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Summary

Proprotein Convertases (PCs) constitute a family of serine proteases that activate various
hormones, growth factors and cell adhesion molecules by mediating endoproteolytic cleavage
of their secreted inactive precursors during their transit in the secretory pathway. Their
physiological roles in most tissues, in cancer and other diseases have remained nowadays
poorly defined, partly because of technical hurdles in clearly distinguishing functionally
overlapping PC activities from each other. Related to this, a major unsolved question is where,
among the different subcellular compartments of the secretory pathway, substrate cleavage
takes place. To address these questions, we mapped intracellular PC activities of two
unrelated cell lines (HEK293T and B16F1 melanoma) by ratiometric and Forster Resonance
Energy Transfer (FRET)-based imaging of the PC-specific biosensors, called cell-linked
indicator of proteolysis (CLIP)v3 and CLIPv4 respectively, which are sorted to different
subcellular compartments by specific trafficking signals. Until now, PCs have been thought to
cleave the majority of the substrates in the trans-Golgi network (TGN). By contrast, our
analysis of compartment-specific CLIPv3 and CLIPv4 variants in cultured cells suggested that
PC activities are much higher in post-exocytic compartments. Furthermore, imaging in B16F1
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-edited clones for
endogenously expressed Furin or PC7, revealed an enrichment of Furin activity in endosomes
compared to TGN, whereas PC7 activity was confined to a distinct compartment resistant to
the pan-PC inhibitor CMK, demonstrating that endogenous Furin and PC7 are biologically
active in distinct compartments. In addition, we also demonstrated that substrate and protease
localization are rate-limiting of how efficiently a given substrate is processed.

PC inhibition represses human primary melanoma cells motility and migration in vitro and
proliferation in other skin cancer cells both in vitro and in vivo. To elucidate the roles of PC
activities in melanoma progression and differentiation, we evaluated relative contribution of
Furin and PC7 in B16F1 tumor grafts. Both proteins were required for tumor pigmentation,
whereas Furin deletion reduced tumor growth, but its loss may be rescued by PC7 deletion.
Altogether, these findings will be important to inform future therapeutic approaches and

strategies for targeting PCs to preferentially block oncogenic activities.

Keywords: Proprotein Convertase, Furin, PC7, Trafficking, FRET, melanoma
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Sommario

Le proproteine convertasi (PC) costituiscono una famiglia di serin proteasi che attivano diversi
ormoni, fattori di crescita e molecole di adesione mediante taglio endoproteolitico dei loro
precursori inattivi durante il transito nel pathway secretorio. | ruoli delle PC in diversi tessuti,
tumori e in altre patologie sono stati sino ad ora poco studiati, in parte per via delle difficolta
tecniche nel distinguere chiaramente le attivita delle singole PC in quanto esse combaciano
tra di loro. In aggiunta, non & stato ancora definito in quale compartimento subcellulare avviene
il taglio proteolitico di un determinato substrato. Per investigare dove esso avviene, abbiamo
generato una mappa delle attivita delle PC in due distinte linee cellulari (HEK293T e linea
cellulare di melanoma B16F1), attraverso I'uso di biosensori basati su tecniche di imaging
molecolare come il rapporto tra segnali di fluorescenza o trasferimento di energia per
risonanza (FRET), chiamati rispettivamente cell-linked indicator of proteolysis (CLIP)v3 e
CLIPv4, i quali sono smistati nei diversi compartimenti subcellulari attraverso sequenze
segnale specifiche. Fino ad ora si &€ pensato che le PC tagliassero la maggior parte dei loro
substrati nellapparato del Golgi. Tuttavia, I'analisi di CLIPv3 e CLIPv4 smistati nei diversi
compartimenti subcellulari in cellule in coltura, ha suggerito che le PC sono piu attive nei
compartimenti post-esocitici. Inoltre I'analisi da noi effettuata in cloni cellulari knockout per le
PC endogene Furina e PC7, ottenuti tramite la tecnica di Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR), ha mostrato un incremento della attivita della Furina
negli endosomi, e che PC7 ¢é attiva in un compartimento ed ¢ resistente all'inibitore generale
delle PC CMK, dimostrando che Furina e PC7 sono attive in compartimenti separati. In
aggiunta, noi abbiamo dimostrato anche che la localizzazione della proteasi e del substrato &
rilevante ai fini di come il substrato viene processato.

L’inibizione delle proteasi in colture primarie umane di melanoma reprime la capacita delle
cellule di muoversi e migrare in vitro, e la proliferazione di cellule di altri tumori della pelle sia
in vitro che in vivo. Per elucidare i ruoli delle PC nel processo di progressione tumorale e di
differenziazione nel melanoma, abbiamo valutato il contributo della Furina e della PC7 nella
crescita dei tumori originati da cellule B16F1. Entrambe le proteine sono importanti per la tipica
pigmentazione del tumore, in particolare la rimozione della Furina riduce la crescita tumorale,
ma questo viene vanificato se anche PC7 & contemporaneamente rimossa. Questi risultati
possono contribuire allo sviluppo di nuove strategie terapeutiche mirate a colpire
selettivamente le attivita oncogeniche delle PC.

Parole chiave: Proproteina convertasi, Furina, PC7, smistamento vescicolare, FRET,

melanoma
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Introduction

1 Introduction

1.1 Proprotein Convertases

Proteins such as hormones, enzymes and receptors become active through post-translational
modifications (PTMs) of their inactive precursors. Different PTMs are introduced to the target
protein via specific enzymatic steps. Some PTMs are reversible, such as
serine/threonine/tyrosine-phosphorylation, others instead, are irreversible like N-terminal
acetylation, C-terminal amidation, asparagine- and serine/theronine-glycosylation, protein
lipidation, tyrosine-sulfation, cholesterol attachments, serine-octanoylation and disulfide bridge
formation (Burkle, 2001).

One of most common irreversible PTM is the proteolysis of specific proteins at selected sites
mediated by specific enzyme called proteases. Almost 500 genes in human genome encode
proteolytic enzymes (Lopez-Otin and Overall, 2002) which vary in substrate specificity,
subcellular localization and cleavage mechanism. Based on their enzymatic active site,
proteases can be classified in six groups, i.e. serine, metallo, cysteinyl, aspartyl, threonine,
and glutamyl. The ubiquitous serine proteases are the most abundant proteases and they are
classified into two major families: those related to trypsin/chymotrypsin fold and those closer
to bacterial subtilisin, generally called subtilases (Long and Cravatt, 2011; Siezen and
Leunissen, 1997). The subtilases are further classified in different sub-families including the

proprotein convertase family (Rawlings and Barrett, 1999; Seidah, 2011).

1.1.1 Discovery

Proprotein convertases (PCs) functions and activities have been thoroughly investigated since
their discovery almost 30 years ago. The complete genomic sequence of the proprotein
convertases prototype Furin was reported in the 1988 (Fuller et al., 1988), few years later the
identification of the yeast convertase kexin (Julius et al., 1984) which shares with Furin high
degree of sequence homology (van de Ven et al., 1990). Furin discovery led soon to the
characterization of the two neuroendocrine PCs named PC1 and PC2 (Seidah et al., 1990;
Smeekens et al., 1991). Inspired by this wave of discoveries, the identification of the other
family members PC4, PC5, PACE, and PC7 soon followed (Kiefer et al., 1991; Lusson et al.,
1993; Seidah et al.,, 1992, 1996)(and reviewd in Seidah, 2011). The eight member
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subtilisin/kexin isozyme-1 (SKI-1) and the ninth member PCSK9 were characterized in 1999
and in 2003 respectively (Seidah et al., 1999a, 2003).

1.1.2 Structure and activity

Proprotein convertases are involved in the activation or inactivation of several proteins by
cleaving their precursor in the secretory pathway. The first seven members, PC1, PC2, Furin,
PC4, PC5, PACE4, and PC7, are called basic PCs and cleave precursor proteins at specific
single or paired basic amino acids within the general consensus motif [R/K-(X),-R/K-R|],
where the arrow indicates the cleavage site, n represents the number 0,2,4,or 6 and X is any
amino acid except cysteine (Seidah and Chretien, 1999; Turpeinen et al., 2011). In contrast to
the seven basic PCs, SKI-1 cleaves at non-basic amino acid of the consensus motif
[RX(L/V/NX]], where X is any amino acid except for cysteine and proline (Marschner et al.,
2011; Pasquato et al., 2006). The last member of the family, PCSK9, cleaves only itself at the
sequence (V/I/L)FAQ| within its prosegment. After this cleavage event, PCSK9 loses its
proteolytic activity and regulates cholesterol and lipid homeostasis by enhancing degradation
of the low-density lipoprotein receptor (LDLR) (Benjannet et al., 2004; Maxwell and Breslow,
2004; Nassoury et al., 2007; Park et al., 2004).

The seven basic PCs slightly differ in size but they share similar structures (Fig. 1). PCs are
multi-domains proteins, with some domains conserved among the family members, whereas
other are member-specific. The PC N-terminal domain consists of a signal peptide, which
translocates the protein into the the endoplasmic reticulum (ER), and the prosegment, which
plays a dual role of intramolecular chaperone and PC inhibitor. Indeed, the prosegment assists
the correct folding of the protein inhibiting at the same time its proteolytic activity to avoid
ectopic PC proteolytic cleavage. The prosegment is followed by a subtilisn/kexin-related
catalytic domain containing the conserved amino acid aspartate (Asp), histidine (His) and
serine (Ser), which form the catalytic triad (Nakayama, 1997). This domain exhibits the highest
sequence similarity among PCs, since the catalytic domain of other PCs are 50 to 70%
identical to the Furin sequence (Henrich et al., 2005). Besides the catalytic domain, all the PCs
hare a P domain, which is conserved in eukaryoties but absent in bacteria. The P domain is
essential for enzymatic activity since it might stabilize the acidic prodomain and the catalytic
domain (Artenstein and Opal, 2011; Hatsuzawa et al., 1992; Takahashi et al., 1995a; Zhong
et al., 1996; Zhou et al., 1998). In addition, recent mutagenesis experiments in the P domain
have suggested that PC efficiency depends also on its integrity (Dahms et al., 2016a).
Although similar in the N-terminal domains, PCs differ from in each other in their C-terminal

domains, which determine PC trafficking and localization. Downstream the P domain, only
2
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three of the seven basic PCs, Furin, PC5 and PACE4 possess a cysteine-rich domain (CRD)
(Nakagawa et al., 1993; Seidah et al., 1994).

Kexin-like
Gene
pyB NS, - m Signal peptide or
PCSK1 PC1 Eis gd transmembrane domain
,yDH D S

= Prosegment
[ Catalytic domain
l DH NS [C] P domain

PCSK2 PC2 m-——"""638 aa

FURIN  Furin  memrroer" " mmm 794 aa = Cys-rich domain
DH NS = Cytoplasmic tail
PCSK4 PC4  mmm==—==r—"—pm755aa ":" C/\THID -
0 _DH, N S, e -IN-glycosylation
PC5A D i 1913 aa
PCSK5 DH. N S [ X) o ° °
PCSB  mum = — - - ‘s 1,860 aa
| DH. N 8 Seven basic specific
e 22 proprotein convertases
PCSK6 PACE4 mmm I 1969 @2 |pcq pC2 furin,PC4,PC5
DH NS PACE4 and PC7
PCSK7 PC7 mmr===——r'——mm785aa (RIX (RIK)L
Prysolysin-like
DH NS
MBTPS1 SKi-1 mmm==? *—"m 1,052 aa RX(LVXL
Proteinase K-like
DH N'S !
PCSK9 PCSK9 mmmr=——"—"rmmsmm 692 aa (VAL)FAQL

Figure 1. Schematic representation of the primary structures of the proprotein convertases

The kexin-like basic amino acid (aa)-specific proprotein convertases, pyrolysin-like subtilisin kexin
isozyme 1 (SKI-1; encoded by the MBTPS1 gene) and proteinase K -like proprotein convertase subtilisin
kexin 9 (PCSKO9) are individually grouped to emphasize their distinct subclasses. The various domains
and N -glycosylation positions are emphasized, along with the primary (depicted using light grey arrows,
and a light grey double arrow for SKI-1) as well as the secondary autocatalytic processing sites
(depicted using dark grey arrows). Note that proprotein convertase 4 (PC4), PC7 and PCSK9 have only
a primary site and that only PC5 exhibits two validated alternatively spliced forms, namely PC5A and
PC5B. The membrane -bound human proprotein convertases include furin, PC4, PC5B, PC7 and SKI-1.
The presence of a signal peptide, a prosegment and catalytic domain is common to all convertases that
exhibit the typical catalytic triad residues Asp, His and Ser, as well as the Asn residue comprising the
oxyanion hole (Asp for PC2). Downstream of the catalytic domain, all the basic amino acid-specific
convertases, except for SKI-1 and PCSK9, exhibit a B-barrel P domain that apparently stabilizes the
catalytic pocket. The carboxy-terminal domain of each convertase contains unique sequences
regulating their cellular localization and trafficking. PC5 and paired basic amino acid cleaving enzyme 4
(PACE4) contain a specific Cys -rich domain, which binds to heparan sulphate proteoglycans at the cell
surface and the extracellular matrix. By contrast, PCSK9 exhibits a Cys-His-rich domain (CHRD) that
is required for the trafficking of the PCSK9-LDLR (low-density lipoprotein receptor) complex to
endosomes and lysosomes (adapted from Seidah and Prat, 2012).

The widely expressed proprotein convertase PC5 is encoded by two mRNAs. The two isoforms
give rise to the soluble PC5A (Lusson et al., 1993) and the type-l membrane protein PC5B
which possesses an extended CRD domain (Nakagawa et al., 1993). Furin, PC5B and PC7
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also possess a transmembrane domain and a cytosolic tail, which direct PCs proper sorting
and trafficking in the different compartments of the secretory pathway. SKI-1 is also a type-I
membrane-bound protease but does not have the CRD (Seidah et al., 1999a). Both PC1 and
PC2 lack the CRD, the transmembrane domain and cytosolic tail and are sorted in dense core
granules of neural and endocrine cells (Day et al., 1992; Seidah and Chretien, 1999), while
PC4, PACE4 and PC5A are constitutively secreted (Seidah et al., 2006). However, since the
CRD domain of both PACE4 and PC5 binds, through association with their CRD, to the tissue
inhibitors of metalloprotease (TIMPs) or to heparin sulfate proteoglycans (HSPG), both PACE4
and PC5 can be retained at the cell surface (Nour et al., 2005; Tsuiji et al., 2003). Finally, the
C-terminal domain of PCSK9 consist in a cysteine-histidine rich domain (CHRD) which is

require for proper PCSK9 cell surface localization (Nassoury et al., 2007).

1.1.3 Activation

Like other proteins trafficking in the secretory pathway, PCs undergo different and specific
post-translational modifications before reaching their bioactive form and being able to cleave
their substrates or to bind their targets. Like for other proteases, PCs are synthesized as
inactive zymogens. Multiple proteolytic events are required to activate PCs precursor. The
signal peptide guides the inactive precursor in the ER, where it is removed by a signal
peptidase. With the exception of PC2, which maturates in the dense immature secretory
granules (Hwang and Lindberg, 2001; Zhu et al., 1996), in the ER all PCs undergo the first
intramolecular autocatalytic cleavage generating a non-covalently associated heterodimeric
prosegment:PC complex (Seidah et al., 2008). The cleaved prosegment remains bound to the
protease inhibiting its activity. The prosegment:PC complex exits the ER and is sorted to
specific compartments where the second autocatalytic compartment-specific cleavage occurs.
The cleavage occurs within the prosegment to release the active protease (Feliciangeli et al.,
2006; Seidah et al., 2008). The compartment where the second autocatalytic cleavage occurs
differs between PCs. PC1 and PC2 are activated in the immature secretory granules
(Benjannet et al., 1993). The second autocatalytic cleavage is not required for PC4 and PC7
activation (Basak et al., 1999; Rousselet et al., 2011a). Furin appears to be activated in the
trans-Golgi network (TGN) (Feliciangeli et al., 2006), PACE4 and PC5 resulted activated in the
TGN or at the plasma membrane (Mayer et al., 2008; Nour et al., 2005), while SKI-1 is
activated in the cis- and medial-Golgi (Espenshade et al., 1999; Pullikotil et al., 2007). Finally,
PCSKQ is secreted as inactive prosegment:PC complex and binds its targets without inducing

direct cleavage (Benjannet et al., 2004; McNutt et al., 2007). Thus, the compartment-specific
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auto-activation process represent an exquisite mechanism to regulate PC activities, assuring

substrates PC cleavage only at the proper intracellular or extracellular site(s).

1.1.4 Tissue and subcellular localization

Both tissue expression and subcellular distribution contribute to determine substrates
specificity of each PC family member (Fig. 2). PC1 and PC2 localized to immature dense core
granules of neural cells in the brain or endocrine cells of the pancreas (Day et al., 1992; Malide
et al., 1995). This localization is consistent with their role in processing hormones within the
secretory regulated pathway such as pro-insulin or propromelanocortin (POMC) (Seidah et al.,
1999b; Smeekens et al., 1992). PC4 is expressed in ovaries and in the placenta in females
(Gyamera-Acheampong and Mbikay, 2009) , and in specific testicular germ cells in males
(Gyamera-Acheampong, 2006; Seidah et al., 1992). Both PC5 and PACE4 are widely
expressed (Dong et al., 1995; Lusson et al., 1993). However, while PC5A is expressed in most
of the tissues, PC5B is the major isoform in the small intestine and in the kidneys (Essalmani
et al., 2006). Furthermore, while the trafficking of type-l membrane bound PC5B is controlled
by a sorting signal in its cytosolic tail (De Bie et al., 1996; Xiang et al., 2000), both PC5A and
PACE4 are either secreted, or they can bind TIMPs or HSPG at the cell surface or in the
extracellular matrix (ECM) (Mayer et al., 2008; Nour et al., 2005; Tsuiji et al., 2003). SKI-1 is
expressed in many tissues and it localizes in cis/medial-Golgi, in endosomes or lysosomes
(Pullikotil et al., 2007). Contrary to other membrane bound PCs, SKI-1 doesn’t localize the cell
surface and is shed to the medium (Elagoz et al., 2002). PCSK9 is mainly expressed in small
intestine, liver and kidney (Seidah et al., 2003; Zaid et al., 2008) and is secreted as a soluble
inactive prosegment:PC complex (Cunningham et al., 2007). Upon biding to its target, e.g.
LDLR, PCSK9 can be internalized in endosomes and lysosomes for degradation (Maxwell et
al., 2005; Nassoury et al., 2007).

Since most of this work is focused on Furin and PC7, their trafficking, localization and activities

of these will be discussed in more details in the next two sections.

1.1.5 Furin: the Proprotein Convertase prototype

Among PCs, Furin is the best characterized family member and its role and function have been
investigated in both physiological and in pathological conditions. Its gene, was identified in the
upstream region of the c-fes/fps proto-oncogene (FES), and named FUR (FES upstream
region) (Roebroek et al., 1986). The protein is ubiquitously expressed in many mammalian
tissues and is conserved in both vertebrates and invertebrates (Seidah et al., 1998; Thacker

and Rose, 2000). Multi-step and compartments-specific cleavages are required for proper
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Furin activation. This finely regulated process leads to the removal of the inhibitory
prosegment, which appears to occur in the TGN/endosomal system (Anderson et al., 2002;
Feliciangeli et al., 2006).

Furin is known to cleave and activate a wide range of substrates like growth factors, receptors,
adhesion molecules and other proteases mostly in the TGN (reviewed in Jaaks and
Bernasconi, 2017; reviewed in Thomas, 2002). The ability to cleave diverse substrates in vivo
is explained by its trafficking and sorting to many sites of the secretory pathway (Fig. 2). Many
reports indicate that Furin localizes to the TGN and transit from the TGN to post-exocytic
vesicles (Molloy et al., 1994; Takahashi et al., 1995b; Wan et al., 1998). Furthermore, Furin
trafficking is also regulated by phosphorylation events at specific motif of the cytosolic domain,
and by the interaction with sorting adaptor or cytoskeleton proteins (reviewed in Thomas,
2002). For example, in polarized cells basolateral sorting of Furin is dependent on the

interaction with the ubiquitously expressed adaptor protein-4 (AP4) (Simmen et al., 2002).

Although budding from TGN to post-exocytic compartments is essential for proper Furin
activity, the cytoplasmic machinery involved in Furin exocytic trafficking is not well understood.
On the other hand, Furin endocytosis and retrieval from endosomes to TGN is well studied.
Furin recruitment from the cell surface is dynamin/clathrin-dependent and is regulated by the
interaction with the adaptor protein-2 (AP-2) (Teuchert et al., 1999a). It also involves other
proteins such as filamin or sorting nexin-15 (SNX-15) (Barr et al., 2000; Stossel et al., 2001).
From the endocytic compartments Furin is either able to recycle to the TGN or to the plasma
membrane. The sorting is regulated by casein kinase 2 (CK2) phosphorylation of an acidic
cluster in the cytolosic tail. Phosphorylation by CK2 leads to recycling to the cell surface, while
dephosphorylation by the protein phosphatase 2A (PPA2) directs Furin back to the TGN
(Mallet and Maxfield, 1999; Molloy et al., 1998). Moreover ,Furin recycling is regulated by the
its interaction with the phosphofurin acidic cluster sorting protein-1(PACS-1), which connects
Furin to the adaptor protein-1 (AP1) (Crump et al., 2001; Wan et al., 1998). Besides its role in
substrate cleavage and activation in the constitutive secretory pathway, Furin contribution to
substrate maturation has also been investigated in the regulated secretory pathway of
neuroendocrine and endocrine cells. In these cells Furin has been found into the immature
secretory granules (ISGs), which are also enriched with hormones and other proteases

(reviewed in Thomas, 2002). These compartments undergo a series of membrane remodelling
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during the transport to the cell surface (Tooze, 1998) and when they are closed to the cell

periphery, Furin is removed from the ISGs and is recycled to the TGN (Dittié et al., 1997).

Many studies have uncovered role of Furin in embryogenesis and in several diseases. Mice
lacking functional Furin die at the embryonic day 11 (E11) and exhibit multiple tissue
abnormalities like abnormal yolk sac vasculature, failure of axial rotation and severe cardiac
defects (Roebroek et al., 1998). This phenotype is likely due to the impaired Furin-activation
of the transforming growth factor-B (TGF-B) family members Lefty, Nodal or bone
morphogenetic protein-10 (BMP10) (Constam et al., 2000; Susan-Resiga et al., 2011).
Similarly, Furin can cleave other TGF-B family members including bone morphogenetic
protein-4 (BMP-4) and TGF-B-1 (Cui et al., 1998; Dubois et al., 2001). The embryonic lethality
of Furin-null mice supports the idea of lack of redundancy between Furin and other family
members, although PCs redundancy has been shown in vivo for some substrates (Bessonnard
et al.,, 2015; Roebroek et al., 2004). However, few unique Furin substrates have been
identified, such as PCSK9 in hepatocytes (Essalmani et al., 2011) and the Ac45 subunit of the

vacuolar H*-ATPase in pancreatic B cells (Louagie et al., 2008).

Although Furin is essential for embryogenesis, in certain conditions its activity might contribute
the occurrence or the progression of several diseases. Furin and other family members are
known to activate the precursor of the 3-site amyloid precursor protein-cleaving enzyme-1
(BACE-1) (Bennett et al., 2000). The secreted enzyme BACE-1 is involved in the formation of
the senile plaques in Alzheimer’s disease (Vassar, 1999). However, Furin is also involved in
activation of other proteases such as a-secretase (Hwang et al., 2006), whose activity leads
to reduction senile plaques formation (Postina et al., 2004). In addition, Furin can activate
several bacterial or viral pathogens. Indeed, Furin-dependent cleavage is a mandatory step in
bacterial toxin activation. Many evidence indicate the role of Furin in activation of anthrax toxin
or Clostridium septicum a-toxin at the cell surface of the host cells (Abrami et al., 1998; Gordon
et al., 1997; Klimpel et al., 1992). Furthermore, other bacterial toxins, like Pseudomonas
esotoxin A (PEA), diphtheria toxin, shiga-toxin and shiga-like toxin 1, can be processed and
activated by Furin in endosomal compartments (reviewed in Thomas, 2002). Finally, many

pathogenic viruses, including measles virus, human immunodeficiency virus-1 (HIV-1), avian



Introduction

influenza virus, require Furin-dependent cleavage of theirimmature envelope glycoproteins for
their activation (Molloy et al., 1999; reviewed in Thomas, 2002; Volchkov et al., 1998).
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Figure 2. Subcellular localization of proprotein convertases

Upon exiting the endoplasmic reticulum (ER), most of the basic amino acid-specific proprotein
convertases traverse the Golgi apparatus towards the trans-Golgi network (TGN). At this branching
point the convertases proprotein convertase 1 (PC1) and PC2 are sorted to immature secretory granules
where they are activated, cleave polypeptide hormones and are stored in dense -core secretory granules
(SGs) awaiting signals for regulated secretion. Conversely, the constitutively secreted furin, PC5 and
paired basic amino acid cleaving enzyme 4 (PACE4) reach the cell surface from the TGN. PC7 is able
to reach the same destination from both the TGN and by an unconventional secretion pathway directly
from the ER. Upon binding to heparan sulphate proteoglycans (HSPGs) and tissue inhibitors of
metalloproteinases, PC5A and PACE4 are retained at the cell surface and/or extracellular matrix. The
membrane -bound furin, PC5B and PC7 are recycled through endosomes back to the TGN. The
activated membrane -bound subtilisin kexin isozyme 1 (SKI-1) is mostly concentrated in the cis- and
medial-Golgi, from where it is then sent to lysosomes for degradation, and does not normally reach the
cell surface. Proprotein convertase subtilisin kexin 9 (PCSK9) is secreted from the TGN directly into the
medium as an enzymatically inactive non -covalent complex of the protease and its prosegment. Upon
binding to the low-density lipoprotein receptor (LDLR) at the cell surface, the PCSK9-LDLR complex is
internalized into endosomes and then sent to lysosomes for degradation (adapted from Seidah and Prat,
2012).

