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ABSTRACT OF THESIS

A novel CUB domain encoding gene, Rr/-/ (retinal folloid-fike-1), was identified
using an in silico screen to find genes of potential importance to retinal development. Rtl-
1 has >40% amino acid identity with the CUB domains of tolloid and neuropilin proteins.
Expression studies in mouse were initiated as a first step towards understanding the role
of Rtl-1 in mammalian neural development. Adult expression of Rf/-/ is neuro-specific.
In mature retina, Rrl-1 is expressed specifically in bipolar cells, the major interneurons of
the retina. During development, Rf/-/ is expressed in developing neuroretina and other
areas including spinal cord, cochlea, and vomeronasal organ. Two secreted isoforms (Rtl-
1A and Rtl-1B) and a putative transmembrane isoform (Rtl-1C) are probable alternative
splice products. A Ril-I homolog, R#/-2, will be briefly discussed. Homologs were also
identified in Caenorhabitis elegans and Drosophila melanogaster. Thus, Rtl-1 and Ritl-2

define a novel family of putative transmembrane proteins conserved between

invertebrates and vertebrates.
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CHAPTER 1

Introduction



INTRODUCTION

The human brain is an organ that can, to name a few of its functions, think,
remember, rationalize, dream, learn, compose music, calculate orbital trajectories, and
coordinate motor movement. It is made up in part by billions of neurons forming a
network of trillions of synaptic connections. Development of the mammalian brain is,
put simply, complicated. How does the brain develop into such a complex organ, and
will we ever understand all of the elegant molecular mechanisms involved? As Gregor
Eichele poses as he ends his review on mammalian brain development research “What is
perhaps the most intriguing question of all is whether the brain is powerful enough to
solve the problem of its own creation” (Eichele, 1992).

To begin to understand the molecular processes involved in the development of
the human brain, organisms with simpler nervous systems, such as Caenorhabitis elegans
and Drosophila melanogaster (Garbor-Miklos and Rubin, 1996), are studied to
understand the conserved mechanisms of neural development and differentiation. While
the mouse nervous system is considerably more complex than those of invertebrates, it
shares a greater resemblance to our nervous system. Several components of the mouse
central nervous system (CNS), including the eye and spinal cord (Kaufman, 1992), serve

as models in mammalian CNS development and will be briefly discussed.

The vertebrate eye and retina
The eye is an ideal model for studying the development and function of the
nervous system largely because it is an accessible part of the CNS (Dowling, 1987) and

yet it is a non-essential organ (Freund er al., 1996). As a result, many eye mutants in
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Drosophila and mouse exist (Oliver and Gruss, 1997; Zuker, 1994) due to the relative
ease in identifying eye defects and maintaining mutant alleles. In humans, abnormalities
in our vision often prompt us to quickly seek medical attention and as a result, a large
number of human eye disorders have been documented. The eye is therefore well studied
histologically and is relatively well characterized genetically as a large number of genes
involved in eye development have been identified (Freund et al., 1996).

The retina, which is situated at the back of the vertebrate eye (Rattner er al. 1999),
is composed of the retinal pigment epithelium (RPE) and the neuroretina which together
function as an integral unit. The mammalian neuroretina is easily seen to have three
distinct nuclear layers called the outer nuclear layer (ONL), inner nuclear layer (INL) and
ganglion cell layer (GCL) (Wechsler-Reya and Barres, 1997). Synapses between the
neurons of the ONL and INL occur in the outer plexiform layer (OPL) and connections
between neurons in the INL and GCL are found in the inner plexiform layer (IPL)
(Mcllwain, 1996). The ONL, closest to the back of the eye and immediately adjacent to
the RPE, consists entirely of rod and cone photoreceptor nuclei. Rods, which contain the
photopigment rhodopsin, are important for dim light (scotopic) vision. Cones mediate
bright light (photopic) vision, and in some species, chromatic vision (Rattner et al.,
1999).

Photoreceptors are highly unique and have a specialized organelle, called the
outer segment, which contains the photopigments and proteins required for
phototransduction. Rod outer segments contain ~1000 stacks of flattened discs whereas
cone outer segments form from a continuous stacked membrane. Photoreceptor discs are

renewed daily at the base of the outer segment, while discs at the tip of the outer segment
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Figure 1-1. Structure of the vertebrate retina.

The vertebrate neuroretina is a laminar structure and consists of three
nuclear layers (shown in purple). RPE, retinal pigment epithelium; OS,
outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer; NFL, nerve fiber layer (retinal ganglion cell axons);
PR, photorecptor cells. (Micrograph courtesy of Danka Vidgen).



are phagocytosed by the RPE cells (Cohen, 1970; Young, 1976; Anderson ez al., 1978).
The synchronized renewal and turnover of discs is critical for maintaining the healthy
state of the photoreceptor cells. This system has presumably evolved as a mechanism for
removing proteins damaged by light (Besharse, 1986).

The inner nuclear layer (INL), consisting of 8-12 rows of densely packed nucleli, is
made up of bipolar, horizontal, interplexiform and amacrine interneurons, and Miiller
cells, a form of glial cell. Bipolar cells are the major interneurons in the retina that
transmit information from rod or cone photoreceptors to the ganglion cells (Dowling,
1987). In the absence of light (i.e. when unstimulated), photoreceptors, unlike most other
neurons, depolarize and secrete neurotransmitters. Upon phototransduction, the neuron
becomes hypopolarized and neurotransmitter secretion is inhibited (Mcllwain, 1996).
Bipolar cells, which respond to the presence or absence of photoreceptor
neurotransmitters (such as glutamate), are of two distinct types. The first type, known as
ON bipolar cells, depolarize in the absence of neurotransmitters from photoreceptors
(upon light stimulation) (Weblin and Dowling, 1969), and are important for transmitting
information about bright fields of view. OFF bipolar cells, by comparisen, depolarize in
the presence of photoreceptor neurotransmitters (i.e. in the absence of light) (Kaneko,
1970) and therefore transmit information regarding dark fields of view.

Horizontal cells mediate lateral communication between photoreceptors and
bipolar cells, forming synapses in the OPL. Amacrine cells are axonless and mediate
lateral communication between bipolar and ganglion cells, forming synapses at the IPL.
Interplexiform cells contact amacrine cells, bipolar cells, and horizontal cells, sending

synaptic processes to both IPL and OPL (Dowling, 1987; Mcllwain, 1996). The nuclei of



each cell type in the INL are generally present in specific locations, which are conserved
between species. For example, the relatively rare horizontal cell nuclei are located
towards the outer-most region of the INL (closest to the OPL) while the more abundant
bipolar cell nuclei are found in the outer-half of the INL. Amacrine and interplexiform
cell nuclei are situated towards the inner-half of the INL (near the IPL) (Dowling, 1987;
Young, 1985).

The retinal ganglion cells (RGCs), which form the third nuclear layer, are
responsible for carrying information from the neuroretina to the brain. Their axons
extend along the optic nerve to the lateral geniculate nucleus (LGN) and superior

colliculus in the midbrain (Dowling, 1987).

Mouse eye development

The morphological events that underlie neuroretinal development have been well
documented, but the molecular mechanisms that mediate this elegant process have been
largely a mystery. In the past decade, some exciting discoveries, such as functional
conservation between the Drosophila eyeless and mouse Pax6 homeodomain proteins
(Halder er al., 1995), have provided convincing evidence that the molecular controls and
genetic pathways of eye development are evolutionarily preserved. This finding was very
surprising in light of the large morphological divergence in eye structures between
invertebrates and vertebrates (Kumar and Moses, 1997). Because the development of the
mouse eye has been extensively studied and serves as a model for mammalian eye

development, a brief overview of mouse eye and retinal development is presented below.



Morphogenesis of the mouse eye

The first physical sign of murine eye development begins at about E8.0 with the
thickening of parts of the neural ectoderm to form the two optic placodes (Kaufmann,
1992). Between E8.5-9.0, each optic placode indents to form an optic pit, and part of the
diencephalon begins to evaginate to form the optic vesicle. The optic vesicle, connected
to the diencephalon by the optic stalk, contacts the surface ectoderm causing part of the
ectoderm to thicken. The thickened ectoderm eventually forms the lens placode. By
E10.0, the lens placode becomes indented below the surface of the ectoderm, initially
forming the lens pit and later fuses to form the lens beginning at E10.5. The optic vesicle
invaginates (at E10.5) to form the optic cup *“trapping” the lens vesicle inside the optic
vesicle. The optic cup is now composed of two layers. The cells in the outer layer of the
optic cup (posterior portion) differentiate to form the RPE, while the inner portion of the
optic cup containing multi-potential neuroprogenitor cells. At about E18.5, the
neuroprogenitor cells can be readily distinguished into an outer and inner neuroblastic
layer (the inner neuroblastic layer is lighter in appearance). The outer neuroblastic layer
consists mainly of ventricular cells (neuroblasts) while the inner neuroblastic layer, as the
neuroretina develops, contains an increasing number of commited and partially
differenting neurons. Additional differentiation and migration of retinal neurons occurs,
which ultimately give rise to the different cell types that will eventually form the three
stratified nuclear layers.

Epithelial cells in the posterior wall of the lens vesicle multiply, lose their nuclei,
and elongate into transparent lens fibers (Mcllwain, 1996), which fill the lumen of the

vesicle (around E13.0). Mesodermal cells later fill the space between the lens vesicle
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and the surface ectoderm, and later forms the comea. The choroid and the sclera
differentiate from mesenchyme surrounding the optic cup. Smooth muscle for the iris
and ciliary body form, and the sclera becomes a thick layer of dense connective tissue.

(Pei and Rhodin, 1970; Kaufmann, 1992).

Development of the neuroretina

The neuroblastic layer consists of mitotic neuroprogenitor cells, each of which has
the potential to differentiate into any of the six major classes of retinal neurons
(ganglion, bipolar, amacrine, horizontal, interplexiform, and photoreceptor cells) or
Miiller cells (Cepko er al., 1996). These populations of cells are “born™ over a period of
days to weeks. (A cell’s birthday refers to when the cell has undergone its last mitotic
cell division. There may be no evidence of differentiation at this time). In the developing
mouse eye, the birthdates of each population of cells in the neuroretina have been
extensively studied (Young, 1985).

