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ABSTRACT

Preimplantation embryos express a number of hormones, neuropeptides and membrane
receptors known to derive from proteolytic activation of their precursors by proprotein
convertases (PCs). The goal of this study was to determine the pattern of expression of
the neuroendocrine protein convertase 1 (PC1) in mouse preimplantation embryos.
Previous data have shown that PC1 transcripts are detectable by reverse transcription-
polymerase chain reaction in unfertilized and fertilized eggs as well as at all stages of
preimplantation embryonic development (Croissandeau and Mbikay, unpublished data).
In this study, we show by immunoblotting that the zymogen and mature forms of PC1
are present at these stages. Using immunofluorescence laser confocal microscopy, we
have examined its subcellular location: PC1-specific staining was observed throughout
the cytoplasm of unfertilized eggs. After fertilization, surprisingly, the staining was
transiently concentrated in pronuclei. It relocated to the cytoplasm at post-zygotic stages
and was particularly strong at junctions between blastomeres. The nuclear translocation
of PC1 in fertilized eggs is probably mediated by its prodomain. Indeed, when
transfected in human colon carcinoma LoVo cells, a mutant proPC1 incapable of
cleaving off its prodomain accumulated in the nucleus. Furthermore, when N-terminally
fused to a green fluorescent protein, this domain was able to direct the reporter protein to
the nucleus of these cells. Collectively, these data suggest that PC1 is a potential
convertase for precursor proteins in preimplantation embryos. They also raise the

possibility of a nuclear function for this enzyme during zygote formation.
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1. INTRODUCTION

1.1  Post-translational Proteolytic Modifications in the Secretory Pathway

The idea that inactive proteins exist as precursors that undergo proteolytic
activation is a widely excepted biochemical concept. Precursor activation is usually
accomplished through the proteolytic cleavage of a peptide bond on a target protein,
resulting in the exposure or conformational change of its active site. The term zymogen
is used to describe the protein in its inactive form prior to enzymatic activation. Typical
zymogens include hormones, digestive enzymes, vasoactive products, blood coagulation
factors, complement system factors, toxins, and growth factors (Neurath and Walsh,
1976).

There are two major streams of activation of precursor proteins (Steiner et al.,
1980b). The first group includes precursor proteins, typically secretory proteins and
hormones, which are processed within the cells prior to exocytosis. The second group
involves proteins which are enzymatically activated after secretion by either a single
cleavage or by a series of cleavages in a cascade of biochemical responses. Proteins in
the first group follow the secretory pathway. They are biosynthesized in the endoplasmic
reticulum (ER) where they loose the signal peptide that had targeted them to the
secretory pathway; they undergo additional proteolytic cleavages as they traverse
through the Golgi apparatus to the golgi network (TGN); then, the processed products
are either kept in storage vesicles until a stimulus induces their secretion (regulated
secretion) or they are immediately transported outside the cell (constitutive secretion)

(Figure 1).



1.2 The Prohormone Theory

The idea that hormones existed as precursor forms which underwent processing
was first introduced in 1967 following studies in two independent laboratories (Chretien
and Li, 1967; Steiner et al., 1967). Using pulse-chase studies, Steiner et al. demonstrated
that insulin derives from a larger precursor protein which they named proinsulin (Steiner
et al., 1967). During chemical sequencing of pituitary peptides, Chrétien et al. (Chretien
and Li, 1967) observed that B-melanocyte-stimulating hormone (B-MSH) was contained
within the sequence of B-lipotropic hormone (B-LPH). They also observed that the -
MSH sequence within the f-LPH sequence was flanked by pairs of basic residues.

These seminal studies formed the foundation of the prohormone theory.
According to this theory, peptide hormones derive from limited endoproteolysis of
larger inactive precursors after pairs of basic residues (Bradbury et al., 1976; Chretien et
al., 1980; Gainer et al., 1985; Lazure et al., 1983; Steiner et al., 1980a). This theory was
confirmed over the years for a wide variety of bioactive peptides as their precursors
were elucidated by cDNA cloning and sequencing (Steiner et al., 1980a). The dibasic
maturation motif was also observed in most of these precursors, initiating the search for
the endoproteinases responsible for these cleavages. It was also noted that cleavages
after pairs of basic residues is generally followed by removal of the carboxyl terminal
basic residues by carboxypeptidase E (CPE) and modification of C-terminal glycines
into amide group by peptidylglycine-o-amidating-monooxygenase (PAM) (Eipper et al.,

1992; Gainer et al., 1985).



FIGURE 1. Proteolytic Processing in the Secretory Pathway. Ribosomes synthesizing
proteins bearing an ER signal sequence become bound to the rough ER. As translation is
completed on the ER, the polypeptide chains are inserted in to the ER membrane or
cross into the lumen. Some proteins (e.g., rough ER enzymes or structural proteins)
remain resident in the ER. The remainder move into transport vesicles that fuse together
to new cis-Golgi vesicles. Each cis-Golgi cisterna, with its protein contents, physically
move from the cis to the trans face of the Golgi stack (red arrows). As this cisternal
progression occurs, many luminal and membrane proteins undergo modification,
primarily to attached oligosaccharide chains. Some proteins remain in the trans-Golgi
cisternae, while others move via small vesicles to the cell surface or to lysosomes. In
certain cell types (e.g. nerve cells and pancreatic acinar cells), some soluble proteins are
stored in secretory vesicles and are released only after the cell receives an appropriate
neural or hormonal signal (regulated secretion). In all cells, certain proteins move the
cell surface in transport vesicles and are secreted continuously (constitutive secretion).
Like soluble proteins, integral membrane protein move via transport vesicles from the
rough ER to the cis-Golgi and then on to their final destination. The orientation of a
membrane protein, established when it is inserted into the ER membrane, is retained
during all the sorting steps: Some segments always face the cytosol; others always face
the exoplasmic space (i.e., the lumen of the ER, Golgi cisternae, and vesicles or the cell
exterior). Retrograde movement via small transport vesicles retrieves ER proteins that
migrate to the cis-Golgi and returns them to the ER. Similarly, cis- or medial- Golgi
proteins that migrate to a later compartment are retrieved by small retrograde transport
vesicles (Figure 17-13, Lodish et.al, 2000).
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1.3 Discovery of Proprotein Convertases

The search for the enzymes responsible for cleavages at basic residues lasted for
nearly 30 years. The prospects for their identification improved with the cloning of the
KEX2 gene which specified a subtilisin-like proteinase (kexin) capable of cleaving yeast
pheromones as well as mammalian precursors after pairs of basic residues (Bathurst et
al., 1987; Julius et al., 1984; Thomas et al., 1988). In 1989, Fuller et al. (Fuller et al.,
1989), while searching the GenBank database for sequences homologous to Kex2,
identified a protein showing significant homology to the yeast enzyme around the active
residues of the catalytic domain. The protein named furin (fes upstream protein) was
thought to be a receptor (Roebroek et al., 1986b). Unbeknownst to them, the Belgian
investigators who first cloned the furin mRNA had discovered the first mammalian
proprotein convertase (PC).

Using degenerate primers based on sequence homology around the active site
residues in the catalytic domains of kexin and furin, an American and a Canadian team
independently amplified PC2 PCR DNA fragments from total cDNA from a human
insulinoma and a mouse pituitary library, respectively. These fragments were used as
probes to clone the full length cDNAs from which the sequence of the PC1 and PC2
were deduced (Seidah et al.,, 1991a; Smeekens et al.,, 1991; Smeekens and Steiner,
1990). PC1 and PC2 sequences exhibited high homology, not only to each other, but to
kexin and furin as well. Expression of PC1 and PC2 mRNA were shown to be
particularly concentrated in tissues known to be rich in hormones and neuropeptides
such as the brain and the pituitary (Seidah et al., 1991a). More importantly, PC1 and

PC2 were shown to cleave proopiomelanocortin (POMC) ex vivo, at distinct pairs of



basic residues, in a pattern known to occur in vivo, confirming for the first time that they
were the long-sought prohormone convertases (Benjannet et al.,, 1991). Proinsulin
processing by these convertases was demonstrated soon after (Smeekens et al., 1992).

In subsequent years, four more mammalian PCs were identified, namely PACE4
(Barr et al., 1991), PC4 (Nakayama et al., 1992; Seidah et al., 1992), PCS (Lusson et al.,
1993), also known as PC6 (Nakagawa et al., 1993), PC7 (Seidah et al., 1996), also
known as PC8 (Bruzzaniti et al., 1996) or LPC (Meerabux et al., 1996). These enzymes
were identified in many other phyla besides mammals, including molluscs (Gorham et
al., 1996; Nagle et al., 1995a; Nagle et al., 1995b; Ouimet et al., 1993), amphibians
(Braks et al., 1992; Gangnon et al., 1999; Gangnon et al., 2003; Vieau et al., 1998; Yaot
et al., 2003), arthropods (Cieplik et al., 1998; Mentrup et al., 1999; Roebroek et al.,
1991; Smit et al., 1994) and nematodes (Gomez-Saladin et al., 1994; Kovaleva et al.,

2002; Oliva et al., 2000; Poole et al., 2003).

1.4 Structure of Proprotein Convertases

The structural features of mammalian PCs have been described in several
reviews (Brenner, 2003; Seidah and Chretien, 1999; Seidah and Prat, 2002; Steiner,
1998). All PCs are biosynthesized as multidomain glycoproteins. These domains are
diagrammatically shown Figure 2. They include, successively: (i) a signal peptide
sequence at the N-terminal which is cleaved off in the ER during early biosynthesis and
functions to direct the precursor enzyme into the secretory pathway; (ii) a prodomain
that is autocatalytically cleaved in the ER and functions as an intramolecular chaperone
and inhibitor; (iii) a highly conserved catalytic domain which contains a catalytic triad

(Asp, His, and Ser) and an Asn oxyanion hole characteristic of the serine family of



proteinases; (iv) a so-called P domain containing a conserved integrin-ligand RGD motif
which is critical for enzymatic activity; (v) a C-terminal domain that is the least
conserved region. In some PCs, this last domain contains a hydrophobic transmembrane
domain followed by a cytoplasmic tail (furin, PACE4, PC5/6B and PC7/8) or a cysteine-

rich region (CRR) in others (furin, PACE4 and PC6).

