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ABSTRACT

Bone morphogenetic protein 4 (BMP4) is a member of the transforming growth factor-8
(TGFp) family of signaling molecules. It has been highly conserved throughout
evolution and is essential for many aspects of development and for tissue homeostasis in
adults. BMP4 activity is tightly regulated at many levels, including via proteolytic
activation of the precursor protein; cleavage of proBMP4 by members of the proprotein
convertase (PC) family is required to generate an active ligand. ProBMP4 is initially
cleaved at a site adjacent to the mature ligand domain (S1), and then at an upstream site
(S2) within the prodomain. Interestingly, cleavage at the S2 site appears to regulate the
activity and signaling range of mature BMP4 in a tissue-specific manner. Based upon
this intriguing observation, | hypothesized that cleavage of the S2 site might depend on
tissue-specific expression of an S2 site-specific enzyme. To test my hypothesis, we
cloned and characterized the expression of PC orthologs in Xenopus and identified which
PCs cleave each site of proBMP4 in vivo. Loss of function and protein-based inhibitor
techniques revealed that furin and PC6 cleave both the S1 and S2 sites of proBMP4, and
that a third S1-specific enzyme, likely PC7, functions redundantly to cleave the S1 site in
embryos but not oocytes. These results suggest that PC7, or a convertase with similar
substrate specificity, functions to selectively cleave the S1 site of proBMP4 in a
developmentally regulated fashion. Constitutive cleavage of proBMP4 at S1 by PC7,
which is ubiquitously expressed, combined with S1 + S2 cleavage of proBMP4 by Furin
and/or PC6, which display tissue-restricted expression, may be a mechanism by which

BMP4 activity could be regulated in a tissue-specific manner.
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Chapter 1

Introduction: An overview of the activity and regulation of Bone Morphogenetic

Protein 4 and its cleaving enzymes, the proprotein convertases



I. BONE MORPHOGENETIC PROTEIN 4

Bone morphogenetic proteins (BMPs) are members of the transforming growth
factor-p (TGFp) superfamily of signaling molecules, which is characterized by multiple
conserved cysteine residues that form a particular fold called a cysteine knot (Sun and
Davies, 1995). This family consists of two main branches: the TGFB/Activin/Nodal
branch and the BMP/Growth and Differentiation Factor (GDF)/Miillerian Inhibiting
Substance branch (Shi and Massague, 2003). Within this second branch is the group of
BMP ligands, the BMP2/BMP4/DPP (Decapentaplegic) group outlined in red in Figure

1-1, that will be the focus of this thesis.

Figure 1-1.  Phylogenetic tree of _:IBMP4
mammalian and Drosophila BMPs. BMP2
Tree was constructed based on mature DPP
domain sequences using the T-Coffee

alignment and the TREECON phylogenetic Screw
tree  construction  freeware  programs ] BMP9
(http:/lwww.tcoffee.org/; Van de Peer and 4' BMP10

De Wachter, 1994). Sequences are from
mouse (black text) or Drosophila {GDFW
melanogaster (purple text).  Nodal is BMP3
included for reference. Boxed in red is the

group of proteins that will be the focus of _| BMP7
BMP5

this work. Sequences are from genbank

accession numbers: BMP2 NP_031579, BMPS6
BMP3 NP_775580, BMP4 NP_031580,

BMP5 NP_031581, BMP6 NP_031582, | BMP8B
BMP7 NP_031583, BMPSA NP_031584, BMP8A
BMP8B NP_031585, BMP9 NP_062379, GDF9
BMP10 NP_033886, GDF8 NP_034964,

GDF9 NP_032136, GDF10 NP_665684, — GDF8
GDF11 NP 034402, DPP NP 477311, L GDF11
Screw NP_524863. Nodal

I.LA. BMP signaling pathway
BMPs are secreted cell signaling molecules that transmit their signal by binding to
a heterotetramer of Type | and Type Il serine-threonine kinase receptors (Figure 1-2)

(reviewed in Wu and Hill, 2009). Upon binding of the ligand, the Type Il receptor



transphosphorylates the Type | receptor, which in turn phosphorylates a receptor-
regulated Smad (R-Smad) effector molecule. The R-Smad then binds a common Smad
(Co-Smad), and this complex translocates to the nucleus to interact with sequence-
specific DNA binding elements. Binding may or may not involve cofactors and can

result in activation or repression of the target.

(P)
Type ll Type | > (R a i
receptor receptor ‘vm CSO Sr;]:d
l/ - -ma

/ ] DNA-bindingpéTg l \
\-__ \ () { Targetgene |- ‘ / - /

Ligand Type Il Type | R-Smad Co-Smad
BMPRII ALK-2/ActRI Smad1

BMP2/4 —* ActRIl —» ALK-3/BMPR1A—> Smad5 — Smad4
ActRIIB ALK-6/BMPR1B Smad8

Figure 1-2. BMP signaling pathway. BMP binds its receptors and initiates a signaling cascade
through Smad proteins that results in modulation of target genes. See text for details. Reprinted with
permission (Massague, 1998).

I.LA.1. BMPA4 receptors

Several Type | and Type Il receptors that bind BMP4 have been identified (Figure
1-2) (Armes and Smith, 1997; Koenig et al., 1994; Nohno et al., 1995; Rosenzweig et al.,
1995; ten Dijke et al., 1994). They share a common structure consisting of an amino (N)-

terminal extracellular ligand binding domain, a transmembrane domain, and an



intracellular serine-threonine kinase domain. In addition, Type I receptors contain a
juxtamembrane GS domain, a TTSGSGSG motif just N-terminal to the kinase domain
that is phosphorylated by the Type Il receptor. BMP4 can interact with multiple
combinations of these receptors. It is unknown, however, which receptor combinations
are actually present in vivo or if different combinations result in different downstream
effects. The BMP4 dimer is thought to bind a dimer of Type | receptors, and this
complex has higher affinity for and recruits a dimer of two Type Il receptors (Liu et al.,
1995). The Type Il receptors are autophosphorylated in a ligand independent fashion and
are thought to be constitutively active (Mathews and Vale, 1993). Upon ligand binding
and complex formation, the Type Il receptors phosphorylate the Type | receptors within
the GS domain, and the activated Type I receptor can then phosphorylate downstream
effector molecules, R-Smads (Chen et al., 1997; Kretzschmar et al., 1997b).
I.LA.2. Smads

There are three types of Smad proteins — receptor-regulated Smads (R-Smads),
common Smads (Co-Smad), and inhibitory Smads (I-Smads, discussed below)
(Massague et al., 2005 and references therein). One group of R-Smads transmits signals
from BMP ligands (Smadl, Smad5, Smad8), while another group transmits signals from
TGFp/Activin-like ligands (Smad2, Smad3) (Baker and Harland, 1996; Graff et al., 1996;
Liu et al., 1996; Suzuki et al., 1997). Both groups interact with the same Co-Smad
(Smad4) (Lagna et al., 1996). The Smad proteins have three main domains — an N-
terminal Mad Homology 1 (MH1) domain, a C-terminal MH2 domain, and a less
conserved flexible linker region that separates them (Savage et al., 1996). Homology

with I-Smads is primarily through the MH2 domain, which is important for multiple



functions including hetero-oligomerization and transcriptional activation (Lagna et al.,
1996; Liu et al., 1996; Whitman, 1998). In R-Smads, this is also the site of interaction
with, and phosphorylation by, type I receptors (Kretzschmar et al., 1997b; Macias-Silva
etal., 1996; Zhang et al., 1996). Unphosphorylated R-Smads form an intramolecular
complex between their MH1 and MH2 domains that helps to maintain an inactive state
(Baker and Harland, 1996; Hata et al., 1997). Phosphorylation disrupts this interaction
and allows the R-Smad to interact with Smad4. The R-Smad/Smad4 complex can then
translocate to the nucleus and interact directly with DNA via their MH1 domains (Kim et
al., 1997; Liu et al., 1996).

Depending on the context, Smads are able to activate or repress target genes, and
the same Smad signal can elicit a different response depending on the cell type in which
it is acting (reviewed in Ross and Hill, 2008). Smad3 and Smad4 bind to the minimal
Smad binding element, which consists of only four base pairs (5-AGAC- 3'), while
Smadl binds to GC-rich sequences (5'-GCCGNC- 3’ or 5'-GRCGNC- 3') (Brugger et al.,
2004; Dennler et al., 1998; Ishida et al., 2000; Zawel et al., 1998). Because Smad
proteins have relatively low DNA binding specificity, they rely on interactions with each
other or with other DNA binding proteins to modulate specific targets (Ross and Hill,
2008 and references therein; Zawel et al., 1998). Members of multiple protein families
have been implicated as Smad binding partners, including Ski and Evi-1 transcriptional
co-repressors, p300 and CBP histone acetyltransferases, and the zinc finger scaffolding
protein Schnurri (Alliston et al., 2005; Pearson et al., 1999; Pouponnot et al., 1998; Wang

et al., 2000; Yao et al., 2006). Partners may be ubiquitously expressed, such that the



same response is elicited from multiple cell types, or partners may be cell-type specific in

order to elicit varied responses.

I.B. Biological functions of BMP4

BMPs elicit varied responses during development and adult tissue homeostasis.
They have been implicated in processes as diverse as cell proliferation, differentiation,
apoptosis, adhesion, migration, and morphogenesis (reviewed in Hogan, 1996). Below is
an overview of the roles that BMP4 plays in various developmental processes, from early
embryonic patterning to formation of specific organs and maintenance of adult tissues.
1.B.1. Role of BMP4 in development

The essential and diverse roles of BMP4 in embryonic patterning have been
studied in a variety of organisms, from flies to humans, and the signaling molecules as
well as their mechanisms of action have been highly conserved throughout evolution. In
flies, the initial dorsal-ventral axis is determined by expression of the Bmp4 and Bmp7
orthologs, decapentaplegic (Dpp) and screw (Scw), respectively (Arora et al., 1994;
Ferguson and Anderson, 1992). Ubiquitous expression of Scw combined with high levels
of Dpp in the dorsal-most region, and high levels of the DPP antagonist Short
gastrulation (SOG) on the ventral side, generates a gradient of decreasing activity that
spreads toward the ventral side, with the absence of DPP in the ventral-most position
resulting in formation of neural ectoderm (Figure 1-3A, C). Dpp null mutants are
embryonic lethal, whereas those that lack expression in specific imaginal discs show
patterning defects in structures derived from the imaginal discs, such as malformed legs

or reduced eye, wing, or haltere structures (Spencer et al., 1982).



The dorsal-ventral axis is inverted in vertebrates relative to flies, but BMP4 plays
a similar role in specifying this axis in higher organisms. In Xenopus, for example, Bmp4
is initially expressed ubiquitously in the embryo, but then it becomes excluded from the
dorsal side (Dale et al., 1992; Fainsod et al., 1994). Higher levels of expression of Bmp4
on the ventral side, combined with expression of secreted BMP antagonists, such as
Chordin, in dorsal mesodermal cells, results in an activity gradient with the highest levels
of BMP4 signaling on the ventral side (Figurel-3, B, C) (Fainsod et al., 1997; Piccolo et
al., 1996; Zimmerman et al., 1996). This activity gradient allows BMP4 to act as a
morphogen, specifying different fates in a concentration-dependent manner. For
example, Dosch and colleagues showed that injection of increasing amounts of Bmp4
MRNA results in progressive loss of dorsal mesoderm derivatives. Specifically, embryos
first lose notochord, then muscle, and at the highest doses of Bmp4 they become
completely ventralized (Dosch et al., 1997). This gradient is also important for
specifying ectodermal tissues: higher BMP4 activity in ventral ectoderm results in
epidermis, and inhibition of BMP4 signaling in the dorsal ectoderm is necessary for
neural development (Wilson and Hemmati-Brivanlou, 1995). Though knockout
strategies are not feasible in Xenopus due to its tetraploid genome and long maturation
time, protein function can be reduced using several alternative methods, including
injection of antisense RNA to degrade a specific mMRNA or morpholino oligonucleotides
to inhibit translation of a target mMRNA (Sive et al., 2000). Also, there are often dominant
negative proteins that can be ectopically expressed. Researchers have shown, using these
various strategies, that inhibition of BMP4 signaling results in dorsalization of the

embryos (Dale and Jones, 1999 and references therein; Graff et al., 1994; Reversade et



al., 2005; Suzuki et al., 1994). Specifically, posterior structures and ventral mesoderm
derivatives (ie. blood) are drastically reduced, and dorsal tissues such as notochord and

neural ectoderm are expanded.

dorsal dorsal
i Chordin

Xenopus

| D
Drosophila

Sog BMP4

ventral ventral

Figure 1-3. BMP activity gradients in early Drosophila and Xenopus development. A, C.
In Drosophila, dorsal expression of Dpp combined with ubiquitous expression of Scw and localized
expression of various regulators (discussed below) results in an activity gradient of DPP/SCW in which
high levels specify dorsal structures and low levels result in ventral tissues. B, C. In Xenopus, the axis
is reversed compared to Drosophila, but a conserved set of molecules generates an activity gradient of
BMP signaling with the highest levels specifying ventral tissues. Reprinted with permission (De
Robertis, 2008).

Bmp4 is necessary for formation of posterior/ventral mesoderm in mice, as it is in
Xenopus (Lowe et al., 2001; Varlet et al., 1997; Winnier et al., 1995). Loss of function of
Bmp4 results in embryonic lethality, with most animals dying around the time of
gastrulation [~embryonic day (E)7.5] due to a lack of mesodermal structures (Winnier et
al., 1995). Those that do develop beyond gastrulation present with disorganized posterior
structures and a reduction in extraembryonic mesoderm. Further studies demonstrated

that in the absence of BMP4 there are no primordial germ cells, lens induction does not



occur, and hepatogenesis is defective (Furuta et al., 1997; Lawson et al., 1999; Rossi et
al., 2001). Bmp4 heterozygous mutant mice display phenotypes with variable penetrance
in several tissues, including the skeleton (polydactlyly, defects in craniofacial bones, ribs
and vertebrae), kidney (polycystic kidneys), heart (ventricular septal defects), and eye
(micropthalmia) (Dunn et al., 1997; Goldman et al., 2006). In addition, fewer primordial
germ cells are specified in these mice (Lawson et al., 1999). Tissue specific inactivation
of Bmp4 and analysis of Bmp4 hypomorphs has revealed additional roles for this
signaling molecule in later stages of heart development, ventral body wall closure, and
development of the vestibular apparatus and lung (Chang et al., 2008; Eblaghie et al.,
2006; Goldman et al., 2006; Jiao et al., 2003; Liu et al., 2004).
1.B.2. Role of BMP in adult tissue homeostasis and disease

Very few cases have been reported in which a copy of the BMP4 gene is thought
to be non-functional in humans. Patients present with various anomalies, including
anopthalmia/micropthalmia (AM), hypothyroidism, poly/syndactyly, and developmental
delay (Ahmad et al., 2003; Bakrania et al., 2008; Bennett et al., 1991; Elliott et al., 1993;
Hayashi et al., 2008; Lemyre et al., 1998; Nolen et al., 2006; Phadke et al., 1994). Of
these patients, some harbor deletions of a portion of chromosome 14 that includes BMP4
as well as multiple other genes, making it difficult to assign causality to loss of function
of any single gene. However, two mutations were recently reported in which the BMP4
gene itself is affected — one is a frame shift mutation resulting in a premature stop codon
identified in a family with AM, retinal dystrophy, myopia, poly/syndactyly, and brain
anomalies, and the other is a missense mutation identified in an individual with AM,

hand, and brain anomalies (Bakrania et al., 2008). The phenotypes associated with



predicted BMP4 heterozygosity reinforce the importance of BMP4 signaling in eye and
skeletal development, and suggest a role in brain development as well.

Disruption of BMP signaling in humans has additionally been implicated in
multiple congenital disorders, especially involving abnormal bone formation. Although
nothing is known about the specific role BMP4 plays in these processes, mutations in
regulatory molecules and downstream components of the signaling pathway show that
BMP function is important. For example, brachydactyly — shortening of the digits — has
been associated with multiple mutations in the BMP receptor gene, BMPR1B, as well as
in the gene encoding the BMP antagonist Noggin (NOG; Lehmann et al., 2006; Lehmann
et al., 2007; Lehmann et al., 2003). Mutations in NOG are also responsible for multiple
synostoses syndrome, a genetic disease characterized by fusion of the joints (Gong et al.,
1999). Further, a mutation in ALK2 that causes the encoded receptor to be constitutively
active is associated with fibrodysplasia ossificans progressiva, a crippling hereditary
disorder in which ectopic bone forms throughout the body (Billings et al., 2008; Shore et
al., 2006).

Proper BMP signaling is also important for the maintenance of adult tissues such
as the pulmonary arteries and gut (Wu and Hill, 2009). For example, germline mutations
in the gene encoding the BMP receptor, BMPPRII, have been identified in patients with
familial primary pulmonary hypertension. In this disease, faulty remodeling of the
pulmonary arteries leads to constriction of the vessels and therefore increased blood
pressure and eventual heart failure (Deng et al., 2000; Lane et al., 2000). Another disease
associated with mutations in genes encoding a BMP receptor (BMPRIA) or downstream

signal transducer (SMADA4) is juvenile polyposis, a condition diagnosed by the presence



of five or more hamartomatous (benign) gastrointestinal polyps that is associated with a
high risk of developing malignant gastrointestinal tumors (Howe et al., 2001; Howe et al.,

1998; Jarvinen and Franssila, 1984; Veale et al., 1966).

I.C. Regulation of BMP4 signaling activity

Based on the various cellular behaviors that BMP4 signaling is able to elicit, and
the deleterious outcomes of BMP4 loss or gain of function, it is clear that activity must be
tightly regulated. This occurs at multiple levels using a variety of mechanisms (Figure 1-

4).

m antagonist

extracellular

Pseudo- . : P‘T
receptor BMPR BMPR |X| | BMPR
typell typel
Smurf > O

0-

@ [-Smad R-Smad
o @ "\Co-Smad
3 O intracellular

nucleus
target gene

expression

response element

Figure 1-4. Summary of BMP signal regulation. Transmission of a BMP signal to the nucleus
is regulated at three main levels: (1) I-Smads and Smurfs work together to inhibit/terminate the
intracellular cascade, (2) the pseudoreceptor BAMBI forms a heteromeric complex with receptors to
prevent their activation, and (3) a complex network of extracellular antagonists and their inhibitors
regulate access of ligands to their receptors. Reprinted with permission (Balemans and Van Hul, 2002).

11



I.C.1. Regulation downstream of receptors — Smads

Since both the Smad2/3 and the Smad1/5/8 pathways require Smad4 as a
downstream effector, competition can exist such that only one pathway is able to
propogate its signal (Candia et al., 1997; Lagna et al., 1996). Also, post-translational
modifications of R-Smads that result in inactivation or degradation are important for
regulating the duration of a signal, and a distinct class of inhibitory Smads (I1-Smads)
exist that use multiple mechanisms to antagonize signals as discussed below.

R-Smads and Smad4 continuously cycle between the cytoplasm and the nucleus
(Schmierer and Hill, 2005). Upon phosphorylation of R-Smads by their Type |
receptors, these proteins hetero-oligomerize and accumulate in the nucleus to modulate
transcription (Hoodless et al., 1996; Liu et al., 1996). Multiple nuclear phosphatases are
present, such as Pyruvate Dehydrogenase Phosphatase (PDP) and Small C-terminal
Phosphatases (SCP1, 2, and 3), that remove the activating phosphate group to promote
nuclear export (Chen et al., 2006; Knockaert et al., 2006). If the Type I receptor is still
active, it can rephosphorylate its R-Smad and begin the cycle again (Inman et al., 2002).
In this way, the R-Smads are constantly sampling the activation status of their receptors,
and the duration of the signal can be tightly controlled.

Other sites of phosphorylation on R-Smads are important for integration of
signals from multiple sources (reviewed in Ross and Hill, 2008). For example, Smadl is
phosphorylated on four serines within its linker region by MAPK in response to stress-
inducing MAPK signals or fibroblast growth factor (FGF) and insulin-like growth factor
(IGF) (Kretzschmar et al., 1997a; Pera et al., 2003; Sapkota et al., 2007). In addition,

GSK3 phosphorylates Smadl after it has been phosphorylated by the MAPK pathway
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(Fuentealba et al., 2007). These phosphate modifications inhibit BMP-induced signaling
by preventing nuclear import of Smad1 and/or promoting its degradation, and they
provide a means to integrate BMP, MAPK, and Wnt signals.

One group of proteins that mediate Smad degradation is the HECT-domain Smad
Ubiquitination Regulatory Factor (Smurf) E3 ubiquitin ligases. Smurfl and Smurf2
target Smadl and Smad5 for proteosomal degradation, and this is thought to be important
for maintaining a lack of signal in the absence of ligand as well as for terminating a
signal (Lo and Massague, 1999; Zhu et al., 1999). In addition, Smurfl and Smurf2 can
mediate degradation of activated receptors to further ensure the termination of signal, and
this is mediated by Smad7 (Ebisawa et al., 2001; Kavsak et al., 2000).

Smad6 and Smad7 are I-Smads that negatively regulate TGFf signaling through
several potential mechanisms (reviewed in Shi and Massague, 2003). Both I-Smads bind
to the intracellular domain of TGFf3 family Type | receptors and prevent phosphorylation
of R-Smads (Hayashi et al., 1997; Imamura et al., 1997; Nakao et al., 1997). In addition,
Smad7 can form a complex with Smurfs, and this complex targets to the plasma
membrane where Smad7 interacts with activated TGF Type I receptors, inhibiting their
interaction with R-Smads and resulting in their degradation (Ebisawa et al., 2001; Kavsak
et al., 2000). Smad6 has also been suggested to inhibit BMP signal transduction by
competing with activated Smad1 for binding to Smad4 (Hata et al., 1998).

1.C.2. Regulation at the level of receptors - pseudoreceptors

In addition to the variety of intracellular molecules that positively and negatively

regulate BMP signaling, at least one cell-surface protein inhibits signaling by interacting

with the receptor itself. The pseudoreceptor, BMP and Activin Membrane-Bound
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Inhibitor (BAMBI), is homologous to TGFp family Type | receptors except that it lacks
the intracellular kinase domains necessary for signaling (Onichtchouk et al., 1999).
BAMBI binds to multiple TGFp family Type I receptors, including TBR1, ActR-1B,
BMPR-IA, ALK1, and BMPR-IB, and can inhibit BMP signaling when ectopically
expressed in Xenopus embryos. BAMBI is proposed to inhibit signal propagation by
binding to Type | receptors. In the presence of ligand, the BAMBI containing Type |
heterodimer is then incorporated into Type I/Type Il heterotetramers that cannot be
activated.

1.C.3. Regulaton upstream of receptors — extracellular binding proteins

The ability of BMP to activate its receptors is highly regulated by a diverse group
of soluble binding proteins. There are four distinct types of these ligand binding traps
including Follistatin, members of the DAN family, Noggin, and Chordin (Balemans and
Van Hul, 2002).

Follistatin was first described as an inhibitor of Activin, but it was subsequently
found to bind and inhibit BMPs as well (Fainsod et al., 1997; Hemmati-Brivanlou et al.,
1994). Unlike the other soluble BMP antagonists described below, Follistatin does not
prevent BMPs from binding to their receptors. Instead, it forms a stable, ternary complex
with the ligand and the Type | receptor, somehow preventing its activation (lemura et al.,
1998). It is possible that follistatin prevents the Type Il receptor from binding to this
complex and activating the Type | receptor, thereby inhibiting BMP signaling, but this
has not been tested.

The DAN family of TGFp inhibitors, like BMPs, all contain a characteristic

cysteine knot domain (Hsu et al., 1998). Three members of this family have been shown



to inhibit BMPs — DAN, Cerberus, and Gremlin — and they are thought to physically
block ligand/receptor interaction by directly binding to BMPs.

Noggin is a small glycoprotein that is important for modulating BMP activity
during diverse developmental processes such as vertebrate dorsal-ventral patterning,
neural induction and differentiation, and skeletogenesis (Brunet et al., 1998; McMahon et
al., 1998; Smith and Harland, 1992; Zimmerman et al., 1996). A recent crystal structure
of Noggin complexed with BMP7 revealed that noggin binds to the same interface that
the ligand uses to interact with both the Type | and Type |1 receptors, thus physically
blocking the ligand-receptor interaction (Groppe et al., 2002). Though the other ligand
trap proteins are not structurally conserved, they are thought to interact with BMPs in a
similar manner, physically blocking interaction with their receptors.

Chordin [Short gastrulation (SOG) in Drosophila] is a much larger protein than
Noggin, but like Noggin it binds specifically to BMP2/4/DPP and BMP7/SCW and
interferes with the ability of these ligands to interact with their receptors (Holley et al.,
1995; Piccolo et al., 1996). An interesting characteristic of this inhibitor is that it is itself
regulated by an extracellular protein, a secreted metalloprotease that cleaves
Chordin/SOG to either prevent interaction with BMPs or to release BMPs that are already
bound. This protease is known as Drosophila Tolloid (TLD), Xenopus Xolloid (XLD), or
human BMP1 or hTLD (Marques et al., 1997; Piccolo et al., 1997). This proteinase, in
turn, is regulated by at least two other secreted proteins — Sizzled (SZL) and
Olfactomedin-Noelin-Tiarin Protein 1 (ONT1). SZL binds competitively to TLD
proteins and inhibits their ability to cleave Chordin/SOG, while ONT1 acts as a

scaffolding protein for Tolloid proteins and Chordin to enhance cleavage (Inomata et al.,
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2008; Lee et al., 2006). This group of proteins form a complex regulatory system to
maintain correct levels of BMP signaling (Figure 1-5).

In Drosophila, the combination of SOG and TLD are necessary for proper
accumulation of DPP, and also for its subsequent release in a location distant from its
synthesis (Ashe and Levine, 1999). In this scenario, high levels of SOG bind to DPP and
inhibit its signaling locally, but the inactive complex can also traffic to a location with
low SOG levels. In the presence of TLD, the accumulated DPP can then be released to
generate a strong, localized signal. This unique mechanism of regulation makes
Chordin/SOG appear as an antagonist in some contexts and an agonist in others, and
involves multiple interacting proteins in addition to the ones described above, including
Twisted Gastrulation (TSG) and Crossveinless-2 (CV-2) (Wu and Hill, 2009). The
precise roles these proteins play is still under debate, but it is clear that they modulate
Chordin/SOG regulation of BMP/DPP signaling via an unknown but evolutionarily

conserved mechanism.

