates) was collected from EnSCs treated with
and without PIGF as mentioned above. For precipitation
of protein from conditioned medium, 100% acetone (ice
cold): 100% MeOH (ice cold): protein solution was mixed
at a ratio of 8:1:1, followed by incubation at -20 °C over-
night. Post incubation the samples were washed (2X) at
2,500 g, 4 °C for 20 min. Post washing, the supernatant
was then aspirated, and the pellet was air dried. After
desalting using C18 stage tips, extracted peptides were
separated on an Easy-nLC 1200 system coupled to a Q
Exactive HFX mass spectrometer (ThermoFisher Sci-
entific) as detailed in [73]. The peptide mixtures were
separated using a 90 min segmented gradient from to
10-33-50-90% of HPLC solvent B (80% acetonitrile in
0.1% formic acid) in HPLC solvent A (0.1% formic acid)
at a flow rate of 200 nl/min. The 12 most intense pre-
cursor ions were sequentially fragmented in each scan
cycle using higher energy collisional dissociation (HCD)
fragmentation. Acquired MS spectra were processed
with MaxQuant software package version 1.6.7.0 with
integrated Andromeda search engine [74]. A database
search was performed against a target-decoy Homo sapi-
ens database obtained from Uniprot, containing 103.859
protein entries and 286 commonly observed contami-
nants. Peptide, protein and modification site identifi-
cations were reported at a false discovery rate (FDR) of
0.01, estimated by the target/decoy approach and the fold
change cut-off was set at >+1.0 [75] The LFQ (Label-Free
Quantification) algorithm was enabled, as well as match
between runs and LFQ protein intensities were used for
relative protein quantification. Data analysis was per-
formed using Perseus [76], DEP and R packages.

BrdU cell proliferation

The effect of PIGF treated CM on HUVEC proliferation
was measured using the BrdU cell proliferation assay on
96-well plates with 3000 cells (#QIA58, Sigma-Aldrich).
Briefly after the treatment of HUVECs with respec-
tive CM for 48 h or/and thymidine (2 mM; #T1895,
Sigma-Aldrich) for 42 h. Post treatment the cells were
immunolabelled for BrdU and the cells incubated for an
additional 24 h. Incorporated BrdU was detected by the
BrdU Cell Proliferation Assay as instructed in the manu-
facture’s protocol. The experiment was performed in bio-
logically independent experiments (with three technical
replicates).

Wound healing scratch assay

GFP-tagged HUVECs were seeded in 6-well plates at
a concentration of 2x10° cells per well. After reach-
ing 100% confluency, HUVECs were deprived of serum
for 12 h and scratched with a sterile P200 pipette tip as
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previously described. After removal of the debris by
repeated washes, cells were subjected to respective CM
treatment and scratch wound closure was closely moni-
tored by fluorescence microscopy (EVOS M7000 cell
imaging system, ThermoFisher Scientific) capturing
images of the same field with a 4X objective at 0 h and
24 h. The percentage of migrated area was calculated
with Image ] software (v1.53k) [77]. The experiment was
performed in biologically independent experiments (with
three different fields of view taken for the average).

In vitro tube formation assay

The effect of CM on angiogenic potential was assessed
by the spontaneous formation of capillary-like structures
by the GFP-tagged HUVECs. 96-well plates were coated
with ice-cold Matrigel solution (#3533-005-02, 3533-005-
02) and incubated at 37 “C for 60 min to allow the Matri-
gel to solidify. GFP-tagged HUVECs were harvested,
suspended in serum-reduced (2%) endothelial growth
medium, seeded in the Matrigel-coated wells at a density
of 5x10* cells/well in 100 pl of respective CM/DMOG
treatment solution. Images of the tubular structures were
taken using a fluorescence microscopy (EVOS M7000
cell imaging system, ThermoFisher Scientific) capturing
images of the same field with a 4X objective for every 3 h.
The experiment was performed in biologically indepen-
dent experiments and the relative tube length and relative
number of tubes formed at 24 h were calculated using an
angiogenesis plugin with Image J software (v1.53k) [78].

Endothelial barrier function study with Electrical
Impedance spectroscopy (EIS)

An EIS approach was employed to study the influ-
ence of stroma secreted conditioned medium on the
endothelial barrier function of HUVECs. The E16 plate
(#5,469,830,001, Agilent, Germany) was mounted on to
the xCELLigence RTCA (Agilent, Germany) for back-
ground reading. Later, HUVECs were trypsinized and
7000 cells per well was seeded. Respective treatment
conditions with CM (technical duplicates) as mentioned
above was added to the E16 plates with cells and kept
for incubation at 37 °C for 30 min, for cells to equilibrate
and adhere. Post cell adhesion, E16 plate containing cells
was mounted on to the xCELLigence RTCA for imped-
ance measurements. Live cell impedance was monitored
every 15 min for a total period of 24 h. The experiment
was performed in biologically independent experiments
and the data is represented as cell index. Data acquisition
and data analysis was performed using RTCA Software
Pro (Agilent, Germany).
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BeWO cell invasion through endothelial monolayer with
electrical impedance spectroscopy (EIS)

The invasion of BeWo through the endothelial mono-
layer was studied with EIS measurements. The E16 plates
were coated with 0.1% gelatin and let to incubate for an
hour at 37 °C. Next, 100 pl of HUVEC growth medium
was added to E16 plate for background measurement.
The plate was mounted on to the xCELLigence RTCA
(Agilent Technologies, Germany) for background read-
ing. Later, HUVECs were trypsinized and 5000 cells per
well were added to the E16 plates and kept for incuba-
tion at 37 °C for cells to equilibrate and adhere. Post 24 h,
the cells were treated with respective treatment condi-
tions with CM (Con / PIGF / siSGK1 / siSGK1+PIGF)
as mentioned above for 48 h. Ten hours prior treatment
end point, E16 plates containing cells were clamped again
onto the xCELLigence RTCA and placed in the incuba-
tor at 37 °C. Live cell impedance was monitored every
15 min for a total period of 10 h to ensure stromal cell
monolayer formation.

Post treatment time point, the cell index measurement
was paused and 2500 BeWo cells per 100 ul of 10% FBS
DMEM were added. EIS cell index measurement was
continued to monitor to the BeWo invasion through
CM treated HUVEC monolayer. Live cell impedance
was monitored every 30 min for a total period of 8 h.
The experiment was performed in biologically indepen-
dent experiments and the data is represented as normal-
ized cell index relative to the time point BeWo cells were
added to the HUVEC monolayer. Data acquisition and
data analysis was performed using RTCA Software Pro
(Agilent Technologies, Germany).

In silico data analysis

In silico analysis was performed on an open-access gene-
expression data platform. The gene expression of NFATS
was verified by analysis of the normal endometrium at
distinct phases of the menstrual cycle (GDS2052) [41]. To
investigate the significance of NFAT5 in PE pathogenesis,
we obtained its gene expression data in human decidua
of pre-symptomatic preeclamptic women and healthy
pregnant women (GDS3467) [43].

Statistical analysis

Data are presented here as meanstSEM. n represents
the number of independent experiments (biological rep-
licates). All treatment groups are normalized with their
respective control groups in EnSCs (Con) and HUVECs
(Con-CM) respectively. Data represented were analysed
for significance using student’s unpaired two-tailed t-test
with Welch’s correction approach and One-way ANOVA.
Results with p<0.05 were considered statistically signifi-
cant. Figures and statistical analysis were made in Graph-
pad Prism (v 7.0) and Inkscape (v 1.3).
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Results

PIGF drives tonicity independent activation of NFAT5 in
endometrial stromal cells

We first explored the spatio-temporal expression of
NFATS in the endometrium. Expression of NFATS5 (Sup-
plementary Fig. 1a) was found to be higher in the prolif-
erative phase compared with the late secretory phase of
the menstrual cycle (GEO 2052) [41]. Single cell analysis
confirmed high NFATS5 expression in the stromal popu-
lation among the other endometrial cell types and extra
villous trophoblast (Supplementary Fig. 1b & c). Accord-
ing to the Human Protein Atlas, NFAT5 is expressed
throughout the endometrium and staining was highest
in the perivascular area and blood vessels [79] (Supple-
mentary Fig. 1d). We next assessed the involvement of
NFATS5 in the etiology of PE pathogenesis. To address
this, we manually mined expression levels of NFATS
obtained from gene expression studies of the first tri-
mester decidua prior to the onset of PE compared with
healthy pregnancies (GEO 3467) [43]. We found that
NFATS transcripts were upregulated in the decidua of
pre-symptomatic women who developed PE later (Sup-
plementary Fig. 1e). Taken together, the in-silico analysis
reveals that endometrial NFAT5 expression is highest
in the proliferative phase and is associated prior to the
onset of PE.

PIGF is a member of the VEGF superfamily and aber-
rant expression is associated with abnormal blood vessel
physiology via NFAT5 [52]. Thus, we sought to deter-
mine a putative link between PIGF on NFAT5 regulation
in endometrial cells. EnSCs were treated with varying
concentrations (titration of 2.5-50 ng/ml) of PIGF for
6 days. As illustrated in Supplementary Fig. 2a, NFATS
mRNA expression was highly upregulated by PIGF at
a concentration of 20 ng/ml compared with the other
concentrations tested. The time kinetics study revealed
gene expression of NFAT5 when EnSCs were treated with
PIGF (20 ng/ml) were highest after 6 days of treatment
(Fig. 1a). All proceeding experiments used PIGF at a con-
centration of 20 ng/ml for a treatment period of 6 days in
EnSCs. Consistent with our mRNA data, PIGF also sig-
nificantly upregulated NFAT5 protein levels in parallel
(Fig. 1b-c and Supplementary Fig. 2b). Further, we exam-
ined PIGF activated NFAT5 spatial regulation in EnSCs
using an immunofluorescence approach. Endogenous
NFATS5 was localized to the cytosol in untreated EnSCs
and was found to be translocated to the nucleus upon
PIGF treatment (Fig. 1d). NFAT5 is well recognized to
be activated under hyperosmolarity cellular stress (Hyp
Osm), we compared its transcriptional activity in EnSCs
by treating with Hyp Osm (800 mOsm/ml) medium for
3 h as a positive control (Supplementary Fig. 3a-c). Thus,
we observed that PIGF can activate NFAT5 in EnSCs in a
tonicity independent manner.
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p38 MAPK regulated NFAT5 activation upregulates SGK1
expression in endometrial stromal cells

p38 Mitogen-Activated Protein Kinase (p38 MAPK),
is known to activate NFAT5 transcriptional activation
under hypertonic stimulus [80]. To verify the partici-
pation as an upstream target of NFAT5, we examined
protein levels of total and phosphorylated levels of p38
MAPK following treatment with PIGFE. Figure 2a-c and
Supplementary Fig. 4 demonstrates the increased levels
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of total p38 MAPK protein, with significant upregula-
tion of phosphorylated levels of p38MAPK. NFATS5 is a
regulator for various angiogenic mediators and factors
including; SGK1, HIF-1a and VEGF-A [52]. Next a fur-
ther series of experiments tested if PIGF indeed contrib-
uted to the activation of these downstream targets. Our
findings show both total and phosphorylated SGK1 pro-
tein levels were significantly upregulated in PIGF treated
stromal cells (Fig. 2a, d-e). SGK1 is a known stimulator of
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Fig. 2 PIGF-NFATS5 angiogenic signaling axis in EnSCs. (a) Original Western blots of total and phosphorylated levels of p38 MAPK, SGK1 and total VEGF-A
targets with GAPDH as loading control in untreated (Con)and PIGF treated EnSCs. (b-e) Average protein expression levels of total and phosphorylated
levels of p38 MAPK and SGK1 targets in untreated (Con) and PIGF treated EnSCs (n=5, *, p <0.05). (f) gPCR analysis of HIF-1a transcript levels in untreated
(Con) and PIGF treated EnSCs. L19 was used as a housekeeping gene (n=5, *, p < 0.05). (g) Luciferase reporter assay measuring the HIF-1a promoter activ-
ity in untreated (Con), PIGF and DMOG (positive control for hypoxia, 0.5 mM for 24 h) treated EnSCs (n=5, ***, p<0.001, **** p <0.0001). (h) Immunoblot-
ting showing average protein expression levels of VEGF-A (Con) in untreated and PIGF treated EnSCs (n=5, **, p<0.01). (i) Supernatant from untreated
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HIF-1a, a known modulator in angiogenic signaling [81,
82]. Elevated levels of HIF-1a transcripts were observed
with PIGF treatment in stromal cells (Fig. 2f). Addition-
ally, PIGF exerted a strong stimulating effect on HIF-1a
promoter activity (luciferase) in EnSCs (Fig. 2g). DMOG
treatment was used as positive control for HIF-1a pro-
moter activation (0.5 mM for 24 h) [60].

To further validate the angiogenic pathway medi-
ated by NFAT5 activation, we verified the intracellu-
lar and secreted protein levels of pro-angiogenic factor,

VEGE-A. PIGF mediated NFAT5 stimulation signifi-
cantly increased cellular VEGF-A protein levels in EnSCs
(Fig. 2a-h). Surprisingly, the secreted protein levels
of VEGF-A (Fig. 2i) in EnSCs supernatant (CM) was
decreased compared with untreated control levels. These
data identify the aberrant PIGF mediated angiogenic sig-
naling in EnSCs with a decrease in secreted proangio-
genic factor VEGF-A.
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Secretome analysis reveals that PIGF treated CM is
associated with pathological angiogenic signaling

To investigate if PIGF can dysregulate other angiogenic
mediators in EnSCs, we sought to understand its com-
prehensive and global effect on stromal cell secreted
factors. We utilized proteomics to characterize the
supernatant (CM) from EnSCs. Liquid chromatography
mass spectrometry (LC-MS) analysis was performed by
comparing the protein cargo present in Con-CM (n=3)
and PIGF-CM (n=3) collected from EnSCs post 6 days
treatment with and without PIGF as described in Fig. 3a.
This comparison revealed a total of 68 dysregulated
secreted proteins. Differentially regulated proteins were
shown in volcano plots as seen in Fig. 3b. A total of 36
upregulated and 32 downregulated differentially regu-
lated proteins were identified in the CM as being asso-
ciated with PIGF treatment in the EnSCs. Some of the
significantly upregulated proteins (green) in PIGF-CM
were actin and extra cellular matrix (ECM) associated
components such as ECM-1, ACTA1, PFN1, COL1A2,
MMP2 and inhibitors of the matrix metalloproteinases
such as TIMP2. The significantly downregulated proteins
(orange) include AHNAK, FLNA and YWHAZ. Other
ECM associated proteins such as COL2A6, COL6A3, and
COL3A1 were not differentially expressed based on the
differential expression thresholds we used in this study,
however we observed modest but significant changes in
their expressions too. Gene Ontology (GO) analysis of
the protein signature associated with supernatant from
the PIGF treated cells identified pathways associated with
structural remodelling, ECM modification and patho-
logical vessel development (Fig. 3c). Thus, the proteomic
analysis points to an anti-angiogenic signature mediated
by PIGE.