1.5  Proprotein Convertase Genes

Although mammalian PC genes vary in size and in exon number (Table 1), their
exon-intron organization is highly conserved in the region specifying the prodomain to
the P domain, in that introns interrupt the coding sequences at similar positions (Chan et
al., 1992; Ftouhi et al., 1994; Goodge et al., 1998; Mbikay et al., 1994; Mentrup and
Weidemann, 1999; Ohagi et al., 1992). This conservation suggests that PC genes may
have arisen from a common ancestral gene.

The chromosomal location of PCs have been mapped in human and mouse
genomes by in situ hybridization on metaphase chromosomes (Chr), Southern blotting
analysis of panels of mouse-human hybrid cells, as well as linkage analysis (Bruzzaniti
et al., 1996; Copeland et al., 1992; Kiefer et al., 1991; Mbikay et al., 1995; Meerabux et
al., 1996; Seidah et al., 1996, Seidah et al., 1991a; Seidah et al., 1991b; van de Loo et

al., 1996). The chromosomal loci are given in Table 1.



FIGURE 2. Structure of Proprotein Convertases. Diagrammatic representation of the
structural domains of mammalian protein convertases. The domains are color-coded and
explained in the legend below. The number of residues for each convertase is given to
the right.
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TABLE 1. Structure of Genes for Proprotein Convertases and their Companion Proteins™

Chromosomal Loci

Gene and mRNA Structure

Protein Human Mouse
Symbol Chr Symbol
PC1 PCSK1 5q  Peskl
PC2 PCSK2 20p  Pcsk2
Furin PCSK3 159  Pcsk3
PC4 PCSK4 19q  PcskS
PC5 PCSKS 9q  PcskS
PACE4  PCSK6 15q  Pcsk6
PC7 PCSK7 11q  Pcsk7
CPE CPE 4q Cpe
SAAS PCSKIN Xp Pcskin
7B2 SGNE1] 15q  Sgnel

Chr

13

10

19

Gene
Size Exon
mRNA Isoforms
No
kb
42 14 5.1,3.3,3.0
256 12 4.8,2.8
15 16 4.1
7 15 2.8,1.9
301 38 7.5,6.5,33
120 7 45,39
25 17 3.5
111 9 2.5
5 7 1.0
33 6 1.1

*The sizes of the genes were derived by calculating the distance in bases between the known

5’ and 3’ end sequences within a single contig. Most PC mRNAs are produced in multiple

isoforms. Exon numbers are given for mouse encoding genes.



The locus symbols, PCSK in human and Pcsk in mouse, are acronyms for proprotein
convertase subtilisin-kexin-like. All PC genes are dispersed throughout the genome,
except for the genes from furin and PACE4 which are less than 10 megabases apart on
human Chr 15 (Kiefer et al., 1991) and on mouse Chr 7 (Mbikay et al., 1995). The close
location of these two genes in both species suggests that the two genes may have arisen
from a genomic duplication shortly before the branching away of the mouse and human
evolutionary lines.

Most PCs are transcribed into multiple mRNA isoforms of different sizes (Seidah
et al., 1994) (Table 1). These isoforms were generated through (i) alternate promoter use
(Ayoubi et al., 1994); (ii) alternate exon splicing (Mbikay et al., 1994; Tsuji et al., 1997,
Zhong et al., 1996); (iii) alternate use of polyadenylation signal regions (Ftouhi et al.,
1994). These isoforms may be translated into a single protein (Ayoubi et al., 1994;
Ftouhi et al., 1994) or into differing protein isoforms (Mbikay et al., 1994; Seidah et al.,
1992; Tsuji et al., 1997). They are often found at differing levels in the same tissues but

can also be tissue-specific (Seidah et al., 1994; Tsuji et al., 1994).

1.6  Tissue Distribution and Subcellular Localization of Proprotein Convertases

All tissues and cells contain multiple PCs, but in variable combinations and
relative levels (Seidah et al., 1994; Seidah et al., 1996). Table 2 summarizes the tissue
distribution of these enzymes. PC1 and PC2 are found primarily in neuronal and
endocrine tissues. In situ hybridization analysis in the central nervous system (CNS) has
shown extensive overlapping as well as differential regional abundance of PC1 and PC2

transcripts. PC1 transcripts are relatively more abundant in the supraoptic and



paraventricular nuclei of the hypothalamus, whereas those of PC2 are enriched in the
superficial layers of the cortex, amygdala and the striatum of the hippocampus (Day et
al., 1993; Schafer et al., 1993). In the pituitary, PC1 transcripts are more abundant in the
anterior lobe and those of PC2 transcripts more so in the intermediate lobe
(Marcinkiewicz et al., 1993; Seidah et al., 1991a).

PC4 transcripts are detectable by northern blot and in situ hybridization only in
testicular germ cells, particularly in the spermatocytes and round spermatids (Nakayama
et al., 1992; Seidah et al., 1992; Torii et al., 1993). Small amounts of PC4 transcripts are
reportedly expressed in resident macrophage-like cells of the ovary (Tadros et al., 2001).

Furin, PACE4, PC5 and PC7 are wildly distributed. Furin mRNA is particularly
abundant in the liver and the kidney (Roebroek et al., 1986a). PC5 mRNA is highly
expressed in the gut, adrenal glands, ovaries and lungs (Lusson et al., 1993). PC7
transcripts are enriched in the thymus and the testis (Seidah et al., 1996). In the CNS, the
pituitary and peripheral tissues, PC5/6 and PACE4 are distinctly distributed (Dong et al.,
1995; Villeneuve et al., 1999; Zheng et al., 1997).

At the subcellular level, PCs are also differentially localized (Figure 3): PCI,
PC2 and PC5B are stored in the secretory granules of neuroendocrine cells (De Bie et
al., 1996; Itoh et al., 1996; Kirchmair et al., 1992; Kurabuchi and Tanaka, 2002; Malide
et al., 1995; Marcinkiewicz et al., 1994; Muller et al., 1998; Tanaka et al., 1996; Uehara
et al., 2001); furin, PC5B and PC7 and are found in the golgi and at the cell surface (De

Bie et al., 1996; Molloy et al., 1994; van de Loo et al., 1997; van de Loo et al., 2000).
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TABLE 2. Tissue Distribution of Proprotein Convertases

PC Tissue Specificity Major Expression Sites*
PC1 Neuroendocrine CNS (PVN, SON), pituitary (AL)
PC2 Neuroendocrine CNS (cortex, amygdala, striatum,

hippocampus), pituitary (NIL)

PC4 gonadal testicular germ cells

PC5 widespread gut, adrenal glands, ovaries, lungs
PC7 ubiquitous thymus, testes

Furin ubiquitous liver, kidney

PACE4 widespread pituitary (AL), heart, kidney

*Based on Seidah et al., 1992 and Seidah et al., 1996
Abbreviations: AL, anterior lobe; CNS, central nervous system; NIL, neurointermediate

lobe; PVN, paraventricular nucleus; SON, supraoptic nucleus
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FIGURE 3. Subcellular Localization of Proprotein Convertases. Diagrammatical
representation of the subcellular localization of PCs as they move through the
compartments of the secretory pathway. PC1, PC2, and PC5A are stored in the secretory
granules (SG) of neuroendocrine cells and PACE4 are located in the Trans Golgi
Network (TGN). Furin, PC5B and PC7 are also found at the plasma membrane from
where they can be transported back to the golgi and the TGN via endosomes (endo).
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1.7 Biosynthesis of Proprotein Convertases

The biosynthesis and enzymatic activity of PCs have been extensively
investigated and their common features have been described in details in several
excellentvreviews (Muller and Lindberg, 1999; Seidah and Chretien, 1999; Seidah and
Prat, 2002; Steiner, 1998; Van de Ven et al., 1993). All PCs are biosynthesized in the ER
as preproproteins. After co-translational removal of the signal peptide, they undergo a
series of post-translational modifications as they travel through the various
compartments of the secretory pathway to their subcellular destinations. One of the early
modifications occurring in the ER is an autocatalytic cleavage after pairs of basic
residues located between the prodomain and the catalytic domain. Based on studies
conducted on furin (Anderson et al., 2002), it is believed that the prodomain remains
attached in a complex with the molecule until a secondary autocatalytic cleavage occurs
after a pair of basic residues located within the prodomain where the more acidic
environment of the TGN induces their separation. The prodomain acts as an
intramolecular chaperone that facilitates the proper folding of the zymogen and in a
complex with the mature enzyme, it inhibits its enzymatic activity. More or less specific
PC inhibitors have been designed based on propeptide sequences (Basak and Lazure,
2003; Boudreault et al., 1998a; Nour et al., 2003; Zhong et al., 1999). Other post-
translational modifications effected on various PCs in the golgi compartments include
glycosylation, sulfation, phosphorylation and palmitoylation (Benjannet et al., 1993;
Jones et al., 1995; van de Loo et al., 2000). In post-TGN compartments, some PCs
undergo further endoproteolytic truncations at the C-terminus. For PCI1, these

truncations lead to the production of a most active, yet unstable form of the enzyme
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(Muller and Lindberg, 1999). The endoproteolytic modifications undergone by

preproPC1 during biosynthesis are diagrammatically illustrated in Figure 4.

1.8.  Enzymatic Activities of Proprotein Convertases

All PCs are calcium-dependent serine endoproteinases. They are all active at
millimolar concentrations of Ca?". However, they vary in optimum Ca?* concentration
and optimum pH. For example, furin is most active at 0.2 mM Ca2+ and at near neutral
pH (Molloy et al., 1992), whereas PC1 activity is highest at 4 mM Ca2+ and a more
acidic pH of 5 to 6 (Boudreault et al., 1998b; Zhou and Lindberg, 1993; Zhou and
Lindberg, 1994). These differential requirements determine in which cellular
compartment each convertase is optimally active. Thus, furin may be active in the TGN
where the calcium level is low and the pH is close to neutral whereas PC1 will be most
active in the more acidic and calcium-enriched environment of neuroendocrine secretory
granules (SG).

