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ABSTRACT

Granulins are small cysteine-rich peptide growth factors that, in mammals, are derived
from a common glycoprotein precursor (progranulin) containing one half and seven
non-identical tandemly repeated granulin domains. While there is evidence for only
one progranulin gene in mammalian genomes, work presented in this thesis
demonstrates that granulins form an extended gene family in teleost fish. Two
zebrafish genes that constitute likely co-orthologues to mammalian progranulin,
progranulin-a and progranulin-b, encode precursors that encode 10 and 9 copies of the
granulin motif, respectively. Two additional genes in zebrafish, designated
progranulin-1 and progranulin-2, each give rise to precursors consisting of one and
one-half granulin-like repeats only. The progranulin-1 and progranulin-2 genes are
organized in tandem, and possess exonic complementarity to a single non-coding
RNA gene transcribed in the antisense orientation from the complementary DNA
strand. A cDNA encoding a chimeric precursor consisting of the amino-terminal
progranulin-1 followed by the carboxyl-terminal region of progranulin-2 was
characterized and is likely generated through the mechanism of splicing in trans
between the two primary transcripts for progranulin-1 and progranulin-2.
Chromosomal assignment of the zebrafish progranulin genes indicates that
progranulin-a, but not progranulin-b, is located on a chromosome that displays
syntenic correspondence to mammalian progranulin. Cumulatively, the data suggest
that an ancestral progranulin gene was duplicated at the base of the vertebrate
radiation to generate precursors with distinct architectures and that one was lost in the
lineage leading to tetrapods after the split between sarcopterygians and
actinopterygians. Like their mammalian counterpart, the expression of the zebrafish
progranulins is widespread in adult tissues. During development, the maternal
expression of progranulin-a and progranulin-b parallels that of the murine counterpart,
while progranulins-1 and -2 are not detectable in the zygote, reflecting a possible
devolution of function. Preliminary functional studies involving knockdown of
progranulin-a indicate pleiotropic roles for this gene in vertebrate development. This

includes axis formation, growth and regionalization of the central nervous system, cell



proliferation and protection against anoikis. Progranulin-a is also implicated in
hematopoiesis, the establishment and integrity of the vasculature, in organogenesis,

and in the formation of structures derived from pharyngeal endoderm such as the jaw.
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ABREGE

Les granulines sont des facteurs de croissance peptidiques riches en cystéine qui, chez
les mammiféres, sont derivés d’une glycoprotéine commune (progranuline)
comportant une demie et sept copies non-identiques du motif de la granuline
organisées en tandem. Alors que les génomes des mammiféres ne possédent qu’un
seul gene pour la progranuline, les recherches présentées dans cette thése démontrent
que les granulines forment une famille de geénes chez les poissons téléostéens. Deux
geénes chez le poisson-zébre, progranuline-a et progranuline-b, donnent lieu a des
précurseurs qui comportent dix et neuf copies du motif de la granuline,
respectivement, et qui constituent une relation de co-orthologues a la progranuline
trouvée chez les mammiferes. Deux autres génes chez le poisson-zebre, progranuline-
1 et progranuline-2, encodent des précurseurs comportant seulement une copie et
demie du motif de la granuline. Ces derniers sont organizés en tandem, et posseédent
des regions exoniques qui sont complémentaires a un seul géne ne possédant pas de
potentiel pour encoder un polypeptide, et dont la transcription provient du brin
antisens de I’ADN génomique. Une ADNc qui encode une chimére composée des
exons 1 et 2 de la progranuline-1, suivit des exons 3 a 5 de la progranuline-2, et qui
semble provenir du méchanisme de 1’épissage en frans, a été caractérisée.
Progranulina-a, et non progranuline-b, est localizé sur le chromosome 3 dans une
region qui partage une correspondance par synténie avec 1’orthologue trouvé chez les
mammiferes. Une analyse comparative de la localization chromosomale des différents
génes de la progranuline trouvés chez le poisson-zebre suggére que la copie ancétre de
la progranuline a été dupliquée suite & I’origine des vertébrés pour donner lieu a deux
types de précurseurs possédant des architectures distinctes, et qu’une copie a €té
perdue par la suite dans la lignée menant aux tétrapodes. Comme leur homologue chez
les mammiferes, les progranulines du poisson-zeébre sont exprimés dans une variété de
tissus adultes. Dans le développement embryonaire, progranuline-a et progranuline-b
sont exprimés de fagon maternelle, alors que progranuline-1 et progranuline-2 ne sont
pas détectés chez le zygote, ce qui réflete une devolution possible parmis ces geénes.
Des études préliminaries portant sur la caractérisation fonctionnelle de progranuline-a

utilisant la technique du “knockdown” indiquent des effets pl€iotropiques pour ce géne
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dans le development des vertébrés, notamment dans la formation des axes, la
croissance et la regionalization du systéme nerveux central, ainsi que la proliferation et
la survie cellulaire. Progranuline-a est également impliquée dans 1’hématopoiése, la
formation et I'intégrité du syst€me vasculaire, ainsi que dans la formation des organes

viscéraux et des structures dérivées de I’endoderme des pharynges dont la michoire.
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I. General Introduction

1.1 Granulins

1.1.1 General overview of granulins — Cellular proliferation and differentiation are
processes normally kept under tight regulation by the interplay of a variety of growth
factors and cell-cell (Fagotto and Gumbiner, 1996) or cell-matrix interactions
(Ashkenas ef al., 1996). Aberrant stimulation by growth factors is often a hallmark of
neoplastic cell growth, and may lead to abnormal embryogenesis and tissue
development (Dickson and Salomon, 1998). As such, the characterization of candidate
mitogens, and the elucidation of their modes of action, is critical to understanding
various cellular processes ranging from the development of cell lineages to wound
repair, as well as tissue aging and tumorigenesis. Granulins, also known as epithelins,
are growth-modulating factors originally implicated in the control of epithelial cell
proliferation in vitro (reviewed in Bateman and Bennett, 1998). Individual granulin
peptides have an approximate molecular weight of 6 kDa, containing 12 cysteines
arranged in a characteristic motif: X7 3CX;5.6CX5CCX3CCXCCXsCCX4CX5.6CXo
(Bateman and Bennett, 1998). Carp granulin-1 has been used as a prototypic form to
solve the NMR solution structure of this peptide family, and has been shown to consist
of a parallel stack of B-hairpins held together by six disulfide bonds (Hrabal et al.,
1996).

The known roles and activities of granulins and of their common precursor,
called progranulin, PC-cell-derived growth factor (PCDGF), or acrogranin, have
expanded greatly since their discovery nearly 15 years ago. The current knowledge
about progranulin biology has recently been reviewed (He and Bateman, 2003; Ong
and Bateman, 2003; Serrero, 2003), and will not be covered at length here. Rather, in
order to provide some background information, aspects concerning the structural
organization of the mammalian granulins precursor, the involvement of this gene and
its protein complement in the process of tumorigenesis, as well as its mode of action,

are briefly overviewed below.



Granulins were first purified from human neutrophils and rat bone marrow
(Bateman et al., 1990), extracts of rat kidney (Shoyab er al., 1990), and the
hematopoietic organs of teleost fish (Belcourt et al., 1993). In mammals, these
peptides arise through the proteolytic processing of a common glycoprotein precursor,
consisting of a signal sequence followed one amino-terminal half and seven tandemly
repeated copies of the granulin consensus motif (Bhandari et al., 1992; Plowman et al.,
1992; Bhandari et al., 1993; Baba et al., 1993a). The granulins precursor, progranulin,
has been given different names depending on the context in which it has been
identified. Secretion and action of intact progranulin (Baba et al., 1993a; Zhou et al.,
1993; He and Bateman, 1999), as well as of its constituent granulin peptides (Bateman
et al., 1990; Shoyab et al., 1990), have been reported. This implies that progranulin
processing occurs differently in various tissues or cell types, and that individual
peptides may have distinct biological activities. In agreement with this notion is the
observation that granulin-A/epithelin-1 and granulin-B/epithelin-2 display pleiotropic
growth factor-like activities on various cell lines that can apparently oppose each
other. For example, while the growth of keratinocytes in culture is promoted by
addition of granulin-A/epithelin-1, this stimulatory activity is antagonized by addition

of granulin-B/epithelin-2 (Shoyab et al., 1990).

Evidence has been accumulating for the role of progranulin itself in the process
of tumorigenesis. Progranulin was purified as a candidate autocrine growth factor
secreted from a highly tumorigenic murine teratoma cell line (Zhou et al., 1993),
where it is referred to as PC-cell-derived growth factor (PCDGF), and recently shown
to modulate the growth of breast cancer cell lines in vitro (Lu and Serrero, 1999).
Subsequently, it was demonstrated that inhibition of expression of PCDGF in the
MDA-MB-468 human breast carcinoma cell line inhibited colony formation in vitro by
up to 80%, while inhibiting tumour incidence and tumour weight by 90% following
subcutaneous injection into athymic mice (Lu and Serrero, 2000). A corollary to these
observations was provided by studies of SW13 epithelial cells engineered to over-
express progranulin. These cells acquired phenotypic characteristics of transformed

cells including evidence of anchorage-independent growth in vitro, and injection of



these cells in nude mice promoted tumour growth (He and Bateman, 1999). Together,
these findings strongly suggest that the intrinsic level of expression of progranulin
facilitates cellular proliferation and the propensity of tumour formation of epithelial
cells (He and Bateman, 1999). Further support for these conclusions comes from the
upregulation of progranulin gene expression in human neuroglial and other brain

cancers relative to normal tissue (Liau et al., 2000, Markert et al., 2001).

In addition to its role in cell growth, progranulin expression is induced in skin
fibroblasts and in endothelia subsequent to injury, suggesting a role for this factor in
the wound healing response (He et al., 2003). Exogenous addition of this factor at the
wound site was shown to stimulate the appearance of inflammatory cells (macrophages
and neutrophils), fibroblasts, as well as stimulation of angiogenesis (He et al., 2003),
confirming its involvement in this process. In addition, processing of progranulin by
elastase, or its preservation in intact form through interaction with secretory leukocyte
protease inhibitor, appear to lie at the interface between innate immunity and wound

healing, respectively (Zhu et al., 2002).

The mode of action of granulins has not yet been fully determined. Candidate
high-affinity receptors for the peptides have been identified by cross-linking studies
using the MDA-MB-486 breast tumour cell line (Culouscou et al., 1993), and, for the
precursor, on the CCL64 mink lung epithelial cells, murine PC cells, and mouse
embryo fibroblast 3T3 cells (Xia and Serrero, 1998). Progranulin has been shown to be
the only factor capable of stimulating the growth of 3T3 mouse embryo fibroblasts in
which the IGF-I receptor has been deleted (R™ cells) (Xu et al., 1998). Normally, these
cells exhibit a cell cycle block for which no other known growth factor can bypass the
requirement of IGF-1 receptor signaling. This progranulin activity seems to be
mediated by the stimulation of the mitogen-activated protein kinase and the
phosphatidylinositol 3-kinase pathways in R™ cells, pathways known to be sufficient
for IGF-I mediated mitogenesis (Zanocco-Marani et al., 1999). Progranulin activity
was also shown to protect cells against anoikis and to stimulate migration through the

activation of focal adhesion kinase (He ef al., 2002). Interestingly, the protein core of a



heparan sulfate proteoglycan, namely perlecan, has been shown to interact with
progranulin, and was suggested to modulate its growth-promoting activity (Gonzalez

et al., 2003).

1.1.2 Teleost granulins — Multiple granulin peptides have been isolated and
characterized from extracts of the hematopoietic tissues of the carp (Cyprinus carpio)
(Belcourt et al., 1993). The major forms of granulin peptides found in spleen and head
kidney differ in their relative abundance (Belcourt et al., 1993), which is counter-
intuitive to the notion that granulins all arise from a common precursor encoded by a
single gene, as is the case in mammals. This suggests that granulins found in teleost
fish may have different biosynthetic origins. Prior to the research presented in this
thesis it was unclear whether these observations are a consequence of the presence of
multiple copies of a similar gene structure, or if granulins arise from a multi-gene
family. The data presented demonstrate that in teleost fish, granulins arise as members
of an extended gene family of at least two architectures, and provide evidence that
these structures arose as a result of a primordial chromosomal duplication event which

was followed by the emergence of structural diversity.

