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 Progesterone is essential for all reproductive processes including cycling, 

embryo implantation and maintenance of pregnancy. The complex endometrial changes 

that occur in preparation for embryo implantation and subsequent gestation place 

unique functional demands on the uterine vasculature including the need for increased 

permeability and selective leukocyte transmigration. While these changes are assumed 

to be under progesterone control, the exact cellular and molecular regulation remains 

largely unknown. Here we identify endothelial progesterone receptor (PR) as a direct 

mediator of the vascular responses downstream of progesterone. Restricted expression 

of PR in the endothelium of veins and lymphatics ensures vessel-selectivity to 



 

 

 iii 

progesterone signaling, and correlates with its biological function in the endometrial 

vasculature. Using both genetic ablation and overexpression models combined with 

physiological experimentation of PR in the vasculature, we were able to demonstrate 

that cell autonomous PR signaling in the endothelium mediates the vascular 

permeability response that precedes implantation. Mechanistically, we found that PR 

induces a NR4A1 (Nur77/TR3)-dependent transcriptional program that broadly 

regulates localized and sustained vascular permeability in response to progesterone.  

 We also found that conditional deletion of PR from the endothelial compartment 

results in selective trafficking of macrophages and neutrophils into the uterus. Using 

unbiased transcriptome analysis in combination with a read-out of PR binding sites, we 

determined that PR directly downregulates the expression of the endothelial-leukocyte 

adhesion molecules VCAM-1 and E-selectin, as well as a select group of 

cytokines/chemokines including, IL-6, IL-8, CXCL2/3, and CXCL1. Thus endothelial PR 

enables the discrimination of leukocyte subpoulations through selective expression of 

molecules important for leukocyte transmigration. Together, this work has identified 

novel functions and molecular targets of PR In the vasculature, with a number of 

important implications to our current assessment of the physiological and therapeutic 

effects of progesterone.  
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Chapter 1-Introduction: 
Physiological Progesterone Signaling 

and its Role in the Vasculature 
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Section 1.1: Introduction 

Progesterone, a steroid hormone predominantly secreted by the ovary, is well 

known for its role in coordinating the many cellular and molecular events required for 

successful implantation, maintenance of pregnancy, as well as ovulation 1. The 

menstrual cycle is governed by highly coordinated changes in the levels of estrogen and 

progesterone, which produce varying responses in diverse tissues and organs (Figure 

1.1). Changes imposed by these hormones prepare the endometrium for implantation 

and continue to be essential during the subsequent post-implantation phases to ensure 

a successful pregnancy 2,3. Estrogen is expressed at high levels during the proliferative 

phase where it stimulates growth and expansion of the endometrium. Following 

ovulation, in the secretory/luteal phase, progesterone initiates the process of 

decidualization, a series of physiological and molecular changes in the endometrium 

(subsequently called the decidua) that specifically include an increase in physiological 

edema, stromal cell differentiation, and the alteration of matrix proteins 4. These 

changes are critical for successful implantation and successive survival of the embryo. 

Two biologically important and cyclically controlled processes in the decidua 

during the progesterone-predominant secretory phase are vascular permeability and the 

regulation of immune cell trafficking. Although both are assumed to be under the control 

of progesterone, the exact mechanism of progesterone action remains elusive. While 

cellular and molecular changes to the vascular endothelium underlie permeability and 

immune responses, a role for PR in the endothelium during decidualization is poorly 

understood. Much of the vascular function of PR has been attributed to paracrine effects 
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via PR signaling in other cell types, yet few studies have addressed the biological 

function of progesterone directly on vascular cells.  

In this chapter we will review progesterone signaling and its physiological 

function in the reproductive tract. Furthermore, we will expand upon current knowledge 

on progesterone regulation of vascular function, particularly its role in vascular 

permeability and immune trafficking. 

 

Section 1.2: Progesterone Receptor Signaling 

The large majority of progesterone’s biological actions are mediated through the 

progesterone receptor (PR), a member of the evolutionarily conserved nuclear receptor 

superfamily of transcription factors. Similar to other nuclear receptors, PR contains 

three structural domains including a ligand-binding domain, DNA binding domain, and 

an N-terminal transactivation domain capable of both inhibitory and activating functions 

5 (Figure 1.2). The latter domain aids in PR interaction with coregulators and other 

transcription factors important for the regulation of gene expression. There are two 

predominant isoforms of PR, PR-A and PR-B, each of which is transcribed from 

alternative promoters within the same gene 6,7. While both are structurally related, the 

transactivation domain of PR-B is 164 amino acids longer than that of PRA, and it 

contains an additional activation domain (AF-3) 8,9. These appear to be small 

differences, however they underlie remarkably distinct biology 10. 

In the absence of ligand, PR is localized to both the cytoplasm and nucleus and 

is bound by a multi-protein complex consisting of heat-shock proteins 11,12. Upon 

progesterone binding, PR becomes phosphorylated, dissociates from chaperone 
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proteins, dimerizes (either hetero- or homotypically) and completely localizes to the 

nucleus 13 (Figure 1.3). In the canonical (genomic or classical) PR signaling, PR either 

directly binds to DNA through progesterone response elements (PRE) or indirectly 

through tethering interactions with other transcription factors (AP1, SP1, STATs) 14. 

Interestingly, PR isoforms do not appear to be functionally redundant, as they regulate 

distinct subsets of target genes and control unique reproductive functions 10,15. While 

non-canonical (nongenomic) signaling through secondary messenger cascades has 

been implicated in a subset of progesterone functions, the mediators of these signaling 

events, whether classical PR, or putative membrane progesterone receptors, remain 

unclear 16. 

PR activity is regulated by a series of posttranslational modifications including 

phosphorylation, sumoylation, methylation, and ubiquitination 17-19. Functionally, these 

modifications alter transcriptional activity, promoter selectivity, binding interactions, and 

receptor stability, further enhancing the specificity of PR signaling 19. Interestingly, basal 

phosphorylation of PR occurs in the absence of ligand, but it is enhanced following 

ligand binding, implicating phosphorylation as a key mechanism in controlling the 

activation state of PR 5.  

Section 1.3: PR Loss of Function Studies  

Genetic and pharmacological studies in humans and mice have demonstrated 

the vital role for progesterone in many reproductive processes including pregnancy, 

cycling, and implantation. Administration of the PR antagonist mifepristone (RU486) 

renders the uterus unreceptive to implantation and initiates the breakdown of the 

endometrium reminiscent of menstruation 20,21. If administered post-implantation, 
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mifepristone results in the abortion of the conceptus, demonstrating the critical role for 

progesterone in the maintenance of pregnancy 22. 

PR knockout (PRKO) mice, lacking both PR-A and PR-B isoforms, also display 

pleiotropic reproductive abnormalities including the inability to ovulate, impaired 

implantation, and lack of a decidual response following hormonal stimulation 23. When 

PR-A and PR-B specific null mice (PRAKO and PRBKO, respectively) were generated, 

only PRAKO females recapitulated the reproductive phenotype observed in PRKO 

mice, indicating that PR-A is critical for reproductive functions. While PRBKO mice were 

fertile, they did have defects in mammary gland morphogenesis, further demonstrating 

the unique biological roles of individual isoforms 10,24-28  

Aside from the acknowledged role of PR in the reproductive tract, PR is also 

required for the normal physiology of a myriad of other organs including the thymus, 

immune system, and vasculature 29-31. PRKO mice have impaired thymic involution, an 

important requirement for normal fertility. Further analysis demonstrated that PR 

signaling in thymic stromal cells was critical for paracrine mediated inhibition of T cell 

development 29. Moreover, PRKO uteri were found to have increased immune cell 

infiltrate following hormonal stimulation, further linking PR signaling and immune 

regulation 30. In addition, treatment of wild-type animals with progesterone worsened the 

response to carotid injury while PRKO mice were unaffected, demonstrating a potential 

protective affect of progesterone signaling in the vasculature 31.  

More recently, the generation of PR conditional knockout mice has enabled a 

better understanding of the cell specific functions of PR. Using this approach, it was 

determined that loss of PR from the epithelium alone could prevent embryo implantation 



 6 

2. Further analysis on conditional knock out mice will reveal important cellular functions 

that will aid in unraveling the complex nature of progesterone’s multifarious actions.  

 

Section 1.4: PR Expression in vivo 

 Although progesterone is systemically distributed, only tissues/cells that express 

PR are capable of responding. Therefore, much attention has focused on understanding 

the transcriptional regulation of PR and in which cells and under what context PR is 

expressed. Both isoforms of PR are predominantly upregulated by estrogen signaling 

through the estrogen receptor (ER) 32,33. PR-A and PR-B are expressed at different 

levels depending on the cell type and the physiological status of the tissue, yet it is 

unclear how this isoform ratio is controlled. In addition to estrogen regulation, the 

transcription factors cyclinD1 and CEBPβ were found to increase PR expression in 

certain reproductive cells, while PR itself can negatively autoregulate its own 

expression, particularly in glandular and the luminal epithelium during pregnancy 14 The 

fact that multiple mechanisms exist for PR regulation reminds us of its high 

physiological importance and the exquisite requirement for tight control of its 

expression. 

 In mice and humans, PR expression has been assessed at both the protein and 

mRNA level. Using a PR-B specific LacZ reporter mouse, PR was described to be 

highly expressed in the uterus, ovary, mammary gland and pituitary gland, which 

correlates well with its known physiological functions 34,35. At the cellular level, PR was 

detected in stromal, smooth muscle, and epithelial cells of the uterus, while expression 

in the vasculature seemed to be restricted to the smooth muscle cells. As PR-A is the 
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predominant isoform for reproductive function, these mice may not offer a thorough 

representation of total PR promoter activity. Therefore, further analysis of PR 

expression in the mouse may be needed to enrich these findings. In humans, aside 

from reproductive expression, PR is also found in other organs including the nervous 

system, pancreas, immune system, bone, and the vasculature 36-43. Thus, the ubiquitous 

and varied expression of PR highlights its potential widespread physiological effects 

throughout the body. 

Although somewhat debated, several reports have clearly demonstrated PR 

expression in different human vascular beds 39,44-48 including endothelial cells of human 

atherosclerotic vessels 38. Functionally, progesterone inhibits endothelial cell 

proliferation in vitro and it reduces aorta re-endothelialization in response to 

experimentally induced injury 31,38. Additionally, progesterone decreases endothelial 

expression of the endothelial-leukocyte adhesion molecule, VCAM-1, as well as the 

cytokines IL-8 and MCP-1, linking the vascular endothelium to immune regulation 49,50. 

Therefore, progesterone is capable of signaling within the vasculature, yet its functional 

significance in vivo is currently unclear.  

 

Section 1.5: Hormonal Control of Uterine Vascular Responses 

The endometrial vascular bed actively responds to the cyclical nature of estrogen and 

progesterone. Unique properties of the endometrial vasculature associated with the 

endometrial cycle include angiogenesis, regression, hemostasis, nutrient supply, and 

tissue fluid balance. During the estrogen-dominant proliferative phase of the menstrual 

cycle, there is a peak in endothelial proliferation, as angiogenesis of both venous and 
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arterial vessels into the endometrium expands following menstrual repair 51. During this 

time, large arteries supplying the uterus divide into basal and spiral arterioles in the 

endometrium. Basal arterioles innervate the basal endometrial zones adjacent to the 

smooth muscle rich myometrium, while spiral arteries grow upwards towards the luminal 

epithelial where implantation occurs (Figure 1.4). 

During the luteal/secretory phase, spiral arteries continue to coil and further 

branch into an extensive capillary network as the endometrium progressively expands in 

preparation for successful implantation 51. The venous system parallels that of the 

arteries, with larger veins branching into relatively smaller and venules. These venules 

become dilated and form venous lakes that lie in close proximity to the capillary plexus 

in the subepithelial space. While these smaller arterioles and venules are shed during 

menstruation, their larger counterparts in the myometrium remain intact and are used 

for regrowth of vessels during the proliferative phase following menstruation.  

Regulation of these vascular events is assumed to be under the control of female 

sex hormones, but due to the conflicting and equivocal information on receptor 

expression in the vasculature, many have assumed that these vascular events are 

governed by paracrine signaling initiated by surrounding endometrial stromal cells. As 

there is little definitive evidence to support this hypothesis, it has become necessary to 

attain a more comprehensive understanding of PR function in the vasculature. 

 

Section 1.6: Progesterone and Permeability 

In addition to angiogenesis, a second unique feature of endometrial vessels is 

cyclic alterations in vascular permeability. Increases in permeability result in the 
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recurrent formation of physiological edema during the secretory phase, a time when 

progesterone levels peak 1. Leakage of blood-borne proteins into the functional 

endometrium is needed for the support and invasion of trophoblastic cells and the 

survival of the blastocyst upon implantation 52.  

 Much of the cellular and molecular understanding of vascular permeability comes 

from studies on pathological permeability responses in tumors, during wound healing 

and following an inflammatory reaction. While the mechanisms of physiological vascular 

permeability are unclear, the response is most likely controlled by mechanisms distinct 

from those affecting pathological permeability. As increases in edema occur during 

times of high circulating progesterone levels, it is likely that progesterone mediates the 

vascular leakage. In support of this, women taking progestin-only contraceptives tend to 

have breakthrough bleeding and thrombosis, two consequences of enhanced vascular 

permeability 53-55. However, it remains unclear whether progesterone modulates 

vascular permeability by acting directly on vascular cells or indirectly through paracrine 

mechanisms. 

 VEGF, a potent permeability mediator, has been an attractive candidate for the 

paracrine regulation of vascular permeability. Although several studies have examined 

stromal VEGF secretion in response to progesterone stimulation in vivo and in vitro, 

only moderate increases in VEGF levels were reported 56-58. Even so, no study has 

conclusively demonstrated that increased VEGF levels in vivo directly control vascular 

permeability in the uterus. Therefore, it remains plausible that progesterone exerts its 

actions directly on the vasculature itself, independent of VEGF signaling.  
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Section 1.7: Immune trafficking and progesterone regulation 

Changing hormone levels also parallel fluctuations in the trafficking of leukocyte 

subpopulations into the uterus 59,60 (Figure 1.5). Physiologically, many reproductive 

events, such as implantation, menstruation, and labor, are associated with local 

inflammatory events with increased recruitment of inflammatory cells including T-cells, 

natural killer (NK) cells, macrophages and mast cells 61-64. Interestingly several lines of 

evidence have demonstrated marked changes in the severity of various diseases during 

different stages of the menstrual cycle 59,65,66. Furthermore, inflammation contributes to 

the susceptibility and progression of many diseases that exhibit gender-based 

differences in prevalence 67-69. Hence, it is believed that hormones may play an 

important role in systemic immune regulation. 

PR is generally assumed to play an anti-inflammatory role in these processes as 

the influx of immune cells into the endometrium parallels progesterone withdrawal 59,62. 

Furthermore, localized suppression of the immune system during gestation of the semi-

allogenic embryo is another essential role played by progesterone 70. However, these 

findings are correlative and do not provide a molecular link between PR action and 

suppression of inflammation. Several studies have demonstrated PR expression on 

particular human leukocyte subpopulations indicative of direct regulation by 

progesterone 60,65,71. However, these findings do not account for leukocytes that do not 

express PR, yet are under hormonal control. Thus there must be other mechanisms in 

place that, under the control of hormones, regulate immune trafficking either indirectly 

through cell-cell interactions or via paracrine signaling.  
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The vascular endothelium is an active participant in immune cell trafficking and is an 

important barrier in the regulation of leukocyte extravasation into tissues 72. While there 

is evidence of PR expression in the endothelium a role for endothelial PR in 

physiological leukocyte trafficking is unsuspected.  

 

Section 1.8: Goals of the Dissertation 

 The aim of this dissertation was to determine the cell specific physiological role of 

progesterone signaling within the vascular endothelium, particularly with respect to 

vascular permeability and immune regulation, with the hopes of determining the 

downstream targets of PR in these responses. Chapter 2 is a version of a review on the 

cellular and molecular regulation of vascular permeability that was published in 

Thrombosis and Haemostasis in 2013. The goal of this review was to obtain a greater 

grasp on the field of vascular permeability in an attempt to better understand our 

findings with relation to permeability control by progesterone as demonstrated in 

Chapter 3.  

 Chapter 3 is a version of a manuscript compiled for submission to Cell and it is 

currently under revision. Here we explored the contribution of endothelial PR to 

regulation of physiological vascular permeability in the uterus. Using a loss-of-function 

approach, we were able to determine that PR signaling in the vascular endothelium was 

required for the physiological permeability that precedes implantation. We also show 

that this effect was specific to the venous and lymphatic endothelium, as PR expression 

was devoid from arterial endothelial cells. Integration of global RNA- and ChIP-

sequencing revealed that progesterone directly upregulates the orphan nuclear receptor 
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NR4A1 (Nur77/TR3). Genomic inactivation studies in mice demonstrated that Nur77 

was required for progesterone-mediated vascular permeability, indicating a link between 

PR and NR4A1. Activation of NR4A1 was found to suppress the expression of cell-cell 

junctional proteins leading to a sustained vascular permeability response. 

In Chapter 4 we shifted our focus towards determining whether PR signaling in 

the endothelium was important for physiological immune trafficking. Global loss of PR 

resulted in an increase in several immune cell types (T cells, PMNs, and macrophages) 

into the uterus. Interestingly, when PR was specifically deleted from the endothelium, 

only PMNs and macrophages were found at higher numbers in the uterus, 

demonstrating that endothelial PR directly regulates either the trafficking or the retention 

of a specific subset of leukocytes in the uterus. Using RNA- and ChIP-sequencing we 

determined that progesterone directly downregulates the expression of the endothelial-

leukocyte adhesion molecules E-selectin and VCAM-1. We further demonstrated that 

the effects of progesterone on the endothelium also occurred in the presence of 

pathological activation by lipopolysaccharide, implicating progesterone not only in 

modulation of physiologic immune trafficking, but also during an acute inflammatory 

response.  

In Chapter 5 we assessed the paracrine secretion of cytokines by the 

endothelium in the presence of progesterone. As a significant portion of immune cells 

does not express PR, we explored the possibility that progesterone may affect immune 

regulation by directing expression of paracrine mediators from the endothelium. This 

study determined that progesterone selectively inhibits the expression of a small group 

of cytokines, which are known to selectively recruit monocyte and neutrophils. This work 
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was recently compiled into a manuscript submitted to Vascular Pharmacology and is 

currently under review. Together, the results from these three chapters are the first to 

demonstrate the importance of progesterone signaling in the endothelium and its 

contribution to physiological vascular responses in vivo. We will discuss the significance 

of these findings Chapter 6.  
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Figure 1.1. Changes in the uterine endometrium during the female menstrual 
cycle 
Estrogen levels predominate during the proliferative phase, a time when growth and 
expansion of the endometrium occurs following menstruation. Following ovulation, 
increased progesterone secretion from the ovary characterizes the secretory phase, a 
time of continued endometrial growth and cellular changes important in the preparation 
for embryo implantation. Adapted from Essential Reproduction 73 with permissions. 
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Figure 1.2. Progesterone Receptor Structure 
PR isoforms, A and B, contain three structural domains, the N-terminal domain (red), 
the DNA binding domain (DBD; blue) and the ligand binding domain (LBD; green). 
There are three activation domains, two of which are in the N-terminus (AF-3 and AF-1) 
and one in the LBD (AF-2). The site of isoform dimerization, termed the dimerization 
domain (DD), is located in the most C-terminal region of the LBD. Overlapping this area 
is the site of heat shock protein (HSP) binding. ID=inhibitory domain; H=hinge region 
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Figure 1.3. Canonical PR signaling  
Progesterone, a lipophilic steroid, can transverse the cell membrane where it can bind 
PR. Upon binding by progesterone, PR undergoes a conformational change, enabling 
the dissociation from chaperone proteins (HSP), dimerization, and binding to 
progesterone response elements in the nucleus. PR interacts with a host of 
coregulators and other transcription factors to regulate gene expression. 
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Figure 1.4. Histological organization of the human endometrium during the 
secretory phase 
Vessel growth of both arteries and veins towards the subepithelial space continues in 
the secretory phase. Arcuate arteries originating from the smooth muscle rich 
myometrial layer grow and divide into basal/straight and spiral arteries in the basal 
zone. Beneath the luminal epithelium, a complex capillary network branches from the 
spiral arteries and drains into venules that compose dilated venous lakes. Adapted from 
Yen and Jaffee Reproductive Endocrinology 1 with permission. 
 
  



 18 

Figure 1.5. Cyclical fluctuations in immune cell populations in the endometrium 
During different times of the menstrual cycle, unique leukocyte subpopulations are seen 
in the endometrium. During the proliferative phase the predominant leukocyte present in 
the endometrium are macrophages (Mac). When progesterone levels peak in the 
secretory phase, there is a recruitment of uterine natural killer (uNK) cells, T cells, and 
macrophages. Following a drop in progesterone levels at menstruation, a large influx of 
neutrophils (Ne), and eosinophils (Eo) enter the endometrium. Adapted from Jones et 
al.74 with permission. 
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Abstract 

Vascular permeability is a highly coordinated process that integrates vesicular 

trafficking, complex junctional rearrangements, and refined cytoskeletal dynamics. In 

response to the extracellular environment, these three cellular activities have been 

previously assumed to work in parallel to regulate the passage of solutes between the 

blood and tissues. New developments in the area of vascular permeability however 

have highlighted the interdependence between trans- and para-cellular pathways, the 

cross-communication between adherens and tight junctions, and the instructional role of 

pericytes on endothelial expression of barrier-related genes. Additionally, significant 

effort has been placed in understanding the molecular underpinings that contribute to 

barrier restoration following acute permeability events and in clarifying the importance of 

context-dependent signaling initiated by permeability mediators.  Finally, recent findings 

have uncovered an unpredicted role for transcription factors in the coordination of 

vascular permeability and clarified how junctional complexes can transmit signals to the 

nucleus to control barrier function. The goal of this review is to provide a concise and 

updated view of vascular permeability, discuss the most recent advances in molecular 

and cellular regulation, and introduce integrated information on the central mechanisms 

involved in trans-endothelial transport. 
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Introduction 

  One of the main roles of endothelial cells is to function as a selective barrier 

between the blood stream and tissues. As sophisticated gate-keepers, endothelial cells 

possess a broad number of mechanisms that regulate transport of solutes, large 

molecules, and cells across the vessel wall. In general terms, the endothelial barrier is 

controlled by the combined activities of: (1) heterotypic cell associations (inflammatory 

cells and mural cells); (2) transcellular transport (across the endothelium) and (3) 

junctional complexes or intercellular junctions (paracellulartranport, ie. between 

endothelial cells) (Figure 2.1). Together, these extracellular associations and cellular 

functions maintain and actively regulate transport across the endothelium.  

