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Acute pulmonary embolism (APE) is a debilitating condition with high incidence and
mortality rates. APE is widely treated with the serine protease urokinase or urokinase-
type plasminogen activator (uPA) that functions by resolving blood clots via catalyzing the
conversion of plasminogen to plasmin. Treatment with recombinant uPA has been shown
to increase endogenous expression of UPA and its cognate receptor, uPAR; however, the
mechanisms for this induction are not known. Using an in vitro hypoxia/reoxygenation
model in bronchial epithelial BEAS-2B cells, we show that induction of hypoxia/
reoxygenation induces apoptosis and increases secretion of tumor necrosis
factor—alpha, brain natriuretic peptide, and fractalkine, which are attenuated when
treated with exogenous UPA. Induction of hypoxia/reoxygenation resulted in decreased
expression of UPAR on cell surface without any significant changes in its messenger RNA
expression, highlighting post-transcriptional regulatory mechanisms. Determination of
UPAR protein half-life using cycloheximide showed treatment with uPA significantly
increased its half-life (209.6 + 0.2min from 48.2 + 2.3 min). Hypoxia/reoxygenation
promoted the degradation of uPAR. Inhibition of proteasome-mediated degradation
using MG-132 and lactacystin revealed that uPAR was actively degraded when
hypoxia/reoxygenation was induced and that it was reversed when treated with
exogenous UPA. Determination of the proteolytic activity of 20S proteasome showed a
global increase in ubiquitin—proteasome activation without an increase in proteasome
content in cells subjected to hypoxia/reoxygenation. Our results cumulatively reveal that
UPAR is actively degraded following hypoxia/reoxygenation, and the degradation was
significantly weakened by exogenous uPA treatment. Given the importance of the uPA/
UPAR axis in a multitude of pathophysiological contexts, these findings provide important
yet undefined mechanistic insights.

Keywords: acute pulmonary embolism, hypoxia/reoxygenation, urokinase-like plasminogen activator, uPA, uPAR,
ubiquitylation
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INTRODUCTION

Blood clot-mediated blockage of the pulmonary artery resulting
in obstruction of pulmonary circulation and hemodynamic
collapse is termed as acute pulmonary embolism (APE)
(Cohen et al., 2007; Geerts et al., 2008; Lang et al., 2013). Due
to the paucity of symptoms and the absence of an appropriate
diagnosis, the exact epidemiological details of APE are unknown.
A multicenter study in China between 1997 and 2008 estimated
that the incidence rate of APE is 0.1% with a higher incidence in
males than in females (Yang et al., 2011). Given the advancement
of treatment protocols, the mortality rate significantly decreased
over the years—from 25.1% in 1997 to 8.1% in 2008 (Yang et al.,
2011). However, it remains a seriously debilitating condition for
which optimal therapies are required.

It has been well documented that APE is associated with
inflammatory response and cell death, in parts mediated by
mitogen-activated protein kinase, phosphoinositide 3-kinases/
protein kinase B, and nuclear factor-kappa beta signaling
pathways (Apostolakis and Spandidos, 2013; Wang et al,
2013; Wang et al, 2014). APE-associated ischemia and
pulmonary hypertension induce an increase in serum levels of
cytokines and chemokines, including tumor necrosis
factor-alpha (TNFa), interleukin (IL)-1f, IL-8, CX3CRI,
CXCRL1, brain natriuretic peptide (BNP), troponin T, and
D-dimer (Zagorski et al., 2003; Wang et al., 2013; Wang et al,,
2014; Zhang et al, 2017; Shi et al,, 2018). Pro-inflammatory
chemokines and cytokines induce infiltration of immune cells in
the lungs, including natural killer cells and T cells (Lang et al.,
2013; Saghazadeh et al., 2015; Saghazadeh and Rezaei, 2016).

Urokinase or urokinase (UK)-type plasminogen activator
(uPA), a serine protease that functions by resolving clots via
catalyzing the conversion of plasminogen to plasmin, is the most
widely used drug for treating APE (Sasahara et al., 1967; Cheng
etal., 2002). Indeed, dose—effect and duration—effect clinical trials
have been performed to study the outcome of UK treatment in
patients with APE (Zhang et al., 2007; Wang et al., 2009; Zhao
et al., 2018; Zhang et al., 2019).