1.2  Evolutionary origins of granulins

There is considerable interest in delineating the distribution of gene families
and their constituent members across phyla through reading the evolution of the
genomic text. Tracing back the origins of a gene family in extant species is now
facilitated by the extensive deposition of expressed sequence tags (ESTs) from
numerous model organisms at the NCBI In turn, gene mapping and genome
sequencing enable the establishment of paralogous and orthologous relationships
between gene homologues found in different organisms. Aside from providing insight
into the evolution of genomes and of gene families, this information permits a more
direct comparison of the genetic and biochemical function of an equivalent gene

product in different model organisms.



While the progranulin gene appears to be an exception, the majority of growth
factors and cytokines - such as Wnts, BMPs, and interleukins - form extended gene
families in mammals. In fact, data mining of genomic sequences and ESTs indicate
that, whenever present, granulins are derived from a single gene in diploid
representatives of both the protostome and deuterostome clades (Figure 1). The
presence of a progranulin gene in the nematode worm C. elegans, but not in yeast or
fungus, suggests that granulins evolved in the early stages of metazoan life. This is not
surprising since unicellular organisms are known to express a limited number of
secreted signaling factors involved in cell-cell communication. The antiquity of the

granulin motif is further illustrated by its existence in some plants.

It is therefore remarkable that despite its ancient origin, the progranulin gene is
represented only once in mammalian genomes, since genes present in invertebrates
have usually undergone an expansion in terms of number at the base of the vertebrate
radiation (Sidow, 1996; Pebusque et al., 1998; Skrabanek and Wolfe, 1998). As a
means of explaining this discrepancy, it could be argued that diversity of progranulin
action is subserved by its unusual organization of tandemly repeated, non-identical
granulin repeats, which potentially carries sufficient plasticity for generating
biochemical diversity through a form of combinatorial biochemistry in combination
with regulated processing. This would exclude the need for the generation and
retention of duplicated gene pairs. Arguing against the action of this selective pressure
is the presence of an extended gene family encoding the epidermal growth factor
(EGF) motif. Commonly classified as the ErbB ligands, these comprise the EGF,
TGFo, amphiregulin (AR), heparin-binding EGF-like growth factor (HB-EGEF),
betacellulin (B-CEL), epiregulin (Epi) and NDF/neuregulins o and 8 (Ben-Baruch er
al., 1998). Indeed, the canonical precursor for EGF, like progranulin, is made up of
tandem repeats of non-identical EGF-like repeats (Gray et al., 1983; Scott et al., 1983;
Derynek et al., 1984; Bell et al., 1986). Further, the duplication and retention of gene
duplicates for EGF is manifest in arthropods, with three genes in Drosophila
melanogaster: spitz, vein, and the TGF alpha-like ligand gurken (Stevens,

1998;Yarnitzky et al., 1998).



Protostomes Deuterostomes

Chordates

1]

Q

o ©

n 2 e 2

© O

%’8 g'g w® S 9
O T v @ O 5 T QEK
8 O =w- Q 9 & 5 2
= 3 @ 3 EE S <0
£ £E ¢ 3 £ E 8 a6 ¢
T 0o cC O 0 o O O
© C c £ O 5 O >

bilaterian ancestor

Figure 1. Phylogeny of bilaterian animals. Chordates, like echinoderms and
hemichordates, are deuterostomes, a division of animals that are distinguished from
other animals (protostomes) by the development of the embryonic blastopore into
the anus rather than the mouth. Chordate features include a notochord and muscular

tail, a sensory vesicle (brain) and a dorsal nerve chord. (Adapted from Dehal et al.,
2002)



Progranulin is not the only gene to occur as a singleton in the genome of
mammals. Other examples include housekeeping genes that are ubiquitously expressed
including manganese superoxide dismutase and the large subunits of RNA
polymerases (Sidow, 1996). There are also genes that possess no clear invertebrate
counterpart. For example, the hepatocyte growth factor (HGF), a potent stimulator of
the growth, movement, and differentiation of epithelia and endothelia, together with
macrophage stimulating protein (MSP), an effector of macrophage chemotaxis and
phagocytosis, constitute a small growth factor family that share structural homology
with the blood proteinase precursor plasminogen. These have evolved from a common
ancestor consisting of an amino-terminal domain corresponding to plasminogen
activation peptide, three kringle domains, followed by a serine proteinase domain. The
absence of an equivalent composite gene architecture in invertebrates argues for its

recent appearance within the vertebrate lincage.

Of course, it cannot be conclusively ruled out that there existed duplicated
progranulin genes prior to, or at the base of, the vertebrate radiation with the
subsequent loss of one copy within the lineage leading to mammals. Data from the
genome of chordate ancestors is so far not indicative of this scenario: Ciona
intestinalis, a representative of the urochordate phylum whose genome offers insight
into early chordate biology, appears to encode a single progranulin gene of similar
architecture to that found in mammals (Dehal et al., 2002, and http://ghost.zool.kyoto-
u.ac.jpindexrl.html). Hence, unless demonstrated otherwise in the genome of a sister
group to vertebrates such as that of the cephalochordate amphioxus, or in the agnathan
sea lamprey, the sole occurrence trend favours the conclusion that the progranulin
gene has never been duplicated, at least not outside the ray-finned (actinopterygian)

fish lineage.



i.2.1 Emergence of the vertebrate genome: progranulin stands alone — From the
viewpoint of genome evolution the absence of additional progranulin genes is quite
important since the general dogma dictates that while protochordate ancestors present
limited or no gene families, the emergence of gene families correlates with the
radiation of vertebrata (Holland et al, 1994; McLysaght et al., 2002; Durand, 2002).
This observation led Sushumo Ohno to propose that the excess genetic redundancy
generated though gene duplications provided the necessary flexibility for
morphological innovations (Ohno, 1970). Hence, single gene and entire genome
duplication are considered to be two of the mechanisms responsible for the increased
complexity of organisms in the evolution of life (Ohta, 1989). Simply stated, gene
duplication promotes the formation of gene families and the functional diversification
of genes, a process that tends to be translated into further genomic and phenotypic
complexity (Iwabe et al., 1996). This inference is derived largely from studies
involving the phyletic distribution of Hox and paraHox gene clusters (Holland and
Garcia-Fernandez, 1996; Bailey et al. 1997; see also review by Ferrier and Holland,
2001) as well as of other “developmentally important” genes (Wada et al. 1998) which
provide a framework for evaluating both gene/genome duplications through evolution

and their relationship with (i.e. whether causally related to) morphological complexity.

1.2.2 Vertebrate genome duplications — Individual genes (e.g. Hedgehog, Notch,
MyoD, and integrin associated cytoplasmic proteins such as paxillin and FAK) or
clusters (e.g. Hox, MHC), found as singletons in invertebrates and chordates, are often
outnumbered by up to 4 copies in the vertebrate genome (TABLE 1; Comings, 1972;
Atchley et al., 1994; Holland et al., 1994; Spring, 1997; Rubin et al., 2000). This has
led to the creation of the one-two-four (1-2-4) rule to explain the evolution of the
vertebrate genome from its deuterostome ancestors (Meyer and Schartl, 1999).
Although not proven (Skrabanek and Wolfe, 1998), this hypothesis assumes that the
single genome of an ancestral deuterostome underwent 2 consecutive rounds of
duplication (2R), and derives support from the observation that genes from a given
gene family are often part of linked clusters that maintain gene order on different

chromosomes. Referred to as synteny, the location of 2 or more genes within a linkage



group is often conserved across large evolutionary distances, including humans, mice
and fish (Postlethwait et al., 2000). Syntenic conservation of groups or clusters of
related genes cannot be easily reconciled with multiple independent individual gene
duplication events. Whether syntenic correspondences arise through partial or whole
genome duplications cannot be determined at present. This favours the phylogenetic
approach of mapping gene families onto the deuterostome tree, rather than relying on
counting the number of paralogues, the latter approach being unreliable because of

unforeseeable independent processes of gene gain or loss.

In the case of genome duplications, while genes initially retain their position
relative to one another, they now find themselves on the original chromosome as well
as on its complement. This is in contrast to individual gene and segmental duplications
that initially occur in tandem. On a global scale, genome duplication is thought to be
brought about by polyploidization. In the event of tetraploidization or polyploidization,
subsequent gradual reversion to the diploid state is coincident with extensive gene loss.
Duplicated chromosomes, if retained, diverge in time to acquire new features enabling
them to be fixed in the organism as non-identical but closely related chromosomes
under a diploid state. Tetraploidization can either result from endoduplication
(autopolyploidy) or involve hybridization to a closely related species (allopolyploidy).
It is only in the former that the timing of the tetraploidization event can be estimated
through phylogenetic analysis. The actual mechanism of tetraploidization and re-
diploidization is poorly understood and beyond the scope of the present discussion. It
should be noted, however, that aspects of the conceptual framework used for
explaining the fate and retention of duplicate gene pairs (see later) could possibly be
extrapolated to explain the appearance of duplications on a genome-wide scale. For the
interested reader, an excellent review describing the current knowledge concerning
tetraploidization events and their predicted consequences has recently been published

(Wolfe, 2001).



Human

Drosophila reference
insulin IR Baserga, 1998
receptor (IR) IGF-1R Wang and Gu, 2000
IR-RELATED
RECEPTOR (IRRR)
aldolase ALDO A Wang and Gu, 2000
ALDO B
ALDOC
CYCIin D CYCLINS D1 ) D2, D3 Wang and Gu, 2000
Hedgehog (Hh) SONIC Hh Rubin et al., 2000
INDIAN Hh
Hh
activin f3 ACTIVIN 14 Rubin et al., 2000

janus tyrosine JAK1-4 Wang and Gu, 2000
kinase (JAK)
EGF receptor EGFR  Ben-Baruch et al., 1998
ERBB2 Wang and Gu, 2000
ERBB3
ERBB4
Notch NOTCH 1-4 Rubin et al., 2000
Hox cluster HOX A-D Wang and Gu, 2000
ParaHox cluster ParaHOX A-D Spring, 2002

Wang and Gu, 2000

TABLE 1. Selected examples of invertebrate genes or clusters that are
represented by up to four paralogues in the human genome. Note that according
to phylogenetic analyses, only the ACTIVIN , EGFR and JAK families conform to the
predicted (AB) (CD) tree topology, consistent with the 2R genome duplication model
(Wang and Gu, 2000). The HOX cluster was excluded from this analysis.



1.2.3 Evidence for 2R - It is advisable to regard the 1-2-4 hypothesis in genome
evolution as a generality rather than being rigidly deterministic; it is well known that
genes can be lost. It can be argued that looking at individual genes, rather than clusters,
can present a biased view. In contrast, it is unknown whether the apparent clustering of
genes provides a selective advantage to the organism, thus supporting their
independent origin (Hughes, 1998). On what basis then can 2R be evaluated? The
premise of two rounds of genome duplication is that it predicts a certain symmetry in
gene topology in a given gene family tree, termed the (AB) (CD) model (Figure 2;
Durand, 2003), which is not always supported through phylogenetic analyses (Hughes,
1999; Wang and Gu, 2000). The latter analyses should further reveal a concordant age-

distribution for the birth of various gene families in support for autopolyploidy.

