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Summary

Plg-RKT, is a structurally unique transmembrane plasminogen receptor with both N- and C-

terminal domains exposed on the extracellular face of the cell. Its C-terminal lysine functions to 

tether plasminogen to cell surfaces. Over expression of Plg-RKT increases cell surface 

plasminogen binding capacity while genetic deletion of Plg-RKT decreases plasminogen binding. 

Plasminogen binding to Plg-RKT results in promotion of plasminogen activation to the broad 

spectrum serine protease, plasmin. This function is promoted by the physical association of Plg-

RKT with the urokinase receptor (uPAR). Plg-RKT is broadly expressed in cells and tissues 

throughout the organism and its sequence is remarkably conserved phylogenetically. Plg-RKT also 

is required for lactation and, thus, is necessary for survival of the species. This review provides an 

overview of established and emerging functions of Plg-RKT and highlights major roles for Plg-

RKT in both the initiation and resolution of inflammation. While the roles for Plg-RKT in the 

inflammatory response are predominantly plasmin(ogen)-dependent, its role in lactation requires 

both plasminogen-dependent and plasminogen-independent mechanisms. Furthermore, the 

functions of Plg-RKT are dependent on sex. In view of the broad tissue distribution of Plg-RKT, its 

role in a broad array of physiological and pathological processes should provide a fruitful area for 

future investigation.
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1. Introduction

This review article focusses on functions of the novel plasminogen receptor, Plg-RKT. Here 

we briefly summarize general concepts that apply to the interaction of plasminogen with 

cells, followed by a summary of unique aspects of Plg-RKT sequence and topology and its in 

vitro function. We then discuss, in depth, recent data implicating a major role of Plg-RKT in 

innate immune function as a plasminogen receptor as well as surprising data revealing an 

unexpected role of Plg-RKT in lactation in which Plg-RKT exhibits both plasminogen-

dependent and plasminogen-independent roles. We discuss how sex as a biological variable 

affects Plg-RKT function. Finally, we summarize emerging functional roles of Plg-RKT in 

pathophysiological processes.

2. Key Features of the Interaction of Plasminogen with Cells

2.1. Mechanisms for promoting association of plasmin activity with cell surfaces

The ability of plasminogen to specifically bind to cell surfaces was first demonstrated on 

platelets [1]. Subsequent studies have shown that plasminogen binding sites are present 

almost ubiquitously on eukaryotic cells and in tissues as well as on many prokaryotic cells 

(reviewed in [2]). Localization of plasminogen on cell surfaces promotes its activation to the 

broad spectrum serine protease, plasmin, in a reaction mechanism that is promoted when 

plasminogen activators [tissue plasminogen activator (t-PA) or urokinase (u-PA)] are 

colocalized with plasminogen (reviewed in [3]), analogous to plasminogen activation on 

fibrin to promote fibrinolysis [4]. In addition, plasminogen activation is promoted when the 

interaction of Glu-plasminogen (the native, circulating form of plasminogen) with cells 

induces a conformation exposing the cleavage site for plasmic removal of its N-terminal 77 

amino acids [5] to form the more readily activatable Lys-plasminogen [6–8]. As an 

additional mechanistic consideration, enhancement of plasminogen activation on eukaryotic 

cell surfaces is lost following treatment of cells with carboxypeptidase B (CpB) [9]. CpB 

proteolytically removes C-terminal basic residues. Hence, plasminogen binding proteins 

exposing C-terminal basic residues on cell surfaces are predominantly responsible for 

stimulation of plasminogen activation. Furthermore, plasmin formed on the cell surface is 

retained on the cell membrane and is protected from inactivation by its major inhibitor, α2-

antiplasmin [10, 11], most likely due to competition between cell surface C-terminal basic 

residues with the C-terminal lysine of α2-antiplasmin that is required for the initial 

interaction with plasmin [12].

2.2. Physiological and pathophysiological roles of cell-associated plasmin

Localization of the broad spectrum proteolytic activity of plasmin on cells has important 

consequences for physiological and pathological processes, many of which require fibrin 

proteolysis as well as degradation of extracellular matrix (ECM) components to allow cells 

to migrate, including the inflammatory response, wound healing, oncogenesis, metastasis, 

myogenesis and muscle regeneration (reviewed in [3]). Prohormone processing, neurite 

outgrowth and fibrinolysis are also regulated by cell-associated plasmin (reviewed in [3]). 

Cell-bound plasmin also stimulates cell signaling pathways to induce release of cytokines, 

reactive oxygen species and other inflammatory mediators [13, 14].
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2.3. Cell surface plasminogen binding proteins

The diversity of cell types that bind plasminogen as well as the high capacity of cells for 

plasminogen (e.g. [1, 15]) has led to identification of numerous plasminogen receptors. Prior 

to the discovery of Plg-RKT, CpB-sensitive cellular plasminogen receptors comprised two 

groups: 1) proteins synthesized with C-terminal basic residues and having well recognized 

intracellular functions, including α-enolase [16, 17], cytokeratin 8 [18, 19], S100A10 (in 

complex with annexin A2 within the annexin A2 heterotetramer)[20], TIP49a [21] and 

histone H2B [22] and; 2) proteins that undergo proteolytic processing in order to expose a 

C-terminal basic residue to permit plasminogen binding, including actin [23–25]. There is 

also a CpB-insensitive component of plasminogen binding to eukaryotic cells that does not 

promote plasminogen activation [9], which includes tissue factor [26] and non-proteinaceous 

gangliosides [27]. Several transmembrane proteins (αIIbβ3 [28], αMβ2 [29, 30] and α5β1 

[30], as well as amphoterin [31] and GP330 [32]) bind plasminogen but are not synthesized 

with C-terminal basic residue and it has not been established whether these proteins undergo 

proteolysis to reveal C-terminal basic residues. Detailed reviews on the identification, 

functions and mechanisms of cell surface-association of the plasminogen receptors 

discussed above can be found in the volume introduced by reference [33].