1.1.6 PC7: The most ancestral and conserved PC

Identified in 1996 in the chromosome breakpoint region of human lymphoma cells carrying a
t(11;14)(g23; q32) translocation (Meerabux et al., 1996), PC7, also called lymphoma PC
(LPC), is the most ancient and conserved proprotein convertase family member (Bruzzaniti et

al., 1996; Seidah et al., 1996). Although PC7 is ubiquitously expressed in embryo, adult tissues
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and many cell lines (Constam et al., 1996; Meerabux et al., 1996; Rousselet et al., 2011a;
Seidah et al., 1996), its localization, trafficking and function are barely investigated. PC7 is
synthesized as an inactive zymogen in the ER, where it binds the molecular chaperone BiP to
prevent aggregation (Creemers et al., 2000). Like other PCs, PC7 undergoes autocatalytic
cleavage at KRAKR'"| (rat) (Seidah et al., 1996) or RRAKR''| (human) sites (Meerabux et
al., 1996). Cleavage of the PC prosegment is a slow process that has been shown to take
hours (Creemers et al., 2000; Van De Loo et al., 1997). After exit of the ER, PC7 undergoes
several PTMs (Van De Loo et al., 1997) such as N-glycosylation (Seidah et al., 1996), sulfation
(Rousselet et al., 2011a) and reversible palmitoylation of 2 cysteines in the cytosolic tail (Van
De Loo et al., 1997).

Contrary to other PCs, PC7 localization and trafficking are poorly investigated. Endogenous
PC7 has been described to enrich in vesicles that localize beneath the plasma membrane and
can be distinguished from those containing Furin (Leonhardt et al., 2010; Wouters et al., 1998),
suggesting a spatial segregation of the two PCs. Moreover, several reports have demonstrated
that overexpressed PC7 mainly localized in the TGN and a small fraction can be found at the
cell surface (Declercq et al.,, 2012, 2016; Van De Loo et al.,, 1997). However, how PC7
trafficking is regulated remains a matter of controversy. In another report, overexpressed PC7
was not detected in TGN, early endosomes and lysosomes of HEK293T cells, whereas it co-
localizes with the ER marker calreticulin and with flotillin-1 a known marker for clathrin-
idependent endocytosis, suggesting that PC7 internalization is mediated by clathrin-
independent endocytosis (Rousselet et al., 2011a). In the same report PC7 has been shown
to traffic through both the conventional secretory pathway and the brefeldin-A and COPII-
independent unconventional route. Intriguingly, while overexpression of Furin, PC5 and PC7
prosegments resulted in inhibition of PCs activity (Nour et al., 2003; Zhong et al., 1999), only
PC7 prosegment is secreted (Munzer et al., 1997; Zhong et al., 1999) and traffics only through
the conventional route (Rousselet et al., 2011a). In another report, PC7 internalizes via
clathrin-mediated endocytosis in CHO-K1 cells (Declercq et al., 2012). A short motif of three
amino acids, Pro’* Leu’® and Cys’*® (PLC motif), and a cluster of basic amino acids in the
cytosolic tail are essential for proper PC7 retrograde transport from the plasma membrane to
the TGN (Declercq et al., 2012, 2016). The relevance of the C-terminus for directing PC7
trafficking and activity was confirmed in experiments where PC7 trans-membrane domains
and cytosolic tail are swapped with Furin counterparts (Guillemot et al., 2013; Rousselet et al.,
2011a).

A number of investigations aimed to define PC7 biological function. In sharp contrast to other
PCs (Scamuffa et al., 2006), the PC7 knock-out mice are viable (Villeneuve et al., 2002),
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although they manifest defects in memory and anxiolytic behaviour, probably due to impaired
brain-derived neurotrophic factor (BDNF) processing (Anyetei-Anum et al., 2017; Wetsel et al.,
2013). Furthermore, lack of embryonic lethality in PC7-null mice might be explained the
redundant activity provided by overlapping PCs (Bessonnard et al., 2015). These data suggest
that PC7 is involved in the maturation of non-essential substrates or is expressed in cells where
substrates processing is mediated by redundant PCs (Taylor et al., 2003). PC7 shares several
secretory substrates with other PC family members, both in vitro and in vivo, such as growth
factors like the vascular endothelial growth factor-C (VEGF-C) or BMP-4 (Cui et al., 1998;
Nelsen and Christian, 2009; Siegfried et al., 2003), proteases like disintegrin and
metalloproteinases domain-containing 10 (ADAM10) and ADAM17 (Anders et al., 2001;
Endres et al., 2003) and adhesion molecules like E-cadherin (Bessonnard et al., 2015).
However, the redundancy is only partial, since PC7 cannot rescue embryonic lethality in other
PCs knock-mice (Bessonnard et al., 2015; Creemers and Khatib, 2008; Roebroek et al., 1998;
Scamuffa et al., 2006). Inactivation of PC in zebrafish resulted in various developmental
defects suggesting that PC7 has a non-redundant and relevant function in ealry zebrafish
development (Turpeinen et al., 2013). Furthermore, a recent genome-wide association study
revealed a strong link between lower levels of the soluble form of the human transferrin
receptor 1 (hTfR1) and a PC7-specific single nucleotide polymorphism (SNP) (Oexle et al.,
2011). In addition, PC7 has been shown to mediate the shedding of the overexpressed hTfR1
in different cell lines (Guillemot et al., 2013), demonstrating its role in iron homeostasis. PC7
role in shedding the hTfR1, relies on its catalytic activity, but also on the presence of the
cytosolic tail, which directs intracellular sorting and PC localization. Furthermore PC7 indirectly
enhances maturation of epidermal growth factor precursor (proEGF) (Rousselet et al., 2011b),
and can process overexpressed apolipoprotein-F (apo-F) and sortilin in mouse primary

hepatocytes (Guillemot et al., 2014).

1.1.7 Proprotein Convertases in homeostasis and diseases

Several studies underline the importance of PC activities in development and under
physiological conditions (reviewed in Seidah and Prat, 2012). The embryonic lethality of Furin,
PC5 or SKI-1-null mice firmly indicate that their absence or underexpression result in defects
in proper cellular or homeostasis organogenesis (Essalmani et al., 2008; Roebroek et al.,
1998; Scamuffa et al., 2006). Although viable, knock-out mice of other family members showed
defects in growth (PC1 and PC2) (Furuta et al., 1997; Zhu et al., 2002), in fertility (PC4) (Mbikay
et al., 1997a), in development (PACE4) (Constam and Robertson, 2000), and in metabolism
(PC2 and PCSKO9) (Furuta et al., 1997; Rashid et al., 2005).
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Due to their ability of cleaving a plethora of substrates, alteration in PCS activity or expression
has been associated with several diseases. As previously discussed, Furin can activate
bacterial toxins, and several viruses hijack host PC to cleave their glycoproteins (reviewed in
Thomas, 2002). Furthermore, Furin and other family members are involved in
neurodegenerative diseases due to their, although indirect, role in plaque formation (Bennett
et al., 2000; Lopez-Perez et al.,, 1999). Some studies have reported their contribution in
atherosclerosis by activation of membrane-bound matrix metalloproteinases (MT-MMPs) and
av-integrins in macrophages and in muscle cells (Stawowy and Fleck, 2005; Stawowy et al.,
2005). Finally, PC are involved in different steps of cancer progression (reviewed in Artenstein
and Opal, 2011; Jaaks and Bernasconi, 2017) and due to the wide range of activated

substrates, their implication is discussed below.

1.1.8 Proprotein Convertases in cancer

Many of the in vitro and in vivo validated PC substrates are involved in the different steps of
tumorigenesis, including transformation, proliferation, invasion, and metastasis formation
(reviewed in Artenstein and Opal, 2011). Therefore, the increase in PC expression and
activities is associated with progression and invasion in several types of cancer. In addition,
PC expression varies between different tumors and it’s intuitive to think that their contribution
in cancer progression whether they activate oncogenic or tumor-suppressor proteins. | further

aim to give a general overview of PC expression and their role in different tumor types.

Astrocytoma and cancer of the brain: PCs can promote the malignant phenotype of cancer of
the central nervous system. Indeed, Furin is highly expressed in high grade astrocytoma, and
its inhibition leads to reduced proliferation in vitro and tumor growth in vivo. This effect is due
to the reduced processing of specific substrates, including MT-MMP1, the insulin receptor (IR)
and transforming growth factor-f (TGFB), that promotes proliferation of malignant gliomas
(Mercapide et al., 2002). Moreover, Furin activity promotes glioma cell invasiveness in vitro
(Wick et al., 2004).

Breast cancer: Many PC family members, including Furin, PACE4, and PC7 are expressed in
both human tumors and breast cancer cell lines (Cheng et al., 1997). Overexpression of the
inhibitory Furin prosegment in breast cancer cells results in reduction of tumor growth in vivo
and impaired processing of the insulin-like growth factor 1 receptor (IGFR1) and the platelet-
derived growth factor A (PDGF-A) (Scamuffa et al., 2014). Interestingly, inhibition of PACE4
by overexpression of its prosegment results in the opposite effect, suggesting different roles
of PACE4 and Furin in breast cancer progression (Lapierre et al., 2007). In another in vitro

study, Furin inhibition resulted in MT-MMP1 inactivation and in reduction of matrix
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metalloproteinase 2 (MMP2) and MMP9 expression, suggesting a link between breast cancer

cells motility and MMPs expression (Cepeda et al., 2017).

Cervical, endometrial and ovarian cancer: Increased motility and tumor growth of cervical
cancer cells, both in vitro and in vivo, are dependent on NF-kB-dependent overexpression of
Furin (Kumar et al., 2010). Among the family members, Furin is the most expressed in human
endometrial tumors and cell lines (Singh et al., 2012). Furthermore, monitoring PC activity in
endocervical swabs and in uterine lavage samples has been proposed as a non-invasive
diagnostic tool for endometrial cancer since PC activity was higher in patient samples
compared to healthy control (Heng et al., 2016a, 2016b). Finally, the importance of PCs in
ovarian cancer has been investigated. Indeed, Furin is expressed in several stages of the
disease, including ascites and metastasis. Furthermore, Furin activity is important for the
proper processing of MT-MMP1 (Longuespée et al., 2014; Page et al., 2007). Interestingly, it
has been shown that PACE4 expression in down-modulated in ovarian cancer cells (Fu et al.,
2003).

Gastrointestinal cancer: PC1 and PC2 have been found upregulated in liver metastasis
originating from colorectal cancer (Tzimas et al., 2005). However, Furin is the most
overexpressed PC in tumors and cancer cell lines (Nakajima et al., 2002). Its inhibition by
overexpression of Furin prosegment or by pan-PC inhibitor a1-antitrypsin Portland (a1-PDX)
result in impaired processing of IGFR1, insulin growth factor-1 (IGF-1) and PDGF-A and leads
to the decrease of tumor growth and number of metastasis in vivo (Khatib et al., 2001;
Scamuffa et al., 2008, 2014). Moreover, Furin can activate the parathyroid hormone-related
peptide (PTHrP), which in turn stimulates Furin expression and increases gastric cancer cells

proliferation in vitro (Nakajima et al., 2002).

Head and neck squamous cell carcinomas (HNSCC): High PC expression is found to correlate
with aggressiveness of head and neck derived squamous cell carcinoma in vivo, including PC5
and Furin, while PC7 is highly expressed in HNSCC cell lines in vitro (Bassi et al., 2001a,
2005). Several studies, showed that PC activities are important for HNSCC cells proliferation,
motility and invasiveness both in vitro and in vivo. Furthermore, PCs have been shown to be
required for proper activation of important proteins involved in HNSCC progression like VEGF-
C, IGFR1, TGFB, and MT-MMP1(Bassi et al., 2001b, 2003; De Cicco et al., 2005).

Lung carcinomas: Furin was the first PC detected in non-small cell lung cancer (NSCLC) and
its expression was found to be higher in adenocarcinomas and in squamous cell carcinoma
compared to small-cell lung carcinoma (SCLCs) (Schalken et al., 1987). Furthermore, since
Furin expression correlates with the invasiveness of NSCLS cell lines (Bassi et al., 2001a;

Lopez de Cicco et al., 2002), Furin has been proposed as a potential biomarker for this type
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of tumor (Demidyuk et al., 2013). By constrast, other family members including PC1, PC2 and
PACE4 are expressed only in SCLSs (Mbikay et al., 1997b; Rounseville and Davis). In
addition, inhibition of PCs activities reduces cell proliferation and migration in vitro, as well as

tumor formation in vivo (Bassi et al., 2016; Ma et al., 2014).

Prostate cancer: Two studies have elucidated the role of PACE4 in prostate cancer
progression to a more aggressive grade (D’Anjou et al., 2011, 2014). Furthermore, it has been
shown that both Furin and PC7 cannot substitute PACE4 activity in prostate cancer cell
proliferation in vivo, positioning PACE4 as potential therapeutic target for prostate cancer
(Couture et al., 2012).

Sarcomas: Although both Furin and PACE4 are found overexpressed in rhabdomyosarcoma
(RMS), only the contribution of Furin in tumor progression has been investigated. Furin activity
is required in RMS cell lines for proper maturation of cancer-related substrates including
VEGF-C, IGF1R, PDGF-B and MT1-MMP, that play a role in proliferation, invasion and
metastasis formation (Jaaks et al., 2016a). Another study revealed that Furin is expressed in
almost 90% of pediatric RMS, and Furin silencing leads to complete remission of established
RMS cell line tumors in vivo (Jaaks et al., 2016b). Preliminary in vitro studies revealed PC
contribution in cell motility in both fibrosarcoma and osteosarcoma (Liu et al., 2014a; Maquoi
et al., 1998).

Skin cancer: Furin overexpression in epidermal basal layer of the skin increases number of
high-grade squamous cell carcinoma after a two-step chemical carcinogenesis protocol in vivo
(Fu etal., 2012). Similar results were obtained in mice exposed to UVB radiation in UV-induced
skin carcinogenesis experiments (Fu et al., 2013). Another PC family member, PACE4, has
been characterized in skin cancer. PACE4 overexpression results in increased skin cancer cell
proliferation both in vitro and in vivo (Bassi et al., 2015). In addition, PC inhibition in human
primary melanoma cells impairs processing of PDGF-A, IGFR-1 and MMPs and result in

reduced cell invasion and migration in vitro (Lalou et al., 2010).

13



Introduction

1.1.9 Proprotein Convertase substrates in cancer

Many precursor proteins involved tumorigenesis and metastasis formation are cleaved by one
or several members of the PC family (Fig. 3). Here | will briefly describe some important

cancer-related PC substrates.
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Figure 3. Proprotein convertases in tumorigenesis

In the processes of tumorigenesis and metastasis, proprotein convertases cleave a variety of
precursors of distinct growth factors, receptors, adhesion molecules, and matrix
metalloproteinases (MMPs). Each of these activated substrates has been shown to affect
many of the pathways involved in tumor growth and progression (adapted from Artenstein and
Opal, 2011)

ADAM metalloproteinases: The ADAMs (a disintegrin and metalloproteinases) are a family of
secreted and membrane-associated metalloproteinases, which play important roles in cell
adhesion, cell migration, proteolysis and signalling (reviewed in Edwards et al., 2009). Their
activity has been found to contribute to cancer progression and dissemination since they can
cleave and activate several cancer-related proteins including Notch, epidermal growth factor,
amphiregulin, tumor necrosis factor alpha, and transforming growth factor-alpha (reviewed in
Duffy et al., 2009). As many other proteases, ADAMs family members are translated as
inactive zymogens requiring posttranslational modifications to acquire proteolytic activity. For
some members, this event consists in the removal of the inhibitory prodomain and is mediated
by a PC. Both ADAM10 (Anders et al., 2001; Lopez-Perez et al., 2001) and ADAM17(Endres
et al., 2003; Srour et al., 2003) are processed by PCs. However, while ADAM17 maturation is
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blocked in the Furin-deficient LoVo cell line, suggesting that Furin is the main PC involved in
ADAM17 maturation, ADAM10 processing occurs in LoVo cells suggesting a redundant activity
of other PC family members. In addition, recent work has characterized a new upstream PC
site located in the prodomain of ADAM9, ADAM10 and ADAM17. Cleavage of this upstream
PC site appeared essential for proper activation of proADAM17 in vitro (Wong et al., 2015).

Cadherins: These type-1 transmembrane proteins play important roles in cell adhesion, sorting
and tissue morphogenesis (Halbleib and Nelson, 2006). The metastatic potential of cancer
cells inversely correlates with cadherin expression (Vleminckx et al., 1991). PC-mediated
activation of inactive cadherin precursor has been investigated only for two family members,
epithelial-cadherin (E-cadherin) and neural-cadherin (N-cadherin). Both proteins are
synthetized as inactive precursors that requires post-translation modification to acquire their
activity. Removal of the prodomain enables calcium-dependent homotypic interaction (Ozawa
and Kemler, 1990). Overexpression studies revealed that Furin can cleave and activate E-
cadherin (Posthaus et al., 1998). However, the cleavage was not inhibited in Furin-deficient
LoVo cells, suggesting that other PC family members might mediate the processing (Posthaus
et al., 1998). Recent work in the lab has demonstrated that E-cadherin processing in vivo is
mediated by Furin, PACE4 and PC7 (Bessonnard et al., 2015). In addition, E-cadherin has
been extensively investigate as a potent tumor suppressor (Van Roy and Berx, 2008; Semb
and Christofori, 1998) and loss of its expression correlates with poor prognosis and high tumor
grade (Hirohashi, 1998; Perl et al., 1998).

Similar to E-cadherin, N-cadherin requires the removal of the inhibitory prodomain to acquire
its activity (Tamura et al., 1998). Silencing experiments revealed that Furin is responsible for
proper N-cadherin activation, and impaired processing results in accumulation of non-adhesive
N-cadherin at the cell surface enhancing motility in tumor cells (Maret et al., 2010). In addition,
the same group showed that N-cadherin can be inactivated by PC5 that cleaves an alternative
PC-site different from the one recognized by Furin. This cleavage abolishes the adhesive N-
cadherin function, favouring cell migration and motility in vitro (Maret et al., 2012). Interestingly,
a switch from E-cadherin to N-cadherin expression called cadherin switching occurs in both
developmental processes and tumorigenesis (Hao et al.,, 2012; Lade-Keller et al., 2013;
Wheelock et al., 2008).

IGF1 and IGF1R: The insulin-like growth factor (IGF) signalling is important for growth and
maintenance of many tissues. However, it has been shown to play a critical role in progression
of several tumors through its ability to increase cell proliferation and anti-apoptotic signals
(reviewed in Denduluri et al., 2015). Overexpression of both IGFR-1 and IGF-1 are associated
with high risk of cancer and tumor progression (Chan et al., 1998; Kaleko et al., 1990). Both
IGF-1 and IGF1-R are synthesized as a protein precursor and PC-cleavage for their activity
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(Duguay et al., 1997; Lehmann et al., 1998; Scamuffa et al., 2008). In fact, PC-inhibition results
in reduced tumor growth and cell proliferation in vitro through impaired activation of the IGF
signalling (Khatib et al., 2001; Lalou et al., 2010; Scamuffa et al., 2008).

Integrins: Integrins are heterodimeric cell surface receptor binding specific proteins of the
extracellular matrix (ECM) and providing the traction necessary for cell motility and invasion.
In addition, integrins regulate tumor growth by increasing survival signalling and preventing
pro-apoptotic events (reviewed in Desgrosellier and Cheresh, 2010). Each heterodimer is
formed by two distinct chains named a and  subunits. Cleavage in the a subunit by Furin or
PC5 has been shown to be required for their activation (Bergeron et al., 2003; Delwel et al.,
1996; Lehmann et al., 1996; Lissitzky et al., 2000).

Matrix Metalloproteinases (MMPs): MMPs belong to a large family of calcium-dependent
endopeptidases, that participate in the degradation or remodelling of the ECM (reviewed in
Page-McCaw et al., 2007). More than 20 members have been identified in human, and all of
them are synthesized as inactive zymogens. To acquire proteolytic activity, the zymogen
undergoes a series of proteolytic events including a PC-mediated cleavage. In addition,
elevated expression of MMPs correlates with poor prognosis in cancer patients (Egeblad and
Werb, 2002). The membrane-anchored MT-MMP-1 is known to be cleaved by Furin (Yana and
Weiss, 2000) and is involved in cancer invasion and tumorigenicity in several cancers (Bassi
et al., 2001b; Lalou et al., 2010). Furthermore, PACE4 and Furin have been shown to cleave
and activate stromelysin-3 (MMP-11) (Pei and Weiss, 1995; Santavicca et al., 1996). Contrary
to MMP-11 and MT-MMP1, Furin-dependent cleavage inactivates the MMP-2 family member
(Cao et al., 2005).

Notch: The evolutionary conserved Notch pathway play a crucial role in homeostasis and
development in various organs and tissues (Artavanis-Tsakonas, 1999). In cancer, depending
on the tissue or cellular context, Notch can act as an oncogene or a tumor suppressor gene
(reviewed in Nowell and Radtke, 2017; reviewed in Radtke and Raj, 2003). The four
mammalian Notch receptors (Notch1-4) are translated as precursor proteins that undergo
sequential proteolytic events. The first proteolytic cleavage (S1) is mediated by PCs (Logeat
et al., 1998), however the role of this proteolytic events remains controversial. Indeed, both
mammalian and fly studies suggest that Furin-independent Notch might signal (Bush et al.,
2001; Kidd and Lieber, 2002). On the other hand, Notch1 Furin-cleavage mutant has been
shown to be less expressed at the cell surface and exhibits decreased ligand-mediated

receptor activation (Gordon et al., 2009).

Platelet-derived growth factor (PDGF): Many studies about PDGF and their receptors

(PDGFRs) have elucidated their role in cell proliferation, growth and differentiation (reviewed
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in Andrae et al., 2008). Upregulation of the growth factors and their receptors has been found
in several types of cancer and their inhibition has demonstrated potential benefit in preclinical
and clinical trials (reviewed in Heldin, 2013). To acquire receptor-binding activity, both PDGF-
A and PDGF-B prodomains are removed by PC-mediated cleavage. Although most of the
basic PC are able to process PDGF-A and PDGF-B, Furin appears as the most potent member
in PDGF processing (Siegfried et al., 2003, 2005).

Transforming growth factors B (TGF-B): TGF-B is the founding member of the TGF-
superfamily, which comprises at least 30 members in mammals, and regulates vital cellular
processes including proliferation, migration, differentiation and death (reviewed in Weiss and
Attisano, 2013). In cancer, TGF-B acts as a tumor suppressor in the early stages of
carcinogenesis by inhibition of cells growth and preventing cells dedifferentiation, whereas its
behaves as a oncogene in the later stages promoting invasion and metastasis formation
(reviewed in Massagué, 2008). TGF-B1 is translated as homodimer requiring two proteolytic
cleavages to become active. Although PACE4, PC5 and PC7 can process and maturate the
precursor, Furin is considered as the main responsible of the cleavage in vivo (Dubois et al.,
2001; Roebroek et al., 1998). In addition, TGF-B2 is insensitive to Furin processing, probably
due to the tertiary structure of TGF-2 prosegment (Kusakabe et al., 2008).

Vascular endothelial growth factors: VEGFs are growth factors involved in angiogenesis and
lymphangiogenesis in both physiological and pathological conditions (reviewed in Carmeliet,
2005; reviewed in Hoeben et al., 2004). VEGFs are translated as homodimers and secreted
as inactive precursors which requires removal of both the N- and C-terminal propeptide to
acquire their mature form (Joukov et al., 1997; Stacker et al., 1999). Among the four family
members (VEGF-A to D), VEGF-C and VEGF-D are processed by PCs. While Furin and PC5
cleaves proVEGF-D realising both the N- and the C-terminal propeptide (McColl et al., 2007),
PC7 promotes cleavage of the C-terminal propeptide only (McColl et al., 2007). In addition,
Furin, PC5 and PC7 can cleave only the C-terminal propeptide in VEGF-C precursor (Siegfried
et al., 2003).

1.1.10 Proprotein Convertases Inhibitors

Considering PCs contributions in many diseases, several efforts were directed towards the
designing and development of inhibition strategies. However, although both in vitro and in vivo
experiments provided extensive evidence of their efficacy, until now few clinical studies support

their use in therapeutic context.

Endogenous Inhibitor: Few endogenous PC inhibitors have been so far identified. The

proprotein convertase subtilisin/kexin type 1 inhibitor (proSAAS) has been documented as
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PC1 endogenous inhibitor with a K, in the micromolar range (Fricker et al., 2000). Similar to
PC1, PC2 was found to be inhibited by an endogenous protein called 7B2. Notably, pro7B2 is
a Furin substrate (Paquet et al., 1994), and its C-terminal domain inhibits PC2 until the
protease reaches the immature granules where PC2 becomes active (Zhu et al., 1996). Beside
its inhibition function, the neuroendocrine 7B2 is essential for proper PC2 folding and activation
(Westphal et al., 1999). In the past years, the plasminogen activator inhibitor-1 (PAI-1), which
forms a sodium dodecyl sulfate (SDS)-stable complex with Furin thereby inhibiting its activity,

has been proposed as potential endogenous Furin inhibitor (Bernot et al., 2011).

Chloromethylketones: The structure of these inhibitor contains the PC cleavage site, a N-
terminal decanoyl extension to increase cell permeability and a C-terminal chloromethylketone
to block potential degradation by proteases in vivo. The inhibitor acts in competitive manner
binding with high affinity the catalytic domain forming a covalent PC-inhibitor complex (Garten
et al., 1994). The most used and potent to block all PC activity is the decanoyl-Arg-Val-Lys-
Arg-CMK (CMK)(Jean et al., 1998). The main caveat of this inhibitor is the lack of specificity

for any PC family members and toxicity at high dose.

Poly-arginine derivatives: These suicide inhibitors represent an extension of the PC motif Arg-
Arg-Arg-Arg (RRRR). The first inhibitor of this class to be synthesized was the hexa-D-arginine
which effectively blocks Furin-activation of the PEA toxin in vitro and in vivo (Sarac et al.,
2002). Another member of this class, poly-D-nonaarginine (D9R) was further synthetized and
it has been proved to be a potent Furin inhibitor (Kiin nanomolar range) (Cameron et al., 2000;
Kacprzak et al., 2004).