 The dynamic and highly responsive control of the endothelial barrier enables 

macromolecular transport to be reduced or accelerated, facilitates immune surveillance 

and enables the deposition of matrix proteins immediately outside the vascular wall 

(provisional matrix) to initiate mechanisms of repair.  In recent years, information related 

to the processes that coordinate transcellular and paracellular transport have been 

broadly expanded and focus has been placed on integration of these two mechanisms, 

as well as in understanding tissue-specific control of barrier function. In this review, we 

will summarize the recent conceptual advancements in both the cellular and molecular 

control of permeability regulation, and present these findings in the context of previous 

knowledge in the field. 
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Mural Cell Control of Vascular Permeability 

 Historically, the majority of research on vascular permeability has been centered 

on transcellular regulation and endocytic transport. Nonetheless, in the last four years, a 

series of publications have focused on the contribution of mural cells as important 

instructional partners in the control of vascular permeability. These cells appear to 

convey tissue-specific control to endothelial barrier function. 

 The term mural cell describes endothelial–associated cells that might not form a 

permanent sheath, but instead are dynamically associated with capillaries and 

functional participants of the “vascular unit”. Mural cells include pericytes, smooth 

muscle cells and macrophages. Depending on the tissue, mural cells also include 

astrocytes (brain) and podocytes (kidney) as per their tight association with blood 

vessels.   

 Recent evidence has brought to light the importance of pericytes in the regulation 

of permeability. Specifically, mice that lack pericytes showed increased permeability to 

water and a wide range of low and high molecular mass tracers. The effect was most 

noticeable in the brain, indicating a stronger relevance of these cells in barrier regulation 

at this site. Interestingly, in adults, this increase in permeability was mediated by 

endothelial transcytosis, which was reduced following activation of platelet derived 

growth factor (PDGFB) signaling 1.  

 Studies performed in developmental systems have further demonstrated a role for 

pericytes, and specifically PDGFRB signaling in the development of the blood brain 

barrier shortly after birth2. Pericytes were shown to alter endothelial expression by 

suppression of molecules that increased vascular permeability 2. In particular, presence 
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of pericytes is necessary to regulate the balance between angiopoietin-1 (high) and 2 

(low) and thus control pro-permeability signals. Furthermore, through heterotypic cell 

interactions, pericytes instruct endothelial cell expression to suppress immune 

surveillance, a central feature of the blood brain barrier. Thus, absence of pericytes in 

Pdfrb-/- mice yield vessels with robust endothelial expression of IcamI, Alcam and 

Lgals3 2. Combined, these experiments provide strong evidence that pericytes 

contribute to the stabilization of the endothelial barrier, particularly in the brain, through 

regulation of endothelial expression and transendothelial transport to enhance barrier 

stability and suppress inflammation.  Although there is much to be uncovered on the 

molecular cross-talk between endothelial cells and pericytes, the strong in vivo evidence 

indicating regulation of transcellular transport by pericytes points to a complex signaling 

circuitry that links heterotypic cell interactions with mechanisms of vesicular transport 3.  

 

Transcellular Permeability 

  Transcellular permeability is defined as an energy-dependent trafficking of 

macromolecules from the luminal space to the interstitium by means of vesicular 

transport. This transport can occur through: (a) caveolae; (b) vesiculo-vacuolar 

organelles (VVOs) and/or (c) transcellular channels 4,5 (Figure 2.1 and 2.2). In this 

review, we will highlight the conceptual advancements made in caveolae–mediated 

transport, and specifically focus on the integrative links between transcellular and 

paracellular transport.  

 Caveolae are vesicles with high levels of caveolin-1 (Cav-1). This structural protein 

is critical for caveolae formation, as deletion of Cav-1 in mice results in the reduction of 
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albumin transport 6,7. More recently, it has become evident that along with its structural 

role, Cav-1 acts as a scaffold protein, recruiting Src kinase and G proteins to caveolae 

8. As such, caveolae are capable of internalizing cell surface macromolecular 

complexes and participating in cell signaling. Nonetheless, the extent to what this 

signaling function plays into regulation of vascular transport is yet to be clarified.   

 Endothelial signaling can affect transcellular trafficking through the 

phosphorylation of Cav-1 on Y14. Specifically src kinases have been shown to mediate 

Cav-1 phosphorylation downstream of growth factor signaling or upon generation of 

reactive oxygen species 9. While the role of phosphorylation on Cav-1 has been 

controversial, recent findings have shown that Cav-1 tyrosine phosphorylation is 

necessary for caveola biogenesis through a direct feedback loop that inactivates Erg-1 

(early growth response-1) and thus enables transcription of both Cav-1 and cavin-1 10. 

 Studies from Cav-1 null mice have suggested an active cross-talk between 

transcellular and paracellular pathways. Specifically, complete deletion, as well as, 

transient siRNA knockdown of Cav-1 result in an increased paracellular transport of 

albumin in small capillaries and veins 11,12. This elevation in paracellular permeability, a 

possible compensatory mechanism for the impaired transcellular transport, was 

accompanied by abnormal tight junction assembly, detachment of endothelial cells from 

the basement membrane, and increased NO production 6,11,12. eNOS inhibition restored 

junctional integrity in Cav-1 null mice, suggesting that eNOS-dependent redox signaling 

may indirectly mediate changes in paracellular permeability 11 (Figure 2.2). Recent 

elegant work has found that NO and peroxynitrile generation in the absence of Cav-1 

promotes nitration of p190RhoGAP-A resulting in impaired GAP activity and subsequent 
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RhoA activation. This increase in active RhoA is responsible for the destabilization of 

adherens junctions and increase in paracellular transport 13. These findings provided the 

missing molecular link to explain the cross-talk between Cav-1 and paracellular 

junctional complexes. In addition, Cav-1 may affect junctional integrity directly, through 

its interactions with Src, PKC, claudin-5, and actin-binding proteins, which are all 

involved in adherens and tight junction assembly and maintenance 8,14. Cav-1 also 

binds TRPC1, a calcium transport channel important for the intracellular calcium release 

underlying actin-myosin remodeling 15,16.  

 Consistent with the notion that Cav-1 regulates junctional complexes, it is 

interesting that Cav-1 levels are lower in postcapillary venules 17. Unlike arteries, 

venules display increased basal paracellular permeability and exhibit “unstable” 

junctional complexes (see discussion of constitutive VE-cadherin phosphorylation).  

These findings might imply that differences in Cav-1 levels may determine whether 

certain vascular beds are more amenable to increased transcytosis.  

 Together these findings described above provide molecular basis to the concept 

that transcellular vesicular trafficking, specifically through the contribution of Cav-1, 

regulates junctional integrity, and therefore, paracellular permeability in endothelial 

cells.  

 

Paracellular Permeability 

As alluded to previously, maintenance of barrier function also requires the 

dynamic opening and closing of inter-endothelial junctions, which consist of a complex 

network of adherent proteins organized into adherens junctions and tight junctions. 
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Although originally considered structural in function, it is now clear that the anchorage of 

adherens and tight junctions to the actin cytoskeleton allows the direct transmission of 

signaling events critical not only for barrier stability but also for the regulation of cell 

polarity, cellular movement, fluid sensing, and cell-contact inhibition 18. The distribution 

and predominance of junctional proteins at inter-endothelial contacts varies between 

different vascular beds, which suggest that junctional arrangement is unique to the 

functional needs of specific vascular networks 18,19. 

Adherens junctions are mostly formed by the clustering of homophilic calcium-

dependent VE-cadherin proteins. The stability of VE-Cadherin complexes between 

adjacent cells is regulated by phosphorylation. In fact, exposure of endothelial cells to 

several permeability mediators, such as VEGF, histamine and thrombin, results in 

tyrosine phosphorylation of VE-cadherin at Y658 and Y731, which correspond to the 

binding sites for p120 and β-catenin respectively 20. Phosphorylation of VE-Cadherin 

results in internalization of the protein and disruption of barrier integrity resulting in 

vascular permeability. In addition, three other tyrosines (Y645, Y685, and Y733) and 

one serine (S665) have been reported to be potentially phosphorylated in vitro and 

participate in the regulation of permeability and leukocyte transmigration 20-23. Recently, 

a sophisticated study has demonstrated that phosphorylation of tyrosine residues 658 

and 685 of VE-Cadherin is constitutive in veins, but not in arteries. This phosphorylation 

is mediated by src and can be enhanced in response to bradykinin or histamine. More 

importantly, point mutations, Y658F and Y685F, prevent internalization of VE-Cadherin 

and thus block vascular permeability 24. The endogenous phosphatase for VE-Cadherin, 

VE-PTP is frequently associated with the protein and prevents VE-cadherin 
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phosphorylation, promoting an important stabilizing role of endothelial contacts in vivo 

25,26. 

Intracellularly, VE-cadherin is directly and indirectly bound to a complex network 

of proteins including catenins, actin binding proteins, RhoGTPases, kinases, and 

phosphatases, that are important for its tethering and signaling to the actin cytoskeleton 

4,18 (Figure 2.2). While β-catenin and plakoglobin prevent VE-cadherin proteolysis, 

p120-catenin alters retention of VE-cadherin at the cell surface 8,27. Additionally, β-

catenin and p120 are also critical for spatial organization and control of the actin 

cytoskeleton by way of RhoGTPase activation (p190RhoGAP, Rac1, Cdc42, RhoA), 

and α-catenin recruitment 18. Mice engineered to express a VE-cadherin-α-catenin 

fusion protein developed strong stable junctions, highlighting the relevance of plasticity 

of cadherin-catenin complexes in the regulation of permeability 28.  

 Phosphorylation of other adherens junctional components also modulate the 

affinity of adherens junction complex components for one another, thus affecting 

junctional stability 8. Whether these phosphorylation events are important for barrier 

regulation in vivo is only beginning to be understood. Recently, the generation of a 

serine phosphodeficient p120 mouse demonstrated the requirement of PKCα mediated 

p120 phosphorylation for p120/VE-cadherin dissociation following thrombin and 

lipopolysaccharide (LPS) stimulated permeability 29. Therefore, generation of phospho-

mutant mice will enable dissection of the molecular events that are downstream of 

individual permeability mediators in vivo.  

Major tight junction proteins include claudin-5, occludin, and junctional adhesion 

molecules (JAM). Similar to adherens junctions, phosphorylation of both tight junction 
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proteins and their intracellular partners (ZO-1 and MAGUKS) regulate tight junction 

assembly and mediate changes in vascular permeability 30,31. Although complete 

deletion of claudin-5 leads to early lethality shortly after birth due to blood-brain barrier 

disruption, occludin knock out mice have no apparent defects, making its function in 

endothelial tight junctions less obvious 32.  

While all JAM members are present in endothelial cells, only JAM-C leads to 

increased permeability when expressed at the cell surface of microvascular cells 

following stimulation with VEGF or histamine 33. Although the mechanism of JAM-C 

mediated permeability is still unclear, recent evidence suggests that JAM-C regulation 

of αVβ3 integrin localization and activation downstream of Rap1b signaling may account 

for barrier breakdown 34. JAM-like molecules have also been implicated in permeability 

regulation, as mice null for endothelial cell-selective adhesion molecule showed 

reduced vascular permeability to VEGF 35.  

Emerging data has indicated that adherens and tight junctions do not function 

independently in the regulation of barrier function, and in fact, communication between 

these complexes is important for permeability regulation. Akt activation downstream of 

VE-cadherin cell surface clustering results in nuclear expulsion of the transcription 

factor FoxO1. FoxO1 normally inhibits claudin-5 expression, thus translocation from the 

nucleus results in enhanced claudin-5 expression at tight junctions 36. Furthermore, VE-

cadherin transmits shear stress signals to stabilize occludin through recruitment of 

Tiam1/Rac-1 and mediates reduction of occludin phosphorylation 37. These findings 

place VE-cadherin as a key sensor and molecular integrator of adherens and tight 

junctions. 
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Overall, the data indicates that intracellular signaling cascades and homeostasis 

of barrier function are more linked than previously appreciated. Furthermore, the 

interaction between adherens and tight junctions reveals an exquisite level of molecular 

regulation that is only now starting to be unraveled.  

 

Signaling Mechanisms and Intracellular Regulation of Vascular Permeability  

Most mediators of permeability lead to phosphorylation of junctional proteins and 

reorganization of the acto-myosin apparatus, although these consequences can occur 

downstream of different signal transduction pathways (Figure 2.3). The kinetics of these 

changes varies between permeability agents, as some can lead to transient and 

reversible effects, as in the case of thrombin and histamine, or sustained and prolonged 

regulation, as seen with VEGF and LPS stimulation. This section will review recent 

literature on some of the most well studied permeability agents and the signaling 

pathways that discern them. 

 

1. Inflammatory mediators  

 Histamine, thrombin, and bradykinin exposure result in a transient increase in 

vascular permeability followed by barrier stabilization. Thrombin signaling through its 

receptor, PAR-1, yields a transient increase in vascular permeability which is followed 

by an equally rapid restoration. PAR-1 activates several downstream G proteins, which 

promotes intracellular calcium release, RhoA-dependent activation of myosin light chain 

kinase and cell contraction 38. Rho activation leads to stress fiber assembly and cell 

contraction, a mechanism that is responsible for enhancement of permeability. 
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Histamine also promotes permeability through calcium release and myosin light chain 

kinase activation, but in addition, mediates src dependent phosphorylation of adherens 

and tight junction proteins. Conversely, bradykinin, acting through B1 and B2 receptors, 

results in an eNOS/iNOS dependent increase in permeability, although it is unclear 

whether nitrosylation of junctional proteins following increased NO production leads to 

barrier destabilization 4,39. 

 Long term mediators of permeability such as LPS and TNF-α, result in NF-κB 

transcriptional expression of cytokines and leukocyte adhesion molecules. ICAM-1 cell 

surface activation results in RhoA directed stress fiber formation as well as increased 

NO production, which further potentiates increased permeability 39. 

 

2. Vascular endothelial growth factor  

VEGF induces vascular permeability by several mechanisms, including junctional 

remodeling, induction of fenestrae, and VVOs 40. VEGF concurrently activates multiple 

signaling pathways downstream of VEGFR2 that have been implicated in vascular 

permeability. These include PLC dependent intracellular calcium release, src kinase-

mediated phosphorylation/internalization of junctional proteins, RhoGTPase activation, 

cytoskeletal rearrangement, and eNOS signaling 41. More recently in vivo data has 

demonstrated the requirement for VE-PTP/VE-cadherin dissociation 36,42 and FAK 

dependent β-catenin phosphorylation 43 in VEGF-mediated permeability. Furthermore, 

the T-cell specific adapter, TSAd was found to be essential for src activation and 

subsequent phosphorylation of junctional proteins downstream of VEGFR2 44. The 

contribution of eNOS signaling upon VEGFR2 activation has remained elusive, but 
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recent data suggest that nitrosylation of β-catenin by NO may be an additional 

mechanism of junctional destabilization by mediating the dissociation of β-catenin from 

VE-cadherin 45.  

Although there have been great strides in understanding the molecular players 

that coordinate permeability downstream of VEGF, the complexity of the signaling 

networks has made it difficult to understand how all of these pathways interact to control 

barrier function. Furthermore, quantitative assessment of each of these signaling 

pathways in vivo has not been obtained. It is possible that subsets of downstream 

mediators are activated in distinct vascular beds or under different physiological 

contexts upon VEGF exposure. With regards to angiogenesis, the in vivo presentation 

of VEGF isoforms (in the context of matrix or soluble) results in differential signal 

transduction outputs 46,47. It is likely that similar nuances part-take in the regulation of 

vascular permeability by VEGF. 

 

3. Angiopoietin/Tie Receptor Signaling 

 Tie receptors and their ligands (Ang1-4) are critical regulators of vascular 

maturation and quiescence 48. Tie-2 is constitutively phosphorylated upon binding to 

Ang-1 in mature vessels.  In fact, Ang-1 secretion from perivascular cells is important for 

maintaining vascular stability and endothelial cell adhesion while inhibiting vascular 

permeability 49,50. Ang-1/Tie-2 signaling has been shown to inhibit VEGF-mediated 

vascular permeability via several downstream signaling cascades. These include 

p190RhoGAP driven cytoskeletal modulation 51, sequestration of Src from VEGFR2 by 
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the RhoGTPase effector protein mDia 52, inhibition of calcium release 53, and 

phosphorylation of eNOS by atypical PKC-zeta 54.  

 One of the main questions in understanding Ang-1 signaling is how it can 

orchestrate both vascular remodeling and quiescence by signaling through the same 

receptor. Recent evidence suggests that Ang-1 stimulation leads to differential Tie-2 

localization and signaling depending on whether endothelial cells have engaged cell-cell 

contacts or not. Homotypic cell interactions between endothelial cells trigger recruitment 

of Tie2 to cell-cell contacts upon Ang-1 exposure leading to enhanced vascular stability 

following Akt mediated eNOS phosphorylation. In contrast, migrating endothelial cells 

displayed Dok-R phosphorylation and Tie-2 recruitment to the cell rear 55,56.  

Endothelial produced Ang-2, is considered to be the natural antagonist of Ang-1 

activity by inhibiting phosphorylation of Tie-2 48. Thus, Ang-2 sensitizes the endothelium 

to both growth factors and inflammatory mediators, which increase vascular 

destabilization 57. The mechanism of Ang-2 action is not fully understood, but recent 

evidence suggests that Ang-2 regulates Tie-2 interaction with αVβ3 integrin, resulting in 

FAK activation and consequent integrin internalization and degradation 58. Although 

both Ang-1 and Ang-2 mediate Tie-2 clustering at cell-cell contacts, their differential 

signaling may explain their opposing effects on vascular stability. Several groups have 

also demonstrated that Ang-2 can act as a partial agonist of Tie-2 signaling through Tie-

2 phosphorylation 59,60 and can enhance barrier function following endothelial stress 61. 

Generation of mice with endothelial specific deletion of Ang-2 will help to address its 

physiological role in vivo and enable a better understanding of the homeostatic 

functions of Ang-2 in the endothelium.  
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Barrier Stabilization 

Barrier restoration is critical for maintenance of basal permeability and recovery 

following exposure to acute inflammatory events, yet our understanding of how this 

process occurs at the molecular level has remained elusive. Here, we discuss some of 

the mediators of barrier stability and their known mechanisms of action (Figure 2.4).  

Although the mechanisms of barrier breakdown following thrombin have been 

well studied, the actual process whereby the endothelial barrier is stabilized quickly 

thereafter has only begun to be understood.  Recent evidence has demonstrated that a 

G protein downstream of thrombin activation Gß1, increases barrier stabilization by 

redistribution of focal adhesion kinase (FAK) to adherens junctions following Fyn-

induced phosphorylation of FAK 62 (Figure 2.4C). How FAK becomes targeted to 

adherens junctions remains to be clarified.  

Signaling via cAMP also contributes to the regulation of barrier function.  

Increases in cAMP levels downstream of the G protein, Gαs, reduces vascular leakage 

through activation of protein kinase A (PKA) and the guanine exchange factor, Epac 

(Figure 2.4C). Epac mediated Rap1 activation results in increased junctional adhesions 

and reorganization of actin filaments 63. Emerging evidence on Rap1 suggests it has a 

cooperative association with VE-Cadherin as they can both modulate each other’s 

responses 64,65. Interestingly, Rap1 can increase KRIT-1 targeting to endothelial cell-cell 

junctions, suppressing stress fiber formation and stabilizing junctional integrity. Thus, 

defects in Rap1 signaling downstream of mutated KRIT-1 protein may explain the loss 

of vascular integrity seen in cerebral cavernous malformation 66.  
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More recently, fibroblast growth factor (FGF) has been found to play an important 

role in adherens junction integrity. Absence of FGF signaling was found to reduce 

expression of the phosphatase, SHP2, resulting in increased phosphorylation of VE-

cadherin, impairing its ability to bind p120 catenin 67,68 (Figure 2.4A). VE-cadherin itself 

can affect barrier stability by inhibiting growth factor signaling pathways including VEGF, 

TGFB, and PDGF, which promote permeability following angiogenic responses 19 

(Figure 2.4B).  

Another emerging and potent barrier stabilizing factor is sphingosine-1-

phosphate (S1P). S1P circulates at high levels in the blood and signals through the G- 

coupled protein receptor S1P1 to mediate cortical actin organization via a number of 

downstream targets including Rac-1, cortactin, FAK, paxillin, and actinin 1 and 4 8,38,69 

(Figure 2.4D).  Two recent studies have unequivocally demonstrated the effect of S1P 

in barrier stability in vivo. Pharmacological or genetic blockade of the S1P signaling axis 

results in adherens junctions destabilization, permeability and in some cases 

angiogenesis 70,71.  

Unlike thrombin, S1P signals exclusively through the G protein Gi. Gi activation 

leads to PLC dependent calcium release, which is necessary for FAK phosphorylation 

38. FAK activation is required for barrier integrity, as impairment of FAK function leads to 

increased endothelial permeability and subsequently abrogates S1P barrier 

enhancement 38,69,72. Although S1P signals through a different G protein cascade, Fyn 

activation of FAK as seen downstream of thrombin, may also play a role in S1P 

signaling. 
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Interestingly, FAK has been shown to both preserve and disrupt the endothelial 

barrier 43,73,74. This dual ability has been proposed to be regulated by other events 

including: differential post-translational modifications, spatial/temporal activation, cellular 

localization, or association with binding partners 38,75. Recent evidence in support of 

this, demonstrated that alternative phosphorylation and cellular localization of FAK 

contribute to the differential mode of barrier restoration seen following thrombin and 

S1P stimulation 62,69,76.  