3. Discovery of Plg-RKT

3.1. Proteomic discovery of the novel plasminogen receptor, Plg-RKT

In the absence of identification of an integral membrane protein exposing a carboxyl 

terminal basic residue on the cell surface, a proteomic approach was applied as a sensitive 

technique that could potentially reveal such a protein. Cell surface labeling of an inducible 

monocytoid stem cell line, followed by targeted proteolysis with CpB, affinity 

chromatography on plasminogen and streptavidin and multidimensional protein 

identification technology (MudPIT) was performed [3, 34]. One protein with a predicted 

transmembrane sequence and a C-terminal basic residue was identified: the hypothetical 

protein, C9orf46 homolog (IPI00136293), homologous to the protein predicted to be 

encoded by human chromosome 9, open reading frame 46 [34]. Interestingly, the MudPIT 

analysis also detected peptides from other proteins previously characterized as plasminogen 

receptors on monocytes: α-enolase, histone H2B, gamma actin, S100A10, annexin A2 and 

β2 integrin, as validation of the method.

3.2. Characteristics of Plg-RKT

The C9orf46 homolog murine DNA sequence encodes a protein of 147 amino acids with a 

predicted molecular mass of 17,261 Da and a C-terminal lysine (Fig. 1A). The protein was 

named Plg-RKT, to indicate a plasminogen receptor with a C-terminal lysine and a 

transmembrane domain. The sequences of over sixty-five mammalian orthologs are now 

available and alignment of these sequences shows high identity (e.g. human vs. chimpanzee 

= 99% identity; human vs. grizzly bear = 87.8% identity) with no gaps in the sequences. 

Importantly, a C-terminal lysine is encoded for all sequenced mammalian orthologs (e.g. 

[35]). Furthermore, DNA sequences of phylogenetically lower species (green lizard, 

xenopus, and zebrafish) encode C-terminal lysines. Also contained within the Plg-RKT 

sequence is a conserved DUF2368 domain (spanning amino acids 1–135), an 

Miles et al. Page 3

J Thromb Haemost. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



uncharacterized protein with unknown function that is evolutionarily conserved from 

nematodes to humans. The Plg-RKT orthologs of lower organisms (e.g. Drosophila, 

Paramecium and the sea urchin, Strongylocentrotus purpuratus) predict proteins of different 

lengths and do not always predict C-terminal lysines. Notably, plasminogen is considered to 

have evolved evolutionarily with protochordates [36]. Thus, organisms evolutionarily below 

protochordates might not need the C-terminal lysine of Plg-RKT.

Predictive websites indicate a preferred topology model with two transmembrane helices 

extending from F53-L73 (oriented from outside the cell to inside the cell) and P78-Y99 

(oriented from inside the cell to outside the cell) with a short 4 basic amino acid cytoplasmic 

sequence (Fig. 1B) [34]. Thus, a 52 amino acid N-terminal region and a 48 amino acid C-

terminal tail with a C-terminal lysine are predicted to be exposed on the cell surface. This 

model is supported by several lines of evidence: 1) In phase separation experiments Plg-RKT 

partitions to the detergent phase, consistent with integral membrane protein behavior [34, 

37]; 2) Protease accessibility experiments support extracellular exposure of both N-and C-

termini of Plg-RKT [35, 38]; 3) Peptides corresponding to Plg-RKT are not recovered when 

intact cells are treated with CpB, prior to proteomic analysis, in accordance with cell surface 

exposure of the C-terminus of Plg-RKT [34]; and 4) A mAB raised against the C-terminal 

peptide of Plg-RKT reacts with the cell surface [34, 37, 39].

Plg-RKT exhibits key requisite attributes of a plasminogen receptor. Plasminogen binds 

directly to the C-terminal peptide of Plg-RKT and a mAB raised against this region reacts 

with plasminogen binding sites on cells [34]. Overexpression of Plg-RKT increases cell 

surface plasminogen binding capacity [37]. Genetic deletion of Plg-RKT markedly decreases 

plasminogen binding to cells [39]. Plg-RKT promotes plasminogen activation by both t-PA 

[34] and u-PA [40]. Plg-RKT colocalizes [34, 39] and co-immunoprecipitates [37] with 

uPAR as a mechanism to promote plasminogen activation. Notably, t-PA binds specifically 

to a peptide corresponding to the C-terminus of Plg-RKT [34]. Despite the potential to 

compete for binding to Plg-RKT, the relative concentrations of circulating plasminogen and 

t-PA should permit simultaneous binding of both ligands to distinct Plg-RKT molecules so 

that each t-PA molecule should be bound proximally to several plasminogen molecules to 

promote plasminogen activation by t-PA [41].

Plg-RKT has a broad tissue distribution, as determined by probing human and mouse tissue 

microarrays with a panspecific monoclonal antibody [40] raised against a synthetic 

nonapeptide corresponding to the C-terminus of rat Plg-RKT. Plg-RKT is expressed in 

murine and human tissues including neuroendocrine tissue (thyroid and adrenal gland), 

brain, spleen, lymph nodes, vasculature, and very prominently, in epithelial tissues including 

kidney, breast, lung, intestine and colon [42]. In mammary tissue, high Plg-RKT expression 

is present in epithelial tissue of tubuloalveolar glands and lactiferous ducts [42, 43]. In 

lungs, Plg-RKT expression is notable on pseudostratified and simple columnar epithelium in 

bronchi. And absorptive epithelium in small intestine and colon exhibit high Plg-RKT 

expression [42]. By Western blotting, high expression of Plg-RKT is detected in human 

lymphocytes, peripheral blood monocytes, and endothelial cells, with much lower 

expression in neutrophils, while not detectable in RBC [40]. The broad distribution in tissues 
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that are exposed to plasminogen suggests that Plg-RKT may regulate proteolytic activity 

throughout the organism.