PCs cleave their substrates generally after pairs of basic residues, occasionally
after single basic residues. The consensus recognition motif is (Arg/Lys)-(X,)-Arg|
where n=0, 2, 4 or 6 and X is any amino acid except Cys and rarely Pro (Seidah and
Chretien, 1999). Furin specifically requires an Arg at position 4 (P4) before the cleavage
site. A His at P6 may make the site more specific for PC5 (Bergeron et al., 2003) and a
Lys at P4 more specific for PC4 (Basak et al., 1999; Basak et al., 2004). Interestingly,

not all sites fitting the consensus motif are cleaved by PCs.
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FIGURE 4. Endoproteolytic Processing of PreproPCI1 during Biosynthesis.The mouse
PC1 gene is transcribed into two mRNA isoforms of 2.8 and 4.4 kb that are translated in
the ER into a preproprotein of 753 amino acids. After early removal of the signal peptide
by a signal peptidase, the resulting 93-kDa proPC1 is autocatalytically (enzymatically
cleaves self) converted to an intermediate form and a mature form of 84 and 81 kDa by
undergoing cleavages at pairs of basic residues within and after the prodomain,
respectively. In the TGN and SG compartments the mature 81 kDa form undergoes
further self-induced cleavage at its C-terminal to yield a more active form of 74 kDa.
Additional C-terminal autocatalytic modification results in the final and most active
form of 66 kDa (Muller and Lindberg, 1999). In these diagrammatic representations of
PC1 isoforms, the signal peptide is represented as an open bar, the prodomain as a black
bar, the catalytic and P domains as a single grey bar and the cleavable C-terminal
domains as hatched bars. The sequences around the putative cleavage sites are shown
above the bars. The regions recognized by the antibodies at the N and the C terminus of
PC1 are shown above the proPC1 bar and marked as aNT and aCT, respectively. The
apparent molecular weights of the various PC1 forms are indicated to the right of each
bar.
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Clearly other yet unknown structural constraints on the substrates and the PCs
determine which potential sites in a protein can be recognized by the enzymes. Recently
a public algorithm called ProP was developed to predict PC cleavage sites (Duckert et
al., 2004). It appears to be more sensitive for furin sites than for general PC sites.

The cellular activities of PCs may be modulated by co-resident proteins. Two
such modulating proteins found in neuroendocrine cells are 7B2 and proSAAS. 7B2 acts
as specific chaperone for PC2 and may be a transient inhibitor of its activity. It is
produced as a precursor protein that gets cleaved to release a C-terminal inhibitory
peptide. The structure and functions of 7B2 have been recently reviewed (Mbikay et al.,
2001; Muller and Lindberg, 1999). ProSAAS is a specific inhibitor of PC1 activity
(Fricker et al., 2000). It is the precursor to a number of peptides (Sayah et al., 2001). Its
inhibitory activity is located in the C-terminal region (Qian et al., 2000) (Basak et al.,
2001).

The cellular activities of PCs might be influenced by the efficiency of removal of
the C-terminal basic residues exposed by PC cleavage. This removal is mediated by
carboxypeptidases (CP) E and D (Dong et al., 1999; Fricker, 1988). It is believed that
the multiple deficiencies of prohormone and proneuropeptide processing observed in a
CPE deficient mouse are due to PC inhibition by the accumulation of basic residue-

extended processing intermediates (Fricker and Leiter, 1999; Varlamov et al., 1997).

16



1.9  Proprotein Convertase Substrates

Generally, an enzyme-substrate relationship between a PC and a precursor
protein is established by co-transduction of the enzyme and the potential substrate into a
cell line using expression vectors followed by analysis of the precursor-derived smaller
proteins. The first experiments conducted in the early nineties to this end established that
furin could appropriately cleave human-f3-nerve growth factor (Bresnahan et al., 1990),
pro-von Willebrand factor (vWF) (van de Ven et al.,, 1990; Wise et al., 1990), pro-
albumin and pro-complement factor C3 (Misumi et al., 1991). By far the most
significant was the elegant study by Benjannet et al. in 1991 (Benjannet et al., 1991),
demonstrating that PC1 and PC2 can cleave POMC in a pattern concordant with their
distribution and relative levels in pituitary lobes.

Since these seminal studies, the number of confirmed PC substrates has
increased exponentially. Table 3 shows the variety of classes of proproteins (with some
representative members of each class given in parentheses) known to be cleaved by
these endoproteinases. Because multiple PCs are found in all cells, a redundancy of their
activities was anticipated. However, their differential subcellular localization suggested
that they may play distinct processing roles. Both substrate redundancy and specificity
have been experimentally demonstrated.

Because of their characteristic expression in neuroendocrine and endocrine
tissues, PC1 and PC2 are expectedly involved in the processing of prohormones and
proneuropeptides. Representative precursors processed by these two enzymes include
POMC (Benjannet et al.,, 1991; Zhou et al., 1993), proinsulin (Smeekens et al., 1992)

and proglucagon (Dhanvantari et al., 1996). The two enzymes sometimes act on these
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substrates sequentially: PC1, which is active in earlier compartments, cleaves the
precursor into intermediates; PC2, which is activated in later compartments then cleaves
the intermediates into final products. The proportion of intermediate and final products
depends on the relative abundance of the two enzymes.

PC5, together with furin, is the convertase for integrins a4, o5, a6 and av
(Bergeron et al., 2003; Lissitzky et al., 2000; Stawowy et al., 2004), suggesting that it
may be important for cell adhesion. Furin has been implicated in the processing of a
number of precursor proteins mediating the constitutive secretory pathway. Prototypical
furin substrates include nerve growth factor (NGF) (Bresnahan et al.,, 1990),
transforming growth factor-p (TGF-B) (Dubois et al., 2001; Dubois et al., 1995), insulin-
like growth factor I (IGF-1) (Duguay et al., 1995) and IGF-1 receptor (Khatib et al.,
2001; Lehmann et al., 1998). Furin is reportedly also involved in the processing-
activation of proproteins from pathogens such as the envelope glycoprotein gp160 of the
human immunodeficiency virus (HIV) (Decroly et al., 1996; Hallenberger et al., 1992;
Moulard and Decroly, 2000), influenza virus haemaglutinin (Stieneke-Grober et al.,
1992), cytomegalovirus glycoprotein B (Vey et al., 1995), Pseudomonas exotoxin A (Gu
et al.,, 1996) anthrax toxin protective antigen (Molloy et al., 1992) and Aeromonas
hydrophila aerolysin (Abrami et al., 1998). Other PCs negotiating the constitutive

secretory pathway such as PC7 and PACE4 may participate in these proteolytic events.
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TABLE 3. Functional Classification of Proprotein Convertase Substrates

PRECURSORS
TO:

REPRESENTATIVE PRODUCTS

Hormones

Neuropeptides

Enzymes

Receptors

ECM proteins

Plasma proteins

Coagulation

proteins

oa—MSH, B-LPH, ACTH, Gastrin, Glucagons, GLP-1, insulin,
MIS, PTH, PP

7B2, Dynorphin, Enkephalin, B—End, Galanin, GnRH-V/II,
hypocretins, Nociceptin/Orphanin, MCH, NPY, NPYY,
PACAP, PACAP-RP, PRL-RP, SAAS, Somatostatin, SP,
TRH

BDNF, EGF, IGF-1/2, Lefty, NGF, NT3, NT4/5, PDGF-A/B,
TGFB

ADAM-10 (Kuz) ADAM-17 (TACE), renin, stremolysin-3

IGF-I receptor, Insulin receptor, integrins «3/4/5/6//7/11b,
PTPm, LRP

Cadherin-15, collagens a1(V)/VI, collagen 2(XI), Ng-CAM
Albumin, Protein C

vWF, Factors IX/X
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TABLE 3. Functional Classification of Proprotein Convertase Substrates (Continued)

PRECURSORS TO: REPRESENTATIVE PRODUCTS

Transcription Notch-1-receptor

factors

Viral coat HIV-1 gp 160, Influenza virus HA, CMV gb, VZV gp, CMV

glycoproteins gp, Mumps Virus, YFV F protein, Ebola virus gp

Bacterial toxins B. anthracis PA, Diphteria, Aerolysin

Others Seminal Vesical Protein-1, Protein 3, ZP, SRM-1, Sortilin,
Fibrillin

Abbreviations: ADAM, a disintegrin and metalloproteinase-like; B. anthracis PA,
Bacillus anthracis protective antigen; BDNF, brain derived neurotrophic factor; CAM,
cell adhesion molecule; CMVgb, cytomegalovirus glycoprotein b; GLP-1, HA,
hemagglutinin; LRP, low-density-lipoprotein receptor-related protein; glucagon-like
peptide; MCH, melanocyte-concentrating hormone; MIS, Mullerian inhibiting
substance; NPY, neuropeptide Y; NPYY, neuropeptide Y receptor; NT3, neurotrophin-
3; NT4/5 neurotrophin 4/5; PP, pancreatic polypeptide; PRL-RP, prolactin receptor
precursor; PTH, parathyroid hormone; PTP, phosphotyrosine phosphatase; SP, substance
P; TRH, thyrotropin releasing hormone; VZV gp, Varicella Zoster virus glycoprotein;

YFV, yellow fever virus; ZP, zona pellucida
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1.10  Biological Relevance of Proprotein Convertases

From the variety of substrates relying on PCs for their activation, it can be
inferred that these enzymes are critical for nearly all biological processes. Their cellular
multiplicity may be an evolutionary mechanism to insure redundancy of these most
important physiological mediators. The importance of PCs in health and disease have
been proposed shortly after their discovery (Chretien et al., 1995; Mbikay et al., 1993).
Ex vivo studies have shown that PCs are important mediators of cell proliferation and
differentiation (Bassi et al., 2003; Croissandeau et al., 2002; Kayo et al., 1996; Khatib et
al.,, 2001; Konda et al., 1997). However, it was the characterization of human and mouse
genetic mutants lacking one specific PC gene that provided the strongest argument for

biological relevance of PCs.