D2

D2

N WP

Figure 2. The (AB) (CD) model of phylogenetic tree distribution. According to
the 2R hypothesis, individual genes generated via 2 consecutive rounds of genome
duplication should display a characteristic topology through phylogenetic analysis.
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Notwithstanding the contribution of molecular phylogenetics, difficulties are
commonly encountered when attempts are made to determine whether homologous
gene structures constitute paralogues that arose through either 2R or some other
mechanism. For example, the tissue-type plasminogen activator (tPA), urokinase,
blood coagulation factor XII (FXII), and hepatocyte growth factor activator (HGFA)
family of serine proteases clearly defines a gene family based on conservation of
coding sequence and exonic/intronic organization (Miyazawa et al., 1998), but
unequivocal support for or against two rounds of genome duplication cannot be
provided unless their chromosomal localisation is resolved and analysed. Complicating
matters is the observation that the serine proteases/trypsin gene family has presumably
been further expanded through a more recent segmental duplication within the human
genome (Bailey er al., 2002). Another example in favour of this argument comes from
the evolutionary analysis of the insulin/insulin-like growth factor (IGF) gene family.
The discovery of a hybrid cDNA from the cephalochordate Amphioxus provides strong
evidence that mammalian insulin and IGFs are derived from a common ancestral
structure (Chan et al., 1990). Further, the presence of three paralogues in humans
(insulin, IGF-1, IGF-2) lends support to 2R, with the possibility that a fourth member
was lost. However, gene mapping indicates that insulin and IGF-2 are closely linked
on mouse chromosome 7, implicating individual gene duplication as the most likely
mechanism for generating either insulin or IGF-2. A similar mechanism mediated by
unequal crossing-over during meiosis has presumably given rise to other gene families
for which additional members are found in tandem, such as rRNA genes and the

globins.

Other cases are not easily reconcilable with the 1-2-4 hypothesis. This includes
extended gene families that do not have an exact invertebrate counterpart, such as the
TGF-B, o-inhibin, and Mullerian inhibiting substance (MIS) subfamilies (Rubin et al.,
2000). At the other extreme lies the extraordinary number of genes encoding the

fibroblast growth factors (FGFs), with 23 representatives in the human genome.
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At a first glance, it seems reasonable to infer that single and whole-genome
duplications have both participated in the shaping of vertebrate genomes through the
creation of gene families. Whole genome duplications should be rare events that are
followed by extensive gene loss, whereas duplications and deletions on a smaller scale

occur continuously (Gu et al., 2002).

1.2.3.1 The revival of an hypothesis — Without the complementary analysis of
chromosomal localisation, using the sole argument of gene number for establishing
whether a given gene family provides support for, or against, two rounds of whole
genome duplication in the vertebrate lineage can be misleading. Nevertheless, whether
the fourfold complexity of the human genome was generated through individual gene
or whole-genome duplications could not be conclusively determined through the
analysis of the human genome alone (Lander et al., 2001; Venter et al., 2001).
However, information derived from the comparative analysis of vertebrate gene maps
has generated considerable support for 2R. The organization of the four Hox gene
cluster paralogues, along with many animal-specific duplicated genes such as those
encoding receptor tyrosine kinases (RTK) of the EGF receptor family or fibrillar
collagens constitute benchmark observations favouring 2R (Figure 3; see commentary
by Spring, 2002). The same has been observed for the paraHox clusters and their
neighbours, namely the RTKs for platelet-derived growth factor (PDGF) and vascular
endothelial growth factor (VEGF), and basement-membrane collagens (Miyata and
Suga, 2001; Spring et al., 2002). Other recent evidence for at least one round of
genome duplication has come from the en bloc conservation of the four human MHC
paralogous clusters and surrounding genes when compared to the corresponding region

within the Amphioxus genome (Spring, 1997; Abi-Rached et al., 2002).
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invertebrates, while they number 4 paralogous groups in mammalian genomes, providing support for two rounds of
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1.2.3.2 Timing of 2R — Although both large and small-scale duplications are
required to explain the age-distribution of human gene families, the molecular
phylogenetic analysis of large paralogous regions is consistent with duplications taking
place within the vertebrate lineage (Figure 4 and 5; Gu et al., 2002). Individual
members of vertebrate gene families, compared to their invertebrate homologue used
as an outgroup for the definition of an evolutionary timescale, led to the proposal that
the fourfold increase in gene number predates the radiation of jawed vertebrates
(Figure 4; Wang and Gu, 2000). More precisely, the first genome duplication probably
occurred in a common ancestor of all agnathans and gnathostomes after its divergence
from cephalochordates, ~ 594 mya (million years ago). The second round is presumed
to have occurred ~ 488 mya, within the lineage leading to jawed vertebrates after the

jawless line diverged, presumably before the split between cartilaginous and bony fish.

1.2.4 Vertebrate genes in early chordates — Gaining perspective on the early
events in the evolution of vertebrate developmental genes is a major goal of modern
biology. In particular, the discipline of evolution-development (evo-devo) aims at
elucidating the reasons behind the presence of genes in early chordates whose function
in vertebrates is associated with the formation of phylum-specific features, such as
neural crest cells and the placodes. Does the expression of these genes presage the
origin of vertebrate tissues? For example, Ciona intestinalis appears to contain three
homologues of Noelin-1, a vertebrate olfactomedin family member whose protein
product provides the neural tube with competence to generate neural crest cells
(Bronner-Fraser, 2002). Other genes important for neural crest development, Hand1
and Hand2, also appear to have homologues in Ciona (Cafiestro et al., 2003). Also
present in this urochordate are two homologues of the vertebrate Prox1 marker gene
for lens, otic, ganglia and olfactory placodes (Rodiguez-Niedenfuhr et al., 1999). The
expression and activity of progranulin in the early stages of murine embryogenesis
raises the question of the role of its counterpart in chordate ancestors, including Ciona

intestinalis and Amphioxus.
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Figure 4. Graphicrepresentation of the vertebrate radiation from protochordate
ancestors. The estimated times for vertebrate-specific polyploidization events (R1 =
594 mya, R2 = 488 mya, R3=>100 mya) are derived from phylogenetic analyses. (Dates
were taken from Wang and Gu, 2000)



1.2.4.1 Progranulin and vertebrate innovations — It is likely that at least one
tetraploidization event took place in a vertebrate ancestor, culminating in the creation
of gene families, thereby providing the necessary substrate for nature’s experiments. It
would appear then that progranulin did not contribute directly to the formation of
vertebrate features through the mechanism proposed by Ohno, or that additional copies
brought about by genome duplications were lost at some point in time within the
vertebrate radiation. However, it should be remembered that novelties in morphology
and speciation do not rely solely on extensive gene duplication, but also on the
reiterative and differential use of already existing genetic information. The evolvability
of progranulin or of any other gene product may have been used as a powerful source
of functional novelty. In fact, developmental evolution can result from regulatory
mutations of nonduplicated genes (Palopoli and Patel, 1996). For instance the
mammalian pituitary hormone prolactin is a primary regulator of milk protein
synthesis in mammals while playing an important osmoregulatory role in fresh water
fish by preventing ion loss and promoting water uptake through the gill epithelium
(Manzon, 2002). Interestingly, a role in osmoregulation may have been retained during

the later stages of embryogenesis in vertebrates (Manzon, 2002).

Thus, arguments provided by evolutionary genomics cannot discount the
possible participation of progranulin gene activity in the establishment of vertebrate
innovations. Such features include the neural crest cell population and derived paired
sensory organs, a highly segmented brain and complex nervous system, ectodermal
placodes, cartilage and mineralized tissues, the elaborate cardiovascular system, and

adaptive immunity (Kasahara et al., 1997; Shimeld and Holland, 2000; Graham, 2000).
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Figure 5. Evolutionary relationships and the timeline of the vertebrate radiation. Current estimates of speciation events
leading to the emergence of the various vertebrate clades from a common ancestor are based on the following: a: ~600 mya
(Sidow, 1996); b: ~500 mya (Sidow, 1996); c: 415-485 mya (Kumar and Hedges, 1998); d: 356- 374 mya (Kumar and Hedges, 1998);
e: 310 mya (Kumar and Hedges, 1998); f: 256-312 mya (Kumazawa et al., 1999); g: 161-185 (Kumar and Hedges, 1998); h: 64-74 mya
(Eizirik et al., 2001); i: 14-41 mya (Jacobs and Pilbeam, 1980); j: 18-30 mya (Crnogorac-Jurcevic et al., 1997). The emergence of man
is estimated to have occurred 6 mya (Goodman et al., 1998).
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1.2.5 Carp granulin peptides: a conundrum — The common carp (Cyprinus
carpio) has been shown to possess several granulin peptides, some of which are much
less closely related to the mammalian sequences than others (Belcourt and Bennett,
unpublished observations). This observation hinted at the possibility that there existed
more genes encoding granulin peptides in bony fish. Differences in the relative
abundance of granulins when extracted from various organs (granulin-1, -2 and -3),
provided further evidence that these originated from distinct gene products (Belcourt et
al., 1993). In an era predating the undertaking of extensive characterization of ESTs
and of the sequencing of mammalian genomes, this deduction led to the proposal that
if the carp did indeed contain additional blueprints encoding granulins, then this
finding was likely going to be extended to higher vertebrates. Similar approaches using
fish were proven successful for the identification of novel members of extended gene
families (Vaughan et al., 1995). More importantly, the original characterization of
regulatory peptides thought to be exclusive to teleost fish, but later demonstrated to
possess orthologues with important roles in human physiology, has greatly contributed
to the understanding of the evolution and biological roles of certain peptides (reviewed
in Conlon, 2000). For example, urotensin-II and urotensin-I/urocortin, first discovered
in the urophysis of fish, find orthologues in mammals with roles in regulating the
cardiovascular system (Ames et al., 1999; Nothacker et al., 1999) and the stress
response (Vale et al., 1981; Fryer et al., 1983; Vaughan et al. 1995; Spina et al., 1996),
respectively. The corpuscles of Stannius were found to be the site of origin of a major
calcium and phosphate regulating hormone in teleosts, called stanniocalcin (Wagner et
al., 1991; Lu et al., 1994), while cDNAs encoding glucagon-like peptides were first
isolated from the Brockmann bodies of fish (Lund et al., 1981; Lund er al., 1982).
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The possibility of uncovering additional granulin genes could have been
dismissed easily as being a by-product of the tetraploid state of the carp genome
(Larhammar and Risinger, 1994). Fortunately, the rise of the zebrafish, a closely
related teleost also of the cypriniform clade but with a diploid chromosome set,
heralded the possibility of avoiding this potential problem. Further, the zebrafish
would allow for the investigation of the role(s) that granulins play in vertebrate

development.

1.2.6 More genes: the ‘simple” fish complicates matters — Tetrapods, or
descendents of the sarcopterygian lineage, which include coelacanth, lungfish, and all
land vertebrates such as amphibians, reptiles, birds and mammals, have 4 Hox gene
clusters (termed HoxA-D) in their genome (Figure 4). Convincing support for the
notion that actinopterygians (ray-finned fish) possess more genes than sarcopterygians
(lobe-finned fish) comes from work also concerning Hox gene clusters (Stellwag,
1999). It has been found that the zebrafish contains 7 such clusters, indicative of
additional gene/genome duplications (Amores et al., 1998). Based on sequence
conservation and linkage analysis, mammalian Hox groups A, B, and C are represented
twice in the zebrafish genome, whereas the Hox D cluster is represented by a single
orthologue. Since that seminal finding, several papers provided evidence for the
retention of duplicated zebrafish genes, now referred to as the “a” and “b” copies, each

corresponding to a single mammalian orthologue (Table 2).
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Human Zebrafish co-orthologues

BMP2 bmp2a *
bmp2b

DELTA (dll1) delta a *
deltad

DLX2 dix5 *
dix2

ENGRAILED?2 eng3 *
eng2

NODAL squint Feldman etal., 1998
nodal
PROGRANULIN progranulin a Cadieux etal.,
progranulin b unpublished

SONIC HEDGEHOG sonic Hh *

tiggy winkle Hh

TABLE 2. Zebrafish co-orthologues of human genes resulting from a predicted
3R genome duplication within the actinopterygian lineage. Orthologyassignment
was based on phylogenetic analysis and/or conserved synteny observed by gene

mapping experiments (* Gates et al, 1999). Note that none of the zebrafish gene
duplicates are found in tandem within a given linkage group.



1.2.6.1 Another genome doubling in fish — It is important to point out that
fish and mammals have similar numbers of chromosomes (e.g. the zebrafish has 50,
medaka 48, human and mouse have 46), excluding the need to evoke differences in
karyotype to explain large discrepancies in gene number. How then did the fish acquire
additional genes? Two major mechanisms, which have found experimental support, are
under suspicion. The first is an extension of the 1-2-4 rule (Meyer and Schartl, 1999),
in which case the lineage leading to actinopterygians underwent an additional complete
genome duplication that other vertebrates did not experience (Figures 4 and 5). When
considering the outcome of such an event, it can be predicted that, on average, the fish
genome bears gene families twice as large as those found in tetrapods. In congruence
with this expected pattern is the aforementioned example of the duplicated fish Hox
clusters (Amores et al., 1998). Several rounds of independent gene duplications along
the same lineage represent an alternative mechanism. This second hypothesis predicts
that only selected genes would be present in larger number in fish compared to
tetrapods, owing to the circumstantial duplication of only some genes, gene families or

chromosomes.