4. Role of Plg-RKT in Innate Immunity

In response to infectious or sterile injurious stimuli, an inflammatory response is initiated 

leading to increased vascular permeability, release of pro-inflammatory mediators and 

subsequent leukocyte recruitment [44]. Subsequently, anti-inflammatory mechanisms come 

into play, followed by the resolution of inflammation, an active process that functions to 

restore tissue homeostasis [45]. Plg-RKT exerts a major impact on each of these processes as 

discussed below and as summarized in Figure 2.

4.1. Regulation of leukocyte recruitment by Plg-RKT

Studies in plasminogen-deficient mice have revealed a key role for plasminogen in 

macrophage and lymphocyte recruitment during the inflammatory response [46–49]. 

Previous studies indicate that active plasmin is required to promote leukocyte recruitment 

[49] and plasminogen-dependent macrophage recruitment is mediated by CpB-sensitive 

plasminogen binding sites [50]. Consistent with these requirements, injection of mice with 

anti-Plg-RKT mAB impairs mononuclear leukocyte recruitment in a model of sterile 

peritonitis induced by injection of thioglycollate. (Treatment with thioglycollate results in 

sequential recruitment of neutrophils, monocytes and lymphocytes to the peritoneum.) 

Treatment with anti-Plg-RKT mAB inhibits both macrophage recruitment (by 53%) and 

lymphocyte recruitment (by 60%) without affecting either neutrophil or eosinophil 

recruitment [40]. Macrophage and lymphocyte recruitment are also impaired in this model in 

plasminogen deficient mice, without an effect on neutrophils [49, 51]. Similar effects on 

selective leukocyte recruitment occur in response to pleural injection of plasmin [52, 53] or 

LPS [54]. The absence of a genotype effect on neutrophil recruitment is consistent with 

relatively low expression of Plg-RKT on neutrophils [40] and relatively low plasminogen 

binding capacity of neutrophils [55]. When anti-Plg-RKT mAB is injected into plasminogen 

deficient mice, there is no further decrease in macrophage recruitment, illustrating that Plg-

RKT functions to bind plasmin(ogen) in the thioglycollate model [40] (Fig. 3).

Effects of genetic deletion of Plg-RKT on macrophage recruitment have been demonstrated 

in two models of inflammation. In time course experiments there is no effect of Plg-RKT 

deletion until 72 hr following thioglycollate injection when total leukocyte recruitment is 

significantly impaired and macrophage recruitment is 76% lower in Plg-RKT
−/− mice, 

compared with Plg-RKT
+/+ littermate controls [56]. In the second model, stimulation of 

inflammation by intrapleural injection of LPS results in time-dependent recruitment of 

leukocytes into the pleural cavity with early neutrophilic recruitment and resolution at 48 hr 

when neutrophils are scarce and mononuclear cell infiltration is maximal [57, 58]. In this 

model of pleurisy, recruitment of mononuclear cells and pleural levels of monocyte 

chemoattractant chemokine, CCL2, are significantly lower in Plg-RKT
−/− mice compared to 

Plg-RKT
+/+ littermates, with no significant effect of genotype on recruitment of neutrophils 

or levels of the neutrophil chemoattractant chemokine, CXCL-1 [54]. A similar effect is 
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observed in plasminogen deficient mice [54], suggesting plasminogen dependence of the 

functions of Plg-RKT in this model.

4.1.1. Mechanisms by which Plg-RKT regulates leukocyte recruitment—The in 

vivo studies summarized above are consistent with Plg-RKT functioning to bind plasminogen 

and promote plasminogen activation to plasmin on the surfaces of migrating monocytoid 

cells and lymphocytes. In vitro studies also support the plasminogen binding functions of 

Plg-RKT. Anti-Plg-RKT mAB blocks plasminogen dependent monocytoid cell migration 

through Matrigel as well as plasminogen-dependent chemotactic migration in response to 

the monocyte chemoattractant, CCl2 (MCP-1) [40].

Plg-RKT plays a role in the activation of pro-MMPs. In the thioglycollate-induced sterile 

peritonitis model, activation of pro-MMP-9 is required for plasmin(ogen)-dependent 

macrophage recruitment [49] and activation of pro- MMP-9 and pro-MMP-2 is observed in 

peritoneal fluid [40]. Injection of anti-Plg-RKT mAB decreases pro-MMP-9 activation by 

64% and pro-MMP-2 activation by 44% [40]. In studies in vitro, anti-Plg-RKT mAB blocks 

activation of pro-MMP-9 and pro-MMP-2 synthesized by monocytoid cells [40].

It has recently been recognized that Plg-RKT may additionally regulate CCL2 levels as a 

new mechanism for regulation of macrophage migration. In the LPS-induced pleurisy model 

the lower number of mononuclear cells recruited to the pleural cavity is accompanied by a 

significantly lower level of CCL2 in the pleural cavity of Plg-RKT
−/− mice, compared with 

Plg-RKT
+/+ littermates [54]. This is also observed in plasminogen deficient mice [54]. 

Similarly, peritoneal CCL2 levels are decreased in plasminogen deficient mice following 

biomaterial implantation [48]. Furthermore, treatment of mice with plasmin(ogen) increases 

monocyte migration to the pleural cavity via a mechanism dependent on CCL2/CCR2 [52]. 