At about E10.5, the first multipotential neuroretinal progenitor cells exit their cell
cycle and migrate out of the neuroblastic layer towards the vitreal portion of the
presumptive neuroretinal layer, and begin to differentiate into retinal ganglion cells
(Young, 1985). The molecular determinants of cell cycle withdrawal of progenitor cells
in the developing CNS are largely unknown. Recent studies of p27°*! (a cyclin-
dependant kinase inhibitor protein expressed throughout the CNS) in the mammalian
retina, suggest that this protein regulates the number of late multipotent progenitor cells
that exit their mitotic cycle and begin to differentiate. The expression pattern of p27 Kipl

in the developing neuroretina coincides with the onset of differentiation for most of the



retinal cell types (Levine et al., 2000). In addition, mice lacking p27%"' have an extended
number of progenitor proliferation cycles. These cells later differentiate leading to larger
cell numbers in different parts of the body (Fero er al. 1996; Levine et al., 2000).

As early as E11.0 (Drager, 1985; Young, 1985), a population of RGCs emerge to
begin formation of the GCL in the mature retina. RGC axons faciculate and extend their
axons towards the optic stalk, forming the optic nerve, and first emerge at the optic
chiasm at E12.5 (Silver, 1984). At the optic chiasm, the RGC growth cones encounter a
midline. Here, about 20% of the growth cones in mice crossover to the contralateral side
of the optic chiasm, while the remaining population extend along the ipsilateral side
before innervating neurons in the LGN and superior colliculus (Drager and Olsen, 1980).
In stereoscopic visual systems, such as those found in primates, the number of RGCs
which cross the midline is about 50% (Mcllwain, 1996).

Two homeodomain proteins, Brn-3b and Pax2, are important for normal RGC and
optic chiasm development, respectively. Brm-3b is essential for the development of a
large subset of RGCs. Mice lacking Brn-3b lose about 70% of their RGCs compared to
their wild type littermates (Gan et al., 1996), and defects in axon bundling are present
among the remaining RGCs (Gan er al., 1999). In addition, mice lacking Pax2 have
RGCs which fail to crossover at the optic chiasm (Alvarez-Bolado et al., 1997).

The majority of the neuroretinal cells at E12.5, however, are progenitors which
continue to proliferate, increasing the size of the neuroblastic layer. The molecules which
regulate neuroretinal progenitor cell proliferation are generally unknown. One regulatory
protein which has been identified, however, is the homeodomain protein Chx10. Chx10

function is required for retinal progenitor proliferation and is present highly in the
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neuroblastic layer of the presumptive neuroretina and other parts of the CNS, beginning at
about E9.5 (Liu er al. 1994). Loss of Chx10 function results, both in mouse (Burmeister
et al., 1996) and human (Ferda-Pencin et al., 2000), in micropthalmia (small eye) and a
hypocellular retina, a consequence of impaired retinal progenitor cell proliferation. In
inbred mice (strain 129/Sv) Chx10 loss-of-function is associated with optic nerve aplasia,
but optic nerves do form when the mutation is expressed in other strains (Bone-Larson et
al., 2000), and human CHX/ 0" subjects (Ferda-Pencin er al., 2000).

As the presumptive neuroretina continues to develop and proliferate, other
morphologically distinct cells begin to appear. Beginning at ~E12.0, axonless horizontal
cells and commited but undifferentiated cone photoreceptors become post-mitotic.
Between E11.5-12.5, the first amacrine cells are born, followed by the births of rod
photoreceptors (~E14.0) and bipolar (~E17.0) cells (Young, 1985). By about E19.0, the
RGC, INL, and ONL become well defined, although rod photoreceptors continue to
develop up until about post-natal day 10 (P10), and outersegments do not fully form until
4-6 weeks after birth (Carter-Dawson and LaVail, 1979; Obata and Usukura, 1992).

Little is known about the molecular regulation of horizontal and amacrine cell
development. In the adult mouse retina, Chx10 is expressed throughout the INL,
including amacrine cells, but most abundantly in bipolar cells (Liu ez al., 1994). In adult
Chx10" mice, amacrine cells are present, but, bipolar cells are absent, indicating that
Chx10 is required for bipolar cell specification, differentiation, or maintenance
(Burmeister et al., 1996).

In contrast, photoreceptor development is better understood. Several compounds

which affect photoreceptor determination and differentiation in vitro have been identified,

11



including retinoic acid (Kelley er al. 1994), S-laminin (Hunter ez al. 1992), and Sonic

hedgehog (Levine et al. 1997).

Mouse spinal cord development

The spinal cord can be thought of as a biological information superhighway,
establishing neural connections between the central nervous system (CNS) and the
peripheral nervous system (PNS). Connected to the caudal CNS, the spinal cord consists
of a long column of neurons running along the rostral-caudal axis with numerous lateral
axon projections for PNS communication.

The spinal cord develops from the neural tube (composed of ectodermal tissue),
by a process called neurulation. In mice, neurulation begins at about embryonic day 8.0-5
(E8.0-5) (Kaufman, 1992) near the anterior portion of the embryo, by the future midbrain,
and proceeds along the anterior-posterior axis (Wolpert, 1998; Golden, 1993). There are
two modes of neurulation (primary and secondary) which occur, depending on the
location along the axis of the embryo. Primary neurulation occurs towards the anterior
portion of the embryo. Here, ectoderm begins to fold to form a hollow column called the
neural tube. Secondary neurulation occurs along the dorsal region of the embryo. In this
process, a solid rod is formed initially. The rod develops into a neural tube after the
generation of a lumen within the rod (Gilbert, 1997).

The development of the neural tube requires an elongation of the ectodermal
midline cells. This morphological change causes a rising of the cells along the midline,
resulting in a depression of the midline cells thereby creating the neural plate. The edges

of the neural plate thicken and move towards each other to form the neural fold, while the
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neural plate takes on a U-shape, becoming the neural groove. The neural folds continue
to migrate towards the midline and eventually fuse, forming the neural tube. Once fusion
of the neural folds occurs, the neural tube detaches from the ectodermal cells. These
ectodermal cells will later become the epidermis (Schoenwolf and Smith, 1990; Wolpert,
1998).

The neuroblast cells that line the lumenal surface of the neural tube make up the
ventricular zone. The mitotic neuroblasts proliferate and differentiate into neurons and
glial cells which migrate away from this zone (Hall, 1992). As the neuroblasts continue
to proliferate and differentiate, the diameter of the lumen decreases and it is nearly
obliterated in the mature spinal cord (Kaufman, 1992). Some of the molecular signals
involved in neural patterning of the neural tube are believed to originate from the most
ventral region of the tube, known as the floor plate, and from the underlying mesoderm,
called the notochord. The notochord is a rod-shaped mesodermal structure running along
the rostral-caudal axis, lying ventral to the neural tube (Gilbert, 1997).

Neural crest cells, originating from the tips for the neural folds, migrate into the
dorsolateral regions of the neural tube. There, they differentiate into sensory ganglion
cells, post-ganglionic autonomic neurons, peripheral glial cells, and epidermal pigment
cells (Bronner-Fraser and Fraser, 1989; Gilbert, 1997).

Following neural tube closure, constriction occurs, forming the different chambers
of the brain and the spinal cord. Progenitor cells differentiate into neurons and glial cells.
Similtaneously, cellular migration and rearrangements occur, helping to define the
different functional regions of the central nervous system. The most rostral portion of the

neural tube will develop into the brain, forming the telencephalon, diencephalon,
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mesencephalon, metencephalon, and myelencephalon, while the remaining part of the
neural tube, caudal to the developing brain, will give rise to the spinal cord (Gilbert,
1997).

Once the spinal cord has formed, it serves as a communication link between
sensory organs (e.g. through neurons found in the dorsal root ganglia), the brain, and
motor network (e.g. through the motor neurons in the spinal cord that extend axonal

processes through the ventral roots).

Dorsoventral patterning of the spinal cord

In the mature spinal cord, different classes of neurons are regionalized
symetrically about the midline that runs along the dorsoventral axis of the spinal cord.
For example, the nuclei of commissural neurons, which extend axons across the midline,
are situated in the dorsal portion of the spinal cord (Gilbert, 1997), while nuclei of
motoneurons are generally located in the ventral horns (Eisen, 1999). Sensory neurons,
derived from neural crest cells, are located lateral to the dorsal spinal cord and form the
dorsal root ganglia (DRG) (Gilbert, 1997).

During mouse spinal cord development, the first post-mitotic neurons are born at
around E9.5 and neurogenesis continues until ~E14.5 (Nornes and Carry, 1978; Sims and
Vaughn, 1979). Post-mitotic neurons migrate away from the ventricular zone and begin
to project axons. For example, at ES.5 dorsal commissural interneurons, initally located
lateral to the roof plate, begin to migrate ventrally away from the roof plate. Between
E10.5 and EI1.5, these neurons project axons toward the floor plate. These axons cross

the floor plate midline at ~E12.5, and continue to extend into the ventral and lateral
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funiculi (Zou et. al., 2000; Imondi et al., 2000). Other neurons, such as tochlear
motoneurons, differentiate and extend axons between E9.5 and E11.5 along a ventral-to-
dorsal trajectory, away from the floor plate (Fritzsch et al., 1995). Motoneurons in the
ventral horns project axons into the periphery at around E11.5 (Chen et al., 2000) where
they will ultimately connect with muscle fibres. Sensory neurons in the DRG send axons
to the dorsal spinal cord. Initially at E11.5, these axons navigate towards the dorsal root
entry zone (DREZ) located dorsolateral to the roof plate cells. Upon arrival at the DREZ,
the axons stall along the periphery of the dorsal spinal cord until about E14.5, when a
subset of sensory axons (the proprioceptive afferents) enters the dorsal spinal cord and
extends into the ventral horns. Other sensory axons, such as the noci-/termoceptive
afferents, remain at the DREZ, while mechanoceptive afferents migrate only into the
dorsal horns (Pushcel et al., 1996). Therefore, wiring of the spinal cord involves axon
projections that must travel variable distances.

