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Simple Summary: The uPA/uPAR system is highly involved in cancer progression and metastasis.
Many studies have definitively assessed that the high expression of urokinase-type plasminogen
activator (uPA) and membrane urokinase-type plasminogen activator receptor (uPAR) in patients
does correlate with metastasis formation and poor prognosis. Thus, due to the key role of uPA
and uPAR in cancer, it is essential to develop compounds able to interfere with and/or inhibit their
activity. In this review, we discuss the role of uPA and uPAR as diagnostic, prognostic and therapeutic
markers in tumors. Moreover, we describe, in-depth, the design, construction and analysis of uPA
and uPAR inhibitors in in vitro and in vivo models. Clinical trials, testing some of these inhibitors,
are also accurately described.

Abstract: Several studies have ascertained that uPA and uPAR do participate in tumor progression
and metastasis and are involved in cell adhesion, migration, invasion and survival, as well as
angiogenesis. Increased levels of uPA and uPAR in tumor tissues, stroma and biological fluids
correlate with adverse clinic-pathologic features and poor patient outcomes. After binding to uPAR,
uPA activates plasminogen to plasmin, a broad-spectrum matrix- and fibrin-degrading enzyme able
to facilitate tumor cell invasion and dissemination to distant sites. Moreover, uPAR activated by uPA
regulates most cancer cell activities by interacting with a broad range of cell membrane receptors.
These findings make uPA and uPAR not only promising diagnostic and prognostic markers but
also attractive targets for developing anticancer therapies. In this review, we debate the uPA/uPAR
structure—function relationship as well as give an update on the molecules that interfere with or
inhibit uPA /uPAR functions. Additionally, the possible clinical development of these compounds
is discussed.
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1. Introduction

Metastases are often the cause of cancer patient deaths. Unlike therapies targeting
primary tumors, those targeting tumor metastases have only minimally improved. Thus,
discovering more efficacious therapies able to counteract the metastatic dissemination of
cancer cells is an important objective of cancer research. During the last three decades,
urokinase-type plasminogen activator (uPA) and its specific receptor, uPAR, have been
intensively investigated and their involvement in cancer and metastasis formation has
been definitively assessed. Serine protease uPA cleaves and activates plasminogen into
plasmin, an enzyme able to increase pericellular proteolysis, extracellular degradation and
to improve cell invasion [1,2]. uPAR is a glycosyl-phosphatidyl-inositol (GPI)-anchored
membrane receptor, comprising three-domains (DI, DII and DIII) [3]. Full-length uPAR can
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be cleaved by plasmin or uPA which releases the DI domain, whereas the GPI-anchored
DII-DIII receptor remains either anchored to the cell surface or secreted into the extracel-
lular milieu, in the case of the GPI-anchor cleavage [4]. Similarly, full-length uPAR or its
fragments can be released in plasma and/or urine [5], as recently reviewed by Santi et al. [6].
When expressed on the cell surface, uPAR focuses uPA proteolityc activity allowing cancer
cells to degrade the extracellular matrix. At the same time, uPAR is able to stimulate intra-
cellular signaling, modulating either physiological processes as wound healing, immune
responses and stem cell mobilization or pathologic events, including inflammation and
tumor progression [7,8]. Upon uPA engagement, uPAR signaling occurs by assembling
many different classes of molecules, composing the so-called “uPAR interactome”, compris-
ing a total of 42 binding proteins, 9 soluble ligands and 33 lateral partners, which enables
uPAR to control many pathways, regulating cell migration and proliferation [9,10]. Thus,
due to the pleiotropy of its interactions, uPAR could represent a good target for designing
and eventually developing compounds able to interact with uPA /uPAR and/or uPAR
co-receptors. In recent years, uPA and uPAR have also been regarded as diagnostic and
prognostic markers in cancer, and high levels of both uPA and uPAR in tissue and serum
have been demonstrated to correlate with a poor patient outcome in different types of
primary as well as metastatic malignancies [8,11-16]. In this regard, Kjaer and colleagues
are developing highly specific peptide-based ligands for positron emission tomography
(PET) imaging, targeting uPAR in an effort to design clinical trials for cancer patients [17].
This strategy, which employs non-invasive evaluations of primary lesions and metastatic
lymph nodes, could potentially reduce the need for repeated biopsies.

In the following paragraphs, structural and functional properties of uPA, uPAR and
their specific inhibitors will be accurately described, focusing the attention on peptides
and small molecules which can be easily modified or engineered in order to optimize
their pharmacodynamic and pharmacokinetic properties as well as their efficacy [18]. The
possible clinical development of these compounds will be discussed in-depth as well.

2. The Urokinase Plasminogen Activator

uPA is a single-chain serine protease composed of 411 amino acid residues. The
pro-enzyme (pro-uPA) is activated by the cleavage of the K158-1159 bridge by several
trypsin-like proteinases, like plasmin, kallikrein, stromelysin or by glandular kallikrein
mGK-6 [19,20]. The resulting fully active two-chain uPA converts plasminogen into plasmin,
promoting the proteolysis of fibrinogen to fibrin and the degradation of other extracellular
proteins [21]. A further cleavage at Lys 135-Lys 136 generates the amino-terminal fragment
(ATE, amino acids 1-135), which includes an EGF-like domain, i.e., the growth factor
domain (GFD) (residues 1-49 of the uPA human sequence) and the kringle (amino acids
50-131) domain. The remaining 136-158 fragment, called the connecting peptide (CP),
is linked through a disulfide bridge to the carboxy-terminal catalytic region in the low
molecular weight form (LMW uPA, amino acids 135-411), which retains the catalytic
activity [21-25]. Notably, these multi-domain structures can also act as independent folded
compact modules [26]. Three binding regions have been identified to interact with uPAR:
the first one, contributing to the high-affinity uPA /uPAR binding, is constituted by the ATF
hydrophobic residues Phe25, I1e28 and Trp30 which interacts with the DI uPAR domain; the
second region, formed mainly by one stretch of residues in the GFD of uPA (Ser21, Asn22,
Lys23 and Tyr24), contacts mainly the DII uPAR domain; the third region involves hydrogen
bonds and van der Waals contacts between ATF residues and the DI uPAR domain [27,28].
Of note, besides full length and membrane-associated uPAR, uPA also binds soluble forms
of uPAR (SuPAR) secreted in the extracellular milieu [29].

Pro-uPA, uPA and ATF bind to uPAR at a similar extent with a Kd within a 100-500 pM
range, whereas the GFD or its shorter peptide, corresponding to residues 18-32, bind to uPAR
with a 1000-fold lower affinity, being the Lys23, Tyr24, Phe25, I1e28 and Trp30 residues essential
for uPAR binding [23,27]. Inhibitors of uPA have been constructed, interfering with either uPA
catalytic activity or uPA-dependent signaling.



Cancers 2022, 14, 498

30f23

3. The Urokinase Plasminogen Activator Receptor

The urokinase receptor is a GPI-anchored membrane receptor, first identified on blood
monocytes and the U937 monocyte-like cell line [30,31]. By binding to uPA at the leading
edge of migrating cells, uPAR orchestrates extracellular proteolysis and cell invasiveness
in the near tissues [32]. The mature uPAR moiety is a cysteine-rich molecule constituted
of three domains (DI, DII and DIII from the N-terminus) connected by linker regions and
associated with the cell membrane through a C-terminal GPI anchor which is characterized
by intra-chain disulfide bonds [33]. The DI domain contains the uPA-binding site, albeit the
entire uPAR molecule is required for an efficient binding [34,35]. The DII and DIII uPAR
domains are also involved in the binding, increasing the DI domain affinity for uPA [36].

uPAR can be cleaved in the DI-DII linker region not only by uPA but also by several
proteases, like trypsin, chymotrypsin, elastase, cathepsin G, metalloproteases and plas-
min [37]. By proteolysis, uPAR releases the DI binding domain, whereas the truncated
GPI-uPAR remains at the cell surface and exposes the N-terminus uPAR84-95 chemotactic
sequence [38]. Moreover, by the proteolysis of the GPI-anchor, soluble forms of uPAR
are produced and poured into the extracellular milieu and bloodstream. The presence of
high levels of uPAR in serum indicate pathological conditions, including inflammation
and cancer [39]. The crystal structure of uPAR bound to a competitive peptide inhibitor
of the uPA/uPAR interaction demonstrated the occurrence of three-finger consecutive
domains generating a deep cavity where the peptide binds and a large external surface that
remains accessible for protein—protein interactions [34,35]. By analyzing the conformational
preferences of uPAR, Yuan and Huang demonstrated that uPAR has a latent inactive form
activable by uPA-induced conformational changes [40]. Gardsvoll et al. assessed that
uPAR shows a high conformational flexibility. After uPA binding, uPAR shifts from an
open to an intermediated and then to a closed conformation [41], the last being able to
form potent multiprotein cell-signaling complexes which regulate migration, invasion,
metastasis, epithelial-mesenchymal transition, stem cell-like properties, survival, release
from states of dormancy, chemo-resistance, angiogenesis and vasculogenic mimicry in
cancer [10,42-47] (Figure 1).

uPAR regulates cytoskeletal rearrangements, cell adhesion and migration by a di-
rect binding to the somatomedin-like domain of vitronectin (Vn), and uPA engagement
increases the uPAR binding affinity for Vn [48-50]. The association between uPAR and
Vn is mediated by the DI-DII interface through the residues Trp32, Arg58, Ile63 (in DI),
Arg91 and Tyr92 [48,51-53]. The residues Arg91 and Tyr92 in the DI-DII linker region have
been shown as essential for the interaction of somatomedin B and Vn [53] and crucial for
increasing Vn-induced, uPAR-mediated cytoskeletal rearrangements and migration [52].
A number of studies document that uPAR starts or increases the signaling induced by
integrins through focal adhesion kinase and/or Src kinases by activating the MEK/ERK
pathway [44,54-56]. uPAR interacts with the avf35 or «v33 Vn receptors (VnR)s, pro-
moting cytoskeleton reorganization, cell adhesion and migration [57-59]. The connection
between the uPA and uPAR system and VnRs is also highlighted by the fact that uPA or its
136-158 connecting peptide directly interacts with the av chain of VnR, thus, creating a uPA-
mediated bridging of the uPAR and «v chain of VnR [60]. The association of uPAR with
integrin «331, which recognizes several ECM ligands, including laminins, type IV collagen
and fibronectin, has been reported to occur via a surface loop within the 3-propeller of the
o3 subunit but outside the laminin binding region [61]. The a5 lintegrin/uPAR interaction
supports cell adhesion to fibronectin, migration toward fibronectin and fibronectin matrix
assembly [62-64]. uPAR itself promotes the EGFR interaction with the integrin «541, lead-
ing to the formation of uPAR/EGFR/ o531 complexes which, recruits FAK and activates
the mitogenic Raf/MEK/ERK signaling pathway [65,66]. Interestingly, the inhibition of
uPAR association with 1lintegrin, or EGFR alone, induces cell dormancy, thereby resulting
in tumor suppression [55,65,67]. Both DII and DIII domains participate in the interaction
of uPAR with integrins. In the uPAR DII domain, Degryse et al. identified the sequence
D2A (30IQEGEEGRPKDDR142) which directly interacts with the av33 VnR and stimulates
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cell migration by activating av(33-dependent signaling pathways, including the Janus
kinase/Stat pathway [68]. Of note, in addition to chemotactic activity, the D2A-derived
peptide has been shown to promote cell growth by trans-activating EGFR [69]. Moreover,
Chaurasia et al. found that the sequence 240GCATASMCQ248 located in the DIII uPAR
domain is implicated in the lateral interaction with the «5p31 integrin, leading to ERK
pathway activation and tumor growth [70]. Formyl-peptide receptors type 1 (FPR1) and 2
(FPR2) are members of the seven-transmembrane, G-protein-coupled receptors superfamily,
which are expressed on polymorphonuclear and mononuclear phagocytes as well as on
non-hematopoietic cells including endothelial cells and fibroblasts [71,72]. It has been
assessed that FPR1 is involved in the progression of solid tumors including glioblastoma,
neuroblastoma, sarcoma, melanoma and ovarian cancer [73-77]. The binding of agonists to
FPR1 promotes a cascade of signals, involving PI3K, MAPK and the transcription nuclear
factor (NF)-kB, eliciting several responses such as morphological polarization, chemo-
taxis, the production of reactive oxygen species and release of cytokines and proteolytic
enzymes [78]. Upon uPA engagement, the change in uPAR conformation unmasks the
uPAR84-95 sequence situated in the region between the domains DI and DII, triggering
chemotactic activity by interacting with FPR1 or FPR2 [79-84]. Upon binding to FPR1, the
uPAR84-95 sequence or a shorter uPAR88-92 sequence corresponding to the synthetic,
linear peptide Ser-Arg-Ser-Arg-Tyr (SRSRY), bind to FPR1, cause FPR1 internalization and
trigger VnR activation with an inside-out type of mechanism, resulting in increased cell
migration and angiogenesis [71,82]. It should be noted that uPAR controls angiogenesis
either by focusing surface-associated proteolytic activity [85-87] or in an uPA-independent
manner. Rao JS et al. demonstrated that SuPAR released by cancer cells in the extracellular
milieu may be recruited onto lipid rafts of umbilical vein endothelial cells (HVECs), thus,
promoting Racl-mediated endothelial cell migration and tumor angiogenesis [88]. uPAR
has been demonstrated to trigger integrin redistribution, by which VEGF controls endothe-
lial cell migration [89]. However, uPAR itself may interact with VEGFR?2 via the low-density
lipoprotein receptor-related protein 1 (LRP-1) which, in turn, causes the VEGF-VEGFR2
internalization, necessary for angiogenesis [90]. More recently, Chilla A and coworkers
described a new type of tumor neovascularization, the “amoeboid angiogenesis”, which
depends on uPAR/integrin av(33 interaction. This amoeboid movement due to a protease-
independent amoeboid migration of endothelial cells is VEGF-independent, is faster than
the protease-dependent mesenchymal migration and may be controlled by a 25mer peptide
that inhibits uPAR/integrin contacts [91].

It has been shown that either uPAR and DII-DIII-SuPAR regulate CXCR4 through
FPR1 [83,92], and that the expression of uPAR and CXCR4 is modulated by microRNAs
(miR)s in acute myeloid leukemia cells. Indeed, miR-146a and miR-335 directly target the
3'UTR of uPAR and CXCR4, thus, interfering with the expression of both uPAR and CXCR4
mRNAs [93]. By the activation of the transcription of Bcl-xL, uPAR can also promote cell
survival via the MEK/ERK and PI3K/Akt-dependent pathways [94].

Due to its multiple interactions with numerous ligands, uPAR is a very interesting
target for designing therapeutic cancer drugs inhibiting uPAR functions. Therefore, besides
uPA inhibitors, different inhibitors of uPAR functions have been designed. Among them,
inhibitors of the interaction between uPAR and integrins, G protein-coupled receptors and
EGEFR have been constructed and analyzed.
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Figure 1. Schematic representation of uPA/uPAR system at cell surface. uPA binding to uPAR
promotes plasminogen (Pg) activation to plasmin (Pm), which is responsible for catalytic as well as
other activities in the cell nearby. uPAR co-receptors and uPAR modulated cell signaling in cancer
cells are indicated (see Sections 2 and 3 for details).