Strikingly, there is no effect of specific deletion of Plg-RKT in myeloid cells (mPlg-RKT
−/− 

mice) on recruitment to the pleural cavity or on pleural CCL2 levels [54]. Thus, Plg-RKT 

deletion in other cell types may affect synthesis of CCL2 and impact monocyte recruitment 

in mice with global deletion of Plg-RKT.

Preferential expression of Plg-RKT on pro-inflammatory monocyte and macrophages is a 

newly recognized mechanism for regulation of their migration and recruitment. Pro-

inflammatory human intermediate monocytes (CD14++CD16+) express significantly higher 

levels of Plg-RKT on their surfaces compared with classical monocytes (CD14++CD16-) and 

nonclassical monocytes (CD14+CD16++) and this is paralleled by significantly higher 

plasminogen binding capacity on intermediate monocytes [39]. Mechanistically, 

intermediate monocytes exhibit plasmin(ogen)-dependent cell migration that is blocked by 

anti-Plg-RKT mAB [39]. Furthermore, in murine blood, the pro-inflammatory Ly6Chigh 

monocyte subset expresses significantly more Plg-RKT and plasminogen binding capacity 

than the Ly6Clow subset and both wild type monocyte subsets bind significantly more 

plasminogen than Plg-RKT
−/− subsets [39]. In the sterile peritonitis model Ly6Chigh 

monocyte recruitment is decreased by 57% in Plg-RKT
−/− mice compared to Plg-RKT

+/+ 

littermates, but there is no genotype effect on recruitment of Ly6Clow cells [39].
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4.2. Role of Plg-RKT in inflammatory cytokine synthesis and release

The ability of plasmin to stimulate intracellular signaling pathways and cytokine release by 

monocytes and macrophages is well established in vitro and requires an interaction of 

plasmin(ogen) with the cell surface [14, 59–61]. Following thioglycollate stimulation, 

peritoneal levels of IL-6 are increased over 7-fold in Plg-RKT
+/+ mice, but less than 2-fold in 

Plg-RKT
−/− mice and IL-10 levels are 3 fold lower in Plg-RKT

−/− compared with Plg-RKT
+/+ 

mice [39]. (IL-10 has anti-inflammatory properties and is also induced under inflammatory 

conditions [62, 63]).

4.3. Regulation of resolution of inflammation by Plg-RKT

4.3.1. Regulation of macrophage polarization by Plg-RKT—During the resolution 

phase of inflammation, macrophages are reprogrammed to a spectrum of M2-like resolving 

phenotypes [64]. In the LPS-induced pleurisy model, a higher proportion of M1-like 

macrophages are present in the pleural exudates of both Plg-RKT
−/− and plasminogen 

deficient mice, compared with their wild type littermates, suggesting an impairment in 

polarization to the M2-like phenotype, with reduced expression of the engulfment and 

recognition molecules, CD206 and Annexin A1 [54]. Furthermore, polarization of Plg-RKT
−/− and plasminogen deficient bone marrow derived macrophages (BMDMs) toward an M2-

like phenotype (with either IL-4 or IL-10) is impaired, with reduction in the expression of 

well established M2 markers resulting from IL-4 stimulation (CD206 and arginase-1) and 

IL-10 polarizing agents (TGFβ) [54]. On the other hand, M1-like Plg-RKT
−/− BMDMs 

exhibit increased expression of the M1 marker, CD86 [54]. IL-4 can stimulate macrophage 

polarization through either the STAT6 (canonical) or STAT3 (non-canonical) pathways, 

while IL-10 triggers the STAT3 pathway [65]. Treatment of both Plg-RKT
−/− and 

plasminogen deficient BMDMs with IL-4 or IL-10 results in a reduction in phosphorylated 

STAT3 but not phosphorylated STAT6 [54] (Fig. 4). This suggests a mechanism in which 

plasmin(ogen) interacts with Plg-RKT to stimulate STAT3 phosphorylation and is the first 

demonstration of intracellular signalling mediated by this receptor.

Interestingly, proinflammatory M1-like macrophages exhibit significantly more cell surface 

Plg-RKT than either unpolarized or M2-like macrophages [39]. Thus, Plg-RKT functions to 

promote polarization and is then down-regulated as a potential negative feedback 

mechanism.

4.3.2. Regulation of Efferocytosis by Plg-RKT—Following their recruitment to 

inflammatory sites, and having exerted effector functions, neutrophils undergo apoptosis. An 

essential step to decrease tissue exposure to toxic contents of dying cells is their phagocytic 

engulfment by macrophages (efferocytosis) [66]. Plasmin(ogen) plays a key role in 

phagocytosis and this requires its interaction with cell surfaces and protein synthesis [53, 

67–70]. Efferocytosis in vitro is also significantly decreased in Plg-RKT
−/− and plasminogen 

deficient BMDMs [54]. When macrophage recruitment is stimulated by intraperitoneal 

injection of zymosan followed by injection of fluorescently labelled apoptotic neutrophils, 

engulfment of neutrophils is significantly decreased in Plg-RKT
−/−, mPlg-RKT

−/− and 

plasminogen deficient mice relative to their wild type littermate controls [54]. Macrophage 

expression of the engulfment and recognition molecules, CD206 and AnxA1 is significantly 
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lower in these deficient mice [54]. Indeed, the expression of AnxA1, among other sets of 

genes involved in phagocytosis, is modulated in liver following injection of anti-RBC 

autoantibody and in spleen in response to injection of apoptotic thymocytes in plasminogen 

deficient mice [68] and plasmin(ogen) promotes efferocytosis in an AnxA1-dependent 

fashion [58]. Thus, binding of plasmin(ogen) to Plg-RKT may promote a mechanism to 

stimulate AnxA1 expression to further amplify the process of efferocytosis.