Cell patterning of the neural tube is believed to be controlled by ventral signals
originating from the notochord and the floor plate cells in conjunction with signals from
the dorsal epidermal ectoderm (Yamada et al., 1993). Sonic hedgehog (Shh), expressed
in the notochord and the floor plate, is a secreted ligand that forms a concentration
gradient along the dorsoventral axis of the spinal cord (Eisen, 1999; Gilbert, 1997). Shh
is important for the generation of ventral cell types such as motor neurons, since ectopic
expression of Shh from a donor floor plate graft can induce the formation of ectopic
motor neurons (Yamada et al., 1993). In the dorsal neural tube, genes including Pax3,
dorsalin, and Msxl, encode proteins with dorsalizing activity. Shh represses the

expression of these genes in the ventral region of the neural tube (Liem et al., 1995). In
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the absence of Shh, the expression of Pax3, dorsalin, and Msx] expand ventrally and
cells located towards the ventral neural tube take on a more dorsalized fate (Gilbert,
1997). Bmp4 and Bmp7, members of the transforming growth factor beta (TGFp)
superfamily of ligands, are inhibited by high levels of Shh. The two proteins are present
in the presumptive dorsal epidermis (where levels of Shh are low), and are able to
antagonize the effects of Shh by promoting the expression of Pax3 and Msx! in the dorsal
neural tube. Therefore, in the spinal cord, Bmp4, Bmp7, and Shh provide positional cues
with opposing activity from opposite poles of the dorsoventral axis (Gilbert, 1997).

The mechanism by which progenitor cells interpret the extracellular gradient of
Shh protein is not clearly understood. Three zinc finger transcription factors, Glil, Gli2,
and Gli3, are components of the hedgehog signaling pathway in vertebrates. The levels
of Gli gene expression are affected by different concentrations of Shh (Ingham, 1998),
and it has been proposed that the different levels of Gli may regulate the expression of
downstream transcription factors which may specify different classes of neurons (Briscoe
er al., 2000). Surprisingly, targeted disruption of Gli/ or Gli3 does not drastically affect
the neuronal patterning in the ventral spinal cord, while G/i2 mutants fail to differentiate
floor plate and V3 interneurons (Ding er al., 1998; Matise et al., 1998; Park ez al., 2000;
Littingtung and Chiang, 2000). Therefore, it is possible, in the ventral spinal cord,
additional transcription factors are involved in interpreting the Shh protein gradient
(Briscoe et al., 2000).

Recently, the neuronal fate of a subset of progenitor cells in the ventral neural
tube has been examined (Briscoe et al., 2000). The homeodomain proteins Nkx6.1,

Nkx2.2 (both induced by Shh) (Brisco er al., 1999), and Irx3 (repressed by Shh) (Briscoe
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et al., 2000), for example, can act in combination to specify different neuronal identities.
Nkx2.2 can induce V3 neurons. Nkx6.1, in the absence of Irx3, leads to motor neuron
development, while Nkx6.1, in the presence of Irx3, results in V2 neurons (Briscoe et al.,
2000). Other transcription factors which are controled by Shh levels, including Pax6,
Pax7 (Goulding er al, 1993; Ericson et al., 1997), Dbx1, and Dbx2, may be important in
the development of other classes of neurons.

The molecular details of eye and spinal cord development are slowly being
determined and through the concerted effort of the Human Genome Project, molecules
important in the development of the nervous system are being discovered at an
unprecedented rate (Boguski et al., 1993; Boguski et al., 1994). By determining the
function of the genes involved in neural development, we will move closer towards
understanding how the human brain develops and functions.
dbEST: A source for novel genes

The human genome is estimated to contain about 35,000 to 120,000 genes (Ewing
and Green, 2000; Liang et al., 2000) but a typical cell expresses only a subset of these
genes. For example, neurons express ~25,000 genes, while epithelial cells express
~15,000 genes (Velculescu er al. 1999). As a first step towards identifying the subsets of
genes which are expressed in different tissues en mass, cDNA libraries from different
tissues were generated, and partial, single-pass cDNA sequences were obtained from
randomly picked clones as a part of the Human Genome Sequencing project (Boguski ez
al., 1993). To reduce the redundancy of highly expressed genes, the majority of these
libraries have been normalized to maximize the likelihood of identifying unique gene

sequences (Bonaldo et al., 1996). These sequences (ESTs) have been a major source for
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novel gene discovery and have been deposited into a database called dbEST, which
contains ESTs from many different organisms (Boguski et al., 1993). Currently, human
ESTs contribute the majority of dbEST entries (with 2,275,000), although there are also a
number of ESTs from model organisms including Mus musculus (1,632,000), Rattus sp.
(188,000), and C. elegans (101,000) (dbEST, http://www.ncbi.nlm.nih.gov/dbEST, Sept.
2000). Since EST entries include information about their library of origin, one useful
resource dbEST provides, in conjunction with basic local alignment search fool (BLAST,
http://www.ncbi.nlm.nih.gov/BLAST) (Altschul er al., 1990), is the ability to examine the
approximate tissue expression profile of a sequence of interest {more commonly referred
to as a “virtual northern™). Many ESTs have also been clustered together based on their
overlapping sequences to generated “virtual” expressed sequences (UniGene,
http://www.ncbi.nlm.nih.gov/UniGene).

UniGene is a database that can display clusters of ESTs originating from only one
tissue source (Wheeler et al., 2000). These clusters are therefore enriched for novel,
tissue-specific genes which are likely to be important for the function of that particular
tissue. Although the majority of the EST clusters will be 3’'UTR biased, some clusters
may have a partial open reading frame (ORF) encoding a domain that can provide a clue

towards the function of the particular gene.



The CUB domain

The structure and function of proteins are the consequence of their amino acid
sequences. In some proteins, these amino acid sequences are conserved both in function
and evolution. For example, the homeodomain, which is highly conserved between
invertebrates and vertebrates, encodes a helix-turn-helix motif found in many
transcription factors. This motif functions to bind double stranded DNA (Otting ez al.,
1990). Some conserved motifs mediate protein-protein association. For example, leucine
zipper motifs, which form alpha helical structures containing periodical leucine residues,
often function in protein-protein dimerization (Moran et al., 1994). By shuffling these
modular domains in different combinations, proteins with different biochemical
properties can rapidly evolve (e.g. through alternative splicing, gene duplication and/or
recombination) from a limited initial reservoir of protein sequences. Although this is
very much simplified, the result of these combinations can generate molecules which may
be uniquely adapted to specific biochemcial and cellular processes. Homeodomain
proteins, for example, are transcription factors which play critical roles in development
(Duboule, 1994). Another domain found in proteins often involved in developmental
processes is the CUB domain (Bork and Beckmann, 1993).

The CUB domain, originally identified in complement subcomponents Clr/Cls
(Leytus et al., 1986; Tosi et al., 1987), Uegf (Delgadillo-Rosso et al., 1989), and Bmpl
(bone morphogenetic protein 1)(Wozney er al., 1988), is an extracellular domain ranging
from 110 to 133 amino acids. It is involved in protein-protein (Bork and Beckmann,
1993) or protein-carbohydrate interactions (Solis et al. 1998). CUB domain-containing

proteins are functionally diverse, found in both invertebrates and vertebrates, and are
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often involved in developmentally regulated processes (Bork and Beckmann, 1993).
Currently, there are over 36 CUB domain proteins (Prosite, http://expasy.cbr.nrc.ca, Sept.
2000) some of which are listed in Table 1-1. Proteins containing CUB domains often
have other domains such as a metalloprotease domain and/or epidermal growth factor
(EGF) - like repeats. CUB domains, however, can also function alone as illustrated by the
spermadhesins, a family of genes that encode a protein consisting of a signal sequence
and a single CUB domain. Spermadhesins are secreted into the extracellular matrix and
play a critical role in fertilization (Solis ez al., 1998) by mediating the attachment of the
sperm cell to the zona pellucida.

The primary sequence of CUB domains is not highly conserved. CUB domains
of different proteins generally share only about 25% amino acid identity (Bork and
Beckmann, 1993), although the conservation between CUB domains within the same
protein family can be as high as 40%.

The most conserved residues in CUB domains are four cysteine residues (C1-C4)
which are important for the formation of two disulfide bridges (between C1-2 and C3-4).
The crystal structure of several spermadhesin dimers, including aSFP (Dias et al., 1997)
(Figure 1-4) and PSP-1/PSP-II (Romero et al., 1997), has been solved. CUB domains
consist of two B-sheets, each composed of five B-strands. The [-turns connecting the -
strands are the most variable portion of CUB domains and are exposed at the surface
where they are available for interaction with other molecules. The overall topology of the
CUB domain resembles the antigen binding region of immunoglobulins (Dias et al. 1997,

Bork and Beckman, 1993) or a “jellyroll” (Romero et al., 1997).
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Figure 1-4. Crystallographic dimer of two aSFP spermadhesin molecules

Each aSFP spermadhesin monomer is composed of a single CUB domain.
The CUB domain consists of 10 3 strands (blue arrows) forming two B sheets.
Spermadhesin dimerization is stablized by hydrogen bonds between B8 and B7',
and B7 and B8' strands (the ' denotes the second monomer). In other spermadhesin
dimers, the interactions may occur between f7 and B7', and B8 and B8’ (e.g
between PSP-I/PSP-II heterodimers). (Figure from Romero et al., 1997).