HUVECs display abnormal ‘hypersprouting’ behaviour
when treated with conditioned medium (CM)

Pathological PIGF is associated with poor vessel develop-
ment in the retina [83]. We postulated that the paracrine
signaling from PIGF treated endometrial cells would
also support poor vessel formation. To test this conjec-
ture, HUVECs were treated with CM collected from
untreated or PIGF treated EnSCs (Fig. 4a). We then veri-
fied its effects on angiogenic checkpoints in HUVECs
employing different functional assays. As seen in Fig. 4b,
PIGF-CM significantly increased cell proliferation in
HUVEC:s as evidenced with the BrdU ELISA assay. Fur-
ther, a wound healing scratch assay with GFP-HUVECs
showed reduced cell migration upon PIGF-CM treatment
(Fig. 4c-d) and an in vitro tube formation assay showed
no significant change in tube length between Con-CM
and PIGF-CM treatment on HUVECs (Fig. 4e-f). How-
ever, PIGF-CM treated HUVECs displayed a greater
number of endothelial cell branches pointing to an
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abnormal ‘hypersprouting’ behaviour (Fig. 4e-g). Hyper-
sprouting behaviour in endothelial cells is a phenotype of
deregulated Notch signaling [84]. To investigate Notch
signaling in PIGF-CM mediated anti-angiogenic behav-
iour seen in HUVECsS, gene expression levels of Notch
signaling effectors such as Notch receptors (Notch 1 and
Notch 2), ligands (DIl4 and Jagged-1) and target genes
(Hey 1 and Hesl) were downregulated with PIGF-CM
treated HUVECs (Fig. 4h-1 and Supplementary Fig. 5a).
Further, to substantiate the increase of hypersprouting
and notch downregulation, we verified the protein lev-
els of VEGF receptors and VEGF-A levels in HUVEC
after CM treatment. PIGF-CM treated HUVECs showed
enhanced VEGFR2 protein expression with downregu-
lated levels of VEGFR1 and VEGF-A (Fig. 4m-n and
Supplementary Fig. 5b). Thus, these results strongly sug-
gest that PIGF-CM modulate hypersprouting in HUVECs
via repression of notch signaling and upregulation of
VEGER2. Regulation and maintenance of the endothelial
barrier during angiogenesis is critical for end organ func-
tion [85]. The influence of the stromal secreted factors
on endothelial barrier function regulating vascular resis-
tance and permeability is studied with an EIS approach.
EIS measurements revealed an increase in cell index in
HUVECs with PIGF-CM treatment, demonstrating an
increase of junctional resistance and decrease in perme-
ability between endothelial cells (Fig. 40). Together, these
data indicate that dysregulated PIGF-NFAT5-SGK1 sig-
naling in stroma mediate negative angiogenic effects on
HUVEC:s with an altered secretome signature.

Silencing of SGK1 improves secreted VEGF-A levels in
EnSCs

Endometrial SGK1 plays a paramount role in endome-
trial physiology and for the maintenance of pregnancy.
We therefore examined whether SGK1 is the key ‘check
point’ molecule driving the stroma-endothelial paracrine
pathway upon PIGF stimulation. SGK1 gene silencing
was efficient, suppressing both total and phosphorylated
SGK1 protein expression levels in EnSCs (Fig. 5a-c and
Supplementary Fig. 6).

Similarly, SGK1 inhibition with PIGF again paralleled
the effect on gene silencing, significantly downregulat-
ing both total and phosphorylated levels of SGK1 pro-
tein (Fig. 5a-c). Strikingly, silencing of SGK1 transcripts
was also followed by significant decrease in HIF-Ia
mRNA levels and promoter activity in EnSCs (Fig. 5d-
e). The effect was mimicked in EnSCs treated with
siSGK1+PIGF as well (Fig. 5d-e). DMOG treatment in
EnSCs was used as a positive control (0.5 mM for 24 h).
Intriguingly, attenuated SGK1 expression in EnSCs did
not significantly alter total VEGF-A levels when using
western blotting (Fig. 5a-f). However, SGK1 silencing
improved secreted VEGF-A levels in the CM (Fig. 5g)



Raja Xavier et al. Biological Research (2024) 57:55 Page 11 of 23

a c d 15 "
Con-CM PIGF-CM -~ -
) 2
(e 2\ Conditoned medium 5 1.0{ eeee
(= g
Q 4 SSSS. 0h o
(20 ng/ml, 6 days) for4gh 2 0.54
. 3
315 * /N S S
:1 £ ConCM  PIGF-CM
g 1.54
w 1.0 z
s 2
= 24h s
g 5 e
§°'5 g 1.0{ eeee . IA
£ =
5 650 um E, A
2 00 5 0.5
a Con-CM PIGF-CM 2
S e
Con-CM PIGF-CM DMOG 0.04— . r
g Con-CM PIGF-CM DMOG
. . |
= —
o
§
5 1.5 [
24h
i)
@ 1.0{ eeee
]
5 &
A
£ o051
k]
-]
Z 00 T T T
Con-CM PIGF-CM DMOG
h i j k 1
— —— —_ _
1.5+ 1.5 1.54 1.5+ 1.54
g L] < Y
E 1.0{ oeoe E 1.04 e0ee -~ 1.0{ 0009 § 1.04 eeee : 1.04 o000
& & [ ] g E n z
: : t .3 : £
§ 0.5 5‘ 0.5 I 2 0.5 T 0.54 e 0.54
H £ N | 3 s 3 L]
g TR 3 8 u 2
z 2 [ ] qQ 3 T
0.0 T T 0.0 T T 0.0 T T 0.0 T T 0.0 T T
Con-CM PIGF-CM Con-CM  PIGF-CM Con-CM  PIGF-CM Con-CM  PIGF-CM Con-CM  PIGF-CM
m n o
=
g 9 _2.0- 1.57 -o- ccM PIGF-CM
w 2 >k
s ©
S 2 < &
[¥] o ; S
o 1.54 *x * 5
VEGFR1 g m# 180kDa E I 5 1.0
H ) t
21.01--g-c---temcereccnnan- E H
VEGFR2 ==  210kDa & :r.' A 2
: . :
% 6] LR 2 0.5
VEGF-A waw e 27kDa £ A 5
° k
o o w
GAPDH ww @m 37kDa O T T T 0.0, T T : .
VEGFR1  VEGFR2  VEGF-A 0 2 4 6 8
Time (hours)

Fig. 4 Angiogenic effect of PIGF-NFAT5 signaling axis on HUVECs. (a) Schematics describing the experimental approach of CM treatment on HUVECs.
(b) BrdU incorporated ELISA analysis for cell proliferation measured in Con-CM and PIGF-CM treated HUVECs (n=4, *, p <0.05). (c) Representative fluo-
rescence microscopic images of wound healing scratch assay on Con-CM and PIGF-CM treated HUVECs at 0 and 24 h (n=4). Yellow line represents the
wound area created. Scale bar: 650 um. (d) Wound closure rate in Con-CM and PIGF-CM treated HUVECs at 24 h (n=4, **, p<0.01) explain normalization.
(e) Representative fluorescence microscopic images of tube formation assay on a matrigel with Con-CM, PIGF-CM and DMOG (positive control; 0.5 mM for
24 h) treated HUVECs at 24 h (n=4).The insert displays HUVECs seeded on the matrigel at O h. Scale bar: 650 um. (f) Tube formation assay analysis showing
tube length in Con-CM, PIGF-CM and DMOG treated HUVECs at 24 h (n=4). (g) Tube formation assay analysis depicting number of branches in Con-CM,
PIGF-CM and DMOG treated HUVECs at 24 h (n=4,*, p < 0.05). (h-I) gPCR analysis of Notch receptors (Notch 1 and Notch 2), ligands (DIl4 and Jagged-1) and
target genes (Hey 1) in Con-CM and PIGF-CM treated HUVECs. L19 was used as a housekeeping control. (n=4, *, p<0.05, **, p<0.01). (m) Original West-
ern blots of VEGFR1, VEGFR2 and VEGF-A targets with GAPDH as loading control in Con-CM and PIGF-CM treated HUVECs. (n) Average protein levels of
VEGFR1, VEGFR2 and VEGF-A in Con-CM and PIGF-CM treated HUVECs (n=4, ¥, p<0.05, **, p<0.01). Data represented here as arithmetic mean + SEM. The
treatment samples groups (PIGF-CM) are represented after normalization with control (Con-CM). Significance was determined using student’s unpaired
two-tailed t-test with Welch's correction method. (o) EIS analysis of cell impedance values in Con-CM and PIGF-CM treated HUVEC monolayer represent-
ing endothelial barrier function (n=4, ***, p<0.0001). Significance was determined using student’s unpaired two-tailed t-test with Welch's correction
method for cell impedance values at 4 h. n represents the number of independent experiments (biological replicates)
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Fig. 5 Inhibition of SGK1 gene expression in EnSCs. (a) Original Western blots of total and phosphorylated levels of SGK1 and total VEGF-A targets with
GAPDH as loading control in untreated (Con), PIGF and siSGK1 + PIGF EnSCs. (b-c) Average protein levels of total and phosphorylated SGK1 in untreated
(Con), PIGF and siSGK1 +PIGF treated EnSCs (n=4, * p<0.05, ** p<0.01, ***, p<0.001, **** p<0.0001). (d) gPCR analysis of HIF-1a transcript levels in
untreated (Con), PIGF and siSGK1 £ PIGF treated EnSCs (n=4, * p <0.05, ** p<0.01). L19 was used as a housekeeping control. (e) Luciferase reporter assay
analysis of HIF-1a promoter activity in untreated (Con), PIGF, siSGK1 + PIGF and DMOG (57 nM) treated EnSCs (n=4, * p<0.05, ***, p<0.001). (f) Average
protein levels of VEGF-A in untreated (Con), PIGF and siSGK1£PIGF treated EnSCs (n=4, * p<0.05, ** p<0.01). (g) ELISA analysis measuring secreted
VEGF-A protein levels in CM from untreated (Con), PIGF and siSGK1 +PIGF treated EnSCs (n=4, * p<0.05, ** p<0.01). Data represented here as arith-
metic mean =+ SEM. The treatment samples groups (PIGF/siSGK1/siSGK+ PIGF) are represented after normalization with control (Con). Significance was
determined using student’s unpaired two-tailed t-test with Welch's correction method and One-way ANOVA. n represents the number of independent
experiments (biological replicates)
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Fig. 6 (See legend on next page.)

and the VEGF-A protein signature (total and secreted)
remained the same also in sample groups where siSGK1
inhibition was combined with PIGF treatment in EnSCs
(Fig. 5a, f-g). These results confirm the key molecular role
of SGK1 in the angiogenic communication pathway.

Inhibition of endometrial stromal SGK1 improves angiogenic
behaviour of HUVECs

To explore the functional relevance of SGK1 in mediat-
ing the paracrine mechanism, HUVECs were treated
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with CM from EnSCs with SGK1 inhibition with and
without PIGF treatment. siSGK1+PIGF-CM decreased
cell proliferation and improved cell migration behaviour
in HUVECs as seen with Con-CM (Fig. 6a -c). Further,
the tube formation ability in HUVECs was improved
both with siSGK1+PIGF-CM with decrease in number
of branches observed (Fig. 6d-e). siSGK1+PIGF-CM
treatment in HUVECs also showed an increase in notch
receptors (Notch 1 and Notch 2), ligands (DIl4 and Jag-
ged-1), and target genes (Hey I and Hesl), confirming
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(See figure on previous page.)

Fig. 6 Silencing of SGK1 improved angiogenic effects in HUVECs. (a) BrdU ELISA analysis of cell proliferation in Con-CM, PIGF-CM and siSGK1 + PIGF-CM
treated HUVECs (n=4, *, p<0.05, **, p<0.01). (b) Representative fluorescence microscopic images of wound healing scratch assay on Con-CM, PIGF-CM
and siSGK1 + PIGF-CM treated GFP-HUVECs at 0 and 24 h (n=4). Yellow line represents the wound area created. Scale bar: 650 um. (c) Wound scratch assay
analysis showing wound closure rate in Con-CM, PIGF-CM and siSGK1 + PIGF-CM treated GFP-HUVECs analysed with ImageJ at 24 h (n=4, *, p<0.05, **,
p<0.01). (d) Representative fluorescence microscopic images of tube formation assay on a matrigel with Con-CM, PIGF-CM and siSGK1 + PIGF-CM treated
GFP-HUVECs at 24 h (n=4).The insert displays GFP-HUVECs seeded on the matrigel with respective treatment condition at O h. Scale bar: 650 um. (e) Tube
formation analysis showing number of branches in Con-CM, PIGF-CM and siSGK1 £ PIGF-CM treated GFP-HUVECs at 24 h (n=4, *, p <0.05). (f) Original
western blots of VEGFR1, VEGFR2 and VEGF-A targets with GAPDH as loading control in Con-CM, PIGF-CM and siSGK1 +PIGF-CM treated HUVECs. (g)
Average protein expression levels of VEGFR1, VEGFR2 and VEGF-A in Con-CM, PIGF-CM and siSGK1 + PIGF-CM treated HUVECs (n=4, *, p <0.05, **, p < 0.01,
*** p<0.001). Data represented here as arithmetic mean+ SEM. The treatment samples groups (PIGF-CM/siSGK1-CM/siSGK+ PIGF-CM) are represented
after normalization with control (Con-CM). Significance was determined using student’s unpaired two-tailed t-test with Welch’s correction method and
One-way ANOVA. (h) EIS analysis of cellular impedance in Con-CM, PIGF-CM, siSGK1 + PIGF-CM and VEGF-A (40 ng/ml) treated HUVEC monolayer repre-
senting endothelial barrier function. The measurement reads for 8 h post CM treatment are represented here (n=4, ***, p <0.001). (i) EIS analysis of BeWo
cell migration through HUVEC monolayer. Data represented here as normalized cell impedance values with respective to the BeWo addition time point
to the HUVEC monolayer. The measurement reads for 8 h post BeWo addition are represented here (n=4, ***, p<0.001, **** p<0.0001). Significance
was determined using student’s unpaired two-tailed t-test with Welch’s correction method for cell impedance values at 4 h. n represents the number of

independent experiments (biological replicates)

rescue of notch signaling function upon SGK1 inhibition
(Supplementary Fig. 7). With upregulation of notch sig-
naling, the protein expression levels of VEGFR1/2 and
VEGEF-A in HUVECs were reversed with siSGK1+PIGF-
CM (Fig. 6f-g and Supplementary Fig. 8). Thus, these data
confirm SGK1 inhibition in EnSCs improves secreted
angiogenic cues, attenuating the hypersprouting pheno-
type in HUVECs. In addition, cellular impedance analysis
with EIS showed improved endothelial barrier function
with increase in cell permeability under the influence of
both siSGK1+PIGF-CM (Fig. 6h). HUVECs were treated
with VEGF-A (40 ng/ml for 24 h) as positive stimulator
for permeability.