Streptamine derivatives: Docking experiments using the crystal structure of Furin have led to
the modelling of non-peptide based PC inhibitors (Dahms et al., 2016b; Henrich et al., 2005).
Guanidinilated derivatives of 2-dideoxystreptamine was shown to block PC activity in vitro (Jiao
et al., 2006), and act in competitive and reversible manner binding the active site of the PC.
Since these derivatives bind PACE4 and PC7 with ten or one hundred-fold lower efficiency,
they are considered Furin or PC5 specific (Henrich et al., 2005). However, some of these
inhibitors are not or poorly cell permeable, making them potential inhibitor of extracellular Furin

activities.

Peptidomimetics: These are small molecules containing the PC motif and embedded in a
peptide moiety (reviewed in Klein-Szanto and Bassi, 2017). The structure allows specific
interactions outside the PC catalytic domain making each peptidomimetic able to bind
specifically to each single PC and to inhibit PC activity in a competitive and reversible manner

(Becker et al., 2012; Levesque et al., 2012). For example, in vitro experiments demonstrated
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that the peptidomimetic called inhibitor 24 is more potent against Furin and PACE4 rather than
PC7 (Becker et al., 2012).

Prosegment: As previously discussed, PC are synthetized as zymogens and to acquire their
proteolytic activity they have to lose their inhibitory prosegment in specific subcellular
compartment. Due to their intrinsic inhibitory nature, PC prosegment have been commonly
used in several studies to investigate PC activity in physiological and in disease (Siegfried et
al., 2003). Overexpression of Furin prosegment inhibits the processing of important cancer-
related substrates in breast and gastrointestinal cancer, thereby reducing cancer proliferation

and progression (Lapierre et al., 2007; Scamuffa et al., 2014).

al-antitrypsin and derivative: While the a1-antitrypsin is a physiological inhibitor of neutrophil
elastase, the a1-antitrypsin Portland (a1-PDX) is a bioengineered variant containing the PC
recognition motif (Jean et al., 1998) which inhibits PC with a K; in the nanomolar range
(Benjannet et al., 1997; Jean et al., 1998). The a1-PDX acts as a suicide inhibitor. Indeed, it
binds to PC active site and is cleaved by the PC generating a kinetically trapped SDS-stable
complex with the enzyme (Dufour et al., 1998; Tsuji et al., 1999). The a1-PDX has been used
to investigate PC contribution in many substrates processing like, MT-MMP1, VEGF and
PDGF family members, IGF-1R, and in cancer progression (Khatib et al., 2001; McColl et al.,
2007; Scamuffa et al., 2008; Siegfried et al., 2005).

nanobodies: Nanobodies consists in the variable region of the heavy chain of an antibody, and
recently they have been designed against the P domain. The nanobody Nb14, specific for
Furin P domain, has shown to block processing on PC substrates when overexpressed in cells.
However, Nb14 inhibit processing of full PC substrates, whereas small molecules were
properly cleaved (Zhu et al., 2012). This non-competitive inhibition strategy represents a

promising approach.

PC inhibition in clinical trials: Many cancer cells overexpress the immunosuppressive PC
substrates TGF-B1 and TGF-B2, which promote cancer cell proliferation and dissemination
(Yoshimura and Muto, 2011). As previously discussed, Furin processing in indispensable for
TGF-Bs activities. Thus, blocking Furin might result in decreased TGF-3 immunosuppressive
activities and allow an effective immune response. This approach has been investigated in
several types of cancer. In these studies, a cDNA encoding for the granulocyte—macrophage
colony-stimulating factor (GM-CSF) and two copies of small hairpin Furin RNA were placed
under the control of the strong cytomegalovirus promoter (Rao et al., 2010; Senzer et al.,
2012). Patient-derived cancer cells were transfected with this construct and used as cellular
vaccines (called FANG, and then named VIGIL in clinical trials) and injected back into the

patients. The circulating cells produced elevated level of GM-CSF and low levels of TGF-31
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and TGF-pB2. Although preliminary, this Furin-silencing approach seems to be promising in
various malignancies including breast cancer, colon cancer, small cell lung cancer,
liposarcoma, and ovarian cancer (Nemunaitis et al., 2014; Senzer et al., 2012). Furthermore,
encouraging results, such as reduction in relapse rate, have been observed in patients
diagnosed with ovarian cancer (Oh et al., 2016), Ewing’s sarcoma (Ghisoli et al., 2015, 2016)
and hepatocellular carcinoma (Nemunaitis et al., 2014).

1.2 Melanoma

Sadly, melanoma is one of the most aggressive and treatment-resistant human cancers. In
2017, an estimated 87,110 new case of invasive melanoma will be diagnosed and 9,730

deaths are expected (American Cancer Society).

1.2.1 Melanoma origin: melanocytes and MITF

Melanoma arise from malignant transformation of melanocytes, which are neural-crest derived
cells that colonize the eye, the skin, the hair matrix, mucosal epithelia and meninges (Brito and
Kos, 2008; Goldgeier et al., 1984; Haass et al., 2005; Mort et al., 2015; Tachibana, 1999;
Yajima and Larue, 2008). Melanocytes are responsible for pigmentation and photoprotection.
Indeed, these cells are specialized in producing two main types of pigments called red
pheomelanin and the photoprotective pigment brown/black eumelanin (Valverde et al., 1995).
These pigments are then provided to their neighbouring cells called keratinocytes that use
them to protect their nucleus from DNA-damage induced by UV (Costin and Hearing, 2007;
Kaidbey et al., 1979). Pigment synthesis is stimulated by binding of a-melanocyte stimulating
hormone (a-MSH), which is secreted in response to UV radiation by keratinocytes in a p53-
dependent manner, and which binds to melanocortin 1 receptor (MC1R) expressed on
melanocytes (Cui et al., 2007). MC1R activates cyclic adenosine monophosphate (cAMP)
production (Suzuki et al., 1996; Wong and Pawelek, 1973), which leads to activation of protein
kinase A (PKA) and cAMP response element-binding protein (CREB)-mediated activation of
microphtalmia-associated transcription factor (MITF) gene expression (Bertolotto et al.,
1998a; Price et al., 1998).

MITF is a basic helix-loop-helix leucine zipper transcription factor (Hemesath et al., 1998;
Hodgkinson et al., 1993; Hughes et al., 1993) discovered in a mouse lacking melanocytes
(Hertwig, 1942) and has been named the master regulator of melanocytes (Levy et al., 2006).
Furthermore, MITF is one of the potential regulator of the high plasticity in melanoma cells

(Goding, 2011; Hoek and Goding, 2010). High levels of MITF are found in melanoma cells
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exhibiting a proliferative phenotype, whereas more invasive cells exhibit low level of MITF
(Hoek et al., 2006, 2008a). MITF expression is regulated by a number of transcription factors
and signalling pathways (reviewed in Hartman and Czyz, 2015). In response to a-MSH
signalling, the transcription factor SOX10 cooperates with CREB (Huber et al., 2003). A SOX10
response element was found in the MITF promoter (Verastegui et al., 2000) and both genes
are found mutated in melanoma in a mutually exclusive manner (Cronin et al., 2009). Effectors
of the wingless-type (Wnt) signalling pathway, $-catenin and lymphoid enhancer-binding factor
1 (LEF1) also regulate MITF expression (Eichhoff et al., 2011; Saito et al., 2002). Recently,
the transcription factor zinc finger E-box binding protein 2 (ZEB2), involved in epithelial-
mesenchymal transition (EMT) (Gheldof et al., 2012; Sanchez-Till6 et al., 2012; Tatari et al.,
2014) has been shown to upregulate MITF expression (Denecker et al., 2014). In contrast, the
transcription factor ZEB1 is found to repress MITF expression in retinal epithelium (Liu et al.,
2009). Similar to ZEB1, the glioma-associated oncogene family member 2 (GLI2) inhibits MITF
expression in a TGFB-dependent manner (Pierrat et al., 2012). Intriguingly, the contribution of
specific transcription factors is melanoma-specific. Indeed, while paired box 3 (PAX3)
transcriptional activity induces MITF expression in melanocytes (Yang et al., 2008), in
melanoma, PAX3 can negatively regulate MITF and this process is mediated by BRN2 protein
(Bonvin et al., 2012; Eccles et al., 2013). In addition, several microRNAs, including miR-137
or miR-182, control expression of MITF protein acting on MITF transcript stability and
degradation (Bell and Levy, 2011; Bemis et al., 2008; Craig and Spiegelman, 2012;
Haflidadottir et al., 2010; Luo et al., 2013; Segura et al., 2009; Yan et al., 2012). Furthermore,
post-translational modifications including phosphorylation and SUMOylation regulate MITF
transcriptional activity. In general MITF activity is enhanced by phosphorylation at specific
residues (reviewed in Levy et al., 2006; Mansky et al., 2002), while SUMOylation modulates
its activity. Indeed, MITF appeared more active for a set of specific target genes when it is not
SUMOylated (Miller et al., 2005; Murakami and Arnheiter, 2005). MITF upregulates many
genes of the melanocyte lineage involved in melanin synthesis and melanosome biogenesis
(reviewed in Cheli et al., 2010), including dopachrome tautomerase (dct) and tyrosinase-
related protein 1 (TYRP1) (Bertolotto et al., 1998b; Yavuzer et al., 1995), tyrosinase (Yasumoto
et al., 1994) pigment cell-specific-pre-melanosomal protein 17 (PMEL17) (Baxter and Pavan,
2003) and Melan-A (Du et al., 2003). Furthermore, MITF can control CDKN1A and CDKN2A
transcription and expression levels (Carreira et al., 2005; Loercher et al., 2005) or expression
of TBX2, a transcription factor involved in senescence (Béjar et al., 2003; Carreira et al., 2000),
indicating that MITF has a pivotal role in cell cycle progression and cell survival (reviewed in
Cheli et al., 2010).
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1.2.2 Melanoma: model of progression

Since melanocytes are present at different sites in the human body, different types of
melanoma can arise. The most common are found on the skin and can be divided in two groups
depending whether they are originated from skin that was or was not chronically sun damaged
(CSD and non-CSD respectively) (reviewed in Shain and Bastian, 2016). Melanomas
belonging to these two categories differ in sites of origin, oncogenic mutation, host age (Curtin
et al., 2005; Long et al., 2011; Viros et al., 2008). For example, CDS melanomas arise from
sites of the skin like head, neck and dorsal surface, that showed signs of long-term sun
exposure of older people. These melanomas are found carrying neurofibromin 1 (NF1), KIT
NRAS, BRAF™"%%E mytations (Bastian, 2014). On the contrary, the non-CDS melanomas
originate in the intermittently sun-exposed areas, such as the trunk, of younger people. The

most common mutation identified in non-CDS melanomas is the BRAFY%%°F (Bastian, 2014).

Classically, malignant transformation of melanocytes in melanoma cells is depicted using the
Clark model (Clark et al., 1984). In this model, tumor progression is linear and consists in a
series of different steps including successive formation of the benign precursor lesion (called
melanocytic nevus), dysplastic nevus, progression to radial growth phase, progression to
vertical growth phase and finally metastasis formation (Fig. 4). Genetic and epigenetic
mutations accumulated during each step are though to drive tumor progression. However,

melanoma can also arise de novo in normal skin (Clark et al., 1969; Weatherhead et al., 2007).
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Figure 4. Melanoma progression.

Melanoma progresses in a stepwise fashion, accumulating more mutations during the process. BRAF
mutations are the one of the initiating events in the transformation process. Additional mutations, such
as inactivation of CDKN2A or PTEN, make cells acquiring malignant phenotype.
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In the Clark model, the first step consists in the formation of benign nevi from melanocytes.
This step is dependent on the abnormal activation of the mitogen-activated protein kinase
(MAPK) signalling pathway (Lin et al., 1998; Welsh et al., 2001). The activation of MAPK
signalling pathway, also called ERK (extracellular-related kinase) pathway, is the result of
somatic mutation in genes encoding for the serine/threonine-specific protein kinase BRAF or
for the G-like regulatory protein NRAS. Almost 15% of the malignant melanoma are associated
with somatic NRAS mutations, while 50% with BRAF mutations (Albino et al., 1989; Davies et
al., 2002; Ombholt et al., 2003). Furthermore, depletion of both NRAS and BRAF suppresses
melanoma growth in vitro (Eskandarpour et al., 2005; Hingorani et al., 2003; Hoeflich et al.,
2006). According to the model, additional mutations are required for melanoma progression.
In almost 40% of the cases, this mutations occur in the CDKN2A locus, which encodes for two
proteins named p16™*** and p19*%F (de Snoo et al., 2007). Both p16™** and p19”*** are known
as tumor suppressor proteins (Kamb et al., 1994; Nobori et al., 1994) and are inactivated in
several cancers (Kamb et al., 1994; Nobori et al., 1994; Serrano et al., 1993; Stott et al., 1998),
including melanoma (Flores et al., 1996; Monahan et al., 2010; Walker et al., 1998). While
p16™“A inhibits the CDK4/6-mediated phosphorylation of the tumor suppressor Rb
(retinoblastoma) (Ortega et al., 2002; Serrano et al., 1993; Sharpless and Chin, 2003), p19”~®
regulates the p53 protein levels by sequestrating mouse double minute 2 protein (MDM2) and
inhibiting MDM2-dependent p53 ubiquitination and degradation (reviewed in Harris and
Levine, 2005; Pomerantz et al., 1998).

In another 50% of the malignant melanoma a different tumor suppressor gene, encoding for
the phosphatase and tensin homologue (PTEN), is inactivated (Guldberg et al., 1997; Healy
et al., 1995; Herbst et al., 1994; Parmiter et al., 1988). PTEN modulates a variety of growth
factors signalling via dephosphorylation of phosphatidylinositol phosphate (PIP3) into PIPs.
Increased level of PIP; leads to the activation of the protein kinase B (also called AKT)
(Cantley, 2002; Maehama and Dixon, 1999) which in turns inactivates apoptotic factors or
protein that suppress the cell cycle thereby increasing proliferation and cell survival (Nicholson
and Anderson, 2002; Wu et al., 2003).

Then, to acquire more aggressive phenotypes, melanoma cells acquire more mutations in
genes regulating cell differentiation. Loss of pigmentation is one feature of tumor
dedifferentiation in melanoma (Bennett, 1983). Low level of MITF has been associated with
melanoma characterized for more invasive phenotype (Hoek et al., 2008a), and amelanotic
tumors are associated with poor prognosis (Hofbauer et al., 1998; Salti et al., 2000; Seiter et
al., 2002). On the other hand, MITF overexpression is associated in tumor resistance to

chemotherapy (Garraway et al., 2005).
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Next, melanoma cells undergoes two different phases: escaping from the primary site and
formation of metastasis in the secondary site (Hanahan and Weinberg, 2011). In the first step,
cancer cells due to the lack of oxygen and nutrients induce neovascularization by expressing
several angiogenic factors such as VEGF family members and fibroblast growth factors
(Dvorak, 2002; Friesel and Maciag, 1995; Lazar-Molnar et al., 2000). Stromal cells like cancer-
associated fibroblasts, myeloid cells and immune cells recruited to the primary site contribute
to the process by producing pro-angiogenic factors (Kubota et al., 2009; Murdoch et al., 2008;
Pietras et al., 2008; Watnick, 2012; Zumsteg and Christofori, 2009). However, tumor blood and
lymphatic vessels are leaky and differ from normal counterpart by abnormal growth (Baluk et
al., 2005; Nagy et al.,, 2009, 2010), which facilitate dissemination of cancer cells in the
bloodstream (Baluk et al., 2005; Hanahan and Weinberg, 2011; Raza et al., 2010).
Furthermore, to acquire their invasive capacity, cancer cells hijack the developmental process
epithelial-mesenchymal transition (EMT) (Dissanayake et al., 2007; Kudo-Saito et al., 2009).
This process is characterized by repression of cell adhesion molecules, like E-cadherins and
integrins, which result in loss of cell-to-cell interaction and increase mobility (Kuphal et al.,
2005; Yang and Weinberg, 2008). Furthermore, melanoma downregulate E-cadherin
expression and upregulate N-cadherin. This switch has been shown to help and facilitate
interaction between melanoma cells with fibroblast and endothelial cells (Villanueva and
Herlyn, 2008).

Finally, cancer cells express molecules (ligand or receptor) that would preferentially home
melanoma cells to one specific tissue. For example, some melanoma cells express many
genes normally expressed in the brain, and this might partially explain the process of
metastases in the brain (Cattell et al.,, 2002). In another case, the migration of circulating
cancer cells towards a specific site e.g. the small intestine is explained by the highest
expression of the cytokine CCL25 in this tissue which attracts cancer cells expressing the
receptor CCR9 (Amersi et al., 2008). In addition, the liver is the most common metastatic site
for uveal melanoma, Indeed, uveal melanoma cells express several receptors like IGF1R, c-
Met or CXCR4, whereas the corresponding ligands are highly expressed in the liver (Bakalian
et al., 2008; Lorigan et al., 1991).

1.2.3 Notch in melanocyte lineage and melanoma

Over the past two decades, several genes were identified to affect pigmentation of hair, fur or
eyes in mice (Bennett and Lamoreux, 2003). Most of these genes are key components of
distinct developmental pathways which regulates melanocytes homeostasis and are also

implicated in pathological conditions such as melanoma (reviewed in Liu et al., 2014).
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One such pathway is the evolutionary conserved Notch signalling. Notch proteins are highly
conserved from nematode to vertebrates (Artavanis-Tsakonas, 1999). In mammals four Notch
receptors (Notch1-4) have been identified, which function as ligand-activated transcription
factors (Gordon et al., 2008). Notch receptors are translated as precursor proteins that undergo
sequential proteolytic events. The first cleavage at site 1 (S1) mediated by proprotein
convertases generates a heterodimeric Notch receptor composed of the Notch extracellular
domain (NECD) that remains non-covalently bound to a transmembrane/intracellular fragment
(TMIC) (Blaumueller et al., 1997; Logeat et al., 1998). The heterodimeric receptor binds
specific membrane-bound ligands (Jagged 1,2 and DSL1,3,4) expressed on adjacent cells
(reviewed in Kopan and llagan, 2009). Upon this interaction Notch receptors undergo a second
additional proteolytic cleavage (S2), which is mediated by an ADAM family metalloproteinase.
Recent finding suggest that ligand-dependent Notch activation relies almost only on ADAM10
(reviewed in van Tetering and Vooijs, 2011), since ADAM10-/-, but not ADAM17-/-, mimics the
embryonic lethal Notch1-/- phenotype (Conlon et al., 1995; Hartmann et al., 2002; Peschon,
1998). Ligand-independent signalling relies on ADAM17, and does not result in ectodomain
shedding, suggesting that ADAM17 does not cleave Notch at the cell surface (Bozkulak and
Weinmaster, 2009). The S2 cleavage generates a substrate for a third proteolytic cleavage
(S3) by y-secretase, a protein complex comprising nicastrin, presenilin 1/2, Pen-2 and Aph-1
(Edbauer et al., 2003; Saxena et al., 2001). As result of the final cleavage the Notch
intracellular domain (NICD) is released and enters the nucleus and by interaction with the
DNA-binding protein RBPJ-k (also known as CSL, CBF1, Su(H) and LAG-1) and the
coactivator Mastermind (MAML1-3), promotes the transcription of specific genes (Fryer et al.,
2002; Henderson et al., 1994).

Due to difficulties in isolating or detecting melanocytes in situ, Notch signalling components
expression data in this cell types are rare (Schouwey and Beermann, 2008).The role of Notch
in pigmentation and melanocyte differentiation is supported by several in vivo studies using
transgenic mouse models (Kumano et al., 2008; Moriyama et al., 2006; Schouwey et al., 2007).
To overcome the embryonic lethality of Notch1-/- and Notch2-/- (Conlon et al., 1995; Hamada
et al., 1999), key component of Notch signalling were conditionally ablated in the melanocyte
lineage of mice expressing a Cre recombinase transgene under the control of the melanocyte-

specific Tyr promoter (Delmas et al., 2003).

Hair graying and hair pigmentation defects were observed in conditional deletion of RBP-Jk in
melanocyte lineage, revealing a role for Notch both in melanocyte precursors (melanoblasts)
and melanocyte stem cells maintenance (Moriyama et al., 2006). Furthermore, conditional
deletion of Notch1 and Notch2 revealed that the total dosage of these two genes determines

the severity of the hair graying phenotype (Schouwey et al., 2007), and transgenic expression
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of the NICD in Notch1 and/or Notch2 defective melanocytes rescues proper fur pigmentation
(Schouwey et al., 2010a). In agreement with these results, mice carrying double heterozygous
deletion of Notch1 and Notch2 show gradual hair graying after birth (Kumano et al., 2008).
Since heterozygous deletion of Notfch1 with Notch3, and Notch4 deletion, do not result in
changes in pigmentation phenotype, only Notch1 and Notch2 are considered relevant in

regulating hair pigmentation (Krebs et al., 2000, 2003).

Several studies have reported Notch signalling in different tumor types indicating that Notch
can act as an oncogene or a tumor suppressor gene depending on the context. One of the
best studied and characterized examples of how Notch signalling gain of function promotes
cancer progression is T cell acute lymphoblastic leukaemia/lymphoma (reviewed in Demarest
et al., 2008). By contrast, in the skin Notch has been described as a tumor suppressor gene
(Nicolas et al., 2003), since deletion or inhibition of Notch signalling leads to the formation of

spontaneous squamous cell carcinoma (Nicolas et al., 2003; Proweller et al., 2006).

Notch pathway receptors (Notch1 and Notch2) and ligands (Jagged-1, Jagged-2 and Delta-1)
have been shown to be overexpressed in dysplastic nevi and melanoma compared to control
melanocytes where Notch1 is undetectable (Balint et al., 2005; Bedogni et al., 2008; Massi et
al., 2006; Pinnix and Herlyn, 2007). Furthermore, NICD overexpression in melanocytes
promotes their transformation (Pinnix et al., 2009), while primary melanoma drives the
progression toward a more aggressive phenotype (Liu et al., 2006). Due to the low expression
in melanocytes, Notch signalling inhibition by y-secretase tripeptide inhibitor, induces
apoptosis in melanoma cells, whereas melanocytes were unaffected (Qin et al., 2004).
Moreover, Notch inhibition enhances the effects of ERK inhibitor in BRAF-V600E melanoma
cell lines, both in vitro and in vivo (Krepler et al., 2015). In addition, since Notch pathway relies
on cell-cell interactions, stromal cells surrounding the tumor might participate in its regulation.
In keeping with this concept, a recent study showed that non-invasive melanoma cells upon
contact with differentiated keratinocytes, activate Notch signalling and become more
aggressive in terms of invasivness (Golan et al., 2015). On the contrary Notch overexpression
in stromal fibroblast decreased growth and angiogenesis of the surrounding melanoma cells
(Shao et al., 2011).

Due to its role in cancer formation and progression, Notch signalling is intensely investigated
as a potential therapeutic target. For example, an encouraging study supports evidences of
anti-tumor activity, of the y-secretase inhibitor RO4929097 in a phase | clinical trial for solid

tumors, including melanoma (Tolcher et al., 2012).
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1.3 FRET biosensors in life science

In a cell, nano-sized molecules like proteins, lipids and nucleic acids are involved in dynamic
processes regulating physiological and pathological conditions. Understanding these
processes is key to determine molecules functions and roles and in some cases design
therapeutic approaches. Therefore, non-invasive approaches with nanometer resolution are
required. One of the first methods described to reach nanometer resolution was based on the
principle of Férster Resonance Energy Transfer (FRET) (Forster et al.,, 1939). FRET is a
measurable physical energy transfer between an excited donor (D) fluorophore and an
appropriate acceptor (A) protein or fluorophore. FRET occurs under specific conditions. The
first requirement is an overlap between the donor emission spectrum and the acceptor
excitation spectrum. The donor and acceptor (FRET-pair) have also to be in a sufficient spatial
proximity, usually less than 10nm. The third condition for high FRET to occur is an appropriate
orientation of dipole vectors. The most common FRET measurement approaches are the
fluorescence intensity based approaches, the fluorescence lifetimes based approaches (Hinde
et al.,, 2012; Wallrabe and Periasamy, 2005) and the fluorescence anisotropy approaches
(Lidke et al., 2003).

Since most of this work is based on fluorescence intensity based approaches, only this type of

method will be discussed.

The easiest method for rapid FRET measurements is the donor quenching method (Vereb et
al., 2011). In this scenario, the donor intensity is reduced in the FRET-pair configuration
compared to the donor only sample. Although simple, this method is error-prone because of
inter-samples variability due to fluorophores expression levels and spectral cross-talk between
FRET-pairs. Another approach is called acceptor photobleaching method (Szaba et al., 1992).
In this method, FRET is measured by comparing donor intensity before and after acceptor
photobleaching. In case of FRET the donor fluorescence intensity, which is quenched by the
acceptor in FRET-pair configuration, will increase significantly. However, FRET microscopy
based on acceptor photobleaching can lead to false positive FRET results due to the
photoconversion of the acceptor in a donor-like protein (Seitz et al., 2012; Valentin, 2005) and
due to an increase of the donor fluorescence under those conditions. Furthermore, it is known
that CFP proteins under acceptor photobleaching conditions can increase their fluorescence
intensities in a phenomenon named photoactivation (Malkani and Schmid, 2011). Furthermore,
other drawbacks are photobleaching of the donor, incomplete photobleaching of the acceptor,
as well as acceptor photodestruction precluding real-time or repeated measurements
(Shrestha et al.,, 2015). Finally, the most reliable intensity-based approach is based the

sensitized acceptor emission method (Jares-Erijman and Jovin, 2003; reviewed in Shrestha et
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al., 2015). When FRET occurs, fluorescence intensity of the acceptor can be quantified as
result of the radiation-free energy transfer of the excited donor. This method requires is to
collect three independent signals from a FRET-pair expressing sample, consisting in the
fluorescent intensities of the donor, the acceptor and the sensitized acceptor. To exclude
drawbacks like fluorophores cross-talks, correction factors are calculated from independent

single donor or single acceptor control samples (Xia and Liu, 2001).

