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Preface  

This dissertation introduces novel mechanistic pathways governing endometrial 

physiology and identifies their potential role in the pathogenesis of preeclampsia and 

tumorigenesis. The study was conducted from June 2019 until May 2024 under the 

supervision of Prof. Dr. med. Sara Y. Brucker and Dr. Madhuri S Salker in the 

Department of Women’s Health at the University Women’s Hospital, Tübingen. Prof. 

Dr. med. Sara Y. Brucker, Medical Director, University Women’s Hospital, Tübingen 

and Prof. Dr. Robert Feil head of the Department of Signal Transduction & Transgenic 

Models at the Interfaculty Institute for Biochemistry, were members of the doctoral 

committee.  
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1. Abbreviations  

 

ABPs Actin binding proteins 

ACTG1 Actin gamma 1 

Arp2/3 Actin related protein 2/3 

cAMP Cyclic adenosine monophosphate 

CAPZA1 Capping actin protein of muscle z-line subunit alpha 1 

COX2 Cyclooxygenase2 

DCTN2 Dynactin subunit 2 

EnCa Endometrial cancer 

EnSCs Endometrial stromal cells 

EGF Epidermal growth factor 

EGFL7 Epidermal growth factor like domain 7 

EIS Electrical impedance spectroscopy 

EMT Epithelial-to-mesenchymal transition 

EVTs Extra villous trophoblasts 

ECM Extracellular matrix 

FGF Fibroblast growth factor 

F-actin Filamentous actin 

G-actin Globular actin  

GAPs GTPase activating proteins  

GDIs GDP dissociation inhibitors 

GEFs Guanine nucleotide exchange factors  

GTP Guanosine triphosphate 

HIFs Hypoxia-inducible factors 

HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A 

HUVECs Human umbilical vein endothelial cells 

ICC Intrahepatic cholangiocarcinoma 

IQGAP1 IQ motif containing GTPase activating protein 1 

IUGR Intrauterine growth restriction 

LC-MS Liquid chromatography mass spectrometry 

LIMKs Lim kinases 
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MAPK Mitogen-activated protein kinase 

MCP-1 Monocyte chemoattractant protein 

MMP Matrix metalloproteinase 

PAK1 p21-activated kinases1 

PE Preeclampsia 

PFN2 Profilin 2 

PI3K Phosphatidylinositol 3-kinase 

PlGF Placental growth factor 

 PGE2  Prostaglandin 2 

PPARγ Peroxisome proliferator-activated receptor gamma 

Rac1 Ras-related C3 botulinum toxin substrate 1 

SGK1 Serum glucocorticoid regulated kinase 1 

SMA Smooth muscle actin 

sEng Soluble endoglin 

sFlt1 Soluble fms-like tyrosine kinase-1 

TUBA1A Tubulin alpha 1A 

TIMP Tissue inhibitor of metalloproteinases 

VEGF Vascular endothelial growth factor 

VEGFR-A Vascular endothelial growth factor-A 

VEGFR-C Vascular endothelial growth factor-C 

VEGFR-1 Vascular endothelial growth factor receptor-1 

VEGFR-2 Vascular endothelial growth factor receptor-2 

VSMC Vascular smooth muscle cell 

WAVE2 WASp Family Verprolin-homologous Protein-2 

YWHAZ Tryptophan 5-Monooxygenase Activation Protein Zeta 
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2. Summary 

 

The decidual transformation during the menstrual cycle is pivotal in preparing the 

endometrium to support a healthy pregnancy1,2. This physiological adaptation of the 

endometrium involves changes in cell proliferation, morphology, mechanotransduction 

responses, immune cell modulation, and vascular remodelling3,4. Disruptions in these 

processes can result in pregnancy complications such as implantation failure, recurrent 

miscarriage, or preeclampsia, as well as contribute to cancer progression4,5. This 

underscores the importance of endometrial preconditioning occurring during each 

menstrual cycle in women's health. 

Preeclampsia is an obstetric complication characterized by inadequate extravillous 

trophoblast invasion and abnormal placentation6. Identifying molecular targets for early 

detection and treatment of preeclampsia is crucial, considering its severe clinical 

outcomes and lack of preventative measures7. Emerging evidence indicate that 

endometrial factors (altered decidual mechanics and angiogenesis) play a role in the 

onset of preeclampsia5,8-10. Therefore, investigating the maternal decidual health 

before pregnancy becomes imperative to uncover novel molecular pathways 

associated with defective decidua formation, which could potentially contribute to the 

pathogenesis of preeclampsia.  

PlGF, a pleiotropic cytokine, plays expanding roles in diverse biological processes, 

notably in disease advancement11. Anomalies in PlGF production within the 

endometrial stroma correlate with early pregnancy loss12. Elevated PlGF levels are 

associated with disruptions in cytoskeletal organization and aberrant angiogenesis 

across various tumor and disease pathologies13,14. This thesis aims to investigate the 

potential contribution of abnormal PlGF levels to the formation of defective decidua by 

influencing endometrial cellular mechanics and angiogenesis, with implications for 

preeclampsia pathogenesis. Additionally, it aims to explore if aberrant endometrial 

milieu influences the progression of cancer. 

Earlier studies indicate a possible involvement of abnormal endometrial PlGF and 

altered decidual biomechanics in the development of preeclampsia8,15,16. This thesis 

(Manuscript 1) shows aberrant PlGF stimulation leads to increased Rac1 activity, actin 

polymerization, and cell stiffness in endometrial stromal cells in vitro. Furthermore, 

dysregulation of Rac1 and actin induced by abnormal PlGF can be mitigated by 
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treatment with the pharmacological drug pravastatin. Intriguingly, improved actin 

dynamics in the endometrium with pravastatin also enhances trophoblast cell invasion 

through endometrial cell monolayers. 

Aberrant PlGF also activates anti-angiogenic pathways in endometrial stromal cells 

through the NFAT5-SGK1-VEGF-A signaling cascade (Manuscript 2), hindering 

normal angiogenic cues in endothelial cells by promoting hypersprouting and 

impairment of endothelial barrier function. Inhibition of SGK1 improves angiogenic 

effects and promotes placental cell invasion, implicating SGK1 as a key modulator of 

PlGF-NFAT5 mediated pathological angiogenic signaling.  

Pathological angiogenesis is a key factor in fueling tumor growth and facilitating 

metastasis17. Increased NFAT5 expression was found to be correlated with more 

aggressive forms of endometrial cancer (Manuscript 3). In vitro NFAT5 overexpression 

influenced endometrial cancer cell activity with enhanced cell proliferation and 

migration. Intriguingly, increased NFAT5 expression triggered the activation of HIF-1α 

and COX2, fostering an inflammatory milieu within endometrial cancer cells. This 

environment is characterized by increased levels of PGE2, likely exacerbating tumour 

aggressiveness. 

Taken together, this thesis sheds light on how abnormal endometrial PlGF levels 

before pregnancy can disrupt mechanotransduction and uterine vessel development, 

contributing to impaired decidua formation. These novel maternal mechanistic 

pathways, which support defective decidua formation prior to conception, may 

potentially play a role in the manifestation of preeclampsia. Pravastatin emerges as a 

promising pharmacological candidate to reverse aberrant decidua, offering new 

therapeutic possibilities for managing preeclampsia. Furthermore, the shared 

involvement of NFAT5 in abnormal angiogenesis and carcinogenesis underscores the 

significance of pathological endometrial preconditioning in various endometrial 

pathologies. 
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3. Zusammenfassung 

 

Die deziduale Transformation während des Menstruationszyklus ist entscheidend für 

die Vorbereitung des Endometriums auf eine gesunde Schwangerschaft1,2. Diese 

Adaption umfasst Veränderungen der Zellproliferation und -morphologie, 

mechanotransduktive Reaktionen, das Immunsystem und die vaskuläre 

Umgestaltung3,4. Störungen können zu Implantationsversagen, Fehlgeburten oder 

Präeklampsie führen und Krebs fördern4,5. Dies unterstreicht die Bedeutung der 

Vorprägung des Endometriums für die Frauengesundheit. 

Präeklampsie ist eine Schwangerschaftskomplikation, die durch unzureichende 

Invasion extravillöser Trophoblasten und abnormale Plazentation gekennzeichnet ist6. 

Die Identifikation molekularer Zielstrukturen für die Früherkennung und Behandlung 

von Präeklampsie ist, aufgrund der schwerwiegenden klinischen Folgen und der 

fehlenden präventiven Maßnahmen, entscheidend7. Neue Erkenntnisse deuten darauf 

hin, dass endometriale Faktoren beim Auftreten von Präeklampsie eine Rolle spielen 

könnten5,8-10. Daher ist die Untersuchung der Gesundheit des mütterlichen 

Endometriums vor der Schwangerschaft von entscheidender Bedeutung, um neue 

molekulare Signalwege aufzudecken, die mit der Bildung einer defekten Decidua in 

Verbindung stehen und möglicherweise zur Pathogenese der Präeklampsie beitragen 

könnten. 

PlGF, ein pleiotropes Zytokin, spielt eine zunehmende Rolle in verschiedenen 

biologischen Prozessen, insbesondere im Progress von Krankheiten11. Anomalien in 

der PlGF-Produktion im endometrialen Stroma korrelieren mit frühem 

Schwangerschaftsverlust12. Erhöhte PlGF-Spiegel sind mit Störungen der 

zytoskelettalen Organisation und abnormer Angiogenese bei verschiedenen Tumor- 

und Krankheitspathologien assoziiert13,14. Ziel dieser Arbeit ist es, den potenziellen 

Beitrag abnormaler PlGF-Spiegel zur Bildung einer defekter Dezidua durch die 

Beeinflussung der zellulären Mechanik des Endometriums und der Angiogenese zu 

untersuchen, was Auswirkungen auf die Pathogenese der Präeklampsie hat. Darüber 

hinaus soll erforscht werden, ob ein abnormales endometriales Milieu den Progress 

von Krebs beeinflusst. 

Frühere Forschungsarbeiten deuten auf eine mögliche Rolle von aberrantem 

endometrialem PlGF und abnormale deziduale Biomechanik in der Pathogenese der 
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Präeklampsie hin8,15,16. Abnorme PlGF-Stimulation führt zu erhöhter Rac1-Aktivität, 

Aktinpolymerisation und Zellsteifigkeit in endometrialen Stromazellen. Zudem kann die 

durch abnormes PlGF hervorgerufene Dysregulation von Rac1 und Aktin durch die 

Behandlung mit dem pharmakologischen Medikament Pravastatin gemildert werden 

(Manuscript 1). Interessanterweise verbessert Pravastatin über die Aktindynamik im 

Endometrium auch die Invasion von Trophoblastenzellen durch endometriale 

Monolayer-Zellkulturen. 

Aberrantes PlGF aktiviert auch anti-angiogene Wege in endometrialen Stromazellen 

durch die NFAT5-SGK1-VEGF-A-Signalkaskade (Manuscript 2), die normale 

angiogene Signale in Endothelzellen behindert, indem sie abnormes Sprossen und 

eine Beeinträchtigung der endothelialen Barrierefunktion fördert. Die Inhibition von 

SGK1 verbessert angiogene Effekte und fördert die Invasion von Plazentazellen, was 

auf eine Schlüsselrolle von SGK1 im PlGF-vermittelten pathologischen angiogenen 

Signalwegs hindeutet.  

Die pathologische Angiogenese ist ein Schlüsselfaktor für Tumorwachstum und 

Metastasierung17. Es wurde festgestellt, dass eine erhöhte NFAT5-Expression mit 

aggressiveren Formen des Endometriumkarzinoms korreliert (Manuscript 3).  In vitro 

beeinflusste die NFAT5-Überexpression die Aktivität von Endometriumkarzinomzellen, 

indem sie die Zellproliferation und -migration verstärkte. NFAT5-Überexpression 

induziert die Aktivierung von HIF-1α und COX2, welche zu einer erhöhten 

entzündlichen Mikroumgebung mit erhöhten PGE2 Spiegeln in endometrialen 

Tumorzellen führt und somit zur Tumoraggressivität beitragen kann. 

Zusammenfassend beleuchtet diese Dissertation, wie abnormale endometriale PlGF-

Spiegel vor der Schwangerschaft die Mechanotransduktion und die Entwicklung der 

Uterusgefäße stören und so zur Beeinträchtigung der Dezidualbildung beitragen 

können. Neue maternale mechanistische Signalwege, die an der fehlerhaften 

Dezidualbildung vor der Empfängnis beteiligt sind, und ihre potenzielle Rolle bei der 

Manifestation von Präeklampsie werden beschrieben. Pravastatin erweist sich als 

vielversprechender pharmakologischer Kandidat, um diese dezidualen Mechanismen 

zu bekämpfen und bietet neue therapeutische Möglichkeiten zur Behandlung von 

Präeklampsie. Darüber hinaus unterstreicht die Beteiligung von NFAT5 an abnormaler 

Angiogenese und Karzinogenese die Bedeutung der pathologischen Vorprägung des 

Endometriums bei verschiedenen endometrialen Pathologien. 
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6. Introduction   

 

6.1 Endometrial anatomy and physiology 

The endometrium forms the innermost layer of the uterine wall, comprising two main 

layers: the functionalis and the basalis3. Positioned alongside the contractile 

myometrium, it is bordered by the outermost perimetrium, which connects to pelvic 

connective tissue and extends into the peritoneal cavity18. The endometrium comprises 

various cell types, including stromal cells, epithelial cells, vascular cells, and immune 

cells, along with glands that produce essential cues for supporting pregnancy3 (Figure 

1). Throughout the menstrual cycle, fluctuations in hormones such as estrogen, 

progesterone, luteinizing hormone, follicle-stimulating hormone, and growth factors like 

vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF) induce 

changes in endometrial cellular proliferation, cell type distributions, and tissue 

architecture3,19. Estrogen promotes the growth of both stromal and epithelial cells, 

leading to the thickening of the endometrium in the proliferative phase20. Conversely, 

ovulation initiates a transition to a progesterone-dominant secretory phase3. Following 

ovulation, the glands become more tortuous and secrete various factors into their 

Figure 1.Schematic ross-section of the endometrium: The cross-section of the endometrium reveals a layer of 
columnar epithelium and connective tissue lining the uterine wall. The connective layer comprises stromal cells, 
vascular cells, uterine glands, and immune cells. Adapted from Lang et al., 20201. The image was created with 
BioRender  
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lumens to support potential embryo implantation3. Critical to all phases of the menstrual 

cycle is the simultaneous growth and regression of the uterine vasculature that 

supplies the endometrium21. Endometrial blood vessels undergo significant 

morphological and functional changes throughout the three phases of the menstrual 

cycle21. In the absence of pregnancy, the decline of the progesterone-producing corpus 

luteum triggers hormone withdrawal, leading to focal shedding of the superficial layer 

of the endometrium (the functionalis) and exposure of the underlying layer (the 

basalis)22. Therefore, proper endometrial function necessitates the ability to regenerate 

from inflammatory tissue repair event occurring during each menstrual cycle5. 

6.2 Endometrial adaptions for a successful pregnancy 

During both the programmed shedding and repair phases of menstrual cycle, as well 

as in early pregnancy, the endometrium undergoes substantial remodeling within its 

cellular compartments23. This process entails dynamic communication between uterine 

cells, endocrine factors, and immune cells within the uterus, which is vital for the 

effective shedding of the endometrium and its subsequent re-epithelialization following 

each menstrual cycle3. If pregnancy occurs instead, the endometrium undergoes 

further remodeling to facilitate implantation and support placenta and fetal 

development24. Therefore, the cyclic process of endometrial decidualization followed 

by menstrual shedding serves as a physiological preconditioning, preparing uterine 

tissue for the significant remodeling associated with successful embryo implantation 

and deep placentation during early pregnancy2,25. These physiological adaptations 

during endometrial repair involve various processes such as cell proliferation, 

migration, oxidative stress, decidualization, cytoskeletal changes, alterations in ECM 

composition, angiogenesis, and vascular remodeling to varying degrees18,22,23,26 

(Figure 2). The endometrium responds optimally to a range of hormonal (such as 

estrogen and progesterone), chemical (growth factors such as VEGF), and mechanical 

signals (such as cell stiffness and extracellular matrix elasticity) to fulfill these diverse 

functions27,28. 

6.2.1 Biomechanical adaptations of the endometrium  

During the process of endometrial reconstruction following menstruation, the 

endometrium experiences crucial changes in its biomechanical characteristics. Across 

the menstrual cycle, changes in mechanobiology encompass alterations in basement 

membrane composition, remodeling of cytoskeletal proteins, and an overall shift in  
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Figure 2. Endometrial cellular adaptions for a successful pregnancy: The endometrium undergoes extensive cellular 
and tissue modifications during menstrual repair and regeneration to maintain healthy microenvironment. These 
essential preconditioning mechanisms prepares the endometrium to accommodate early pregnancy events in case 
of a successful embryo implantation, thus rendering protection against abnormal pregnancy outcomes. The image 

was created with BioRender. 

extracellular matrix composition18. Decidualization involves significant modifications in 

the extracellular matrix and the partial mesenchymal-epithelial transition of resident 

fibroblasts, leading to tissue softening29. During the mid-secretory phase, stromal 

edema and decreased fibrous components of the connective tissue compartment 

promote tissue loosening, facilitating implantation and aiding in physiological 

placentation24. Similarly, junctional adhesion, cytoskeletal rearrangement, and 

extracellular matrix stiffness regulate endometrial proliferation, differentiation, and 

blastocyst invasion during early pregnancy18. These preparatory changes modify the 

mechanical properties of the endometrium to enhance blastocyst adhesion and 

migration through the epithelial surface layer into the underlying connective tissue 

compartment18,30. Additionally, they support adequate invasion of extravillous 

trophoblasts (EVTs) into the decidua for spiral artery remodeling18. The 

mechanobiology of the endometrium during uterine repair is governed by various 

mechanotransduction pathways5. 



13 
 

6.2.1.1 Rac1-PAK1 signaling effectors on cellular mechanobiology 

Mechanical cues within the cellular microenvironment, including factors such as 

extracellular matrix properties, stretching, compression, actin turnover, cell stiffness, 

and shear stress, play a crucial role in maintaining homeostasis31. Disruption to these 

cellular mechanical properties interfere with mechanosensing and 

mechanotransduction signaling pathways, potentially driving various 

pathophysiologies31,32. 

Ras-related C3 botulinum toxin substrate 1 (Rac1) is a member of the Rho family of 

small GTPases, recognized as a key intracellular mechanotransduction mediator33.  

Rac1 can regulate multiple cell activities such as proliferation, migration, and 

differentiation as well as biological processes such as cytoskeletal dynamics, 

metabolism, and organ development34. The activation of Rho GTPases is positively 

mediated by guanine nucleotide exchange factors (GEFs) and the inactivation is 

regulated by GTPase activating proteins (GAPs) and GDP dissociation inhibitors 

(GDIs)31. Thus, activation of Rac1 occurs when it binds to GTP (guanosine 

triphosphate), leading to conformational changes that enable its interaction with 

downstream effector proteins, ultimately leading to the regulation of cellular 

processes31. Dysregulation of Rac1 signaling has been implicated in various diseases, 

including cancer, where Rac1 promotes tumour cell invasion and metastasis, as well 

as inflammatory and cardiovascular disorders35-37. 

Rac1 plays a pivotal role in regulating the actin cytoskeleton through various 

mechanisms37. One such mechanism involves Rac1 binding to WASp Family 

Verprolin-homologous Protein-2 (WAVE2) proteins, leading to the activation of the 

actin-nucleating protein, actin-related protein 2/3 (Arp2/3) complex38. Rac1 can also 

influence actin cytoskeleton dynamics by binding to p21-activated kinases (PAKs), 

which subsequently initiate cytoskeletal rearrangement by phosphorylating Lim 

kinases (LIMKs)39. Activation of the Rac1/PAK/WAVE2 axis initiates the growth of new 

branched filaments, facilitating dynamic cytoskeletal rearrangements. The regulation 

of actin by Rac1 is essential for various cellular processes, including cell-cell adhesion, 

early cell-ECM interactions, cell motility, and polarization33. These functions represent 

crucial outcomes of Rac1 signaling, highlighting its central role in coordinating 

cytoskeletal dynamics and cellular behavior. 
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6.2.1.2 Actin cytoskeleton  

The actin cytoskeleton comprises filamentous actin (F-actin), formed by the 

polymerization of globular (G-actin) molecules, along with numerous actin-binding 

proteins (ABPs)40. These ABPs, regulated by the small GTPase signaling systems 

(such as RhoA, Rac1, and Cdc42), facilitate the assembly of actin filaments into 

various cytoskeletal structures41. These structures collectively form a mechanically 

robust actin cytoskeleton, characterized by interconnected networks of filaments with 

diverse arrangements and functions42. The architecture of the cytoskeleton governs 

the mechanical characteristics of the cell42.  

Actin filaments establish connections with focal adhesions at points of cell-substrate 

contact and adherens junctions at regions of cell-cell interaction43. These filaments 

serve essential functions in both detecting mechanical stimuli and producing contractile 

forces through association with the motor protein myosin II44. Additionally, actin 

filaments contribute to propelling the plasma membrane forward through 

polymerization-generated forces44. The forces generated, whether through actin 

polymerization or myosin II motor activity, are propagated throughout the cell and 

ultimately transmitted to adhesion sites43. Actin cytoskeletal remodelling has the 

potential to mediate mechanical stress-induced gene expression and plays crucial 

roles in mechanical force-induced cell proliferation, differentiation, and various 

physiological and pathophysiological processes, including embryogenesis, 

organogenesis, tissue homeostasis, organ size control and cancer progression44-46.  

6.2.2 Vascular adaptations of the endometrium  

In healthy adult humans, physiological angiogenesis typically occurs infrequently, 

except during wound healing and within the female reproductive tract47. Particularly in 

the endometrium, the process of angiogenesis is tightly regulated throughout the 

reproductive period47. Throughout the menstrual cycle, the uterine vasculature 

undergoes dynamic changes in response to hormonal fluctuations and reproductive 

events48. Angiogenesis begins with the repair of the vascular bed post menstruation, 

followed by remarkable lengthening of spiral arteries and stromal proliferation47. Under 

estrogen influence in the proliferative phase of the cycle, vessel growth occurs, 

preparing the endometrium for potential implantation21,49. Enhanced angiogenesis and 

spiral artery growth, driven by increased estrogen and progesterone levels, lead to 

complex vessel remodeling47. When no implantation occurs, corpus luteum 

degeneration, coupled with decreased estrogen and progesterone levels, triggers 
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vasoconstriction of spiral arteries, causing endometrial ischemia and necrosis28,50. 

Thus, unlike conventional vascular beds, the endometrial vasculature demonstrates 

dynamic growth and regression throughout the menstrual cycle, marked by significant 

morphological and functional alterations. In the endometrium, a plethora of factors, 

both hormonal (VEGF, Thromospodin-1, etc.,) and non-hormonal (Hypoxia, MMPs, 

etc.,) have been identified to facilitate angiogenesis51-54. These factors are thought to 

foster endometrial angiogenesis by modulating the expression and function of 

angiogenic molecules within endometrial stromal cells55. Subsequently, these 

molecules act in a paracrine manner on endothelial cells to facilitate endometrial 

angiogenesis55,56.  

After successful implantation, the uterine arteries undergo crucial adaptations to 

accommodate the developing fetus9. These adjustments involve heightened blood 

flow, vasodilation, enhanced angiogenesis, remodeling of spiral arteries, and 

promotion of placental growth9. These vascular changes are vital for providing the 

placenta with sufficient nutrients and oxygen, essential for maintaining a healthy 

pregnancy57. Therefore, the quality of uterine vessels in the maternal 

microenvironment is paramount for achieving favorable pregnancy outcomes. 

6.2.3 Consequences of abnormal endometrial adaptions  

The cyclic nature of menstruation serves as a protective mechanism, shielding uterine 

tissues from the hyperinflammation and oxidative stress associated with early 

pregnancy events such as deep placentation2. Defective decidua, therefore, 

contributes to the establishment of a pathological maternal-fetal interface upon 

pregnancy58. This has relevant clinical consequences, ranging from recurrent 

implantation failure and pregnancy loss in early pregnancy to several serious 

complications of advanced gestation, such as miscarriage, preeclampsia (PE), intra-

uterine growth restriction (IUGR), and still birth58-61. Recent evidence suggests that 

certain endometrial disorders, such as endometrial fibroids, chronic endometritis, and 

endometriosis, can negatively affect decidualization in the endometrium62-64. This may 

elucidate some aspects of the reduced reproductive outcomes in women associated 

with these conditions. Further research is required to fully comprehend the 

biomolecular mechanisms underlying defective decidualization, which impacts the 

endometrial microenvironment. Despite the clinical importance of the above stated 

complications and the knowledge on events related to uterine endometrial adaptations 
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pre-conception and early pregnancy, there is still a need for identifying new therapeutic 

targets. The complexity of endometrial microenvironment and the intricate interplay 

among different molecular regulators present a significant challenge in identifying 

pathological modulators.  

6.3 Preeclampsia 

6.3.1 Disease pathophysiology 

PE is a pregnancy-related multisystem disorder, affects approximately 2% to 8% of 

pregnant women and poses significant both maternal and fetal mortality risks6. 

Hypertension and proteinuria are hallmark features, often accompanied by systemic 

organ dysfunction such as liver complications and cardiovascular diseases6 (Figure 3). 

PE follows a two-stage model: abnormal placental development leads to poor 

perfusion and placental ischemia, causing maternal endothelial dysfunction and 

resulting in hypertension, proteinuria, and other systemic symptoms65. Currently, PE 

classification primarily relies on gestational age at diagnosis, distinguishing between 

early-onset and late-onset forms66. Early-onset PE is linked to defective placentation, 

while late-onset PE appears associated with maternal cardiovascular predisposition 

and issues related to maternal-fetal perfusion imbalance66. In normal pregnancy, 

trophoblast invasion into the decidualized endometrium prompts spiral artery 

remodeling, facilitating enhanced blood flow to the placenta6. However, in PE, 

inadequate trophoblast invasion results in incomplete spiral artery remodeling, leading 

to poor placentation66. Consequently, reported to increase placental ischemia, 

prompting increased secretion of angiogenic markers like soluble fms-like tyrosine 

kinase-1 (sFlt-1) and soluble endoglin (sEng) into the maternal circulation66,67. This 

dysregulation of angiogenic factors damages maternal endothelium, giving rise to the 

clinical manifestations of PE67. 

6.3.2 Etiology of PE 

The biological mechanisms linking clinical findings to observed multi-organ dysfunction 

in PE remain largely elusive68. However, extensive literature highlights various risk 

factors associated with PE, shedding light on the diverse factors that increase the risk 

of developing PE syndromes. Some potential etiologies linked to PE manifestations 
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include uteroplacental ischemia, gestational diabetes mellitus, and maternal obesity69-

71.  

 Figure 3. Pre-eclampsia etiology and symptoms: Pre-eclampsia is a multi-factorial pregnancy disorder with varying 
proposed etiology from placental, fetal and maternal origin. Hypertension is key feature of pre-eclampsia, involving 

various other symptoms and risk factors. Adapted from Jung et al., 2022 72. The Image was created in BioRender. 

Notably, emerging research suggests a role for maternal gut dysbiosis in PE 

pathogenesis73. Moreover, recent reports indicate a possible association between 

SARS-CoV-2 infection and PE, although the underlying mechanisms remain unclear74. 

Other etiologic factors implicated in PE include the breakdown of maternal-fetal 

immune tolerance, endocrine disorders, placental aging, and fetal conditions such as 

ballantyne syndrome or mirror syndrome72. Recent research has highlighted significant 

maternal contributions to PE, particularly focusing on decidualization resistance and 

its role in PE pathophysiology. It's been observed that an impaired maternal 

microenvironment, characterized by defective decidua before pregnancy, serves as a 

precursor for PE development8,75. Despite these insights, the cause of deficient arterial 

invasion by EVTs leading to poor placentation remains unclear. Therefore, further 

comprehensive research is necessary to elucidate the complex mechanisms 

underlying the development of PE. 
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6.4 Placental growth factor  

6.4.1 Structure and function 

Placental growth factor (PlGF) is a pleiotropic cytokine belonging to the VEGF family, 

pivotal for angiogenesis and vasculogenesis11. While primarily synthesized in the 

placenta, PlGF is also expressed in various tissues like the heart, lungs, and kidneys. 

PlGF is a homodimeric glycoprotein, composed of two identical subunits held together 

by disulfide bonds11. Each subunit contains a conserved cysteine-knot motif typical of 

the VEGF family, crucial for receptor binding and activation11. Its biological actions are 

mediated through binding to its receptor, vascular endothelial growth factor receptor-1 

(VEGFR-1), triggering downstream signaling pathways crucial for angiogenesis, 

endothelial cell proliferation, migration, and survival76,77. In addition to its direct effects 

on endothelial cells, PlGF indirectly influences angiogenesis by modulating other 

angiogenic factors like vascular endothelial growth factor-A (VEGF-A)77. It forms 

heterodimers with VEGF-A, enhancing its activity and promoting binding to vascular 

endothelial growth factor receptor-2 (VEGFR-2), the primary receptor for VEGF-A 

mediated angiogenesis77. Unlike VEGF, PlGF is prominently upregulated in 

pathological conditions, including hypoxia. Various stimuli such as inflammatory 

cytokines, growth factors, hormones, and oncogenes can induce PlGF expression in 

pathological states11. 

6.4.2 PlGF supports pathological angiogenesis 

PlGF holds a crucial role in disease pathology, as its expression escalates in numerous 

pathological conditions, including various cancers, chronic inflammatory ailments, and 

diverse eye diseases (e.g. diabetic retinopathy)78-80. Inhibiting PlGF has shown 

promise in selectively curbing pathological angiogenesis while sparing physiological 

vessels, potentially mitigating side effects11. PlGF directly fosters vessel growth by 

influencing endothelial cell growth, migration, and survival, as well as vessel 

maturation81. It augments the proliferation and recruitment of smooth muscle cells and 

supports fibroblast proliferation, a hallmark of pathological angiogenesis11. Moreover, 

PlGF can heighten vascular permeability by disrupting endothelial cell junction 

integrity, facilitating the extravasation of plasma proteins and inflammatory cells into 

surrounding tissues, thereby promoting inflammatory responses82. Additionally, PlGF 

recruits circulating proangiogenic cells, like endothelial progenitor cells and myeloid 

cells, to angiogenic sites, aiding in the formation and stabilization of new blood vessels, 

further exacerbating pathological angiogenesis77. Furthermore, PlGF potentiates the 
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effects of VEGF- A, enhancing their binding to VEGFR-1 and VEGFR-2, consequently 

amplifying the signaling, and promoting pathologic angiogenic responses77. Hence, 

targeting PlGF signaling pathways emerges as a promising therapeutic strategy for 

inhibiting pathological angiogenesis across various diseases83-85.  

6.4.3 PlGF supports aberrant cytoskeletal remodeling 

The understanding of PlGF in cellular mechanotransduction is still at infancy. Recent 

research suggests that PlGF may play a role in cellular mechanics, particularly through 

its involvement in cytoskeletal remodeling. PlGF has been found to enhance the 

motility of breast cancer cells by activating the phosphorylation of extracellular signal-

regulated kinases (ERK1/2), which is associated with cytoskeletal rearrangement13. 

This indicates that PlGF signaling may influence the dynamic organization of the 

cytoskeleton, which is essential for cell movement and migration processes. 

Furthermore, emerging evidence implicates PlGF in supporting the progression of 

intrahepatic cholangiocarcinoma (ICC) by promoting tumor desmoplasia. Desmoplasia 

refers to the abnormal accumulation of fibrous tissue within tumor microenvironments, 

leading to increased tissue stiffness86. PlGF appears to contribute to this process by 

promoting fibrosis and collagen deposition within ICC tumors, thereby creating a stiffer 

extracellular matrix (increased tissue stiffness) that supports tumor growth and 

invasion86. Overall, these findings highlight the diverse roles of PlGF in cancer 

progression, including its involvement in cytoskeletal remodeling and tumor 

desmoplasia. Further research into the mechanistic pathways underlying PlGF-

mediated effects on cellular mechanotransduction and cytoskeletal remodeling could 

provide valuable insights. 