Trophoblast invasion of the maternal blood vessels is
critical for development of the placenta. Shallow or poor
invasion of the maternal blood vessels by is associated
with PE [86]. We postulated that aberrant PIGF signal-
ing in the endometrial stromal in turn produces cues
to prevent adequate trophoblast invasion. As seen in
Fig. 6i, the BeWo invasion was impeded and associated
with high resistance (i.e. higher cell index) in PIGF-CM
treated HUVECs compared with Con-CM. Interestingly,
SGK1 inhibition improved the PIGF driven poor BeWo
invasion through the HUVEC monolayer as measured by
the decrease in cell impedance values (Fig. 6i). Together,
these findings emphasis the important role of stromal
SGK1 regulation in mediating angiogenic stimulus dur-
ing uterine angiogenesis.

Discussion

The physiological changes in the endometrium during
the menstrual cycle are associated with profound angio-
genesis [87]. Any impairment in endometrial milieu or
disruptions in maternal vessel adaptations is considered
to increase the risk of adverse pregnancy outcomes [5-7].
PE is characterized by abnormal spiral artery remodel-
ling, angiogenic imbalance, defective placentation, pla-
cental ischemia, and oxidative stress at the maternal-fetal

interface, thereby resulting in maternal endothelial dys-
function and end-organ damage [14, 15, 88]. Regardless
of numerous proposed mechanisms, the underlying cause
for PE is still unclear. Recently, several studies ratified the
influence of maternal decidua in PE progression [14—16].
Gomez et al., identified transcriptomic alterations associ-
ated with defective decidualization in the endometrium
from patients with a history of severe PE [16]. Similarly,
Sufriyana et al, reported that endometrial maturation
was abnormal prior to the onset of PE [89].

In our recent study, we also report a pathological role
of endometrial PIGF contributing to an altered pre-
pregnancy maternal microenvironment, by upregulat-
ing Racl-PAK1 signaling axis resulting in increase of cell
stiffness [40]. These studies emphasize the pre-pregnancy
decidual contribution in PE pathogenesis and high-
lights the need for more prospective studies on endo-
metrial health. In line with this, we hypothesized that
the pathophysiological manifestation for poor placenta-
tion likely occurs well before pregnancy, possibly involv-
ing an abnormal endometrial vasculature. A variety of
hormones, growth factors and cytokines participate in
normal vascular development post menstruation and in
vessel adaptation during decidualization [19, 23, 24, 90].
Many of these factors when present at abnormal levels
could lead to endothelial dysfunction by inhibiting key
signaling events and chronically promoting poor uterine
vessels at the maternal site prior to pregnancy [19, 25].
Particularly, in this study we aimed to decipher the path-
ological role of endometrial PIGF in uterine vessel devel-
opment during endometrial regeneration. PIGE, a known
VEGF homolog is selectively associated with pathological
angiogenesis and inflammation [27, 29, 30]. PIGF is well
characterized for its role on blood vessels, but its effects
on non-vascular cells is not well known [30, 33]. PIGF is
temporally and spatially regulated in the endometrium,
localized to glandular and luminal epithelial cells, with
staining in the stromal cells surrounding the maternal
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spiral arteries [26]. Hence, aberrant local production of
PIGF in the surrounding stroma may have functional
implications in endometrial vascularization and in spiral
artery remodelling during early pregnancy events.

NFATS5 was identified as a regulator of cellular osmo-
adaptive responses under hypertonic stress conditions
[91]. Besides its osmosensitive function, various reports
demonstrate its potential protective role under non-
hypertonic activation [46]. NFAT5 transcriptional func-
tioning associated with deregulated pro-angiogenic
factors is described in different pathogenesis. Yu et al,
reported a positive correlation of NFAT5 expression
in the highly vascularized glioblastoma tumours [45].
Increased NFAT5 activity enhanced glioblastoma cell-
driven angiogenesis by mediating secretion of EGF like
domain multiple 7 (EGFL7) via the miR-S38-3p axis [45].
High-salt mediated NFAT5/STAT3 signaling activation
in breast cancer cell aids in proliferation and migration
through activation of angiogenic factor VEGF-A [92]. In
a similar study, Hollborn et al., suggest that hyperosmo-
larity stress induced NFATS5 stimulation aggravates neo-
vascularization and oedema formation in retinal pigment
epithelial cells via PIGF/VEGEF-A signaling effectors [52].
In contrast, the pathological role of isotonic NFAT5 acti-
vation is poorly understood. Specifically, the expression
kinetics of NFATS5 in endometrium and its potential role
in uterine angiogenesis remain unexplored. The current
study unravels the distinct regulation of tonicity indepen-
dent NFAT5 activation in the endometrium. In EnSCs,
PIGF induced NFAT5 mRNA and increased its nuclear
abundance confirming its transcriptional activation.
Additionally, the increase of NFAT5 immunoreactivity in
endometrial tissues during the proliferative phase of the
cycle in the perivascular region around the blood vessels
emphasizes its importance in influencing uterine vessel
formation.

p38 MAPK is one of the few kinases that is involved in
regulating both nuclear translocation and in mediating
transcriptional activation of NFAT5 [93, 94]. We report
here that PIGF induces NFATS5 transcriptional activation
in EnSCs through p38 MAPK signaling. NFAT5 has been
reported to be a DNA binding transcriptional activator
that controls various angiogenic genes such as SGK1,
COX2 and VEGF-A [52, 95]. We show that increased
NFATS5 transcription in EnSCs leads to enhanced SGK1
protein phosphorylation, thereby further positively medi-
ating the angiogenic downstream signaling. In keeping
with this finding Wang et al. have shown that increased
placental SGK1 is associated with PE [96].

SGK1 downstream targets include HIF-1a and NFkB,
which are known mediators in angiogenic signaling [54,
57, 58]. Since hypoxia is a well-known stimulus that pro-
motes vessel growth [97, 98], we examined the role of
this crucial molecular downstream target of SGK1. Our
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findings show enhanced levels of HIF-1a transcripts and
increased promoter activity in EnSCs upon PIGF stimula-
tion. Hypoxia is known to regulate various pro-survival
pathways affecting VEGF secretion in vascular patho-
physiology [98-100]. Hence, we further unravelled the
signaling axis reporting increased cellular levels of pro-
angiogenic factors VEGF-A in stromal cells. Previous
studies have highlighted the role of VEGF in the early
angiogenic processes associated with postmenstrual
regeneration of the endometrium [101-103]. The tem-
poral and spatial distribution of VEGF is essential for the
rapid burst of angiogenesis that occurs at postmenstrual
repair [101].

The endometrial stroma secretome acts in an autocrine
and paracrine manner to facilitate decidual differentia-
tion, maternal angiogenesis thus influencing trophoblast
invasion and placentation [19, 23]. We show here aber-
rant PIGF primed EnSCs secretome (CM) by display-
ing low levels of secreted VEGF-A despite the increase
in HIF-1a and cellular VEGF-A levels. The decrease
in secreted protein levels of VEGF-A was a puzzling
result, however it is thought that intracellularly acti-
vated VEGF-A (in EnSCs) can likely interact with the
receptors located within the cell exhibiting an intra-
crine signaling, causing a decline in secretion levels of
VEGEF-A [104, 105]. Another possible mechanism could
be the activation of autocrine signaling in EnSCs, where
secreted VEGEF-A follows a negative feedback loop bind-
ing to its extracellular receptors causing a decrease in the
bioavailability of VEGF-A in the CM [106, 107]. Lastly,
secreted PIGF upon HIF-1« activation in EnSCs could act
as an antagonist to its structurally related analog VEGF-
A. HIF-1a transcriptional activity is known to be a key
regulator of PIGF secretion [108, 109]. In line with this,
HIF-1a -PIGF activation could be conserved as bidirec-
tional regulation in EnSCs. Therefore, the secreted PIGF
could act as an antagonist for VEGF-A present in CM by
formation of biologically inactive PIGF/VEGF heterodi-
mers [110]. These proposed mechanisms are yet to be
fully characterized.

During endometrial sprouting angiogenesis, growth
factors and cytokines from the stroma and surrounding
uterine microenvironment activate the quiescent endo-
thelial cells lining the vasculature, to degrade the extra-
cellular matrix and invade the surrounding tissue to form
new capillaries [19, 20, 23]. Here, we aimed to better elu-
cidate the effects of PIGF-induced secreted factors on
HUVEC:s by verifying its effects on angiogenic sprouting
behaviour in HUVECs. VEGEF-A is known to be mito-
genic for endothelial cells [111]. The binding of VEGE-
A to its receptors on endothelial cells triggers a series
of intracellular signaling events, that mediate cellular
responses aiding in proliferation, migration and vascular
permeability [111, 112]. The VEGF-A pathway is tightly
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regulated and balanced in normal physiological condi-
tions, but dysregulation of this pathway can contribute to
various diseases, including cancer and vascular disorders
[113, 114]. VEGEF-A displays a concentration-dependent
activity to induce endothelial cell proliferation, thus facil-
itating sprouting and anastomosis via a VEGF/Notch-
dependent mechanism [84, 115]. In our study, PIGF-CM
rendered a negative angiogenic modulation in HUVECs
with impediment in proliferation, migration and patho-
logical hypersprouting. VEGF-A and Notch signaling
pathways often interact in a coordinated manner to fine-
tune angiogenesis and vascular development [84, 116].
Low gene expression of notch effectors in PIGF-CM
treated HUVECsS, confirms poor notch regulation owing
to low secreted VEGF-A by EnSCs. VEGEF-A activates
DIl4 expression in the tip cell by binding to VEGF recep-
tors [115]. This receptor binding activates the Notch
signaling pathway in the stalk cell leading to a suppres-
sion of the tip cell phenotype. Low levels of notch ligand
(DI14) and upregulation of VEGFR2 protein explains the
hypersprouting behaviour observed in PIGF-CM treated
HUVECs, causing failure in establishing proper balance
between tip and stalk cells. Deranged Notch regulation
between endothelial cells also resulted in downregula-
tion of VEGFR1 and VEGEF-A protein levels in HUVECs.
In line with the reported findings, decreased expression
of Notch and VEGFR1 was found in endothelial cells of
decidua associated with early pregnancy loss [117]. The
above data validates the crosstalk between the stroma
and endothelial compartments aiding in cell-cell commu-
nication to regulate endometrial angiogenic function.
The proteomic characterization of CM secreted by
EnSCs upon PIGF stimulation displayed upregulation of
many ECM associated biomolecules. These molecules are
also known to impinge angiogenesis by directly affecting
endothelial cell phenotypes and functions [118]. Type
I collagen is reported to play a major role in endothe-
lial cell morphogenesis involving suppression of cAMP-
dependent protein kinase A and induction of actin
polymerization [119]. This finding is in keeping with
our recent study, where we observed the PIGF-induced
increase in both Typel collagen and cell stiffness via
increased actin polymerization [40]. Matrix metallopro-
teases (MMPs) are well known inflammatory mediators
controlling endothelial proliferation and survival in path-
ological vessel modifications [120]. Using bioinformatic
GO enrichment analysis, we show activation of pathways
associated with pathological angiogenesis (atheroscle-
rosis and hypertrophic cardiomyopathy) in the stromal
secretome mediated by aberrant PIGF. The appearance of
acute atherosis was found in the walls of spiral arteries
of uteroplacental circulation in some PE cases [121, 122].
Acute atherosis lesions reportedly correlate with early
stages of atherosclerosis [122]. Thus, we postulate the
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change in the composition of the ECM associated pro-
teins together with angiogenic imbalances in PIGF-CM
generates a pathological inflammatory-like microenvi-
ronment that modifies the angiogenic sprouting behav-
iour in HUVECs.

Establishment of a low-resistance vascular system
is essential for adequate spiral artery remodelling and
normal placentation [123]. In humans, it is estimated
that between 50 and 100 spiral arteries are required
to be transformed to support a healthy pregnancy [86,
124]. The importance of sufficient uterine vessel adap-
tion is critical because by term (37 weeks) perfusion of
the uterus increases from <1% of cardiac output to 25%,
of which 90% is carried through the limited number of
physiologically transformed spiral arterioles into the
intervillous space of the placenta [2, 123, 125]. Endothe-
lial barrier function maintains vascular integrity by bal-
ancing vascular permeability and resistance [126]. We
observed that low VEGF-A and high ECM associated
biomolecules in PIGF-CM impaired barrier function in
HUVEC:s (high cell impedance), resulting in poor perme-
ability and increased vascular stiffness. This increase of
vascular resistance and stiffness at the junctional inter-
face of HUVECs impeded BeWo cell invasion. Therefore,
high levels of endometrial PIGF could form high-resis-
tant vessels in the endometrium resulting in insufficient
trophoblast invasion as manifested in PE placentas.

SGK1 is recognized as a critical endometrial regulator
participating in both uterine receptivity and pregnancy
[55]. It is known to play a mechanistic role in maintain-
ing the functional reproductive axis [55, 127]. However,
to date, the exact role of SGK1 in endometrial vessel
development remains unclear. Various studies report the
critical role of SGK1 in regulating inflammation in vascu-
lar diseases. Xi et al., showed first evidence for a role of
SGK1 in hypoxia mediated pulmonary hypertension by
inducing pro-inflammatory reaction. Lack of SGK1 atten-
uated hypoxia induced pro-inflammation response and
improved arterial remodelling [128]. Similarly, Baban et
al,, reported that activation of SGK1 signaling improved
inflammation-mediated pro survival pathways, causing
adverse cardiac remodelling in ischemic- reperfusion
injury [129]. We report that PIGF treatment with SGK1
inhibition in EnSCs attenuated hypoxia and increased
the secreted levels of VEGF-A. In addition, the corre-
sponding CM improved endothelial migration, normal
tube formation ability and vascular permeability as seen
in Con-CM. Our study also cements the role of SGK1
as a key molecule, mediating PIGF induced angiogenic
pathway by promoting hypoxia and differentially regu-
lating angiogenic cues for pathological vessel develop-
ment. HIF-1a overexpression is reported to be expressed
in the PE placentas and known to regulate the produc-
tion of sFlt-1 and soluble endoglin (sEng), causing the
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angiogenic imbalance [130, 131]. Furthermore, HIF-la
overexpression reportedly induces a Hemolysis, Elevated
Liver enzymes and Low Platelets (HELLP) syndrome-like
phenotype and fetal growth restriction in pregnant mice
[132]. These data help us to postulate the plausible role
of dysregulated endometrial SGK1 in enhancing hypoxia
during uterine vascularization and placentation as pre-
sented in PE. Also, our findings highlight the potential
for selective inhibition of SGK1 in stroma to reverse
the pathological switch activated by aberrant PIGF. This
study uncovers a new role of SGK1 in PE pathogenesis
and identifies SGK1 as an attractive therapeutic target.
Collectively, our findings support the conjecture that
dysregulated endometrial PIGF could switch between
the controlled physiological angiogenesis by disrupt-
ing the uterine stromal — endothelial paracrine mecha-
nism, resulting in poor quality spiral artery modification
thereby impeding trophoblast invasion and thus develop-
ment of PE (Fig. 7). In keeping with this, Doppler studies
showed a higher uterine artery pulsatility index during
early gestation (weeks 11-13) and could identify at least
50% of patients who subsequently developed PE [133].
Interestingly, additional Doppler ultrasound studies have
shown that during the late secretory phase, endometrio-
sis is linked with increased sub-endometrial blood flow
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[134]. The inverse correlation between the amount of
perfusion before pregnancy and the probability of preg-
nancy complications may, although untested, be relevant
to other disorders including abnormal uterine bleeding,
polycystic ovary syndrome and unexplained infertility.
Notwithstanding, whilst we shed light on a new pathway,
other contributing factors such as inadequate decidual-
ization, deregulated uNK cell function, impaired activa-
tion of trophoblast interaction, trophoblast cell death,
reprogramming /epigenetic changes (DNA methylation
or post translational histone tail modifications) or a com-
bination of the above may lead to dysregulation of spiral
artery transformation and PE [16, 135-139].