Since FRET occurs over interatomic distances, it has been first used to visualize and monitor
molecular interactions. The discovery of the green fluorescent protein (GFP) (Shimomura,
2009) and the generation of different fluorescent proteins (FPs) allowing to cover the entire
visible spectrum (Olenych et al., 2007; Schmid and Neumeier, 2005) enable the development
of more appropriate and suitable FRET-pairs. Furthermore, the FRET-pair can be linked with
a spacer sequence that reacts to specific biological stimuli altering the distance between the
fluorophores and resulting in FRET signal changes. These kinds of constructs are named
intramolecular FRET-biosensors, since both donor and acceptor are part of the same protein.
On the other hand, intermolecular FRET is mostly used to study interactions between two
fluorescently-tagged proteins. Depending on the spacer linker which separates the FRET-pair,
intramolecular FRET biosensor can serve as tool to investigate several biological processes

both in vitro and in vivo.

For instance, FRET biosensors can be used to quantify metabolite concentrations including
ATP, glucose, calcium and other molecules (Fehr et al., 2003; Imamura et al., 2009; Miyawaki
et al., 1997; San Martin et al., 2013; Vevea et al.,, 2013). For such biosensors, bacterial
domains able to recognize specific metabolites, are generally used as spacer in these
biosensors configuration. Upon binding of the metabolite, a change in the spacer conformation
leads to detectable change in FRET efficiency. Conformational change-based biosensors have
been used also to study processes occurring in a tightly regulated manner such as cyclin or
PKA activities in cell division (Gavet and Pines, 2010; Vandame et al., 2014) or spatiotemporal
changes in signal transduction for specific pathways like, AKT (Miura et al., 2014), ERK
(Kamioka et al., 2012) or GTPase (Komatsu et al., 2011). Notably, FRET biosensors have
been used to study mechano-transduction forces (Seong et al., 2013; Wang et al., 2005), drug
efficacy (Mizutani et al., 2010; Nobis et al., 2013) and T-cell interaction (Paster et al., 2009;
Randriamampita et al., 2008).

Beside the conformational change-based biosensors, another class of intramolecular
biosensor is represented by the cleavage-based FRET biosensors. In these cases, the spacer
consists in a cleavable linker that can be processed by a specific protease. When the enzyme
is active and co-localize with the biosensor, the cleavage of the linker occurs and drastically
reduces the FRET signal. The first biosensor belonging to this class was developed in 1998
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and comprises a BFP(blue)-GFP pair separated by a linker containing the specific Asp-Glu-
Val-Asp (DEVD) motif, which is specifically recognized and cleaved by Caspase-3 (Xu et al.,
1998). Novel and updated versions of Caspase-3 FRET-based biosensor (Tyas et al., 2000),
or for other family members (Caspase-6,8 and 9) have been designed (Bozza et al., 2014;
Kominami et al., 2012; Takemoto et al., 2003; Wu et al., 2006) to study apoptosis in
physiological and pathological conditions. Another cellular relevant process that can be
monitored by FRET-based cleavable biosensor is autophagy, a process involved specific
organelles called autophagosome (Jin and White, 2007). Autophagosome biogenesis is
depending on the processing of the autophagy-related protein 8 (Atg8) by Atg4 (Xie et al.,
2008). Two different FRET-based biosensor shed light in the physiological level of autophagy
and elucidate potential inhibitory mechanism (Li et al., 2012; Vezenkov et al., 2015). Although,
these biosensors are commonly used in several contexts one intuitive drawback is the
irreversibility of the cleavage. Besides these examples, other proteases whose roles and
activities have been also characheterized by FRET-based biosensor are the MT1-MMP
(Eichorst et al., 2012; Ouyang et al., 2008) and ADAM17 (Chapnick et al., 2015).

Finally, we developed the first PC-specific biosensor named cell-linked indicator of proteolysis
version 1 (CLIPv1) (Mesnard and Constam, 2010). CLIPv1 consists of secreted eCFP and
mCitrine fused together via a flexible linker containing the PC recognition motif Arg-GIn-Arg-
Arg (RQRR), that can be cleaved by the most widespread PC family members such as Furin,
PACE4, PC5 and PC7 both in vitro and in vivo (Bessonnard et al., 2015; Mesnard and
Constam, 2010; Mesnard et al., 2011). A glycosylphospatidyl-inositol (GPI) anchor links the
biosensor to the cholesterol-rich plasma membrane microdomains (lipid rafts) enabling us to
detect both autocrine and paracrine secreted PC activities at the surface of cells and embryos
(Mesnard and Constam, 2010; Mesnard et al., 2011). CLIPv1 analysis revealed a novel source
of PC and functions during embryo development (Mesnard and Constam, 2010; Mesnard et
al., 2011) and enable us to decipher single PC contribution in substrate cleavage in vivo
(Bessonnard et al., 2015). However, the sensitivity of CLIPv1 analysis is limited by the
relatively weak fluorescence of eCFP, especially in tissues with high autofluorescence. In
addition, due to its configuration FRET can be measured only by sensitized acceptor emission
and the GPI anchor limited the analysis only to lipid rafts, whereas PC activities in subcellular

compartments of the secretory pathway were neglected.
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2 Aim of the project

Members of the PC family, including Furin and PC7, determine the bioavailability and regulate
the activities of many proteins such as Notch, E-cadherin, ADAM metalloproteinases and
TGFB family members, by mediating the cleavage of their inactive precursors. As proteolytic
enzymes, PCs are considered attractive druggable targets for several diseases, including
cancer. However, the major barrier to pharmacologically target any of these proteases is the
insufficient knowledge of their individual contribution in substrate cleavage in vivo due to
indistinguishable overlapping activities in vitro. Decipher and characterize the activity and the
substrate specificities of each single PC is therefore fundamental to design therapeutic
strategies to selectively target PC pathological functions. It has been hypothesized that PCs
substrates specificity and their unique functions may reflect differences in their subcellular

trafficking. However, direct evidences confirming this hypothesis are lacking.
The following work will address two different aspects of PC activities and functions:

1. PCs cleave and maturate precursor proteins during their transit in the different
compartments of the secretory pathway. Knowing where exactly substrates cleavage
occurs and which PC is responsible for such cleavage will inform better drug design.
To discriminate individual PC contribution and to map their intracellular activity, we
quantified PC activities in specific subcellular compartments of two unrelated cell lines
(HEK293T and B16F1 mouse melanoma) using a ratiometric and a FRET-based PC
biosensors, named CLIPv3 and CLIPv4 respectively. Then, we mapped individual PC
contribution in substrates cleavage in B16F1 CRISPR-edited clones for endogenously

expressed PCs.

2. Much evidence suggests that PCs are involved in tumorigenesis because of their roles
in proteolytic maturation of cancer-related protein precursor. Although PC inhibition
appears to repress cell proliferation and motility in melanoma and in other skin cancer
cells in vitro, individual PC contribution in tumor progression in vivo is poorly studied.
In this second part, we tried to investigate the individual contribution of Furin and PC7

in B16F 1 proliferation and differentiation in vivo
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3 Results

3.1 Imaging PC activities in different subcellular

compartments

3.1.1 Novel CLIP version v3 and v4 and their variants containing distinct

localization signals

The initial version (v1) of CLIP and a mutant control (mCLIP) without a PC cleavage motif are
enriched at the cell surface by a glycosylphospatidyl-inositol (GPI) anchor (Bessonnard et al.,
2015; Mesnard and Constam, 2010) (Fig. 5A,B), To improve the signal-to-noise ratio of CLIPv1
fluorescence, we replaced the FRET donor (eCFP) by monomeric TFP1-FLAG or by
monomeric Cerulean (Rizzo et al., 2006; Salonikidis et al., 2011) and exchanged its position
relative to monomeric Citrine (Fig. 5A, B). Of the resulting CLIPv3 and v4, we derived
compartment-specific variants by replacing the GPI anchor using the transmembrane domain
(TMD) and cytosolic tails of membrane proteins with well-defined trafficking signals (Table 1).
To estimate baseline levels of PC-independent hydrolysis and to use them for signal
normalization of RQRR-specific CLIP cleavage, we generated the corresponding PC-resistant
mCLIP controls by mutating the RQRR linker sequences in all CLIPv3 and CLIPv4 variants to
SQAG (Fig.5B).

To verify that alternative trafficking signals are functional, we monitored Citrine epifluorescence
of mCLIPv3 variants in transfected human HEK293T cells that were co-labelled for specific
markers by immunofluorescence staining. As described for CLIP version v1 (Mesnard and
Constam, 2010), fusion to a GPI signal enriched mCLIPv3 at the plasma membrane (Fig. 5C).
By contrast, fusion to a C-terminal KDEL sequence retained mCLIPv3-KDEL in the
endoplasmic reticulum (ER) (Lewis and Pelham, 1990). Alternatively, fusion to the TMD and
cytosolic tail of the trans-Golgi network (TGN) protein TGN38 (Bos et al., 1993) enriched
mCLIPv3 in vesicles stained for TGN46 (Fig. 5D), whereas fusion of mCLIPv3 to the TMD and
cytosolic tail of cation-dependent mannose-6-phosphate receptor (CD-M6PR) let to its
colocalization with the endogenous late endosomal protein cation-independent mannose-6-
phosphate receptor (CI-M6PR) (Ghosh et al., 2003) (Fig. 5E). These results show that the
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localization signals examined are functional and enrich mCLIPV3 in distinct specific subcellular

compartments.
/A R RF:f\ o 5
CI;:I:IP SgAG ) 2:22 CLIPv3: Ratiometric (no FRET)
m -
5 Citrine” [IS)] mTFP1_[F[LiS]
LIPv1
ss CLIPv4: Ratiometric & FRET
434 434 480 = 462 1 462
N RORR 534 Lo * )RQF‘F‘\ » \ p
N ¢ \ —
& — «® w
{ | 1

T N‘

Calnexin,

TGN46|
|

Figure 5. New versions v3 and v4 of the biosensor CLIP and differential localization of
compartment-specific variants.
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(A) Schematic representations of the initial version of the biosensor CLIPv1 and its cleavage mutant
mCLIP. (B) Schematic representation of the novel derivatives CLIPv3 and CLIPv4 and their mCLIP
controls. Compartment-specific variants were derived by adding specific localization signals (L.S.). ss:
Secretory signal sequence; S: flexible linker comprising the PC cleavage site; F: Flag epitope. (C) Citrine
fluorescence (green) of mCLIPv3-GPI in HEK293T cells counterstained by anti-human Mannosidase I
antibody (red). (D) Citrine fluorescence (green) of mCLIPv3-KDEL in the endoplasmatic reticulum of
HEK293T cells labeled by anti-human Calnexin immunostaining (red). (E) Citrine fluorescence (green)
of mCLIPv3-TGN in HEK293T cells counterstained by anti-human TGN46 antibody (red). (F) Overlap
of mCLIPv3-M6PR epifluorescence (green) with endogenous late endosomal cation-independent
mannose 6 phosphate receptor M6PR-CI stained by immunofluorescence (in red) in HEK293T cells
Size bars: 5um and 1 um.
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Table 1. Localization signals to enrich CLIPv3 and CLIPv4 to distinct subcellular compartments

Name Localization signal Compartment Reference

va-sol none secreted
v3/v4-CD58 GPI signal of CD58 lipid rafts (Keller et al., 2001)
v3/v4-KDEL KDEL endoplasmic reticulum (Lewis and Pelham, 1990)
v3/v4-TGN TGN38 Trans Golgi Network (Bos et al., 1993)
v3/v4-TFR TFRC early endosomes (Van Dam et al., 2002)
v3/v4-M6PR M6PR late endosomes (Ghosh et al., 2003)

v3/v4-ME6PR(6Ala) M6PR (6Ala) plasma membrane (Stockli, 2004)

3.1.2 Cleavage and ratiometric CLIPv3 imaging can estimate PC activity

in exocytic compartments

To estimate maximal FRET efficiencies of uncleaved CLIPv3 and CLIPv4, we compared PC-
resistant mCLIPv3 and mCLIPv4 by sensitized emission analysis in transfected HEK293T
cells. FRET values acquired on live cells were processed using the ImagedJ (National Institutes
of Health) pixFRET plug-in and normalized as previously described (Feige et al., 2005; Xia
and Liu, 2001). To prevent that shed Citrine escapes into the medium we chose the late
endosomal M6PR-tagged variants. In mCLIPv4, but not in the cleavable control CLIPv4,
excitation of Cerulean triggered robust Citrine emission while Cerulean emission was
quenched by Citrine, indicating robust FRET specifically in the absence of biosensor cleavage
(Fig. 6A, B). In sharp contrast, no FRET signal was detected upon excitation of TFP1 in
mCLIPv3, although unexpected, confirms that the signal of mCLIPV4 was specific FRET
(Fig. 6A, B).

Since Citrine and TFP1 fluorescence signals of mCLIPv3 were not skewed by FRET, we asked
whether ratiometric imaging of cleavable CLIPv3 suffices to quantify PC activities. To test this
and to evaluate potential effects of subcellular localization on biosensor cleavage, we analyzed
CLIPv3 variants by ratiometric imaging and by immunoblotting using corresponding cleavage
mutant mCLIPv3 variants as negative control. Despite detectable PC-independent cleavage
of the negative control, ratiometric imaging in HEK293T cells showed that the mean
Citrine/TFP1 fluorescence ratio of CLIPv3 was 2-fold below that of cleavage mutant mCLIPv3,
irrespective of whether the sensor was targeted to the TGN or to the late endosomes (Fig. 7A,
B). However, this quantification appears to be inaccurate because anti-Flag Western blot

analysis in stable cell lines revealed that only 14+5% of the total CLIPv3-TGN in whole cell
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lysates was actually cleaved compared to 56£5% of the total CLIPv3-M6PR (Fig. 7C). The
cleaved fraction further increased to 73+5% in the case of GPIl-anchored CLIPv3, whereas
CLIPv3-KDEL containing the ER retention signal KDEL remained uncleaved. While confirming
that endogenous PCs are activated in post-ER vesicles, these results provide direct evidence
that the destination of a given substrate within TGN/endosomal subcompartments is rate-

limiting for its cleavage.

To assess how much of the late endosomal CLIPv3-M6PR might be cleaved during transit at
the cell surface, we substituted 6 residues of its localization signal by alanines such that it
cannot interact with the clathrin machinery (Ghosh et al., 2003; Stockli, 2004) . Compared to
the wild-type the mutated M6PR(6Ala) localization signal enriched CLIPv3 at the cell surface
and significantly dimished the cleaved fraction from 56% to 36% of the total (Fig. 7C, D). Thus,
CLIPv3-M6PR appears to be cleaved mostly within endosomes. Therefore, and since such
vesicles retain both fluorophores even after cleavage (Fig. 7A), PC activity within endosomes

cannot be quantified accurately by simple ratiometric imaging.
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Figure 6. FRET analysis of CLIPv3 and CLIPv4 in HEK293T cells

(A) Maximal normalized FRET efficiencies of mCLIPv3 and mCLIPv4 quantified by sensitized emission
analysis in endosomes of live HEK293T cells target by the localization signal M6PR. Data represent
meanzs.e.m. of two independent experiments. (B) TFP fluorescence of CLIPv3-M6PR relative to that
of cleavge mutant mCLIPv3-M6PR control (left), and Cerulean fluorescence of CLIPv4-MG6PR relative
to mCLIPv4-M6PR. Data represent meanzts.e.m. of two independent experiments (**p<0.01, t-test).
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Figure 7. Ratiometric and Western blot analysis of CLIPv3 variants.

(A) Fluorescent images of CLIPv3-TGN and CLIPv3-M6PR(RQRR) and their corresponding PC-
resistant mCLIPv3 controls (SQAG). (B) Average Citrine/TFP1 fluorescence ratios of CLIPv3-TGN and
CLIPv3-M6PR relative to those of their mCLIPv3 controls. Data represent meants.e.m. of two
independent experiments (*p<0.05, **p<0.001, t-test). (C) Anti-Flag Western blot (top) of compartment-
specific CLIPv3 variants in HEK293T cells lysates. Densitometric analysis is shown below. Uncleaved
(Unc.) and cleaved (Cle.) forms of CLIPv3 variants fused to the indicated localization signals are marked
in the top panel by open and closed arrowheads, respectively (*p>0.5, **p>0.001, t-test). Courtesy of
Dr.P. Donovan. (D) Epifluorescence of Citrine-M6PR(6Ala) which is enriched at the plasma membrane
due to the endocytosis-blocking FFWYLL to 6xAla mutation in its M6PR localization signal (in red), and
of the late endosomal marker Cerulean-M6PR (in green).
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3.1.3 FRET imaging of CLIPv4 reveals that endogenous Furin activity in
HEK293T cells is highly enriched in late endosomes

Western blotting is suboptimal to quantify PC-mediated cleavage, also because it cannot take
into account protein turnover. Since lysosomal delivery and degradation are unlikely slower in
late endosomes than in the TGN, we were surprised that CLIPv3 nonetheless appeared up to
4-fold more cleaved in post-TGN compartments than in the TGN. To validate this conclusion,
we quantified total PC activity in these and other compartments by FRET imaging of CLIPv4
variants. Their average FRET signals were normalized to the average maximal FRET of the
corresponding non-cleavable mCLIPv4 variants. We found that the normalized FRET (NFRET)
efficiency of CLIPv4-TGN was only 25+5% below that of PC-resistant mutant control mCLIPv4-
TGN (Fig. 8A, left panel). By contrast, the average NFRET of CLIPv4-M6PR differed from that
of mCLIPv4-M6PR by almost 50+£10% (Fig. 8A, right panel). These results corroborate our
conclusion that total PC activity is significantly higher in late endosomes and/or other post-
TGN compartments than in the TGN. Although both compartments are thought to host
functionally relevant PC activities, we were surprised by this result because we expected
especially Furin and PC7 to be enriched in the TGN (Declercq et al., 2012, 2016; Rousselet et
al., 2011a; Schafer et al., 1995; Teuchert et al., 1999a).

HEK293T cells transcribe five PC family members (Bessonnard et al., 2015). To obtain an
initial estimate of their relative contributions to total PC activity during endocytosis, we depleted
Furin or PC7 mRNAs in HEK293T cells expressing CLIPv4-M6PR using previously validated
siRNAs (Bessonnard et al., 2015; Scamuffa et al., 2008). Compared to cells transfected with
scrambled control siRNA, cells depleted of 64+10% of Furin mRNA significantly increased the
average NFRET signal of CLIPv4-M6PR, whereas depletion of 56+10% of PC7 mRNA did not
(Fig. 8B). Depletion of Furin mRNA did not significantly increase PC7 mRNA levels (Fig. 8B, C).
Together, these results suggest that processing of the late endosomal PC biosensor CLIPv4-
M6PR in HEK293T cells largely depends on Furin.
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Figure 8. Detection of endogenous Furin activity in late endosomes of HEK293T cells.

(A) Relative NFRET efficiencies of CLIPv4-TGN and CLIPv4-M6PR. Each dot of the scatter plots
represents the entire cytoplasmic region of one cell (**p<0.01, ***p<0.001, t-test). (B) Relative NFRET
efficiencies of CLIPv4-M6PR in HEK293T cells transfected with or without the indicated siRNAs
(*p<0.05, t-test). (C) RT-qPCR analysis of the relative expression of endogenous PCs in wild-type
HEK?293T cells transfected with the indicated siRNAs. The asterisk indicates a significant difference
relative to the scrambled control (siScr) as determined by t-test (p-values are indicated).

3.1.4 CRISPR/Cas9 genome editing of endogenous PCs expressed in

B16F1 melanoma cells

Since multiple overlapping bioactive PCs are coexpressed in most cells and tissues, their
relative contribution to the cleavage of a given substrate are notoriously difficult to estimate.
Tissue-specificity and/or cross-regulation among PC family members may further complicate
the interpretation of experimental manipulation (Bessonnard et al., 2015; Lapierre et al., 2007).
To reduce this complexity, we decided to image compartment-specific CLIPv4 variants in
mouse B16F1 melanoma cells which express endogenous Furin and PC7, but no detectable
Pace4 and PC5 mRNAs (Fig. 9A). To inactivate endogenous Furin and PC7, we mutated their
genes adjacent to the start codons in B16F1 cells using CRISPR/Cas9 genome editing
(Fig. 9B, C). Of 37 selected cell lines analysis 91% showed frameshift mutations in one or all
alleles, resulting in premature stop codons and short inactive protein. We selected clones
where no wild-type alleles were detected, including single mutant sgPC7-1, sgFurin-1sgFurin-
2 cells and double knockout (sgDKO) cells (Fig. 9D, F). Immunoblotting of cells extracts from

wild-type and CRISPR-edited clones confirmed loss of Furin protein expression specifically in
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Figure 9. CRISPR/Cas9 genome editing of Furin and PC7 in B16F1 melanoma cells.

(A) RT-PCR analysis of PC mRNAs in B16F1 cells. Results are representative of three independent
experiments. (B) Targeted region of mouse Furin locus. Yellow: targeted sequence. Blue:
complementary sgRNA sequence. PAM: Protospacer adjacent motif. (C) Targeted region of the mouse
PC7 locus. Yellow: targeted sequence. Blue: complementary sgRNA sequence. PAM: Protospacer
adjacent motif. (D-E) Wild-type(top) and representative CRISPR-edited DNA sequences (below) of the
second exon of mouse Furin (A), or the third exon of mouse PC7 (B) in genomic regions targeted as
shown in B and C by sgFurin or sgPC7 single guide RNAs respectively. Representative fluorograms
show one targeted allele per gene in clones sgFurin-1 and sgPC7-1. (F) Wild-type (top) and
representative CRISPR-edited DNA sequences (below) of the second exon of mouse Furin in clone
SgDKO that was derived from clone sgPC7-1 by Furin guide RNA transfection. Predicted protein
sequences and their truncation by frame-shifting insertion-deletion mutations in sgRNA-treated cells are
shown below.

sgFurin and sgDKO clones (Fig. 10A). PC7 antibody is not commercially available. However,

RT-gPCR analysis showed that sgFurin1/2 and sgDKO clones continued to express PC7
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mRNA or even significantly upregulated it compared to control cells (Fig. 10B, C). Conversely,
expression of Furin mMRNA was reduced 2-or 10-fold in the sgFurin1/2 and sgDKO clones,
respectively, compared to control B16F1 cells, consistent with potential autoregulatory
feedback (Blanchette et al., 2001; Qiu et al., 2015). Neither Pace4 nor PC5 mRNAs were
detectable. These data suggest that B16F1 melanoma cells are viable independently of Furin

and PC7, but that loss of one of these PCs may influence the expression of the other.
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Figure 10. Furin and PC7 expression in CRISPR-edited B16F1 melanoma cells

(A) Western blot analysis of Furin protein levels in B16F1 cell clones before and after selection with
Cas9 alone (B16-Cas9), or with Cas9 and sgFurin. Left panel: sgPC7 revealed no significant clonal
variation in Furin expression among clones that retained functional Furin alleles. Right panel: Western
blot of cell extracts from parental B16F1 cells and selected clones that were chosen for genotyping by
DNA sequencing. y-tubulin served as loading control. (B) RT-qPCR analysis of the relative expression
of endogenous PC in B16F1 wild-type, sgFurin-1, sgPC7-1 and sgDKO cells (*p<0.05, ***p<0.001, t-
test). (C) RT-qPCR analysis of the relative expression of endogenous PC in wild-type and sgFurin-2
B16F1 cells (**p<0.01, t-test).

3.1.5 CRISPR editing confirms that both endogenous Furin and PC7 in

B16F1 melanoma cells are active

To verify that endogenous Furin and PC7 in B16F1 cells were functional, we analyzed

processing of known substrates. First we transfected parental cells and CRISPR clones with
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E-cadherin, a validated in vivo substrate of overlapping Furin, PC7 and Pace4 activities
(Bessonnard et al., 2015). A cleavage mutant E-cadherin (cmEcad) where the PC recognition
motif RQKR was mutated to SQAG served as a specificity control. Western blot analysis
showed that 53% to 62% of the stably accumulating total E-cadherin was cleaved in B16F1
sgFurin, sgPC7 and control cells, compared to only 32% in DKO. The residual cleaved fraction
of 32% in sgDKO was close to 20-27% observed with cleavage cmEcad in B16F1 cells
irrespective of their genotype (Fig. 11A), indicating that it originated from PC-independent
degradation. Thus endogenous Furin and PC7 appear to substitute for each other to cleave E-
cadherin in B16F1 cells, similar to what we observed previously in mouse blastocysts
(Bessonnard et al., 2015). Other substrates that may be shared by Furin and PC7 include the
precursors of Notch1 and the disintegrin metalloproteinase ADAM10 (Anders et al., 2001;
Logeat et al., 1998). Western blot analysis detected endogenous ADAM10 mainly in its mature
form in control cells, whereas sgFurin-1, sgPC7-1 and sgDKO clones all enriched the
uncleaved proADAmM10 (Fig. 11B). Analysis of endogenous Notch 1 was hampered by frequent
loss of expression in CRISPR clones (see section 3.2.4, Fig. 28A). However, Western blot
analysis of transfected exogenous Notch1 revealed cleaved Notch1 p120 fragment specifically
in control and in single mutant clones, whereas it was absent in sgDKO cells (Fig. 11C). These
results indicate that both endogenous Furin and PC7 are functional in B16F1 cells and able to

substitute for each other during E-cadherin, Nocth1 and ADAM10 precursor processing.
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Figure 11. Furin and PC7 overlapping activities in CRISPR-edited B16F1 melanoma cells

(A) Western blot analysis of GFP-tagged wild-type E-cadherin (top) or cleavage mutant RQKR>SQAG
derivative (bottom) in whole cell lysates of parental and sgFurin-1, sgPC7-1 and sgDKO B16F1 cell
lines. Filled and open arrowheads indicate cleaved E-cadherin and uncleaved E-cadherin respectively
(B) Western blot analysis of endogenous ADAM10 protein processing in B16F1 cell clones. Filled and
open arrowheads indicate PC-cleaved ADAM10 and immature ADAM10 respectively. y-tubulin served
as loading control. (C) Western blot analysis of Notch1 protein processing in B16F1 cell clones. Filled
and open arrowheads indicate PC-cleaved Notch1(p120) and uncleaved Notch1(p300) respectively.

