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Abstract

Proteolytic cleavage regulates numerous processes in health and
disease. One key player is the ubiquitously expressed serine
protease furin, which cleaves a plethora of proteins at polybasic
recognition motifs. Mammalian substrates of furin include
cytokines, hormones, growth factors and receptors. Thus, it is not
surprising that aberrant furin activity is associated with a variety
of disorders including cancer. Furthermore, the enzymatic activity
of furin is exploited by numerous viral and bacterial pathogens,
thereby enhancing their virulence and spread. In this review, we
describe the physiological and pathophysiological substrates of
furin and discuss how dysregulation of a simple proteolytic
cleavage event may promote infectious diseases and cancer. One
major focus is the role of furin in viral glycoprotein maturation
and pathogenicity. We also outline cellular mechanisms
regulating the expression and activation of furin and summarise
current approaches that target this protease for therapeutic
intervention.
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INTRODUCTION processes includi_ng cancer, cardic.Jva§cuIar

disorders and autoimmune diseases.” Intriguingly,
The human genome encodes more than 550 also many viral pathogens exploit cellular
proteases. These molecular scissors play important proteases for the proteolytic processing and

roles in essentially all physiological processes. They
digest the proteins in our food, degrade
misfolded or unwanted proteins and regulate the
trafficking and activity of numerous cellular

maturation of their own proteins. Similarly,
activation of bacterial toxins frequently requires
cleavage by proteases of the infected or
intoxicated host.

factors. Proteolytic cleavage is certainly one of the
most important post-translational modifications,
generating a plethora of bioactive proteins and
peptides with key roles in cell proliferation,
immunity and inflammation. Not surprisingly,
mutations in proteases and/or aberrant protease
activity are associated with numerous pathological
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In recent years, modulation of protease activity
has therefore emerged as a potential therapeutic
approach in a variety of infectious and
noninfectious diseases. One particularly promising
target for therapeutic intervention is the cellular
protease furin. This protease most likely cleaves
and activates more than 150 mammalian, viral
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Furin in health and disease

and bacterial substrates.? Among them are viral
envelope glycoproteins and bacterial toxins, as
well as cellular factors that promote tumor
development and growth if they are
hyperactivated (Figure 1). In this review, we
summarise our current knowledge of furin-
mediated protein processing in health and disease
with a focus on the role of furin in viral protein
processing. Furthermore, we describe cellular
mechanisms regulating furin activity at the
transcriptional and post-transcriptional level.
Finally, we present approaches that aim at
modulating furin activity for therapeutic purposes
and discuss their suitability for clinical application.

E Braun & D Sauter

THE FAMILY OF PROPROTEIN
CONVERTASES

Furin is a member of the evolutionarily ancient
family of proprotein convertases. Their similarity
with bacterial subtilisin and yeast kexin proteases
has coined the abbreviation PCSK (proprotein
convertase subtilisin/kexin type). Humans encode
nine members of this protease family (PCSK1-9),
with PCSK3 representing furin (Table 1). PCSKs are
well known for their ability to activate other
cellular proteins. The proteolytic conversion of
inactive  precursor proteins into bioactive
molecules has already been described in the
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Figure 1. Furin cleaves and activates a variety of mammalian, viral and bacterial substrates. The serine protease furin is essential for proper
activation of a variety of cellular precursor proteins. As a consequence, aberrant expression or activity of furin may result in a variety of disorders
(left panel). Furthermore, numerous viruses exploit furin for the activation of their glycoproteins (central panel) and several bacterial exotoxins are
activated by furin-mediated cleavage (right panel). E2, glycoprotein E2; Env, envelope; F, fusion protein; gB, glycoprotein B; GP, glycoprotein; HA,
hemagglutinin; PreGn, precursor glycoprotein Gn; prM, premembrane protein; S, spike protein.
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1960s.> However, it took more than 20 years until
furin was identified as the first mammalian
proprotein convertase.*> To date, more than 200
cellular substrates of PCSKs have been described,
including hormones, receptors, growth factors
and adhesion molecules.

Although PCSKs are frequently coexpressed in
the same cell and may cleave the same
substrates, there is no complete redundancy and
the inactivation of individual PCSKs results in
specific knock-out phenotypes in mice.® PCSK1-7
cleave their substrates after basic residues, with
the typical recognition motif K/R-X,-K/RI®
(Table 1). In contrast, PCSK8 cleaves after
nonbasic residues and is best known for its
regulation of cholesterol and lipid metabolism by
activating sterol regulatory element-binding
protein (SREBP) transcription factors.®’ Like
PCSK8, PCSK9 also plays a key role in cholesterol
metabolism as it regulates low-density
lipoprotein (LDL) particle levels in the blood.
However, this effect does not involve proteolytic
cleavage of a specific substrate, but is mediated
by a direct binding of PCSK9 to LDL receptors.®
With two FDA-approved inhibitors for the
treatment of hypercholesterolaemia, PCSK9 is
also the prime example of a protease that is
successfully targeted for therapy.®

THE ‘LIFE CYCLE’ OF FURIN

The prototypical and best-characterised member
of the PCSK family is furin/PCSK3. Since it cleaves
basic amino acid motifs, it has also been termed
PACE (paired basic amino acid cleaving enzyme).
Furin is expressed by the FUR (FES upstream

Table 1. The family of proprotein convertases

Furin in health and disease

region) gene on chromosome 15. Although furin
is ubiquitously expressed, its mRNA and protein
levels vary depending on the cell type and tissue.
High levels can be found in salivary glands, liver
and bone marrow, whereas muscle cells express
relatively low amounts of furin.® Three promoters
(P1, P1A and P1B), each harbouring an alternative
transcription start site, have been described
(Figure 2). However, the respective transcripts
differ only in the first untranslated exon and are
therefore predicted to express the same protein.'
While the P1A and P1B promoters resemble those
of constitutively expressed housekeeping genes,
the P1 promoter binds the transcription factor
C/EBPB and can be trans-activated upon cytokine
stimulation.'® In line with this, IFNy, TGFB, IL-12
and PMA induce furin expression.'" '