Cyclic endometrial remodelling and menstruation is
a pre-requisite for the human uterus in preparation for
future pregnancy [140]. Hence, we posit that local endo-
metrial disorders i.e. poor-quality uterine vessels (prior
to pregnancy) will result in an unwarranted ripple effect
with the ‘crescendo’ or end result being reduced placental
function as presented in PE. Our findings presented here
are further supported by a recent study employing single-
cell transcriptomics to survey distinct molecular faces of
PE subtypes [141]. Systematic molecular characterization
revealed imbalances hallmarking angiogenic and extra-
cellular matrix dysfunction in placentas from early onset

Secreted factors (low VEGF-A and
high ECM associated proteins)

@ Pathological uterine
angiogenesis

4

(2) Impaired trophoblast
> invasion

(3) Poor placentation

High endothelial
cell resistance
@

Preeclampsia

Fig. 7 Graphical abstract describing the effect of pathological PIGF levels in altered uterine endometrial angiogenesis and its plausible role in PE pathol-
ogy. Aberrant levels of endometrial PIGF activates NFAT5-SGK1-VEGF-A signaling axis in uterine stromal cells. Activation of this signaling cascade presents
negative angiogenic cues to endothelial cells, with deregulated secreted protein cargo (decreased angiogenic factor VEGF-A and increased ECM associ-
ated proteins). PIGF mediated secreted factors supports abnormal vessel development in HUVECs, with dysregulation of Notch-VEGF signaling. Aberrant
PIGF triggered stromal-endothelial paracrine signaling results in hypersprouting, high cellular resistance and impaired BeWo invasion through HUEVCs.
Hypersprouting and high cellular impedance in HUVECs confirm pathological uterine vascularization upon deregulated endometrial PIGF. Thus, we pos-
tulate such aberrant uterine angiogenesis prior to pregnancy will likely lead to poor quality maternal vessels, inadequate trophoblast invasion causing

poor placentation as seen in PE pregnancy (Images created with BioRender)
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PE. Intriguingly, stromal cells and vasculature reflected
an inflamed, stressed, anti-angiogenic environment only
in early PE groups. Thus, we could speculate that PE is
primarily a disease of impaired endometrial precondi-
tioning, which likely confers protection against abnormal
hyperinflammation.

The correlation between abnormal endometrial PIGF
and the corresponding circulating levels during early
pregnancy driving abnormal pregnancy outcome remains
unclear. PIGF, exists in at least four isoforms due to alter-
native mRNA splicing of the PIGF primary transcript
[142, 143]. The main distinction amongst the four iso-
forms are that PIGF-1 and —3 are non-heparin binding
and can (potentially) affect targets in a paracrine manner,
whereas PIGF-2 and —4 have additional heparin-binding
domains and most likely work in an autocrine way [142,
143]. The major isoforms are thought to be PIGF-1 and
PIGF-2 and are thought to have different functions [143].
The addition of PIGF-1 to a spontaneously transformed
first-trimester cytotrophoblast cell line stimulated cell
proliferation whilst PIGF-2 had little effect [144]. In con-
trast, the addition of PIGF-1 had little effect on endothe-
lial cell proliferation while this was inhibited by PIGF-2
[144]. Therefore, more careful analysis is required to
delineate which isoform in the endometrium contrib-
utes to the pathogenesis of this disease. Our reanalysis of
single-cell RNA sequencing of the human endometrium
reveals that PIGF is expressed by various endometrial
cell types (data not shown) with the highest expression
levels observed in the stromal cells, endothelial cells and
mesenchymal stem cells (MSCs) [145]. Intriguingly, the
conditioned medium of PE placental MSCs impair tro-
phoblast invasion and angiogenesis of endothelial cells,
indicating a detrimental paracrine profile [146]. Further-
more, MSCs derived from the decidual component of PE
placentas exhibited compromised function in response
to oxidative stress and accelerated senescence compared
with normotensive placentas [146-148]. In keeping
with this, in our proteomic analysis we do see a modest
upregulation of senesce marker -galactosidase (data not
shown). Taken together, we posit that aberrant expres-
sion of endometrial PIGF on MSCs could additionally
deregulate the normal cellular activity, potentially leading
to premature cellular senescence causing placental aging
as seen in obstetric complications such as PE, IUGR and
still birth [149, 150] and further work is required to vali-
date this hypothesis.

Literature shows strong evidence on high levels of cir-
culating PIGF in individuals with various diseases such as
cancer (breast, melanoma, leukemia), auto-immune dis-
eases (rheumatoid arthritis, Systemic Lupus Erythemato-
sus), coronary heart disease, and neovascular age-related
macular degeneration. Whether PIGF contributes to or
is a result of these diseases remains to be determined
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[28, 29]. Furthermore, the knowledge on genetic deter-
minants of circulating pathological levels of PIGF is lim-
ited. A recent study by Ruggerio et al., conducted the first
genome-wide association study, to identify genetic vari-
ants that explain alterations in circulating PIGF concen-
trations [28]. The plausible candidate genes identified to
be associated with PIGF circulating levels were NRPI,
FLT1 and RAPGEFS [28]. Intriguingly these molecules
have been implicated with different PE models [151-
153]. Another study by Vodolazkaia et al., reported that
genetic variants in PIGF rs2268613 gene may increase
the PIGF plasma levels [154]. These findings thus provide
new candidate genes and new insights into mechanisms
by which PIGF is regulated in physiological and patho-
physiological states.

PE is a complex condition involving multiple systems
and various contributing factors [9]. Its development
results from a combination of immunological, genetic
and environmental influences, leading to systemic mater-
nal endothelial dysfunction and impaired placental func-
tion [155]. Significant (high) risk factors include a history
of PE, chronic hypertension, pre-existing diabetes mel-
litus, chronic kidney disease history and autoimmune
conditions like antiphospholipid syndrome (APS) [155].
Additional risk (moderate) factors encompass advanced
maternal age (>40 years), body mass index [BMI] =35 kg/
m2, and the use of assisted reproductive technologies
(ART/IVF) [155]. According to the NICE recommenda-
tions, the presence of one high-risk factor or more than
one moderate risk factor is considered high risk for pre-
eclampsia [13]. Interestingly, abnormal PIGF levels are
also (independent of pregnancy) associated with some
of these risk factors, such as diabetes, obesity and hyper-
tension [156—159]. Interestingly, these conditions are
also linked with increased SGK1 expression [160-163].
Taken together, these studies argue that certain genetic
variations as previously stated or lifestyle factors may
predispose women to abnormal PIGF levels before preg-
nancy, potentially augmenting the expression of the
PIGF-NFAT5-SGK1 axis and promoting inadequate ves-
sel quality in the endometrial microenvironment. Sub-
sequently, during pregnancy, these compromised vessels
may contribute to abnormal placentation, resulting in an
imbalance in circulating angiogenic factors. In conclu-
sion, our results shed light onto the new prospect and
advances of PIGF-NFAT5-SGK1 signaling axis in endo-
metrial stromal cells. While careful evaluation of the
broad implications of PIGF is still necessary, this study
identified both NFAT5 and SGK1 as promising targets
for treatment strategies to improve vascularization prior
to pregnancy and help improve adverse pregnancy out-
come such as PE.



Raja Xavier et al. Biological Research (2024) 57:55

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540659-024-00526-w.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

We thank Dr. Ana Velic from Proteome Center Tubingen (PCT) for performing
the mass spec experiments and Quantitative Biology Centre Tubingen
(QBIC) for proteomic data storage. We would like to thank Apl. Prof. Dr.
Dorothea Alexander-Friedrich from the Department of Dental Medicine for
providing access to the EIS equipment and Ms. Birgit Fehrenbacher from the
Department of Dermatology for her help on confocal microscopy imaging.

Author contributions
M.S.S conceived and designed the study. M.S.S and J.PR.X wrote the first draft.

JPRX, T.O, MA,N.CandY.S performed the experiments, bioinformatic analysis.

analyzed the data and prepared figures. M.S.S, S.T, FL and S.Y.B provided
advice, equipment, resources, funds. All authors of the manuscript have read,
edited and agreed to its content.

Funding

This work was supported by funding to M.S.S by Else Kroner-Fresenius-Stiftung
(EKFS), intramural funds of Tibingen University the IZKF, the Athene award

by the Federal Ministry of Education and Research (BMBF) and the Baden-
Wurttemberg Ministry of Science as part of the Excellence Strategy of the
German Federal and State Governments and by the Margarete von Wrangell
(MvW 31-7635.41/118/3) habilitation scholarship co-funded by the Ministry
of Science, Research and the arts (MWK) of the state of Baden-Wurttemberg
and by the European Social Funds. We are grateful for the support from Open
Access Publishing Fund of Tibingen University.

Open Access funding enabled and organized by Projekt DEAL.

Data availability

The proteomic datasets supporting the results in this article are available in
the PRoteomics IDEntification database (PRIDE) with the accession number
PXD051697. The source data behind the other data available in the figures can
be found in the supplementary data file 2.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors approve for submission and confirm no conflict of interest.

Conflict interest
Part of this work is used in the Bachelor thesis of M.A, Master Thesis from N.A.C
and PhD thesis of JPRX. All other authors declare no conflict of interest.

Received: 10 May 2024 / Accepted: 26 June 2024
Published online: 17 August 2024

References

1. Zhang P Decidual vasculopathy and spiral artery remodeling revisited II: rela-
tions to trophoblastic dependent and independent vascular transformation. J
Maternal-Fetal Neonatal Med. 2020;1-7. https://doi.org/10.1080/14767058.20
20.1718646.

2. Mori M, Bogdan A, Balassa T, Csabai T, Szekeres-Bartho J. The decidua-the
maternal bed embracing the embryo-maintains the pregnancy. Semin
Immunopathol. 2016;38:635-49. https://doi.org/10.1007/500281-016-0574-0.

3. WuHM, Chen LH, Hsu LT, Lai CH. Immune Tolerance of embryo implan-
tation and pregnancy: the role of human decidual stromal cell- and

20.

21.

22.

Page 19 of 23

embryonic-derived extracellular vesicles. Int J Mol Sci. 2022,23. https://doi.
0rg/10.3390/ijms232113382.

Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo M, Meyer KB,
Park JE, Stephenson E, Polarski K, Goncalves A, et al. Single-cell reconstruc-
tion of the early maternal-fetal interface in humans. Nature. 2018;563:347-53.
https://doi.org/10.1038/541586-018-0698-6.

Staff AC, Fjeldstad HE, Fosheim IK, Moe K, Turowski G, Johnsen GM, Alnaes-
Katjavivi P, Sugulle M. Failure of physiological transformation and spiral artery
atherosis: their roles in preeclampsia. Am J Obstet Gynecol. 2022;226:5895-
906. https://doi.org/10.1016/j.2j0g.2020.09.026.

DuL, Deng W, Zeng S, Xu P, Huang L, Liang Y, Wang Y, Xu H, Tang J, Bi S, et al.
Single-cell transcriptome analysis reveals defective decidua stromal niche
attributes to recurrent spontaneous abortion. Cell Prolif. 2021;54:¢13125.
https://doi.org/10.1111/cpr.13125.

Audette MC, Kingdom JC. Screening for fetal growth restriction and placental
insufficiency. Semin Fetal Neonatal Med. 2018;23:119-25. https://doi.
0rg/10.1016/j.5iny.2017.11.004.

Levine RJ, Maynard SE, Qian C, Lim K-H, England LJ, Yu KF, Schisterman EF,
Thadhani R, Sachs BP, Epstein FH, et al. Circulating angiogenic factors and the
risk of Preeclampsia. N Engl J Med. 2004;350:672-83. https://doi.org/10.1056/
NEJM0a031884.

Rana S, Lemoine E, Granger JP, Karumanchi SA, Preeclampsia. Pathophysiol-
ogy, challenges, and perspectives. Circ Res. 2019;124:1094-112. https://doi.
org/10.1161/circresaha.118.313276.

Conrad KP, Rabaglino MB, Post Uiterweer ED. Emerging role for dysregulated
decidualization in the genesis of preeclampsia. Placenta. 2017;60:119-29.
https://doi.org/10.1016/j.placenta.2017.06.005.

Albrecht ED, Babischkin JS, Aberdeen GW, Burch MG, Pepe GJ. Maternal
systemic vascular dysfunction in a primate model of defective uterine spiral
artery remodeling. Am J Physiol Heart Circ Physiol. 2021;320:H1712-23.
https://doi.org/10.1152/ajpheart.00613.2020.

Wu P, Haththotuwa R, Kwok CS, Babu A, Kotronias RA, Rushton C, Zaman A,
Fryer AA, Kadam U, Chew-Graham CA, et al. Preeclampsia and Future Cardio-
vascular Health: a systematic review and Meta-analysis. Circ Cardiovasc Qual
Outcomes. 2017;10. https://doi.org/10.1161/circoutcomes.116.003497.

Khan B, Allah Yar R, Khakwani AK, Karim'S, Arslan Ali H. Preeclampsia Inci-
dence and its maternal and neonatal outcomes with Associated Risk factors.
Cureus. 2022;14:e31143. https//doi.org/10.7759/cureus.31143.
Garrido-Gomez T, Castillo-Marco N, Cordero T, Simén C. Decidualization resis-
tance in the origin of preeclampsia. Am J Obstet Gynecol. 2022;226:5886-94.
https://doi.org/10.1016/}.aj0g.2020.09.039.

Garrido-Gomez T, Quifionero A, Dominguez F, Rubert L, Perales A, Hajjar

KA, Simon C. Preeclampsia: a defect in decidualization is associated with
deficiency of annexin A2. Am J Obstet Gynecol. 2020;222:376e371. 376.e317.
Garrido-Gomez T, Castillo-Marco N, Clemente-Ciscar M, Cordero T, Mufioz-
Blat |, Amadoz A, Jimenez-Almazan J, Monfort-Ortiz R, Climent R, Perales-
Marin A, et al. Disrupted PGR-B and ESR1 signaling underlies defective
decidualization linked to severe preeclampsia. Elife. 2021;10. https://doi.
org/10.7554/eLife.70753.

Yang M, Li H, Rong M, Zhang H, Hou L, Zhang C. Dysregulated GLUT1 may
be involved in the pathogenesis of preeclampsia by impairing decidual-
ization. Mol Cell Endocrinol. 2022;540:111509. https://doi.org/10.1016/j.
mce.2021.111509.