TLD/BMP1 Figure 1-5. Regulation of
the BMP inhibitor, Chordin.
| Chordin/SOG forms a complex
ONT1 o B SZL with BMP ligands and prevents
them from interacting with their
receptors. Chordin/SOG s
BMP2/4/7/DPP/SCW cleaved by Tolloid family
J proteases (TLD/BMP1), which
: inhibits binding to BMP ligands.
I Chordin/S0G This cleavage is in turn
regulated, negatively by Sizzled

(SZL) and positively by ONTL1.

Interaction with receptors

1.C.4. Regulation of BMP4 actvity via proteolytic activation
In addition to the mechanisms discussed above by which BMP4 activity is

regulated in signal receiving cells, activity is also regulated within BMP4 synthesizing



cells, at the level of proteolytic activation. BMPs are synthesized as inactive precursors
that are cleaved at specific sites to yield an active, mature protein dimer (Aono et al.,
1995). Proteolytic activation of BMP4 is carried out within the secretory system by
specific members of the proprotein convertase (PC) family of endoproteases, (discussed
below), most likely Furin and PC6 (Constam and Robertson, 1999; Cui et al., 1998).
Data from our lab has shown that this is a highly regulated process that may occur
differently depending on the tissue in which the protein is being expressed (Goldman et
al., 2006).
I.C.4.a. Proteolytic activation of BMP4 via sequential cleavage

Previous data from the Christian lab has shown that proBMP4 is cleaved
sequentially at two Furin cleavage motifs, and that this ordered proteolysis regulates the
activity and signaling range of mature BMP4 (Cui et al., 2001). ProBMP4 is initially
cleaved at an optimal consensus Furin motif adjacent to the mature ligand domain (-R-S-

K-R-, denoted the S1 site), and this allows for subsequent cleavage at an upstream

minimal Furin motif (-R-1-S-R-, the S2 site; Figure 1-6). In Xenopus embryos, proBMP4

carrying a point mutation that renders the upstream site non-cleavable (BMP4°¢)
generates a ligand that signals over a shorter range, shows less activity in vivo, and
accumulates at lower levels than does BMP4 cleaved from wildtype precursor. Given

that an identical ligand is liberated from the prodomain of wildtype and mutant

precursors, these results raise questions as to the mechanism by which a second, upstream

cleavage regulates the level of signal that is generated.

17



BMP4 BMP452¢ Figure 1-6. BMP4 is cleaved
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Figure 1-7 outlines published biochemical data from our lab that proposes a
mechanism by which cleavage at the upstream site within the prodomain could regulate
the activity of the mature ligand (Degnin et al., 2004). First, cleavage of proBMP4 at the
S1 site, which most likely occurs in the trans-Golgi network (TGN), releases the mature
ligand, but it continues to interact non-covalently with the prodomain. This complex,
though signaling competent, is preferentially targeted to the lysosome for degradation.
Second, cleavage at the S2 site disrupts the prodomain-ligand interaction and also
releases a small internal fragment of unknown function, called the linker domain. The
released ligand is no longer targeted to the lysosome. Cleavage at the S2, but not the S1
site, is enhanced by acidic pH, consistent with the possibility that the two cleavages take
place in distinct subcellular compartments, possibly by distinct proteases. These studies
suggest that cleavage at the S2 site determines how much ligand accumulates, and this in

turn dictates the overall level of activity, and how far the ligand can spread in vivo.
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I.C.4.b. Proteolytic activation and signaling activity of BMP4 cleavage mutants in mouse
and fly

The ability of cleavages within the prodomain to regulate the signaling range of
mature BMP4 is of particular interest because BMP4 and DPP can function as either
short- or long-range signaling molecules depending on the tissue in which they are
expressed (Neumann and Cohen, 1997). Xenopus BMP4, for example, acts over multiple
cells within the embryonic mesoderm but acts only within the immediate environment of
its synthesis in ectodermal explants (Dosch et al., 1997; Jones et al., 1996). Similarly,
DPP acts at long range to pattern the wing disc but signals only to adjacent cells between
germ layers of the gut (Neumann and Cohen, 1997; Posakony et al., 1990). Tissue-
specific mechanisms that regulate the signaling range of these ligands have not been
identified; we hypothesize that selective use of the S2 site generates long versus short
range signals in different tissues.

To study the physiological relevance of cleavage at the S2 site, and to test the
hypothesis that tissue-specific cleavage at the S2 site regulates BMP4 activity in vivo,

482G/82G

Goldman et al. generated a cleavage mutant knock-in mouse (Bmp ) that carries a

point mutation in the Bmp4 gene that disrupts cleavage of proBMP4 at the S2 site
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(Goldman et al., 2006). Characterization of these mice revealed that cleavage at the S2
site is required for normal BMP4 signaling in only a subset of tissues where full BMP4
dosage is known to be necessary (Dunn et al., 1997; Goldman et al., 2006). For example,
Bmp4°2¢/52¢ mice show a more severe loss of primordial germ cells and testicular
degeneration than that observed in Bmp4 null heterozygotes (Bmp4™/*). Bmp452¢/5%
mice, however, never display polycystic kidneys, polydactyly, or other skeletal

4™ mice. Furthermore, levels of mature BMP4

abnormalities that are observed in Bmp
protein are decreased in the testes, but not in the limb buds, of Bmp4>2*/*2° mice relative
to wild-type siblings. Compound Bmp4 mutants that have one S2G allele and one null

allele (Bmp4>2¢"

) die during embryonic development due to defects in ventral body wall
closure and abnormalities in the heart and placenta, yet there is no increase in the
penetrance or severity of polydactyly or kidney defects compared to Bmp4 "™ mice.
These results are consistent with the possibility that the S2 site is selectively cleaved in a
tissue-specific fashion. Thus, the tissues that appear unaffected by the S2G mutation
(e.g. skeleton and kidneys) may be those in which the S2 site is not normally cleaved. It
has not been possible to test this directly, since attempts to generate antibodies that
recognize endogenous BMP4 prodomain have not been successful. A knock-in mouse in
which the prodomain contains an epitope tag will be indispensable for continuing these
studies.

Biochemical as well as phenotypic evidence for tissue-specific cleavage of the S2
site of the invertebrate ortholog of BMP4 has been obtained from studies in flies (Sopory

et al., submitted). Sopory and colleagues showed that, like BMP4, DPP is cleaved at two

sites, and this dual cleavage is essential for normal development of some but not all
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tissues in which DPP activity is necessary. Specifically, a cleavage mutant DPP in which
only the S1 site can be processed can rescue defects caused by loss of DPP function in
the eye disc and embryonic midgut, but not in the wing or leg disc. Moreover, cleavage
of the S2 site of DPP correlates with the requirement for this cleavage as demonstrated in
the rescue experiments. Both the S1 and the S2 site of proDPP are cleaved in the wing
disc, and this is essential for activation of pMAD multiple cells distant from the DPP
source. By contrast, proDPP is cleaved at the S1 site alone in the embryonic midgut,
which allows the mature ligand to signal at short range to immediately adjacent cells.
These studies provided the first in vivo biochemical evidence that the S2 site of
proBMP/DPP is cleaved in a tissue-specific manner, and that cleavage at the S2 site
coincides with long-range signaling.

I.C.4.c. Tissue-specific regulation of BMP4 cleavage

Our analyses of Bmp432¢/52¢

mice and of DPP cleavage in flies support our
hypothesis that tissue-specific cleavage of the S2 site can modulate BMP4 ligand activity,
but they do not indicate how cleavage at this site is regulated. Several possibilities are
being explored.

One hypothesis involves differential trafficking of mature BMP4 vs. S1-only
cleaved BMP4. S2 cleavage is enhanced by acidic pH (Degnin et al., 2004), so cleavage
of this site might occur only in tissues in which BMP4 sorts from the TGN to the cell
surface through an acidic endosomal pathway. Secreted proteins can traffic to the cell
surface through endosomal compartments, or they can be delivered directly to the cell

surface, bypassing acidic compartments (Futter et al., 1995; Griffiths et al., 1985;

Hirschberg et al., 1998; Rodriguez-Boulan et al., 2005 and references therein). If BMP4
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sorting is regulated in a tissue-specific manner, cells in which it sorts directly to the cell
membrane would generate S1-only cleaved ligand, while cells in which it sorts through
the endosomal pathway would generate the fully cleaved, long-range signal.
Alternatively, proteolysis could be regulated at the level of the cleaving enzymes
via tissue-specific expression of an S1 or S2 site-specific enzyme. In this situation, the
S2 site of BMP4 would only be cleaved to generate the long-range signal in tissues where
an enzyme capable of cleaving the S2 site is expressed and active. The enzymes that
cleave proBMP4 — the proprotein convertases — are discussed in detail in the following

sections.

Il. PROPROTEIN CONVERTASES

Proprotein convertases (PCs) are a family of enzymes that cleave various
proproteins, including members of the TGFf family, at specific multibasic sites.
Intensive research over the past several decades has focused on identifying and
characterizing this important class of enzymes. In 1967 proinsulin, the long-sought
insulin precursor, was described, and it became clear that an enzyme must exist that could
selectively cleave this and other precursor proteins following multibasic sequences to
generate active signaling molecules (Steiner and Oyer, 1967). In 1984, the protease
Kex2p, which could cleave pro-a-factor and prokiller toxin after a dibasic motif, was
identified in yeast (Fuller et al., 1989; Julius et al., 1984). Soon after, a family of

homologous serine protease enzymes, the PCs, was described in mammals.
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I1.LA. Properties of PCs

There are now seven mammalian PC family members that have been identified —
Furin [also known as Paired Basic Amino Acid Converting Enzyme (PACE), Subtilisin-
like Proprotein Convertase 1 (SPC1), or Proprotein Convertase Subtilisin/Kexin Type 3
(PCSK3)], PC1 (also named as PC3, SPC3, or PCSK1), PC2 (also called SPC2 or
PCSK2), PC4 (also known as SPC4 or PCSK4), PACE4 (also called SPC5 or PCSK6),
PC6 (also named PC5, SPC6, or PCSK5), and PC7 [also called Lymphoma Proprotein
Convertase (LPC), PC8, SPC7, or PCSK7] (Steiner, 1998). Each of these enzymes
contains a set of conserved domains, including the highly conserved subtilisin like
catalytic domain that defines this family. PC1 and PC2 are secreted enzymes that are
active in the regulated secretory pathway of endocrine and neuroendocrine tissues, while
Pc4 is expressed specifically in germ cells. Furin, PACE4, PC6, and PC7, on the other
hand, are active in the constitutive secretory pathway and are broadly expressed
throughout development.
I1LA.1. Conserved domains

Each of the PC family members contains a signal sequence that targets the
nascent protein to the endoplasmic reticulum, a minimally conserved prodomain, a highly
conserved catalytic domain, a PC-specific P-domain (also called the HomoB or middle
domain), and a variable C-terminal domain (Figure 1-8). The prodomain is essential for
proper folding of the enzyme and acts as an intramolecular inhibitor until altered cellular
conditions and/or proteolytic cleavage results in its dissociation (Anderson et al., 1997;
reviewed in Seidah et al., 2008). Both its role as an inhibitor and its removal are

discussed in detail below.
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Figure 1-8 Diagram of PC family conserved domains. Shown are schematics of the seven PC
family members as well as the evolutionarily conserved yeast Kex2p and bacterial Subtilisin. Also
shown are the two main isoforms of PC6 — PC6A and PC6B - generated by alternative splicing. The
diagonal dashed line links the two halves of PC6B. The N-terminal half of PC6B contains all of PC6A
except for a small portion at the C-terminus that is specific to PC6A. The bold D, H, and S labels
indicate the positions of the catalytic triad residues. The non-bold N and D labels identify the
oxyanion hole residues. Reprinted with permission (Thomas, 2002).
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The P-domain is also necessary for proper folding and enzyme activity (Creemers
et al., 1993b; Gluschankof and Fuller, 1994; Zhou et al., 1998). The bacterial subtilisins,
which are degradative enzymes, lack this domain, while Kex2p and the PCs, which are
selective processing enzymes, all have it. Deletion and domain swapping experiments
have implicated the P-domain in stabilizing the catalytic domain, regulating the pH and
calcium dependence of the enzymes, and contributing to substrate specificity.

The catalytic domain is the most highly conserved. It includes the essential serine
protease catalytic triad (D, H, S) and the oxyanion hole (N) important for stabilization of
the acyl-enzyme intermediate (Kraut, 1977). The serine protease mechanism is
illustrated in Figure 1-9 and described in the figure legend.

Furin was the first mammalian PC to be identified (Fuller et al., 1989; Roebroek
et al., 1986; van den Ouweland et al., 1990), and it has been the best-studied. The C-
terminal portion of Furin consists of a region in which the relative position of multiple
cysteines is highly conserved into what is termed the cysteine rich domain (CRD). The
consensus sequence for the CRD motif is CX;CX3CX,CX5.7CX,CX10.15CX3.5C, and
these motifs are separated by 10-16 amino acids (Nakagawa et al., 1993b). The CRD is
followed by a transmembrane domain and a cytoplasmic tail that contains multiple

sequence motifs important for trafficking (see below).
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Figure 1-9 lllustration of serine protease mechanism. The reactive site of a serine protease is
shown to illustrate the catalytic mechanism used by this family of enzymes. (a) Serine hydroxyl O
attacks substrate carbonyl C; histidine N accepts H from serine hydroxyl; carbonyl O accepts electrons;
oxyanion hole stabilizes negative charge — tetrahedral adduct is generated. (b) The covalent electrons
of the peptide bond attack the histidine H, breaking the bond; the electrons that previously moved from
the carbonyl O double bond move back to recreate the bond — acyl-enzyme intermediate is generated.
(c) The C-terminal portion of the precursor (mature domain) is released and replaced by water. (d)
Water O attacks carbonyl C; histidine N accepts H from water; carbonyl O accepts electrons; oxyanion
hole stabilizes negative charge — tetrahedral adduct is generated. (e) Serine O attacks histidine H;
electrons from carbonyl double bond move back to recreated bond — N-terminal portion of the
precursor (prodomain) is released and active site is regenerated. Reprinted by permission of Oxford
University Press from (Petsko and Ringe, 2004).

PC1, PC2, and PC4 were the next PC family members that were identified and
described in rapid succession (Nakayama et al., 1992; Seidah et al., 1992; Seidah et al.,
1990; Seidah et al., 1991; Smeekens and Steiner, 1990). PC1 and PC2 are secreted

proteins with a serine/threonine rich region C-terminal to the P domain rather than the
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CRD found in Furin. The function of this domain is not yet clear. There is some
evidence that mouse PC4 might be membrane associated, though the nature of this
association is unknown (Gyamera-Acheampong et al., 2006). Various splice isoforms of
PC4 have been identified in rodents (A-E), but the functional relevance of these is
unclear since PC4B and PC4C are truncated, and PC4D and PCAE lack the signal
sequence and prodomain (Mbikay et al., 1994; Seidah et al., 1992). Human and Xenopus
PC4, on the other hand, have an extended C-terminus that contains one CRD motif as
well as a transmembrane domain (discussed in Chapter 2).

The next PC family member to be identified was PACE4 (Kiefer et al., 1991).
Several splice isoforms of PACE4 have been identified (Creemers et al., 1993a; Kiefer et
al., 1991; Mori et al., 1997; Tsuji et al., 1997). Many of the transcripts encode proteins in
which the P domain is missing or truncated and are therefore expected to be inactive, but
two isoforms have been shown to fold properly and cleave substrates in trans - PACE4A
and PACE4E. PACE4A is the predominant protein produced in mammals and is often
simply referred to as PACEA4; it is broadly expressed, while PACE4E is expressed
primarily in the central nervous system (Akamatsu et al., 1997; Kiefer et al., 1991; Zhong
etal., 1996). These two proteins differ only in their extreme C-termini (Mori et al.,
1997). In both isoforms the CRD is longer than that of Furin (5 repeats rather than two
truncated), and neither contains a TMD, though PACE4E may be membrane associated
via a cluster of hydrophobic residues at its C-terminus.

PC6 was found next, and multiple splice isoforms have been described for this PC
as well (Nakagawa et al., 1993a; Nakagawa et al., 1993b). The PC6A isoform is very

similar to PACE4 — they both have 5 CRD repeats, they are secreted, and they associate
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with heparin sulfate proteoglycans (HSPGs) on the cell surface (Nour et al., 2005; Tsuji
et al., 2003). PC6B is a much longer, membrane-bound form (De Bie et al., 1996;
Nakagawa et al., 1993b). It has 22 CRD repeats as well as a cytoplasmic tail with
multiple sequence motifs involved in sorting (see below). The N-terminal half of PC6B
contains all of PC6A except for a small portion at the C-terminus that is specific to
PC6A. Other splice isoforms with variable C-termini have also been described, and those
will be discussed in Chapter 2.

PC7 was described most recently, by multiple groups (Bruzzaniti et al., 1996;
Constam et al., 1996; Seidah et al., 1996). Human PC7 is encoded by a gene on
chromosome 1123 and was first identified due to a translocation at this site associated
with human lymphomas (Meerabux et al., 1996). For this reason, it is also called
Lymphoma Proprotein Convertase (LPC). This PC is more similar to yeast Kex2p and
bacterial subtilisin than the others are, has a different gene structure than the other PCs,
and the C-terminus of its intracellular portion contains an S, T, and C-rich domain rather
than the conserved CRD that is found in the other family members that operate in the
constitutive pathway (Bruzzaniti et al., 1996; Constam et al., 1996; Goodge et al., 1998).
Also, unlike the other family members, PC7 does not contain the conserved RGD integrin
binding motif (Bruzzaniti et al., 1996; Seidah et al., 1996). The function of this motif has
not yet been elucidated.

11.A.2. Proteolytic activation

PC enzymes are themselves synthesized as inactive precursor proteins that have to

be cleaved in order to be activated, and this is tightly coupled to their trafficking through

(and sometimes outside of) the cell (Creemers et al., 1993a; De Bie et al., 1996; Leduc et
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al., 1992; Mains et al., 1997; Munzer et al., 1997; Rehemtulla et al., 1992; van de Loo et
al., 1997). Cleavage is autoproteolytic.

For Furin, there are two consecutive cleavages that are closely linked to its
trafficking and activation (Anderson et al., 2002; Anderson et al., 1997; Feliciangeli et
al., 2006; Molloy et al., 1994; Vey et al., 1994). The first cleavage occurs in the ER at an
optimal consensus motif. This cleavage is necessary for exit out of the ER, but the
prodomain remains noncovalently associated with the catalytic domain and inhibits
Furin’s intermolecular cleavage activity. Once Furin enters the more acidic environment
of the TGN, a conformational change occurs to expose a second cleavage site within the
prodomain. Cleavage at this site releases the inhibitory prodomain and results in a fully
active protease. PC1 and PC6 are activated by a similar sequential cleavage mechanism,
and PACE4 is thought to behave the same since it has a predicted second cleavage site
that is almost identical to that of PC6 (Nagahama et al., 1998; Nour et al., 2003; Zhou
and Lindberg, 1993). PACE4 maturation occurs more slowly than other PCs, and the C-
terminus seems to be responsible for this, but the functional consequences of this delay
are as yet unknown (Mains et al., 1997).

Similarly, PC7 is autocatalytically cleaved in the ER, which then allows it to
traffic to the TGN (Munzer et al., 1997; van de Loo et al., 1997). In this case, though, it
is not known if the prodomain remains associated after cleavage, or if so, when it
dissociates to release the active enzyme. PC7 does not have a secondary consensus
cleavage motif within its prodomain, so it is doubtful that it is activated the same as Furin

and PC6. PC4 also lacks an obvious upstream cleavage motif.
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PC2 is activated by a different mechanism involving the chaperone protein 7B2
(Mbikay et al., 2001). Unlike the other PCs, proPC2 is not cleaved before exiting the ER.
Instead, it associates with 7B2 within the ER, and the two proteins traffic through the
secretory system together. When they reach the more acidic compartment of the
secretory granules, proPC2 autocatalytically activates itself. The prodomain and 7B2
then dissociate from the enzyme, and PC2 becomes active and able to cleave substrates in
trans. 7B2 is not absolutely required for PC2 trafficking and cleavage, but the PC2
enzyme generated in the absence of 7B2 is inactive (Muller et al., 1997). This was
recently shown to be due to aggregation of pro- and mature PC2, likely caused by partial
unfolding (Lee and Lindberg, 2008). 7B2 is therefore necessary for PC2 to maintain a
properly folded conformation as it traffics through the secretory system, until it reaches
acidic compartments, where PC2 is able to cleave and activate itself.

11.A.3. Enzymatic properties

Experiments defining the nature and enzymatic properties of PCs revealed that
they are Ca?* dependent serine proteases that are active over a broad pH range (Table 1).
The optimal [Ca*"] and pH values are indicative of the locations within and outside of the
cell where each enzyme is believed to be active. For example, PC1 and PC2 — which are
active in the secretory granules of the regulated secretory pathway — require higher [Ca?']
and lower pH, the conditions found in these compartments. On the other hand, PCs that

cleave their substrates within the TGN, endosomes, and extracellular space (i.e. Furin,

PC4, PACE4, PC6, and PC7) are active at lower [Ca®*] and more neutral pH.
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Table 1-1. Optimal calcium concentration and pH for PC enzymatic activity

Enzyme [Ca®"] Optimal pH | Reference
PC1 4.0-10mM | 5.5-6.0 (Decroly et al., 1996)
PC2 4.0-10mM 5.0-6.0 (Shennan et al., 1991)
PC4 2.0mM 7.0 (Basak et al., 1999)
Furin 1-2mM 6.0-8.5 (Bresnahan et al., 1990; Molloy et al., 1992)
PACE4 0.5-10mM 7.0-8.5 (Decroly et al., 1996);
PC6 0.2-2.5mM | 7.0-8.0 (Decroly et al., 1996);
PC7 1-2mM 6.0-7.0 (Munzer et al., 1997)
I1LA.4. Inhibitors

Given the important roles that PCs play during development, homeostasis, and
pathogenesis, selective and potent inhibitors of these enzymes have become invaluable
tools. Much time and energy has been invested in identifying and developing inhibitors
as potential therapeutics, as well as inhibitors that can be used to further our
understanding of the characteristics of these enzymes, their potential in vivo substrates,
and the myriad roles they play in biology (reviewed in Fugere and Day, 2005).

I1.A.4.a. Proprotein convertase prodomains

As described above, PCs, like their substrates, are synthesized as inactive
precursors with an N-terminal prodomain that must be removed to generate an active
protease (reviewed in Seidah et al., 2008). The prodomain is necessary for folding and,
in the case of PCs, acts as an intramolecular inhibitor to prevent cleavage of substrates in
trans until the protease has reached its appropriate location and the prodomain
dissociates. It was discovered that these prodomains could also act as inhibitors when
added to PCs in trans. Boudreault first tested the ability of the prodomain of PC1 (pPC1)

to inhibit its cognate enzyme as well as Furin and PC2 (Boudreault et al., 1998). A

31



protein fragment encompassing the entire prodomain plus an additional C-terminal 14
amino acids potently inhibited both PC1 and Furin. On the other hand, PC2 was not
efficiently inhibited by pPC1; PC2 instead cleaved the PC1 prodomain (Boudreault et al.,
1998).

Zhong et al. investigated Furin and PC7 prodomains (pFurin, pPC7) for their
ability to selectively and efficiently inhibit PCs, and they found that both inhibited their
parent molecules with 1Cs, values in the nanomolar range (Bhattacharjya et al., 2000;
Zhong et al., 1999). The prodomains were not completely selective, though, as they also
inhibited PCs that are not the parent molecule. The more selective pPC7 inhibited PC7 >
PC6 ~ PACEA4 =~ Furin > Kexin, while pFurin inhibited PC5 > Furin > PC7 > PACE4 >
Kexin. The C-terminal 10 amino acids were sufficient for inhibition in vitro, but they
were less potent and selectivity was altered, suggesting that other residues within the
prodomain are also important for maximal inhibition. Nour et al. observed the same for
pPC6, and another group observed similar results when they compared the ability of each
of the seven mammalian prodomains to inhibit PC6A and soluble forms of Furin and PC7
(Fugere et al., 2002; Nour et al., 2003). Also, cleavage of Furin substrates — nerve
growth factor (NGF) and brain-derived neurotrophic factor (BDNF) — was blocked in
cells overexpressing a construct encoding pFurin with a signal sequence (ppFurin),
suggesting that the prodomain expressed in trans is able to fold and interact with PCs

within the secretory pathway (Zhong et al., 1999).
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I1.A.4.b. Endogenous small peptide inhibitors

7B2 is a protein that acts as a chaperone for PC2 and is necessary for its activation
(discussed above), but the C-terminal portion of this protein is also a very potent and
specific inhibitor of that PC (Lindberg et al., 1995). A similar endogenous inhibitor of
PC1 has been identified named proSAAS (Cameron et al., 2000b). Unlike 7B2,
proSAAS is not required for PC1 activation, but it has an analogous C-terminal peptdide
that acts as a specific inhibitor of PC1.
I1.A.4.c. Serpins

Serine protease inhibitors (serpins), are a class of proteins that act as competitive
suicide inhibitors by forming an equimolar complex with their target proteases
(Huntington et al., 2000; Perlmutter and Pierce, 1989) (Figure 1-10). Upon formation,
the complex undergoes a major structural rearrangement, trapping the protease in an
inactive conformation by a covalent, SDS-stable interaction (acyl-enzyme intermediate,
shown in step (c) of Figure 1-9). The reactive site loop (RSL) of the serpin is the portion
that interacts with the catalytic domain of the protease and therefore largely determines
the target specificity. This characteristic has been used to identify potential endogenous

inhibitors as well as to generate specific, potent inhibitors of PCs.
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Figure 1-10. lllustration showing irreversible serpin inhibition of a serine protease. A.
Ribbon diagram of a serpin highlighting the bond within the reactive site loop (RSL) that will be
cleaved by the protease as well as regions of the serpin that will undergo conformational changes. B.
The protease recognizes and binds to the primary sequence of the RSL and cleaves the P;-P;’ bond. C.
Cleavage of the RSL results in a conformational change in which the the RSL inserts into the B-sheet
within the shutter region and displaces a helices B and F, generating a stable serpin-protease complex.
lllustration  reprinted  with  permission  from  Pepro  Tech Inc. 2007  Update
(http://lwww.peprotech.com/content/focusarticles.htm?id=134).