Upon translation of the mRNA, furin enters the
secretory pathway as an inactive proenzyme and
is integrated into the ER membrane via its C-
terminal transmembrane domain (Figure 2). Like
most type | transmembrane proteins, it harbours a
short N-terminal signal peptide that is cleaved off

cotranslationally. Similar to other proprotein
convertases, furin contains an inhibitory N-
terminal 83-amino acid propeptide, whose

chaperone function is required for correct folding
of the catalytic domain."® During the transition of
furin from the ER to the trans-Golgi network
(TGN), the inhibitory propeptide is removed in a
two-step autoproteolytic process and furin gains
its enzymatic activity.'® At the same time, N-linked
oligosaccharides are added and trimmed.
Although furin accumulates in the TGN, it can be
further transported to the cell surface and back
via the endosomal pathway.'”'® Finally, furin can

PCSK nomenclature Alternative names

trans-cleavage Target sequence

PCSK1 PC1, PC3, PC1/3, SPC3, NEC1
PCSK2 PC2, SPC2

PCSK3 Furin, PACE, SPC1

PCSK4 PC4, SPC5

PCSK5 PC5(A/B), PC6, PC5/6, SPC7
PCSK6 PACE4, SPC4

PCSK7 PC7, PC8, LPC, SPC7

PCSK8 SKI-1, STP, MBTPS1

PCSK9 PC9, NARC-1

Yes K/R-X,-K/RY

Yes K/R-X-K/RY

Yes R-X-K/R-RY

Yes K/R-X-K/RY

Yes K/R-X-K/RY

Yes K/R-X,-K/RY

Yes K/R-X-K/RY

Yes R-X-L/V/I-X{

No Internal V-F-A-Q;5,¢

LPC, lymphoma proprotein convertase; MBTPS1, membrane-bound transcription factor peptidase site 1; NARC-1, neural apoptosis-regulated
convertase 1; NECT, neuroendocrine convertase 1; PACE, paired basic amino acid cleaving enzyme; PC, proprotein convertase; S1P, site-1
protease; SKI-1, subtilisin/kexin isoenzyme 1; SPC, subtilisin proprotein convertase; X, 0-, 2-, 4- or 6-amino acid spacer; X represents any amino

acid; 4, cleavage site.
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Figure 2. Maturation of the cellular protease furin. Furin expression is driven by three different promoters, sharing characteristics of either
cytokine-activated (P1) or housekeeping gene (P1A and P1B) promoters. During translation, furin is integrated into ER membranes and
glycosylated. After the N-terminal signal peptide (red) is removed, an autocatalytic cleavage event occurs, generating a short propeptide (light
blue). This propeptide remains associated with furin and acts as an intramolecular chaperone and inhibitor. After transit to the Golgi complex, the
propeptide is removed and glycans are trimmed before furin gains its proteolytic activity. Furin accumulates in the trans-Golgi network (TGN), but
can also traffic to the plasma membrane and cycle between these two compartments via endosomes. Proteolytic cleavage at the C terminus of
furin separates the transmembrane domain (orange) from the catalytically active domain. As a result, furin can be shed into the extracellular

space as an active enzyme.

also be shed and released into the extracellular
space upon proteolytic separation of the catalytic
domain from the membrane-bound C terminus.'
Whether this cleavage step is mediated by furin
itself or another protease remains to be
determined.?® The presence of furin in the TGN
and endosomal compartments, at the cell surface
and in the extracellular space, may explain its
ability to process a large variety of intra- and
extracellular substrates.

MAMMALIAN SUBSTRATES OF FURIN

The canonical furin cleavage site is frequently
described as R-X-K/R-R\. However, variations of this
motif may also be recognised and a stretch of 20
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amino acids surrounding the cleavage site as well
as post-translational modifications determine
interaction with the furin binding pocket.?'
Bioinformatic analyses and functional studies
uncovered more than 100 furin cleavage sites in
mammalian proteins. These comprise growth
factors and cytokines (e.g. IGF1, IGF2, TGFpB, PDGFa,
PDGFB, VEGF-C, NGF, CXCL10), hormones (e.g. PTH,
TRH, GHRH), adhesion molecules (e.g. integrins,
vitronectin), collagens, metalloproteinases,
coagulation factors, receptors, membrane channels
and albumin.? While most of these target factors
are activated upon furin-mediated cleavage, furin

also exerts inactivating cleavage steps. For
example, the furin paralogue PCSK9 and
22,23

endothelial lipase can be inactivated by furin.
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The physiological importance of furin is
reflected by furin knock-out mice, which die at
embryonic day 11 because of cardial ventral
closure defects and hemodynamic insufficiency.?*
Similarly, endothelial cell-specific knock-out of
furin results in cardiac malformation and death
shortly after birth.”> Even mutations in the
cleavage site of a single furin target protein may
have detrimental effects and result in genetic
disorders such as haemophilia B or X-linked
hypohidrotic ectodermal dysplasia.?®?” Because of
its pleiotropic effects, variations in furin expression
levels and/or its enzymatic activity may have
detrimental effects and promote the pathogenesis
of a variety of disorders, including rheumatoid
arthritis, amyloid dementia and cancer."”

ROLE OF FURIN IN TUMOR
DEVELOPMENT AND PROGRESSION

Furin has been termed a 'master switch of tumor
growth and progression’?®?° as its aberrant
expression or activation can promote the
formation and progression of  various
malignancies including colon carcinoma,
rhabdomyosarcoma, head and neck cancers, lung,
skin and brain tumors.3° In some cases, furin levels
positively correlate with aggressiveness, and
increased furin expression has been proposed as
prognostic marker for advanced cancers.°

The oncogenic and prometastatic activity of furin
has been ascribed to its ability to activate proteins
that promote cell proliferation, angiogenesis,
migration and tissue invasion. For example, furin
cleaves and activates growth factors such as IGFs,
PDGFs or NGF that enhance cell proliferation and
consequently tumor growth. Similarly, angiogenic
and lymphangiogenic factors such as VEGF-C and
VEGF-D may be hyperactivated and promote the
vascularisation and growth of solid tumors.®®
Notably, furin expression is induced by hypoxia, as
all three FUR promoters harbour binding sites for
the hypoxia-inducible factor-1 (HIF-1).3" Thus,
furin-mediated vascularisation may preferentially

occur in otherwise growth-restricted hypoxic
tumors. Interestingly, hypoxia also results in
subcellular relocalisation of furin to the cell

surface, which may further enhance processing of
growth factors and other extracellular tumorigenic
precursor proteins.3?