Table 1.1. Summary of various CUB domain-containing proteins

Protein Organism Domains Notes
hensin mammals 8 SRCR (scavenger receptor, possible role in determining
cysteine rich) polarized phenotype of some
2 CUB, 1 ZP (zona pellucida) epithelia and brain cells (Takito et
al., 1999)
CRP-ductin/ mouse 8 SRCR, 3 CUB, | ZP unknown role in pheremone
vomeroglandin perception {Matsushita et al.,
2000)

ebnerin rat 4 SRCR,3CUB, 1 ZP identified in a screen for novel
taste bud receptor genes (Asano-
Miyoshi et al., 1998)

DMBTI human 9 SRCR, 2CUB, I ZP frequently deleted at 10q25-26
malignant gliomas, alt-splice
form of hensin (Takito er al.,
1999)

hch-1 C. elegans 1 astacin metalloprotease required for normal hatching and

domain, 1 CUB, | EGF post-embryonic cell migration
(Hishida et al., 1996)
Clis/Clr mammals 2 CUB, 2 Coagulation factor- Cls, Clr, and Clq form Cl
like, | EGF, trypsin serine complex in complement cascade
protease domain (Thielens et al., 1999)
enteropeptidase vertebrate 2 low-density lipoprotein receptor- intestinal membrane protein needed
like domains, | MAM, | SRCR, for activation of trypsinogen
1 CUB (Yuan et al., 1998)
Bmpl vertebrate | astacin metalloprotease process procollagen; cleaves
domain, 3 CUB, 2 EGF chordin (Scott er al., 1999);
ectopic bone formation (Wozney
et al., 1988)
Tolloid drosophila I astacin metalloprotease cleaves sog; dorsal ventral
domain, 5 CUB, 3 EGF patterning (Marques et al., 1997)

Tolkin embryonic lethal (Finelli er al.,
1995)

mammalian mammals 1 astacin metalloprotease process procollagen (Scott et al..

tolloid domain, 5 CUB, 3 EGF 1999)

tolloid-like

tolloid-like2

as above

as above
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chordin (Scott et al., 1999)
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Table 1.1. (continued)

Protein Organism Domains Notes
BPI10/SpAN sea urchin 1 zinc-metalloprotease secreted at blastual stage by sea
domain, 1 EGF, 2 CUB urchin embryo (Lhomond et al.,
1996)
F42A10.8 C. elegans I zinc-metalloprotease hypothetical ORF (NCBI)
RISL.S domain, 1 EGF, 1 CUB hypothetical ORF (NCBI)
KO3ES.1 C. elegans 2 CUB hypothetical ORF (NCBI)
neuropilin-1/2  vertebrates 2 CUB, 2 Coagulation factor- axon guidance, receptor for
like, | MAM, | TM type [II semaphorins; receptor
for VEGF isoform (Soker e! al.,
1998)
Fibropellins sea urchin 1 CUB, variable no. of EGF, form fibers that surround the
I and I C-ter avidin-like domain surface of the embryo (Bisgrove
(Uegf) etal., 1991)
TSG-6/ mammals | link domain, 1 CUB a serum and growth factor
PS4 which binds to hyaluronate (Day,
AJ. 1999)
spermadhesins ~ mammals 1 CUB bind carbohydrates; coat sperm
cell, allowing for adhesion to egg
(Romero et al., 1997)
uvs.2z/ Xenopus 1 astacin metalloprotease expressed during dorsoantertor
hatching enzyme domain, 2 CUB development (Katagiri et al.,
(HE) 1997); e gg hatching
AEA cray fish 1 astacin metalloprotease expressed in unhatched juveniles
domain, 2 CUB prior to hatching; no expression
in adult (Geier and Zwilling,
1998); e gg hatching
Cubulin mammals 27 CUB, 8 EGF vitamin B 12 receptor; HDL

N-ter membrane association
segment (non-TM)
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Tolloid and tolloid-related proteins

A class of CUB domain-containing proteins to which RTL-/ shares resemblance
with is the tolloid family of proteins, whose prototype members are tolloid (Shimell ez al.,
1991) and Bmpl (Wozney ez al., 1988). Tolloid and Bmp! are secreted proteins with an
astacin-like metalloprotease domain, multiple CUB domains, and EGF-like repeats.
Tolloid (tld) 1s a Drosophila melanogaster protein important for dorsoventral patterning
of the embryo. Mutations in #/d result in a partial transformation of the dorsal ectoderm
into ventral ectoderm (Shimell er al., 1991). This phenotype is similar to null mutants of
decapentaplegic (dpp, a Drosophila protein related to Bmp2 and Bmp4) suggesting that
tld and dpp act in dorsoventral patterning (Shimell et al., 1991).

Biochemical studies on a secreted Drosophila protein, short gastrulation (sog), put
dpp and tld together in the same pathway. Sog binds to dpp, creating inactive dpp
complexes, thereby antagonizing dpp signaling (Schmidt er al., 1995). TId can bind to
dpp-sog complexes and cleave sog, which releases dpp (Marques et al., 1997). Thus, one
function of tld is to regulate the antagonistic effects of sog on dpp.

This biochemical pathway is also conserved in vertebrates. In Xenopus, the
protein Xolloid (Xld), orthologous to tolloid, can bind and cleave Chordin (Chd), a
protein orthologous to Sog. Proteolytic cleavage of Chd prevents it from binding to
Bmp4 (homologous to dpp), which allows the free Bmp4 to bind and activate its receptor
(Piccolo et al., 1997).

In mammals, three proteins with a domain organization identical to Tolloid have
been identified: mammalian Tolloid (mTIld) (Takahara er al., 1994), mammalian Tolloid-

like-1 (mTll-1; previously known as mTIl) (Takahara er al., 1996) and mammalian
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Tolloid-like-2 (mT1l-2) (Scott et al., 1999). A shorter protein, Bmp-1, is derived as an
alternative splice product from mTld (Takahara et al., 1994). The mammalian tolloids are
expressed widely among different tissues in both the developing and mature mouse
(Takahara et al., 1994; Takahara et al., 1996; Scott et al., 1999). Targeted disruption of
murine m7Tld/Bmpl, although embryonic lethal, does not lead to severe malformations in
axial patterning (Suzuki et al., 1996) as observed in Drosophila tld mutants (Shimell et
al., 1991). These mouse embryos die from a herniated gut (Suzuki er al., 1996), and the
lack of any dorsoventral axial defects suggested other mammalian tolloids may have
functional redundancies (Scott et al., 1999). Mice in which m7l/l-/ is disrupted, like the
mTld/BMPI mouse mutant, also lack axial defects. Instead, mTII-/”" mice are embryonic
lethal due to defects confined to the heart (Clark et al., 1999). A mouse knockout of
mTll-2 has not yet been reported. Recent biochemical analysis of these metalloproteases
have provided insight into the possible roles of these proteins in mouse development.
Bmpl, mTld, and mTII-1, but not mTII-2, are capable of processing procollagen-C
propeptides. In addition, Bmp!l and mTIll-1 are capable of cleaving chordin, and this
biochemical redundancy may explain the lack of axial defects when either mTId/Bmp! or
mTIl-1 are disrupted, as both genes have regions of overlapping expression patterns (Scott
et al. 1999). Despite the lack of axial defects, these proteins may play a major role in

antagonizing chordin activity.
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Figure 1-5. Organization of various CUB domain-containing proteins
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Neuropilins

The other class of CUB-containing proteins to which R7L-/ resembles is the
neuropilins. A small family of type I transmembrane proteins, neuropilins are capable of
binding to class 3 semaphorins (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997).
Semaphorins, a family of secreted and transmembrane proteins, are involved in axonal
guidance and serve as attractive (Bagnard et al., 1998) or repulsive cues (Puschel, 1996).
Currently, there are two members of the neuropilin family (neuropilin-1 and neuropilin-
2), that share about 44% amino acid identity with each other. The domain organization of
the two neuropilins is identical. Both have two CUB domains, two coagulation factor-
like domains, a MAM domain, a transmembrane (TM) region, and a short cytoplasmic
tail. In binding assays, the CUB domains of neuropilins were shown to be the major site
for semaphorin binding and specificity (e.g. swapping the CUB domains of neuropilin-1
and neuropilin-2 is sufficient to change the semaphorin response of the respective
receptors) (Nakamura er al., 1998). The coagulation factor-like domain is homologous to
a ~160 amino acid region of coagulation factor V and VIII. In neuropilin-1, this domain
provides a binding site for the basic carboxy-terminus of Sema3A (Nakamura er al.,
1998). The MAM domain was originally identified as a 220 - 240 amino acid motif in
the proteins meprin, A5, and p, and has been shown to be required for neuropilin-1
receptor multimerization and signal transduction (Nakamura et al., 1998; Giger er al.,
1998).

Neuropilin-1 is expressed in different regions of the developing and mature
nervous system, including parts of the brain, RGCs within the eye, and some non-

neuronal tissues. In the peripheral nervous system (PNS), neuropilin-1 is expressed in the
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trigeminal, facial, glossopharyngeal, and vagus nerves, and in the spinal sensory and
motoneurons (Kawakami et al., 1996). Expression of neuropilin-1 has been localized to
axons and growth cones (Fijusawa et al., 1995; Takagi er al., 1995; Kawakami et al.,
1996), and ectopic over-expression of neuropilin-1 in the mouse embryo causes
defasiculation and altered sprouting of axon fibers (Kitsukawa et al., 1995).

Neuropilin-2 is also expressed in diverse parts of the nervous systems, including
areas overlapping with neuropilin-1, such as motoneurons and RGCs, and in distinct
regions including cerebellum and sympathetic neurons. In addition, neuropilin-1 is highly
expressed in the dorsal root ganglia (DRG), where neuropilin-2 expression is almost
undetectable (Chen et al., 1997).

Neuropilin-1 and -2 can form both non-covalent homodimers, and in cells where
they are coexpressed, they have been shown to form heterodimers, which is believed to
confer different ligand binding specificities (Takahashi er al., 1998). Ligand binding
experiments show that neuropilin-1 has high binding affinity for Sema3A, Sema3D, and
Sema3E (He and Tessier-Lavigne, 1997), while neuropilin-2 has high binding affinity for
Sema3C and Sema3F, but low binding affinity for Sema3A (Chen et al., 1997; Giger et
al., 1998). Neuropilins have short cytoplasmic regions (about 40 amino acids) and alone,
cannot propagate a semaphorin signal into the cell. Therefore, to transduce the
semaphorin signal into the cell, Kolodkin and Ginty (1997) have suggested that a
functional semaphorin receptor includes neuropilin as part of a larger protein complex.