6.5 Nuclear factor of activated T cell 5   

6.5.1 NFAT5 as a transcription factor 

Nuclear Factor of Activated T cell 5 (NFAT5) belongs to the Rel family of transcriptional 

regulators and possesses a DNA binding domain that shares sequence homology with 

the Rel homology domain (RHD)87. Unlike its counterparts (NFAT 1-4), NFAT5 lacks a 

calcineurin binding domain outside of its DNA binding domain87. The NFAT5 protein 

features a leucine-rich nuclear export sequence (NES) followed by a proline-rich 

transactivation domain (AD1) at the N-terminal88. Additionally, it harbors a low-

complexity glutamine and serine/threonine-rich region (AD2 and AD3) at the C-terminal 

end. These three activation domains (AD1, AD2, and AD3) act in concert in response 
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to hypertonic signals88 (Figure 4). NFAT5 undergoes regulation within approximately 

30 minutes when a cell experiences hypertonic stress. Its phosphorylation is controlled 

by various kinases, with some such as p38 MAPK, protein kinase A, and Fyn playing 

a role in activating NFAT589,90. Notably, NFAT5 stands out as the sole transcription 

factor known to undergo bidirectional nucleocytoplasmic trafficking90. Aside from 

hypertonicity, numerous tonicity-independent agents are known to stimulate NFAT5 

activity87. These signals, like hypertonicity, elevate NFAT5 mRNA and protein levels. 

Reported tonicity-independent stimuli regulating NFAT5 transcriptional activity include 

ischemia, hypoxia, inflammatory stimuli, reactive oxygen species, and metabolic 

stress87. NFAT5 serves a protective role under normal conditions but can have 

detrimental effects in pathological conditions89. Its protective and pathological effects 

in response to various stressors are documented across different tissues (Figure 4). 

For instance, in the renal medulla, NFAT5 activation by local hypertonicity is crucial for 

its physiological function and for shielding the tissue from the adverse effects of 

hypertonicity91. Conversely, NFAT5 induction in response to non-hypertonic stimuli, 

Figure 4. Structure and diverse roles of NFAT5: The structural domain organization of tonicity sensitive transcription 
factor NFAT5. NFAT5 contains nuclear export sequence (NES), auxiliary export domain (AED) and three 
transcription activation domains (AD1, AD2 and AD3). It also contains a nuclear localization signal (NLS) and Rel-
homology domain for DNS binding (RHD). NFAT5 transcriptional activity regulates different physiological and 
pathological functions under hypertonic or non-hypertonic stimulus in different tissues. The image was created in 

BioRender. 
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such as in tumors, has a pathogenic role in functions like cell migration and invasion, 

contributing to tumor metastasis92. Additionally, NFAT5 induction by autoimmune 

stress and metabolic stress is pathological in various tissues and cell types93. 

6.5.2 NFAT5 mediates pathological angiogenesis 

NFAT5 transcription participates in mediating pro-angiogenic factors and tumor 

angiogenesis92,94. In diabetic complications such as nephropathy, retinopathy, and 

atherosclerosis, NFAT5 is known to play a pathogenic role, particularly in vascular 

complications. Under hypertonic conditions, NFAT5 promotes vascular remodeling by 

regulating the expression of tenascin-C and smooth muscle actin (SMA), thereby 

mediating vascular smooth muscle cell (VSMC) migration95. Moreover, NFAT5's 

transcriptional activity induces the expression of angiogenic factors like VEGF-A, which 

orchestrates neovascularization and edema in diabetic retinopathy94. NFAT5 also 

regulates genes such as vascular endothelial growth factor-C (VEGF-C), serum 

glucocorticoid regulated kinase 1 (SGK1), and cyclooxygenase 2 (COX2), which are 

responsible for abnormal vascular development in diabetes88.  In early atherosclerosis 

stages, NFAT5 plays a pathogenic role by directing monocyte chemoattractant protein 

(MCP)-1, promoting macrophage migration and endothelial innate immune response, 

thereby contributing to lesion formation96. Knockdown of NFAT5 expression using 

siRNA reduces the expression of VEGF, PlGF, and fibroblast growth factor (FGF) in 

retinal epithelial cells, suggesting that NFAT5's transcriptional role is crucial for 

hyperosmolarity-induced expression of angiogenic stimulators in the pathophysiology 

of age-related macular degeneration94,97. Similarly, NFAT5 haploinsufficiency in animal 

models also results in diminished angiogenesis98, emphasizing the importance of 

NFAT5 in pathological angiogenesis.   

NFAT5 has been implicated in promoting tumor-driven angiogenesis in various cancer 

models. In breast cancer cells, NFAT5 increases the expression of the pro-angiogenic 

factor VEGF-A by interacting with STAT3 and binding to the promoter region of 

VEGF99. Elevated VEGF-A levels contribute to cell proliferation, migration, adhesion, 

and angiogenesis, fostering tumor progression99. Another study demonstrated a 

positive correlation between NFAT5 expression levels and glioblastoma grade. 

Additionally, silencing NFAT5 disrupted angiogenesis in glioblastoma by inhibiting the 

secretion of epidermal growth factor-like domain 7 (EGFL7)92. These findings 
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underscore the significant role of NFAT5 along with its downstream signaling effectors 

in driving tumor angiogenesis.  

6.6 Tumorigenesis 

6.6.1 Endometrial Cancer 

Endometrial cancer (EnCa) is a common gynecological malignancy100. In recent years, 

there has been a notable increase in the incidence of EnCa, and projections indicate 

that this trend will continue to rise in the coming decades100. While it primarily affects 

women aged 65 - 79 years, there is a concerning increase in diagnoses among 

younger age groups (30 - 50 years)101. Several risk factors have been associated with 

endometrial cancer, including obesity, hormonal imbalances (such as estrogen 

dominance), diabetes, hypertension, genetic predisposition (e.g., Lynch syndrome), 

and certain reproductive factors (e.g., nulliparity)102-104. Endometrial cancer typically 

presents with abnormal uterine bleeding, such as irregular or heavy menstrual periods, 

bleeding between periods, or postmenopausal bleeding101. Treatment options for 

endometrial cancer depend on the stage and characteristics of the tumor but may 

include surgery (such as hysterectomy), radiation therapy, chemotherapy, hormone 

therapy, or targeted therapy105. The prognosis for endometrial cancer varies depending 

on factors such as the stage at diagnosis, tumor grade, and molecular 

characteristics105. 

EnCa is hormonally driven, primarily attributed to excessive estrogenic stimulation of 

the uterine endometrial lining, although estrogen-independent pathways also 

contribute to carcinogenesis100.  This aberrant hormonal signaling triggers unchecked 

cell proliferation, leading to malignant transformation and potential metastasis100. EnCa 

progresses by acquiring six characteristic traits: sustained cell growth, evasion of 

growth suppression mechanisms, resistance to cell death, immortality, stimulation of 

new blood vessel formation (angiogenesis), and activation of pathways facilitating 

invasion and migration104. Unfortunately, prognosis for advanced-stage EnCa remains 

poor, highlighting the critical need for identifying novel molecular targets to improve 

patient outcomes. 

6.6.2 Hypoxia and COX2 signaling in cancer progression 

Hypoxia, or low oxygen levels, is a common feature of solid tumors due to rapid cell 

proliferation, inadequate blood supply, and aberrant tumor vasculature106. In response 

to hypoxia, cancer cells activate various adaptive mechanisms, including the 
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upregulation of COX2 pathway, which plays a significant role in cancer 

progression107,108. COX2 is an enzyme involved in the synthesis of prostaglandins, 

which are lipid mediators implicated in inflammation, angiogenesis, and tumor 

growth109. Under hypoxic conditions, cancer cells increase COX2 expression through 

the activation of hypoxia-inducible factors (HIFs), particularly HIF-1α108. The interaction 

between HIF-1α and COX2 in cancer is complex and multifaceted. HIF-1α can directly 

regulate COX2 expression under hypoxic conditions, leading to increased 

prostaglandin production and promoting tumor progression110. COX2 driven 

prostaglandin production stimulates the expression of pro-angiogenic factors like 

VEGF, fostering the formation of new blood vessels to nourish the tumor111. 

Additionally, COX2 mediated prostaglandin synthesis activates signaling pathways 

crucial for cancer cell survival and proliferation, such as the phosphatidylinositol 3-

kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways112,113. 

Moreover, COX2 derived prostaglandins play a role in enhancing tumor cell invasion 

and metastasis by promoting epithelial-to-mesenchymal transition (EMT), enabling 

cancer cells to acquire invasive traits and migrate to distant sites113,114. Lastly, COX2 

expression in tumor cells is associated with immune suppression, including the 

inhibition of T cell function and the promotion of regulatory T cell activity, aiding in 

tumor immune evasion115. Conversely, COX2 derived prostaglandins can also directly 

stabilize HIF-1α and enhance its transcriptional activity, creating a positive feedback 

loop that sustains tumor growth and aggressiveness116. Several researches 

corroborate the involvement of HIF-1α and COX2 in the pathogenesis of tumors such 

as ovarian cancer and breast cancer108,117,118. Presently, numerous COX2 inhibitors 

have been developed and investigated for their potential anticancer properties, either 

as standalone treatments or in combination with other therapeutic approaches119,120. 

Understanding the potential molecular targets regulating HIF-1α and COX2 in 

endometrial cancer will therefore offer insights into potential therapeutic strategies 

aimed at these pathways, ultimately enhancing patient outcomes. 
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7. Aim and Objectives 

Inadequate endometrial preconditioning, characterized by insufficient or defective 

maturation of the decidua pre-conception and/or at early pregnancy, can adversely 

affect pregnancy outcomes2. Consequently, pathological decidua, including aberrant 

biomechanical and/or biochemical adaptations in the endometrium, may fail to provide 

protection against placentation-related disorders during pregnancy, such as PE25. 

Recent research suggests that endometrial determinants, such as defective 

decidualization accompanied with altered endometrial biomechanics, contribute to the 

etiology of PE8,15. These findings underscore the need for further investigation into the 

role of maternal factors in PE pathogenesis. The overall aim of this thesis was to 

elucidate the mechanistic pathways that cause defects in the endometrial 

microenvironment before conception and may serve as precursors to the 

pathophysiology of PE. 

Low PlGF levels are connected to PE and serve as a clinical diagnostic marker for 

predicting the pathogenesis121. Nevertheless, it remains unclear whether dysregulated 

low PlGF levels are a cause or a consequence of PE progression. In the endometrium, 

maintaining a delicate equilibrium between the angiogenic and inflammatory functions 

of PlGF is considered essential for successful conception122. It's noteworthy that 

aberrant PlGF is reportedly linked with altered cellular stiffness and pathological 

angiogenesis13,123. 

This thesis aimed to investigate the association between aberrant PlGF levels and PE 

pregnancies, as well as to unravel the pathological pathways mediated by aberrant 

PlGF in the endometrium. The first objective was to delineate the PlGF-mediated Rac1 

mechanical signal transduction pathway in the human endometrial stromal cells 

(EnSCs), which constitutes the decidua. Additionally, the study aimed to elucidate the 

impact of dysregulated PlGF-Rac1 signaling on endometrial cellular mechanics. 

Finally, the goal was to comprehend the effects of alterations in endometrial 

mechanical behaviour on EVT (BeWo) cell invasion.  

The second objective of this thesis was to explore whether aberrant PlGF also 

contributes to pathological uterine angiogenesis by interrupting paracrine 

communication between endometrial stromal cells and endothelial cells. The initial aim 

was to characterize the PlGF-NFAT5 mediated angiogenic signaling cascade in 

stromal cells. Subsequently, the study aimed to validate its angiogenic potential on 
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human umbilical vein endothelial cells (HUVECs) by verifying various angiogenic 

checkpoints.  

Given the shared pathways between pathological angiogenesis and tumorigenesis, the 

next goal was to investigate whether NFAT5 acts as a common molecular factor in 

disrupted uterine angiogenesis and the progression of endometrial tumours. To 

achieve this, the focus was on characterizing NFAT5's expression in endometrial 

carcinoma. After elucidating NFAT5's role in tumorigenesis, we aimed to establish a 

plausible signaling cascade activated by NFAT5 aberrations using an in vitro model of 

endometrial cancer cells. Enhancing our comprehension of these pathways will enable 

us to better understand the endometrial factors contributing to the etiology of PE. 

Ultimately, this could lead to therapeutic advancements targeting the endometrium 

before pregnancy to prevent PE, as well as facilitate the development of new 

biomarkers for identifying women at risk of developing endometrial cancer. 
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8. Results and Discussion 

 

8.1 Study 1: Excessive endometrial PlGF - Rac1 signaling underlies 

endometrial cell stiffness linked to preeclampsia. 

During early pregnancy, EVTs invade the endometrium and congregate around the 

spiral arteries, facilitating spiral artery remodelling124. The endometrial stromal cells at 

the decidua promotes EVT invasion to support ongoing pregnancy by modulating a 

delicate balance of actin cytoskeleton reorganization, whilst curbing excessive invasion 

at the maternal site125,126. However, in PE, shallow EVT invasion is observed6, 

potentially due to a stiffer endometrial environment hindering proper invasion. 

Furthermore, PE is associated with impaired cytoskeleton rearrangements and 

increased arterial stiffness, although the functional mechanism remains elusive127,128. 

Intriguingly, PlGF plays a pivotal role in actin regulation and cytoskeletal 

rearrangement in breast cancer and leukemic cells, rendering them stiffer13,14. In line 

with this, this study aimed to uncover the molecular mechanisms by which PlGF 

influences endometrial cytoskeletal remodelling, shedding light on the role of altered 

maternal biomechanics in the pathogenesis of PE. Understanding these cellular 

mechanics is crucial for deciphering the pathophysiology of conditions such as PE and 

other pregnancy-related disorders (implantation failure, miscarriage, IUGR) where 

abnormal endometrial function contribute to adverse maternal and fetal outcomes. The 

findings presented here provides valuable insights into a novel relationship between 

maternal biomechanics prior to pregnancy and PE pathogenesis.  

PE linked with altered endometrial mechanics. 

The pathogenesis of PE is complex and not fully elucidated, but it is characterised by 

maternal uteroplacental malperfusion and abnormal adaptive placentation6. Recent 

studies indicate that PE could potentially be a disorder originating from defective 

decidua before pregnancy8,15,129,130. These authors demonstrated in vitro that EnSCs 

isolated from patients with a history of PE failed to undergo decidualization, indicating 

that a defect in decidual molecular process may contribute significantly to PE 

pathogenesis8,15,130. This suggests a pivotal role of maternal decidual in the 

development of PE. However, while these studies highlighted the importance of 

defective decidua in PE, it did not elucidate the specific molecular mechanisms 

underlying this defect.  
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To date, the biomarker sFLT1/PlGF is a well-established marker for diagnosing PE in 

asymptomatic pregnant women131. The sFLT1/PlGF ratio demonstrates a sensitivity of 

66.2% and specificity of 83.1%121,132. However, its effectiveness is limited to only 4 

weeks before the onset of PE symptoms121. As a result, there is currently a lack of 

highly sensitive and specific screening methods for diagnosing PE early in pregnancy, 

hampering early intervention to prevent maternal and fetal mortality and morbidity7. 

While indirect evidence suggests to a pathological role for PlGF in pregnancy106,131,132, 

but the role of endogenous PlGF on non-endothelial cells prior to pregnancy, 

particularly in the decidua remains elusive. To this end, we first aimed to enhance our 

understanding on the relationship between endometrial PlGF levels and pregnancies 

affected by PE through in silico investigation. 

We primarily assessed the expression kinetics of PlGF across the menstrual cycle 

(GEO2052)133. Whole-genome molecular phenotyping of human endometrial tissue 

allowed us to identify the molecular signature of PlGF across the menstrual cycle in 

normo-ovulatory women. We observe that PlGF expression is elevated during the 

proliferative phase of the cycle, with expression levels decreasing as the cycle 

progresses into the secretory phase (Manuscript1, Figure S1a). Subsequently, we 

examined the association between PE pathophysiology and altered levels of PlGF and 

cytoskeleton-activating Rho-GTPase target protein PAK1. Transcript analysis from 

uteroplacental units of 10 PE and 10 healthy pregnancy subjects revealed upregulation 

of PlGF and PAK1 in PE term deciduas (Manuscript 1, Figure S1b) compared to 

healthy pregnancies (GEO2548)16. This evaluation gave as a positive correlation 

between abnormal endometrial PlGF and aberrant cellular mechanics in PE 

pathogenesis.  

Furthermore, through in silico analysis of RNA sequencing data (GSE172381)15, we 

observed transcriptomic alterations in endometrial biopsies from women with prior PE 

compared to controls. Gene ontology analysis highlighted dysregulation in pathways 

related to cell signaling, motility, cytoskeleton, extracellular matrix, and reproductive 

process (Manuscript 1, Figure S1c). Notably, 93 genes linked to extracellular matrix 

organization, cell motility, and cytoskeleton dynamics were identified (Manuscript 1, 

Figure S1d). Furthermore, analysis of bulk RNA-seq data (GSE172381) revealed 

differential expression of 593 genes in decidua from PE patients, particularly impacting 

actin dynamics and cytoskeleton signaling pathways. These results imply that changes 
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in the expression of extracellular matrix, cell motility, cell organization, and cytoskeletal 

components before pregnancy likely disturb the maternal microenvironment during 

early pregnancy and placentation, potentially playing a role in the development of PE. 

Overall, these in silico findings suggest a potential link between dysregulated decidual 

PlGF and altered endometrial mechanics preconception, likely contributing to PE 

pregnancy. 

PlGF induces proteomic alterations involving regulators of cellular actin 

machinery and ECM organization.  

Next, we aimed to investigate the potential effect of aberrant PlGF on endometrial 

stromal cellular mechanics in vitro. To this end, EnSCs were treated with PlGF at 20 

ng/ml for 6 days. Initially, proteomic analysis was conducted by comparing protein 

expression patterns in control and PlGF-treated EnSCs to elucidate the effects at a 

global level. This analysis revealed 97 dysregulated proteins, with volcano plots 

illustrating 47 upregulated (blue) and 50 downregulated (red) proteins associated with 

PlGF treatment in EnSCs (Manuscript 1, Figure 1a). Upregulated proteins included 

those involved in actin cytoskeleton regulation (DCTN2, PFN2, RAP1B, CAPZA1), 

GTPase regulation (IQGAP1, ARHGAP1), and extracellular matrix organization 

(COL1A2, COL1A1, TUBA1A), while downregulated proteins included actin stabilizing 

proteins (CAPZB, CNN1, CALD1). Gene Ontology analysis of the protein signature 

identified biological processes associated with GTPase activity (Manuscript 1, Figure 

1b). Additionally, validation of these findings through qPCR demonstrated that PlGF 

enhanced gene expression of ECM associated markers (ACTA2, COL1A1, COL1A2, 

COL3A1, COL4A1) and matrix metalloprotease markers (MMP2, MMP9) in EnSCs, 

confirming the increased ECM-associated transcriptome changes observed in the 

proteomics data upon PlGF treatment (Manuscript 1, Figure S2). Overall, these 

findings suggest that PlGF induces an enhanced cellular mechanotransduction signal 

in EnSCs, with increased actin regulation and GTPase activation signaling pathways.  

PlGF enhances expression of cytoskeletal regulators Rac1 and PAK1 in 

endometrial stromal cells. 

Rac1, small Rho family GTPase protein together with its major downstream effector 

PAK1, has been identified as one of the central mediators in cytoskeletal remodelling, 

essential for defining cell’s mechanical properties134. In keeping with our observations 
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from proteomic characterisation, we aimed to gain insights into the impact of PlGF on 

GTPase Rac1-dependent regulation in EnSCs in vitro. PlGF treatment resulted in a 

significant increase of both Rac1 and PAK1 transcript levels (Manuscript 1, Figure 2a-

b) in EnSCs. Additionally, PlGF treatment led to a significant increase in both total and 

phospho-Rac1 protein levels (Manuscript 1, Fig 2c-d and S3).  

Rac1 activation is known to initiate the phosphorylation of PAK1, which subsequently 

regulates the turnover of cellular actin dynamics135. Treatment with PlGF for 6 days 

resulted in an increase in both the total protein level and the phosphorylated levels of 

PAK1 in endometrial cells (Manuscript 1, Figure 2c and 2e). Further, to validate the 

activation of Rac1 protein, we employed Rac1 activation assay (immunoprecipitation). 

This assay determined Rac1 activity by quantifying the amount of GTP-bound 

(activated) Rac1 precipitated by a GST-PAK1 fusion protein. PlGF treatment 

significantly elevated Rac1 activity compared to the control group (Manuscript 1, Figure 

2f-g and S3). These findings underscore the role of PlGF in enhancing Rac1 activity, 

likely contributing to the observed increase in PAK1 phosphorylation and indicating a 

potential mechanism for mediating cellular signaling and actin dynamics within the 

endometrium. 

PlGF decreases actin depolymerization and augments cell stiffness in 

endometrial stromal cells. 

Rac1 is pivotal in regulating actin polymerization, a fundamental cellular process 

governing morphology and movement35,134. This involves assembling actin monomers 

into filamentous structures, crucial for cell shape and motility33,134. To evaluate this, we 

subsequently examined the effects of PlGF treatment on stromal cells, focusing on 

changes in actin polymerization dynamics. Remarkably, both flow cytometry 

(Manuscript 1, Figure 3a-b and S5) and Western blotting analysis (Manuscript 1, Figure 

3c-d and S6a) revealed that treatment of EnSCs with PlGF significantly reduced the 

ratio of soluble G-actin to filamentous F-actin, indicating enhanced actin filament 

polymerization. Fluorescent images depicting F-actin organization (Manuscript 1, 

Figure 3e and S6b, red) demonstrated substantial reorganization of the actin 

cytoskeleton, accompanied by increased cell area (Manuscript 1, Figure 3f) and 

increased fluorescence intensity (Manuscript 1, Figure 3g) under PlGF treatment in 

endometrial cells. 
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Actin polymerization is closely linked to cell stiffness, with changes in actin organization 

and dynamics impacting the mechanical properties of cells136,137. Increased actin 

polymerization typically leads to greater cell stiffness, as the polymerized actin 

filaments provide resistance to stress and help maintain cell shape136,137. To assess if 

PlGF induces structural alterations and affects mechanical stiffness in EnSCs, we 

utilized atomic force microscopy (AFM) based physical cellular characterization. 

Subsequent imaging of individual cells using AFM in the force mapping mode allowed 

for the quantification of cell stiffness (Manuscript 1, Figure 3h). The comparison of 

mean stiffness demonstrated that PlGF-treated EnSCs exhibited significantly higher 

stiffness (mean stiffness = 4.94 kPa) compared to control cells (mean stiffness = 3.13 

kPa). Additionally, to assess the impact of PlGF on stiffness alterations in a 

physiologically relevant setting, EnSCs were cultured on PDMS substrates with a bulk 

stiffness ranging from 1 to 2 kPa. Remarkably, even when seeded on soft PDMS gels, 

PlGF-treated EnSCs exhibited increased cellular stiffness compared to untreated 

EnSCs (Manuscript 1, Figure S8).  Alterations in actin dynamics, particularly 

polymerization, have been associated with the formation of filaments with increased 

mechanical stability. Thus, our findings confirm that aberrant PlGF mediated disruption 

in actin polymerization can result in increased endometrial cell stiffness associated with 

altered cellular mechanics.  

Cell biomechanics are pertinent across all tissues, with tissue stiffness varying 

significantly138. Human tissues span a wide range of stiffness, from soft tissues like the 

brain (∼0.2 kPa) to rigid structures like bone (∼106 kPa)139. The decidua biopsies 

typically exhibit a stiffness of around 1.2 kPa140. This decidual stiffness at the maternal 

fetal interface is known to support EVT invasion during early pregnancy. EVTs invade 

and aggregate around the decidua, initiating the remodelling of spiral arteries124. Once 

EVT cells reach the inner third of the myometrium, they cease migration and undergo 

differentiation into multinucleated giant cells124. Interestingly, smooth muscle tissue 

(myometrium) has a stiffness of approximately 5 kPa139, five times that of the decidua 

and similar to the stiffness observed post-treatment with PlGF in EnSCs (4.9 kPa). This 

significant difference in stiffness across the uterine tissue may play a crucial role in 

regulating the behaviour and invasion depth of EVT cells as they navigate through the 

endometrial layers during pregnancy. 
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Taken together, we hypothesize that elevated levels of PlGF in the endometrium prior 

to pregnancy may lead to inadequate invasion of EVTs into the decidua due to 

increased stiffness at the maternal microenvironment. Insufficient EVT invasion 

thereby hinders remodeling of spiral arteries during early pregnancy events, 

contributing to pathogenesis of PE later in pregnancy.  

Aberrant PlGF disrupts in vitro decidualization in stromal cells. 

EnSCs undergo a crucial differentiation process known as decidualization, which is 

initiated by progesterone during the early secretory phase25. Decidualization involves 

various structural and functional changes in the endometrial stromal cells, leading to 

the formation of the decidua, a specialized tissue that provides a supportive 

environment for the developing embryo141. It is an essential physiological process for 

ensuring maternal-fetal interface integrity and physiological fetal development25. 

Therefore, we investigated the impact of abnormal PlGF levels on EnSCs during the 

process of decidualization in vitro. Our findings revealed that PlGF disrupted the 

decidualization potential of EnSCs, as evidenced by a decrease in transcript levels of 

decidual markers such as prolactin and insulin-like growth factor binding protein-1 

(Manuscript 1, Figure S9). The decreased levels of decidualization markers were 

accompanied by a decrease in Rac1 activity (Manuscript 1, Figure S10a) and a 

reduction in the ratio of G- to F-actin (Manuscript 1, Figure S10 b-c), along with 

increased cell stiffness (Manuscript 1, Figure S11), observed in PlGF-treated 

decidualized EnSCs compared to decidualized EnSCs. These results confirm that 

abnormal PlGF levels in the endometrium hinder the decidualization process of 

EnSCs, leading to negative regulation of decidual markers, actin dynamics, and cell 

stiffness.  

A significant reduction in cell stiffness and surface roughness in human endometrial 

stromal cells is reported following decidualization142. These morphodynamic and 

functional alterations are linked cytoskeletal actin reorganization 143. Such alterations 

in the biophysical properties of the endometrial stromal cells following decidualization 

are believed to be critical in limiting trophoblast invasion beyond the endometrium. 

Hence, we hypothesize that abnormal levels of endometrial PlGF may disrupt the 

maternal microenvironment, affecting decidualization by interfering with cytoskeletal 

remodeling of stromal cells. This disruption in cytoskeletal dynamics within the decidua 
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may hinder critical early pregnancy events such as stromal cell migration, uterine 

immune and trophoblast cell invasion, thereby resulting in pathological placentation.  

PlGF modulation of actin regulation is via Rac1, PAK1, and WAVE2 signaling 

pathways. 

To unequivocally demonstrate the direct modulation of the Rac1-PAK1 signaling 

pathway by PlGF, EnSCs were initially treated with PlGF for 4 days. Subsequently, 

they were transfected with Rac1 and/or PAK1 siRNAs for 48 hours, followed by 

continued PlGF treatment for an additional 2 days (20 ng/ml). Efficient Rac1 gene 

silencing (40-50% silencing) was achieved, and co-treatment with PlGF further 

suppressed both total and phosphorylated Rac1 (50-60% silencing) and PAK1 protein 

expression in EnSCs (Manuscript 1, Figure 4a-d and Fig S12). Similarly, inhibition of 

PAK1 with siPAK1 (± PlGF) mirrored the effect of Rac1 gene silencing, significantly 

reducing total (40-50% silencing) and phosphorylated levels of PAK1 (50-60% 

silencing) protein activity, with and without the presence of PlGF (Manuscript 1, Figure 

4a, d-e and Fig S12). 

Activation of Rac1 is recognized for its pivotal role in regulating actin polymerization by 

engaging with the Arp2/3-mediated actin nucleation pathway via its effector protein 

WAVE2144. When Rac1 is activated, it promotes the activation of WAVE2, which in turn 

activates the Arp2/3 complex38. To assess the regulation of WAVE2 upon Rac1 

activation, we employed siRNA transfection for WAVE2 with and without PlGF 

treatment. Our results demonstrated that PlGF significantly increased the protein levels 

of WAVE2 and the ARP2/3 ratio in EnSCs (Manuscript 1, Figure 4f-g and Figure S13). 

Furthermore, silencing of Rac1 or WAVE2 with or without PlGF treatment led to a 

reduction in the expression levels of these proteins, confirming their activation through 

the Rac1 signaling cascade. Notably, silencing WAVE2 with or without PlGF did not 

show an additional effect on PAK1 activity levels (Manuscript 1, Figure 4a-e), indicating 

that WAVE2 downstream activity in modulating actin nucleation operates 

independently of PAK1. 

Next, we also explored whether loss of Rac1/PAK1 or WAVE2 can affect G/F actin. 

Remarkably, silencing Rac1/PAK1 or WAVE2 with or without PlGF treatment resulted 

in a significant increase in the ratio of monomeric G-actin to filamentous F-actin, as 

detected by flow cytometry (Manuscript 1, Figure 5a). This alteration in the G/F actin 
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ratio with siRNAs, irrespective of PlGF treatment, was also confirmed by Western blot 

analysis of G and F actin protein lysates (Manuscript 1, Figure 5b-c and Figure S13). 

These findings not only validate the inhibitory effect of siRac1, siPAK1, and siWAVE2 

but also support the PlGF-mediated activation of the Rac1-PAK1 signaling axis and its 

downstream impact on endometrial actin dynamics. These observations confirm the 

activation of the Rac1-PAK1 signaling cascade by PlGF and its subsequent effect on 

endometrial actin modulation. 

Pravastatin counteracts PlGF-induced changes in endometrial actin dynamics 

and improve BeWo cell invasion. 

Pravastatin belongs to the class of drugs known as statins, known for reducing 

cholesterol levels in individuals at risk of cardiovascular disease145. Statins function by 

inhibiting the enzyme HMG-CoA reductase, which is integral to the synthesis of 

cholesterol145. In rodent models of PE, pravastatin, administered early in pregnancy, 

restored angiogenic balance and normalized endothelial function146,147. Several clinical 

studies have investigated pravastatin use in pregnant women at high risk of PE. In a 

double-blind, placebo-controlled trial involving 1120 women screened for term PE, 

those given 20 mg daily pravastatin from 35-37 weeks gestation until delivery showed 

no significant difference compared to the placebo group148. Another study administered 

10mg daily pravastatin during early pregnancy (12-16 weeks), demonstrating a notable 

reduction in the incidence and severity of PE149. Although concerns regarding statin 

teratogenicity persist150, above studies suggests no increased risk of congenital 

anomalies with statin exposure during pregnancy148,149. These retrospective clinical 

trials found no identifiable safety risks associated with pravastatin. While promising, 

further research is needed to confirm the necessity of statins for treating and preventing 

PE and to assess potential teratogenic effects if prescribed during early pregnancy. 

Rac1 undergoes post-translational modification by geranylgeranyl diphosphate 

(GGPP), affecting its subcellular localization151. Statins, by inhibiting mevalonate 

synthesis upstream of cholesterol and GGPP production, can impede with Rac1's 

isoprenylation152. Similarly, statins are known to influence the rearrangement of F-

actin, affecting cofilin, a protein involved in cell shape and motility regulation153. 

Pravastatin and simvastatin reportedly downregulate pY14-caveolin, disrupting actin 

interactions154. The above evidence indicates a potential link between statins and the 

regulation of actin dynamics.  
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Based on the aforementioned reports, we wanted to explore whether the activation of 

Rac1 induced by PlGF and the resulting alterations in actin dynamics in EnSCs could 

be reversed pharmacologically with pravastatin. Thus, we evaluated the effects of 

pravastatin (10 µM) on Rac1 activity in EnSCs with and without PlGF treatment. Our 

findings demonstrate that pravastatin counteracts the effects of PlGF on actin levels 

by restoring the ratio of G- and F-actin levels, as confirmed by both flow cytometry and 

Western blotting. Overall, these results indicate that pravastatin treatment for 24 hours 

rescues the alterations induced by PlGF in EnSCs, with levels nearly returning to 

control (untreated) (Manuscript 1, Figure 6a–g and Figure S14). Additionally, we 

observed an inhibitory effect of pravastatin on PlGF-induced Rac1-GTP levels 

(Manuscript 1, Figure 6h-i and Figure S14), indicating a decrease in Rac1 activity.   