Stevens DU, de Nobrega Teixeira JA, Spaanderman MEA, Bulten J, van

Vugt JMG, Al-Nasiry. Understanding decidual vasculopathy and the link to
preeclampsia: a review. Placenta. 2020,97:95-100. https://doi.org/10.1016/j.
placenta.2020.06.020.

Ma Q, Beal JR, Bhurke A, Kannan A, Yu J, Taylor RN, Bagchi IC, Bagchi MK.
Extracellular vesicles secreted by human uterine stromal cells regulate
decidualization, angiogenesis, and trophoblast differentiation. Proc Natl Acad
SciU S A.2022;119:22200252119. https://doi.org/10.1073/pnas.2200252119.
Maas JW, Groothuis PG, Dunselman GA, de Goeij AF, Struyker Boudier HA,
Evers JL. Endometrial angiogenesis throughout the human menstrual cycle.
Hum Reprod. 2001;16:1557-61. https://doi.org/10.1093/humrep/16.8.1557.
Rogers PA, Donoghue JF, Walter LM, Girling JE. Endometrial angiogenesis,
vascular maturation, and lymphangiogenesis. Reprod Sci. 2009;16:147-51.
https://doi.org/10.1177/1933719108325509.

ChenW, Lu S,Yang C, Li N, Chen X, He J, Liu X, Ding Y, Tong C, Peng C, et al.
Hyperinsulinemia restrains endometrial angiogenesis during decidualization
in early pregnancy. J Endocrinol. 2019;243:137-48. https://doi.org/10.1530/
joe-19-0127.


https://doi.org/10.1186/s40659-024-00526-w
https://doi.org/10.1186/s40659-024-00526-w
https://doi.org/10.1080/14767058.2020.1718646
https://doi.org/10.1080/14767058.2020.1718646
https://doi.org/10.1007/s00281-016-0574-0
https://doi.org/10.3390/ijms232113382
https://doi.org/10.3390/ijms232113382
https://doi.org/10.1038/s41586-018-0698-6
https://doi.org/10.1016/j.ajog.2020.09.026
https://doi.org/10.1111/cpr.13125
https://doi.org/10.1016/j.siny.2017.11.004
https://doi.org/10.1016/j.siny.2017.11.004
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1161/circresaha.118.313276
https://doi.org/10.1161/circresaha.118.313276
https://doi.org/10.1016/j.placenta.2017.06.005
https://doi.org/10.1152/ajpheart.00613.2020
https://doi.org/10.1161/circoutcomes.116.003497
https://doi.org/10.7759/cureus.31143
https://doi.org/10.1016/j.ajog.2020.09.039
https://doi.org/10.7554/eLife.70753
https://doi.org/10.7554/eLife.70753
https://doi.org/10.1016/j.mce.2021.111509
https://doi.org/10.1016/j.mce.2021.111509
https://doi.org/10.1016/j.placenta.2020.06.020
https://doi.org/10.1016/j.placenta.2020.06.020
https://doi.org/10.1073/pnas.2200252119
https://doi.org/10.1093/humrep/16.8.1557
https://doi.org/10.1177/1933719108325509
https://doi.org/10.1530/joe-19-0127
https://doi.org/10.1530/joe-19-0127

Raja Xavier et al. Biological Research

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2024) 57:55

Ahn J,Yoon MJ, Hong SH, Cha H, Lee D, Koo HS, Ko JE, Lee J,Oh S, Jeon NL,
et al. Three-dimensional microengineered vascularised endometrium-on-
a-chip. Hum Reprod. 2021,36:2720-31. https://doi.org/10.1093/humrep/
deab186.

Gnecco JS, Pensabene V, Li DJ, Ding T, Hui EE, Bruner-Tran KL, Osteen KG.
Compartmentalized Culture of Perivascular Stroma and endothelial cells

in a microfluidic model of the human endometrium. Ann Biomed Eng.
2017;45:1758-69. https://doi.org/10.1007/510439-017-1797-5.

Duran CL, Abbey CA, Bayless KJ. Establishment of a three-dimensional model
to study human uterine angiogenesis. Mol Hum Reprod. 2018;24:74-93.
https://doi.org/10.1093/molehr/gax064.

Binder NK, Evans J, Salamonsen LA, Gardner DK, Kaitu'u-Lino TuJ, Han-

nan NJ. Placental growth factor is secreted by the human endometrium

and has potential important functions during embryo development and
implantation. PLoS ONE. 2016;11:e0163096. https://doi.org/10.1371/journal.
pone.0163096.

Nejabati HR, Latifi Z, Ghasemnejad T, Fattahi A, Nouri M. Placental growth
factor (PIGF) as an angiogenic/inflammatory switcher: lesson from early
pregnancy losses. Gynecol Endocrinol. 2017;33:668-74. https://doi.org/10.10
80/09513590.2017.1318375.

Ruggiero D, Nutile T, Nappo S, Tirozzi A, Bellenguez C, Leutenegger AL, Ciullo
M. Genetics of PIGF plasma levels highlights a role of its receptors and sup-
ports the link between angiogenesis and immunity. Sci Rep. 2021;11:16821.
https://doi.org/10.1038/541598-021-96256-0.

Dewerchin M, Carmeliet P. PIGF: a multitasking cytokine with disease-
restricted activity. Cold Spring Harb Perspect Med. 2012;2. https://doi.
0rg/10.1101/cshperspect.a011056.

Li X, Jin Q Yao Q, ZhouY, Zou'Y, Li Z, Zhang S, Tu C. Placental growth fac-

tor contributes to liver inflammation, angiogenesis, fibrosis in mice by
promoting hepatic macrophage recruitment and activation. Front Immunol.
2017,8:801. https://doi.org/10.3389/fimmu.2017.00801.

Tudisco L, Orlandi A, Tarallo V, De Falco S. Hypoxia activates placental growth
factor expression in lymphatic endothelial cells. Oncotarget. 2017,8:32873—
83. https://doi.org/10.18632/oncotarget.15861.

Raevens S, Geerts A, Paridaens A, Lefere S, Verhelst X, Hoorens A, Van Dorpe J,
Maes T, Bracke KR, Casteleyn C, et al. Placental growth factor inhibition targets
pulmonary angiogenesis and represents a therapy for hepatopulmonary
syndrome in mice. Hepatology. 2018,68:634-51. https://doi.org/10.1002/
hep.29579.

Aoki S, Inoue K, Klein S, Halvorsen S, Chen J, Matsui A, Nikmaneshi MR,
Kitahara S, Hato T, Chen X, et al. Placental growth factor promotes tumour
desmoplasia and treatment resistance in intrahepatic cholangiocarcinoma.
Gut. 2022;71:185-93. https://doi.org/10.1136/gutjnl-2020-322493.

lwamoto H, Zhang Y, SekiT, Yang Y, Nakamura M, Wang J, Yang X, Torimura

T, Cao Y. PIGF-induced VEGFR1-dependent vascular remodeling determines
opposing antitumor effects and drug resistance to DIl4-Notch inhibitors. Sci
Adv. 2015;1:21400244. https://doi.org/10.1126/sciadv.1400244.

Lennikov A, Mukwaya A, Fan L, Saddala MS, De Falco S, Huang H. Synergistic
interactions of PIGF and VEGF contribute to blood-retinal barrier breakdown
through canonical NFkB activation. Exp Cell Res. 2020,397:112347. https://
doi.org/10.1016/j.yexcr2020.112347.

Apicella |, Cicatiello V, Acampora D, Tarallo V, De Falco S. Full functional
knockout of placental growth factor by Knockin with an inactive variant
able to Heterodimerize with VEGF-A. Cell Rep. 2018;23:3635-46. https://doi.
0rg/10.1016/j.celrep.2018.05.067.

Luttun A, Tjwa M, Moons L, Wu' Y, Angelillo-Scherrer A, Liao F, Nagy JA, Hooper
A, Priller J, De Klerck B, et al. Revascularization of ischemic tissues by PIGF
treatment, and inhibition of tumor angiogenesis, arthritis and atherosclerosis
by anti-FIt1. Nat Med. 2002;8:831-40. https://doi.org/10.1038/nm731.
Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, Libermann TA, Morgan
JP, Sellke FW, Stillman IE, et al. Excess placental soluble fms-like tyrosine
kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension,
and proteinuria in preeclampsia. J Clin Invest. 2003;111:649-58. https://doi.
0rg/10.1172/jci17189.

Huang D, Liu G, Xu Z, Chen S,Wang C, Liu D, Cao J, Cheng J, Wu B, Wu

D.The multifaceted role of placental growth factor in the pathogenesis

and progression of bronchial asthma and pulmonary fibrosis: therapeu-

tic implications. Genes Dis. 2023;10:1537-51. https://doi.org/10.1016/j.
gendis.2022.10.017.

Raja Xavier JP, Rianna C, Hellwich E, Nikolou I, Lankapalli AK, Brucker SY, Singh
Y, Lang F, Schiffer TE, Salker MS. Excessive endometrial PIGF- Rac1 signalling

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 20 of 23

underlies endometrial cell stiffness linked to pre-eclampsia. Commun Biol.
2024;7:530. https://doi.org/10.1038/542003-024-06220-7.

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, Le Shay N,
Nezhat CN, Kempson R, Lessey BA, et al. Molecular phenotyping of human
endometrium distinguishes menstrual cycle phases and underlying biologi-
cal processes in normo-ovulatory women. Endocrinology. 2006;147:1097-
121. https://doi.org/10.1210/en.2005-1076.

Chen X, Jin X, Liu L, Man CW, Huang J, Wang CC, Zhang S, Li TC. Differential
expression of vascular endothelial growth factor angiogenic factors in
different endometrial compartments in women who have an elevated pro-
gesterone level before oocyte retrieval, during in vitro fertilization-embryo
transfer treatment. Fertil Steril. 2015;104:1030-6. https://doi.org/10.1016/j.
fertnstert.2015.06.021.

Founds SA, Conley YP, Lyons-Weiler JF, Jeyabalan A, Hogge WA, Conrad

KP. Altered global gene expression in first trimester placentas of women
destined to develop preeclampsia. Placenta. 2009;30:15-24. https://doi.
0rg/10.1016/j.placenta.2008.09.015.

Cheung CY, Huang TT, Chow N, Zhang S, Zhao Y, Chau MP, Chan WC, Wong
CCL, Boassa D, Phan S, et al. Unconventional tonicity-regulated nuclear traf-
ficking of NFAT5 mediated by KPNB1, XPOT and RUVBL2. J Cell Sci. 2022;135.
https://doi.org/10.1242/jcs.259280.

Yu H, Zheng J, Liu X, Xue Y, Shen S, Zhao L, Li Z, Liu Y. Transcription factor
NFAT5 promotes Glioblastoma Cell-driven angiogenesis via SBF2-AS1/miR-
338-3p-Mediated EGFL7 expression change. Front Mol Neurosci. 2017;10.
https://doi.org/10.3389/fnmol.2017.00301.

Halterman JA, Kwon HM, Wamhoff BR. Tonicity-independent regulation of
the osmosensitive transcription factor TonEBP (NFAT5). Am J Physiol Cell
Physiol. 2012;302:C1-8. https://doi.org/10.1152/ajpcell.00327.2011.

Jeong GR, Im SK;, Bae YH, Park ES, Jin BK, Kwon HM, Lee BJ, BuY, Hur EM,

Lee BD. Inflammatory signals induce the expression of tonicity-responsive
enhancer binding protein (TonEBP) in microglia. J Neuroimmunol. 2016;295-
296:21-9. https://doi.org/10.1016/j jneuroim.2016.04.009.

Zhao G, Aghakeshmiri S, Chen YT, Zhang HM, Yip F, Yang D. NFAT5-Mediated
signalling pathways in viral infection and Cardiovascular Dysfunction. Int J
Mol Sci. 2021;22. https://doi.org/10.3390/ijms22094872.

Muhammad K, Xavier D, Klein-Hessling S, Azeem M, Rauschenberger T, Murti
K, Avots A, Goebeler M, Klein M, Bopp T, et al. NFAT5 controls the Integrity
of Epidermis. Front Immunol. 2021;12:780727. https://doi.org/10.3389/
fimmu.2021.780727.

Neubert P, Weichselbaum A, Reitinger C, Schatz V, Schréder A, Ferdinand

JR, Simon M, Bar AL, Brochhausen C, Gerlach RG, et al. HIF1A and NFAT5
coordinate na(+)-boosted antibacterial defense via enhanced autophagy and
autolysosomal targeting. Autophagy. 2019;15:1899-916. https://doi.org/10.10
80/15548627.2019.1596483.

Lee N, Kim D, Kim WU. Role of NFATS in the Immune System and Patho-
genesis of Autoimmune diseases. Front Immunol. 2019;10:270. https://doi.
0rg/10.3389/fimmu.2019.00270.

Hollborn M, Fischer S, Kuhrt H, Wiedemann P, Bringmann A, Kohen L. Osmotic
regulation of NFAT5 expression in RPE cells: the involvement of purinergic
receptor signaling. Mol Vis. 2017,23:116-30.

Sahu |, Pelzl L, Sukkar B, Fakhri H, Al-Maghout T, Cao H, Hauser S, Gutti R,
Gawaz M, Lang F. NFATS5-sensitive Orail expression and store-operated ca(2+)
entry in megakaryocytes. Faseb j. 2017;31:3439-48. https://doi.org/10.1096/
£201601211R.

Vanderhaeghen T, Beyaert R, Libert C. Bidirectional crosstalk between
Hypoxia Inducible factors and glucocorticoid signalling in Health and
Disease. Front Immunol. 2021;12:684085. https://doi.org/10.3389/
fimmu.2021.684085.

Lang F, Rajaxavier J, Singh Y, Brucker SY, Salker MS. The Enigmatic Role of
Serum & Glucocorticoid Inducible Kinase 1 in the Endometrium. Front Cell
Dev Biol. 2020;8:556543-556543. https://doi.org/10.3389/fcell.2020.556543.
Sun N, Meng F, Xue N, Pang G, Wang Q, Ma H. Inducible miR-145 expression
by HIF-1a protects cardiomyocytes against apoptosis via regulating SGK1

in simulated myocardial infarction hypoxic microenvironment. Cardiol J.
2018;25:268-78. https://doi.org/10.5603/CJ.a2017.0105.