 

Transcriptional Mechanisms of Barrier Regulation  

 While most events in the regulation of barrier function are non-transcriptional in 

nature, evidence that transcriptional activation/repression is also required has recently 

been revealed (Figure 2.5). Both shear stress and Ang-1 signaling to Akt mediates 

endothelial quiescence by FoxO1 phosphorylation and subsequent exclusion from the 

nucleus (Figure 2.5A). FoxO1 target genes include Ang-2 and genes important for 

matrix remodeling and migration. Thus, inhibition of FoxO1 is important for restricting 

the expression of barrier destabilizing proteins 77,78 (Figure 2.5C). In addition, interaction 

of FoxO1 with β-catenin and Tcf was found to transcriptionally repress claudin-5 

expression. VE-cadherin sequestration of β-catenin from the nucleus inhibits its 

association with FoxO1, enabling Claudin-5 expression and junctional stability 36 (Figure 

2.5B). Conversely, another forkhead member, FoxM1, positively regulates β-catenin 

expression (Figure 2.5F). Surprisingly basal permeability was not affected following 

endothelial deletion of FoxM1 in vivo, however barrier stability could not be restored 

following thrombin treatment 69.  
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The Krüppel-like family member, KLF4, directly binds the VE-cadherin promoter 

and upregulates its expression. Basal permeability is increased following KLF4 

knockdown in vitro and in mouse lung microvasculature 79 (Figure 2.5D). Analogously, 

KLF2 also stabilizes barrier function, as heterozygous loss of KLF2 in mice leads to 

increased basal permeability and exacerbated barrier disruption upon addition of 

histamine and H2O2. How KLF2 mediates barrier function and whether this requires 

transcriptional activation of KLF2 was not determined 80.  

In addition to junctional proteins, elements of the cytoskeleton and regulation of 

its dynamics are essential to the initiation and restoration of vascular permeability.  

Along these lines, the contribution of small GTPases, as means of controlling 

contractility and dynamics of the cytoskeleton, have received significant attention 81-83. 

Transcriptional regulation of RhoGTPases was found to be coordinated by factors that 

regulate multiple aspects of the permeability response. For example, CREB (cAMP 

response element binding) directly regulates p190RhoGAP, a RhoA inhibitor important 

for barrier stabilization (Figure 2.5E). In support of this, in vivo expression of endothelial 

dominant negative CREB enhanced basal permeability and exacerbated the response 

to thrombin and LPS 84. 

Recently, two nuclear hormone receptors, Nur77 and estrogen receptor, have 

also been implicated in barrier regulation. Nur77 is increased upon exposure to VEGF, 

histamine, and serotonin resulting in barrier destabilization through the downregulation 

of several adherent junctional components. Transcriptional activity of Nur77 was found 

to be required, but whether Nur77 directly binds to the promoters of these adhesion 

molecules was not addressed 85. Interestingly, estrogen signaling through the estrogen 
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receptor directly upregulates claudin-5 expression and thus, possibly is important for 

barrier stability and restoration 86. It is apparent from these results that regulation of 

barrier function cannot simply be explained by transient signaling events. Additional 

research on transcriptional mediation may reveal further insight into the complexities of 

permeability regulation. 
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Figure 2.1. Pathways that regulate barrier function in endothelial cells 
Scheme shows two endothelial cells and the subendothelial space. Vascular 
permeability is regulated and maintained through three compartments including: 
paracellular junctions (adherent and junctional complexes), transcellular pathways 
(channels, vesiculo-vacuolar organelles (VVOs) and caveolae) and heterotypic cell 
interactions (usually pericytes). The three pathways are interconnected molecularly 
(blue arrows), however the details of this cross-talk remain largely unclear. BM: 
Basement membrane 
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Figure 2.2. Cross talk between transcellular trafficking and paracellular junctional 
complexes 
Caveolae fission and loss of Cav-1 enhance eNOS mediated NO production. 
Nitrosylation of p190RhoGAP impairs inhibition of RhoA, resulting in stress fiber 
formation, junctional instability, and increased paracellular permeability. Direct 
nitrosylation of junctional proteins may also regulate junctional disassembly.  
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Figure 2.3. Signal transduction pathways that increase paracellular permeability 
VEGF activation of VEGFR2 initiates several downstream signaling cascades leading to 
adherens protein internalization, calcium release, and stress fiber formation. Thrombin 
and histamine, via G-protein coupled receptors, results in RhoA activation, calcium 
release and the development of stress fibers. Ang-2 inhibits the barrier stabilizing effect 
of Ang-1 thus making the barrier vulnerable to permeability enhancing agents. LPS and 
TNF-α signaling result in NF-κB nuclear translocation where increased ICAM-1 
expression leads to RhoA activation and NO mediated nitrosylation of junctional 
proteins. Bradykinin promotes eNOS signaling.  
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Figure 2.4. Signaling mechanisms leading to enhanced barrier stability and 
restoration  
(A) FGF signaling increases basal barrier function through SHP2 phosphatase 
mediated p120/VE-cadherin complex stabilization. (B) VE-cadherin can inhibit growth 
factor receptors that normally enhance permeability. (C) GβƳ and Gas signal transduction 
results in FAK, Epac/Rap1 and PKA activation. All three of these targets coordinate to 
increase cortical actin and stabilize junctional complexes. (D) S1P signaling leads to 
FAK phosphorylation via a PLC dependent mechanism. Differential phosphorylation and 
cellular recruitment of FAK may explain how thrombin and S1P regulate FAK by distinct 
mechanisms.  
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Figure 2.5. Transcriptional regulation of vascular permeability 
(A) Akt phosphorylation by several stimuli results in FoxO1 phosphorylation and nuclear 
translocation. Subsequently, FoxO1 target genes including Claudin-5 (B) and Ang-2 (C) 
are expressed and repressed, respectively. Claudin-5 inhibition by FoxO1 requires 
complex formation between β-catenin and Tcf. Therefore, VE-cadherin/β-catenin 
complex formation is important for Claudin-5 expression as it prevents β-catenin 
translocation to the nucleus. (D) KLF4 stabilizes the barrier by enhancing expression of 
VE-cadherin. (E) CREB upregulates p190RhoGAP, which is important for inhibiting 
RhoA activation at adherens junctions. (F) Both estrogen receptor (not depicted) and 
FoxM1 increase Claudin-5 expression, thus promoting barrier stability. 
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Abstract 

Vascular permeability is frequently associated with inflammation and triggered by a 

cohort of secreted permeability factors such as VEGF. Here we show that the 

physiological vascular permeability that precedes implantation is directly controlled by 

progesterone receptor (PR) and is independent of VEGF. Both global and endothelial-

specific deletion of PR block physiological vascular permeability in the uterus, while 

misexpression of PR in the endothelium of other organs results in ectopic vascular 

leakage. Integration of an endothelial genome-wide transcriptional profile with ChIP-

sequencing revealed that PR induces a NR4A1 (Nur77/TR3)-dependent transcriptional 

program that broadly regulates vascular permeability in response to progesterone. 

Silencing of NR4A1 blocks PR-mediated permeability responses indicating a direct link 

between PR and NR4A1. This program triggers concurrent suppression of several 

junctional proteins and leads to an effective, timely and venous-specific regulation of 

vascular barrier function.  
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Introduction 

The endothelium constitutes a highly specialized cell population that lines the 

inner layer of the vascular tree. The particular location of blood vessels imposes 

functional demands, peculiar to each organ, that exceed its well-accepted role as a 

barrier and non-thrombogenic surface. To accommodate organ-specific functions, 

endothelial cells differ in regard to structure, adhesion molecules, metabolic properties, 

antigenic expression and cell surface determinants 1,2. However, we are significantly 

behind in our understanding of how unique vascular functions are developed and 

maintained to offer specific properties to individual tissues. 

In the endometrium, the vascular demands are enhanced by the cyclical 

requirement for vascular repair and angiogenesis. The repair and re-growth of the 

endometrium is driven by the sequential and tightly controlled interplay of steroid 

hormones. In particular, endometrial angiogenesis appears to be regulated by 17-β 

estradiol (E), likely through the ER-β receptor as per its high expression in the primate 

endometrial vascular and perivascular cells 3. Consistent with this prediction, low 

concentrations of E induce proliferative and migratory responses in endothelial cells 4. 

More importantly, ER-β knockout mice acquire abnormal vascular function and 

hypertension associated with endothelial dysfunction and impaired angiogenesis 5,6. 

Furthermore, β-estradiol regulates expression of VEGF and has been shown to promote 

vascular expansion in the endometrium of primates 7.  

A second unique feature of endometrial vessels is cyclic alterations in vascular 

permeability. These events result in the recurrent formation of a physiological edema 

during the second half of the endometrial cycle (secretory phase), a time when 
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progesterone (P) levels peak 8. Increased permeability alters the functional 

endometrium and makes it receptive for embryonic implantation. As part of the decidual 

response, changes in the degree of permeability parallel the ovarian cycle and are 

extremely pronounced during pregnancy 9. The leakage of blood-borne proteins to the 

interstitium is critical to support the highly metabolic trophoblastic cells and to the 

survival of the blastocyst. Interestingly, animals that lack PR are unable to mount a 

decidual response 10,11, placing PR as the upstream coordinator of the cellular and 

molecular changes that regulate decidualization. These changes include alterations in 

the stroma, matrix and vasculature 12. However the program that drives the 

physiological vascular changes in the endometrium is yet to be explored and appears to 

be distinct from the one that drives pathological vascular permeability.  

In this study, we provide evidence that PR is required within the endothelial 

compartment to mediate physiological vascular permeability. The resulting edema is 

independent of VEGF and instead triggered by PR-dependent activation of nuclear 

receptor subfamily, group A, member 1 (NR4A1), a transcription factor that initiates a 

unique vascular permeability program through concurrent suppression of several 

endothelial junctional proteins. Ultimately, through this mechanism, PR is able to 

selectively target the endometrial vasculature in a coordinated and sustained 

permeability response.  
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Results 

Complete Deletion of PR Leads to Reduced Physiological Vascular Permeability 

To dissect the biological function of PR in the endometrial vasculature, we first 

examined mice with global deletion of PR (PRKO) and wild-type (WT) littermates. 

Exposure of WT mice to progesterone resulted in uterine hyperplasia (Figure 3.1A) with 

a concurrent weight increase of 2.3-fold when compared to vehicle-treated mice (Figure 

3.1F). In contrast, PRKO uteri failed to mount an equally significant response (Figure 

3.1A,F). Histological analysis revealed similar overall structure between WT and PRKO 

mice regardless of treatment. Uterine sections stained with a collagen IV antibody or 

perfused intravascularly with Lycopersicon esculentum lectin showed similar vascular 

density between groups whether treated with vehicle or hormones (Figure 3.1B,C,D). 

Interestingly, even though hormone treatment led to a similar decrease in cell density in 

both WT and PRKO animals when compared to respective controls, hormone treated 

PRKO mice showed an increase in cell density compared to similarly treated WT 

animals (Figure 3.1E).  

As a change in uterine hyperplasia could be due to increased interstitial fluid, we 

assessed whether the changes in uterine weight were due to permeability and 

accumulation of plasma proteins extravasated from the vascular compartment. 

Hormone treatment of WT mice resulted in a 4-fold increase in Evans blue content in 

the uterus compared to vehicle treated WT mice. This was in contrast to PRKO mice in 

which there were no differences in uterine permeability between hormone and vehicle 

treated animals (Figure 3.1G). While inhibition of PR by mifepristone (RU486) blocked 

the effect of progesterone on uterine weight (Figure 3.1H) and Evans blue extravasation 
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(Figure 3.1I), inhibitors to VEGFR2 (SU11248) and bradykinin (HOE 140) had no effect. 

These results suggest that progesterone, through PR, regulates uterine vascular 

permeability independent of classical pathological permeability mediators. 

PR Expression in the Vasculature is Restricted to Endothelial Cells of Veins and 

Lymphatics of the Uterus and Ovary 

As the endothelium is responsible for regulation of vascular permeability, we first 

evaluated whether the effect of progesterone on barrier function was direct, and through 

PR expression in endothelial cells. Presence of PR in the vasculature has been a point 

of debate with a number of publications supporting 13-15 and negating expression in 

endothelial and smooth muscle cells 16-18. Using PRLacZ mice (Figure 3.2), which report 

both PRA and PRB promoter activation, we found that indeed endothelial cells were β-

gal positive (Figure 3.3A,B). Interestingly, PR positive endothelial cells were restricted to 

venules and lymphatics of the uterus and ovary, but absent from arterioles (Figure 3.3A, 

3.2G). Smooth muscle cells and/or pericytes were also positive, however β-gal reactivity 

was equivalent in both arterioles and venules (Figure 3.3A). Hormone priming with β-

estradiol and progesterone or PMSG/HCG did not significantly alter endothelial β-gal 

positivity regardless of whether animals were heterozygous or homozygous for the LacZ 

allele (Figure 3.3A,E,F). Endothelial cell identity was confirmed by co-staining of 

+/PRLacZ animals with the endothelial marker PECAM-1 (Figure 3.3B). Under 

physiological conditions, PR promoter activity was not detected in the vascular beds of 

any other organs (Figure 3.2H) revealing an exclusive organ-specificity for PR to 

vessels of the uterus and ovary.  

Expression of PR in the vasculature was confirmed at the protein level by 
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immunohistochemistry. Similar to findings from PRLacZ reporter mice, endothelial cells 

of veins and lymphatic vessels were positive for both PECAM-1 and PR, while arterial 

endothelial cells lack PR expression (Figure 3.3C). In contrast, smooth muscle cells of 

both veins and arteries were PR positive. Similar to mouse uteri, expression of PR in 

human endometrium was also exclusive to the endothelium of veins (Figure 3.3D).  

It should be emphasized that PR expression in the endothelium only occurs in a 

small subset of cells. On average, at any given time PR positive endothelial cells 

respectively represent 10% and 14% of total uterine lymphatic and venous endothelial 

cells per histological cross section (Figure 3.3E). Additionally, 20% of uterine lymphatics 

and 40% of uterine veins express at least one β-gal positive cell per vessel cross 

section (Figure 3.3F).  

PR Signaling in the Endothelium Promotes Vascular Permeability in vivo 

To determine whether the effect in vascular permeability was due to PR activity 

in endothelial cells, we evaluated cell-specific deletion (PRECKO mice) (Figure 3.4A,B). 

Cre expression in the uterus and ovary is completely restricted to the endothelium of the 

vasculature as determined by β-gal positivity using R26R reporter mice (Figure 3.4C). 

Absence of PR in the endothelium did not change vascular density, but revealed 

slight differences in the size of the uteri similar to that seen between hormone treated 

WT and PRKO mice (Figure 3.4D). Using the Miles assay, control and PRECKO mice 

were examined for changes in permeability following hormone treatment. PRECKO 

animals had significantly reduced permeability in comparison to control (Figure 3.4E,F). 

Interestingly, the ovary of PRECKO animals also showed a slight, but statistically 

significant decrease in permeability, consistent with the reduced endothelial PR 
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expression in comparison to the uterus (Figure 3.4G). In contrast, the duodenum, which 

lacks PR expression, did not exhibit any significant change in permeability in response 

to progesterone (Figure 3.4H). We further visualized sites of vascular leakage using 

Ricinus communis agglutinin I (RCAI) lectin. Although PRECKO animals exhibited some 

areas of RCAI binding, there was an obvious reduction in RCAI positive sites compared 

to control uteri (Figure 3.4I).  

The effect of endothelial PR in vascular permeability in vivo was further 

scrutinized by ectopic expression using a transgenic mouse model (Figure 3.5A, Table 

1). A myc-tag in the transgene enabled distinction between endogenous mouse PR 

from the human transgenic PR. Comparison of relative levels of transgenic PR protein 

confirmed that the lung was by far the site of highest expression followed by the 

intestine, with complete absence from the kidney, uterus, and heart (Figure 3.5B,C). 

Interestingly, the uterus did not exhibit transgene expression (Figure 3.5D). Consistent 

with lack of transgene expression in uteri, progesterone treatment resulted in equivalent 

extravasation of Evans blue (Figure 3.5E). In contrast, vascular permeability in PRTg 

lungs was 6-fold greater than baseline, while leakage in the duodenum increased by 1.4 

fold (Figure 3.5F,G). Immunohistochemical analysis of RCAI-injected mice revealed 

barrier dysfunction in the lung following hormone treatment and provided additional 

support to the Miles assay (Figure 3.5H).  

PR Activation in Endothelial Cells Results in Inter-endothelial Gaps and 

Decreased Endothelial Monolayer Resistance 

Having established that endothelial PR promoted vascular permeability in vivo, 

we returned to in vitro settings to gain mechanistic insights. First we examined human 
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endometrial endothelial cells (HEEC) that express endogenous PR. Similar to the 

findings in the murine and human endometrial sections, presence of PR was 

heterogeneous (Figure 3.6A), an important advantage as it allowed for concurrent 

assessment of PR negative cells in the same culture. To determine the effect of 

progesterone on junctional complexes, we used β-catenin immunolocalization. Cell-cell 

integrity was stable in non-treated (Figure 3.6a) and vehicle treated HEECs (Figure 

3.6b). However, progesterone treatment induced translocation of β-catenin away from 

adherens junctions and resulted in the formation of intercellular gaps only in HEECs 

expressing PR (Figure 3.6c).  

A more comprehensive evaluation of the effect of PR on junctional proteins was 

performed in umbilical vein endothelial cells (HUVECs) infected with a PR lentivirus 

(Figure 3.6B). Exposure to progesterone resulted in clear loss of both PECAM-1 and 

VE-cadherin cell surface expression by 24 hours post-treatment. Adapter proteins, β-

catenin and ZO-1 relocated from the cell membrane to the cytosol. These effects were 

absent from HUVECS expressing GFP only and treated with progesterone, confirming 

the requirement of PR for these events (Figure 3.7A).  

To evaluate the progression of junctional breakdown in real-time, we used 

Electrical Cell-Substrate Impedance Sensing (ECIS) on endothelial monolayers (Figure 

3.6C). Following progesterone treatment, human dermal endothelial cells (HDECs) 

overexpressing PR exhibit a progressive decrease in resistance, with initial barrier 

destabilization occurring between 4-8h after progesterone addition (Figure 3.6D). At 17 

hours, the reduction in barrier resistance was equivalent to that induced by thrombin (at 

30 min), a landmark control for these types of experiments. Notably, in contrast to the 
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short effect mediated by thrombin, progesterone exposure resulted in persistent and 

continuous barrier breakdown. Endothelial cells that were treated with vehicle, or 

infected with an adeno-β-gal construct, did not display these alterations whether in the 

presence or absence of progesterone (Figure 3.6D).  

To confirm that the changes in resistance were due to cellular gaps, we 

visualized β-catenin expression at 24 hours in the same cells measured by ECIS. As 

expected, those cells exhibiting a decrease in electrical resistance also displayed 

discontinuous cell-cell adhesion (Figure 3.7B). Furthermore, the effects on barrier 

integrity were found to be dose-dependent (Figure 3.6E) and ceased after removal of 

the stimulus only in the presence of low concentrations of progesterone (Figure 3.6F). 

Surprisingly, inhibition of classical permeability signaling molecules including Src 

(Figure 3.7C), PI3K (Figure 3.7D), ROCK (Figure 3.7F), and VEGFR2 (Figure 3.7G) did 

not inhibit progesterone-induced permeability, nor did taxol-mediated microtubule 

stabilization (Figure 3.7E), suggesting that a novel mechanism may act downstream of 

PR.  

Endothelial PR Signaling Alters Junctional Protein Expression 

Using next generation RNA sequencing, we explored the notion that PR signaling 

may transcriptionally alter the expression of endothelial junctional proteins. Following 4 

hours of progesterone treatment, we compared the fold change of several genes known 

to regulate vascular permeability (Figure 3.8A). As expected, many of the genes that 

encode proteins important for junctional stability such as VE-cadherin (CDH5), VE-PTP 

(PTPRB), PECAM-1, and claudin-5 (CLDN5) were reduced upon progesterone 

exposure. qPCR analysis of VE-cadherin and Claudin-5 confirmed the reduction noted 
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by RNA-seq (Figure 3.8B, Table 2). Western blot analysis demonstrated significant 

reduction in junctional protein levels starting at 16 hours post-treatment, supporting the 

kinetics revealed by HUVEC immunofluorescence (Figure 3.8C,D). β-catenin levels 

remained unchanged both at the RNA and protein level, which correlated with protein 

translocation rather than reduction. 

To determine whether transcriptional activation and subsequent protein synthesis 

were required for progesterone-mediated permeability, HUVECs were treated with 

inhibitors of transcription and translation (Figure 3.8E,F). Both inhibitors completely 

blocked the decrease in monolayer resistance observed upon progesterone treatment, 

confirming the requirement for transcriptional regulation and de novo protein synthesis 

downstream of PR signaling. 

PR Directly Binds to the NR4A1 Promoter and Regulates NR4A1 Gene Expression 

 A concrete elucidation of PR’s mechanism of action required us to ascertain the 

cohort of PR-regulated genes in the endothelium and identify within this cohort the 

intermediate effector(s). We were led to obtain a global read-out of PR binding sites in 

the HUVEC genome using chromatin immunoprecipitation (ChIP). In the absence of 

ligand (PR only) we resolved 525 PR binding sites, while activation of the receptor by 

progesterone (PR+P) resulted in a much higher number (9,906) of identified PR binding 

sites, 396 of which overlapped with PR only peaks. To identify genes that might be 

regulated by PR we next associated PR+P binding sites (9,906) with nearby genes 

within a 50kb range from transcriptional start sites and identified 3,886 predicted bound 

genes following progesterone treatment (Figure 3.9A). 

To identify possible direct target genes, it was necessary to combine the ChIP-
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seq and RNA-seq datasets (Figure 3.9B). This analysis would provide a list of genes 

that not only contained PR binding sites, but would also include genes whose 

expression was affected in response to progesterone exposure. RNA-seq analysis of 

HUVECs yielded 406 upregulated and 431 downregulated genes with a p-value less 

than 0.01 (Figure 3.9B). These genes were then intersected with the list of 3,886 genes 

predicted as regulated by the PR binding sites obtained from ChIP-seq evaluation. This 

analysis showed that 93 (23%) of activated and 214 (49%) of repressed genes are likely 

direct targets of PR. To identify which biological processes PR might regulate, directly 

activated (Figure 3.9C) and repressed (Table 3) gene lists were subjected to the DAVID 

Bioinformatics Database for gene ontology (GO) 19 analysis. Interestingly, transcription 

was the top term associated with directly upregulated genes (Figure 3.9C). As 

progesterone mediated permeability requires de novo protein synthesis, we further 

focused on the 28 transcription factors directly upregulated by PR by examining fold 

upregulation post progesterone treatment (Figure 3.9D).  

Notably, only one of these transcription factors, NR4A1, has been previously 

implicated in vascular permeability 20. Using the UCSC genome browser, we evaluated 

the location of PR binding sites in the NR4A1 locus. Two distinct peaks were found 

between 10-25kb upstream of the NR4A1 start site in PR+P samples, but not in 

respective controls (Figure 3.9E). qPCR further confirmed significant NR4A1 

upregulation as early as 1 hour after progesterone addition (Figure 3.9F). Interestingly, 

NR4A1 expression continued to increase and sustained elevated levels as long as 24 

hours after progesterone stimulation. To further validate direct PR binding at the NR4A1 

locus, intervals putatively containing PR binding, along with a negative control region, 
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were analyzed by ChIP-qPCR (Figure 3.9G, Table 3.2). PR binding was significantly 

enriched at both regions corresponding to ChIP-seq peaks, as compared to control 

samples (Figure 3.9G).  