Administration of pro-UK or exogenous uPA increases the
expression of endogenous u-PA in circulating blood, lung
epithelial cells, and mononuclear cells in animal models or
patients with APE (Sasaki et al., 1985; Sumi et al., 1985; Toki
et al, 1985). uPA mediates its activity by binding to its high-
affinity glycosyl phosphatidylinositol (GPI)-linked protein
receptor called UK plasminogen activator receptor (uPAR)
(Ploug et al., 1991; Leth et al.,, 2019; Xu et al, 2020). Indeed,
exogenous uPA has been shown to induce the expression of uPAR
(Toki et al., 1985). Interaction of uPA with uPAR is critical for its
activity in resolving APE (Bdeir et al., 2000; Liu et al., 2008).

However, how exogenous UK induces uPAR expression is not
defined. Understanding the same will provide critical information
that might be utilized in developing additional therapeutic
regimens or optimizing current ones for patients with APE.
Hence, using an in vitro model of APE (hypoxia/
reoxygenation), we determined the mechanism underlying the
increase in uPAR expression following treatment with exogenous
UK. Our results show that uPAR is ubiquitinated at lysine
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48 residues and actively degraded in APE, whereas the
addition of exogenous UK inhibits ubiquitination and
degradation of uPAR.

MATERIALS AND METHODS

In Vitro Hypoxia/Reoxygenation Model and

Treatments

Human bronchial epithelial cells (BEAS-2B) (ATCC) were
cultured in Dulbecco’s modified eagle medium (DMEM)
containing 5% FBS, 100 U/mL penicillin, and 100 pg/ml
streptomycin in 5% CO, at 37°C. To establish the hypoxia/
reoxygenation (H/R) model, BEAS-2B cells were incubated in
hypoxic conditions (1% O,, 5% CO,, and 94% N,) in serum and
glucose-free DMEM for 12h. Postincubation under hypoxic
conditions, the medium was changed to a normal growth
medium and cells were incubated for an additional 12 h under
normoxic conditions (5% CQ,), where indicated cells were
treated with recombinant UK (10ng/ml (American
Diagnostica, Stamford, CT)). Cells maintained throughout
under normoxic conditions were used as controls. For
phospholipase C (PLC) treatment, BEAS-2B cells were treated
with phosphatidylinositol-specific PLC (PI-PLC; 0.5 IU/ml)
(Sigma Aldrich) for 2 h at 37°C before induction of H/R.

Terminal Deoxynucleotidyl Transferase
Biotin-dUTP Nick End Labeling Assay

BEAS-2B cells under normoxic conditions, H/R conditions, and
cells that were treated with UK were all labeled using the terminal
deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL) assay kit (R&D Systems) according to the
manufacturer’s instructions. TUNEL-labeled cells were
counterstained with 4',6-diamidino-2-phenylindole (DAPI)
and subsequently washed thrice with phosphate-buffered saline
(PBS). Apoptosis rate was defined as (number of apoptotic cells/
total number of cells) x 100%.

Determination of Cytokines

BEAS-2B cells under normoxic conditions, H/R conditions, and
cells that were treated with UK were pelleted by centrifuging at
1,000 g for 5 min at 4°C. The supernatant was used to determine
the expression of indicated cytokines. Luminex (Millipore) was
used to quantify the levels of the cytokines.

RNA Isolation and Real-Time Quantitative

Polymerase Chain Reaction

Total RNA was extracted using TRIzol (Thermo Fisher
Scientific). SuperScript III reverse transcriptase (Thermo
Fisher Scientific) was used for cDNA synthesis. Real-time
quantitative polymerase chain reaction (RT-qPCR) reactions
were set up using KAPA SYBR FAST (KAPA BIOSYSTEMS,
Wilmington, United States). The primers used were:
PLAUR—forward primer: 5-CCACTCAGAGAAGACCAA
CAGG-3'; reverse primer: 5'-GTAACGGCTTCGGGAATA
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GGTG-3'; PLAU—forward primer: 5'- GGCTTAACTCCA
ACACGCAAGG-3'; reverse primer: 5'-CCTCCTTGGAAC
GGATCTTCAG-3'. Raw Ct values were normalized to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
(forward primer: 5'- GTCTCCTCTGACTTCAACAGCG-3';
reverse primer: 5-ACCACCCTGTTGCTGTAGCCAA-3'),
and changes in expression were calculated using the 2724
method.