1.10.1 PCI Deficiency in Humans

Two patient models of PC1 deficiency have been reported. The first case
(Jackson et al., 1997) involves a Caucasian female who displayed massive childhood
obesity, hypogonadotropic hypogonadism, postprandial hypoglycemia, hypocortisolism,
gross abnormalities of the small-intestinal absorptive function and evidence of impaired
processing of adrenocorticotropic hormone (ACTH) and insulin precursors. Genetic
analysis revealed that she was a compound heterozygote for PC1 mutations at
Gly593Arg which resulted in the retention of the inactive propeptide in the ER and A-
>C™* in the donor splice site of intron 5 which caused exon skipping and a frameshift to
a premature stop codon in the catalytic domain. The altered glucose homeostasis
observed in the patient is likely due to the unprocessed insulin which displays reduced

activity and a longer half-life. Likewise, impaired processing of POMC to ACTH may
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account for the observed hypocortisolism. The hypogonadotropic hypogonadism may be
linked to the impaired processing of gonadotropin-releasing hormone (GnRH).

The second reported case of PC1 deficiency was of a female infant whose
phenotype was dominated by severe small-intestinal dysfunction, gross obesity and
hypocortisolism (Jackson et al., 2003). Sequencing of PC1 revealed that the patient was
also a compound heterozygote for Glu250stop and Ala213del. The former mutation
predicted to truncate the PC1 protein within the catalytic domain and the latter mutation
resulting in the deletion of a highly conserved alanine within the same domain. PC1
deficiency is believed to cause intestinal malfunction through failure of maturation of

propeptides within the endocrine cells and nerves throughout the gut.

1.10.2 Mouse Knockout Models

Mouse models of heritable PC deficiency have been generated for all PCs but
PC5. Besides establishing the developmental relevance of PCs, they have provided
physiological links between PC specific precursor proteins. The phenotypes of these
mouse models have been recently reviewed (Taylor et al., 2003) (Table 4).

Furin-null mice die between embryonic days (e) €10.5 and ell.5. Their
phenotypes include ventral closure defects, failure to undergo axial rotation, abnormal
yolk sac vasculature and failure of chorioallantoic fusion (Constam and Robertson,
2000b; Roebroek et al., 1998). PACE4 gene ablation leads to a non-penetrant lethality
phenotype with 25% of the embryos perishing between e€13.5 and e15.5. Animals
experience variable phenotypes such as heart, situs and craniofacial defects (Constam

and Robertson, 2000a). In both furin and PACE4 null mice, the precursor to Nodal, a
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TGF-B-related morphogen expressed in the epiblast and visceral endoderm of
developing embryos, remain unprocessed (Constam and Robertson, 2000b).

PC7-nulls show no abnormal phenotype (Mbikay, M. personal communication).
PC4-null male mice are infertile while females display subfertility (Mbikay et al., 1997).
Male infertility may be due to sperm premature acrosome and its inability of sperm to
attach to eggs (Gyamera-Acheampong et al., 2004). The subfertility of female is
associated with impaired folliculogenesis. PC4-null testes and ovaries contain no
processed forms of pituitary adenylating cyclase-activating protein (PACAP) (Li et al.,
2000), indicating that this convertase is the sole pro-PACAP convertase in the gonads.

PC2-null mice, although viable, exhibit delayed growth (Furuta et al., 1997). The
impaired processing of precursors to, among others, insulin (Furuta et al., 1998),
glucagon (Furuta et al., 2001), somatostatin (Winsky-Sommerer et al.,, 2003),
neurotensin (Villeneuve et al., 2002), aMSH (Laurent et al., 2004), and cholecystokinin
(Rehfeld et al.,, 2002; Vishnuvardhan et al., 2000). These multiple neuroendocrine
defects suggest that these mice may show subtle neuroendocrinopathies if closely
monitored. Interestingly, ablation of the gene for the PC2 chaperone 7B2 results in a
more severe phenotype associated with ACTH hypersecretion and a Cushing-like
disease (Sarac et al., 2002; Westphal et al., 1999), suggesting that 7B2 may play other
PC2-unrelated functions.

PC1 gene ablation also causes a non-penetrant phenotype of pre and perinatal
lethality; associated with dwarfism and chronic mild diarrhea in survivors (Zhu et al.,
2002a; Zhu et al., 2002b). The mutation results in impaired production of, among others,

growth hormone-releasing hormone (GHRH) (Zhu et al., 2002b), insulin (Zhu et al.,
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2002a), glucagon-like peptides (GLP) 1 (Ugleholdt et al., 2004) and cholecystokinin
(CCK) (Cain et al., 2004). Interestingly, a 30-kb deletion in the PC1 gene was found to
be homozygous lethal. The mutation was transmitted in a non-mendelian fashion among
the offspring of heterozygote intercrosses, yielding no homozygous mutants, 80-90%
heterozygous mutants and 10-20 % homozygous wild type. No PCl-nulls were
identified among blastocysts of these intercrosses, suggesting that they died during
preimplantation development (Dr. Mbikay, unpublished data). This observation led us to

examine the expression of PC1 during mouse preimplantation embryonic development.

1.11  PC Relevance during Preimplantation Embryogenesis

1.11.1 Embryogenesis

Embryogenesis is the process of embryo formation from undifferentiated cells.
Embryo formation is initiated from the fertilization of a mature egg with a sperm. The
embryo then proceeds to develop up to the stage of implantation without increasing in
mass. Preimplantation development include cleavage of the fertilized ovum, compaction
(morula formation), and cavitation (blastocyst formation) (Figure 5).

Described below are the major events of mouse embryonic development (Hogan,
1994). At a peak of luteinizing hormone (LH), selected ovarian oocytes undergo nuclear
maturation and their first meiotic division resulting in the extrusion of the first polar

body and release from the follicle.
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Fertilization of an egg by sperm results in a second meiotic division, followed by
the formation of nuclear membranes around both matemal and paternal chromosomal
material. The newly fertilized embryo contains two pronuclei, one male and one female,
each housing a haploid set of chromosomes from each parent. These pronuclei migrate
toward each other to the center of the egg where their membranes break down and
reorganization of the cytoskeleton occurs in preparation for the first cell cleavage.
Maternal transcripts are responsible for the first cleavage of the embryo to the 2-cell
stage, while beyond this stage maternal mRNA becomes degraded and replaced by the
embryonic genome. Cleavages proceed to produce 4-cell, 6-8 cell, morula and finally
blastocyst embryos.

Blastocyst formation marks the appearance of the first two tissue lineages, the
trophectoderm (TE) and primitive ectoderm. The blastocyst sheds its outer coat, the zona
pellucida (ZP), exposing the TE cells which attach to the uterus lining and initiate
implantation.

After implantation, the epiblast cells of the primitive ectoderm dramatically
increase the rate of growth of the embryo. Approximately 5 to 10 days post fertilization,
three primary germ layers emerge known as the ectoderm, mesoderm and definitive
endoderm are produced during gastrulation. These layers establish the basic body plan
and organ primordia of the mouse. Development continues with the notochord moving
to the midline of the anteroposterior axis and the paraxial mesoderm on either side

dividing up into somite blocks.
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FIGURE 5. Preimplantation Embryo Development All stages of mouse preimplantation
development. GV-germinal vesicle, ZP-zona pellucida, PN-pronuclei, PB-polar body,
ICM-inner cell mass, B-blastocoel cavity, T-trophectoderm. Courtesy of Dr. Jay Baltz’s
lab.
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The neural plate folds upward into the neural tube consisting of forebrain,
midbrain, hindbrain and spinal cord. From the ectoderm surface stems the nose, ears and
lens while the neural crest cells migrate and the heart, circulatory system and limb buds
form. During this 19-20 day gestation period, the genes which code for differentiation

and morphogenesis are active.

1.11.2 PC Substrates in Preimplantation Embryos

Preimplantation embryo development is known to be influenced by autocrine
factors (Diaz-Cueto and Gerton, 2001; O'Neill, 1997). These embryos express several
such factors known to be generated through PC activation of their cognate precursors.
These factors include neuropeptides, cytokines, growth factors and their receptors as
well as integrins.

Neuropeptides --- GnRH and its receptor are expressed in preimplantation
embryos from the morula to hatching blastocyst stages (Casan et al., 1999; Raga et al.,
1999; Raga et al., 1998). Preimplantation embryonic development in culture was shown
to be stimulated by exogenous GnRH and inhibited by a GnRH antagonist (Raga et al.,
1999). Furthermore antisense inhibition of the translation of mRNA for GnRH has been
shown, in vitro, to block development of these embryos (Raga et al., 1999). Ocytocin
and its receptor are also expressed preimplantation (Stock and Osterlund, 1998).
ProGnRH and pro-oxytocin/vasopressin are potential substrates for convertases (Coates
and Birch, 1998; Rangaraju and Harris, 1993; Wetsel et al., 1995).

Cytokines --- Cytokines of the TGF-B family are produced by mouse

preimplanatation embryos. Transcripts of TGF-B1 and 2 are detectable in embryos after
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activation of the zygotic genome (Paria et al., 1992; Rappolee et al., 1988). Transcripts
for signalling type I and type II receptors for TGF-beta are detectable and were shown to
be present in fertilized oocytes and at the blastocyst stage (Roelen et al., 1998). It has
been shown using radiolabeling techniques that embryos can specifically bind TGF-1
and 2 from the 8-cell to the blastocyst stage. Concordantly, the addition of TGF-f into
culture media has been shown to increase embryonic growth suggesting that it may play
arole in the regulation of differentiation (Rappolee et al., 1988).

Growth factors -- Insulin and IGF-I receptors are expressed at the 8-cell stage of
mouse preimplantation development (Murphy and Barron, 1993). IGF-II transcripts and
its receptor have been detected in 2-cell mouse embryos and its protein in the blastocyst
embryo (Harvey and Kaye, 1991; Rappolee et al., 1988). Insulin, IGF-I and IGF-II have
been shown to stimulate cell proliferation and blastocyst formation in cultured mouse
embryos (Murphy and Barron, 1993; Watson et al., 1992). They also mediate protein
synthesis at the preimplantation level (Harvey and Kaye, 1988; Pantaleon and Kaye,
1996). Platelet derived growth factor-A (PDGF-A) and a-receptor are present in mouse
preimplantation embryos from the 2-cell to the blastocyst stage (Palmieri et al., 1992;
Watson et al., 1992). It has been reported that PDGF is able to increase trophoblast
outgrowth from mouse blastocysts when supplemented to the culture media (Haimovici
and Anderson, 1993).