The biomechanical phenotype of endometrial stromal cells is crucial for supporting 

physiological EVT invasion within the confined 3D extracellular matrices of the 

decidua155. Impairment in EVT invasion is believed to play a significant role in the 

development of PE and its associated complications6. In line with this, we hypothesized 

that PlGF-induced alterations in stromal cell stiffness could hinder the normal invasion 

of EVTs (BeWo) through EnSCs. To investigate this, we utilized electrical impedance 

spectroscopy (EIS), which assesses cellular resistance to an applied electric current, 

reflecting cell stiffness and the integrity of cell junctions. To this end, EnSCs 

monolayers were formed in the presence or absence of PlGF treatment for 6 days with 

or without 24 h pravastatin (10 µM) treatment. Subsequently, BeWo cells were added, 

and invasion was monitored using EIS. 

Our findings reveal that the resistance of stromal monolayers treated with PlGF was 

significantly higher compared to the control, indicating a reduction in BeWo invasion 

through EnSCs (Manuscript 1, Figure 6j). The changes in actin dynamics and 

increased cellular stiffness provide a rationale for the inhibited invasion of BeWo cells 

through PlGF-primed endometrial stromal monolayers. Remarkably, the diminished 

BeWo invasion in PlGF-treated EnSCs was reversed by pravastatin treatment 

(Manuscript 1, Figure 6j). These findings collectively suggest a clear beneficial effect 

of pravastatin in inhibiting PlGF-mediated Rac1 activation, reverting actin 

polymerization to normal levels, and improving BeWo cell invasion through endometrial 

cells. 
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Pravastatin reverses PlGF-induced alterations in cell and ECM proteome of 

endometrial stromal cells. 

To comprehensively understand the impact of pravastatin on PlGF mediated cellular 

mechanics in EnSCs, we employed quantitative proteomic analysis. Proteomic 

analysis comparing protein expression in PlGF (n=3) and PlGF + pravastatin (n=3) 

treated EnSCs revealed 95 dysregulated proteins. Volcano plots (Manuscript 1, Figure 

7a) showed 55 upregulated (orange) and 40 downregulated (violet) proteins 

associated with pravastatin treatment in PlGF-treated EnSCs. Upregulated proteins 

included those involved in actin cytoskeleton regulation and stabilization (e.g., ACTG1 

and CAPZB), while downregulated proteins encompassed actin cytoskeleton and 

extracellular matrix remodelling proteins (e.g., CNN2, COL1A1, COL1A2, COL6A, 

TUBA1A). Gene Ontology analysis identified pathways linked to GTP binding, 

intracellular transport, and cytoplasmic translation associated with pravastatin 

treatment in PlGF-treated EnSCs (Manuscript 1, Figure 7b). Thus, proteomic analysis 

suggests that pravastatin treatment reverses actin regulation, extracellular matrix 

remodelling mechanics, and cell stiffness, while suppressing GTPases pathway 

activity in PlGF-treated EnSCs. Thus, we propose that pravastatin may serve as a 

promising pharmacological candidate to counteract abnormal PlGF induced aberrant 

Rac1 signaling. Furthermore, it could potentially mitigate abnormal cell stiffness, 

facilitating proper EVT invasion into the maternal microenvironment. This intervention 

holds promise for preventing shallow placentation, a key contributor to the 

pathogenesis of PE. 

In conclusion, this study sheds light on an underlying transcriptomic anomaly related 

to cytoskeletal-actin dynamics in PE, as inferred from publicly available datasets. This 

anomaly may contribute to the maternal manifestations of shallow or impaired 

placentation observed in PE. Moreover, our in vitro investigation unveils a previously 

unrecognized function of PlGF in promoting the expression and activity of the small G-

protein Rac1 and its downstream kinase PAK1, leading to enhanced actin 

polymerization and increased cellular stiffness. The alteration in cell stiffness induced 

by PlGF likely impedes EVT invasion, potentially contributing to insufficient uterine 

artery remodeling observed in PE pregnancies. Our findings represent a significant 

advancement towards understanding the maternal molecular mechanisms underlying 

PE pathogenesis. 
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By elucidating the role of PlGF in modulating Rac1-PAK1 signaling and its downstream 

effects on cytoskeletal dynamics and cell stiffness, our study provides valuable insights 

into potential therapeutic targets for PE. This study also highlights pravastatin as a 

potential pharmacological candidate capable of reversing cellular actin abnormalities 

and improving EVT invasion ability. These insights may pave the way for the 

development of novel approaches aimed at early risk assessment and intervention for 

PE, thus improving maternal and fetal health outcomes. 
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8.2 Study 2: Placental growth factor mediates pathological uterine 

angiogenesis by activating the NFAT5-SGK1 signaling axis in the 

endometrium: Implications for preeclampsia development. 

 Angiogenesis is closely associated with the physiological changes that take place in 

the endometrium during each menstrual cycle48,156. This process is tightly regulated by 

the paracrine communication between EnSCs and endothelial cells56,157. During early 

pregnancy, the uterine spiral arteries undergo extensive remodelling to accommodate 

the increased demands of the growing fetus and ensure physiological placentation158. 

Pregnancy-associated vascular transformations at the decidua are critical for a healthy 

pregnancy outcome, highlighting the importance of endometrial vascular health pre-

conception159. Any molecular aberration in these processes can lead to complications 

in pregnancy including miscarriage or PE159. PE is characterized by abnormal spiral 

artery remodelling, angiogenic imbalance and impaired placentation, with its 

underlying cause remaining elusive160. PlGF, a known VEGF homolog is implicated in 

pathological angiogenesis and inflammation11,161-163. Our previous study describes 

regulation of PlGF across the menstrual cycle and demonstrated its role in altering 

endometrial cellular mechanics as seen in PE pregnancies, when dysregulated 

(Manuscript 1). In this study, we aimed to examine whether aberrant endometrial PlGF 

contributes to pathological uterine angiogenesis by disrupting EnSCs and endothelial 

paracrine communication. Our findings unravel an anti-angiogenic pathway mediated 

by PlGF in endometrial stromal cells and decipher the PlGF’s paracrine 

responsiveness on endothelial angiogenic ability. This study emphasizes abnormal 

uterine angiogenesis prior to pregnancy as an important endometrial determinant in 

the pathogenesis of PE.  

PlGF induces tonicity independent activation of NFAT5 in endometrial stromal 

cells. 

NFAT5 is a member of the Rel family of transcriptional activators92,164. Originally 

identified as a transcription factor responsive to osmotic stress, NFAT5 has broader 

implications beyond osmoregulation, influencing various physiological processes 

including development, immune response, and cellular stress87,93,165-167. A recent study 

unveiled that the transcriptional activity of NFAT5 drives the production of angiogenic 

factors, leading to neovascularization and the development of angiogenesis-

associated edema94. Intriguingly, in retinal pigment epithelial cells, dysregulated PlGF 

signaling through NFAT5 activity results in abnormal vessel formation in diabetic 
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retinopathy97. These findings suggest a potential role for the PlGF-NFAT5 axis in blood 

vessel development, emphasizing the need for further investigation into its role in 

endometrial angiogenesis.  

We first investigated the spatio-temporal expression pattern of NFAT5 in the 

endometrium through in silico analysis. NFAT5 expression was notably higher during 

the proliferative phase (Manuscript 2, Figure S1a) compared to the late secretory 

phase of the menstrual cycle (GEO 2052). Single-cell analysis further confirmed 

elevated NFAT5 expression in the stromal population, along with other endometrial cell 

types and EVTs (Manuscript 2, Figure S1b & c). According to data from the Human 

Protein Atlas, NFAT5 is widely expressed throughout the endometrium, with 

particularly intense staining observed in the perivascular area and blood vessels 

(Manuscript 2, Figure S1d). Following this, we explored the potential involvement of 

NFAT5 in the etiology of PE. For this purpose, we manually analysed NFAT5 

expression levels from gene expression studies conducted on first-trimester decidua 

samples obtained from both pre-symptomatic women who later developed PE and 

healthy pregnancies (GEO 3467). Our analysis revealed upregulated NFAT5 

transcripts in the decidua of pre-symptomatic women who subsequently developed PE 

(Manuscript 2, Figure S1e). These findings collectively suggest that endometrial 

NFAT5 expression peaks during the proliferative phase and is associated with the 

onset of PE before symptom onset. 

Next, we aimed to establish a putative association between PlGF and NFAT5 

regulation in endometrial stromal cells. EnSCs were subjected to varying 

concentrations of PlGF (ranging from 2.5 to 50 ng/ml) for 6 days. Transcript analysis 

revealed a notable increase in NFAT5 mRNA expression specifically at a PlGF 

concentration of 20 ng/ml compared to other concentrations tested (Manuscript 2, 

Figure S2a). Time course analysis demonstrated that NFAT5 gene expression peaked 

after 6 days of treatment with PlGF (20 ng/ml) (Manuscript 2, Figure 1a). All 

subsequent experiments utilized PlGF at a concentration of 20 ng/ml for a treatment 

duration of 6 days in EnSCs. Consistent with mRNA findings, PlGF significantly 

elevated NFAT5 protein levels in EnSCs, confirming tonicity-independent activation of 

NFAT5 (Manuscript 2, Figure 1b-c and Figure S2b). Additionally, PlGF-induced NFAT5 

spatial regulation was examined using immunofluorescence. Endogenous NFAT5, 

initially localized in the cytosol of untreated EnSCs, translocated to the nucleus upon 
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PlGF treatment (Manuscript 2, Figure 1d). NFAT5 is activated under hyperosmotic 

cellular stress (Hyp Osm); hence, we verified its transcriptional activity in EnSCs by 

exposing them to Hyp Osm (800 mOsm/ml) medium for 3 hours as a positive control 

(Manuscript 2, Figure S3a-c). Taken together, these findings elucidate the unique 

regulation of tonicity-independent NFAT5 activation in the endometrium. Moreover, the 

observed increase in NFAT5 immunoreactivity in endometrial tissues during the 

proliferative phase of the menstrual cycle, particularly in the perivascular region around 

blood vessels, highlights its significance in influencing uterine vessel formation.  

NFAT5 activation, regulated by p38 MAPK, induces SGK1 expression in 

endometrial stromal cells. 

Further, we aimed to decipher signaling downstream cascade modulated upon PlGF-

NFAT5 activation in EnSCs. p38 MAPK is recognized for its role in activating NFAT5 

transcriptional activity under hypertonic conditions90. To confirm its involvement as an 

upstream regulator of NFAT5 in a tonicity independent environment, we examined the 

protein levels of total and phosphorylated p38 MAPK after PlGF treatment. We 

observed increased levels of total p38 MAPK protein, along with a significant 

upregulation of phosphorylated p38 MAPK (Manuscript 2, Figure 2a-c and Figure S4). 

NFAT5 acts as a regulator for various angiogenic mediators and factors, including 

SGK1, HIF-1α, and VEGF-A97,168-170. Subsequently, we conducted a series of 

experiments to determine if PlGF indeed contributed to the activation of these 

downstream targets. Our findings revealed a significant upregulation of both total and 

phosphorylated SGK1 protein levels in PlGF-treated stromal cells (Manuscript 2, 

Figure 2a, d-e). SGK1 is known to stimulate HIF-1α, a key modulator in angiogenic 

signaling. We observed elevated levels of HIF-1α transcripts upon PlGF treatment in 

stromal cells (Manuscript 2, Figure 2f). Additionally, PlGF exerted a robust stimulating 

effect on HIF-1α promoter activity, as demonstrated by luciferase assays in EnSCs 

(Manuscript 2, Figure 2g).  

To further confirm the angiogenic pathway facilitated by NFAT5 activation, we 

assessed both intracellular and secreted levels of the pro-angiogenic factor VEGF-A. 

Prior research has highlighted the involvement of VEGF in the initial angiogenic events 

linked to the postmenstrual regeneration of the endometrium171,172. PlGF-induced 

NFAT5 stimulation in EnSCs led to a significant increase in cellular VEGF-A protein 

(Manuscript 2, Figure 2a-h). Surprisingly, however, the secreted levels of VEGF-A 
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protein in the EnSCs supernatant were decreased compared to untreated control 

levels (Manuscript 2, Figure 2i).  

The decline in secreted levels of VEGF-A despite elevated intracellular and cellular 

VEGF-A levels poses an intriguing observation. It is thought that intracellularly 

activated VEGF-A (in EnSCs) might engage in intracrine signaling by interacting with 

receptors located within the cell, leading to a reduction in the secretion of VEGF-

A173,174. Additionally, it can be postulated that an autocrine signaling mechanism could 

be activated in EnSCs, wherein secreted VEGF-A initiates a negative feedback loop 

by binding to its extracellular receptors, thereby decreasing the availability of VEGF-A 

in the CM175,176. Another potential mechanism could involve the activation of HIF-1α-

mediated transcriptional activity, which regulates the secretion of both PlGF and 

VEGF-A177,178. Consequently, secreted PlGF, upon HIF-1α activation in EnSCs, might 

act as an antagonist to VEGF-A, forming biologically inactive PlGF/VEGF heterodimers 

and further attenuating VEGF-A secretion123. However, these proposed mechanisms 

necessitate further characterization to understand their complete regulatory roles. 

Overall, these findings highlight the aberrant PlGF-mediated angiogenic signaling axis 

in EnSCs involving NFAT5 and SGK1 targets, marked by a decrease in the secretion 

of the proangiogenic factor VEGF-A. 

Secretome analysis unveils pathological angiogenic signaling in PlGF treated 

CM. 

To comprehensively assess the global effect of PlGF on angiogenic mediators in 

EnSCs, we employed proteomic analysis to examine the secreted factors. Supernatant 

(CM) from EnSCs treated with or without PlGF for 6 days was analysed using liquid 

chromatography mass spectrometry (LC-MS) (Manuscript 2, Figure 3a). A comparison 

between control CM (Con-CM, n=3) and PlGF-treated CM (PlGF-CM, n=3) identified 

32 dysregulated secreted proteins. Volcano plots depicted the differentially regulated 

proteins, with 18 upregulated (in green) and 14 downregulated (in orange) proteins 

associated with PlGF treatment in EnSCs (Manuscript 2, Figure 3b). Some of the 

significantly upregulated proteins in PlGF-treated CM included components associated 

with actin and ECM, such as ECM-1, ACTA1, PFN1, COL1A2, MMP2, and tissue 

inhibitors of metalloproteinases (TIMP2). Conversely, significantly downregulated 

proteins included AHNAK, FLNA, and YWHAZ. Although proteins like COL2A6, 

COL6A3, and COL3A1 were not differentially expressed based on our study 
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thresholds, modest yet significant changes in their expressions were observed. Thus, 

the proteomic analysis of stromal cell secretome upon PlGF stimulation revealed an 

upregulation of numerous ECM associated biomolecules. This finding aligns with our 

previous study, where we observed PlGF-induced increases in both type I collagen 

and cell stiffness through enhanced actin polymerization (Manuscript 1). Such ECM 

remodelling proteins have known to play a vital role in angiogenesis by directly 

influencing endothelial cell phenotypes and functions179. For instance, type I collagen 

is reported to significantly impact endothelial cell morphogenesis by suppressing 

cAMP-dependent protein kinase A and inducing actin polymerization180. Additionally, 

matrix metalloproteinases (MMPs) act as key inflammatory mediators, regulating 

endothelial proliferation and survival during pathological vessel remodelling181.  

Gene Ontology (GO) analysis of the protein signature associated with PlGF-treated 

CM identified pathways related to structural remodelling, ECM modification, and 

pathological vessel development. Intriguingly, we also observed activation of pathways 

associated with pathological angiogenesis, such as atherosclerosis and hypertrophic 

cardiomyopathy, in the stromal secretome induced by aberrant PlGF signaling. Acute 

atherosis lesions, resembling early stages of atherosclerosis, have been reported in 

the walls of spiral arteries in the uteroplacental circulation in some cases of PE128,182. 

Therefore, we hypothesize that the altered composition of ECM-associated proteins, 

along with angiogenic imbalances (low VEGF-A) in PlGF-treated conditioned media, 

creates a pathological inflammatory-like microenvironment that likely modulates 

pathological angiogenic behaviour in endothelial cells.  

PlGF-treated CM induces abnormal hypersprouting behaviour in HUVECs.  

During endometrial sprouting angiogenesis, growth factors and cytokines released 

from the stroma and surrounding uterine microenvironment stimulate the quiescent 

endothelial cells lining the vasculature47,56,183. This stimulation prompts the endothelial 

cells to degrade the extracellular matrix and invade the surrounding tissue, ultimately 

leading to the formation of new capillaries47. Hence, we aimed to better elucidate the 

effects of PlGF-induced secreted factors (low VEGF-A and high ECM remodelling 

proteins) on the angiogenic behaviour of HUVECs. To test this conjecture, we treated 

HUVECs with CM collected from untreated or PlGF-treated EnSCs (Manuscript 2, 

Figure 4a). Subsequently, we assessed the impact on angiogenic processes in 

HUVECs using various functional assays. PlGF-CM significantly enhanced cell 
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proliferation in HUVECs, as indicated by the BrdU ELISA assay (Manuscript 2, Figure 

4b). Furthermore, a wound healing scratch assay utilizing GFP-labelled HUVECs 

revealed reduced cell migration upon treatment with PlGF-CM (Manuscript 2, Figure 

4c-d), while the in vitro tube formation assay showed no significant change in tube 

length between Con-CM and PlGF-CM treatments on HUVECs (Manuscript 2, Figure 

4e-f). However, PlGF-CM-treated HUVECs exhibited an increased number of 

endothelial cell branches, indicative of abnormal hypersprouting behaviour (Manuscript 

2, Figure 4e-g), a phenotype associated with pathological angiogenesis.  VEGF-A 

exhibits concentration-dependent activity in inducing endothelial cell proliferation, 

thereby promoting sprouting and anastomosis through a VEGF/Notch-dependent 

mechanism184,185. In our study, low VEGF-A in PlGF-CM exerted negative angiogenic 

modulation in HUVECs, inhibiting proliferation, migration, and inducing pathological 

hypersprouting. 

VEGF-A and Notch signaling pathways often interact coordinately to fine-tune 

angiogenesis and vascular development185,186. To investigate the involvement of Notch 

signaling in the anti-angiogenic effects of PlGF-CM on HUVECs, we examined the 

gene expression levels of key Notch signaling effectors, including Notch receptors 

(Notch 1 and Notch 2), ligands (Dll4 and Jagged-1), and target genes (Hey 1 and 

Hes1), which were downregulated in PlGF-CM-treated HUVECs (Manuscript 2, Figure 

4h-l and Figure S5a). Moreover, protein analysis confirmed enhanced VEGFR2 

expression and decreased levels of VEGFR1 and VEGF-A in PlGF-CM-treated 

HUVECs (Manuscript 2, Figure 4m-n and Figure S5b), supporting the modulation of 

hypersprouting via repression of Notch signaling and upregulation of VEGFR2. 

Consistent with the reported results, diminished expression of Notch and VEGFR1 was 

observed in the endothelial cells of the decidua, linked with early pregnancy loss187. 

The above data also validates the interplay between the stromal and endothelial 

compartments, facilitating cell-cell communication to regulate endometrial angiogenic 

function. 

Endothelial barrier function is critical for vascular resistance and permeability 

regulation defining the vessel integrity during angiogenesis188. We evaluated the 

endothelial barrier function of the HUVECs using EIS approach. EIS measurements 

demonstrated an increase in cell index in HUVECs treated with PlGF-CM, indicating 

enhanced junctional resistance and decreased permeability between endothelial cells 
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(Manuscript 2, Figure 4o). Reduced levels of VEGF-A and elevated ECM-associated 

biomolecules in PlGF-CM likely compromised barrier function in HUVECs, leading to 

heightened cell impedance, diminished permeability, and increased vascular stiffness. 

Collectively, these findings suggest that dysregulated PlGF-NFAT5-SGK1 signaling in 

stromal cells mediates adverse angiogenic effects on HUVECs through alterations in 

the secretome signature, notably impacting Notch signaling pathway and endothelial 

barrier function. 

Enhanced secretion of VEGF-A observed in EnSCs upon SGK1 silencing. 

Endometrial SGK1 is integral to endometrial physiology and crucial for maintaining 

pregnancy1. It is recognized to play a mechanistic role in maintaining the functional 

reproductive axis1,189. Hence, we investigated whether SGK1 acts as a pivotal 

regulator in the stroma-endothelial paracrine pathway upon PlGF stimulation. Efficient 

SGK1 gene silencing employing siRNA significantly reduced both total and 

phosphorylated SGK1 protein expression levels in EnSCs (Manuscript 2, Figure 5a-c 

and Figure S6). Similarly, inhibition of SGK1 with PlGF mirrored the effects observed 

with gene silencing, leading to a significant decrease in both total and phosphorylated 

levels of SGK1 protein (Manuscript 2, Figure 5a-c). Notably, silencing of SGK1 

transcripts resulted in a significant reduction in HIF-1α mRNA levels and promoter 

activity in EnSCs (Manuscript 2, Figure 5d-e). This effect was also observed in EnSCs 

treated with siSGK1+PlGF (Manuscript 2, Figure 5d-e). Interestingly, diminished SGK1 

expression in EnSCs did not significantly alter total VEGF-A levels as detected by 

western blotting (Manuscript 2, Figure 5a and f). However, SGK1 silencing led to 

improved secretion of VEGF-A in the CM characterized by ELISA (Manuscript 2, Figure 

5g), and the VEGF-A protein signature (both total and secreted) remained consistent 

also in sample groups where siSGK1 inhibition was combined with PlGF treatment in 

EnSCs (Manuscript 2, Figure 5a, f-g). These findings highlight the important molecular 

role of SGK1 in aiding angiogenic paracrine communication pathway in the 

endometrium.  

Suppression of SGK1 in endometrial stromal cells improves angiogenic activity 

in HUVECs. 

To verify the functional relevance of SGK1 in modulating the paracrine mechanism, 

HUVECs were exposed to CM from EnSCs with SGK1 inhibition, with or without PlGF 
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treatment. The siSGK1 ± PlGF-CM treatments reduced cell proliferation and enhanced 

cell migration in HUVECs compared to controls (Manuscript 2, Figure 6a-c). Moreover, 

the tube formation capacity of HUVECs was enhanced with siSGK1 ± PlGF-CM, 

accompanied by a decrease in the number of branches (Manuscript 2, Figure 6d-e). 

Notably, siSGK1 ± PlGF-CM treatment upregulated notch signaling components 

(Notch 1 and Notch 2 receptors, Dll4 and Jagged-1 Notch ligands, and Hey 1 and Hes1 

Notch target genes), indicating restoration of Notch signaling function upon SGK1 

inhibition (Manuscript 2, Figure S7). Correspondingly, the protein expression levels of 

VEGFR1/2 and VEGF-A in HUVECs were normalized with siSGK1 ± PlGF-CM 

treatment (Manuscript 2, Figure 6f-g and Figure S8). These data confirm that SGK1 

inhibition in EnSCs enhances the secretion of angiogenic cues, mitigating the 

hypersprouting phenotype in HUVECs. Furthermore, cellular impedance analysis with 

EIS demonstrated improved endothelial barrier function, with increased cell 

permeability observed under the influence of both siSGK1 ± PlGF-CM (Manuscript 2, 

Figure 6h). HUVECs treated with VEGF-A (40 ng/ml for 24 h) served as a positive 

control for permeability stimulation.  

Establishment of a low-resistance vascular system is essential for adequate spiral 

artery remodelling by invading EVTs190. Effective trophoblast invasion of maternal 

spiral arteries is imperative for normal placentation124. Shallow or inadequate invasion 

of maternal vessels is associated with PE6. We hypothesized that aberrant PlGF 

signaling in endometrial stromal cells produces cues that could hinder adequate 

trophoblast invasion. BeWo invasion was hampered and associated with high 

resistance (i.e., higher cell index) in HUVECs treated with PlGF-CM compared to Con-

CM treated HUVECs (Manuscript 2, Figure 6i). The elevated vascular resistance and 

stiffness observed at the junctional interface of PlGF-CM HUVECs likely explains the 

impeded BeWo cell invasion. Thus, we posit aberrant levels of endometrial PlGF may 

contribute to the formation of high-resistant vessels in the endometrium, leading to 

inadequate trophoblast invasion, as evident in PE placentas. Interestingly, SGK1 

inhibition improved the poor BeWo invasion driven by PlGF-CM through the HUVEC 

monolayer, as evidenced by the decrease in cell impedance values (Manuscript 2, 

Figure 6i).  

Taken together, this study explores the role of SGK1 as a central mediator in the PlGF-

induced anti-angiogenic pathway, by facilitating hypoxia promotion and differential 
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regulation angiogenic factors in endometrial cells. PE placentas are reported to have 

increased expression of HIF-1α, known to modulate sFlt-1 and sEng production and 

thereby contribute to angiogenic imbalance191,192. Moreover, HIF-1α overexpression 

has been linked to a HELLP syndrome-like phenotype and fetal growth restriction in 

pregnant mice193. These findings help us identify the potential involvement of 

dysregulated endometrial SGK1 in exacerbating hypoxia during uterine vascularization 

and placentation, as observed in PE.  

Furthermore, the siSGK1+PlGF-CM improved endothelial migration, restored normal 

tube formation ability, enhanced vascular permeability, and improved BeWo invasion 

similar to Con-CM. These observations reinforce the pivotal role of endometrial SGK1 

in modulating inflammation like anti-angiogenic cues in pathological vessel 

development. Our findings here are consistent with other reports emphasizing the key 

role of SGK1 in modulating inflammation in vascular disorders. Xi et al. provided 

evidence for SGK1's involvement in hypoxia-induced pulmonary hypertension by 

triggering a pro-inflammatory response. Absence of SGK1 mitigated the pro-

inflammatory reaction induced by hypoxia and ameliorated arterial remodelling194. 

Similarly, Baban et al. demonstrated that activation of SGK1 signaling enhanced pro-

survival pathways associated with inflammation, thus mitigating adverse cardiac 

remodelling in ischemia-reperfusion injury195. Therefore, results presented in this study 

highlights the prospect for selective inhibition of SGK1 in endometrial stroma to reverse 

the pathological switch activated by aberrant PlGF, identifying SGK1 as an attractive 

therapeutic target.  

Our collective findings presented in this study lend support to the hypothesis that 

dysregulated endometrial PlGF may disrupt the coordinated physiological 

angiogenesis, leading to inadequate modification of spiral arteries and hindering 

trophoblast invasion, thereby contributing to the development of PE (Manuscript 2, 

Figure 7). In line with this, Doppler studies have revealed an increased uterine artery 

pulsatility index during early gestation, offering potential predictive value for a 

substantial proportion of PE cases (50%) later in pregnancy196. Intriguingly, further 

Doppler ultrasound examinations have linked endometriosis during the late secretory 

phase with heightened sub-endometrial blood flow197. The inverse relationship 

between pre-pregnancy perfusion levels and the likelihood of pregnancy 

complications, although not thoroughly examined, may also have implications for other 
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conditions such as abnormal uterine bleeding, polycystic ovary syndrome, unexplained 

infertility and pregnancy complications. However, while we highlight abnormal stromal 

PlGF as key molecule, it is important to acknowledge other contributing factors, 

including inadequate decidualization, aberrant uNK cell function, impaired trophoblast 

interaction, trophoblast cell death, and epigenetic alterations, or a combination thereof, 

may also play a role in disrupting maternal spiral artery transformation and leading to 

multifactorial pathogenesis such as PE. 

In conclusion, our findings shed light on the emerging potential and advancements in 

understanding the PlGF-NFAT5-SGK1 signaling pathway in endometrial stromal cells 

and implications in uterine angiogenesis. While further exploration of the extensive 

implications of PlGF is warranted, this study highlights NFAT5 and SGK1 as promising 

targets for therapeutic interventions aimed at enhancing vascularization prior to 

pregnancy and mitigating adverse pregnancy outcomes such as PE. 

Drawing from the insights gained from the aforementioned studies, we propose that 

local endometrial disruptions, such as abnormal stromal cellular mechanics 

(Manuscript 1) and /or poor-quality uterine vessels pre-conception (Manuscript 2), can 

trigger a chain reaction leading to reduced placental function, causing PE progression 

later in pregnancy. These studies also decipher aberrant PlGF mediated pathways 

driving these abnormal endometrial functions. Intriguingly, our findings are supported 

by recent research utilizing single-cell transcriptomics to examine distinct molecular 

profiles of PE subtypes198. This analysis revealed imbalances in angiogenic and 

extracellular matrix function in placentas from early-onset PE. Notably, stromal cells 

and vasculature displayed an inflamed, stressed, anti-angiogenic environment 

specifically in early-onset PE cases. Thus, we speculate that PE is primarily a disease 

of impaired endometrial preconditioning, potentially offering protection against 

pathological microenvironment.  
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8.3 Study 3: Rel Family Transcription Factor NFAT5 Upregulates COX2 via 

HIF-1α Activity in Ishikawa and HEC1a Cells 

NFAT5 is a multifaceted protein involved in stress responses, with diverse functions in 

physiological and pathological processes89. Its role in pathological angiogenesis, 

particularly in diseases like cancer and diabetic retinopathy88,91,92,99, has garnered 

significant research attention recently. Our previous study (Manuscript 2) unraveled 

NFAT5's unique ability to activate an anti-angiogenic inflammation pathway in 

endometrial stromal cells, supporting the development of pathological blood vessels. 

Inflammation and pathological angiogenesis are pivotal in cancer development, from 

the initiation of carcinogenesis, tumor in situ and advanced stages of cancer17,199. It's 

well-established that sustained angiogenesis and cancer-related inflammation share 

signaling pathways and molecules17. Hypoxia, in conjunction with angiogenesis, can 

also activate other cancer-specific biological pathways17,200. The angiogenic-

inflammatory switch confers greater advantages to tumors beyond angiogenesis alone, 

driving the acquisition of tumor hallmarks and progression to advanced stages17. Given 

these findings, NFAT5 emerges as a potential player in tumor progression, warranting 

further investigation into its signaling axis and role in endometrial cancer (EnCa). To 

this end, we hypothesize that dysregulated NFAT5 transcriptional activation, 

contributing to pathological angiogenesis and inflammation cascade in the 

endometrium, may serve as a driving force for cancer initiation.  Thus, in this study we 

aimed explored whether NFAT5 is expressed in human endometrial cancer tissue, 

whether NFAT5 expression in endometrial cancer cells is sensitive to HIF-1α. The 

findings presented here unveil NFAT5's novel role in EnCa and suggest a putative link 

between NFAT5 activation and the HIF-1α/COX2 signaling axis in tumor progression. 

Enhanced NFAT5 staining in higher grade EnCa. 

NFAT5's role in cancer pathogenesis is not as extensively studied as other 

transcription factors, emerging evidence suggests its potential impact on tumor 

development. Research has delved into its involvement in breast cancer, renal cell 

carcinoma, and glioblastoma. In breast cancer cells, NFAT5 has been implicated in 

promoting cell survival and proliferation by facilitating the secretion of pro-angiogenic 

factors99. Moreover, in renal cell carcinoma, elevated NFAT5 expression levels have 

been associated with various clinicopathological features, including tumor stage, 

grade, and metastasis91. These findings suggest that NFAT5 may play a role in the 

aggressiveness and progression of tumor pathophysiology. In keeping with these 
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observations, we aimed to investigate NFAT5 regulation in endometrial tumors. NFAT5 

expressional analysis in EnCa tissues were demonstrated with a total of 26 EnCa 

cases selected at random (Manuscript 3, Table 1). Among these cases, 15 were over 

the age of 60, and the majority exhibited a post-menopausal status. Of the cases 

examined, 24 were classified as endometrioid histotype, while two were classified as 

serous histotype. Immunostaining was conducted on formalin-fixed, paraffin-

embedded (FFPE) archival tissue samples collected from varying endometrial tumor 

grades. The results, as depicted in immunohistochemistry (Manuscript 3, Figure 1a 

and Table 1), revealed that in low-grade (G1, G2) endometrial cancer tissue, NFAT5 

staining exhibited low to intermediate cytoplasmic intensity (score 1) within the tumor 

cells, contrasting with the moderate staining observed in neighboring endothelial cells 

(score 2). Conversely, high-grade endometrioid carcinomas (G3) displayed a robust 

and block-like homogeneous NFAT5 expression pattern, particularly evident in the 

perivascular region and at the leading edge.  