Distinguishing between these two mechanisms can therefore be problematic if
genome duplications occurred a long time ago, since eventual gene loss, chromosomal
rearrangements (e.g. fusions and fissions) and lineage-specific gene amplifications can
mask the true origins of certain gene families. Nevertheless, the advent of gene
mapping and genome sequencing efforts has enabled the emergence of a powerful
technique to evaluate the preponderance and contribution of these two mechanisms
through the comparative analysis of gene order. As we will see, the combined use of
several mapping panels for zebrafish initially developed to provide an infrastructure to
facilitate the characterization of the >600 essential genes defined by mutations
generated through genetic screens (Driever et al., 1996; Haffter er al., 1996), have

been instrumental in providing insight into vertebrate chromosomal evolution.

Strong support for genome duplication as the mechanism underlying the

appearance of the “a” and “b” copies in zebrafish has been derived from the analysis of
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gene topologies within the genome. By scoring polymorphisms for genes and ESTs in
the HS (heat shock) meiotic mapping panel, it was noticed that several zebrafish genes
with synteny to human genes also have extra paralogues residing on duplicated
chromosome segments. The zebrafish linkage groups carrying duplicated portions of
conserved synteny include: LG3-LG12, LG5-LG21, LG7-LG25, LG11-LG23, and
LG16-LG19 (Woods et al., 2000).

Overall, this type of analysis of duplicated genes, as opposed to being solely
based on phylogeny, assuming that the entire mapping information for each gene is
complete, provides support for the 1-2-4-8 rule in fish, commonly referred to as 3R.
The presence of paralogous copies finding residence on two chromosomes indicating
synteny of each of the paralogous copies is in agreement with the scenario predicted
from a complete genome duplication. Once more orthologous genes are mapped in
zebrafish and humans (or once both genomes are sequenced and annotated), it will be
interesting to establish whether they will still be mostly syntenic. Synteny is unlikely
to have arisen independently several times. Further, a fish-specific genome duplication
is suspected to have occurred during the Devonian period, since other diploid teleosts
such as pufferfish (Fugu rubripes) and medaka (Oryzias latipes) also have extra genes
(Wittbrodt et al., 1998). This suggests that the duplication preceded the last common
ancestor of these species >100 mya (million years ago) (Figures 3 and 4; Postlethwait
et al., 1998; Gates et al., 1999; Santini and Tyler, 1999). Indeed this cannot be a recent
event, otherwise the genome of these teleosts would be tetraploid like the clawed frog
(Xenopus laevis) (Bisbee et al., 1997) or pseudotetraploid like rainbow trout
(Onchorynchus mykiss) (Young et al., 1998). Surprisingly, fugu, medaka and stripped
bass all contain 4 Hox clusters only (Holland, 1997; Aparicio et al., 1997, Kurosawa et
al., 1999; Meyer and Malaga-Trillo, 1999; Snell et al., 1999), indicating that the
zebrafish is not a general representative of the ray-finned clade. It thus seems that the
Hox repertoire likely numbered four at the base of the actinopterygian radiation, and
that the additional genome duplication that occurred on the lineage leading to zebrafish
took place after its divergence from the acanthopterygians perches, puffers, etc, and is

restricted to members of the order Cypriniforme in which polyploidy is widespread
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and includes the tetraploids goldfish Carrasius auratus and the carp Cyprinus carpio

(Stellwag, 1999).

1.2.7 On the relatedness between the genomes of fish and man - Despite the
evolutionary distance between humans and zebrafish, sharing a common ancestor ~
450 mya, both genomes have chromosomes displaying portions with extensive
syntenic correspondence. For example, a total of 167 conserved syntenies involving 2
or more candidate orthologous gene pairs have been found between Homo sapiens
chromosome 6 (Hsa6) and zebrafish linkage groups 19 and 20 (LG19 and LG20),
Hsa9-LGS5, Hsal2-1.G23, Hsal4-LG17-LG20, and Hsal7-LG3-LG12-LG15 (Woods et
al., 2000; Postlethwait et al., 2000). This finding is a testament to the concept of an
ancestral genome canvas that evolved differently subsequent to the splitting of ray-
finned and lobe-finned fish. In addition, it provides the basis for a genome-wide
understanding of sequence function and of the mechanisms governing genome
evolution. A comparison of available gene maps of tetrapods to that of a vertebrate
outgroup such as the zebrafish highlights the features unique to mammalian genomes
and those that were inherited from a common ancestral state. In this respect, a frequent
line of inquiry aims at defining the extent and length of conserved syntenies, and the
preservation of gene order found therein. One such analysis revealed that the numerous
blocks of conserved synteny between fish and man are usually large, but that gene
orders are frequently transposed and inverted (Postlethwait et al., 2000). An example
of this arrangement is depicted in Figure 6, where most of human chromosome 17
(Hsal7) is orthologous to a portion of zebrafish linkage group 3, which in turn has
duplicated loci found on LG12. Thus, although both mechanisms have certainly played
an important role during vertebrate chromosome evolution, intrachromosomal
rearrangements have been fixed more frequently than translocations, in disagreement
with previous observations (Ehrlich ef al., 1997). If the reverse were true, it would be
expected that gene order would be preserved within dispersed, relatively short

conserved syntenies.
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This finding is of fundamental importance for two 'reasons. First, it can help
clarify the origins of the human genome, or at least shed light on the evolution of the
vertebrate genome. Indeed, based on the extent to which zebrafish chromosomes are
orthologous to several human chromosomes in a mosaic fashion, and the similar
karyotype between these species, a question emerges: What was the genome
organization of the last common ancestor of fish and mammals? Recall that humans
have two less chromosomes in the haploid set than zebrafish. If tetraploidization is at
the root of the multiple copies of zebrafish chromosome segments (Amores et al.,
1998; Postlethwait et al., 1998) then zebrafish should have twice the number of
chromosomes as humans in the absence of chromosomal rearrangements. Postlethwait
and co-workers have proposed that the last common ancestor of zebrafish and humans
had ~12 chromosomes, which fragmented in different places in different tetrapod
lineages while doubling in the fish lineage, thereby establishing current karyotypes
(Figure 6; Postlethwait et al., 2000;). An alternative model, in support of an ancestral
state of ~24 chromosomes that underwent excess chromosomal fusion within the fish
lineage before or after 3R, resulting in the re-establishment of the original number, was

not supported by the comparative mapping analysis.

The second contribution of these comparative approaches is the possibility of
using the zebrafish for dissecting conserved genetic pathways involved in human
disease and congenital malformation (Brownie et al., 1998; Wang et al., 1998,

Donovan et al., 2000; Feldman et al., 2000; Parsons et al., 2002)
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Figure 6.The differential fragmentation of ancestral vertebrate chromosomes as
a model for the establishment of current mammalian genome karyotypes. A
model for the origin of human chromosomes Hsa17, Hsa16p, Hsa7b, and Hsa22 is
represented graphically. Analysis of conserved syntenies between orthologous
segments in fish, mouse, cat,and human suggests that these are derived froma single
ancestral vertebrate chromosome that underwent extensive fission, over fusion, in the
tetrapod lineage. A similar pattern is observed for other human chromosomes.
(Adapted from Postlethwait et al., 2000)



1.2.8 More fishy tales about recent duplications in the human genome -
Elucidating the prevalence of duplicated genomic loci has a far-reaching impact on the
understanding of the evolution of vertebrate genomes, including that of humans. From
the perspective of delineating the genetic etiology of disease, the contribution of
comparative genomics is now recognized as a platform for establishing links from
genotype to phenotype for conserved sequences across phyla. For this reason, and
others, efforts have been made at determining the extent of presumed duplicated loci in
the human genome that so far have remained elusive because of their high sequence
identity. Indeed, the human genome carries dispersed segments for which the
distinction between allelic variation (estimated at 1 base substitution per 1000
nucleotide) and highly similar duplicated sequences has proven to be a daunting task to
resolve. Distinguishing between these two is of paramount importance in fully
annotating the human genome, because unrecognised bona fide duplicated sequences

inherently generate gaps in the final assembly.

Using a clone by clone approach to uncover sequences over-represented within
available public whole-genome databases revealed the existence of 169 large, highly
similar, paralogous segments, rather than allelic variations, corresponding to
approximately one tenth of the genome (Bailey et al., 2002). Mapping of these regions
revealed a non-random chromosomal and genic distribution, thereby providing
evidence for segmental duplication in expanding gene families. A well-documented set

of segmental duplications can be found at http://humanparalogy.cwru.edu.

1.2.8.1 Chromosomal distribution of recemt segmental duplications -
Segmental duplications are distinct from those thought to have resulted from 2R, and
appear to have occurred recently within the human genome, approximately 40 mya
(Bailey et al. 2002). Recent segmental duplications within the human genome are non-
uniform. The pericentromeric region of some chromosomes, such as 8p, 8q, Xp and
Xq, are apparently lacking duplications between chromosomes. Chromosomes 7, 9,

15, 16, 17, 19, 22, as well as the male chromosome, known to be rich in gene content,
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are surprisingly enriched in intra- and interchromosomal duplications relative to
chromosomes 2, 3, 4, 5, 8, 14 and 20, which are considered to be the seven most gene
poor. Although their location varies within different chromosomes, segmental
duplications usually occur interchromosomally, within pericentromeric and
subtelomeric regions (Eichler, 2001; Mefford and Trask, 2002), thus putting them
under negative selective pressure because of their occurrence within gene poor regions.
The increase in gene content for gene rich chromosomes is correlated with
intrachromosomal duplications. Hence, a lack of negative correlation between gene
density and duplication content for chromosomes challenges the prevalent view for the

landscape distribution of segmental duplications.

1.2.8.2 What genes are found within the duplicated segments ? — A search
for genes embedded within recent genomic duplications, while ensuring the presence
of all exonic sequences that give rise to a defined transcript, suggested that the
proteome is represented in a non-random fashion within segmental duplications.
Particularly enriched in this set are genes involved in host defense and immunity
(natural killer receptors, defensins, serine proteases, interferons and cytokines),
membrane surface interactions (HLA, galectins, lipocalins, carcinoembryonic
antigens), drug detoxification (cytochrome P450), and growth/development
(somatotropins, chorionic gonadotropins) (Bailey et al., 2002). Although unlikely, it is
currently unknown whether an additional progranulin gene with allele-like

characteristics is residing within a recently duplicated segment.

1.2.8.3 Genome annotation: the potential benefits derived from mere
cataloguing — Identifying and assembling duplications are necessary for the proper
completion and annotation of the human genome, even if descriptive in essence, is a
worthwhile pursuit in itself, offering the promise of better understanding the
evolutionary ramifications of our genome. Beyond this immediate contribution, and
perhaps more importantly, lie two areas of genomic research directly impacted by

these findings:
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First, it can be envisioned that when duplications remain unrecognised, false
assumptions can be made regarding the identification of single nucleotide
polymorphisms (SNPs) within paralogous sequence variants. As expected, a higher
density of SNPs has been demonstrated within duplicated segments compared with
unique segments. This is especially important when considering the predisposition to
disease for any given locus. It is currently estimated that ~100 000 paralogous

sequence variants contaminate databases SNP.

The second field potentially benefiting from a proper description of genome
organization is based on the observation that among the duplicated segments detected,
several were previously associated with hot spots of genomic instability. It is now
recognized that homologous recombination occurring between blocks of non-allelic
duplicated sequences leads to inverted genomic segments, microdeletions and
microduplications. When genes are located in the vicinity of these duplicated
segments, these can be rearranged and lead to disease (Chen et al., 1997; Christian et
al., 1999; Jenne et al., 2001; Kuroda-Kawaguchi et al., 2001). Such genomic
instability commonly involve fairly long duplication segments (>10kb) with >95%
similarity flanking 50kb to 10Mb of DNA (Stankiewicz and Lupski, 2002).