NR4A1 is Required for Progesterone Mediated Endothelial Permeability 

To determine whether NR4A1 was required for progesterone-mediated 

permeability, HUVECs were subjected to siRNA against NR4A1. Using qPCR, NR4A1 

RNA levels were reduced by ~75% compared to non-targeting siRNA (Figure 3.10A). 

Interestingly, knockdown of NR4A1 led to a basal increase in HUVEC monolayer 

resistance compared to non-targeted control cells (Figure 3.10B). While progesterone 

increased permeability in HUVECS containing non-targeting siRNA, this effect was 

nearly blocked by the knockdown of NR4A1 (Figure 3.10C).  

Immunocytochemistry further supported the concept that NR4A1 acts 

downstream of PR activation to regulate junctional barrier breakdown in endothelial 

cells. Although non-targeting HUVECS showed reduced VE-cadherin and PECAM-1 

levels as well as β-catenin relocalization, effects were blocked in those with NR4A1 

knockdown (Figure 3.10D). Interestingly, knockdown of NR4A1 led to an increase in 

membrane expression of all three junctional proteins, consistent with the increase in 

basal resistance seen by ECIS. Protein analysis further demonstrated the reduction of 

claudin-5, PECAM-1, and VE-cadherin in HUVECs transfected with non-targeting siRNA 

(Figure 3.10E). Knockdown of NR4A1 also led to a basal increase in junctional protein 

expression, and treatment with progesterone did not reduce expression levels to the 

same extent as seen in non-targeting cells. PR levels between non-targeting and 

knockdown cells were similar, ruling out possible changes in PR expression as the 
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determinant of this effect. 

To further scrutinize these conclusions, HUVECS were infected with an 

adenovirus containing a dominant negative (Nur DN) construct against all NR4A family 

members 21. Similar to NR4A1 knockdown, overexpression of the Nur DN inhibited 

progesterone mediated permeability (Figure 3.10F). As another member of the NR4A 

family, NR4A2, was also directly stimulated by PR (Figure 3.9D), we examined the 

effect of NR4A2 knockdown on permeability (Figure 3.11D). Although three independent 

siRNAs resulted in a ~70% reduction in NR4A2 RNA expression, none were able to 

inhibit progesterone-mediated permeability, demonstrating a unique role for NR4A1 in 

the regulation of barrier function (Figure 3.11E). 

The ability of NR4A1 to directly control expression of junctional proteins was also 

tested in gain-of-function experiments. Overexpression of NR4A1 resulted in a marked 

reduction in VE-cadherin, claudin-5, and PECAM-1 in the absence of progesterone 

(Figure 3.10G). Furthermore, expression of NR4A1 alone increased monolayer 

resistance as determined by ECIS (Figure 3.10H), providing additional functional 

validation. These results indicate that NR4A1 is required and acts downstream of PR to 

mediate endothelial specific vascular permeability. 
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Discussion 

The sequential and highly coordinated action of the steroid hormones 17-ß 

estradiol and progesterone are known to regulate epithelial and stromal functions in the 

endometrium 22. Changes imposed by E and P prepare the endometrium for 

implantation and continue to be essential during the subsequent post-implantation 

phases to ensure a successful pregnancy 22,23. Whereas much is known about the 

molecular and cellular events downstream of epithelial and stromal responses, the 

unique series of changes imposed to the uterine vasculature prior, during and post-

implantation are only known at the level of morphological description. Here we show 

that PR within the endothelium is responsible for initiating a series of events that lead to 

physiological edema in the endometrium. Specifically, PR induces expression of the 

orphan nuclear receptor NR4A1, which, in turn, destabilizes endothelial barrier function 

within the subpopulation of PR-expressing endothelial cells. The consequence is 

restricted and sustained vascular permeability directed by circulating progesterone.  

The contribution of progesterone as the chief regulator of vascular alterations 

during the secretory phase was implied from earlier work noting that mice with lack of 

PR failed to mount a decidual response 10,11. Because expression of PR in the 

endothelium was at best sporadic, the effect on vessels was believed to be triggered 

through the secondary action of permeability modulators. An obvious culprit, VEGF, has 

been frequently evoked as responsible for the cycle of vascular changes in the uterus. 

In fact, VEGF is induced by steroid hormones 7,24 and pharmacological blockade of this 

growth factor in primates impairs endothelial repair and angiogenic growth 25. 

Surprisingly, we found that blockade of VEGF does not prevent the physiological edema 
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that occurs prior to implantation; instead these events appear to be triggered by 

progesterone-driven mechanisms that are independent of VEGF. These findings 

pointed to either alternative permeability mediators or a direct role of PR in the 

endothelium. It should be noted, however, that inactivation of VEGF signaling post-

implantation, like progesterone blockade, impacts both permeability and embryo 

viability. Thus, it appears that the mechanisms that regulate permeability responses pre- 

and post-implantation are likely distinct.  

To continue to test the contribution of PR in the vascular endothelium, we 

adopted loss and gain-of-function approaches. Mice that lack PR in the endothelium, 

albeit able to host the typical decidual response by stromal cells, showed impaired 

ability to mount a physiological edema response. In contrast, transgenic animals that 

miss-expressed PR on endothelial cells in organs other than the uterus displayed an 

acute permeability response upon ligand exposure. Together these findings implicated 

progesterone as the mediator of the permeability responses prior to implantation.   

How does progesterone drive vascular permeability? Although the molecular 

mechanisms of progesterone action via binding to its receptor are well established 26,27, 

the effects of this hormone on endothelial cells have not been explored at the molecular 

level. Evaluation of the literature on the effect of PR in epithelial cells was not 

informative as to how, in endothelial cells, this transcription factor could promote 

destabilization of barrier function. Furthermore, our in vitro experiments indicated that 

the effect of PR on endothelial permeability required transcriptional control. Following 

that lead, we performed global transcriptional profiling (RNA-seq) of endothelial cells 

treated with progesterone. These data initially failed to provide insights into the process 
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whereby PR promotes permeability. It was only through the integration of ChIP-

sequencing analysis with the transcriptional profile that we were able to identify NR4A1 

as the possible link.  

The orphan nuclear receptor NR4A1 is a member of the NR4A transcription 

factor family that is expressed by a broad number of cell types. The effects mediated by 

NR4A1 are pleotropic, cell-type dependent and impact metabolism, homeostasis and 

inflammation 28. Recently NR4A1 has been also shown to be expressed by endothelial 

cells and to induce pathological permeability responses 20. The reports implicating 

NR4A1 in permeability opened the possibility for a role of NR4A1 downstream of PR 

signaling. 

A hallmark of vascular leakage is the formation of intercellular gaps via disruption 

of cell-cell contacts resulting in a loss of barrier integrity 29,30. Along these lines, 

endothelial cells expressing PR showed disruption of cell-cell interactions upon 

exposure to the ligand. Interestingly, silencing of NR4A1 in cells expressing PR and 

treated with the ligand blocked the effect of progesterone on permeability. These 

findings clearly indicated that PR was upstream of NR4A1 in the control of endothelial 

barrier function. Furthermore, we found that NR4A1 coordinates an effective program of 

transcriptional repression of junctional proteins, including VE-Cadherin, Claudin-5 and 

PECAM1. 

Our results indicate that under homeostatic conditions, PR is highly restricted to 

uterine blood vessels, at the exclusion of vessels from other organs. Interestingly, 

expression of PR is selective to veins and lymphatic vessels.  Endothelium from arteries 

is conspicuously absent of PR, while expression is highly noted in the smooth muscle 
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layer of these vessels. This exquisite specificity enables local and controlled functions 

triggered by a systemically distributed ligand. 

As for progesterone effects in other vascular beds, we and others have noted 

that in human specimens, PR is expressed by patches of endothelial cells within the 

human coronary vasculature and other large vessels 13,31,32. Interestingly, evaluation of 

progesterone effects on the progression of atherosclerosis using the mouse carotid 

injury model suggested a negative effect of this hormone on the resolution of injury. In 

fact, treatment of wild-type animals with progesterone worsened the response to injury 

while PRKO mice were unaffected, supporting the notion that long-term therapeutic use 

of progesterone and its derivatives may be deleterious to vascular function 33. Although 

under non-pathological conditions PR cannot be detected within the coronary 

vasculature in the mouse, expression in human atherosclerotic vessels has been shown 

13. Therefore, it is possible that PR expression follows injury and subsequently mediates 

these effects.  

The findings presented here are in accordance with, and further explain, the 

uterine vascular fragility experienced by users of long-term progestin-only 

contraceptives 34-36. In fact, prolonged exposure to progestins results in abnormal 

endometrial bleeding despite increased levels of tissue factor expression 37.  

Structural and molecular differences in the endothelium of distinct tissues reflect 

its role in meeting the diverse requirements of individual organ sites. The recurrent 

cycles of physiological permeability in the endometrium are unique to this tissue and 

must be timely regulated. Here we showed that this physiological permeability requires 

a molecular toolkit distinct from that of pathological permeability.  Combined the findings 
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highlight the process by which endothelial cells detect and respond to systemic 

hormones to trigger local, timely and effective changes in barrier function.  
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Materials and Methods 

Mouse Models 

PRLacZ mice were generated by insertion of the LacZ gene into exon 1 by homologous 

recombination directly downstream of the PR-B initiation site on chromosome 9. To 

facilitate insertion, the PRLacZ reporter construct was flanked by a 1.25 kb (short arm) 

segment and 6.6 kb segment (long arm) of the endogenous PR locus. The construct 

also included a floxed neomycin gene for selection. The neomycin gene was later 

removed by Cre excision through mating PRLacZ mice to EIIaCre transgenic mice 38. 

Incorporation of the construct by homologous recombination was verified using PCR. 

For generation of tie1-progesterone receptor (PRTg) mouse, the transgenic construct 

consisted of a 950bp tie1 minimal promoter fragment linked to human PR DNA. To 

distinguish between mouse endogenous PR and the human transgenic PR, a myc-tag 

was inserted preceding the stop codon of the PR construct. Mice were genotyped by 

Southern via digestion of total genomic DNA with AvaII and probing with an eGFP 

fragment of tie1-PR construct that distinguishes it from the endogenous PR locus. 

Additional mouse lines and their respective genotyping including: VE-cadherin Cre 39, 

floxed PR 40, PRKO 40 and R26R LacZ 41 have previously been described. All animals 

were housed in a pathogen-free environment in an AAALAC-approved vivarium at 

UCLA, and experiments were performed in accordance with the guidelines of the 

Committee for Animal Research at the same institution. 

Hormone Treatment 

8-12 week old female tie1-PRTg, PRLacZ, PRECKO, PRKO and littermate controls were 

treated with hormones as previously described 10. Days 1-3 mice were injected 
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subcutaneously each day with 100ng 17 β–estradiol (Sigma, St. Louis, MO) in 0.1ml 

sesame oil; Days 4 and 5 no treatment; Day 6-8, 1µg progesterone (Sigma, St. Louis, 

MO) and 6.7ng 17 β–estradiol. Inhibitors were concurrently administered with hormonal 

or vehicle treatment at the following concentrations: icabant (Sigma, St. Louis, MO) was 

injected ip at 500ug/kg, Sunitinib (Sigma, St. Louis, MO) was given orally at 40mg/kg, 

and mifepristone 100mg/kg subcutaneously (RU486; Sigma, St. Louis, MO). 

Morphometric analysis of uteri following hormone treatment 

Microscopic images from the Zeiss LSM 510 META multiphoton microscope were 

imported into Image Pro (Media Cybernetics, Bethesda, MD) image analysis software. 

Cell density and vessel number were calculated by measuring boxed areas of 

endometrium and counting the number of nuclei and vessels, respectively, in the area of 

interest. 

Vascular Permeability Assays 

Following hormone treatment, mice were injected i.v. with either Evans blue dye (1 

ml/kg of 3% Evans blue) or select lectins and allowed to circulate for 20 minutes before 

perfusion fixation (1% paraformaldehyde). Evans blue was allowed to circulate for 20 

minutes, and the vasculature was perfusion-fixed (1% paraformaldehyde in 50 mM 

citrate buffer, pH 3.5). Uteri, ovary, lung, and intestine were removed, blotted dry, and 

weighed (wet weight). Evans blue was extracted from tissues with formamide overnight 

at 55°C and measured in duplicate by a spectrometer at 620 nm. Alternatively, mice 

were injected i.v. with Lycopersicon esculentum (Tomato) or Ricinus communis 

agglutinin I (RCA I) (Vector Laboratories, Burlingame, CA) to label the entire 

vasculature uniformly or mark sites of vascular permeability, respectively. Tissues were 
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fixed by vascular perfusion of 1% paraformaldehyde, sectioned (300µm) on a 

Vibratome, mounted using 90% glycerol in PBS, and imaged using a Zeiss LSM 510 

META multiphoton microscope. Z stack images were analyzed using Zen software 

(Zeiss,Germany). 

Immunohistochemistry  

Tissue sections were immunostained with antibodies against PR (1:400; clone SP2, Lab 

vision, Kalamazoo, MI) and PECAM-1 (1:100 MEC 13.1, BD Biosciences, Franklin 

Lakes, NJ). Antigen retrieval using Tris-EDTA (pH 9.0) was required for PR staining of 

formalin embedded tissues. 488 and 564 Alexa Fluor secondary antibodies (1:300) 

were used to recognize primary antibodies (Molecular Probes, Life Technologies, Grand 

Island, NY). Sections were analyzed using a Zeiss LSM 510 META multiphoton 

microscope with built in Axiocam and acquired using Zen software (Zeiss, Germany). 

For β-galactosidase staining, vibratomed sections (300-400µm) were permeabilized 

with detergent, rinsed, and incubated with X-gal overnight. 5µm sections were stained 

with nuclear fast red for nuclei visualization and mounted on slides using Permount 

(Fischer Scientific, NJ). Bright field images were obtained using an Olympus BX40 

microscope (Olympus, PA) with an Olympus F1H033971 camera (Olympus, PA). 

Images were taken at room temperature and objectives included: 4x UplanFl 0.13, 

10xUPlanF1 0.3, 20x UPlanApo 0.8 oil, 40x UPlanApo 1.0 oil, and 100xUPlan Apo 1.35 

oil iris Ph3. Images were analyzed using Magnafire software. 

Immunoblotting and Immunoprecipitation 

Both organs and cells were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% 
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NP-40, 0.25% sodium deoxycolate, 1 mM EDTA, 1 mM sodium vanadate, 10 mM β-

glycerophosphate, and protease inhibitors [1 mM phenylmethanesulfonylfluoride 

(PMSF), 20 µg/ml leupeptin, and 20 µg/ml aprotinin]). Immunoprecipitation of human PR 

from PRTg mice was performed using equal amounts of whole tissue extracts, as 

determined by the DC protein assay reagent (Bio-Rad Laboratories, Hercules, CA), 

followed by incubation with anti-human monoclonal PR antibody (clone PgR 1294, 

DAKO; Carpenteria, CA) and proteinA-sepharose beads. Proteins were resolved by 

SDS-PAGE, transferred to reinforced nitrocellulose (Optitran BA-S 83; Dassel, 

Germany), and incubated overnight with the following antibodies: anti-PR (1:2000; clone 

SP2, Lab Vision, Kalamazoo, MI), anti-VE-cadherin (1:1000; Cell Signaling, Danvers, 

MA), anti-PECAM-1 (1:1000; Cell Signaling, Danvers, MA), anti-Claudin-5 (Invitrogen; 

Grand Island, NY), β-catenin (1:2000, Sigma, St. Louis, MO), β-actin (1:10,000, Sigma, 

St. Louis, MO), and anti-myc (1:1000; Cell Signaling, Danvers, MA). Blots were 

incubated with HRP-conjugated secondary (1:5000; Bio-Rad Laboratories, Hercules, 

CA), developed with Supersignal West Pico Chemiluminescent Substrate (Thermo 

Scientific, Kalamazoo, MI) and imaged by a Bio-Rad ChemiDoc XRS+ and 

accompanying Image Lab software (Bio-Rad Laboratories, Hercules, CA).  

Electrical Cell-Substrate Impedance Sensing 

Human umbilical vein endothelial cells, passages 4-6, were cultured in MCDB-131 (VEC 

Technologies, Rensselaer, NY) with the addition of 10% fetal bovine serum (Omega 

Scientific, Tarzana, CA) that was stripped using 0.25% dextran coated charcoal (Sigma, 

St. Louis, MO). PR infected HUVECS were seeded onto 8W10E+ arrays and treated 

with 100nM progesterone 48h after cells reached confluence (8 wells per array, 40 
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electrodes per well; Applied Biophysics, Troy, NY). Data was acquired and analyzed 

using ECIS software (Applied Biophysics, Troy, NY). Inhibitors included PI-103 (100nM; 

EMD Millipore, Billerica, MA), paclitaxel (100nM; Sigma, St. Louis, MO), Y27632 (10uM; 

Sigma, St. Louis, MO), SU6656 (10uM; EMD Millipore, Billerica, MA), and SU4312 

(10uM; Sigma, St. Louis, MO). HUVECs were pretreated with inhibitors for 2h before 

progesterone treatment. For Nur77/TR3 functional experiments, a Nur family dominant 

negative adenovirus was a generous gifts from Dr. Peter Tontonoz and has been 

described previously 21. The NR4A1 overexpression was done using a construct 

designed by the Tontonoz lab and viral amplification done by ViraQuest (North Liberty, 

IA). Cells were incubated in adenovirus for 1h in the absence of serum and examined 

by ECIS 48 h after infection. 

Immunocytochemistry of cultured endothelial cells 

For immunocytochemistry, HUVECS were seeded onto Lab-Tek II 8-well slides (Thermo 

Scientific, Rochester, NY) and stimulated with 100 nM progesterone. Cells were fixed 

for 20 minutes with 4% PFA, permeabilized with 0.1% Triton-X100, and blocked for 1h 

with 10% donkey serum. Primary antibodies were incubated overnight in 1% serum and 

included β-catenin (1:350, Sigma, St. Louis, MO), PECAM-1 (1:400, M-20; Santa Cruz 

Biotechnology, Santa Cruz, CA), VE-cadherin (1:200, C-20; Santa Cruz Biotechnology, 

Santa Cruz, CA), and ZO-1 (1:500, Clone 1A12; Invitrogen; Grand Island, NY). Alexa 

Fluor secondary antibodies were incubated for 1h at RT (1:300, Invitrogen, Grand 

Island, NY). Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI, 1:1000; 

Invitrogen, Grand Island, NY). Images were acquired using a Zeiss LSM 520 

multiphoton microscope (Zeiss, Germany).  



 

 

 80 

siRNA transfection of HUVECs 

Confluent HUVEC monolayers were transfected with a Stealth single siRNA (Invitrogen, 

Grand Island, NY) to NR4A1 and NR4A2 using siPORT reagent (Ambion, Life 

Technologies, Grand Island, NY). Briefly, siPORT was incubated for 30 min. at RT with 

Opti-MEM before addition and 20 min. RT incubation with the siRNA. Cells were 

washed and incubated in antibiotic free DMEM with 1% FBS followed by the addition of 

the siRNA mixture. Cells were incubated for 4 hours with the siRNA then washed and 

replaced with MCDB-131 with 10% charcoal stripped FBS. The procedure was repeated 

again 48 hours later and cells were used for experiments 48-72 hours after the final 

transfection. Knockdown efficiency was assessed using qPCR. Negative Control Hi GC 

siRNA was used as a control (Invitrogen, Grand Island, NY). The NR4A1 siRNA 

sequence is CACAUGUGCGGACACCAUAAUGCUG.  

Chromatin immunoprecipitation and library preparation Chromatin 

Immunoprecipitation 

 For each condition (non-infected-negative control, PR+P, PR only, and IgG 

control) 10x106 and 2x106 cultured HUVECs were used per IP for ChIP-seq and ChIP-

qPCR, respectively. HUVECs were infected with a PR lentivirus, grown to confluence, 

and then treated with progesterone for 1h. Cells were then crosslinked with 1% 

formaldehyde, resuspended in 400 µl of lysis buffer (1% SDS, 20 mM EDTA and 50 mM 

Tris-HCl (pH 8.0)) containing protease inhibitors (Roche, Indianapolis, IN), and 

sonicated using Misonix cup-horn sonicator to achieve, on average, 200bp fragments 

for ChIP-seq and 500bp fragments for ChIP-qPCR. The lysate was diluted with ChIP 



 

 

 81 

dilution buffer containing 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA and 16.7 mM 

Tris-HCl (pH 8.1) and immunoprecipitated with 3 ug of anti-PR or IgG antibody 

overnight at 4 degrees.  

 The complexes were captured using protein A Dynabeads (Invitrogen, Grand 

Island, NY) and washed twice with the following buffers: low-salt immune complex wash 

buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1); high-salt 

immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-

HCl (pH 8.1) and 500 mM NaCl); LiCl wash buffer (0.25 M LiCl, 1% NP40, 1% 

deoxycholate, 1 mM EDTA and 10 mM Tris-HCl (pH 8.1)) and TE (10 mM Tris-HCl and 

1 mM EDTA (pH 8.0)). After elution with 50 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 1% 

SDS, crosslinks were reversed by overnight incubation at 65°C. Samples were then 

treated with RNase A for 30 min at 37°C and proteinase K for 2 h at 56°C. DNA was 

subsequently purified using Qiagen MinElute Columns according to manufacturers 

instructions. DNA concentration was measured using a Qubit (Invitrogen, Grand Island, 

NY). The library for sequencing was constructed using Ovation Ultralow IL Multiplex 

System 1-8 according to manufacturer's instructions (Nugen, San Carlos, CA). Libraries 

were sequenced using HIseq-2000 (Illumina, San Diego, CA) to obtain 50 bp long 

reads. ChIP-seq data sets have been deposited in the NCBI Gene Expression Omnibus 

with the accession number GSE43789.  