42



Results

3.1.6 PC inhibitor treatments and CRISPR editing confirms that both

endogenous Furin and PC7 in B16F1 melanona cells cleave CLIPv4

To quantify the relative contribution of Furin and PC7 to total PC activity by CLIP imaging, we
first wished to verify that CLIPv4 can be cleaved by both enzymes. In CLIPv1, the RQRR linker
of CLIPv1 that is identical in all CLIPv3 and CLIPv4 variants is efficiently cleaved by both
endogenous Furin and PC7 in diverse cell types in mouse embryos and ex vivo (Bessonnard
et al., 2015; Mesnard and Constam, 2010). However, in B16F1 cells, CLIPv1 and other GPI-
anchroed fluorophores such as Citrine-GPI or Cerulean-GPI failed to accumulate in B16F1
cells, both at the plasma membrane and in conditioned media (data not shown). Therefore,
CLIPv1 was not suited as a positive control. As an alternative, we transfected cells with a
soluble secreted CLIPv4 (Table1). We found that control, sgFurin-1 and sgPC7-1 single mutant
B16F1 cells all released both uncleaved and cleaved CLIPv4-sol into the medium, and that
mutation of Furin severly reduced or, in combination with loss of PC7 entirely abolished
cleavage (Fig. 12). By contrast, mutation of PC7 alone did not diminish the amount of cleaved
CLIPv4 in culture medium but rather increased it, correlating with upregulation of Furin mRNA
(Fig. 10A). These data show that both Furin and PC7 can cleave CLIPv4.

To validate this conclusion by an independent approach that does not rely on clonal DKO cell
lines, we took advantage of the fact that endogenous PC7 in cells and tissues is refractory to
inhibition by the pan-PC inhibitor decanoyl-Arg-Val-Lys-Arg-CMK (CMK), even though CMK
inhibits purified PC7 in cell-free assays more potently than any other PC (Jean et al., 1998).
Treatment of CRISPR-edited and control B16F1 cells with CMK for 12 hours dose-dependently
inhibited CLIPv4 cleavage both in parental and sgPC7-1 B16F 1 cells. By contrast, cleavage of
CLIPv4 in sgFurin-1 cells was not inhibited even at the maximal tolerated CMK dosage of
50 uM (Fig. 12). Besides confirming that endogenous PC7 is less sensitive to CMK inhibition
than Furin, these results corroborate our previous conclusion that both Furin and PC7 are

active in B16F1 cells.
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Figure 12. Furin and PC7 can cleave CLIPv4 biosensor in B16F1 melanoma cells.

Anti-GFP Western blots of conditioned media of the indicated B16F1 cell lines transfected with soluble
CLIPv4 and treated with the pan-PC inhibitor decanoyl-Arg-Val-Lys-Arg-CMK (CMK) or empty vehicle.
In keeping with a for PC7, residual CLIPv4 cleavage in sgFurin-1 cells was resistant to CMK treatment
(Bessonnard et al., 2015), and blocked in sgDKO cells. Filled and open arrowheads indicate cleaved
Citrine and uncleaved CLIPv4, respectively. Both blots were generated and processed in parallel but on
two separate gels to accommodate all samples.

3.1.7 All PC activity in the TGN/endosomal system of B16F1 cells is
mediated by Furin and not by endogenous PC7

Previous studies suggest that both Furin and PC7 cycle between the TGN, the plasma
membrane and endosomes, at least upon overexpression (Declercq et al., 2012, 2016; Van
De Loo et al., 1997; Molloy et al., 1999; Thomas, 2002). To explain the unexpected resistance
to CMK treatment, we speculated that endogenous PC7 functions in an intracellular
compartment distinct from Furin (Bessonnard et al., 2015). To test whether endogenous Furin
and PC7 activities are differentially localized, we monitored their relative influence on CLIPv4
variants in CRISPR-edited B16F1 clones. In parental cells (WT), average NFRET of CLIPv4
was 60% below that of corresponding mCLIPv4 control when targeted to TGN (Fig. 13A),
compared to an 80% difference when targeted to late endosomes by M6PR (Fig. 13B). By
contrast, average NFRET of CLIPv4 was comparable to that of mCLIPv4 when the biosensor
was retained in the ER by the KDEL sequence (Fig. 13C). Thus, in B16F1 cells, PCs are
activated in post-ER compartments and total PC activity is higher in late endosome than in
TGN, similar to what we described in HEK293T cells (Fig. 8A).

To quantify the relative contributions of Furin versus PC7, we imaged CLIPv4 variants in
sgPC7-1 and sgFurin-1 cells. Average NFRET of CLIPv4-TGN and CLIPv4-M6PR did not
significantly differ in sgPC7 from those in parental B16F1 cells or in Cas9 alone expressing

clones (B16-Cas9) (Fig. 13A, B, D). By contrast, in two independent sgFurin clones, NFRET
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of CLIPv4-TGN and CLIPv4-M6PR soared to maximal levels comparable to those of PC-
resistant cleavage mutant control constructs (Fig. 13A, B, E). Average NFRET of CLIPv4-
KDEL in CRISPR-edited clones did not differ from the one of mCLIPv4-KDEL control (Fig. 9C).
These results agree with our observation in HEK293T cells that PC activity is enriched in
endosomes compared to TGN and mediated in both compartments exclusively by Furin and
not by PC7.

Since endogenous PC7 activity was not detected in the TGN and in late endosomes but able
to cleave the soluble CLIPv4-sol, we wished to test whether it is activated specifically in
endosomes that communicate with fluid phase. To target early endosomes, CLIPv4 and its
cleavage mutant control were fused to the type Il trans-membrane domain and cytosolic N-
terminus of transferrin receptor (TfR) (Van Dam et al., 2002; Schlierf et al., 2000). In addition,
we inverted the relative positions of the fluorophores to retain the FRET donor at the
membrane (Table 1, Fig 13F). Immunostaining confirmed that the resulting CLIPv4-TfR co-
localized with endogenous early endosome antigen-1 (EEA-1) (Fig. 13F). However, average
NFRET efficiency of the resulting CLIPv4-TfR sensor only increased in sgFurin-1 and not in
sgPC7-1 compared to control B16F1 cells (Fig. 13G). These results suggest that endogenous
PC activity in early endosomes of B16F1 cells is mediated solely by Furin and not by PC7.
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Figure 13. PC activity in the TGN/endosomal system is mediated by Furin but not by endogenous
PC7.

(A-C) Average NFRET efficiencies of A) CLIPv4-TGN, B) CLIPv4-M6PR, and C) CLIPv4-KDEL in
control, sgFurin-1 and sgFurin-1 B16F1 cells. (****p<0.0001, t-test). (D) Average NFRET efficiencies of
CLIPv4-TGN (left panel) and CLIPv4-MG6PR (right panel) in Cas9-transfected control (B16-Cas9) versus
parental B16F1 cells (****p>0.0001, t-test). (E) Average NFRET efficiencies of CLIPv4-TGN (left panel)
and CLIPv4-M6PR (right panel) in sgFurin-2 and B16F1 cells. (F) Schematic representation of CLIPv4-
TfR where the localization signal consisting of the cytosolic tail and type Il trans-membrane domain of
human transferrin receptor were fused to the N-terminus of monomeric Cerulean to ensure that PC
cleavage solubilizes the FRET acceptor Citrine as in other CLIPv4 variants, and not the FRET donor.
Below: B16F1 cells expressing mCLIPv4-TfR in early endosomes marked by anti-mouse EEA1
immunostaining. (G) NFRET efficiencies of CLIPv4-TfR in control, sgFurin-1 and sgPC7-1 B16F1 cells
(****p<0.0001, t-test)
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3.1.8 Imaging of PC activity at the plasma membrane

The above findings revealed that Furin might cleave substrates during the transit in the
TGN/endosomal system in B16F1 cells, whereas PC7 activity is restricted to other
compartments. To identify such compartment(s), we assessed PC activity at the plasma
membrane, where PC7 has been shown to transit (Declercq et al., 2012; Rousselet et al.,
2011a). The mutated M6PR(6Ala) localization signal (Table 1) enriched CLIPv3 at the cell
surface of both HEK293T and B16F| cells (Fig. 7D and Fig. 14A). In contrast, CLIPv4 failed to
accumulate at the plasma membrane but accumulated intracellularly in both cell lines (Fig. 14B
and data not shown). Since Citrine and TFP1 fluorescence of mCLIPv3 are not skewed by
FRET (Fig. 6A), and since Citrine is released into the medium after the cleavage, we reasoned
that cleavable CLIPv3-M6PR(6Ala) should suffice to quantify PC activity by ratiometric imaging

at the plasma membrane.

Indeed, ratiometric imaging showed that the mean Citrine/TFP1 fluorescence ratio of CLIPv3
in wild-type B16F1 was 2-fold below that of cleavage mutant mCLIPv3, indicating robust PC
activity at the plasma membrane (Fig. 14C). To quantify the relative contributions of
endogenous Furin and PC7, we imaged CLIPv3- M6PR(6Ala) in sgPC7-1 and sgFurin-1 cells.
Average Citrine/TFP fluorescence ratios of CLIPv3- M6PR(6Ala) were indistinguishable in
sgPC7 from those in parental B16F1, whereas in sgFurin-1 cells they instead resembled those
of PC-resistant cleavage mutant control. These results suggest that endogenous PC activity

at the plasma membrane of B16F1 cells was mediated by Furin and not by PC7.

47



Results

A V3-M6PR(6Ala) B V4-M6PR(6Ala)
SQAG RQRR | SQAG RQRR

() ()

£ £

o o

[T L

= =

(4] ()

2 2

Q (]

E J . .
G

2.57

204 *%%k% *k %k L4

r— —

-t
(3]
1

Citrine/TFP1
M6PR(6Ala)
2

§§ 3

CLIP + + +
WT sgPC7-1sgFurin-1

o
o
1

2
(=]

Figure 14. Furin but not PC7 is active in plasma membrane of B16F1 cells.

(A) Fluorescent images of CLIPv3-M6PR(6Ala) and its corresponding PC-resistant mCLIPv3 controls
(SQAG) in B16F1 cells. (B) Fluorescent images of CLIPv4-M6PR(6Ala) and its corresponding PC-
resistant mCLIPv4 controls (SQAG) in B16F1 cells. Note that for unknown reasons, theM6PR(6Ala)
signal only enriched v3 but not v4 sensors at the plasma membrane. (C) Average Citrine/TFP1
fluorescence ratios of CLIPv3- M6PR(6Ala) relative to that of its mCLIPv3 control (****p<0.0001, t-test).
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3.1.9 CLIPv4 fused to only the cytosolic tail of PC7 does not recapitulate

PCY7 trafficking and instead marks compartments harboring Furin

Since no endogenous PC7 activity in B16F1 cells was detected by membrane-bound CLIPv4
variants in the TGN/endosmal system and at the plasma membrane, we wondered whether its
abodes might be uncovered by new CLIPv4 variant carrying the cytosolic tail and TMD of PC7
itself (Fig. 15A). Contrary to this prediction, co-transfection of CLIPv4-PC7 with Flag-tagged
PC7 resulted in no significant co-localization of the two proteins. Instead, anti-Flag staining
detected Flag-PC7 in peripheral cytoplasmic vesicles, whereas CLIPv4-PC7 showed a Golgi-
like distribution near DAPI-stained nuclei (Fig. 15B). Furthermore, sensitized emission analysis
revealed that the average NFRET efficiencies of CLIPv4-PC7 were 70+3% and 60+3% in
B16F1 control and sgPC7-1 cells, respectively. By contrast, in sgFurin-1 cells, NFRET of
CLIPv4-PC7 increased to 95+2%, suggesting that cleavage depended entirely on Furin
(Fig. 15C). Taken together, these results show that fusion to the TMD and cytosolic domains
of PC7 alone is not sufficient to route CLIPv4 to the PC7 compartments. Instead, it directs

CLIPv4 to an alternative destination where it is cleaved by Furin.
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Figure 15. CLIPv4-PC7 marks compartments harboring Furin activity.

(A) Schematic representation of the biosensor CLIPv4-PC7 containing the TM domain and cytosolic tail
of PC7 as a localization signal. ss: secretory signal sequence; pro: propeptide; TM: transmembrane
domain; CT: cytosolic tail. (B) Immunofluorescent staining of Flag-tagged mouse PC7 (red) in B16F1
cells shows no significant overlap with Citrine epifluorescence of mCLIPv4-PC7 (green). (C) Average
NFRET efficiencies of CLIPv4-PC7 in parental versus sgFurin-1 or sgPC7-1 B16F1 cells (****p<0.0001,
t-test)
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3.1.10 PC7 can only cleave TGN/endosomal and plasma membrane

CLIPv4 variants when it is overexpressed

Our finding that endogenous PC7 activity was below detection in the TGN/endosomal agrees
with reported differences in the sorting between endogenous PC7 and Furin in rat livers
(Wouters et al., 1998), and that at least a fraction of overexpressed PC7 in KEK293 cells
reached the cell surface by a TGN-independent route (Rousselet et al., 2011a). However, it
contrasts previous data that overexpressed PC7 can reach the cell surface and recycle to the
TGN (Declercq et al., 2012, 2016; Van De Loo et al., 1997; Rousselet et al., 2011a), cleaving
substrates during transit in endosomes (Guillemot et al., 2013). To test if PC7 activity in any of
these compartments depends on overexpression, we co-transfected sgDKO B16F1 cells with
distinct CLIPv4 or v3 variants and Flag-PC7 or empty vector. Flag-Furin was transfected as a
control. Anti-Flag Western blot analysis revealed no differences in Furin and PC7 expression
levels (Fig. 16A). Overexpressed Furin reduced average NFRET, or in the case of CLIPv3,
Citrine/TFP1 fluorescence ratios, in all compartments where endogenous Furin was active, as
expected. Notably, overexpressed PC7 was similarly active in every compartment analyzed,
including TGN, early and late endosomes, resulting in >59% inhibition of average NFRET in
the corresponding CLIPv4 variants relative to their mCLIPv4 controls (Fig. 16B, C and D).
Overexpressed PC7 was also active at the plasma membrane, resulting in almost 50%
reduction of Citrine/TFP1 ratio compared to its mCLIPv3 control (Fig. 16E). These data show
that, wild-type PC7 can restore CLIPv4 and v3 cleavage in DKO cells almost as efficiently as

overexpressed Furin.

Prompted by this result, we tested whether overexpressed PC7 can also rescue the processing
of substrates other than CLIP variants that normally are cleaved preferentially by Furin. To
address this, we focused on the tumor necrosis factor-a converting enzyme (TACE or
ADAM17)(Endres et al., 2003; Srour et al.,, 2003). While Western blot analysis detected
endogenous ADAM17 mainly in its mature form both in control cells and in sgPC7-1, the
uncleaved form accumulated specifically in sgFurin-1 and in sgDKO clones (Fig. 16F). Thus,
in contrast to ADAM10 (Fig. 11B), ADAM17 is mainly cleaved by endogenous Furin.
Nevertheless, ADAM17 cleavage in sgDKO cells could be restored by either Flag-Furin or
Flag-PC7 overexpression (Fig. 16F) demonstrating that PC7 can substitute for Furin also
during ADAM17 cleavage when overexpressed. However, in cells that endogenously express

PC7 activity at physiological levels, ADAM17 cleavage depends on Furin.
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Figure 16. Overexpressed PC7 activity in TGN/endosomal and plasma membrane compartments.

(A) Representative Western blot of Flag-tagged Furin or PC7 in extracts of sgDKO B16F1 cells. y-tubulin
served as a loading control. (B-D) Live imaging of B) CLIPv4-TGN, C) CLIPv4-TfR and D) CLIPv4-
M6PR in B16F1 cells cotransfected with Flag-tagged Furin or PC7. (E) Average Citrine/TFP1
fluorescence ratios of CLIPv3- M6PR(6Ala) relative to that of its mCLIPv3 control in B16F1 cells
cotransfected with Flag-tagged Furin or PC7. (****p<0.0001, t-test). The asterisk indicates a significant
difference with the mock control as determined by Mann-Whitney t-test (****p<0.0001). (F) Western blot
analysis of endogenous ADAM17 protein processing in parental (leff) and in sgDKO B16F1 cells
transfected with the indicated plasmid (right). Filled and open arrowheads mark the positions of PC-
cleaved ADAM17 and immature ADAM17, respectively. y-tubulin served as a loading control.
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3.1.11 Internalization of PC7 is required for its activity in exocytic

compartments

Overexpressed PC7 uses both conventional and unconventional secretory pathways to reach
the cell surface before internalization and re-cycling to the TGN (Declercq et al., 2012;
Rousselet et al., 2011a). A short sequence in the cytosolic tail composed of the residues Pro’**,
Leu® and Cys’® is important to normally internalize PC7 from the plasma membrane
(Declercq et al., 2012). To test whether this internalization signal regulates PC7 function, we

5

replaced Pro’®, Leu’® and Cys’® in Flag-tagged mouse PC7 by alanine residues. The

resulting mutant PC77*

or wild-type PC7 were expressed in B16F1, and defects in trafficking
were evaluated by antibody uptake experiments using a double labeling method as previously
described to first label FLAG antibodies retained at the cell surface, followed by cell
permeabilization and immunostaining of the internalized pool (Declercq et al., 2012). While the
wild-type Flag-tagged PC7 mediated efficient antibody uptake and enrichment in Golgi-like

777A accumulated at the cell surface with few stained internalized

structures, the mutant PC
vesicles (Fig. 17A). Furthermore, anti-Flag Western blot analysis revealed no adverse effect
of the PLC>AAA mutation on PC7 expression (Fig. 17B). These results confirm that the PLC
motif is important also in B16F1 cells to normally internalize overexpressed PC7 from the cell
surface prior to its retrieval to the Golgi apparatus. To test potential effects on activity, wild-
type PC7 or PC7"* mutant were added back to PC7/Furin deficient sgDKO cells by co-
transfection together with different CLIPv4 variants or the CLIPv3-M6PR(6Ala). While both
wild-type PC7 and PC7"** efficiently cleaved CLIPv3-M6BPR (6Ala) at the plasma membrane
and CLIPv4-M6PR in late endosomes, only wild-type PC7 but not PC77* rescued cleavage of
CLIPv4 in the TGN (Fig. 17C). These results suggest that PLC motif-mediated internalization

is essential for overexpressed PC7 activity to reach exocytic vesicles of the TGN.
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Figure 17. A cytosolic PLC motif is essential to recycle overexpressed PC7 to the TGN after its
internalization from the cell surface.

(A) Representative images of M2 anti-Flag antibody uptake by sgDKO cells expressing wild-type PC7
(left) or mutant PC7™* (right). FlagPC7-bound antibody was stained before and after cell
permeabilization, in green and red, respectively to distinguish PC7 pools at the plasma membrane from
those that were internalized. Size bars: 5um and 1 um. (B) Representative Western blot of Flag-tagged
PC7 and PC7"" in extracts of sgDKO B16F1 cells. y-tubulin served as a loading control. (C) Activity of
PC77 relative to that of wild-type PC7 plotted as NFRET difference in sgDKO cells co-expressing
CLIPv4 at the plasma membrane (left), in late endosomes (center) or in the TGN (right). The activity of
wild-type PC7 was defined as 1.0 after normalization to empty vector control (****p<0.0001; Mann-
Whitney t-test).

3.1.12 Compartment-specific variants of the biosensor CLIPv4 quantify
the efficacy of PC inhibitors and validate their access to specific

intracellular destinations

Besides elucidating the spatial distribution of PC activities, we reasoned that CLIP imaging
might be useful to characterize the efficacy and the tropism of PC inhibitors. As proof of

principle, we compared CLIPv4 variants in TGN, early endosomes and late endosomes in
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B16F1 treated with increasing concentrations of the inhibitor CMK. We found that CMK
inhibited CLIPv4 cleavage in TGN with a half-maximal inhibitory concentration (ICsq) of 400 nM.
By comparison, the IC50 concentrations of CMK required to inhibit CLIPv4 in early or late
endosomes, respectively, were 3 yM and 7 pM, i.e. almost 10-or 20-fold higher dosage,
respectively, than in the TGN (Fig. 18A). To validate this difference in CMK tropism and efficacy
between different subcellualr compartments across different cell types, we also titrated CMK
on HEK293T cell lines stably expressing CLIPv3-TGN, CLIPv3-M6PR or the endocytosis-
deficient mutant derivative CLIPv3-M6PR(6Ala). The results showed that while a low
concentration of 10 yM completely inhibited CLIPv3 processing in TGN and at the plasma
membrane, a 10-fold higher dose (100 uM) was required to block cleavage in late endosomes
(Fig. 18B). The reduced sensistivity of CLIPv4 to inhibition by CMK in endosomes compared
to TGN and plasma membrane corroborates our earlier conclusion that it is mainly cleaved
locally within endosomes. Since cleavage of CLIPv4 in all three compartments was mediated
by Furin alone, CMK titration emerges as a new convenient criterion to evaluate where a given

Furin substrate is cleaved within the TGN/endosomal system.

To test this idea on a physiological endogenous Furin substrate, we focused on the pigment
cell-specific-pre-melanosomal protein (PMEL, also known as PMEL17 or gp100), which is
important for melanin storage in melanocytes. Immature Pmel, called P1 form, is exported from
ER to the Golgi apparatus where its oligosaccharides are modified to derive the higher
molecular weight P2 form (Theos et al., 2005). The P2 form undergoes multiple proteolytic
events, including PC-dependent cleavage which is essential to generate functional
melanosomes (Berson et al., 2003). Western blot analysis revealed that the glycosylated
uncleaved form (P2) is undetectable in parental cells but accumulated in sgFurin and in sgDKO
clones cell lysates and condtioned media (Fig. 19A). This result indicates that Furin is the only
PC able to process PMEL in B16F1 cells. Since PC cleavage of PMEL occurs during secretion
independently of endocytic uptake (Leonhardt et al., 2011), we asked whether a low dose of
CMK is sufficient to inhibit it. Confirming this prediction, the P2 form started to accumulate in
cells treated with CMK concentration in the nanomolar range (Fig 19B), i.e. at concentration
that are below those required to inhibit Furin activity in endosomes (Fig. 18A). To our
knowledge, these data provide the first proof-of-concept that pharmacological PC inhibitors

can be used to differentially target a subset of diverse intracellular PC compartments.
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Figure 18. Tropism and efficacy of the PC inhibitor dec-RVKR-cmk (CMK) in B16F1 cells and
HEK293T cells.

(A) Inhibition of protease activity, plotted as difference between mCLIP and CLIP NFRET efficiency,
using increasing concentration of the pan-PC inhibitor CMK in B16F1 cells. Data for protease activity in
TGN, early and late endosomes are shown in red, magenta and blue, respectively. Data represents
meanst SD of three experiments, normalized to vehicle control and scaled to 1 (maximum activity). Half
maximal inhibitory concentrations (ICs;) of the PC-inhibitor CMK required to block cleavage of CLIPv4-
TGN was 400 nM, whereas for CLIPv4-Tfr or CLIPv4-M6PR they were3 uM and7 uM, respectively. (B)
Anti-Flag Western blot analysis of CLIPv3 in the TGN (v3-TGN), at the plasma membrane (v3-
MG6PR(6Ala)) or in late endosomes (v3-M6PR) of HEK293T cells treated with the indicated dosage of
the pan-PC inhibitor CMK. Data in panel B are Courtesy of Dr. P. Donovan.
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Figure 19. PMEL processing by Furin in CMK-sensitive exocytic vesicles and not by endogenous
PC7.

(A) Western blot analysis of endogenous PMEL in B16F1 cell clones lysate (left panel) and conditioned
media (right panel). Partially glycosylated P1 and post-Golgi P2 forms of uncleaved PMEL are indicated
by filled and open arrowheads, respectively. y-tubulin served as loading control. (B) Inhibition of
endogenous PMEL processing in B16F1 cells treated with the indicated concentrations of the PC
inhibitor CMK. Low exposure and y-tubulin served as loading control.
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Next, we asked whether other inhibitors showed similar tropism and efficacy as CMK. The
inhibitor-24 (Inh.24) has recently been described as a potent and cell-permeable new inhibitor
specific for basic PCs with the exception of PC2 and PC7 (Becker et al., 2012). To characterize
Inh.24 tropism and efficacy, we compared CLIPv4-TGN and CLIPv4-M6PR in B16F1 treated
with increasing concentration of the inhibitor. Preliminary experiments showed that a low
concentration of Inh.24 (500 nM) was sufficient to rescue NFRET efficiencies of CLIPv4 in both
TGN and late endosomes compartments (Fig. 20A). To further investigate Inh.24 efficacy, we
also titrated Inh.24 on HEK293T cell lines stably expressing CLIPv3-TGN and CLIPv3-M6PR.
The result showed that low concentration of Inh.24 (100 nM) was sufficient to block CLIPv3
processing in TGN, while a 10-fold higher dose (1 uM) was required to block cleavage in late
endosomes (Fig. 20B). Taken together, these results indicate that specific PC inhibitor show
different tropism and efficacy in distinct subcellular compartment, and their titration might be

used to target a subcellular subset of PC activities in B16F1 cells.
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Figure 20. Tropism and efficacy of the PC Inhibitor-24 (Inh.24) in B16F1 cells and HEK293T cells.

(A) Live imaging of CLIPv4-TGN (left) and CLIPv4-M6PR (right) in B16F1 cells treated with the indicated
dosage of the PC inhibitor Inh.24. (**p<0.01; ****p<0.0001; Mann-Whitney t-test). (B) Anti-Flag Western
blot analysis of CLIPv3 in the TGN (v3-TGN), or in late endosomes (v3-M6PR) of HEK293T cells treated
with the indicated dosage of the PC inhibitor Inh.24.