5. Sex as a Biological Variable in the Plasminogen Activation System

Sex has significant effects on the plasminogen activation system. Circulating plasminogen 

levels in male mice are significantly lower (46%) than female mice [56]. In humans, female 

sex is associated with higher plasminogen levels [71]. Female murine monocytes express 

significantly more cell surface Plg-RKT than male monocytes [39]. And the number of 

monocytes recruited to the peritoneum in the thioglycollate model is markedly greater in 

female compared with male mice [39]. Thus, females may have a more efficient activation of 

plasminogen on cell surfaces, which may significantly affect outcomes of many pathological 

states.

6. Role of Plg-RKT in Lactation

Plg-RKT deficient mice are viable and fertile and offspring of heterozygous matings are born 

according to the expected Mendelian ratios and there is no effect of genotype on survival 

[56]. However, Plg-RKT
−/− females (on the C57Bl/6J background) exhibit a severe lactation 

defect, resulting in death of all offspring within two days after birth (Fig. 5) [43]. Pups of 

Plg-RKT
+/− female mice have survival rates intermediate between offspring of Plg-RKT

−/− 

and Plg-RKT
+/+ females, indicating a significant maternal gene dosage effect [56]. The effect 

of maternal genotype on pup survival is not strain-dependent as the lactational defect is also 

present in Plg-RKT deficient mice on the 129XS/SVJ background [43]. Pup death is 

consistent with the inability of Plg-RKT
−/− mothers to successfully lactate as milk is not 

present in the stomachs of offspring of Plg-RKT
−/− mothers. In addition, cross fostering 

demonstrates that the lactation defect is with Plg-RKT
−/− mothers [43]. This section reviews 

evidence for mechanisms by which Plg-RKT regulates lactation.

6.1. Plg-RKT regulates milk production and ductal histology

Mammary gland masses of Plg-RKT
−/− mice are significantly (50%) less than those of Plg-

RKT
+/+ mice. Furthermore, milk production is severely and significantly decreased in 

mammary glands of Plg-RKT
−/− mothers, while there are no genotype-dependent effects on 

tissue prolactin levels in mammary glands [43]. The alveoli of Plg-RKT
−/− glands are 

strikingly atrophic and disordered and ducts are distended. Amorphous eosinophilic 

material, suggesting high protein content, is present in alveoli and ducts of Plg-RKT
−/− 

glands [43].

6.2. Plg-RKT regulates the composition of the ECM in lactating mammary glands

Lactogenesis requires the appropriate extracellular environment [72–74] and deletion of Plg-

RKT results in marked dysregulation of the mammary ECM. Excessive collagen deposition 
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is present within mammary adipose tissue surrounding the alveoli of the Plg-RKT
−/− 

mammary glands and fibrosis is also present within the surrounding adipose tissue of Plg-

RKT
−/− mammary glands [43]. Consistent with the fibrotic ECM, cellular infiltrates are 

present within fibrotic areas of Plg-RKT
−/− glands, with marked accumulation of 

macrophages [43].

Excessive fibrin deposition is present in the fibrotic mammary adipose tissue surrounding 

the alveoli and is also present within the distended alveoli and ducts of Plg-RKT
−/− glands 

[43]. There are no genotype dependent effects on glandular levels of plasminogen activators, 

suggesting that the absence of Plg-RKT results in defective fibrinolysis due to impaired 

plasminogen activation.

6.3. Plg-RKT deletion affects fibrosis gene expression signatures in lactating mammary 
glands

In fibrosis gene transcription profiling of 84 genes in mammary glands harvested 2 days 

postpartum, 25 genes were identified for which expression in Plg-RKT
−/− glands was 

significantly (P < 0.05) different than Plg-RKT
+/+ glands by a factor of >2-fold [43]. 

Upregulation of remodeling enzymes and inhibitors (Mmp2, Mmp9 and Timp2), 

inflammatory cytokines and chemokines (Il1a, Il4 and TNF) and integrins (α2, β1, β3, β6, 

and β8) within the mammary tissue was consistent with the marked infiltration of 

macrophages observed in Plg-RKT
−/− glands. In addition, TGFβ3 and its targets, Smad 2 and 

CTGF (connective tissue growth factor or CCN2) were strikingly upregulated. In addition, 

Mmp1a was markedly downregulated while Timp2 was markedly upregulated in Plg-RKT
−/− 

glands, consistent with extensive collagen deposition in this genotype.

6.4. Plg-RKT deletion decreases epithelial cell proliferation and increases epithelial cell 
apoptosis

EGF was the most extensively down-regulated gene identified in Plg-RKT
−/− glands (12-

fold-less expression). Of ligands for the EGF receptor (EGFR), EGF is exclusively induced 

at lactation and is the most abundant of all differentially expressed cytokines and growth 

factors in luminal epithelial cells of lactating glands [75]. Correspondingly, levels of 

phospho-EGFR were markedly decreased in Plg-RKT
−/− glands (Fig. 6). Furthermore, 

proliferating epithelial cells are abundant in Plg-RKT
+/+ glands while not detectable in Plg-

RKT
−/− glands [43] (Fig. 7A).

EGF orchestrates increased translation of the pro-survival Bcl-2 family protein, Mcl-1, and 

genetic deletion of Mcl-1 results in increased epithelial apoptosis [75]. Mcl-1 expression is 

observed in Plg-RKT
+/+ glands, but is not detectable in Plg-RKT

−/− glands (Fig. 7B) and, 

correspondingly, cleaved (activated) caspase 3 is present in Plg-RKT
−/− glands, but not 

detectable in Plg-RKT
+/+ glands [43] (Fig. 7C).