4. Inhibitors of uPA
4.1. Inhibitors of uPA Catalytic Activity

Among the inhibitors interfering with uPA catalytic activity, benzylsulfonyl-D-Ser-Ser
4-aminobemzylamide has been shown to exert strong anti-metastatic activity in the lungs
of a mouse model with fibro-sarcoma. This compound was well-tolerated and showed no
side effects when administrated in mice, either intraperitoneally or subcutaneously [95].
WX-UK1 (Table 1), a derivative of 3-aminophenylalanine, was described by Setyono-Han
and coworkers. In the L-enantiomer form, WX-UK1 added at nano-molar concentrations
to breast cancer cells, inhibited the proteolytic activity of uPA, plasmin and thrombin in
a dose-dependent manner. Accordingly, WX-UK1 exerted anti-tumor and anti-metastatic
activity in a breast tumor rat model, without eliciting side effects [96]. A pro drug of
WX-UK1, i.e.,, WX-671 (Mesupron) was investigated to treat metastatic breast cancer and
pharmacokinetic studies have been accomplished [97,98]. Goldstein L] described a set of
clinical trials with WX-671 or upamostat (or Mesupron) (Table 1).
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Table 1. Clinical trials with uPA /uPAR system inhibitors.
Compounds Mechanism of Action Study (I.{e-glstra.tlon Number, Phase Endpoints
ClinicalTrials.gov)
Urokinase-plasminogen activator (uPA) -
Inhibition of uPA Inhibitor WX-UK1 in combination with Safety, tolerability,
WX-UK1 . . R . . I pharmacokinetics and
catalytic activity capecitabine in advanced malignancies harmacodvnamics
(NCT00083525). P y :
Combination of oral WX-671 plus .. . .
s - . Clinical efficacy in
Inhibition of uPA capecitabine vs. capecitabine o .
WX-671 . .. - . . II combination or in
catalytic activity monotherapy in first-line HER2-negative monothera
metastatic breast cancer (NCT00615940). Py
Gemcitabine with or without WX-671 in Clinical efficacy in
Inhibition of uPA treating patients with locally advanced . Y
WX-671 . .. . 1T combination or in
catalytic activity pancreatic cancer that cannot be removed monothera
by surgery (NCT00499265). py:
Inhibition of Efficacy of A6 in ovarian cancer patients Safetv and clinical
A6 uPAR/suPAR binding  following first-line chemotherapy and a I }; fficac
to uPA rising CA125 levels (NCT00083928). Y
ionar A5 1 eaingpatents it pecitnto
A6 uPAR/suPAR binding u . P . ’ I Clinical efficacy.
to uPA fallopian tube cancer or primary
peritoneal cancer (NCT00939809).
Inhibition of Safety, tolerability and efficacy of A6 in -
A6 uPAR/suPAR binding patients with chronic lymphocytic I Safectl)i];égizlf)ilcl:g and
to uPA leukemia (CLL) (NCT02046928). Y
uPAR PET for prognostication in patients
68Ga-NOTA- Antagonization of w1th1no;1—ls Eall Ctiu lllurrlf caﬁzef, I{nahg?lant I Efficacy as a prognostic
AE105 uPA /uPAR interaction pietratmesothietioma and ‘arge ce tool.
neuroendocrine carcinoma of the lung
(NCTO02755675).
68Ga-NOTA- Antagonization of uPAR PET/MRI in patients with prostate Efficacy as a prognostic
AE105 uPA /uPAR interaction cancer for evaluation of tumor 1T tool
aggressiveness (NCT03307460). ’
uPAR PET/CT in radium-223-dichloride
68Ga-NOTA- Antagonization of treatment of patients with metastatic I Efficacy as a prognostic
AE105 uPA /uPAR interaction castration-resistant prostate Cancer tool.
(NCT02964988).
68Ga-NOTA- Antagonization of uPAR PET/CT for preoperative staging of I Efficacy as a prognostic
AE105 uPA /uPAR interaction breast cancer patient (NCT02681640). tool.
68Ga-NOTA- Antagonization of uPAR PET/MRI in glioblastoma I Efficacy as a diagnostic
AE105 uPA/uPAR interaction multiforme (NCT02945826). and prognostic tool.
68Ga-NOTA- Antagonization of Phasse I ! rlal.: uPAR PET/CT for Efficacy as a prognostic
AE105 WPA /uPAR interaction prognostication in head cancer and neck 11 tool
cancer (NCT02965001). )
68Ga-NOTA- Antagonization of uPAR PET/CT an.d FDG PET/MRI for Efficacy as a diagnostic
AE105 uPA/uPAR interaction  Preoperative staging of bladder cancer I and prognostic tool
(NCT02805608). '
68Ga-NOTA- Antagonization of PE:t/i;{sla?gigeSfoiigiiﬁ rfii;(z)r;sm I Efficacy as a prognostic
AE105 uPA/uPAR interaction P tool.

using 68Ga-NOTA-AE105 (NCT03278275).
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Mesupron was tested in monotherapy, either in a Phase I study, to investigate the
bioavailability, tolerability and pharmacokinetic profile in healthy male subjects, at single in-
travenous increasing doses (WX/50-001), or in a Phase I/Ila monotherapy study in patients
with advanced solid tumors (WX/50-003) or in a Phase Ib monotherapy study in advanced
head and neck tumors (WX/50-004). Finally, a Phase I combination study with capecitabine
in patients with advanced solid tumors was accomplished (WX/50-005). Additionally, the
bioavailability, tolerability and pharmacokinetic profile of orally administrated WX-671 was
studied in healthy males (WX60/-001 and WX60/-002) and in patients with head and neck
carcinomas (WX/60-003). The combination of WX-671 per os, plus capecitabine compared
to capecitabine alone, was investigated in a phase II study (WX60/-006) in patients with
HER2-negative metastatic breast cancer, following first-line chemotherapy [97]. It has been
demonstrated that mesupron plus auranofin, a thioredoxin reductase inhibitor, exerted a
significant inhibition of breast cancer cells via apoptosis and the arrest of cells in the G1/S
phase [99]. In patients with non-resettable, locally advanced pancreatic cancer, a Phase II
randomized clinical trial of upamostat in combination with gemcitabine versus gemcitabine
alone was sponsored by Heidelberg Pharma AG with the aim to assess the efficacy and
tolerability. Starting from 2007, 95 patients were enrolled and centrally randomized in a
1:1:1 ratio and received the same dose and schedule of gemcitabine alone or in addition
with a daily oral dose of either 200 mg or 400 mg upamostat. In all the evaluated sub-
jects, the combination was safe and well-tolerated, with the adverse events of upamostat
being asthenia, fever and nausea. In 12 patients, progression to tumor metastasis was
demonstrated [100].

The [3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide],
named ABC294640 or opaganib, is a sphingosine kinase-2 (SK2) selective inhibitor with
anticancer activity against multiple cancer-type lesions [101,102]. On 20 October 2017, FDA
granted the use of the mesupron orphan drug for the adjuvant treatment of pancreatic
cancer. In November 2020, RedHill Biopharma Ltd. received a U.S. patent allowance
covering the opaganib and RHB-107 (mesupron) combination for treatment of solid tumors.
The combination of opaganib and RHB-107 causes the regression of cholangiocarcinoma
patient-derived xenografts. Data were illustrated at the American Association for Cancer
Research (AACR) in 2020 [103]. By screening a library of chemical compounds, Zhu M.
and collaborators identified several inhibitors of uPA catalytic activity. The study pointed
out 4-oxazolidinone as a novel lead pharmacophore, whose potency and selectivity were
enhanced by structural modifications. The analogue, UK122, showed a strong inhibition of
uPA activity in vitro. Moreover, UK122 inhibited the migration and invasion of pancreatic
adenocarcinoma cells eliciting low cytotoxicity [104].

4.2. Peptide Inhibitors of uPA-Binding to uPAR, uPA Proteolytic Activity and uPA-Dependent
Signaling Activity

By chemical modifications of the GFD, many compounds able to interfere with or
antagonize uPA binding to uPAR and inhibit uPA proteolytic activity at the cell surface
have been designed. Among these, the cyclo19,31[D-Cys19]-uPA19-31 was suggested as
a promising possible drug in uPAR overexpressing tumor cells for its ability to inhibit
uPA /uPAR interaction, disrupting uPA binding to uPAR and abrogating uPA plasminogen
activation at the cell surface and fibrin degradation [105]. Sato and co-authors described two
small cyclic peptides able to prevent the uPA /uPAR interaction: WX-360 (cyclo(21-29)[D-
Cys21]-uPA(21-30)[S21C;H29C]) and its norleucine (Nle) derivative WX-360-Nle(cyclo(21-
29)[D-Cys21]-uPA(21-30)[S21C;K23Nle;H29C]). In nude mice, WX-360 and WX-360-Nle
suppressed the growth and intraperitoneal spread of lacZ-tagged human ovarian cancer
cells [106]. By using combinatorial chemistry, Ploug et al. designed and analyzed a 9-
mer, linear peptide (named AE105) able to antagonize the uPA /uPAR interaction, and
demonstrated its specificity and high-affinity for human uPAR (Kd ~ 0.4 nM) [107]. In
functional assays, the specific inhibition of cancer cell intravasation was demonstrated by
inoculating HEp-3 cancer cells in a chicken chorioallantoic membrane in the presence of
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AFE105 [107]. Derivatives of this peptide were instrumental for testing probes to image
and/or target uPAR in patients with solid cancers [108]. The therapeutic efficacy was
demonstrated by inoculating a DOTA-conjugated AE105 peptide (DOTA-AE105) in a
human xenograft colorectal cancer model. Either tumor cell growth or uPAR cell content
in the tumor tissue were reduced by this treatment [107,109]. Several radio-ligands based
on AE105 were developed for PET imaging and targeted radionuclide therapy [110-113].
Phase 1 studies with both 68Ga-NOTA-AE105 and 64Cu-DOTA-AE105 (Table 1) in patients
with various cancer types have been published [16,114]. Both ligands accumulated in
primary tumor lesions and in metastases, and the uptake corresponded to high uPAR
expression detected in the excised tumor tissues; these data provided evidence for highly
targeted specific uPAR PET imaging. Phase 2 studies in which 68Ga-NOTA-AE105 is
injected as PET tracer are summarized in Table 1.

Other inhibitors, derived from uPA regions not involved in the binding to uPAR have
been designed and analyzed for their ability to inhibit tumor progression. The recombinant
kringle region spanning from Asp45 to Lys135 of uPA (UK1: Asp(45)-Lys(135) was found to
inhibit the proliferation and migration of endothelial cells depending on VEGF and uPA as
well as angiogenesis on the chick chorioallantoic membrane [115]. Systemic administration
of UK1 inhibited the growth of U87 human glioma cells implanted into nude mice brains.
Immuno-histochemical analysis of UK1-treated tumors revealed a reduced vascularization
and lower expression of angiogenesis-related factors, including VEGEF, angiogenin, o
smooth muscle actin, von Willebrand’s factor and the platelet endothelial cell adhesion
molecule-1, compared to untreated mice, and increased apoptosis [116]. In malignant
gliomas, the same authors studied the combined use of UK1 and celecoxib, an inhibitor of
cyclooxygenase type 2, able to suppress the growth of tumor tissues and vessels. In vitro,
the combined treatment of UK1 plus celecoxib increased endothelial cell proliferation,
migration and tube formation inhibition, depending on UK alone, but did not prevent U87
cell proliferation. Moreover, in nude mice, on a U87 glioma cells xenograft, the combined
therapy of UK1 and celecoxib elicited a higher inhibition of tumor growth compared to
monotherapy, increasing apoptosis, and decreasing the levels of pro-angiogenic factors.
In endothelial cells, UK1 reduced VEGF and the phosphorylation of ERK1/2 depending
on bFGF action. Thus, the synergistic therapy with UK1 and celecoxib could be a good
therapeutic option for gliomas [117].

The 8-mer capped peptide corresponding to the 135-143CP residues (Acetyl-Lys-Pro-
Ser-Ser-Pro-Pro-Glu-Glu-NH2), named A6, inhibited the binding of uPAR and SuPAR
to uPA in a dose-dependent manner at concentrations of A6 as low as 0.25 uM. In vitro,
A6, inhibited the invasion of breast cancer cells and the migration of endothelial cells, in
a dose-dependent manner, with an IC50 between 5-25 uM. Intraperitoneal, continuous
infusion or twice daily administration of 75 mg x kg-1 A6 promoted an evident inhibition
of tumor growth, causing a decrease in micro-vessel density and lymph node metastasis,
leading to extensive tumor necrosis [118]. Combination treatments with A6 and the antie-
strogen tamoxifen were tested on estrogen-receptor-positive Mat B-III rat breast cancer
cells, in vitro and in vivo. In vitro, the combination of A6 plus tamoxifen elicited a higher
dose-dependent decrease in tumor-cell invasion, compared to monotherapy. In orthotopic
rat models, the combined administration of A6 and tamoxifen caused a 75% reduction in
tumor growth, in comparison to control animals and an anti-metastatic effect, the last being
due exclusively to A6. In samples from animals submitted to the combination therapy, the
reduction in blood vessels and the rise in tumor cell death were evidenced by histological
analysis. These findings allowed the authors to conclude that the addition to hormone
therapy of A6 could enhance the antitumor effects of tamoxifen [119]. Similar encouraging
results were obtained on glioblastoma models. In vitro, K Mishima et al. demonstrated
that A6 inhibits human endothelial cell migration without affecting proliferation of either
human endothelial or US7MG glioma cells. In vivo, A6 and cisplatin inhibited subcuta-
neous tumor growth by 48% and 53%, respectively, whereas the combined treatment of
A6 plus cisplatin reduced tumor growth by 92%, increasing animal survival and reduc-
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ing intracranial tumor size and neovascularization in xenografts [120]. After the good
results obtained either in vitro or in animal models, the uPA A6-derived peptide has also
been studied in clinical trials (Table 1). A clinical phase I trial for A6 was accomplished
in patients with advanced gynecologic cancers. The study enrolled 16 patients. Daily
subcutaneous administration of A6 did not cause side effects, apart from local reactions at
the injection site. This study showed that 300 mg A6/daily continuously administrated is
well-tolerated and that 5 out of the 16 treated patients had no increase in tumor size [121].
Based on the phase I trial results, phase II studies were accomplished in order to assess the
clinical efficacy and safety of A6 (Table 1). Patients with epithelial ovarian, fallopian tube or
primary peritoneal cancer in clinical remission after first-line chemotherapy and with two
consecutive increases in CA125 but no clinically or radiologically demonstrable disease
were divided in three groups and received either placebo, low-dose or high-dose A6 until
disease progression or exit from the study. Primary endpoints were time to clinical disease
progression and safety of A6. Evaluation of changes of CA125 levels and biomarkers related
to the uPA /uPAR system in serum were the secondary endpoints of the study. Analysis
of the results concluded that A6 therapy is well-tolerated and extends the time to clinical
disease progression, whereas it does not elicit any CA125 response [122]. The activity and
tolerability of A6 in patients with persistent or recurrent epithelial ovarian, fallopian tube or
primary peritoneal carcinoma were evaluated in another study. A6 was well-tolerated but
exerted such side effects [123]. These contradictory results can be explained by the different
clinical characteristics of the patient populations enrolled in the two studies. Phase II
trials of A6 were accomplished not only in ovarian cancer but also in patients with chronic
lymphocytic leukemia and small lymphocytic lymphoma to assess the efficacy, safety and
pharmacodynamic markers in these hematological pathologies (lead sponsor Angstrom
Pharmaceuticals, 2014-2016) (Table 1).

Other molecules interfering with uPA activity have been designed based on different
criteria. Franco et al. described the structural features and the biological activity of two
adjacent regions in the CP region of uPA, affecting cell migration in an opposite way. The
study was based on several synthetic peptides, including the N- and C-capped uPA-(135-
143) 9-mer and the N-acetylated uPA-(144-158) 15-met, corresponding to the N-terminal
[uPA-(135-143), residues 135-143 and the C-terminal [uPA-(144-158) and residues 144-158
of the CP region. These peptides bind uPAR and are able to displace '2°I-CPp, though at
different affinities. The uPA-(144-158) peptide showed chemotactic activity for embryonic
kidney HEK293 /uPAR-25 cells, favoring migration in Boyden chambers, whereas the uPA-
(135-143) peptide inhibited serum- and CP peptide-induced cell migration [124]. More
recently, two new decapeptides, corresponding to the residues 136-145 in the CP region of
human uPA, named Pep 1 and Pep 2 (i.e., the cyclic derivative of Pep 1), were designed
and analyzed for their functional effects. Both peptides inhibit cell migration and invasion,
in vitro and in vivo, and the dissemination of fibrosarcoma and mammary carcinoma cells
implanted in nude mice. In nude mice, Pep 2 also reduced the number and size of HT1080
fibrosarcoma lung metastases. In 3D-organotypic co-cultures, both peptides reduced
HT1080 fibrosarcoma and MDA-MB-231 mammary carcinoma cell invasion by inhibiting
the pro-invasive activity of telomerase immortalized fibroblasts (TIFs) and primary cancer-
associated fibroblasts (CAF)s derived from breast carcinoma patients. Pep 1 and Pep 2 bind
specifically to the av integrin subunit, and TIFs ability to chemoattract cancer cells and
contract collagen matrices is reduced by ov integrin silencing. Interestingly, TIFs or primary
CAFs exposure to these peptides reduced a-smooth muscle actin levels downregulating
their matrix contracting ability [125]. Due to the clear-cut effects of Pep 1 and Pep 2 on
tumor cell invasion, the possibility of their use as therapeutic lead compounds should be
investigated in-depth.
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5. Inhibitors of uPAR
5.1. Peptide Inhibitors of the uPAR/Integrin Interaction

Simon and collaborators identified a critical non-I-domain binding site for uPAR on
CD11b (residues 424PRYQHIGLVAMFRQNTGA440). The corresponding peptide named
M25 interrupts uPAR association with betal and beta2 integrins, impairing integrin-
dependent spreading and migration of human vascular smooth muscle cells on fibronectin
and collagen [126]. The uPAR/integrin complex can be inhibited by a 17-amino acid peptide
(P25), isolated from a phage peptide library [127]. The P25 peptide, which is homologous
to M25, decreased the adhesion of MDA-MB-231 breast cancer cells to Vn and increased
their adhesion onto fibronectin [128]. Wei et al. demonstrated that the 17-mer «3 peptide
o325 (residues 241-257 of the &3 integrin chain) blocks uPAR-dependent cell adhesion
onto Vn, this effect being nearly identical to that exerted either by M25 and P25 [129].
Supurna Ghosh et al. found that the peptide «325 inhibits «331/uPAR binding, reducing
the integrin-correlated uPA overexpression in oral squamous cell carcinoma cells [130,131].
Moreover, starting from the 224-232 sequence in the 31-chain, which is involved in the
uPAR/«5(31 physical association, Ying Wei and colleagues designed the peptide 31P1 carry-
ing the Ser227 substituted with an alanine residue. 31P1 totally abolished the uPAR/ o541
interaction [64]. By substituting two alanine with two glutamic acid residues in the D2A
chemotactic sequence, Degryse and collaborators constructed the analogue D2A-Ala which
inhibits and disrupts the uPAR/av33 and uPAR/«531 complexes, i.e., the signaling. Both
D2A-Ala and the shorter derived tetrapeptide GAAG are not chemotactic, do not exert any
signaling activity but behave as powerful integrin-dependent cell migration inhibitors [68].