In benign endometrium, we observed intense NFAT5 expression (score 3) in 

proliferating glands, while non-proliferating cells in the secretory phase exhibited 

reduced or low expression (score 1). A significant correlation was noted between 

higher grade tumors and intense NFAT5 staining. Furthermore, cases diagnosed with 

pT1b and higher, indicating invasion into the outer half of the myometrium, showed a 

significant association with increased NFAT5 staining. Additionally, an increase in 

NFAT5 staining was significantly linked to metastasis. The staining pattern of NFAT5 

was consistent in both G1 and G3 cases examined in this study (Manuscript 3, Figure 

S1). Moreover, analysis of total RNA extracted from the same FFPE blocks via qRT-

PCR revealed significantly higher NFAT5 transcript levels in G3 (aggressive) tumor 

tissues compared to low-grade G1 tumor tissues (Manuscript 3, Figure 1b). Thus, this 

study report that the NFAT5 expression is significantly elevated in the more aggressive 

(G3) endometrial cancer tissues compared to the corresponding non-tumor, low-grade 

(G1) tissues. Interestingly, we show a positive correlation between increased NFAT5 

staining and tumor metastasis. Nevertheless, it should be noted that our study utilized 

a small proof-of-concept cohort, highlighting the need for larger clinical cohorts to 

validate our findings.  

NFAT5 overexpression in Ishikawa cells regulated transcriptome HIF1A and 

COX2. 
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RNA-sequencing was performed to gain further insight on NFAT5 overexpression and 

to establish a comprehensive analysis of aberrantly expressed genes after NFAT5 

overexpression in Ishikawa cells, a well-defined endometrial adenocarcinoma cell line 

model. Using thresholds of FDR < 0.05 and log2FC ≥ 0.3 (which corresponds to an 

actual fold change of ≥ 1.23), we identified 57 genes with significant alterations 

following NFAT5 overexpression in Ishikawa cells (Manuscript 3, Figure 2a). Among 

these, 37 genes exhibited upregulation while 20 genes showed downregulation. 

In keeping with its recognized function, many of the NFAT5-regulated genes were 

associated with osmoregulation and/or facilitating cell survival in hypertonic conditions. 

Examples include aldo-keto reductase family 1-member b (AKR1B1), ATPase Na+/K+ 

transporting subunit beta 1 (ATP1B1), and solute carrier family 6 member 12 

(SLC6A12). Significantly upregulated genes following NFAT5 overexpression in 

Ishikawa cells include leucine-rich repeat containing G protein-coupled receptor 6 

(LGR6) (log2FC = 1.749), NFAT5 itself (log2FC = 2.705), prostaglandin-endoperoxide 

synthase 2 (PTGS2, encoding COX2 protein) (log2FC = 0.320), angiogenin (ANG) 

(log2FC = 0.566) and netrin 4 (NTN4) (log2FC = 0.476). Similarly, NFAT5 

overexpression in Ishikawa cells resulted in downregulation of genes such as ankyrin 

repeat domain 1 (ANKRD1) (log2FC = −0.855), a transcription factor known to 

positively regulate apoptosis, and amine oxidase copper containing 3 (AOC3) (log2FC 

= −0.358), whose low levels are associated with poor prognosis in cancers. 

Although HIF1A (log2FC = 0.104, FDR < 0.05) and estrogen receptor 1 (ESR1) 

(log2FC = −0.22, FDR < 0.05) did not meet the criteria for differential expression in this 

study, we observed modest yet significant changes in their expression levels following 

NFAT5 overexpression. Further, employing Ingenuity Pathway Analysis (IPA) 

highlighted a robust correlation with the activation of PTGS2 (COX2) signaling 

following NFAT5 overexpression in Ishikawa cells. (Manuscript 3, Figure S2). 

Collectively, these findings indicate an increase in HIF1A and PTGS2 transcripts upon 

NFAT5 overexpression in Ishikawa cells.  

NFAT5 expression is sensitive to hypoxia/NFAT5-HIF-1α-COX2 signaling axis in 

endometrial cancer cells. 

Hypoxia serves as a mechanism that propels the acquisition of aggressive tumor 

characteristics201. Thus, we assessed whether induction of NFAT5 expression in 
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Ishikawa cells is responsive to hypoxia. Cells were treated with dimethyloxalylglycine 

(DMOG), a cell-permeable prolyl-4-hydroxylase (PHD) inhibitor. DMOG is known to 

suppress PHD activity, thereby stabilizing HIF-1α levels and mimicking a hypoxic 

environment both in vitro and in vivo.  

Ishikawa cells treated with DMOG for 24 h resulted in a significant increase in NFAT5 

transcript levels. The increase in NFAT5 transcript levels induced by DMOG treatment 

was mirrored by a significant rise in NFAT5 protein abundance in Ishikawa cells 

(Manuscript 3, Figure 3a and b). Further, we investigated whether heightened 

expression of NFAT5 can activate the HIF-1α signaling axis in Ishikawa cells. NFAT5 

transfection led to the upregulation of NFAT5 transcripts, accompanied by a significant 

increase in HIF1A and PTGS2 gene expression (Manuscript 3, Figure 3c). The impact 

of NFAT5 transfection on NFAT5 and PTGS2 transcript levels corresponded to a 

similar elevation in NFAT5 and COX2 protein abundance as well (Manuscript 3, Figure 

3d). 

Furthermore, transfection of NFAT5 in Ishikawa cells demonstrated a pronounced 

stimulatory effect on HIF-1α promoter activity, as indicated by hypoxia response 

elements (HRE)-luciferase assay (Manuscript 3, Figure 3e). It is recognized that HIF-

1α plays a pivotal role in maintaining oxygen homeostasis within the tumor 

microenvironment, with the ability to enhance COX2 expression through transcriptional 

regulation108,202. COX2 serves as a significant mediator of pro-tumorigenic 

inflammation. It exhibits upregulation across various cancer types and plays a crucial 

role in tumor progression203,204. In line with this, this study reported an increase in 

PTGS2 transcript levels followed by an elevation in COX2 protein abundance upon 

DMOG treatment in Ishikawa cells (Manuscript 3, Figure 3f and g). Overall, these 

findings suggest a significant interplay between NFAT5 and the HIF-1α signaling axis 

in Ishikawa cells. Considering this sensitivity of NFAT5 expression to hypoxia, we 

propose that the localized hypoxic conditions within advanced cancer tissues may 

contribute to the upregulation of NFAT5 expression as seen in higher grade EnCa. 

Overexpression of NFAT5 drives aggressive cellular phenotype. 

Next, we evaluated the potential impact of NFAT5 overexpression on endometrial 

cancer biology on assessing cell cycle progression, proliferation, and migration in 

Ishikawa cells transfected with an NFAT5 plasmid. Analysis of the cell cycle profile 
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revealed a higher proportion of cells in the S phase upon NFAT5 overexpression, 

indicating an increase in DNA replication compared to the control (Manuscript 3, Figure 

4a). Further, NFAT5 overexpression led to a significant increase in cell proliferation 

and enhancement in cell migration in Ishikawa cells following NFAT5 overexpression, 

as determined by BrdU ELISA and wound healing assay respectively (Manuscript 3, 

Figure 4 b-d). These findings collectively suggest that NFAT5 overexpression may 

contribute to a more aggressive cellular phenotype in Ishikawa cells through activation 

of hypoxia and inflammatory milieu, characterized by increased DNA replication, 

proliferation, and migration. 

HIF-1α activation through NFAT5 with DMOG establishes positive feedback loop 

between NFAT5 and HIF-1α. 

To investigate the potential positive feedback loop between NFAT5 and hypoxia, 

Ishikawa cells were transfected with an NFAT5 overexpression plasmid followed by 

treatment with DMOG, or DMOG treatment alone. As a result, significantly higher levels 

of NFAT5 and PTGS2 transcripts were observed compared to cells treated with DMOG 

alone (Manuscript 3, Figure 5a). Correspondingly, the combined effect of NFAT5 

transfection and DMOG treatment led to a similar increase in NFAT5 and COX2 protein 

abundance compared to cells treated with DMOG alone (Manuscript 3, Figure 5b–d 

and Figure S4). Next, HIF-1α promoter activity was quantified using dual-luciferase 

reporter assays following 24 h of NFAT5 transfection and/or DMOG treatment. Both 

NFAT5 transfection and DMOG treatment exerted a strong stimulatory effect on HIF-

1α promoter activity.  Furthermore, the activation of HIF-1α via NFAT5 with DMOG 

amplifies this response, establishing a positive feedback loop (Manuscript 3, Figure 

5e).  

It is widely acknowledged that inflammation is a crucial and an enabling characteristic 

of tumorigenesis205. COX2 plays a pivotal role in the synthesis of prostanoids, including 

prostaglandins, prostacyclin, and thromboxane, from the precursor arachidonic acid109. 

Prostaglandins, in particular, stimulate the release of proinflammatory chemokine206. 

In this we study report, elevated HIF-1α and COX2 activity was corroborated by an 

increase in secreted levels of COX2 metabolite PGE2 in NFAT5 transfected Ishikawa 

cells, with a significant difference observed in cells subjected to combined NFAT5 

transfection and DMOG treatment (Manuscript 3, Figure 5f). These results collectively 

suggest a potential positive feedback loop between NFAT5 and hypoxia, mediated by 
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increased HIF-1α promoter activity, and elevated secretion of inflammatory mediator 

PGE2 in Ishikawa cells.  

The potential synergistic role of COX2 in endometrial tumor progression and 

metastasis mediated by NFAT5 transcription, underscores COX2 as a promising 

therapeutic target. Given the close association between chemoresistance, hypoxia, 

and COX2 overexpression in various tumor models108,119,207, inhibiting COX2 activity 

could improve the efficacy of cancer therapies such as chemotherapy and radiation. 

Moreover, selective inhibition of COX2 with nimesulide has shown promise in reducing 

tumor formation in a mouse model of hypoxic tumors120. However, further investigation 

is needed to validate these findings in human subjects. 

Based on the aforementioned results, we propose that overexpression of NFAT5 may 

play a significant role in the progression of endometrial cancer (EnCa), however the 

precise mechanism underlying the putative factors driving elevated NFAT5 expression 

in the endometrium still remains unclear. Several potential risk factors are associated 

with EnCa, such as obesity, poor diet, and a sedentary lifestyle can likely modulate 

NFAT5 overexpression in the endometrium to drive tumorigenesis102,104,208. Indeed, a 

high-salt diet has been demonstrated to elevate NFAT5 levels, leading to the activation 

of macrophages and the promotion of fibrin deposition209. Additionally, excessive salt 

intake has been reported to modulate the expression of several pro-inflammatory 

cytokines, including TNF, IL-6, and PGE2, through NFAT5-mediated transcriptional 

activity210. 

 Similarly, increased uptake of glucose has been associated with heightened NFAT5 

levels, observed in conditions like diabetic retinopathy and diabetes mellitus211,212. 

Elevated NFAT5 levels are also linked to obesity development and insulin resistance. 

NFAT5 has been shown to epigenetically suppress the transcriptional activity of 

peroxisome proliferator-activated receptor gamma (PPARγ), a critical regulator of 

nutrient and energy metabolism213. Consequently, it is plausible that in obese 

individuals with enhanced adipose tissue, factors such as hypoxia and insulin 

resistance may contribute to increased NFAT5 expression. Therefore, excessive 

consumption of dietary salt, sugar, or fat could potentially upregulate NFAT5, fostering 

local inflammation and creating a microenvironment conducive to tumorigenesis. 
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Our previous study (Manuscript 2) identifies aberrant endometrial PlGF as a possible 

mediator of tonicity-independent induction of NFAT5 transcriptional activation 

supporting pathological angiogenesis. It is noteworthy that PlGF has been linked to 

inflammation in diet-induced obese mouse models214. Increased systemic PlGF levels 

have been associated with obesity in patients with pancreatic and breast cancer, as 

well as in various mouse models of these cancers76. Interestingly, elevated PlGF 

expression is observed both systemically and locally within tumors in high-grade 

endometrial carcinomas215. Taken together, this suggests a complex interplay between 

pathological angiogenesis and the tumor microenvironment in the development and 

progression of endometrial cancer. This raises an intriguing possibility of investigating 

the role of the PlGF-NFAT5 signaling axis in the pathogenesis of endometrial tumors.  

In addition to dietary or lifestyle factors, genetic predisposition to dysregulated NFAT5 

activity could also represent a significant risk factor. Single-nucleotide polymorphisms 

(SNPs) located in NFAT5 introns have been to be associated with increased risk of 

conditions such as high blood pressure, diabetes mellitus, diabetic nephropathy, and 

inflammation, suggesting that genetic variation in NFAT5 transcription may contribute 

to pathological phenotypes88,89,216,217. Further investigation is needed to confirm these 

findings in the context of endometrial cancer (EnCa).  

Our previous study (Manuscript 2) have highlighted the potential role of abnormal PlGF 

in triggering NFAT5-HIF-1α mediated pathological vessel formation in the 

endometrium, thereby supporting poor EVT invasion, a key contributor to the 

manifestation of PE. Interestingly, in the current study, we have highlighted NFAT5-

HIF-1α as key players in endometrial cancer progression. These findings prompt 

speculation about a putative link between preeclampsia and its increased risk of 

endometrial cancer. A recent study provides only limited evidence suggesting a weak 

association between PE and an elevated risk of any endometrial neoplasia218. 

However, varying definitions of PE, lack of subgroup analysis and absence of diverse 

population cohort limits its findings. Therefore, new investigations into the long-term 

impacts of PE may offer insights into the understudied biological mechanisms of 

endometrial carcinogenesis and identify key endometrial determinants for diverse 

pathologies.  

Taken together, our findings in this study suggest that elevated NFAT5 levels are 

associated with more aggressive forms of endometrial cancer. Additionally, NFAT5 
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overexpression triggers the activation of HIF-1α and COX2, leading to increased PGE2 

levels in endometrial cancer cells, potentially fueling tumor aggressiveness. Despite 

the elusive mechanism driving abnormal NFAT5 expression in endometrial tumor 

tissues, the development of selective COX2 inhibitors as anti-cancer therapies present 

a promising avenue for treating endometrial cancer.  
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9. General discussion 

 

Establishing a healthy pregnancy often occurs even before implantation and 

placentation, with the physiological formation of the decidua playing a pivotal role25. 

Referred to as the endometrial preconditioning, the dynamics of endometrial tissue 

following each menstrual cycle are crucial for creating an optimal environment for 

embryo implantation and subsequent placental development2. However, when the 

endometrial microenvironment is impaired, hindering the maternal "soil" from 

undergoing necessary tissue modifications, it can lead to aberrations with trophoblast 

invasion, placentation, and result in adverse pregnancy outcomes8,219.  

Pregnancy disorders such as PE present a complex challenge affecting both maternal 

and fetal health6. Early identification of women at risk of PE is crucial to mitigate both 

short- and long-term adverse effects68. Managing PE requires careful monitoring, 

timely intervention, and sometimes early delivery to ensure the best possible 

outcomes68. Thus, PE places a significant economic burden too65. However, a major 

challenge lies in the fact that the onset of clinical manifestations of PE often occurs 

long after its underlying etiology has begun65. Consequently, current diagnostic 

strategies, which rely on biomarkers of placental dysfunction, have shown limited 

success220. This underscores the importance of reexamining the fundamental factors 

driving PE pathogenesis. 

This thesis investigates endometrial biomechanics (Manuscript 1)221 and vascular 

health (Manuscript 2) (Raja Xavier et al., accepted) before conception, with an 

emphasis on elucidating pathways involved in pathological endometrial 

microenvironment that contributes to the progression of PE. Specifically, the studies 

outlined here reveal potential maternal therapeutic targets prior to pregnancy to 

alleviate adverse pregnancy outcomes. This thesis has also identified a shared 

molecular factor (NFAT5) that can contribute to different endometrial disorders, such 

as pathological vessel development, and the advancement of endometrial tumors 

(Manuscript 3)222. Thus, any dysregulation in endometrial biology disrupts its 

physiological preconditioning mechanism, thereby compromising its ability to provide 

protection against pathological manifestations such as PE or the initiation of 

tumorigenesis. Together, these studies highlight the importance of a healthy 

endometrial microenvironment for enhancing the quality of life in women.  
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A notable limitation of this thesis is the lack of validation for its findings in either in vivo 

models or patient cohorts. While animal models in PE research are valuable, they hold 

drawbacks, including species differences, limited reproducibility, and limited translation 

to humans223. These include species differences that can lead to varied physiological 

responses, limited reproducibility of results across different studies, and challenges in 

translating findings to human clinical scenarios. The complexity of human pregnancy 

and placentation processes is not fully replicated in animal models, making it difficult 

to draw definitive conclusions about the efficacy and safety of potential treatments 

based solely on animal data224. Consequently, validation in human subjects is crucial 

for confirming the clinical relevance of these findings. Research involving human 

subjects with PE can provide valuable insights into the clinical presentation, 

progression, and management of the disease. However, studying the molecular 

pathology of fetal placental and maternal decidual tissues post-delivery may not 

provide comprehensive insights into the origin of impaired placentation. This is due to 

the occurrence of critical events such as trophoblast invasion and spiral artery 

remodeling during the first half of pregnancy. Post-delivery samples, while useful for 

certain analyses, do not capture these early events, making it challenging to draw 

comprehensive conclusions about the origin and early development of placental 

abnormalities. 

Acquiring first-trimester human placenta and decidua for studying these early 

placentation events poses significant challenges due to ethical, logistical, and technical 

constraints. Ethically, obtaining tissues from early pregnancies requires consent and 

often involves sensitive situations such as miscarriages or elective terminations. 

Logistically, accessing these tissues at precisely the right developmental stages 

requires coordinated efforts between researchers and clinical teams. Technically, 

preserving the integrity of these delicate tissues for molecular and histological analyses 

requires specialized techniques and immediate processing, adding another layer of 

complexity. These challenges highlight the need for innovative approaches and 

technologies to study early placentation events in human pregnancies. Developing 

non-invasive or minimally invasive methods to monitor and analyze early placental 

development, as well as improving in vitro models that mimic these early processes, 

could provide valuable alternatives. Despite these difficulties, advancing our 

understanding of the early molecular and cellular events in PE is crucial for identifying 
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biomarkers and therapeutic targets that could lead to earlier diagnosis and more 

effective prevention and treatment strategies. 

As the understanding of PE evolves, there is a growing recognition of the maternal 

factors contributing to its progression8. Investigating the endometrial biology in women 

with a history of PE offers a promising avenue for research and clinical insights. These 

studies can shed light on how aberrant endometrial factors influence crucial early 

pregnancy events like EVT invasion and spiral artery remodeling, processes vital for 

establishing a healthy placental environment. By dissecting the molecular and cellular 

mechanisms underlying these events in women with prior PE, researchers can uncover 

potential biomarkers and therapeutic targets for future intervention strategies. 

Additionally, such studies enable the development of personalized approaches to 

manage recurrent PE, allowing for tailored interventions based on individual 

endometrial and placental characteristics. Ultimately, these endeavors hold the 

promise of improving maternal and fetal outcomes by enhancing our understanding of 

PE pathogenesis and facilitating the implementation of targeted preventive and 

therapeutic measures.  

Taken together, currently significant findings have been made in understanding the 

maternal contribution to PE and the role of decidualization resistance in its 

pathophysiology. However, the molecular mechanisms underlying pathological 

decidua prior to pregnancy have remained largely unexplored. This thesis fills this 

research gap by unveiling new insights into the mechanisms that may contribute to a 

deficient endometrium before pregnancy. Consequently, this study reinforces the 

concept of aberrant endometrial factors preceding the onset of PE. Additionally, this 

thesis emphasizes the necessity for novel decidua-based diagnostic approaches for 

PE to be implemented pre-conception. Since decidualization occurs during the human 

menstrual cycle independent of conception, it presents an opportune window for early 

assessment. Developing a molecular test to characterize endometrial tissue before 

pregnancy could facilitate prospective risk screening for this condition and 

implementing preventive measures, thus potentially averting the onset of this 

detrimental disease.  

Early identification of women at risk of PE is crucial for mitigating both short- and long-

term adverse effects for the mother and fetus. In the short term, it allows for vigilant 

monitoring and timely interventions, such as antihypertensive medications and 
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corticosteroids, to prevent severe complications and ensure the best outcomes for 

both. In the long term, it reduces the risk of chronic health issues for the mother and 

developmental complications for the baby. Early identification also enables preventive 

measures like lifestyle changes and low-dose aspirin therapy, further reducing the 

incidence and severity of PE.  

In conclusion, the outcomes of this thesis underscore the vital significance of a healthy 

endometrial microenvironment in averting adverse pregnancy outcomes and 

tumorigenesis. This research, centered on maternal factors impacting early pregnancy 

phases, notably endometrial preconditioning, lays the groundwork for pioneering 

diagnostic and therapeutic approaches. These novel strategies have the potential to 

markedly enhance maternal and fetal health outcomes, alleviating the impact of 

pregnancy-related conditions such as PE and understanding the risk between 

complicated pregnancies and tumorigenesis. The incorporation of pre-conception 

diagnostics and tailored therapies presents a promising trajectory for obstetric and 

gynecological care, offering the prospect of enhancing the overall well-being of women 

globally. 
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Excessive endometrial PlGF- Rac1
signalling underlies endometrial cell
stiffness linked to pre-eclampsia

Check for updates

Janet P. Raja Xavier 1, Carmela Rianna2, Emily Hellwich2, Iliana Nikolou1, Aditya Kumar Lankapalli3,
Sara Y. Brucker1, Yogesh Singh1,4, Florian Lang5, Tilman E. Schäffer 2 & Madhuri S. Salker 1

Cell stiffness is regulated by dynamic interaction between ras-related C3 botulinum toxin substrate 1
(Rac1) and p21 protein-activated kinase 1 (PAK1) proteins, besides other biochemical and molecular
regulators. In this study,we investigated how thePlacental Growth Factor (PlGF) changes endometrial
mechanics by modifying the actin cytoskeleton at the maternal interface. We explored the global
effects of PlGF in endometrial stromal cells (EnSCs) using the concerted approach of proteomics,
atomic force microscopy (AFM), and electrical impedance spectroscopy (EIS). Proteomic analysis
shows PlGF upregulated RhoGTPases activating proteins and extracellular matrix organization-
associatedproteins inEnSCs.Rac1 andPAK1 transcript levels, activity, and actin polymerizationwere
significantly increasedwithPlGF treatment. AFM further revealed an increase in cell stiffnesswithPlGF
treatment. The additive effect of PlGF on actin polymerization was suppressed with siRNA-mediated
inhibition of Rac1, PAK1, and WAVE2. Interestingly, the increase in cell stiffness by PlGF treatment
was pharmacologically reversed with pravastatin, resulting in improved trophoblast cell invasion.
Taken together, aberrant PlGF levels in the endometrium can contribute to an altered pre-pregnancy
maternal microenvironment and offer a unifying explanation for the pathological changes observed in
conditions such as pre-eclampsia (PE).

Pregnancy is dependent on the transformation of the endometrium, a
process driven by the differentiation of endometrial stromal cells (EnSCs)
into specialized decidual cells1. The decidua contributes to early nutrient
exchange, production of cytokines, and growth factors as well as supports
the development of new blood vessels, modulates extravillous trophoblast
(EVT) invasion, and acts as a protective barrier against infections and
maternal host immune responses2. Disturbances in the uterine micro-
environment are associated with miscarriages and third-trimester perinatal
morbidity and mortality caused by pre-eclampsia (PE) and intrauterine
growth restriction, small-for-gestational age, pre-term birth, and
stillbirth3–5. It is increasingly evident that abnormal levels of inflammatory
and growth/signaling factors produced in the decidua during early preg-
nancyplay a decisive role in the deregulation of the localmicroenvironment
leading to several disorders of pregnancy6,7. The endometrial contribution to
the etiology of PE remains elusive. A recent study, albeit at the tran-
scriptomic level, highlighted the role of poor decidualisation in PE8.

However, the exact molecular mechanism of how a defective endometrial
microenvironment in pre-pregnancy can lead to pregnancies complicated
by PE remains unclear.

Placental Growth Factor (PlGF) was first identified in the placenta
and is up-regulated in several pathological conditions such as tumor
malignancy, sepsis, arthritis, and diabetic retinopathy9–12. PlGF primarily
exerts its action on endothelial cells13, but a plethora of studies now
support the role of PlGF in non-endothelial tissues including the liver,
skeleton, and thyroid14–17. PlGF is present in the human endometrium,
exhibiting temporal changes across the menstrual cycle and reinforces
uterine angiogenesis15. Expression of PlGF has been reported in the
decidua, placenta, uterine natural killer cells, and trophoblasts cells15. An
intricate balance between its angiogenic and inflammatory roles in the
endometrium is considered important for successful conception14. Sev-
eral studies show up-regulation of endometrial PlGF causes switching of
the controlled uterine angiogenesis to a severe inflammation cascade
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leading to tissue damage and early pregnancy losses14. It was further
shown that PlGF modifies cellular motility and adhesion with important
roles in early pregnancy15. Low levels of PlGF are associated with PE and
used as a clinical diagnostic marker for PE prediction13,18, but it remains
uncertain whether dysregulated low PlGF level is a cause or consequence
of PE progression.

Ras-related C3 botulinum toxin substrate 1 (Rac1) is a major player
of the Rho family of small GTPases that controls multiple cell signalling
pathways such as cytoskeleton organization, cell proliferation, apoptosis
and immune activation19. The major downstream cellular target of
activated Rac1 is p21(Rac1)-activated kinase (PAK1)20 and activation of
this pathway reverses the process of polymerization brought on byARP2/
3 activity, converting F-actin filaments into G-actin monomers21. The
actin cytoskeleton provides the structural scaffold for a cell and princi-
pally determines its mechanical properties. Consequently, any alteration
of actin polymerization is anticipated to modify cell stiffness22,23. Reg-
ulatory proteins of the actin cytoskeleton including Rac1 play a pivotal
role during implantation24. Therefore, the ability of endometrial cells to
support the ongoing pregnancy requires a delicate balance of reorgani-
zation of the actin cytoskeleton to promote EVT invasion and to restrict
over invasion25,26. Interestingly, PlGF plays a pivotal role in actin reg-
ulation and cytoskeletal rearrangement in breast cancer and leukemic
cellsmaking them stiffer16,27. Furthermore, PE is associatedwith impaired
cytoskeleton rearrangements and increased arterial stiffness28,29. How-
ever, a functional mechanism has not been directly investigated. During
early pregnancy, EVTs invade the endometrium cluster around the spiral
arteries and induce their remodelling30. Differences in stiffness within the
endometrium could influence EVT migration. Given that PE is char-
acterized by shallowEVT invasion, it is tempting to speculate that a stiffer
endometrium prior to pregnancy may indeed contribute to the patho-
genesis of PE in part by hindering invasion.

Taken together, here we postulate that excessive PlGF levels in the
endometrium contribute to impaired cytoskeletal rearrangements and
stiffness and thus participate in the pathophysiology of PE. To test this
hypothesis, manual mining of RNA sequencing (RNA-seq) data shows
that at a pathway level, several biological processes including extracellular
structure, actin, and cell-matrix organization were affected in the decidua
prior to the onset of PE.We, therefore, sought to determine whether high
PlGF affects the actin turnover and cell stiffness of EnSCs.We report that
high PlGF (20 ng/ml for 6 days) leads to dynamic changes in the
mechanical cellular properties in EnSCs. We provide evidence that PlGF
increases Rac1 activity, PAK1 phosphorylation, actin polymerization,
and cell stiffness. Lastly, we show that PlGF-induced Rac1 and actin
dysregulation can be improved with the pharmacological substance
pravastatin. Interestingly, improved endometrial actin dynamics with
pravastatin also enhanced trophoblast (BeWo) cell invasion through
endometrial cell monolayers.

Results
PlGF induces proteome changes, pointing to the regulators of
cellular actin machinery and ECM organization
To verify the expression kinetics of PlGF across the menstrual cycle, we
performed insilico analysis (GEO2052). Whole genome molecular pheno-
typing of human endometrial tissue enabled the identification of PlGF
molecular signature across themenstrual cycle in normo-ovulatorywomen.
We observe that PlGF is higher in the proliferative phase (n = 4) with
expression levels declining across the secretoryphase (n = 6)of the cycle (Fig
S1a). Next, we explored whether PE pathophysiology is associated with
dysregulated levels of endometrial PlGF and cytoskeleton-activating Rho-
GTPases proteins like PAK1. We verified their expression levels obtained
from microarray and gene expression studies in uteroplacental units from
10preeclampticwomenand10womenwithhealthypregnancies.We found
that PlGF and PAK1 transcripts were upregulated in term decidua’s (Fig
S1b) of preeclamptic women (GEO2548) compared to the decidua from
healthy pregnancies.

Furthermore, we mined a publicly available RNA sequencing array
(in silico analysis, GSE172381) from endometrial biopsies obtained from
women who developed PE in a previous pregnancy (n = 24) and controls
who never had PE (n = 16). We verified transcriptomic alterations in the
endometrium from patients with a history of PE. Gene Ontology analysis
of the gene signature identified six classes and 43 enriched biological
processes (FDR < 0.05). These pathways were mainly associated with cell
signalling, cell motility, cytoskeleton extracellular matrix, and repro-
ductive process (Fig S1c). These pathways are hallmarks of impaired
endometrial function and PE pathogenesis. We identified 93 genes
representative of the altered pathways in PE participating in the extra-
cellular matrix organization, cell motility, and in cytoskeleton (Fig S1d).
These insilico findings discussed above provided us with a positive cue for
a possible correlation between dysregulated decidual PlGF and altered
endometrial mechanics as observed in PE pathogenesis.

To identify a putative link between endometrial cells and cell stiff-
ness, EnSCs were treated with PlGF (20 ng/ml for 6 days). The cells were
then harvested for proteomics. Proteomic analysis was performed by
comparing protein expression patterns in control (n = 3) and PlGF
(n = 3) treated EnSCs. This comparison revealed a total of 97 dysregu-
lated proteins. Differentially regulated proteins were shown in volcano
plots as seen in Fig. 1a. A total of 47 upregulated (blue) and 50 (red)
downregulated differentially regulated proteins were identified as being
associated with PlGF treatment in EnSCs. Upregulated proteins include
those involved in actin cytoskeleton regulation, such as DCTN2, PFN2,
RAP1B, and CAPZA1; and proteins associated with GTPase regulation
(IQGAP1 and ARHGAP1), and extracellular matrix organization pro-
teins (COL1A2, COL1A1, and TUBA1A). Some of the downregulated
proteins include actin-stabilizing proteins such as CAPZB, CNN1, and
CALD1. Gene Ontology analysis of the protein signature associated with
PlGF treatment in EnSCs also identified biological process associated
with GTPases activity (Fig. 1b). Further to validate the above finding, we
studied the effect of PlGF on ECM markers of EnSCs with qPCR. We
show that PlGF enhanced gene expression of ECM-associated markers
(ACTA2, COL1A1, COL1A2, COL3A1, COL4A1) and matrix metallo-
protease markers (MMP2 and MMP9) in EnSCs confirming the
increased ECM associated transcriptome changes as seen in proteomics
data (Fig S2a, b). These findings suggested that PlGF exerts a pro-stiffness
phenotype with actin regulation and GTPases activation signaling
pathway being one of the most common GO terms.

PlGF upregulates cytoskeletal regulators Rac1 and PAK1 in
endometrial stromal cells
Next, we investigated to gain insights into the effect of PlGF on small G
protein or GTPase Rac1-dependent regulation of actin organization and
polymerization in endometrial stromal cells. Rac1-PAK1 cellular sig-
naling pathway accounts for a pivotal role in the reorganization of the
actin filaments, hence the effect of PlGF on Rac1 expression and activity
was verified. PlGF treatment (20 ng/ml for 6 days) was followed by a
significant increase of both Rac1 (*p < 0.05) and PAK1 (p < 0.05) tran-
script levels normalized to L19 transcript levels (Fig. 2a, b). Moreover,
PlGF treatment was also followed by a significant increase in total
(**p < 0.01) and phosphor-Rac1 (***p < 0.001) protein levels (Fig. 2c–e
and Supplementary information).