6.5. Interplay between plasminogen-dependent and plasminogen-independent functions 
in lactational development

A role for Plg-RKT in regulating fibrinolysis within mammary glands is supported by the 

excessive fibrin deposition in Plg-RKT
−/− glands. Notably fibrin deposition is also observed 
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in plasminogen deficient glands at postpartum day 2 [76]. The lactation defect in 

plasminogen deficient mice is rescued on a fibrinogen heterozygous background [76]. In 

contrast, fibrinogen heterozygosity does not rescue survival of offspring of Plg-RKT
−/− 

females [43]. Moreover, the severity and histological basis of the lactation defect in Plg-RKT
−/− mice is much more pronounced than that of plasminogen deficient mice [76, 77]. 

Phenotypic differences include: 1) All offspring of Plg-RKT
−/− females die by postpartum 

day 2, whereas 60% of offspring of primiparous plasminogen deficient females are alive at 

postpartum day 2 and the rate of total pup death is gradual, with at least 25% pup survival 

for 17 days [76]; 2) Lobuloalveolar development takes place normally in plasminogen 

deficient mice and mammary gland histology is indistinguishable from wild type littermates 

at postpartum day 2; and 3) milk production in plasminogen deficient mammary glands is 

normal [76, 77]. Thus, although blockade of ducts with fibrin may play a role, it cannot 

account for the complete failure of lactation and impaired alveologenesis in Plg-RKT
−/− 

mice. It is also noteworthy that, although uPAR associates with Plg-RKT [34, 37], we are 

unaware of reports of a lactation defect in uPAR deficient mice.

Based on comparison of the lactational phenotype published for plasminogen deficient mice 

[76, 77] with results with Plg-RKT
−/− mice, the influence of Plg-RKT on ECM remodeling 

can occur by both plasminogen-dependent and plasminogen-independent mechanisms (Fig. 

8). By promoting plasminogen activation, Plg-RKT can exert anti-fibrotic effects by 

regulating remodeling of the stromal fibrin scaffold, activation of MMP’s for collagen 

remodeling, and proteolysis of the ECM component, entactin/nidogen-1. Plg-RKT may also 

exert plasminogen-independent anti-fibrotic effects as mammary gland fibrosis is observed 

at much earlier time points in lactational development of Plg-RKT
−/− glands compared with 

plasminogen deficient glands [76]. Plg-RKT may also regulate plasminogen-independent 

ECM remodeling for lobuloalveolar development as lobuloalveolar development proceeds 

normally in plasminogen deficient glands [76, 77]. In addition, Plg-RKT promotes EGF 

biosynthesis, in a plasminogen-independent fashion, to allow proliferation of epithelial cells 

to promote lobuloalveolar development. Furthermore, via promoting EGF biosynthesis, Plg-

RKT promotes Mcl-1 translation to inhibit apoptosis and maintain alveolar and ductal 

structure. Finally, Plg-RKT can promote plasminogen activation on the surfaces of luminal 

epithelial cells for fibrin surveillance within the alveoli and ducts to maintain alveolar 

patency. Plg-RKT is, thus, a critical protein required for survival of the species, based on the 

total failure of lactation in Plg-RKT
−/−mice. We speculate that this may have major 

implications for the function of other organs that undergo post-embryonic morphogenesis 

including kidney [78], prostate [79], lacrimal gland [80], and salivary gland [81] in that Plg-

RKT may regulate morphogenesis, particularly epitheliogenesis, in response to pathological 

challenges.

7. Emerging roles of Plg-RKT

Plg-RKT is likely to play key roles in the many physiological and pathological processes 

summarized in section 2.2. Here we highlight emerging roles of Plg-RKT for which 

published information is available.
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7.1. Lipoprotein(a) [Lp(a)] catabolism

Lp(a) is an LDL-like particle in which apolipoprotein B-100 is covalently bound to an 

unique lipoprotein, apolipoprotein(a) [apo(a)]. Lp(a) is both a risk factor for and a factor 

causing cardiovascular disease and calcific aortic valve stenosis [82]. The sequence of apo(a) 

is remarkably homologous to plasminogen [83, 84] and Lp(a) competes with plasminogen 

for the interaction with cell surfaces [85, 86]. Recent in vitro studies in which Plg-RKT was 

either knocked down or overexpressed in liver cells, have indicated that Plg-RKT is 

responsible for the majority of Lp(a) uptake in these cells. Interestingly, after Lp(a) is 

internalized, the apo(a) moiety then trafficks to recycling endosomes with subsequent apo(a) 

resecretion, while the LDL particle trafficks to lysosomes where it is degraded [87, 88] ( and 

commentary [89]). Future studies with Plg-RKT
−/− mice should aid in elucidating the role of 

Plg-RKT in Lp(a) metabolism in vivo.

7.2. Neuroendocrine Roles of Plg-RKT

7.2.1. Neurotransmitter release—Catecholaminergic cells, including chromaffin cells 

of the adrenal medulla and other neurosecretory cells, bind both plasminogen and t-PA, 

resulting in promotion of plasminogen activation on these cell surfaces [90]. Furthermore, 

both t-PA and plasminogen are secreted by catecholaminergic cells in response to 

stimulation with specific secretagogues [91, 92], providing a local neurosecretory 

environment in which plasmin activity is produced (reviewed in [93]). The locally generated 

plasmin functions in extracellular processing of secreted hormones [90]. As an example of 

extracellular plasmic processing, neurotransmitter release from catecholaminergic cells is 

negatively regulated by cleavage products that are produced by plasmic proteolysis of the 

major secretory vesicle core protein, Chromogranin A (CgA) [90, 94].