56



Results

3.1.13 Spatial mapping of Furin and PC7 activities by compartment-

specific CLIPv4 variants can explain differential substrate specificities

A longstanding enigma in proprotein processing is whether compartmentalization of PCs
determines their substrate specificities, and if so, whether functional overlap between two PCs
requires that shared substrates enter more than one PC compartment in parallel, or whether
two PCs must co-localize in the same vesicles to substitute for each other. To address this
question, we evaluated whether the spatial mapping of Furin and PC7 activities by CLIPv4
imaging can explain which of these endogenous PCs, if any, mediates cleavage of the
transforming growth factor-g (TGF[)-related Activin-A precursor. Activin-A is a multifunctional
endocrine factor that regulates the menstrual cycle, bone and skeletal muscle formation (Chen
et al., 2017) and inflammatory processes (Hedger et al., 2011; Sanchez-Duffhues et al., 2015)
Depending on the context, Activin-A also mediates tumor suppressive or oncogenic functions
(Loomans et al., 2014). E.g. in syngeneic B16F1 melanoma grafts, autocrine growth-inhibitory
signalling is attenuated, while paracrine signalling promotes primary and metastatic growth by
inhibiting tumor immunesurveillance (Donovan et al., 2017). However, how Activin-A precursor
processing is regulated in this or other contexts is unknown (Antenos et al., 2008). To estimate
the relative contributions of endogenous Furin and PC7 in Activin-A maturation, we transfected
parental B16F1 cells and CRISPR clones with INHBA expression vector encoding Activin-A.
Western blot analysis showed that conditioned media of control and sgPC7-1 single mutant
B16F1 cells accumulated mature Activin-A (A30) consisting of a homodimer of the C-terminal
INHBA fragment (28-30 kDa), together with dimers of one cleaved and one uncleaved INHBA
subunit (A60) (Huylebroeck et al., 1990; Mason et al., 1996), but no precursor dimers (A110).
By contrast, in sgFurin-1 and sgDKO cells, A110 was stabilized, and the 60 kDa processing
intermediate was shifted to 70 kDa (Fig. 21A) or below detection (Fig. 21C). Mutation of the
INHBA S1 site (cmBA) blocked the production of all processed forms (Fig. 21B), whereas add-
back of Furin to INHBA-transfected sgFurin-1 cells restored A60 and A30 maturation,
confirming specificity (Fig. 21C). These results demonstrate that proActivin-A is cleaved at the
S1 site, and only in one INHBA subunit by an unknown protease independently of Furin and
PC7. This was completely unexpected because sgFurin;sgPC7 DKO cells did not upregulate

the expression of any other known PCs (Fig. 10).

Our finding that deletion of Furin blocks the conversion of A70 to A60 established that
proActivin-A is cleaved at a PC7-resistant novel S2 site approximately 90 residues after the
signal sequence. In this position, the BA chain has a dibasic motif (RR110). While an RR motif
at an analogous position is cleaved in the INHa chain (Sugino et al., 1992), this unstructured
region in several other TGF family members instead harbors a metalloprotease cleavage site

(Ge et al., 2005). Cleavage at this position severs the so-called latency lasso at the N-terminus,
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which in crystals of uncleaved TGF precursor masks type |l receptor binding epitopes in the
C-terminal mature domain (Shi et al., 2011). The lasso of one TGFf subunit contacts the
mature region of the other in a 'cross-armed' conformation that is stabilized by covalent
dimerization of the prodomain. However, in most other TGF3 family members, the prodomain
may switch between cross- and open-arm conformations, with the latter masking binding sites
of type | instead of type Il receptors, and (in BMP9) the interface of a soluble antagonist (Mi et

al., 2015). We hypothesize that cleavage of the S2 site favors an open-arm conformation.

We were surprised that endogenous PC7 in B16F 1 cells failed to cleave Activin-A, because it
was clearly active and able to compensate for the loss of Furin e.g. to process E-cadherin and
Notch1 (Fig. 7). To test whether differential PC sorting accounted for substrate specificity, we
examined the effect of the trafficking mutant PC7"*. Despite comparable expression, only
wild-type PC7 and not PC7"* efficiently rescued the conversion of A110 to mature Activin-A
(A30). PC7"* instead cleaved A110 only partially to rescue the production of A70, while
releasing minimal amounts of A30 (Fig. 21C). An artifact linked to the P>A mutation is unlikely,
since the P>A mutation did not significantly impair PC7-mediated cleavage of Notch1
(Fig. 21D). These results strongly suggest that PCs release A30 into the medium only if Activin-
A enters the TGN via endosomes where the A70 intermediate is converted to AG0. This
retrograde processing route must be incredibly efficient because in Furin wild-type B16F 1 cells,
A110 is almost completely converted into A60 and A30, while in the absence of Furin, even
A70 (together with uncleaved A110) re-cycles and is secreted into the medium. To confirm a
role of endocytosis in Furin-mediated processing, we refrained from manipulating the
endocytic machinery because of certain and uninterpretable indirect effects. Instead, we
titrated the PC inhibitor CMK. A low CMK dose (5 uyM) which blocks Furin in the TGN but not
in endosomes (Fig. 18) stabilized the endosomally derived A60, thus allowing its re-cycling
into the medium, whereas conversion of A70 to A60 was only inhibited by concentrations
above 50 pyM that block also endosomal Furin. A high dose of CMK was also needed in Furin
WT cells to stabilize A110 (Fig. 21E). These data strongly corroborate our model that Furin
first cleaves the S2 and the S1 site of at least one BA chain in endosomes, before it can cleave
the S1 site of the second subunit in the TGN.
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Figure 21. Activin-A processing in B16F1 cells.

(A) Western blot analysis, under non-reducing conditions, of conditioned media of the indicated B16F1
cells overexpressing Activin-A. Molecular weights of the cleaved products are indicated. (B) Western
blot analysis, under non-reducing conditions, of conditioned media of control cells overexpressing
Activin-A or the S1-mutant cmpBA, treated or not with 100uM concentrations of the PC inhibitor CMK. (C)
Western blot analysis, under non-reducing conditions, of conditioned media of sgFurin-1cells
overexpressing Activin-A and co-transfected with the indicated PC. Molecular weights of the cleaved
products are indicated, (*) non-specific band. (D) Western blot analysis of conditioned media of sgDKO-
1cells overexpressing Notch-1 and co-transfected with the indicated PC. Filled and open arrowheads
indicate PC-cleaved Notch1(p120) and uncleaved Notch1(p300) respectively. (E) Western blot analysis,
under non-reducing conditions, of conditioned media of control cells overexpressing Activin-A treated
with the indicated concentrations of the PC inhibitor CMK.
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3.2 Roles of Furin and PC7 in B16F1 tumor growth

and differentiation

3.2.1 Furin may promote B16F1 tumor growth

Mounting evidence suggests that PC play a crucial role in tumorigenesis by regulating the
activation or inactivation of several cancer-related proteins (reviewed in Artenstein and Opal,
2011; Bassi et al.,, 2005; reviewed in Seidah and Prat, 2012). Elevated or altered PC
expression have been associated with different types of cancer including melanoma (Bassi et
al., 2001a; Cheng et al., 1997; Khatib et al., 2001; Lalou et al., 2010; Longuespée et al., 2014).
However, the precise contributions of each single PC in acquisition of malignant properties in
melanoma are unknown. To evaluate the role of Furin and PC7 in cancer progression of B16F 1
tumors in vivo, B16F1 and CRISPR-edited clones were grafted intradermally in the right flank
of 8-10 weeks old female C57BL/6 mice. Whereas control tumors of parental B16F1 cells or
control wild-type CRISPR clones were strongly pigmented, tumors formed by sgFurin, sgPC7
and sgDKO cells were amelanotic (Fig. 22A, B, C,). Furthermore, while sgPC7-1 and sgDKO
tumors grew as fast as the control ones, tumor growth of sgFurin-1 cells were significantly
reduced (Fig. 22D, E). Viability of sgFurin-1 knockout cells was determined by Alamar assay
in vitro (Fig. 22F). Although these data need to be confirmed by additional CRISPR clones,
these results indicate that endogenous Furin may be limiting for tumor growth in vivo, but that
its loss may be rescued by PC7 deletion. However, both Furin and PC7 are required for tumor

pigmentation

One important determinant of tumor growth rate in B16 melanoma models is tumor immune
surveillance mediated by both innate and adaptive immunity (Donovan et al., 2017; Smyth et
al., 2006). To determine whether Furin may inhibit anti-tumor immunity, sgFurin-1 and control
cells were intradermally inoculated on the right flank of 8-10 weeks old female Rag1'/' mice
devoid of V-D-J recombination in antigen receptors. In mice lacking Rag1, sgFurin-1 tumors
still grew significantly more slowly than control tumors and they remained amelanotic
(Fig. 23A, B). However, compared to control tumors, sgFurin tumor volumes at the end of the
experiment were only 2-fold reduced in Rag1-/- mice, compared to a 3-fold decrease in wild-
type hosts, indicating a potential role of Furin in attenuating an immune response. Altogether,
these data suggest that both Furin and PC7 are required for pigmentation. In addition, Furin
may promote B16F1 tumor growth by antagonizing a tumor-suppressive function of PC7,
although this preliminary conclusion requires further validation to rule out clonal artifacts.

Finally, since the growth inhibition of sgFurin-1 tumors partly depended on functional T or B
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cells, we cannot exclude that Furin promotes melanoma growth at least in part by inhibiting

anti-tumor immunity.
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Figure 22. Roles of Furin and PC7 in B16F1 tumor differentiation and growth in
immunocompetent syngenic hosts.

(A) Tumor weight of of syngenic control and B16-Cas9 grafts. (B) Representative images of control and
B16-Cas9 tumor. (C) Representative images of B16-WT, sgFurin-1, sgPC7-1 and sgDKO tumor. (D)
Growth curves of intradermal syngenic grafts of control, sgFurin-1, sgPC7-1 and sgDKO grafts in
immunocompetent mice (n=5) (*p<0.05; Mann-Whitney t-test). (E) Tumor weight of intradermal syngenic
grafts of control, sgFurin-1, sgPC7-1 and sgDKO grafts in immunocompetent mice. (*p<0.05; Mann-
Whitney t-test). (F) Alamar blue assay of control and sgFurin-1 cells.
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Figure 23. Role of Furin in B16F1 tumor growth in immunodeficient Rag1'/' mice.

(A) Growth curves of intradermal syngenic grafts of control and sgFurin-1 grafts in Rag1” mice (n=5)
(*p<0.05; **p<0.01; Mann-Whitney t-test). (B) Representative images of control and sgFurin-1 tumors.

3.2.2 Furin but not PC7 is active in TGN of B16F1 tumors

Our CLIPv4 imaging results suggested that endogenous Furin, but not endogenous PC7,
cleaves substrates in the TGN of B16F1 cells in vitro. To investigate whether Furin is the only
PC active in TGN in vivo, we generated control and sgFurin-1 cell line stably expressing
CLIPv3-TGN and its control mCLIPv3-TGN (Fig. 24A). Ratiometric imaging in B16F1 control
cells showed that the mean Citrine/TFP1 fluorescence ratio of CLIPv3 was 10-fold below that
of cleavage mutant mCLIPv3, whereas in sgFurin-1 cells, the mean Citrine/TFP1 fluorescence
ratio of CLIPv3 were comparable to each other (Fig. 24B). These results show that only Furin
cleaves CLIPv3 in TGN, in agreement with CLIPv4 data (Fig. 13A). Moreover, shedding of
cleaved Citrine into the medium reduced intracellular Citrine/TFP1 ratio by more than 90+6%
(Fig. 24A, B), in contrast to HEK293T cells where Citrine partly remained trapped in
intracellular vesicles (Fig. 5D). Since B16F1 cells only trapped trace amounts of cleaved Citrine
in intracellular vesicles, we reasoned that ratiometric imaging should suffice to accurately
estimate CLIPv3 cleavage. Thus, to estimate PC activity in B16F1 tumors in vivo, we
syngeneically grafted controls or sgFurin-1 cells expressing CLIPv3-TGN or its cleavage
mutant control on the right flank of 8-10 weeks old female mice. Similar to previous results
(Fig. 22), sgFurin-1 tumors were smaller than controls (Fig. 25A). Furthermore, cryosectioning
of fixed samples revealed that, in agreement with the in vitro data, Citrine fluorescence of
CLIPv3 was diminished to background levels in control tumors, whereas sgFurin-1 tumors
retained Citrine in TGN-like intracellular vesicles (Fig. 25B, C). These data suggest that Furin

is the only PC active in TGN in B16F1 in vivo. Although, we do not rule out that in specific
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tumor areas, B16F1 cells may be exposed to host-derived PCs, or even internalize and recycle
them to the TGN.
A B

v3-TGN v3-M6PR

[sare [ RoRR ][ sare [ FarR ] [vaTGN | [ va-M6PR

g

*kk *kkk
I 1 ! 1

Citrine

TFP1
il

o
i

merge

Citrine/TFP1 fluporescence
ratio of (m)CLIPv3 variants

)
T

Figure 24. CLIPv3-TGN ratiometric analysis in B16F1 cells in vitro.

(A) Fluorescent images of CLIPv3-TGN (RQRR) and its corresponding PC-resistant mCLIPv3 control
(SQAG) in cultured B16F1 cells. (B) Average Citrine/TFP1 fluorescence ratios of CLIPv3-TGN relative
to that of its mCLIPv3 controls. Data represent meants.e.m. of 3 experiments (*p<0.05, ***p<0.001, t-
test).

63



Results

A B
== control; CLIP-V3 ~o- sgFurin-1;CLIP-V3 Control ngurin_1
sgFurin-1; mCLIP-V3 =+ control; mCLIP-V3
[ soac || RmRaRR | [ se@aG || RQRR
1000, -

©

— = =

& 750 =

- 5

@

£ 500

=2

g

5 o

o 250 w

£ i =

=

0
0 2 4 6 8 10 12 14
Days after injection o
e
[
E
| control || sgFurin-1
1.5 *kkk

2

=
i

Citrine/TFP1 fluporescence
ratio of mCLIPv3 variants

=
T

Figure 25. Furin activity in the TGN of B16F1 cancer cells in syngenic tumor grafts.

(A) Growth curves of intradermal syngenic grafts of B16-WT and sgFurin-1expressing CLIPv3-TGN or
its control mCLIPv3-TGN in immunocompetent mice (n=5) (*p<0.05; **p<0.01; Mann-Whitney t-test).
(B) Representative fluorescent images of CLIPv3-TGN and its corresponding PC-resistant mCLIPv3-
TGN control in tumor section of wild-type and sgFurin-1 B16F1-derived tumors. Color channel was
inverted compared to Fig. 24 to improve contrast in merge image (C) Average Citrine/TFP1 fluorescence
ratios of CLIPv3-TGN relative to mCLIPv3 controls in tumor sections derived from B16F1-WT and
sgFurin-1 tumors (****p<0.0001, t-test).

3.2.3 Contribution of Furin in B16F1 cell differentiation in vitro and in vivo

Since Furin deletion resulted in formation of smaller tumors in grafts expressing bioactive PC7,
we wished to validate whether expression of FurinGFP was sufficient to rescue tumor growth
in sgFurin-1 grafts. For this purpose, we transduced sgFurin-1 cells with lentivirus expressing
a doxycycline-inducible FurinGFP transgene (sgFurin-1;tetO-FurinGFP;rtTA). Induction of

FurinGFP by doxycycline was confirmed by anti-GFP Western blot analysis of cell lysate and
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conditioned media, and by monitoring GFP epifluorescence (Fig. 26A, B). To confirm that
FurinGFP was functional, we analyzed processing of endogenous Furin substrate PMEL17
(Fig. 19). Expression of FurinGFP reduced the level of the P2 uncleaved PMEL form in both
in cell lysate and in conditioned media (Fig. 26C), suggesting complete rescue of PMEL
processing. Induction of FurinGFP in sgFurin-1 cells also restored pigment secretion into
conditioned media. These results suggest that FurinGFP is active and can rescue pigment

storage and secretion in sgFurin-1 cells.

To evaluate if induction of FurinGFP can rescue tumor growth in sgFurin-1 tumors, we grafted
sgFurin-1;tetO-FurinGFP;rtTA cells intradermally in syngenic C57BL/6 mice, followed by
treatment with doxycycline or empty vehicle. Interestingly, treatment restored pigmentation in
only two out of five sgFurin-1 tumor grafts, and it failed to significantly increase average tumor
growth (Fig. 27A, B). To assess whether doxycycline treatment was effective, we monitored
FurinGFP expression in tumor sections of grafted sgFurin-1;tetO-FurinGFP;rtTA treated with
doxycycline or vehicle. FurinGFP epifluorescence was clearly detectable in doxycycline
treated tumors that rescued tumor pigmentation, whereas no GFP was observed in any
doxycycline-treated grafts that remained amelanotic, or in vehicle-treated controls (Fig. 27B).
Although preliminary, these data suggest that FurinGFP expression in sgFurin-1;tetO-
FurinGFP;rtTA grafts can restore melanoma differentiation marked by pigment synthesis, but

not tumor growth.

A B (05
sgFurin-1; tetO-FurinGFP;rtTA +DOX Control +Dox .
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Figure 26. Inducible FurinGFP activity in vitro.

(A) Representative Western blots of PMEL17 and GFP in lysates and conditioned media of sgFurin-
1,tetO-FurinGFP;rtTA cells treated or not with 250ug/miDoxycycline. y-tubulin served as a loading
control. (B) Fluorescent images of sgFurin-1;tetO-FurinGFP;rtTA cells treated or not with
250ug/miDoxycycline. (C). Conditioned media of B16-WT, sgFurin and inducible sgFurin-1;tetO-
FurinGFP;rtTA cells cells treated or not with 250ug/miDoxycycline .
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Figure 27. Inducible FurinGFP activity in vivo.

(A) Growth curves of intradermal syngenic grafts of B16F1-WT, sgFurin-1 and sgFurin-1;tetO-
FurinGFP;rtTA cells (n=5) (*p<0.05; **p<0.01; Mann-Whitney t-test). (B) FurinGFP expression in
syngeneic sgFurin-1;tetO-FurinGFP;rtTA tumors expressing FurinGFP (+Dox) or not . Insets show
representative images of sgFurin-1;tetO-FurinGFP;rtTA tumors expressing FurinGFP (+Dox) or not.

3.2.4 Contribution of Notch1 to tumor pigmentation

The pigmentation system is regulated by several developmental pathways in both melanocytes
and melanoma (reviewed in Liu et al., 2014). The evolutionarily conserved Notch signalling
pathway has been described to be upregulated in melanoma cells line compared to control
melanocytes (Hoek et al., 2004). Furthermore, inhibition of Notch signalling by Notch receptors
alleles deletion or by treatment with y-secretase inhibitor in melanocyte lineage resulted in hair
graying and melanocytes loss. (Kumano et al., 2008; Schouwey et al., 2007). Rescue
experiments using a mouse line expressing the Notch intracellular domain (NICD) have been
reported to rescue those phenotypes, demonstrating that Notch signalling is RBP-JK
dependent (Schouwey et al., 2010b). Our finding that pigmentation of B16F1 tumors requires
both Furin and PC7 raised the question why these PCs cannot efficiently substitute for each
other. Do they each cleave unique substrates that act in parallel to induce pigment e.g. PMEL
(cleaved only by Furin) and an unknown PC7 substrate? Or do both Furin and PC7 cooperate
to activate one shared substrate such as Notch1 in sufficient amounts? Since our data showed
that overexpressed Notch1 can be cleaved by both Furin and PC7 (Fig. 11C), we asked
whether Notch signalling is impaired in sgFurin-1, sgPC7-1 and sgDKO clones. First, we
compared Notch mRNA levels in CRISPR-edited and in control cells by RT-gPCR analysis.
Notch1 mRNA was reduced in all CRISPR-edited clones except for sgFurin-2 cell (Fig. 28A).
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Western blot analysis confirmed loss of Notch-1 expression in sgFurin-1, sgPC7-1 and sgDKO-

1 clones.

Unexpectedly, Notch1 protein similarly decreased in a B16F1-Cas9 control clone, indicating
that B16F1 cells may be heterogenous, with some cells expressing Notch1 receptor and others
expressing ligand, or that clonal variation may result from Cas9 treatment alone. In keeping
with the former hypothesis and arguing against the latter, both p300 and p120 forms were still
expressed in lysates of sgFurin-2 B16F1 cells (Fig. 28B) presumably because endogenous
PC7 was sufficiently active in this clone to maintain Notch1 processing and autoregulation
(Yashiro-Ohtani et al., 2009).

To test whether inhibition of Notch signalling is required for B16F1 cell pigmentation, we
treated control cells with increasing concentration of the y-secretase inhibitor N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT). In line with our prediction,
Western blot analysis of Notch1 revealed that DAPT treatment increased the levels of the
transmembrane p120 Notch form (Fig. 28C). DAPT treatment also diminished the secretion of
pigment into conditioned media (Fig. 28D). To assess how Notch signalling regulates B16F1
pigmentation we assessed the expression levels of PMEL17 and microphthalmia-associated
transcription factor (MITF) proteins, which are involved in melanosomes biogenesis and
melanocyte differentiation (Goding, 2000; Liu et al., 2014b; Raposo and Marks, 2007), and
alteration in their function leads to defect in pigmentation and melanogenesis (Berson et al.,
2003; Yajima et al., 1999). Treatment with low (5 uM) or high (20 uM) concentration of DAPT
increased PMEL17 expression, whereas MITF protein levels only increased in cells trated with
the lower concentration (5 uM) (Fig. 28E). In sharp contrast, MITF protein levels increased in
both sgPC7-1 and in sgDKO cell lines (Fig. 28F) suggesting an inverse correlation between
MITF and Notch expression. Taken together, these preliminary results suggest that Notch
signalling influences B16F1 pigmentation in vitro and it can modulate expression of the master

regulator of melanocyte differentiation MITF.
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Figure 28. Notch inhibition.

(A) RT-gPCR analysis of the relative expression of endogenous Notch1, Notch2 and Notch3 in B16F1
wild-type, sgFurin-1/2, sg-PC7-1 and sgDKO cells (*p<0.05; ***p<0.001, ****p<0.0001t-test). (B)
Representative Western blot of endogenous Notch1 in CRISPR-edited clones. (C) Conditioned media
of B16F1 wild-type cells treated with the indicated dosage of the y-secretase inhibitor (DAPT). (D)
Western blot of endogenous Notch1 in B16F1 wild type cells treated with the indicated dosage of the
gamma-secretase inhibitor (DAPT). y-tubulin served as loading control. (E) Western blot of endogenous
MITF and PMEL in B16F1 wild type cells treated with the indicated dosage of the gamma-secretase
inhibitor (DAPT). y-tubulin and GADPH served as loading control.
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4 Discussion

In the present study, | investigated whether PC activities and the activity of specific inhibitors
can be quantified at subcellular resolution using the new CLIP versions v3 or v4. My results
show that fusion of CLIPv3 or CLIPv4 to different localization signals can enrich these
biosensors in specific subcellular compartments, and that FRET imaging of compartment-
specific variants of CLIPv4 can quantitatively map endogenous and overexpressed PC
activities in the TGN/endosomal system of two unrelated cell lines (HEK293T and in B16F1
mouse melanoma). By contrast, CLIPv3, which elicited no FRET, emerged as a ratiometric
biosensor that was useful to quantify PCs at the cell surface, where the citrine moiety can
freely diffuse away after shedding. In addition, a Flag tag in CLIPv3 variants allows to estimate
their cleavage in different compartment by Western blot analysis. Western blot analysis of
CLIPv3 in HEK293T cells and live imaging of CLIPv4 in B16F1 melanoma cells revealed an
unexpected enrichment of PC activity in endosomes compared to TGN vesicles in both cell
lines. Furthermore, CRISPR editing of Furin and PC7 in B16F1 cells established that PC
activity in the TGN/endosomal system was mediated solely by Furin, whereas endogenous
PC7 activity was restricted to a distinct exocytic compartment resistant to the pan-PC inhibitor
CMK. Thus, by manipulating the localization of one shared Furin/PC7 reporter substrate, our
experiments directly demonstrate for the first time that endogenous Furin and PC7 are
biologically active in distinct vesicles, and that the localization of substrate (and not only the
amino acid sequence of its PC recognition motif) is indeed rate-limiting for its cleavage. These
findings will be important to develop future strategies how Furin and PC7 may be targeted
pharmacologically to preferentially block the processing of unique or shared substrates,
respectively. Furthermore, our preliminary data in vivo suggested that Furin and PC7 are

implicated in B16F 1 graft growth, and that both regulate B16F 1 pigmentation in vivo.

4.1 CLIPv3 and CLIPv4 as new live imaging tools to image endogenous

and overexpressed PC activities

We previously invented an initial version v1 of the PC-specific biosensor CLIP to image
endogenous PC activities in transgenic mice at the cell and tissue level (Mesnard and
Constam, 2010). CLIPv1 consists of secreted eCFP fused via a PC-cleavable linker (RQRR)
to mCitrine that was targeted to the cell surface by a GPI anchor. Previous result established
that CLIPv1 can be cleaved by all four of the widespread PC family members Furin, Pace4,

PC5 and PC7 in vivo and in several mammalian cell lines including mouse ES cells, human
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HEK293T and in human HepG2 cells (Bessonnard et al., 2015; Mesnard and Constam, 2010).
Imaging of CLIPv1 at the plasma membrane in regions of interest can detect both autocrine
and paracrine secreted PC activities (Mesnard et al.,, 2011). However, CLIPv1 cannot
distinguish contributions of PC activities at the plasma membrane from those in intracellular
vesicles. Here, compartment-specific variants of CLIPv3 and CLIPv4 provided a detailed
spatial map of endogenous PC activities in exocytic and endocytic vesicles. Furthermore, the
sensitivity and the specificity of CLIPv3 and CLIPv4 were stringently validated in CRISPR-
edited clones and by pharmacological inhibition of endogenous basic amino acid-specific PCs.
Since both HEK293T and B16F 1 cells express bioactive Furin and PC7, the ratiometric CLIPv3
and FRET-based CVLIPv4 biosensors emerge as new tools to study intracellular proteolytic

activities of endogenous Furin and PC7 in live cells and in fixed tissues.