Besides effects on tumor growth, furin can also
promote migration and extravasation of
malignant cells as it processes adhesion molecules
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mediating cell-cell and cell-matrix interactions.
The cleavage of integrins may be particularly
relevant as they not only mediate adhesion of
cells to the extracellular matrix, but also act as
signal transducers regulating cell growth, division
and survival.®® In addition, furin activates matrix
metalloproteinases (e.g. MMP14) that facilitate
metastasis by degrading components of the
extracellular matrix.*°

Finally, increased furin activity may also
promote cancer development by suppressing
protective antitumor mechanisms. For example,
increased furin-mediated activation of TGFp
reduces immune surveillance by promoting the
development of suppressive T,q cells and
inhibiting effector T-cell functions.>* The key role
of furin in immunity is highlighted by T-cell-
specific furin knock-out mice, which harbour
inherently over-reactive effector T cells that
secrete reduced levels of active TGFB.3®

Notably, positive feedback loops can further
enhance the oncogenic potential of furin. For
example, the furin substrate TGFB not only
increases furin  mMRNA expression, but also
enhances its proteolytic activity by an unknown
mechanism.>*®  Similarly, furin enhances the
secretion of IFNy, which in turn activates the FUR
promoter.'"' This mutual enhancement seems
particularly important given the key role of IFNy
in tumor development and progression.>” On the
one hand, furin-driven IFNy release may have
beneficial effects as it boosts the tumorlytic
activity of natural killer cells and cytotoxic T
lymphocytes. Furthermore, IFNy may act as an
antiangiogenic factor and directly inhibit tumor
cell proliferation by inducing the expression of
tumor suppressors such as p21 or p27. On the
other hand, however, recent evidence suggests
that IFNy may also exert tumor-promoting effects,
for example by selecting for immune evasive
phenotypes and promoting an immunosuppressive
tumor microenvironment.?” Intriguingly, a study
on laryngeal cancer patients suggests that the
IFNy-furin feedback loop may be further boosted
iatrogenically since radiotherapy increased furin
expression in some patients.*®

In summary, aberrant furin activation promotes
several steps of cancer development, including cell
proliferation, vascularisation, metastasis and
antitumor immunity. However, the relative
contribution of individual furin substrates to
tumor progression and the role of other
proprotein convertases remain largely unclear.
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ROLE OF FURIN IN THE ACTIVATION OF
BACTERIAL EXOTOXINS

Furin may not only promote disease upon
aberrant expression, but also by activating a
variety of pathogen-derived proteins. One
example for cleavage of unwanted proteins is the
proteolytic  activation of bacterial toxins.
Particularly, the group of AB toxins comprises
several well-described furin substrates. These
exotoxins are secreted by bacteria and exert their
effect in the cytoplasm of the target cell. They
usually consist of an enzymatically active A
subunit and a B subunit that mediates membrane
binding and translocation. To exert its toxic
effect, the A subunit has to be separated from the
membrane-associated B subunit by proteolytic
cleavage.®

In case of diphtheria toxin and Pseudomonas
exotoxin A, furin cleaves R-V-R-R! and R-Q-P-R!
target sequences, respectively.***' Cleavage most
likely occurs in endosomes before the A subunit
translocates into the nucleus where it inhibits
protein synthesis by inhibiting the elongation
factor eEF2.%? In line with an important role of
furin in bacterial virulence, toxicity is highest if an
optimal furin cleavage site is present.** Similarly,
furin cleaves Shiga and Shiga-like toxins expressed
by certain Shigella spp. and Escherichia coli strains
and enhances their ability to halt protein synthesis.
Although a furin target sequence is conserved
among all Shiga-like toxins, mutational analyses
suggested that furin-mediated cleavage augments
toxin activity, but is not essential.>®> Another well-
characterised example is anthrax toxin, a three-
protein exotoxin consisting of the receptor binding
protective antigen (PA) and the enzymatically
active components oedema factor (EF) and lethal
factor (LF). Upon binding to its receptor, PA is
cleaved by furin at the cell surface. This cleavage
step triggers the oligomerisation of PA into a
prepore that binds EF and LF. Subsequently, this
toxin complex is endocytosed and PA forms a
channel that allows the translocation of EF and LF
into the cytoplasm.3° Although PA can be activated
by different proprotein convertase family
members, furin seems to be the major protease
activating anthrax toxin.**

These examples illustrate that several bacterial
pathogens exploit furin and related convertases
for the activation of their exotoxins. Strictly
speaking, however, some toxins produced by
bacteria (e.g. diphtheria toxin and Shiga toxins)
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represent viral gene products as they are encoded
by bacteriophages.*® In these cases, the term ‘viral
exotoxin’ may be more appropriate. This strongly
suggests that furin-mediated toxin activation
confers a selection advantage to both, the
bacterium and its phage. For example, induction
of cell death by furin-activated toxins may
promote tissue invasion, increase transmission
rates (e.g. by causing diarrhoea) or suppress
cellular  immune responses. Without the
proteolytic activation of exotoxins, diseases such
as dysentery or diphtheria would not occur.