5.2. Peptide Inhibitors of uPAR/FPR1 Interaction

Some years ago, we found that the residue Ser90, located in the chemotactic uPAR84-95
sequence influences the conformation of the nearby residues and that the substitution of Ser90
with a glutamic acid residue in the membrane-associated uPAR, prevents agonist-triggered
FPR1 activation and internalization, and interferes with uPAR/FPR1/VnR crosstalk, blocking
cell migration and invasion, both in vitro and in vivo [132]. Following this observation, two
linear peptides (pGlu)-Arg-Glu-Arg-Tyr-NH2, named pERERY, and N-terminal acetylated,
C-terminal amidated Ac-Arg-Glu-Arg-Phe-NH2, named RERF, were selected for their
ability to inhibit the uPAR/FPR1 interaction, reducing directional cell migration, invasion
and angiogenesis to basal levels [84,133,134]. To overcome their instability to enzymatic
digestion in human serum, the synthesis of other compounds was accomplished. By
cyclization of the chemotactic SRSRY linear peptide, a new inhibitor of the uPAR/FPR1
interaction, named [SRSRY], was generated [135]. [SRSRY] inhibits FPR1-mediated cell
migration and prevents both the internalization and ligand-uptake of FPR1 in rat basophilic
leukemia RBL-2H3 cells which constitutively express human FPR1. [SRSRY] was found
to inhibit cell migration in a dose-dependent manner, with an IC50 value of 0.01 nM, and
to prevent the trans-endothelial migration of monocytes [135,136]. Moreover, by applying
a recto-verso approach, which ensures resistance to enzymatic digestion [137], a new
library of RERF-derived peptides was developed. Among these, the retro-inverso peptide
Ac-(D)-Tyr-(D)-Arg-Aib-(D)-Arg-NH2 (named RI-3) results to be the best inhibitor of cell
migration mediated by uPAR via FPR1, with an IC50 value of 10 pM [75]. RI-3 inhibits the
migration, invasion and trans-endothelial migration of sarcoma cells as well as angiogenesis
and lung metastasis [75]. In nude mice injected subcutaneously with sarcoma cells, RI-
3 reduced tumor size and micro-vessel density as well as circulating tumor cells [75].
Ragone et al. extensively analyzed the functional relationship between RI-3 and FPR1
in A375 and M14 melanoma cells: RI-3 fully prevented the invasion of both melanoma
cell lines, either in Boyden chambers or in 3-D organotypic models [76]. Upon exposure
to 10 nM RI-3, epithelial ovarian cancer cell adhesion onto mesothelial cell monolayers
and mesothelial invasion were inhibited, suggesting that RI-3 may be useful for blocking
the intra-abdominal dissemination of ovarian cancer cells [77]. Recently, Minopoli et al.
demonstrated a high reduction in monocytes recruitment and infiltration into tumor tissues
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by treatment with 6 mg/Kg RI-3/die nude mice xenografted with primary chondrosarcoma
cells [138]. These results indicate the chance that RI-3 could be developed as a drug for
adjuvant therapy of tumors expressing uPAR and FPR1.

6. Small Molecules Affecting the uPA/uPAR System

-Elemene, a phytochemical compound from a Chinese herb showing anticancer
activity against leukemia and some solid tumors, has been documented to inhibit tumor
growth by downregulating uPA, uPAR, MMP-2, and MMP-9 expression at mRNA and
protein levels in a murine intraocular melanoma model [139]. In the past years, by a
virtual screening approach, small molecules able to inhibit the interaction between uPA
and uPAR have been identified by competition and biochemical assays [140]. Amiloride-
HCI, which is an oral potassium-sparing diuretic, has been shown to exert anti-tumor and
anti-metastasis activities through uPA and the sodium-hydrogen exchangerl (NHE1), a
membrane protein responsible for the low extracellular pH in tumors [141]. Buckley and co-
workers screened substituted amiloride libraries in order to identify amiloride-derivatives
that selectively inhibit uPA or NHE1 and identified a pyrimidine-substituted 5-(N,N-
hexamethylene)amiloride (HMA) analog showing significant activity (IC50 < 300 nM) on
both uPA and NHE1 targets and minimal effects on cell viability [142]. By structure-based
computational studies, IPR-456 was found to bind uPAR with a sub-micromolar affinity and
to block its interaction with ATF with an IC50 of 10 uM. In vitro, IPR-456 inhibited the inva-
siveness of breast cancer cells and, in mice, the formation of lung metastasis. Cell adhesion,
migration and invasion of non-small lung cancer cell lines were also hampered [143,144].
Small molecules inhibiting with high affinity uPAR binding to uPA were constructed. They
make uPAR unable to bind uPA, modifying its conformation [145,146]. Using a biophysical
approach, molecular docking and extensive explicit-solvent molecular dynamics simula-
tions of uPAR bound to uPA, Xu, D. et al. demonstrated that the small compound IPR-3011
blocks uPA binding to both open and closed conformations of uPAR [146].

By structure-based virtual screening, Rea and co-workers searched small molecules tar-
geting the uPAR-binding site for Vn. They identified the C6 and C37 compounds targeting
the residues S88 and R91, which are documented to be located in the binding region of uPAR
for Vn and are involved in uPAR binding either to VN and FPRs. C6 and C37 compounds
inhibited cell migration and ECM invasion by several cancer cell-types in vitro, and can be
regarded as promising pharmaceutical lead compounds for cancer treatment [147]. Small
molecule drugs may represent an alternative approach to interfere with uPAR interactome.
Two molecules able to disrupt the uPAR/alpha5betalintegrin association have been identi-
fied, named 2-(Pyridin-2-ylamino)-quinolin-8-ol and 2,2’-(methylimino) di (8-quinolinol).
They cause tumor cell dormancy and are able to inhibit ERK activation, tumor growth and
metastasis in a model of head and neck carcinoma in vivo [148]. Finally, Nagarekha Pa-
supuleti et al. described the 5-Benzylglycinyl-amiloride (UCD38B), an anticancer molecule
showing cytotoxic effects both on proliferative and non-proliferative high-grade glioma
cells. UCD38B makes a relocation to perinuclear mitochondrial regions in 40-50% of endo-
somes containing uPA, uPAR and the uPA inhibitor PAI-1. UCD38B induced endosomal
“mis-trafficking” in human glioma cells, causing mitochondrial depolarization, the release
and nuclear translocation of the apoptosis-inducing factor and consequent cell death [149].

7. Genetic Inhibitors of uPA and uPAR Expression

Antisense RNA technology has been successfully used to downregulate uPAR expres-
sion in tumors, either in vitro or in murine models, using both plasmid and adenovirus
constructs [150]. Firstly, Quattrone et al. described an anti-messenger uPAR oligodeoxynu-
cleotide sequence (uPAR aODN, 5'-CGG-CGG GTG ACC CAT GTC-3') able to switch off
uPAR gene expression and to abolish invasiveness of SV40-transformed human fibroblasts,
providing a possible therapy to be tested in in vivo studies [151]. Later, the administration
of uPAR aODN was found to reduce bone metastasis formation by PC3 human prostate
cancer cells in a mouse model. Three groups of nude mice were intraventricular injected
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with PC3 cells and intraperitoneally treated either with uPAR aODN, a degenerated ODN
or saline solution. Margheri et al. found that only 20% of the mice treated with uPAR aODN
developed metastases, as compared to controls [152]. Accordingly, an 80% reduction in
tumor size and the absence of lung metastases was demonstrated in mice inoculated with
osteosarcoma cells transfected with an antisense uPAR vector [153]. Go Yi et al. showed that
human glioblastoma cells transfected with a cDNA construct corresponding to 300 bp of the
human uPAR 5’ did not cause intracerebral tumor lesion after injection in nude mice [154].
Tavian D et al., using an antisense vector containing the 5 portion (257 bp) u-PA cDNA,
found that the stable expression of antisense urokinase mRNA inhibits the proliferation
and invasion of human hepatocellular carcinoma cells [155]. Wu X et al. demonstrated that
a COX-2 antisense ODNss is able to inhibit the invasiveness of OS-732 human osteosarcoma
cells in vitro, by decreasing both mRNA and protein levels of COX-2, uPA and uPAR [156].
An 80-90% reduction in uPAR levels in invasive human lung cancer cells was seen by
an antisense strategy using an adenovirus construct (Ad-uPAR). These modified cells
showed a 70% decrease in matrigel invasion. Moreover, the infection of tumor cells with
Ad-uPAR before implantation into nude mice reduced the incidence of lung metastasis by
85% [157]. By cell infection with a bicistronic construct containing antisense sequences of
uPAR and uPA, neither tumorigenity nor the invasion of a glioma cells injected intracra-
nially in nude mice were found. Moreover, this construct determined the regression of
established tumors after administration in vivo [158]. Finally, the intra-peritoneal injection
of a shRNA expressing plasmid targeting either uPAR and uPA caused tumor regression
in mice bearing intracranial gliomas [159]. Alfano et al. identified miR-146a, miR-335 and
miR-622 in leukemia cells that directly target the 3'untranslated region of both uPAR- and
CXCR4-mRNAs, thus, downregulating both uPAR and CXCR4 expression [93].

Very recently, on human endothelial cells, Biagioni et al. have demonstrated the
pro-angiogenic effects of uPAR containing esosomes derived from melanoma cell lines. By
CRISPR-Cas 9, an innovative technology leading to the permanent suppression of gene
expression, they obtained a significative uPAR knockout, resulting in a high reduction in
uPAR pro-angiogenic effects by the inhibition of VE-Cadherin, EGFR and uPAR expression
and ERK1,2 signaling in human endothelial cells, both in vitro and in vivo [160]. Taken
together, these findings strongly support the possibility to counteract tumor progression by
using genetic therapies devoted to inhibiting uPA and uPAR at mRNA and protein levels.

8. Bioengineered Drugs Affecting the uPA/uPAR System

New possible therapeutic strategies have been investigated, using bioengineered
drugs generated by the recombinant DNA technology, i.e., molecules characterized by a
high and specific activity in the presence of optimal safety. These bioengineered molecules,
named ligand-targeted toxins (LTT)s, are constituted of components which bind specific
targets and carry toxin inducing cell death. Therefore, they cause death only of the cells
able to specifically bind them. Moreover, by combining agents targeting the uPA system
with nanobins, it is possible to target precisely tumor cells [161], deliver a larger amount of
cytotoxic drugs in the tumor cells [162] and increase drug circulation half-life and specific
cytotoxicity [163].

ATF conjugated to the diphtheria toxin (DTAT) caused the decrease in glioblastoma
tumor growth [164,165]. In a mouse model of human metastatic non-small cell lung
cancer cells (NSCLC) to the brain, Huang J et al. investigated the cytotoxic effect of the
bispecific diphtheria toxin-based immunotoxin (DTATEGEF), which targets both EGFR and
uPAR. DTATEGEF killed NSCLC cells in vitro and in vivo in a human metastatic NSCLC
intracranial model. Overall survival of treated mice was longer compared to that of
the untreated animals [166]. ATF has been combined to nanoparticles in order to target
uPAR. Yang et al. conjugated iron oxide (IO) nanoparticles to ATF and demonstrated a
specific binding to uPAR expressing breast cancer cells, followed by internalization of
the nanobins. In mice model, ATF-IO do accumulate in mammary tumors and can be
used as a double target tracer for breast cancer imaging (MRI) [167]. Abdalla et al. have
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constructed theranostic ATF conjugates containing IO and noscapine, cytotoxic for prostate
cancer cells in a uM range [168]. Photodynamic therapy selectively destroys malignant
cells while sparing the normal tissues and, thus, is recognized as a minimally invasive and
toxic treatment strategy. In this regard, Chen et al. described a series of uPAR-targeting
anticancer agents, constructed by covalently binding zinc phthalocyanine (ZnPc) to the
amino-terminal fragment (ATF) of uPA, to be used for photodynamic therapy. ATF-ZnPc
competed with ATF for uPAR binding, with an IC50 = 8.6 nM and enhanced the antitumor
specificity and efficacy of ZnPc in vitro and in vivo on different cancer cell-types [169].
Recently, the same authors constructed nanoparticles endowed with a larger amount
of ZnPc photosensitizer, eliciting a higher photodynamic effect [170]. A fusion protein
constituted of ATF and human serum albumin (ATF-HSA) has been shown to facilitate drug
delivery ensuring a longer circulating time and higher drug carrier properties. Thus, it can
be used either as a drug or as an agent for imaging of uPAR-expressing tumors [171]. When
the hydrophobic photosensitizer (mono-substituted 3-carboxy phthalocyanine zinc, CPZ)
was used as a cytotoxic agent and embedded inside ATF-HSA, the resulting ATF-HSA:CPZ
retained uPAR-targeting binding ability coupled to high stability and optical and photo-
physical properties. Moreover, ATF-HSA:CPZ was proven to accumulate specifically in
tumors and exhibit tumor-killing ability in a mouse model at a dose of 80 nmol/kg of mouse
body weight [172]. ATE-HSA-loaded doxorubicin (DOX) was constructed, having a higher
antitumor effect compared to free DOX while showing a reduced cardiotoxicity [173].

A very recent and detailed review by Felix Oh and colleagues discuss the possi-
ble therapeutic options of bispecific LTTs constructed by conjugating cytotoxic drugs to
components targeting uPAR and EGFR. These molecules counteract tumor growth and
intra-tumor micro-vessel density in a variety of solid tumors, also interfering with the pro-
tumor activities of uPAR expressing tumor-associated macrophages [174]. Firstly, Vallera
and co-workers constructed a bispecific ligand-directed toxin (BLT) which recognizes two
receptors overexpressed on the same cell [175]. Based on these findings, the same research
group developed and tested a bispecific LTT targeting either uPAR and EGFR, thus, enhanc-
ing both the specificity of targeting and the toxin activity. The hybrid molecule, originally
called EGFATE-PE, and later EGFR-targeted bispecific angiotoxin (eBAT), consists of human
EGE human ATF and a modified Pseudomonas (PE) toxin which induces tumor killing at
pico-molar concentrations [176]. Several studies report the capability of eBAT to counteract
tumor growth and regulate tumor microvasculature in solid tumors. eBAT is cytotoxic on
glioblastoma cells In vitro, and reduces human glioblastoma tumor size in nude rats [176-178].
Additionally, eBAT has been shown to exert cytotoxicity on head and neck squamous cell
carcinoma and triple-negative breast cancer cells, both overexpressing EGFR and uPAR
on the cell surface, and inhibit tumor growth when neck squamous cell carcinomas were
implanted in nude mice [179]. Recently, eBAT-based therapy has been proposed for the
treatment of sarcomas, a rare and aggressive mesenchymal malignancy often recurring
despite the improvement of the local therapies [180]. eBAT was tested on RH30, a human
sarcoma cell line, expressing both uPAR and EGFR, and on a TC-71 Ewing sarcoma cell line,
expressing only uPAR. eBAT toxin-induced killing ability was evaluated, both in in vitro
assays and in an in vivo murine model. In both RH30 and TC-71 tumor-bearing mice, the
treatment reduced the growth of tumors. The ability to simultaneously target both the
receptors was very effective for the complete tumor regression in an animal model [181,182].
Moreover, eBAT has been tested and found to be cytotoxic against hemangiosarcoma and
rhabdomyosarcoma and their stem cell population, as well as against human osteosarcoma
and ovarian adenocarcinoma [183,184]. Trials in dogs have been accomplished with good
results, encouraging the idea to plan future clinical studies in humans [185,186].

9. Monoclonal Antibodies Inhibiting uPA/uPAR Functions

A polyclonal antibody recognizing the uPAR84-95 sequence abolishes uPAR bind-
ing to FPR1 and prevents uPA-dependent cell adhesion and migration [92,187,188], the
chemotaxis of melanoma cells and the invasion of matrices and endothelial monolayers [76].
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Furthermore, monoclonal antibodies against different epitopes of uPAR and uPA have been
generated. Among these, the humanized huATN-658, anti-uPAR antibody was shown to
exert anti-proliferative effects on prostate tumor cells implanted in murine models [189,190].
The huATN-658 binds to uPAR even if uPAR is bound to uPA since it recognizes an epitope
located on the C-terminal sequence of the DIII uPAR domain, which are located the uPAR
binding regions for CD11b integrin [191]. Recently, Niaz Mahmood has demonstrated
that the combination of huATN-658 + Zometa synergistically inhibits the proliferation and
invasion of human MDA-MB-231 cells in vitro and reduces the osteoclastic activity and
number of skeletal lesions by human breast cancer in murine models [192].

Mazar and coworkers identified ATN-291, a specie-specific IgG1 monoclonal antibody
which recognizes the kringle domain of human uPA with a Kd ~0.5 nM and is internalized
in a uPA-specific manner [193]. ATN-291 was conjugated to nanobins encapsulating either
arsenic trioxide packaged with cisplatin [NB(Pt,As)] or doxorubicin [PCN(DXR) [163,194].
The binding to uPA increased the uptake of ATN-291-NB/PCN, favoring its internalization
into tumors expressing either uPA or uPAR. The nanobins containing chemotherapeutic
drugs enhance the efficacy and the tolerability of the antitumor compounds [162,163].
Recently, starting from the ATN-291 antibody, Weifei Lu and collaborators, developed the
ATN-291 F(ab’)2 which retained the selectivity and specificity for uPA in MDA-MB-231
breast cancer cells, compared with the entire ATN-291. Subsequently, ATN-291 F(ab’)2 was
conjugated with NOTA-Bn-NCS for PET imaging. The monitoring of radiolabeled ATN-291
F(ab’)2 permits to follow the changes of uPA levels all along the treatment [195].

10. Discussion and Conclusions

The urokinase and its receptor regulate cancer initiation, progression and metastasis.
Their high levels in tumor tissues, blood serum or organic fluids do correlate with a poor
prognosis in cancer patients. As largely described in the previous sections, a significant
effort has been made to design and develop compounds affecting the uPA /uPAR system
with the goal to inhibit human cancer progression. Many compounds that inhibit this
system, by blocking or reducing metastasis formation, have been investigated both in vitro
and in animal models. Unfortunately, even though some of them are very effective in
preclinical studies and animal models [12], few clinical trials including uPAR inhibitors has
been accomplished, until now, whereas only a few clinical studies have been conducted,
using uPA inhibitors (Table 1). It is noteworthy that the multiple interactions between
uPA/uPAR and the factors constituting the so called “interactome” make it difficult to
completely block the system [196]. A further problem is represented by the specie-specificity
and structural flexibility of uPAR that makes it difficult to obtain agents able to completely
block all uPA and uPAR interactions. Regarding specie-specificity, it is worthy to remember
that the binding affinity of human-soluble uPAR for murine uPA is 68-fold weaker than
that for the human uPA, and that the binding of mu-uPAR for human uPA is 46-fold
weaker [197]. These differences could affect the pharmacokinetic properties of drugs and
alter the data obtained for human uPAR inhibitors in mouse models. Additionally, it has to
be taken into account that the efficacy of human uPAR inhibitors is commonly validated
in mouse model systems or monkeys [198]. To overcome these difficulties, Cai Yuan and
colleagues made the suggestion to “design inhibitors that cross species barriers according
to the specie-specific residues of uPA (Asn22 and Trp30 in humans), thereby blocking
uPAR/uPA and uPAR/Vn interactions simultaneously”. It is to be hoped that, in the near
future, other clinical trials will be conducted to evaluate the role of the inhibitors of the
uPA-uPAR system as diagnostic and therapeutic drugs.