Integrins --- Several integrins are expressed in preimplantation embryos, among
them integrins av, o4, BS, a6, B1, B3 and B4 (Bloor et al., 2002; Campbell et al., 1995;

Dubey et al., 2001). Integrins reportedly play important roles in blastocyst implantation
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(Kimber and Spanswick, 2000; Wang et al., 2002). Alpha integrins are activated by PCs,

an indication that these enzymes contribute to this process.

1.11.3 Proprotein Convertases in Embryogenesis

Our laboratory has used reverse transcription-polymerase chain reaction (RT-
PCR) (experimentation conducted by Gilles Croissandeau) to examine the expression of
all seven PCs and their companion proteins CPE, 7B2 and SAAS in eggs and
preimplantation embryos. As shown in Figure 6A, transcripts for all the PCs, except PC2
were detected at some point in eggs and at some point in developing embryos. Although
the RT-PCR was not designed to be quantitative, the electropherogram and PC/GAPDH
amplicon intensity ratios (GAPDH mRNA serving as an internal control), clearly
indicate distinct patterns of these transcripts. Transcripts for PC4 and PC5 were detected
only in eggs and early conceptuses (fertilized oocyte, 1-cell and 2-cell embryos).
Transcripts for PC1, PC7, PACE4 and furin were detected at all stages. Interestingly,
PC1 transcripts appeared to be the most abundant and to increase from the oocyte to the
blastocyst stage (Figure 6A), suggesting that this enzyme may be particularly important
during preimplantation development. CPE transcripts were present in comparable
amounts at all stages; 7B2 transcripts were undetectable, SAAS transcripts were readily

detectable in blastocysts only (Figure 6B).
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FIGURE 6. Transcripts of PCs and their Companion Proteins in Preimplantation
embryos. Eggs and embryos were pooled by developmental stage (about 100 for eggs
and 1-cell embryos, 50 for 2-cell, 4-cell, morula and blastocyst stage embryos. Total
RNA was extracted using the Trizol reagent as recommended by the manufacturer
(Life Technologies, Burlington, Ontario). The RNA was treated with RNase-free
DNases I (Life Technologies) and 2 pg were reverse-transcribed into cDNA using the
SuperScript II Reverse Transcriptase (Life Technologies). Three microliters of the
reverse transcription reaction were utilized for PCR amplification of cDNA fragments
for all PCs, CPE, SAAS, 7B2 or glyceraldehyde phosphate dehydrogenase (GAPDH).
The sequences of the PCR primers are shown in Appendix 1. The PCR reaction mixes
contained 0.5 units of rTag DNA polymerase (Life Technologies), 1X PCR buffer,
0.2 mM dNTP, 0.5 uM of sense and antisense primer for a specific cDNA in a 50-pl
. volume. PCR was performed for a total of 40 cycles. Each cycle involved a 94°C/1
min polymerization step. After a 5-min incubation at 72°C, the reaction was quenched
at 4°C. The PCR products were electrophoresed on agarose gels, stained with
ethidium bromide and revealed by UV irradiation. The authenticity of the amplified
sequences was verified by restriction enzyme mapping. Oo, 1C, 2C, 4C, MO and BL,
stand respectively for oocyte, 1-cell embryo, 2-cell embryo, 4-cell embryo, morula
and blastocyst. This experiment was repeated on three separate occasions with similar
results.
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Taken together, these results indicate that various components of the
prohormone/proneuropeptide conversion system are present and potentially functional in

preimplantation embryos.

To our knowledge, expression of PCs during mammalian preimplantation

embryo development has never been examined at the protein level.

1.12  Statement of Objectives

The following study was initiated after transcripts for PCs and their companion
enzymes had been detected in our laboratory by RT-PCR in mouse preimplantation
embryos. The relative abundance of PC1 mRNA, together with the observation of
preimplantation embryonic lethality of mice carrying a large PC1 gene deletion,
suggested to us that PCl is important during mouse preimplantation embryonic
development. Further investigation of expression of this convertase at this stage was
therefore warranted. Our objectives were:

1. to determine the molecular form of PC1, CPE and SAAS in mouse eggs and
preimplantation embryos;

2. to establish the subcellular localization of these molecules at these
developmental-stages;

3. having observed that PC1 can transiently translocate to pronuclei, to
identify the nuclear localization signal (NLS) responsible for this

translocation.
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2.0 MATERIALS AND METHODS
2.1 Animals and Materials

Seven to eight-week old CF1 mice were obtained from Charles River
(Wilmington, MA). They were housed in a pathogen-free facility on a 12-h light/dark
cycle with free access to food and water. Experimental manipulations on these mice
were approved by the Animal Care Committee of the Ottawa Health Research Institute
and performed in accordance with the guidelines of the Canadian Council on Animal

Care. The antibodies used in this study are described in Appendix 2.

2.2 Qocyte and Embryo Collection, Embryo Culture

Female mice were induced to superovulate by intraperitoneal injection of 5
international units (IU) of pregnant mare serum gonadotropin (PMSG) followed, 48 h
later, by 5 IU human chorionic gonadotropin (hCG). They were individually caged with
male mice to mate overnight. The next day, those showing a vaginal plug were
sacrificed by cervical dislocation. The oviducts were surgically removed and transferred
into a drop of Hepes/KSOM/PV A/hyaluronidase medium [KSOM medium (95 mM
NaCl, 2.5 mM KCl, 0.35 mM KH;PO,, 0.2 mM MgS0O4.7H,0, 10 mM Na lactate, 0.2
mM glucose, 0.2 mM Na-pyruvate, 4 mM NaHCO;, 1.7 mM CaCl,.2H,0, 1 mM
glutamine, 0.01 mM EDTA, 240 mOsM, 0.16 mM K-penicillin G, 0.03 mM
streptomycin sulfate) containing 21 mM Hepes, 0.01% polyvinyl alcohol (PVA) and 1
mg/ml hyaluronidase]. The oviducts were torn at the swollen ampulla with forceps and a

26-gauge sterile needle; fertilized eggs were removed and transferred from the
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hyaluronidase-containing drops to fresh Hepes-KSOM/PVA drops using a mouth-
operated pipet. They were washed by successive passages through 4 drops of the same
buffer and then transferred into a separate culture dish containing 3 drops of
KSOM/PVA under mineral oil (Lawitts and Biggers, 1993). They were transferred from
one drop to the next for washing and left in the final drop to incubate at 37°C under a 5%
CO,/95% air atmosphere until they reached the blastocyst stage. Alternatively,
unfertilized eggs were collected from females that were superovulated but not mated 24
h post hCG; 1-cell, 2-cell, 6/8-cell, morula and blastocysts were collected from

superovulated and mated females, 28-, 32-, 72-, 98- and 120 h post hCG, respectively.

2.3 Immunoblotting

Equal numbers of eggs or stage-specific embryos were pooled into an equal
volume of gel loading buffer (0.125 M Tris-Cl, 4% SDS, 20% v/v glycerol, 0.2 M DTT,
0.02% bromophenol blue, pH 6.8) and boiled. Proteins were fractionated by
electrophoresis through an 8 % polyacrylamide/Tris-glycine gel. They were
electrotransferred onto a nitrocellulose membrane at 60 V for 3 h. The membranes were
rinsed for 10 min in PBS containing 0.05% Tween-20 (PBST). They were incubated at
room temperature for 1 h in PBST containing 5% skimmed milk (blocking buffer) to
block non-specific binding sites, then for 60 min in blocking buffer containing a rabbit
or mouse primary antibody and, after five 5-min rinses in PBST, for 1 h in blocking
buffer containing horseradish peroxidase (HRP)-conjugated secondary antibody against

either rabbit or mouse IgGs. They were washed 5 times for 5 min in PBST and then
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probed for HRP-conjugates using the Western Lightning Chemiluminescence Reagent

Plus Kit as specified by the manufacturer (Perkin-Elmer, Boston, MA).

2.4 Immunofluorescence Laser Confocal Microscopy

Eggs and embryos were incubated for 20 min at 37°C in 0.5 ml of a pre-warmed
fixation solution [2% formaldehyde, 0.5% Triton X-100 in TBS (10 mM Tris pH 7.5,
NaCl 150 mM)]. After three 15-min rinses in 0.5 ml of blocking solution (TBS
containing 2% BSA, 2% FBS, 0.1 M glycine, 0.01% Triton X-100), they were incubated
overnight with a rabbit or mouse primary antibody, rinsed four times for 15 min in the
blocking buffer and incubated for 1 h in the dark with an Alexa Fluor’®* or Alexa-
Fluor***—conjugated goat IgG against rabbit or mouse IgGs, respectively. After five 15-
min rinses with 500 pl of blocking buffer in the dark, they were dried on coverslips,
imbedded in 50 % glycerol (v/v) in water and attached to slides. For control samples,
treatment with a primary antibody was omitted. Some embryos were counterstained
overnight at room temperature with 2 mM SYTOX Green (Molecular Probes, Eugene,
OR) in 0.5 X TBS-0.25 % Triton X-100. Confocal images were collected using an
Olympus 1 X70 inverted microscope equipped with a BioRad MRC-1024 confocal

¥ _stained samples, excitation at 594 nm was

laser-scanning unit. For the Alexa
produced with a helium-neon laser and emission was captured at 600 nm EFLP. For
Alexa*™® or SYTOX Green-stained samples, excitation at 488 nm was produced with an
argon ion laser and emission was captured through a band pass filter centered at 522 nm.

Images were collected using an Olympus UApo 40X (NA 1.15) water immersion lens.

Sections were taken every 0.5 um (Z-series) through the thickness of the egg or embryo.
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Transmitted light was also collected to obtain bright field images of each egg or embryo

analyzed.