ChIP-seq analysis 

Debarcoding of the multiplex runs was performed using Fastx toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit). Tags were mapped to the human genome 

(hg19) using bowtie v0.12.7 42 excluding non-unique mappings (-m 1). 12-22 million 
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uniquely mapped reads were obtained for each sample. Wig files were created using 

Homer 43 and visualized on UCSC (Kent et al., 2002) genome browser as custom 

tracks. Peak identification was performed with MACS v1.3.7.1 44. Peaks for PR and 

PR+P conditions were called using either input, negative control (non-infected cells) or 

IgG control as a reference and only peaks that were present in all three comparisons 

were included in the final list of PR binding sites. To identify genes that are potentially 

regulated by PR, peaks were mapped to nearby genes within 50kb range from the 

transcriptional start site using Genomic Regions Enrichment of Annotations Tool 

(GREAT) 45. Peak intersections and overlaps with differentially expressed genes were 

performed using Galaxy 46 and in house shell scripts.  

RNA-seq analysis 

Debarcoding of the multiplex runs was performed using in house shell script. Reads 

were then processed and aligned to the human genome (hg19) using TopHat v2.0.4 47 

with default parameters. Approximately 50 million and 42 million mapped reads where 

obtained for PR and PR+P samples, respectively. The aligned read files were further 

processed with Cufflinks v2.0.1 48. Assemblies for PR and PR+P endothelial cells were 

merged using CuffMerge and differential expression was determined using Cuffdiff. 

Genes with a p-value smaller than 0.01 where considered as differentially expressed. 

For the generation of heatmaps for each gene log2 ratio of a given sample rpkm was 

divided with the average of the two samples (PR and PR+P) rpkm’s and visualized 

using treeview 49. 

RNA isolation, qPCR, and library preparation 

Total RNA was extracted using RNeasy Kit (Qiagen, Valencia, CA), cDNA generated 
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using SuperScript First-strand Synthesis System (Invitrogen, Grand Island, NY) and 

quantitative real-time PCR was performed using SYBR Green reagent (Qiagen, 

Valencia, CA) and detected using an Opticon2 PCR machine (MJ Research; BioRad, 

Hercules, CA). The library for sequencing was constructed using an Illumina Multiplex 

System according to manufacturer's instructions (Illumina, San Diego, CA). Libraries 

were sequenced using HIseq-2000 (Illumina, San Diego, CA) to obtain 50 bp long 

reads. RNA-seq data sets have been deposited in the NCBI Gene Expression Omnibus 

with the accession number GSE43788. For details on how differentially expressed 

genes were identified and analyzed see Extended Experimental Procedures. 

Statistical Analysis 

For statistical analysis, Student’s unpaired two-tailed t-test was used for all 

comparisons. 
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Figure 3.1. Reduced physiological permeability in the uterus in PRKO mice 
(A) WT but not PRKO uteri undergo physiological hyperplasia after hormonal 
stimulation. Scale bar = 3mm. (B) Collagen IV immunostaining (green) detects 
basement membrane of glands (arrows) and blood vessels (arrowheads). Scale bar = 
100 µm. (C) Intravascular perfusion with FITC conjugated Lycopersicum esculentum 
(tomato lectin, green) reveals well vascularized PRKO uteri despite poor response to 
hormonal treatment. Scale bar = 1 mm. (D) Quantification of vessel number/0.1mm2 in 
WT and PRKO mice. n=5/group. (E) Quantification of uterine cell density/mm2 in WT 
and PRKO mice. n=5/group. (F) Uterine wet weight in WT vehicle-treated and matching 
hormonal-treated group. n=5/group. (G) Vascular permeability, as measured by the 
Miles assay, is attenuated in hormonal-treated PRKO uteri compared to similarly treated 
WT mice. n=5/group. (H,I) Quantification of uterine weight and Miles blue content 
following hormonal stimulation and concurrent inhibition of VEGFR2 (n=5), bradykinin 
(n=3), and PR (n=5). **p < 0.01, ****p < 0.0001. In all panels, error bars = +/- SEM and 
data was analyzed using an unpaired two-tailed Student-T test.  
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Figure 3.2. PR LacZ knock-in mice report expression of both PR isoforms 
(A) The LacZ reporter gene encoding β-gal was inserted by homologous recombination 
into exon 1 (E1) of the endogenous murine PR locus directly downstream of the ATG 
start sites for both PR isoforms, PR-B and PR-A. Dotted lines at the 5’ and 3’ flanks 
indicate areas of homology between the genomic locus and the LacZ reporter construct. 
A floxed neo cassette was used as a selection marker and excised through Cre-
mediated recombination. Black arrows delineate the two distinct sets of forward and 
reverse primers (WT and LacZ) used for genotyping. (B) Both WT primers and LacZ 
primers reveal a 300bp band by PCR. (C) Similar to WT mice (-/-), heterozygous (+/-) 
and homozygous (+/+) mice are viable and survived into adulthood in a frequency 
identical to wild-type mice. Unlike -/- and +/- animals, +/+ mice are infertile. Animals 
depicted are 3 months of age. Transverse uterine (D) and oviduct (E) sections (5 µm) 
from both +/PRLacZ and PRLacZ/PRLacZ exhibit β-gal positive cells (blue) in smooth 
muscle, stromal, and epithelial cells. PRLacZ/PRLacZ animals exhibit increased numbers 
of β-gal positive cells compared to +/PRLacZ animals even without exogenous hormones. 
Exposure of +/PRLacZ to PMSG and HCG did not drastically alter PR expression in the 
uterus, but did lead to changes in glandular size. L = lumen; M = myometrium; Scale bar 
= 150 µm; * indicate areas of enlarged glands after PMSG/HCG injection. (E) 
Transverse sections through the oviduct of +/PRLacZ and PRLacZ/PRLacZ animals. (F) 
Histological sections of the mammary gland demonstrate PR promoter activity 
localization in the glandular epithelium. (G) Histological sections from the ovary 
following X-gal staining. Arrowheads and arrows represent β-gal positive endothelial 
and smooth muscle cells respectively. A = artery, V = vein, L = lymphatic, TEC= thymic 
epithelial cell. Scale bar = 50µm. (H) Histological sections of veins and arteries from X-
gal stained non-reproductive tissues. Nuclei are stained with nuclear fast red. Scale bar 
= 50 µm. 
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Figure 3.3. PR expression in the murine vasculature  
(A) Transverse uterine sections from +/PRLacZ and PRLacZ/PRLacZ mice treated with oil, 
β-estradiol and progesterone (E+P), or PMSG/HCG demonstrate β-gal positivity in the 
vasculature. Endothelial cells (arrowheads) from veins (V) but not arteries (A) were 
positive for β-gal. PR promoter activity in smooth muscle cells (arrows) was detected in 
both arteries and veins. Nuclear Fast Red (NFR) was used as a counterstain. Scale bar 
= 25 µm. (B) PR promoter activity (β-gal) in venous endothelial cells was verified by co-
staining with PECAM-1 (brown). V = vein; Scale bar = 25 µm. (C) Immunofluorescence 
of murine uterine sections stained for PECAM-1 (red) and PR (green). Nuclei were 
visualized using 4',6-diamidino-2-phenylindole (DAPI, blue). PR is expressed in 
endothelial cells (arrowheads) of veins and lymphatic vessels, and smooth muscle cells 
(arrows) of veins and arteries. Scale bar = 25 µm. Insets are higher magnification 
images of a PR positive endothelial cell. (D) Venous endothelial expression of PR 
(green) in human endometrial sections as confirmed by colocalization with PECAM-1 
(red). Nuclei are stained with DAPI (blue). Scale bar = 25 µm. Inset is a higher 
magnification image of a PR positive endothelial cell. (E) Percentage of β-gal+ 
endothelial cells per total number of endothelial cells in each vessel cross-section. n = 
2-5 and 300-500 endothelial cells/condition. (F) Percentage of lymphatics and veins in 
the uterus that contain at least one β-gal+ endothelial cell per cross-section. n = 2-5 and 
300-500 endothelial cells/counted; *p < 0.05. In all panels, error bars = +/- SEM and 
data was analyzed using an unpaired two-tailed Student-T test.  
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Figure 3.4. Reduced vascular permeability in PRECKO mice 
(A) Generation of PRECKO mice was accomplished by mating PRCE mice to constitutive 
VE-Cadherin Cre mice. (B) Presence of VE-Cadherin Cre was determined by a 100bp 
band using general EIIa Cre primers. A 300bp control band confirmed PCR efficiency. 
(C) VE-cadherin Cre recombination efficiency (β-gal, blue) in the uterus and ovary are 
restricted to the endothelium. Scale bar = 50 µm. (D) Tiled images comparing control 
and PRECKO vascular density in the uterus. Vessels were stained for PECAM-1 (green). 
DAPI (blue) visualized nuclei. Scale bar = 0.5 mm. (E) PRECKO animals (n=8) have 
reduced Evans Blue extravasation compared to control (n=7) following hormone 
treatment. (F-H) Quantification of Evans blue content from the uterus, ovary and 
intestine. **p < 0.01; *p < 0.05. (I) Ricinus communis agglutinin I (green) and 
Lycopersicon esculentum (red) staining from uteri of control and PRECKO animals 
following hormone treatment. Arrows indicate sites of permeability (green). A= artery, 
V=vein, L=lymphatic. (a,b) Enlarged images of the area contained within the white 
boxes. Scale bar = 50 µm. In all panels, error bars  = +/- SEM and data was analyzed 
using an unpaired two-tailed Student-T test.  
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Figure 3.5. Ectopic expression of PR in lung endothelial cells leads to enhanced 
permeability 
(A) Transgenic mice containing the 950bp tie1 minimal promoter fragment directs PR 
expression to the endothelium. (B) Transgenic PR was detected in PRTg total lung 
lysates by Western blot analysis. (C) Equal levels of total protein lysate from indicated 
organs were evaluated for the presence of the human PR transgene. IgG indicates the 
level of antibody used for immunoprecipitation. (D) Comparison of transgenic (human) 
and endogenous (murine) PR in lung and uterus respectively. (E-G) Quantification of 
vascular permeability in wild-type (WT) and PRTg mice normalized to respective organ 
weight. V = vehicle treated; P = progesterone treated. n = 6; ****p < 0.001. (H) Ricinus 
communis agglutinin I staining (arrows) in wild-type and PRTg vessels of the lungs. 
Scale bar=150um. In all panels, error bars represent SEM and data was analyzed using 
an unpaired two-tailed Student-T test. 
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Table 3.1. Mouse models used in this study.  
Transgenic lines, genotypes and selected references are indicated. 
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Figure 3.6. PR activation in endothelial cells results in decreased monolayer 
resistance  
(A) Human endometrial EC (HEEC) express endogenous PR (orange). Progesterone 
treatment results in junctional breakdown in PR-expressing HEEC, but not PR-negative 
cell islands as determined by β-catenin staining (green). Arrowheads demonstrate areas 
of intact junctions. Arrows indicate loss of β-catenin at the junctions of PR positive cells. 
Scale bar = 100 µm. (B) HUVECs infected with a PR lentivirus (green) were treated for 
4, 8, and 24 hours with progesterone (100nM). PECAM-1, VE-cadherin, β-catenin, and 
ZO-1 (white) were used to visualize junctions. DAPI (blue) shows nuclei. Activation of 
PR leads to intercellular gaps and reduced junctional protein expression (arrows). 
Arrowheads show translocation of β-catenin from the cell membrane to cytosol. Scale 
bar = 50 µm. (C) Diagram depicting electrical cell-substrate impedance sensing (ECIS). 
Resistance values are calculated based on fluctuation in current movement through the 
endothelial monolayer. (D) Progesterone decreases HDEC monolayer resistance in the 
presence of PR, but not in cells infected with a β-gal control construct. Thrombin = 
positive control. (E) Effect of progesterone on the barrier is dose-dependent. (F) Barrier 
function stabilizes when 10nM but not 1µM P is removed from the media. Black arrows 
= stimulus addition, Grey arrow =stimulus removal. 
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Figure 3.7. Inhibition of classical permeability mediators does not prevent 
progesterone mediated permeability 
(A) Progesterone treatment for 24 hours does not lead to changes in β-catenin or 
PECAM-1 (white) in HUVECS infected with a GFP control construct (green). Nuclei are 
stained with DAPI (blue). Scale bar = 50 µm. (B) HUVECS grown on ECIS electrodes 
visualized in the presence or absence of progesterone for 24 hours. Arrows denote 
areas of junctional breakdown represented by β-catenin staining (green). PR positive 
nuclei are stained in blue. (D-G) Inhibition of permeability mediators including: Src 
kinase (SU-6656, 10uM) (C), PI3K (PI-103, 500nM) (D), ROCK (Y27632, 10uM) (F), 
and VEGFR2 (SU4312, 10uM) (G) and inhibition of microtubule reorganization (taxol, 
100nM) (E) did not affect progesterone mediated permeability as measured by ECIS. 
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Figure 3.8. PR activation leads to changes in expression of junctional proteins  
(A) Heat map representing the relative expression and fold change of genes known to 
regulate vascular permeability in PR vs. PR+P HUVECS at 4h. (B) qPCR confirmation 
of VE-cadherin (CDH5) and claudin-5 (CLDN5) expression following progesterone 
treatment (hatched bars). Graphs display an average of three biological replicates. Ct 
values were normalized to those from GAPDH and made relative to non-infected cells. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Western blot analysis of total 
protein levels from GFP control or PR infected total HUVEC lysate following 
progesterone treatment. GAPDH/β-actin = loading controls. Blots are representative of 
three independent experiments. (D) Densitometry analysis of VE-cadherin, claudin-5, 
and PECAM-1 levels following progesterone treatment (hatched bars). Bands were 
normalized to GAPDH and made relative to PR infected HUVECS (solid gray bars). 
Graphs display an average of three biological replicates. *p < 0.05, **p < 0.01, *** p < 
0.001. (E,F) Inhibition of progesterone mediated permeability by cycloheximide 
(10ug/ml) and actinomycin D (10ug/ml), respectively. Error bars = +/- SEM and data 
was analyzed using an unpaired two-tailed Student-T test.  
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Table 3.2. Primers used for qPCR and ChIP-seq analysis.  
Primer sets were generated using Primer3 Input (version 0.4.0) and product sizes were 
validated using gel electrophoresis.
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Figure 3.9. NR4A1 is a direct target of PR 
(A) Venn diagram of PR binding peaks between HUVECS infected with PR (blue) and 
those expressing PR and treated with progesterone for 1 hour (red) as determined by 
MACS. Gene numbers were predicted based on GREAT annotation analysis of binding 
peaks within 50kb of the transcriptional start site. (B) Venn Diagram representing the 
overlap between genes predicted to be regulated by PR from ChIP-seq data and genes 
with a p value less than 0.01 as determined by RNA-seq. (C) Top gene ontology terms 
from activated genes bound by PR as predicted by DAVID. (D) Heat map depicting 
expression and fold change of the 28 transcription factors that were in the top gene 
ontology pathway. (D) Depiction of two binding peaks upstream of the NR4A1 gene in 
the presence of progesterone. (E) qPCR analysis demonstrates a significant increase in 
expression of NR4A1 following progesterone treatment. Graph is an average of three 
biological replicates. Ct values were normalized to GAPDH and made relative to non-
infected HUVECS. **p < 0.01, ***p < 0.001, ****p < 0.0001. (F) ChIP-PCR analysis of 
both NR4A1 binding peaks indicates enrichment following progesterone. Ct values were 
normalized to those from GAPDH and made relative to negative control samples from 
each corresponding group. *p < 0.05, **p < 0.01. In all panels, error bars = +/- SEM and 
data was analyzed using an unpaired two-tailed Student-T test. 
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Table 3.3. Gene Ontology terms from an analysis of genes directly repressed by 
PR.
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Figure 3.10. Knockdown of NR4A1 inhibits progesterone-mediated permeability 
(A) qPCR analysis of NR4A1 following transfection of HUVECS with either non-
targeting (NT; grey bar) or NR4A1 siRNA (white bar). Ct values were normalized to 
GAPDH and made relative to HUVECS expressing non-targeting siRNA. Graph 
represents an average of three independent experiments. ***p < 0.001. (B) Increased 
basal resistance of the HUVEC monolayer following transfection with NR4A1 siRNA. (C) 
Inhibition of progesterone mediated permeability following expression of NR4A1 siRNA. 
(D) HUVECs expressing PR (green; GFP) and transfected with either non-targeting or 
NR4A1 siRNA were treated with progesterone (100nM) for 24h. PECAM, VE-cadherin, 
and β–catenin (white) were used to visualize junctions. DAPI (blue) denotes nuclei. 
Reduction of junctional proteins is seen in cells expressing non-targeting siRNA 
(arrowheads), while those expressing NR4A1 siRNA have increased junctional 
expression (arrows). Scale bar = 50 µm. (E) Junctional proteins from PR expressing 
HUVEC lysates following transfection with either non-targeting or NR4A1 siRNA. 
GAPDH = loading control. (F) Inhibition of progesterone mediated permeability following 
expression of a NR4A family dominant negative (Nur DN). (G) Decreased expression of 
junctional proteins from HUVECs 48h after infection with a NR4A1 adenovirus (MOI 10 
and 50). GAPDH = loading control. (H) Overexpression of NR4A1 in HUVECS leads to 
a decrease in monolayer resistance. In all panels error bars = +/- SEM.  Data was 
analyzed using an unpaired two-tailed Student-T test. 
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Figure 3.11. NR4A2 is not involved in progesterone mediated permeability 
(A) qPCR demonstrates the significant increase in NR4A2 expression following 
progesterone treatment. Graph represents the average of three independent 
experiments. **p > 0.01, ****p > 0.0001. (B) ChIP-seq analysis demonstrates a clear PR 
binding peak upstream of the NR4A2 gene only in the presense of progesterone. (C) 
ChIP-PCR of PR expressing HUVECS confirms binding of PR at the DNA correlating to 
PR binding peaks by ChIP-seq. *p > 0.05, **p > 0.01. (D) Knockdown of NR4A2 was 
accomplished using three independent siRNA constructs. **p > 0.01, ***p > 0.001. (E) 
Knockdown of NR4A2 by three independent siRNAs had no effect on progesterone-
mediated permeability. In all panels, error bars represent SEM and data was analyzed 
using an unpaired two-tailed Student-T test. 
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Abstract 
 
Female sex hormones play an important role in the regulation of the immune system 

and are believed to underlie gender differences in immune mediated diseases. Although 

there is evidence to implicate progesterone as an anti-inflammatory agent, little is 

known about the specific targets and molecular mechanisms. Here we demonstrate that 

global deletion of progesterone receptor (PR) results in a significant increase in the 

number of CD3e+ T cells, Mac-1+ macrophages and Mac-1+, Gr-1+ polymorphonuclear 

cells (PMNs) exclusively in the uterus. Furthermore, using cell specific deletion of PR, 

we determined that PR signaling in the endothelium preferentially mediates 

macrophage and PMN transmigration. Integration of next generation RNA- and ChIP-

sequencing revealed that PR directly suppresses VCAM-1 and E-selectin expression in 

the endothelium under both physiological and pathological conditions. These events 

lead to a reduction in the ability of the endothelium to bind to CD45+ cells under flow. 

Together, these findings demonstrate a direct role for PR in the endothelium in 

discriminating immune trafficking of leukocyte subsets by altering the relative 

expression of specific leukocyte-adhesive proteins by the endothelium.  
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Introduction 

It is well accepted that gender differences underlie the susceptibility and 

progression of several diseases with immune etiologies 1-3. While various factors may 

contribute to this sexual dimorphism, female sex hormones are believed to play an 

essential role in the regulation of the immune system. This assumption is supported by 

correlative findings that hormonally governed processes, such as menstruation and 

pregnancy, parallel fluctuations in immune trafficking 4-7. Furthermore, pregnancy, a 

time when progesterone levels are high, results in alterations in the incidence and 

severity of many immune-mediated diseases, demonstrating a link between female sex 

hormones and the systemic immune response 8-10. Currently, the exact mechanism by 

which progesterone regulates physiological immune trafficking, as well as its cellular 

and molecular targets, remains to be clarified.  

While much is known in relation to immune trafficking following an acute 

inflammatory response, the process of leukocyte extravasation during physiological 

conditions is incompletely understood. Many cells of the immune system frequently 

transmigrate across the endothelium of specific organs and lymph nodes to survey for 

foreign antigens in the tissue. Leukocyte diapedesis into specific sites requires locally 

produced chemokines/cytokines, which not only activate leukocytes, but are important 

for endothelial expression of endothelial-leukocyte adhesion molecules such as VCAM-

a and ICAMs 11. The expression of these molecules seems to be regulated by a 

mechanism distinct from the process mediated by inflammation.  

The endothelium acts as an important gatekeeper in the trafficking of leukocytes 

from the blood into the interstitial space 12. In the absence of an inflammatory stimulus, 
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endothelial cells reduce the levels of leukocyte-interactive proteins such as P- and E-

selectin at the cell surface and transcriptionally downregulate VCAM-1, ICAM-1/2, and 

E-selectin. Thereby interactions with circulating leukocytes are suppressed 13. Upon 

exposure to an acute stimulus, endothelial cells secrete cytokine/chemokines and 

express endothelial-leukocyte adhesion molecules either through the release from 

Weibel-palade bodies (E-selectin/P-selectin) or by transcriptional upregulation (VCAM-

1, ICAM-1/2, PECAM-1, JAMs, E-selectin) 13. The expression of these molecules results 

in a series of spatio-temporal events that facilitate the rolling, adhesion, and 

transmigration of leukocytes across the endothelium.  

The uterus imposes unique functional demands on the vasculature, as it requires 

coordinated fluctuations in immune trafficking during many physiological reproductive 

processes. Moreover, specific subsets of leukocytes that traffic through the uterus vary 

according to the cyclical stage as well as reproductive context, yet it is unclear what 

signals drive this differential recruitment 14,15. Thus, it is possible that slight alterations 

on endothelial adhesive molecules underlie the selective trafficking of immune cells into 

the uterus. Therefore an understanding of the hormonal regulation of these molecules 

may yield insight into transmigration of particular leukocyte subsets in the absence of an 

inflammatory stimulus.  

Progesterone is generally considered anti-inflammatory, as increased influx of 

immune cells into the human endometrium is seen during periods of progesterone 

withdrawal 14,16,17. Moreover, mice with complete deletion of PR show increased 

leukocyte infiltrate (in the uterus, suggesting that progesterone controls immune cell 

trafficking 18. While several reports have demonstrated expression of PR within different 
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human vascular beds, its biological role in this tissue is only beginning to be uncovered 

19-25. Furthermore, in vitro studies have demonstrated repression of VCAM-1 by 

progesterone implicating the hormone in the regulation of leukocyte adhesion 

molecules, although the biological significance of these findings is yet to be explored in 

vivo 26,27. Therefore, we were interested in examining the biological consequences of 

PR inactivation within the endothelial cell compartment in vivo, and to explore whether 

progesterone signaling transcriptionally modulates endothelial cell activation and 

expression of endothelial-leukocyte adhesion molecules.  