ROLE OF FURIN IN VIRAL PROTEIN
PROCESSING AND PATHOGENICITY

Like bacterial and viral exotoxins, most viral
envelope glycoproteins need to be proteolytically
cleaved before they can mediate viral entry into
host cells. In many cases, viruses exploit cellular
trypsin- or subtilisin-like endoproteases for this
purpose. While subtilisin-like proteases such as
furin require polybasic cleavage sites, trypsin-like
proteases also recognise monobasic motifs and
cleave after single arginine or lysine residues.*®

Notably, the dependency on specific proteases
can also be an important determinant of tissue
tropism and viral spread in an infected organism.
For example, avirulent Newcastle disease virus
(NDV) strains harbour a monobasic cleavage site
in their Fusion (F) protein and result only in local
infections (mainly in the respiratory tract) since
expression of the respective host proteases is
limited to a few cell types. In contrast, the F
proteins of virulent NDV strains can be cleaved
by furin or related proprotein convertases that
are ubiquitously expressed. Consequently, these
viruses are able to spread systemically and cause
high rates of mortality in infected birds.*’
Another well-described example is the cleavage
of influenza A virus hemagglutinin (HA). In
contrast to low pathogenic avian influenza A
viruses, their highly pathogenic counterparts
harbour a polybasic furin cleavage site in the HA
protein.*® Thus, the ability of viruses to exploit
furin  may have drastic effects on their
pathogenicity.

To date, furin-mediated cleavage has been
described for envelope glycoproteins encoded by
numerous evolutionarily diverse virus families,
including Herpes-, Corona-, Flavi-, Toga-, Borna-,
Bunya-, Filo-, Orthomyxo-, Paramyxo-, Pneumo-
and Retroviridae (Table 2). Although viral furin
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substrates generally harbour the canonical
polybasic cleavage site, timing and subcellular
localisation of furin-mediated activation may
differ substantially between virus families. Since
furin and viral glycoproteins both enter the
secretory pathway, proteolytic activation can
occur at different steps of the viral replication
cycle. While the envelope proteins of some viruses
are cleaved in the producer cell, others are
processed in the extracellular space or during
entry into their target «cells (Figure 3). The
following sections highlight the characteristics of
a few selected viral glycoproteins, their processing
by furin and the importance of furin-mediated
cleavage for infection and pathogenicity.

Human immunodeficiency viruses (HIV)

Retroviral glycoprotein trimers, such as those of
human immunodeficiency, Rous sarcoma or murine
leukaemia viruses, are proteolytically processed
and activated in the producer cells (Figure 3a, left
panel). In case of HIV-1, the gp160 precursor of the
viral envelope protein (Env) is cleaved into gp120
and membrane-anchored gp41 that remain
associated through noncovalent interactions.
Cleavage occurs in intracellular compartments,
before the assembly of virions at the plasma
membrane. Notably, proteolytic processing of Env
depends on correct N-linked glycosylation as
aberrant carbohydrate side chains may result in
subcellular mistrafficking or sequestration of Env.*°
Most likely, HIV-1 takes advantage of the
redundancy of several proprotein convertases
recognising the polybasic cleavage motif in Env.
Furin, PCSK5, PCSK6 and PCSK7 have all been
shown to cleave gp160 in cells, albeit with different
efficiencies.”®  Notably, in vitro cleavage
experiments using recombinant proteases did not
always reflect cleavage efficiency in transfected
cells and the relative contribution of individual
PCSKs to HIV-1 maturation in vivo remains
unclear.*® Interestingly, HIV-1 Env harbours a
second polybasic cleavage site, about eight amino
acid residues upstream of the major one. Although
cleavage at this site does not result in fusiogenic
Env species, about 15% of all gp160 molecules are
cleaved at this position, at least in case of the cell-
culture-adapted HIV-1 clone LAI.>%>"

In some cases, gp160 escapes intracellular
cleavage and may be incorporated as an
unprocessed precursor into budding Vvirions.

Whether these Env molecules may be processed
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extracellularly by shed furin is unknown. In this
context, it is noteworthy that membrane-bound
plasmin has been shown to convert extracellular
gp160 into gp120 and gp41.52 However, it remains
to be determined whether plasmin-mediated
cleavage results in fully infectious HIV-1 particles.

Highly pathogenic avian influenza A viruses

Influenza A virus hemagglutinin (HA) can be
cleaved and primed by a variety of cellular
proteases. Even bacterial proteases may promote
influenza virus spread by cleaving HA, into HA,
and HA,>® Both subunits remain linked via
disulphide bonds and form trimeric structures.
While HA; binds to the sialic acid receptor on viral
target cells, HA, harbours the fusion peptide that
mediates fusion of viral and cellular endosomal
membranes. HA cleavage can occur within
producer cells, upon release of virions from
infected cells or directly prior to entry into new
target cells.>® As a general rule, hemagglutinins of
mammalian and low pathogenic avian influenza A
viruses cannot be cleaved by furin as they usually
only harbour a mono- or dibasic cleavage site.
Instead, they depend on trypsin-like proteases
such as transmembrane protease serine S1
member 2 (TMPRSS2) or human airway trypsin-like
protease (HAT).>®> Expression of such trypsin-like
proteases is largely restricted to the respiratory
and gastrointestinal tract.

In contrast, H5 and H7 hemagglutinins of a
large number of highly pathogenic avian
influenza A viruses (HPAIV) can be cleaved by
furin or PCSK5, which are present in many cell
types.’®>” This is because they acquired a
polybasic cleavage site upon insertion of
additional lysine and/or arginine residues.
Duplication of lysine and arginine residues in HA
is facilitated by polymerase slippage as these
amino acids are encoded by purine-rich codons.>®
Instead of the prototypical R-X-K/R-R{ motif, some
HPAIVs harbour a suboptimal K-X-K/R-R! cleavage
motif. Proteolytic cleavage at this site is only
efficient if additional positively charged amino
acids upstream of this cleavage motif are present
or if attachment sites for masking oligosaccharide
chains are missing.”*®° Notably, a subset of HIN2
lowly pathogenic avian influenza A virus strains
also harbour R-S-K-R! or R-S-R-R! sites that are
not only cleaved by trypsin-like proteases, such as
TMPRSS2 or HAT, but also by PCSKs.®" However,
their cleavage is only efficient in the presence of