Rac1 activation is known to trigger phosphorylation of PAK1,which in
turn regulates the actin turnover dynamics. As shown in Fig. 2c –g and
Supplementary information treatmentwithPlGF for 6days increasedPAK1
total protein level and phosphorylated levels (*p < 0.05), pointing to an
increase of PAK1 activity in endometrial cells. Further, to validate the
activation of Rac1 protein, Rac1 activation assay (immunoprecipitation)
was employed. Rac1 activity was assayed by determining the amount of
GTP-bound (activated) Rac1 that was precipitated by a GST-PAK1 fusion
protein. As evident in Fig. 2h, i and Supplementary information, PlGF
treatment dramatically increased the activity of Rac1(GTP) (*p < 0.05)
compared to control. Actin regulator Rac1 acts as a key molecule in
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regulating cell migration31. Thereby, we studied the migratory potential of
PlGF-treatedEnSCsusing awoundhealing assay. PlGF treatment enhanced
cell migration in EnSCs (Fig S3a, b) without a change in cell proliferation
(Fig S3c, d) as verified by a BrdU proliferation ELISA and MTS.

PlGF downregulates actin depolymerization and augments cell
stiffness in endometrial stromal cells
Activation of Rac1 in cells decreases the G/F actin ratio, which in turn
enhances cellular stiffness. To test this, we next investigated whether the
marked alterations of cell stiffness following PlGF treatment in stromal
cells were marked by respective alterations with actin polymerization
dynamics. Interestingly, as evident from both flow cytometry (Fig. 3a, b
and S4, *p < 0.05) and western blotting analysis (Fig. 3c, d and Supple-
mentary information, **p < 0.01), a 6-day treatment of EnSCs with PlGF
significantly decreased the ratio of soluble G-actin over filamentous F-
actin, reflecting the polymerization of actin filaments. Fluorescent images
of F-actin organization (Fig. 3e and S5, red) and its concomitant changes
under PlGF treatment show a profound reorganization of the actin

cytoskeletonwith an increased cell area (Fig. 3f, **p < 0.01) and enhanced
fluorescence intensity (Fig. 3g, ***p < 0.001).

Filamentous actin (F-actin) is a structural cytoskeleton protein known
to play an important role in maintaining cellular and tissue structure. To
determine whether PlGF induces structural changes and modifies
mechanical stiffness in EnSCs, atomic force microscopy (AFM) was per-
formed on live EnSCs after treatment with PlGF for 6 days (20 ng/ml).
Individual cells were subsequently imaged with AFM in the force mapping
mode to quantify the cell stiffness (Fig. 3h). Comparison of the mean
stiffness revealed that PlGF-treated EnSCs are significantly stiffer
(〈E〉 = 4.94 kPa) than the control cells (〈E〉 = 3.13 kPa) (Fig. 3i,
****p < 0.0001). EGF, a known Rac1 activator, was used as a positive
control for an increase in cell stiffness (Fig S6). Additionally, to infer the
change in stiffness in a more relevant physiological environment, EnSCs
were seeded onto PDMS substrates (bulk stiffness 1–2 kPa) and subjected to
PlGF treatment as described above. We observed PlGF-treated EnSCs
seeded on top of a soft substrate as PDMS gels, still showed an increase in
cellular stiffness compared to untreated EnSCs (Fig S7).

Fig. 1 | Protein expression profile of EnSCs cell
lysates treated with PlGF. a Volcano plot showing
upregulated (blue) and downregulated (red) pro-
teins in PlGF-treated EnSCs (n = 3) compared to
untreated EnSCs (n = 3) (control). Each point
represents one protein; black points are the rest of
the proteins obtained in the global proteomic ana-
lysis. The significance threshold range is 0.05 and the
fold change threshold is −1 and +1. b Gene
Ontology analysis of the protein signature asso-
ciated with PlGF treatment in EnSCs shows enri-
ched biological processes.
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EnSCs undergo a differentiation process termed decidualization,
initiated by progesterone during the early secretory phase3,32. Decidualiza-
tion of stromal cells is critical to regulate trophoblast invasion to mediate
pregnancy establishment and progression1,32. Therefore, we evaluated the
effect of aberrant PlGF on EnSCs during decidualization in vitro. Further,
we verified the effect of PlGF on actin regulators and cell stiffness of
decidualized EnSCs. Our results show that PlGF impaired the decid-
ualization potential in EnSCs with a decrease in transcript levels of markers
such as prolactin and insulin-like growth factor binding protein-1 (Fig S8).
The reduced decidualization markers were accompanied by decrease in
Rac1 activity (Fig S9a) and a decrease in G/F actin ratio (Fig S9b, c) with
increased cell stiffness (Fig S10) in PlGF-treated decidualized EnSCs com-
pared to decidualized EnSCs. These results confirm that aberrant PlGF
levels in the endometrium would impede the decidualizing behaviour of
EnSCswithnegative regulation of decidualmarkers, actin dynamics and cell
stiffness.

PlGF influence on endometrial actin regulation is mediated by
Rac1, PAK1 and WAVE2 signalling effectors
To prove unequivocally that PlGF directly modulates the Rac1-PAK1
signaling pathway, EnSCs were first treated with PlGF for 4 days followed
by transfection with Rac1, PAK1, and/or WAVE2 siRNAs for 48 h, and
then continued with PlGF treatment for 2 more days (20 ng/ml). Rac1
gene silencing was efficient (40-50% silencing) and co-treatment with
PlGF further suppressed both total and phosphorylated Rac1 (50-60%
silencing) and PAK1 protein expression in EnSCs (Fig. 4a–d and Sup-
plementary information, *p < 0.05, **p < 0.01, ***p < 0.001). Similarly,
inhibition of PAK1 with siPAK1 ( ± PlGF) again paralleled the effect of
Rac1 gene silencing, significantly downregulating total (40-50% silen-
cing) and phosphorylated levels of PAK1(50-60% silencing) protein
activity with and without PlGF (Fig. 4a, d, e and Supplementary infor-
mation, **p < 0.01).

Further, we investigated the influence of PlGF on Rac1 regulatory
proteins responsible for actin nucleation and turnover such asWAVE2 and
ARP2/3. We demonstrated that, PlGF significantly increased protein levels
of WAVE2 and ARP2/3 ratio in EnSCs (Fig. 4f, g and Supplementary
information, *p < 0.05, **p < 0.01). Further, silencing of Rac1 or WAVE2
with and without PlGF treatment, was also followed by a decrease in
expression levels of these proteins validating their activation through Rac1
signaling cascade. However, silencingWAVE2 with and without PlGF, did
not have an additional effect on PAK1 activity levels (Fig. 4a–e, **p < 0.01),
highlighting WAVE2 downstream activity to be independent of PAK1 in
modulating actin nucleation.

Wenext exploredwhether loss of Rac1/PAK1orWAVE2 can affectG/
F actin. Strikingly, silencing of Rac1/PAK1 or WAVE2 with and without
PlGF was also followed by a significant increase of soluble G-actin over
filamentous F-actin (flow cytometry; Fig. 5a, *p < 0.5, ***p < 0.001). This
effect on reverting G and F actin ratio levels with siRNAs with or without
PlGFwas also evidencedwithWestern blot analysismeasuring thepan actin
levels of G and F actin protein lysates (Fig. 5b, c and Supplementary
information, *p < 0.5, ***p < 0.001). Thus, the above-presented results
confirm the inhibitory effect of siRac1, siPAK1, and siWAVE2. Further, it
validates the PlGF-mediated activation of Rac1-PAK1 signaling axis and its
downstream effect on endometrial actin dynamics.

Pravastatin reverses PlGF-induced endometrial actin dynamics
and improves BeWo cell invasion
We next examined if PlGF-induced Rac1 activation and altered actin
dynamics in EnSCs could be pharmacologically reversed. Therefore, we
assessed the activity of pravastatin drug on Rac1 mechanism with and
without PlGF treatment. We show pravastatin reverts back to the effect of
PlGF on actin levels by increasing G and F actin ratio levels, as evidenced by
both flow cytometry and Western blotting respectively. Taken together
these results confirm that PlGF-treated EnSCs can be recused after a 24 h
treatment with pravastatin, with levels almost reaching control (untreated)
levels (Fig. 6a–g and Supplementary information), *p < 0.5, **p < 0.01,
***p < 0.001, ****p < 0.0001). Similarly, we also show an inhibitory effect
of pravastatin on PlGF-induced Rac1-GTP (Fig. 6h–I and Supplementary
information) levels.

Tight junctions, which connect adjacent cells, control the barrier of a
tissue layer. PE is characterized by poor EVT invasion through the stroma
to the spiral arteries30. We hypothesised that PlGF can impede normal
invasion of BeWo through EnSCs. To test this, we used electrical impe-
dance spectroscopy (EIS), which can measure (electrical) resistance
which reflects the tightness of the junctions. To this end, EnSCs mono-
layers were formed in the presence or absence of PlGF for 6 days with or
without 24 h pravastatin (10 μM) treatment. Following this BeWo cells
were added and the invasion was monitored with EIS.

We show that the resistance of PlGF-treated stromal monolayer was
higher compared to the control pointing to a reduced BeWo invasion
(Fig. 6j, ***p < 0.0001). Strikingly, the reduced BeWo invasion in PlGF-
treated EnSCs was reversed by pravastatin treatment (Fig. 6j,
****p < 0.0001).Collectively, these results indicate a clear beneficial effect of
pravastatin in inhibiting PlGF-mediated Rac1 activation and normalising
actin levels with improved BeWo cell invasion through the
endometrial cells.

Pravastatin reverts the PlGF-modified cell and ECMproteome in
endometrial stromal cells
To investigate the comprehensive effect of PlGF and drug pravastatin in
EnSCs, we utilized a quantitative proteomic approach. Proteomic ana-
lysis was performed by comparing protein expression patterns in PlGF
(n = 3) and PlGF + pravastatin (n = 3) treated EnSCs. This comparison
revealed a total of 95 dysregulated proteins. Differentially regulated
proteins were shown in volcano plots as seen in Fig. 7a. A total of 55
upregulated (orange) and 40 (violet) downregulated differentially regu-
lated proteins were identified as being associated with pravastatin treat-
ment in PlGF-treated EnSCs. The heatmap describes the differentially
regulated proteins expressed in different treatment groups (Con/PlGF/
Prav/PlGF+Prav) in EnSCs following global proteomic analysis (Fig
S11). Some of the upregulated proteins were involved in actin cytoske-
leton regulation and stabilization such as ACTG1 and CAPZB. Some of
the downregulated proteins included actin cytoskeleton and extracellular
matrix remodelling proteins such as CNN2, COL1A1, COL1A2, COL6A,
andTUBA1A.GeneOntology analysis of the protein signature associated
with pravastatin treatment in PlGF-treated EnSCs identified pathways
associated with GTP binding, intracellular transport and cytoplasmic
translation (Fig. 7b). Thus, the proteomic analysis pointed to a reversal of
actin regulation, extracellular matrix remodelling mechanics and cell-

Fig. 2 | Effect PlGFon transcript andprotein levels ofRac1 andPAK1 cytoskeletal
regulators. aArithmeticmean ± SEMofRac1 transcript level in EnSCs on treatment
with PlGF (n = 5, *p < 0.05). bArithmeticmean ± SEMof PAK1 transcripts levels in
EnSCs on treatment with PlGF (n = 5, *p < 0.05). c Original western blots repre-
senting total and phosphorylated levels of Rac1 and PAK1 targets withGAPDHused
as a loading control. d Arithmetic mean ± SEM of protein levels of total Rac1 in
untreated and PlGF-treated EnSCs (n = 5, *p < 0.05,). e Arithmetic mean ± SEM of
protein levels of phosphorylated Rac1in untreated and PlGF-treated EnSCs (n = 5,
***p < 0.01). f Arithmetic mean ± SEM of protein levels of total PAK1 in untreated

and PlGF-treated EnSCs. g Arithmetic mean ± SEM of protein levels of phos-
phorylated PAK1 in untreated and PlGF-treated EnSCs (n = 5, **p < 0.01).
hOriginal western blots of total Rac1, Rac1 GTP, andGAPDH fromRac1 Pull down
assay. i Arithmetic mean ± SEM of protein levels of activated form of Rac1, as
Rac1GTP normalised to total Rac1(n = 6, *p < 0.05) in EnSCs on treatment with
PlGF and untreated controls. All the above data represented here is normalized to
control samples. The statistical significance was tested with an Unpaired t-test with
Welch’s correction.
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stiffness with the absence of GTPases pathway activity with pravastatin
treatment on PlGF treated EnSCs.

Discussion
PE is a disorder that affects 3–5% of pregnant women and is a leading cause
ofmaternal andneonatalmortality andmorbidity33,34. Theprincipal features

include a new onset of hypertension and proteinuria. Currently, the only
definitive cure is delivery.

The pathogenesis of PE is multifactorial and is incompletely
understood but appears to be a consequence of maternal uteroplacental
malperfusion and abnormal adaptive placentation35,36. Recent studies
suggest that PE might in fact be a disorder of the decidua prior to
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pregnancy3,8. These authors demonstrated in vitro that EnSCs isolated
frompatients with a history of PE failed to decidualize and that a decidual
molecular defect is an important contributor in PE, suggesting a pivotal
role of the maternal decidua in the development of PE pathogenesis.
However, this study did not provide any molecular mechanism causing
defective decidua.

The well-established marker for PE diagnosis in asymptomatic preg-
nantwomen is the use of the biomarker sFLT1/PlGF. The sFLT1/PlGF ratio
shows a sensitivity of 66.2%and a specificity of 83.1%18,37. However, its use is
effective only 4weeks beforePE symptomsmanifest. Therefore, during early
pregnancy, there is an absence of screening methods (both highly sensitive
and specific) to diagnose PE earlier and therefore avoid mortality and
morbidity. Indirect evidence points to a pathological role for PlGF in
pregnancy38–40, but the role of endogenous PlGF on non-endothelial cells
prior to pregnancy, specifically in modulating the decidua remains
unknown.

To identify the involvement of altered cellular mechanics in the
decidua in PE progression, we performedmanual mining of bulk RNA-seq
from endometrial biopsies (GSE172381)8. 593 genes were identified to be
differentially expressed in the decidua from patients with a history of PE
compared to the women with healthy pregnancies. Remarkably, according
to gene enrichment analysis, actin dynamics and cytoskeleton signalling
pathways were highly dysregulated. Thus, the altered expression of extra-
cellular matrix, cell motility, cell component organisation, and cytoskeletal
components, prior to pregnancy could disturb themicroenvironment at the
maternal interface during early pregnancy and placentation contributing to
the development of PE.

The main aim of this study has been to investigate the effect of PlGF
on endometrial cellular mechanics. Our study revealed that PlGF affect
cellular actin regulation and ECMmachinery at a global level employing
proteomics. Further, PlGF influences stromal cells showed a variety of
protein cargo, including cell signalling molecules, factors that maintain
cell polarity, intracellular transport mediators, and actin-modulating
proteins such as Rho GTPases activating protein. Rac1, a member of the
Rho family of smallGTPases controls awide array of cellular functions. In
response to diverse signals, it converts from an inactiveGDP-bound form
to an active GTP-bound form. Rac1 signalling has been directly impli-
cated in the regulation of cellmotility, such asmigration and invasion41–43,
and is therefore an important regulator of actin cytoskeleton
organization44. In our study, we show that following PlGF treatment there
is a significant up-regulation of Rac1 activity and even accounts for the
observed actin reorganization, followed by cell stiffening. Rac1 activation
is further recognised to regulate actin polymerization interactingwith the
Arp2/3-mediated actin nucleation pathway through its targetWAVE2 to
improve actin nucleation. In our study however, we observed a PlGF-
induced increase of Rac1 phosphorylation a regulator of both PAK1 and
WAVE2, indicating activation of both of these signalling effectors in
endometrial stromal cells. In line with this, we observed the reorganiza-
tion of the actin filaments network towards the polymerization of F-actin
filaments. Since modification of actin dynamics through polymerization
has been reported to account for filaments of higher mechanical
stability45, our observations on cell stiffening in response to PlGF treat-
ment may directly be correlated to the observed PlGF-induced actin

depolymerization. Moreover, siRNA targeting either Rac1, PAK1, and
WAVE2 or in combination with PlGF did not increase these targets. This
observation confirms that PlGF is a target of the Rac1/PAK1 signalling
cascade (Fig. 8).

Cell biomechanics is relevant for all tissues and the stiffness of most
human tissues diverges greatly from the brain (soft, ~0.2 kPa) to bone
(rigid, ~106 kPa)46. The decidua (biopsies) has a stiffness of around 1.2
kPa47. During early pregnancy, EVTs invade and congregate around the
decidua and induce the remodeling of the spiral arteries.Modifications in
stiffness within the endometrium could thereby impact EVT invasion,
and the most notable change in stiffness that they will encounter is when
only they approach themyometrium, the smoothmuscular layer beneath
the decidua. It is interesting to point out that the stiffness of smooth
muscle tissue is ~5 kPa, five times that of decidua, which is similar to the
stiffness observed post-treatment with PlGF in EnSCs (4.9 kPa). Once
EVT cells arrive at the (inner third) myometrium, they halt their
migration and differentiate into multinucleated giant cells. Taken toge-
ther, we speculate that, prior to pregnancy, increased levels of PlGF in the
endometrium could result in an under-invasion of EVT pathology in
decidua due to the enhanced stiffness. Increased stiffness in the endo-
metriumhence interfereswith the decidualization function of the stromal
cells and prevents or hampers EVT migration, therefore preventing
effective remodelling of spiral arteries, resulting in PE pathogenesis later
on in pregnancy.

Statins (HMG-CoA reductase inhibitors) are widely used and are
effective in preventing cardiovascular mortality and morbidity48. In rodent
models of PE, pravastatin administered in early pregnancy was able to
restore angiogenic imbalance and re-establish normal endothelial
function49,50. These preliminary animal studies provide a strong rationale for
the use of pravastatin in the prevention of PE in humans. It is noteworthy to
point out two recent clinical trials using pravastatin. In 2021, Döbert et al.,
performed a double-blind, placebo-controlled trial in 1120 women51.
Women screened for termPEwere given 20mgdaily dose of pravastatin for
35–37 weeks gestation until delivery. They found no difference between the
pravastatin andplacebogroup. In, another studyperformedduring the early
phase of pregnancy (12–16 weeks) women were given 10mg per day pra-
vastatin until delivery52. Although the numbers were limited, this study
showed a significant reduction in incidence and severity of PE when pra-
vastatin was administered earlier in pregnancy during EVT invasion and
thus placental formation. The use of statins in pregnancy is highly debated
because of its possible teratogenicity53. However recent studies suggest that
statin exposure during pregnancy is not associated with an increased risk of
congenital anomaly in humans53,54. The above-mentioned retrospective
clinical trials with use of pravastatin for PE prevention or treatment also
showed no identifiable safety risks associated with pravastatin in their
cohorts51,52. Whilst this clinical trial is very encouraging, further studies are
warranted to support the necessity of statins for the treatment and pre-
vention of PE pathogenesis and possible teratogenicity if prescribed in early
pregnancy.

Rac1 is post-translationally modified by an isoprenyl lipid group,
specifically geranylgeranyl diphosphate (GGPP), which is thought to
regulate its subcellular localization55,56. Statins are known to inhibit
mevalonate synthesis upstream of both cholesterol and GGPP synthesis,

Fig. 3 | Effect of PlGF on actin polymerization and cell stiffness in EnSCs.
a Representative original histogram of DNaseI (G-actin; Left) and Phalloidin (F-
actin; Right) binding in EnSCs after 6 days of treatment without and with PlGF.
b Arithmetic means ± SEM of mean fluorescence intensity (MFI) of G-actin over
F-actin ratio in EnSCs after 6 days of treatment without and with PlGF (n = 5,
*p < 0.05). c Representative original western blot of soluble G-actin and filamentous
F-actin in human endometrial EnSCs after 6 days of treatment with PlGF.
d Arithmetic mean ± SEM of G-actin over F-actin ratio in EnSCs after 6 days
treatment with PlGF (n = 3, **p < 0.01). e Original immunofluorescence images of
eflour650-phalloidin binding to F-actin (red) and DAPI staining for cell nuclei
(blue) in EnSCs treated with or without PlGF. f Arithmetic mean ± SEM individual

cells were measured) of cell area (μm2)measured in EnSCs post treatment with PlGF
(n = 4, **p < 0.01). g Arithmetic mean ± SEM of mean fluorescence intensity (MFI)
measured from immunofluorescence images in EnSCs post-treatment with PlGF
(n = 4, ***p < 0.001). All the above data represented here are normalized to control
cells. The statistical significance was tested with an Unpaired t-test with Welch’s
correction. hAFM analysis of cell stiffness and cell morphology in untreated EnSCs
and cells treated with PlGF for 6 days at 20 ng/ml. Representative optical phase
contrast images, height images, and AFM stiffness images measuring the Young’s
modulus. i Arithmetic mean ± SEM of Young’s modulus (cell stiffness) (n = 60,
****p < 0.0001). The statistical significance was tested with a non-parametric
Mann-Whitney U test.
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and thus, statins can inhibit the isoprenylation of cytoskeletal regulator
Rac157. Studies also support a potential link between statins and actin
modulation58–61. Statins are reported to affect the rearrangement of
F-actin with a regulatory effect on cofilin, an actin-binding protein
involved in the control of cell shape and motility60. Similarly, pravastatin
and simvastatin are known to downregulate pY14-caveolin, which

indicates a loss of actin interactions58. Recently, Sarkar et al. reported that
lovastatin induces significant polymerization of the actin cytoskeleton in
regulating the dynamics of the serotonin1A receptor59. Thus, playing a
major role in the modulation of cognitive and behavioural functions59. In
our study, we report an inhibitory effect of pravastatin onRac1 activation,
reverting actin polymerization to normal levels and improving
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trophoblast cell invasion through EnSCs monolayer. Additionally, our
proteomic analysis confirms this inhibitory action of pravastatin on
PlGF-treated EnSCs, with downregulating a few actin-regulating targets,
ECM modulating proteins, and reversing GTPases activity. Thereby, we
postulate that pravastatin could be a potential pharmacological candidate
to reverse altered Rac1 signaling and further could potentially reduce
decidual cell stiffness, allowing proper EVT invasion into the maternal
microenvironment, thus preventing shallow placentation which is the
main driver of PE.

However, given thenon-cholesterolpleiotropic effects of statins such as
reduction of inflammatory mediators, inhibiting the T-helper cell immune
responses or nitric oxide synthases62,63, which in turn may impact on
decidualisation and pregnancy itself, well-planned research is required to
validate its use in humans. Despite that, these studies demonstrate the
equipoise necessary to approve a trial of prophylactic pravastatin either
prior to pregnancy and/or in early pregnancy to prevent PE.

In conclusion, this study highlights an underlying transcriptomic
defect of cytoskeletal-actin dynamics (using publicly available data sets) that
may explain the maternal role of shallow or impaired placentation seen in
PE. The present study further describes a previously uncharacterised
function of PlGF in upregulating the expression and activity of the small
G-protein Rac1 and of the kinase PAK1 with subsequent actin poly-
merization as well as the increase of cell stiffness. Our work is an important
step towards the development of novel approaches that facilitate an early
evaluation of the risk for PE and to treat this detrimental disease. Thus, this
unique role of PlGFmay provide avenues to pursue new therapeutic agents
or non-invasive strategies capable of curtailing pregnancy disorders
such as PE.

Methods
Cell lines
Human EnSCs (#T0533, Applied Biological Materials Inc)23,64,65 were cul-
tured at 37 °C in ahumidified 5%CO2 atmosphere inDMEM/F-12medium
(#11039-021, Invitrogen) containing 10% (v/v) dextran-coated charcoal
striped (#C6241, Sigma) fetal bovine serum (#10270-106, Invitrogen).
Human BeWo cells (#86082803, Sigma)66,67, a human trophoblast cell line,
were cultured in DMEM/F-12 medium (#11039-021, Invitrogen) contain-
ing 10% (v/v) fetal bovine serum (#10270-106, Invitrogen).

Cell culture treatment and transfection
EnSCs were subjected to treatment with PlGF (#P1588, Sigma) at a
concentration of 20 ng/ml for 6 days68. For decidualization, EnSCs were
treated with 0.5 μM 8-Bromoadenosine-3’,5’-cyclic monophosphate
sodium salt (cAMP) (#1140, Tocris) and 1 μMMedroxyprogesterone 17-
acetate (MPA) (#M6013, Sigma) for 6 days69. The cell culture medium
was replaced every 48 h with fresh treatment media. The experimental
groups are indicated as control (untreated EnSCs), PlGF, cAMP+MPA,
and cAMP+MPA+ PlGF.

Where indicated, EnSCs were treated with pravastatin (Pravastatin
sodium salt hydrate, #P4498, Sigma) with or without PlGF treatment at
10 μM for 24 h70. The experimental groups are classified as control
(untreated EnSCs), PlGF, pravastatin (Prav), and pravastatin + PlGF
(Prav + PlGF). Epidermal Growth factor (EGF) was used as a positive

control for Rac1 activation. (#324831, Sigma) at a concentration of
100 ng/ml for 24 h71.

For gene silencing, EnSCs were treated with siRNAs72, such as siRac1
(50 nM, #L-003560-00-0010, Dharmacon), siPAK1 (20 μM, #L-003521-00-
0010, Dharmacon), and siWAVE2 (5 nM, #s55787, ThermoFisher Scien-
tific). The siRNAs were transfected with Lipofectamine RNAiMAX
(#13778075, ThermoFisher Scientific) for 48 h with and without combi-
nation with PlGF treatment.

Preparation of cell lysate for proteomic analysis
For proteome analyses, cell suspensions were prepared from EnSCs treated
with andwithout PlGF(20 ng/ml for 6 days). Cellswere lysed by adding lysis
buffer [5% 1MTris/HCl pH7,4, 2% 5MNaCl, 1%TritonX 100, 1%PMSF,
4% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA)] on ice. Ten
micrograms of each sample were digested in solution with trypsin. After
desaltingusingC18 stage tips, extractedpeptideswere separated onanEasy-
nLC 1200 system coupled to aQExactiveHFXmass spectrometer (Thermo
Fisher Scientific). The peptide mixtures were separated using a 90minutes
segmented gradient from 10-33-50-90% of HPLC solvent B (80% acetoni-
trile in 0.1% formic acid) inHPLCsolventA (0.1% formic acid) at aflow rate
of 200 nl/min. The 12 most intense precursor ions were sequentially frag-
mented in each scan cycle using higher energy collisional dissociation
(HCD) fragmentation. Acquired MS spectra were processed with Max-
Quant software package version 1.6.7.0 with integrated Andromeda search
engine73 Database search was performed against a target-decoy Homo
sapiens database obtained fromUniprot, containing 103.859 protein entries
and 286 commonly observed contaminants. Peptide, protein, and mod-
ification site identifications were reported at a false discovery rate (FDR) of
0.01, estimated by the target/decoy approach. The LFQ (Label-Free
Quantification) algorithm was enabled, as well as match between runs and
LFQ protein intensities was used for relative protein quantification. Data
analysis was performed using Perseus74 and STRING v11 database.

Quantitative Real-time PCR (qRT-PCR)
Total RNA was extracted from EnSCs cultures using Trizol (#15596026,
Invitrogen) based on a phenol-chloroform extraction approach. Equal
amounts of total RNA (1 μg) were reverse transcribed by using theMaxima
h Minus method (#M1681, ThermoFisher Scientific), and the resulting
cDNA was used as a template in qRT-PCR analysis. The gene-specific
primer pairs were designed using the Primerblast (NCBI) software and
purchased from Sigma. Detection of gene expression was performed using
the PowerUpSYBRGreenMasterMix (#A25742, ThermoFisher Scientific),
and quantitative RT-PCR was performed on a QuantStudio 3 Real-Time
PCR system (#A28567, ThermoFisher Scientific). L19 was used to nor-
malize variances in input cDNA. The expression levels of the samples are
given as arbitrary units defined by the ΔΔCtmethod. All measurements were
performed in triplicate. Melting curve analysis confirmed the amplification
specificity of the genes. Sequences of human primers used for qRT-PCR are
available on request.

Western Blotting
Whole cell protein lysateswere extracted fromEnSCsusing hot 1XLaemmli
buffer (final concentration) with a cell scraper post treatment23. Protein

Fig. 4 | Effect of siRNA on PlGF-activated Rac1-PAK1 signaling cascade
in EnSCs. aOriginal western blots of total and phosphorylated levels of Rac1, pRac1,
PAK1and pPAK1, WAVE2, and ARP2/3 targets with GAPDH as loading control.
b Arithmetic means ± SEM of protein levels of total Rac1 in siRNA Rac1/PAK1/
WAVE2 or in combination with and without PlGF treatment (n = 3, *p < 0.05,
**p < 0.01, ***p < 0.001). c Arithmetic means ± SEM of protein levels of phos-
phorylated Rac1 in siRNARac1/PAK1/WAVE2 or in combinationwith andwithout
PlGF treatment (n = 3, *p < 0.05, **p < 0.01). dArithmetic means ± SEM of protein
levels of total PAK1 in siRNA Rac1/PAK1/WAVE2 or in combination with and
without PlGF treatment (n = 3, *p < 0.05, **p < 0.01). eArithmetic means ± SEM of

protein levels of phosphorylated PAK1 in siRNA Rac1/PAK1/WAVE2 or in com-
bination with and without PlGF treatment (n = 3, *p < 0.05, **p < 0.01).
f Arithmetic means ± SEM of protein levels of WAVE2 in siRNA Rac1/PAK1/
WAVE2 or in combination with and without PlGF treatment (n = 3, *p < 0.05).
g Arithmetic means ± SEM of protein levels of ARP2 over ARP3 ratio in siRNA
Rac1/PAK1/WAVE2 or in combination with and without PlGF treatment (n = 3,
*p < 0.05, **p < 0.01). All the above data represented here is normalized to control
cells. The control is represented as red dotted lines in the graphs. The statistical
significance was tested between control and treated samples with an Unpaired t-test
with Welch’s correction.
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Fig. 5 | Effect of PlGF on endometrial actin dynamics under the influence of
siRac1 siPAK1 and siWAVE2. a Arithmetic means ± SEM of G-actin over F-actin
ratio in stromal cells after 6 days treatment with PlGF ± siRNAs transfections (n = 3,
*p < 0.05, **p < 0.01). b Representative original western blot of soluble G-actin and
filamentous F-actin in human endometrial stromal cells after 6 days of treatment

with PlGF ± siRNAs transfections. c Arithmetic means ± SEM of G-actin over
F-actin ratio in stromal cells after 6 days treatment with PlGF± siRNAs transfections
(n = 4, *p < 0.05 **p < 0.01). All the above data represented here is normalized to
control cells. The control is represented as dotted lines in the graphs. The statistical
significance was tested with an Unpaired t-test with Welch’s correction.
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lysates were then loaded onto 4-12% Bis tris mini protein gels
(#NW04120BOX, ThermoFisher Scientific) using the XCell SureLock®
Mini-Cell apparatus (Invitrogen) followed by electrophoresis. The protein
from the gel was then transferred onto a nitrocellulose membrane
(#GE10600003, Amersham Biosciences) using a semi-dry transfer
approach. After incubation with 5% non-fat milk in TBS-T (10mM Tris,

pH 8.0, 150mM NaCl, 0.5% Tween 20) for 60min, the membrane was
washed twice with TBS-T and incubated with primary antibodies against
Rac1 (1:1000, #2465 s, Cell Signaling Technology), phospho Rac1 (1:500,
#2461 S, Cell Signaling Technology), PAK1 (1:500, 51137-1-AP, Protein
Tech), phosphoPAK1 (1:1000, #2601, Cell SignalingTechnology),WAVE2
(1:1000,#3659 s, Cell Signaling Technology), ARP2 (1:1000, #3128 s, Cell
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Signaling Technology), ARP3 (1:1000,#4738 s, Cell Signaling Technology)
orGAPDH(1:1000, #5174,Cell SignalingTechnology) at 4 °C forovernight.
The concentrations of the antibodies employed in the study are as per the
manufacturer’s instructions.