Here we provide evidence that PR signaling in the endothelium regulates the 

physiological trafficking of select leukocyte subsets into the uterus. Under both 

physiological and pathological conditions, PR is able to directly repress the endothelial-

leukocyte adhesion molecules VCAM-1 and E-selectin, yet does not significantly alter 

the expression of JAM-A, JAM-C, or ICAM-2. Concurrent treatment of endothelial cells 

with progesterone and lipopolysaccharide resulted in reduction in leukocyte binding 

under flow. These findings expand our understanding of the cell specific function of 

progesterone in the endothelium and its potential role in immune regulation through 

selective leukocyte trafficking. 
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Results 

Global deletion of PR results in increased trafficking of leukocytes into the uterus 

 As reported previously, mice with global deletion of PR (PRKO) have increased 

recruitment of leukocytes into the uterus following estrogen stimulation, suggesting that 

PR is required for physiological immune trafficking 18. We confirmed these findings, but 

were also interested in assessing what individual leukocyte subsets were present in the 

uterus in the absence of PR. Using flow cytometry, we first examined the number of 

CD45+ cells in the uterus as a percent of total cell number. As expected, PRKO mice 

had a 6-fold increase in total CD45+ cells (Figure 4.1A). Using a set of pan markers we 

determined that the majority of CD45+ cells present in the uterus consisted of T cells 

(CD3e+), macrophages (Mac-1+), and PMNs (Mac-1+, Gr-1+) and these populations 

were significantly increased in PRKO mice (Figure 4.1B).  

Next, we examined whether this change in leukocyte number altered the relative 

proportion of these subpopulations as a percent of total CD45+ cells. Interestingly, while 

all three populations increased in total numbers, PMNs and T cells made up a higher 

proportion of the CD45+ population, while macrophages represented a smaller 

proportion compared to controls (Figure 4.1C,D,E). PR mediated leukocyte recruitment 

was uterine specific, as there were no change in the number of CD45+ cells (Figure 

4.1F) or individual leukocyte subsets in the lung, spleen, and peripheral blood (Figure 

4.1G). 
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Conditional deletion of PR from the endothelium leads to selective recruitment of 

PMNs into the uterus 

 As the endothelium plays an important role in mediating leukocyte 

transmigration, we evaluated whether the effect of progesterone on leukocyte trafficking 

was direct, and through PR signaling in endothelial cells. To do this, we examined 

leukocyte number in the uteri of mice with cell-specific deletion of PR (PRECKO). On 

average, PRECKO mice exhibited a two-fold increase in the number of CD45+ cells in the 

uterus compared to controls (Figure 4.2A). As opposed to PRKO animals, PRECKO mice 

had a significant increase in the total number of uterine PMNs and macrophages, but 

not T cells (Figure 4.2B). This selectivity was further evidenced by the fact that only the 

relative proportion of PMNs increased in PRECKO mice compared to controls (Figure 

4.2D,E,F). Using cell sorting and subsequent cytospin, we determined that the PMN 

population is a morphologically distinct subset with multi-segmented nuclei, in contrast 

to Mac-1+ and Gr-1+ single positive cell populations (Figure 4.2C). Similar to PRKO 

mice, this effect was predominantly uterine specific, as the lung and spleen of PRECKO 

mice did not display any difference in total CD45 numbers (Figure 4.2H) or in the 

number of individual leukocyte subsets (Figure 4.2G). In contrast to findings in PRKO 

mice, the peripheral blood of PRECKO mice displayed a slight, yet significant increase in 

total number of CD45+ cells, which seem to be due to increased number of 

macrophages and PMNs (Figure 4.2G,H).  

 

Progesterone regulates the expression of multiple endothelial-leukocyte 

adhesion molecules 
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 Using next generation RNA sequencing, we explored whether PR signaling may 

transcriptionally alter the expression of endothelial-leukocyte adhesion molecules by the 

endothelium. To do this, we employed a cell culture based system in which human 

umbilical vein endothelial cells (HUVECs) expressed human PR following infection with 

a lentivirus (Figure 5.1). We first assessed whether progesterone stimulation alone 

could alter the expression of adhesion molecules. We then compared fold change in 

expression of cell adhesion molecules between PR infected HUVECs in the presence or 

absence of progesterone for 4h. Out of the 11 endothelial-leukocyte adhesion 

molecules examined, progesterone negatively regulated VCAM-1, E-selectin (SELE), 

JAM-C (JAM3), JAM-A (F11R), ICAM-2 and PECAM-1 (Figure 4.3A). However, only the 

expression of VCAM-1 and E-selectin reached significance (p<0.01). 

 We next assessed whether progesterone stimulation altered the expression of 

these molecules in the presence of, lipopolysaccharide (LPS) as an acute inflammatory 

stimulus.  Specifically, we evaluated fold change expression in HUVECs when in the 

presence of LPS alone and treated concurrently with LPS and progesterone at 4 and 

8h. Progesterone negatively regulated the expression of MADCAM1, VCAM-1, E-

selectin, JAM-A (F11R), JAM-C (JAM3), ICAM-2, and PECAM-1 (Figure 4.3B). Similar 

to addition of progesterone alone, only VCAM-1 and E-selectin were determined to be 

significant. Interestingly, ICAM-1 expression increased following progesterone 

treatment, but this was not apparent until 8h after treatment, and was also not 

considered significant.  

PR binding to specific promoter regions indicates direct transcriptional 

regulation of endothelial-leukocyte adhesion molecules  
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 To further explore whether PR could directly regulate endothelial-leukocyte 

adhesion molecule expression, we obtained a global read-out of PR binding sites in the 

HUVEC genome using ChIP-sequencing. To identify whether the differentially 

expressed adhesion molecules were direct targets of PR, it was necessary to combine 

the ChIP-seq and RNA-seq datasets. These genes were then intersected with the list of 

3,886 genes predicted as regulated by the PR binding sites obtained from ChIP-seq 

evaluation. The analysis revealed 214 and 94 genes that were likely directly repressed 

or activated by PR respectively. Of the 11 adhesion molecules examined, seven of 

these were predicted to be direct targets of PR. These included MADCAM1, VCAM-1, 

ICAM-2, E-selectin (SELE), JAM-A (F11R), and JAM-C (JAM3), and ICAM-1 (Figure 

4.3A). 

Confirmation of leukocyte adhesion molecule expression 

In order to confirm the findings from the global transcriptome analysis we more 

closely examined protein and transcript levels in HUVECs following stimulation by 

progesterone alone or in combination with LPS (Figure 4.4). As predicted, the RNA 

levels of VCAM-1 and E-selectin were significantly reduced upon addition of 

progesterone. This effect was also noted following LPS stimulation as early as 1 hour 

after progesterone treatment (Figure 4.5 A,C). The changes in transcript levels of 

VCAM-1 and E-selectin also correlated with a significant decrease in protein levels 

(Figure 4.4D,E). Interestingly, transcripts for ICAM-1 were significantly increased at 4h 

post progesterone treatment, although this change did not correlate with a significant 

change in ICAM-1 protein levels (Figure 4.4B,D).  
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As the transcription factor NF-kB controls the expression of many of these 

endothelial-leukocyte adhesion molecules following LPS stimulation, we further 

assessed whether progesterone affected NF-kB levels and activation. Total levels of 

NF-kB p65 subunit remained constant following progesterone treatment. Interestingly, 

phosphorylation of p65 at serine 536 was enhanced in the presence of progesterone 

(Figure 4.4F). 

 

PR activation results in the reduction of leukocyte binding under flow 

 To understand whether the regulation of endothelial-leukocyte adhesion molecules 

hold a functional significance, we assessed whether leukocyte binding to an endothelial 

monolayer was altered following concurrent treatment with progesterone and LPS. 

Using a Bioflux flow apparatus we first confirmed the validity and efficiency of the assay 

by examining human leukocyte binding to a HUVEC monolayer in the presence of LPS 

under a shear rate of 1dyn/cm2. As expected, LPS stimulation significantly increased 

the number of CD45+ cells that bound to the endothelium (Figure 4.5A). HUVECs 

expressing PR were then treated with progesterone and LPS for 4 and 8 hours and 

exposed to human peripheral blood leukocytes. Progesterone treatment reduced the 

number of bound CD45+ cells at both time points, although this was more pronounced 

at 4h (Figure 4.5C,D). Quantification of bound CD45+ cells per channel confirmed the 

reduction in binding (Figure 4.5B,E).  
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Discussion 

Steroid hormones are well known regulators of the immune system, however, 

their cell- and tissue-specific effects in the regulation of inflammation are far less 

understood 5. Progesterone, in particular, appears to regulate trafficking or retention of 

inflammatory cells in the uterus, as loss of progesterone signaling preceding 

menstruation and prior to labor, parallels a marked influx of immune cells into the 

human endometrium 4-7,28,29. Moreover, PRKO mice were found to have increased 

immune cell infiltration into the uterus, demonstrating that these effects are PR-

dependent 18. While these studies used immunohistochemistry to identify immune 

populations, we further quantified leukocyte subsets in PRKO mice using flow 

cytometry. We demonstrate here that complete loss of PR results in an increase in 

multiple leukocyte subsets including, T cells, macrophages, and PMNs.  

As demonstrated in Chapter 3, vascular PR expression is restricted to the murine 

uterus and detected only in the endothelium of veins and lymphatics. As veins and 

lymphatics are the primary mode of leukocyte entrance and exit from tissues, it seemed 

likely that PR signaling in the endothelium held functional significance with regard to 

immune regulation. As the endothelium functions as a barrier in the regulation of 

leukocyte trafficking between the blood and tissue, we hypothesized that PR in the 

endothelium may act to inhibit physiological immune influx into uterine tissue. Using 

mice with conditional deletion of PR from the endothelium, we demonstrated a 2-fold 

increase in CD45+ cells in the uterus. This was in contrast to the 6-fold increase we 

noted in PRKO mice, indicating that the endothelium may be one of many cell types 

downstream of progesterone signaling that regulates influx of inflammatory cells. This is 
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in congruence with data demonstrating that uterine smooth muscle and stromal cells 

secrete a myriad of cytokines during several reproductive processes 17,30-33. Unlike 

PRKO animals, loss of PR in the endothelium resulted in an increase in only 

macrophage and PMN numbers. These findings highlighted a role for PR in the 

endothelium, but more importantly they demonstrated the ability of the endothelium to 

discern and recruit different leukocyte subsets under the regulation of PR.  

For this reason, we were interested in examining whether progesterone 

differentially controlled the expression of endothelial-leukocyte adhesion molecules by 

the endothelium. To do this, we utilized an in vitro culture system in which we could 

study the direct effects of progesterone on isolated endothelial cells. Using both RNA- 

and ChIP-sequencing analysis we demonstrated that PR directly suppresses the 

expression of the adhesive proteins VCAM-1 and E-selectin, yet does not significantly 

alter the expression of other adhesion molecules including JAM-A, ICAM-1, ICAM-2, 

PECAM-1, and JAM-C. 

E-selectin is critical for the slowing and rolling of leukocytes on the endothelium 

while VCAM-1 controls the firm adhesion and arrest of leukocytes by binding to 

leukocytes expressing the integrin complex VLA4 12. Thus reduction in the levels of both 

of these proteins suggests that progesterone affects the distinct steps in the leukocyte 

adhesion cascade. Interestingly, ICAM-1 levels, although not significant, were increased 

following progesterone addition. Similar to VCAM-1, ICAM-1 is involved in the firm 

adhesion of leukocytes to the apical surface of endothelial cells through interactions 

with leukocytes that express LFA-1 or Mac-1 34-36. As VCAM-1 levels are altered, 

maintenance of ICAM-1 expression may preferentially mediate the trafficking of distinct 
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leukocyte subsets that express corresponding ligands. As chemokine/cytokine signaling 

dictate the conformational state of integrins on leukocyte surfaces 37, cytokines in 

combination with adhesion molecules may further define the leukocyte subset recruited 

to the uterus. Therefore, we cannot rule out that differential cytokine production is also 

responsible for the transmigration of immune subpopulations in a context and stimulus 

dependent manner.  

Physiologically, changes in the ovarian cycle parallel fluctuations in immune cell 

trafficking 5,6,38. During the secretory phase (progesterone - high), T cells, macrophages, 

and natural killer cells are the predominant leukocyte subsets in the uterus. Following 

the withdrawal of progesterone that precedes menstruation, there is a large influx of 

macrophages, neutrophils, and eosinophils most likely important for the destruction and 

repair of the endometrium 39. Our results indicate that progesterone signaling in the 

endothelium may be one mechanism by which the uterus inhibits trafficking of 

macrophages and neutrophil subsets, yet allows T cell and NK cell infiltration preceding 

menstruation through differential expression of VCAM-1 and ICAM-1.  

 To address whether altered endothelial-leukocyte expression resulted in a 

functional effect, we examined leukocyte binding to endothelial monolayers under flow. 

Addition of progesterone following LPS stimulation resulted in the reduction of the 

number of CD45+ leukocytes bound to the endothelium by 50%. Although progesterone 

did not completely abrogate leukocyte binding, it is unclear whether this is the reflection 

of inefficient PR expression, or to the increased levels of ICAM-1. Further experiments 

addressing the identity of the leukocyte subsets capable of binding to the endothelium 

following progesterone stimulation will be needed to clarify this issue. In summary, the 
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results of this study provide novel insight into the functional role of endothelial PR in 

physiological leukocyte trafficking. PR differentially regulates the expression of a 

particular subset of endothelial-leukocyte adhesion molecules that potential confer 

selectivity of leukocyte recruitment.  
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Materials and Methods 
 
Mouse Models 

Mouse lines and their respective genotyping including: VE-cadherin Cre 40, floxed PR 41, 

and PRKO mice 41 have previously been described. All animals were housed in a 

pathogen-free environment in an AAALAC-approved vivarium at UCLA, and 

experiments were performed in accordance with the guidelines of the Committee for 

Animal Research at the same institution. 

Flow Cytometry 

Uterus and lung were dissociated by chemical digestion with 1% collagenase (Sigma, 

St. Louis, MO) and 0.25% DNaseA (Sigma, St. Louis, MO) for 20 min at 37°C. 

Subsequently cells from these organs as well as the spleen were passed through both a 

70-and 40-µm strainer. Blood was obtained by cardiac puncture and stored in EDTA-

coated tubes. All samples were collected in Dulbecco’s HBSS (Gibco, Invitrogen; Grand 

Island, NY) and were stored on ice during staining. Red blood cells were lysed in RBC 

Lysis Buffer. Fcγ receptors were blocked for 10 min and surface antigens were stained 

for 30 min at 4 °C with the following monoclonal antibodies: Gr-1-PE, CD45-APC, 

CD3e-PE, Mac-1-FITC, CD19-FITC and 7-AAD (7-amino-actinomycin D) for viability 

(BD Pharmingen, Franklin Lakes, NJ). Cells (1 x 106) were resuspended in 100 µl flow 

staining buffer (1% FBS plus, 0.1% Pen/Strep, 0.1% HEPES). Cells were run on an 

LSRII and analysis was done using FloJo Software and forward- and side-scatter 

parameters were used for exclusion of doublets. 

 

Cell Culture 
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Human umbilical vein endothelial cells, passages 4-6, were cultured in MCDB-131 (VEC 

Technologies, Rensselaer, NY) with the addition of 10% fetal bovine serum (Omega 

Scientific, Tarzana, CA) that was stripped using 0.25% dextran coated charcoal (Sigma, 

St. Louis, MO). For immunocytochemistry, HUVECS were seeded onto Lab-Tek II 8-

well slides (Thermo Scientific, Rochester, NY). Cells were fixed for 20 minutes with 4% 

paraformaldehyde, permeabilized with 0.1% Triton-X100, and incubated overnight with 

anti-CD45 (1:400, Vector Labs, Burlingame, CA). Alexa Fluor secondary antibodies 

were incubated for 1h at RT (1:300, Invitrogen, Grand Island, NY). Nuclei were stained 

using 4',6-diamidino-2-phenylindole (DAPI, 1:1000; Invitrogen, Grand Island, NY). 

Images were acquired using a Zeiss LSM 520 multiphoton microscope (Zeiss, 

Germany). 

 
Leukocyte Adhesion Assay 
 
300,000 HUVECS were seeded onto 48 well custom made plates designed for use in by 

a Fluxion BioFlux 200 (Fluxion Biosciences, San Francisco, CA). Human blood samples 

were collected from the UCLA Virus core and peripheral blood mononuclear cells were 

collected by Ficoll gradient and resuspended in RPMI. To examine leukocyte binding, 

HUVECS were exposed to 2x106 leukocytes/ml at a shear rate of 1dyn/cm2 for 10 

minutes. Cells were immediately fixed by exposure to 4% paraformaldehyde for 25 min. 

and subsequent staining was preformed as described in cell culture methods. !

!
Immunoblotting 

Proteins were resolved by SDS-PAGE, transferred to reinforced nitrocellulose (Optitran 

BA-S 83; Dassel, Germany), and incubated overnight with the following antibodies: anti-
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PR (1:2000; clone SP2, Lab Vision, Kalamazoo, MI), anti-VCAM-1 (1:200; Santa Cruz 

Biotechnology, Santa Cruz, CA), anti-p65 (1:500; Santa Cruz Biotechnology, Santa 

Cruz, CA), anti-ICAM-1 (1:1000, Cell Signaling, Danvers, MA), anti-phospho-p65 (S536-

1:000, Cell Signaling, Danvers, MA), and anti-GAPDH (1:1000, Millipore, Billerica, MA). 

Blots were incubated with HRP-conjugated secondary (1:5000; Bio-Rad Laboratories, 

Hercules, CA), developed with Supersignal West Pico Chemiluminescent Substrate 

(Thermo Scientific, Kalamazoo, MI) and imaged by a Bio-Rad ChemiDoc XRS+ and 

accompanying Image Lab software (Bio-Rad Laboratories, Hercules, CA).  

Chromatin Immunoprecipitation 

Cells were then crosslinked with 1% formaldehyde, resuspended in 400 µl of lysis buffer 

(1% SDS, 20 mM EDTA and 50 mM Tris-HCl (pH 8.0)) containing protease inhibitors 

(Roche, Indianapolis, IN), and sonicated using Misonix cup-horn sonicator to achieve 

200bp fragments. The lysate was diluted with ChIP dilution buffer containing 0.01% 

SDS, 1.1% Triton X-100, 1.2 mM EDTA and 16.7 mM Tris-HCl (pH 8.1) and 

immunoprecipitated with 3 ug of anti-PR or IgG antibody overnight at 4 degrees. The 

complexes were captured using protein A Dynabeads (Invitrogen, Grand Island, NY) 

and washed twice with the following buffers: low-salt immune complex wash buffer 

(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1); high-salt immune 

complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 

8.1) and 500 mM NaCl); LiCl wash buffer (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 

mM EDTA and 10 mM Tris-HCl (pH 8.1)) and TE (10 mM Tris-HCl and 1 mM EDTA (pH 

8.0)). After elution with 50 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 1% SDS, crosslinks 

were reversed by overnight incubation at 65°C. Samples were then treated with RNase 
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A for 30 min at 37°C and proteinase K for 2 h at 56°C. DNA was subsequently purified 

using Qiagen MinElute Columns according to manufacturers instructions. DNA 

concentration was measured using a Qubit (Invitrogen, Grand Island, NY).  

 

ChIP-seq analysis 

Debarcoding of the multiplex runs was performed using Fastx toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit). Tags were mapped to the human genome 

(hg19) using bowtie v0.12.7 42 excluding non-unique mappings (-m 1). 12-22 million 

uniquely mapped reads were obtained for each sample. Wig files were created using 

Homer 43 and visualized on UCSC 44genome browser as custom tracks. Peak 

identification was performed with MACS v1.3.7.1 45. Peaks for PR and PR+P conditions 

were called using either input, negative control (non-infected cells) or IgG control as a 

reference and only peaks that were present in all three comparisons were included in 

the final list of PR binding sites. To identify genes that are potentially regulated by PR, 

peaks were mapped to nearby genes within 50kb range from the transcriptional start 

site using Genomic Regions Enrichment of Annotations Tool (GREAT) 46. Peak 

intersections and overlaps with differentially expressed genes were performed using 

Galaxy 47 and in house shell scripts.  

 

RNA isolation, qPCR, and library preparation 

Total RNA was extracted using RNeasy Kit (Qiagen, Valencia, CA), cDNA generated 

using SuperScript First-strand Synthesis System (Invitrogen, Grand Island, NY) and 

quantitative real-time PCR was performed using SYBR Green reagent (Qiagen, 
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Valencia, CA) and detected using an Opticon2 PCR machine (MJ Research; BioRad, 

Hercules, CA). The library for sequencing was constructed using an Illumina Multiplex 

System according to manufacturer's instructions (Illumina, San Diego, CA). Libraries 

were sequenced using HIseq-2000 (Illumina, San Diego, CA) to obtain 50 bp long 

reads. RNA-seq data sets have been deposited in the NCBI Gene Expression Omnibus 

with the accession number GSE43788.  

 

RNA-seq analysis 

Debarcoding of the multiplex runs was performed using in house shell script. Reads 

were then processed and aligned to the human genome (hg19) using TopHat v2.0.4 48 

with default parameters. Approximately 50 million and 42 million mapped reads where 

obtained for PR and PR+P samples, respectively. The aligned read files were further 

processed with Cufflinks v2.0.149. Assemblies for PR and PR+P endothelial cells were 

merged using CuffMerge and differential expression was determined using Cuffdiff. 

Genes with a p-value smaller than 0.01 where considered as differentially expressed. 

For the generation of heatmaps for each gene log2 ratio of a given sample rpkm was 

divided with the average of the two samples (PR and PR+P) rpkm’s and visualized 

using treeview 50. 