2019 | Vol. 8 | e1073
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Taxonomy Virus Protein Exemplary cleavage site Reference
dsDNA Herpesviridae
Human cytomegalovirus gB THRTRRIST 121
Varicella-zoster virus gB NTRSRR!SV 122
Epstein-Barr virus gB LRRRRRVDA 123
Papillomaviridae
Human papillomavirus type 16 L2 AKRTKRIAS 9
(+) ssRNA Coronaviridae
Infectious bronchitis virus S TRRFRR!SI 124
Mouse hepatitis virus S SRRARR!SV 125
Flaviviridae
Yellow fever virus prMv SGRSRRISV 126
Tick-borne encephalitis virus prM GSRTRRISV 127
Dengue virus type 2 prm HRREKR!SV s
Togaviridae
Sindbis virus E2 SGRSKRISV 128
Semliki forest virus E2 GTRHRRITV 129
(—) sSRNA Bornaviridae
Borna disease virus GP LKRRRRIDT 130,131
Bunyaviridae
Crimean-Congo haemorrhagic fever orthonairovirus PreGn TNRSKRVNL 132
Filoviridae
Ebola virus GP GRRTRR{EA 63
Reston virus GP TRKQKRISV 63
Marburg virus GP YFRRKRISI 64
Orthomyxoviridae
Influenza A virus (H5) HA TRRQKRIGL 133
Influenza A virus (H7) HA KKREKR{GL 134
Influenza A virus (H9) HA PARSKR!GL 62
Paramyxoviridae
Newcastle disease virus F GRRQRRI!FI 135
Human parainfluenza virus 3 F DPRTKR!FF 136
Mumps virus F SRRHKR!FA 137
Measles virus F SRRHKRI{FA 138
Simian virus 5 F TRRRRRIFA 139
Respiratory syncytial virus F KKRKRRIFL 140
Pneumoviridae
Metapneumovirus F NPRQSRIFV o1
SSRNA-RT Retroviridae
Human immunodeficiency virus 1 Env VQREKR!AV 141
Rous sarcoma virus Env GIRRKR!SV 142
Murine leukaemia virus Env SNRHKRVEP 143
Feline foamy virus Env SSRRRRIDI 144
dsDNA-RT Hepadnaviridae
Hepatitis B virus HBeAg VRRRGR!SP 82,83

E2, glycoprotein E2; Env, envelope; F, fusion protein; gB, glycoprotein B; GP, glycoprotein; HA, hemagglutinin; HBeAg, hepatitis B external core
antigen; L2, minor capsid protein; PreGn, precursor glycoprotein Gn; prM, premembrane protein; S, spike protein; {, cleavage site. Virus families

and polybasic cleavage sites are highlighted in bold.

very high amounts of furin or upon mutation of a
glycosylation site in HA.*? Thus, the ability to
exploit furin for efficient HA cleavage and the
associated increase in pathogenicity are not only
determined by the presence of a furin consensus
target site, but also by adjacent residues and the
absence of masking oligosaccharide chains.
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Ebola and Marburg viruses

Furin cleaves the glycoproteins (GPs) of Marburg
virus (MARV) and all five Ebolavirus species into a
large N-terminal subunit (GP1) that mediates
receptor binding and a small membrane-anchored
C-terminal part (GP2) that contains the fusion
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Figure 3. Furin-mediated processing of viral proteins can occur at several steps of the viral replication cycle. While some viral proteins are
proteolytically processed during maturation or egress (a), others are cleaved during entry into new target cells (b). (a) In case of the human
immunodeficiency virus (HIV) (left panel), the viral envelope (Env) glycoprotein precursor (green) migrates through the ER to the Golgi complex where
it is cleaved by furin (pink scissors) into the functional mature Env glycoprotein (blue). Processed Env glycoproteins are transported to the cell surface
and incorporated into assembling viral particles. In contrast, dengue viruses bud into the ER lumen and incorporate the uncleaved premembrane
protein (prM) (right panel). During virus particle transit through the secretory pathway, virion-associated prM proteins can be cleaved by furin (dark
blue to light blue). (b) Some prM molecules escape furin-mediated cleavage in the producer cells resulting in the release of immature or partially
mature dengue virus particles. In this case, processing can also occur in endosomes of new target cells, upon receptor-mediated endocytosis (left
panel). During human papillomavirus (HPV) infection (right panel), attachment to heparan sulphate proteoglycans induces a conformational change
that allows proteolytic processing of the minor capsid protein L2 (red) by furin, which is present at the cell surface. Furin processing induces a
structural rearrangement that allows binding to a secondary receptor and subsequent receptor-mediated endocytosis.
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peptide.®*®* MARV and human pathogenic
Ebolavirus species harbour canonical furin
cleavage sites (R-X-K/R-RY). In contrast, the GP of
the closely related Reston virus, which causes
asymptomatic infections in humans, is processed
less efficiently by furin as it carries the suboptimal
cleavage site K-Q-K-R!.®3 Surprisingly, however,
uncleavable GP mutants of highly pathogenic
Ebola virus (EBOV) are able to mediate infection
and furin-mediated cleavage is not required for
replication in cell culture.®® Furthermore, an EBOV
mutant lacking the furin cleavage site replicated
efficiently in nonhuman primates and showed no
differences in disease progression or lethality
compared to wild-type viruses.®® Thus, the high
conservation of the furin cleavage site among
different Ebolavirus species is surprising and it
remains to be determined whether furin-mediated
GP processing plays a role in the natural reservoir
hosts of these viruses.®®

Notably, the EBOV GP gene harbours an RNA
editing site sequence and may not only express full-
length GP, but also a soluble form of the
glycoprotein (pre-sGP) that lacks the C-terminal
transmembrane domain.?’ Intriguingly, pre-sGP
harbours another furin recognition site and is
cleaved into mature sGP and a short so-called A
peptide. Both of them are ultimately released from
infected cells.®® Although pre-sGP is produced in
higher amounts than GP, its role in viral replication
is under debate. Among others, sGP has been
suggested to serve as a decoy antigen, to act as a
structural substitute for GP1 and to induce
apoptosis of uninfected lymphocytes.®®