Post overnight incubation with primary antibodies, membranes were
washed with TBS-T and incubated with HRP-conjugated anti-rabbit sec-
ondary (1:2000, #7074 s, Cell Signaling Technology) antibody for 1 h in
room temperature. Post-secondary antibody incubation, blots were washed
withTBS-T anddevelopedwith theECL system(#R-03031-D25,Advansta)
according to the manufacturer’s protocols. The fluorescence signals were
obtained with an iBright CL1000 (ThermoFisher Scientific), and the
intensities were assessed by a densitometry analysis to measure the relative
expression of the target proteins using GAPDH as a control by ImageJ
software.

Active Rac1 pull-down assay
Rac1 pull down assays were performed using a Rac1 Activity Assay kit
(#16118,ThermoFisher Scientific) tomonitorRac1 smallGTPase activation
as per manufacturer instruction.

Measurement of the G/F actin ratio by Triton X-100 fractionation
To quantify the effect of PlGF on actin polymerization in EnSCs, cells
were incubated with actin extraction buffer and processed for G and
F-actin protein lysates22. Bradford assay was performed to obtain protein
concentration and equal volumes of each fraction were boiled with 1X
Lamelli Buffer at 95 °C for 15 min. Proteins were separated on 10% SDS-
polyacrylamide gels and transferred to PVDF membranes
(#GE10600029, AmershamBiosciences). Non-specific binding sites were
blocked by 1 h incubation at room temperature with 5% non-fat dry milk
in TBS-T. Themembraneswere incubated overnight at 4 °Cwith primary
antibodies against Pan-actin rabbit monoclonal antibodies (1:1000,
#D18C11, Cell Signaling Technology). Post incubation with primary
antibody,membraneswerewashedwithTBS-T and incubatedwithHRP-
conjugated anti-rabbit secondary (1:2000, #7074 s, Cell Signaling Tech-
nology) antibodies for 1 hour in room temperature. Antibody binding
was detected post-developing with the ECL system (#R-03031-D25,
Advansta) according to the manufacturer’s protocols. The fluorescence
signals were obtained with an iBright CL1000 (ThermoFisher Scientific),
and the intensities were assessed by a densitometry analysis to measure
the relative expression of the pan- actin by ImageJ software.

G/F actin ratio by Flow cytometry
To study the influence of PlGF treatment on G/F action ratio with flow
cytometry, post treatmentwith PlGF (20 ng/ml for 6 days), EnSCs (≈1.0 ×
105 cells) were first fixed with 4% paraformaldehyde (PFA) and then
permeabilised with 1x Permeabilization buffer (#00-8333-56,
eBioscience) and subsequently stained with 10 μl of fluorescent DNAse1-
Alexaflour-488 (#D12371, Thermofisher Scientific) (5 mg/ml) for
detection of G-actin and 1 μl fluorescent Phalloidin-eFluor® 660 (1000x)
(1:1000, #50655905, Thermofisher Scientific) for detection of F-actin.

The quantitative measure of the respective fluorescent labels was mea-
sured using green (FL-1) and red channel (FL-4) on a BD LSRFortessa™
Cell Analyzer (BD Biosciences) and the analysis was performed using
Flowjo software (Flowjo LLC, USA). The ratio of G/F is calculated from
the geometric mean values.

Immunofluorescence
For immunolabelling of cells, EnSCs (5000 cells) were seeded on glass
chamber slides (#94.6170.402, Sarstedt) and cultured in 10% DCC FBS
containing DMEM medium. Post treatment with PlGF (20 ng/ml for
6 days) in 2% DCC FBS medium, the cells were fixed with 4% paraf-
ormaldehyde for 15min, washedwith PBS, and permeabilized for 15min 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 cells were
then stained for F-actin with eflour 660-phalloidin (1:1000, #50655905,
ThermoFisher Scientific) for 30min at RT. Post incubation, slides were
washed again with PBS, dehydrated, air-dried, andmounted using ProLong
Gold antifade reagent containing DAPI (#P36931, Invitrogen). Fluores-
cence was detected with LSM 800 confocal laser scanning microscope
(Zeiss). The images were captured using oil immersion, 40x objective lens.
Scale bar - 20 μm. Mean fluorescence intensities were calculated using
ImageJ software.

Atomic force microscopy (AFM)
AFM experiments on live EnSCs were carried out with a commercial AFM
setup (MFP3D,AsylumResearch, Santa Barbara, USA)with cells seeded on
culture dishes at a density of 5×104 cells/cm². EnSCswere treatedwith either
20 ng/ml PlGF, decidualization treatment (cAMP+MPA), or 100 ng/ml
EGF as a positive control for 6 days or 24 h, respectively, in a 2% DCC FBS
treatment medium.

Additionally, AFM measurements were performed on cells seeded
onto a polydimethylsiloxane (PDMS) substrate as described in Kenry
et al.,75(CY52-276, Dow Corning, Toray, Japan). The two components, A
and B, were mixed for 15min at a weight ratio of 6:5. Themixture was then
degassed in a vacuum chamber, poured into Petri dishes, and cured in an
oven at 80 °C for 12 h, to yield soft substrates with a bulk elastic modulus of
1–3 kPa75. EnSCs were seeded on these soft substrates at a density of 2×104

cells/cm2 and were subjected to PlGF or/and decidualization treatment as
described above.

Single EnSCswere imagedwithAFM in the forcemappingmode. To
study cell stiffness,maps of 10×10 force indentation curves were recorded
on a 5× 5 μm² scan area on the central region of cells using a pyramidal tip
(Bio-MLCT, cantilever C, spring constant 0.01 N/m, side angle 35°,
Bruker AXS S.A.S., Champs-sur-Marne, France). The maximum
deflectionwas set to 100 nm, resulting in an indentationdepth of typically
400–600 nm, which is much smaller than the cell height, thereby an
influence of the underlying stiff substrate on the measured Young’s
modulus was avoided76. Additionally, to display the whole cell body, we
performedmaps of 30 × 30 or 50 × 50 force indentation curves on an 80 ×
80 μm2 or 90×90 μm2 scan area. Force-indentation curves were fittedwith

Fig. 6 | Pharmacological inhibition of PlGF-induced Rac1 activation with pra-
vastatin. a Representative original histogram of DNaseI (G-actin; Left) and Phalloidin
(F-actin; Right) binding in EnSCs after 6 days of treatment with PlGF ± pravastatin
(10mM, 24 h). b Arithmetic mean ± SEM of G-actin over F-actin ratio in EnSCs after
6 days treatment with PlGF ± pravastatin (24 h) (n= 5, *p < 0.05, ***p < 0.001).
c Representative original western blot of soluble G-actin over filamentous F-actin in
human EnSCs after 6 days treatment with PlGF ± pravastatin (24 h). d Arithmetic
mean ± SEM of G-actin and F-actin ratio in stromal cells after 6 days treatment with
PlGF ± pravastatin (24 h) (n= 4, ***p < 0.001, ****p < 0.0001). e Original western blots
of total and phosphorylated levels of Rac1 and PAK1 targets with GAPDH used as
loading control. f Arithmetic mean ± SEM of protein ratio of phosphorylated Rac1/ total
Rac1 in total lysate of endometrial stromal cells treated with PlGF± pravastatin (24 h)
(n= 5, *p < 0.05, ***p < 0.001, ****p < 0.0001). g Arithmetic mean ± SEM of protein

ratio of phosphorylated PAK1/total PAK1 protein levels in total lysate of endometrial
stromal cells treated with PlGF± pravastatin (24 h) (n= 5, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). h Original western blots of total Rac1, Rac1 GTP, and
GAPDH from Rac1 pull-down assay. i Arithmetic mean ± SEM of protein levels of
activated form of Rac1 as Rac1GTP normalised to total Rac1in total lysate of endometrial
stromal cells treated with PlGF± pravastatin (24 h) (n= 3, *p < 0.05). All the above data
represented here is normalized to control cells. The statistical significance was tested with
an Unpaired t-test with Welch’s correction. j Normalized cell index values of EnSCs
monolayer to BeWo addition time point, cell index refers to the resistance in EnSCs layer
post BeWo invasion for 6 h. EnSCs were under 6 days of treatment with PlGF ±
pravastatin (24 h) (n= 3, ****p < 0.0001). The statistical significance for EIS analysis was
tested at 5 h when the impedance was almost reaching a threshold, with an Unpaired t-
test with Welch’s correction.

https://doi.org/10.1038/s42003-024-06220-7 Article

Communications Biology |           (2024) 7:530 12



Fig. 7 | Mass spectroscopy analysis for the effect of pravastatin on PlGF-induced
protein machinery. a Volcano plot showing upregulated (orange) and down-
regulated (violet) proteins in PlGF+ pravastatin (n = 3) treated EnSCs compared to
PlGF treatment (n = 3). Each point represents one protein; black points are the rest

of the proteins obtained in the global proteomic analysis. The significance threshold
range is 0.05 and the fold change threshold is -1 and+1. bGeneOntology analysis of
the protein signature associated with PlGF+ pravastatin treatment in EnSCs shows
enriched biological processes.
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the pyramidal Sneddon model77 to calculate the Young´s modulus, E.
Data were analysed with the data analysis package Igor Pro (Wave-
metrics, Lake Oswego, OR, USA). The mean value of all Young´s mod-
ulus values on a cell was considered representative of that cell.

Electrical Impedance spectroscopy (EIS)
The invasion of BeWo through the stromalmonolayer was studiedwith EIS
measurements. The E-16 plates were coated with 0.1% gelatin and let to
incubate for an hour at 37 °C. Next, 100 μl of 2% DCC FBS DMEM was
added to E16 plate for background measurement. The plate was mounted
onto the xCELLigence RTCA (Agilent, Germany) for background reading.
Later, EnSCs were trypsinized and 3000 cells per well were added to the E16
plates and kept for incubation at 37 °C for cells to equilibrate and adhere.
Post 24 h, the cells were treated with respective treatment conditions (Con/
PlGF/Prav/Prav+PlGF) as mentioned above for 6 days. Ten hours prior
treatment endpoint, E16plates containing cellswere clamped againonto the
xCELLigence RTCA and placed in the incubator at 37 °C. Live cell impe-
dance was monitored every 15min for a total period of 10 h to ensure
stromal cell monolayer formation.

Post treatment time point, the cell indexmeasurementwas paused and
2500 BeWo cells per 100 μl of 10% FBS DMEMwere added. EIS cell index
measurement was continued to monitor to the BeWo invasion through
EnSCs monolayer. Live cell impedance was monitored every 5min for a
total period of 6 hours. Data is represented as normalized cell index relative
to the time point BeWo cells were added to the EnSCs monolayer. Data
acquisition and data analysis was performed using RTCA Software Pro
(Agilent, Germany).

Wound healing scratch assay
EnSCswere seeded in a six-well plate at a concentration of 200×103 cells per
well. After reaching 100% confluency, the wells were scratched in the centre
vertically with a 200 μL tip to create a wound area. Cells were treated with
either PlGF (20 ng/ml) for 6 days or/and thymidine (2mm; #T1895, Sigma)
for 42 h or remained untreated. Pictureswere then taken immediately at 0 h
using the EVOSM7000 cell imaging system (ThermoFisher Scientific) at an
objective 4X.The cellswere thenallowed to incubate at 37 °C in ahumidified
5% CO2 atmosphere with the treatment medium for the next 24 h. Post
incubation, cell migration was monitored by taking pictures at 24 h.
Assessment of percentage ofwoundhealingwas quantified using the ImageJ
software and presented as fold change.

BrdU cell proliferation assay
The effect of PlGF on EnSCs proliferation was measured using BrdU cell
proliferation assay (#QIA58, Sigma). Briefly after the treatment of EnSCs
with PlGF (20 ng/ml) for 6 days or/and thymidine (2mm; #T1895, Sigma)
for 42 h, cells were immunolabelled for BrdU and incubated for an addi-
tional 24 h. Incorporated BrdU was detected by the BrdU Cell Proliferation
Assay as instructed in the manufacture protocol.

In silico data analysis
In silico analysis was performed on open-access gene-expression data. To
study the kinetics of PlGF expression levels across the menstrual cycle, we
obtained analysis of the normal endometrium at distinct phases of the
menstrual cycle (GDS2052). To investigate PlGF and PAK1mRNA levels in
term preeclampsia, we obtained PAK1 gene activity data in human decidua
of preeclamptic women and healthy pregnant women (GDS2548). Lastly, to
understand the maternal influence on PE pathogenesis, transcriptomic
profiling of decidua from previous healthy and preeclamptic pregnancies
were studied (GSE172381).

Statistics and Reproducibility
Data are provided as means ± SEM, and n represents the number of inde-
pendent experiments. Data provided here were tested for significance using
student’s unpaired two-tailed t-test with Welch’s correction approach and
nonparametric Mann-Whitney U test methods. PlGF treated samples were
normalized to the control. Results with p < 0.05were considered statistically
significant. Figures and statistical analysis were made in Graphpad Prism
(USA) or with R.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Proteomics data have been submitted to the PRoteomics IDEntification
database (PRIDE) with accession number PXD050237. The source data
behind the graphs in the figures can be found in Supplementary data 2, the
uncropped, original Western blots are shown in Supplementary Fig. S12.
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Fig. 8 | Graphical abstract describing the effect of
pathological PlGF levels in altered endometrial
cytoskeletal dynamics. Excessive endometrial PlGF
promotes Rac1 activity by modulating Rac1-GDP
conversion to Rac1-GTP in EnSCs. Rac1 activation
upregulates its downstream targets PAK1 and
WAVE2, leading to alterations in G and F-actin
organisation and turn over with an effect on an
increase in cell stiffness. High levels of PlGF also
alter the cell’smicroenvironment with an increase in
ECM-associated proteins altering endometrial bio-
mechanics at a global cellular level. Dysregulation of
endometrial/decidual mechanobiology with an
increase in cell and ECM stiffness will impede EVT
invasion during early pregnancy, leading to shallow
placentation as seen in pre-eclampsia. Excessive
PlGF-induced cell stiffness dysregulation in the
endometrium could be pharmacologically reversed
with a potential therapeutic target, pravastatin. The
figure was created using BioRender.
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Supplementary Figures

Excessive endometrial PlGF- Rac1 signalling 

underlies endometrial cell stiffness linked to pre-

eclampsia.



Fig S1

b

FigS1: a. Expression kinetics of PlGF across the menstrual cycle in the proliferative (P) phase

(n=4) and late secretory (LS) phase (n=6) (GDS2052). Statistical significance was tested with

unpaired t test and found to be non-significant. b. PlGF and PAK1 transcripts in term decidua’s of

preeclamptic women (n=10) compared to the decidua from healthy (n=10) pregnant women

(GEO2548). The GEO dataset for the control and diseased samples were retrieved using the

GEO2R query bioconductor package. Gene expression value was represented as average value

pooled from all 10 samples respectively. Statistical significance was tested with unpaired t test.

The gene expressions between control and PE are not statistically significant but show both

upregulated PlGF and PAK1 gene expression pattern in PE decidua’s compared to healthy
pregnant tissue samples.
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Fig S1

c

FigS1c. Gene ontology analysis from RNA sequencing array (RNA-seq, GSE172381) from
endometrial biopsies obtained from women who had severe PE in a previous pregnancy (n = 24).



Fig S1

d

FigS1d: Enriched biological process from GO analysis from RNA sequencing array (RNA-seq,

GSE172381) from endometrial biopsies obtained from women who had severe PE in a previous
pregnancy (n = 24).
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Fid S2: a) Arithmetic mean ± SEM of ECM markers transcript level in EnSCs on treatment with

PlGF (n=4, *, p<0.05, **, p< 0.01). (b) Arithmetic mean ± SEM of MMP markers gene expression

levels in EnSCs on treatment with PlGF (n=4, *, p<0.05). All the above data represented here is

normalized to control cells. An unpaired t test with Welch's correction was used to test for

statistical significance.



B
r
d

U
-i

n
c

o
r
p

o
r
a

ti
o

n
 E

L
IS

A
 (

A
4

5
0
)

C o n P lGF T h y P lGF+ T h y 1 0 % FB S

 D M EM

0 .0

0 .5

1 .0

1 .5

* *
* *

*

* * *
* * *

*

Fig S3

Thy+PlGF

0 h

24 h

Con PlGF Thy

W
o

u
n

d
 h

e
a

li
n

g
 (

F
o

ld
 C

h
a

n
g

e
)

C o n P lG F T h y P lG F + T h y

0 .0

0 .5

1 .0

1 .5

*

*

* *

a

b

c

Fig S3 : a) Bright field images of wound healing scratch assay evaluated at 0h and 24 h. b)
Arithmetic mean ± SEM of wound healing rate on EnSCs treated with PlGF ± thymidine (thy).

c) Arithmetic mean ± SEM of BrdU cell proliferation assay on EnSCs treated with PlGF ±
thymidine (thy). d) Arithmetic mean ± SEM of MTS cell viability assay on EnSCs treated with

PlGF. All the above data represented here is normalized to control cells. An unpaired t test

with Welch's correction was used to test for statistical significance
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Fig S4 
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Fig S4: Gating strategy for single cells, illustrated in human endometrial stromal cell (EnSCs)

population: Forward (FSC-A) and side scatter (SSC-A) are adjusted to minimize events on the

axes, resulting in a single-cell population including > 80 % of total cells (a- Con, b- PlGF). Each

dot or point on the plot represents an individual cell that has passed through the laser. Gating

strategy has been applied on EnSCs population to exclude debris, dead cells and doublets.

Cells gated on FSC-A versus SSC-A result in histograms specific to fluorophores (DNase I and

Phalloidin) as depicted in both Figure 3a and 6a.
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Fig S5: a. Representative immunofluoroscence images of EnSCs stained for phalloidin ( F actin-

red) and DAPI (nucleus – blue).
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Fig S6 : a. AFM analysis of cell stiffness and cell morphology in EnSCs treated with EGF (100

ng/ml) for 24 hours. Representative height images and AFM stiffness images measuring the
Young’s modulus. (b) Arithmetic mean ± SEM of Young’s modulus (cell stiffness. Non-parametric

Mann-Whitney analysis was used to test for statistical significance.
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Fig S7 : a. AFM analysis of cell stiffness and cell morphology of EnSCs grown on PDMS coated

petridishes. EnSCs were treated with PlGF (20 ng/ml) for 6 days, Representative height images
and AFM stiffness images measuring the Young’s modulus. (b) Arithmetic mean ± SEM of

Young’s modulus (cell stiffness). Non-parametric Mann-Whitney analysis was used to test for

statistical significance.
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Fig S8: a) Arithmetic mean ± SEM of PRL transcript levels in EnSCs on treatment with

PlGF±cAMP+MPA (n=4, *, p<0.05). (b) Arithmetic mean ± SEM of IGFBP1 transcript levels in

EnSCs on treatment with PlGF±cAMP+MPA (n=4, *, p<0.05, **, p<0.01). All the above data

represented here is normalized to control cells. An unpaired t test with Welch's correction was

used to test for statistical significance.
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Fig S9 : a) Original WBs of tRac1,Rac1-GTP and arithmetic mean ± SEM of Rac1GTP levels /

tRac1 ratio in EnSCs after 6 days treatment with PlGF ± cAMP+MPA. All the above data

represented here is normalized to control cells. b) Representative original histogram of DNaseI

(G-actin; Left) and Phalloidin (F-actin; Right) binding in EnSCs after 6 days treatment with PlGF
± cAMP+MPA and arithmetic mean ± SEM of G-actin over F-actin ratio in EnSCs after 6 days

treatment with PlGF ± cAMP+MPA. c) Original western blots and arithmetic mean ± SEM of G-

actin over F-actin ratio in EnSCs after 6 days treatment with PlGF ± cAMP+MPA. An unpaired t

test with Welch's correction was used to test for statistical significance
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Fig S10: a. AFM analysis of cell stiffness and cell morphology of EnSCs grown on PDMS coated

petridishes. EnSCs were treated with cAMP+MPA with or without PlGF for 6 days, Representative
height images and AFM stiffness images measuring the Young’s modulus. (b) Arithmetic mean ±
SEM of Young’s modulus (cell stiffness). Non-parametric Mann-Whitney analysis was used to test

for statistical significance.



Fig S11 

Fig S11: Heatmap showing the differentially regulated proteins expressed in different treatment

group (Con/PlGF/Prav/PlGF+Prav) in EnSCs following global proteomic analysis.
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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 (PlGF) is a known contributing factor for pathological angiogenesis but the mechanisms 
remain poorly understood. In this study, we investigated whether PlGF contributes to pathological uterine 
angiogenesis by disrupting EnSCs and endothelial paracrine communication. We observed that PlGF mediates a 
tonicity-independent activation of nuclear factor of activated T cells 5 (NFAT5) in EnSCs. NFAT5 activated downstream 
targets including SGK1, HIF-1α and VEGF-A. In depth characterization of PlGF - 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 PlGF-CM impeded normal angiogenic cues in endothelial 
cells (HUVECs) by downregulating Notch-VEGF signaling. Interestingly, PlGF-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 PlGF mediated anti-
angiogenic signaling. Taken together, perturbed PlGF-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.

Keywords  PlGF, Endometrium, Placentation, Pregnancy, Preeclampsia, SGK1
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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 

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 (PlGF) is found in the endo-
metrial stroma and abnormal production of endometrial 
PlGF may result in pregnancy complications, though 
the mechanism is yet to be determined [26, 27]. The 
functional role of PlGF in various biological processes 
continues to expand, in particular its activity in disease 
progression [28, 29]. The interplay of PlGF as a pleiotro-
pic cytokine is reported to augment ischemia, hypoxia, 
inflammatory or malignant processes [30–34]. PlGF 
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]. PlGF-VEGFR1 signal-
ing is reported to modulate angiogenesis and tumour 
growth by regulating the Dll4-Notch pathway [34]. Inhi-
bition of PlGF 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 PlGF and to VEGF thereby preventing its interactions 
with endothelial receptors [38]. Circulating VEGF con-
centrations are low through pregnancy whilst free PlGF 
increases in normal pregnancies [38]. Therefore, free 
PlGF a priori is pivotal for maintaining vascular endothe-
lial cell homeostasis [39].

PlGF is produced in many organs and cells including 
the human endometrium, decidua, placenta, uterine nat-
ural killer cells and trophoblasts cells [40]. Endometrial 
PlGF is higher in the proliferative phase with expression 
levels declining in the secretory phase, higher levels of 
PlGF 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 PlGF 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 PlGF- 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 PlGF signaling 
via NFAT5 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-1α) proteins and subsequent 
VEGF-A formation and angiogenesis [54–58]. Thus, 
these findings so far point to a compelling potential role 
of PlGF-NFAT5-SGK1 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 PlGF 
mediated NFAT5 regulation in the endometrial stromal 
cells (EnSCs). Further, we identified a signaling down-
stream pathway involving PlGF-NFAT5-SGK1 activation 
in EnSCs. We also characterized the angiogenic factors 
secreted by the stromal cells upon PlGF 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 
PlGF 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 PlGF 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 PlGF 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% CO2 atmosphere in DMEM/F-12 medium (#11039-
021, Invitrogen) containing 10% (v/v) dextran coated 

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 PlGF (#P1588, PlGF-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 PlGF treatment. Stro-
mal cell cultures were first treated with PlGF (20 ng/ml) 
for 4 days followed by transfection with SGK1 siRNA 
or in combination with PlGF for 48  h, and then con-
tinued with PlGF treatment for a further 2 days. The 
experimental groups are classified as Con (untreated 
EnSCs), PlGF, siSGK1 and siSGK1 + PlGF. 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 PlGF treatment in EnSCs, cell superna-
tant was collected as conditioned medium (CM). The 
control-CM (untreated) / PlGF-CM / siSGK1 CM / 
siSGK1 + PlGF 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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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 HUVECs are classified as Con-CM, PlGF-CM, 
siSGK1-CM and siSGK1 + PlGF-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 µg 
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 ΔΔCT 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 

Fig. 1  PlGF activates NFAT5 expression and activity in EnSCs. (a) NFAT5 mRNA transcript kinetics in EnSCs treated with PlGF for 2, 4 and 6 days at a con-
centration of 20 ng/ml. L19 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 PlGF treated EnSCs. (c) Average NFAT5 protein levels after 6 days 
treatment with PlGF (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 PlGF (n = 3). Scale bar: 20 μm. 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)
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the samples are provided as arbitrary units defined by the 
ΔΔCt 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. 1 × 106 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 NaCl, 
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], VEGF-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 ImageJ 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 PlGF as described 

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  μm. Mean fluorescence intensities were calculated 
using ImageJ software.

Luciferase reporter assay
EnSCs cells were seeded onto 24-well plates at a den-
sity of 5 × 104 cells/well with 10% DCC-FBS/DMEM and 
allowed to attach for 24  h. Post serum starvation, cells 
were transfected with HIF-1α 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 PlGF ± 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 VEGF-A levels in PlGF-conditioned 
medium were measured with ELISA. Briefly, after the 
treatment of EnSCs with PlGF 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 PlGF 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 PlGF 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 2 × 105 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 

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 J 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 ℃ 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 5 × 104 cells/well in 100  µl 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 µl 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 / PlGF / siSGK1 / siSGK1 + PlGF) 
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 µl 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 NFAT5 
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 means ± SEM. 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).

Results
PlGF drives tonicity independent activation of NFAT5 in 
endometrial stromal cells
We first explored the spatio-temporal expression of 
NFAT5 in the endometrium. Expression of NFAT5 (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 NFAT5 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 
NFAT5 in the etiology of PE pathogenesis. To address 
this, we manually mined expression levels of NFAT5 
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 
NFAT5 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.

PlGF 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 PlGF on NFAT5 regulation 
in endometrial cells. EnSCs were treated with varying 
concentrations (titration of 2.5–50 ng/ml) of PlGF for 
6 days. As illustrated in Supplementary Fig.  2a, NFAT5 
mRNA expression was highly upregulated by PlGF 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 
PlGF (20 ng/ml) were highest after 6 days of treatment 
(Fig. 1a). All proceeding experiments used PlGF at a con-
centration of 20 ng/ml for a treatment period of 6 days in 
EnSCs. Consistent with our mRNA data, PlGF also sig-
nificantly upregulated NFAT5 protein levels in parallel 
(Fig. 1b-c and Supplementary Fig. 2b). Further, we exam-
ined PlGF activated NFAT5 spatial regulation in EnSCs 
using an immunofluorescence approach. Endogenous 
NFAT5 was localized to the cytosol in untreated EnSCs 
and was found to be translocated to the nucleus upon 
PlGF 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 PlGF 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 PlGF. Figure  2a-c and 
Supplementary Fig.  4 demonstrates the increased levels 

of total p38 MAPK protein, with significant upregula-
tion of phosphorylated levels of p38MAPK. NFAT5 is a 
regulator for various angiogenic mediators and factors 
including; SGK1, HIF-1α and VEGF-A [52]. Next a fur-
ther series of experiments tested if PlGF 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 PlGF treated 
stromal cells (Fig. 2a, d-e). SGK1 is a known stimulator of 

Fig. 2  PlGF-NFAT5 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 PlGF treated EnSCs. (b-e) Average protein expression levels of total and phosphorylated 
levels of p38 MAPK and SGK1 targets in untreated (Con) and PlGF treated EnSCs (n = 5, *, p < 0.05). (f) qPCR analysis of HIF-1α transcript levels in untreated 
(Con) and PlGF treated EnSCs. L19 was used as a housekeeping gene (n = 5, *, p < 0.05). (g) Luciferase reporter assay measuring the HIF-1α promoter activ-
ity in untreated (Con), PlGF 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 PlGF treated EnSCs (n = 5, **, p < 0.01). (i) Supernatant from untreated 
(Con) and PlGF treated EnSCs was collected and secreted VEGF-A levels were quantified with ELISA (n = 5, *, p < 0.05). Data represented here as arithmetic 
mean ± SEM. The treatment samples groups (PlGF) are represented after normalization with untreated control (Con). Significance was determined using 
student’s unpaired two-tailed t-test with Welch’s correction method. n represents the number of independent experiments (biological replicates)
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HIF-1α, a known modulator in angiogenic signaling [81, 
82]. Elevated levels of HIF-1α transcripts were observed 
with PlGF treatment in stromal cells (Fig. 2f ). Addition-
ally, PlGF exerted a strong stimulating effect on HIF-1α 
promoter activity (luciferase) in EnSCs (Fig. 2g). DMOG 
treatment was used as positive control for HIF-1α 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, 

VEGF-A. PlGF 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 PlGF mediated angiogenic sig-
naling in EnSCs with a decrease in secreted proangio-
genic factor VEGF-A.

Fig. 3  Proteomics profile of PlGF treated conditioned medium (CM) from EnSCs. (a) Schematics describing the experimental approach of mass spec-
trometry analysis on CM (supernatant) collected from EnSCs post 6 days treatment without (Con) and with PlGF (20 ng/ml). (b) Volcano plot showing 
significantly upregulated (green) and downregulated (orange) proteins in PlGF treated CM from EnSCs. Each point represents one protein; black points 
are the rest of the proteins obtained in the global proteomic analysis. The significance threshold range is 0.05 and the fold change threshold is -1 and + 1. 
(c) GO enrichment analysis of the protein signature depicting the enriched biological process and pathways associated with PlGF treated CM in EnSCs. n 
represents the number of independent experiments (biological replicates)
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Secretome analysis reveals that PlGF treated CM is 
associated with pathological angiogenic signaling
To investigate if PlGF 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 PlGF-CM (n = 3) collected from EnSCs post 6 days 
treatment with and without PlGF 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 PlGF treatment in the EnSCs. Some of the 
significantly upregulated proteins (green) in PlGF-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 PlGF 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 PlGF.