Recently, it has been shown that Drosophila plexin A, a member of a large family
of transmembrane proteins found in organisms ranging from viruses to humans, is a

receptor for Sema-la and Sema-1b (Winberg er al., 1998, Tamagnone et al., 1999). In
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mice, plexin-1 (a homolog of plexin A) cannot directly bind Sema3A, but is able to
complex with neuropilin-1 to form a functional Sema3A receptor complex (Takahashi et
al., 1999). Formation of a neuropilin-1/plexin-1 complex enhances the binding affinity of
neuropilin-1 for Sema3A as compared with neuropilin-1 alome. Dominant negative
mutants of plexin-1 which lack the intracellular tail can still bind to neuropilin-1, but
cannot transduce the Sema3A signal in DRG neurons. This finding suggests that in a
plexin-I/neuropilin-1 receptor complex, neuropilin-1 serves to bind Sema3A while
plexin-1, which has a longer cytoplasmic region than the neuropilins, functions to
transduce the Sema3A signal into the cell (Takahashi ez al., 1999).

Neuropilin-1 has also been linked to blood vessel morphogenesis. It has been
recently shown that neuropilin-1 is also a component of the VEG165 receptor, an isoform
of vascular endothelial growth factor (VEGF). VEGF is important for the regulation of
endothelial cell proliferation, vasculogenesis, angiogenesis, and vascular permeability
(Soker et al., 1998, Kawasaki er al., 1999).

Neuropilin-1 deficient mice are embryonic lethal, dying between E10.5 and E12.5
from cardiovascular defects, which may be due to disruption of VEGFI165 signaling.
These mice also have anomalies in axon efferent trajectories of cranial, spinal, and trunk
level nerves which are generally defasiculated (Kitsukawa et al., 1997).

Unlike neuropilin-1-deficient mice, neuropilin-2 deficient mice are viable and live
into adulthood. In the absence of neuropilin-2, there is disruption in the fasiculation and
organization of different cranial and spinal nerves (Giger et al., 2000). In addition, nerve
tracts including the mossy fibers of the hippocampus, and anterior commissures have

axon migration defects (Chen et al., 2000).
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CHAPTER 2

Cloning and characterization of Rzl-1:
A novel CUB-encoding gene expressed in
the developing and mature mouse nervous system



INTRODUCTION

The molecular components required for mammalian eye development are
gradually being identified as novel genes are discovered. Through the Human Genome
Project, thousands of new genes, represented as ESTs, have been found. Despite this
plethora of data, the identity of the vast majority of these genes is unknown.

The EST databases represent a formidable source for gene discovery. As a simple
in silico screen to identify novel retinal genes potentially involved in eye development, [
scanned the UniGene database for retina-only EST clusters with sequence homology to
proteins involved in eye development. One of these clusters, with homology to the CUB
domains found in tolloids and neuropilins, was named RTL-1.

A human RTL-1 cDNA was isolated by screening a high density filter array of a
normalized human retinal cDNA library using a 3'UTR DNA probe that was PCR-
amplified from human genomic DNA. This human cDNA, encoding a partial ORF, was
subsequently used to screen three different mouse cDNA libraries to obtain a full-length
murine ortholog of RTL-/. The murine Rrl-/ cDNA sequence was used to query the
sequence databases and three human bacterial artificial chromosomes (BACs) were
identified that were used to reconstruct a full-length RTL-/ ORF.

To determine whether RTL-/ mapped to any human disease loci, radiation hybrid
(RH) mapping was performed in collaboration with Dr. S.W. Scherer, and the
corresponding syntenic regions were examined using mapping data available at The
Jackson Laboratories (http://www jax.org). As a first step towards understanding the
biological role of Ril-1, the expression pattern in adult and developing mouse was

determined using multi-tissue northern blots and in situ hybridization, respectively.



MATERIALS AND METHODS
In silico screen

A subset of retina-only clusters from UniGene libraries 177 (N2bSHR) and 178
(N2b4HR) represented by >1 EST was compared with the non-redundant (nr) database
using BLASTN and BLASTX, both variants of BLAST, (Altschul er al., 1990) to identify
conserved sequences. UniGene clusters with homology to known protein domains or
motifs, particularly those which are often found in proteins important in development,
were further investigated. dbEST was also searched to obtain additional 5° sequence

derived from the same clones (http://www_ncbi.nlm.nih.gov/irx/dbST/dbest_query.html).

PCR conditions

PCR reactions were performed as described by Sambrook ez. al. (1989). Briefly,
each reaction contained 400 ng of each primer, 200 uM of each dNTP, 10 mM Tris-HCI
pH 8.0, SO0 mM KCl, 0.01% gelatin, 1.5 mM MgCl,, 8 ug BSA, and ~1-10 ng of DNA
template in a volume of 50 pl overlaid with mineral oil. Samples were heated to 98°C for
10 min. and cooled to 80°C prior to the addition of 1 pl (~10 u) Tag DNA polymerase.
30 thermal cycles consisting of a short denaturation at 94°C for 45 sec, 55 - 62°C
annealing (depending on the primer pair) for 45 sec, and 72°C extension for 30 sec to 3
min This step was followed by a 72°C final extension for 10 min and a 4°C incubation.
PCR products were purified with QiaQuick PCR spin columns (Qiagen), and resuspended

in 35 - 50 pl of TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).
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For subcloning purposes, Pfu DNA polymerase (Stratagene) was used. The
reactions conditions were 400 ng of each primer, ZOQ UM of each dNTP, 5 ul of 10x
cloned Pfu DNA polymerase reaction buffer (200 mM Tris-HCI pH 8.8, 20 mM MgSO.,
100 mM KCI, 100 mM (NH,;)>SQy4, 1% Triton X-100, and 1000 pg/ml nuclease-free
BSA) in a 50 yl volume covered with mineral oil. The thermocycling program was
identical to that described above except for a longer thermal cycle extension time of 6 to

10 min.

Radiolabeling

Approximately 50 - 100 ng of DNA, gel purified using either QiaEx II beads or
QiaQuick columns (Qiagen), was primed with random hexamers and labeled using
Klenow and o’P dCTP (Feinburg and Vogelstein, 1983). Labeling reactions were
purified using Sepharose G50-150 spin columns, eluted in 100 ul of TE, and
incorporation of the radionucleotide was quantitated with a Beckman LS 6500

scintillation counter.

Southern blot transfers

Southern blot transfers were performed essentially as described by Sambrook et
al. (1989). DNA samples were resolved by electrophoresis using 0.5-0.8 % agarose gels
containing 50 ng/ml ethidium bromide. Southern blot transfers involving DNA fragments
larger than 10 kb were treated briefly with 0.2N HCI for 10 min and rinsed twice with
ddH>O. The DNA was alkali denatured, neutralized, and transferred in 10x SSC by

capillary action overnight onto Hybond-N+ (Amersham Life Science) nylon membrane
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filters. The filters were cross-linked by UV irradiation, rinsed in 2x SSC, and air dried at

room temperature.

Library screening

To obtain a human RTL-/ cDNA, 40,000 cDNAs from a normalized human
retinal plasmid cDNA library (N2b4HR, previously transformed into E.coli DHSa cells)
were placed into 96 well microtitre plates containing LB broth with 100 pg/ml ampicilin
and 15% w/v glycerol. A Biomek 1000 (Beckman Instruments Inc.) robot was used to
produce 25 high density nylon filter (Hybond-N, Amersham Life Science) arrays
representing the 40,000 cDNAs. The filters, overlaying LB containing 1% agarose
supplemented with 100 pg/ml of ampicillin, were incubated overnight at 37°C. The
filters were treated according to the manufacturer’s directions, with 10% SDS, denatured
in 0.5M NaOH, 1.5 M NacCl, and neutralized twice with LM Tris-HCI pH 7.5. Following
UV cross-linking, cell debris was removed by scrubbing the filters with KimWipes in 2x
SSC, 0.1% SDS and rinsed in 2x SSC. The filters were hybridized in 50% formamide
containing an o’ 2P labeled probe (1x10° cpm/ml), representing 250 bp of the RTL-/
3’UTR that was PCR-amplified from human genomic DNA using primers RTL-F (5’
CTCCCTTCATTAAATCTATTATCT 3 and RTL-R 5
TCATATATGCATATTAGTGTACTG 3°).

To identify an orthologous Rz/-!/ murine cDNA, 1.8x10° plaque forming units
(pfu) from a mouse developing eye (P1-P3) (courtesy of Dr. Jeremy Nathans, Howard
Hughes Medical Institute, Baltimore, Maryland), adult mouse retina (a gift from Dr.

Anand Swaroop, University of Michigan, Ann Arbor, Michigan), and adult mouse brain
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(from Dr. Michael Hayden, University of British Columbia, Vancouver, British
Columbia) phage cDNA libraries were screened with a PCR product generated using
primers RTL-CDSF (5° CTTCAGAGATGCTGGCAGAG 3’) and RTL-CDSR (5’
CCATAGATTCCAGCTCTCCAT 3’) encoding CUBI from human RTL-I. For each
132 mm LB plate, approximately 1x10° pfu was used to infect 400 pl of E. coli LE392 or
XL1-Blue cells grown exponentially to an ODggo of 0.5 in LB supplemented with 0.4%
maltose and overlayed using 1% LB top agarose. The plates were incubated overnight at
37°C, stored at 4°C for at least 2 hours, and duplicate filters for each of the 18 plates were
prepared using Hybond N+ nylon membranes. The membranes were denatured in 0.5 N
NaOH, 1.5M NaCl, neutralized in IM Tris-HCI pH 7.5, 1.5 M NaCl, and rinsed in 2x
SSC. The filters were UV cross-linked and then probed with a DNA fragment encoding
CUB! from human RTL-/. DNA hybridization and washing conditions were essentially
as described below in the Hybridizations section, except that both prehybridization and
hybridization solutions contained 40%, instead of 50%, formamide.