Author Contributions: Conception of the work, M.T.M. and M.V.C.; extensive literature searches and
manuscript drafting, M.T.M., M.M., G.D.C. and M.L.M,; critical revision of the work and final version
approval, M.T.M. and M.V.C. All authors contributed to the article and approved the submitted
version. All authors have read and agreed to the published version of the manuscript.



Cancers 2022, 14, 498 15 of 23

Funding: This work was funded by the Italian Ministry of Health “Ricerca Corrente” project #2611752,
and by Alleanza Contro il Cancro Italian Network-Working Group Muscolo-Scheletric Sarcomas.

Acknowledgments: The authors would like to thank Maria Patrizia Stoppelli from the Institute of
Genetics and Biophysics, National Research Council of Naples, Italy, for helpful discussions.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Ellis, V,; Scully, M.E,; Kakkar, V.V. Plasminogen Activation Initiated by Single-Chain Urokinase-Type Plasminogen Activator:
Potentiation by U937 Monocytes. |. Biol. Chem. 1989, 264, 2185-2188. [CrossRef]

2. Andreasen, P; Egelund, R.; Petersen, H. Andreasen PA, Egelund R, Petersen HHThe Plasminogen Activation System in Tumor
Growth, Invasion, and Metastasis. Cell. Mol. Life 2000, 57, 25-40. [CrossRef] [PubMed]

3. Jacobsen, B.; Ploug, M. The Urokinase Receptor and Its Structural Homologue C4.4A in Human Cancer: Expression, Prognosis
and Pharmacological Inhibition. Curr. Med. Chem. 2008, 15, 2559-2573. [CrossRef] [PubMed]

4.  Hoyer-Hansen, G.; Renne, E.; Solberg, H.; Behrendt, N.; Ploug, M.; Lund, L.R.; Ellis, V.; Dang, K. Urokinase Plasminogen Activator
Cleaves Its Cell Surface Receptor Releasing the Ligand-Binding Domain. . Biol. Chem. 1992, 267, 18224-18229. [CrossRef]

5. Lund, LK Illemann, M.; Thurison, T.; Christensen, 1.].; Hoyer-Hansen, G. UPAR as Anti-Cancer Target: Evaluation of Biomarker
Potential, Histological Localization, and Antibody-Based Therapy. Curr. Drug Targets 2011, 12, 1744-1760. [CrossRef] [PubMed]

6. LiSanti, A.; Napolitano, F.; Montuori, N.; Ragno, P. The Urokinase Receptor: A Multifunctional Receptor in Cancer Cell Biology.
Therapeutic Implications. Int. . Mol. Sci. 2021, 22, 4111. [CrossRef] [PubMed]

7. Blasi, F. UPA, UPAR, PAI-1: Key Intersection of Proteolytic, Adhesive and Chemotactic Highways? Immunol. Today 1997, 18,
415-417. [CrossRef]

8.  Sidenius, N.; Blasi, F. The Urokinase Plasminogen Activator System in Cancer: Recent Advances and Implication for Prognosis
and Therapy. Cancer Metastasis Rev. 2003, 22, 205-222. [CrossRef] [PubMed]

9. Eden, G.; Archinti, M.; Furlan, F; Murphy, R.; Degryse, B. The Urokinase Receptor Interactome. Curr. Pharm. Des. 2011, 17,
1874-1889. [CrossRef]

10. Carriero, M.V; Stoppelli, M.P. The Urokinase-Type Plasminogen Activator and the Generation of Inhibitors of Urokinase Activity
and Signaling. Curr. Pharm. Des. 2011, 17, 1944-1961. [CrossRef] [PubMed]

11.  Almasi, C.E.; Christensen, L.].; Hoyer-Hansen, G.; Dang, K.; Pappot, H.; Dienemann, H.; Muley, T. Urokinase Receptor Forms in
Serum from Non-Small Cell Lung Cancer Patients: Relation to Prognosis. Lung Cancer 2011, 74, 510-515. [CrossRef]

12.  Mahmood, N.; Mihalcioiu, C.; Rabbani, S.A. Multifaceted Role of the Urokinase-Type Plasminogen Activator (UPA) and Its
Receptor (UPAR): Diagnostic, Prognostic, and Therapeutic Applications. Front. Oncol. 2018, 8, 24. [CrossRef]

13. Banys-Paluchowski, M.; Witzel, I.; Aktas, B.; Fasching, P.A.; Hartkopf, A.; Janni, W.; Kasimir-Bauer, S.; Pantel, K.; Schon, G.; Rack,
B.; et al. The Prognostic Relevance of Urokinase-Type Plasminogen Activator (UPA) in the Blood of Patients with Metastatic
Breast Cancer. Sci. Rep. 2019, 9, 2318. [CrossRef]

14. Tsai, M.-C; Yen, Y.-H.; Chang, K.-C.; Hung, C.-H.; Chen, C.-H.; Lin, M.-T,; Hu, T.-H. Elevated Levels of Serum Urokinase
Plasminogen Activator Predict Poor Prognosis in Hepatocellular Carcinoma after Resection. BMC Cancer 2019, 19, 1169. [CrossRef]
[PubMed]

15. Duffy, M.J.; Duggan, C. The Urokinase Plasminogen Activator System: A Rich Source of Tumour Markers for the Individualised
Management of Patients with Cancer. Clin. Biochem. 2004, 37, 541-548. [CrossRef] [PubMed]

16. Persson, M.; Skovgaard, D.; Brandt-Larsen, M.; Christensen, C.; Madsen, J.; Nielsen, C.H.; Thurison, T.; Klausen, T.L.; Holm, S.;
Loft, A.; et al. First-in-Human UPAR PET: Imaging of Cancer Aggressiveness. Theranostics 2015, 5, 1303-1316. [CrossRef]

17.  Fosbel, M.J.; Kurbegovic, S.; Johannesen, H.H.; Roder, M.A.; Hansen, A.E.; Mortensen, J.; Loft, A.; Petersen, PM.; Madsen,
J.; Brasso, K.; et al. Urokinase-Type Plasminogen Activator Receptor (UPAR) PET/MRI of Prostate Cancer for Noninvasive
Evaluation of Aggressiveness: Comparison with Gleason Score in a Prospective Phase 2 Clinical Trial. J. Nucl. Med. 2021, 62,
354-359. [CrossRef]

18. Davenport, A.P; Scully, C.C.G.; de Graaf, C.; Brown, A.J.H.; Maguire, J.J. Advances in Therapeutic Peptides Targeting G
Protein-Coupled Receptors. Nat. Rev. Drug Discov. 2020, 19, 389—-413. [CrossRef] [PubMed]

19. Collen, D. The Plasminogen (Fibrinolytic) System. Thromb. Haemost. 1999, 82, 259-270. [CrossRef]

20. List, K, Jensen, O.N.; Bugge, TH.; Lund, L.R.; Ploug, M.; Dang, K.; Behrendt, N. Plasminogen-Independent Initiation of the Pro-
Urokinase Activation Cascade in Vivo. Activation of Pro-Urokinase by Glandular Kallikrein (MGK-6) in Plasminogen-Deficient
Mice. Biochemistry 2000, 39, 508-515. [CrossRef] [PubMed]

21. Dang, K.; Andreasen, P.A.; Grendahl-Hansen, J.; Kristensen, P.; Nielsen, L.S.; Skriver, L. Plasminogen Activators, Tissue
Degradation, and Cancer. Adv. Cancer Res. 1985, 44, 139-266. [CrossRef] [PubMed]

22. Rubin, J; Brennan, T.; Sundaralingam, M. Crystal Structure of UpA. Science 1972, 176, 355. [CrossRef] [PubMed]

23. Appella, E.; Robinson, E.A.; Ullrich, S.J.; Stoppelli, M.P,; Corti, A.; Cassani, G.; Blasi, F. The Receptor-Binding Sequence of

Urokinase. A Biological Function for the Growth-Factor Module of Proteases. J. Biol. Chem. 1987, 262, 4437-4440. [CrossRef]


http://doi.org/10.1016/S0021-9258(18)94159-1
http://doi.org/10.1007/s000180050497
http://www.ncbi.nlm.nih.gov/pubmed/10949579
http://doi.org/10.2174/092986708785909012
http://www.ncbi.nlm.nih.gov/pubmed/18855679
http://doi.org/10.1016/S0021-9258(19)37176-5
http://doi.org/10.2174/138945011797635902
http://www.ncbi.nlm.nih.gov/pubmed/21707477
http://doi.org/10.3390/ijms22084111
http://www.ncbi.nlm.nih.gov/pubmed/33923400
http://doi.org/10.1016/S0167-5699(97)01121-3
http://doi.org/10.1023/A:1023099415940
http://www.ncbi.nlm.nih.gov/pubmed/12784997
http://doi.org/10.2174/138161211796718215
http://doi.org/10.2174/138161211796718143
http://www.ncbi.nlm.nih.gov/pubmed/21711235
http://doi.org/10.1016/j.lungcan.2011.05.008
http://doi.org/10.3389/fonc.2018.00024
http://doi.org/10.1038/s41598-018-37259-2
http://doi.org/10.1186/s12885-019-6397-3
http://www.ncbi.nlm.nih.gov/pubmed/31791275
http://doi.org/10.1016/j.clinbiochem.2004.05.013
http://www.ncbi.nlm.nih.gov/pubmed/15234235
http://doi.org/10.7150/thno.12956
http://doi.org/10.2967/jnumed.120.248120
http://doi.org/10.1038/s41573-020-0062-z
http://www.ncbi.nlm.nih.gov/pubmed/32494050
http://doi.org/10.1055/s-0037-1615841
http://doi.org/10.1021/bi991701f
http://www.ncbi.nlm.nih.gov/pubmed/10642175
http://doi.org/10.1016/s0065-230x(08)60028-7
http://www.ncbi.nlm.nih.gov/pubmed/2930999
http://doi.org/10.1126/science.176.4033.355.d
http://www.ncbi.nlm.nih.gov/pubmed/17777707
http://doi.org/10.1016/S0021-9258(18)61211-6

Cancers 2022, 14, 498 16 of 23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.
43.

44.
45.
46.

47.

48.

49.

50.

Buko, A.M.; Kentzer, E.J.; Petros, A.; Menon, G.; Zuiderweg, E.R.; Sarin, V.K. Characterization of a Posttranslational Fucosylation
in the Growth Factor Domain of Urinary Plasminogen Activator. Proc. Natl. Acad. Sci. USA 1991, 88, 3992-3996. [CrossRef]
[PubMed]

Spraggon, G.; Phillips, C.; Nowak, U.K,; Ponting, C.P,; Saunders, D.; Dobson, C.M.; Stuart, D.L; Jones, E.Y. The Crystal Structure
of the Catalytic Domain of Human Urokinase-Type Plasminogen Activator. Structure 1995, 3, 681-691. [CrossRef]

Novokhatny, V.; Medved, L.; Mazar, A.; Marcotte, P.; Henkin, J.; Ingham, K. Domain Structure and Interactions of Recombinant
Urokinase-Type Plasminogen Activator. J. Biol. Chem. 1992, 267, 3878-3885. [CrossRef]

Magdolen, V.; Rettenberger, P.; Koppitz, M.; Goretzki, L.; Kessler, H.; Weidle, U.H.; Konig, B.; Graeff, H.; Schmitt, M.; Wilhelm, O.
Systematic Mutational Analysis of the Receptor-Binding Region of the Human Urokinase-Type Plasminogen Activator. Eur. ].
Biochem. 1996, 237, 743-751. [CrossRef]

Huai, Q.; Mazar, A.P; Kuo, A.; Parry, G.C.; Shaw, D.E.; Callahan, J.; Li, Y.; Yuan, C.; Bian, C.; Chen, L.; et al. Structure of Human
Urokinase Plasminogen Activator in Complex with Its Receptor. Science 2006, 311, 656-659. [CrossRef] [PubMed]

Masucci, M.T.; Pedersen, N.; Blasi, F. A Soluble, Ligand Binding Mutant of the Human Urokinase Plasminogen Activator Receptor.
J. Biol. Chem. 1991, 266, 8655-8658. [CrossRef]

Stoppelli, M.P,; Corti, A.; Soffientini, A.; Cassani, G.; Blasi, F.; Assoian, R.K. Differentiation-Enhanced Binding of the Amino-
Terminal Fragment of Human Urokinase Plasminogen Activator to a Specific Receptor on U937 Monocytes. Proc. Natl. Acad. Sci.
USA 1985, 82, 4939-4943. [CrossRef] [PubMed]

Vassalli, ].D.; Baccino, D.; Belin, D. A Cellular Binding Site for the Mr 55,000 Form of the Human Plasminogen Activator,
Urokinase. J. Cell Biol. 1985, 100, 86-92. [CrossRef] [PubMed]

Andreasen, P.A.; Kjoller, L.; Christensen, L.; Duffy, M.]. The Urokinase-Type Plasminogen Activator System in Cancer Metastasis:
A Review. Int. J. Cancer 1997, 72, 1-22. [CrossRef]

Ploug, M.; Ellis, V. Structure-Function Relationships in the Receptor for Urokinase-Type Plasminogen Activator. Comparison to
Other Members of the Ly-6 Family and Snake Venom Alpha-Neurotoxins. FEBS Lett. 1994, 349, 163-168. [CrossRef]

Llinas, P.; le Du, M.H.; Gérdsvoll, H.; Dang, K.; Ploug, M.; Gilquin, B.; Stura, E.A.; Ménez, A. Crystal Structure of the Human
Urokinase Plasminogen Activator Receptor Bound to an Antagonist Peptide. EMBO ]. 2005, 24, 1655-1663. [CrossRef] [PubMed]
Barinka, C.; Parry, G.; Callahan, J.; Shaw, D.E.; Kuo, A.; Bdeir, K.; Cines, D.B.; Mazar, A.; Lubkowski, J. Structural Basis of
Interaction between Urokinase-Type Plasminogen Activator and Its Receptor. J. Mol. Biol. 2006, 363, 482—495. [CrossRef]

Ploug, M. Structure-Function Relationships in the Interaction Between the Urokinase- Type Plasminogen Activator and Its
Receptor. Curr. Pharm. Des. 2003, 9, 1499-1528. [CrossRef]

Hoyer-Hansen, G.; Ploug, M.; Behrendt, N.; Renne, E.; Dang, K. Cell-Surface Acceleration of Urokinase-Catalyzed Receptor
Cleavage. Eur. J. Biochem. 1997, 243, 21-26. [CrossRef] [PubMed]

Montuori, N.; Visconte, V.; Rossi, G.; Ragno, P. Soluble and Cleaved Forms of the Urokinase-Receptor: Degradation Products or
Active Molecules? Thromb. Haemost. 2005, 93, 192-198. [CrossRef]

Lombholt, A.F,; Hoyer-Hansen, G.; Nielsen, H.J.; Christensen, 1.]. Intact and Cleaved Forms of the Urokinase Receptor Enhance
Discrimination of Cancer from Non-Malignant Conditions in Patients Presenting with Symptoms Related to Colorectal Cancer.
Br. . Cancer 2009, 101, 992-997. [CrossRef]

Yuan, C.; Huang, M. Does the Urokinase Receptor Exist in a Latent Form? Cell. Mol. Life Sci. 2007, 64, 1033-1037. [CrossRef]
Gardsvoll, H.; Jacobsen, B.; Kriegbaum, M.C.; Behrendt, N.; Engelholm, L.; Ostergaard, S.; Ploug, M. Conformational Regulation
of Urokinase Receptor Function: Impact of Receptor Occupancy and Epitope-Mapped Monoclonal Antibodies on Lamellipodia
Induction. J. Biol. Chem. 2011, 286, 33544-33556. [CrossRef]

Blasi, F.; Carmeliet, P. UPAR: A Versatile Signalling Orchestrator. Nat. Rev. Mol. Cell Biol. 2002, 3, 932-943. [CrossRef]

Jo, M.; Thomas, K.S.; Marozkina, N.; Amin, T.J.; Silva, C.M.; Parsons, S.J.; Gonias, S.L. Dynamic Assembly of the Urokinase-Type
Plasminogen Activator Signaling Receptor Complex Determines the Mitogenic Activity of Urokinase-Type Plasminogen Activator.
J. Biol. Chem. 2005, 280, 17449-17457. [CrossRef] [PubMed]

Smith, H.W.; Marshall, C.J. Regulation of Cell Signalling by UPAR. Nat. Rev. Mol. Cell Biol. 2010, 11, 23-36. [CrossRef] [PubMed]
Gonias, S.L.; Hu, J. Urokinase Receptor and Resistance to Targeted Anticancer Agents. Front. Pharmacol. 2015, 6, 154. [CrossRef]
Laurenzana, A.; Margheri, F,; Biagioni, A.; Chilla, A.; Pimpinelli, N.; Ruzzolini, J.; Peppicelli, S.; Andreucci, E.; Calorini, L.;
Serrati, S.; et al. EGFR/UPAR Interaction as Druggable Target to Overcome Vemurafenib Acquired Resistance in Melanoma Cells.
EBioMedicine 2019, 39, 194-206. [CrossRef] [PubMed]