HUVECs display abnormal ‘hypersprouting’ behaviour 
when treated with conditioned medium (CM)
Pathological PlGF is associated with poor vessel develop-
ment in the retina [83]. We postulated that the paracrine 
signaling from PlGF treated endometrial cells would 
also support poor vessel formation. To test this conjec-
ture, HUVECs were treated with CM collected from 
untreated or PlGF treated EnSCs (Fig. 4a). We then veri-
fied its effects on angiogenic checkpoints in HUVECs 
employing different functional assays. As seen in Fig. 4b, 
PlGF-CM significantly increased cell proliferation in 
HUVECs as evidenced with the BrdU ELISA assay. Fur-
ther, a wound healing scratch assay with GFP-HUVECs 
showed reduced cell migration upon PlGF-CM treatment 
(Fig. 4c-d) and an  in vitro tube formation assay showed 
no significant change in tube length between Con-CM 
and PlGF-CM treatment on HUVECs (Fig.  4e-f ). How-
ever, PlGF-CM treated HUVECs displayed a greater 
number of endothelial cell branches pointing to an 

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 PlGF-CM mediated anti-angiogenic behav-
iour seen in HUVECs, gene expression levels of Notch 
signaling effectors such as Notch receptors (Notch 1 and 
Notch 2), ligands (Dll4 and Jagged-1) and target genes 
(Hey 1 and Hes1) were downregulated with PlGF-CM 
treated HUVECs (Fig.  4h-l 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. PlGF-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 PlGF-CM modulate hypersprouting in HUVECs 
via repression of notch signaling and upregulation of 
VEGFR2. 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 PlGF-CM treatment, demonstrating an 
increase of junctional resistance and decrease in perme-
ability between endothelial cells (Fig. 4o). Together, these 
data indicate that dysregulated PlGF-NFAT5-SGK1 sig-
naling in stroma mediate negative angiogenic effects on 
HUVECs 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 PlGF 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 PlGF 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-1α 
mRNA levels and promoter activity in EnSCs (Fig.  5d-
e). The effect was mimicked in EnSCs treated with 
siSGK1 + PlGF 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) 
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Fig. 4  Angiogenic effect of PlGF-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 PlGF-CM treated HUVECs (n = 4, *, p < 0.05). (c) Representative fluo-
rescence microscopic images of wound healing scratch assay on Con-CM and PlGF-CM treated HUVECs at 0 and 24 h (n = 4). Yellow line represents the 
wound area created. Scale bar: 650 μm. (d) Wound closure rate in Con-CM and PlGF-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, PlGF-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 0 h. Scale bar: 650 μm. (f) Tube formation assay analysis showing 
tube length in Con-CM, PlGF-CM and DMOG treated HUVECs at 24 h (n = 4). (g) Tube formation assay analysis depicting number of branches in Con-CM, 
PlGF-CM and DMOG treated HUVECs at 24 h (n = 4, *, p < 0.05). (h-l) qPCR analysis of Notch receptors (Notch 1 and Notch 2), ligands (Dll4 and Jagged-1) and 
target genes (Hey 1) in Con-CM and PlGF-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 PlGF-CM treated HUVECs. (n) Average protein levels of 
VEGFR1, VEGFR2 and VEGF-A in Con-CM and PlGF-CM treated HUVECs (n = 4, *, p < 0.05, **, p < 0.01). Data represented here as arithmetic mean ± SEM. The 
treatment samples groups (PlGF-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 PlGF-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), PlGF and siSGK1 ± PlGF EnSCs. (b-c) Average protein levels of total and phosphorylated SGK1 in untreated 
(Con), PlGF and siSGK1 ± PlGF treated EnSCs (n = 4, * p < 0.05, ** p < 0.01, ***, p < 0.001, ****, p < 0.0001). (d) qPCR analysis of HIF-1α transcript levels in 
untreated (Con), PlGF and siSGK1 ± PlGF treated EnSCs (n = 4, * p < 0.05, ** p < 0.01). L19 was used as a housekeeping control. (e) Luciferase reporter assay 
analysis of HIF-1α promoter activity in untreated (Con), PlGF, siSGK1 ± PlGF and DMOG (57 nM) treated EnSCs (n = 4, * p < 0.05, ***, p < 0.001). (f) Average 
protein levels of VEGF-A in untreated (Con), PlGF and siSGK1 ± PlGF treated EnSCs (n = 4, * p < 0.05, ** p < 0.01). (g) ELISA analysis measuring secreted 
VEGF-A protein levels in CM from untreated (Con), PlGF and siSGK1 ± PlGF treated EnSCs (n = 4, * p < 0.05, ** p < 0.01). Data represented here as arith-
metic mean ± SEM. The treatment samples groups (PlGF/siSGK1/siSGK + PlGF) 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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and the VEGF-A protein signature (total and secreted) 
remained the same also in sample groups where siSGK1 
inhibition was combined with PlGF 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 

with CM from EnSCs with SGK1 inhibition with and 
without PlGF treatment. siSGK1 ± PlGF-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 ± PlGF-CM with decrease in number 
of branches observed (Fig.  6d-e). siSGK1 ± PlGF-CM 
treatment in HUVECs also showed an increase in notch 
receptors (Notch 1 and Notch 2), ligands (Dll4 and Jag-
ged-1), and target genes (Hey 1 and Hes1), confirming 

Fig. 6 (See legend on next page.)
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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 
VEGF-A in HUVECs were reversed with siSGK1 ± PlGF-
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 ± PlGF-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 PlGF 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 PlGF-CM 
treated HUVECs compared with Con-CM. Interestingly, 
SGK1 inhibition improved the PlGF 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 PlGF contributing to an altered pre-
pregnancy maternal microenvironment, by upregulat-
ing Rac1-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 PlGF in uterine vessel devel-
opment during endometrial regeneration. PlGF, a known 
VEGF homolog is selectively associated with pathological 
angiogenesis and inflammation [27, 29, 30]. PlGF is well 
characterized for its role on blood vessels, but its effects 
on non-vascular cells is not well known [30, 33]. PlGF is 
temporally and spatially regulated in the endometrium, 
localized to glandular and luminal epithelial cells, with 
staining in the stromal cells surrounding the maternal 

(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, PlGF-CM and siSGK1 ± PlGF-CM 
treated HUVECs (n = 4, *, p < 0.05, **, p < 0.01). (b) Representative fluorescence microscopic images of wound healing scratch assay on Con-CM, PlGF-CM 
and siSGK1 ± PlGF-CM treated GFP-HUVECs at 0 and 24 h (n = 4). Yellow line represents the wound area created. Scale bar: 650 μm. (c) Wound scratch assay 
analysis showing wound closure rate in Con-CM, PlGF-CM and siSGK1 ± PlGF-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, PlGF-CM and siSGK1 ± PlGF-CM treated 
GFP-HUVECs at 24 h (n = 4). The insert displays GFP-HUVECs seeded on the matrigel with respective treatment condition at 0 h. Scale bar: 650 μm. (e) Tube 
formation analysis showing number of branches in Con-CM, PlGF-CM and siSGK1 ± PlGF-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, PlGF-CM and siSGK1 ± PlGF-CM treated HUVECs. (g) 
Average protein expression levels of VEGFR1, VEGFR2 and VEGF-A in Con-CM, PlGF-CM and siSGK1 ± PlGF-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 (PlGF-CM/siSGK1-CM/siSGK + PlGF-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, PlGF-CM, siSGK1 ± PlGF-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)
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spiral arteries [26]. Hence, aberrant local production of 
PlGF in the surrounding stroma may have functional 
implications in endometrial vascularization and in spiral 
artery remodelling during early pregnancy events.

NFAT5 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 NFAT5 stimulation aggravates neo-
vascularization and oedema formation in retinal pigment 
epithelial cells via PlGF/VEGF-A signaling effectors [52]. 
In contrast, the pathological role of isotonic NFAT5 acti-
vation is poorly understood. Specifically, the expression 
kinetics of NFAT5 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, 
PlGF 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 PlGF induces NFAT5 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 
NFAT5 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-1α 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 

findings show enhanced levels of HIF-1α transcripts and 
increased promoter activity in EnSCs upon PlGF 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 PlGF primed EnSCs secretome (CM) by display-
ing low levels of secreted VEGF-A despite the increase 
in HIF-1α 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 
VEGF-A [104, 105]. Another possible mechanism could 
be the activation of autocrine signaling in EnSCs, where 
secreted VEGF-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 PlGF upon HIF-1α activation in EnSCs could act 
as an antagonist to its structurally related analog VEGF-
A. HIF-1α transcriptional activity is known to be a key 
regulator of PlGF secretion [108, 109]. In line with this, 
HIF-1α -PlGF activation could be conserved as bidirec-
tional regulation in EnSCs. Therefore, the secreted PlGF 
could act as an antagonist for VEGF-A present in CM by 
formation of biologically inactive PlGF/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 PlGF-induced secreted factors on 
HUVECs by verifying its effects on angiogenic sprouting 
behaviour in HUVECs. VEGF-A is known to be mito-
genic for endothelial cells [111]. The binding of VEGF-
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]. VEGF-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, PlGF-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 PlGF-CM 
treated HUVECs, confirms poor notch regulation owing 
to low secreted VEGF-A by EnSCs. VEGF-A activates 
Dll4 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 
(Dll4) and upregulation of VEGFR2 protein explains the 
hypersprouting behaviour observed in PlGF-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 VEGF-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 PlGF 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 PlGF-induced 
increase in both Type1 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 PlGF. 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 

change in the composition of the ECM associated pro-
teins together with angiogenic imbalances in PlGF-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 PlGF-CM impaired barrier function in 
HUVECs (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 PlGF 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 PlGF 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 PlGF induced angiogenic 
pathway by promoting hypoxia and differentially regu-
lating angiogenic cues for pathological vessel develop-
ment. HIF-1α 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-1α 
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 PlGF. 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 PlGF 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 

[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 

Fig. 7  Graphical abstract describing the effect of pathological PlGF levels in altered uterine endometrial angiogenesis and its plausible role in PE pathol-
ogy. Aberrant levels of endometrial PlGF 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). PlGF mediated secreted factors supports abnormal vessel development in HUVECs, with dysregulation of Notch-VEGF signaling. Aberrant 
PlGF 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 PlGF. 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 PlGF 
and the corresponding circulating levels during early 
pregnancy driving abnormal pregnancy outcome remains 
unclear. PlGF, exists in at least four isoforms due to alter-
native mRNA splicing of the PlGF primary transcript 
[142, 143]. The main distinction amongst the four iso-
forms are that PlGF-1 and − 3 are non-heparin binding 
and can (potentially) affect targets in a paracrine manner, 
whereas PlGF-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 PlGF-1 and 
PlGF-2 and are thought to have different functions [143]. 
The addition of PlGF-1 to a spontaneously transformed 
first-trimester cytotrophoblast cell line stimulated cell 
proliferation whilst PlGF-2 had little effect [144]. In con-
trast, the addition of PlGF-1 had little effect on endothe-
lial cell proliferation while this was inhibited by PlGF-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 PlGF 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 β-galactosidase (data not 
shown). Taken together, we posit that aberrant expres-
sion of endometrial PlGF 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 PlGF 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 PlGF contributes to or 
is a result of these diseases remains to be determined 

[28, 29]. Furthermore, the knowledge on genetic deter-
minants of circulating pathological levels of PlGF 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 PlGF concen-
trations [28]. The plausible candidate genes identified to 
be associated with PlGF circulating levels were NRP1, 
FLT1 and RAPGEF5 [28]. Intriguingly these molecules 
have been implicated with different PE models [151–
153]. Another study by Vodolazkaia et al., reported that 
genetic variants in PlGF rs2268613 gene may increase 
the PlGF plasma levels [154]. These findings thus provide 
new candidate genes and new insights into mechanisms 
by which PlGF 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 PlGF 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 PlGF levels before preg-
nancy, potentially augmenting the expression of the 
PlGF-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 PlGF-NFAT5-SGK1 signaling axis in endo-
metrial stromal cells. While careful evaluation of the 
broad implications of PlGF 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.
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Supplementary Figure 1: a. NFAT5 gene expression value across the menstrual cycle in the proliferative (P)
and late secretory (LS) phase (GDS 2052). b-c. UMAP projections of the dataset from Single-cell
reconstruction of the early maternal-fetal interface in humans, b represents cell lineages of the decidua and
placenta, c represents NFAT5 expression across the different decidual and placental cell population.d. NFAT5
protein expression on endometrial tissue samples analyzed from Human Protein Atlas. NAFT5 is expressed
throughout the endometrium and staining was highest in the stroma near to the blood vessels e. NFAT5
gene expression value in the pre-symptamatic deciduas of PE patients compared with healthy (control)
pregnant deciduas (GDS 3467).
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Supplementary Figure 2: a. qPCR determining NFAT5 expression in EnSCs treated with varying
concentrations of PlGF (2.5 -50 ng/ml) for 24 hours. (n=4, *, p < 0.05) b. Original western blot
membrane of blots represented in figure 1b.
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Supplementary 3: a. Original Western blot analysis of NFAT5 protein with GAPDH as loading

control in untreated (Con), PlGF and HOsm treated EnSCs. b) Average NFAT5 protein levels

after 6 days treatment with PlGF and 3 h treatment with Hosm (n=4, **, p 0.01, ***, p < 0.001).

The samples are represented after normalization with untreated control (Con) (n=3). c)

Immunofluorescence images confirms nuclear translocation of NFAT5 from the cytosol when
activated by HOsm (n=3). Scale bar: 20 µm. Data represented as arithmetic mean ± SEM.

Significance was determined using student’s unpaired two-tailed t-test with Welch’s correction

method.



Supplementary 4

Supplementary Figure 4 : Original western blot membrane of blots
represented in figure 2a.
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Supplementary 5

Supplementary Figure 8 : a. . qPCR analysis of Notch target gene (Hes 1) in Con-CM and

PlGF-CM treated HUVECs. L19 was used as a housekeeping control. (n=4). b. Original

western blot membrane of blots represented in figure 4m.
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Supplementary 6

Supplementary Figure 8 : Original western blot membrane of blots represented in figure 5a.

C
o

n

P
lG

F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

C
o

n

P
lG

F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

C
o

n

P
lG

F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

SGK1
(45-60 kDa)

p-SGK1
(54 kDa)

C
o

n

P
lG

F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

C
o

n

P
lG

F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

C
o

n

P
lG

F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

GAPDH
(37 kDa)

VEGF-A
(27 kDa)

C
o

n

P
lG

F
si

SG
K

1
si

SG
K

1
 +

 P
lG

F
N

T

P
lG

F
si

SG
K

1
si

SG
K

1
 +

 P
lG

F

C
o

n

N
T

C
o

n
P

lG
F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

N
T P

lG
F

si
SG

K
1

si
SG

K
1

 +
 P

lG
F

C
o

n

N
T



Supplementary 7
N

o
tc

h
1

/L
1

9
 (

m
R

N
A

)

C
o

n
-C

M

P
lG

F
-C

M

s
iS

G
K

1
-C

M

s
iS

G
K

1
+
-P

lG
F

-C
M

0 .0

0 .5

1 .0

1 .5

* * * * *

* * *

N
o

tc
h

2
/L

1
9

 (
m

R
N

A
)

C
o

n
-C

M

P
lG

F
-C

M

s
iS

G
K

1
-C

M

s
iS

G
K

1
+
-P

lG
F

-C
M

0 .0

0 .5

1 .0

1 .5

2 .0

*

* * * *

* *

D
ll

4
/L

1
9

 (
m

R
N

A
)

C
o

n
-C

M

P
lG

F
-C

M

s
iS

G
K

1
-C

M

s
iS

G
K

1
+
-P

lG
F

-C
M

0 .0

0 .5

1 .0

1 .5

2 .0
*

* * * * *

* * *

N
o

tc
h

1
/L

1
9

 (
m

R
N

A
)

C
o

n
-C

M

P
lG

F
-C

M

s
iS

G
K

1
-C

M

s
iS

G
K

1
+
-P

lG
F

-C
M

0 .0

0 .5

1 .0

1 .5

* * * * *

* * *

N
o

tc
h

2
/L

1
9

 (
m

R
N

A
)

C
o

n
-C

M

P
lG

F
-C

M

s
iS

G
K

1
-C

M

s
iS

G
K

1
+

-P
lG

F
-C

M

0 .0

0 .5

1 .0

1 .5

2 .0

*

* * * *

* *

D
ll

4
/L

1
9

 (
m

R
N

A
)

C
o

n
-C

M

P
lG

F
-C

M

s
iS

G
K

1
-C

M

s
iS

G
K

1
+
-P

lG
F

-C
M

0 .0

0 .5

1 .0

1 .5

2 .0
*

* * * * *

* * *

a b

c d

e f

Supplementary Figure 7 : a-f. qPCR analysis of Notch receptors (Notch1 and Notch2), ligands

(Dll4 and Jagged-1) and target genes (Hey1and Hes1) in Con-CM and PlGF-CM treated

HUVECs. L19 was used as a housekeeping control. (n=4, *, p<0.05, **, p < 0.01).
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Supplementary Figure 8 : Original western blot membrane of blots represented in figure 6f.
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Abstract: Nuclear factor of activated T cells 5 (NFAT5) and cyclooxygenase 2 (COX2; PTGS2) both
participate in diverse pathologies including cancer progression. However, the biological role of the
NFAT5-COX2 signaling pathway in human endometrial cancer has remained elusive. The present
study explored whether NFAT5 is expressed in endometrial tumors and if NFAT5 participates in
cancer progression. To gain insights into the underlying mechanisms, NFAT5 protein abundance
in endometrial cancer tissue was visualized by immunohistochemistry and endometrial cancer
cells (Ishikawa and HEC1a) were transfected with NFAT5 or with an empty plasmid. As a result,
NFAT5 expression is more abundant in high-grade than in low-grade endometrial cancer tissue.
RNA sequencing analysis of NFAT5 overexpression in Ishikawa cells upregulated 37 genes and
downregulated 20 genes. Genes affected included cyclooxygenase 2 and hypoxia inducible factor 1α
(HIF1A). NFAT5 transfection and/or treatment with HIF-1α stabilizer exerted a strong stimulating
effect on HIF-1α promoter activity as well as COX2 expression level and prostaglandin E2 receptor
(PGE2) levels. Our findings suggest that activation of NFAT5—HIF-1α—COX2 axis could promote
endometrial cancer progression.

Keywords: endometrial cancer; hypoxia inducible factor 1α; cyclooxygenase 2

1. Introduction

Endometrial cancer (EnCa) is a frequent gynecological neoplasia and its incidence rate
has increased in the past years, especially in developed or high-income countries [1,2]. In
2020, the reported global incidence of EnCa was 417,367 and about 2.2% of newly diagnosed
cancer cases in that year, making it the sixth most commonly diagnosed cancer [3]. In
contrast to breast and cervical cancers, which are expected to decline significantly by 2030,
EnCa is expected to increase over the next decade [2,4,5]. The largest incident rate has
been reported in women aged 65–79 years [6]; however, alarmingly, EnCa is increasing
among younger age groups (25–49 years and 50–59 years) as well [7,8]. Risk factors for
EnCa include ethnicity (in particular Caucasians), poor diet (high salt/sugar) obesity,
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nulliparity, polycystic ovarian syndrome, estrogen-only hormone replacement therapy
(HRT), comorbidities such as hypertension or diabetes, and genetic predisposition (Lynch
and Cowden syndromes) [9–11]. As the world’s population increases, together with an
ageing population and the prevalence of risk factors, the number of individuals with EnCa
is expected to increase further.

EnCa is a hormone-sensitive disease thought to arise due to excessive estrogenic
stimulation of the endometrial lining of the uterus [4], though estrogen-independent
pathways are also known to participate in carcinogenesis. This aberrant stimulation leads
to mitogenic activation by hijacking physiological cellular mechanisms (i.e., the down
regulation of checkpoint mechanisms, thus leading to uncontrolled proliferation), ultimately
leading to malignant transformation and metastasis [11]. Cancer can advance when it
acquires six biological hallmarks of cancer development, including: persistent proliferation
signaling, evasion of growth suppressors, resistance to cell death, immortality, induction of
angiogenesis, and activation of invasion and migratory pathways [11,12]. The molecular
mechanisms behind these events involve a complex interplay of genetic, epigenetic, and
environmental factors that lead to the uncontrolled growth and division of cells [9,13]. The
survival outcomes are poor in patients with advanced disease, and hence, there is an urgent
need for identification and discovery of new molecular targets to improve the survival of
patients with EnCa.

Nuclear factor of activated T cells 5 (NFAT5/TonEBP) is a member of the Rel fam-
ily of transcriptional activators, which also includes nuclear factor κappa B (NFκB) and
NFAT1–4. NFAT5 has a DNA binding domain that is in sequence homology with the rel
homology domain (RHD) [14]. In contrast to its other isoforms (NFAT1–4), NFAT5 lacks a
calcineurin-binding domain outside of its DNA binding domain [14]. The NFAT5 protein
contains a leucine-rich nuclear export sequence (NES) followed by a proline-rich transac-
tivation domain (AD1) at the N-terminal. Further, it has low-complexity glutamine and
serine/threonine-rich regions (AD2 and AD3) at the C- terminal end. The three activation
domains (AD1, AD2, and AD3) act in coordination in response to hypertonicity [15,16].
NFAT5 is expressed in tissues that are often subjected to osmotic stress, such as the renal
medulla, eyes, and skin [17–19]. Separately from the well-known osmoprotective role
of NFAT5 in the renal medulla, NFAT5 is also activated in a tonicity-independent man-
ner, having broader implications in development, immune function, and cellular stress
responses [14]. Aberrant NFAT5 levels contribute to several pathologies, including hy-
poxia [20], vascular calcification [16,21], diabetes [22], inflammation [15,23], chronic kidney
disease [24], bacterial infection [25], and are seen in breast and lung cancer [26–28]. NFAT5
is also highly expressed in mouse, ovine, and human placenta and throughout gestation in
the mouse embryo, suggesting its critical role during embryonic development and fetal
maturation [29]. NFAT5’s involvement in cancer pathogenesis is not as extensively studied
as other transcription factors; however, there is evidence suggesting its potential impact on
tumor development. Studies have explored its involvement in breast cancer, renal cell car-
cinoma, and glioblastoma [30–32]. NFAT5 has been implicated in promoting cell survival
and proliferation in breast cancer cells via secretion of pro-angiogenic factors [30]. High
expression of NFAT5 levels in renal cell carcinoma has been correlated with various clini-
copathological features, including tumor stage, grade, and metastasis [31]. This suggests
NFAT5’s potential role in the aggressiveness and progression of tumor pathophysiology.
These findings suggest a potential role for NFAT5 in cancer pathogenesis; however, it has
not yet been described in EnCa.

Hypoxia (insufficient oxygen) is a common feature of most tumors [33,34]. Hypoxia-
inducible factors (HIFs) are often upregulated in cancer microenvironments and are known
to aggravate tumorigenesis by inducing epithelial–to–mesenchymal transition (EMT) and
induce a stem-cell-like phenotype, thus promoting cell survival [34,35]. A hypoxic environ-
ment can exacerbate tumorigenesis but is also involved in reducing therapeutic efficacy
of chemotherapeutic agents [17,36]. Thus, identifying new factors inducing and driving
hypoxia signaling in cancer progression is important in the development of new thera-
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peutic targets for EnCa. Several studies show that cellular activation of NFAT5 favors
transcriptional activation of HIF-1α [20,25,37]. NFAT5 and HIF-1α are known to coordinate
together [25]. As highlighted by Yang et al., coordinated functional regulation between
NFAT5 and HIF-1α is critically important in the pathogenesis of hypoxic-ischemic en-
cephalopathy [20]. The cooperation of NFAT5 and HIF-1α in the pathophysiology of EnCa
has not yet been defined.

In kidney and colon cancer models, NFAT5 has been shown to upregulate cyclooxy-
genase 2 (COX2; PTGS2) [38,39], an enzyme of paramount functional importance in both
normal and malignant endometrial tissue [40,41]. Strikingly, inflammation-associated
COX2 activation is also known to enhance HIF-1α activity in some tumor models such
as breast and lung cancer [42,43]. HIF-1α-dependent COX2 activation is shown to pro-
mote proliferation, inflammation, and tumor metastasis [44]. It is currently unknown if
NFAT5 is present in endometrium and if there is a putative link to NFAT5 activation and
HIF-1α/COX2 signaling axis in EnCa progression.

The present study thus explored whether NFAT5 is expressed in human endometrial
cancer tissue, whether NFAT5 expression in endometrial cancer cells is sensitive to HIF-1α,
and investigated whether NFAT5 activation influences the expression of HIF-1α and COX2
signaling cascade in EnCa pathogenesis.

2. Results

The present study explored the expression and function of the transcription factor
NFAT5 in endometrial cancer. A total of 26 cases were selected at random (between
2014–2016, Table 1). From the cohort, n = 15 were over the age of 60 and the vast majority of
the cases had a post-menopausal status. Of the cases investigated the n = 24 were classified
as Endometriod and two were Serous histotype.

Table 1. Clinical characteristics of study cohort.

Clinical
Characteristics Total

NFAT5 Score
p-Value

1 2 3

Age > 60 years 15 (100%) 5(33.3%) 6 (40%) 4 (26.7%) p = 0.941
Age < 60 years 11 (100%) 3 (27.3%) 5 (45.5%) 3 (27.3%)

Premenopausal 7 (100%) 3 (42.9%) 3 (42.9%) 1 (14.3%)
Postmenopausal 19 (100%) 5 (26.3%) 8 (42.1%) 6 (31.6%) p = 0.599

Endometriod 24 (100%) 8 (33.3%) 9 (37.5%) 7 (29.2%) p = 0.228
Serous 2 (100%) 0 (0%) 2 (100%) 0 (0%)

Grade 1/2 15 (100%) 8 (53.3%) 7 (46.7%) 0 (0%) p < 0.001
Grade 3 11 (100%) 0 (0%) 4 (36.4%) 7 (63.6%)

pT1a 15 (100%) 7 (46.7%) 7 (46.7%) 1 (6.7%) p = 0.091
pT1b 6 (100%) 0 (0%) 3 (50%) 3 (50%)
pT2 2 (100%) 1 (50%) 0 (0%) 1 (50%)
pT3a 3 (100%) 0 (0%) 1 (33.3%) 2 (66.7%)

pT1a 15 (100%) 7 (46.7%) 7 (46.7%) 1 (6.7%) p = 0.014
>pT1b 11 (100%) 1 (9.1%) 4 (36.4%) 6 (54.5%)

Regional Nodes pN0 21 (100%) 7 (33.3%) 10 (47.6%) 4 (19%) p = 0.176
Regional Nodes pN1 5 (100%) 1 (20%) 1 (20%) 3 (60%)

Metastatsis 0 20 (100%) 7 (35%) 10 (50%) 3 (15%) p = 0.043
Metastatsis 1 6 (100%) 1 (16.7%) 1 (16.7%) 4 (66.7%)

Lymph Vessel L0 19 (100%) 8 (42.1%) 7 (36.8%) 4 (21.1%) p = 0.114
Lymph Vessel L1 7 (100%) 0 (0%) 4 (57.1%) 3 (42.9%)
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The overall score of the staining intensity typically has the following categories: weak
(score 1), moderate (score 2), and strong (score 3) [45]. Immunostaining was performed
on formalin fixed, paraffin-embedded (FFPE) archival endometrial tumor tissue and in-
vestigated for NFAT5 expression. As apparent from immunohistochemistry (Figure 1a
and Table 1) in low-grade (G1, G2) endometrial cancer tissue, NFAT5 staining showed
low to intermediate cytoplasmic intensity (score 1) in the tumor cells, which is less than
the moderate staining in neighboring endothelial cells (score 2) serving as an internal
reference. In contrast, NFAT5 expression shows a strong and block-like expression pat-
tern in high-grade endometrioid carcinomas (G3) with particularly strong staining in the
perivascular area and on the leading edge. The staining intensity is clearly homogenous
and stronger (score 3) than in the adjoining endothelial cells (moderate intensity, score
2). Benign endometrium showed intense expression (score 3) in proliferating glands and
reduced or low expression (score 1) in non-proliferating cells in the secretory phase. We
observed a significant association between a higher grade and intense NFAT5 staining
(p < 0.001). Additionally, with cases diagnosed with pT1b and higher (i.e., invasion into
the outer half of the myometrium), we noticed a significant association with an increase of
NFAT5 staining (p = 0.014). An increase with NFAT5 staining is also significantly associated
with metastasis (p = 0.043). The staining pattern of NFAT5 was similar in other G1 and the
G3 cases verified in this study (Supplementary Figure S1).
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Figure 1. NFAT5 expression in Grades 1 and 3 endometrial cancer tissues. (a). Representative images 
of NFAT5 immunohistochemistry expression analysis in Grade 1 (n = 15) and Grade 3 (n = 11) 
endometrial cancer tissue. Staining shows excessive NFAT5 expression in Grade 3 tumor samples 
compared to Grade 1. Scale bar—100 µm. (b). In parallel, mRNA expression level of NFAT5 from 
FFPE tissue samples was quantified by qRT-PCR, *, p < 0.05 based on unpaired t-test. Data were 
normalized to ribosomal housekeeping gene, L19. 

To gain further insight into the role of NFAT5 overexpression in high-grade 
endometrial cancer, we used Ishikawa cells, a well-used model of adenocarcinoma cancer 
[46]. Total RNA was harvested from four independent cultures, following transfection 
with either NFAT5 overexpression plasmid or an empty vector for 24 h.  

After accounting for variations between cultures, the effect of NFAT5 overexpression 
on the gene expression pattern in Ishikawa cells was observed to be highly consistent. 
Based on FDR < 0.05 and log2FC ≥ 0.3 (corresponding to actual fold change ≥ 1.23), we 
identified 57 differently regulated genes that were significantly altered upon NFAT5 
overexpression in Ishikawa cells (Figure 2a), of which 37 genes were upregulated and 20 
genes were downregulated. Genes upregulated significantly upon NFAT5 overexpression 

Figure 1. NFAT5 expression in Grades 1 and 3 endometrial cancer tissues. (a). Representative
images of NFAT5 immunohistochemistry expression analysis in Grade 1 (n = 15) and Grade 3 (n = 11)
endometrial cancer tissue. Staining shows excessive NFAT5 expression in Grade 3 tumor samples
compared to Grade 1. Scale bar—100 µm. (b). In parallel, mRNA expression level of NFAT5 from
FFPE tissue samples was quantified by qRT-PCR, *, p < 0.05 based on unpaired t-test. Data were
normalized to ribosomal housekeeping gene, L19.

In parallel, total RNA was collected from the same FFPE blocks and subjected to
qRT-PCR. RNA data revealed that NFAT5 transcript levels were also significantly higher
in G3 (aggressive) tumor tissues (Figure 1b, *, p = 0.0130) compared to low-grade G1
tumor tissues.

To gain further insight into the role of NFAT5 overexpression in high-grade endome-
trial cancer, we used Ishikawa cells, a well-used model of adenocarcinoma cancer [46]. Total
RNA was harvested from four independent cultures, following transfection with either
NFAT5 overexpression plasmid or an empty vector for 24 h.

After accounting for variations between cultures, the effect of NFAT5 overexpression
on the gene expression pattern in Ishikawa cells was observed to be highly consistent.
Based on FDR < 0.05 and log2FC ≥ 0.3 (corresponding to actual fold change ≥ 1.23), we
identified 57 differently regulated genes that were significantly altered upon NFAT5 over-
expression in Ishikawa cells (Figure 2a), of which 37 genes were upregulated and 20 genes
were downregulated. Genes upregulated significantly upon NFAT5 overexpression in
Ishikawa cells include leucine-rich repeat containing G protein-coupled receptor 6 (LGR6)
(log2FC = 1.749), NFAT5 (log2FC = 2.705), prostaglandin-endoperoxide synthase 2 (PTGS2,
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which encodes for COX2 protein) (log2FC = 0.320), netrin 4 (NTN4) (log2FC = 0.476), and
angiogenin (ANG) (log2FC = 0.566). NFAT5 overexpression in Ishikawa downregulated
genes like ankyrin repeat domain 1 (ANKRD1) (log2FC = −0.855) coding, a transcrip-
tion factor that positively regulates apoptosis [47] and amine oxidase copper containing
3 (AOC3) (log2FC = −0.358), which at low levels is associated with poor prognosis in
cancers [48]. Although HIF1A (log2FC = 0.104, FDR < 0.05) and estrogen receptor 1 (ESR1)
(log2FC = −0.22, FDR < 0.05) were not differentially expressed based on the differential
expression thresholds we used in this study, we observed modest but significant changes
in their expressions too upon NFAT5 overexpression. The log2 fold change values of dif-
ferential gene expression between the control and NFAT5 overexpression in Ishikawa, for
genes of interest, are represented in Figure 2b. Taken together, these results show there is an
increase of PTGS2 and HIF1A transcripts after overexpression of NFAT5 in Ishikawa. The
complete set of differently expressed genes are shown in Supplementary Table S1. In order
to examine the role of molecules predicted to be involved in the pathways relevant for
cancer progression, we used Ingenuity Pathway Analysis (IPA), a bioinformatics tool from
QIAGEN, to examine the underlying molecular mechanisms. Supplementary Figure S2
points to a strong association with activation of PTGS2 (COX2) signaling upon NFAT5
overexpression in Ishikawa cells.
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Figure 2. Gene expression alteration in Ishikawa cells with NFAT5 overexpression. (a). Heat-
map shows gene expression alteration by NFAT5 overexpression in Ishikawa cells (FDR < 0.05 and
log2FC ≥ 0.3). Upregulation and downregulation of genes are shown by red and blue color coding,
respectively. (b). Box and whisker plots of log2 fold change of genes of interest in control and NFAT5
overexpressed Ishikawa cells.