Agar plugs surrounding the positive plaques were picked and incubated in 500 ul
of SM buffer (0.1 M NaCl, 0.01 M MgSQ., 0.05 M Tris-HCI pH 7.5, and 0.01% gelatin)
at 4°C overnight. Secondary, tertiary, and quaternary screens were performed using the
same CUB1 DNA probe on filters lifted from serial dilutions of phage that produced
~100 pfu/plate. A total of 12 pure plaques were subsequently amplified and eluted in 200

wl of SM buffer, with the addition of chloroform, and stored at 4°C.
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Hybridizations

UV cross-linked filters were briefly rinsed with 2x SSC, and prehybridized for at
least 3 hours (for Southern blot hybridizations) or overnight (for northern blot
hybridizations) at 42°C in 10 ml of prehybridization solution containing 40% or 50%
formamide (for inter-species and intra-species DNA probes, respectively), 5x SSC, 1x
Denhardt’s solution, 1% SDS, 20 mM sodium phosphate buffer (pH 7.0), and 1 pg/ml
sheared salmon sperm DNA. The hybridization solution was identical to the
prehybridization mixture except for the addition of dextran sulphate to a final
concentration of 10% w/v. Approximately 5x10° to 1x10° cpm/ml of denatured probe
was added to the hybridization mixture and incubated for ~16 hrs at 42°C with gentle

rotation.

Nylon membrane washing conditions

Hybridized filters were washed once each in 2x SSC and 0.2x SSC for 10 min at
room temperature (RT) with agitation, followed by a wash in 0.2x SSC, 0.1% SDS at
65°C for 1 hour, rinsed in 2x SSC at RT for | min, and exposed to X-OMAT-AR or
BioMax MS (Eastman Kodak Company) film with the appropriate intensifier screens at -

80°C. Additional washes were conducted as necessary.

Phage DNA isolation
Phage DNA was isolated as described by Grossberger (1987). Briefly, E. coli
LE392 cells were grown exponentially at 37°C to an O.D.g of 0.5. Approximately

1x10° pfu of phage was used to infect 200 ul of LE392 cells mixed with 200 pul of
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adsorption buffer (10 mM MgCl,, 10 mM CaCl,) and incubated at 37°C for 10 min. The
cells were grown overnight with agitation at 37°C in 5 mli of LB supplemented with 0.2%
glucose and 20 mM MgSQ,. The cell debris was pelleted by centrifugation at 3,000 rpm
at 4°C, and the supernatant was transferred into Ultra-Clear™ 14x89 mm tubes
(Beckman Instruments Inc.). The phage was pelleted at 30,000 rpm for 30 min at 4°C
using a SW41 rotor (Beckman Instruments Inc.), and resuspended in 400 pl of SM with 1
mg/ml proteinase K. After a 3 hour digestion at 37°C, 100 pl of 7.5 M ammonium
acetate was added followed by a phenol/chloroform extraction and precipitated using 1
ml of 100% ethanol after incubation on dry ice for 20 min. The DNA was pelleted at 4°C
by centrifugation at 12,000 rpm, rinsed with 1 mi of 70% ethanol, air dried, and

resuspended in 30 ul of TE containing 200 pg/ml of RNaseA.

Isolation of total RNA

Total RNA was isolated from adult CS7BL/6 and embryonic mouse tissues. All
mice were euthanized by cervical dislocation and tissues were dissected, rinsed in ice-
cold 1x PBS, and homogenized in TRIzol Reagent (Gibco Life Technologies) as
recommended by the manufacturer. The RNA was resuspended in diethylpyrocarbonate-
treated distilled, deionized water (DEPC ddH,O) and quantified using a Beckman DU
530 spectrophotometer. RNA for use in RT-PCR was further treated with DNasel.
Approximately 10 pg of total RNA was resuspended in 16 pl of 1x first-strand DNA
synthesis buffer (50 mM Tris-HCI, pH 8.3, 75 mM KCl, 3 mM MgCl,). DEPC ddH.O
was added to a volume of 80 ul and incubated at RT with 1 ul (231 U/ul) of DNasel

(Gibco Life Technologies) for 15 min. The reaction volume was then raised to 100 pl
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with the addition of DEPC ddH,O and treated with TRIzol. The purified RNA was

resuspended in 20 pl of DEPC ddH,O.

Northern blot transfers

Northern blots were prepared as essentially described by Sambrook er. al. (1989).
All solutions were prepared with DEPC ddH,O. Between 5 - 10 pg of total RNA was
resolved overnight at 43 volts (V) with an ethidium bromide stained 1% denaturing
agarose gel (1% agarose, 1x MAE, 16.8% v/v formaldehyde, and 50 ng/ml ethidium
bromide) in 1x MAE (40 mM MOPs, 10 mM sodium acetate, 1| mM EDTA, pH 7.0)
running buffer. The gel was washed three times each for two hours with DEPC ddH,0,
and transferred overnight by capillary action onto a Hybond N+ nylon membrane with
10x SSC. The membrane was UV cross-linked, rinsed with 2x SSC, and air-dried at

room temperature.

First strand cDNA synthesis

First strand cDNA was synthesized from mouse retina and whole mouse embryo
by mixing 5 pg of total RNA (previously treated with DNasel) with 0.5 ug of oligo
d(T)i2.1s (Pharmacia Inc.) raised to a total volume of 12 ul with DEPC ddH>O. The
mixture was incubated at 70°C for 10 min and cooled on ice for at least 2 min. A 7 pi
cocktail containing 1x first strand DNA synthesis buffer, 28.5 mM DTT, and 1.4 mM
dNTPs was added, mixed, and incubated at 42°C for S min. Afterwards, 1 pl of
Superscript I RT (Gibco Life Technologies) (200 U) was added and the tube was

incubated for an additional 50 min at 42°C. Following the reverse transcriptase reaction,

39



the enzyme was heat inactivated at 70°C for 15 min and cooled to 4°C. | ul of RNaseH
(3.8 U) (Gibco Life Technologies) was added to the tube and incubated for 20 min at

37°C. For subsequent PCR reactions, 1 pl of the cDNA was used as template.

Subcloning

Clone RTLCDS, encoding CUBI, was generated using an inverse PCR strategy.
Primers H-INT3 (5" AAGCTTATTCCCTTTAGTGAGGGTTAAT 3’) and INRTL-F2 (5°
TCAGGTGTGAAATTGTATCGAG 3’) were used to amplify a ~3.5 kb fragment from
clone 28R163H3 (human) as a template with Pfu DNA polymerase. Clone mRTL3UTR
was constructed using primers H-INT3 and mRTL3UTR-F
(5’ AACCATTGCCAGCGTGTGAG 3’) to amplify a ~4.4 kb band using clone Rtl-/A (a
mouse cDNA identified in the phage library screen described previously) as a template.
Since both PCR products contain the desired insert and vector sequences, construction of
the desired clones involved a simple self-ligation reaction. Between 50 - 100 ng of
QiaQuick PCR column purified DNA was phosphorylated in a volume of 50 pl with 6 U
of T4 polynucleotide kinase (New England BioLabs Inc.) in 1x T4 DNA ligase buffer
(Gibco Life Technologies) (50 mM Tris-HCl pH 7.6, 10 mM MgCl,, | mM ATP, | mM
DTT, and 5% w/v polyethylene glycol-8000) for 30 min at 37°C. The reaction was
purified with a QiaQuick PCR spin column and eluted in 50 ul of TE. Ligation reactions
were performed with 50 ng of DNA in a 50 pul volume of 1x DNA ligase buffer with 1 U
of T4 DNA ligase (Gibco Life Technologies) and incubated at 16°C overnight.
Transformations were performed using 4 p of each ligation reaction incubated with 50 pl

of competent DHSq cells (Gibco Life Technologies) on ice for at least 30 min, heat
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shocked at 42°C for 90 sec, placed on ice for 5 min, and spread onto LB plates
supplemented with 100 pg/ml of ampicillin. The plates were inverted and incubated at

37°C overnight.

Plasmid DNA isolation

Plasmids were obtained from isolated E. coli DH5a colonies. Plasmid DNA was
purified from overnight cultures grown in LB supplemented with 100 pg/ml ampicillin
using Qiaprep Spin Miniprep columns (Qiagen) and eluted in TE. Isolated plasmid DNA
was analysed by digestion with appropriate restriction endonucleases and DNA

sequencing.

DNA sequencing

DNA sequencing was performed as suggested by the manufacturer (Pharmacia
Inc.). Approximately 2 pg of plasmid DNA in a volume of 24 pul was denatured with 16
il of IM NaOH at room temperature for 10 min, neutralized with 7 pl of 3 M sodium
acetate pH 5.3, and precipitated with 120 pl of ice-cold 100% ethanol. The DNA was
pelleted at 4°C by centrifugation at 12,000 rpm for 10 min, rinsed with 200 pl of 70%
ice-cold ethanol, and air-dried at room temperature. The pellet was resuspended in L1 pl
of dH,O and 1 ul of primer (25 ng/ul). 2 pl of annealing buffer (1 M Tris-HCI pH 7.6,
100 mM MgCl,, and 160 mM DTT) was added followed by a 5 min incubation at 65°C,
10 min at 37°C, and S min at room temperature. 3 pl of labeling mix (1.375 mM of each

dATP, dGTP, and dTTP, and 33.5 mM NaCl), | ul of oS dCTP (Amersham Life
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Science), and 2 pl of diluted T7 DNA polymerase were added and incubated at room
temperature for 5 min. The reaction was then incubated in the presence of each of the
ddNTPs for 5 min and terminated with stop solution (0.3% each of bromophenol blue and
Xylene cyanol FF, 10 mM EDTA pH 7.5, and 97.5% deionized formamide). All samples
were denatured at 80°C prior to electrophoresis on a denaturing 6% polyacrylamide
sequencing gel.