Flaviviruses

Flavivirus RNA is translated into a single large
polyprotein that is cleaved by cellular and viral
proteases into all structural and nonstructural
proteins of the virus. The structural proteins
comprise the envelope proteins prM and E that
are incorporated as prM/E heterodimers into
budding virions.”® prM acts as a chaperone and
facilitates correct folding of the E glycoprotein.”
Many flaviviruses bud into the lumen of the ER
and enter the secretory pathway.”® In the acidic
milieu of the trans-Golgi network (TGN), a furin
cleavage site is exposed and prM can be cleaved
into mature pr and M proteins.”? Thus, furin-
mediated cleavage of the viral glycoprotein occurs
only after its incorporation into newly formed
virions (Figure 3a, right panel). This is in contrast
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to viruses such as HIV, whose envelope proteins
are cleaved before assembly. The pr peptide
remains associated with the E protein until the
virion is released from the cell, thereby preventing
premature unintended fusion with membranes of
the producer cell.”® Furin-mediated prM cleavage
is essential for replication of flaviviruses such as
tick-borne encephalitis or dengue virus.”*”>

In some cases, prM molecules escape furin
processing in the producer cell and result in the
release of immature or partially mature viral
particles. Partially mature virions are still
infectious since low amounts of mature M are
sufficient to mediate fusion with target cell
membranes.”’ Furthermore, uncleaved prM may
participate in virion attachment to target cells and
can be cleaved by furin during the entry process,
in the acidic milieu of endosomes’®’’ (Figure 3b,
left panel). The relative contribution of prMm
processing during viral entry into new target cells,
however, remains to be determined.

The ratio of mature to immature prM depends
on a variety of factors, including the producer cell
type and the flavivirus species. For example,
dengue viruses are known to release high
amounts of immature or partially mature viruses,
most likely because of a conserved acidic residue
within the furin recognition site’® (Table 2).
Importantly, the content of prM in viral particles
also affects antibody recognition and
consequently antibody-dependent enhancement
of dengue virus infection.”” Thus, furin-mediated
protein processing may once again markedly
affect the outcome of infection.

Papillomaviruses

While furin plays a key role in activating
envelope glycoproteins of a variety of viruses, its
activity is also exploited for the cleavage of other
viral proteins. One example is the cleavage of the
L2 protein of papillomaviruses.”® Together with
the major capsid protein L1, this minor capsid
protein builds the viral capsid. The furin cleavage
site is located close to the N terminus of L2 and
highly conserved among different human
papillomavirus (HPV) strains.®® Cleavage is not
required for virus assembly or release, but
essential for infection of new target cells. For
example, LoVo and CHO cells lacking furin
expression are completely resistant to infection
with pseudoviruses of HPV16,”%8° which is one of
the high-risk HPV types causing cervical cancer.
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In contrast to flavivirus prM, which can be
cleaved during egress and entry, papillomavirus L2
seems to be exclusively cleaved on target cells.?® A
model has been proposed, in which attachment of
papillomaviruses to heparan sulphate
proteoglycans induces a conformational change in
L2 that exposes the polybasic cleavage site.?
Upon proteolytic processing of L2, L1 may engage
a secondary cellular receptor and mediate
infection®® (Figure 3b, right panel). Furthermore,
interaction of cleaved L2 with an unknown
intracellular receptor may be required for escape
of L2 from the endosomal compartment and its
ability to escort viral DNA into the nucleus.®® This
illustrates that also nonenveloped viruses have
evolved the ability to exploit furin or related
PCSKs for their own purposes.

Hepatitis B virus

Another nonenvelope protein that is cleaved by
furin is the external core antigen (HBeAg) of
hepatitis B virus (HBV).2%83 Cleaved HBeAg is
secreted from infected cells and exerts
immunosuppressive effects.8® It has been suggested
to act as a T-cell tolerogen that prevents killing of
infected hepatocytes by cytotoxic T lymphocytes.®
In contrast, uncleaved HBeAg may have the
opposite effects as it is transported to the plasma
membrane where it can trigger antiviral immune
responses.®® Thus, furin-mediated cleavage of
HBeAg may affect the outcome of infection.
Intriguingly, Han Chinese frequently harbour a
single nucleotide polymorphism in the P1 promoter
of the FUR gene that is associated with increased
risk of developing persistent HBV infection with
detectable amounts of HBeAg in the serum.®” This
polymorphism increases the binding efficiency of
the hepatic transcription factor NF-E2, thereby
most likely increasing furin expression.?” Whether
the observed increase in HBV persistence is the
result of increased HBeAg processing and/or other
effects of furin remains to be determined.

SUPPRESSION OF FURIN-MEDIATED
PROCESSING OF VIRAL
GLYCOPROTEINS BY PAR1, GBP2 AND
GBP5

Viral pathogens and their hosts are in a
continuous arms race.®® Although viruses have
evolved sophisticated strategies to exploit the
metabolism, protein synthesis and trafficking
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pathways of an infected cell, the host is not
defenceless. Besides innate and adaptive immune
responses that directly target components of the
virus, infected cells may also restrict viral spread
by limiting the availability of cellular factors that
are critical for viral replication, so-called ‘virus
dependency factors’. For example, the host
protein SAMHD1 restricts replication of several
viral pathogens by depleting cellular dNTP
levels.8? Furthermore, IFI16 targets the cellular
transcription factor Sp1 to suppress viral gene
expression.?® Intriguingly, accumulating evidence
suggests that inhibition of the virus dependency
factor furin represents another efficient and
broadly active mechanism of antiviral immunity.