 

Statistical Analysis 

For statistical analysis, Student’s unpaired two-tailed t-test was used for all 

comparisons. 
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Figure 4.1: Increased leukocyte trafficking into the uterus of PRKO mice 
(A) CD45+ cells as a percent of total cells in the uterus of PRKO mice compared to 
controls. (B) Quantification of individual leukocyte subsets (as a percent of total cells) 
from PRKO and control uteri. CD3e+ = T cells, Mac-1+=macrophages, and Gr-1+, Mac-
1+=PMNs (C) Quantification of leukocyte subpopulations as percentage of CD45+ cells 
in the uterus. (D, E) Dot plots depict leukocyte cell populations as percentage of the 
number of CD45+ cells. (F) CD45+ cells (as a percent of total cells) between control 
and PRKO lung, spleen, and peripheral blood. (G) The number of CD3e+, Gr-1+, Gr-
1+,Mac-1+, and Mac-1+ cells (as a percent of total cells) between control and PRKO 
lung, spleen, and peripheral blood. In all panels, error bars represent +/- SEM, n=11 for 
controls and 9-11 for PRKO mice. Data was analyzed using an unpaired two-tailed 
Student-T test. . *p < 0.05, **p < 0.01, ***p < 0.001 
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Figure 4.2: Selective increase in PMNs and macrophages in PRECKO uteri 
(A) 2-fold increase in CD45+ cells in the uterus of PRECKO mice compared to controls. 
(B) Quantification of individual leukocyte subsets (as a percent of total cells) from 
PRECKO and control uteri. CD3e+ = T cells, Mac-1+=macrophages, and Gr-1+, Mac-
1+=PMNs. (C) Morphological analysis to confirm leukocyte subpopulations. (D) 
Quantification of leukocyte subpopulations as percentage of CD45+ cells in the uterus 
shows. (E, F) Contour plots depict leukocyte cell populations as percentage of the 
number of CD45+ cells. (G) The number of CD3e+, Gr-1+, Gr-1+/Mac-1+, and Mac-1+ 
cells (as a percent of CD45+cells) does not differ between control and PRECKO mice 
lung, spleen, and peripheral blood. (H) Quantification of the number of CD45+ cells (as 
a percent of total cells) between control and PRECKO mice in the lung, spleen, and 
peripheral blood. In all panels, error bars represent +/- SEM and data was analyzed 
using an unpaired two-tailed Student-T test. *p < 0.05, **p < 0.01, ***p < 0.001 
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Figure 4.3: Transcriptional profile of PR target genes 
(A) Heat map depicting differential expression of endothelial-leukocyte adhesion 
molecules by HUVECS in the presence and absence of progesterone. * symbolize 
genes that were predicted to be directly bound by PR (peaks within 200kb of 
transcriptional start site) by ChIP-seq analysis. (B) Heat map depicting differential 
expression of endothelial-leukocyte adhesion molecules by HUVECS in the presence of 
LPS alone or in combination with progesterone.!
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Figure 4.4: PR regulation of endothelial leukocyte adhesion molecules 
(A-C) qPCR analysis of VCAM-1 (A), ICAM-1 (B) and E-selectin (C) expression 
following progesterone treatment (red hatched bars). Graph is an average of three 
biological replicates run in triplicate. Ct values were normalized to GAPDH and made 
relative to PR infected HUVECS in the absence of LPS or progesterone (red dotted 
bar). GFP infected cells were used as a control and did not respond to progesterone 
(light blue bars). (D) Western blot demonstrating a decrease in LPS induced VCAM-1 
expression following progesterone treatment. (E) Densitometry of VCAM-1 and ICAM-1 
protein levels following progesterone treatment (hatched bars). Bands were normalized 
to tubulin and made relative to PR infected HUVECs in the absence of treatment (solid 
blue bars). Graphs display an average of three biological replicates. (F) Western blot of 
phospho- p65 (S536) and total p65 levels. In all panels, error bars represent +/- SEM. 
Data was analyzed using an unpaired two-tailed Student-T test. *p < 0.05, **p < 0.01, 
*** p < 0.001, ****p < 0.0001. 
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Figure 4.5: PR activation reduces leukocyte binding under flow 
(A) Validation of increased leukocyte binding (CD45+; green) under flow (1dyn/cm2) 
following LPS stimulation of HUVEC monolayers. DAPI (blue) denotes nuclei. (B) Tile 
scan of a flow channel. DAPI (blue) denotes HUVEC nuclei, while dotted line demarks 
the outline of the channel. (C) Progesterone treatment (4h and 8h) of PR expressing 
HUVECs reduces the amount of leukocyte binding (CD45+; white) to the endothelium in 
the presence of LPS. Images are representative of three independent experiments and 
depict an enlarged area from tile scans of an entire flow channel. (D) Higher 
magnification images of leukocyte binding (CD45; red) to HUVECs overexpressing PR 
(green; GFP). DAPI (blue) denotes nuclei. (E) Quantification of leukocyte binding to the 
endothelium. Graph depicts the average of three independent experiments. Error bars 
represent +/- SEM. Data was analyzed using an unpaired two-tailed Student-T test. *p < 
0.05, **p < 0.01. 
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Abstract 

Steroid hormones are well-recognized suppressors of the inflammatory response, 

however, their cell- and tissue-specific effects in the regulation of inflammation are far 

less understood, particularly for the sex-related steroids. To determine the contribution 

of progesterone in the endothelium, we have characterized and validated an in vitro 

culture system in which human umbilical vein endothelial cells constitutively express 

human progesterone receptor (PR). Using next generation RNA-sequencing, we 

identified a selective group of cytokines that are suppressed by progesterone both 

under physiological conditions and during pathological activation by lipopolysaccharide. 

In particular, IL-6, IL-8, CXCL2/3, and CXCL1 were found to be direct targets of PR, as 

determined by ChIP-sequencing. Regulation of these cytokines by progesterone was 

also confirmed by bead-based multiplex cytokine assays and quantitative PCR. These 

findings provide a novel role for PR in the direct regulation of cytokine levels secreted 

by the endothelium. They also suggest that progesterone-PR signaling in the 

endothelium directly impacts leukocyte trafficking in PR-expressing tissues. 
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Introduction 

Inflammation contributes to the susceptibility and progression of many diseases 

that exhibit gender based differences in prevalence. These include, but are not limited 

to, autoimmune disease, cardiovascular disease and sexually transmitted infections 1-3. 

The prevailing hypothesis is that endocrine-immune interactions drive this sexual 

dimorphism by affecting the sensitivity to various inflammatory stimuli. Evidence for this 

emanates from studies demonstrating the requirement for the immune system in 

hormonally controlled processes including implantation, cycling, and pregnancy 4-9. For 

example, symptoms of rheumatoid arthritis and multiple sclerosis are reduced during 

pregnancy, suggesting that hormones not only modulate local inflammatory reactions, 

but can affect systemic immune responses as well 10-12. While much is known of the 

cellular and molecular control of the immune system by estrogen, glucocorticoids, and 

androgen signaling, the action of progesterone and its downstream targets are far less 

understood. 

Progesterone has been generally assumed to play an anti-inflammatory role in 

immune regulation. In fact, the physiological reduction of progesterone prior to 

menstruation and preceding labor results in a marked influx of inflammatory cells 

(macrophages, neutrophils, and T cells) into the decidua resembling a local 

inflammatory response 6,13-15. Moreover, mice with complete deletion of PR (PRKO) 

were found to have increased immune cell infiltration into the uterus and impaired 

thymic function 16,17. At the cellular level, PR expression has been demonstrated in a 

variety of immune cell types indicative of a direct regulation by progesterone 5,11,18. 

However, these findings do not explain progesterone control of other leukocyte 
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populations that do not express PR in vivo, such as natural killer cells and granulocytes. 

Therefore, it is likely that paracrine factors such as cytokines and chemokines act as 

effectors of steroid hormones, thus enabling systemic immune modulation in the 

absence of leukocyte steroid receptors. In fact, there is ample evidence in the literature 

for regulation of immune function by progesterone through its affect on smooth muscle, 

stromal, and perivascular cells 15,19-22. Due to its multiple cellular targets, a 

comprehensive dissection of cell specific signaling, as well as direct downstream targets 

of PR, is necessary to understand the multiple immune-modulatory functions of 

progesterone.  

The endothelium is an active participant in immune cell trafficking and is an 

important barrier in the regulation of leukocyte extravasation into tissues 23,24. Upon 

activation by an inflammatory stimulus, endothelial cells acquire new capabilities 

including cytokines/chemokine secretion and the expression of endothelial-leukocyte 

adhesion molecules 24. Several reports have demonstrated expression of PR within 

different human vascular beds 25-30, including endothelial cells of human atherosclerotic 

vessels 31. Functionally, progesterone has been found to mediate endothelial cell 

proliferation, transcriptional repression of endothelial-leukocyte adhesion molecules, as 

well as MMP secretion 30-32 implicating a direct function of progesterone in the 

endothelium. Therefore, we hypothesized that progesterone signaling may modulate the 

immune system by transcriptionally altering endothelial cell activation and expression of 

immunomodulatory factors.  

Here we provide evidence that PR signaling in the endothelium directly regulates 

cytokine expression both under physiological conditions as well as following an acute 
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inflammatory stimulus. PR is able to selectively and directly target a cohort of 

endothelial cytokines resulting in transcriptional repression and reduction in protein 

levels by the endothelium. These findings expand our understanding of the cell specific 

function of progesterone in the endothelium and its potential role in immune regulation 

through direct mediation of cytokine production. 
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Results 

Generation and validation of a lentivirus for expression of human PR  

A detailed, comprehensive histological examination of PR expression in the 

mouse confirmed the presence of PR in the endothelium (Figure 5.1A). Interestingly, PR 

positive endothelial cells were restricted to veins, but absent from arteries. Although 

expressed by different vascular beds in humans, endothelial PR expression in the 

mouse was restricted to the vasculature of the uterus, suggestive of its unique 

importance in this organ.  

In order to gain a better molecular understanding of progesterone function in the 

endothelium, we overexpressed human PR in human umbilical vein endothelial cells 

(HUVECs) using lentiviral infection. Full-length human PR cDNA (hPR) was cloned 

downstream of a CMV promoter and preceding sequences for eGFP and puromycin 

resistance (Figure 5.1B). A lentivirus expressing eGFP under the control of a CMV 

promoter was used as a control. HUVECs overexpressing the GFP or hPR construct 

looked morphologically normal when compared to uninfected HUVECs (Figure 5.1C). 

PR protein colocalized with GFP positive cells, confirming GFP as an indicator of PR 

expressing cells (Figure 5.1D). Western blot analysis demonstrated the expression of 

both PR isoforms, PR-A and PR-B, in HUVECs expressing hPR, but not of the cells 

expressing GFP alone (Figure 5.1E). PR protein levels were most optimally expressed 

at viral concentrations between 0.13 and 0.16 µg/mL, while higher concentrations led to 

cell death and reduction in PR protein expression.  

HUVECs expressing hPR were treated with progesterone to evaluate ability of 

the transduced receptor to respond to progesterone (Figure 5.2A). PR was mainly 
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localized to the nucleus in both the presence and absence of progesterone, but was 

almost exclusively localized to the nucleus following progesterone treatment (Figure 

5.2A). To determine the optimal infection efficiency of the hPR lentivirus, cells were 

infected with progressively lower viral concentrations. Titration of virus demonstrated 

that concentrations less than 0.16 µg/mL led to a reduction of PR expressing cells upon 

quantification (Figure 5.2B). Therefore, all subsequent experiments were performed at 

an hPR concentration of 0.16 µg/mL. 

 

PR negatively regulates endothelial cytokine production 

 Using next generation RNA sequencing, we explored whether PR signaling may 

transcriptionally alter the expression of cytokines by the endothelium. First, we 

assessed which cytokines might be specifically altered when lipopolysaccharide (LPS) 

was applied to endothelial cultures for 4 and 8 hours. A total of 70 cytokines were 

included in the initial analysis. Of these 70, only 27 showed transcript expression by the 

endothelium (Figure 5.3A), and only 15 of these were significantly (p<0.01) altered in 

the presence of LPS at both 4 and 8 hours of treatment (Figure 5.3B). To determine if 

progesterone altered the expression of these 15 genes, we examined fold change 

expression between HUVECs in the presence of LPS alone and those treated 

concurrently with LPS and progesterone (Figure 5.3B). Although majority of these 

cytokines were downregulated by progesterone, only five: including CCL2, IL-6, IL-8, 

CXCL1 and CXCL2, were considered to be statistically significantly (p<0.01). To assess 

if progesterone alone, in the absence of LPS, was able to reduce the expression of 

these same five genes, we compared fold change expression between hPR infected 
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cells in the presence or absence of progesterone for 4h (Figure 5.3C). Even in the 

absence of LPS, progesterone still negatively regulated the expression of IL-8, IL-6, 

CXCL1, and CXCL1/2, suggesting that progesterone may modulate cytokine production 

even in the absence of an acute inflammatory stimulus. 

 

PR binding peaks reveal direct transcriptional regulation of cytokine production  

 To further explore whether PR could directly regulate cytokine expression, we 

obtained a global read-out of PR binding sites in the HUVEC genome using ChIP-

sequencing. Activation of the receptor by progesterone resulted in 9,906 PR binding 

sites. To identify whether the 5 cytokines significantly regulated by progesterone might 

be direct targets of PR, it was necessary to combine the ChIP-seq and RNA-seq 

datasets. RNA-seq analysis of HUVECs yielded 431 downregulated genes with a p-

value less than 0.01. These genes were then intersected with the list of 3,886 genes 

predicted as regulated by the PR binding sites obtained from ChIP-seq evaluation. The 

analysis revealed 214 genes that were likely directly repressed by PR. Of this list, 4 out 

of the 5 cytokines found to be downregulated by progesterone were also predicted to be 

direct targets of PR (Figure 5.3C).  

PR negatively regulates cytokine production in the endothelium 

To confirm whether treatment of the endothelium with progesterone leads to a 

reduction in cytokine secretion, we performed a 42-multiplex bead-based cytokine array.  

This approach was set up to determine whether reduced RNA transcript levels 

correlated with cytokine protein production. Of 42 cytokines analyzed, only 24 were at 

sufficiently high levels to be detected by the array (Table 5.1). Analysis of these 24 
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cytokines uncovered selective regulation of 8 by progesterone, including fractalkine, 

GRO, IL-6, IL-8, IP-10, MCP-1, PDGF-AA, and PDGFAB/BB. Cytokine regulation was 

PR-dependent as per evaluation of HUVECs transduced with a GFP control construct. 

These findings were very similar to the RNA- and ChIP-seq analysis, as IL-6, IL-8, 

CCL2/MCP-1, and CXCL1/GRO were all found to be targets of PR (Figure 5.3C).  

 

Confirmation of cytokine transcript levels following progesterone treatment 

In order to confirm the findings from the global transcriptome analysis and the 

multiplex cytokine array, we more closely examined protein and transcript levels 

following concurrent exposure of HUVECs to progesterone and LPS (Figure 5.4-5.6). As 

predicted, the protein levels for IL-6 were significantly reduced in the presence of 

progesterone (Figure 5.4A). This correlated with a significant decrease in transcript 

levels as early as 1 hour after progesterone treatment (Figure 5.4B).  

IL-8/CXCL8 showed a similar expression pattern to that of IL-6, but regulation by 

progesterone was not as pronounced (Figure 5.5A,D). CXCL10/IP-10 RNA levels were 

negatively regulated by progesterone at early time points, yet protein levels were not 

significantly reduced until 24 hours after treatment (Figure 5.5B,E). Interestingly, 

transcript levels of CXCL1/GRO were significantly downregulated by progesterone at 

very early time points of 1 and 2 hours (Figure 5.5F). This correlated with a reduction in 

protein at 4 and 8 hours, yet this phenomenon did not extend to 24 hours (Figure 5.5C).  

Progesterone significantly reduced RNA levels of the CCL family member, MCP-

1/CCL2, yet decreased protein levels did not reach significance (Figure 5.6A,C). 

Alternatively, the CX3C family member, CX3CL1/fractalkine, although not found to be 
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significantly reduced by RNA-seq analysis, did show significant reduction in both RNA 

and protein expression at all times of progesterone treatment (Figure 5.6B,D). 
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Discussion 

Hormones are believed to play an important role in the sexual dimorphism 

underlying diseases with immune etiologies 5,11,12. Clearly interdependence exists 

between different hormonal signaling pathways in immune regulation, yet this 

complexity makes it difficult to assess the contributions of individual steroid hormones, 

particularly in vivo. Although several studies have demonstrated the anti-inflammatory 

properties of progesterone within the context of its reproductive functions 4-9, little is 

understood as to its direct cellular and molecular targets with respect to immune 

regulation. As the vascular endothelium is known to mediate leukocyte homing and 

selective extravasation, we hypothesized that progesterone signaling might 

transcriptionally modulate the activation state of the endothelium in response to an 

acute inflammatory stimulus. Using unbiased global expression analysis we 

demonstrated that progesterone signaling, via PR, directly suppresses a select group of 

cytokine and chemokines expressed by the endothelium. This reduction was seen both 

under physiological and pathological activation by LPS, indicating that endothelial cells 

are also susceptible to anti-inflammatory regulation by progesterone. 

Our results indicate that under homeostatic conditions, endothelial expression of 

PR is selective to veins and conspicuously absent from arteries. This exquisite 

specificity is consistent with the fact that immune trafficking occurs predominantly in 

venules and lymphatics 24. Thus, restricted expression allows spatial regulation of PR 

function in response to a systemically distributed ligand. Although PR is not 

constitutively expressed in the endothelium, the focal and sporadic expression may be 

indicative of a tightly regulated and precisely localized function. While not much is 



 149 

known of the role of PR in the endothelium, a select group of in vitro studies have 

shown that PR can inhibit the expression of the endothelial-leukocyte adhesion 

molecule, VCAM-1, and the cytokines IL-8 and MCP-1 32,43,44, yet no study has 

assessed global expression of endothelial genes upon progesterone stimulation. 

To examine the contribution of PR in the vascular endothelium at the molecular 

level, we employed a cell culture based system using HUVECs. Using global 

transcriptome analysis we examined cytokine production from the endothelium in the 

presence of LPS. Of 70 cytokines examined, 29 of these displayed altered expression in 

the presence of LPS, yet only 15 were considered statistically significant. From these, 5 

were significantly downregulated by progesterone (IL-8, IL-6, CCL2, CXCL1 and 

CXCL2/3) while 4 (IL-6, IL-8, CXCL1, and CXCL2) were directly bound by PR. These 

findings are intriguing as not only does the endothelium itself preferentially produce a 

unique subset of cytokines in response to LPS, but only a small proportion of these are 

presumably controlled by PR. Therefore, progesterone may modulate specific leukocyte 

subsets in response to an acute inflammatory event. Indeed, the majority of the direct 

cytokine/chemokine targets of progesterone noted in this study were found to be 

neutrophil/monocyte attractants 14,45. 

Biologically, the local tissue response to withdrawal of progesterone shows many 

features characteristic of an inflammatory response 5,7,46. Following progesterone 

decline in the circulation that precedes menstruation, there is a significant influx of 

neutrophils, eosinophils, and macrophages into the uterus, which are likely critical for 

focal inflammatory mediated endometrial repair 47. Analysis of whole decidual tissue has 

implicated MCP-1, IL-8, IL-6, MDC, fractalkine, eotaxin, and MCP-3 following the 
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decline in progesterone levels that initiate menstruation 6,13,48-52. Moreover, IL-8 and 

MCP-1 levels as well as monocyte numbers are increased in human decidua from 

women taking the PR inhibitor, mifepristone 53. Furthermore, the expression of these 

two cytokines (both in vitro and in vivo) was inhibited by progesterone 21,51,54,55.  

Similar to menstruation, proinflammatory cytokines also play a central role in the 

mechanisms of term and inflammation/infection-induced preterm parturition 13,56,57. 

Cytokines associated with this process also include MCP-1, IL-8 and IL-6, in addition to 

RANTES, and MIP-B1 13,14,58. As progesterone is capable of inhibiting the expression of 

MCP-1, IL-8, and IL-6 in the endothelium, it is possible the vasculature plays a critical 

role in maintaining an immunosuppressive environment in the uterus prior to these 

immune-mediated events. Naturally, other cell types, including stromal and epithelial 

cells also play key roles in immune regulation 13. 

Interestingly, we determined that GRO/CXCL1/2/3 is a direct target of 

progesterone in the endothelium, yet a role for GRO has not been revealed with regard 

to reproductive immune infiltration. Recently, progesterone has been found to inhibit 

expression of GRO in ovarian and endometrial cancer cells as well as dendritic cells 

59,60. As GRO is a potent chemoattractant for neutrophils, more so than IL-8, 

suppression of GRO by progesterone may play an even stronger role in the inhibition of 

neutrophil trafficking. 

To confirm that progesterone mediated changes in RNA expression correlated 

with differential protein production, we performed an unbiased bead-based multiplex 

cytokine array. While all of the cytokines determined to be transcriptionally modulated 

following RNA-seq analysis were regulated at the protein level, two additional cytokines, 
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fractalkine/CX3CL1 and CXCL10/IP-10, were also found to be downregulated following 

analysis of the multiplex array. Subsequent qPCR analysis confirmed this reduction at 

the RNA level.  

Based on our analysis of the RNA-seq data, CXCL10 did not meet the criteria as 

for being regulated by LPS, and thus was excluded from further evaluation. In addition, 

although LPS significantly modulated CX3CL1 expression, it was not significantly 

altered by progesterone. It is likely that these two cytokines are targets of progesterone, 

but due to the stringent statistical analysis used for our RNA-seq datasets these 

cytokines were not found to be significant. 