Medina-Jover F, Gendrau-Sanclemente N, Vifials F. SGK1 is a signalling hub
that controls protein synthesis and proliferation in endothelial cells. FEBS Lett.
2020;594:3200-15. https://doi.org/10.1002/1873-3468.13901.
Zarrinpashneh E, Poggioli T, Sarathchandra P, Lexow J, Monassier L, Terrac-
ciano C, Lang F, Damilano F, Zhou JQ, Rosenzweig A, et al. Ablation of SGK1
impairs endothelial cell migration and tube formation leading to decreased


https://doi.org/10.1093/humrep/deab186
https://doi.org/10.1093/humrep/deab186
https://doi.org/10.1007/s10439-017-1797-5
https://doi.org/10.1093/molehr/gax064
https://doi.org/10.1371/journal.pone.0163096
https://doi.org/10.1371/journal.pone.0163096
https://doi.org/10.1080/09513590.2017.1318375
https://doi.org/10.1080/09513590.2017.1318375
https://doi.org/10.1038/s41598-021-96256-0
https://doi.org/10.1101/cshperspect.a011056
https://doi.org/10.1101/cshperspect.a011056
https://doi.org/10.3389/fimmu.2017.00801
https://doi.org/10.18632/oncotarget.15861
https://doi.org/10.1002/hep.29579
https://doi.org/10.1002/hep.29579
https://doi.org/10.1136/gutjnl-2020-322493
https://doi.org/10.1126/sciadv.1400244
https://doi.org/10.1016/j.yexcr.2020.112347
https://doi.org/10.1016/j.yexcr.2020.112347
https://doi.org/10.1016/j.celrep.2018.05.067
https://doi.org/10.1016/j.celrep.2018.05.067
https://doi.org/10.1038/nm731
https://doi.org/10.1172/jci17189
https://doi.org/10.1172/jci17189
https://doi.org/10.1016/j.gendis.2022.10.017
https://doi.org/10.1016/j.gendis.2022.10.017
https://doi.org/10.1038/s42003-024-06220-7
https://doi.org/10.1210/en.2005-1076
https://doi.org/10.1016/j.fertnstert.2015.06.021
https://doi.org/10.1016/j.fertnstert.2015.06.021
https://doi.org/10.1016/j.placenta.2008.09.015
https://doi.org/10.1016/j.placenta.2008.09.015
https://doi.org/10.1242/jcs.259280
https://doi.org/10.3389/fnmol.2017.00301
https://doi.org/10.1152/ajpcell.00327.2011
https://doi.org/10.1016/j.jneuroim.2016.04.009
https://doi.org/10.3390/ijms22094872
https://doi.org/10.3389/fimmu.2021.780727
https://doi.org/10.3389/fimmu.2021.780727
https://doi.org/10.1080/15548627.2019.1596483
https://doi.org/10.1080/15548627.2019.1596483
https://doi.org/10.3389/fimmu.2019.00270
https://doi.org/10.3389/fimmu.2019.00270
https://doi.org/10.1096/fj.201601211R
https://doi.org/10.1096/fj.201601211R
https://doi.org/10.3389/fimmu.2021.684085
https://doi.org/10.3389/fimmu.2021.684085
https://doi.org/10.3389/fcell.2020.556543
https://doi.org/10.5603/CJ.a2017.0105
https://doi.org/10.1002/1873-3468.13901

Raja Xavier et al. Biological Research

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

(2024) 57:55

neo-angiogenesis following myocardial infarction. PLoS ONE. 2013;8:080268.
https://doi.org/10.1371/journal.pone.0080268.

Chau K, Xu B, Hennessy A, Makris A. Effect of placental growth factor on
trophoblast-endothelial cell interactions in Vitro. Reprod Sci. 2020;27:1285-
92. https://doi.org/10.1007/543032-019-00103-7.

Singh'Y, Shi X, Zhang S, Umbach AT, Chen H, Salker MS, Lang F. Prolyl hydroxy-
lase 3 (PHD3) expression augments the development of regulatory T cells.
Mol Immunol. 2016;76:7-12. https://doi.org/10.1016/j.molimm.2016.06.003.
Hamdollah Zadeh MA, Glass CA, Magnussen A, Hancox JC, Bates DO.
VEGF-mediated elevated intracellular calcium and angiogenesis in

human microvascular endothelial cells in vitro are inhibited by domi-

nant negative TRPC6. Microcirculation. 2008;15:605-14. https://doi.
0rg/10.1080/10739680802220323.

Ayakannu T, Taylor AH, Willets JM, Brown L, Lambert DG, McDonald J, Davies
Q, Moss EL, Konje JC. Validation of endogenous control reference genes for
normalizing gene expression studies in endometrial carcinoma. Mol Hum
Reprod. 2015;21:723-35. https://doi.org/10.1093/molehr/gav033.

Alauddin M, Salker MS, Umbach AT, Rajaxavier J, Okumura T, Singh'Y, Wagner
A, Brucker SY, Wallwiener D, Brosens JJ, et al. Annexin A7 regulates endo-
metrial receptivity. Front Cell Dev Biol. 2020;8:770. https://doi.org/10.3389/
fcell.2020.00770.

Okumura T, Raja Xavier JP, Pasternak J, Yang Z, Hang C, Nosirov B, Singh Y,
Admard J, Brucker SY, Kommoss S, et al. Rel Family transcription factor NFATS
upregulates COX2 via HIF-1a activity in Ishikawa and HEC1a cells. Int J Mol
Sci. 2024;25. https://doi.org/10.3390/ijms25073666.

Schweitzer GG, Arias EB, Cartee GD. Sustained postexercise increases in
AS160 Thr642 and Ser588 phosphorylation in skeletal muscle without
sustained increases in kinase phosphorylation. J Appl Physiol (1985).
2012;113:1852-61. https://doi.org/10.1152/japplphysiol.00619.2012.

Endo A, Fukushima T, Takahashi C, Tsuchiya H, Ohtake F, Ono S, Ly T, Yoshida
Y, Tanaka K, Saeki Y, et al. USP8 prevents aberrant NF-kB and Nrf2 activation
by counteracting ubiquitin signals from endosomes. J Cell Biol. 2024;223.
https://doi.org/10.1083/jcb.202306013.

Joubert R, Daniel E, Bonnin N, Comptour A, Gross C, Belville C, Chiambaretta
F, Blanchon L, Sapin V. Retinoic acid Engineered amniotic membrane used as
graft or homogenate: positive effects on corneal Alkali Burns. Invest Ophthal-
mol Vis Sci. 2017;58:3513-8. https://doi.org/10.1167/iovs.17-21810.

Wang Z, Yemanyi F, Blomfield AK, Bora K, Huang S, Liu CH, Britton WR, Cho SS,
Tomita Y, Fu Z, et al. Amino acid transporter SLC38A5 regulates develop-
mental and pathological retinal angiogenesis. Elife. 2022;11. https://doi.
org/10.7554/elife.73105.

Johnson BM, Johnson AM, Heim M, Buckley M, Mortimer B, Berry JL,
Sewell-Loftin MK. Biomechanical stimulation promotes blood vessel growth
despite VEGFR-2 inhibition. BMC Biol. 2023;21:290. https://doi.org/10.1186/
$12915-023-01792-y.

Wu C, Liu H, Zhong D, Yang X, Liao Z, ChenY, Zhang S, Su D, Zhang B, Li C,

et al. Mapk7 deletion in chondrocytes causes vertebral defects by reduc-
ing MEF2C/PTEN/AKT signaling. Genes Dis. 2024;11:964-77. https://doi.
0rg/10.1016/}.gendis.2023.02.012.

Pang H, Wu H, Zhan Z, Wu T, Xiang M, Wang Z, Song L, Wei B. Exploration

of anti-osteosarcoma activity of asiatic acid based on network pharmacol-
ogy and in vitro experiments. Oncol Rep. 2024;51. https://doi.org/10.3892/
0r.2023.8692.

Taylor SC, Posch A. The design of a quantitative Western blot

experiment. Biomed Res Int. 2014,2014:361590-361590. https://doi.
0rg/10.1155/2014/361590.

Poel Svd, Dreer M, Velic A, Macek B, Baskaran P, Iftner T, Stubenrauch F.
Identification and functional characterization of Phosphorylation sites of
the human papillomavirus 31 E8AE2 protein. J Virol. 2018,92:e01743-01717.
https://doi.org/10.1128/JV1.01743-17.

Cox J, Mann M. MaxQuant enables high peptide identification rates, individu-
alized p.p.b-range mass accuracies and proteome-wide protein quantifica-
tion. Nat Biotechnol. 2008;26:1367-72. https://doi.org/10.1038/nbt.1511.
Aguilan JT, Kulej K, Sidoli S. Guide for protein fold change and p-value calcu-
lation for non-experts in proteomics. Mol Omics. 2020;16:573-82. https://doi.
0rg/10.1039/DOMO00087F.

Tyanova S, TemuT, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox

J. The Perseus computational platform for comprehensive analysis of
(prote)omics data. Nat Methods. 2016;13:731-40. https://doi.org/10.1038/
nmeth.3901.

Suarez-Arnedo A, Torres Figueroa F, Clavijo C, Arbeldez P, Cruz JC. Mufoz-
Camargo, C. An image J plugin for the high throughput image analysis of in

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Page 21 of 23

vitro scratch wound healing assays. PLoS ONE. 2020;15:€0232565. https://doi.
0rg/10.1371/journal.pone.0232565.

DeCicco-Skinner KL, Henry GH, Cataisson C, Tabib T, Gwilliam JC, Watson NJ,
Bullwinkle EM, Falkenburg L, O'Neill RC, Morin A, et al. Endothelial cell tube
formation assay for the in vitro study of angiogenesis. J Vis Exp. 2014;e51312.
https://doi.org/10.3791/51312.

Uhlén M, Bjorling E, Agaton C, Szigyarto CA, Amini B, Andersen E, Anders-
son AC, Angelidou P, Asplund A, Asplund C, et al. A human protein atlas for
normal and cancer tissues based on antibody proteomics. Mol Cell Proteom.
2005;4:1920-32. https://doi.org/10.1074/mcp.M500279-MCP200.

Zhou X. How do kinases contribute to tonicity-dependent regulation of

the transcription factor NFAT5? World J Nephrol. 2016;5:20-32. https://doi.
0rg/10.5527/wjn.v5.i1.20.

Catela C, Kratsios P, Hede M, Lang F, Rosenthal N. Serum and glucocorticoid-
inducible kinase 1 (SGK1) is necessary for vascular remodeling during
angiogenesis. Dev Dynamics: Official Publication Am Association Anatomists.
2010;239:2149-60. https://doi.org/10.1002/dvdy.22345.

Talarico C, Dattilo V, D'’Antona L, Menniti M, Bianco C, Ortuso F, Alcaro S,
Schenone S, Perrotti N, Amato R. SGK1, the New Player in the game of resis-
tance: Chemo-Radio Molecular Target and Strategy for Inhibition. Cell Physiol
Biochem. 2016;39:1863-76. https://doi.org/10.1159/000447885.

Nguyen QD, De Falco S, Behar-Cohen F, Lam WC, Li X, Reichhart N, Ricci

F, Pluim J, Li WW. Placental growth factor and its potential role in diabetic
retinopathy and other ocular neovascular diseases. Acta Ophthalmol.
2018,96:¢1-9. https://doi.org/10.1111/a0s.13325.

Akil A, Gutiérrez-Garcia AK, Guenter R, Rose JB, Beck AW, Chen H, Ren B.
Notch Signaling in Vascular endothelial cells, angiogenesis, and Tumor
Progression: an update and prospective. Front Cell Dev Biol. 2021,9. https://
doi.org/10.3389/fcell.2021.642352.

Lakshmikanthan S, Sobczak M, Li Calzi S, Shaw L, Grant MB, Chrzanowska-
Wodnicka M. Rap1B promotes VEGF-induced endothelial permeability and is
required for dynamic regulation of the endothelial barrier. J Cell Sci. 2018;131.
https://doi.org/10.1242/jcs.207605.

Whitley GS, Cartwright JE. Cellular and molecular regulation of spiral artery
remodelling: lessons from the cardiovascular field. Placenta. 2010;31:465-74.
https://doi.org/10.1016/j.placenta.2010.03.002.

Smith SK. Regulation of angiogenesis in the endometrium. Trends
Endocrinol Metabolism. 2001;12:147-51. https://doi.org/10.1016/
$1043-2760(01)00379-4.

Kornacki J, Olejniczak O, Sibiak R, Gutaj P, Wender-Ozegowska E. Pathophysi-
ology of Pre-eclampsia-two theories of the development of the Disease. Int J
Mol Sci. 2023;25. https://doi.org/10.3390/ijms25010307.

Sufriyana H, Wu YW, Su EC. Low- and high-level information analyses of tran-
scriptome connecting endometrial-decidua-placental origin of preeclampsia
subtypes: a preliminary study. Pac Symp Biocomput. 2024;29:549-63.
Dimitriadis E, White C, Jones R, Salamonsen L. Cytokines, chemokines and
growth factors in endometrium related to implantation. Hum Reprod
Update. 2005;11:613-30. https://doi.org/10.1093/humupd/dmi023.

Lee JH, Kim M, Im YS, Choi W, Byeon SH, Lee HK. NFAT5 induction and its role
in Hyperosmolar Stressed Human Limbal epithelial cells. Investig Ophthalmol
Vis Sci. 2008;49:1827-35. https://doi.org/10.1167/iovs.07-1142.

Amara S, Alotaibi D, Tiriveedhi V. NFAT5/STAT3 interaction mediates synergism
of high salt with IL.-17 towards induction of VEGF-A expression in breast can-
cer cells. Oncol Lett. 2016;12:933-43. https://doi.org/10.3892/01.2016.4713.
Wu CC, Hsu SC, Shih HM, Lai MZ. Nuclear factor of activated T cells cis

a target of p38 mitogen-activated protein kinase in T cells. Mol Cell Biol.
2003;23:6442-54. https://doi.org/10.1128/mcb.23.18.6442-6454.2003.
Gomez del Arco P, Martinez-Martinez S, Maldonado JL, Ortega-Pérez |,
Redondo JM. A role for the p38 MAP kinase pathway in the nuclear shut-
tling of NFATp. J Biol Chem. 2000;275:13872-8. https://doi.org/10.1074/
jbc.275.18.13872.

Chen S, Grigsby CL, Law CS, Ni X, Nekrep N, Olsen K, Humphreys MH, Gardner
DG. Tonicity-dependent induction of Sgk1 expression has a potential role in
dehydration-induced natriuresis in rodents. J Clin Investig. 2009;119:1647-58.
https://doi.org/10.1172/JCI35314.

Wang D, Na Q, Song GY, Wang L. Human umbilical cord mesenchymal stem
cell-derived exosome-mediated transfer of microRNA-133b boosts tropho-
blast cell proliferation, migration and invasion in preeclampsia by restricting
SGKT. Cell Cycle. 2020;19:1869-83. https://doi.org/10.1080/15384101.2020.17
69394.