To test whether induction of NFAT5 expression in Ishikawa cells is sensitive to hypoxia,
cells were treated with a known cell permeable prolyl-4-hydroxylase (PHD) inhibitor [49],
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dimethyloxalylglycine (DMOG) (0.5 mM DMOG for 24 h). PHD is involved in degradation
of HIF-1α and during hypoxia, PHD is blocked due to limited oxygen, leading to HIF-1α
stabilization and an increase in downstream target gene activation [49]. DMOG is known to
suppress PHD activity and stabilize HIF-1α levels, thus maintaining hypoxic environment
both in vitro and in vivo conditions [49–51]. Ishikawa was treated with DMOG for 24 h and
total RNA was extracted. qRT-PCR was performed for NFAT5 gene expression analysis.
As shown in Figure 3a (n = 6; *, p = 0.0107), DMOG treatment was indeed followed by
a significant increase of NFAT5 transcript levels. Western blotting was employed to test
whether the stimulation of NFAT5 transcription was followed by an increase of protein
expression. As illustrated in Figure 3b and Supplementary Figure S3 (n = 6; ****, p < 0.0001),
the effect of DMOG on NFAT5 transcript levels was paralleled by a highly significant
increase in NFAT5 protein abundance in Ishikawa cells.
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PCR. Data were normalized to L19 and presented as mean ± SEM. (n = 6; *, p < 0.05). (b). NFAT5
protein abundance was investigated by SDS-PAGE and western blot analysis. Ishikawa cells were
treated with 0.5 mM DMOG for 24 h. Data were normalized to each corresponding level of pan-actin
and shown as mean ± SEM. (n = 6; ****, p < 0.0001, a.u: arbitrary unit). (c). mRNA expression level
of NFAT5, HIF1A, and PTGS2 were quantified by qRT-PCR. Ishikawa cells were transfected with
NFAT5 overexpression plasmid for 24 h (n = 5; **, p < 0.01, ****, p < 0.0001). (d). NFAT5 and PTGS2
protein abundance were investigated by SDS-PAGE and western blot analysis using the indicated
antibodies. Ishikawa cells were transfected with NFAT5 overexpression plasmid for 24 h (n = 6;
*, p < 0.05; **, p < 0.01). (e). Luciferase activity of HIF-1α that was normalized to renilla post Ishikawa
cells transfected with NFAT5 overexpression plasmid for 24 h (n = 6; ****, p < 0.0001). (f). mRNA
expression level of PTGS2 was quantified by qRT-PCR. Ishikawa cells were treated with 0.5 mM
DMOG for 24 h (n = 6; **, p < 0.01). (g). COX2 protein abundance was investigated by SDS-PAGE and
western blot analysis using the indicated antibodies. Ishikawa cells were treated with 0.5 mM DMOG
for 24 h (n = 6; **, p < 0.01).

To gain insight into whether enhanced expression of NFAT5 can induce the HIF-1α
signaling axis, Ishikawa cells were first transfected with either NFAT5 overexpression
plasmid or an empty vector for 24 h and then subjected to qRT-PCR. As illustrated in
Figure 3c (n = 5; **, p = 0.002, **, p = 0.005, ****, p < 0.0001), NFAT5 transfection was followed
by the expected up-regulation of NFAT5 transcript levels and by a significant increase
of HIF1A and PTGS2 transcript levels. As illustrated in Figure 3d and Supplementary
Figure S3 (n = 6; *, p = 0.037; **, p = 0.008), the effect of NFAT5 transfection on NFAT5
and PTGS2 transcript levels was paralleled by a similar increase of NFAT5 and COX2
protein abundance. As shown in Figure 3e (n = 6; ****, p < 0.0001), NFAT5 overexpression
significantly increased HIF-1α activity, as measured by hypoxia response elements (HRE)-
luciferase. These data suggest that NFAT5 can induce HIF1A transcription and activity
in Ishikawa cells. Further, HIF-1α activation can increase COX2 levels in colon cancer
cells [43,52]. To test this hypothesis in endometrial carcinoma cells, the next series of
experiments tested whether COX2 expression is sensitive to DMOG (i.e., hypoxia). As
illustrated in Figure 3f (n = 6; **, p = 0.001), DMOG treatment in Ishikawa cells was
followed by a significant increase of PTGS2 transcript levels. Following an increase of
PTGS2 gene expression, we observed an increase of COX2 protein abundance (Figure 3g
and Supplementary Figure S3, n = 6; **, p = 0.001) upon DMOG treatment in Ishikawa cells.

NFAT5 has been shown to upregulate PTGS2 gene expression (COX2) [33,34]. In turn,
COX2 activation is also known to enhance HIF-1α activity in breast and lung cancer [37,38].
To address whether NFAT5 overexpression can lead to a more aggressive state, we moni-
tored cell cycle progression, cell proliferation, and cell migration in Ishikawa cells trans-
fected with NFAT5 plasmid. The examination of the cell cycle profile (Figure 4a, n = 7;
*, p = 0.012) revealed a higher proportion of cells in the S phase upon NFAT5 overexpression,
indicating an augmentation in DNA replication compared to the control. Cells present at
G0/G1 phase of the cycle showed no difference between the control and NFAT5-transfected
population. Further, we observed fewer numbers of NFAT5-transfected cells at the G2/M
phase compared to the control cells. As shown in Figure 4b (n = 4; **, p = 0.002), the
overexpression of NFAT5 resulted in a significant increase in cell proliferation as estab-
lished with BrdU ELISA. Furthermore, the wound healing assay demonstrated a significant
enhancement in cell migration in Ishikawa cells at 24 h post scratch following NFAT5
overexpression (Figure 4c,d, n = 4; **, p = 0.002).
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5e (n = 6; **, p = 0.005), NFAT5 transfection and DMOG treatment in Ishikawa cells both 
exerted a strong stimulating effect on HIF-1α promoter activity, which was further 
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Figure 4. Effect of NFAT5 overexpression in Ishikawa biological activity. (a). FACS assisted cell cycle
analysis on control and NFAT5 overexpressed Ishikawa cells (n = 7; *, p < 0.05). (b). Cell prolifer-
ation analysis on control and NFAT5 overexpressed Ishikawa cells with BrdU ELISA assay (n = 4;
**, p < 0.01). Data were normalized to each control and shown as mean ± SEM. (c). Representative
bright field images of wound healing scratch assay on the control and NFAT5-overexpressed Ishikawa
cells. (d). Wound closure rate on the control and NFAT5 overexpressed Ishikawa cells 24 h post
scratch (n = 4; **, p < 0.01), scale bar—200 µm.

To test if there is positive feedback between NFAT5 and hypoxia, we transfected
Ishikawa cells with NFAT5 overexpression plasmid followed by DMOG treatment or
DMOG alone. As a result (Figure 5a, n = 6; *, p = 0.0117; **, p = 0.0064), we observed signifi-
cantly higher NFAT5 and PTGS2 transcript levels compared with only DMOG treatment.
As illustrated in Figure 5b–d and Supplementary Figure S4 (n = 5; *, p < 0.05; **, p < 0.01;
***, p < 0.001, ****, p < 0.0001), the effect of NFAT5 transfection and DMOG treatment
was paralleled by a similar increase of NFAT5 and COX2 protein abundance compared
to cells treated with DMOG alone. To explore the putative link with NFAT5 and hypoxia,
HIF-1α promoter activity was thus quantified by dual-luciferase reporter assays with prior
24 h NFAT5 transfection and/or treatment with DMOG. As illustrated in Figure 5e (n = 6;
**, p = 0.005), NFAT5 transfection and DMOG treatment in Ishikawa cells both exerted a
strong stimulating effect on HIF-1α promoter activity, which was further increased by com-
bined NFAT5 transfection and DMOG treatment. These results were also paralleled by an
increase in secreted PGE2 levels in Ishikawa cells with a significant difference observed in
cells with combined NFAT5 transfection and DMOG treatment Figure 5f (n = 4; *, p = 0.024,
p = 0.012).
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Figure 5. Synergistic effect of NFAT5 overexpression and DMOG on COX2 transcript and protein
levels in Ishikawa cells. (a). mRNA expression level of NFAT5 and PTGS2 quantified by qRT-PCR.
Ishikawa cells were treated with 0.5 mM DMOG for 24 h post with or without 24 h transfection
with NFAT5 overexpression plasmid. Data were normalized to L19 and presented as mean ± SEM.
(NFAT5, n = 6; *, p < 0.05; **, p < 0.01). (b–d). NFAT5 and COX2 protein abundance were investigated
by SDS-PAGE and western blot analysis using the indicated antibodies. Ishikawa cells were subjected
to with or without NFAT5 transfection followed by treatment with or without DMOG. Data were
normalized to each corresponding level of pan-actin and shown as mean ± SEM. (n = 5; *, p < 0.05;
**, p < 0.01; ***, p < 0.001, ****, p < 0.0001, a.u: arbitrary unit). (e). Effect of hypoxia on HIF-1α
induction with or without NFAT5 transfection using Luciferase promoter assay. Data shown as mean
± SEM. (n = 6; **, p < 0.01). (f). Effect on PGE2 levels with or without NFAT5 transfection, followed
by treatment with or without DMOG (0.5 mM, 24 h). Data shown as mean ± SEM. (n = 4; *, p < 0.05).

In order to test whether NFAT5 overexpression is sensitive to hypoxia in an alternative
endometrial cell line, HEC1a cells were initially transfected with either an NFAT5 overex-
pression plasmid or an empty vector for a duration of 24 h. Subsequently, the cells were
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treated with or without DMOG at a concentration of 0.5 mM for an additional 24 h. Sup-
plementary Figure S5a demonstrates that the NFAT5 overexpression followed by DMOG
treatment did induce an increase in NFAT5 protein expression higher than that following
only DMOG treatment in HEC1a cells (n = 3, *, p = 0.014). Furthermore, analysis of HIF-1α
promoter activity showed a significant elevation upon NFAT5 overexpression and a further
increase upon DMOG treatment (Supplementary Figure S5b, n = 4, ***, p < 0.001). Investi-
gation on HEC1a migratory potential upon NFAT5 overexpression revealed an increase in
cell migration at 24 h with the wound scratch assay (Supplementary Figure S5c). Taken
together, these results confirm NFAT5 responsive hypoxia induction in HEC1a, verifying
NFAT5 relevance in other adenocarcinoma cell lines.

3. Discussion

There has been an astonishing increase of reports describing the role of NFAT5 in
tonicity-independent manner with its effects in cell development and human
diseases [27,28,53–55]. NFAT5 is a pleiotropic stress protein with a protective role in
cellular adaption to osmotic stress, bacterial infection, and genotoxin-induced DNA dam-
age [18,56]. NFAT5-mediated pathological responses can result in human pathologies such
as autoimmune diseases, acute kidney injury, hepatocellular carcinoma, atherosclerosis,
and obesity [15,56–58]. Importantly, downregulation of NFAT5 reduces inflammation and
thereby renders a protective role in preventing these diseases [15]. NFAT5, as a protec-
tive factor, is well studied; however, its role in endometrium and tumor progression and
metastasis is still in its infancy.

In our study, we report that expression of NFAT5 was significantly higher in more
aggressive (G3) endometrial cancer tissues than in corresponding non-tumor, low-grade
(G1) tissues. Staining was highest around blood vessels and the leading edge. Our study
was using a small proof-of-concept cohort and further larger clinical cohorts are required to
validate our findings. To gain further insight of NFAT5 overexpression and establish a com-
prehensive analysis of aberrantly expressed genes after NFAT5 overexpression in Ishikawa
cells (well used model cells of endometrial adenocarcinoma [59]), RNA-sequencing was
performed. NFAT5 plasmid transfection into Ishikawa cells upregulated 37 genes and
downregulated 20 genes. In keeping with its established role, many of the NFAT5-regulated
genes were related to osmoregulation and/or support cell survival in hypertonic envi-
ronment (e.g., aldo-keto reductase family 1 member b (AKR1B1), solute carrier family
6 member 12 (SLC6A12), and ATPase Na+/K+ transporting subunit beta 1 (ATP1B1) [19,60].
Interestingly, altered genes after NFAT5 overexpression in Ishikawa cells included PTGS2
and HIF1A. Given the hypoxia-sensitivity of NFAT5 expression, we posit that local hy-
poxia of advanced cancer tissue contributes to or even accounts for upregulation of NFAT5
expression in EnCa [25,53,61].

It has been established that HIF-1α regulates oxygen homeostasis in the tumor microen-
vironment and can elevate COX2 expression by regulating it at transcriptional level [52,62].
Further, it has also been linked with increased levels of PGE2 and cancer progression [52].
These results are in concordance with our findings reported here. Along this line, NFAT5
transfection in Ishikawa cells exerted a strong stimulating effect on HIF-1α promoter activ-
ity. Furthermore, the HIF-1α-stabilizing prolylhydroxylase inhibitor, DMOG, significantly
increased NFAT5 transcript levels and protein abundance in Ishikawa cells. Thus, our re-
sults show that NFAT5 upregulates HIF1A transcription and promoter activity in Ishikawa
cells. Further, the stimulation of HIF-1α via NFAT5 with DMOG augments the response,
and thus establishes a positive feedback loop.

COX2 is a well-known mediator of pro-tumorigenic inflammation. It is upregulated
in many cancers and is involved in tumor progression [63,64]. COX2 is responsible for
the synthesis of prostanoids (prostaglandins, prostacyclin, and thromboxane) from the
precursor arachidonic acid [65]. Prostaglandins trigger the release of proinflammatory
chemokines [66,67]. Indeed, it is now well established that inflammation is a critical
and enabling characteristic of tumorigenesis [68]. Our results show an increased trend
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of PGE2 levels upon NFAT5-COX2 signaling activation in Ishikawa cells. The ELISA
approach employed in this study holds some limitations such as its inability to detect low
levels of secreted PGE2 or that considering its rapid half-life, it is not able to detect PGE2
quickly [69]. Therefore, we propose the future utility of liquid-chromatograph-based mass
spectroscopy (LC-MS/MS) approaches evaluating these lipid molecules. Meanwhile, it is
also worthy to analyze if other isoforms of prostanoids are regulated upon NFAT5-mediated
COX2 activation.

This synergism towards tumor progression and metastasis makes COX2 a potential
therapeutic target. Since chemoresistance is very closely associated with hypoxia and COX2
overexpression in tumor, inhibiting of COX2 activity may result in increased effectiveness
of cancer therapies (chemotherapy and radiation) [70]. Furthermore, selective inhibition
of COX2 with nimesulide was successful in able to reducing tumor formation in a mouse
hypoxic tumor model. Further work is warranted to verify if this can be confirmed in
humans [71].

We show that NFAT5 transfection and DMOG treatment were followed by significant
increases of transcript levels and protein abundance of COX2, another signaling molecule
sensitive to hypoxia [52,72]. NFAT5 has previously been shown to increase the expression
of serum/glucocorticoid regulated kinase 1 (SGK1) [54,73], which is known to trigger
the degradation of the inhibitor protein IκBα, thus allowing nuclear translocation of the
transcription factor NFκB [74]. Genes up-regulated by NFκB activation include PTGS2 [58]
and HIF1A [25]. Intriguingly, NFAT5 has been suggested to play a role in EMT, a process
where epithelial cells adopt to a mesenchymal phenotype [31]. EMT is associated with
increased invasiveness and metastatic potential of cancer cells [75]. Whether NFAT5 plays
a direct role in EMT progression in endometrial cells remains to be tested.

Based on the above results, we propose that overexpression of NFAT5 might have an
important role in the progression of EnCa even though the exact mechanism on enhanced
NFAT5 expression corresponding with tumor aggression is unknown. There are several
possible risk factors associated. EnCa is strongly associated with obesity, poor diet, and
sedentary lifestyle [1,10,76]. A high-salt diet induces over-expression of inflammatory
mediators, adhesive molecules, and coagulation mediators [76,77]. It was shown that a
high-salt diet increased NFAT5, activating macrophages and fibrin deposition [78]. Further,
excessive salt is reported to alter the expression of many pro-inflammatory cytokines such
as TNF, IL-6, and PGE2 mediated via NFAT5 transcriptional activity [79].

Similarly, high glucose uptake contributes to elevated NFAT5 levels and contributes to
pathophysiology, as observed earlier in diabetic retinopathy and diabetes mellitus [22,80,81].
High levels of NFAT5 are associated with the development of obesity and insulin resistance.
Lee at al. reported greater than a 50-fold increase in NFAT5 expression in response to
high-fat diet in mouse models [57]. It has been demonstrated that NFAT5 can epigenetically
suppress the transcriptional activity of peroxisome proliferator-activated receptor gamma
(PPARγ), which modulates nutrient and energy metabolism [57]. Hence, it could be
postulated that in obese women, characterized expansion of adipose tissue could cause
pathological conditions like hypoxia and hypothermic resistance, which mediates elevated
NFAT5 expression. Thus, high dietary salt/sugar/fat consumption might upregulate
NFAT5, thereby contributing to local inflammation and promoting a tumorigenic-potential-
like microenvironment.

Apart from dietary or lifestyle factors, genetic predisposition to dysregulated NFAT5
activity could also be a high risk factor. Single-nucleotide polymorphisms (SNPs) in NFAT5
introns with cis-expression quantitative trait loci that affect its transcriptional function are
reported [14]. These SNPs are associated with the risk of high blood pressure, diabetes
mellitus, diabetic nephropathy, and inflammation, suggesting that genetic variation in
NFAT5 transcription might contribute to pathological phenotypes [14,22,56,82]. Further
work is required to confirm these findings in relation to EnCa.

In summary, our study indicates that high levels of NFAT5 are associated with more
aggressive endometrial cancers. Further, overexpression of NFAT5 leads to activation of
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HIF-1α and COX2 followed by higher PGE2 levels, which may support the development
of more aggressive tumors. Even though the exact underlying mechanism that drives
aberrant expression of NFAT5 in tumor tissues remains elusive, the advent of selective
COX2 inhibitors as anti-cancer therapies could be a useful tool for EnCa. In conclusion,
NFAT5 is expressed in high-grade endometrial tumor tissue and upregulates many genes
including HIF1A and PTGS2, which may participate in malignant tumor pathogenesis.

4. Materials and Methods
4.1. Clinical Sample Collection

A series of 26 endometrial carcinomas (Table 1) from FFPE tumor samples (obtained
from surgical specimens, retrospective samples from 2014–2016) from the Women’s Univer-
sity Hospital of Tübingen (Tübingen, Germany) were ethically obtained. All carcinomas
were centrally reviewed by gynecologic pathology subspecialty pathologists to ensure that
the tumor was correctly subtyped based on well-established pathological criteria.

4.2. Immunohistochemistry

Immunostaining was performed on formalin fixed, paraffin-embedded archival tissue.
The paraffin blocks were sliced into 2.5 µm thick sections onto glass slides. The slides
were loaded onto the automated slide stainer on the VENTANA BenchMark Series In-
struments (Roche Diagnostics, Mannheim, Germany) for staining. The paraffin sections
were deparaffinized with Ez prep (#950-102, Roche Diagnostics). Antigen retrieval was
achieved by incubating slides with CC1 (#950124, Roche Diagnostics) for 64 min at 37 ◦C.
Endogenous peroxidases were quenched by incubating the slides with pre-primary per-
oxidase inhibitors. The slides were then incubated with a primary antibody for NFAT5
(#NB120-3446, Novus Bio, Wiesbaden-Nordenstadt, Germany, 1:250) for 20 min at 37 ◦C.
The bound primary antibody was detected using an OptiView DAB IHC Detection Kit
(#760-700, Roche Diagnostics) following the manufacture’s protocol. The immunohisto-
chemical reaction was assessed with Nikon Eclipse E200 light microscope with Nikon
DS-Fi1 digital camera (Nikon, Amstelveen, The Netherlands). Complete negative staining
equals a score of 0, 0–10% score 1, 10–50% score 2, and >50% score 3. This analysis was
independently performed by 2 pathologists (A.S., I.P.).

4.3. Cell Culture

Two well-differentiated endometrial carcinoma cell lines Ishikawa (type 1 endometri-
alcarcinoma, ECACC #99040201, Sigma-Aldrich, Taufkirchen, Germany, RRID: CVCL_2529)
and HEC1a (type2 endometrial adenocarcinoma, #HTB-112, ATCC, Wesel, Germany, RRID:
CVCL_0293) were cultured in a humidified atmosphere of 5% CO2 at 37 ◦C in Dulbecco’s
modified Eagle’s medium F-12 (DMEM: F12) (#11039-021, Invitrogen, Darmstadt, Ger-
many), which was phenol-free and supplemented with 10% (v/v) FBS (#10270-106, Invitro-
gen); the FBS was replenished every 48 h. Cells were passaged when the confluency reached
at 80%. When performing experiments, cells were cultured in DMEM: F12 phenol-free
supplemented with 2% (v/v) FBS medium containing antibiotics. Cells were treated with
dimethyloxalylglycine (DMOG) (#D3695; Sigma-Aldrich, 0.5 mM) for 24 h. All work was
carried out in a Class I laminar flow hood. Cells were routinely tested for mycoplasma and
always gave a negative result.

4.4. Plasmid DNA Transfection

Ishikawa or HEC1a cells were plated in 6-well plates at a density of 200,000 cells
per well in 2% media as described above. Ishikawa cells were transfected with plas-
mid DNA (2.5 ng/µL) encoding human NFAT5 in pcDNA6V5-HisC vector [54] by using
Lipofectamine LTX DNA transfection reagent (#15338-100, Invitrogen) according to the
manufacturer’s protocol. After 24 h the transfection mix was removed and the cells were
treated with DMOG (0.5 mM) for another 24 h. Control cells remained untreated. Post
treatment cells were collected for downstream analysis.
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4.5. RNA Sequencing and Data Analysis

Total RNA samples were extracted by using miRNeasy Mini kit (#217084, QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol. RNA concentration and
quality were measured by using a photometric measurement of nucleic acid approach
with Varioskan LUX (Thermo Fisher Scientific, Sindelfingen, Germany). RNA quality
was assessed with an Agilent 2100 Bioanalyzer system (Agilent Technologies, Waldbronn,
Germany). Samples with high RNA integrity (>8) were selected for library construction.
Using the NEBNext Ultra II Directional RNA Library Prep Kit (#E7760S, New England
Biolabs GmbH, Frankfurt am Main, Germany) for Illumina and 100 ng of total RNA for
each sequencing library, poly(A) selected sequencing libraries were generated according to
the manufacturer’s instructions. All libraries were sequenced on the Illumina NovaSeq 6000
(Illumina, San Diego, CA, USA) platform in paired-end mode with read length 50 bp and at
a depth of approx. 70 million clusters each. Library preparation and sequencing procedures
were performed by the same individual and a design aimed to minimize technical batch
effects was chosen. Quality of raw RNA-seq data in FASTQ files was assessed using ReadQC
(https://github.com/imgag/ngs-bits) to identify potential sequencing cycles with low
average quality and base distribution bias. Reads were pre-processed with skewer (version
0.2.2) and aligned using STAR (version 2.5.4a) allowing spliced read alignment to the human
reference genome (GRCh37). Alignment quality was analyzed using MappingQC (https:
//github.com/imgag/ngs-bits) and visually inspected with Broad Integrative Genome
Viewer (IGV, version 2.3.1). Based on the Ensemble genome annotation (GRCh37 v75), read
counts for all genes were obtained using subread (version 1.6.0).

For differential expressed gene (DEGs) analysis, raw gene read counts were filtered
to only retain genes with at least 1 cpm (count per million) in at least two samples,
leaving > 15,000 genes for determining differential expression in the pair-wise compar-
isons be-tween experimental groups. The analysis was performed with edgeR [83–85]
(version 3.40.2) that uses a statistical framework based on negative binomial distributions
and gene-wise testing using generalized linear models. Genes with absolute log2FC ≥ 0.3,
and false discover rate (FDR) < 0.05 were considered DEGs and used for downstream
analysis. Functional enrichment analysis of DEGs were performed by using gprofiler2 [86]
in R by using default parameter values. The gprofiler2 R package utilizes the hyperge-
ometric test, along with correction for multiple testing, to detect statistically significant
(over-represented) functional annotations from diverse set of resources such as GO [87],
KEGG [88], Reactome [89], and human disease annotations [90] etc., all through a sin-
gle command. In this paper, we have shown only the top 10 functional terms on the
corresponding plots and have provided the complete list in the Supplementary Table S1.

4.6. Ingenuity Pathway Analysis (IPA)

Pathway enrichment analysis on NFAT5 overexpression in Ishikawa cells was analysied
with a web-based bioinformatics application, Qiagen IPA platform. Data were analyzed
with the use of QIAGEN IPA (QIAGEN Inc., https://digitalinsights.qiagen.com/IPA).

4.7. Messenger RNA (mRNA) Extraction and Quantitative Real-Time Reverse Transcriptase PCR
(qRT-PCR)

Total RNA was extracted from cells using TRizolTM reagent (#15596026, Invitrogen).
One µg of total RNA was utilized to synthesize cDNA using the MaximaTM H Minus
cDNA Synthesis Master Mix with dsDNase (#M1681, Invitrogen). mRNA concentration
was measured by using a Nanodrop. qRT-PCR was performed on the QuantStudio 3
Real-Time PCR System (Invitrogen) by using sets of gene-specific primers (Table 2). The
cycling conditions were; hold stage for 20 s at 95 ◦C and PCR stage with 40 cycles of 1 s at
95 ◦C and 20 s at 60 ◦C. The relative differences in PCR product amounts were quantified by
the 2−∆∆CT method [91], using ribosomal L19 (L19) as an internal control [92]. Experiments
were performed in triplicate. Melting curve was utilized to confirm amplification speci-

https://github.com/imgag/ngs-bits
https://github.com/imgag/ngs-bits
https://github.com/imgag/ngs-bits
https://digitalinsights.qiagen.com/IPA
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ficity. All the gene-specific primers used in this study was designed using Primer-BLAST
(NCBI) [93] and purchased from Sigma-Aldrich.

Table 2. List of the human primer sequences used in the study.

Gene Primer Sequence

L19 Forward (5′-3′): GCGGAAGGGTACAGCCAA
Reverse (5′-3′): GCAGCCGGCGCAAA

NFAT5 Forward (5′-3′): GAGCAGAGCTGCAGTAT
Reverse (5′-3′): AGCTGAGAAAGCACATAG

PTGS2 Forward (5′-3′): GCTCAAACATGATGTTTGCATTC
Reverse (5′-3′): GCTGGCCCTCGCTTATGA

HIF1A Forward (5′-3′): TCTGGACTTGCCTTTCCTTCTC
Reverse (5′-3′): AACTTATCTTTTTCTTGTCGTTCGC

4.8. Western Blotting

Whole cell protein lysate was extracted from Ishikawa cells using Laemmli buffer as
previously reported [94]. Whole cell protein lysates were heated at 95 ◦C for 5 min. Extracts
were then loaded on to a 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) us-
ing the XCell SureLock® Mini-Cell apparatus (Invitrogen) followed by electrophoresis. The
protein from the gel was transferred onto polyvinylidenefluoride membrane (#10600023,
VWR International GmbH, Ulm, Germany). After air drying the membranes, they were
activated in 100% methanol and subsequently blocked using 5% milk for 1 h at room
temperature (RT). Membranes were probed overnight at 4 ◦C with antibodies: human
NFAT5 antibody (1:1000, #NB20-3446, Novus Bio), human COX2 antibody (1:1000, #160106,
Cayman Chemical, Ann Arbor, MI, USA), human pan-actin antibody (HRP-conjugate)
(1:1000, #12748, Cell Signaling Technology, Frankfurt am Main, Germany) was used as load-
ing control. After 3 × 15 min washing with 1 × TBST, the membranes were incubated with
HRP-conjugated anti-rabbit secondary antibody (1:2000, #7074s, Cell Signaling Technology)
at RT for 1 h. Next, after second 3 × 15 min washes, protein bands were detected using a
chemiluminescent detection kit (#34580, SuperSignal™ West Pico PLUS Chemiluminescent
Substrate, Thermo Fisher Scientific) and visualized by using iBrightTM Imaging System
(Invitrogen). Bands were quantified with ImageJ Software 1.53k (National Institutes of
Health, Bethesda, MD, USA) [59,94].

4.9. Luciferase Reporter Assay

Ishikawa or HEC1a cells were seeded onto 24-well plates at a density of 5 × 104 cells/
well with 10% FBS DMEM and allowed to attach for 24 h. Next, cells were transfected
with HIF-1α vector (#87261, Addgene, Watertown, MA, USA) using Lipofectamine LTX
with Plus reagent (#15338100, Invitrogen) as per the manufacturer’s instruction. After
transfection for 24 h, cells were subjected to NFAT5 overexpression transfection followed
by DMOG treatment as described above. The reporter activation was determined using the
Dual-Luciferase Reporter Assay System (#E2920, Promega, Madison, WI, USA) 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 1× passive lysis buffer. Lysed cells
were used for determination of luciferase activity. LAR II reagent was added to each well,
and firefly luminescence was measured using a microplate reader (LUX VARIOSKAN,
Thermo Fisher 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.

4.10. Enzyme-Linked Immunosorbent Assay (ELISA)

After transfection of Ishikawa cells with NFAT5 plasmid followed by DMOG treatment
as stated above, the culture medium was harvested and stored at −80 ◦C. The collected
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cultured medium was processed for ELISA by using human prostaglandin E2 ELISA Kit
(#KHL1701, Invitrogen) following the manufacturer’s instructions. The absorbance was
measured with Varioskan LUX spectrophotometer (Thermo Fisher Scientific).

4.11. Cell-Cycle Anaylsis with Flow Cytometry

The effect of NFAT5 overexpression on Ishikawa cell cycle progression was studied
with FACS approach. After treatment with NFAT5 overexpression plasmid as described
above, cells and medium were collected into a 15 mL centrifuge tube and spun down at
600× g for 5 min. The supernatant was discarded and 1 mL of −20 ◦C ice-cold ethanol
(#20821.330, VWR International GmbH), PBS (#D8537, Sigma-Aldrich) mixture (3:1) was
added to the pellet during vortexing. The mixture was kept at −20 ◦C overnight, the next
day washed with PBS again, 250 µL PI mix containing 50 µg/mL PI (#P4864, Sigma-Aldrich)
and 100 µg/mL RNase A (#R4642, Sigma-Aldrich) were added, incubated for 30 min at
37 ◦C, and subjected to flow cytometry (BD LSRFortessa™ Cell Analyzer, BD Biosciences,
Heidelberg, Germany) for cell cycle analysis. The data were analyzed by FlowJoTM software
10.8.1 (FlowJo, Ashland, OR, USA).

4.12. BrdU ELISA Cell Profileration Assay

The effect of NFAT5 overexpression on Ishikawa proliferation was measured using
BrdU cell proliferation assay (#QIA58, Sigma-Aldrich). Post treatment with NFAT5 over-
expression plasmid as described above, 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 manufacture protocol. Fluorescence was measured
using a microplate reader (LUX VARIOSKAN, Thermo Fisher Scientific).

4.13. Wound Scratch Assay

Ishikawa/HEC1a cells were seeded in six-well plates at a concentration of 200 × 103 cells
per well. After reaching 100% confluency, cells were deprived of serum for 24 h and
scratched with a sterile P200 pipette tip (#613-1096, VWR International GmbH) as previ-
ously described [59]. After removal of the debris by repeated washes, cells were subjected
to respective treatment (control/NFAT5 overexpression) and scratch wound closure was
closely monitored by microscopy (EVOS M7000 cell imaging system, Thermo Fisher Sci-
entific) capturing bright field images of the same field with a 4× objective at 0 h and 24 h.
The percentage of wound are closure was calculated with ImageJ software.

4.14. Statistics

The data are given as arithmetic mean ± SEM, the number of independent biological
experiments were denoted as n. The data were analyzed for significance using un-paired
Student’s t-test using GraphPad Prism (GraphPad Software 7.0, San Diego, CA, USA).
Statistical significance was considered when p value was less than < 0.05. the clinical table
was analyzed using Stata statistical software version 17.2 (StataCorp LLC, College Station,
TX, USA). We compared categorical variables using χ2 tests.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
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Figure S1. Representative immunohistochemistry images of NFAT5 staining in cases of grade 1 and 

grade 3 adenocarcinomas. 

  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. QIAGEN Ingenuity Pathway Analysis with RNA sequencing data (Con/NFAT5 overexpressed) 

from Ishikawa cells revealed the associated cellular signaling pathway activated.  NFAT5 

overexpression points to the activation of PTGS2 (COX2) signaling. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Original western blot membranes of blots represented in figure 3. 

  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Original western blot membranes of blots represented in figure 5. 

NFAT5 

Panactin 

COX2 



  

 

 

Figure S5. Effect of NFAT5 overexpression in HEC1a cells. HEC1a cells were treated with 0.5 mM DMOG 

for 24 hours, after 24 hours transfection with NFAT5 overexpression plasmid. (a). NFAT5 protein 

abundance were investigated by western blot analysis (n=3, *, P, <0.05). (b) HIF-1α promoter activation 

upon NFAT5 transfection in verified with luciferase reporter assay (n=4, ***, P<0.001). (c)  Effect of 

NFAT5 overexpression on HEC1a cell migration was verified with wound healing scratch assay (n=5). 

Representative bright field images and wound closure rate 24 hours post scratch. 
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