1.2.9 Vertebrate evolution revisited: role of duplications — In the end, it should be
remembered that gene duplications per se do not directly result in an increase in the
complexity of life. This is exemplified by comparing the diploid Xenopus tropicalis to
the tetraploid Xenopus laevis (Amaya and Offield, 1998). On the other hand, since
teleosts are known to be the most prolific vertebrates on the planet, with ~20 000
species, it is tempting to evoke 3R in the fish lineage as a contributing factor. The
timing and type of duplication events occurring throughout evolution, and their
coordinate effects on the repertoire of affected genes are perhaps more adequate
avenues for deriving insight into the process of vertebrate evolution. In this respect, it
is more fitting to address the relative importance of each mode of gene duplication. A
recent study using 749 gene families suitable for reliable phylogenetic analysis, which

approximates to one-quarter of human gene families, has shown that both small- and
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large-scale duplications were instrumental in the shaping of the current vertebrate
proteome (Gu et al., 2002). More importantly, human paralogous genes have an age-
distribution pattern that reveal three waves of duplication (waves I, II, III), the third
being more ancient. The most recent events, constituting wave I, occurred in mammals
and appears to be related to the recent segmental duplications and also comprises
tandem duplications (Eichler, 2001). Characterized in this wave are immune-related
molecules and several other large gene families (Nei er al., 1997; Li et al., 2001).
Wave II duplication is in accordance with a whole-genome scale event having
occurred in the early stages of vertebrate evolution, with the appearance of a large
number of paralogues for developmentally important genes. This observation further
lends credence for using zebrafish as model for functional genomics (Fishman, 2001).
The oldest age-distributions have been encompassed within a third event that
comprises extant duplications that took place approximately 830 mya, during or prior
to metazoan evolution (Gu, 1998). Duplicates originating at the base of multicellular
life are thought to be associated with the emergence of major signal transduction

pathways (Iwabe et al., 1996).

1.2.10 Evolutionary genomics: the breaking of the one into the manyfold — The
field of evolutionary genomics has indeed come far from the original, and sometimes
misleading, view that with major changes in morphological and physiological features
across phyla are inevitably associated with equally profound genic alterations. The
successful use of orthologues, separated through speciation events by over half a
billion years, in rescue experiments testifies to the functional conservation of many
gene products. Further, these genes often display similar expression patterns. This 1s
generally regarded as an affirmation that a gene product fundamentally performs the
same role, regardless of its incarnations in the various parallel universes of the tree of
life. This, and the observation that phylum-specific gene classes are usually rare in a
given clade, facilitates the use of an adequate model organism to address a given
biological question. It is understandably unwise to overly generalize the concept of
conserved gene function, since orthologous sequences do not necessarily share the

same level of structural complexity. A simple observation, derived from the analysis of
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the draft sequence of the human genome, is sufficient to dispel this line of reasoning.
The unanticipated low complement of protein-coding genes in the human genome
{~30,000 - 40,000), which is comparable to that of other vertebrates so far
investigated, suggests that additional factors influence the complexity of life (Lander
et al., 2001; Venter et al., 2001). A likely contribution to the enhanced sophistication
encountered in humans is the incorporation of additional protein modules in selected
transcription units, a process referred to as domain accretion, enabling higher order
interactions within signalling complexes. In fact, based on genic content, mouse and

man differ by only one percent (1%) (Mouse Genome Sequencing Consortium, 2002).

Notwithstanding the crucial differences between species, the era of
comparative genomics i1s now paving the way for a more systematic approach to
modelling genotype to phenotype and will certainly impact our understanding of

human genetic diseases.

1.3  The zebrafish: a model — Since zebrafish progranulin-a is syntenic to
mammalian progranulin, a gene knockdown approach for this gene in the developing
zebrafish embryo was initiated (section 3.5). The well-document involvement of the
mammalian progranulin gene and its biosynthetic products in the control of cell
proliferation in vitro demanded its investigation in the context of embryonic
development, where extensive morphogenetic movements (e.g. epiboly, convergent-
extension migration of lateral mesoderm, etc.) is intermixed with the gradual
acquisition of cellular identity (such as the formation of the primordial germ layers
during gastrulation, and later organogenesis). These settings offer key paradigms to
evaluate the enigmatic contribution of any growth factor during normal cellular

proliferation and differentiation.

Although some studies aiming at establishing a role for the murine orthologue
during early embryogenesis have been highly informative (see section 3.6.6) the use of
the transparent nature of the developing zebrafish was attractive in exploiting some of

its advantages over the murine model. For instance, unlike the mouse, zebrafish
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embryos do not require uterine implantation for continued proper development. Also,
the developing fish has the capacity to survive and develop even if its vasculogenic
and angiogenic programmes are disrupted. Fish compromised in this way reach
sufficiently advanced stages to allow for the study of other developed organ systems.
These features should also be interpreted as a fundamental difference between these
model organisms, and should be kept in mind when interpreting data derived from
such comparative studies. Nonetheless, fundamental biochemical and physiological
activities for the progranulin orthologues have presumably survived since they were

last derived from a common ancestor.

It will be crucial to model the contributions provided by studies of the role of
progranulin in vertebrate development using murine models, especially with the
sophisticated repertoire of techniques now commonly used for transgenesis purposes.
However, as will be highlighted during parts of the discussion, the zebrafish may offer
additional benefits to uncover gene function during development that may not, in some
cases, be as straightforward in the mouse, especially for genes that are represented by a

limited number of paralogues in tetrapods.

Inherently, every model has its merits and limitations, from the simplest
unicellular organism to the most complex metazoan. In light of the striking
morphological differences encountered between fish and man, and the estimated 450
million years that have elapsed since both lineages split, it may be conjectured that the
utility and feasibility of using zebrafish as a model for vertebrate development and
human disease is somewhat far-fetched. Recent observations made in the zebrafish
have greatly impacted our views and understanding of genes whose activities are better
appreciated in mammals. For instance, a role for signal transducer and activator of
transcription 3 (Stat3) in regulating the gastrulation movements was demonstrated for
the zebrafish (Yamashita et al., 2002). Specifically, it was shown that Stat3 is activated
on the dorsal side of the embryo by the maternal Wnt/B-catenin pathway, and that a
lack of Stat3 activity results in animals displaying abnormal cell movements: Stat3 is

required cell autonomously for the anterior migration of dorsal mesendodermal cells

32



and non-cell autonomously for the convergence of neighbouring paraxial cells.
Interestingly, this study also confirmed that cytokine signalling acting through Stat3

does not affect early cell fate specification (Yamashita et al., 2002).

Further, gene disruption studies of the mouse p63 gene, a p53 gene family
member, have indicated a requirement for this gene in epidermal growth and limb
development (Mills et al., 1999; Yang A et al., 1999; Levrero et al., 2000; Yang and
McKeon, 2000; Irwin and Kaelin, 2001). The p63 gene contains two alternative
promoters that give rise to protein products that have opposing effects: one form
(TAp63) contains an amino-terminal transactivation domain and can activate p53-
responsive promoters, whereas the other form (ANp63) lacks this domain (Yang A et
al., 1998). Because it is still capable of oligomerizing with the longer p63 protein, as
well as with p53 or the related p73 protein, the ANp63 protein may act as a dominant-
negative factor (Yang A et al, 1998). Interestingly, the use of the knockdown
approach for the zebrafish orthologue has resulted in similar observations, highlighting
conserved biochemical activities in the respective organisms even if the structure of
fish epidermis is very different from that of higher vertebrates (Lee and Kimelman,
2002). More importantly, however, this technique showed that selectively inhibiting
translation from the second (alternate) promoter, while allowing for the full TAp63
form to be synthesized, leads to the skin defects, demonstrating that proper skin
development, through the formation of epidermal stem cells, is predicated on the

activity of the endogenous dominant-negative form of p63 (Lee and Kimelman, 2002).
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Another example will suffice to illustrate the sometimes illuminating and
surprising findings made by the use of alternative models to the mouse. In Xenopus
laevis, a frog in which are employed similar strategies to those used with the zebrafish,
abrogating IGF signalling using a secreted dominant-negative type I IGF receptor, and
performing complementary overexpression experiments with the IGF ligands
(Xenopus has three IGFs), led to the discovery that IGF signals appear to be both
required and sufficient for anterior neural induction, and that this IGF activity is
mediated in part through the potent inhibition of Wnt signalling at a step upstream of
B-catenin (Pera et al., 2001). This is in disagreement with mouse knockout studies that
show that the IGF signalling pathway is a major regulator of body growth. Indeed,
animals with disrupted IGF ligands, IGF type I receptor or insulin receptor substrates
are proportionately reduced in size and possess smaller brains, but display no signs of
preferential loss of head or forebrain structures (D’Ercole et al., 1996; Efstratiadis,
1998). As was pointed out by Dr. De Robertis and co-workers, such a role for IGF
signalling in neurogenesis may not be limited to the frog and was presumably never
noticed in the mouse because of possible residual activity that may have remained
using knockout approaches for individual receptor-ligand components (Pera et al.,

2001).

The future also looks bright for the use of zebrafish in the context of cancer
genetics. Several labs are currently developing assays for the study of tumorigenesis
and metastasis in adult zebrafish (Langenau et al., 2003). Admittedly, this is beyond
the scope of the present thesis, but may offer insight into the potential directions the

research described in this thesis may be headed in the near future.
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2. Materials and Methods

2.1  Materials — [-°P]JATP (5000 Ci/mmol) and [o-**P]dCTP (3000 Ci/mmol)
were purchased from ICN Radiochemicals (Irvine, CA) or Amersham Biosciences
(Baie D’Urfé, Québec, Canada). [06—32P]UTP (400 Ci/mmol) was purchased from
Amersham Biosciences (Baie D’Urfé, Québec, Canada). Random prime labelling was
performed with a kit based on the method of Feinberg and Vogelstein (Feinberg and
Vogelstein, 1983; Feinberg and Vogelstein, 1984) purchased from Amersham
Biosciences (Baie D’Urfé, Québec, Canada). Probe purification was performed using
either Sephadex G-50 columns (Amersham Biosciences) or NucAway spin columns
(Ambion, Austin, Texas). Agarose LE was obtained from Roche Diagnostics (Laval,
Quebec, Canada) and DNA ladders (100 bp and 1 kb) were purchased from MBI
Fermentas Inc. (Flamborough, Ontario, Canada). Tag DNA polymerase was purchased
from Amersham Biosciences or from MBI Fermentas Inc. Agarose gel extraction of
PCR products was achieved using either a DNA extraction kit (MBI Fermentas) or a
MinElute gel extraction kit based on the modified silica beads protocol (Vogelstein
and Gillespie, 1979) (Qiagen, Mississauga, Ontario). TOPO TA cloning kits (pCR2.1
and pCRII) were obtained from Invitrogen (Carlsbad, CA) and pbluescript II phagemid
vector was purchased from Stratagene (LalJolla, CA). E.coli cells chemically-
competent for transformation were either prepared (XL1-blue) according to published
protocols (Mandel and Higa, 1970; Cohen et al., 1972; Tang et al., 1994), or purchased
(DH50) from Bio S&T (Montreal, Quebec, Canada); electro-competent (Topl0O F’)
cells were obtained from Invitrogen (Carlsbad, CA) or prepared according to the
“Preparation of electrocomp™ cells” protocol, version 2.0, from Invitrogen. T4
polynucleotide kinase, shrimp intestinal alkaline phosphatase and T4 DNA ligase were
purchased from MBI Fermentas Inc (Flamborough, Ontario, Canada). Plasmid DNA
isolation was initially achieved according to a modified protocol (Birnboim and Doly,
1979), and subsequently using the High Pure Plasmid Isolation kit, the Geno Pure
plasmid midi and maxi kits (Roche Diagnostics, Laval, Quebec, Canada), as well as
the HiSpeed plasmid midi kit (Qiagen). All oligonucleotide primers were obtained
from the Sheldon/Biotechnology Centre of McGill University.
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2.2 DNA reactions with modifying and restriction enzymes — All restriction
enzymes and modifying enzymes were purchased from Amersham Biosciences (Baie
D’Urfé, Québec, Canada), MBI Fermentas Inc. (Flamborough, Ontario, Canada), or
Roche Diagnostics (Laval, Quebec, Canada). Restriction enzyme digests were carried
out at 37°C for 2 hours to overnight, in buffers supplied by the manufacturers. DNA
modifications, which include ligations and end-labelling reactions, were performed as
outlined in Molecular Cloning, a Laboratory Manual (Sambrook et al., 1989), or

according to the manufacturer’s instructions.