Plg-RKT is prominently expressed in catecholaminergic cells including adrenal medullary 

chromaffin cells within both murine and human adrenal tissue, as well as in bovine adrenal 

chromaffin cells, human pheochromocytoma, rat PC12 pheochromocytoma cells and in 

murine hippocampus [37]. Overexpression of Plg-RKT results in enhanced plasminogen 

activation on PC12 cells and, importantly, release of the neurotransmitter, norepinephrine is 

markedly suppressed [37]. Thus, Plg-RKT promotes plasminogen activation to release 

peptides that feed back to regulate release of catecholamines by these cells and this has 

major implications for regulation of sympathoadrenal activation and stress responses [93]. 

Because Plg-RKT is broadly expressed in neuroendocrine and neuronal tissues, these studies 

additionally suggest a broader paradigm for regulation of local proteolysis and, 

consequently, neurotransmitter release at many neuroendocrine and neuronal sites.

7.2.2. The inflammatory response in Alzheimer’s Disease—Inflammation plays a 

key role in Alzheimer’s Disease. The role of microglial activation and macrophage 

activation in the progression of Alzheimer’s Disease is being increasingly recognized [95]. 

The neuroimmune response exhibits neuroprotective effects by phagocytosis and clearance 

of Aβ from the brain. However, activated microglia and macrophages produce neurotoxic 

cytokines, chemokines, and reactive oxygen species that lead to neuronal death in the CNS 

[96, 97]. Thus, chronic activation of the neuroimmune system overwhelms its 

neuroprotective effects by eliciting proinflammatory responses.
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Recent studies show that conditional depletion of plasminogen in peripheral blood is highly 

protective from Aβ deposition and the neuroinflammatory response and is accompanied by 

decreased microgial/macrophage activation in the 5XFAD murine model of Alzheimer’s 

Disease [98]. Notably the presence of perivascular macrophages in major vessels of the 

brain is decreased in plasminogen-depleted Alzheimer’s Disease mice. These studies suggest 

a previously unappreciated role of circulating plasminogen in Alzheimer’s Disease [98]. 

Furthermore, conditional depletion of plasminogen reduces migration of perivascular 

macrophages into the CNS in response to systemic injection of LPS [99]. Blood cells are the 

source of perivascular macrophages in the CNS [100] and perivascular macrophages show 

high expression of Plg-RKT [99], suggesting a role for Plg-RKT in plasminogen-dependent 

macrophage migration in neuroinflammation.

8. Conclusions

This review has focused on recently published studies that have revealed in vivo functions of 

Plg-RKT. Physiologic and pathophysiologic functions of this plasminogen receptor are based 

on its ability to bind plasminogen, promote plasminogen activation, localize plasmin on cell 

surfaces and mediate plasmin-dependent cell signaling. In addition, Plg-RKT may exert 

plasminogen-independent functions as exemplified by its role in lactational development. 

Given the predominant role of Plg-RKT in the inflammatory response, future studies of its 

role in pathophysiologic events involving macrophage and lymphocyte function are 

warranted. In view of the broad tissue expression of Plg-RKT, its roles in a broad array of 

pathologies involving other tissues should be revealed in future studies.
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Figure 1. Alignment of predicted amino acid sequences of mouse, human, rat, dog and cow 
orthologs of Plg-RKT (A) and the structural model of Plg-RKT (B) show high interspecies 
sequence homology.
Green indicates amino acids within the predicted primary transmembrane helix. Orange 

indicates amino acids within the predicted secondary transmembrane helix. Red indicates 

basic amino acids. This research was originally published in Blood, Andronicos, N.M., 

Chen, E.I., Baik, N., Bai, H., Parmer, C.M., Kiosses, W.B., Kamps, M.P., Yates, J.R., III, 

Parmer, R.J., Miles, L.A., Proteomics-based discovery of a novel, structurally unique, and 

developmentally regulated plasminogen receptor, Plg-RKT, a major regulator of cell surface 

plasminogen activation, Blood. 2010, 115: 1319–30. © the American Society of 

Hematology.
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Figure 2. Schematic representation of the role of Plg-RKT in innate immunity.
Plg-RKT receptor is required for macrophage and lymphocyte recruitment to inflammatory 

sites. (A) Mechanistically, this effect is mediated by plasmin(ogen) binding and activation 

via Plg-RKT, by the release of the monocyte chemoattractant CCL2 and by activation of the 

matrix metalloproteinases pro-MMP2 and pro-MMP-9. (B) Plg-RKT receptor increases the 

release of IL-6 and IL-10 cytokines. (C) Plg-RKT is preferentially expressed on M1-like 

macrophages, while during inflammation Plg-RKT decreases CD86 expression. In a similar 

way, Plg-RKT promotes expression of macrophage M2 markers and (D) enhances 

efferocytosis of apoptotic cells (4). This diagram has not been published previously.
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Figure 3. Effect of Plg-RKT on thioglycollate-induced monocyte recruitment.
Both plasminogen deficient (Plg−/−) and wild type littermates (Plg+/+) mice were injected 

intravenously with either mAb 7H1 (■) or isotype control (□) (500μg). After 30 minutes 

thioglycollate was injected intraperitoneally. A second injection of antibody was given 24 

hours later. After 72 hours, thioglycollate-recruited cells were collected by peritoneal lavage 

and macrophages were purified by adherence. The adherent cells were detached and counted 

using a hemocytometer. Data represent mean ± S.E.M. n=5/group). This research was 

originally published in Blood, Lighvani, S., Baik, N., Diggs, J.E., Khaldoyanidi, S., Parmer, 

R.J, and Miles, L.A. Regulation of macrophage migration by a novel plasminogen receptor 