Andreucci, E.; Laurenzana, A.; Peppicelli, S.; Biagioni, A.; Margheri, F.; Ruzzolini, J.; Bianchini, F,; Fibbi, G.; del Rosso, M.;
Nediani, C.; et al. UPAR Controls Vasculogenic Mimicry Ability Expressed by Drug-Resistant Melanoma Cells. Oncol. Res. 2021,
28, 7-8. [CrossRef]

Wei, Y.; Waltz, D.A.; Rao, N.; Drummond, R.J.; Rosenberg, S.; Chapman, H.A. Identification of the Urokinase Receptor as an
Adhesion Receptor for Vitronectin. J. Biol. Chem. 1994, 269, 32380-32388. [CrossRef]

Carriero, M.V.; Vecchio, S.D.; Franco, P.; Potena, M.I,; Chiaradonna, F.; Botti, G.; Stoppelli, M.P.; Salvatore, M. Vitronectin Binding
to Urokinase Receptor in Human Breast Cancer. Clin. Cancer Res. 1997, 3, 1299-1308. [PubMed]

Kjoller, L.; Hall, A. Rac Mediates Cytoskeletal Rearrangements and Increased Cell Motility Induced by Urokinase-Type Plasmino-
gen Activator Receptor Binding to Vitronectin. . Cell Biol. 2001, 152, 1145-1157. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.88.9.3992
http://www.ncbi.nlm.nih.gov/pubmed/2023947
http://doi.org/10.1016/S0969-2126(01)00203-9
http://doi.org/10.1016/S0021-9258(19)50608-1
http://doi.org/10.1111/j.1432-1033.1996.0743p.x
http://doi.org/10.1126/science.1121143
http://www.ncbi.nlm.nih.gov/pubmed/16456079
http://doi.org/10.1016/S0021-9258(18)31492-3
http://doi.org/10.1073/pnas.82.15.4939
http://www.ncbi.nlm.nih.gov/pubmed/2991901
http://doi.org/10.1083/jcb.100.1.86
http://www.ncbi.nlm.nih.gov/pubmed/3880760
http://doi.org/10.1002/(SICI)1097-0215(19970703)72:1&lt;1::AID-IJC1&gt;3.0.CO;2-Z
http://doi.org/10.1016/0014-5793(94)00674-1
http://doi.org/10.1038/sj.emboj.7600635
http://www.ncbi.nlm.nih.gov/pubmed/15861141
http://doi.org/10.1016/j.jmb.2006.08.063
http://doi.org/10.2174/1381612033454630
http://doi.org/10.1111/j.1432-1033.1997.0021a.x
http://www.ncbi.nlm.nih.gov/pubmed/9030717
http://doi.org/10.1160/TH04-09-0580
http://doi.org/10.1038/sj.bjc.6605228
http://doi.org/10.1007/s00018-007-6498-z
http://doi.org/10.1074/jbc.M111.220087
http://doi.org/10.1038/nrm977
http://doi.org/10.1074/jbc.M413141200
http://www.ncbi.nlm.nih.gov/pubmed/15728176
http://doi.org/10.1038/nrm2821
http://www.ncbi.nlm.nih.gov/pubmed/20027185
http://doi.org/10.3389/fphar.2015.00154
http://doi.org/10.1016/j.ebiom.2018.12.024
http://www.ncbi.nlm.nih.gov/pubmed/30611716
http://doi.org/10.3727/096504021X16273798026651
http://doi.org/10.1016/S0021-9258(18)31646-6
http://www.ncbi.nlm.nih.gov/pubmed/9815812
http://doi.org/10.1083/jcb.152.6.1145
http://www.ncbi.nlm.nih.gov/pubmed/11257116

Cancers 2022, 14, 498 17 of 23

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Waltz, D.A.; Chapman, H.A. Reversible Cellular Adhesion to Vitronectin Linked to Urokinase Receptor Occupancy. J. Biol. Chem.
1994, 269, 14746-14750. [CrossRef]

Madsen, C.D.; Ferraris, G.M.S.; Andolfo, A.; Cunningham, O.; Sidenius, N. UPAR-Induced Cell Adhesion and Migration:
Vitronectin Provides the Key. J. Cell Biol. 2007, 177, 927-939. [CrossRef]

Gérdsvoll, H.; Ploug, M. Mapping of the Vitronectin-Binding Site on the Urokinase Receptor: Involvement of a Coherent Receptor
Interface Consisting of Residues from Both Domain I and the Flanking Interdomain Linker Region. J. Biol. Chem. 2007, 282,
13561-13572. [CrossRef]

Ossowski, L.; Aguirre-Ghiso, J.A. Urokinase Receptor and Integrin Partnership: Coordination of Signaling for Cell Adhesion,
Migration and Growth. Curr. Opin. Cell Biol. 2000, 12, 613—-620. [CrossRef]

Aguirre Ghiso, J.A.; Kovalski, K.; Ossowski, L. Tumor Dormancy Induced by Downregulation of Urokinase Receptor in Human
Carcinoma Involves Integrin and MAPK Signaling. J. Cell Biol. 1999, 147, 89-104. [CrossRef]

Nguyen, D.H.; Catling, A.D.; Webb, D.J.; Sankovic, M.; Walker, L.A.; Somlyo, A.V.; Weber, M.].; Gonias, S.L. Myosin Light Chain
Kinase Functions Downstream of Ras/ERK to Promote Migration of Urokinase-Type Plasminogen Activator-Stimulated Cells in
an Integrin-Selective Manner. J. Cell Biol. 1999, 146, 149-164. [CrossRef]

Yebra, M.; Goretzki, L.; Pfeifer, M.; Mueller, B.M. Urokinase-Type Plasminogen Activator Binding to Its Receptor Stimulates
Tumor Cell Migration by Enhancing Integrin-Mediated Signal Transduction. Exp. Cell Res. 1999, 250, 231-240. [CrossRef]
Carriero, M.V,; del Vecchio, S.; Capozzoli, M.; Franco, P; Fontana, L.; Zannetti, A.; Botti, G.; D’Aiuto, G.; Salvatore, M.; Stoppelli,
M.P. Urokinase Receptor Interacts with Alpha(v)Beta5 Vitronectin Receptor, Promoting Urokinase-Dependent Cell Migration in
Breast Cancer. Cancer Res. 1999, 59, 5307-5314. [PubMed]

Degryse, B.; Orlando, S.; Resnati, M.; Rabbani, S.A.; Blasi, F. Urokinase/Urokinase Receptor and Vitronectin/Alpha(v)Beta(3)
Integrin Induce Chemotaxis and Cytoskeleton Reorganization through Different Signaling Pathways. Oncogene 2001, 20, 2032—
2043. [CrossRef] [PubMed]

Franco, P,; Vocca, L; Carriero, M.V,; Alfano, D.; Cito, L.; Longanesi-Cattani, I.; Grieco, P.; Ossowski, L.; Stoppelli, M.P. Activation
of Urokinase Receptor by a Novel Interaction between the Connecting Peptide Region of Urokinase and Alpha v Beta 5 Integrin.
J. Cell Sci. 2006, 119, 3424-3434. [CrossRef] [PubMed]

Zhang, F; Tom, C.C.; Kugler, M.C.; Ching, T.-T.; Kreidberg, J.A.; Wei, Y.; Chapman, H.A. Distinct Ligand Binding Sites in Integrin
Alpha3betal Regulate Matrix Adhesion and Cell-Cell Contact. J. Cell Biol. 2003, 163, 177-188. [CrossRef] [PubMed]

Tarui, T.; Andronicos, N.; Czekay, R.-P.; Mazar, A.P; Bdeir, K.; Parry, G.C.; Kuo, A.; Loskutoff, D.]J.; Cines, D.B.; Takada, Y. Critical
Role of Integrin Alpha 5 Beta 1 in Urokinase (UPA)/Urokinase Receptor (UPAR, CD87) Signaling. J. Biol. Chem. 2003, 278,
29863-29872. [CrossRef]

Monaghan, E.; Gueorguiev, V.; Wilkins-Port, C.; McKeown-Longo, PJ. The Receptor for Urokinase-Type Plasminogen Activator
Regulates Fibronectin Matrix Assembly in Human Skin Fibroblasts. J. Biol. Chem. 2004, 279, 1400-1407. [CrossRef]

Wei, Y.; Czekay, R.-P,; Robillard, L.; Kugler, M.C.; Zhang, F.; Kim, K.K.; Xiong, J.-P.; Humphries, M.].; Chapman, H.A. Regulation
of Alphabbetal Integrin Conformation and Function by Urokinase Receptor Binding. J. Cell Biol. 2005, 168, 501-511. [CrossRef]
Liu, D.; Aguirre Ghiso, J.; Estrada, Y.; Ossowski, L. EGFR Is a Transducer of the Urokinase Receptor Initiated Signal That Is
Required for in Vivo Growth of a Human Carcinoma. Cancer Cell 2002, 1, 445-457. [CrossRef]

Aguirre-Ghiso, J.A.; Estrada, Y.; Liu, D.; Ossowski, L. ERK(MAPK) Activity as a Determinant of Tumor Growth and Dormancy;
Regulation by P38(SAPK). Cancer Res. 2003, 63, 1684-1695. [CrossRef]

Aguirre Ghiso, J.A. Inhibition of FAK Signaling Activated by Urokinase Receptor Induces Dormancy in Human Carcinoma Cells
in Vivo. Oncogene 2002, 21, 2513-2524. [CrossRef] [PubMed]

Degryse, B.; Resnati, M.; Czekay, R.-P.; Loskutoff, D.].; Blasi, F. Domain 2 of the Urokinase Receptor Contains an Integrin-
Interacting Epitope with Intrinsic Signaling Activity: Generation of a New Integrin Inhibitor. J. Biol. Chem. 2005, 280, 24792-24803.
[CrossRef]

Eden, G.; Archinti, M.; Arnaudova, R.; Andreotti, G.; Motta, A.; Furlan, F; Citro, V.; Cubellis, M.V.; Degryse, B. D2A Sequence of
the Urokinase Receptor Induces Cell Growth through Av(33 Integrin and EGFR. Cell. Mol. Life Sci. 2018, 75, 1889-1907. [CrossRef]
[PubMed]

Chaurasia, P.; Aguirre-Ghiso, J.A.; Liang, O.D.; Gardsvoll, H.; Ploug, M.; Ossowski, L. A Region in Urokinase Plasminogen
Receptor Domain III Controlling a Functional Association with Alphabbetal Integrin and Tumor Growth. J. Biol. Chem. 2006, 281,
14852-14863. [CrossRef] [PubMed]

Bifulco, K.; Longanesi-Cattani, I.; Gala, M.; di Carluccio, G.; Masucci, M.T.; Pavone, V.; Lista, L.; Arra, C.; Stoppelli, M.P;
Carriero, M.V. The Soluble Form of Urokinase Receptor Promotes Angiogenesis through Its Ser88-Arg-Ser-Arg-Tyr92 Chemotactic
Sequence. J. Thromb. Haemost. 2010, 8, 2789-2799. [CrossRef]

VanCompernolle, S.E.; Clark, K.L.; Rummel, K.A.; Todd, S.C. Expression and Function of Formyl Peptide Receptors on Human
Fibroblast Cells. J. Immunol. 2003, 171, 2050-2056. [CrossRef]

Liu, M,; Zhao, ]J.; Chen, K,; Bian, X.; Wang, C.; Shi, Y.; Wang, ]. M. G Protein-Coupled Receptor FPR1 as a Pharmacologic Target in
Inflammation and Human Glioblastoma. Int. Immunopharmacol. 2012, 14, 283-288. [CrossRef] [PubMed]

Snapkov, L.; quist, C.O,; Figenschau, Y.; Kogner, P; Johnsen, ]J.I.; Sveinbjernsson, B. The Role of Formyl Peptide Receptor 1
(FPR1) in Neuroblastoma Tumorigenesis. BMC Cancer 2016, 16, 490. [CrossRef]


http://doi.org/10.1016/S0021-9258(17)36688-7
http://doi.org/10.1083/jcb.200612058
http://doi.org/10.1074/jbc.M610184200
http://doi.org/10.1016/S0955-0674(00)00140-X
http://doi.org/10.1083/jcb.147.1.89
http://doi.org/10.1083/jcb.146.1.149
http://doi.org/10.1006/excr.1999.4510
http://www.ncbi.nlm.nih.gov/pubmed/10537314
http://doi.org/10.1038/sj.onc.1204261
http://www.ncbi.nlm.nih.gov/pubmed/11360187
http://doi.org/10.1242/jcs.03067
http://www.ncbi.nlm.nih.gov/pubmed/16882693
http://doi.org/10.1083/jcb.200304065
http://www.ncbi.nlm.nih.gov/pubmed/14557254
http://doi.org/10.1074/jbc.M304694200
http://doi.org/10.1074/jbc.M310374200
http://doi.org/10.1083/jcb.200404112
http://doi.org/10.1016/S1535-6108(02)00072-7
http://doi.org/10.1016/j.urolonc.2003.12.012
http://doi.org/10.1038/sj.onc.1205342
http://www.ncbi.nlm.nih.gov/pubmed/11971186
http://doi.org/10.1074/jbc.M413954200
http://doi.org/10.1007/s00018-017-2718-3
http://www.ncbi.nlm.nih.gov/pubmed/29184982
http://doi.org/10.1074/jbc.M512311200
http://www.ncbi.nlm.nih.gov/pubmed/16547007
http://doi.org/10.1111/j.1538-7836.2010.04075.x
http://doi.org/10.4049/jimmunol.171.4.2050
http://doi.org/10.1016/j.intimp.2012.07.015
http://www.ncbi.nlm.nih.gov/pubmed/22863814
http://doi.org/10.1186/s12885-016-2545-1

Cancers 2022, 14, 498 18 of 23

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Carriero, M.V,; Bifulco, K.; Ingangi, V.; Costantini, S.; Botti, G.; Ragone, C.; Minopoli, M.; Motti, M.L.; Rea, D.; Scognamiglio, G.;
et al. Retro-Inverso Urokinase Receptor Antagonists for the Treatment of Metastatic Sarcomas. Sci. Rep. 2017, 7, 1312. [CrossRef]
[PubMed]

Ragone, C.; Minopoli, M.; Ingangi, V.; Botti, G.; Fratangelo, E; Pessi, A.; Stoppelli, M.P.; Ascierto, P.A.; Ciliberto, G.; Motti,
M.L,; et al. Targeting the Cross-Talk between Urokinase Receptor and Formyl Peptide Receptor Type 1 to Prevent Invasion and
Trans-Endothelial Migration of Melanoma Cells. J. Exp. Clin. Cancer Res. 2017, 36, 180. [CrossRef]

Minopoli, M.; Botti, G.; Gigantino, V.; Ragone, C.; Sarno, S.; Motti, M.L.; Scognamiglio, G.; Greggi, S.; Scaffa, C.; Roca, M.S;
et al. Targeting the Formyl Peptide Receptor Type 1 to Prevent the Adhesion of Ovarian Cancer Cells onto Mesothelium and
Subsequent Invasion. J. Exp. Clin. Cancer Res. 2019, 38, 459. [CrossRef] [PubMed]

Tian, C.; Chen, K.; Gong, W.; Yoshimura, T.; Huang, J.; Wang, ] M. The G-Protein Coupled Formyl Peptide Receptors and Their
Role in the Progression of Digestive Tract Cancer. Technol. Cancer Res. Treat. 2020, 19, 1533033820973280. [CrossRef]

Fazioli, F.; Resnati, M.; Sidenius, N.; Higashimoto, Y.; Appella, E.; Blasi, F. A Urokinase-Sensitive Region of the Human Urokinase
Receptor Is Responsible for Its Chemotactic Activity. EMBO ]. 1997, 16, 7279-7286. [CrossRef]

Resnati, M.; Pallavicini, I.; Wang, ].M.; Oppenheim, J.; Serhan, C.N.; Romano, M.; Blasi, E. The Fibrinolytic Receptor for Urokinase
Activates the G Protein-Coupled Chemotactic Receptor FPRL1/LXA4R. Proc. Natl. Acad. Sci. USA 2002, 99, 1359-1364. [CrossRef]
Furlan, F,; Orlando, S.; Laudanna, C.; Resnati, M.; Basso, V.; Blasi, F.; Mondino, A. The Soluble D2D3(88-274) Fragment of the
Urokinase Receptor Inhibits Monocyte Chemotaxis and Integrin-Dependent Cell Adhesion. J. Cell Sci. 2004, 117, 2909-2916.
[CrossRef] [PubMed]

Gargiulo, L.; Longanesi-Cattani, I.; Bifulco, K.; Franco, P; Raiola, R.; Campiglia, P.; Grieco, P.; Peluso, G.; Stoppelli, M.P; Carriero,
M.V. Cross-Talk between FMLP and Vitronectin Receptors Triggered by Urokinase Receptor-Derived SRSRY Peptide. J. Biol.
Chem. 2005, 280, 25225-25232. [CrossRef]

Selleri, C.; Montuori, N.; Ricci, P.; Visconte, V.; Carriero, M.V.; Sidenius, N.; Serio, B.; Blasi, F.; Rotoli, B.; Rossi, G.; et al.
Involvement of the Urokinase-Type Plasminogen Activator Receptor in Hematopoietic Stem Cell Mobilization. Blood 2005, 105,
2198-2205. [CrossRef]

Carriero, M.V.; Longanesi-Cattani, I.; Bifulco, K.; Maglio, O.; Lista, L.; Barbieri, A.; Votta, G.; Masucci, M.T.; Arra, C.; Franco, R,;
et al. Structure-Based Design of an Urokinase-Type Plasminogen Activator Receptor-Derived Peptide Inhibiting Cell Migration
and Lung Metastasis. Mol. Cancer Ther. 2009, 8, 2708-2717. [CrossRef] [PubMed]

Binder, B.R.; Mihaly, J.; Prager, G.W. UPAR-UPA-PAI-1 Interactions and Signaling: A Vascular Biologist’s View. Thromb. Haemost.
2007, 97, 336-342. [PubMed]