I1.A.4.c.i. Potential endogenous serpins

Protease Inhibitor 8 (PI8) is a naturally occurring ovalbumin type serpin that
contains two minimal PC consensus motifs in its RSL (P4-P1: -R-N-S-R- and P;-P3': -R-
C-S-R-) (Sprecher et al., 1995). It is a potent inhibitor of Furin with physiologically
significant kinetic constants (Dahlen et al., 1998). It is not clear how P18 and Furin might
interact, though, since P18 does not have a typical N-terminal signal sequence directing it
to the secretory pathway and is instead localized to the nucleus of differentiated
squamous epithelial cells and monocytes, and to the cytoplasm of some neuroendocrine
cells as determined by immunohistochemistry of human tissue sections (Strik et al.,
2002). However, excellent evidence for endogenous Furin-PI8 interaction was

demonstrated in one cell type: upon stimulation of human platelets, both proteins are
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rapidly released and immediately begin to form an SDS-stable complex that coincides
with loss of Furin activity (Leblond et al., 2006). It will be interesting to see if a
molecular and functional interaction can be demonstrated in other cell types as well.

Another potential endogenous serpin was first described in Drosophila. The Spn4
gene encodes eight different serpin proteins, with four different RSL sequences (Bruning
et al., 2007; Kruger et al., 2002). The most interesting isoform with respect to PCs is
Spn4A, which has an optimal Furin recognition sequence in its RSL (-R-R-K-R-). It also
has an N-terminal signal sequence and a C-terminal ER retrieval motif, suggesting that it
is retained in the secretory pathway. In vitro, Spn4A is able to form SDS-stable
complexes with Drosophila PC2 and human Furin (Drosophila Furin was not tested), and
it is a very potent inhibitor of these PCs (Oley et al., 2004; Osterwalder et al., 2004;
Richer et al., 2004). Also, overexpression of Spn4A in flies resulted in a phenotype
resembling PC2 loss of function, suggesting that this could be a bona fide inhibitor.
However, the closest mammalian homolog, neuroserpin, does not have a Furin
recognition sequence in its RSL (-A-1-S-R-), so it is not clear if an analogous, PC-specific
serpin exists in vertebrates (Osterwalder et al., 2004). Spn4A is a very potent inhibitor,
though, and may be a useful experimental tool.
I1.A.4.c.ii. Engineered serpin variants

ou-antitrypsin (oa-AT) is a naturally occurring serpin that targets neutrophil
elastase. It functions as a major antielastase in the lower respiratory tract (Perlmutter and
Pierce, 1989). A naturally occurring mutation that converts the RSL sequence of human
a1-AT from -A-1-P-M**%- to -A-1-P-R*®- renders the serpin ineffective against elastase

and converts it to a potent inhibitor of thrombin. Patients with this o;-AT Pittsburg (ou;-
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PIT) mutation have a severe bleeding disorder. Anderson and colleagues took advantage
of this ability to alter target specificity and introduced another mutation that changes the
RSL of a1-PIT to a minimal PC recognition motif (-R-1-P-R*®-) (Anderson et al., 1993).
This variant, called o,-AT Portland (a1-PDX), is inactive against elastase and thrombin
but specifically inhibits Furin with a K; of 1.4 nM and a stoichiometry of inhibition (SI)
of 2 (Anderson et al., 1993; Jean et al., 1998). «,-PDX is able to inhibit cleavage of
known PC targets, such as F protein of measles virus and Pseudomonas exotoxin A
(PEA) (among others), when cells are cotransfected with o,;-PDX and F protein or treated
with exogenous a.;-PDX prior to addition of PEA (Jean et al., 1998; Watanabe et al.,
1995).

Although a;-PDX inhibits Furin most efficiently, it is also an effective inhibitor
of other PCs, especially PC6 (Jean et al., 1998). It is less effective against PC1 and PC2,
and ineffective against PC7. This is expected since PC7 requires a basic residue in the P,
position (van de Loo et al., 1997). It was also thought to be ineffective against PACE4,
but another group later showed that higher concentrations of a;-PDX can inhibit PACE4
effectively (Jean et al., 1998; Tsuji et al., 1999a; Tsuji et al., 2002). Since o;-PDX is
able to inhibit multiple PCs, several groups attempted to improve Furin inhibition or
increase differential specificity for other PCs by making additional mutations within the
RSL. Dufour and colleagues found that a variant with a P, arginine (-R-1-R-R-, a;;-EK1)
is slightly more effective against Furin than a;-PDX (Dufour et al., 2001). A similar
variant with a P; lysine (-R-1-K-R-, a;-EK4), though, is only effective at higher
concentrations because it is a better substrate (i.e. is cleaved by Furin) than an inhibitor

(SI'=13). Similarly, Tsuji and colleagues used the rat oi;-AT (RSL sequence -A-V-P-
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M?>*2.) as a starting point and introduced mutations corresponding to o;-PDX (-R-V-P-
R*2.) and a;-EK1 (-R-V-R-R*2-) as well as a novel mutation (-A-V-R-R**%-) (Tsuji et
al., 2002). As expected, the variant containing -R-V-P-R*2- in its RSL inhibited Furin,
PC6, and PACE4, while that containing -R-V-R-R*2 inhibited Furin and PACE4.
Surprisingly, the -R-V-R-R*Z% variant was not an effective inhibitor of PC6 (ICs; =
620nM). Also, the -A-V-R-R*?- variant was able to inhibit Furin and PC6, but it did not
inhibit PACE4; it was efficiently cleaved by PACE4 and did not form an SDS-stable
complex with this enzyme. Therefore, although some differences in inhibitory properties
have been identified in vitro and in cell culture, it is unknown how useful these
differences will be for inhibition of specific PCs in a whole organism where multiple PCs
are likely present in any given tissue.
I1.A.4.d. Engineered protein-based inhibitors

Proteins other than serpins have also been explored as backbones for potential PC
inhibitors, one of which — Eglin ¢ — is particularly promising both experimentally and
therapeutically. Eglin c is a polypeptide protease inhibitor from the leech Hirudo
medicinalis that efficiently inhibits subtilisins (Bae and Sturtevant, 1995; Seemuller et al.,
1981). Itis an excellent starting point for engineered protein-based inhibitors because it
is small (70 amino acids) and lacks disulfide bonds, yet is thermally stable (Tm ~86°C),
so that robust expression is possible. Komiyama and Fuller introduced a series of
substitutions in the eglin RSL (-G-S-P-V-T-L*-) and found that a protein in which the P,
and P4 residues are replaced with arginine (R4R1-eglin) is a stable and potent reversible
competitive inhibitor of Furin (Komiyama and Fuller, 2000). R4R;-eglin forms a

complex with Furin that is stable over a physiological pH range (~6.0 — 7.4) and has a
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half-life of approximately one hour. Substitution of the P, or Pg residues of this variant
with basic amino acids further enhanced the affinity of the protein for Furin, but the
interaction is temporary due to cleavage of the inhibitor. Because R4R;-eglin forms a
stable complex with Furin, it was hoped that this complex might be internalized to inhibit
intracellular as well as extracellular Furin-mediated processing. However, very high
concentrations (~1,000-fold greater than the K;) of exogenously applied eglin were
necessary to inhibit cleavage of intracellular PC targets, suggesting that it does not enter
cells efficiently (Komiyama et al., 2005).

In order to enhance the affinity of eglin variants for Furin and to potentially
generate variants with differential specificity for each PC via improved adventitious
contacts, Komiyama and collegues identified and generated random mutations at residues
that were likely to contact the bound enzyme (Komiyama et al., 2003). Of these,
substitutions at only four sites resulted in improved Furin affinity, the best of which was a
combination of D33V and Y49D (Val-33-Asp-49-R4R1-eglin). This variant was ~40-fold
more potent against Furin than PC7 while the Trp-49-R4R;-eglin was ~20-fold more
potent against PC7 than Furin. In additon, substitutions at the Pg position resulted in
cleavage by Furin, as previously observed, but not by PC7. This set of variants could
therefore be very useful for discriminating between the effects of these two related PCs
I1.A.4.e. Engineered peptide inhibitors

Peptide-based inhibitors have also been an active area of research. They are

relatively easy to synthesize and multiple peptides have proven to be potent inhibitors.
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I1.A.4.e.i. Polybasic peptides

The Lindberg lab performed a systematic screen of peptide combinatorial libraries
to identify optimal inhibitory small molecules for six of the mammalian PCs — PC1, PC2,
Furin, PACE4, PC6, and PC7 (Apletalina et al., 1998; Cameron et al., 2000a; Fugere et
al., 2007; Kacprzak et al., 2004). From a hexapeptide library, they found one peptide
(Ac-LLRVKR-NH,) that is a potent inhibitor of both PC1 and PC2 but is relatively
ineffective against Furin, suggesting that this molecule could be useful for discriminating
between these PCs (Apletalina et al., 1998). Further studies revealed that hexapeptides
with basic residues in all six positions preferentially inhibit Furin (Cameron et al.,
2000a). In addition, it was found that the dextrorotatory peptide Hexa-D-Arginine (D6R)
is as effective an inhibitor of Furin as the standard levorotatory version (L6R), but the
L6R peptide is cleaved and inactivated by Furin while D6R is not. Finally, Fugere et al.
screened a library of hexapeptides to measure their ability to inhibit PC6 and PC7 and
concluded that longer, poly-basic peptides with the D rather than the L conformation are
the best inhibitors of these PCs, as they are for Furin (Fugere et al., 2007). D6R is non-
toxic and can efficiently inhibit PC-mediated cleavage and activation of Pseudomonas
aeruginosa exotoxin A (PEA) and anthrax toxin protective antigen (PA) in cell culture
and in animal models (Sarac et al., 2002; Sarac et al., 2004). Thus, D6R has a high
therapeutic potential when blocking Furin, PC6, and PC7 is necessary or at least
tolerated.
I1.A.4.e.ii. Chloromethyl ketones

Peptidyl chloromethyl ketones (CMKSs) are peptides in which the C-terminal

residue has been modified with a CH,Cl group. The CMK reacts with serine proteases
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irreversibly by forming a covalent bond with the active site histidine and serine (see
Figure 1-11 for reaction scheme) (Basak, 2005). Garten et al. found that by changing the
sequence of the peptide to a dibasic motif (FAKR-CMK), they were able to inhibit
cleavage of influenza virus hemagglutinin (HA) in vitro and in cells, and that if they add
a hydrophobic moiety to the N-terminus — palmitic acid in this case (pal-FAKR-CMK) —
they were able to use a much lower concentration (100uM vs. 10mM) to achieve an
equivalent level of inhibition (Garten et al., 1989). The same group of researchers later
identified Furin as a potential protease responsible for cleaving fowl plague virus HA.
They created a modified peptidyl CMK that incorporated a Furin consensus cleavage site
and a decanoic acid (dec-REKR-CMK), and showed that it inhibited Furin much more
efficiently than dec-FAKR-CMK (Stieneke-Grober et al., 1992). They also showed that
it effectively inhibited cleavage of human immunodeficiency virus 1 envelope
glycoprotein-160 (HIV-1 gp160) and prevented gp160-mediated infectivity in cells
(Hallenberger et al., 1992). It was later shown that these tri-basic peptidyl CMKs
actually inhibit all of the PCs very efficiently (Denault et al., 1995; Fugere et al., 2002;
Jean etal., 1998). The lack of specificity, along with their short half-life and their
irreversible interaction with enzymes that are likely important for cell survival make them
unattractive therapeutic candidates (Garten et al., 1994). They are, however, very useful

for research purposes and are frequently used as a control PC inhibitor.
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Figure 1-11. Reaction scheme showing irreversible interaction of chloromethyl ketone
with the active site of a serine protease. (1) The active site serine OH attacks the CMK carbonyl
carbon, (2) the hemiketal oxyanion displaces chloride to give an epoxy ether intermediate, (3) the

active site histidine attacks the CMK methylene carbon , and (4) the hemiketal is regenerated.
Reprinted with permission (Kreutter et al., 1994).

In summary, multiple protein and peptide-based inhibitors are continually being
developed with the hope of finding a set of molecules that potently and selectively inhibit
each of the PCs, and that are non-toxic and therefore potentially suitable for therapeutic
purposes. Currently, the most frequently used inhibitors for experimental situations are
the pan-PC inhibitor dec-RVKR-CMK and the Furin/PC6 partially selective serpin o-

PDX.

11.B. Substrate specificity and proteolytic targets

PCs have been implicated in the proteolytic activation of a wide variety of targets
during development, adult tissue homeostasis, and disease (reviewed in Taylor et al.,
2003). Since most PCs recognize a common basic cleavage motif, substrate specificity is
likely to arise from multiple factors, including enzyme-substrate interactions outside of
the catalytic cleft, co-localization within (or outside of) a cell, and co-expression within a
tissue. These observations, combined with loss of function studies for each of the PCs,

have suggested potential targets that are important during development.
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11.B.1. Cleavage site specificity

The defining feature of PCs is that they selectively cleave their substrates
following a multibasic motif. Cleavage occurs at the sissile bond C-terminal to a basic
residue; that basic residue and those N-terminal to it are designated P, P, etc., while
those C-terminal to the cleavage site are designated P1’, P,’, etc. Furin has been shown
to cleave multiple substrates following an optimal consensus motif of -R-X-R/K-R-,
listed P4 to P1, where X is any amino acid except cysteine (Brennan and Nakayama,
1994; Krysan et al., 1999; Molloy et al., 1992; Rehemtulla and Kaufman, 1992). It can
also cleave following a minimal motif (-R-X-X-R-), and occasionally a Pg basic residue
in addition to a P, basic residue can substitute for the P, arginine (-R/K-X-X-X-R/K-R).
A crystal structure for Furin has been resolved and shows multiple acidic residues in the
active site cleft, explaining the preference for basic residues (Henrich et al., 2003).

PC1 and PC2 primarily cleave following a dibasic motif (-R/K-R-), while PC4
prefers sequences similar to Furin (-K-X-X-R-, -R-X-R/K-R-, or -R/K-X-R-X-X-R-)
(Basak et al., 2004; Benjannet et al., 1991). A comparative study of cleavage specificity
for multiple PCs confirmed these observations and showed that PACE4 and PC6 also
cleave following a minimal or optimal Furin consensus motif (-R-X-X/R/K-R-) (Remacle
et al., 2008). PC7, on the other hand, requires a P, basic residue (Munzer et al., 1997,
van de Loo et al., 1997). In addition to the P, arginine, PC7 prefers lysine over arginine
in the P, position, and prefers motifs containing an arginine in the Pg position (-R-X-X/R-
X-K-R) over those containing an arginine only in the P, position (-X-X-R-X-K-R).

Lysine is not well-tolerated in either the P4 or the Pg position.
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11.B.2. Subcellular/extracellular trafficking and localization

PCs are active in multiple compartments within the cell, as well as outside the cell
in some cases. Furin, for example, has been shown to localize primarily to the TGN, but
some protein is present in late endosomal/pre-lysosomal vesicles and at the cell surface
(Figure 1-12). Several groups have demonstrated that the cytoplasmic tail of Furin is
necessary and sufficient to determine this localization (Bosshart et al., 1994; Chapman
and Munro, 1994; Molloy et al., 1999; Molloy et al., 1994). It was subsequently
demonstrated that Furin is actively trafficking between the TGN and the plasma
membrane in a complex bi-cycling pattern involving tyrosine-based (Y XXL) and
leucine/isoleucine-based internalization motifs as well as an acidic cluster, which is
phosphorylated on two serines by casein kinase 11 (Jones et al., 1995; Molloy et al., 1999
and references therein; Molloy et al., 1998) (Figure 1-13). This motif binds to
Phosphofurin Acidic Cluster Sorting Protein 1 (PACS-1) as well as various other
interacting proteins (Crump et al., 2001; Liu et al., 1997; Scott et al., 2003; Wan et al.,
1998). In addition to the transient population of membrane-bound Furin available to
cleave extracellular substrates at the cell surface, a shed form of Furin, generated by
cleavage within the C-terminus of the luminal domain, has also been observed (Denault
et al., 2002; Plaimauer et al., 2001; Vey et al., 1994) (Figure 1-12).

PACE4 and PC6A are both secreted molecules that have been shown to associate
with heparin sulfate proteoglycans (HSPGSs) in the extracellular matrix via their cysteine
rich domains (CRDs) (Nour et al., 2005; Tsuji et al., 2003) (Figure 1-12). PC6A has also
been shown to sort to regulated secretory granules in some cells, while a membrane-

bound isoform (PC6B) has only been reported in the constitutive secretory pathway (De
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Bie et al., 1996). PC6B undergoes a similar trafficking pattern to that of Furin, except
that it cycles between a post-TGN compartment and the cell surface (Xiang et al., 2000)
(Figure 1-12). A membrane proximal acidic cluster directs TGN localization in a PACS-
1 dependent fashion while a second, PACS-1 independent, acidic cluster in the C-

terminus is responsible for the post-TGN localization (Figure 1-13). It is not known,

however, what proteins or trafficking systems are utilized to affect this latter localization.

A tyrosine-based internalization motif in the N-terminal portion of the cytoplasmic tail
was also shown to be important, and another potential tyrosine-based motif may
contribute to PC6B trafficking. Also, like Furin, PC6B is cleaved within the C-terminus

of the luminal domain to generate a shed form (De Bie et al., 1996) (Figure 1-12).

B paces Golgi
I PC6A
! PC6B TGN
! Furin
! PC7
Post-TGN
PM
Figure 1-12. Simplified representation depicting trafficking and localization of
candidate BMP4 PCs. PACE4 and PC6A are secreted and associate with the plasma membrane
(PM) via HSPGs. PC6B cycles between a post-TGN compartment and the PM, and Furin cycles
between the TGN and the PM; both can also be shed into the extracellular space. PC7 can be localized
to the TGN, a post-TGN compartment, or the cell surface. It is unknown if this PC cycles or if the
post-TGN compartment is the same as that in which PC6B is found. See text for details.
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PC7 is a type 1 transmembrane protein similar to Furin and PC6B, though it is not
cleaved to generate a shed form (Bruzzaniti et al., 1996; Constam et al., 1996). Like
Furin, PC7 is predominantly localized to the TGN, although antibody uptake experiments
show that it can traffic to the plasma membrane and be internalized, and subcellular
fractionation suggests that a significant proportion of PC7 is found in post-TGN vesicles
(Jean et al., 2000; van de Loo et al., 1997; Wouters et al., 1998) (Figure 1-12). The
cytoplasmic tail of PC7 lacks conserved leucine/isoleucine- or tyrosine-based
internalization motifs (Figure 1-13). Also, it is not phosphorylated and lacks the acidic
cluster found in Furin’s cytoplasmic tail that mediates TGN retrieval in a phosphorylation
dependent fashion, suggesting that PC7 uses an alternate, PACS1-independent
mechanism for TGN localization (van de Loo et al., 1997).

One possible mechanism controlling PC7 trafficking involves the palmitoylation
motif that is found only in the cytoplasmic tail of this PC family member (Figure 1-13)
(van de Loo et al., 1997; van de Loo et al., 2000). Palmitate is a fatty acid that can be
linked to cysteine residues via a reversible thioester linkage, and it has been implicated in
controlling localization and stability of various proteins (reviewed in Linder and
Deschenes, 2007). Van de Loo et al identified the two N-terminal cysteines in the
cytoplasmic tail of PC7 as sites of palmitoylation and showed that the moiety is added in
a late compartment of the exocytic pathway, likely in the TGN. When palmitoylation
was disrupted, PC7 still localized primarily to the TGN, but the protein had a reduced
half life (van de Loo et al., 2000). More recently, McCormick et al showed that
palmitoylation is essential for sorting and trafficking of the lysosomal receptors cationic-

independent mannose 6-phosphate (CI-MPR) and sortilin (McCormick et al., 2008).
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Without palmitoylation, these proteins cannot interact with the retromer complex that is

responsible for their retrograde transport from late endosomes to the Golgi, and they are

therefore degraded in the lysosome. It is possible that an analogous mechanism is

involved in PC7 trafficking, which would explain the reduced half-life and the lack of

gross mislocalization observed upon disruption of palmitoylaton.
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Figure 1-13. Sequence aligments of Furin, PC6B, and PC7 cytoplasmic tails indicating
sorting motifs. Experimentally validated YXXL internalization motifs are highlighted in yellow. A
potential YXXL motif within an acidic cluster (AC) of PC6B is underlined. Experimentally validated
leucine/isoleucine internalization motifs are highlighted in green. PACS-1 interacting ACs are
highlighted in blue (phosphorylated serines in Furin AC are italicised), and the PACS-1 independent
AC2 of PC6B is highlighted in teal. The palmitoylated cysteines in the PC7 cytoplasmic tail are
highlighted in pink. Sequences are from human, rat, mouse, and Xenopus genbank accession numbers:
hFurin NP_002560, rFurin NP_062204, mFurin NP_035176, xFurin translated from NM_001088801,
rPC6B XP_001078022, mPC6B XP_129214, xPC6B AAW83025, hPC7 translated from NM_004716,
rPC7 translated from NM_019246, mPC7 translated from NM_008794, xPC7 NP_001090019.




11.B.3. Tissue localization

PC1 and PC2 are active within the regulated secretory pathway of neuroendocrine
tissues, while PC4 is active within the constitutive secretory pathway specifically within
reproductive tissues (Seidah et al., 1992; Seidah et al., 1990; Seidah et al., 1991). For
this reason, and because their preferred cleavage site sequences do not include the -R-X-
X-R- motif found at the S2 site of BMP4, these three PCs are not likely candidates for
BMP4 processing enzymes and will not be discussed further.

Furin is a strong candidate for an endogenous BMP4 convertase; its transcripts are
broadly expressed throughout development. In mice, the earliest expression is detected
during implantation (E4.5) in the primitive endoderm (Mesnard et al., 2006). By E5.5,
expression is restricted to extraembryonic visceral endoderm and ectoderm. At E7.5,
Furin is primarily seen in extraembryonic tissues — including extraembryonic ectoderm,
anterior visceral endoderm, and allantois — and in the proximal region of the embryo
(Roebroek et al., 1998). Transcripts are also detected in the precardiac mesoderm, the
anterior intestinal portal (AlIP), the ventral notochordal plate, and the node (Roebroek et
al., 1998). At E8.5, strong expression persists in the allantois, the visceral yolk sac, the
primitive heart, and the AIP (from where ventral closure proceeds caudally; Roebroek et
al., 1998). Posteriorly, Furin is detected in the hindgut and the caudal intestinal portal
(CIP). Expression patterns in Xenopus will be described in Chapter 2.

Like Furin, Pace4 is broadly expressed and is first detected in mice at E4.5, but
Pace4 is expressed specifically in the trophectoderm lineage (Mesnard et al., 2006). At
E6.5, transcripts are detected in extraembryonic ectoderm, at E8.0 in the chorion, and by

E8.5 in the definitive endoderm of the foregut and in the splanchnic mesoderm (Constam
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and Robertson, 2000a). Pace4 is broadly expressed in Xenopus as well (Birsoy et al.,
2005). mRNA is present in the oocyte — localized to the vegetal hemisphere — and
persists in endoderm precursors during gastrulation. At tadpole stages, transcripts are
specifically detectable in the olfactory bulb, the brain, and the notochord.

Pc6 expression in mice begins later than that of Furin and PACE4, with
transcripts first detected at E6.5 in the trophoblast (Essalmani et al., 2006; Rancourt and
Rancourt, 1997). At E8.5, transcripts are detected in the most posterior somites, a
staining pattern that moves caudally with the developing embryo. At E9.5, Pc6 is also
seen in the lung bud; and by E10.5 and beyond, transcripts are detectable in multiple
tissues, including the first branchial arch, pancreatic primordium, nasal pits, intestine,
adrenal primordium, heart, and in developing vertebral, limb, and craniofacial skeleton.
In addition, the two main isoforms of Pc6 — Pc6A and Pc6B — have been shown to be
differentially expressed in adult mice (Essalmani et al., 2006). Pc6A is the predominant
isoform in most tissues and is broadly, if not ubiquitously, expressed with highest levels
in the adrenal gland. Pc6B is less abundant overall and is primarily detected in kidney,
liver, and intestines. Additional splice isoforms were found in Xenopus, and their
expression will be described in Chapter 2.

In some tissues, expression of Pace4 and Pc6 appears complementary. For
example, Pace4 is found in the intestinal villus mesenchyme while Pc6 is in the villus
epithelium (Constam et al., 1996). Some regions of Pace4 and Pc6 expression overlap
with those of Bmp2, 4, and 7, consistent with the possibility that they activate these

TGFp family growth factors.
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Pc7 appears to be ubiquitously expressed throughout development. In mice, it is
present in embryonic stem cells as well as in post-implantation stage embryos and whole
animals from E7.5-E16.5 (Constam et al., 1996). In addition, Pc7 was found to be
broadly expressed in multiple adult tissues from human, mouse, and rat, including heart,
testis, and intestine (Bruzzaniti et al., 1996; Meerabux et al., 1996; Seidah et al., 1996).
Pc7 expression in Xenopus will be described in Chapter 3.

11.B.4 . Potential targets

Hundreds of targets for PC cleavage have been proposed from in silico, in vitro,
and ex vivo studies. Experiments in vitro and using cotransfection in cell culture have
demonstrated numerous potential endogenous as well as pathogenic targets, but definition
of bona fide enzyme-substrate pairs is still not straightforward since the physiological
relevance of these overexpression results is questionable (Seidah and Chretien, 1999).
PC loss of function experiments have also been performed to attempt to identify
important endogenous targets during development (reviewed in Scamuffa et al., 2006).
Though phenotypic analyses of PC knockout mice are complicated by the loss of
activation of multiple targets and partial compensation by other PCs, these in vivo studies
have provided valuable insight into potential substrates for each PC.

The Furin knockout mouse, for example, displays a subset of defects that are also
observed in Bmp4 mutants, such as failed chorioallantoic fusion, as well as additional
unique phenotypes (Goldman et al., 2006; Roebroek et al., 1998; Winnier et al., 1995).
Furin null mice die at approximately E10.5 due to severe ventral body wall closure
defects, failure of the heart tube to fuse or loop, and failure to complete axial rotation.