2.3 DNA sequencing - All sequencing was performed at the Sheldon
Biotechnology Centre of McGill University, using either an ALF Express DNA
sequencer (Amersham Biosciences, Baie D’Urfé, Québec, Canada), an ABI 373 DNA
sequencer (Applied Biosystems, Foster City, CA) or a MegaBACE 500 capillary
electrophoresis sequencer (Amersham Biosciences) using primer sequencing or cycle

sequencing methods.

2.4  Tissue extraction and peptide purification — Carp (Cyprinus carpio) were
purchased live at a local fish market (Waldman Plus, Montréal, Canada). The spleens
from two fish were extracted and subjected to reversed-phase enrichment using C;g
Sep-Pak cartridges (Waters, Milford, MA) following an established protocol described
previously (Bennett et al., 1981). The granulins were purified by reversed-phase high-
- performance liquid chromatography (RP-HPLC) on a C;g pBondapak column (Waters,
Milford, MA) using a gradient of increasing acetonitrile concentration containing 0.1%
(v/v) trifluoroacetic acid throughout as previously described (Belcourt et al., 1993).
Column fractions were screened for cysteine content by amino acid analysis using a
Beckman 6300 autoanalyzer (Beckman, Palo Alto, CA) as described previously
(Bateman et al., 1990). Granulin-1 immunoreactivity in these fractions was also
measured by radioimmunoassay, using an antibody directed against carp granulin-1
(Belcourt ef al., 1993). Fractions containing cysteine and granulin-1 immunoreactivity

were further purified by RP-HPLC using solvents containing 0.13% (v/v)
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heptafluorobutyric  acid throughout, and subsequently purified to apparent
homogeneity using the original solvent system containing trifluoroacetic acid . Mass
determinations of the purified material was undertaken using matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrometry on a Voyager
mass spectrometer (Applied Biosystems, Framingham, MA) located at the Sheldon

Biotechnology Centre of McGill University.

2.5  Microsequencing of carp granulin-A - Putative carp granulin-A was
pyridylethylated according to a previously published protocol (Belcourt et al., 1993).
The alkylated derivative of carp granulin-A was purified by RP-HPLC and used for all
subsequent sequencing procedures. Approximately 20ug of the alkylated carp
granulin-A was digested with sequencing grade chymotrypsin (Roche Diagnostics)
according to the manufacturer’s directions, and the resulting fragments separated by
RP-HPLC on a C;3 pBondapak column. Amino-terminal sequence analysis of carp
granulin-A and its chymotryptic fragments was undertaken using a Procise sequencer
(Applied Biosystems, Foster City, CA) at the Sheldon Biotechnology Centre of McGill

University.

2.6 Extraction of genomic DNA from tissues — Carp and zebrafish tissues were
finely chopped, washed in 1X phosphate buffered saline (PBS) (10X PBS is composed
of 0.01M KH,PO,, 1.37M NacCl, 0.027M KCl, pH 7.0), and resuspended in 2 ml of a
10mM Tris-HCl pH 7.6, S0mM NaCl, 0.2% SDS solution. Proteinase K (200 pg/ml)
was added and the reaction mixed gently. Following incubation at 42°C for
approximately 16 hours with gentle agitation to digest the proteins, the DNA was
extracted with water-saturated phenol-chloroform-isoamyl alcohol (24:24:1).
Extractions were performed by gently rocking the DNA sample in the aqueous phase
with an equal volume of the organic solvent for 10 min to obtain a complete emulsion,
centrifuging at 600Xg (using a Beckman JS-4.2 rotor in a Beckman J6-Bcentrifuge;
Beckman instruments Inc, Fullerton, CA) for 3 min, and recovering the aqueous phase.
The extraction was repeated once with phenol-chloroform-isoamyl alcohol (24:24:1)

and twice with chloroform-isoamyl alcohol (24:1). The DNA was precipitated from the
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aqueous phase by adding 0.02 volume of 3M NaCl and 1 volume of isopropanol. The
DNA was then removed with a glass rod, washed 3X with 70% ethanol and
resuspended in 1mM Tris-HCI pH 7.6, 0.1mM EDTA, at 4°C until the DNA was fully
dissolved. The concentration of the DNA was determined by measuring the absorbance

at 260nm (Hitachi U-2000 Spectrophotometer, Hitachi Instruments, Danbury, CT).

2.7  Bacteriophage lamba ¢DNA library screening — Initially, a carp spleen
cDNA library constructed with bacteriophage lambda gtll (obtained from the
Wageningen Agricultural University, The Netherlands) was transferred to
nitrocellulose membranes (Xymotech Biosystems Inc., Mt. Royal, Québec, Canada)
and screened with degenerate oligonucleotides as probe whose sequences were based
on carp granulin-1 peptide. End-labelling of oligo probes with 32p was performed using
T4 polynucleotide kinase (Amersham Biosciences). Approximately 3.5x10°
independent clones were screened without success. Duplicate nitrocellulose filters
(Schleicher and Schuell, Keen, NH) were prehybridized in 6X SSC (20X SSC is 3M
NaCl, 0.3M sodium citrate, pH 7.0), 5x Denhardt’s blocking reagent (50X Denhardt’s
is 1% polyvinylpyrrolidone, 1% Ficoll, 1% bovine serum albumin), 0.2% SDS, at 42°C
for 3 hours. Hybridization was carried in the same solution, prepared fresh for 14-16
hours at temperatures empirically determined according to the oligos used. Filters were
washed once at room temperature in 2X SSC, 0.1% SDS for 30 min, twice with the
same solution for 30 minutes each at 37°C, and exposed at —70°C to Kodak X-OMAT
film (Eastman Kodak Co., Rochester, NY) with an intensifying screen. No positive

colony was isolated.

2.8  Bacteriophage Lambda DNA isolation — DNA from bacteriophage lambda
was isolated using the lambda mini kit (Qiagen, Chatsworth, CA) as described by the
manufacturer’s instructions. Lysates of bacteriophage lambda clones were prepared as
described in Molecular Cloning (Sambrooke et al., 1989; Preparation of plate lysates
stocks: Protocol I, p2.65), with the following modification: agarose was used instead of
agar. Chloroform was added to the plates at a final concentration of 5%, vortexed, and

the debris removed by centrifugation at 5000xg (JA-20 rotor; Beckman J2-21
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centrifuge) for 10 min at 4°C. RNase A (200ug/ml) and DNasel (10pg/ml) were added
aud the reaction was left to proceed for 2 hours at 37°C. Polyethylene glycol (PEG)
%000 and NaCl were then added to a final concentration of 10% and 1.25 M,
respectively, and the sample was incubated on ice or at 4°C for nearly 20 hours.
I.ambda bacteriophage particles were recovered from the solution by centrifugation at
12000Xg for 15 min, and resuspended in diluent (100mM NaCl, 8mM MgClI2, 50mM
Tris-HCI pH 7.5, 0.01% gelatin). EDTA, SDS and proteinase K were added to a final
concentration of 12.5mM, 0.5% SDS and 200pug/ml, respectively. After incubating at
65°C for 30 min, the sample was extracted three times with phenol, then twice with
chloroform, and the DNA was precipitated with 2.5V 100% ethanol. The DNA was
removed with a glass rod, washed with 70% ethanol, resuspended in H,O and the
concentration determined by measuring the absorbance at 260 nm (Hitachi U-2000

Spectrophotometer).

2.9  Amplification and cloning of zebrafish progranulin-1 and progranulin-2
c¢DNAs, and chimeric progranulin - Initially, the isolation of cDNA sequences
encoding carp granulin-1 were attempted via conventional library screening
procedures. Briefly, a carp spleen cDNA library constructed in Agtll bacteriophage
was screened by the plaque lift approach using degenerate oligonucleotide probes of
approximately 18-mer based on the carp peptide sequence, without success. A
zebrafish ¢cDNA encoding a deduced precursor for zebrafish progranulin-1 was
achieved using a PCR strategy (Figure 7). The amino acid sequence of carp (Cyprinus
carpio) granulin-1 was used to design degenerate forward DF1 (5°- GTI ATY CAY
TGY GAY GC - 3’) and reverse DR1 (5’- CAR CAR TGR ATI CCR TC - 3’) and
DR2 (5’- TCR CAR TGR TAI CCR TG - 3’) primers for use in the polymerase chain
reaction (PCR). The sequences of these and other oligonucleotides used in the
amplification of other cDNAs are listed in TABLE 3.
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PCR amplifications were performed with Thermus acquaticus (Taq) DNA
polymerase, unless specified otherwise, using a Hybaid thermal cycler from Bio/Can
Scientific Inc. (Mississauga, Ontario, Canada). Amplified products were isolated by
agarose gel electrophoresis, purified with the QIAquick Gel Extraction Kit (Qiagen
Inc., Chatswoth, CA), and sequenced after cloning into TOPO pCR2.1. The template
for the initial amplification reaction was a 5’-STRETCH plus cDNA library cloned in
lambda gt10 vector (Clontech, Palo Alto, CA). cDNA for this library was prepared
from 1-month-old zebrafish by a combination of oligo-dT and random priming. 0.25 pl
of library (approximately 10® pfu/ml) was used in a final reaction volume of 100 ul for
each new amplification attempt. The annealing temperature was varied empirically to
maximize yield of the product. An initial reaction using the DF1 and DR1 primer pair
yielded several products. 5 pl of this reaction was subjected to re-amplification using
DF1 primer in combination with the nested (anchored) DR2 primer, which revealed a
product of 126-bp encoding a partial sequence for granulin-1 (Figure 7, step 1). New
progranulinl primers F126 (5= ACTGTGTGTCCAGACGG - 3’) and R215 (5'-
CCATCCCTGCAACACTG - 3°) were then designed based on this sequence and were
used, respectively, in combination with flanking gt10 primers in order to obtain the 5°-
and 3’-untranslated region (UTR) cDNA sequences (Figure 7, Steps 2 and 3). Finally,
the entire ORF was amplified with Pwo DNA polymerase (Roche Diagnostics, Laval,
Québec, Canada), using forward F1 (5° — ATGTTCCCAGTGTTGATG - 3°) and
reverse R(STOP) (5° — GCTTA CAACTCCAACCCG - 3°) primers (Figure 7, Step
4). This PCR was performed in a final volume of 100 pl, containing 0.25 pl of library,
50mM KCl, 10mM Tris-HCI, (pH 8.8), 1.5mM MgCl,, 0.1% Triton X-100, 0.2mM
concentration of each dNTP, 0.5 unit of Pwo DNA polymerase, and 100pmol of each
primer. An initial denaturation step was carried out at 94° C for 3 min. Annealing
temperatures of 54° C, 56° C and 58° C were used sequentially for 10 cycles each.
Typical denaturation, annealing, and amplification reactions were carried out at 94° C
for 30 sec, 54° C for 1 min, and 68° C for 1min, respectively. A final extension step of
10 min at 72°C was carried out after adding 0.25 unit Taq DNA polymerase. An

amplification product specific for granulin-1 was sequenced on both strands. The 5°-
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UTR, and a portion of the 3’-UTR for progranulin-1, were amplified using
progranulin-1-specific primers in conjunction with a lambda gt10 primer. Sequences
encoding progranulin-2 and a chimeric progranulin were uncovered through this
approach. Each transcript was confirmed through sequencing of multiple independent
amplification reactions using template cDNA derived from various sources, including

adult organs and staged embryos (data not shown).
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DR1
DR2
Vector
2 —
<_
R(215)
F(126)
3 """""""""" a‘; —
Vector

R(STOP)

1 MFPVLMLIMAALVAADEPLLDLSIPVETVDTSAS 34

35  VIHCDAQTVCPDGTTCCLSPYGIWSCCPYSMGOCCRDGIHCCOHGYRCDSTSTRCLR 91
92 GWLTLPSSFQKATRTFQKDQTHAE 115

116 TVQCEGNFYCPAEKFCCKTRTGOWGCCSGLEL+ 147

Figure 7. Cloning Strategy for zebrafish ¢cDNA encoding the precursor for
granulin-1, and deduced amino acid of the open reading frame. Panel A: The full-
length ¢cDNA for progranulin-1 is represented at the top of the diagram. Black
rectangles represent the ORF, and open rectanglesrepresent the respective 5'- and 3'-
UTRs. The dashed lines represent lambda phage (vector) sequences. Bold numbers on
the left represent the sequential order of PCRs. See text for details. Panel B: Deduced
amino acid sequence for the precursor encoding granulin-1, consisting of one and
one-half repeats of the granulin consensus motif. Characteristic cysteines are in bold
and underlined. Predicted leader sequence is shown in italics. The full granulin-1
peptide sequence (35 to 91) is separated from the N-terminal half-granulin sequence
(116-147) by an intervening sequence. Stop codon is represented by * Numbers
represent amino acid position.