In 2013, Aerts and colleagues found that
protease-activated receptor 1 (PAR1), a G-protein-
coupled receptor, interferes with the expression
of furin and furin-mediated processing of the
human metapneumovirus F protein.®’ Follow-up
experiments revealed that PAR1 harbours an
R41XXXXR46 motif that mediates interaction with
several PCSKs.>? In line with this, soluble PC5A/
PCSK5 and PCSK6 cleave PAR1 at Rul and
abrogate its ability to induce calcium signalling
upon thrombin-mediated cleavage at the plasma
membrane. Surprisingly, however, membrane-
bound PCSKs such as furin fail to cleave PAR1 at
this position. Instead, furin traps PAR1 in the
trans-Golgi network and prevents its anterograde
transport to the cell surface (Figure 4a). At the
same time, PAR1 also blocks the proteolytic
activity of furin, inhibiting for example the
maturation of HIV-1 Env. This inhibitory activity is
not shared by its paralogue PAR2, which is
efficiently cleaved by furin.®®> Notably, expression
of PAR1 is induced in proinflammatory
environments such as the brain of HIV-1 infected
individuals  suffering from HIV-associated
neurocognitive disorders (HAND).?> Thus, PAR1-
mediated furin inhibition may represent a
mechanism of innate immunity limiting the
spread of HIV-1 and potentially additional furin-
dependent viral pathogens.

A similar inhibitory activity was recently
described for two IFNy-inducible GTPases, termed
guanylate-binding proteins 2 and 5 (GBP2 and
GBP5). Initially, GBP5 was described in a screening
for novel restriction factors of HIV and shown to
interfere with the maturation of the retroviral Env
protein.®*®> Follow-up experiments revealed that
this antiviral activity is shared by its paralogue
GBP2 and that both proteins reduce the
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proteolytically active amount of furin. As a result,
cleavage of the Env precursor gp160 into mature
gp120 and gp41 is reduced and newly formed
virions are only poorly infectious (Figure 4b).
Since many viral pathogens rely on furin or
related PCSKs for the maturation of their own
(glyco)proteins, GBP2 and GBP5 exert broad
antiviral activity, inhibiting replication of highly
pathogenic avian influenza A, measles and Zika
viruses. In contrast, GBP2 and GBP5 do not
decrease infectivity of virions carrying the
glycoprotein of vesicular stomatitis virus, which
does not require a proteolytic activation step.
Notably, inhibition of furin in infected cells comes
at a cost, since furin-mediated processing of
matrix metalloproteinases and other cellular
substrates is also reduced in the presence of
increased GBP2 or GBP5 levels.”® Future
experiments will reveal whether PAR-1- or GBP-
mediated inhibition of furin activity may also
prevent the development or proliferation of
certain cancers. Remarkably, increased GBP2/5
expression is associated with favorable outcome in
patients suffering from melanoma or breast
cancer.””® Thus, a better understanding of
cellular mechanisms regulating furin activity will
help to understand the pathogenesis of infectious
diseases and cancer and may uncover novel
targets for therapeutic intervention.

THERAPEUTIC INHIBITION OF FURIN

Because of the key role of furin in the pathogenesis
of cancer and infectious diseases, its suitability as a
therapeutic target has raised significant interest for
several years. Many laboratories have explored the
possibility to limit tumor growth, viral replication
or bacterial intoxication by reducing the amount or
proteolytic activity of furin.

Initially, most studies focused on peptides or
proteins that bind to the active site of furin and
inhibit substrate binding in a competitive manner.
For example, a variant of the naturally occurring
serine protease inhibitor o-1 antitrypsin was
modified to harbour a consensus furin cleavage
site. This variant, termed -1 antitrypsin Portland
(a1-PDX), inhibits furin and PCSK5 and has been
shown to prevent the processing of HIV-1 Env and
measles virus F in vitro.®>'%° Similarly, peptides
derived from the cleavage site of influenza A virus
hemagglutinin and polyarginines compete with
natural furin substrates.’®'°? Even exogenous
addition of the autoinhibitory propeptide of furin
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has been shown to reduce its enzymatic activity,
limiting for example the activation of MMP9 in
breast cancer cells.’®"%% However, the therapeutic
potential of the propeptide has never been
evaluated jn vivo and the inhibitory effects are
most likely limited as it is known to dissociate from
furin in the TGN.

Several approaches, including incorporation of
D- instead of L-amino acids, have been applied to
increase the stability and hence efficacy of furin
inhibitors. For example, hexa-D-arginine (D6R), one
of the first furin inhibitors, exhibits good stability
and prevents the cytotoxic effects of Pseudomonas
exotoxin A in vitro and in vivo.'% Similarly, topical
application of nona-D-arginine (D9R) has been
shown to reduce corneal damage in mice infected
with Pseudomonas aeruginosa.'® Interestingly,
D9R also showed direct bactericidal activity,
probably because of its polycationic nature.'®”’
Besides D-amino acids, incorporation of amino acid
analogs such as decarboxylated arginine mimetics
or 4-amidinobenzylamide (Amba) has been used to
increase the stability of peptide-derived furin
inhibitors.'® Furthermore, the addition of a
chloromethyl ketone (CMK) moiety to the C
terminus of a polybasic cleavage motif has proven
useful as it results in the alkylation of the active site
of furin that irreversibly blocks its enzymatic
activity.’® Nevertheless, the cytotoxicity of CMK-
based inhibitors and the instability of the CMK
moiety may limit their use to topical applications
such as the treatment of HPV skin infections.''®
Finally, the elucidation of the crystal structure of
furin enabled the targeted modelling of
nonpeptidic inhibitors such as streptamine-based
compounds. Upon addition of guanidine residues,
streptamine derivatives mimic the cationic furin
cleavage site and inhibit its enzymatic activity in
the nanomolar range in vitro.""" Dahms and
colleagues describe an interesting example of a 2,5-
dideoxystreptamine-derived inhibitor, where two
molecules of the inhibitor form a complex with
furin."™ While the first inhibitor molecule directly
interferes with the conformation of the catalytic
triad, the second molecule binds to an adjacent
planar peptide stretch.