Immunofluorescence

BEAS-2B cells in each group were fixed using 4%
polyformaldehyde for 30 min at room temperature (24°C).
Cells were permeabilized using 0.1% Triton X-100 for 5 min at
room temperature. Cells were subsequently blocked using 10%
bovine serum albumin for 1h at room temperature before
incubation with anti-uPA (SC-59727, Santa Cruz, 1:
125 dilution) and anti-uPAR (SC-10815, Santa Cruz, 1:
200 dilution) overnight at 4°C. Cells were washed thrice using
PBS and then incubated with antirabbit immunoglobulin G (IgG)
for 1 h at 37°C and washed again thrice with PBS. Cell slides were
finally stained with DAPI and mounted with an antifade
mounting medium and imaged via confocal microscopy.

Cycloheximide and MG-132 Treatment

BEAS-2B cells subjected to H/R + UK were treated with 10 pg/ml
cycloheximide (CHX) (Sigma Aldrich) for up to 4h after H/R
(12 h hypoxia and 12 h reoxygenation). Post-treatment cells were
washed with ice-cold PBS containing CHX and then processed
for western blotting as described below. The relative amount of
uPAR protein left after each time point was used to calculate the
half-life of uPAR in BEAS-2B cells + UK. To inhibit proteasomal
degradation, BEAS-2B cells subjected to H/R + UK were treated
with 20 uM of MG-132 (Sigma Aldrich) for up to 2 h. At the end
of each time point, cells were harvested, washed with ice-cold
PBS, and then processed for western blotting as described below.

Western Blotting

The cells mentioned above were washed with ice-cold PBS and
then lysed using radioimmunoprecipitation assay lysis buffer
(ThermoFisher  Scientific). =~ BCA  protein  assay kit
(ThermoFisher Scientific) was used to determine protein
concentrations. Proteins were run on SDS-PAGE gels and
transferred to polyvinylidene fluoride membranes. Antibodies
used to probe the blots were purchased from Cell Signaling,
Cambridge, United States, and used at 1:1000 dilution; incubation
with primary antibody was overnight at 4°C. Blots were probed
with GAPDH to confirm equal loading of protein across the
different samples. Densitometry analysis was performed using
NIH Image ] software (https://imagej.nih.gov/ij/; accessed on
10 November 2020).

Isolation of 20S Proteasomes

Hobler et al. (1999)’s protocol was followed for isolation of 20S
proteasome and determination of proteolytic activity. BEAS-2B
cell pellets were resuspended in buffer (pH 7.5) containing
50 mM Tris-HCI, 250 mM sucrose, 5mM MgCl,, and 1 mM
dithiothreitol (DTT) and supplemented with protease and
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phosphatase inhibitor cocktail (ThermoFisher Scientific). The
suspension was subjected to three rounds of centrifugation:
10,000 g for 20 min, 100,000g for 1 h, and 100,000g for
5h—all at 4°C, with each subsequent centrifugation performed
with the supernatant from the prior centrifugation step. The final
pellet was resuspended in a buffer containing 50 mM Tris-HCI,
5mM MgCl,, and 20% (v/v) glycerol. Protein content was
determined using the BCA assay as described above.

Determination of Proteolytic Activity
Fluorogenic peptides N-carbenzoxy-Leu-Leu-Glu-7-amido-4-
methylcoumarin  (LLE) and succinyl-Leu-Leu-Val-Tyr-7-
amido-4-methylcoumarin (LLVY) were purchased from Sigma
Aldrich. Proteolytic activity of 20S proteasome was determined in
terms of chymotrypsin-like and peptidylglutamyl peptide-
hydrolyzing peptidase-mediated hydrolysis of the fluorogenic
substrates (Craiu et al., 1997). Reactions containing 15 ug 20S
proteasome extract in 60 ul of buffer (62.5mM Tris-HCI,
125 mM MgCl,, 1.2mM DTT, 0.01 U apyrase, and either
375uM of LLE or 100uM of LLVY) were incubated for
45min at 37°C. Proteolytic activity (pM per pg protein per
min) was determined by assaying for the methylcoumarylaide
cleavage product (380 nM excitation and 440 nM emission)
(Craiu et al., 1997).