Bmp4 null mice die earlier, about E7.5, and lack posterior mesoderm.
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The Furin homologues in Drosophila — Dfurl and Dfur2 — have also been
knocked down (Kunnapuu et al., 2009). RNA. directed toward each transcript
individually and together in S2 cells resulted in reduced DPP processing at both sites,
suggesting that both enzymes are important for DPP activation and both are capable of
cleaving minimal and optimal consensus motifs.

The Pace4 loss of function phenotype is less severe than that of Furin (Constam
and Robertson, 2000a). Approximately 25% of homozygous null animals die before
birth, likely due to severe heart malformations. A subset of those that survive display
mild situs abnormalities (lungs, visceral organs, heart, and during embryonic turning)
and/or craniofacial malformations, including cyclopia. These phenotypes were proposed
to be due, at least in part, to loss of Nodal function since mice heterozygous for one null
allele and one hypomorphic allele of Nodal are able to complete gastrulation but display
defects in left-right asymmetry and anterior patterning similar to those observed in Pace4
null embryos (Lowe et al., 2001). Furthermore, removal of one allele of Nodal in Pace4
mutants enhances the penetrance and severity of phenotypic defects, consistent with a
role for PACE4 in proteolytic activation of this precursor protein (Constam and
Robertson, 2000a). The Nodal knockout mouse, however, shows more severe defects
than do Pace4 mutants, arresting during gastrulation without forming mesoderm (Conlon
etal., 1991; Conlon et al., 1994). Thus, it is probable that a second PC functions
redundantly with PACE4 to cleave Nodal.

Pace4 has also been knocked-down in Xenopus, and the resulting phenotypes
include delayed gastrulation, loss of mesoderm and anterior patterning defects (Birsoy et

al., 2005), all of which are also seen when Xenopus Nodal function is impaired (Osada
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and Wright, 1999). In addition, cleavage of several TGF3 family members is disrupted

in PACE4 depleted embryos. Specifically, mMRNA encoding potential cleavage substrates
was injected into embryos in which maternal Pace4 had been knocked down using
antisense oligonucleotides. Cleavage of the substrates was then evaluated by Western
blot, and the results showed that Xenopus Nodal related 1 (Xnrl), Xnr2, Xnr3, and Vgl
are cleaved less efficiently in the absence of PACE4 while Xnr5, ActivinB, and Derriere
are cleaved normally.

A role for both Furin and PACE4 in cleaving Nodal is strongly supported by
analysis of mice mutant for both enzymes. Pace4 and Furin double mutants phenocopy
Nodal mutants in that they lack mesoderm and fail to express Nodal target genes (Beck et
al., 2002; Conlon et al., 1991; Conlon et al., 1994). Furthermore, whereas PCs secreted
from wild type ES cells can cleave recombinant Nodal precursor protein, those secreted
from Furin and Pace4 mutant ES cells cannot.

Several mutant alleles of Pc6 have been generated, including ubiquitous deletion
of exon 4, which encodes a portion of the catalytic domain, or of the proximal promoter
and exon 1, embryo-specific deletion of the same region, and a point mutation within the
P-domain that results in ER retention (Essalmani et al., 2006; Essalmani et al., 2008;
Szumska et al., 2008). Whereas mice homozygous for the exon 4 deletion were reported
to die between E4 and E7.5, subsequent analysis of null alleles revealed that mutants
survive at least until E18.5 but die pre- or postnatally. Detailed analysis of embryos
revealed a pleiotropic phenotype, including axial skeletal, limb, and cardiac
malformations, renal and palatal agenesis, pulmonary hypoplasia, and ventral body wall

closure defects. A subset of these phenotypes are also observed in mice lacking GDF11,
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another member of the TGFf family (Esquela and Lee, 2003; McPherron et al., 1999).
They possess additional thoracic and lumbar vertebrae, as well as additional ribs attached
to the sternum, but they have few to no sacral and caudal vertebrae. Also, the palate and
kidneys fail to form. These phenotypic observations, as well as expression studies
showing that Gdf11 and Pc6 are often expressed in the same or adjacent tissues and
cleavage experiments demonstrating that PC6 is capable of cleaving GDF11 in vitro and
in cells, suggest that at least a subset of the defects resulting from PC6 loss of function
are due to lack of GDF11 cleavage and activation (Constam et al., 1996; Essalmani et al.,
2006; Essalmani et al., 2008; McPherron et al., 1999; Nakashima et al., 1999; Szumska et
al., 2008). Other phenotypes, though, are not explained by loss of GDF11. Specifically,
abdominal hernias and incomplete fusion of the sternum were observed, indicative of a
defect in ventral body wall closure. Also, several cardiac abnormalities were seen,
including atrioventricular septal defects and common arterial trunk (Szumska et al.,
2008). These phenotypes are also observed in mice deficient for Bmp4 (Goldman et al.,
2009; Goldman et al., 2006; Jiao et al., 2003; Liu et al., 2004). In addition, like Gdf11,
Bmp4 is often expressed in the same or adjacent tissues as Pc6, and PC6 is able to cleave
BMP4 in vitro (Constam et al., 1996; Cui et al., 1998; Essalmani et al., 2006; Johansson
and Wiles, 1995; Jones et al., 1991; Winnier et al., 1995). Together, these data suggest
that the cardiac and ventral body wall defects resulting from PC6 loss of function could
be due to lack of BMP4 cleavage and activation, and that PC6 is therefore necessary to
cleave BMP4 in these tissues.

Furin and PC6 have not been specifically knocked down in Xenopus, but

overexpression of the Furin and PC6 selective inhibitor, a;-PDX, in the ventral marginal
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zone of 4-cell embryos results in conversion of cells fated to form ventral derivatives
such as blood and mesenchyme to more dorsal fates, i.e. muscle (Cui et al., 1998). Also,
a1-PDX expression induces neural markers in ectodermal explants. These phenotypes
are identical to those seen when BMP4 signaling is blocked, and they can be reversed by
co-expression of BMP4 downstream signaling molecules.

Mice lacking Pc7 are reported to develop normally, suggesting that this enzyme
does not function as the sole convertase to cleave essential precursors (Taylor et al.,

2003). PC7 loss of function analyses have not been performed in Xenopus.

I11. Thesis Overview

The work presented herein aims to test the hypothesis that a site-specific PC
cleaves BMP4 as a mechanism to regulate its signaling range and activity, which is
thought to differ depending on the tissue in which it is expressed. We have proposed
three potential models for how tissue-specific cleavage of the S2 site could be achieved,
which are summarized below and illustrated in Figure 1-14. The first two models rely
critically on the observation that the S1 site of BMP4 is cleaved in a neutral environment,
while the S2 site is cleaved under more acidic conditions, thereby suggesting that the S1
site of BMP4 is cleaved in the TGN whereas cleavage at the S2 site can only occur in a
more acidic, post-TGN compartment (Degnin et al., 2004). Secreted proteins can traffic
to the cell surface from the TGN either directly or via endocytic intermediaries (reviewed
in Rodriguez-Boulan et al., 2005), and the first model proposes that S2 cleavage is
regulated by subcellular trafficking machinery. Specifically, in a subset of cells, BMP4 is

proposed to traffic from the TGN to the cell surface via endocytic vesicles, such that both



sites are cleaved, while in other cells, BMP4 is proposed to traffic via a pathway that
bypasses the acidic compartment, such that only the S1 site is cleaved (Figure 1-14A).
Notably, in this model, tissue specific cleavage of the S2 site is not determined by the
identity of the enzymes that cleave the S1 and/or S2 sites and thus my studies do not test
this model.

The second model proposes that selective cleavage of the S2 site is mediated by
tissue-specific expression of a convertase that resides in the more acidic post-TGN
compartment in which the S2, but not the S1, site is cleaved (Figure 1-14B).
Specifically, since Furin is broadly expressed and localizes primarily to the TGN while
PC6B is concentrated in a post-TGN compartment, it is possible that Furin and PC6B
cleave the S1 and S2 sites of BMP4, respectively (Thomas, 2002 and references therein;
Xiang et al., 2000). Thus, BMP4 would be cleaved at both sites in all tissues except
those that lack PC6B.

The third model proposes that an S1-site specific protease exists, and that BMP4
will be cleaved at the S1 site alone in any tissue where this protease is the sole active PC.
Notably, whereas Furin, PACE4 and PC6 can all cleave both the optimal motif (-R-X-
R/K-R-) at the S1 site and the minimal motif (-R-X-X-R-) at the S2 site of BMP4 in vitro,
PC7, which requires a basic residue at the P, position, can cleave only the optimal motif
(-R-X-R/K-R-) at the S1 site (Cui et al., 1998; van de Loo et al., 1997). Thus, in this
model BMP4 would be constitutively cleaved at the S1 site by PC7, and would be
cleaved at both the S1 and S2 sites in tissues that also express an enzyme capable of

cleaving the minimal sequence (Figure 1-14C).
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We began exploring the question of tissue-specific S2 cleavage by first cloning

and characterizing PCs in Xenopus, then identifying those PCs that cleave BMP4 in vivo

and determining which, if any, act as an S2-specific enzyme. The results of these studies

are described in the following two chapters.
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SUMMARY

Proprotein convertases (PCs) are a family of serine endoproteases that proteolytically
activate many precursor proteins within various secretory pathway compartments. Loss
of function studies have demonstrated a critical role for these proteases in embryonic
patterning and adult homeostasis, yet little is known about how substrate selectivity is
achieved. We have identified Xenopus orthologs of three PCs: Furin, Pc6 and Pc4. In
addition to previously described isoforms of Pc6 and Furin, four novel splice isoforms of
Pc6, that are predicted to encode constitutively secreted proteases, and a putative
transmembrane isoform of PC4 were identified. Furin and Pc6 are expressed in
dynamic, tissue-specific patterns throughout embryogenesis while Pc4 transcripts are

restricted primarily to germ cells and brain in adult frogs.

INTRODUCTION

Proprotein convertases (PCs), also known as subtilisin-like proprotein convertases
(SPCs), are a family of calcium-dependent serine proteases with catalytic domains that
are similar to that of bacterial subtilisin. They are responsible for proteolytic activation
of a wide variety of precursor proteins, including hormone and neuropeptide precursors,
growth factors, receptors, adhesion molecules, proteases, bacterial toxins, and viral
surface glycoproteins (Taylor et al., 2003; Thomas, 2002).

PCs have been highly conserved throughout evolution, with seven known family
members in mammals including Furin (also known as SPC1), PC2 (also known as SPC2),
PC1 (also known as PC3 or SPC3), PACE4 (also known as SPC4), PC4 (also known as

SPC5), PC6 (also known as PC5 or SPC6), and PC7 (also known as LPC, PC8 or SPC7).
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PCs share a common domain structure consisting of a prodomain followed by a catalytic
domain, a P domain and one or more carboxy (C)-terminal domains (Taylor et al., 2003;
Thomas, 2002). The prodomain is required for proper folding and maintains the
precursor in an inactive state until it is autocatalytically removed once the zymogen has
reached the proper subcellular compartment (Anderson et al., 2002). The catalytic
domain contains a canonical D, H, S catalytic triad at the active site and a negatively
charged substrate binding pocket which contributes to substrate selectivity. Cleavage of
substrates occurs following a dibasic (-R/K-R-) or multibasic (-R-X-X-R-; where X is
any amino acid) motif. The P domain appears to structurally stabilize the catalytic
domain and contribute to substrate specificity (Lipkind et al., 1998; Zhou et al., 1998).
The C-terminal domains are the most divergent among PCs and are dispensible for
catalytic activity. Furin, PACE4, and PC6 all contain a cysteine-rich (Cys-rich) domain
consisting of a variable number of repeated motifs, each ~50 amino acids in length and
containing a well conserved Cys topography (Roebroek et al., 1992). The function of this
domain is unknown. Furin, PC6B (a splice isoform of PC6) and PC7 contain a
transmembrane domain and a cytoplasmic tail that directs trafficking between different
subcellular compartments. The remaining PC family members are secreted, either via the
constitutive (PACE4) or the regulated (PC1, PC2, PC4 and PC6A) pathway.

Three members of the PC family are expressed exclusively in neuroendocrine
tissues (Pcl and Pc2) or are restricted to reproductive organs (Pc4). The remaining PCs
are broadly expressed in mammalian embryos and adults (Taylor et al., 2003). Furin,
Pace4 and Pc6 are co-expressed in many tissues and all recognize an identical consensus

motif in vitro (-R-X-X-R-), yet loss of function studies suggest that individual family
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members selectively cleave only a subset of substrates that contain this motif in vivo
(Beck et al., 2002; Birsoy et al., 2005). It is likely that colocalization of a PC and its
substrate at the tissue and/or subcellular level contributes to substrate selectivity.
Analyses of mice mutant for Furin and/or Pace4 have been invaluable in defining
developmental roles of these enzymes (Beck et al., 2002; Constam and Robertson, 2000a;
Constam and Robertson, 2000b; Roebroek et al., 1998; Taylor et al., 2003). These
studies have provided only limited information on substrate specificity, however, due to
the complexity of phenotypes, early lethality and difficulty detecting endogenous
candidate substrates at the protein level. We have chosen to explore expression patterns
of PCs in Xenopus laevis because of the power of this organism as a model system. The
large size of Xenopus eggs and embryos, coupled with rapid, external development
enable a multitude of studies that complement and extend those that are possible in mice.
The temporal and spatial pattern of expression of Xenopus Pace4 has recently been
published (Birsoy et al., 2005). In the current studies, we report structural characteristics

and developmental patterns of expression of Xenopus orthologs of Furin, Pc6 and PC4.

RESULTS AND DISCUSSION
Xenopus Furin is dynamically expressed throughout development

A cDNA encoding Xenopus Furin (xFurin) was identified in the NCBI expressed
sequence tag (EST) database (EST BG233070) and the coding region was sequenced. A
partial length version of this same cDNA (designated xFurinB) as well as a closely
related cDNA (xFurinA) have previously been reported (Korner et al., 1991). These two

cDNAs most likely represent duplicate copies of a single gene as they encode proteins
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that are >95% identitical at the amino acid level. Xenopus and mouse Furin (mFurin)
share 70% amino acid identity overall with the greatest degree of conservation in the
catalytic domain (Fig. 2-1A). Both proteins contain a predicted transmembrane domain
and a poorly conserved, short cytoplasmic tail. Despite the low overall amino acid
identity within this domain, the sequence motifs that direct intracellular trafficking of
Furin are conserved across species. These motifs include di-leucine like and tyrosine
based internalization signals (Fig. 2-1B, green) and an acidic cluster motif (yellow)
containing two phosphorylatable serines (black dots) that direct trafficking between the

trans-Golgi network (TGN) and cell surface (Molloy et al., 1999).

TABLE 2-1. Amino Acid Identity Between Xenopus and Mouse PC Family Members

mFurin

xFurin 70

mPC4 55 52

xPC4 50 49 58

mPACE4A 44 45 46 43

xPACE4A 44 44 44 41 70

mPC6A 44 45 46 42 56 57

xPC6A 44 45 46 43 57 57 5

mPCT7 33 33 34 30 34 33 34 34

mFurin xFurin mPC4 xPC4 mPACE4A xPACE4A mPC6A xPC6A

Northern blot analysis was used to examine the temporal profile of expression of
Furin in developing Xenopus embryos. Consistent with previous reports (Korner et al.,
1991), Furin is maternally expressed, with transcripts of ~6 kb and 3 kb being detected in
oocytes (Fig. 2-1C). The larger transcript persists at fairly uniform levels throughout
embryogenesis while the smaller transcript becomes barely detectable during neurula
stages (st. 15-23) but then reappears by the tadpole stage (st. 41). Based on the size of
existing cDNAs, the 6 kb transcript encodes the membrane bound Furin isoform that we
report here. The size of the smaller transcript is sufficient to encode an identical protein

with a shorter 3’ untranslated region, although it could also represent a splice isoform that
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encodes a structurally different protein. Distinct isoforms of Furin have not been
reported in mammals with the exception of C-terminally truncated proteins that arise as
the result of defective splicing in mutant cell lines (Spence et al., 1995).

Spatial patterns of expression of Furin were examined by hybridizing
digoxygenin-labeled antisense riboprobes to developmentally staged Xenopus embryos.
XFurin transcripts are ubiquitously expressed throughout gastrulation (data not shown and
(Cui et al., 1998) but become restricted primarily to non-neural ectoderm and somitic
mesoderm by stage 15 (Figure 2-1D). xFurin is also expressed at lower levels in lateral
plate and ventral mesoderm and throughout the endoderm at stage 15 but is excluded
from the most dorsal mesodermal (prospective notochord) and ectodermal (neural) tissues
(Fig. 1D, lower right panel). In tailbud stage embryos (Fig. 2-1E-F), xFurin transcripts
are localized to dorsal regions of the eye, the otic vesicle, pharyngeal arches, pronephric
duct and mesenchymal cells of the dorsal fin. This pattern of expression is apparent by

stage 26 and persists throughout the tailbud and into the early tadpole (st. 36) stages.
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Figure 2-1. Analysis of temporal and spatial patterns of expression of XxFurin in
developing Xenopus embryos. A: Schematic illustration of domain structure and amino acid
identity shared by Xenopus and mouse Furin. B: Sequence alignment of the cytoplasmic tail
domain of Xenopus and mouse Furin showing conservation of internalization signals (green
shading), acidic clusters (yellow shading) and phosphorylated serines (black dots) that direct
subcellular trafficking. C-F: Analysis of xFurin expression by Northern blot analysis (C) or
whole mount in situ hybridization (D-F). (D) Dorsal (dor), lateral (lat), anterior (ant) and
midsagittal (lower right) views of neurula stage (st. 18) embryos are shown. sm; somatic
mesoderm, Ip; lateral plate mesoderm, vm; ventral mesoderm. (E-F) Lateral views of tailbud
stage (st. 28-32) embryos. The embryo shown in F has been cleared. pn, pronephric duct; ov,
otic vesicle; m, fin mesenchyme; pa, pharyngeal arches; e, eye.
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Xenopus embryos express multiple isoforms of Pc6

The primary Pc6 transcript undergoes tissue-specific alternative splicing to
generate multiple PC6 isoforms (Nakagawa et al., 1993b; Nie et al., 2003), two of which
have been characterized. Pc6A encodes a soluble protein that enters the regulated
secretory pathway (De Bie et al., 1995) whereas Pc6B encodes a C-terminally extended
and membrane bound protein which traffics between the cell surface and a post-TGN
compartment (Xiang et al., 2000). An ~6 kb cDNA encoding the Xenopus ortholog of
Pc6A was identified in the NCBI EST database (EST BG022872) and the coding region
was sequenced. Xenopus PC6A (XPC6A) and mouse PC6A (mPC6A) share greater than
80% amino acid identity across all domains with the exception of the Cys-rich region
(Fig. 2-2A). Although this domain is less well conserved overall, the number and relative
position of all cysteine residues is identical between the two proteins. The C-terminal
PC6A-specific residues, which are required for sorting into the regulated secretory
pathway (De Bie et al., 1995), are highly conserved between mouse and Xenopus.

Primers complementary to sequence encoding a portion of the Cys-rich region of
PC6A which is shared between the A and B isoforms were used to amplify an xPc6B
cDNA by 3’ Rapid Amplification of cDNA Ends (RACE) (Fig. 2-2B). xPC6B has an
extended Cys-rich domain that shares less than 50% identity with that of mPC6B, yet the
number and relative position of each cysteine residue within this domain is absolutely
conserved. xPC6B also contains a predicted transmembrane spanning region and a short
cytoplasmic tail. Within the cytoplasmic domain, the tyrosine based internalization motif

(Fig. 2-2C, green shading) and the two acidic clusters (yellow shading) that direct
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subcellular localization to Golgi and post-Golgi compartments (Xiang et al., 2000) are
conserved between mouse and Xenopus PC6B.

Four additional RACE products were identified that encode C-terminally
truncated isoforms of PC6B, designated PC6C-F (Fig. 2-2B). Each of these clones
terminates with a stop codon and includes unique 3’ untranslated sequence. Furthermore,
each clone was amplified in a minimum of two independent RACE reactions using
different cDNA pools suggesting that they are bona fide transcripts. The cDNAs encode
proteins that differ from each other primarily in the number of Cys-rich repeats that they
contain, although PC6C, E, and F also contain a short stretch of unique sequence at the
C-terminus. The transmembrane domain is absent in PC6C-F, suggesting that these

isoforms are constitutively secreted.
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Figure 2-2. Comparison of Xenopus and mouse PC6 isoforms. A,B: Schematic illustration of
domain structure and amino acid identity shared by Xenopus and mouse PC6A, PC6B and four novel
PC6 isoforms (xPC6C-F) that were identified in the current studies. Arrowheads indicate the point of
divergence between xPC6A and other isoforms. C: Sequence alignment of the cytoplasmic tail domain
of Xenopus and mouse PC6B showing conservation of internalization signals (green shading) and
acidic clusters (yellow shading) that direct subcellular trafficking.

Pc6 is widely expressed throughout development

The temporal pattern of expression of Pc6 was analyzed in Xenopus embryos by
Northern blot and ribonuclease protection assays. In initial studies, duplicate blots of
developmentally staged RNA were hybridized with a full length Pc6A riboprobe (Fig. 2-
3A), which recognizes transcripts encoding all of the PC6 isoforms that we have

identified, or with a probe corresponding to the 3’ end of Pc6F (Fig. 2-3B), which cross
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reacts with transcripts encoding PC6B-F, but not PC6A. Consistent with what has been
observed in mouse (Nakagawa et al., 1993b; Nie et al., 2003), the pan-PC6 probe
recognized multiple transcripts ranging in size from approximately 3.5 kb to 10 kb (Fig.
2-3A). By contrast, the probe specific for Pc6B-F detected only the 8 and 10 kb
transcripts (Fig. 2-3B). The 8 kb transcript is maternally expressed at low levels, is
barely detectable during neurula through tailbud stages (st. 18-24), and is upregulated by
the tadpole stage (st. 41), while the 10 kb transcript is zygotically expressed and is
maintained at low levels throughout embryogenesis. Based on this analysis, and
consistent with the size of existing cDNAs, the dominant 6 kb transcript encodes PC6A
whereas the 8 and 10 kb transcripts encode one or more of the carboxy-terminally
extended isoforms. The 3.5 kb transcript may encode a unique PC6 isoform that has not
yet been characterized at the molecular level, or it may represent a form of PC6A with a
shorter 3" untranslated region, as is observed in mouse (Nakagawa et al., 1993b; Nie et
al., 2003).

To further characterize the developmental pattern of expression of different PC6
isoforms, RPAs were conducted using probes that are specific for xPc6A or for xPc6B, C
and D (illustrated in Fig. 2-3C), together with a probe that recognizes the Xenopus
fibroblast growth factor receptor (FGFR) as a loading control. Consistent with the
results of Northern blot analysis, XPc6A is expressed at fairly uniform levels in oocytes
and throughout embryonic development (Fig. 2-3D). By contrast, xPc6B, C and/or D are
barely detectable in oocytes and early embryos but are abundantly expressed by the

tadpole stage (stage 41) (Fig. 2-3E).
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Figure 2-3. Distinct temporal patterns of expression of PC6 isoforms during Xenopus
embryogenesis. A,B: Northern blots of developmentally staged RNA hybridized with a
probe that recognizes all xPC6 isoforms (A) or with a probe specific for xPC6B-F (B).
Approximate size of transcripts is indicated to the left of each blot. C-E: Ribonuclease
protection analysis of expression of xPC6A (D) and xPC6B-D (E) using probes illustrated
schematically in panel C. Numbers correspond to amino acids encoded by the DNA fragment
that was transcribed to generate each probe, sequence that is unique to PC6A or PC6B is
indicated by black or light gray shading, respectively. FGFR serves as a loading control.
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The spatial localization of xPc6 transcripts was examined by in situ hybridization
using either a probe that recognizes all xPc6 isoforms (Fig. 2-4A-F) or that detects only
xPc6B-D (Fig. 2-4G, H). xPc6 transcripts are ubiquitously distributed up until the end of
gastrulation (data not shown) but become enriched in prospective neural tissue shortly
thereafter (Fig. 2-4A, B and data not shown). By stage 18, xPc6 transcripts are most
abundant in the neural folds, neural crest and prospective eyes (Fig. 2-4A, B). During
tailbud stages (st 26-32, Fig. 2-4C-E), xPc6 is expressed in the eye, otic vesicle,
pronephric duct, notochord and pharyngeal arches. Transcripts are also detected in
specific regions of the brain (Fig. 2-4D-E, arrowheads), the nasal placode, lateral line and
in scattered mesenchymal cells located on the surface of the embryo immediately
posterior and ventral to the pharyngeal arches (Fig. 2-4C,E, open arrowheads). At the
tadpole stage (Fig. 2-4F), xPc6 is most abundantly expressed in the otic vesicle, lateral
line, kidney (not shown) and gill slits. Transcripts encoding C-terminally extended
isoforms of xPc6 (xPc6B-D) were first detected at the tailbud stage and were restricted to
the otic vesicle, the kidney and a subset of lateral line cells (Fig. 2-4G, H). This signal
was considerably weaker than that detected with the pan-PC6 probe, suggesting that most
of the staining shown in panels A-F represents expression of XPc6A. This is consistent
with the results shown in Fig. 2-3 and with studies in mice showing that mPc6A is

expressed at much higher levels than is mPc6B (Nakagawa et al., 1993b).
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Figure 2-4. Spatial distribution of PC6
transcripts during Xenopus embryo-
genesis.

A-H: In situ hybridization of probes
specific for all xPC6 isoforms (A-F) or for
XxPC6B-D (G, H) to whole Xenopus
embryos. Dorsal (A) and dorsoanterior (B)
views of neurula (st. 18) stage embryos or
lateral views of tailbud (st. 28-30; C-E, G)
and tadpole (st. 36; F and H) stage embryos
are shown. The embryo shown in D was
cleared to visualize internal structures. nf,
neural fold; e, eye; pd, pronephric duct; ov,
otic vesicle; pa, pharyngeal arches; nc,
notochord; n, nasal placode; Il, lateral line;
gs, gill slits; k, kidney. Arrowheads denote
staining of specific stripes of cells in the
brain, open arrowheads indicate staining of
mesenchymal cells posterior to the
pharyngeal arches.