Plg-RKT. Blood, 2011, 118:5622–5630. © the American Society of Hematology.
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Figure 4. Effect of plasmin(ogen) treatment and deletion of Plg-RKT on STAT signaling 
pathways.
Bone marrow derived macrophages (BMDMs) from Plg-RKT

+/+ and Plg-RKT
−/− mice were 

washed 3 times with serum free media and then treated with either IL-4 (20ng/mL), LPS 

(10ng/mL) + IFN (10ng/mL), IL-10 (20ng/mL) or untreated (UT) for 30 minutes (A,B). Cell 

lysates were analysed by Western blotting for the indicated antigens. β-actin was used as a 

loading control. Densitometry analyses are shown (C). This research was originally 

published in Vago, J.P., Sugimoto, M.A., Lima, K.M., Lima, G.L., Baik, N., Teixeira, M.M., 

Perretti, M., Parmer, R.J., Miles, L.A. and Sousa, L.P. Plasminogen and the plasminogen 

Miles et al. Page 22

J Thromb Haemost. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptor, Plg-RKT, regulate macrophage phenotypic and functional changes. Front. 

Immunol. 28 June 2019, 10:1458.
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Figure 5. Plg-RKT null mice cannot successfully lactate.
Survival data are shown for a cohort of offspring of Plg-RKT

+/+ (dashed lines) and Plg-RKT
−/− (solid lines) primiparous female littermates: 48 offspring of Plg-RKT

+/+ mice and 30 

offspring of Plg-RKT
−/− mice. **** P<0.0001 Log-rank (Mantel Cox) test]. This research was 

originally published in Miles, L.A., Baik, N., Bai, H., Makarenkova, H.P., Kiosses, W.B., 

Krajewski, S., Castellino, F.J., Valenzuela, A., Varki, N.M., Mueller, B.M., Parmer, R.J. The 

plasminogen receptor, Plg-RKT, is essential for mammary lobuloalveolar development and 

lactation. J Thromb Haemost. 2018, 16(5):919–932. and is reprinted with permission from 

John Wiley and Sons.
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Figure 6. Phosphorylated EGFR content is decreased in Plg-RKT−/− mammary glands.
Thoracic mammary glands were harvested from Plg-RKT

+/+ and Plg-RKT
−/− female mice 

two days following parturition. Glands were lysed and electrophoresed on 4–12% gradient 

gels under reducing conditions and western blotted with anti-phosphorylated EGFR. Ratios 

of pEGFR:Actin were significantly less in Plg-RKT
−/− glands, (Plg-RKT

−/− = 0.34 ±0.1; Plg-

RKT
+/+ = 0.90 ±0.01, P = 0.011, n=3). There were no genotype effects on EGFR levels. 

These data have not been published previously.
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Figure 7. 
Plg-RKT deletion decreases epithelial cell proliferation and increases epithelial cell 

apoptosis. Mammary glands were harvested two days postpartum from Plg-RKT
+/+ and Plg-

RKT
−/− female mice. Frozen sections of abdominal mammary glands were immunostained 

with antibodies against Ser28-phosphorylated histone H3 (Pho-HIS-A568) and Dapi (shown 

in white for greater clarity). Boxes defined by dashed lines are the areas enlarged in right 

panels. Confocal images were captured using a Zeiss 710 Laser Scanning Confocal 

Microscope running the Zen 2016 software. 8 bit optical image section slices (sampled at 

0.3μm intervals) were collected as 1024×1024 images, converted to maximum intensity 

projections for 2D analysis then imported into: Image Pro Premier, Image J and LSM 

Examiner software for further processing and quantitative analysis. (A). Thoracic glands 

were lysed and electrophoresed on 4–12% gradient gels under reducing conditions and 

western blotted with anti-Mcl-1 and anti-βactin (B) or anti-active (cleaved) caspase 3 and 

anti-βactin (C). This research was originally published in Miles, L.A., Baik, N., Bai, H., 

Makarenkova, H.P., Kiosses, W.B., Krajewski, S., Castellino, F.J., Valenzuela, A., Varki, 
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N.M., Mueller, B.M., Parmer, R.J. The plasminogen receptor, Plg-RKT, is essential for 

mammary lobuloalveolar development and lactation. J Thromb Haemost. 2018, 16(5):919–

932. and is reprinted with permission from John Wiley and Sons.

Miles et al. Page 27

J Thromb Haemost. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Working model for regulation of lactogenesis by Plg-RKT.
Plg-RKT regulates key steps essential for nomal lactogenesis. By promoting plasminogen 

activation, Plg-RKT can exert anti-fibrotic effects by regulating remodeling of the stromal 

fibrin scaffold, activation of MMP’s for collagen remodeling, and proteolysis of the ECM 

component, entactin/nidogen-1. Plg-RKT may also exert plasminogen-independent anti-

fibrotic effects as mammary gland fibrosis is observed at much earlier time points in 

lactational development of Plg-RKT−/− glands compared with Plg−/− glands. Plg-RKT may 

also regulate plasminogen-independent ECM remodeling for lobuloalveolar development as 

lobuloalveolar development proceeds normally in Plg−/− glands. In addition, Plg-RKT 

promotes EGF biosynthesis, in a plasminogen-independent fashion, to allow proliferation of 

epithelial cells to promote lobuloalveolar development. Furthermore, via promoting EGF 

biosynthesis, Plg-RKT promotes Mcl-1 translation to inhibit apoptosis and maintain alveolar 

and ductal structure. [Epithelial proliferation and apoptosis are markedly affected by Plg-

RKT deletion but are not affected in Plg−/− glands at day 2 of lactation ]. Finally, Plg-RKT 

can promote plasminogen activation on the surfaces of luminal epithelial cells for fibrin 

surveillance within the alveoli and ducts to maintain alveolar patency. This diagram has not 

been published previously.
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