The first biosensors to quantify basic amino acid-specific PC activities monitored the release
of alkaline phosphatase from a Golgi-associated sensor into the medium (Coppola et al.,
2007), or the internalization of a tagged ligand of processed anthrax protective antigen
(Hobson et al., 2006). In addition, PC activity has been detected at the cell-surface by
incubating cells with a cell-impermeable FRET biosensor (Gawlik et al., 2010). Our data
suggest that these methodologies each detect only a minor fraction of PC activity due to local
confinement of the sensors to the Golgi apparatus or at the cell surface, respectively. Other
systems were based on caged bioluminescent substrates specifically activated by Furin, and
in the presence of firefly luciferase, able to produce bioluminescence emission (Dragulescu-
Andrasi et al., 2009), or photoacoustic imaging where specific probes oligomerize after Furin-
based cleavage, and generate ultrasonic waves that can be analysed to produce images and
to localize Furin activity (Dragulescu-Andrasi et al., 2013). Although these methods were able
to detect PC activity both in vitro and in vivo and can be used to screen general PC inhibitors,
none of them provided information on the relative contributions of individual endogenous PCs
in the processing of a given substrate. Furthermore, both Hobson’s and Gawlik’s biosensors
contain sequences that are sensitive and selective mostly to the proteolytic activity of Furin
(Gawlik et al., 2010; Hobson et al., 2006) and were partially or less sensitive to others
redundant PC activities, e.g. PC7 (Remacle et al., 2008).

Our data established as proof-of-principle that ratiometric or FRET imaging of CLIP sensors
can measure PC activities in vitro and in tissue sections (Bessonnard et al., 2015; Mesnard
and Constam, 2010). However, as an alternative method, we propose that future studies
should investigate the use of multiphoton imaging techniques for improved analysis of thick
tissue sections or in vivo imaging of whole organs or tumors. Multiphoton Fluorescence-lifetime

imaging microscopy (FLIM)-FRET imaging technique has previously been used to measure
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the spatiotemporal regulation of Rac activity in primary cell cultures as well as intact tissues
and organs (Johnsson et al.,, 2014), and to image presynaptic SNARE complexes in
hippocampal slice cultures (Takahashi et al., 2015). Although, mCerulean has been widely
chosen as a FRET-donor (Rizzo et al., 2004), its use as a FRET donor for FLIM-FRET
measurements is limited, since mCeruelan show a biexponential decay (Millington et al.,
2007). However, improved mCeruelan variant (mCerulean3) with single exponential decay has
been generated by site-directed mutagenesis experiments (Markwardt et al., 2011), therefore
it seems reasonable and possible to exchange the donor with an improved version for proper

FLIM-FRET measurements.

4.2 The subcellular localization of reporter substrate is rate-limiting for its

proteolysis

Our analysis revealed that subcellular localization dramatically influenced the processing of
both CLIPv3 and CLIPv4. This was deduced first from our experiments in HEK293T cells,
where CLIPv3 processing increased up to 4-fold in endosomal compartments compared to
TGN processing. Similar results were obtained by FRET imaging of CLIPv4 both in HEK293T
and B16F1 cells. CLIPv4 processing, measured as reduction in FRET efficiency, increased 2-
or 4-fold in endosomes compared to exocytic compartments in both cell lines. Since all
compartment-specific variants of CLIPv3 and CLIPv4 share the same PC recognition motif,
this observation implies that how efficiently a substrate is cleaved might depend also on its

trafficking and localization.

Substrate trafficking and localization might also influence PC substrates specificity. However,
deciphering substrate specificity is a real challenge due to PC overlapping activities both in
vitro and in vivo. Although multiple PCs may cleave a given substrate in vitro, this might not
be the case in vivo where only one PC might be responsible for substrate maturation. On the
other hand, overlapping and redundancy proteolytic activities have been described in vivo
(Bessonnard et al., 2015; Mesnard and Constam, 2010; Roebroek et al., 2004). Several
attempts were made to define, for each PC family member, substrate specificities. Most of
these studies describe methods and algorithms that enable to predict Furin or PC cleavage
sites (Duckert et al., 2004; Remacle et al., 2008; Tian et al., 2012). Although predictive, these
methods ignore the cellular context and the possible physiological factors which may influence
PC activities. To cleave a given substrate, it is necessary that the PC and the substrate co-
localize in the same compartments of the secretory pathway. In keeping with this concept,
several studies have attempted to define subcellular localization of endogenous PC. However,
due to their low expression and lack of specific antibodies, localization of endogenous PC
results, so far, an arduous challenge. For this reason, PC localization and activity has been
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studied by overexpression systems where PC-tagged proteins where overexpressed in a given
cell line (Declercq et al., 2012; Molloy et al., 1994; Rousselet et al., 2011a; Teuchert et al.,
1999b).

Localization of overexpressed PCs by immunostaining remains technically challenging due to
lack of specific antibodies, and it cannot discriminate between inactive and mature active
forms. By contrast, in the present study, CLIPv3/v4 imaging enabled us to map and quantify
endogenous PC activities in different subcellular compartments. A role for trafficking of
substrate in conferring specificity of processing by specific PCs has been suggested by studies
investigating processing and activation of the pro-B-secretase (Bace). While redundant
overexpressed PCs cleaved wild type Bace, a soluble mutant form of Bace missing the trans-
membrane domain was processed only by Furin (Creemers et al., 2001). This result implies
that soluble Bace can only reach the Furin compartment, while the wild type is guided by the
trans-membrane domain to compartments where other PCs are active. Alternatively, a given
substrate or a given PC can be sorted in specific compartments by adaptor proteins. Previous
work revealed the role of the glycosylphosphatidylinositol (GPI)-anchored protein Cripto to
localize PC-mediated Nodal processing to specific lipid rafts microdomains (Blanchet et al.,
2008a, 2008b). Similar to Nodal processing, Cripto has been shown to enhance Notch
signaling by facilitating PC-mediated processing of the Notch-1 receptor (Watanabe et al.,
2009).

Proteolytic events occur when a bioactive PC encounters a specific substrate. Sorting of PCs
is regulated by the interaction with other proteins, GPIl-anchor protein like Cripto or heparan
sulphate proteoglycans (Blanchet et al., 2008b; Mayer et al., 2008; Nour et al., 2005) or by
specific signal sequences in their cytosolic tails (Declercq et al., 2012, 2016; Rousselet et al.,
2011a; Teuchert et al., 1999a, 1999b). Our results provide evidence that the PC trafficking and
localization are relevant for proper substrate cleavage. While overexpressed PC7 can rescue

Activin-A processing resulting in accumulation of the secreted A30 form, the PC7"*

mutant,
which accumulated at the plasma membrane of B16F1 expressing cells, barely rescued A30
secretion. Thus, our results suggest that substrate specificity of a given PC depends on its
trafficking and sorting even when it is overexpressed, and that Activin-A complete maturation
relies on sorting to the TGN, highlighting the importance of substrates trafficking in substrates

processing.

To define the relative contributions of individual endogenous PCs to total processing activity
in various subcellular compartments, | deleted Furin or PC7 or both in B16F1 cells. | chose

B16F1 cells in part because they do not express other known PCs.

72



Discussion

Analysis of physiological substrates such as PMEL, E-cadherin, Notch1, ADAM10 and
ADAM17 either at endogenous levels or after overexpression indicated that both endogenous
Furin and PC7 are active in B16F1 cells. Confirming this conclusion, cleavage of the soluble
CLIPv4 reporter substrate in B16F1 cells was mediated by overlapping Furin and PC7
activities. Surprisingly, however, CLIPv3/CLIPv4 imaging detected only Furin and no PC7
activity in the TGN, endosomes and at the plasma membrane. While Furin is the most studied
PC and its activity and has been described in several compartments of the secretory pathway
(Blanchet et al., 2008b; Chiron et al., 1994; Degnin, 2004; Leonhardt et al., 2011; Logeat et
al., 1998; Mesnard and Constam, 2010), PC7 activity and trafficking is poorly defined. Previous
studies about the activity and trafficking of PC7 mostly relied on overexpression of PC7
together with various substrates of interest (Declercq et al., 2012, 2016; Endres et al., 2003;
Guillemot et al.,, 2013, 2014; Lopez-Perez et al., 1999; Rousselet et al., 2011a, 2011b;
Siegfried et al., 2003). While such studies can provide some useful information, they are not
fully informative about endogenous activities and localization. Overexpressed proteins might
not recapitulate the trafficking behavior and the activity of the endogenous counterparts.
Indeed, our data showed that overexpressed PC7, contrary to the endogenous PC7, can
cleave CLIPv4 in TGN, endosomes and plasma membrane. In addition, overexpressed PC7
was able to process substrates that normally are spared by the endogenous counterpart,
including ADAM17 and Activin-A. A likely explanation is that overexpressed PC7 leaks into
compartments where the endogenous bioactive PC7 might not accumulate in sufficient
amounts to be functional. However, the spatial segregation of endogenous Furin and PC7
activities that | observed here by CLIP imaging is consistent with earlier density fractionation
studies which indicated that endogenous Furin and PC7 partition to distinct vesicular

compartments in alcohol-loaded rat livers (Leonhardt et al., 2010; Wouters et al., 1998).

In summary, CLIP imaging revealed redundant activity of overexpressed but not endogenous
Furin and PC7 in B16F1 cells. We hypothesize that Furin and PC7 are active in distinct
subcellular compartments and that PC7 acquires the ability to process in Furin compartments
only when overexpressed. In addition, some substrates like Notch, ADAM10 or E-cadherin
transit both Furin and PC7 compartments, whereas others like ADAM17 or PMEL17 reach only
the Furin compartments, and therefore cannot be processed redundantly by both PCs. The
difference in substrate cleavage observed between Furin and PC7 in B16F1 cells, might
provide explanations on the partially or absent rescue among these PCs in vivo (reviewed in
Scamuffa et al., 2006). While our PC7 knockout mice show no abnormal phenotype, except
for learning and memory defects (Anyetei-Anum et al., 2017; Villeneuve et al., 2002; Wetsel et
al., 2013), Furin knockout mice die by embryonic day E10.5 due to ventral closure defects and
associated cardia bifida and failure of heart looping (Roebroek et al., 1998). By contrast, Furin

#PC7” double knockout embryos show a delay in morula compaction, and they arrest
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development at the implanted blastocyst stage around E4.5 (Bessonnard et al.,, 2015),
suggesting that Furin and PC7 functionally overlap in vivo and can partially compensate for
each other when only one of them is deleted. The incompleteness of functional redundancy
might reflect the intracellular spatial segregation of Furin and PC7 activities. In future studies,
CLIPv3/v4 compartments-variants imaging can be used to characterize endogenous PC
activities and contribution in embryo development, to disclose where important substrates are

processed.

4.3 Furin activity is low in exocytic vesicles of the trans-Golgi network

compared to early and late endosomes

Our findings revealed that Furin activities are unevenly distributed both in B16F1 and in
HEK293T cells. Specifically, analysis of CLIPv3 processing and PC knock-down experiments
revealed that endogenous Furin activities largely accumulate in endosomal compartments in
HEK293T cells. In agreement with this result, FRET imaging of CLIPv4 compartment-specific
biosensors revealed more PC-mediated cleavage in endosomes compared to exocytic vesicle
of the TGN. Furthermore, pharmacological inhibition experiments indicated that the most
widely used pan-PC inhibitor inhibits Furin ten times more potently in the TGN than in
endosomes. Since Furin localizes at steady state to the TGN (Molloy et al., 1994; Schafer et
al., 1995; Wouters et al., 1998) and cleaves substrates within this compartment (Degnin, 2004;
Leonhardt et al., 2011; Logeat et al., 1998; Schafer et al., 1995; Vischer and Wagner, 1994),
we were surprised to detect higher activity in endosomes. Although several studies already
demonstrated that Furin is active in several post-TGN compartments such as plasma
membrane (Gawlik et al., 2010; Klimpel et al., 1992), endosomes (Chiron et al., 1994; Garred
et al.,, 1995; Tsuneoka et al., 1993), and in membrane microdomains known as lipid rafts
(Blanchet et al., 2008a, 2008b; Mesnard and Constam, 2010; Watanabe et al., 2009), our work
reveals for the first time important quantitative differences among Furin activities in distinct

subcellular compartments of the same cell line.

Previous studies have suggested that processing of Furin substrates, such as plasma gelsolin
or the Semliki Forest virus (SFV) glycoprotein precursor p62, are sensitive to endosomal Furin
recycling (Band et al., 2001; Chen et al., 2001; reviewed in Thomas, 2002). The maturation of
both of gelsolin or viral glycoprotein p62 appeared to occur in compartments generated by the
fusion of endocytic Furin-containing vesicles with TGN-derived structures containing the
substrates (Band et al., 2001; Chen et al., 2001), indicating that it is endosomal Furin and not
TGN-resident counterpart able to cleave and to process such substrates. Which factors
contribute to the difference is proteolytic activity among endosomal Furin and TGN-localized
counterpart is not clear. Furin activation requires two compartment-specific autoproteolytic
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events that are regulated by pH: While the first autocleavage occurs in the Endoplasmic
reticulum (ER) (Anderson et al., 2002), a second autocleavage that releases the prodomain to
generate bioactive Furin requires transit through mildly acidic TGN/endosomal compartments
(Feliciangeli et al., 2006). Therefore, it is plausible that Furin activity increases in endosomes
compared to TGN because complete activation is not completely achieved in the TGN
environment, and because re-cycyling of endosomal bioactive Furin to the TGN may be limited,
e.g. by shedding of the Furin trans membrane domain and cytosolic tail, a process that also
depends on endosomal acidification (Blanchet et al., 2008b). Trapping the viral glycoprotein
p62 in the TGN by inhibition of membrane fusions avoids p62 transit in the endosomes, and
its Furin-dependent maturation, suggesting the relevance of endosomal Furin activity (Band et
al., 2001). Endosomal sorting also regulate activation of other proteases such as 3-secretase
(Rajendran et al., 2008). B-secretase is involved in the formation of the neurotoxic amyloid- -
peptide (Vassar, 2002), and is sorted from the cell surface to early endosomes where it
acquires activity due to the lower acidic pH (Rajendran et al., 2006). In addition, even mild
acidification of the pH can induce conformational changes in substrates (Han¢ et al., 2016;
Paulino and Kuhlbrandt, 2014). Such pH-dependent conformational changes are suggested to
occur in the known PC substrate Pseudomonas exotoxin, favouring proper processing (Chiron
et al., 1994).

Alternatively, Furin activity in a given compartment may vary depending on the lifetime of this
type of vesicle. Since TGN vesicles fuse with the plasma membrane within minutes
(Schmoranzer and Simon, 2003), Furin within the TGN only has a limited opportunity to cleave
any specific cargo compared to a pool of Furin in endosomes that may persist for hours before
its passed on to other locations. In another mutually non-exclusive scenario, proteolytic activity
of TGN-resident Furin may be kept at low levels by potential endogenous Furin inhibitors. The
Golgi microenviroment has been suggested to provide optimal conditions for the inhibition of
Furin by plasminogen activator inhibitor 1 (PAI-1) (Bernot et al., 2011). It is tempting to
speculate that PAI-1 binds Furin preferentially in the TGN and that this interaction is lost when
Furin reaches endosomal compartments. Further experiments will be needed to validate
whether PAI-1 is expressed in B16F1 and HEK293T cells, or whether other proteins can act

as Furin inhibitors in a manner reminiscent of PAI-1.

In summary, our findings imply that Furin is most active in late endosomes and this may be
due to the slightly more acidic environment encountered in those compartment (reviewed in
Faundez and Hartzell, 2004; Machen et al., 2003; Yamashiro and Maxfield, 1987). Accordingly,
we hypothesize that endosomal transit and subsequent recycling of Furin to the TGN are key
for proper regulation of Furin activity. This conclusion is in agreement with the previously

proposed role of recycling in mediating the localization of Furin to the TGN (reviewed in

75



Discussion

Thomas, 2002). Accordingly, the TGN might be regarded primarily as a strategic reservoir of
inactive Furin molecules that may be sorted to endosomes and re-cycled to the TGN according
to the demand for processing to reach specific compartments for proper activation and to

mediate specific substrate processing events (Blanchet et al., 2008b; Watanabe et al., 2009).

4.4 Pharmacological targeting of PC in specific compartments

Accumulating evidence has confirmed a role for PCs in specific diseases such such as cancer
and infections. Therefore, and because of their enzymatic nature, PCs are considered as
attractive drug targets. However, pharmacological inhibition is challenging due to the similar
substrate specificities in vivo and overlapping activities of several PCs in vitro, which severely
complicates the task of delineating the physiological and the pathological PC activities. Here,
besides providing information on the spatial distribution of individual PC activities, my CLIPv3
analysis and CLIP4 imaging demonstrated that, at a given concentration, the pan-PC inhibitor
dec-RVKR-CMK (CMK) can be used to selectively block Furin activity in TGN in both HEK293T
and B16F1 cell lines in vitro.

In recent years, several studies have reported that PCs also play important roles in different
cancer types to regulate tumor progression and invasiveness. Pan-PC specific inhibitors such
as the engineered a1-antitrypsin derivative a1-PDX or CMK have been shown to reduce
proliferation and migration of cancer cells both in vitro and in vivo. For example, transgenic
expression of a1-PDX in human colon carcinoma cell lines or human primary melanoma cell
drastically reduced tumor growth and metastasis formation (Khatib et al., 2001; Lalou et al.,
2010; Scamuffa et al., 2008). Similar results were obtained in osteosarcoma and in breast
cancer cell lines (Liu et al., 2014a; Willson et al., 2017). Similarly, PC inhibition by CMK
treatment affected tumor progression and invasion in several tumor types both in vitro and
mouse tumor models (Bassi et al., 2010, 2016; Hajdin et al., 2010; Lee et al., 2016; Ma et al.,
2014; Nejjari et al., 2004). The impact of PC inhibition on tumorigenesis is explained by the
partial or reduced maturation of specific oncogenic PC substrates (reviewed in Artenstein and
Opal, 2011; Bassi et al., 2016; Lee et al., 2016; Ma et al., 2014; Scamuffa et al., 2008). In
addition, Furin has been shown to elicit essential functions in peripheral tolerance. In particular,
Furin inhibition might promote autoimmunity and boost immune response against cancer cells
(Pesu et al., 2008).

However, PCs also activate tumor suppressive proteins such as E-cadherin or can regulate
the expression of stable and functional major histocompatibility complex-I (MHC-I)
(Bessonnard et al.,, 2015; Leonhardt et al., 2010). Furthermore, some reports suggest
protective Furin role against hepatocellular carcinoma, since its overexpression suppresses

tumor growth (Huang et al., 2012). In agreement with this report, liver specific inactivation of
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Furin leads to increased tumor growth (Declercq et al., 2015). In addition, human intestinal
cancer showed systematic down-regulation of PC5, and PC5 inactivation in enterocytes in
mouse model for intestinal adenocarcinoma was associated with higher tumor number and
premature mortality, suggesting a potential protective role pf PC5 in this context (Sun et al.,
2009). The contradictory effects of PC inhibition as anticancer therapy are intriguing. The
circumstances that make PCs inhibition an advantageous therapy are poorly investigated and
defined. It seems intuitive that depending on which substrates are processed and activated,
PCs can mediate oncogenic or tumor suppressive functions. Moreover, alternative proteolytic
processing mediated by different PCs might determine the function of the substrate. For
example, in human malignant glioma cell lines processing of the N-cadherin precursor
(proNCAD) can be mediated by two PCs, Furin and PC5 at two different cleavage sites. Furin-
mediated cleavage activates proNCAD enabling the formation of hemophilic interactions
between adjacent cells. By contrast, PC5-dependent processing generates nonfunctional
NCAD (Maret et al., 2012). Stable intercellular interactions contribute to maintain the tumor
cells in the original site. When these interactions are lost, the tumor cells are able to detach
and disseminate. In this case, therapies aimed at blocking tumor detachment and
dissemination should target only PC5 sparing Furin. Understanding where Furin and PC5

activities are spatially distributed will help us to define the best therapeutic strategy.

Since a given cell might express one or more PCs, inhibitor titration is required to determine
for each cell line the optimum inhibitory concentration to block PC activities in compartment-
specific fashion. In our experiments, the optimum concentration to block compartment-specific
PC activities slightly differed between HEK293T and B16F1 cells. However, in both cell lines,
CMK blocked Furin activities more potently in the TGN than in endosomes. Likewise,
preliminary results in HEK293T cells revealed that the inhibitor-24 (Inh.24) blocked PC
activities more potently in TGN than in endosomes, whereas in B16F1 both TGN and
endosomal Furin activities were blocked by the same inhibitor concentration. From our results,
we hypothesize that different concentration of the same PC inhibitor can be used to target PC
activities in distinct subcellular compartments. The optimum inhibitory concentration has to be
calculated depending on the inhibitor and on the cell line. Furthermore, our experiments
established proof of concept that inhibitor titration combined with CLIP imaging can shed
important light on where the cleavage of a specific substrates occurs. Using this two-pronged
approach, | confirmed that PMEL17 is processed by Furin during its route in the secretory
pathway, whereas Activin-A processing takes place stepwise in TGN and endosomal
compartments. Although preliminary, our results might inspire future therapeutic approaches
based on subcellular compartments drug delivery system (reviewed in Rajendran et al., 2010)
targeting the compartment enriched by oncogenic PC activities or the compartments where

the maturation or activation of oncogenic factor occurs.
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4.5 PC7 activity is restricted to specific compartments

The spatial segregation of endogenous PC activities in B16F1 cells suggests that while Furin
is able to cleave its substrates in the main subcellular sites of the secretory pathway, PC7
activity localizes in specific compartment(s). Indeed, we have found that in cells devoid of Furin
the endogenous PC7, albeit able to cleave endogenous and overexpressed substrates, failed
to rescue CLIPv4 processing in TGN, endosomes and at the cell surface. In contrast,
overexpressed PC7 can fully compensate for Furin in CLIPv4 processing in all these
compartments. Although apparently controversial, our results mirrored the behaviour of both
endogenous and overexpressed PC7 described in the literature. Indeed, intracellular
endogenous PC7 enriched vesicles are spatially separated from Furin ones (Leonhardt et al.,
2010; Wouters et al., 1998). This might explain why PC7 cannot redundantly process Furin
substrates, even though PC7 activities have been shown to overlap with Furin in lipid rafts
domains in vivo (Bessonnard et al., 2015). Similarly to our findings, overexpressed PC7 is
sorted and active in TGN-endosomal compartments (Declercq et al., 2012; Rousselet et al.,
2011a, 2011b), where it can cleave endogenous substrates spared by the endogenous
counterpart, such as ADAM17. Furthermore, the trafficking mutant PC77* (Declercq et al.,
2012) recycled back to the cell surface in B16F1 cells, and cleaved reporter substrates at
plasma membrane and in endosomes but not in TGN. These results confirm that PC7 does
not follow the conventional ER/TGN secretory route but reaches post-Golgi compartments
after recycling from the plasma membrane (Rousselet et al., 2011a). In addition, the difference
in localization between overexpressed full-length PC7 and CLIPv4-PC7, indicated that,
besides the transmembrane domain and the cytosolic tail, other motif(s) are regulating PC7
trafficking and localization. PCs trafficking is regulated by several factors, including interaction
with adaptor proteins or specific PC receptor like Cripto (reviewed in Constam, 2009; reviewed
in Seidah and Prat, 2012). The GPl-anchor protein Cripto can recruit both Furin and PC7
through interaction with their P domain, localizing both convertases with the substrate Nodal
(Blanchet et al., 2008b). Further experiments are required to understand whether PC7

trafficking is partly or totally regulated by interaction with specific proteins.

How overexpressed PC7 acquired activity in compartments where the endogenous
counterpart is not active remains unclear. One possible explanation might be the leaking of
overexpressed PC7 in those compartments. Since an antibody specific for PC7 is not
commercially available, further experiments are required to elucidate this difference. The idea
that endogenous PC7 is segregated in a specific compartment is further corroborated by our
pharmacological experiments. While Furin-mediated soluble CLIPv4 processing was blocked
by the pan-PC inhibitor CMK in PC7 knock-out cells, in cells devoid of Furin soluble CLIPv4

processing occurred regardless of the presence of the inhibitor. This results supported our
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previous data suggesting that PC7 localizes in intracellular CMK-resistant compartments
(Bessonnard et al., 2015). Whether PC7 acquires CMK-resistance in this compartment and
how PC7 reaches such compartment has to be defined. We propose that one possible way to
reveal the PC7 CMK-resistant compartment would be to design CLIP variants that specifically
follow the trafficking and route of substrates, like Notch, E-cadherin and ADAM10, that are

cleaved by the endogenous PC7.

In summary, CLIPv3/v4 compartments imaging in B16F 1 cells, revealed that endogenous PC7
is probably active in a CMK-resistant compartment. Some PC substrates such as Notch-1,
ADAM10, E-cadherin might transit into this compartment while others, like Activin-A or
ADAM17, follow alternative pathways. Furthermore, since overexpressed PC7 does not
recapitulate the endogenous activity, investigating PC7 substrate specificity by overexpression

might lead to improper conclusion.

4.6 Furin and PC7 in B16F1 tumor growth and pigmentation

In the present study, we investigated the contribution of Furin and/or PC7 in B16F1 tumor
growth. Our preliminary data revealed that tumor volume was reduced only upon Furin
deletion. Intriguingly, tumor volume of sgDKO grafted cells was comparable to the control,
while expression of the Cas9 alone did not produce any effect in B16-Cas9 tumors. The
reduction in tumor volume of sgFurin-1 grafts is consistent with previous reports where
inhibition of PC activities reduced progression in xenograft models (Bassi et al., 2016; Hajdin
et al., 2010; Jaaks et al.,, 2016a; Scamuffa et al., 2008). Since sgFurin-1 cell proliferated
normally in vitro, the reduced proliferation in vivo might be attributed to interactions between
tumor and the stromal cells. Furin can cleave and activate the immunosuppressive
transforming growth factor-p1 (TGF-B1 ) (Dubois et al., 2001) and Furin deletion might elicit
immune response (Pesu et al., 2008), therefore reduction in tumor volume in sgFurin-1 derived
tumors would indicate a more effective tumor-specific immune response. However, in
syngeneic Rag1-hosts lacking both T- and B-lymphocytes, the sgFurin-1 derived tumor volume
was reduced only 2-fold compared to the 3-fold reduction observed in C57BL/6 mice,

suggesting that Furin did not have striking immune suppressive function.