Xenopus PC4 encodes a membrane bound protein expressed primarily in germ cells.
A cDNA encoding an apparent Xenopus ortholog of PC4 (xPC4) was obtained
using a combination of polymerase chain reaction (PCR) and library screening (see
methods). The degree of homology between Xenopus and mouse PC4 (58% amino acid
identity) is significantly lower than that observed for Xenopus and mammalian orthologs
of other PCs (70-75% amino acid identity; Table 2-1). Furthermore, the domain structure

of XxPC4 differs from that of any murine PC4 (mPC4) isoforms described to date (Fig. 2-
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5A). A human PC (hPC; accession no. AAQ89322) that shares a domain organization
identical to that of xPC4 was recently identified in a screen for novel secreted or
transmembrane proteins (Clark et al., 2003). This protein appears to be an isoform of
PC4 based on overall sequence identity with mPC4 within the prodomain, catalytic
domain, and P domain (Fig. 2-5A). In addition to these domains, XxPC4 and hPC4 contain
an extended Cys-rich domain, a putative transmembrane domain and a cytoplasmic tail.
There is almost no sequence conservation within the putative cytoplasmic tails of xPC4
and hPC4, and both lack classical internalization or trafficking motifs (data not shown).
Semi-quantitiative RT-PCR was used to examine temporal and spatial patterns of
expression of xPc4 since we were unable to detect transcripts by Northern analysis or
whole mount in situ hybridization. In the mouse, Pc4 is expressed only in testicular germ
cells and somatic cells of the ovary, but not in oocytes (Tadros et al., 2001; Torii et al.,
1993). By contrast, xPc4 transcripts are detected in RNA isolated from whole ovaries
and, at ~4-fold lower levels, in enzymatically defolliculated oocytes (Fig. 2-5B) at all
stages of oogenesis (data not shown). This suggests that xPc4 is expressed in both
somatic cells and germ cells within the ovary. Equivalent amounts of xPc4 are detected
in RNA isolated from dissected animal and vegetal halves of oocytes, showing that the
transcripts are not localized (Fig. 2-5B). Although xPc4 transcripts are readily detected
in oocytes, expression is much lower in unfertilized eggs and early embryos (Fig. 2-5C),
suggesting that xPc4 RNA is rapidly degraded upon oocyte maturation. Oocyte
maturation has been shown to trigger degradation and/or regulate translation of other
maternal RNAs (Wickens, 1990). xPc4 transcripts persist at low levels until gastrulation

(st. 11) at which time they become undetectable (Fig. 2-5B). In adult frogs, expression of
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xPc4 is restricted primarily to ovaries and testes, although low levels of xPc4 are detected

in the brain (Fig. 2-5C).
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Figure 2-5. Domain structure and expression pattern of Xenopus Pc4. A: Schematic
illustration of domain structure and amino acid identity shared by mouse, Xenopus and human
PC4. B-D: Analysis of expression of xPc4 in oocytes, embryos and adult tissues by RT-PCR.
(B) RNA was isolated from oocytes that had been dissected into vegetal pole (vp) or animal
pole (ap) halves. EF-1a and ornithine decarboxylase (ODC) serve as loading controls.

The results reported here show that overall structural characteristics and
expression patterns of Furin, PC6 and PC4 are similar in mammals and Xenopus, with a
few exceptions. Furin and Pc6, for example, show dynamic and overlapping, yet unique
patterns of expression during embryogenesis in mice and rats (Constam et al., 1996;
Roebroek et al., 1998; Zheng et al., 1994) as well as in frogs. By contrast, Pc4 is
expressed exclusively in male germ cells and somatic cells of the ovary in rodents
(Tadros et al., 2001; Torii et al., 1993), but is expressed in the brain and in germ cells of

both sexes in Xenopus.



Structurally, Furin, PC6A and PC6B show an identical domain organization
across species whereas XxPC4 differs from that reported in mice by the addition of an
extended Cys-rich region, transmembrane domain, and cytosolic tail. The Cys-rich
domain has been reported to be a unique feature of Furin, PACE4 and PC6 (Taylor et al.,
2003), although mPC4 does contain a number of conserved cysteine residues near the C-
terminus. The novel isoform of XxPC4 described in this study contains an extended Cys-
rich domain that is identical to that of Furin in terms of the number and topography of
cysteine residues. Multiple splice variants of mouse and rat Pc4 have been reported
(Mbikay et al., 1994; Seidah et al., 1992), including one that encodes a protein with a
hydrophobic stretch at the extreme C-terminus which might function as a transmembrane
anchor. None of these, however, include the extended Cys-rich region or the cytoplasmic
tail contained in xPC4 and hPC4. Finally, we report several new isoforms of PC6 that
encode C-terminally truncated, and thus presumably secreted, versions of PC6B.
Previous studies have shown the existence of multiple PC6 transcripts in mammals, only
a subset of which cross-react with probes specific for the 3" end of PC6A or PC6B
(Nakagawa et al., 1993b; Nie et al., 2003). Our identification of cDNAs encoding novel
PC6 isoforms may explain the molecular basis of the observed diversity. Further analysis
of the unique PC6 transcripts identified on Northern blots of RNA isolated from mice
will be required to determine whether the novel splice isoforms we have identified in
Xenopus are conserved in mammalian species. The data reported in this study provide
necessary background information for further analysis of developmental functions and

identification of in vivo substrates for individual PC family members in Xenopus.
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MATERIALS AND METHODS
Isolation of PC cDNASs

Gene searches were conducted through NCBI (http://ncbi.nlm.nih.gov). Furin

and PC6A EST clones were obtained from Open BioSystems on behalf of the IMAGE

consortium (Lennon et al., 1996) (http:///image.lInl.gov).

Oligonucleotide primers complementary to sequence encoding C-terminal
portions of the Cys-rich domain of XPC6A were designed and 3’ RACE was performed as
described (Frohman, 1993) to obtain cDNAs encoding xPc6B-F. RACE products were
subcloned into pGEM-T EZ. Multiple cDNAs specific for each isoform were obtained
and sequenced.

Degenerate oligonucleotides were designed based on sequence motifs conserved
among multiple members of the PC family (Birsoy et al., 2005) and a partial length xPc4
clone was amplified from oocyte cDNA. This clone was used to screen a Xenopus oocyte
library and a nearly full length xPc4 cDNA was isolated. This cDNA lacked sequence
encoding the extreme N-terminus based on alignment with PC4 from other species.
cDNAs encoding a single xPC4 amino terminus were obtained using 5 RACE and three
independent clones were sequenced. Complete sequences of all cDNAs reported here
can be accessed in GenBank (accession nos. xFurin: AY901983; xPC6A AY901985;
XPC6B AY901986; xPC6C AY901987; xPC6D AY901988; xPC6E AY901989; xPC6F

AY901990; xPC4 AY901984).
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Analysis of PC expression

RNA was isolated from embryos and subjected to ribonuclease protection analysis
as described (Cui et al., 1995). Northern blots containing 20 pug of RNA per lane were
hybridized to **P-labeled cRNA probes as described (Christian et al., 1991). Semi-
guantitative reverse transcription (RT)-PCR was performed according to Nakayama et al.
(Nakayama et al., 1998). xPC4-specific primers were as follows: downward 5'-
GAACACTCAGTACTGAGCGA-3'; upward 5'-TGTTGTTTCATCATAGGTGG-3'.
The sequences of EF-1a. (Tsuneizumi et al., 1997) and ODC (Nastos et al., 1998) primers
have been reported. Results were visualized by autoradiography. Wholemount in situ
hybridization was performed as described (Harland, 1991) using BM Purple AP substrate
(Roche). Embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and

Faber, 1967).
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SUMMARY

Bone morphogenetic proteins (BMPs) require proteolytic activation by members of the
proprotein convertase (PC) family. ProBMP4 is initially cleaved at a site adjacent to the
mature ligand domain (S1), and then at an upstream site (S2) within the prodomain.
Cleavage at the S2 site, which appears to occur in a tissue-specific fashion, regulates the
activity and signaling range of mature BMP4. To test the hypothesis that tissue-specific
cleavage of proBMP4 is regulated by differential expression of a site-specific protease,
we identified the PCs that cleave each site in vivo. In Xenopus oocytes, Furin and PC6
function redundantly to cleave both the S1 and S2 sites of proBMP4, as evidenced by the
results of antisense-mediated gene knockdown and use of the Furin and PC6 selective
inhibitor, a;-PDX. By contrast, o;;-PDX blocked cleavage of the S2 but not the S1 site of
proBMP4 in embryos, suggesting the existence of a developmentally regulated S1 site-
specific convertase. This protease is likely to be PC7 based on knowledge of its required
substrate cleavage motif and resistance to a;-PDX. Consistent with this prediction, an
a1-PDX variant engineered to target PC7, in addition to Furin and PC6, completely
inhibited cleavage of BMP4 in oocytes and embryos. Further studies showed that Pc7
transcripts are expressed and polyadenylated, and that the PC7 precursor protein
undergoes efficient autocatalytic activation in both oocytes and embryos. These results
suggest that PC7, or a convertase with similar substrate specificity, functions to

selectively cleave the S1 site of proBMP4 in a developmentally regulated fashion.

78



INTRODUCTION

Bone morphogenetic protein 4 (BMP4) is a cell to cell signaling molecule that
was originally isolated for its ability to induce ectopic bone formation (Wozney et al.,
1988). More recent studies demonstrate diverse roles for BMP4 during development of
the skeleton and other organs, and in bone homeostasis after birth (Hogan, 1996).

The bioactivity of BMP4 is regulated post-translationally, at the level of
proteolytic activation. BMP4 originates as an inactive dimeric precursor that is cleaved
by specific members of the proprotein convertase (PC) family of endoproteases (Constam
and Robertson, 1999; Cui et al., 1998) to yield prodomain fragments along with the
carboxyl-terminal mature ligand. In mammals, seven members of the PC family have
been characterized. Among these only Furin (also known as PACE, SPC1, or PCSK3),
PACE4 (also named SPC4 or PCSK®6), PC6 (also called PC5, SPC6, or PCSK5) and PC7
(also known as PC8, LPC, SPC7, or PCSKY7) are broadly expressed and active within the
constitutive, as opposed to the regulated, secretory pathway, making them appropriate
candidates for endogenous BMP4 convertases (Steiner, 1998; Thomas, 2002). Furin
prefers to cleave proproteins at the carboxy-terminal side of the optimal consensus
sequence -R-X-R/K-R-, but can also cleave following the minimal sequence -R-X-X-R-
(Molloy et al., 1992). PACE4 and PC6 recognize the same optimal and minimal Furin
consensus motifs, whereas PC7 has a strict requirement for a basic residue in the P,
position (counting back from the cleavage site), and can thus only cleave substrates
containing an optimal Furin motif (Rockwell et al., 2002; van de Loo et al., 1997).

We have shown that BMP4 is sequentially cleaved at two sites within its

prodomain and that this ordered proteolysis regulates both the activity and signaling
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range of mature BMP4 (Cui et al., 2001). BMP4 is cleaved first following an optimal
Furin motif adjacent to the mature domain (-R-X-K-R-, the S1 site), and this allows for
subsequent cleavage at an upstream minimal site within the prodomain (-R-X-X-R-, the
S2 site). In Xenopus embryos, proBMP4 carrying a point mutation that renders the
upstream site non-cleavable generates a less active ligand that signals over a shorter

range, and accumulates at lower levels compared to BMP4 cleaved from wild type

precursor.

s2 81

More recent studies from our [
lab suggest that differential cleavage
of proBMP4 regulates the activity of [
the mature ligand by directing its
intracellular trafficking to either
degradatory or secretory/recycling

pathways (illustrated schematically in

Figure 3-1) (Degnin et al., 2004). Stable; long range Degraded in lysosome; short
signaling molecule range signaling molecule
Cleavage of proBMP4 at the S1 site, Figure 3-1. Model for regulation of BMP4
activity by sequential cleavage. See text for
which is presumed to occur in the details.

trans-Golgi network (TGN), generates a non-covalently associated ligand/prodomain
complex that is then trafficked to a post-TGN compartment where the more acidic
environment makes the S2 site accessible, possibly by triggering a conformational
change. Cleavage at the S2 site liberates mature BMP4 from the prodomain, which
promotes protein stability. If cleavage of the upstream S2 site does not occur, the

prodomain/ligand complex is preferentially targeted to the lysosome for degradation,
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either directly within the biosynthetic pathway or via the endocytic pathway following
secretion, receptor activation and reuptake. As a consequence, less mature ligand is

available, resulting in lower levels of BMP4 activity.

Analysis of mice carrying a knock-in point mutation in Bmp4 (Bmp4°2°) that
allows for cleavage at the S1 site (generating a wild type ligand) but prevents S2
processing has shown that cleavage of the S2 site is essential for normal development
and, more importantly, suggests that this site might be selectively cleaved in a tissue-
specific fashion (Goldman et al., 2006). Specifically, these mice display phenotypic
defects in only a subset of tissues where full Bmp4 dosage is known to be important. For
example, Bmp4%2¢/52¢ mice show a greater loss of primordial germ cells and more severe
testicular degeneration than that observed in Bmp4 null heterozygotes (Bmp4™) (Dunn et
al., 1997). Bmp42®52¢ mice, however, never display polycystic kidneys, polydactyly, or
other skeletal abnormalities that are observed in Bmp4*"~ mice. Furthermore, levels of
mature BMP4 protein are decreased in the testes but not in the kidneys of Bmp42¢/52¢

mice relative to wild type siblings.

The above studies illustrate the importance of proteolytic processing in regulating
BMP4 activity, yet the PCs that cleave the S1 and/or S2 site have not been definitively
identified. Recombinant Furin, PACE4 and PC6 are all capable of cleaving the S1 and
S2 sites of proBMP4 in vitro, whereas PC7 can only recognize and cleave following the
optimal motif present at the S1 site (Cui et al., 1998). Ectopic expression of the selective
PC inhibitor, a;-PDX, in Xenopus embryos phenocopies loss of BMP4 function.
Furthermore, this same inhibitor prevents cleavage of BMP4 in an oocyte translation

assay (Cui et al., 1998). a;-PDX is a genetically engineered mutant form of the naturally
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occurring serine protease inhibitor (serpin), ay-antitrypsin (o;-AT), that contains in its
reactive site the amino acids -R-1-P-R-, the minimal consensus motif for efficient
processing by Furin (Anderson et al., 1993). As with all serpins, a,;-PDX functions as a
suicide substrate inhibitor, forming a tight, stable complex with, and eventually being
cleaved by the protease(s) it targets. a;-PDX is a potent and selective inhibitor of Furin
and PC6 in vitro, with K; values of 0.6 nM and 2.3 nM, respectively (Jean et al., 1998). It
can also inhibit the activity of ectopically expressed PACE4 (Tsuji et al., 1999b), but not
PC7 (Jean et al., 1998), when overexpressed in cultured cells. Collectively, these studies
identify Furin and PC6 as the most likely endogenous BMP4 convertases, but do not rule
out the possibility that PACE4 and/or PC7 contribute to cleavage of one or both sites.
Phenotypic analysis of Furin or Pc6 mutant mice is consistent with the possibility
that these enzymes contribute to proteolytic activation of BMP4 in vivo. Furin null
mutants die by E11.5 and show an early defect in chorioallantoic fusion (Roebroek et al.,
1998) similar to that observed in Bmp4 deficient mice (Goldman et al., 2009; Goldman et
al., 2006). However, loss of Furin has less severe consequences than loss of Bmp4
(Winnier et al., 1995), suggesting that additional PCs function redundantly to cleave this
precursor. Mice homozygous for null alleles of Pc6 die between E15.5 and birth due to
defects in multiple organ systems (Essalmani et al., 2008; Szumska et al., 2008). Some
defects in Pc6 mutants have been attributed to deficiencies in GDF11 whereas others,
including defects in ventral body wall closure and cardiac abnormalities, phenocopy those
observed in Bmp4 mutants (Goldman et al., 2009; Goldman et al., 2006; Jiao et al., 2003;
Liu et al., 2004). By contrast, mice lacking Pace4 show laterality defects that have been

attributed primarily to loss of Nodal processing (Constam and Robertson, 2000a). Pc7
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mutants develop normally (Taylor et al., 2003), demonstrating that this protease does not
function independently to activate proBMP4.

The mechanism through which tissue-specific cleavage of the S2 site of BMP4 is
achieved is unknown, but one possibility involves differential expression of site-specific
convertases. For example, selective cleavage of the S2 site could be mediated by tissue-
specific expression of a convertase that resides in the more acidic post-TGN compartment
in which the S2, but not the S1 site is cleaved. Furin is broadly expressed and resides
predominantly in the TGN (Thomas, 2002), whereas PC6B (a membrane-bound isoform of
PC6) is expressed in only a few tissues (Essalmani et al., 2008) and is localized to a
distinct, post-TGN compartment (Xiang et al., 2000). Thus, it is possible that the S1 site is
constitutively cleaved by Furin, whereas the S2 site is cleaved only in tissues that co-
express PC6B. Alternatively, it is possible that Furin, PC6 and/or PACE4 cleave both
sites, whereas PC7 cleaves only the S1 site in vivo, similar to what has been demonstrated
in vitro. In this scenario, BMP4 would be cleaved at both sites in all tissues except for
those in which PC7 is the sole convertase. To begin to test potential mechanisms for
tissue-specific regulation of S2 cleavage, we used loss-of-function approaches along with

protein-based inhibitors to ask which PCs cleave the S1 and S2 sites of BMP4 in vivo.

RESULTS
Furin and PC6 function redundantly to cleave both sites of BMP4 in oocytes

We developed an in vivo assay in oocytes to definitively identify the endogenous
PCs that cleave the S1 and/or S2 site of BMP4 (illustrated in Figure 3-2A). Oocytes were

injected with phosphorothioate-modified antisense oligonucleotides specific for Furin, Pc6
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(all known isoforms, Nelsen et al., 2005), Pace4, and Pc7, and these were shown to reduce
the levels of their target mMRNAS by 90-95% (Figure 3-2B). Injected oocytes were cultured
for 3 days to allow for turnover of endogenous PC proteins, and then injected with RNA
encoding epitope-tagged BMP4 together with [*>S]Met/Cys. The following day, precursor
protein and cleavage products were immunoprecipitated from oocyte lysates using
antibodies specific for the HA tag in the prodomain or the myc tag in the mature domain.
Immunoprecipitated proteins were then analyzed by SDS-PAGE under non-reducing
conditions and imaged by autoradiography (Figure 3-2C, position of precursor dimer,
precursor monomer, and S1 + S2 cleaved prodomain and mature ligand are illustrated to
the right of the gel). Because dimerization and folding of proBMP4 is relatively slow and
is rate-limiting for cleavage, levels of precursor monomer were not affected by the
depletion of endogenous convertases over the short time course of this analysis. Thus, the
precursor monomer band (second panel from the top) served as a loading control. Levels
of dimerized BMP4 precursor increased significantly in oocytes depleted of Furin, and this
effect was accompanied by a corresponding decrease in the levels of both the fully cleaved
prodomain and mature BMP4 (Figure 3-2C). Levels of cleaved prodomain and mature
BMP4 were slightly decreased in oocytes depleted of PC6 alone, and were strongly
decreased in oocytes depleted of both Furin and PC6. By contrast, there was no significant
loss of BMP4 cleavage in oocytes depleted of PACE4 or PC7. These data show that Furin
and PC6 function redundantly to cleave both the S1 and the S2 sites in oocytes, and rule

out a model in which PC6B selectively cleaves the S2 site.
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Figure 3-2. Furin and PC6 function redundantly to cleave both sites of BMP4 in
Oocytes. (A) Schematic illustration of PC knockdown assay. B) Northern analysis of Pc expression
in oocytes 24 h after injection of antisense oligonucleotides (AS oligo) specific for each Pc as indicated.
(C) Radiolabeled proBMP4 precursor dimers and monomers, prodomain and mature domain fragments
(indicated to right of gel) were immunoprecipitated from uninjected oocytes or oocytes injected with
antisense oligonucleotides specific for Furin, PACE4, PC6 and/or PC7 as indicated and separated by
SDS-PAGE under non-reducing conditions. Prodomains were deglycosylated with PNGase-F. Mature
BMP4 dimers appear as fuzzy bands due to variable glycosylation. Below each lane, levels of cleaved
mature BMP4 normalized to precursor monomer are expressed as percent of that observed in uninjected
oocytes. Results were reproduced in at least three experiments.

An a;-PDX-insensitive enzyme acts redundantly with Furin and PC6 to cleave the
optimal site of BMP4 in embryos, but not oocytes

To ask whether Furin and PC6 are the sole convertases responsible for cleaving
proBMP4 throughout development, we analyzed BMP4 cleavage products in oocytes and
embryos in the presence of the selective PC inhibitor a,;-PDX. As described previously,
ou-PDX is a potent inhibitor of Furin and PC6 but is ineffective against PC7. Xenopus

oocytes were injected with 1 ng of RNA encoding epitope-tagged proBMP4, proBMP45%°

(which can only be cleaved at the S1 site) or proBMP4°'®

(which can only be cleaved at
the S2 site) alone or together with increasing amounts of RNA encoding a;-PDX.

Western blots of oocyte extracts were then probed with antibodies specific for the HA tag
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in the prodomain of BMP4. When we expressed a.;-PDX in oocytes at doses of 0.5 ng or
greater, cleavage of both the S1 and the S2 site of wild type BMP4 was blocked (Figure 3-
3, top panels; position of precursor, S1-only cleaved prodomain, and S1 + S2 cleaved
prodomain are illustrated to the right of the gel). Cleavage of proBMP4°?° and
proBMP4%'€ at the S1 or S2 sites, respectively, was ablated at similar doses of o;-PDX.
We do not detect any increase in BMP4 precursor levels concomitant with the loss of
cleavage products in oocyte lysates because proBMP4 is present primarily in monomeric
form inside of cells, and this pool is impervious to inhibitors of cleavage. These findings
are consistent with the results of our antisense depletion experiments (Figure 3-2C), and
with our previous studies using this inhibitor (Cui et al., 1998) in showing that Furin and
PC6 are fully responsible for cleavage of BMP4 in oocytes. A different result was
obtained, however, when we analyzed BMP4 cleavage in embryos (Figure 3-3, lower
panels). In these experiments, RNA encoding epitope-tagged proBMP4, proBMP4>%C or
proBMP4%€ (1 ng) was injected near the animal pole of four-cell embryos either alone or
together with RNA encoding increasing doses of a;-PDX. At the mid-gastrula stage, fluid
was aspirated and pooled from the blastocoel of 10 embryos in each group, and Western
blots of blastocoel fluid were probed with antibodies specific for the HA tag in the
prodomain of BMP4. ProBMP4 is cleaved intracellularly and thus precursor proteins are
detected only in the intact cells of embryo homogenates, whereas the cleaved prodomain
and mature ligand are secreted into the blastocoel. In the absence of o;-PDX, BMP4
precursor protein was not detected in the blastocoel fluid, but a prodomain fragment
generated by cleavage at both the S1 and the S2 sites was observed (Figure 3-3, lower

panels). In the presence of increasing doses of a;-PDX, uncleaved precursor began to
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accumulate in the blastocoel, consistent with a loss of Furin- and PC6-meditated cleavage
of at least a fraction of proBMP4. This was accompanied by complete loss of the S1 + S2
cleaved prodomain band, and a concomitant increase in the level of S1-only cleaved
prodomain. The S1-only cleaved prodomain fragment generated from wild type BMP4 or
BMP4%%° persisted even at the highest doses of a;-PDX. By contrast, cleavage of the S2
site of wild type BMP4, or of BMP4>® was completely inhibited by a;-PDX at doses of
0.5 ng or greater. Taken together, these results suggest that Furin and PC6 are the only
active BMP4 convertases in oocytes and that they cleave both the S1 and the S2 sites of
this precursor. By the mid-gastrula stage, however, an additional a;-PDX insensitive
convertase, that is either not present or not active in oocytes, functions redundantly with
Furin and PC6 to cleave the optimal (-R-S-K-R-) motif at the S1 site, but not the minimal
(-R-1-S-R-) motif at the S2 site, of BMP4. We hypothesize that this enzyme could be PC7
based on previous studies showing that PC7 is unique among PC family members in
having a stringent requirement for a P, basic residue (which is present at the S1 but not the
S2 site of BMP4), and based on its known insensitivity to inhibition by o;-PDX (Jean et

al., 1998; van de Loo et al., 1997).
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Figure 3-3. An o;-PDX insensitive enzyme acts redundantly with Furin and PC6 to
cleave the optimal site of BMP4 in embryos. Western blot of oocyte lysates (top panels) or
blastocoel fluid from embryos (bottom panels) not injected (Un) or injected with RNA encoding
wildtype or cleavage mutant forms of proBMP4 (illustrated above each panel) either alone or together
with increasing doses of a,-PDX as indicated. Blots were probed with HA- specific antibodies to
detect precursor proteins and cleaved prodomain fragments (illustrated schematically to right of gel).
Monomeric forms of proBMP4 are present at significantly higher levels than cleavage products in
oocyte lysates, and thus when Western blots are exposed for sufficient periods of time to visualize
cleavage products, bands corresponding to precursor proteins are overexposed. This is particularly
true in the case of BMP®?®, since cleavage products are unstable, and thus two different exposures of
the same Western blot are shown. Results were reproduced in at least three experiments.

The a1-PDX resistant protease present in embryos requires an optimal PC7 motif for
cleavage

To more stringently test whether the a;-PDX resistant activity we observe in
embryos but not oocytes is only able to cleave substrates following an optimal (-R-X-K/R-
R-) motif, consistent with the known minimal consensus site for cleavage by PC7, we
analyzed processing of BMP4 cleavage site variants in the presence and absence of a;-
PDX. Specifically, we assayed cleavage of BMP4 variants (illustrated at the top of Fig. 4)

that contain optimal (BMP4°%%), or minimal (BMP4>!) Furin motifs at both the S1 and the
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S2 sites, or in which the order of the optimal and minimal motifs is reversed
(BMP43#5th - Oocytes or embryos were injected with RNA encoding epitope-tagged
wild type or cleavage variant proBMP4 (1 ng), either alone or together with RNA (0.05-
2.5 ng) encoding a;-PDX. Precursor proteins and cleavage products present in oocyte
homogenates or blastocoel fluid were analyzed by Western blot as described above, using
antibodies directed against the HA tag to detect precursor and cleaved prodomain, or
against the myc tag to detect the cleaved mature domain. In the absence of o;-PDX, all
precursor proteins were efficiently cleaved at both the S1 and the S2 site to generate
prodomain and mature BMP4 (Figure 3-4, precursor and cleavage products are illustrated
to the right of the gel). Ligand generated from each variant was active in vivo, as assayed
by the ability to ventralize Xenopus embryos and induce expression of the BMP target
gene, Xbra, in Xenopus ectodermal explants (data not shown and Cui et al., 2001).