Granulin-1 primers:

DF1 5'- GTIATY CAYTGY GAY GC -3’
DR1 5-CARCARTGRATICCRTC -3’
DR2 5-TCRCARTGRTAICCRTG -3’

F1 5-ATGTTCCCAGTGTTIGATG -3
F126 5-ACT GTG TGT CCAGACGG -3
R215 5-CCATCCCTGCAACACTG-3
R(STOP) 5'-GCTTAC AACTCCAACCCG-3

Granulin-A primers:

F1 5-ATGTTG AGA CTGACAGTCTGC -3’
R486 5'- CCATAT GAT GTA GAC ATCAGC -3’

Vector primers:

5’-gt10 5'- GAG CAAGTTCAGCCT GG -3’
3'-gt10 5-GAGTATTTCTTC CAGGG -3

TABLE 3. List of primers used for the cloning of zebrafish ¢cDNAs encoding
precursors for granulin-1 and granulin-A, respectively, as well as those used to
cdone the progranulin-1 gene. The abbreviations used include: D, degenerate; F,
forward;and R, reverse. Numbers in primer designations indicate nucleotide positions,
with the “A” in the cDNA transl ation initiation codon designated “+1”. IUPAC codes are
used to refer to the bases in primer sequences.



2.10  Cloning and structural analysis of the zebrafish progranulin-1 gene — For
all screening procedures, the progranulin-1 cDNA ORF was radioactively labelled with
{ot-2P] dCTP by random priming performed with the Oligolabeling kit (Amersham
Biosciences) for use as probe. Labelled probe was purified using a Sephadex G-50
column (Amersham Biosciences). Kodak X-OMAT AR film was used for
autoradiography (Fisher Scientific Ltd, Whitby, Ontario, Canada). A zebrafish
genomic library constructed in P1 artificial chromosome (PAC) (Amemiya and Zon,
1999) and represented on filters at high-density, was obtained from RZPD GmbH
(Berlin, Germany) and screened for the presence of the progranulin-1 gene using
standard procedures. Three positive clones (706K2254Q, BUSMP706K14116Q2,
706F20133Q2) were detected by autoradiography. Clones 1 and 2 were confirmed to
carry at least part of the progranulin-1 gene by PCR analysis using the F1 (5'~
ATGTTCCCAGTGTTGATG - 3’) and R215 (5'— CCATCCCTGCAACACTG - 3’)
primer pair. DNA from a positive clone (706K2254Q) was purified with the QIAGEN
Plasmid Midi Kit. 1.5 pug of this DNA was subjected to restriction digest with EcoRI to
generate fragments suitable for cloning into pBluescript II KS (Stratagene), and was
followed by transformation in TOP 10F electrocompetent cells (Invitrogen).
Screening of colonies transferred onto nitrocellulose membranes (Xymotech),
employing the same probe used for the original library screening, was performed in the
following prehybridization and hybridization conditions: 2x SSC, 0.5% SDS, 0.05%
Na Pyrophosphate at 65° C. Membranes were washed twice in 1x SSC, 0.1% SDS,
0.05 % Na Pyrophosphate at 60° C for 15 min, followed by two washes in 0.1% SSC,
0.1% SDS, 0.05% Na Pyrophosphate at 60° C for 10 min. Plasmid DNA from a
positive clone was purified using the high pure plasmid isolation kit (Roche
Diagnostics). An insert of ~9-kb was fully sequenced and revealed the presence of the
promoter region and approximately half of the progranulin-1 gene. The remaining gene
sequence was found in a ~6-kb insert clone isolated by re-screening the colony lifts
with *?P-labeled reverse R(STOP) oligonucleotide as probe. A PCR was performed
using primers flanking this EcoRI site, and sequenced to confirm that the isolated 9 kb

and 6 kb clones represent continuous sequences within the original PAC clone.
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2.11 Isolation of an antisense transcript to progranulin-1 and progranulin-2
{AS progranulin-1/-2) — While in the process of analysing progranulin-1 genomic
sequences through BLAST searches, an EST harbouring sequences for unspliced
progranulin-1 but in the reverse complement orientation was noticed. This clone
(accession number AW777232) was purchased (RZPD, Berlin, clone ID:
DKFZp717B091Q2) and further analysed through sequencing. Sequencing of the
genomic region containing the genes for progranulin-1 and progranulin-2 (GenBank
accession number AC124903) confirmed the authenticity of the progranulin antisense
gene and its associated spliced transcript, sharing complementary exonic sequences to

exons 2 and 3 of both progranulins-1 and -2 genes (see results).

2.12 Amplification and cloning of zebrafish progranulin-a and progranulin-b
c¢DNAs - A similar PCR strategy to that described for progranulin-1, using the same
zebrafish cDNA library as source of template, was employed to amplify the precursor
encoding granulin-A, using primers based on the sequence represented in GenBank
EST clone AW174591. A cDNA encoding a partial ORF for zebrafish progranulin-a
was amplified using the granulin-A F1 primer (5~ ATGTTGAGACTGACAGTCTGC
— 3’) in conjunction with vector primer 3’-gt10 (5’—= GAGTATTTCTTCCAGGG - 3°),
which did not overlap with the 3’end read for this EST (accession number
AW233473). From this sequence, a primer was designed (5°-
CTCAACTCACTCACATCC — 3’) to amplify the remaining part of the ORF with a
primer whose sequence was derived from EST AW233473 (§’-
GTTTATAGAGTTAGGGCTCG - 3°). The 5’-UTR was amplified using granulin-A
R486 (5'- CCATATGATGTAGACATCAGC - 3’) primer with the same vector
primer. Both PCRs were performed using 0.5 unit 7ag polymerase in NH,SOj4-
containing buffer with 1mM MgSO,4 (MBI Fermentas), under the following annealing
conditions for 10 cycles each, sequentially: 58° C, 60° C, 62° C. All products obtained
were cloned into TOPO pCR2.1, and colonies were subsequently transferred to
nitrocellulose film. Positive clones were isolated after screening with a [7—32P] ATP
end-labelled progranulin-a -specific primer as probe, sequenced, and assembled. A

final assembly of the full-length cDNAs encoding both zebrafish progranulins-A and -
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B was created by sequencing two ESTs deposited at GenBank (accession numbers
AW174591 and AW 184435, respectively) that were purchased from RZPD (Berlin,
{iermany), corresponding to clones UCDMp574E2318Q2 and UCDMp57410223Q2,
respectively. After sequencing each clone on both strands in full, these were compared
to corresponding genomic sequences whenever available through the Sanger Center as

part of the Zebrafish Genome Sequencing Project (Vogel, 2000).

2.13 Chromosomal mapping by radiation hybrid (RH) analysis ~ Primers used
for linkage group (chromosome) assignment are in TABLE 4. The LN 54 radiation-
reduced zebrafish/mouse hybrid panel (Hukriede et al., 1999) was used to map the
chromosomal location of progranulin-1 and progranulin-2 by PCR using a forward (5’
— ACTGTGTGTCCAGACGG - 3’) primer in combination with either reversel (5’ —
CCATCCCTGCAACACTG - 3’) or reverse2 (5° — TCTGGTGGAGGCGAAATT -
3’) primers, which do not discriminate between these two genes, using a Tetrad DNA
engine (model PTC225) by MJ Research. Each reaction was carried in a final volume
of 20 ul containing 100ng “hybrid DNA”, 500 mM KCl, 100 mM Tris-HCI (pH 8.3),
15 mM MgCl,, 0.2 mM each ANTP, 1 unit Tag DNA polymerase, and 5 pmol of each
oligo. Denaturation, annealing and amplification were performed at 94° C for 30 sec,
55° C for 30 sec, and 72° C for 30 sec, respectively, followed by an extension step of 7

min at 72° C. The PCR results were submitted online (http://www.zfish.wustl.edu) to

locate the radiation hybrid map position of progranulins-1 and -2 using the RH
MAPPER program. The map positions of progranulin-a and progranulin-b were
resolved employing the same approach, using an annealing témperature of 60° C with
the following primers:

progranulin-a map forward (5 — ATGTTGTGCAGTGTGAAGGAC - 3’) and map
reverse (5° — CATCAGCAGACAGGAGAACTC - 3’); progranulin-b map forward (5°
-  AACGCATGCACTGCTCTGATC - 3’) and map reverse (5 —
AGTTCCCTGATAACAGCAGTG - 3’). The synteny analysis was performed by
using the consolidated zebrafish maps available from ZFIN (http://zfin.org/ZFIN/) and

data available from LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink/).
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Progranulin-1 and Progranulin-2

map forward 5 -ACT GTGTGT CCA GACGG-3
map reversel 5-CCATCCCTGCAACAC TG-73
map reverse2 5 -TCT GGT GGAGGC GAA ATT -3’

Progranulin-a

map forward 5 -ATGTTGTGCAGT GTGAAG GAC-3'
map reverse 5" - CAT CAG CAGACA GGA GAACTC-3'

Progranulin-b

map forward 5 - AACGCATGCACT GCTCTGATC-3
map reverse 5 -AGT TCCCTGATAACAGCAGTG-3

TABLE 4. Primers used in the linkage group assignment of the zebrafish
progranulin genes. Before use on the LN 54 mapping panel, conditions for each
primer combination were optimized by PCR with the use of zebrafish genomic DNA
derived from the AB wild type strain. The authenticity and specificity of eachamplicon
was verified by sequencing after cloninginto the pCRIl plasmid (invitrogen). For the
assignment to zebrafish linkage groups, each PCR amplification experiment was
performed at least twice.



2.14 Fish maintenance — Wild type zebrafish were purchased from Scientific
Hatcheries (San Diego, CA) and maintained on a 14h/10h light/dark cycle at 28.5°C in
an Allentown Aquaneering tank system (New Jersey), fed twice daily, and bred as
described elsewhere (Mullins et al., 1994). Embryos for developmental studies were

collected from tanks and staged according to Kimmel et al. (Kimmel et al. 1995).

2.15 RNA extraction — Adult zebrafish were anesthetized in aquarium water
containing 90 mg/LL 3-aminobenzoic acid ethyl ester (A-5040, Sigma), then were
patted dry with tissue paper and killed by cervical transection. Individual organs were
dissected from 5-10 adult zebrafish under a MSS5 dissecting microscope (Leica
Microsystems Inc, Wollowdale, Ontario, Canada) and frozen in liquid nitrogen. Organ-
specific total RNA was isolated using Trizol LS reagent (Gibco BRL) according to the
manufacturer’s instructions. Similarly, total RNA was isolated from approximately 50
embryos staged according to Kimmel (Kimmel et al. 1995) after freezing in liquid
nitrogen and subsequent homogenization by passing through a 28G1/2 gauge syringe
(Becton Dickson, Oakville, Ontario, Canada) using either Trizol reagent or a modified
SDS/phenol protocol (Stachel et al., 1993). The latter procedure involved initial
homogenization in 0.2M LiCl, 50mM Tris-HCI, pH 8.0, 10mM EDTA and 1% SDS (1
ml per 100 embryos). Subsequently, an equal volume of water-saturated phenol was
added to the homogenate and incubated at 65°C for 10 min. The aqueous phase was re-
extracted once with phenol and twice with chloroform/isoamyl-alcohol (24/1). Total
RNA was precipitated by adding one-quarter volume of 10M LiCl at —20°C for 1 hour
and collected by centrifugation. The pellet was washed with 75% ethanol, dried,
resuspended in DEPC-treated H,O and stored at —80°C. Amounts of total RNA were
assessed by measurement of absorbance at 260 nm and visualization of rRNA bands
through TAE-agarose gel electrophoresis next to an 0.24-9.5 Kb RNA ladder (Gibco
BRL).
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2.16 Cloning of 5’ and 3’ untranslated regions — The rapid amplification of cDNA
ends (RACE) was performed with the GeneRacer kit (Invitrogen) using total RNA
isolated from adult zebrafish intestine. For progranulin-1 and progranulin-2 transcripts,
the 5> — CCATCCCTGCAACACTGACCC — 3’ reverse primer, corresponding to
nucleotides 195-215 of each ORF, was used to perform the 5° RACE, while the 5 —
ATGTTCCCAGTGTTGATGTTAC - 3’ forward primer, corresponding to nucleotides
1-22 of each ORF, was used to perform the RACE in the 3° direction. Similarly a 5’
UTR  sequence for  progranulin-a  was  obtained using the 5-

CATCAGCAGACAGGAGAACTC - 3’ map reverse primer.