When longer DNA sequence reads were required, sequencing was performed by
the DNA sequencing core facility (Canadian Genetic Diseases Network) with a LiCOR

automated DNA sequencing machine.

Radiation hybrid mapping

Radiation hybrid (RH) mapping was performed in collaboration with Dr. S.W.
Scherer (The Hospital for Sick Children, Toronto, Canada). Briefly, primers RTL-F and
RTL-R were used to amplify DNA samples from human GB3 RH panels (Whitehead

Institute). The pattern of positive clones was used to determine the chromosome location.

In situ hybridization
Tissue sectioning

Human eyes were obtained from the Canadian Eye Bank approximately 16 hours
postmortem. The retina, while attached to the sclera, was removed from other structural
tissues in ice cold 1x PBS (2.7 mM KCI, .5 mM KH,PO,, 137 mM NaCl, and 0.5 mM
Na,HPO,). Mature murine brains were dissected from adult (>6 mos) mice. For

developmental expression studies, C57BL/6 mice were paired together to obtain embryos.
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Female mice with plugs detected the morning following pairing were considered to be at
EO0.5. Embryos from E12.5, E13.5, E14.5, and E!5.5 were dissected in ice cold 1x PBS.
All tissues were fixed overnight in 4% paraformaldehyde (PFA), 1x PBS. Following
fixation, the tissues were rinsed three times in [x PBS at 4°C in overnight successions,
followed by an overnight incubation in 30% w/v sucrose, 1x PBS at 4°C or until the
tissues had settled to the bottom of the tube.

After sedimentation, the tissues were removed from the sucrose solution and
submerged in O.C.T. (Tissue-Tek, Sakura Finetek USA, Inc.) and incubated for at least
30 min at room temperature. The tissues were transferred to fresh O.C.T. plastic
embedding blocks. These blocks were frozen on dry ice and stored at -20°C.

The blocks were mounted with O.C.T. and 14 pm sections obtained using a Leica
cryostat were placed onto Silane-Prep™ slides (Sigma Diagnostics), air dried for at least

2 hours at room temperature, and frozen at -20°C in a sealed container.

In situ riboprobes

To construct antisense (AS) and sense (S) probes, 10 pg of RTLCDS was
linearized with 30 U of either Sfil (AS) or HindIIl (S) in a 50 ul volume for at least 3
hours at 50°C or 37°C, respectively, in the appropriate reaction buffer. The DNA
samples were digested with 20 ng of proteinase K with the addition of 50 ul of 2x
proteinase K buffer (10 mM Tris-HCI pH 8.0, 5 mM EDTA pH 8.0, and 0.5% SDS) at
37°C for 30 min. To precipitate the DNA, 10 pl of 3M sodium acetate pH 5.3 was added
and a phenol/chloroform extraction and ethanol precipitation was performed. The DNA

was resuspended in 11 pl of DEPC ddH-O for in vitro transcription reactions using either
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T3 (AS) or T7 (S) RNA polymerases. For each reaction, 1 pg of linearized DNA
template was raised to a volume of 1l pl and an 7 ul cocktail mix containing 1x
transcription buffer (40 mM Tris-HCI, pH 8.0, 6 mM MgCl,, 10 mM DTT, 2 mM
spermidine), 14.2 mM DTT, and 2.85x digoxygenin labeling mix) (Roche Diagnostics
Corporation), along with 1 pl of RNase inhibitor (Roche Diagnostics Corporation), and
20 U of either T3 or T7 (20 U/ul) RNA polymerase were added and incubated at 37°C for
1 hour. An additional 20 U of T3 or T7 RNA polymerase was added to their respective
tubes and incubated for an additional hour at 37°C. Following in vitro transcription, the
RNA was precipitated with 2.5 il of 4 M LiCl, 2 ul of 0.2 M EDTA, and 75 pl of ice-
cold 100% ethanol. The RNA was pelleted at 4°C by centrifugation at 12,000 rpm for 10

min and resuspended in [ 10 pl of DEPC ddH,O.

In situ hybridization

Prior to in situ hybridization, glass slide dishes (Wheaton) were baked at 220°C
for 6 hours to destroy contaminating RNases. All solutions were prepared from DEPC
ddH-O, and all washes were conducted in 200 ml volumes at room temperature, unless
otherwise noted.

Slide containers were removed from -20°C and placed at room temperature for at
least 2 hours before they were opened to avoid condensation. Cryostat tissue slides were
heated in a hybridization oven at S0°C for 20 min, fixed in 4% PFA, 1x PBS for 20 min,
and rinsed twice in 1x PBS for S min. The sections were then treated with a solution
containing 20 pg/ml proteinase K, 50 mM Tris-HCI pH 8.0 and 5 mM EDTA pH 8.0 for

10 minutes and then fixed in 4% PFA, 1x PBS for 20 minutes. The slides were washed in
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DEPC ddH,O for 1 min, and then acetylated in a 200 ml solution containing 20.6 uM
acetic anhydride, 22.4 mM sodium hydroxide, and 93.6 mM triethanolamine (Sigma
Diagnositics). Following fixation and acetylation, the slides were incubated in slide
mailers containing ~ 8 ml of prehybridization solution (50% formamide, 5x SSC, 5x
Denhardt’s solution, 0.25 mg/ml yeast tRNA, and 0.5 mg/ml salmon sperm DNA) for at
least 3 hours at 60°C. Approximately 25 pul of digoxygenin-labeled sense or antisense
probe (~5 pg of riboprobe) were added to 4 ml of hybridization solution (identical to the
prehybridization solution), heated to 80°C for 5 min, placed onto ice for a minimum of 3
min and added to the slide mailers. Hybridization occurred at 55°C overnight in a
hybridization oven without agitation.

After hybridization, the slides were removed from the slide mailers and placed in
glass slide dishes for washing (all washes were carried out at 37°C in 200 mi volumes
unless stated otherwise). Slides were washed once each in 5x SSC at 55°C for 15 min,
0.2 x SSC at 55°C for 60 min, 1x RNA (0.4 M NaCl, 0.1 M Tris-HCI pH 7.5, and 0.05M
EDTA) for 10 min, 1 x RNA with 20 ug/ml RNaseA for 30 min, 1 x RNA for 5 min, 2 x

SSC for 10 min, and 0.2 x SSC for 10 min.

Secondary detection conditions

The following steps were all carried out at room temperature. Washes were
carried out in 200 ml volumes using glass slide dishes and 8 ml incubations were
conducted in slide mailers. The slides were incubated in 200 ml of NT (0.1 M Tris-HCI
pH 7.5, and 0.15 M NaCl) for 5 min. Afterwards, the slides were placed in 8 ml of 1%

w/v blocking reagent (Roche Diagnostics Corporation) dissolved in NT at 37°C for 60
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min. The solution was replaced with 8 ml of 1% w/v blocking solution containing a
1:2000 dilution of anti-digoxygenin alkaline phosphatase antibodies (Roche Diagnostics
Corporation) and incubated for 60 min. This was followed by three 200 ml NT washes
for 22 min. The slides were then incubated in 8 ml of NTMT (0.1 M NaCl, 0.1 M Tris-
HCI pH 9.5, 0.05 M MgCl,, and 0.1% Tween) for 10 min, and treated with 8 ml of
NTMT with 0.1% w/v levamisole (Sigma Diagnostics) for 5 min, and finally incubated in
slide mailers containing 5 ml NTMT, 0.7% v/v of NBT (Roche Diagnostics Corporation)

and 0.9% v/v of BCIP (Roche Diagnostics Corporation) overnight, in the dark.

Mounting

Following overnight colour development, the slides were washed three times in 1x
PBS at room temperature, each for 15 min, and fixed for 2 hours in 3.7% formaldehyde,
MEMFA (I M MOPS pH 7.5, 0.02 EGTA, 0.0l M MgSOy). After fixation, the slides
were washed in serial for 1 min each in 200 ml of 30%, 70%, 90%, and 100% ethanol,
1:1 Xylene/ethanol, and 100% xylene. The slides were mounted with glass coverslips

using 50% v/v permount (dissolved in xylene) and dried for 2-3 days in a fumehood.
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RESULTS

The majority of retina-only UniGene clusters represent novel genes

To identify novel retinal-specific genes with a potential role in eye development,
an in silico screen was performed using UniGene clusters from libraries 177 and 178
representing different size fractions of a normalized human retinal cDNA library. The
two libraries collectively contain 14,422 EST entries and have been organized into 3,938
gene clusters, 348 of these represent retina-only clusters. Of these 348 entries, 203
contain two or more ESTs, and these were analyzed by BLAST. From the screen, 25 are
known genes (a “known” entry defined as having the complete coding sequence available
in the databases; this total excluded two different rhodopsin mRINA isoforms present in
the UniGene database), 6 share moderate conservation with known proteins, and 170
have no homology with any proteins in the databases. Among the 25 known genes, 8
have been shown previously to be retina-specific or retina-abundant with an important

role in eye development or maintenance of the retina.