In oocytes, a,;-PDX blocked proteolysis of both the S1 and the S2 site of wild type
and cleavage variant proBMP4 at doses of 0.5 ng of RNA or greater (Figure 3-4, top
panel). In embryos, however, o;-PDX blocked cleavage of minimal Furin motifs, whereas
cleavage at optimal motifs was partially preserved even in the presence of the highest
doses of a;-PDX, regardless of their position (S1 versus S2) within the protein.
Specifically, prodomain fragments generated by cleavage at both of the optimal (-R-X-K-
R-) motifs in BMP4%2K and at the S2 optimal motif of BMP452/SM persisted even at the
highest doses of a;-PDX. By contrast, a.;-PDX completely inhibited cleavage at both of
the minimal (-R-X-X-R-) motifs present in BMP4>! and at the S1 minimal motif in

BMP452<S1! - These results confirm that the a;-PDX resistant protease present in embryos
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requires a P2 basic residue in order to cleave a substrate, consistent with our hypothesis

that this protease is PC7.
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Figure 3-4. The a;-PDX resistant protease present in embryos requires an optimal
PC7 motif for cleavage. Western blot of oocyte lysates (top panels) or blastocoel fluid from
embryos (bottom panels) that were not injected (Un) or were injected with RNA encoding wildtype
or cleavage variant forms of proBMP4 (illustrated above each panel) either alone or together with
increasing doses of a,-PDX. Blots were probed with HA-specific antibodies to detect precursor
proteins and cleaved prodomain fragments or with myc-specific antibodies to detect mature BMP4
(illustrated to right of gel). Results were reproduced in at least three experiments.

An a,-PDX variant predicted to target PC7 as well as Furin and PC6 fully inhibits

BMP4 cleavage in oocytes and embryos

To begin to test our hypothesis that PC7 functions redundantly with Furin and PC6

to cleave the S1 site of BMP4, we initially attempted to knock down expression of all three

proteases individually and in combination in embryos using translation blocking
morpholino antisense oligonucleotides. We were not, however, able to deplete BMP4

convertase activity in early (gastrula stage) embryos to any detectable degree using this



technology (Christian, unpublished data), presumably because all three of these enzymes
are expressed maternally (Figure 3-2B) and have relatively long half lives. As an
independent method of testing whether PC7, or an enzyme with similar substrate
selectivity, contributes to cleavage of the S1 site of BMP4 in embryos, we asked whether
an o3-PDX variant containing a P, basic residue in its reactive site loop could fully inhibit
cleavage of BMP4 in embryos. As described previously, a;-PDX is modeled after the
naturally occurring serpin, a;-AT, but contains in its reactive site the minimal consensus
motif for efficient processing by Furin (illustrated in Figure 3-5A). This serpin is a potent
inhibitor of Furin and PC6, but it does not bind or inhibit PC7, most likely due to the lack
of the P, basic residue that is required for recognition by PC7 (Anderson et al., 1993; Jean
etal., 1998). The serpin a.;-EK4, which has been further modified to include a P, basic
residue (Figure 3-5A), has been shown to interact with and inhibit Furin (Dufour et al.,
2001) and is predicted to inhibit PACE4, PC6, and PC7 as well. Oocytes or embryos were
injected with RNA encoding epitope tagged proBMP4 (1 ng), either alone or together with
increasing amounts (0.05-5 ng) of RNA encoding a;-PDX or a,-EK4. Precursor proteins
and cleavage products present in oocyte homogenates or blastocoel fluid were analyzed by
Western blot as described above. As shown in Figure 3-5B, a;-PDX and o,-EK4 were
both able to fully inhibit the endogenous convertases that cleave the S1 and S2 sites of
proBMP4 in oocytes. In embryos, however, o;-PDX inhibited the endogenous
convertases responsible for cleavage of the S2 but not the S1 site, whereas o,;-EK4
inhibited the convertases responsible for cleaving both of these sites. To test the
possibility that a.;-EK4 is merely more effective because it is expressed at higher levels

than o,-PDX, Western blots were stripped and reprobed with antibody specific for o;-AT.
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In both oocytes (Figure 3-5B, top section, lower panel) and embryos (Figure 3-5B, bottom
section, lower panel), steady state levels of a;-PDX protein were reproducibly higher than
those of a;-EK4 following injection of equivalent amounts of RNA. Furthermore,
whereas the vast majority of the a,;-PDX that was detected was the fully active form
(asterisk), approximately 50% of o,;-EK4 had been converted to the inactive, cleaved form
(double asterisk). This finding is consistent with previous studies showing that whereas
a1-PDX forms a highly stable, SDS resistant complex with its substrates (Jean et al.,
1998), a,-EK4 more readily dissociates to yield the active enzyme and cleaved inhibitor
(Dufour et al., 2001). Thus, the ability of a,-EK4, but not a;-PDX, to block cleavage of
the S1 site of proBMP4 in vivo likely reflects differences in substrate selectivity rather
than potency. These results further support our hypothesis that PC7, or an enzyme with
similar selectivity, functions redundantly with Furin and PC6 to cleave the S1 site of

BMP4 in embryos, but not in oocytes.
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Figure 3-5. EK4 fully inhibits cleavage of both the optimal and minimal sites of BMP4
in oocytes and embryos. (A) Sequence surrounding the reactive site loop of a,,-AT and genetically
engineered variants. (B) Western blot of oocyte lysates (top two panels) or blastocoel fluid from
embryos (bottom three panels) that were not injected (Un) or were injected with RNA encoding
proBMP4 either alone or together with increasing doses of a;,-PDX or as-EK4. Blots were probed
with HA-specific antibodies to detect precursor proteins and cleaved prodomain fragments (illustrated
to right of gels). Blots were reprobed with antibodies specific for a1-AT to detect the intact (asterisk)
and cleaved form (double asterisk) of each serpin. Results were reproduced in at least two
experiments.
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a1-PDX fully inhibits cleavage of both the S1 and the S2 sites of proBMP4 in oocytes
One possible explanation for why PC7-like activity is detected in embryos but not
oocytes is that this enzyme might cleave substrates at the cell surface, as they are being
secreted. If this were the case, cleavage products would not be detected in oocyte lysates,
but would only be present in embryonic blastocoel fluid or in culture media from oocytes,
the latter of which was not assayed on Western blots due to technical limitations. In order
to test this possibility, we used a more sensitive assay to ask whether prodomain fragments
generated by cleavage of proBMP4 at the S1 site alone are present in the culture media
from oocytes made to express a;-PDX. Oocytes were injected with [*>S]Met/Cys and
RNA encoding epitope tagged proBMP4 (1 ng), either alone or together with increasing
amounts (0.05-5 ng) of RNA encoding a;-PDX. The following day, BMP4 precursor
protein and cleavage products were immunoprecipitated from oocyte lysates or media
using antibodies specific for the HA tag in the prodomain. Immunoprecipitated proteins
were then analyzed by SDS-PAGE under reducing conditions and imaged by
autoradiography. In the absence of a;-PDX, a prodomain fragment generated by
cleavage at both the S1 and the S2 sites was observed in oocyte lysates and media,
whereas BMP4 precursor protein was detected primarily in oocyte lysates (Figure 3-6).
In the presence of increasing doses of a,;-PDX, uncleaved precursor protein began to
accumulate in the media, and this was accompanied by complete loss of all prodomain
fragments in the culture media, similar to what is observed in cell lysates. These results
suggest that the PC7-like activity we detect in embryos is either not present or not active

in oocytes.
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Figure 3-6. PC7-like activity is
not detected in oocytes, even
wen extracellular BMP4
cleavage products are
analyzed. Radiolabeled pro-BMP4
precursor and prodomain fragments
(indicated to right of gel) were
immunoprecipitated from lysates
and media of uninjected oocytes or
oocytes injected with increasing
doses of oy-PDX, and separated by
PAGE under reducing conditions.

PCT7 transcripts are present and polyadenylated in both oocytes and early embryos

To begin to ask whether Pc7 expression is developmentally regulated at the level

of transcription, which might account for our results showing that a PC7-like activity is

absent in oocytes but present by mid-gastrula stages, we analyzed the temporal and

spatial patterns of expression of this enzyme. Pc7 transcripts of ~5.8 kb, ~3.8 kb and ~ 2

kb were present in oocytes and persisted at fairly equivalent levels at least through early

gastrula stages (St. 10.5) as assayed by Northern blot analysis (Figure 3-7A). The largest

and most abundant transcript corresponds in size to full length ESTs published in the

NCBI database. The abundance of Pc7 transcripts decreased by the mid-gastrula stage

(St. 11) and remained at these levels until the tailbud stage (St. 32). Transcripts were

ubiquitously distributed in embryos as analyzed by in situ hybridization of PC7 probes to

developmentally staged embryos, and by Northern blot analysis of dissected embryos

(data not shown). Thus, the acquisition of PC7-like activity during gastrula stages cannot

be accounted for by an increase in Pc7 transcription or localized accumulation of

transcripts in embryos relative to oocytes.

An alternate explanation for the appearance of PC7-like activity in early embryos

might be that maternally inherited Pc7 transcripts are not translated in oocytes but are
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translated in embryos. Early animal development is controlled in part by maternal RNAs
that are initially stored in a dormant state, but then undergo elongation of their poly(A) tail
and mobilization onto polysomes upon oocyte maturation or after fertilization (Radford et
al., 2008). To test whether PC7 is post-transcriptionally regulated via this mechanism, we
used a PCR-based poly(A) tail (PAT) assay (Salles et al., 1999) (illustrated in Figure 3-7B)
to compare the polyadenylation status of endogenous Pc7 transcripts in Xenopus oocytes
and gastrula stage embryos. Polyadenylation of endogenous Furin was analyzed in
parallel as a positive control since our data show that this enzyme is active in oocytes.
RNA was isolated from Xenopus oocytes and gastrula stage embryos and reverse
transcribed using an oligo(dT) linker primer. The resultant cDNA was then amplified
using primers that anneal to sequences located ~300 nucleotides from the end of the 3’
untranslated region (UTR) of the PC of interest (lightly shaded arrows) in combination
with primers that anneal to either the 3’ linker sequence (black arrow) to generate PAT
PCR products, or to the extreme 3’ end of the UTR (darkly shaded arrow) to generate
control PCR products. Specific products were then detected by hybridizing Southern blots
with a radiolabeled probe generated from the 3’ UTR of each PC. As shown in Figure 3-
7B, the length of the poly(A) tail on Pc7 transcripts was identical in oocytes relative to
gastrula stage embryos, and the same was true for Furin transcripts. Antibodies that
recognize endogenous PC7 are not available, and thus we are unable to definitively rule
out the possibility that maternally inherited Pc7 transcripts are not translated until after
fertilization. The above results, however, demonstrate that maternal Pc7 is not

translationally regulated at the level of poly(A) tail elongation.
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Figure 3-7. Pc7 transcripts are
expressed and polyadenylated to
a similar extent in oocytes and
embryos. (A) Northern blot
analysis of Pc7 and ornithine
decarboxylase (Odc, as a loading
control) expression in Xenopus
oocytes (Ooc) and developmentally
staged embryos.  Vertical line
between St 11 and St 18 indicates
position where a lane was removed
due to degraded RNA. (B)
Analysis of poly(A) tail length of
Furin and Pc7 transcripts in
oocytes and embryos (Emb) using
the PCR-based assay illustrated
schematically above the gel (see
text for details). cDNA was
synthesized in the presence or
absence (no RT) of reverse-
transcriptase and amplified via
PCR using gene-specific forward
and reverse primers (For + Rev) to
generate a control band (Con) or
the same gene-specific forward
primer with a common reverse
primer that anneals to the linker
(For + Linker) to analyze poly(A)
tail (PAT) length. Southern blots
of PCR products were hybridized
with radiolabeled cDNA probes
specific for the 3’ untranslated
region of Furin or Pc7. For Con
lanes, 1/10™ reaction was loaded.
Results were reproduced in at least
two experiments.

The cleaved form of PC7 is present in both embryos and oocytes

An alternate mechanism by which PC7 might be differentially regulated in

oocytes versus embryos is at the level of proteolytic activation. All members of the PC

family are generated as inactive zymogens that must be autocatalytically cleaved within

the biosynthetic pathway to generate an enzyme that is capable of cleaving substrates in
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trans (Thomas, 2002). To analyze the ability of Furin and PC7 to undergo autocatalytic
cleavage, we injected RNA encoding FLAG tagged forms of Xenopus Furin and PC7 into
oocytes and embryos and cultured them overnight. We then looked at whether the
mature, cleaved form of each enzyme was generated in vivo by probing Western blots of
membrane-enriched extracts with antibodies directed against the FLAG tag. As a size
control for the uncleaved zymogen form, we analyzed cleavage mutant (cm) forms of
Furin and PC7 (in which the consensus motif for cleavage had been disrupted) in parallel.
As shown in Figure 3-8, all of the PC7 and most of the Furin detected in oocytes was the
mature form, demonstrating that autocatalytic cleavage is rapid and nearly complete. In
embryos, a small fraction of both Furin and PC7 persisted in the uncleaved zymogen
form, but the mature, cleaved form of PC7 was the predominant species in membrane
extracts from embryos (Figure 3-7) while mature cleaved Furin was detected primarily as
the shed form in blastocoel fluid (data not shown), rather than membrane extracts. Thus,
the activity of PC7 is not developmentally regulated at the level of autocatalytic
activation. Notably, the presence of cleaved PC7 does not definitively prove that the

enzyme is active in either oocytes or embryos.

Figure 3-8. The cleaved form of PC7
is present in both embryos and
oocytes. Western blot of membrane
proteins from oocytes or embryos that
were injected with native or cleavage
mutant (cm) forms of flag-tagged Xenopus
Furin or PC7. M2 antibody was used to
detect the flag epitope in the mature
domain. Position of precursor and cleaved
mature proteins indicated to the right.
Results were reproduced in at least three
experiments. Left two lanes of oocyte
72 — panel are from the same blot washed two
extra days and redeveloped.
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DISCUSSION

In this study, we provide the first definitive evidence that Furin and PC6 are the
primary endogenous BMP4 convertases, and that they function redundantly to cleave
both the S1 and the S2 site of this precursor protein. These two enzymes are necessary
and sufficient to activate BMP4 in Xenopus oocytes. By the early gastrula stage,
however, an additional convertase activity that selectively cleaves only the optimal motif
at the S1 site of BMP4 becomes apparent. This site-specific protease is likely to be PC7,
or a closely related enzyme, based on its substrate selectivity and inhibitor sensitivity.
The current studies provide insight into a potential mechanism by which the S2 site of
BMP4 might be cleaved in a tissue-specific fashion. In addition, they highlight the fact
that substrate selectivity of PCs is highly regulated at levels other than cleavage motif
recognition or tissue-specific transcription, and provide essential information that sets the
stage for further studies into how this occurs.

These studies do not definitively rule out the possibility that the S1-selective
cleavage activity detected in embryos but not oocytes is PACE4 rather than PC7. Since
PACEA4 is capable of cleaving both the S1 and the S2 sites of BMP4 in vitro, however,
(Cui et al., 1998), it is improbable that it cleaves only the S1 site in vivo. Furthermore, the
phenotypes of mouse or Xenopus embryos depleted of Pace4 are not consistent with a
major role for this enzyme in proteolytic activation of BMP4 or related family members
(Birsoy et al., 2005; Constam and Robertson, 2000a). Finally, proBMP4 is still cleaved in
early gastrula stage mice lacking both Pace4 and Furin, thereby eliminating PACE4 as an

essential BMP4 convertase in the early embryo (Beck et al., 2002).
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Pc7 is maternally expressed and yet our data suggest that this convertase is first
active in embryos. This implies that PC7 expression or activity is regulated at a post-
transcriptional level, although initial analyses revealed that this does not occur at the level
of polyadenylation or autocatalytic activation. At least three alternative mechanisms by
which PC7 expression or activity might be developmentally regulated can be envisioned.
First, it is possible that PC7 expression is regulated at the level of translation, but that this
occurs independent of poly(A) tail lengthening. Definitive evidence for or against
translational control will require the development of antibodies that can detect endogenous
Xenopus PC7. Second, PC7 might require a binding protein that is expressed in embryos
but not oocytes in order to generate an active enzyme following autocatalytic cleavage.
Precedent for the necessity of accessory proteins for PC activation is seen in the case of
PC2, which requires its binding partner 7B2 for production of an active enzyme species
(Mbikay et al., 2001). In the absence of 7B2, proPC2 can fold, transit the secretory system
and undergo cleavage, but the mature enzyme that is generated remains incapable of
cleaving substrates in trans. Recent studies suggest that 7B2 functions as a chaperone that
prevents partially unfolded proPC2 from aggregating (Lee and Lindberg, 2008). It is
likely that other PC family members utilize similar chaperones and our data are consistent
with the possibility that a PC7-specific chaperone is expressed in embryos, but not
oocytes. A third potential mechanism by which PC7 expression or activity could be
developmentally regulated is at the level of post-translational modifications. PC7 is
unique among members of the PC family in that it is reversibly modified by palmitoylation
of its cytoplasmic tail (van de Loo et al., 1997). In the context of transmembrane proteins

such as PC7, palmitoylation serves a variety of functions including binding to specific
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lipid or protein domains in the membrane compartment in which the palmitoylated protein
resides, aiding in folding, preventing aggregation and/or stabilizing the protein (Linder and
Deschenes, 2007). The functional consequences of palmitoylation of PC7 are unknown,
but it appears to promote protein stability since a form of PC7 that cannot be palmitoylated
is more rapidly degraded (van de Loo et al., 1997). Alternatively, or in addition,
palmitoylation may be required to anchor PC7 to the subcellular compartments or plasma
membrane domains where it encounters its substrates. If PC7 is palmitoylated in embryos,
but not oocytes, this might explain why PC7 activity can be detected in the former but not
the latter. Further studies, that are beyond the scope of the current work, will be required
to determine whether PC7 requires specific binding partners or post-translational
modifications to become active.

The current studies suggesting that Furin and PC6 function redundantly to cleave
both the S1 and S2 sites of BMP4, while PC7 contributes to cleavage of the S1 site alone,
are consistent with the possibility that tissue-specific cleavage of the S2 site of BMP4 is
regulated by differential expression of active Furin, PC6, and PC7. Specifically, it is
possible that Furin and PC6 function redundantly to cleave both the S1 and the S2 site of
BMP4 in all tissues where one or both of these enzymes are expressed, while BMP4 is
cleaved at the S1 site alone in tissues that express PC7 exclusively. Analysis of

Bm p 4SZG/SZG

mice, which carry a knock-in point mutation that allows for cleavage at the S1
site but prevents cleavage at the upstream S2 site, suggests that cleavage at both sites is
essential for normal BMP4 function in many tissues (Goldman et al., 2009; Goldman et al.,

2006). This is consistent with the observation that both Furin and Pc6 are broadly

expressed, and their expression domains often overlap with those of Bmp4 (Constam et al.,
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1996). The two tissues in which cleavage at the S2 site appears to be dispensable for
vertebrate BMP4 function are the skeleton and the kidneys (Goldman et al., 2006). If
BMP4 is cleaved at the S1 site alone in these tissues, and if, as hypothesized, this occurs
because active PC7 (but not Furin or PC6) is co-expressed with BMP4 in these tissues,
then Pc7 mutants would be expected to show phenotypic abnormalities in the skeleton and
kidneys similar to those observed in Bmp4 mutants. The skeletal and kidney phenotypes
in mice with reduced Bmp4 dosage are incompletely penetrant and fairly subtle, however
(Dunn et al., 1997; Goldman et al., 2006). Thus, although Pc7 null mutants are reported to
have no overt abnormalities, a detailed analysis has not been published (Taylor et al.,
2003) and similar defects may exist in Pc7 mutants. Closer examination of Pc7 null mice,
or of compound mutants that lack potentially compensatory PCs, may define more clearly

the role of PC7 in development in general and in BMP4 cleavage in particular.

MATERIALS AND METHODS
cDNA constructs and antisense oligonucleotides

cDNAs encoding HA- and myc-tagged native and cleavage mutant forms of
proBMP4 have been described previously (Degnin et al., 2004; Sopory et al., 2006).
cDNAs encoding other cleavage site variants were made using the splicing by overlap
extension method (Horton et al., 1990) or by PCR-mediated introduction of appropriate
restriction sites. A full length Xenopus Pc7 cDNA (accession no. NM_00196550) was

identified by searching the NCBI database (http://ncbi.nlm.nih.gov) and obtained from

Open BioSystems on behalf of the IMAGE consortium (http://image.hudsonalpha.org)

(Lennon et al., 1996). The coding region of Xenopus Pc7 or Furin (Nelsen et al., 2005)
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was amplified and sequence encoding a FLAG tag inserted at the extreme carboxy-
terminus using PCR-based approaches. Cleavage mutant forms of Furin and PC7, in
which the consensus cleavage motif (-R-X-K-R-) was changed to -R-X-K-G- and -G-X-K-
R-, respectively, were generated using a Quick Change mutagenesis Kit (Stratagene). All
cDNAs were subcloned into the vector pCS2+ and regions of cDNAs generated by PCR
were sequenced. Antisense oligonucleotides specific for Furin (5'-
A*C*T*TGCTGCTCCAAC C*A*G), Pc6 (5'-A*T*A*CCACATGCTTGGC*C*A) and
Pc7 (5'-T*C*C*AGCAAGTTCATCA*G*G) (where residues with phosphorothioate
bonds are indicated by an asterisk), were purchased from Invitrogen. The antisense
oligonucleotide specific for Pace4 has been described previously (Birsoy et al., 2005).
Embryo culture and manipulation

Ovulation was induced by injecting female frogs with human chorionic
gonadotropin (Sigma). Embryonic stages are according to Nieuwkoop (Nieuwkoop and
Faber, 1967). Capped synthetic mMRNA was synthesized by in vitro transcription of
linearized template cDNASs using a MegaScript kit (Ambion) and injected into embryos as
described previously (Moon and Christian, 1989). Xenopus ventralization and ectodermal
explant assays were performed as described (Cui et al., 2001).
Expression and analysis of radiolabeled proteins in oocytes

Xenopus oocytes (stage VI) were isolated and cultured at 18°C as described
(Degnin et al., 2004). For PC-depletion experiments, oocytes were injected with antisense
oligonucleotides (10 ng), cultured for 3 days, and then injected with RNA encoding BMP4
(10 ng) together with [*S]Met/Cys (700 nCi). For experiments testing o;-PDX inhibition

of BMP4 cleavage, oocytes were injected with [**S]Met/Cys (700 nCi) together with RNA
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encoding BMP4 (1 ng) alone or with increasing doses of RNA encoding a;-PDX (0.05 ng
—2.5ng). For both experiments, oocytes were cultured overnight and radiolabeled BMP4
precursor proteins and cleavage products were immunoprecipitated from clarified lysates
by incubation with antibodies specific for HA (12CA5 hybridoma cell supernatant, 1:10)
or myc epitope tags (9E10 hybridoma cell supernatant, 1:10) and Protein A Sepharose 4B
beads as described (Degnin et al., 2004). Samples immunoprecipitated with anti-HA
antibodies were deglycosylated using Peptide: N-glycosidase F (PNGase F) according to
the manufacturer’s instructions (New England BioLabs). Immunoprecipitated proteins
were analyzed by SDS-PAGE (11% acrylamide) under non-reducing conditions and
imaged by autoradiography. Radiolabeled bands were visualized with a Molecular
Dynamics phosphorimager and quantified using the Macintosh IP Lab Gel program.
Western blot analysis of proteins expressed in oocytes and embryos

Oocytes were injected with appropriate RNAs and cultured overnight. Ten oocytes
in each group were triturated in 100 pl of lysis buffer [50 mM Tris-HCI, pH 7.5; 150 mM
NaCl; 1 mM EDTA; 1% Triton X-100; 0.1% SDS; 2.5% lIgepal CA-630 (Sigma), 1x
Complete Mini Protease Inhibitor Cocktail (Roche)]. Lysates were centrifuged twice in a
microcentrifuge for 10 min each. Embryos were injected with RNA and cultured to the
gastrula stage (stage 11) at which time fluid was aspirated and pooled from the blastocoel
of 10 embryos in each group, as described (Birsoy et al., 2005). Proteins were
deglycosylated by incubation with PNGase-F, resolved by SDS-PAGE (12% acrylamide),
and transferred onto PVDF membrane. Membranes were probed with anti-myc (9E10

hybridoma cell supernatant, 1:250), anti-HA (3F10, Roche, 1:000), anti-FLAG (M2,
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Sigma, 1:1000), and/or anti-a,;-AT antibodies (Calbiochem, 1:1000). Immunoreactive
proteins were detected using Enhanced Chemiluminescence reagent (Pierce).
Western blot analysis of PCs in crude membrane extracts from oocytes and embryos

Oocytes and embryos were injected with appropriate RNAs and cultured overnight.
Twenty oocytes or embryos were triturated in 200 ul of homogenization buffer [0.25 M
sucrose; 50 mM Tris-HCI, pH 7.5; 5 mM KOAc; 5 mM MgOAc; 1x Complete Mini
Protease Inhibitor Cocktail (Roche)], and lysates were centrifuged at 800g for 5 min at 4°C
to remove nuclei. Supernatants were then centrifuged at 70,000 rpm for 30 min at 4°C in a
TLA-100 rotor (~180,0009). Pelleted proteins were deglycosylated with PNGase F,
resolved by SDS-PAGE (8% acrylamide), and transferred onto P\VVDF membrane.
Membranes were probed with anti-FLAG antibodies (M2, Sigma, 1:1000).
Immunoreactive proteins were detected using Enhanced Chemiluminescence reagent
(Pierce).
Northern blot analysis

RNA was extracted from oocytes or embryos and Northern blots hybridized with
antisense riboprobes as described previously (Christian and Moon, 1993).
Poly(A)-tail assay

The Linkage-Mediated Poly(A)-Tail assay was performed as described (Salles et
al., 1999). Briefly, total RNA was extracted from oocytes or embryos as described
(Christian and Moon, 1993), and 250 ng of RNA was incubated with phosphorylated
oligo(dT)12-18 at 42°C for 30 min in the presence of T4 DNA ligase. Oligo(dT)-linker
primer [5'-GAGAGAACTAGTCTCGAG(T);5] was added to the reaction, which was then

incubated at 14°C for 2 h before addition of AMV-Reverse Transcriptase and further
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incubation for 1 h at 42°C. The resulting cDNAs were subjected to PCR amplification
using Furin- (5-TATTGCATTGCACAGAGACATATC) or Pc7-specific primers (5'-
CCTATTGGACCAACTGGGATG), which are targeted 314 and 241 nucleotides,
respectively, upstream of the 3’ end of their respective mRNAs, together with a primer
specific to the oligo(dT)-linker (5'-GAGAGAACTAGTCTCGAGT), or together with
primers complementary to the extreme 3’ end of Furin (5'-
CTATTCAATTGTATATCCACATCC) or Pc7 transcripts (5'-
CAGGTTTGCCTCAGTTTCTAGG), respectively. The following PCR conditions were
used: 94°C for 5 min, followed by 30 cycles at 94°C for 30 sec; 60°C for 30 sec; and 72°C
for 1 min, followed by incubation at 72°C for 7 min. PCR products were separated by
agarose gel electrophoresis, and Southern blots of PCR products were hybridized with
radiolabeled cDNA probes specific for the 3" untranslated region of Furin or Pc7 as

described (Tian et al., 1999).
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I. SUMMARY

BMP4 is a member of the TGFf family of cell signaling molecules. It is essential
for ventral patterning of all germ layers, as well as for development and maintenance of
multiple organ systems (reviewed in Hogan, 1996). As with other members of this
family, BMP4 is generated as an inactive precursor protein that must be cleaved in order
to generate an active signaling ligand (Aono et al., 1995). Unlike most other BMPs,
though, BMP4 is cleaved twice — first adjacent to the mature ligand (S1) then upstream
within the prodomain (S2) (Cui et al., 2001). Previous work from our lab showed that
cleavage at the S1 site alone generates a noncovalently associated prodomain-mature
ligand complex that can only signal at short-range because it is targeted for rapid
degradation, such that little active ligand is present at steady state (Cui et al., 2001,
Degnin et al., 2004). Conversely, cleavage at both the S1 and the S2 sites generates a
more stable ligand, and the higher steady state levels are compatible with long-range
signaling. We also showed that S2 cleavage is necessary for development and occurs in a
tissue-specific manner, a potential explanation for the short- vs. long-range BMP4 signal
that is observed depending on the tissue examined (Goldman et al., 2006; Sopory et al.,
submitted). The mechanisms regulating tissue-specific cleavage at the S2 site are
unknown and are the focus of the work presented here.