2.17 Adult tissue and developmental RT-PCR - Prior to cDNA synthesis, total
RNA was treated with DNase I according to the manufacturer’s instructions (MBI
Fermentas Inc. (Flamborough, Ontario, Canada). Oligo dT-primed template cDNA for
RT-PCR analysis was synthesized from approximately 5 pg of total RNA using the
RevertAid H Minus First Strand Synthesis Kit (K-1632, MBI Fermentas Inc.,
Flamborough, Ontario, Canada). To control for genomic DNA contamination, the
samples were also incubated in the absence of reverse transcriptase. The resulting
cDNA reaction mixture was resuspended in a final volume of 200ul in dH,0, from
which 10 pl aliquots were used in each subsequent amplification reaction. Primer sets,
along with the size of amplicons are found in TABLE 5. Individual polymerase chain
reactions were performed as follows on a ThermoHyBaid (model HBSPO2110)
thermal cycler (Ashford, UK) using Taq (Amersham Biosciences): initial denaturing at
94°C for 2 min, followed by 30 cycles of 94°C for 45 sec, annealing at 60°C for 1 min
and extension at 72°C for 1 min. A final extension step at 72°C was carried for 7 min.
The authenticity of the amplicons was confirmed by either Southern analysis with an
internal oligo end-labelled with T4 polynucleotide kinase (Amersham Biosciences)
used as probe or through sequencing. Hybridizations were carried out overnight at
45°C in 6x SSC, 5x Denhardt’s, 0.5% SDS, with 3 washes at 45°C in 2x SSC and 0.1%
SDS for 20 min each.
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To facilitate discrimination between the transcripts for progranulin-1, progranulin-
2 and the progranulin hybrid, the PCR was performed using the (NH4),SO4 buffer
system with MgCl, at a final concentration of ImM (MBI Fermentas Inc.
(Flamborough, Ontario, Canada). In control amplification experiments, 50ng of
template ¢DNA cloned in pbluescript was used. For progranulin-1-specific
amplification, the progranulin-1 forward and reversel or reverse2 primer combinations
were used at an annealing temperature of 60°C. Progranulin-2 amplification was
achieved using progranulin-2 forward with either progranulin-2 reversel or reverse2
primers at 63°C, while the transpliced transcript was detected using the progranulin-1
forward primer with either of the two progranulin-2 reverse primers, also at 63°C. All
PCR products were resolved on 2% agarose gels, ethidium bromide stained and
visualized on a Terochem Scientific UV projector (Toronto, Ontario, Canada). Pictures
were taken using Polaroid 667 Film, and analysed using adobe PhotoShop 7.0 software

after scanning.
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A

gene primers size

progranulin-a FOR: 5’- CTCAACTCACTCACATCCGC - 3’ 301 bp
REV: 5’- GTTTATAGAGTTAGGGCTCG - 3’

progranulin-b FOR: 5'- ACAATGGTGCGTGCAGCTTTC 3’ 381 bp
REV: 5’~ GCACACGGCATTTTTCATAGG — 3/

generic FOR: 5’- ACAGACAGCAGCAGAAGCATC - 3’ 409 bp

progranulin-1 and -2 REV: 5’- TTCACATTGGACAGTCTCAGC - 3’

AS progranulin FOR: 5’- TTAACTTGTCGAGCGTTTCCC - 3’ 556 bp
REV: 5’- GCAGACCACTAATACTCTCCT - 3’

actin FOR: 5’- ATGGATGATGAAATTGCCGC - 3’ 253 bp

REV: 5’7~ TGTCATCTTTTCCCTGTTGG - 3’

progranulin-1 FOR: 5’ - GGTGGAGACTGTAGACAC - 3’
progranulin-2 FOR: 5’ - GATGGAGACTGAAGACGT - 3’
progranulin-1 REV1: 5’ - TCGGGTGGAGGTGGAATC - 3’ 190 bp
progranulin-2 REV1: 5’- TCTGGTGGAGGCGAAATT - 3’
progranulin-1 REV2: 5’- GCTTACAACTCCAACCCG — 3’ 372 bp
progranulin-2 REV2: 5 — GCTTACAACTCCAACTCA - 3’

TABLE 5. Primers for RT-PCR. Panel A: Primer combinations used for the
amplification of individual progranulin genes, and for the antisense transcript. Note
that "generic" primers denote that the primers do not discriminate between
progranulin-1 and progranulin-2. Panel B: Primers used for the specificamplification of
progranulin-1, progranulin-2 and the transpliced hybrid progranulin. Nucleotide
substitutions are in bold. Amplification conditions are described i n the accompanying
methods section. In all cases, primers were designed on consecutive exons. Expected
size of amplicons isindicated.



2.18 Northern blot analysis — For Northern analysis, 10 pg of total RNA was
dissolved in 10mM NaPO, buffer pH 7.4 and 2x glyoxal, denatured for 1 hour at 55°C,
chilled on ice, supplemented with 1/5 volume of loading dye (30% Ficoll, 0.1%,
bromophenol blue, and 0.1% xylene cyanol), loaded on a gel (1% agarose, 10 mM
NaPO,) and run in 10mM NaPO, buffer with an exchange pump. After transfer onto a
positively charged nylon membrane (Roche Diagnostics; Laval, Quebec, Canada) in
10X SSC, RNA was cross-linked to the filter by baking for 2 hours at 80°C.
Visualization of rRNA bands was monitored after transfer by staining with 0.04%
methylene blue according to Sambrooke et al., 1989 (method 2, section 7.51).
Hybridizations to detect progranulin transcripts were carried out overnight using o-
UTP-labelled single-stranded complementary RNA probes (see in situ hybridizations
for plasmid construct preparations) prepared with the Strip—EZTM RNA probe synthesis
and removal kit (Ambion, Texas). Blots were prehybridized for 2 hours, and
hybridized overnight at 70°C in ULTRAhyb solution (Ambion, Texas). Subsequently,
membranes were washed twice in 2x SSC, 0.1% SDS at 70°C for 15 min, followed by
three washes for 15 min in 0.1x SSC, 0.1% SDS at 70°C, and then exposed to Kodak
BIOMAX MS supersensitive x-ray film at -80°C for 2-5 days. Transcript sizes were
calculated from the mobilities of RNA standards (Gibco BRL). RNA concentrations
were estimated from measurement of absorbance at 260 nm, and the 18S rRNA band

intensities were used as loading controls.

2.19 Whole-mount in situ hybridization — In order to prevent the appearance of
melanin pigmentation, embryos at approximately 18-24hpf were grown in egg water
supplemented with 0.003% of the tyrosinase inhibitor 1-phenyl-2-thiourea
(phenythiocarbamide P-5272, Sigma). Staged embryos were manually dechorionated
and fixed for 2 hours at room temperature or overnight at 4°C in 4%
paraformaldehyde/PBS. After several washes in PBS, embryos were stored in 100%
methanol until needed. Whole-mount in situ hybridization with digoxygenin-labeled
RNA probes and antibody staining were essentially done according to the method of
Schulte-Merker et al. (1992) or Thisse et al. (1993) at a hybridization temperature of

70°C. An extended description of the procedure is appended at the end of this section.
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in some cases, polyvinyl alcohol was added to the staining solution in order to
minimize the occurrence of background, especially when the reaction was required to
proceed for several days (DeBlock and Debrouwer, 1993). The description of
anatomical orientations for zebrafish embryos follows suggested conventions
{Moorman, 2001). Stained whole-mount and sectioned embryos were mounted in
glycerol and visualized under a Leica MZFLIII stereomicroscope. Pictures were taken

with a Leica DC350F camera and processed with Adobe Photoshop 7.0 software.

2.20 Preparation of constructs for cRNA riboprobe synthesis — For the following
riboprobe synthesis reactions, RNA polymerases (T3, T7 and Sp6), ribonuclease
inhibitor and DNasel were purchased from MBI Fermentas Inc (Flamborough,
Ontario, Canada). Digoxigenin-11-UTP and the anti-digoxigenin-AP (alkaline
phosphatase) Fab fragments, for probe preparation and detection, respectively, were
purchased from Roche Diagnotics. The NBT/BCIP chromagen mix was used for
alkaline  phosphatase  staining. NBT (nitroblue tetrazolium) and BCIP

(bromochloroindolyl phosphate) were purchased from MBI Fermentas Inc.

Individual insert fragments were cloned into the EcoRlI site of pbluescript: For
progranulin-1, a 576 bp fragment was subcloned and riboprobes corresponding to it
were transcribed using T3 polymerase with Smal-linearized template (antisense) and
T7 polymerase with HindIll-linearized template (sense). A 595 bp fragment
corresponding to progranulin-2 was transcribed to generate antisense and sense
riboprobes using T7 polymerase with EcoRV-linearized, and T3 polymerase with
Smal-linearized templates, respectively. Riboprobes were also synthesized using T3
polymerase with Smal-linearized template (antisense), and T7 polymerase with
EcoRV-linearized template (sense) corresponding to a 487 bp subcloned fragment of
the hybrid progranulin cDNA. In addition to the full-length clone for the antisense
transcript, two fragments were subcloned into pbluescript for riboprobe synthesis. The
first, named AS exons 1-3, corresponds to the first three exons portions of the
antisense gene (i.e. antisense to progranulin-1 and progranulin-2 genes), and is 1014 bp

in size. Riboprobes corresponding to it were transcribed using T7 polymerase with
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FcoRV-linearized template (antisense) and T3 polymerase with Smal-linearized
template (sense, i.e. antisense to progranulin-1 and -2). The second fragment, named
AS tzf, 1s 886bp and corresponds to part of exon 4 of the antisense transcript. For this
fragment, riboprobes were transcribed using T3 with Smal-linearized (antisense) and
T7 polymerase with EcoRV-linearized template (sense). Control riboprobe synthesis
transcribed from the pbluescript backbone for subsequent quality assessment of in situ
hybridization experiments used a ~2.5kb fragment corresponding to zebrafish sonic
hedgehog (Shh) subcloned into pbluescript (gift from the Akimenko lab, University of
Ottawa). Shh riboprobes were transcribed using T7 polymerase with EcoRlI-linearized

template (antisense) and T3 polymerase with Xhol-linearized template (sense).

The remaining riboprobes were synthesized from fragments subcloned into the
Notl and Sall sites of the vector pSPORT. Inserts corresponding to full-length
progranulin-a (3649 bp), progranulin-b (2820 bp), the full antisense transcript (AS
progranulin-1/-2) (1989 bp), and the transcript for P2X3 (~4kb) as control (gift from
the Drapeau lab, McGill University), were used to transcribe riboprobes using Sp6
polymerase with Smal-linearized template (antisense) and T7 polymerase with Notl-
linearized template (sense). In all stages examined, both sense and antisense probes

were analysed for all transcripts.

2.21 Production of progranulin-A and progranulin-B polyclonal antisera -
Rabbit polyclonal antisera were generated against synthetic peptides corresponding to
residues 242 to 25<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>