Immunoprecipitation

Protein lysates (150 ug) from BEAS-2B cells subjected with or
without the H/R (without UK) + MG-132 (for either 2h or
indicated time points) were immunoprecipitated using 5 ug of
anti-uPAR antibody (cell signaling, #12863)/normal rabbit IgG
(cell signaling, #2729) and Pierce Classic Magnetic IP/Co-IP kit
(ThermoFisher Scientific). Successful immunoprecipitation was
confirmed via western blotting using an anti-uPAR antibody. The
primary antibodies were as follows: K48-linkage-specific
polyubiquitin antibody (cell signaling, #4289) and K63-
linkage-specific polyubiquitin antibody (cell signaling, #5621);
Anti-Ub (Santa Cruz Biotechnology, sc166553).

Statistical Analysis

Data were expressed as mean + standard deviation (SD).
Statistical significance was determined using a one-way
analysis of variance followed by Tukey’s post hoc test for
multiple comparisons; p < 0.05 was considered statistically
significant.

RESULTS

To investigate the mechanism of action of exogenously added
uPA, we used an in vitro H/R model in which BEAS-2B cells were
exposed to hypoxic conditions for 12 h followed by reoxygenation
under normoxic conditions for 12 h. Compared to control cells
maintained throughout under normoxic conditions, H/R
significantly induced cell death as assessed via TUNEL
staining (Figures 1A,B). Treatment with UK significantly
decreased apoptosis induced by H/R to levels observed in
control cells (Figures 1A,B). Since APE is associated with
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FIGURE 1 | Urokinase inhibits H/R-induced cell death and cytokine secretion. An in vitro model of APE in BEAS-2B cells. Cells were subjected to hypoxic
conditions for 12 h followed by reoxygenation for 12 h (for details refer to Materials and Methods). (A) Representative images from terminal deoxynucleotidyl transferase
biotin-dUTP nick end labeling assay. (B) Graph shows quantification of images in (A). Data are represented as mean + SD; ***p < 0.0001, ns, not significant (n = 5). (C)
Secretion of indicated cytokines in the cell supernatant was determined using Luminex assay. represented as mean + SD; ****p < 0.0001, ns, not significant (n = 3)
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increased secretion of inflammatory cytokines (Zagorski et al.,
2003; Wang et al., 2013; Wang et al., 2014; Zhang et al., 2017; Shi
et al., 2018), we next determined the expression of BNP, TNFa,
and fractalkine (CX3CL1) in cell supernatants. Compared to
control cells, H/R resulted in a significant increase in the
expression of BNP, TNFa, and CX3CL1 (Figure 1C).
Treatment with UK significantly decreased the secretion of
these cytokines in cell supernatants to levels comparable to
that observed in control cells (Figure 1C). These results
confirmed that the H/R model in BEAS-2B cells can be
implemented as a system to define the mechanism of action of
exogenous uPA.

Given that it was earlier shown that exogenous pro-UK can
increase the expression of both endogenous uPA and its cognate
receptor uPAR (Liu et al., 2008), we next determined the mRNA
expression of PLAU (encoding uPA) and PLAUR (encoding
uPAR) in the BEAS-2B cells. Compared to control condition,
the expression of PLAU significantly decreased following H/R
(Figure 2A), which was restored when treated with UK
(Figure 2A). However, there was no significant difference in
the expression of PLAUR in BEAS-2B cells grown under control
conditions or when subjected to H/R + UK (Figure 2A). We next
performed immunofluorescence analysis of uPA and uPAR
expression on BEAS-2B cells. Compared to control condition,
the expression of uPA and uPAR significantly decreased
following H/R (Figures 2B,C). However, treatment with UK
resulted in a robust increase in expression of both uPA and
uPAR compared to H/R condition (Figures 2B,C). To determine
if the increase in uPAR was due to uPA, we pretreated the BEAS-
2B cells with PI-PLC. Given that uPAR is a GPI-linked protein, it
will be removed from the cell surface when treated with PI-PLC
(Figures 2B,C). This also resulted in decreased expression of uPA
compared to H/R + UK condition (Figures 2B,C), confirming
that the binding of exogenous uPA to uPAR is involved in the
endogenous increase in uPA expression. Considering that the