In addition, sgDKO cells proliferated at the same rate as the wild type in vivo. This result might
be explained by the expression in sgDKO cells in vivo of one or more redundant PC family
members. On the other side, Furin and PC7 might antagonize each other cleaving substrates
with opposite functions in vivo. In keeping with this concept, it is intuitive to hypothesize that
treatment with pan-PC inhibitors will not be convenient, whereas targeting only Furin activities
might result as more effective therapeutic approach. Finally, it's interesting to note that tumor

growth was uncoupled from pigmentation in both C57BL/6 and Rag1-hosts, suggesting that
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amelanotic tumor retains proliferative signature. However, in order to exclude technical artefact

arising from clonal effect, further experiments with more CRISPR-edited clones are needed.

Furthermore, sgFurin-1, sgPC7-1 and sgDKO tumors were amelanotic compared to the highly
pigmented B16-Cas9 and control tumors. Loss of pigmentation is one feature of tumor
dedifferentiation in melanoma (Bennett, 1983), and cancer dedifferentiation has been
proposed to play an important role in tumor progression and invasion (reviewed in Friedmann-
Morvinski and Verma, 2014; Gabbert et al., 1985).

Many genes are involved in pigmentation and differentiation in both melanocytes and
melanoma (Liu et al., 2014b). Some of these melanocyte-lineage specific genes encode for
proteins implicated in melanosomes biogenesis, such as PMEL17. Since accumulation of
unprocessed PMEL17 disrupts melanosome morphology and alters its maturation (Berson et
al., 2003), we showed that sgFurin-1 cells failed to maturate the melanocyte-specific protein
PMEL17. Doxycycline-inducible FurinGFP rescued both PMEL17 processing and media
pigmentation in vitro, whereas in preliminary in vivo experiments did not efficiently rescue
tumor growth. Further observations are needed to explain the discrepancy between the in vitro

and the in vivo results of the doxycycline-inducible FurinGFP activity.

Other important genes involved both in melanoma progression and in pigmentation belong to
the Notch signalling pathway (Hoek et al., 2004; Kumano et al., 2008). To our surprise all the
CRISPR-edited clones, except for sgFurin-2 cells, lost Notch-1 mRNA expression. Whether
this loss is due to the heterogeneity of Notch expression in B16F1 cells or is a Cas9 clonal
effect we are not able to confirm. However, both pigmentation and cell proliferation were not
affected by loss of Notch-1 in B16-Cas9 in vivo, suggesting that other genes might be involved
in proper tumor progression and cells differentiation. Intriguingly, both treatment with the y-
secretase DAPT at lower concentration and loss of Notch-1 in CRISPR-edited clones resulted
in increased protein level of the microphthalmia-associated transcription factor (MITF). By
activation of many genes, MITF is involved in several regulatory pathways in melanocytes and
in melanoma (Giuliano et al., 2010; Hoek et al., 2008b; Widmer et al., 2012). Due to its function
in driving melanoma progression, MITF has been described as an oncogene (Garraway et al.,
2005), although other reports have shown its tumor suppressor activity (Cheli et al., 2012; Levy
et al., 2010; Pinner et al., 2009; Thurber et al., 2011). Furthermore, several reports proposed
that tumor with low levels of MITF are more invasive, while tumor expressing higher level of
MITF are more proliferative (Carreira et al., 2006; Goodall et al., 2008; Hoek et al., 2008a). In
keeping with this classification, we propose that proliferation rate of sgPC7-1 and sgDKO cells

in vivo might be explained by an increased expression of MITF as detected in vitro.
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We have demonstrated that Furin is active in exocytic and endocytic compartments of B16F1
cells in vitro, we cannot exclude compensatory upregulation of redundant PC family member
or contribution of stromal-derived PC in substrates processing. Ratiometric analysis of CLIPv3-
TGN in tumor sections, revealed no CLIPv3 cleavage in sgFurin-1 tumors. Then, our findings
suggested that in some tumor areas Furin is the only active PC detected in the TGN of B16F1
cells in vivo and that no other endogenously expressed or host-derived PCs can cleave
substrates in the TGN. Further observations are needed to investigate potential rescue
mechanisms of PC activities in other compartments in vivo, for example in endosomes.
Furthermore, CLIP imaging might serve as a tool to reveal changes in both distribution and
localization of endogenous PC activities in vivo due to extrinsic factors, such as hypoxia.
Hypoxia is essential for melanocyte differentiation and melanoma progression (Bedogni et al.,
2005). It has been shown that increased Notch-1 and reduced MITF levels enhanced
metastatic potential of melanoma cells (Bedogni et al., 2008; Cheli et al., 2012). In a recent
report, upon subcutaneous or tail-vein injections, B16F10 cells pre-cultured in hypoxic
conditions produced bigger tumors and formed more lung metastasis compared to cells pre-
cultured in normoxic conditions (Cheli et al., 2012). Furthermore, hypoxia induced expression
of Furin (McMahon et al., 2005) and relocated overexpressed Furin from TGN to endosomes,
enhancing cancer cell invasion in vitro (Arsenault et al., 2012). Whether cancer cells optimize
processing of oncogenic substrates in endosomes and whether this happens in vivo has to be

further examined.

4.7 Conclusion and outlook

PC ftrafficking and localization likely regulate whether and where potential substrates are
cleaved during or after exocytosis, but tools to directly test this hypothesis have been lacking.
Here, | found that the novel PC specific biosensors CLIPv3 and CLIPv4 and their variants
carrying different compartment-specific localization signals can for the first time quantitatively
map endogenous and overexpressed PC activities in the TGN/endosomal system of two
unrelated cell lines (HEK293T and in B16F1 mouse melanoma). Live imaging in CRISPR
edited clones revealed that endogenous Furin and PC7 are biologically active in distinct
vesicles. While Furin activity is enriched in endosomes compared to exocytic vesicles, PC7

activity was confined to a distinct compartment resistant to the pan-PC inhibitor CMK.

Determining which PC is responsible for a given cleavage in a specific subcellular
compartment would be informative for better comprehension of PC functions and to improve
rational drug design. Furthermore, to better understand PC contribution in both physiological
and pathological processes, it is essential to define where in the cell a specific substrate is

cleaved. In this study, inhibitor titration in combination with CLIPv4 imaging emerged as new
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criteria to define where a given substrate is processed. Applying these approaches in different
cell lines and tissues might improve our understanding of PC biology and the design of

selective inhibitor that might preferentially block the processing of specific substrates.

PC inhibition has been shown to reduce proliferation and invasive potential of different cancer
cell lines both in vitro and in vivo. However, the contribution of each PC family member in
tumorigenesis is poorly defined. Here, | investigated Furin and PC7 roles in progression of
B16F1 mouse tumor model in vivo. While both PCs were important for proper tumor
pigmentation, tumor growth resulted impaired only in tumor devoid of Furin, whereas both Furin
and PC7 deletion had not effect. This data suggest that, to block cancer cell proliferation, it is
necessary to preferentially block only a specific subset of PC activities, while therapies unable

to discriminate individual PC might not result effective.
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5 Materials and Methods

5.1 Cell lines

HEK293T cells and B16F1 melanoma cells (ATCC) were maintained in Dulbecco’s modified
Eagle’s medium (Sigma) supplemented with 10% fetal bovine serum, 1% gentamicin and
1% GlutaMAX (GIBCO Invitrogen). HEK293T cells stably transduced with lentiviral CLIPv3
reporter were maintained in the same medium supplemented with Puromycin (2 pg/ml)
(GIBCO Invitrogen). Where indicated, decanoyl-RVKR-CMK (Enzo life sciences) was added
at the indicated concentrations and replaced every 12 hrs. IC50 values were calculated using
Prism (Graph-Pad Software) Where indicated, Inhibitor 24 (Calbiochem 537076) or the, y-
secretase inhibitor N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
(DAPT) was addede at the indicated concentration. Where indicated cells were incubated with

250ng/ml doxycycline.

5.2 Cell transfection and Western blot analysis

HEK293T cells were seeded in 6-well plates at a density of 6 x 10° cells/well and transfected
the next day with a 2:1 mixture of JetPei and CLIPv4 or empty vectors (2 ug) (Polyplus). After
4 hrs, conditioned media were replaced with fresh complete media. For transient transfection,
B16F1 were seeded in 6-well plates at a density of 6 x 10° cells/well. The next day, cells were
incubated with plasmid (2 ug/well) in Lipofectamine 2000 (invitrogen) during 4-6 hrs in
OptiMEM medium (Invitrogen). Thereafter the medium was replaced with fresh complete
medium. For both cell lines r 24 hrs post transfection, proteins were extracted in lysis buffer
(PBS supplemented with 0.5% (vol/vol) Triton X-100, 1 mM EDTA and protease inhibitor
cocktail (Roche). Proteins in conditioned media were precipitated with cold acetone and
resuspended in lysis buffer. Proteins were separated in on SDS-PAGE gel under reducing and
non-reducing conditions. CLIP and E-cadherin expression and processing were monitored by
chemiluminescent immunoblotting using monoclonal anti-GFP antibody (Sigma-Aldrich) or
mouse anti-Flag M2 (Sigma-Aldrich) and HRP-conjugated anti-mouse secondary antibodies
(GE Healthcare). Expression of endogenous proteins was visualized using rabbit anti-Furin
(Abcam 3467), mouse anti-y-tubulin (Sigma-Aldrich), rabbit anti-ADAM10 (Abcam 1997),
rabbit anti-ADAM17 (Abcam 2051), rabbit anti-PMEL17 (Abcam 137078), mouse anti-MITF
(C5; MA5-14146 Thermo Fisher), rabbit anti-GADPH (Abcam 70699), goat anti-Notch1 (C-
20:s¢c-6014) and mouse anti-Activin-A (Abcam 89307) respectively. HRP-conjugated

secondary anti-mouse, anti-rabbit (GE Healthcare) or anti-goat (Santa Cruz Biotechnology)
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were used. Expression of overexpressed PCs (wild-type Furin, wild-type PC7 and pPC7™A

mutant) was monitored using mouse anti-Flag M2 (Sigma-Aldrich) and HRP-conjugated anti-

mouse secondary antibody (GE Healthcare).

5.3 Expression vectors and cloning

CLIP and mCLIP expression vectors were generated in pcDNA3.1 (Invitrogen). In brief, cDNA
fragments comprising the signal sequence of lactase-phlorizin hydrolyse, mCitrine, a linker
region, mTFP1 or mCeruelan were amplified by PCR and ligated in frame to a Flag epitope
and the GPI attachment signal sequence of lymphocyte function-associated antigen 3 (Keller
etal., 2001). Alternatively, to retain biosensors in the endoplasmatic reticulum, their C-terminus
was fused to a KDEL tetrapeptide (Lewis and Pelham, 1990). To enrich biosensors in the TGN
or endosomes, they were fused to the trans-membrane domain and cytosolic tail of TGOLN2
(Ladinsky and Howell, 1993; Luzio et al., 1990), TFRC (Van Dam et al., 2002; Harding et al.,
1983; Schlierf et al., 2000), CD-M6PR (Duncan and Kornfeld, 1988; Ghosh et al., 2003), or its
endocytosis-deficient mutant derivative CD-M6PR(6Ala) (Ghosh et al., 2003; Stockli, 2004).
Localization signals in the TM domain and cytosolic tail of mouse PC7 were fused to the
biosensors using the PCR primers: 5'- GAGAGCGGCCGCTCTTGTGCTGGTAGGCTGCTTC-
3 and 5-GAGATCTAGATCAGCAAATCTGCCCGCTC-3. To estimate maximal FRET, the
Acceptor-linker-Donor sequence in CLIPv4 and in corresponding control constructs was
replaced by monomeric forms of Citrine, Cerulean or TFP1. Linkers comprising the PC
consensus cleavage site RQRR or the cleavage-resistant control sequence SQAG were

described previously (Mesnard and Constam, 2010).

Expression vectors of of full-length mouse PCs containing CMV or EF1a promoters were
described previously (Mesnard and Constam, 2010). To generate mutant PC77* construct,
residues Pro’®, Leu’® and Cys’® in the cytosolic tail were replaced by alanine using overlap
extension PCR with the following primers:

5-GAGACTCGAGGTCGACCACCATGCCG-3,
5-TTGCTGCTGGCCGCTGCCATTGATTCTAGTGCTGTCC-3',

5'- AATCAATGGCAGCGGCCAGCAGCAAGGACCTGGATGG-3 and

5'- GAGATCTAGAACTAGTGGATCCCCC-3'.

Plasmid encoding mouse Ecadherin fused to the N-terminus of GFP was a gift from Marc

Stemmler (Max Planc Inst. Freiburg).
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To generate mutant Ecadherin-GFP, RQKR PC recognition site was replaced by the PC

resistant sequence SQAG using overlap extension PCR with the following primers:

5-TCTAAAGCTCCACAAGCTGGA-3’,
5-CCAGCGTGTACCCAGGTCTCAGAAGCCAGGCCGGCGACTGGGTCATCCCTCCC-3,
5-ATGGGAGGGATGACCCAGTCGCCGGCCTGGCTTCTGAGACCTGGGTACACGCTG-3
and 5-CTTCTCCACCTCCTTCTTCAT-3".

Plasmid encoding murine Notch1 cDNA (qgift from Jeffrey S. Nye) has been described
(Artavanis-Tsakonas and Simpson, 1991).Plasmid encoding for INHBA cDNA has been
previously described (Donovan et al., 2017). For CRISPR/Cas9 editing, we used Addgene
plasmid # 48138 containing pSpCas9(BB)-2A-GFP (PX458).

CLIPv3-TGN lentivector was generated by cloning CLIPv3-TGN as an Nhel-Xbal fragment into
Nhe-I-Xbal site of the pLenti hEF1a-MCS//SV40-PuroR (pCF519). To generate CLIPv3-M6PR
lentivector, sequence encoding mTFP1and the trans-membrane domain and cytosolic tail of
M6PR were cloned into Clal-Xbal of pLenti hEF1a-CLIPv3-TGN//SV40-PuroR. Similarly, to
generate CLIPv3-M6(6Ala) sequence encoding mTFP1and the mutated trans-membrane
domain and cytosolic tail of MBPR were cloned into Clal-Xbal of pLenti hEF1a-CLIPv3-
TGN//SV40-PuroR. Similar strategy was adapted to generate CLIPv3-KDEL lentivector, where
mTFP1 and the terminal KDEL tetrapeptide were cloned into Clal-Xbal of pLenti hEF1a-
CLIPv3-TGN//SV40-PuroR. pCF519 has been previously described (Fuerer et al., 2010,
2014).

To generate the lentiviral vector pLV-TRE- FurinGFP-hPGK-tTA2-M2, FurinGFP (Mesnard et
al., 2011) was amplified using the following primers:
5-GAGAGCTAGCCACCATGGAGCTGAGATCCTGGTT-3' and
5'-GAGAAATCGATTTCAAAGGGCGCTCTGGTCTT-3.

The amplicon was cloned into Nhel-Clal sites of pLV-TRE-hPGK- tTA2-M2. The lentivector
pLV-TRE-hPGK- tTA2-M2 was originated by excision of mSEAP insert from TMPrTA2 vector
(gift from Isabelle Barde) and has been described (Barde et al., 2006).

5.4 Lentiviral transduction

Lentiviruses were produced by transient transfection of HEK293T with 5:3.25:1.75 mixture of
lentivirus:packaging envelope vectors, CMVARS8.74 (Addgene 22036) and pMD2.VSVg
(Addgene 12259) (Fuerer et al., 2014). Cell supernatants were sterile-filtered (0.45 ym) and

used directly or after 50’000 x g ultracentrifugation and resuspension with 0.1% bovine serum
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albumin in PBS to transduce HEK293T cells. Cells stably expressing CLIPv3 variants were
selected in 2 pyg/ml puromycin (GIBCO) starting 2 days after transduction. B16F1 stably

expressing inducible FuriGFP were FACS-sorted for GFP expression.

5.5 Gene expression analysis

Total mMRNA was isolated using TRIzol, reverse transcribed using Superscript 1l (Invitrogen),
and analyzed using SYBR green PCR Master Mix (Applied Biosyszem) coupled with 7900ht
Fast RT_PCR system (Applied Biosystems). Human and mouse gRT-PCR primers for
prorpotein convertase and Notch receptor were previously described (Bessonnard et al., 2015;
Briot et al., 2014) and listed in table 2. For RT-PCR, the program was 95°C for 2 min; 30 cycles
of 95°C for 1 min, 62°C for 2 min, 72°C for 2 min; and 72°C for 3 min. From 50ul PCR reaction,
25 pl were resolved on 1%agarose gel. Specific sSiRNAs against PCs (Scamuffa et al., 2008)
were purchased from Ambion and transfected using Lipofectamine RNAIMAX. Sequences of
siRNA are listed in table 3.

5.6 CRISPR/Cas9 editing

The designed guide RNA sequences 5-TGCGACCACCCATAGCAACC-3’ or 5'-
GGTGGAGGCCATGCGGCAAC-3 targeting murine Furin or PC7, respectively, near their
start codon were cloned into the expression vector PX458 containing GFP-tagged Cas9 (Ran
et al., 2013). The resulting sgRNA/Cas9 expression vector were transfected in B16F1 cells.
After 24h, the cells were trypsinized, washed with PBS and resuspended in PBS/1% FBS for
single cell sorting for GFP by FACS into 96-well plate containing complete medium. Clonal cell
lines were expanded and screened by anti-Furin by Western blot. To characterize the
mutations, genomic DNA was purified using QuickExtract™ DNA Extraction Solution
(Epicentre), and the region surrounding the protospacer adjacent motif (PAM) was amplified

using PfuUltra Il Fusion HS DNA polymerase (Agilent) using the primers:
Furin forward: 5-TTTTAGGCTCAGCCGTGAGG-3

Furin reverse: 5-GTTACGGATCCCATCCCACC-3’

PC7 forward: 5- ACAGACCCTGGTTCCTGTCTGA-3’

PC7 reverse: 5- CTCTTCAGCAGCGTTTGCTC-3’

PCR products were purified using NucleoSpin® Gel and PCR Clean-up kits (Macherey-Nagel)
and cloned into pPCR™4-TOPO® TA vector for sequencing. For each cell line, at least 12-15

bacterial colonies were expanded to sequence their plasmid DNA.
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5.7 Ratiometric imaging and FRET analysis

For live-cell imaging, transfected cells on coverslips in 3.5 cm dishes were transferred in
buffered OptiMEM medium while the temperature was maintained at 37°C throughout the
imaging process. Single cells images were acquired using a W N-Achromat 63x/0.9 objective
on a confocal microscope (Zeiss LSM 710) at the following settings: Cerulean (or TFP1)
channel, 458-nm excitation and 458-510-nm (463-514-nm) emission; FRET channel 458-nm
excitation and 530-600-nm emission; and Citrine channel at 514-nm excitation and 530-600-
nm emission. NFRET efficiency was calculated as described (Xia and Liu, 2001) by
normalizing the corrected FRET signal to the square root of the product between Cerulean and
Citrine intensities. Owing to this normalization, NFRET is independent of local fluorophore
concentration and potential FRET between cell-linked Cerulean and soluble Citrine trapped in
vesicles was accounted for. Correction factors accounting for spectral bleed through were
determined independently on cells transfected with Cerulean or Citrine alone. Images of 5 to
15 reporter cells per condition were analyzed using Imaged PixFRET plug-in to quantify
NFRET in all regions defined by a mask of significant Cerulean signal above an arbitrary
threshold (Feige et al., 2005). Each dot of the scatter plots represents the entire cytoplasmic region
of one cell. For ratiometric analysis, the mean of TFP1 and Citrine background fluorescence
were measured in untransfected cells. For each CLIPv3 expressing cell a mask was generated
using the mTFP1 channel and overlaid with the channels of interest (mTFP1 and Citrine).
Mean fluorescent intensities, after background subtraction, were measured and Citrine values

were divided with the corresponding TFP1 values to obtain individual Citrine/TFP1 ratios.

5.8 Immunofluorescent staining

Transfected cells on coversplis were fixed with 4% paraformaldehyde for 12 min,
permeabilized with cold methanol at -20°C for 2 min or with 0.5% Triton X-100 in PBS1X, and
blocked with 10% FBS or 3% BSA in PBS 1X for 1 h. Primary antibodies were incubated
overnight at 4°C. Antibodies included anti-Calnexin (Abcam 22595), anti-Mannosidase Il
(Abcam 24565), anti-TGN46 (abcam 2809), anti-M6PR (Abcam 2733) anti-EEA1 (Abcam
2900) and anti-Flag M2 (Sigma-Aldrich). After washing three times with PBS containing
10% FBS, coverslips were incubated with secondary antibodies coupled to Alexa-647
(Jackson ImmunoResearch Laboratories, Inc.) and DAPI at room temperature for 1 h. rinsed
3 times and mounted in DABCO mounting medium for confocal microscopy analysis (Zeiss

LSM 710). Images were prepared using ImageJ software.

87



Materials and Methods

5.9 Antibody uptake experiments

Transfected B16F1 cells were washed and incubated with serum-free DMEM medium
containing 1ug/ml anti-Flag M2 (Sigma-Aldrich) for 30 minutes at 4°C followed by 15 minutes
at 37°C. After incubation with the antibody, the cells were washed with ice-cold PBS and fixed
with 4% paraformaldehyde for 12 min. Double labelling method, as previously described
(Declercq et al.,, 2012), was performed to discriminate between plasma membrane and
internalized overexpressed Flag-tagged proteins. The cells were incubated 1 hour at room
temperature with secondary anti-mouse coupled to Alexa-488 (Jackson ImmunoResearch
Laboratories, Inc.) in PBS containing 10%FBS. Then, the cells were washed three times with
PBS and incubated with secondary anti-mouse coupled to Alexa-647 (Jackson
ImmunoResearch Laboratories, Inc.) and DAPI for 1 hour at room temperature in PBS
containing 10%FBS and 0.2% Triton X-100. Finally, coversplis were washed three times and
mounted in DABCO mounting medium for confocal microscopy analysis (Zeiss LSM 710).
Images were prepared using Imaged software. Using this two-step method, surface localized
Flag-M2 was labelled with Alexa-488, while internalized Flag-M2 was labelled with Alexa-647.

5.10 Cell viability

5X103 cell were seeded in 96-well plates and cultured for 3 days. AlamarBlue® (Invitrogen,
DAL1025) was added to wells 4 hours before fluorescent measurements at excitation wave

length of 560 and 590nm, respectively.

5.11 Melanoma grafts

1X10° or 4X10° B16F1 cells were injected intradermally into the right flank of 8-12 weeks old
female wild-type (Harlan) or Rag1” C57BL/6 (EPFL animal core facility) syngenic hosts.
Animal body weights and tumor sizes were measured every two days. Tumor volumes were
calculated using the formula length x width x depth (Feldman and Goldwasser, 2009). Where
indicated, animals were fed with chow containing 0.625g/Kg doxycycline (Provimi Kliba AG,
Switzerland). All procedures were according with Swiss legislation and approved by the

cantonal veterinary administration.

5.12 Whole mount staining

Tumors were fixed with 4%PFA overnight and cryoprotected with 20-30% sucrose in PBS and

embedded in OCT. Free-floating thick cryosections (120um) were rinsed in PBS for 10

88



Materials and Methods

minutes, followed by DAPI staining. Images were acquired using confocal microscope (Zeiss

LSM 710) and processed using ImagedJ software.

5.13 Statistical analysis

Statistical tests were performed using Prism (Graph-Pad Software). Unless indicated
otherwise, data represent meanstSD of at least 3 independent experiments. One-way ANOVA
test was used to compare groups of unpaired values and when significant differences were
observed, individual means were compared by unpaired Student’s f test. The normal
distribution of Citrine/TFP1 ratios and of normalized NFRET values were verified with the
Shapiro-Wilk normality test, and the results were analyzed by Mann-Whitney or by a Student’s

t test depending on previous results. A p-values <0.05 was considered significant.
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Table 2 Primers used for RT-PCRs and qRT-PCRs

Gene Sequence (5-3’)
CCCTTGCTCTGCCTAACGC
mouse Notch1
GGAGTCCTGGCATCGTTGG
GGAATGGTGGCAGAGTTGAT
mouse Notch2
TCGCCTCCACATTATTGACA
GGACAAGATGCACTGGGAAT
mouse Notch3
AGTCTCTTGGCCTCTGGACA
TTCTCGTCCTCCAGCTCATT
mouse Notch4
CCACTCCATCCTCATCCACT
TCC CCAGGATCTGGCCCTTA
mouse Furin
CGACCACCCATAGCAACCAG
CGAGAGTTTCCGTAGGGTGG
mouse PC7
CATCAGAACAGCAGGCTGGG
CGGAAGATCGTCACCACAGA
mouse PACE4
TTTATGCCCAGCTCCGTTGA
CCCGTAACAAGGGTCTTGGA
mouse PC5
TCCCTTGGCAGGATAATGGC
TGATGATCGTGTGACGTGGG
mouse PC1
CACTCCAAGCCATCATCCAGT
ACAGCCCCACTTTTCACTCC
mouse PC2
CAAAGGGGAGCTTTCGGACT
ACCCTGGGCCTGGAGAATAA
mouse PC4

GAGGGGACTGTGACTTTCCTG

mouse GADPH

ACTGAGGACCAGGTTGTCTCC
GTTGGGATAGGGCCTCTCTTGC

GATGGTGAAGGTCGGCACTC
human FURIN

TTGCTGCTACCACCCATAGC

GGGGCACTACCTCTTTGTCC
human PC7

TCCGTCGGTTATTCAGGTGC

TGAGCCAGGCACCTACTTTG
human PACE4

CTCGTCACACCTTCGACACA

human PC5

TCTCTTAGGTGGCAGTTGTGT
TCATTCCAGAATTTGCCCTCC

Human GADPH

GTG CGAGGAGATCGCCATTA-
GACTGCCGAAGTCCAAAAGC
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Table 3. siRNA sequences used for Knockdown of human target genes

siRNA Sequence (5’-3’)

siFurin (sense) CAGCUGCGCUCUGGCUUUAUU

siFurin (antisense) UAAAGCCAGAGCGCAGCUGUU

siPC7 (sense) CUACGUCAGUCCCGUGUUAUU

siPC7 (antisense) UAACACGGGACUGACGUAGUU

siscramble D-001810-01-20
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