2.5  Immunohistochemistry

Cultured cells (HEK293 and LoVo) were grown in 1-cm? slide chambers. After
removal of culture medium, attached cells were rinsed once in PBS, fixed with 4%
paraformaldehyde in PBS for 15 min, washed three times for 10 min with PBS in a glass
chamber with stirring, permeabilized with 0.5% Triton-X-100 in PBS for 15 min,
washed with PBS as above, incubated for 1 h with a primary antibody in 3% BSA in
PBS, washed as above but in PBS containing 0.1% Tween-20, incubated with Alexa®**-
conjugated antibody in the PBST/Tween buffer for 1 h in the dark, washed with this
buffer in the dark and finally rinsed with water. To stain for nucleic acids, a drop of
mounting medium containing 1.5 pg/ml of 4', 6-diamidino-2-phenylindole (DAPI,
Vectashield, Burlingame, CA) was applied to a coverslip and the latter was attached to
the slide. Fluorescence was monitored using a Carl-Zeiss microscope coupled to an
Axioplan 2 imaging system. Images were collected using a Zeiss Plan-NEOFLUAR 40X

and 63X 1.30 oil immersion lenses.
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2.6  Construction and Transfection of a Prepro” “I_EGFP Expression Vector

The DNA sequence encoding the prepro domain was amplified from a human
PC1 cDNA plasmid (forward primer, 5’-TCG AAT TCT GTG AGC TAT GGA GCG
AAG A-3’; reverse primer, 5°-GTG GAT CCG AGT CCC TTA GAG CTG AAC
GT-3"). The primers introduced a BamH1 and an EcoR1 sites at the 5° and 3’ ends of
the amplicon (underlined), respectively. The amplicon was digested with these two
enzymes to generate cohesive ends. It was cloned into the pEGFP-N1 vector
(Clontech, Mississauga, ON) cleaved with the same enzymes within the multiple
cloning site. The resulting plasmid (pPrepro’ *'-EGFP) contained the cDNA for the
preprodomain of PC1 in an open reading with the gene for Enhanced Green
Fluorescent Protein (EGFP), under the human cytomegalovirus promoter-enhancer.
Other plasmid constructs used in this study include pCMV-PC1¥" and pCMV-
PC1°**R for transduction of wild type PC1 and an inactive mutant PC1 carrying a
G483R mutation in its P domain (Jackson et al., 2003; Jackson et al., 1997),

respectively.

2.7  Transient Transfection

Two days prior to transfection, human embryonic kidney HEK293 cells and

human colon carcinoma LoVo cells were plated in 10-cm Petri dishes at ~5x10°

cells/dish in 8 ml of HAM F12 medium containing 10% fetal bovine serum (FBS). Fresh

FBS-free medium was substituted. For each dish, two separate mixtures of transfection

reagents were prepared: the first contained 1.5 pg of plasmid vector in 800 pl of Opti-

MEM medium (GIBCO Invitrogen Coorporation, Grand Island, NY); the second was
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prepared by mixing 100 pl Lipofectamine Reagent (Life Technologies) with 800 pl of
Opti-MEM. The two mixtures were combined and layered over cells. After 2 h of
incubation, 8 ml of HAM F12/10% FBS were added to each dish and incubation was

resumed for 48 h.

2.8 Subcellular Fractionation

Each monolayer of transfected cells was rinsed twice with 1 ml of cold PBS-D
(0.14 M NaCl, 0.013 M Na,HPO47H,0, 2 mM NaH,PO,H,0 in H,0). Cells were
scraped off the plate into 1 ml of a homogenization buffer (HB, 10 mM Tris-HCI pH 8.0,
3 mM CaCl;, 2 mM MgCl,, 0.15% Triton X-100, 0.5 mM DTT) containing 0.3 M
sucrose. They were transferred into a Down homogenizer on ice and homogenized with
20 pestle strokes. Half of the homogenate (0.5 ml) was layered over a 0.4 ml cushion of
0.4 M sucrose in HB in an Eppendorf tube. After centrifugation at 660 g for 10 min. at
4°C, the upper cytoplasmic fraction was transferred into a clean tube; the sucrose
cushion was discarded; the pellet of nuclei was suspended in 0.5 ml of PBS containing
1X Protease Inhibitor Cocktail (PIC, Roche, Mannheim, Germany) and sedimented
again as above. The initial homogenate (0.5 ml) and the cytoplasmic fraction (0.5 ml)
were each mixed with 50 pl of 100% (w/v) trichloroacetic acid (TCA) and incubated on
ice for 1 h to allow proteins to precipitate. Precipitates were pelleted by centrifugation
for 5 min at 20,800 g at 4°C. Pellets were washed twice in 0.5 ml of ice-cold acetone and
air-dried.

Nuclear and cytoplasmic proteins were dissolved in 20 pl of Celis Buffer (9.8

M urea, 2% Nonidet P-20, 1% Triton X-100 and 1X PIC). After a 1-min sonication,
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insolubles were removed by centrifugation at 20,800 g for 5 min at 4°C. Supernatants

were collected and analyzed by immunoblotting.
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3.0 RESULTS

3.1  Molecular Forms of PC1 and CPE

To determine which molecular forms of PC1 are found in eggs and early
embryos, we conducted immunoblot analysis of unfertilized eggs, 1-cell and 2-cell
embryos as well as of blastocysts, using an antibody against the C-terminal region of
PC1 (see Figure 4). The antibody recognized PC1 forms of 93, 84 and 81 kDa in
unfertilized eggs, in 1-cell and 2-cell embryos. (Figure 7, upper panel, lanes 1, 2 and 3).
Blastocysts contained barely detectable levels of the 81-kDa form (Figure 7, upper, lane
4), probably because most of the larger form had been converted to the 75-kDa and the
66-kDa forms by C-terminal cleavages (see Figure 4). This possibility could not be
verified because the antibody against the N-terminal region of mature PC1 was not
sensitive enough for immunoblotting. An immunoblot for CPE revealed the typical
forms of 54 and 57 kDa, at comparable levels in all the samples (Figure 7, lower panel).
The presence of both PC1 and CPE suggests that their substrates can be fully processed
during early development. The molecular forms of SAAS could not be verified for lack

of a suitable antibody.
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FIGURE 7. Molecular Forms of PCl and CPE. Specific immunoblotting was
conducted using an antibody against the C-terminal region of PC1 (upper panel) and of
CPE (lower panel). The same number of eggs or embryos (100) was used in each lane.
1C, 2C and BL, stands respectively for 1-cell embryo, 2-cell embryo and blastocysts.
The 93 kDa form of PC1 is detected at the Oo, 1C and 2C stage, the 84 kDa form of PC1
is detected at the Oo, 1C and 2C stage, and the 81 kDa form of PC1 is detected at the 2C
and BL stage. This experiment was repeated three times with similar results.
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3.2 Subcellular Localization of PCI and SAAS

We used immunofluorescence laser confocal microscopy to examine the
distribution of PC1 in eggs and embryos. The antibody against the C-terminal region
of PC1 evenly stained the cytoplasm of unfertilized eggs (Figure 8A, panel a). Most
surprisingly, in 28-h post-hCG fertilized eggs, the staining was primarily localized in
pronuclei (Figure 8A, panels b and c). In 2-cell embryos, the staining was observed
throughout the cytoplasm (Figure 8 A, panel d). It was perinuclear and punctate in 6 to
8-cell embryos (Figure 8A, panel e) and was most intense at blastomere junctions in
morula and blastocysts (Figure 8A, panels f and g).

The antibody against the N-terminal region of PC1 evenly stained pronuclear
stage 1-cell embryos (Figure 8B, panel a), suggesting that only PC1 forms carrying an
intact C-terminus were selectively translocated to pronuclei. In 2-cell embryos, the
staining was unevenly distributed and relatively more intense in the cytoplasm
(Figure 8B, panel b). In blastocysts, it appeared to be concentrated in the
trophectoderm and the inner cell mass (Figure 8B, panel c).

SAAS staining pattern was similar to that obtained with the anti-NT-PCl1
antibody at the three developmental stages examined (Figure 8C, panels a-c).
Consistent with the levels of SAAS transcripts (see Figure 6), SAAS staining in 1-cell

embryos were significantly weaker than in blastocysts.
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FIGURE 8. Subcellular Localization of PCI1 and SAAS. Immunofluorescence laser
confocal microscopy for PC1 and SAAS. (A) PC1-staining with the antibody against the
C-terminal region. Striking pronuclear localization is observed in 1C embryos (panel b
and c¢). Peripheral cell staining in the cell to cell junctions is observed in the BL (panel
g). (B) PC1 staining with an antibody against the N-terminal region. (C) ProSAAS
staining. BL has analogous cytosolic and cell to cell junction staining (panel c) as that
of C-terminal PC1 stained BL (A, panel g). Abbreviations for eggs and embryos are as
indicated in Figure 6. Negative controls consisted of embryos processed in the same
manner except for the fact that the primary antibody was omitted (Ah, Bd, Cd). Bar =
15 p.m. Localization patterns of PC1 and SAAS were determined from two repeated
experiments for each stage of preimplantation development.
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To verify the cytoplasmic and non-nuclear localization of PC1 and SAAS in
blastocysts, these embryos were stained for PC1 or SAAS with Alexa*-conjugated
secondary antibody and for cytoplasmic B-tubulin with Alexa*®®-conjugated secondary
antibody or for nuclear DNA with SYTOX Green. Figure 9 shows individual
fluorescence stainings for PC1 using the antibody against PC1-CT (Figures 9A and 9B,
panel a), PC1-NT (Figures 9A and 9B, panel d), SAAS (Figures 9A and 9B, panel g), B-
tubulin (Figures 9A, panels b, e and h) and nuclear DNA (Figure 9B, panels b, e and h).
Merging of PC1 or SAAS-specific and tubulin-specific immunofluorescences (Figure
9A, panels ¢, f and 1) indicated partial co-localization of these molecules in the
cytoplasm. CT-intact PC1 forms and SAAS were extensively co-localized with B-tubulin
in the cytoplasm (Figure 9A, panels ¢ and 1). A substantial amount of non-cytoplasmic
staining was observed with the NT-PC1 antibody which recognizes all PC1 molecular
forms (Figure 9A, panel f). Merging of PC1 or SAAS-specific immunofluorescence and
DNA-SYTOX fluorescence indicated that CT-intact PC1 forms and SAAS were
generally non-nuclear or perinuclear (Figure 9B, panels ¢ and i), consistent with their
cytoplasmic localization. In contrast, when the NT-PC1 antibody was used, a number of

PCl1-rich blastomeres stained positive for nuclear PC1 (Figure 9B, panel f).