Pepper, M.S. Role of the Matrix Metalloproteinase and Plasminogen Activator-Plasmin Systems in Angiogenesis. Arterioscler.
Thromb. Vasc. Biol. 2001, 21, 1104-1117. [CrossRef]

Ismail, A.A.; Shaker, B.T.; Bajou, K. The Plasminogen—Activator Plasmin System in Physiological and Pathophysiological
Angiogenesis. Int. J. Mol. Sci. 2022, 23, 337. [CrossRef]

Rao, J.S.; Gujrati, M.; Chetty, C. Tumor-Associated Soluble UPAR-Directed Endothelial Cell Motility and Tumor Angiogenesis.
Oncogenesis 2013, 2, 53. [CrossRef]

Alexander, R.A.; Prager, G.W.; Mihaly-Bison, J.; Uhrin, P.; Sunzenauer, S.; Binder, B.R.; Schiitz, G.J.; Freissmuth, M.; Breuss, ]. M.
VEGF-Induced Endothelial Cell Migration Requires Urokinase Receptor (UPAR)-Dependent Integrin Redistribution. Cardiovasc.
Res. 2012, 94, 125-135. [CrossRef]

Herkenne, S.; Paques, C.; Nivelles, O.; Lion, M.; Bajou, K.; Pollenus, T.; Fontaine, M.; Carmeliet, P.; Martial, J.A.; Nguyen, N.-Q.-N;
et al. The Interaction of UPAR with VEGFR2 Promotes VEGF-Induced Angiogenesis. Sci. Signal 2015, 8, rall7. [CrossRef]
[PubMed]

Chilla, A.; Margheri, F,; Biagioni, A.; del Rosso, M.; Fibbi, G.; Laurenzana, A. Mature and Progenitor Endothelial Cells Perform
Angiogenesis Also under Protease Inhibition: The Amoeboid Angiogenesis. J. Exp. Clin. Cancer Res. 2018, 37, 74. [CrossRef]
[PubMed]

Montuori, N.; Bifulco, K.; Carriero, M.V.; la Penna, C.; Visconte, V.; Alfano, D.; Pesapane, A.; Rossi, EW.; Salzano, S.; Rossi, G.;
et al. The Cross-Talk between the Urokinase Receptor and FMLP Receptors Regulates the Activity of the CXCR4 Chemokine
Receptor. Cell. Mol. Life Sci. 2011, 68, 2453-2467. [CrossRef] [PubMed]

Alfano, D.; Gorrasi, A.; li Santi, A.; Ricci, P.; Montuori, N.; Selleri, C.; Ragno, P. Urokinase Receptor and CXCR4 Are Regulated by
Common MicroRNAs in Leukaemia Cells. J. Cell. Mol. Med. 2015, 19, 2262-2272. [CrossRef] [PubMed]

Alfano, D.; Franco, P.; Vocca, I.; Gambi, N.; Pisa, V.; Mancini, A.; Caputi, M.; Carriero, M.V.; laccarino, I.; Stoppelli, M.P. The
Urokinase Plasminogen Activator and Its Receptor: Role in Cell Growth and Apoptosis. Thromb. Haemost. 2005, 93, 205-211.
[CrossRef]

Schweinitz, A.; Steinmetzer, T.; Banke, 1.].; Arlt, M.].E.; Stiirzebecher, A.; Schuster, O.; Geissler, A.; Giersiefen, H.; Zeslawska, E.; Ja-
cob, U,; et al. Design of Novel and Selective Inhibitors of Urokinase-Type Plasminogen Activator with Improved Pharmacokinetic
Properties for Use as Antimetastatic Agents. J. Biol. Chem. 2004, 279, 33613-33622. [CrossRef]

Setyono-Han, B.; Stiirzebecher, J.; Schmalix, W.A.; Muehlenweg, B.; Sieuwerts, A.M.; Timmermans, M.; Magdolen, V.; Schmitt, M.;
Klijn, J.G.M.; Foekens, ].A. Suppression of Rat Breast Cancer Metastasis and Reduction of Primary Tumour Growth by the Small
Synthetic Urokinase Inhibitor WX-UK1. Thromb. Haemost. 2005, 93, 779-786. [CrossRef]


http://doi.org/10.1038/s41598-017-01425-9
http://www.ncbi.nlm.nih.gov/pubmed/28465589
http://doi.org/10.1186/s13046-017-0650-x
http://doi.org/10.1186/s13046-019-1465-8
http://www.ncbi.nlm.nih.gov/pubmed/31703596
http://doi.org/10.1177/1533033820973280
http://doi.org/10.1093/emboj/16.24.7279
http://doi.org/10.1073/pnas.022652999
http://doi.org/10.1242/jcs.01149
http://www.ncbi.nlm.nih.gov/pubmed/15173320
http://doi.org/10.1074/jbc.M412605200
http://doi.org/10.1182/blood-2004-06-2424
http://doi.org/10.1158/1535-7163.MCT-09-0174
http://www.ncbi.nlm.nih.gov/pubmed/19706734
http://www.ncbi.nlm.nih.gov/pubmed/17334498
http://doi.org/10.1161/hq0701.093685
http://doi.org/10.3390/ijms23010337
http://doi.org/10.1038/oncsis.2013.19
http://doi.org/10.1093/cvr/cvs017
http://doi.org/10.1126/scisignal.aaa2403
http://www.ncbi.nlm.nih.gov/pubmed/26577922
http://doi.org/10.1186/s13046-018-0742-2
http://www.ncbi.nlm.nih.gov/pubmed/29615071
http://doi.org/10.1007/s00018-010-0564-7
http://www.ncbi.nlm.nih.gov/pubmed/20972812
http://doi.org/10.1111/jcmm.12617
http://www.ncbi.nlm.nih.gov/pubmed/26082201
http://doi.org/10.1160/TH04-09-0592
http://doi.org/10.1074/jbc.M314151200
http://doi.org/10.1160/TH04-11-0712

Cancers 2022, 14, 498 19 of 23

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Goldstein, L.J. Experience in Phase I Trials and an Upcoming Phase II Study with UPA Inhibitors in Metastatic Breast Cancer.
Breast Care 2008, 3, 25-28. [CrossRef]

Park, C.; Ha, J.G.; Choi, S.; Kim, E.; Noh, K,; Shin, B.S.; Kang, W. HPLC-MS/MS Analysis of Mesupron and Its Application to a
Pharmacokinetic Study in Rats. J. Pharm. Biomed. Anal. 2018, 150, 39-42. [CrossRef] [PubMed]

Lee, J.-E.; Kwon, Y.-].; Baek, H.-S.; Ye, D.-].; Cho, E.; Choi, H.-K,; Oh, K.-S.; Chun, Y.-J. Synergistic Induction of Apoptosis by
Combination Treatment with Mesupron and Auranofin in Human Breast Cancer Cells. Arch. Pharm. Res. 2017, 40, 746-759.
[CrossRef]

Heinemann, V.; Ebert, M.P; Laubender, R.P,; Bevan, P.; Mala, C.; Boeck, S. Phase II Randomised Proof-of-Concept Study of the
Urokinase Inhibitor Upamostat (WX-671) in Combination with Gemcitabine Compared with Gemcitabine Alone in Patients with
Non-Resectable, Locally Advanced Pancreatic Cancer. Br. |. Cancer 2013, 108, 766-770. [CrossRef]

French, KJ.; Zhuang, Y.; Maines, L.W.; Gao, P; Wang, W.; Beljanski, V.; Upson, ]J.J.; Green, C.L.; Keller, S.N.; Smith, C.D.
Pharmacology and Antitumor Activity of ABC294640, a Selective Inhibitor of Sphingosine Kinase-2. |. Pharmacol. Exp. Ther. 2010,
333, 129-139. [CrossRef] [PubMed]

Beljanski, V.; Lewis, C.S.; Smith, C.D. Antitumor Activity of Sphingosine Kinase 2 Inhibitor ABC294640 and Sorafenib in
Hepatocellular Carcinoma Xenografts. Cancer Biol. Ther. 2011, 11, 524-534. [CrossRef]

Asumda, FZ.; Hassan, M.A.; Kim, Y.H.; Campbell, N.A.; Luo, X.; O’Brien, D.R.; Buhrow, S.A.; Reid, ].M.; Moore, M.].; Ben-Yair,
V.K,; et al. Abstract 3078: Effects of Upamostat and Opaganib on Cholangiocarcinoma Patient Derived Xenografts. Cancer Res.
2020, 80, 3078. [CrossRef]

Zhu, M.; Gokhale, V.M.; Szabo, L.; Munoz, R M.; Baek, H.; Bashyam, S.; Hurley, L.H.; von Hoff, D.D.; Han, H. Identification of a
Novel Inhibitor of Urokinase-Type Plasminogen Activator. Mol. Cancer Ther. 2007, 6, 1348-1356. [CrossRef]

Magdolen, V.; Biirgle, M.; de Prada, N.A.; Schmiedeberg, N.; Riemer, C.; Schroeck, F.; Kellermann, J.; Degitz, K.; Wilhelm, O.G;
Schmitt, M.; et al. Cyclo19,31[D-Cys19]-UPA19-31 Is a Potent Competitive Antagonist of the Interaction of Urokinase-Type
Plasminogen Activator with Its Receptor (CD87). Biol. Chem. 2001, 382, 1197-1205. [CrossRef]

Sato, S.; Kopitz, C.; Schmalix, W.A.; Muehlenweg, B.; Kessler, H.; Schmitt, M.; Kriiger, A.; Magdolen, V. High-Affinity Urokinase-
Derived Cyclic Peptides Inhibiting Urokinase /Urokinase Receptor-Interaction: Effects on Tumor Growth and Spread. FEBS Lett.
2002, 528, 212-216. [CrossRef]

Ploug, M.; Ostergaard, S.; Gardsvoll, H.; Kovalski, K.; Holst-Hansen, C.; Holm, A.; Ossowski, L.; Dang, K. Peptide-Derived
Antagonists of the Urokinase Receptor. Affinity Maturation by Combinatorial Chemistry, Identification of Functional Epitopes,
and Inhibitory Effect on Cancer Cell Intravasation. Biochemistry 2001, 40, 12157-12168. [CrossRef]

Leth, ].M.; Ploug, M. Targeting the Urokinase-Type Plasminogen Activator Receptor (UPAR) in Human Diseases with a View to
Non-Invasive Imaging and Therapeutic Intervention. Front. Cell Dev. Biol. 2021, 9, 732015. [CrossRef]

Persson, M.; Rasmussen, P.; Madsen, ].; Ploug, M.; Kjaer, A. New Peptide Receptor Radionuclide Therapy of Invasive Cancer
Cells: In Vivo Studies Using 177Lu-DOTA-AE105 Targeting UPAR in Human Colorectal Cancer Xenografts. Nucl. Med. Biol. 2012,
39, 962-969. [CrossRef] [PubMed]

Persson, M.; Madsen, J.; Ostergaard, S.; Jensen, M.M.; Jorgensen, ].T.; Juhl, K.; Lehmann, C.; Ploug, M.; Kjaer, A. Quantitative
PET of Human Urokinase-Type Plasminogen Activator Receptor with 64Cu-DOTA-AE105: Implications for Visualizing Cancer
Invasion. J. Nucl. Med. 2012, 53, 138-145. [CrossRef] [PubMed]

Persson, M.; Hosseini, M.; Madsen, J.; Jorgensen, T.].D.; Jensen, K.J.; Kjaer, A.; Ploug, M. Improved PET Imaging of UPAR
Expression Using New (64)Cu-Labeled Cross-Bridged Peptide Ligands: Comparative in Vitro and in Vivo Studies. Theranostics
2013, 3, 618-632. [CrossRef]

Persson, M.; Liu, H.; Madsen, J.; Cheng, Z.; Kjaer, A. First (18)F-Labeled Ligand for PET Imaging of UPAR: In Vivo Studies in
Human Prostate Cancer Xenografts. Nucl. Med. Biol. 2013, 40, 618-624. [CrossRef]

Persson, M.; El Ali, H.H.; Binderup, T.; Pfeifer, A.; Madsen, J.; Rasmussen, P.; Kjaer, A. Dosimetry of 64Cu-DOTA-AE105, a PET
Tracer for UPAR Imaging. Nucl. Med. Biol. 2014, 41, 290-295. [CrossRef]

Skovgaard, D.; Persson, M.; Brandt-Larsen, M.; Christensen, C.; Madsen, J.; Klausen, T.L.; Holm, S.; Andersen, F.L.; Loft, A,;
Berthelsen, A K; et al. Safety, Dosimetry, and Tumor Detection Ability of 68Ga-NOTA-AE105: First-in-Human Study of a Novel
Radioligand for UPAR PET Imaging. J. Nucl. Med. 2017, 58, 379-386. [CrossRef]

Kim, K.S.; Hong, Y.-K; Joe, Y.A.; Lee, Y,; Shin, J.-Y.; Park, H.-E.; Lee, I.-H.; Lee, S.-Y.; Kang, D.-K.; Chang, S.-I.; et al. Anti-
Angiogenic Activity of the Recombinant Kringle Domain of Urokinase and Its Specific Entry into Endothelial Cells. J. Biol. Chem.
2003, 278, 11449-11456. [CrossRef] [PubMed]

Kim, C.K,; Hong, S.H.; Joe, Y.A; Shim, B.-S.; Lee, 5.-K.; Hong, Y.-K. The Recombinant Kringle Domain of Urokinase Plasminogen
Activator Inhibits In Vivo Malignant Glioma Growth. Cancer Sci. 2007, 98, 253-258. [CrossRef]

Kim, CK;; Joe, Y.A,; Lee, S.-K.; Kim, E.-K.; Eunju, O.; Kim, H.-K.; Oh, B.].; Hong, S.H.; Hong, Y.-K. Enhancement of Anti-Tumor
Activity by Low-Dose Combination of the Recombinant Urokinase Kringle Domain and Celecoxib in a Glioma Model. Cancer Lett.
2010, 288, 251-260. [CrossRef]

Guo, Y,; Higazi, A.A.; Arakelian, A.; Sachais, B.S.; Cines, D.; Goldfarb, R.H.; Jones, T.R.; Kwaan, H.; Mazar, A.P,; Rabbani, S.A. A
Peptide Derived from the Nonreceptor Binding Region of Urokinase Plasminogen Activator (UPA) Inhibits Tumor Progression
and Angiogenesis and Induces Tumor Cell Death in Vivo. FASEB J. 2000, 14, 1400-1410. [CrossRef]


http://doi.org/10.1159/000151733
http://doi.org/10.1016/j.jpba.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29216583
http://doi.org/10.1007/s12272-017-0923-0
http://doi.org/10.1038/bjc.2013.62
http://doi.org/10.1124/jpet.109.163444
http://www.ncbi.nlm.nih.gov/pubmed/20061445
http://doi.org/10.4161/cbt.11.5.14677
http://doi.org/10.1158/1538-7445.AM2020-3078
http://doi.org/10.1158/1535-7163.MCT-06-0520
http://doi.org/10.1515/BC.2001.150
http://doi.org/10.1016/S0014-5793(02)03311-2
http://doi.org/10.1021/bi010662g
http://doi.org/10.3389/fcell.2021.732015
http://doi.org/10.1016/j.nucmedbio.2012.05.007
http://www.ncbi.nlm.nih.gov/pubmed/22739362
http://doi.org/10.2967/jnumed.110.083386
http://www.ncbi.nlm.nih.gov/pubmed/22213823
http://doi.org/10.7150/thno.6810
http://doi.org/10.1016/j.nucmedbio.2013.03.001
http://doi.org/10.1016/j.nucmedbio.2013.12.007
http://doi.org/10.2967/jnumed.116.178970
http://doi.org/10.1074/jbc.M212358200
http://www.ncbi.nlm.nih.gov/pubmed/12529357
http://doi.org/10.1111/j.1349-7006.2006.00378.x
http://doi.org/10.1016/j.canlet.2009.07.008
http://doi.org/10.1096/fasebj.14.10.1400

Cancers 2022, 14, 498 20 of 23

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Guo, Y,; Mazar, A.P,; Lebrun, J.-J.; Rabbani, S.A. An Antiangiogenic Urokinase-Derived Peptide Combined with Tamoxifen
Decreases Tumor Growth and Metastasis in a Syngeneic Model of Breast Cancer. Cancer Res. 2002, 62, 4678-4684. [PubMed ]
Mishima, K.; Mazar, A.P.; Gown, A.; Skelly, M.; Ji, X.D.; Wang, X.D.; Jones, T.R.; Cavenee, WK.; Huang, H.J. A Peptide Derived
from the Non-Receptor-Binding Region of Urokinase Plasminogen Activator Inhibits Glioblastoma Growth and Angiogenesis in
Vivo in Combination with Cisplatin. Proc. Natl. Acad. Sci. USA 2000, 97, 8484-8489. [CrossRef] [PubMed]

Berkenblit, A.; Matulonis, U.A.; Kroener, ].E; Dezube, B.J.; Lam, G.N.; Cuasay, L.C.; Briinner, N.; Jones, T.R.; Silverman, M.H.;
Gold, M.A. A6, a Urokinase Plasminogen Activator (UPA)-Derived Peptide in Patients with Advanced Gynecologic Cancer: A
Phase I Trial. Gynecol. Oncol. 2005, 99, 50-57. [CrossRef]

Ghamande, S.A ; Silverman, M.H.; Huh, W.; Behbakht, K.; Ball, G.; Cuasay, L.; Wiirtz, S.O.; Brunner, N.; Gold, M.A. A Phase
2, Randomized, Double-Blind, Placebo-Controlled Trial of Clinical Activity and Safety of Subcutaneous A6 in Women with
Asymptomatic CA125 Progression after First-Line Chemotherapy of Epithelial Ovarian Cancer. Gynecol. Oncol. 2008, 111, 89-94.
[CrossRef]