One possible mechanism by which cleavage of the S2 site could be differentially
regulated is tissue-specific expression of an S1 or S2 site-specific enzyme. To begin to
test this idea, we first cloned and characterized the expression patterns of four candidate
PCs — Furin, PACE4, PC6, and PC7 — from our animal model of choice, Xenopus laevis

(Chapters 2, 3, and Birsoy et al., 2005). We showed that each of these PCs is broadly
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expressed, from oocytes through the tailbud stage, confirming their candidacy. We next
used antisense knockdown and specific a,;-PDX inhibition of these PCs to determine
which are responsible for BMP4 cleavage in vivo and showed that Furin and PC6
function redundantly to cleave both the S1 and the S2 sites (Chapter 3). Surprisingly, an

o1-PDX resistant enzyme is also present in embryos, but not oocytes, that acts

redundantly to cleave the S1 optimal, but not the S2 minimal, site. The best candidate for

the a;-PDX insensitive enzyme is PC7, which leads to several potential mechanisms for
tissue-specific usage of the S2 site. One possibility is that BMP4 could be constitutively
cleaved at the S1 site by PC7, which is ubiquitously expressed, resulting in a short-range
signaling molecule, while BMP4 expresssed in tissues where Furin and/or PC6 are
present could be cleaved at both the S1 and S2 sites, resulting in a long-range signal.
Further studies defining the tissues in which the S2 site is cleaved and correlating those
results with expression patterns of each of the PCs will be necessary to test this
hypothesis.

In addition, if PC7 is the a,;-PDX insensitive enzyme, the data presented here
would suggest that its activity is developmentally regulated, since it is present/active in
embryos but not oocytes. Initial characterization of polyadenylation and proteolytic
activation did not elucidate a mechanism for differential regulation, but several other

possibilities exist and are discussed below.
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Il. FUTURE STUDIES TO ELUCIDATE WHETHER PC7 IS THE a;-PDX
INSENSITIVE ENZYME THAT CLEAVES BMP4

The data presented in Chapter 3 suggest that if PC7 is the a;-PDX insensitive
enzyme that redundantly cleaves BMP4 at the S1 site in embryos, it may be
developmentally regulated. It would be interesting to tease apart at what point this
regulation occurs. First, though, it would be important to directly test whether PC7 is
active in embryos but not oocytes and can account for the activity we detect. This could
be done by immunoprecipitating epitope-tagged Furin and PC7 from oocytes and
embryos and testing the ability of these proteins to cleave BMP4 in vitro. Alternatively,
the host transfer technique could be used to deplete Pc7 from oocytes, inject embryos
derived from these oocytes with RNAs encoding BMP4 and o;-PDX, and then test
whether the S1 site of BMP4 is cleaved. If either of these techniques rule out PC7 as the
enzyme of interest, multiple alternative explanations could be explored, as described
below. If the experiments support the involvement of PC7, experiments could be
undertaken to determine how this enzyme is regulted.
I1LA. Alternatives to PC7 as the a;-PDX insensitive enzyme

If the a,;-PDX insensitive enzyme is not PC7, there are multiple alternative
explanations. We originally hypothesized that differences in cleavage kinetics between
and optimal and a minimal site might account for the a;-PDX resistance of S1 cleavage,
the logic being that if Furin and PC6 cleave an optimal site more efficiently than a
minimal site, it might be more difficult to block that cleavage. If this were the case,
however, we would expect to see a dose dependent inhibition of S2, and then S1 cleavage

in oocytes, but we do not. Even at the lowest doses of o;-PDX that produce detectable
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inhibition, cleavage of both sites is blocked in oocytes. Conversely, even at the highest
doses of a;-PDX in embryos, which most certainly surpass levels of endogenous Furin
and PCB, cleavage of the S1 site persists. Since a;-PDX acts as an irreversible inhibitor
with an Sl of 2 for Furin and 8 for PC6, it seems unlikely that we would be unable to
completely inhibit the endogenous covertases that are targeted by this serpin (Jean et al.,
1998).

We cannot absolutely rule out PACE4 as the o;-PDX resistant enzyme, but it is
an unlikely candidate. Although PACE4 is less sensitive to inhibition by a;-PDX than
are Furin or PCB6, several reports have shown that it can be inhibited when overexpressed,
and it is capable of cleaving both optimal and minimal sites of BMP4 (Cui et al., 1998;
Jean et al., 1998; Tsuji et al., 1999a; Tsuji et al., 2002). In vivo developmental studies,
reviewed in the introduction, do not support a role for PACE4 in cleaving BMP4.
Instead, biochemical and genetic studies suggest that Nodal, but not BMP4, is an
important substrate for PACE4. Even in a mouse missing both PACE4 and Furin, BMP4
protein is still cleaved, suggesting that another PC is able to compensate (Beck et al.,
2002).

Alternatively, a non-PC enzyme could potentially cleave the optimal site of
BMP4. HIV-1 gp160 is a known target of PCs and is cleaved following an optimal (-R-
E-K-R-) motif (Hallenberger et al., 1992). There is some evidence, though, that it can be
cleaved at this same site by alternate, Ca®*-independent, serine proteases — Viral
Envelope glycoprotein Maturase (VEM) and VEM-Like Protease (VLP) (Bendjennat et
al., 2001; Kido et al., 1993). VEM and VLP have yet to be cloned, though, so there is

still much to be learned about these potential poly-basic site endoproteases.
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11.B. Developmental regulation of PC7

If future studies confirm that PC7 does cleave the S1 site of BMP4 in embryos,
but not oocytes, then it will be important to understand how its expression or activity is
developmentally regulated. Northern analysis demonstrated that Pc7 mRNA is already
present in oocytes, indicating that it is maternally expressed and regulation must therefore
be post-transcriptional. There are several post-trascriptional processes where this could
occur, including mMRNA processing (addition of the m’G cap structure to the 5" end of the
nascent mMRNA, removal of intronic sequences, and addition of the poly(A) tail), export
from the nucleus, MRNA decay, translation, proteolytic activation, and protein stability
(reviewed in Lackner and Bahler, 2008). An assay measuring the length of the Pc7
poly(A) tail revealed no difference in oocytes vs. embryos, and Northern analysis
demonstrated that maternal Pc7 transcripts are stable up to and through mid blastula
transition (when de novo transcription begins in the Xenopus embryo), indicating that
regulation is likely at the level of protein synthesis, activation, or stability.

The most definitive test of whether PC7 expression is regulated at the level of
protein synthesis is to generate antibodies that recognize endogenous PC7 and assay for
its presence by immunostaining and/or Western blot. If PC7 protein is present in
embryos but not oocytes, then we can further tease apart the step at which translational
regulation occurs. If antibodies cannot be developed, several alternative assays for
translation exist as discussed below.

Protein synthesis occurs in three main steps — initiation, elongation, and
termination — each of which can be regulated via various mechanisms (reviewed in

Lackner and Bahler, 2008). Translation initiation is thought to be the rate-limiting step in
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most situations, and more than 25 proteins are important for proper initiation. It is at this
step, therefore, that most regulation takes place, generally involving initiation factors,
ribosomes, and/or interactions between RNA binding proteins (RBPs) and the mRNA
transcript itself. Once translation has been initiated, the transcript becomes associated
with multiple ribosomal complexes, referred to as a polysome. As these complexes are
very large, sucrose gradient centrifugation can be used to separate MRNASs associated
with polysomes vs. those that are not associated and therefore not being translated. In
this way, one could determine whether Pc7 is translated in oocytes, if the simpler
alternative, to make antibodies that recognize PC7, is not successful. Alternatively, a
technique called RIP (RBP immunoprecipitation) was developed relatively recently that
examines interactions between a specific RBP and mRNAs. This involves
immunoprecipitation of an mMRNA binding protein followed by RNA purification and
detection via Northern analysis or RT-PCR. If an antibody could be identified that
recognizes an endogenous Xenopus ribosomal protein, or if a tagged protein could be
introduced, this method might reveal the translational status of Pc7.

If PC7 protein is being synthesized, it could be regulated at the level of
proteolytic activation. As described in detail in Chapter 1, PCs are generated as inactive
precursor zymogens that undergo autocatalytic endoproteolytic processing in order to
generate active enzyme (reviewed in Seidah et al., 2008). Most of the PCs undergo
sequential cleavages in order to dissociate from their autoinhibitory prodomains. PC7,
though, does not have any upstream sequences resembling a secondary cleavage motif.
As for the other PCs, autoproteolytic cleavage of PC7 is required for exit from the ER,

but it is not clear if the prodomain remains associated or how this intramolecular
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inhibition is released (van de Loo et al., 1997). This could be a point of regulation that
differs in oocytes and embryos, such that the mature PC7 detected in oocytes remains in
the inhibited state. It could be informative to perform co-immunoprecipitation studies
comparing the prodomain-mature enzyme association of wild-type PC7 with PC7
retained in the ER (via a KDEL retention motif), misdirected to the PC6B-associated
post-TGN compartment (using the AC2 motif), or secreted (by removing its
transmembrane domain and cytoplasmic tail). These and other experiments could
provide insight into the mechanism of PC7 activation.

It is also possible that PC7 requires a chaperone for proper activation. Precedence
for the necessity of a chaperone in PC activation is seen with PC2, which requires its co-
activator 7B2 (Mbikay et al., 2001 and references therein). Without 7B2, PC2 can fold,
exit the ER, receive complex carbohydrate modifications in the TGN, and become
cleaved. However, the mature enzyme created under this condition is inactive (Muller et
al., 1997). If PC2 and 7B2 are both present, 7B2 interacts with PC2 in the ER and
traffics with it to the TGN where proteolysis results in active PC2 enzyme capable of
cleaving substrates in trans. Mature PC2 proteins generated in the presence or absence of
7B2 appear the same when analyzed via reducing SDS-PAGE, but it was recently shown
that 7B2 is necessary to maintain an activation-competent folding conformation of pro-
PC2 and to prevent non-productive aggregation (Lee and Lindberg, 2008). The authors
hypothesized that without 7B2, pro-PC2 partially unfolds and exposes the primary
cleavage site for proteolysis by other PCs. Though this protein is cleaved at the correct
site, it remains unfolded and is therefore inactive. If PC7 also requires a chaperone,

which is absent in oocytes, then it is possible that the exogenously expressed mature PC7
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protein generated in oocytes is inactive. The activation status might be detectable by
using oocyte lysates to cleave a fluorogenic peptide (pyr-GRTKR-
methylcoumarinamide), a standard assay used to detect PC activity in vitro or in cell
culture. If the mature PC7 protein in oocytes is not active, experiments could be
undertaken to identify a potential chaperone via co-immuniprecipitation followed by
mass spectrometry or via a candidate approach.

7B2 is a member of the granin family, so association with other proteins from this
family could be tested. Seven members have been identified so far — chromogranin A
(CgA) and secretogranins (Sg) 1-VI, 7B2 being SgV (reviewed in Taupenot et al., 2003).
Granins are a group of acidic proteins broadly expressed in neuroendocrine cells that
tends to aggregate at acidic pH in the presence of calcium, suggesting that they play an
important role in the formation of dense core secretory granules within the regulated
secretory pathway. More recently, though, researchers have begun to explore other roles
for these proteins. For example, Holling et al showed that Sgll, Sglll, and 7B2 are
expressed maternally and during early embryogenesis in Xenopus (expression of other
granins was not explored), and Stich and colleagues reported an upregulation of Sgll in
human mesenchymal stem cells in response to chemotactic stimulus (Holling et al., 2000;
Stich et al., 2009). These and other studies suggest much broader roles and expression
patterns for granin family members than was originally thought. Also, a 36-residue
portion of 7B2 consisting of three motifs — a C-terminal proline-rich motif, two cysteines
that form a disulfide bridge, and an N-terminal a-helix with two conserved hydrophobic
residues — was shown to be necessary and sufficient for interaction with PC2, and this

interaction occurs mainly with the catalytic domain, which is the most highly conserved
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domain between PCs (Muller et al., 1999). A bioinformatics approach using this
information might be able to identify candidate PC7 chaperones.

If analysis of fluorogenic peptide cleavage reveals that the exogenous mature PC7
in oocytes is active, it is still possible that endogenous protein levels are insufficient to
cleave the S1 site of BMP4 appreciably due to mislocalization and/or degradation. PC7
has been shown to be palmitoylated at two cysteines within its cytoplasmic tail, a
modification that has been shown to affect the localization and/or stabilization of proteins
via various mechanisms (reviewed in Linder and Deschenes, 2007; van de Loo et al.,
2000). To test whether differential palmitoylation is a means by which PC7 is
developmentally regulated, its palmitoylation status in oocytes could be compared to that
of embryos. In addition, palmitoylation of two other type | transmembrane proteins was
demonstrated to be necessary for their retrieval from late endosomes via interaction with
the retromer complex, thereby preventing lysosomal degradation (McCormick et al.,
2008). Retromer components could be depleted (most feasibly in cell culture) to test the
influence of this complex on the half-life of PC7.

Taken together, the studies described above would yield valuable insight into the
general, as well as the potentially developmental, regulation of PC7 activity.

I11. EVOLUTION OF PC7 AND DUAL CLEAVAGE OF BMP2/BMP4/DPP
SUBSTRATES

The number and optimal vs. minimal arrangement of BMP2/BMP4/DPP cleavage
sites have not been well conserved throughout evolution (Kunnapuu et al., 2009).
Cnidaria have one optimal site, vertebrates and echinoderms have an S1 optimal and an

S2 minimal, cephalocordates, urochordates, hemichordates, and some arthropods have
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two optimal sites, and Diptera and Lepidoptera have one minimal site between two

optimal sites. Cleavage in all of these cases has not been characterized, though, so it is

not known if all of these sites are utilized in vivo.

PCT7 is the vertebrate PC most similar to convertases in lower organisms, but its

requirement for an optimal recognition sequence is not a conserved characteristic for the

other proteins in this group (Figure 4-1). The recognition sequences for Nv_PC, Sp_PC,

and Bf_PC (all predicted proteins with similarity to PCs) have not been explored, but

Dm_Furin2 was shown to be capapable of cleaving the minimial site of DPP (Kunnapuu

etal., 2009). It is therefore unlikely that the proposed role of PC7 as an optimal site

protease required for dual cleavage of BMP4 is evolutionarily conserved before

vertebrates.

Figure 4-1. Phylogenetic tree of PCs. Tree
was constructed based protein sequences using the
T-Coffee  alignment and the TREECON
phylogenetic tree construction freeware programs
(http://lwww.tcoffee.org/; Van de Peer and De
Wachter, 1994). Sequences are from genbank
accession numbers: Ba_Subtilisin, YP_001420645;

Bf PC, XM_002209274; Dm_Amontillado,
NM_057970; Dm_Furinl, NM_080146;
Dm_Furin2, NM_206763,; Mm_Furin,
NM_001081454; Mm_PACE4, NM_01104;

Mm_PC1, NM_013628; Mm_PC2, NM_008792;
Mm_PC4, NM_008793; Mm_PCB6A,
NM_001163144; Mm_PC6B, D17583; Mm_PC7,
NM_008794; Nv_PC, XM_001638615; Sc_Kex2p,
M24201; Sp_PC, XM _001196759; XI_Furin,
NM_001087807; XI_PACE4, AY685228; XI_PC4,
BC170270; XI_PC6A, AY901985; XI_PC6B,
AY901986; XI_PC7, NP_001090019. Species are:
Ba, Bacillus amyloliquefaciens FzZB4; Bf,
Branchiostoma floridae (Florida lancelet); Dm,
Drosophila melanogaster (fruit fly); Mm, Mus
musculus (house mouse); Nv, Nematostella vectensis
(starlet sea anemone); Sc, Saccharomyces cerevisiae
(baker's yeast); Sp, Strongylocentrotus purpuratus
(purple sea urchin); Xl, Xenopus laevis (African
clawed frog).
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IV. POTENTIAL MECHANISMS TO REGULATE TISSUE-SPECIFIC
CLEAVAGE OF BMP4

The studies reported here were intended to test potential models by which the S2
site of BMP4 is cleaved in a tissue-specific manner. As described in chapter 3, my
results rule out a model in which tissue-specific expression of an S2 site-specific protease
regulates this process, since Furin and PC6 were shown to function redundantly as the
major endogenous convertases for both the S1 and the S2 site. My results are consistent
with the possibility that the S1 site is constitutively cleaved in all tissues by a
combination of Furin, PC6 and PC7, and that the S2 sites is cleaved in all tissues except
for those that lack active PC6 and Furin. As described above, further studies are required
to definitively prove that PC7 cleaves the S1 site of BMP4. Closer examination of the
Pc7 null mice, or combinatorial knockouts with potentially compensatory PCs, may
define more clearly the role of PC7 in development in general and in BMP4 cleavage in
particular. In addition, future studies will be required to directly analyze cleavage of the
S1 and/or S2 site of BMP4 in various tissues, and correlate that information with detailed
analysis of the expression patterns of each PC. Antibodies that recognize endogenous
BMP4 are not available, so we generated a knock-in mouse in which wildtype BMP4 has
epitope tags in the prodomain and mature domain. This mouse will be invaluable for

future studies on this topic.
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V. CONCLUSIONS

Regulation of BMP4 activity is critical for normal development, and one way this
is achieved is through proteolytic activation of the proBMP4 precursor protein. In
addition, proteolysis of the S2 site of BMP4 appears to be regulated in a tissue-specific
fashion as a means of determining short- versus long-range activity of the ligand, but the
mechanism by which S2 cleavage is regulated is unknown. The studies presented herein
began to test the hypothesis that expression/activation of an S2-specific enzyme is a
potential mechanism. We cloned and characterized the expression of PC homologues in
Xenopus and identified the PCs responsible for BMP4 cleavage in vivo. We found that
PC7 is ubiquitously expressed while Furin and PC6 are more selectively expressed, and
all three enzymes cleave the optimal S1 site of BMP4 while only Furin and PC6 cleave
the minimal S2 site. These observations lead to the hypothesis diagramed in Figure 4-2
and described in the legend, in which BMP4 is constitutively cleaved at the S1 site by

PC7, and tissue-specific expression of an S2 site enzyme (i.e. Furin and/or PC6) results in

S1 and S2 cleavage of BMP4.
Tissuesthat express PC7 Tissues that express Figure 5-1. Model for
plus Furin and/or PCE PC7 only tlssue_speCIfIC Cleavage at

the S2 site of BMPA4.
Cleavage of the S2 site of

[Furin/Pce/pC7 RXKR PC7 BMP4 could be regulated by
o tissue-specific expression of the
E S2 site enzymes. In this

ER

scenario, PC7 cleaves the S1
site of BMP4 constitutively to
generate the short-range

52 Enzyme . R h
3 signaling  molecule,  while

Post- _J

L coexpression of Furin or PC6
— results in cleavage of BMP4 at
D A’M‘ﬁﬂimm i &HW-T T i
R R e both the S1 and S2 sites to
generate the long-range
Stable, long- Degraded, short- Slgnalmg molecule.
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Future studies will build on this information by characterizing the cleavage
pattern of BMP4 in various tissues and correlating that with BMP4 trafficking and
regulation of PC expression and activity. Taken together, this information will further
our understanding of the intricacies of BMP4 regulation that are essential for its normal
activity.

In addition, the techniques developed here could be employed for cleavage studies
of other TGF family members. Several proteins from this family have more than one
potential PC cleavage site, but in most cases it is not known if the upstream site is
utilized, how its usage might be regulated, or how differential cleavage might affect
protein activity. These studies would greatly enhance our knowledge of a family of

proteins that are vital for life.
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Appendix

Detailed Methods
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I. RNA EXTRACTION FROM XENOPUS OOCYTES/EMBRYOS

General notes: Gloves should always be worn when working with RNA. Tubes and tips

should be autoclaved, and samples should be kept on ice.

1. Homogenize embryos by pipeting up and down in 0.75-1 ml of homogenization
buffer (w/ proteinase K) per 20 embryos (400 ul for 10 whole embryos/100 ul for 20
animal caps). Incubate 1 hr @ 37°C.

2. Add %2 volume phenol and ¥z volume sevag (chloroform:isoamyl alcohol, 24:1).
Vortex for > 15 sec, and spin in microfuge 5 min @ 4°C. Transfer aqueous layer to a
clean tube, avoiding material near the aqueous-organic interface. Repeat extraction
once.

3. Add ammonium acetate to 0.4 M (*/,5 volume 10 M). Add two volumes 100% EtOH.
Leave @ -20°C for 15 min to overnight.

4. Spin in microfuge 10 min @ 4°C. Rinse pellet with 70% EtOH and air dry briefly
(overdrying will make pellet difficult to resuspend).

5. Dissolve in DEPC treated water equal to at least 25% of the volume of buffer used in
step 1 (100 wl/25 ul). Add an equal volume of 8 M LIiCl. Leave @ -20°C overnight.

6. Spin in microfuge 20 min @ 4°C. Wash pellet with ice-cold 100% EtOH and air dry

briefly. Resuspend in DEPC treated water (14 ul/7 ul).
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I1. NORTHERN ANALYSIS

Template preparation

1.

Cut 20 ug template DNA overnight with the appropriate enzyme in a reaction
volume of 100 pl.

Run 5 ul of the rection on an agarose gel to verify that cutting is complete.

Extract once with phenol:sevag, 1:1 (as described in 1.2), once with an equal volume
sevag.

Add ammonium acetate to 0.4 M (*/,5 volume 10 M) and two volumes 100% EtOH.
Leave @ -20°C > 15 min, spin in microfuge 10 min @ 4°C. Rinse pellet with 70%

EtOH, vacuum dry, and resuspend in 36 ul DEPC treated water (~0.5 pg/ul).

Northern probe synthesis

5.

Add the following components, in the order shown, to a sterile microcentrifuge tube
at room temperature (RT; DNA template might precipitate if mixed on ice), and
incubate 1 hr @ 37°C:

0.8 ul DEPC treated dH,O

2 ul 10x transcription buffer

2 ul 100 mM DTT

0.8 ul RNasin

4l 2.5 mM ATP, GTP, UTP (mix equal volumes 10 mM ATP, GTP, UTP, and
DEPC treated dH0, store @ -20°C)

2.4 ul 100 uM CTP

2 pl 0.5 pg/ul linearized template

5 ul 10 pCi/ul o3P CTP (50 pCi total)

1 ul RNA polymerase
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6. Add 1 ul RQ1 DNase, and incubate 15 min @ 37°C. Meanwhile, drain a Sephadex
G-50 column by spinning in the IEC centrifuge, 2 min at setting 4.

7. Add 30 ul DEPC treated water, apply solution to the center of the column, and spin 4
min at setting 4. Monitor the radioactivity remaining on the column and that in the
eluate using a Geiger counter (typically at least 50% of the counts are in the eluate).

8. Count 1 ul and calculate cpm.

Sample preparation and Northern blot

9. Mix agarose, dH,0, and MOPS buffer in a flask and microwave until the agarose has
dissolved. Cool by swirling flask under tap water, then add formaldehyde in fume

hood. Pour gel in hood and cover with plastic wrap or buffer once it has set.

50 ml 1% gel: 150 ml 1% gel:

36 ml dH,0 108.75 ml dH,0O

5 ml 10x MOPS buffer 15 ml 10x MOPS buffer

0.5 g agarose 1.5 g agarose

8.75 ml 37% formaldehyde 26.25 ml 37% formaldehyde

10. Add 23 ul sample buffer to 6.7 ul RNA (typically 10-20 ug of total RNA or 1-5 ug of
poly(A)" RNA dissolved in DEPC treated dH,0), heat 5 min @ 60°C, immediately
transfer to ice for 2 min. Add 1 ul dye (w/ EtBr) and load gel.

11. Run gel ~80 V, using 1x MOPS for running buffer, until the lower dye has run %2 to
’l5 the legth of the gel.

12. Soak gel 30 min in 20x SSC, and set up transfer (Figure A-1). Blot overnight onto

nylon membrane using 10x SSC as the transfer buffer.
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13. The next morning, mark wells using a VWR marker. Rinse membrane 10 min in 2x
SSC, air dry, and UV-crosslink using a Stratalinker. The filter can now be stored @

RT between filter paper until hybiridization.