Zhu H, Zhang S. Hypoxia inducible factor-1a/vascular endothelial growth
factor signaling activation correlates with response to radiotherapy and


https://doi.org/10.1371/journal.pone.0080268
https://doi.org/10.1007/s43032-019-00103-7
https://doi.org/10.1016/j.molimm.2016.06.003
https://doi.org/10.1080/10739680802220323
https://doi.org/10.1080/10739680802220323
https://doi.org/10.1093/molehr/gav033
https://doi.org/10.3389/fcell.2020.00770
https://doi.org/10.3389/fcell.2020.00770
https://doi.org/10.3390/ijms25073666
https://doi.org/10.1152/japplphysiol.00619.2012
https://doi.org/10.1083/jcb.202306013
https://doi.org/10.1167/iovs.17-21810
https://doi.org/10.7554/eLife.73105
https://doi.org/10.7554/eLife.73105
https://doi.org/10.1186/s12915-023-01792-y
https://doi.org/10.1186/s12915-023-01792-y
https://doi.org/10.1016/j.gendis.2023.02.012
https://doi.org/10.1016/j.gendis.2023.02.012
https://doi.org/10.3892/or.2023.8692
https://doi.org/10.3892/or.2023.8692
https://doi.org/10.1155/2014/361590
https://doi.org/10.1155/2014/361590
https://doi.org/10.1128/JVI.01743-17
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1039/D0MO00087F
https://doi.org/10.1039/D0MO00087F
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1371/journal.pone.0232565
https://doi.org/10.1371/journal.pone.0232565
https://doi.org/10.3791/51312
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.5527/wjn.v5.i1.20
https://doi.org/10.5527/wjn.v5.i1.20
https://doi.org/10.1002/dvdy.22345
https://doi.org/10.1159/000447885
https://doi.org/10.1111/aos.13325
https://doi.org/10.3389/fcell.2021.642352
https://doi.org/10.3389/fcell.2021.642352
https://doi.org/10.1242/jcs.207605
https://doi.org/10.1016/j.placenta.2010.03.002
https://doi.org/10.1016/S1043-2760(01)00379-4
https://doi.org/10.1016/S1043-2760(01)00379-4
https://doi.org/10.3390/ijms25010307
https://doi.org/10.1093/humupd/dmi023
https://doi.org/10.1167/iovs.07-1142
https://doi.org/10.3892/ol.2016.4713
https://doi.org/10.1128/mcb.23.18.6442-6454.2003
https://doi.org/10.1074/jbc.275.18.13872
https://doi.org/10.1074/jbc.275.18.13872
https://doi.org/10.1172/JCI35314
https://doi.org/10.1080/15384101.2020.1769394
https://doi.org/10.1080/15384101.2020.1769394

Raja Xavier et al. Biological Research

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112

113.

115.

117.

(2024) 57:55

its inhibition reduces hypoxia-induced angiogenesis in lung cancer. J Cell
Biochem. 2018;119:7707-18. https://doi.org/10.1002/jcb.27120.
Nunez-Gémez E, Pericacho M, Ollauri-Ibanez C, Bernabéu C, Lopez-Novoa
JM.The role of endoglin in post-ischemic revascularization. Angiogenesis.
2017;20:1-24. https://doi.org/10.1007/510456-016-9535-4.

Ahluwalia A, Tarnawski AS. Critical role of hypoxia sensor-HIF-1a in VEGF
gene activation. Implications for angiogenesis and tissue injury healing. Curr
Med Chem. 2012;19:90-7. https://doi.org/10.2174/092986712803413944.
Hu K, Babapoor-Farrokhran S, Rodrigues M, Deshpande M, Puchner B, Kashi-
wabuchi F, Hassan SJ, Asnaghi L, Handa JT, Merbs S, et al. Hypoxia-inducible
factor 1 upregulation of both VEGF and ANGPTL4 is required to promote the
angiogenic phenotype in uveal melanoma. Oncotarget. 2016;7:7816-28.
https://doi.org/10.18632/0oncotarget.6868.

Fan X, Krieg S, Kuo CJ, Wiegand SJ, Rabinovitch M, Druzin ML, Brenner RM,
Giudice LC, Nayak. N.R. VEGF blockade inhibits angiogenesis and reepitheli-
alization of endometrium. Faseb j. 2008;22:3571-80. https://doi.org/10.1096/
f.08-111401.

CaoC, ZhouY, Zhang Y,MaY, Du S, Fan L, Niu R, Zhang Y, He M. GCN5
participates in KLF4-VEGFA feedback to promote endometrial angiogenesis.
iScience. 2022;25:104509. https://doi.org/10.1016/j.i5¢i.2022.104509.

Girling JE, Rogers PA. Regulation of endometrial vascular remodelling: role
of the vascular endothelial growth factor family and the angiopoietin-TIE
signalling system. Reproduction. 2009;138:883-93. https://doi.org/10.1530/
rep-09-0147.

Wiszniak S, Schwarz Q. Exploring the Intracrine functions of VEGF-A. Biomol-
ecules. 2021;11. https://doi.org/10.3390/biom11010128.

Bhattacharya R, Fan F, Wang R, Ye X, Xia L, Boulbes D, Ellis LM. Intracrine VEGF
signalling mediates colorectal cancer cell migration and invasion. Br J Cancer.
2017;117:848-55. https://doi.org/10.1038/bjc.2017.238.

Lee S, ChenTT, Barber CL, Jordan MC, Murdock J, Desai S, Ferrara N, Nagy

A, Roos KP, Iruela-Arispe ML. Autocrine VEGF signaling is required for
vascular homeostasis. Cell. 2007;130:691-703. https://doi.org/10.1016/j.
cell.2007.06.054.

Koch KR, Refaian N, Hos D, Schlereth SL, Bosch JJ, Cursiefen C, Heindl LM.
Autocrine impact of VEGF-A on uveal melanoma cells. Invest Ophthalmol Vis
Sci. 2014,55:2697-704. https://doi.org/10.1167/iovs.13-13254.

Tudisco L, Della Ragione F, Tarallo V, Apicella |, D'Esposito M, Matarazzo MR,
De Falco S. Epigenetic control of hypoxia inducible factor-1a-dependent
expression of placental growth factor in hypoxic conditions. Epigenetics.
2014;9:600-10. https://doi.org/10.4161/epi.27835.

Lazzara F, Trotta MC, Platania CBM, D'Amico M, Petrillo F, Galdiero M,
Gesualdo C, Rossi S, Drago F, Bucolo C. Stabilization of HIF-1ain human
retinal endothelial cells modulates expression of miRNAs and proangiogenic
growth factors. Front Pharmacol. 2020;11:1063. https://doi.org/10.3389/
fphar.2020.01063.

Eriksson A, Cao R, Pawliuk R, Berg SM, Tsang M, Zhou D, Fleet C, Tritsaris K,
Dissing S, Leboulch P, et al. Placenta growth factor-1 antagonizes VEGF-
induced angiogenesis and tumor growth by the formation of functionally
inactive PIGF-1/VEGF heterodimers. Cancer Cell. 2002;1:99-108. https://doi.
0rg/10.1016/51535-6108(02)00028-4.

. Abhinand CS, Raju R, Soumya SJ, Arya PS, Sudhakaran PR. VEGF-A/VEGFR2

signaling network in endothelial cells relevant to angiogenesis. J Cell Com-
mun Signal. 2016;10:347-54. https://doi.org/10.1007/512079-016-0352-8.

E G, CaoY, Bhattacharya S, Dutta S, Wang E, Mukhopadhyay D. Endogenous
vascular endothelial growth factor-A (VEGF-A) maintains endothelial cell
homeostasis by reqgulating VEGF receptor-2 transcription. J Biol Chem.
2012,287:3029-41. https://doi.org/10.1074/jbc.M111.293985.

Braile M, Marcella S, Cristinziano L, Galdiero MR, Modestino L, Ferrara AL, Var-
ricchi G, Marone G, Loffredo S. VEGF-A in Cardiomyocytes and Heart diseases.
Int J Mol Sci. 2020;21. https://doi.org/10.3390/ijms21155294.

. Apte RS, Chen DS, Ferrara N. VEGF in Signaling and Disease: Beyond Discov-

ery and Development. Cell. 2019;176:1248-64. https://doi.org/10.1016/j.
cell2019.01.021.

Blanco R, Gerhardt H. VEGF and notch in tip and stalk cell selection. Cold
Spring Harb Perspect Med. 2013;3:a006569. https://doi.org/10.1101/cshper-
spect.a006569.

. ChenW, Xia P, Wang H, Tu J, Liang X, Zhang X, Li L. The endothelial tip-stalk

cell selection and shuffling during angiogenesis. J Cell Commun Signal.
2019;13:291-301. https://doi.org/10.1007/512079-019-00511-z.
Col-Madendag |, Madendag Y, Altinkaya S, Bayramoglu H, Danisman N. The
role of VEGF and its receptors in the etiology of early pregnancy loss. Gynecol
Endocrinol. 2014;30:153-6. https://doi.org/10.3109/09513590.2013.864272.

119.

120.

122.

124.

125.

126.

130.

131

132.

134.

135.

136.

137.

Page 22 of 23

. Mongiat M, Andreuzzi E, Tarticchio G, Paulitti A. Extracellular matrix, a hard

player in Angiogenesis. Int J Mol Sci. 2016;17. https://doi.org/10.3390/
ijms17111822.

Whelan MC, Senger DR. Collagen I initiates endothelial cell morphogenesis
by inducing actin polymerization through suppression of cyclic AMP and
protein kinase A. J Biol Chem. 2003;278:327-34. https://doi.org/10.1074/jbc.
M207554200.

Wang X, Khalil RA, Matrix, Metalloproteinases. Vascular remodeling, and
Vascular Disease. Adv Pharmacol. 2018;81:241-330. https://doi.org/10.1016/
bs.apha.2017.08.002.

. Kim JY, Kim YM. Acute atherosis of the uterine spiral arteries: clinico-

pathologic implications. J Pathol Transl Med. 2015;49:462-71. https://doi.
0rg/10.4132/jptm.2015.10.23.

Pitz Jacobsen D, Fjeldstad HE, Johnsen GM, Fosheim IK, Moe K, Alnaes-
Katjavivi P, Dechend R, Sugulle M, Staff AC. Acute atherosis lesions at the
fetal-maternal Border: current knowledge and implications for maternal Car-
diovascular Health. Front Immunol. 2021;12:791606. https://doi.org/10.3389/
fimmu.2021.791606.

. SatoY, Fujiwara H, Konishi I. Mechanism of maternal vascular remodeling

during human pregnancy. Reprod Med Biol. 2012;11:27-36. https://doi.
0rg/10.1007/512522-011-0102-9.

Allerkamp HH, Leighton S, Pole T, Clark AR, James JL. Synergistic regulation of
uterine radial artery adaptation to pregnancy by paracrine and hemody-
namic factors. Am J Physiol Heart Circ Physiol. 2023;325:H790-805. https://
doi.org/10.1152/ajpheart.00205.2023.

Huang CC, Hsueh YW, Chang CW, Hsu HC, Yang TC, Lin WC, Chang HM. Estab-
lishment of the fetal-maternal interface: developmental events in human
implantation and placentation. Front Cell Dev Biol. 2023;11:1200330. https://
doi.org/10.3389/fcell.2023.1200330.

Claesson-Welsh L, Dejana E, McDonald DM. Permeability of the endo-

thelial barrier: identifying and reconciling controversies. Trends Mol Med.
2021;27:314-31. https://doi.org/10.1016/j.molmed.2020.11.006.

. Salker MS, Christian M, Steel JH, Nautiyal J, Lavery S, Trew G, Webster Z, Al-

Sabbagh M, Puchchakayala G, Foller M, et al. Deregulation of the serum-and
glucocorticoid-inducible kinase SGK1 in the endometrium causes reproduc-
tive failure. Nat Med. 2011;17:1509-13. https://doi.org/10.1038/nm.2498.

. XiX, Zhang J,Wang J, ChenY, Zhang W, Zhang X, Du J, Zhu G. SGKT mediates

hypoxic pulmonary hypertension through promoting macrophage infiltra-
tion and activation. Anal Cell Pathol (Amst). 2019;2019(3013765). https://doi.
0rg/10.1155/2019/3013765.

. Baban B, Liu JY, Mozaffari MS. SGK-1 regulates inflammation and cell death

in the ischemic-reperfused heart: pressure-related effects. Am J Hypertens.
2014;27:846-56. https://doi.org/10.1093/ajh/hpt269.

Nevo O, Soleymanlou N, Wu'Y, Xu J, Kingdom J, Many A, Zamudio S, Caniggia
I. Increased expression of sFlt-1in in vivo and in vitro models of human pla-
cental hypoxia is mediated by HIF-1. Am J Physiol Regul Integr Comp Physiol.
2006;291:R1085-1093. https://doi.org/10.1152/ajpregu.00794.2005.
Sanchez-Elsner T, Botella LM, Velasco B, Langa C, Bernabéu C. Endoglin
expression is regulated by transcriptional cooperation between the

hypoxia and transforming growth factor-beta pathways. J Biol Chem.
2002;277:43799-808. https://doi.org/10.1074/jbc.M207160200.

Tal R, Shaish A, Barshack I, Polak-Charcon S, Afek A, Volkov A, Feldman B,

Avivi C, Harats D. Effects of hypoxia-inducible factor-1alpha overexpression
in pregnant mice: possible implications for preeclampsia and intrauterine
growth restriction. Am J Pathol. 2010;177:2950-62. https://doi.org/10.2353/
ajpath.2010.090800.

. Plasencia W, Maiz N, Bonino S, Kaihura C, Nicolaides KH. Uterine artery Dop-

plerat 1140 to 13+6 weeks in the prediction of pre-eclampsia. Ultrasound
Obstet Gynecol. 2007;30:742-9. https://doi.org/10.1002/u0g.5157.

Xavier P, Beires J, Barros H, Martinez-de-Oliveira J. Subendometrial and
intraendometrial blood flow during the menstrual cycle in patients

with endometriosis. Fertil Steril. 2005,84:52-9. https://doi.org/10.1016/j.
fertnstert.2005.01.114.

Wei X, Yang X. The central role of natural killer cells in preeclampsia. Front
Immunol. 2023;14:1009867. https://doi.org/10.3389/fimmu.2023.1009867.
Mukherjee |, Dhar R, Singh S, Sharma JB, Nag TC, Mridha AR, Jaiswal P, Biswas
S, Karmakar S. Oxidative stress-induced impairment of trophoblast function
causes preeclampsia through the unfolded protein response pathway. Sci
Rep. 2021;11:18415. https://doi.org/10.1038/541598-021-97799-y.