Gold, M.A; Brady, W.E.; Lankes, H.A.; Rose, P.G.; Kelley, ].L.; de Geest, K.; Crispens, M.A.; Resnick, K.E.; Howell, S.B. A Phase II
Study of a Urokinase-Derived Peptide (A6) in the Treatment of Persistent or Recurrent Epithelial Ovarian, Fallopian Tube, or
Primary Peritoneal Carcinoma: A Gynecologic Oncology Group Study. Gynecol. Oncol. 2012, 125, 635-639. [CrossRef] [PubMed]
Franco, P,; Carotenuto, A.; Marcozzi, C.; Votta, G.; Sarno, C.; Iaccarino, I.; Brancaccio, D.; de Vincenzo, A.; Novellino, E.; Grieco, P;
et al. Opposite Modulation of Cell Migration by Distinct Subregions of Urokinase Connecting Peptide. Chembiochem 2013, 14,
882-889. [CrossRef] [PubMed]

Belli, S.; Franco, P.; Iommelli, E; de Vincenzo, A.; Brancaccio, D.; Telesca, M.; Merlino, F.; Novellino, E.; Ranson, M.; del
Vecchio, S.; et al. Breast Tumor Cell Invasion and Pro-Invasive Activity of Cancer-Associated Fibroblasts Co-Targeted by Novel
Urokinase-Derived Decapeptides. Cancers 2020, 12, 2404. [CrossRef]

Simon, D.I; Wei, Y.; Zhang, L.; Rao, N.K,; Xu, H.; Chen, Z; Liu, Q.; Rosenberg, S.; Chapman, H.A. Identification of a Urokinase
Receptor-Integrin Interaction Site. Promiscuous Regulator of Integrin Function. J. Biol. Chem. 2000, 275, 10228-10234. [CrossRef]
[PubMed]

Wei, Y.; Lukashev, M.; Simon, D.I.; Bodary, S.C.; Rosenberg, S.; Doyle, M.V.; Chapman, H.A. Regulation of Integrin Function by
the Urokinase Receptor. Science 1996, 273, 1551-1555. [CrossRef]

Van der Pluijm, G.; Sijmons, B.; Vloedgraven, H.; van der Bent, C.; Drijfhout, ] W.; Verheijen, J.; Quax, P.; Karperien, M;
Papapoulos, S.; Lowik, C. Urokinase-Receptor/Integrin Complexes Are Functionally Involved in Adhesion and Progression of
Human Breast Cancer in Vivo. Am. |. Pathol. 2001, 159, 971-982. [CrossRef]

Wei, Y.; Eble, J.A.; Wang, Z.; Kreidberg, J.A.; Chapman, H.A. Urokinase Receptors Promote Betal Integrin Function through
Interactions with Integrin Alpha3betal. Mol. Biol. Cell 2001, 12, 2975-2986. [CrossRef] [PubMed]

Ghosh, S.; Johnson, J.].; Sen, R.; Mukhopadhyay, S.; Liu, Y.; Zhang, F.; Wei, Y.; Chapman, H.A; Stack, M.S. Functional Relevance
of Urinary-Type Plasminogen Activator Receptor-Alpha3betal Integrin Association in Proteinase Regulatory Pathways. J. Biol.
Chem. 2006, 281, 13021-13029. [CrossRef]

Ghosh, S.; Koblinski, ]J.; Johnson, J.; Liu, Y.; Ericsson, A.; Davis, J.W.; Shi, Z.; Ravosa, M.].; Crawford, S.; Frazier, S.; et al.
Urinary-Type Plasminogen Activator Receptor/Alpha 3 Beta 1 Integrin Signaling, Altered Gene Expression, and Oral Tumor
Progression. Mol. Cancer Res. 2010, 8, 145-158. [CrossRef]

Bifulco, K.; Longanesi-Cattani, I.; Franco, P.; Pavone, V.; Mugione, P.; di Carluccio, G.; Masucci, M.T,; Arra, C.; Pirozzi, G;
Stoppelli, M.P; et al. Single Amino Acid Substitutions in the Chemotactic Sequence of Urokinase Receptor Modulate Cell
Migration and Invasion. PLoS ONE 2012, 7, e44806. [CrossRef] [PubMed]

Bifulco, K.; Longanesi-Cattani, I.; Gargiulo, L.; Maglio, O.; Cataldi, M.; de Rosa, M.; Stoppelli, M.P,; Pavone, V.; Carriero, M.V.
An Urokinase Receptor Antagonist That Inhibits Cell Migration by Blocking the Formyl Peptide Receptor. FEBS Lett. 2008, 582,
1141-1146. [CrossRef] [PubMed]

Bifulco, K.; Longanesi-Cattani, I.; Liguori, E.; Arra, C.; Rea, D.; Masucci, M.T.; de Rosa, M.; Pavone, V.; Stoppelli, M.P.; Carriero,
M.V. A Urokinase Receptor-Derived Peptide Inhibiting VEGF-Dependent Directional Migration and Vascular Sprouting. Mol.
Cancer Ther. 2013, 12, 1981-1993. [CrossRef] [PubMed]

Yousif, A.M.; Minopoli, M.; Bifulco, K.; Ingangi, V.; Carluccio, G.D.; Merlino, F.; Motti, M.L.; Grieco, P,; Carriero, M.V. Cyclization
of the Urokinase Receptor-Derived Ser-Arg-Ser-Arg-Tyr Peptide Generates a Potent Inhibitor of Trans-Endothelial Migration of
Monocytes. PLoS ONE 2015, 10, €0126172. [CrossRef] [PubMed]

Yousif, A.M.; Ingangi, V.; Merlino, F.; Brancaccio, D.; Minopoli, M.; Bellavita, R.; Novellino, E.; Carriero, M.V.; Carotenuto,
A.; Grieco, P. Urokinase Receptor Derived Peptides as Potent Inhibitors of the Formyl Peptide Receptor Type 1-Triggered Cell
Migration. Eur. ]. Med. Chem. 2018, 143, 348-360. [CrossRef]

Carver, J.A.; Esposito, G.; Viglino, P; Fogolari, F.; Guichard, G.; Briand, J.P.; van Regenmortel, M.H.; Brown, F.; Mascagni, P.
Structural Comparison between Retro-Inverso and Parent Peptides: Molecular Basis for the Biological Activity of a Retro-Inverso
Analogue of the Inmunodominant Fragment of VP1 Coat Protein from Foot-and-Mouth Disease Virus. Biopolymers 1997, 41,
569-590. [CrossRef]

Minopoli, M.; Sarno, S.; di Carluccio, G.; Azzaro, R.; Costantini, S.; Fazioli, E; Gallo, M.; Apice, G.; Cannella, L.; Rea, D.; et al.
Inhibiting Monocyte Recruitment to Prevent the Pro-Tumoral Activity of Tumor-Associated Macrophages in Chondrosarcoma.
Cells 2020, 9, 1062. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/12183425
http://doi.org/10.1073/pnas.150239497
http://www.ncbi.nlm.nih.gov/pubmed/10890917
http://doi.org/10.1016/j.ygyno.2005.05.023
http://doi.org/10.1016/j.ygyno.2008.06.028
http://doi.org/10.1016/j.ygyno.2012.03.023
http://www.ncbi.nlm.nih.gov/pubmed/22446624
http://doi.org/10.1002/cbic.201200774
http://www.ncbi.nlm.nih.gov/pubmed/23520074
http://doi.org/10.3390/cancers12092404
http://doi.org/10.1074/jbc.275.14.10228
http://www.ncbi.nlm.nih.gov/pubmed/10744708
http://doi.org/10.1126/science.273.5281.1551
http://doi.org/10.1016/S0002-9440(10)61773-7
http://doi.org/10.1091/mbc.12.10.2975
http://www.ncbi.nlm.nih.gov/pubmed/11598185
http://doi.org/10.1074/jbc.M508526200
http://doi.org/10.1158/1541-7786.MCR-09-0045
http://doi.org/10.1371/journal.pone.0044806
http://www.ncbi.nlm.nih.gov/pubmed/23049759
http://doi.org/10.1016/j.febslet.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18339322
http://doi.org/10.1158/1535-7163.MCT-13-0077
http://www.ncbi.nlm.nih.gov/pubmed/23939376
http://doi.org/10.1371/journal.pone.0126172
http://www.ncbi.nlm.nih.gov/pubmed/25938482
http://doi.org/10.1016/j.ejmech.2017.11.030
http://doi.org/10.1002/(SICI)1097-0282(19970415)41:5&lt;569::AID-BIP8&gt;3.0.CO;2-K
http://doi.org/10.3390/cells9041062

Cancers 2022, 14, 498 21 of 23

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Shi, H.; Liu, L.; Liu, L.-M.; Geng, ].; Chen, L. Inhibition of Tumor Growth by 3-Elemene through Downregulation of the Expression
of UPA, UPAR, MMP-2, and MMP-9 in a Murine Intraocular Melanoma Model. Melanoma Res. 2015, 25, 15-21. [CrossRef]
[PubMed]

Lyne, P.D. Structure-Based Virtual Screening: An Overview. Drug Discov. Today 2002, 7, 1047-1055. [CrossRef]

Matthews, H.; Ranson, M.; Tyndall, ].D.A.; Kelso, M.]. Synthesis and Preliminary Evaluation of Amiloride Analogs as Inhibitors
of the Urokinase-Type Plasminogen Activator (UPA). Bioorg. Med. Chem. Lett. 2011, 21, 6760-6766. [CrossRef]

Buckley, B.J.; Kumar, A.; Aboelela, A.; Bujaroski, R.S.; Li, X.; Majed, H.; Fliegel, L.; Ranson, M.; Kelso, M.J. Screening of 5- and
6-Substituted Amiloride Libraries Identifies Dual-UPA /NHE1 Active and Single Target-Selective Inhibitors. Int. J. Mol. Sci. 2021,
22,2999. [CrossRef] [PubMed]

Khanna, M.; Wang, F; Jo, L.; Knabe, W.E.; Wilson, S.M.; Li, L.; Bum-Erdene, K,; Li, ].; Sledge, G.W.; Khanna, R ; et al. Targeting
Multiple Conformations Leads to Small Molecule Inhibitors of the UPAR-uPA Protein-Protein Interaction That Block Cancer Cell
Invasion. ACS Chem. Biol. 2011, 6, 1232-1243. [CrossRef] [PubMed]

Wang, E; Eric Knabe, W.; Li, L.; Jo, I.; Mani, T.; Roehm, H.; Oh, K.; Li, J.; Khanna, M.; Meroueh, S.0. Design, Synthesis, Biochemical
Studies, Cellular Characterization, and Structure-Based Computational Studies of Small Molecules Targeting the Urokinase
Receptor. Bioorg. Med. Chem. 2012, 20, 4760-4773. [CrossRef] [PubMed]

Bum-Erdene, K,; Liu, D.; Xu, D.; Ghozayel, M.K.; Meroueh, S.O. Design and Synthesis of Fragment Derivatives with a Unique
Inhibition Mechanism of the UPAR-uPA Interaction. ACS Med. Chem. Lett. 2021, 12, 60—-66. [CrossRef]

Xu, D.; Bum-Erdene, K.; Leth, ] M.; Ghozayel, M.K,; Ploug, M.; Meroueh, S.O. Small-Molecule Inhibition of the UPAR - UPA
Interaction by Conformational Selection. ChemMedChem 2021, 16, 377-387. [CrossRef]

Rea, VE.A ; Lavecchia, A.; di Giovanni, C.; Rossi, EW.; Gorrasi, A.; Pesapane, A.; de Paulis, A.; Ragno, P.; Montuori, N. Discovery
of New Small Molecules Targeting the Vitronectin-Binding Site of the Urokinase Receptor That Block Cancer Cell Invasion. Mol.
Cancer Ther. 2013, 12, 1402-1416. [CrossRef]

Chaurasia, P; Mezei, M.; Zhou, M.-M.; Ossowski, L. Computer Aided Identification of Small Molecules Disrupting
UPAR/ Alphabbetal—Integrin Interaction: A New Paradigm for Metastasis Prevention. PLoS ONE 2009, 4, e4617. [CrossRef]
[PubMed]

Pasupuleti, N.; Grodzki, A.C.; Gorin, FE. Mis-Trafficking of Endosomal Urokinase Proteins Triggers Drug-Induced Glioma
Nonapoptotic Cell Death. Mol. Pharmacol. 2015, 87, 683-696. [CrossRef]

Ossowski, L. Effect of Antisense Inhibition of Urokinase Receptor on Malignancy. Curr. Top Microbiol. Immunol. 1996, 213, 101-112.
[CrossRef]

Quattrone, A.; Fibbi, G.; Anichini, E.; Pucci, M.; Zamperini, A.; Capaccioli, S.; del Rosso, M. Reversion of the Invasive Phenotype
of Transformed Human Fibroblasts by Anti-Messenger Oligonucleotide Inhibition of Urokinase Receptor Gene Expression. Cancer
Res. 1995, 55, 90-95.

Margheri, F.; D’Alessio, S.; Serrati, S.; Pucci, M.; Annunziato, F.; Cosmi, L.; Liotta, F; Angeli, R.; Angelucci, A.; Gravina, G.L.; et al.
Effects of Blocking Urokinase Receptor Signaling by Antisense Oligonucleotides in a Mouse Model of Experimental Prostate
Cancer Bone Metastases. Gene Ther. 2005, 12, 702-714. [CrossRef]

Dass, C.R.; Nadesapillai, A.P.W.; Robin, D.; Howard, M.L.; Fisher, ].L.; Zhou, H.; Choong, PEM. Downregulation of UPAR
Confirms Link in Growth and Metastasis of Osteosarcoma. Clin. Exp. Metastasis 2005, 22, 643-652. [CrossRef]

Go, Y.; Chintala, S.K.; Mohanam, S.; Gokaslan, Z.; Venkaiah, B.; Bjerkvig, R.; Oka, K.; Nicolson, G.L.; Sawaya, R.; Rao, J.S.
Inhibition of in Vivo Tumorigenicity and Invasiveness of a Human Glioblastoma Cell Line Transfected with Antisense UPAR
Vectors. Clin. Exp. Metastasis 1997, 15, 440-446. [CrossRef] [PubMed]

Tavian, D.; Salvi, A.; de Petro, G.; Barlati, S. Stable Expression of Antisense Urokinase MRNA Inhibits the Proliferation and
Invasion of Human Hepatocellular Carcinoma Cells. Cancer Gene Ther. 2003, 10, 112-120. [CrossRef]

Wu, X.; Cai, M,; Ji, F,; Lou, L.-M. The Impact of COX-2 on Invasion of Osteosarcoma Cell and Its Mechanism of Regulation. Cancer
Cell Int. 2014, 14, 27. [CrossRef] [PubMed]

Lakka, S.S.; Rajagopal, R.; Rajan, M.K.; Mohan, PM.; Adachi, Y.; Dinh, D.H.; Olivero, W.C.; Gujrati, M.; Ali-Osman, F; Roth,
J.A.; et al. Adenovirus-Mediated Antisense Urokinase-Type Plasminogen Activator Receptor Gene Transfer Reduces Tumor Cell
Invasion and Metastasis in Non-Small Cell Lung Cancer Cell Lines. Clin. Cancer Res. 2001, 7, 1087-1093. [PubMed]

Gondi, C.S,; Lakka, S.S.; Yanamandra, N.; Siddique, K.; Dinh, D.H.; Olivero, W.C.; Gujrati, M.; Rao, ].S. Expression of Anti-
sense UPAR and Antisense UPA from a Bicistronic Adenoviral Construct Inhibits Glioma Cell Invasion, Tumor Growth, and
Angiogenesis. Oncogene 2003, 22, 5967-5975. [CrossRef] [PubMed]

Gondi, C.S.; Lakka, S.S.; Dinh, D.H.; Olivero, W.C.; Gujrati, M.; Rao, ].S. Intraperitoneal Injection of a Hairpin RNA-Expressing
Plasmid Targeting Urokinase-Type Plasminogen Activator (UPA) Receptor and UPA Retards Angiogenesis and Inhibits Intracra-
nial Tumor Growth in Nude Mice. Clin. Cancer Res. 2007, 13, 4051-4060. [CrossRef] [PubMed]

Biagioni, A.; Laurenzana, A.; Menicacci, B.; Peppicelli, S.; Andreucci, E.; Bianchini, F.; Guasti, D.; Paoli, P; Serrati, S.; Mocali, A.;
et al. UPAR-Expressing Melanoma Exosomes Promote Angiogenesis by VE-Cadherin, EGFR and UPAR Overexpression and Rise
of ERK1,2 Signaling in Endothelial Cells. Cell. Mol. Life Sci. 2021, 78, 3057-3072. [CrossRef]

Adair, ].H.; Parette, M.P,; Altinoglu, E.I; Kester, M. Nanoparticulate Alternatives for Drug Delivery. ACS Nano 2010, 4, 4967-4970.
[CrossRef] [PubMed]


http://doi.org/10.1097/CMR.0000000000000124
http://www.ncbi.nlm.nih.gov/pubmed/25405459
http://doi.org/10.1016/S1359-6446(02)02483-2
http://doi.org/10.1016/j.bmcl.2011.09.044
http://doi.org/10.3390/ijms22062999
http://www.ncbi.nlm.nih.gov/pubmed/33804289
http://doi.org/10.1021/cb200180m
http://www.ncbi.nlm.nih.gov/pubmed/21875078
http://doi.org/10.1016/j.bmc.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22771232
http://doi.org/10.1021/acsmedchemlett.0c00422
http://doi.org/10.1002/cmdc.202000558
http://doi.org/10.1158/1535-7163.MCT-12-1249
http://doi.org/10.1371/journal.pone.0004617
http://www.ncbi.nlm.nih.gov/pubmed/19242538
http://doi.org/10.1124/mol.114.096602
http://doi.org/10.1007/978-3-642-80071-9_7
http://doi.org/10.1038/sj.gt.3302456
http://doi.org/10.1007/s10585-006-9004-3
http://doi.org/10.1023/A:1018410523635
http://www.ncbi.nlm.nih.gov/pubmed/9219733
http://doi.org/10.1038/sj.cgt.7700533
http://doi.org/10.1186/1475-2867-14-27
http://www.ncbi.nlm.nih.gov/pubmed/24666548
http://www.ncbi.nlm.nih.gov/pubmed/11309361
http://doi.org/10.1038/sj.onc.1206535
http://www.ncbi.nlm.nih.gov/pubmed/12955075
http://doi.org/10.1158/1078-0432.CCR-06-3032
http://www.ncbi.nlm.nih.gov/pubmed/17634529
http://doi.org/10.1007/s00018-020-03707-4
http://doi.org/10.1021/nn102324e
http://www.ncbi.nlm.nih.gov/pubmed/20873786