Weight (~500 g)
— Tray to distribute weight
B Paper towels
"Filter paper (2 layers)
/lon membrane
‘Gel (upside down)

Filter paper wick (2 Elayers)

10x SSC \
| A

Pyrex dish |

Plexigl'éss platform

Figure A-1. Northern transfer setup. Assemble Pyrex dish with plexiglass platform and filter
paper wick as shown. Wet wick with 10x SSC. Layer gel (face down), nylon membrane (pre-wet
with dH,0 then 10x SSC), two pieces filter paper (pre-wet with 10x SSC), and paper towels. Center
tray and weight on top, fill reservoir with 10x SSC, and cover entire setup with plastic wrap to
minimize evaporation.

Northern blot hybridization

14. Using forceps, transfer the membrane to a hybridization tube, rinse with 2x SSC,
drain, and add 10 ml hybridization solution. Incubate in hybridization oven 2-4 hr @
65°C.

15. Add 1-5 x 10° cpm of probe per ml of hybridization solution (usually 2 x 10" cpm in
10 ml). Incubate O/N @ 65°C.

16. The next morning, drain the probe into a screw-cap tube and store @ -20°C for later
use. Rinse membrane w/ ~10 ml rinse solution at RT, count 10 ul, and calculate

radioactive waste disposal. Repeat rinse.
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17. Wash the membrane in ~50 ml wash solution two to four times for 15-30 min each @
65°C until the poured off solution is at background as monitored with a Geiger
counter.

18. Wrap membrane in plastic wrap and expose to film or phosphoscreen.

I11. RIBONUCLEASE PROTECTION ASSAY

Template preparation

1. Cut 20 ug template DNA, check, and clean up (as described in 11.1-4). Use a

restriction enzyme that leaves a 5’ overhang and yields an antisense probe of 200-400
nucleotides.

Probe synthesis

2. Add the following components, in the order shown, to a sterile 0.5 ml microcentrifuge
tube @ RT, and incubate 1 hr @ 37°C:

1 ul 10x transcription buffer

1ul100 MM DTT

0.4 ul RNasin

2 ul 2.5 mM ATP, GTP, UTP (mix equal volumes 10 mM ATP, GTP, UTP, and
DEPC treated dH,0, store @ -20°C)

1.2 ul 100 uM CTP

1 pl 0.5 pg/ul linearized template

2.5 pul 10 pCi/ul a-**P CTP (25 pCi total)

1 ul RNA polymerase

3. Add 1 ul RQ1 DNase, and incubate 15 min @ 37°C. Meanwhile, drain a Sephadex

G-50 column by spinning in the IEC centrifuge, 2 min at setting 4.
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4. Apply solution to the center of the column, and spin 4 min at setting 4. Monitor the
radioactivity remaining on the column and that in the eluate using a Geiger counter
(typically at least 50% of the counts are in the eluate).

5. Add 100 pl DEPC treated dHO to the eluate, mix, and count 1 ul. Dilute the probe
with DEPC treated dH-O to achieve ~5x10* cpm/pl.

Sample preparation and analysis

6. Ethanol precipitate 10-50 ug of total RNA (as described in 1.3-6). Always include
one sample of 10 pg yeast tRNA per probe as a negative control. Resuspend samples
completely in 3 ul DEPC treated dH,O.

7. Add 28 ul of the following mix to each RNA sample:

Per sample: 15 samples:

24 ul deionized formamide 372 pl deionized formamide
3 pl 10x RPA salts 46.5 ul 10x RPA salts

1 pl probe (5x10* cpm) 15.5 ul probe (5x10* cpm)

8. Mix and centrifuge briefly. Heat 5 min @ 65°C, then O/N @ 45°C in the circulating
water bath.
9. Add 300 pl of the following mix to each sample and vortex. Incubate 30 min @
37°C:
Up to 15 samples:
50 ul 1 M Tris, pH 7.5
50 ul 0.5 M EDTA, pH 8.0
300 ul 5 M NaCl
20 ul RNase A (10 mg/ml; 40 pg/ml final)

7-10 pl (10 ug) RNase T1 (2 ug/ml final)
4.57 ml dH,0
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10.

11.

12.

13.

Add 10 pl 20% SDS and 4 pl 25 mg/ml Proteinase K to each sample and incubate 15
min @ 37°C. In the meantime, pour a 20 cm 5% Urea/Acrylamide gel:

25 g Urea (get into solution using stir plate)
4.2 ml 30% Acrylamide/bis solution
10 ml 5x TBE
dH,0 to 25 mi
200 pl 10% Ammonium persulfate and 10 ul TEMED (immediately before pouring)

Add 150 pul each phenol and sevag, vortex, spin 5 min. Remove ONLY 320 pl of
each supernatant to a new tube which contains 10 ug of yeast tRNA. Add 600 pul of
100% EtOH (do NOT add salt). Incubate > 15 min @ -80°C. In the meantime, rinse
gel wells and prerun for 30 min @ 22 milliamps.

Spin samples 10 min, rinse pellets with 70% EtOH, and vacuum dry. Resuspend
pellets in 5 ul RPA sample buffer. Also dilute a portion of each probe to 500 cpm/pul
in RPA sample buffer. Heat 5 min @ 95-100°C, place on ice.

Load samples, including one lane with 500-2000 cpm of probe. Run gel at 22-25

milliamps until bromophenol blue is at the bottom.

IV. **S INJECTIONS INTO XENOPUS OOCYTES

Day1: Surgical Removal of Oocytes

1.

Obtain a frog that has not been surgerized or that has completely healed (cut is closed,
sutures are gone, ~1 month between surgeries)

Place her in a beaker with 500 ml 0.2% tricane (inside an ice bucket w/ a weighted lid
so she can’t get out) for 20-30 min or until she does not respond when you pinch her

foot
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8.

9.

Once asleep, place her belly up on plastic side of bench paper and cover her head and
legs with paper towels soaked in tricane

Cut a small slit in the skin then the muscle (10-15 mm)

Pull out several lobes of ovary (~5 ml for 1000 oocytes) and transfer to a 35 mm
Tissue Culture (TC) dish containing DS.

Suture muscle then skin (~3 each) using square knot

Move frog to “Frog House” with salt water and cover her with wet paper towels to
keep her moist — container should be propped so she can recover with her nostrils out
of water

Using forceps, tear ovary tissue into smaller pieces and rinse with DS

Transfer oocytes to 50 ml tube containing 20 ml DS, add 200 ul liberase

10. Incubate 90 min @ RT on the nutator

a. under treatment results in oocytes still covered with follicle cell layer; over

treatment results in squishy oocytes

11. Clean tools with soap and water and rinse with EtOH; filter tricane to be reused

12. Wash liberased oocytes 2-3x with DS, then 2-3x with MBSH

13. Transfer to 35 mm TC dishes in MBSH and sort out mature, healthy oocytes

14. Incubate O/N @ 18°C in MBSH

Day 2: Oocvyte injections

15. Make solution of capped RNA and **S-met,cys (frozen stock is 10x *S, use 20% total

volume)

16. In MBSH, inject oocytes with a maximum volume of ~50 nl (use designated

radioactive tray) — aim for the border of the vegetal and animal poles
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17. Transfer injected oocytes to multi-well TC dish containing 800 ul MBSH, incubate

O/N @ 18°C

Day 3: Protein Prep and Immunoprecipitation

18. Pipette off media and transfer to 1.5 ml MC IP tube, wash oocytes with 200 ul MBSH

and add to tube containing media

19. Transfer oocytes to 1.5 ml MC tube (6-20 oocytes/tube), remove excess liquid

Samples can be frozen with liquid nitrogen and stored @ -80°C

20. Media:

Add 110 pl 10x media buffer (10% triton, 1 M NaCl) to 1 ml media

Lysates:

For 6-10 oocytes, resuspend in 30 ul (60ul for 12-20 oocytes) HB + 1x protease
inhibitor cocktail

Add 100 pl (200 ul) SDS solution

Incubate 30 min @ 37°C

Add 500 pl (1000 pl) TXSWB

Incubate 45 min on ice

Spin 10 min @ 4°C, transfer supernatant to fresh MC tube

Samples can be stored @ -80°C

21. Add antibody (60 ul supernatant or ~2 ug purified) to samples — can continue or

incubate 2 hr-O/N on ice

22. Add 20 ul protein A beads and incubate O/N @ 4°C on rocker
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Day 4: IP washes and electrophoresis

23. Spin down beads (30 sec at top speed in cold room), remove and store supernatants in
-80°C freezer (they can be re-1P’d)

24. Wash beads 3x with 750 pul TxSWB w/ PMSF (shake vigorously, spin, aspirate wash)

25. Wash beads 2x with 0.1 M Tris/ 0.1 M NaCl

If deglycosylating, skip step 4 and follow “PNGase Treatment” instructions

26. Add 16 ul loading buffer (w/ B-ME if reducing), boil 5 min, ice

27. Run products on acrylamide gel (For big gels, 200 V ~3 hr or 50 V O/N; for small
gels <150 V)

28. Fix gel 10-15 min, place on filter paper, dry ~2 hr, expose

PNGase/EndoH Treatment (see product insert for more details)

29. Resuspend beads in 20 ul 1x denaturation buffer (comes as 10x)

30. Incubate 10min @ 100°C (non-reducing 10x = 5% SDS)

31. Add 2.5 ul 10x G7 buffer and 2.5 ul 10% NP-40 (PNGase) / add 2.5 ul 10x G5 buffer
(EndoH)

32. Spin down, add 0.5 ul PNGase/EndoH, incubate 1 hr (or more) @ 37°C

33. Add 6 pul 4x loading dye w/ B-ME (without for non-reducing), boil 5 min, load on gel

V. ANTISENSE-MEDIATED KNOCK-DOWN

1. Surgically remove and liberase treat oocytes (section 1V.1-14).

2. The next day, inject oocytes with 5-10 ng phosphorothioate modified
oligonucleotides. Incubate ~72 hrs @ 18°C to allow protein turnover (duration

depends on half-life of targeted protein).
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3. 24 hrs after injection, harvest a subset (10-20 oocytes) for RNA extraction and
Northern analysis (sections I-11) to verify knock-down of the target mRNA.
4. If necessary, inject a second time and analyze results via IP (section 1V.15-33) or

Western analysis (section V1).

V1. WESTERN ANALYSIS OF PROTEINS FROM XENOPUS BLASTOCOEL
FLUID AND EMBRYOS

Embryo injection

1. Dilute capped RNA in nuclease free water:
a. BMP4 (for 5 ng inject 9.2 nl of 543 ng/pul)
2. Inject into one cell in the animal pole of 2- to 8-cell embryos
3. Culture until St. 9 in 5% Ficoll / 0.1x MBS
4. The next morning, transfer embryos to 0.1x MBS

Blastocoel fluid extraction

5. Eject oil from needle ~1/2 way, insert needle into animal pole of embryo (straight,
shallow), and press “fill”. Watch the needle to make sure clear fluid is entering, and
stop pressing fill when white stuff (cells) enter the needle. Press “eject” to get rid of
any white stuff that gets in - you don’t want cells in the fluid, and they’ll clog the tip.

6. Repeat this until you have blastocoel fluid from 10 embryos. You can expect ~1 pl-
2.5 pl total.

7. Eject the fluid onto a piece of parafilm, and use a micropipette to transfer it to a
microcentrifuge tube containing 20 ul 1x denaturation buffer on ice, proceed with

deglycosylation (below).
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Preparation of embryo lysates

8. Transfer the 10 depleted embryos to a separate tube on ice; remove excess MBS

9. Toembryos, add 100 pl lysis buffer (10 ul/embryo) and homogenize using a
micropipette

10. Spin 10 min (top speed) in a microcentrifuge @ 4°C

11. Transfer 80 ul (4/5) to a fresh tube, avoiding the yolk, and spin another 10 min

12. Transfer 64 ul (4/5) to a fresh tube

Deglycosylation

13. For each sample, add 13 ul embryo lysate (2 embryo equivalents) to 5 ul H,0 and 2 pl
10x denaturation buffer on ice

14. Incubate lysates and blastocoel fluid 10 min @ 100°C

15. Add 2.5 ul 10x G7 buffer and 2.5 pl 10% NP-40

16. Spin down, add 0.5ul PNGase, incubate 1 hr (or more) @ 37°C

SDS PAGE and Western blot

17. Add 6 pl 4x loading dye w/ B-ME to each sample, boil 5 min, load on gel (use 5 ul
ladder)
18. Run acrylamide gel ~100V 1-2 hrs
19. Transfer
e Wet PVDF membrane with MeOH, poor off, wet with transfer buffer
e Assemble cassette in transfer buffer: white side, 3 mm sponge, blotting paper,
membrane, gel, blotting paper, 6mm sponge, black side
e Run transfer 0.2 amps 2-5 hrs or .07 amps O/N

20. Dry the blot 1 hr @ RT or 15-30 min @ 37°C
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21.

22,

23.

24,

25.

26.

27.

Wet the blot in MeOH then rinse with 1x PBS

Block the membrane with 5% non-fat dry milk in TBST for 1 h @ RT or O/N in the
cold room

Remove the blocking solution and add primary antibody diluted in TBT (5-7 ml for

small box, 12.5 ml for large box). Incubate 2 h @ RT or O/N in the cold room
e Use HA (3F10, a-rat) at 1:2000
Remove the primary antibody (can be saved in freezer) and wash the blot 3x with
TBST for 10 min ea
Incubate the blot for 1h @ RT with secondary antibody HRP conjugate diluted in
TBT
e Use a-rat HRP at 1:5,000
Wash the blot 3x with TBST for 10 min ea
Carry out ECL
e Blot dry membrane
e Mix 1:1 ECL (3 ml for small membrane)
e Lay plastic film out flat, lay down membrane, layer ECL
e Incubate 5 min (don’t let it dry out)
e Blot dry membrane
e Cover in plastic (no bubbles)

e Expose 30 sec-30 min (ECL gone after that)
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VII. LINKAGE-MEDIATED POLY(A) TAIL ASSAY (LM-PAT)

cDNA synthesis

1.

In two microcentrifuge tubes (one will be a no RT control), mix 250 ng total RNA
and 20 ng Poly(dT)12-1s primer with DEPC treated dH,O in a volume of 7 ul. Heat 10
min @ 65°C, transfer to 42°C.

In the meantime, mix the following per reaction and pre-warm @ 42°C:

4 ul 5x AMV-RT buffer

1 pl 400 U/ul RNasin

2 ul 0.1M DTT

1 ul 10mM ea dNTP mix

1 ul 10mM ATP

1 ul 40 U/ul T4 DNA ligase
3 ul DEPC dH,0

Combine mix with primed RNA and incubate 30 min @ 42°C.

While at 42°C, add 200 ng Oligo(dT)-linker primer [5'-
GAGAGAACTAGTCTCGAG(T)4g], vortex, spin, and incubate 2 hrs @ 14°C.
Transfer to 42°C for 2 min, add 2 ul AMV-RT (NOT to the no RT control), vortex,
incubate 1 hr @ 42°C.

Heat inactivate RT and ligase for 20 min @ 65°C, PCR.
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RT-PCR

7. Design two target-specific primers, a reverse primer that anneals just 5’ of the poly-A
tail within the 3" UTR and a forward primer that anneals ~200-300bp upstream of the
reverse primer (referred to as Primer F/R). For each target there should be two sets of
primers: Primer F + Primer R (no poly-A size control) and Primer F + Linker [5'-
GAGAGAACTAGTCTCGAGT] (amplifies control fragment plus entire length of
poly-A tail). There should also be two template controls per primer set: no template
(dH20) and no-RT control.

8. InaPCR tube, mix the following per reaction:

8.4 ul dH,O

0.4 ul 10mM dNTPs

2 ul 10 pmol/pl Primer F

2 ul 10 pmol/ul Primer R or Linker
4 ul 5x Buffer

2 ul 25mM MgCl,

1 ul Template

0.2 wl 5U/ ul Tag DNA polymerase

9. Perform PCR, adjusting cycle number and annealing temperature as needed. A good
place to start is as follows: 94°C for 5 min, followed by 30 cycles at 94°C for 30 sec;
60°C for 30 sec; and 72°C for 1 min, followed by incubation at 72°C for 7 min.

Southern probe synthesis

10. Prepare template by PCR amplification of cDNA using Primer F and Primer R (as
described in section VI11.8-9) followed by agarose gel electrophoresis (estimate
concentration by band intensity) and purification (assume ~80% recovery) using the

BI1O 101 Systems GENECLEAN Il Kit (Cat. #1001-400). Elute to 25 ng/ul.
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11. Boil template DNA 10 min to denature and place on ice.

12. Add the following components from the Roche Random Primed DNA Labeling Kit
(Cat. No. 11 004 760 001), in the order shown, to a sterile microcentrifuge tube @ RT
and incubate 1 hr @ 37°C:

25 ng DNA in 9 pl total volume, denatured

3 ul 0.5 mM ea. AGT mix (1:1:1 ratio from tubes 2, 4, and 5)
2 ul reaction mix (tube 6)

5 ul 10 pCi/ul o3P CTP (50 pCi total)

1 ul Klenow enzyme (tube 7)

13. Add 30 ul dH;0, and incubate apply to the center of a drained Sephadex G-50
column (spun in the IEC centrifuge, 2 min at setting 4), spin 4 min at setting 4.

14. Monitor the radioactivity remaining on the column and that in the eluate using a
Geiger counter (typically at least 50% of the counts are in the eluate), and count 1 pl.

Southern blot preparation and hybridization

15. Pour agarose gel just as you would for any DNA sample (probe binds to ladder: 400,
500, and 1600bp)

16. Load PCR products (all for Primer F + Linker, /o™ for Primer F + Primer R) with
EtBr in the loading dye and run until desired length has been reached.

17. Photograph gel with ruler for later comparison (you may not see a band for Primer F
+ Linker samples). Place gel in dish with about 2-3 gel volumes of 0.25M HCI and
rock 30 min @ RT. Loading dye should change color.

18. Pour off HCI and rinse w/ DI water. Add 2-3 gel volumes of denaturation solution

and rock for another 20 min. Loading dye should change color again.
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19.

20.

21.

22,

23.

24,

25.

26.

Pour off denaturation solution and rinse with dH,O. Replace with 2-3 gel volumes of
neutralization solution and rock for 20 min. Pour off and replace with fresh

neutralization solution and rock for another 20 min.

Soak gel briefly in 20x SSC and soak nylon membrane briefly in dH,0 then 20x SSC.

Set up standard transfer apparatus just as you would a Northern (Figure A-1), but use
20x SSC as the transfer buffer. Transfer O/N.

The next morning, mark wells using a VWR marker. Rinse membrane 10 min in 2x
SSC, air dry, and UV-crosslink using a Stratalinker. The filter can now be stored @
RT between filter paper until hybiridization

Soak membrane in 6x SSC and place in a hybridization tube DNA side facing in.
Add 10 ml hybridization solution and pre-hyb for 2-5 hrs @ 42°C.

Boil DNA probe (1-5x10" cpm) for 5-10 min, ice, and add probe to hybridization
tube. Incubate in hyb oven O/N @ 42°C.

The next morning, drain the probe into a screw-cap tube and store @ -20°C for later
use. Rinse membrane w/ ~10 ml rinse solution at RT, count 10 ul, and calculate
radioactive waste disposal. Repeat rinse.

Wash the membrane in ~50 ml wash solution two to four times for 15-30 min each @
42°C until the poured off solution is at background as monitored with a Geiger
counter.

Wrap membrane in plastic wrap and expose to film or phosphoscreen.
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VIII. SOLUTIONS
RNA Homogenization Buffer:
50 mM NaCl
50 mM Tris-HCI, pH 7.5
5mM EDTA, pH 8.0
0.5% SDS

50 ml:
0.5 ml 5 M NaCl
2.5ml 1 M Tris-HCI
0.5ml0.5MEDTA
1.25 ml 20% SDS
45.25 ml DEPC treated dH,0O

Add 8 ul 25 mg/ml proteinase K per ml of buffer immediately before each use.

RNA Sample Buffer:

RNA Loading Dye:

Northern Hybridization Solution:

50% Formamide

50 mM Phosphate buffer, pH 6.8

0.8 M NaCl
1 mM EDTA, pH 8.0

2.5x Denhardt’s solution

400 pug/ml Sonicated herring sperm DNA

1ml:
642 pl deionized formamide
229 pl 37% formaldehyde
128 ul 10x MOPS

1ml:
40 pl 10% Bromophenol blue
40 ul 10% Xylene cyanol
10 ul 37% Formaldehyde
500 pl 100% Glycerol
210 pl 10x DEPC treated dH,0
200 pl 10 mg/ml EtBr (optional)

50 ml:

5 ml Formamide
2.5 ml 1 M Phosphate buffer

8 ml 5 M NaCl

100 ul 0.5 M EDTA
1.25ml 100x Denhardt’s solution
(add fresh)
2.23 ml DEPC treated dH,0

Before use, boil sperm DNA 5 min, place on ice, add 440 ul per 10 ml buffer
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Rinse Solution:
2x SSC
0.5% SDS

Woash Solution:
0.2x SSC
0.5% SDS

10x RPA Salts:
400 mM PIPES, pH 7.4
4 M NaCl
10 mM EDTA, pH8.0

RPA Sample Buffer:
88% Formamide
10 mM EDTA, pH8.0
1 mg/ml Xylene cyanol

1 mg/ml Bromophenol blue

DS (filter sterilize):
82.5 mM NaCl
2.0 mM KCI
1.0 MM MgCl,

500 mi:
50 ml 20x SSC
12.5 ml 20% SDS
437.5 ml dH,0

1L:
10 ml 20x SSC
25 ml 20% SDS
965 ml dH,0

50 ml:

40 ml 0.5 M PIPES

11.7 g NaCl
1ml0.5MEDTA

DEPC treated dH,0 to 50 ml

1 mil:
880 ul deionized formamide
20 ul 0.5 M EDTA
10 ul 10% Xylene cyanol
10 pl 10% Bromophenol blue
80 ul DEPC treated dH,0O

1L 20x Partial:
96.43 g NaCl
2.98 g KCI
203.31 g MgCl,*6H,0

5.0 mM HEPES-Hemi Na, pH 7.5
For 1L: add 50 ml 20x & 1.25 g HEPES, sterilize w/ 0.2 uM filter, store in cold room

Liberase (Blendzyme 3, Roche Cat. No. 1 814 184, 70 mg):

Add 10 ml sterile dH,0O, reconstitute 30 min on ice, aliquot 200 ul/tube, store @
-20°C.
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MBSH (filter sterilize):
88.0 mM NaCl
1.0 mM KClI
0.33 mM Ca(NOs3),#4H,0
0.41 mM CacCly*2H,0
0.82 mM MgSO,
2.4 mM NaHCO3

10.0 mM HEPES-Hemi Na, pH 7.5-7.55

250 mg/L Amikacin

For 1 L: add 50 ml 20x, 0.82 ml 1 M MgSQy, 4.8 ml 0.5 M NaHCOs3, 2.49 g HEPES,

1L 20x Partial:
102.85 g NaCl
1.49 g KCI
1.56 g Ca(NO3),#4H,0

sterilize w/ 0.2 uM filter, add 250 mg Amikacin, store in cold room

HB Buffer (filter sterilize):
0.25 M Sucrose
50 mM Tris-HCI, pH 7.5
5 mM KOAc, pH 7.5
5 mM MgOAc, pH 7.5

SDS Solution:
1% SDS
0.1M Tris-HCL, pH 8.9

TXSWB:
1% Triton
0.1 M NaCl
0.1 M Tris, pH 8.0
10 mM EDTA

fresh 0.1 mM PMSF (isopropanol)

50 ml:

4.3 g Sucrose
2.5ml 1 M Tris
250 ul 1 M KOACc, pH 7.5
250 ul 1 M MgOAc
dH,0 to 50 ml

50 ml:

2.5 ml 20% SDS

5.0 ml 1M Tris
42.5 ml dH,0

500 ml:
25 ml 20% Triton X-100
10 ml 5 M NacCl
50 ml 1 M Tris
10 ml 500 mM EDTA
405 ml dH,0
5 ul 20 OmM PMSF in 10 ml

141



7x Protease Inhibitors:

One tablet in 1.5 ml TxSWB buffer, store @ -20°C

Fixer:
15% Methanol
7.5% Acetic Acid

4x Loading Dye:
200mM Tris-Hcl, pH 6.8
8% SDS
0.4% Bromphenol Blue
40% Glycerol

500 ml:

75.0 ml Methanol

37.5 ml Acetic Acid
387.5 ml dH,0

10 ml:
2ml 1M Tris
4 ml 20% SDS
0.04 g BPB
4 ml Glycerol

For reducing, add 1/20" volume B-ME (14.4 M) before use

Lysis Buffer:

TBST:
10 mM Tris-Cl, pH7.2-7.5
0.9% NacCl
0.1% Tween 20

Blocking Solution:
TBST w/ 5% non-fat dried milk

TBT:
TBST w/ 0.2% BSA

1:2000 = 1 ul Ab in 2 ml TBT

50 ml:

25ml 1M TrispH 7.5
1.5 ml 5M NacCl

100 pl 0.5M EDTA

500 pl Triton X-100

500 pl 10% SDS

1.25 ml IGEPAL (NP-40)

500 ml:
5ml 1M Tris
4.5 g NaCl
5 ml 10% Tween

lg=1ml

100 ml:
0.2gBSA
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Southern Hybridization Solution: 50 ml:

50% Formamide 5 ml Formamide
6x SSC 2.5 ml 1 M Phosphate buffer
0.8 M NaCl 8 ml 5 M NaCl
1 mM EDTA, pH 8.0 100 ul 0.5 M EDTA
5x Denhardt’s solution 1.25ml 100x Denhardt’s solution

400 pug/ml Sonicated herring sperm DNA  (add fresh)
2.23 ml DEPC treated dH,0O
Before use, boil sperm DNA 5 min, place on ice, add 440 pul per 10 ml buffer

Denaturation Solution: 2 L:
40 g NaOH
175.3 g NaCl
dH,Oto2 L

Neutralization Solution: 2L:
121.1 g Tris
175.3 g NaCl
dH,Oto2 L

pH to 7.0 with concentrated HCI
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