3.3 ProPClI can Translocate to the Nucleus in LoVo Cells.
Based on the relative abundance of the 93-kDa proPC1 in early embryos, we
speculated that the presence of the prodomain was necessary for translocation of the

zymogen to the pronuclei of fertilized eggs.
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FIGURE 9. Subcellular Localization of PCl with Tubulin and Sytox Green.
Immunofluorescence laser confocal microscopy for co-localization of PC1 or ProSAAS
(red stain in the first column, the antibodies are specified in panels a, d, and g) with (A)
the cytoplasmic marker B-tubulin or (B) nuclear DNA stained with Sytox Green (green
color in the middle column) in mouse blastocysts. The yellow stain in the merged
images of the last column identifies areas of co-localization. PC1-CT and SAAS
immunostained blasts (Aa and g) overlap with cytoplasmic marker tubulin (panel Ac and
i) and are absent in the nucleus (Bc and i). PC1-NT immunostained blasts overlap with
both cytoplasmic marker tubulin and nuclear marker Sytox Green (Af and Bf).
Experiment was repeated at twice. Bar = 15 p.m.
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Cleavage within the prodomain or between this domain and the catalytic domain
of PC1 is primarily an intramolecular event (Shennan et al., 1995), but the presence of
typical furin recognition sites within and at the C-terminus of the prodomain (RRSRR or
RSKR, see Figure 4) raises the possibility that furin might cleave proPCl1 in trans. To

determine whether in the absence of these cleavages, the zymogen could be directed to

T
1W 1G483R

the nucleus, expression vectors for active PC or inactive PC were transiently
transfected into HEK293 cells that contain active furin or into LoVo cells that lack furin
activity (Takahashi et al., 1993; Takahashi et al., 1995) and have little of any other PC
activities (Seidah et al., 1994; Seidah et al., 1996).

Transfected cells were analyzed by indirect immunofluorescence using an
antibody against the N-terminus of PC1. In HEK293 cells both PC"" and PC1%*R were
predominantly localized in the perinuclear region, presumably the ER and the Golgi
(Figure 10A, panels a and b). In LoVo cells, in contrast, they were detected in both the
cytoplasm and the nucleus (Figure 10A, panels ¢ and d). The mutant form was mostly
nuclear ( Figure 10A, panel d).

We also examined by immunoblotting the relative abundance of PC1%" and
PC19*® molecular forms in cytoplasmic and nuclear fractions of transfected LoVo
cells. The 93-kDa proPC1"" was partially processed to the 85-kDa form whereas
proPC1**3® remained unprocessed ( Figure 10B, lanes 1, 3 and 5 vs 2, 4 and 6). All
PC1 molecular forms were found in both the nuclear and the cytoplasmic fractions.
However, most of the 84-kDa PC1"" was found in the cytoplasmic fraction (Figure 10B,

lane 3 vs 5), whereas most of the 93-kDa form proPC1 was present in the nucleus

fraction (Figure 10B, lanes 6 vs 4). These results, together with the
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immunohistochemical observations, support the view that unprocessed proPC1 can

translocate to the nucleus.

3.4  The prodomain of PCI contains a putative nuclear translocation signal (NLS).
To determine whether the prodomain of PC1 was responsible for this nuclear
translocation, we constructed a vector for expression of a fusion EGFP carrying the
prepro sequence of human PC1 (Prepro’', Figure 11A) at its N-terminus. This vector
and the control empty vector were transiently transfected into LoVo cells. Total
homogenates, cytoplasmic and nuclear subcellular fractions of the transfected cells were
analyzed by immunoblotting for EGFP immunoreactivity. Unlike the 34-kDa EGFP,
which was primarily found in the cytoplasmic fraction (Figure 11B, lanes 4 vs 6), most
of 45-kDa pro' “'-EGFP was contained in the nuclear fraction ( Figure 11B, lanes 5 vs

3), indicating that the prodomain of PC1 has nuclear localization properties.
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FIGURE 10. ProPCl can Translocate to the Nucleus in LoVo Cells. (A)
Immunofluorescence analysis for PC1"T (panels a and ¢) and PC1%*83R (panels b and d)
in transfected HEK293 cells (panels a and b) and LoVo cells (panels ¢ and d), using an
antibody against the N-terminus of PC1. Both PC1™" and PC1%**® are detected in the
secretory pathway in HEK293 cells. PC19*¥R is detected with a greater expression in the
nucleus of LoVo cells than is PC1V". (B) Immunoblot of subcellular fractions of LoVo
cells transiently transfected with a PC1V" or a PC1%*R expression vector, using an anti-
PCI1-CT antibody (upper panel) or an anti-B actin antibody (lower panel). PC19%R js
present in the nuclear fraction of LoVo cells. Actin was used as a negative control for
nuclear fractionation. Experiment was repeated once with similar results. T, total
homogenates; C, cytoplasmic fraction; N, nuclear fraction.
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FIGURE 11. The prodomain of PCI contains a putative NLS. Transient transduction
with Prepro’“'-EGFP and EGFP in LoVo cells. (A) Sequence of the preprodomain of
human PC1. The pre domain (signal peptide) is highlighted with a dashed overline. The
putative NLS with the 4-residue pattern shown in bold is boxed. The junction between
the preprodomain and the EGFP sequences is highlighted with a double underline. (B)
Immunoblot of transfected cell subfractions for EGFP (upper panel) or an anti-f actin
(lower panel). Pro’™'-EGFP is expressed in the nuclear fraction of LoVo cells. Actin
was used as a negative control for nuclear fractionation. Experiment was repeated once
with similar results. T, total homogenates; C, cytoplasmic fraction; N, nuclear fraction.
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4.0 DISCUSSION

4.1  Proprotein Convertases are Implicated in Embryonic Development

PCs have been clearly implicated in post-implantation development. In mouse,
PACE4 has been shown to be necessary for the maturation of the precursor for Nodal
and other bone morphogenetic proteins regulating the antero-posterior and the left/right
patterning in early embryos (Constam and Robertson, 2000a). In zebrafish, a furin-like
convertase mediates the processing of the gastrulation mitogen GPC-3 (De Cat et al.,
2003). PC1 transcripts are reportedly found in the neural fold of Xenopus laevis embryos
(Holling et al., 2000). To our knowledge, expression of PCs during mammalian
preimplantation embryo development has never been studied. Several PC substrates are
expressed at these developmental stages (see Section 1.11.2.).

Previously our lab showed that transcripts for all the PCs, except for PC2, are
present in eggs and in preimplantation embryos at every developmental stage.
Correspondingly, transcripts for 7B2, the PC2-specific chaperone and transient inhibitor,
were undetectable. Unlike transcripts for other PCs which either decrease or remain
unchanged, PC1 transcripts appear to increase as the fertilized eggs develop to
blastocysts, suggesting that its expression might be up-regulated. Interestingly,
transcripts for SAAS, the PCl-specific inhibitor, were detectable mostly in blastocysts
where the 66-kDa PC1 may be the predominant form, suggesting that SAAS modulation
of PC1 activity occurs primarily at this stage. The levels of CPE transcripts and proteins
remain comparable at all stages. Taken together, these results indicate that the various
components of the prohormone/proneuropeptide conversion system are present and

functional in preimplantation embryos.
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4.2, Nuclear Endoproteinases: Mechanism of Translocation and Potential Roles

The finding that PC1 immunoreactivity translocates into the pronuclei of
fertilized eggs was most surprising. No PC has ever been reported to traffic to the
nucleus. Several endoproteinases have been reported to be present in the nucleus, among
them a calcium-dependent serine protease that cleaves the lamins A/C intermediate
filaments of the nuclear scaffold (Clawson et al., 1992), caspase 1 and caspase 2
(Colussi et al., 1998; Mao et al., 1998).

Targeting of caspases 1 and 2 to the nucleus is reportedly directed by an NLS
motif within their respective prodomain (Colussi et al., 1998; Mao et al., 1998).
Likewise, it appears that the prodomain of PC1 exhibits a dominant nuclear targeting
property since it can target a heterologous cytoplasmic protein to the nucleus. The
secondary cleavage site within the prodomain of PC1 (KHKSHPRRSRR) (see Figures 4
and 11) is basic residue-rich and meets the criteria for a monopartite NLS (PredictNLS
algorithm at http://cubic.bioc.columbia.edu/predictNLS) (Cokol et al., 2000). The
PRRSRR segment corresponds to the pat7 NLS motif defined by the presence of a P
residue followed by a basic segment containing 3 basic residues out of 4 (Hicks and
Raikhel, 1995). Whether this motif is indeed an active NLS will eventually be
determined by structure-function analyses using the prepro’“'-EGFP variants in which
the motif has been mutagenized.

PC1 in fertilized eggs is most likely to be of maternal origin as general
transcription of zygotic genes begins at the 2-cell stage (Bouniol et al., 1995; Ma et al.,

2001). One can assume that, like in somatic cells, this enzyme is contained within
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secretory vesicles. One can further speculate that its translocation to the pronuclei results
from the cytoskeletal-mediated membrane fusion between these organelles around the
decondensing chromatin to form the nuclear envelope. Formation of such an envelope
around the sea urchin male pronucleus has been shown to involve the recruitment and
fusion of egg membrane vesicles (Collas, 2000).