Cancers 2022, 14, 498 22 of 23

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

O’Halloran, T.V,; Ahn, R.; Hankins, P.; Swindell, E.; Mazar, A.P. The Many Spaces of UPAR: Delivery of Theranostic Agents and
Nanobins to Multiple Tumor Compartments through a Single Target. Theranostics 2013, 3, 496-506. [CrossRef] [PubMed]
Zhang, Y.; Kenny, H.A.; Swindell, E.P; Mitra, A.K.; Hankins, PL.; Ahn, RW.; Gwin, K; Mazar, A.P.; O'Halloran, T.V,; Lengyel, E.
Urokinase Plasminogen Activator System-Targeted Delivery of Nanobins as a Novel Ovarian Cancer Therapy. Mol. Cancer Ther.
2013, 12, 2628-2639. [CrossRef]

Vallera, D.A; Li, C.; Jin, N.; Panoskaltsis-Mortari, A.; Hall, W.A. Targeting Urokinase-Type Plasminogen Activator Receptor on
Human Glioblastoma Tumors with Diphtheria Toxin Fusion Protein DTAT. ]. Natl. Cancer Inst. 2002, 94, 597-606. [CrossRef]
Hall, W.A; Vallera, D.A. Efficacy of Antiangiogenic Targeted Toxins against Glioblastoma Multiforme. Neurosurg. Focus 2006, 20,
E23. [CrossRef]

Huang, J.; Li, YM.; Massague, ].; Sicheneder, A.; Vallera, D.A.; Hall, W.A. Intracerebral Infusion of the Bispecific Targeted Toxin
DTATEGEF in a Mouse Xenograft Model of a Human Metastatic Non-Small Cell Lung Cancer. J. Neurooncol. 2012, 109, 229-238.
[CrossRef]

Yang, L.; Peng, X.-H.; Wang, Y.A.; Wang, X.; Cao, Z.; Ni, C.; Karna, P.; Zhang, X.; Wood, W.C.; Gao, X; et al. Receptor-Targeted
Nanoparticles for in Vivo Imaging of Breast Cancer. Clin. Cancer Res. 2009, 15, 4722-4732. [CrossRef]

Abdalla, M.O.; Karna, P; Sajja, HK.; Mao, H.; Yates, C.; Turner, T.; Aneja, R. Enhanced Noscapine Delivery Using UPAR-Targeted
Optical-MR Imaging Trackable Nanoparticles for Prostate Cancer Therapy. J. Control. Release 2011, 149, 314-322. [CrossRef]
Chen, Z.; Xu, P,; Chen, J.; Chen, H.; Hu, P; Chen, X,; Lin, L.; Huang, Y.; Zheng, K.; Zhou, S.; et al. Zinc Phthalocyanine Conjugated
with the Amino-Terminal Fragment of Urokinase for Tumor-Targeting Photodynamic Therapy. Acta Biomater. 2014, 10, 4257-4268.
[CrossRef] [PubMed]

Li, S;; Yuan, C.; Chen, J.; Chen, D.; Chen, Z.; Chen, W.; Yan, S.; Hu, P; Xue, J.; Li, R.; et al. Nanoparticle Binding to Urokinase
Receptor on Cancer Cell Surface Triggers Nanoparticle Disintegration and Cargo Release. Theranostics 2019, 9, 884-899. [CrossRef]
[PubMed]

Li, R.;; Zheng, K.; Hu, P; Chen, Z.; Zhou, S.; Chen, J.; Yuan, C.; Chen, S.; Zheng, W.; Ma, E.; et al. A Novel Tumor Targeting Drug
Carrier for Optical Imaging and Therapy. Theranostics 2014, 4, 642—659. [CrossRef] [PubMed]

Li, R; Zheng, K.; Yuan, C.; Chen, Z.; Huang, M. Be Active or Not: The Relative Contribution of Active and Passive Tumor
Targeting of Nanomaterials. Nanotheranostics 2017, 1, 346-357. [CrossRef]

Zheng, K.; Li, R.; Zhou, X,; Hu, P.,; Zhang, Y.; Huang, Y.; Chen, Z.; Huang, M. Dual Actions of Albumin Packaging and Tumor
Targeting Enhance the Antitumor Efficacy and Reduce the Cardiotoxicity of Doxorubicin in Vivo. Int. ]. Nanomed. 2015, 10,
5327-5342. [CrossRef]

Oh, F,; Modiano, J.F,; Bachanova, V.; Vallera, D.A. Bispecific Targeting of EGFR and Urokinase Receptor (UPAR) Using Ligand-
Targeted Toxins in Solid Tumors. Biomolecules 2020, 10, 956. [CrossRef]

Vallera, D.A.; Todhunter, D.A.; Kuroki, D.W,; Shu, Y.; Sicheneder, A.; Chen, H. A Bispecific Recombinant Immunotoxin, DT2219,
Targeting Human CD19 and CD22 Receptors in a Mouse Xenograft Model of B-Cell Leukemia/Lymphoma. Clin. Cancer Res.
2005, 11, 3879-3888. [CrossRef] [PubMed]

Tsai, A.K,; Oh, S.; Chen, H.; Shu, Y.; Ohlfest, ].R.; Vallera, D.A. A Novel Bispecific Ligand-Directed Toxin Designed to Simul-
taneously Target EGFR on Human Glioblastoma Cells and UPAR on Tumor Neovasculature. J. Neurooncol. 2011, 103, 255-266.
[CrossRef]

Oh, S.; Ohlfest, J.R.; Todhunter, D.A.; Vallera, V.D.; Hall, W.A.; Chen, H.; Vallera, D.A. Intracranial Elimination of Human
Glioblastoma Brain Tumors in Nude Rats Using the Bispecific Ligand-Directed Toxin, DTEGF13 and Convection Enhanced
Delivery. J. Neurooncol. 2009, 95, 331-342. [CrossRef] [PubMed]

Oh, S.; Tsai, A.K.; Ohlfest, J.R.; Panoskaltsis-Mortari, A.; Vallera, D.A. Evaluation of a Bispecific Biological Drug Designed to
Simultaneously Target Glioblastoma and Its Neovasculature in the Brain. J. Neurosurg. 2011, 114, 1662-1671. [CrossRef] [PubMed]
Waldron, N.N.; Oh, S.; Vallera, D.A. Bispecific Targeting of EGFR and UPAR in a Mouse Model of Head and Neck Squamous Cell
Carcinoma. Oral Oncol. 2012, 48, 1202-1207. [CrossRef] [PubMed]

Ayodele, O.; Razak, A.R.A. Inmunotherapy in Soft-Tissue Sarcoma. Curr. Oncol. 2020, 27, 17-23. [CrossRef]

Pilbeam, K.; Wang, H.; Taras, E.; Bergerson, R.J.; Ettestad, B.; DeFor, T.; Borgatti, A.; Vallera, D.A.; Verneris, M.R. Targeting
Pediatric Sarcoma with a Bispecific Ligand Immunotoxin Targeting Urokinase and Epidermal Growth Factor Receptors. Oncotarget
2018, 9, 11938-11947. [CrossRef] [PubMed]

Borgatti, A.; Koopmeiners, ].S.; Sarver, A.L.; Winter, A.L.; Stuebner, K.; Todhunter, D.; Rizzardi, A.E.; Henriksen, J.C.; Schmechel,
S.; Forster, C.L.; et al. Safe and Effective Sarcoma Therapy through Bispecific Targeting of EGFR and UPAR. Mol. Cancer Ther.
2017, 16, 956-965. [CrossRef] [PubMed]

Schappa, ].T.; Frantz, A.M.; Gorden, B.H.; Dickerson, E.B.; Vallera, D.A.; Modiano, ].F. Hemangiosarcoma and Its Cancer Stem
Cell Subpopulation Are Effectively Killed by a Toxin Targeted through Epidermal Growth Factor and Urokinase Receptors. Int. J.
Cancer 2013, 133, 1936-1944. [CrossRef] [PubMed]

Oh, F; Todhunter, D.; Taras, E.; Vallera, D.A ; Borgatti, A. Targeting EGFR and UPAR on Human Rhabdomyosarcoma, Osteosar-
coma, and Ovarian Adenocarcinoma with a Bispecific Ligand-Directed Toxin. Clin. Pharmacol. 2018, 10, 113-121. [CrossRef]
Khanna, C.; Lindblad-Toh, K.; Vail, D.; London, C.; Bergman, P.; Barber, L.; Breen, M.; Kitchell, B.; McNeil, E.; Modiano, J.E; et al.
The Dog as a Cancer Model. Nat. Biotechnol. 2006, 24, 1065-1066. [CrossRef]


http://doi.org/10.7150/thno.4953
http://www.ncbi.nlm.nih.gov/pubmed/23843897
http://doi.org/10.1158/1535-7163.MCT-13-0204
http://doi.org/10.1093/jnci/94.8.597
http://doi.org/10.3171/foc.2006.20.4.15
http://doi.org/10.1007/s11060-012-0904-6
http://doi.org/10.1158/1078-0432.CCR-08-3289
http://doi.org/10.1016/j.jconrel.2010.10.030
http://doi.org/10.1016/j.actbio.2014.06.026
http://www.ncbi.nlm.nih.gov/pubmed/24969665
http://doi.org/10.7150/thno.29445
http://www.ncbi.nlm.nih.gov/pubmed/30809315
http://doi.org/10.7150/thno.8527
http://www.ncbi.nlm.nih.gov/pubmed/24723985
http://doi.org/10.7150/ntno.19380
http://doi.org/10.2147/IJN.S84478
http://doi.org/10.3390/biom10060956
http://doi.org/10.1158/1078-0432.CCR-04-2290
http://www.ncbi.nlm.nih.gov/pubmed/15897589
http://doi.org/10.1007/s11060-010-0392-5
http://doi.org/10.1007/s11060-009-9932-2
http://www.ncbi.nlm.nih.gov/pubmed/19517064
http://doi.org/10.3171/2010.11.JNS101214
http://www.ncbi.nlm.nih.gov/pubmed/21294620
http://doi.org/10.1016/j.oraloncology.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22818892
http://doi.org/10.3747/co.27.5407
http://doi.org/10.18632/oncotarget.21187
http://www.ncbi.nlm.nih.gov/pubmed/29552283
http://doi.org/10.1158/1535-7163.MCT-16-0637
http://www.ncbi.nlm.nih.gov/pubmed/28193671
http://doi.org/10.1002/ijc.28187
http://www.ncbi.nlm.nih.gov/pubmed/23553371
http://doi.org/10.2147/CPAA.S160262
http://doi.org/10.1038/nbt0906-1065b

Cancers 2022, 14, 498 23 of 23

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Borgatti, A.; Fieberg, A.; Winter, A.L.; Stuebner, K,; Taras, E.; Todhunter, D.; Masyr, A.; Rendhal, A.; Vallera, D.A.; Koopmeiners,
J.S.; et al. Impact of Repeated Cycles of EGF Bispecific Angiotoxin (EBAT) Administered at a Reduced Interval from Doxorubicin
Chemotherapy in Dogs with Splenic Haemangiosarcoma. Vet. Comp. Oncol. 2020, 18, 664-674. [CrossRef]

Montuori, N.; Carriero, M.V,; Salzano, S.; Rossi, G.; Ragno, P. The Cleavage of the Urokinase Receptor Regulates Its Multiple
Functions. J. Biol. Chem. 2002, 277, 46932-46939. [CrossRef]

Montuori, N.; Cosimato, V.; Rinaldi, L.; Rea, V.E.A.; Alfano, D.; Ragno, P. UPAR Regulates Pericellular Proteolysis through a
Mechanism Involving Integrins and FMLF-Receptors. Thromb. Haemost. 2013, 109, 309-318. [CrossRef]

Ateeq, B.; Rabbani, S.; Mazar, A.; Parry, G.G. A Selective Anti-Urokinase Receptor (UPAR) Antibody (ATN-658) Blocks Prostate
Cancer Growth, Migration, Invasion and Skeletal Metastasis in Vitro and in Vivo. Cancer Res. 2007, 67, 4094.

Rabbani, S.A.; Ateeq, B.; Arakelian, A.; Valentino, M.L.; Shaw, D.E.; Dauffenbach, L.M.; Kerfoot, C.A.; Mazar, A.P. An Anti-
Urokinase Plasminogen Activator Receptor Antibody (ATN-658) Blocks Prostate Cancer Invasion, Migration, Growth, and
Experimental Skeletal Metastasis in Vitro and in Vivo. Neoplasia 2010, 12, 778-788. [CrossRef]

Xu, X; Cai, Y.; Wei, Y; Donate, E; Juarez, ].; Parry, G.; Chen, L.; Meehan, E.]J.; Ahn, RW.; Ugolkov, A.; et al. Identification of a New
Epitope in UPAR as a Target for the Cancer Therapeutic Monoclonal Antibody ATN-658, a Structural Homolog of the UPAR
Binding Integrin CD11b (AM). PLoS ONE 2014, 9, e85349. [CrossRef] [PubMed]

Mahmood, N.; Arakelian, A.; Khan, H.A.; Tanvir, I.; Mazar, A.P,; Rabbani, S.A. UPAR Antibody (HuATN-658) and Zometa Reduce
Breast Cancer Growth and Skeletal Lesions. Bone Res. 2020, 8, 18. [CrossRef] [PubMed]

Mazar, A.P.; Ahn, RW.; O’'Halloran, T.V. Development of Novel Therapeutics Targeting the Urokinase Plasminogen Activator
Receptor (UPAR) and Their Translation toward the Clinic. Curr. Pharm. Des. 2011, 17, 1970-1978. [CrossRef] [PubMed]

Ahn, RW.; Chen, F; Chen, H; Stern, S.T.; Clogston, ].D.; Patri, A K,; Raja, M.R,; Swindell, E.P,; Parimi, V.; Cryns, V.L; etal. A
Novel Nanoparticulate Formulation of Arsenic Trioxide with Enhanced Therapeutic Efficacy in a Murine Model of Breast Cancer.
Clin. Cancer Res. 2010, 16, 3607-3617. [CrossRef] [PubMed]

Lu, W,; Cong, Y.; Yang, D.; Chen, D.; Yang, G.; Wang, Y.; van Dort, M.E.; Ross, B.D.; Mazar, A.P.; Chu, B.-B.; et al. Engineered
Antibody Fragment against the Urokinase Plasminogen Activator for Fast Delineation of Triple-Negative Breast Cancer by
Positron Emission Tomography. Mol. Pharm. 2021, 18, 1690-1698. [CrossRef]

Kwaan, H.C.; Mazar, A.P; McMahon, B.]. The Apparent UPA /PAI-1 Paradox in Cancer: More than Meets the Eye. Semin. Thromb.
Hemost. 2013, 39, 382-391. [CrossRef] [PubMed]

Ploug, M.; Renne, E.; Behrendt, N.; Jensen, A.L.; Blasi, F.; Dang, K. Cellular Receptor for Urokinase Plasminogen Activator.
Carboxyl-Terminal Processing and Membrane Anchoring by Glycosyl-Phosphatidylinositol. J. Biol. Chern. 1991, 266, 1926-1933.
[CrossRef]

Chen, Z.; Lin, L.; Huai, Q.; Huang, M. Challenges for Drug Discovery—A Case Study of Urokinase Receptor Inhibition. Cormb.
Chem. High Throughout Screen 2009, 12, 961-967. [CrossRef]


http://doi.org/10.1111/vco.12590
http://doi.org/10.1074/jbc.M207494200
http://doi.org/10.1160/TH12-08-0546
http://doi.org/10.1593/neo.10296
http://doi.org/10.1371/journal.pone.0085349
http://www.ncbi.nlm.nih.gov/pubmed/24465541
http://doi.org/10.1038/s41413-020-0094-3
http://www.ncbi.nlm.nih.gov/pubmed/32337090
http://doi.org/10.2174/138161211796718152
http://www.ncbi.nlm.nih.gov/pubmed/21711234
http://doi.org/10.1158/1078-0432.CCR-10-0068
http://www.ncbi.nlm.nih.gov/pubmed/20519360
http://doi.org/10.1021/acs.molpharmaceut.0c01139
http://doi.org/10.1055/s-0033-1338127
http://www.ncbi.nlm.nih.gov/pubmed/23532574
http://doi.org/10.1016/S0021-9258(18)52382-6
http://doi.org/10.2174/138620709789824727

	Introduction 
	The Urokinase Plasminogen Activator 
	The Urokinase Plasminogen Activator Receptor 
	Inhibitors of uPA 
	Inhibitors of uPA Catalytic Activity 
	Peptide Inhibitors of uPA-Binding to uPAR, uPA Proteolytic Activity and uPA-Dependent Signaling Activity 

	Inhibitors of uPAR 
	Peptide Inhibitors of the uPAR/Integrin Interaction 
	Peptide Inhibitors of uPAR/FPR1 Interaction 

	Small Molecules Affecting the uPA/uPAR System 
	Genetic Inhibitors of uPA and uPAR Expression 
	Bioengineered Drugs Affecting the uPA/uPAR System 
	Monoclonal Antibodies Inhibiting uPA/uPAR Functions 
	Discussion and Conclusions 
	References