Huppertz B. The critical role of abnormal trophoblast development in the
etiology of Preeclampsia. Curr Pharm Biotechnol. 2018;19:771-80. https://doi.
0rg/10.2174/1389201019666180427110547.


https://doi.org/10.1002/jcb.27120
https://doi.org/10.1007/s10456-016-9535-4
https://doi.org/10.2174/092986712803413944
https://doi.org/10.18632/oncotarget.6868
https://doi.org/10.1096/fj.08-111401
https://doi.org/10.1096/fj.08-111401
https://doi.org/10.1016/j.isci.2022.104509
https://doi.org/10.1530/rep-09-0147
https://doi.org/10.1530/rep-09-0147
https://doi.org/10.3390/biom11010128
https://doi.org/10.1038/bjc.2017.238
https://doi.org/10.1016/j.cell.2007.06.054
https://doi.org/10.1016/j.cell.2007.06.054
https://doi.org/10.1167/iovs.13-13254
https://doi.org/10.4161/epi.27835
https://doi.org/10.3389/fphar.2020.01063
https://doi.org/10.3389/fphar.2020.01063
https://doi.org/10.1016/s1535-6108(02)00028-4
https://doi.org/10.1016/s1535-6108(02)00028-4
https://doi.org/10.1007/s12079-016-0352-8
https://doi.org/10.1074/jbc.M111.293985
https://doi.org/10.3390/ijms21155294
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1101/cshperspect.a006569
https://doi.org/10.1101/cshperspect.a006569
https://doi.org/10.1007/s12079-019-00511-z
https://doi.org/10.3109/09513590.2013.864272
https://doi.org/10.3390/ijms17111822
https://doi.org/10.3390/ijms17111822
https://doi.org/10.1074/jbc.M207554200
https://doi.org/10.1074/jbc.M207554200
https://doi.org/10.1016/bs.apha.2017.08.002
https://doi.org/10.1016/bs.apha.2017.08.002
https://doi.org/10.4132/jptm.2015.10.23
https://doi.org/10.4132/jptm.2015.10.23
https://doi.org/10.3389/fimmu.2021.791606
https://doi.org/10.3389/fimmu.2021.791606
https://doi.org/10.1007/s12522-011-0102-9
https://doi.org/10.1007/s12522-011-0102-9
https://doi.org/10.1152/ajpheart.00205.2023
https://doi.org/10.1152/ajpheart.00205.2023
https://doi.org/10.3389/fcell.2023.1200330
https://doi.org/10.3389/fcell.2023.1200330
https://doi.org/10.1016/j.molmed.2020.11.006
https://doi.org/10.1038/nm.2498
https://doi.org/10.1155/2019/3013765
https://doi.org/10.1155/2019/3013765
https://doi.org/10.1093/ajh/hpt269
https://doi.org/10.1152/ajpregu.00794.2005
https://doi.org/10.1074/jbc.M207160200
https://doi.org/10.2353/ajpath.2010.090800
https://doi.org/10.2353/ajpath.2010.090800
https://doi.org/10.1002/uog.5157
https://doi.org/10.1016/j.fertnstert.2005.01.114
https://doi.org/10.1016/j.fertnstert.2005.01.114
https://doi.org/10.3389/fimmu.2023.1009867
https://doi.org/10.1038/s41598-021-97799-y
https://doi.org/10.2174/1389201019666180427110547
https://doi.org/10.2174/1389201019666180427110547

Raja Xavier et al. Biological Research (2024) 57:55

138. Lim JH, Kang YJ, Bak HJ, Kim MS, Lee HJ, Kwak DW, Han YJ, Kim MY, Boo H,
Kim SY, et al. Epigenome-wide DNA methylation profiling of preeclamptic
placenta according to severe features. Clin Epigenetics. 2020;12. https://doi.
0rg/10.1186/513148-020-00918-1.

139. Roberts VH, Webster RP, Brockman DE, Pitzer BA, Myatt L. Post-Translational
Modifications of the P2X(4) purinergic receptor subtype in the human
placenta are altered in preeclampsia. Placenta. 2007,28:270-7. https://doi.
0rg/10.1016/j.placenta.2006.04.008.

140. Brosens JJ, Parker MG, McIndoe A, Pijnenborg R, Brosens IA. A role for
menstruation in preconditioning the uterus for successful pregnancy.

Am J Obstet Gynecol. 2009;200:e615611-616. https://doi.org/10.1016/].
2j0g.2008.11.037.

141. Admati |, Skarbianskis N, Hochgerner H, Ophir O, Weiner Z, Yagel S, Solt I,
Zeisel A. Two distinct molecular faces of preeclampsia revealed by single-
cell transcriptomics. Med. 2023;4:687-e709687. https://doi.org/10.1016/j.
med;j.2023.07.005.

142. Yang W, Ahn H, Hinrichs M, Torry RJ, Torry DS. Evidence of a novel isoform
of placenta growth factor (PIGF-4) expressed in human trophoblast and
endothelial cells. J Reprod Immunol. 2003,60:53-60. https://doi.org/10.1016/
50165-0378(03)00082-2.

143. Nucci M, Poon LC, Demirdjian G, Darbouret B, Nicolaides KH. Maternal serum
placental growth factor (PIGF) isoforms 1 and 2 at 11-13 weeks' gestation
in normal and pathological pregnancies. Fetal Diagn Ther. 2014;36:106-16.
https://doi.org/10.1159/000357842.

144. Ahmed A, Dunk C, Ahmad S, Khalig A. Regulation of placental vascular endo-

thelial growth factor (VEGF) and placenta growth factor (PIGF) and soluble

FlIt-1 by oxygen-a review. Placenta. 2000;21(Suppl A):S16-24. https://doi.

0rg/10.1053/plac.1999.0524.

Wang W, Vilella F, Alama P, Moreno |, Mignardi M, Isakova A, Pan W, Simon C,

Quake SR. Single-cell transcriptomic atlas of the human endometrium during

the menstrual cycle. Nat Med. 2020;26:1644-53. https://doi.org/10.1038/

s41591-020-1040-z.

146. Rolfo A, Giuffrida D, Nuzzo AM, Pierobon D, Cardaropoli S, Piccoli E, Giovarelli

M, Todros T. Pro-inflammatory profile of preeclamptic placental mesenchymal

stromal cells: new insights into the etiopathogenesis of preeclampsia. PLoS

ONE. 2013;8:259403. https://doi.org/10.1371/journal. pone.0059403.

Kusuma GD, Georgiou HM, Perkins AV, Abumaree MH, Brennecke SP, Kalionis

B. Mesenchymal Stem/Stromal cells and their role in oxidative stress Associ-

ated with Preeclampsia. Yale J Biol Med. 2022,95:115-27.

148. Zheng S, Shi A, Hill S, Grant C, Kokkinos MI, Murthi P, Georgiou HM, Brennecke
SP, Kalionis B. Decidual mesenchymal stem/stromal cell-derived extracellular
vesicles ameliorate endothelial cell proliferation, inflammation, and oxida-
tive stress in a cell culture model of preeclampsia. Pregnancy Hypertens.
2020;22:37-46. https://doi.org/10.1016/j.preghy.2020.07.003.

149. Scaife PJ, Simpson A, Kurlak LO, Briggs LV, Gardner DS, Broughton Pipkin F,
Jones CJP, Mistry HD. Increased placental cell senescence and oxidative stress
in women with Pre-eclampsia and Normotensive Post-term pregnancies. Int
J Mol Sci. 2021;22. https://doi.org/10.3390/ijms22147295.

150. Zhang Y, Zhong Y, Yu Z, Cheng X, Zou L, Liu X. Single cell RNA-sequencing
reveals the cellular senescence of placental mesenchymal stem/stromal
cellin preeclampsia. Placenta. 2024;150:39-51. https://doi.org/10.1016/j.
placenta.2024.03.014.

. Yang X, Chen D, He B, Cheng W.NRP1 and MMP9 are dual targets of RNA-
binding protein QKI5 to alter VEGF-R/ NRP1 signalling in trophobilasts in
preeclampsia. J Cell Mol Med. 2021;25:5655-70. https://doi.org/10.1111/
jemm.16580.

152. Gray KJ, Saxena R, Karumanchi SA. Genetic predisposition to preeclampsia is

conferred by fetal DNA variants near FLT1, a gene involved in the regulation

145.

a

14

~

15

157.

159.

160.

16

162.

163.

Page 23 of 23

of angiogenesis. Am J Obstet Gynecol. 2018;218:211-8. https://doi.
0rg/10.1016/j.2j0og.2017.11.562.

. McGinnis R, Steinthorsdottir V, Williams NO, Thorleifsson G, Shooter S, Hjartar-

dottir S, Bumpstead S, Stefansdottir L, Hildyard L, Sigurdsson JK, et al. Variants
in the fetal genome near FLT1 are associated with risk of preeclampsia. Nat
Genet. 2017;49:1255-60. https://doi.org/10.1038/ng.3895.

. Vodolazkaia A, Yesilyurt BT, Kyama CM, Bokor A, Schols D, Huskens D, Meule-

man C, Peeraer K, Tomassetti C, Bossuyt X, et al. Vascular endothelial growth
factor pathway in endometriosis: genetic variants and plasma biomarkers.
Fertil Steril. 2016;105:988-96. https://doi.org/10.1016/j fertnstert.2015.12.016.

. Zitouni H, Chayeb V, Ben Ali Gannoun M, Raguema N, Bendhaher S,

Zouari |, Ben Abdennebi H, Guibourdenche J, Mahjoub T, Gaddour K, et al.
Preeclampsia is associated with reduced renin, aldosterone, and PIGF levels,
and increased sFIt-1/PIGF ratio, and specific angiotensin-converting enzyme
Ins-Del gene variants. J Reprod Immunol. 2023;157:103924. https://doi.
0rg/10.1016/},jri.2023.103924.

. Becker-Greene D, Li H, Perez-Cremades D, Wu W, Bestepe F, Ozdemir D, Niosi

CE, Aydogan C, Orgill DP, Feinberg MW, et al. MiR-409-3p targets a MAP4K3-
ZEB1-PLGF signaling axis and controls brown adipose tissue angiogenesis
and insulin resistance. Cell Mol Life Sci. 2021;78:7663-79. https://doi.
0rg/10.1007/500018-021-03960-1.

Heimberger S, Mueller A, Ratnaparkhi R, Perdigao JL, Rana S. Angiogenic
factor abnormalities and risk of peripartum complications and prematurity
among urban predominantly obese parturients with chronic hyperten-
sion. Pregnancy Hypertens. 2020;20:124-30. https://doi.org/10.1016/j.
preghy.2020.04.004.

. Mesquita J, Santos FM, Sousa JP, Vaz-Pereira S, Tavares-Ratado P, Neves A,

Mesquita R, Tomaz CT. Serum and vitreous levels of Placenta Growth factor in
Diabetic Retinopathy patients: correlation with Disease Severity and Optical
Coherence Tomographic parameters. Cureus. 2024;16:254862. https://doi.
0rg/10.7759/cureus.54862.

Wang Y, Ding Y, Zhuang Q, Luan J. Comparison of the cytokines levels

in aqueous humor in vitrectomized eyes versus non-vitrectomized eyes
with diabetic macular edema. Int Ophthalmol. 2024,44:220. https://doi.
0rg/10.1007/510792-024-03136-3.

Sierra-Ramos C, Velazquez-Garcia S, Vastola-Mascolo A, Herndndez G, Faresse
N. Alvarez De La Rosa, D. SGK1 activation exacerbates diet-induced obesity,
metabolic syndrome and hypertension. J Endocrinol. 2020,244:149-62.
https://doi.org/10.1530/joe-19-0275.

. XuH, LiJ JinL, Zhang D, Chen B, Liu X, Lin X, Huang Y, Ke Z, Liu J, et al.

Intrauterine hyperglycemia impairs endometrial receptivity via up-regulating
SGK1 in diabetes. Sci China Life Sci. 2022;65:1578-89. https://doi.org/10.1007/
$11427-021-2035-2.

Hill MA, Yang Y, Zhang L, Sun Z, Jia G, Parrish AR, Sowers JR. Insulin resis-
tance, cardiovascular stiffening and cardiovascular disease. Metabolism.
2021;119:154766. https://doi.org/10.1016/j.metabol.2021.154766.

Norlander AE, Saleh MA, Pandey AK, Itani HA, Wu J, Xiao L, Kang J, Dale BL,
Goleva SB, Laroumanie F, et al. A salt-sensing kinase in T lymphocytes, SGK1,
drives hypertension and hypertensive end-organ damage. JCl Insight. 2017;2.
https://doi.org/10.1172/jci.insight.92801.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1186/s13148-020-00918-1
https://doi.org/10.1186/s13148-020-00918-1
https://doi.org/10.1016/j.placenta.2006.04.008
https://doi.org/10.1016/j.placenta.2006.04.008
https://doi.org/10.1016/j.ajog.2008.11.037
https://doi.org/10.1016/j.ajog.2008.11.037
https://doi.org/10.1016/j.medj.2023.07.005
https://doi.org/10.1016/j.medj.2023.07.005
https://doi.org/10.1016/s0165-0378(03)00082-2
https://doi.org/10.1016/s0165-0378(03)00082-2
https://doi.org/10.1159/000357842
https://doi.org/10.1053/plac.1999.0524
https://doi.org/10.1053/plac.1999.0524
https://doi.org/10.1038/s41591-020-1040-z
https://doi.org/10.1038/s41591-020-1040-z
https://doi.org/10.1371/journal.pone.0059403
https://doi.org/10.1016/j.preghy.2020.07.003
https://doi.org/10.3390/ijms22147295
https://doi.org/10.1016/j.placenta.2024.03.014
https://doi.org/10.1016/j.placenta.2024.03.014
https://doi.org/10.1111/jcmm.16580
https://doi.org/10.1111/jcmm.16580
https://doi.org/10.1016/j.ajog.2017.11.562
https://doi.org/10.1016/j.ajog.2017.11.562
https://doi.org/10.1038/ng.3895
https://doi.org/10.1016/j.fertnstert.2015.12.016
https://doi.org/10.1016/j.jri.2023.103924
https://doi.org/10.1016/j.jri.2023.103924
https://doi.org/10.1007/s00018-021-03960-1
https://doi.org/10.1007/s00018-021-03960-1
https://doi.org/10.1016/j.preghy.2020.04.004
https://doi.org/10.1016/j.preghy.2020.04.004
https://doi.org/10.7759/cureus.54862
https://doi.org/10.7759/cureus.54862
https://doi.org/10.1007/s10792-024-03136-3
https://doi.org/10.1007/s10792-024-03136-3
https://doi.org/10.1530/joe-19-0275
https://doi.org/10.1007/s11427-021-2035-2
https://doi.org/10.1007/s11427-021-2035-2
https://doi.org/10.1016/j.metabol.2021.154766
https://doi.org/10.1172/jci.insight.92801

	﻿Placental growth factor mediates pathological uterine angiogenesis by activating the NFAT5-SGK1 signaling axis in the endometrium: implications for preeclampsia development
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell culture
	﻿Treatment and transfection of EnSCs
	﻿Conditioned medium treatment of HUVECs
	﻿Quantitative real time-polymerase chain reaction (qRT-PCR)
	﻿Western blotting
	﻿Immunofluorescence
	﻿Luciferase reporter assay
	﻿ELISA
	﻿Preparation of conditioned medium for proteomic analysis
	﻿BrdU cell proliferation
	﻿Wound healing scratch assay
	﻿In vitro tube formation assay
	﻿Endothelial barrier function study with Electrical Impedance spectroscopy (EIS)
	﻿BeWO cell invasion through endothelial monolayer with electrical impedance spectroscopy (EIS)
	﻿In silico data analysis
	﻿Statistical analysis

	﻿Results
	﻿PlGF drives tonicity independent activation of NFAT5 in endometrial stromal cells
	﻿p38 MAPK regulated NFAT5 activation upregulates SGK1 expression in endometrial stromal cells
	﻿Secretome analysis reveals that PlGF treated CM is associated with pathological angiogenic signaling
	﻿HUVECs display abnormal ‘hypersprouting’ behaviour when treated with conditioned medium (CM)
	﻿Silencing of SGK1 improves secreted VEGF-A levels in EnSCs
	﻿Inhibition of endometrial stromal SGK1 improves angiogenic behaviour of HUVECs


	﻿Discussion
	﻿References