It is still unclear with what nuclear components PC1 interacts or whether this
interaction is enzymatic in nature. The term ‘moonlighting’ has been used to descﬁbe
proteins with multiple functions (Jeffery, 1999). Although PC1 is defined by its ability
to specifically process substrates at pairs of basic residues as part of the secretory
pathway, the observation that PC1 translocates to the nucleus in fertilized mouse
embryos may point to a potential moonlighting function for the convertase.
Procorticotropin-releasing hormone, a hypothalamic prohormone, has been shown to
translocate to the nucleus when transduced in the Chinese hamster ovary CHO-K1 cells
and to strongly attach to chromatin (Morrison et al., 1995). Chromatin
immunoprecipitation (Chip) technique (Kang et al., 2002; Kuo and Allis, 1999) could be
used to determine whether PC1 also attaches to chromatin and at what specific genomic
regions. This technique may elucidate a moonlighting function of PC1 involving
transcriptional regulation at the preimplantation level. If activated and under appropriate
pH and calcium conditions, nuclear PC1 may regulate gene expression by proteolytic
processing of nuclear proteins (e.g. histones, transcription factors) after pairs of basic
residues. The sequence of many nuclear proteins contains clusters of basic residues,
especially within their NLS motifs (Cokol et al., 2000). Sperm histone processing by a
cysteine protease during pronucleus formation has been described in sea urchin

(Imschenetzky et al., 1997).
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4.3 Significance of PC1 Association with Membrane

After the first cell division, PC1 is predominantly found in the cytoplasm and
concentrated at intercellular junctions, especially at 2-cell embryos, in morula and in
blastocysts. In blastocysts, the C-terminus-intact forms of PC1 are primarily localized at
the periphery of blastomeres. It has been recently reported that a fraction of PC1 can
reside as integral membrane protein in lipid raft-like structure of neuroendocrine
secretory granules (Arnaoutova et al., 2003; Blazquez et al., 2001). Lipid rafts are
cholesterol and sphingolipid-rich protein complexes found at the plasma membrane
where they serve as signal transduction platforms (Simons and Toomre, 2000). The
possible presence of PC1 in such complexes in preimplantation embryos suggests that,
besides processing proproteins in the secretory pathway, PC1 may influence plasma

membrane events, including intercellular adhesion and communication.

4.4  Can our Findings Explain the Phenotype of PC1430 Mice?

This study was initiated following the observation made in our laboratory that
PCl-null embryos homozygous for a 30 kDa deletion at the PCSK1 die before the
blastocyst stage. Following the findings that PC1 is expressed during preimplantation
embryonic development and translocates to the pronuclei of fertilized eggs via its
prodomain, we re-examined the gene construct used to inactivate the PCSK1 locus in
mouse embryonic stem cells from which the PCIA30 mice were generated. The
construct is shown in Figure 12A. The PC1 gene promoter in this construct could still be
active and drive the expression of a truncated prepro PC1 of 91 amino acids terminating

a few residues after the putative NLS in the prodomain (Figure 12B). It will be
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interesting to determine in a cell line transfected with the construct whether such a
protein can be produced and whether it translocates from the cytoplasm to the nucleus.
The existence of this truncated PC1 propeptide in the embryos may have other
consequences on the physiology of preimplantation embryos. It is possible that such a
peptide might act as a broad PC inhibitor during development. In vitro studies have
shown that peptides from PC prodomains can not only inhibit the cognate inhibitor of
the PC from which it was derived, but also, to a significant extent, other members of the
family. N-terminal propeptides containing residues 1-84 of the proregion can act as
potent slow tight-binding inhibitors to mPC1 and hfurin with Kjs in the low nanomolar
range (Boudreault et al., 1998b). PC1°°-** propeptide has been shown to inhibit both
PC1 and furin with a K; of 0.7 and 4.8 uM, respectively (Basak and Lazure, 2003).

1 39-62

Interestingly, a PC propeptide which contains our predicted NLS segment not only

inhibited its cognate enzyme (K; 15.4 pM) but was a much better inhibitor of hfurin (K;
0.7 uM). Similarly, Fugere et al. (Fugere et al., 2002) showed that a short PCl
propeptide is capable of inhibiting not only its cognate enzyme (Kj;, 184 nm) but PCS5 as
well and more potently (K; 27 nm). The lack of specificity was attributed to the lack of
specificity of the determinants, to the secondary binding sites essential for specificity,
and to the stunted structure of the produced peptide which is not sufficient to conform to
the enzyme subsites.

The truncated proPC1 expressed by the disrupted allele may exhibit a similar
lack of specificity, inhibiting all the embryonic PCs and leading to a generalized
impairment of endoproteolytic activation of precursors to peptides and proteins

necessary for embryo survival.
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The transmission ratio distortion of the Pcskl allele among the offspring of
heterozygous intercrosses (Figure 12C) can tentatively be explained by this inhibitory
activity. The distortion is probably due to preferential survival of heterozygous embryos
in the oviduct. In wild-type mice, the normal level of convertase activities allows
balanced production of growth-promoting and growth-inhibiting factors. Assuming that
precursors for growth-promoting factors are better PC substrates, the severely limiting
level of convertase activity in heterozygous embryos may cause a preferential activation
of growth-promoting factors, giving these mutant embryos survival advantages over

wild type embryos. This speculative model remains to be tested.
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FIGURE 12. Disrupted Pcskl Allele and its Expressed Protein. Production of
Pcskl+/del30 Mice. The deletion was introduced into ES cells by homologous
recombination. Chimera were produced from these cells and used to generate the
Pcsk1+/del30. Heterozygosity for the deletion was confirmed by Southern blot (SB)
analysis or PCR on genomic DNA. A diagrammatic representation of the wild type and
mutant alleles is shown below (A). The amino acid sequence of the truncated protein
produced from Pcskl-+/del30. Green represents the signal peptide sequence. Red
highlights the NLS sequence within the pro domain (B). The transmission ratio
distortion of the Pcskl allele among the offspring of heterozygous intercrosses. W,
homozygous wild type; D, heterozygote. (C)
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5.0 FUTURE WORK

We have found that PC1 is expressed in preimplantation embryos and is
transiently transported to pronuclei at the 1-cell stage. These findings raise a number of
questions about both the mechanism of its trafficking and its cellular roles. We have
speculated that this translocation results from the cytoskeletal-mediated membrane
fusion between PCl-containing egg vesicles organelles around the decondensing
chromatin to form the nuclear envelope.

To further characterize the molecular basis of the nuclear translocation,

FCLEGFP could be injected into pronuclear stage embryos and

recombinant prepro
expression and translocation of reporter protein monitored in real-time. In addition, it
should be also possible to determine in the same manner whether the predicted
monopartite NLS (KHKSHPRRSRR) is indeed active using prepro’'-EGFP variants in
which the motif has been mutagenized. If chromatin immunoprecipitation (Chip) (Kang
et al,, 2002; Kuo and Allis, 1999) assays indicate that PC1 can attach to chromatin, the
genomic regions involved can be identified by PCR. To establish whether PC1
enzymatic activity in the nucleus is required for normal development, one can inject a
proSAAS variant carrying a NLS into pronuclear stage embryos and examine the
development of the embryos in culture.

To assess the functional relevance of PC1, one can culture fertilized eggs in the
presence of a cell-permeant SAAS dodecapeptide (available from Dr. A. Basak, Ottawa
Health Research Institute) and determine their rate of development to the blastocyst
stage. Titration of known substrates such as proGnRH in the culture medium using

antibodies specific for the processed form might confirm the inhibition of PC1 by the

permeant SAAS peptide.
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Finally, the hypothesis that a truncated inhibitory PC1 propeptide is produced in
PC1%"®® heterozygous embryos could be verified by» RT-PCR of the corresponding
mRNA from a pool of blastocysts generated by heterozygote intercrosses. Because of
the transmission ratio distortion, heterozygotes will constitute the majority of
blastocysts. Specific primers can be designed for this implication since the 3’-UTR of
the truncated mRNA is predictably different from that of native PC1 mRNA. The
protein should be detected by immunoblotting using an antibody specific for the
propeptide of PC1 (a gift from Dr. C. Lazure, Clinical Research Institute of Montreal).
The generalized inhibition of convertases can be evaluated by verifying the processing
of proGnRH (a PC1 substrate), proIGF-1R (a furin substrate) and pro-integrin ov (a PC5

and furin substrate).
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6.0 CONCLUSIONS

This study demonstrates for the first time that PC1 protein forms are found in the
mouse oocyte and preimplantation embryos. It also reports the curious observation that
PC1 transiently translocates to the pronuclei of fertilized eggs and accumulates at
intercellular junctions in post-zygotic embryos. This is a novel finding which goes
against the established notion that the convertases are directed to the compartments of
the secretory pathway exclusively. A nuclear localization signal localized within the
prodomain of PC1 appears to be responsible for this translocation. The physiological
relevance of PC1 expression and trafficking during preimplantation development

remains to be clarified.
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APPENDIX 1. Table 5. Primers for RT-PCR

mRNA Primer.Sequences Amplicon

Strand® Sequence (5°—3’) (bp)

PCl S: TGATTTTGCATGGGACATCTTCTC 396

AS: ACAGACTGTCTTCAGAGCCTTC

e S: GAGACCCGTCTTCACGAATC 541
AS: GTTGAACCAGTCATCTGTGTATCG

PCa S: CTGGGACAGATCTTCCCT a1l
AS: GGTTCTCATCGTTGGGTGTGTA

PC5 S: GGGCGGAGAGGCCTTGGA 53
AS: TTTGTCGGTCTGTGCTTTCCAC

e S: CCCACCCTGATGAGGAGAATG 434
AS: AAAGGCATCCGTCCCTCCTCA

S: GCATAGAAAGGAATCACCCAG
PACE4 462
AS: TGTAGCCATCACAGGAGCAG

Fui S: TGAGCCATTCGTATGGCTACG 576
urin
AS: GGACACAGCTTTTCTGGTGCA

CPE S: CACGGAGGAGACCTTGTGGC 126
AS: TTGAGAGTCTCTTCAGGTGGG

S: TTGGGCCTTCTGAGGCTGCC
SAAS 498
AS: CACGTCAGGAGTCTCGTCGC

— S: GTTTTGGTTGATCTTTGA 359
AS: CGTTTTCTAGACATCCATCA

S: TACGGCTACAGCAACAGGGT
GAPDH 235
AS: GGGTGCAGCGAACTTTATTG

28§, sense; AS, antisense
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Reproduction
e Trained in a number of reproductive-related laboratory techniques such as mouse handling procedures,
surgical oviduct removal and mouse embryo culture.

Other
e Advanced writing skills achieved through the preparation of manuscripts, abstracts, and theses.
e Excellent communication and presentation skills acquired through presentation of research and scientific
journals as part of the Diseases of Ageing Seminar Series, weekly meetings and scientific conference

attendance.

EDUCATION
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(Successful defence: October 19, 2004; Expected date of graduation: Spring Convocation, 2005).
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cell fertilized embryos using an in vitro human cell line model.
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C. St.Germain, Gilles Croissandeau, J. Mayne, J. Baltz, M. Chrétien and M. Mbikay. Expression and
Transient Nuclear Translocation of Proprotein Convertase 1 (PC1) During Mouse Preimplantation
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