amino-terminal fragment of uPA (ATF) can bind and activate
uPAR but lacks catalytic activity, we treated the BEAS-2B cells
following H/R with ATF, which has the same effect as treatment
with UK (Figures 2B,C). To determine whether the pretreatment
of PI-PLC changes the expression of uPAR on mRNA level as the
duration of PI-PLC treatment is fairly long, 2 h + 24 h, we did an
RT-qPCR of uPAR of BEAS-2B cells pretreated with PI-PLC. As
shown in Figure 2A, PI-PLC treatment almost has no influence
on the expression of uPAR on the mRNA level. This was also not
due to toxic effect of PI-PLC as cells treated with this reagent
showed similar cell growth kinetics as untreated cells. These
results also indicated that the observed increase in uPAR
expression following treatment with UK was being regulated at
the post-transcriptional level.

Post-transcriptional gene regulation can be mediated by either
translational inhibition of the mRNA or post-translational
modifications of a newly synthesized protein that results in
altered stability. Translational inhibition is normally mediated
by microRNA, which binds to its target mRNA and causes its
degradation. Since we did not observe any significant change in
PLAUR expression under the different conditions (Figure 2A),
we hypothesized that it is being regulated by post-translational
modification.

Hence, we next determined the half-life of uPAR in BEAS-2B
cells subjected to H/R + UK. At the end of H/R (24 h), cells were
treated with cycloheximide for up to 4 h. Cycloheximide binds
to the 60S ribosome subunit and inhibits translation by
preventing translational elongation. Lysates from cells
harvested from cells subjected to different time points of
cycloheximide treatment were probed with an anti-uPAR
antibody. In BEAS-2B cells subjected to H/R, uPAR protein
degraded faster (Figure 3A) compared to that treated with UK
(Figure 3B). Densitometry analysis using NIH Image ] was used
to calculate the half-life of uPAR under the H/R + UK
conditions. Urokinase treatment significantly increased the
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FIGURE 2 | Exogenous uPA treatment induces uPAR protein expression without changes in its transcript expression. (A) Relative expression of PLAU (encoding
UuPA) and PLAUR (encoding uPAR) was determined in indicated conditions using RT-gPCR. Data are represented as mean + SD; **p < 0.05, ***p < 0.0001, ns, not
significant (n = 3). (B) Representative immunofluorescence images of uPA and UPAR expression in BEAS-2B cells, including control group (a—d) and cells subjected to PI-
PLC (e-h), H/R (i-l), H/R + UK (m-p), and H/R + UK but pretreated with PI-PLC (g-t). Scale bar, 100 um. (C) Relative expression of uPA and uPAR. The relative
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half-life of uPAR to 209.6 + 0.2 min from 48.2 + 2.3 min (cells
without UK treatment) (Figure 3C). These results indicated that
uPAR protein is being actively degraded following H/R and the
degradation is weakened when treated with exogenous uPA. To
confirm that we next treated the cells with the proteasome
inhibitor MG-132 for up to 2h following the 24h H/R
regimen + UK. Treatment with MG-132 resulted in a robust
increase in uPAR protein expression in BEAS-2B cells even
without UK treatment, confirming that uPAR protein is actively
degraded when exposed to H/R. Treatment with MG-132 also
resulted in a further increase in uPAR protein in the cells treated
with UK (Figures 3D,E). To further confirm the results above,
lactacystin, an inhibitor specific to the proteasome, was also
used to treat the cells for up to 2 h following the 24h H/R
regimen + UK; the result was shown in Figures 3F,G. These
results cumulatively indicated that uPAR protein is degraded
when subjected to H/R, but the degradation is weakened
following treatment with exogenous uPA.