 

Conclusion 

The results of this study provide detailed insight into the endothelial cell specific 

role of progesterone signaling in the regulation of cytokine production. PR directly 

suppresses the expression of a small subset of cytokines both under physiological 

conditions and following stimulation by LPS. These results confirm PR as an anti-

inflammatory agent in the endothelium, with potential for the negative regulation of 

immune cell trafficking into tissues. Understanding the factors and cell populations that 

control immune cells will further clarify gender differences in disease as well as 

dysregulated immune-mediated reproductive processes such as preterm labor. 
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Materials and Methods 

 

Virus Production and Transduction 

Human PR cDNA was PCR amplified and cloned into a lentiviral vector using the 

following primers with attached restriction site sequences: 5’-PR-Xbal 

(GCTATCTAGAATGACTGAGCTGAAGGCA) and 3’-PR-STOP-EcoRI 

(GCTAGAATTCCTACTTTTTATGAAAGAGAAG). Lentivirus-based vectors encoding 

PR cDNA were generated by transient cotransfection of 293T cells with a three-plasmid 

combination, as described previously, with slight modifications 33. The construct pMD.G 

was used for the production of the VSV-G viral envelope in combination with the 

packaging constructs pMDLg/pRRE and pRSV–REV, whereas the pRRL constructions 

correspond to the different transfer vectors. Briefly, 100 mm dishes of nonconfluent 

293T cells were co-transfected with 6.5 µg of pMDLg/pRRE, 3.5 µg of pMDG (encoding 

the VSV-G envelope), 2.5 µg of pRSV–REV and 10 µg of pRRL-hPR, by the CaPi-DNA 

coprecipitation method 34,35. The plasmid vectors were provided by Dr Luigi Naldini 

(University of Torino, Italy). Next day, the medium was adjusted to make a final 

concentration of 10 mM sodium butyrate and the cells were incubated for 8 h to obtain 

high-titer virus production as previously described 36. Conditioned medium was 

harvested 16 h later and passed through 0.45 mm filters. Viral titer was determined by 

assessing viral p24 antigen concentration by ELISA (the Alliance® HIV-I p24 ELISA Kit, 

Perkin Elmer) and hereafter expressed as µg of p24 equivalent units per milliliter. 
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Cell Culture 

Human umbilical vein endothelial cells were cultured in MCDB-131 media (VEC 

Technologies, Rensselaer, NY) supplemented with charcoal stripped fetal bovine serum 

(Omega Scientific, Tarzana, CA). For bead-based multiplex cytokine arrays, HUVECs 

were grown to confluence in 48-well plates and treated with LPS (1µM; 0111:B4; Sigma, 

St. Louis, MO) and/or progesterone (100nM; Sigma, St. Louis, MO) for 4, 8, and 24 

hours. Media without serum was collected, and run in triplicate on a 42-plex array 

analyzed by Eve Technologies. For immunocytochemistry, HUVECs were seeded onto 

Lab-Tek II 8-well chamber slides (Thermo Scientific, Rochester, NY) and fixed with 4% 

paraformaldehyde. Cells were probed with an antibody against PR (1:400; clone SP2; 

Lab Vision, Kalamazoo, MI) followed by an Alexa Fluor secondary (1:300, Invitrogen, 

Grand Island, NY). Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI, 

1:1000; Invitrogen, Grand Island, NY). Images were acquired using a Zeiss LSM 520 

multiphoton microscope (Zeiss, Germany). 

 

Immunoblotting 

Total HUVEC lysate were resolved by SDS-PAGE, and nitrocellulose 

membranes (Optitran BA-S 83; Dassel, Germany) were incubated overnight with an 

anti-PR antibody (1:2000; clone SP2; Lab Vision, Kalamazoo, MI) and anti-GAPDH 

antibody (1:1000; Millipore, Billerica, MA). Blots were incubated with HRP-conjugated 

secondary (1:5000; Bio-Rad Laboratories, Hercules, CA) and developed using 

Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific, Kalamazoo, 
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MI). A Bio-Rad ChemiDoc XRS+ and accompanying Image Lab software was used for 

detection (Bio-Rad Laboratories, Hercules, CA).  

 

RNA Isolation, qPCR, and Library Preparation 

Total RNA was extracted using RNeasy Kit (Qiagen, Valencia, CA). RNA was 

reverse transcribed using SuperScript First-strand Synthesis System (Invitrogen, Grand 

Island, NY). qPCR was performed using SYBR Green reagent (Qiagen, Valencia, CA) 

and PCR products were run on an Opticon2 PCR machine (MJ Research; BioRad, 

Hercules, CA). Libraries for RNA-sequencing were generated using an Illumina 

Multiplex System (Illumina, San Diego, CA) and sequenced using HIseq-2000 (Illumina, 

San Diego, CA). RNA-seq datasets have been deposited in the NCBI Gene Expression 

Omnibus with the accession number GSE43788.  

 

RNA-seq Analysis 

 Multiplex runs were debarcoded by in house UNIX shell script. Reads were 

aligned to the human genome (hg19) using TopHat v2.0.4 37 and processed with 

Cufflinks v2.0.1 38. Assemblies for all samples were merged using CuffMerge and 

pairwise differential expression was assessed using Cuffdiff. Genes with a p-value 

smaller than 0.01 where considered as significant. Heatmaps with relative expression 

were generated by visualizing log2 value of each gene rpkm divided with the average 

rpkm of all samples using Java treeview 39. 

 

ChIP-sequencing and Analysis 
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HUVECs were infected with hPR lentivirus, grown to confluence, and treated with 

progesterone for 1h. For each condition (non-infected negative control, PR+P, PR only, 

and IgG control) 10x106 cultured HUVECs were used per IP. Cells were crosslinked 

with 1% formaldehyde, resuspended in 400 µl of lysis buffer (1% SDS, 20 mM EDTA 

and 50 mM Tris-HCl (pH 8.0)) containing protease inhibitors (Roche, Indianapolis, IN), 

and sonicated to achieve 200bp fragments. Samples were immunoprecipitated with 3 

µg of anti-PR or IgG antibody. Protein A Dynabeads (Invitrogen, Grand Island, NY) were 

used to isolate antibody-PR complexes and eluted using 50 mM Tris-HCl, pH 8.0. 

Crosslinks were reversed by incubation at 65°C and DNA was purified using Qiagen 

MinElute Columns. Libraries were generated using Ovation Ultralow IL Multiplex System 

1-8 (Nugen, San Carlos, CA) and sequenced using HIseq-2000 (Illumina, San Diego, 

CA). ChIP-seq data sets have been deposited in the NCBI Gene Expression Omnibus 

with the accession number GSE43789. 

Multiplex runs were debarcoded using Fastx toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit) and reads were mapped to the human genome 

(hg19) using bowtie v0.12.7 40. 12-22 million uniquely mapped reads were obtained for 

each sample. Peak identification was performed with MACS v1.3.7.1 41. Peaks were 

called by comparing peaks in PR and PR+P conditions to that of the input, negative 

control (non-infected cells) or IgG control. Only peaks that appeared in all three 

comparisons were determined to be noteworthy. Genes potentially regulated by PR 

were determined by mapping peaks to nearby genes within 200kb of the transcriptional 

start site using the Genomic Regions Enrichment of Annotations Tool 42. Intersection of 
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PR binding associated genes with differentially expressed genes was performed using 

Unix shell scripts.  

 

Statistical Analysis 

All data was analyzed using a Student unpaired two-tailed t-test. p-values less than 0.05 

were considered to be statistically significant. 
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Figure 5.1 Generation of a lentivirus for human PR expression 
(A) Histological sections demonstrate PR expression in the endothelium of veins (V) 
and lymphatics (L), but not arteries (A) in murine uterine vasculature. PRKO tissue was 
used as a negative control. Arrows indicate PR positive endothelial cells. Scale = 25 
µm. (B) Scheme depicting human PR (hPR) and GFP control lentiviral constructs. PR 
cDNA was cloned directly following a CMV promoter. eGFP and puromycin resistance 
were used to determine infection efficiency and confer selection, respectively. (C) 
Human umbilical vein endothelial cells infected with a GFP-control or hPR lentivirus. 
GFP (green) and phase images were superimposed to determine infection efficiency. 
Scale bar = 50 µm. (D) Confirmation that GFP expression (green) correlates with PR 
expression (red). DAPI (blue) marks cell nuclei. Scale bar = 20 µm. (E) Western blot 
analysis of total protein levels from GFP control or hPR infected HUVECs at various 
viral concentrations. GAPDH was used as a loading control. In all panels, results are 
representative of 3-5 independent experiments. 
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Figure 5.2. Validation of hPR responsiveness to progesterone 
(A) HUVECs overexpressing hPR were treated with or without progesterone (100 nM) 
for 1 hour. PR (red) localization was exclusively confined to the nucleus in the presence 
of progesterone. DAPI (blue) marks cell nuclei. Scale bar = 50 µm. (B) Infection 
efficiency of the hPR lentivirus at several different viral concentrations. Efficiency was 
determined by dividing PR positive cells (red) by total number of nuclei (DAPI, blue) in 
10 independent fields from three biological replicates.  
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Figure 5.3. PR regulation of cytokine and chemokine expression 
(A) Heat map depicting differential expression of cytokine and chemokines strongly 
regulated by LPS stimulation of HUVECs for 4 and 8 hours compared to nontreated 
cells. (B) Heat map comparing differential gene expression between LPS treatment in 
the presence of absence of progesterone. Genes included those found to be 
significantly (p < 0.01) upregulated by LPS treatment as determined from the heat map 
in panel A. (C) Heat map comparing differential gene expression between HUVECs 
treated with or without progesterone. Genes analyzed were those that were significantly  
(p < 0.01) downregulated by progesterone in the heat map from panel B. + symbolize 
genes that were directly bound by PR by ChIP-seq analysis. 
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Figure 5.4. IL-6 repression by progesterone stimulation 
(A) Protein expression (pg/µL) of IL-6 determined by cytokine array. HUVECs were 
treated with LPS (solid bars) or in combination with progesterone (hatched bars) for the 
indicated times. Graphs depict an average of three biological replicates. *p < 0.01, **p < 
0.001. (B) qPCR confirmation of IL-6 expression. HUVECs were treated with LPS (solid 
bars) or in combination with progesterone (hatched bars) for the indicated times. Ct 
values were normalized to GAPDH and made relative to PR infected HUVECS in the 
absence of both LPS and progesterone (red dotted bar). GFP infected cells were used 
as a control and did not respond to progesterone (light blue bars). Graphs depict an 
average of three biological replicates run in triplicate. *p < 0.01, **p < 0.001, ***p < 
0.0001, ****p < 0.00001. 
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Figure 5.5. Progesterone regulation of CXC chemokine family members 
(A-C) Protein expression (pg/µL) of CXCL8/IL-8 (A), CXCL10/IP-10 (B), and 
CXCL2/GRO (C) as determined by cytokine array. HUVECs were treated with LPS 
(solid bars) or in combination with progesterone (hatched bars) for the indicated times. 
Graphs depict an average of three biological replicates. *p < 0.01, **p < 0.001, ***p < 
0.0001. (D-F) qPCR confirmation of CXCL8/IL-8 (D), CXCL10/IP-10 (E), and 
CXCL2/GRO (F). HUVECs were treated with LPS (solid bars) or in combination with 
progesterone (hatched bars) for the indicated times. Ct values were normalized to 
GAPDH and made relative to PR infected HUVECs in the absence of both LPS and 
progesterone (red dotted bar). GFP infected cells were used as a control and did not 
respond to progesterone (light blue bars). Graphs depict an average of three biological 
replicates run in triplicate. ***p < 0.0001, ****p < 0.00001. 
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Figure 5.6. Progesterone regulation of the CC and CX3C family members 
(A,B) Protein expression (pg/µL) of CCL2 (A) and CX3CL1/fractalkine (B) as 
determined by cytokine array. HUVECs were treated with LPS (solid bars) or in 
combination with progesterone (hatched bars) for the indicated times. Graphs depict an 
average of three biological replicates. (C,D) qPCR confirmation of CCL2 (C) and 
CX3CL1 (D). HUVECs were treated with LPS (solid bars) or in combination with 
progesterone (hatched bars) for the indicated times. Ct values were normalized to 
GAPDH and made relative to PR infected HUVECs in the absence of both LPS and 
progesterone (red dotted bar). GFP infected cells were used as a control and did not 
respond to progesterone (light blue bars). Graphs depict an average of three biological 
replicates run in triplicate. *p < 0.01, **p < 0.001, ***p < 0.0001, ****p < 0.00001. 
  



 163 

Table 5.1  
Effect of Progesterone on Cytokine/Chemokine Secretion by Endothelial Cellsa 

 
a Samples were run using Multiplexing LASER Bead Technology based on uniquely 
colored bead sets able to recognize up to 100 analytes per well. Human 42-plex 96-well 
plates were used to simultaneously detect 42 different cytokine/chemokines per sample. 
Cell culture supernatant from LPS and LPS/P treated HUVECs were run in duplicate 
and average concentrations were calculated by comparing the fluorescent intensity of 
each analyte to a cytokine/chemokine specific standard curve (0.64 pg/mL-10,000 
pg/mL). Analyte sensitivities were 0.1 pg/mL-30 pg/mL with most being in the 0.1 
pg/mL-1 pg/mL range. ND = non detectable; - = no change;  = decreased analyte 
concentration. 
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 Progesterone is critical for all reproductive processes including cycling, 

implantation, and maintenance of pregnancy 1. Two biologically important and cyclically 

controlled alterations in the decidua during the progesterone-predominant secretory 

phase are vascular permeability and immune cell trafficking. While these changes are 

assumed to be under progesterone control, the exact cellular and molecular regulation 

remains largely unknown. Using loss-of-function studies in combination with whole 

transcriptome analysis we were able to dissociate the contribution of endothelial PR 

from other PR positive cells, thus establishing an endothelial-specific role for PR in the 

control of physiological vascular permeability and immune regulation. In this work, we 

demonstrate that: 

1. Restricted expression of PR in veins and lymphatics ensures vessel-selectivity to 

progesterone signaling 

2. Physiological cycles of permeability in the uterus are cell autonomous, independent 

of VEGF, and require the activation of NR4A1 (Nur77/TR3) for barrier instability 

3. Endothelial PR contributes to the select regulation of PMN/macrophage trafficking 

into the uterus  

4. PR negatively regulates the expression of a select group of cytokines/chemokines by 

the endothelium  

Endothelial PR Mediates Vascular Permeability  

 In Chapter 3, we set out to understand the biological significance of PR expression 

in the endothelium, with a particular focus on vascular permeability. Using a PR reporter 
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mouse, we first demonstrated that PR is highly restricted to uterine blood vessels, at the 

exclusion of vessels from other organs. This exquisite specificity enables local and 

unique functions from a systemically distributed ligand. Endothelial PR expression was 

seen only in venous and lymphatic endothelium, which is consistent with the function of 

these vessels in maintaining fluid homeostasis in the tissue. While PR is only present in 

a small subset of total endothelial cells, these findings suggest the need for a very 

controlled mechanism of PR action in the vasculature.  

 In terms of progesterone effects in other vascular beds, we and others have noted 

that in human specimens, PR is expressed by patches of endothelial cells within the 

human coronary vasculature and other large vessels 2-5. Although under non-

pathological conditions we do not detect PR expression within the coronary vasculature 

in the mouse, expression in human atherosclerotic vessels has been shown 3 . 

Therefore it is possible that PR upregulation occurs following injury and subsequently 

alters vascular function. 

 Uterine vascular permeability is temporally regulated during menstruation and 

implantation, both times when physiological levels of circulating progesterone are high 

6,7. While these effects were assumed to be under progesterone control, definitive 

evidence for PR requirement in these processes has not been determined. Using both 

global and conditional PR knockout mice, we were able to demonstrate that PR in the 

endothelium mediates the vascular permeability response preceding the time of 

implantation. While the function of pathological permeability mediators such as VEGF 

and histamine are well documented in the literature, not much is known of the 

mechanisms that drive physiological permeability. We show here, that in the uterus, 
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physiological permeability is controlled by a mechanism distinct from that of pathological 

permeability and does not require VEGF signaling. Thus our findings provide novel 

insights into the molecular regulation of physiological permeability. 

 In contrast to the large cohort of downstream targets of PR in the epithelium and 

stroma 8, the cellular and molecular mechanism of progesterone action on the 

endothelium are poorly understood. We found that PR activation in the endothelium 

alters cell-cell junctions, resulting in gap formation, and decreased monolayer 

resistance. Combining global expression analysis with PR binding by ChIP-seq we were 

able to determine relevant downstream effectors of PR. Interestingly, PR was found to 

upregulate the orphan nuclear receptor NR4A1, shown recently to mediate permeability 

downstream of VEGF 9 . Following this lead, evaluation of NR4A1 loss of function 

models confirmed the requirement for NR4A1 in PR mediated permeability. Although we 

have not addressed the mechanism of NR4A1 action, we believe that NR4A1 

transcriptionally downregulates endothelial cell-cell adhesion molecules. Future studies 

will be needed to address the relationship between PR and NR4A1, as well as NR4A1 

targets in the endothelium. 

 

Progesterone regulates the trafficking of a subpopulation of leukocytes into the 

uterus 

In addition to vascular permeability, hormone fluctuations have been found to 

parallel alterations in the trafficking of leukocytes into the uterus and are required for a 

variety of reproductive processes, including implantation, menstruation, and labor 10,11. 

While progesterone is generally considered anti-inflammatory, it is still unclear whether 
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progesterone affects immune cells directly or through paracrine signaling in other cell 

types. The endothelium acts as the initial barrier during leukocyte extravasation into 

tissues, and thus it is an interesting target for PR control of immune trafficking. 

Therefore, we evaluated the contribution of endothelial PR in physiological immune 

regulation by examining PR control of endothelial-leukocyte adhesion molecules 

(Chapter 4) and cytokine production by the endothelium (Chapter 5).  

In Chapter 4 we demonstrate that both global and conditional deletion of PR from 

the endothelial compartment leads to defects in leukocyte trafficking under homeostatic 

conditions. While PRKO uteri display increased numbers of T cells, macrophages, and 

PMNS, loss of PR from the endothelium resulted in only an increase in the PMN and 

macrophage subpopulations. These findings confirm the anti-inflammatory role of 

progesterone, however they highlight the unique function of the endothelium in selective 

regulation of particular leukocyte subtypes. Therefore, PR signaling in other cell types, 

most likely cells of the decidua, also function in immune recruitment through paracrine 

regulation. To further understand this unique selectivity in leukocyte control by the 

endothelium, we assessed differences in the expression of endothelial-leukocyte 

adhesion molecules using RNA-seq. We found that PR directly downregulates the 

expression of a select group of these proteins, potentially explaining endothelial 

leukocyte selectivity. Future work should focus on how preferential selection of 

macrophage/PMNs occurs, as well as address whether differences in endothelial-

leukocyte adhesion have functional significance in vivo. Furthermore, it will also be 

important to understand if loss of PR in the endothelium has biological consequences 

on physiological reproductive processes such as implantation. 
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Progesterone controls the secretion of a select set of cytokine/chemokines from 

the endothelium 

In Chapter 5 we explored whether PR activation in the endothelium altered 

expression of cytokines. In order to study cytokine production by the endothelium alone, 

we generated and validated in vitro culture system. Using next generation RNA-

sequencing, in combination with bead-based multiplex cytokine arrays, we identified a 

selective group of cytokines that are suppressed by progesterone both under 

physiological conditions and during an acute inflammatory response. In particular, IL-6, 

IL-8, CXCL2/3, and CXCL1 were found to be direct targets of PR, as determined by 

ChIP-sequencing. These findings confirm the increase in cytokine levels seen during 

times of progesterone withdrawal such as labor and menstruation 12-18. The findings 

from both Chapter 4 and 5 suggest that progesterone-PR signaling in the endothelium 

directly impacts leukocyte trafficking in PR-expressing tissues. 

Progesterone signaling in the vasculature: a clinical perspective 

Cardiovascular disease (CVD) remains the major cause of mortality in the 

Western world. Interestingly, men are 3-5 times more likely to develop cardiovascular 

disease than women of the same age, but in women this risk increases with age and 

rises sharply after menopause 19. The apparent gender-related protection has been 

attributed to circulating sex hormones and, consequently, hormone replacement therapy 

(HRT) has been used clinically to prevent/ameliorate heart disease during post-

menopause. Nonetheless, results from several epidemiological studies and clinical trials 

on the cardiovascular effects of HRT have cast serious concerns on those earlier 

assumptions.  
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The Women’s Health Initiative (WHI), Heart and Estrogen/Progestin 

Replacement Study, and the Women International Study of Long Duration Oestrogen 

after Menopause, have all reported that combined estrogen and progestin HRT had no 

benefit to cardiovascular function. 20-24. Interestingly, while the estrogen-only arm of the 

WHI showed an increase in stroke and venous thromboembolism, this risk was 

significantly lower when compared to that seen with women taking both estrogen and 

progestin 25. In addition to these side effects, women also showed a marked increase in 

the incidence of myocardial infarction and stroke 22. Therefore the implication is that 

progestins are likely the stronger inducers of these negative cardiovascular events. In 

further agreement, women taking progestin-only contraceptives exhibit symptoms 

similar to those seen with HRT, including vessel fragility, breakthrough bleeding and 

thromboembolism 26-29. Unfortunately, the paucity of information on the function of 

progesterone in the vasculature has impaired a more detailed and mechanistic analysis 

of the current epidemiological and clinical data.  

 Currently, it remains unclear whether the side effects of HRT and progestin-only 

contraceptives are due to the binding of progestins to receptors located in non-

reproductive tissues, effects on lipid metabolism, or through direct signaling within cells 

of the vasculature. While PR is expressed by a subset of endothelial cells in women, 

3,30-33 an understanding of the biological significance of this expression has not been 

fully clarified. 

 Here we demonstrate a novel link between progesterone signaling and vascular 

function. While physiological permeability is tightly regulated and short-lived, the 

prolonged exposure to progestins may lead to a more sustained and dysregulated 
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permeability response. Prolonged permeability can lead to physiological consequences 

such as platelet activation and thrombus formation 34 Furthermore, platelet aggregation 

has been recognized to be an essential contributing factor in the development of 

atherosclerotic plaques and has been implicated in other patho-physiological events 

such as occlusive stroke, deep vein thrombosis, and pulmonary embolism 35,36. Thus, 

constant, dysregulated permeability resultant from exposure to progestins may lead to 

more severe cardiovascular consequences that resemble those in women taking HRT 

and contraceptives.  

In addition to cardiovascular disease, hormones are believed to play an important 

role in the susceptibility and progression of other immune based diseases that exhibit 

gender-based differences in prevalence 11,37,38. Several lines of evidence have 

demonstrated marked changes in the severity of various diseases during different 

stages of the menstrual cycle and during pregnancy, linking hormonal control to 

systemic immune regulation 37. Currently there are still significant gaps in our 

understanding of the mechanisms that mediate sex-biased immune responses. We 

determined that PR in the endothelium alters immune trafficking through the regulation 

of cytokines and endothelial-leukocyte adhesion molecules. These results confirm PR 

as an anti-inflammatory agent in the endothelium, with potential for the negative 

regulation of immune cell trafficking into tissues. Therefore, we believe these findings 

clarify cell specific hormonal regulation of sex differences in disease. 

Summary 

In summary, we have shown a unique requirement for endothelial progesterone 

signaling in physiological vascular permeability and immune regulation. In vivo loss of 
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function models and a systems approach combining global transcriptome analysis and 

transcription factor binding by ChIP-seq was valuable in the advancement of our 

understanding of PR biological function and target gene regulation. Elucidating the 

physiological role of progesterone in the endometrial vasculature is not only vital to 

advancements in reproductive physiology but will also aid in our understanding of 

pathological vascular dysfunction that can result in implantation failure, cycling defects 

and preterm labor. We hope that the determination of downstream targets of PR in the 

vasculature will reveal insights into the function of PR in other vascular beds outside of 

the endometrium and thus may explain some of the current epidemiological/clinical 

findings on women taking exogenous progestins. 

! !
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