Besides stability, the subcellular localisation of
furin inhibitors is a key determinant of their
efficacy in vivo. Notably, optimal localisation of
the inhibitor strongly depends on the processing
event targeted for therapeutic intervention. To
inhibit activation of anthrax toxin, for example,
the inhibitor does not need to enter the cells, as
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Figure 4. PAR1 as well as GBP2 and GBP5 reduces HIV particle infectivity by inhibiting furin-mediated Env processing. Human immunodeficiency
virus (HIV) particles containing functional mature envelope (Env) glycoproteins fuse with the plasma membrane of the target cell to release the
capsid core into the host cell cytoplasm. Upon reverse transcription and integration of the retroviral genome, viral gene expression is initiated.
(a) In a cytokine (e.g. IL-1B)-induced inflammatory state, furin and protease-activated receptor 1 (PAR1) expression are induced. Furin and PAR1
interact with each other and are trapped as inactive proteins in the trans-Golgi network (TGN). As a consequence, PAR1 cannot traffic to the cell
surface, where it is usually cleaved by thrombin to induce inflammatory signalling pathways. Moreover, production of infectious HIV-1 particles is
impaired because of reduced furin-mediated cleavage of HIV Env. (b) At the same time, cells of the infected host may induce the expression of
interferon-stimulated genes such as guanylate-binding proteins 2 and 5 (GBP2 and GBP5). Both proteins colocalise with furin and inhibit its
proteolytic activity. As a result, HIV Env maturation is impaired and newly forming viral particles are poorly infectious since they incorporate
immature Env glycoproteins. IFN-I/Il, type | and type Il interferons; STAT, signal transducers and activators of transcription.
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furin cleaves the toxin precursor at the cell
surface. In contrast, penetration of the inhibitor
into the cell is essential to prevent the maturation
of HIV-1 Env and other viral glycoproteins that are
cleaved intracellularly. While some inhibitors (e.qg.
HA-derived peptides) efficiently enter cells, others
were modified to increase their intracellular
availability. For example, addition of a decanoyl
moiety to CMK inhibitors increases their ability to
penetrate cells."’ Streptamine derivatives may be
particularly promising for targeted therapy as the
positioning of the guanidyl substituents
determines the localisation of the inhibitor to
distinct subcellular compartments such as
endosomes or the Golgi complex.?®

While many of the inhibitors described above
potently reduce furin activity both in vitro and
in vivo, most of them also inhibit other proprotein
convertases recognising the same or similar
polybasic cleavage sites. This limitation is inherent
to competitive inhibitors that aim at mimicking the
target sequence of furin and may be overcome by
allosteric inhibitors that bind furin-specific motifs
outside the active site. One example is the
nanobody Nb14, which binds to the C-terminal P-
domain of furin, thereby blocking the access of
larger substrates to the active site. Notably, Nb14
specifically binds to the P-domain of furin and does
not recognise other PCSKs."'*

Instead of targeting furin at the protein level,
therapeutic approaches may also aim at targeting
its RNA. For example, the endogenous
degradation of furin mRNA by Regnase-1
(ZC3H12A) and/or Roquin (RC3H1)'™ could be
modulated to interfere with the expression and
thus proteolytically active amount of furin.
However, modulation of Regnase-1 and Roquin
will most likely have off-target effects as both
endoribonucleases also degrade additional
mRNAs. A more selective RNA-based approach is
the silencing of furin via shRNA. In fact, shRNA-
mediated suppression of furin expression is
currently the clinically most advanced therapy
targeting this protease. In a phase Il clinical trial,
patients suffering from metastatic Ewing’s
sarcoma family of tumors (ESFT) are treated with
an immunotherapy that involves the silencing of
furin and simultaneous overexpression of GM-
CSF.''®  More specifically, tumor cells are
extracorporeally transfected and reintroduced as

so-called  furin  knock-down and GM-CSF
augmented (FANG) cancer vaccine, also known as
Vigil. While GM-CSF boosts the antitumor
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response by dendritic cells and T cells, knock-
down of furin prevents the proteolytic activation
of TGFB, which may otherwise revert the
beneficial effects of GM-CSF.""7"""9 In a phase I
clinical trial, the autologous FANG/Vigil vaccine
has already proven successful as it increased
relapse-free survival of ovarian cancer patients
from 481 to 826 days and showed only limited
adverse effects.'?°

CONCLUSIONS AND PERSPECTIVES

The proprotein convertase furin has become an
attractive target for the treatment of various
infectious and noninfectious diseases as it
regulates the activity of numerous mammalian,
bacterial and viral proteins. In recent years,
several peptidic and nonpeptidic inhibitors have
been developed that block the activation of
bacterial toxins, prevent the maturation of viral
proteins and suppress tumor growth in vitro.
Although some of them also yielded promising
results in mouse models, there have been only a
limited number of clinical trials in humans.

One major challenge is the redundancy of furin
with related proprotein convertases that also
recognise polybasic cleavage sites. On the one
hand, selective inhibition of furin may be beneficial
as it limits unwanted side effects due to inhibition
of other PCSKs. On the other hand, treatment of
some diseases may require the simultaneous
inhibition of several PCSKs to efficiently block
pathological substrate conversion. To advance
current approaches, a better understanding of the
relative contribution of individual PCSKs to
(nonphysiological) proteolytic protein processing is
urgently needed. Therapeutic intervention needs
to specifically target the convertase(s) that drive
disease progression. Currently, the most promising
approaches for selective inhibition are shRNA-
mediated silencing and nanobodies as they show
no or only little off-target effects.

Even if selective inhibition of individual PCSKs can
be achieved, systemic long-term inhibition will most
likely have detrimental effects, as PCSKs are
required for the activation of hundreds of cellular
substrates. Thus, local applications such as targeted
treatment of tumors or topical treatment of
bacterial and viral infections may be more feasible
than systemic therapy. Finally, the ability of tumor
cells or pathogens to evolve resistance or evasion
mutations remains poorly investigated. For example,
several substrates such as dengue virus prM harbour
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suboptimal furin target sequences and may optimise
their cleavage sites upon therapy to enable
sufficient cleavage in the presence of inhibitors.
Although the therapeutic application of furin
inhibitors may be full of pitfalls, it is certainly a
promising approach that should be further
pursued. Future studies will elucidate the role of
individual PCSKs and their substrates in disease
progression and a better understanding of cellular
pathways regulating furin activity may uncover
additional targets for therapeutic intervention.
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