To understand if H/R resulted in global activation of
proteasome activity in the BEAS-2B cells or was specific to
uPAR, we next determined the proteolytic activity of 20S

proteasome in the BEAS-2B cells maintained under control
conditions or subjected to HR + UK. 20S proteasomes were
isolated from the cells of different experimental groups and
their proteolytic activity against two fluorogenic substrates
chymotrypsin-like (LLVY) and peptidylglutamyl peptide-
hydrolyzing (LLE) peptidase was quantified. Proteasome activity
against both substrates was significantly higher in cells subjected to
H/R compared to that of the control group (Figure 4A). Treatment
with UK resulted in significant inhibition of both the LLVY and
LLE peptidase activities of the proteasome (Figure 4A). An
increase in proteolytic activity can either be due to an increase
in specific activity of the proteasome or an increase in the
proteasome content. Hence, we next assessed protein expression
of the C8 subunit of the 20S proteasome. There was no significant
difference in the C8 protein expression between control and H/R +
UK conditions (Figures 4B,C), confirming that the increased
proteolytic activity of the proteasome post-H/R was due to not
an increased number of proteasomes but increased activity of the
proteasomes. Taken together, these results established that H/R
results in global activation of proteasomal activity, which can be
reversed by treatment with exogenous uPA.
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FIGURE 4 | H/R induces global activation of the proteolytic activity of proteasome without induction of proteasome content. (A) Proteasome activity in BEAS-2B
cells under control conditions or following H/R + urokinase (UK). Proteasome activity against fluorogenic LLE and LLVY substrates was significantly higher following HR
compared to control. Urokinase treatment significantly decreased the proteolytic activity. Data are represented as mean + SD; **p < 0.0001, ns, not significant (n = 3).
AMC. amido-4-methylcoumarin. (B,C) 20S proteasome subunit C8 protein content in BEAS-2B cells under control conditions or following H/R + UK. Shown are

representative blots (B) and quantification (C). Data in C are represented as mean + SD; ns, not significant (n = 3).

To clarify the relationship between the H/R with the
ubiquitination of uPAR. Lysates generated from BEAS-2B cells
subjected with or without H/R + MG-132 were

immunoprecipitated using an anti-uPAR antibody. As
Figure 5A shows, in the presence of MG-132, H/R increases
the ubiquitination level of uPAR in IP but does not affect the
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FIGURE 5 | Polyubiquitination of uPAR occurs via lysine 48-linked chains. (A) Lysates obtained from BEAS-2B cells subjected with or without H/R + MG-132 were
immunoprecipitated using an anti-uPAR antibody. To confirm successful ubiquitination, blots were probed with an anti-Ub antibody to determine poly-ubiquitination and
anti-uPAR antibodies. (B) BEAS-2B cells subjected to H/R for indicated time points underwent MG-132; western blotting was done with anti-uPAR. (C) Same as (B), but
the lysates were immunoprecipitated using anti-uPAR and detected with anti-lysine 48K-Ub. Shown are representative blots from three independent experiments.

The results showed that uPAR is poly-ubiquitinated via lysine 48-linked chains in BEAS-2B cells subjected to H/R.
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content of uPAR in WB. In the absence of MG-132, H/R reduces
the content of uPAR. These data demonstrate that H/R
upregulates the ubiquitination level of uPAR and leads to the
proteasome-related degradation of uPAR. Poly-ubiquitylation
can happen at multiple lysine residues, of which lysine 48 and
lysine 63 linked ubiquitylation are the most common (Komander
and Rape, 2012). Whereas lysine-63 linked ubiquitylation is
associated with cell signaling, lysine-48 linked ubiquitylation is
associated with proteasome-mediated degradation. Figure 5C
revealed that lysine-48 linked poly-ubiquitylated of uPAR in
BEAS-2B cells subjected to H/R. However, lysine-63-linked
ubiquitylation was not detected (the data were not shown).
These results thus confirmed that uPAR is poly-ubiquitylated
and degraded by proteasome when cells are subjected to H/R, and
the degradation was significantly weakened following treatment
with exogenous uPA.

DISCUSSION

APE is widely treated with the serine protease UK or uPA, which
functions by resolving blood clots via catalyzing the conversion of
plasminogen to plasmin. Treatment with recombinant uPA has
been shown to increase the endogenous expression of uPA and its
cognate receptor, uPAR (Semina et al, 2020). The uPAR
functions as the high-affinity receptor for uPA, and binding
uPA to uPAR stimulates proteolytic activity on the cell
membrane, in turn promoting localized plasminogen
activation and degradation of the extracellular matrix. It has
been previously shown that during vascular remodeling

endocytosis and nuclear translocation of cell surface uPAR is
mediated by SUMOylated RanGAP1 (Kiyan et al., 2012).
However, to the best of our knowledge, the current study
provides the first evidence that uPAR itself is degraded during
simulated APE in vitro (hypoxia/reoxygenation), which is
effectively inhibited following treatment with exogenous uPA.
H/R induces apoptosis and increases secretion of TNFa, BNP,
and CX3CL1, whereas treatment with UK resulted in significant
inhibition of both the chymotrypsin-like (LLVY) and
peptidylglutamyl peptide-hydrolyzing (LLE) peptidase activities
of the proteasome. Together, these observations represent an
interesting, not yet fully addressed feature of the uPA/uPAR
system. Our results could have important functional implications
because they point to the as yet unknown evidence that uPAR
itself is degraded during simulated APE in vitro.

The uPA/uPAR system functions in preventing numerous
pathophysiological conditions related to vascular remodeling
(Kiyan et al., 2012). Vascular injury results in the induction of
expression of uPA and uPAR, which then function in neointima
formation during atherosclerosis (Steins et al., 2004). The uPA/
uPAR system functions in endothelial cell migration and
proliferation, fibrin deposition, wound healing, fibroblast to
myofibroblast differentiation, and epithelial to mesenchymal
transition (Steins et al., 2004; Gu et al., 2005; Shushakova et al.,
2005; Bernstein et al., 2007; Binder et al., 2007; Kiyan et al., 2009;
Kiyan et al., 2012). Interaction of uPAR with different proteins
potentiates its function in regulating downstream signaling
pathways functioning in cell adhesion, migration,
proliferation, inflammation, and apoptosis (Blasi and
Carmeliet, 2002). APE is also associated with inflammatory

Frontiers in Pharmacology | www.frontiersin.org

August 2022 | Volume 13 | Article 754271


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhu et al.

response and part of the protective action of exogenous uPA
might be due to the ability to uPAR to inhibit signaling
pathways associated with inflammation and cell death
(Zagorski et al., 2003; Zhang et al., 2007; Wang et al., 2009;
Apostolakis and Spandidos, 2013; Wang et al., 2013; Wang et al.,
2014; Zhang et al.,, 2017; Shi et al.,, 2018), in turn alleviating
APE-associated ischemia and pulmonary hypertension. Given
the importance of the uPA/uPAR axis in a multitude of
pathophysiological contexts, our results provide important
yet undefined mechanistic insights.

The results of the present study indicated that global
activation of 20S proteolytic activity following induction of
H/R. It will be important to determine in future studies the
identity of proteins that are degraded following H/R or APE
and the degradation of what portion of those proteins are
inhibited via UK treatment. In addition, the E3 ligase
responsible for the degradation of uPAR remains to be
determined. It will be interesting to identify if multiple
E3 ligases are activated or if a single E3 ligase is activated
following APE or H/R. E3 ligases are highly druggable and
hence identification of the E3 ligase(s) activated following APE
might provide more potent alternative therapeutic targets that
alone or in combination with UK will have synergistic
outcomes in patients with APE.

The present study has certain limitations since we used only
one bronchial epithelial BEAS-2B cell. Therefore, the same
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mechanisms of uPAR in other cells need further investigation.
In addition, it was based on an in vitro H/R model that simulates
APE but was definitely not APE. Hence, whether similar
mechanisms are functioning in in vivo models of APE remains
to be investigated in future studies. In conclusion, our study
reveals that H/R induces ubiquitylation and proteasome-
mediated degradation of uPAR, which is attenuated when cells
are treated with exogenous uPA. Given the wide functionality of
the uPA/uPAR system in a vast array of pathophysiological
conditions, including vascular remodeling, cardiovascular
disorders, and cancer, our findings provide important
mechanistic insights into these processes.
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