Identification of a novel CUB domain-encoding gene, RTL-1

One UniGene cluster (Hs.60563) with three retinal ESTs (accession numbers
R85884, AA013001, and AA019587), has a partial open reading frame (ORF) with ~40%
amino acid identity to the CUB domains found in tolloids and neuropilins {Figure 2-1).
Upon additional inspection, the partial cDNA encoded a CUB domain, and was
designated as RTL-1, for retinal tolloid-like. The cDNAs for R85884 and AA013001

were ordered (Genome Systems, Inc.), however, AA013001 arrived heavily contaminated
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14

A

identity
Rtl-1 €1 1 |[CGTWT QdTELYRDEKYS[TEPSW DHIEVRDG| 66 100%
Np-1 _C1 1 |CGGTIKIENPGYLTS I|T{INEIN PHFDLE[DRD- EVIIDG| 66 40
Np-2_C1 1 |CGG IVLINEIN PHFBTEKHD- IEIRDG| 66 11
Bmp-1 C2 1 |CGG FVIGILT FQ- SFETERHDSIOA YDVILEVRDG]| 64 38
mTll-1 C2 1 |CGG -VGLTEQ-AFEIERHDS|OAYDHLEVRDG| 64 41
Rtl-1_C1 67 [FFGESPIIGRECG FLWIKF FADGELIESMGFSARYINFT PDPDFKPLGVLKPLPA 131
Np-1_C1 67 ENEGGRLWGKEC FLFIKFVSDYETHGAGFS IRYEIFKRGPE-~~~--—----~- 120
Np-2_Cl 67 DSES%E%L VLY IKFTJS DYARQGAGFSLRYEIFKTGSED-~~~~~~~~~ 121
Bmp-1 C2 65 HSESSNLIG SRLWLKFVSDGSINKAGFAVN--[FFKEVIDE-—--~-~=~~-~ 116
mT1l-1_C2 65 [BISENSPLIGREC TSNEEWMKFVSDG yhi@gggggj—gExgng ——————————— 116
B
Rtl-1 c2 1 HE@; E 61 100%
Np-1 C1 1 GT T 59 26
Np-2 _Cl 1 T 59 26
Bmp-1 C2 1 57 23
mTll-1 €2 1 |d6G 57 27

Rtl-1 C2 62 |FVA KFCSTVT 120
Np-1 C1 60 YVH KFCEﬁIA 120
Np-2_C1 60 [FI LG A 121
Bmp-1 C2 58 IGRYCGYEN 116
mT1l-1 _C2 58 L{I|GRFCGY]DK 116

Figure 2-1. Amino acid alignments between Rtl-1 CUBI (A) and CUB2 (B) with CUB domains of murine proteins most related to Rtl-1.

Identities are highlighted in yellow and similarities are outlined in boxes. The aligned protein domains are: Rtl-1_C1 (Rtl-1, CUBI),
Rtl-1_C2 (Rtl-1, CUB2), np-1_Ct (neuropilin-1, CUB1), np-2_C1 (neuropilin-2, CUB1), Bmp-1_C2 (Bone morphogenetic protein-1,
CUB2), and mTll-1_C2 (mammalian tolloid-like-1, CUB2).



Table 2-1

UniGenes representing known genes

UniGene Gene Reference
Hs.308 arrestin-C Crafter al., 1994
Hs.139263 L-type calcium channel alpha-1 subunit Strom et al., 1998
Hs.159437 Homo sapiens prospero-related homeobox | (PROXT) Zinovieva et al., 1996
Hs.232072 Usher syndrome 2A Eudy er al., 1998
Hs.249186 cone rod homeobox (CRX) Freund er al., 1997
Hs.251687 Retinitis pigmentosa 1 (autosomal dominant) (RP/) Pierce er al., 1999
Hs.267674 guanylate cyclase activating protein 1 (GCAP) Subbaraya et al., 1994
Hs.261322 rhodopsin (RHO) Nathans and

Hogness, 1984
Hs.33785 EUROIMAGE 191017 Auffray er al., 1999
Hs.40337 FLJL1219 fis, I[sogai et al., 2000
Hs.40615 KIAAO310 Nagase ez al., 1997
Hs.40921 KIAA0650 [shikawa et al., 1998
Hs.62813 human ortholog of (Mlr-1); zinc finger Tateno er al., 2000
Hs.169448 GTBP-Alternative splice; homolog of mutS Shiwaku er al., 1997
Hs.173105 KIAAL1244 Nagase ez al., 1999
Hs.260560 (AL096857) hypothetical protein; homology to BAT2 Rhodes and Huckle, 1999
Hs.260716 KIAAILL16 Kikuno et al., 1999
Hs.267665 Estrogen-related receptor, beta (ERRB2) Giguere et al., 1988
Hs.269206 cerebroside sulfate activator protein Dewji et al., 1987
Hs.269008 choline dehydrogenase Bugert er al., 2000
Hs.269214 G-protein coupled receptor 75 (GPR75) Tarttelin et al., 1999
Hs.269240 neuronal cell death-related protein Peng er al., 2000
Hs.269250 diacylglycerol kinase Ding er al., 1998
Hs.269245 chondromodulin [ precursor (CHM-I) Shukunami er al., 1998
Hs.269247 NG,NG-dimethylarginine dimethylaminohydrolase van Asseldonk et al., 2000

bold: important in eye development/function
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Table 2-2

UniGenes representing novel genes with homology to known protein(s)

UniGene Homology to Reference

Hs.60563 ~40% id (over 98 a.a.) to tolloid/BMP1, CUB domain Shimell et al., 1991
Wozney et al, 1989

Hs. 182117 85% id (24/28 a.a.) to iduronate-2-sulfatase Wilson et al., 1993
Hs.220687 80% id (28/35 a.a.) in Gamml and S. pombe, Inazu, 2000
C. elegans ORF Aert er al., 2000
Miller, 1999
Hs.261251 88% id (22/25 a.a.) to unnamed HERV-H protein Lindeskog, 1997
Hs.269249 42% id (47/113 a.a.) to pregnancy zone protien precursor Devriendt et al, 1991
Hs.271684 59% id (59/99 a.a.) Bem-46-like, Drosophila Ghabrial er al., 1998

bold: contains domain/motif found in developmental proteins

with coliphage T1, and no plasmid DNA could be purified from the overnight culture.
The cDNA for R85884 was sequenced but it did not resemble the EST database entry nor
did it have any homology to Hs.60563. Further sequence analysis confirmed that the

clone received was incorrect, therefore a different cloning strategy was used.

Cloning of RTL-1

To obtain a RTL-I c¢cDNA, two 3’UTR primers (RTL-F §
CTCCCTTCATTAAATCTATTATCT 3 and RTL-R 5
TCATATATGCATATTAGTGTACTG 3’) were designed from the AAO01300%1 EST
entry to amplify a 220 bp product from human genomic DNA. A single band of the
expected size was obtained (data not shown), labeled, and used to probe an arrayed
normalized human retinal cDNA library. One positive cDNA, clone 28R163H6, was
identified after screening ~20,000 cDNAs. Sequence analysis showed that the cDNA had

a ~1.8 kb insert containing a partial ORF with the CUB domain.
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Cloning full-length mouse Rtl-1 cDNAs

To begin to understand the biological role of RTL-1, the mouse ortholog (Rtl-1),
was cloned. A 450 bp DNA fragment containing the RTL-/ CUB domain was used to
screen mouse developing eye (PO - P3), adult mouse retina, and mouse fetal brain phage
cDNA libraries from which 12 strong positive cDNAs were identified (1 from developing
eye, 6 from adult retina, and 5 from fetal brain). The cDNA inserts were liberated from
the phage vector by restriction endonuclease digestion, sorted according to insert size by
agarose gel electrophoresis, and sequenced. The two longest cDNAs, Ril-/A (2.7 kb) and
Rtl-1B (2.8 kb), encode different ORFs (Rtl-1A and Rtl-1B, respectively. (Figures 2-2A
and 2-2B). A methionine codon in a Kozak (Kozak, 1987) context
(CGCACAGACATGA), located 12 bp immediately downstream of an in-frame stop
signal, was considered to be the start codon for both cDNAs. Bases in bold match the
Kozak consensus. [talicized bases deviate from the consensus sequence, but are present
in other genes at a frequency >20%. A third ORF was identified by database homology
searches of human genomic BAC DNA sequences and was designated RTL-1C (Figure 2-

20).

Two Rti-1 isoforms, Rtl-1A and Rtl-1B, are putative secreted proteins

Nucleotide sequence comparison between Rrl-IA and Rtl-IB reveal regions of
identity, and also areas which are completely different, probably due to alternative
splicing. Some of these alternative splices cause a frameshift thereby generating
predicted ORFs differing at their carboxy termini (Figure 2-3). The R#l-/A ORF is

predicted to encode a 332 amino acid protein with a putative secretory pathway signal
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Figure 2-2A-C. Amino acid and nucleotide sequences of the three R#/-1 cDNAs.

A. The in-frame stop codon 5’ to the ATG is shown in italics and bold. The start codon
(bold and double underlined) in the context of the Kozak sequence (double underlined) are shown.
Three repeated elements are shown underlined and bolded, and the stop codon is shown in bold and
italicized with an asterisk. Inverted repeats are shown with arrows, and the sequence unique to Rt/-
1A is highlighted in yellow. The numbers on the right indicate the nucleotides (using the first A in

ATG as +1) and on the left, the corresponding amino acid residues.
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21

41

el
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141

lel

181

201

221

241

261

281

301

321

TGCTTTCTTTCCTCTGTCGCTTTCCCCCACTTCT
ATTTTACCCGTGGTTTGCATATTTAAAATCTCTGGACTCAATCCTCTTCCCTACCACCGA
AGTCTCCCCGCTTCTAAATGGAATTAGTGGAGATCGGAGCCTCTGGTGTAACGCACAGAC
ATGATCTATGGACGCAGTTTGTTTCACATTATAGCAAGTTTAATCATCCTCCATTCTTCT
M I ¥ G R s L F H I I A S L I I L H S S§
GGAGCAACCAAGAAAGGAACAGARAAACAAATCACCCCAGAAACACAGAAGTCAGTGCAG
G A T K K G T E K Q I T P E T Q K S V Q
TGTGGAACGTGGACAAAGCATGCAGAGGGAGGTGTCTTTACGTCTCCCAATTATCCCAGC
C G T W T K H A E G G V F T S P N Y P S
AAATATCCCCCAGACCGAGAGTGTGTCTACATCATAGAAGCTGCCCCAAGGCAGTGCATT
K Y P P DR ECV Y I I E A A P R Q CI
GAACTTTACTTTGATGAAARATACTCAATCGAACCATCTTGGGAGTGCAAATTTGATCAT
E L Y F D E K Y 8 I E P S W E C K F D H
ATTGAAGTTCGAGATGGACCCTTTGGCTTTTCTCCAATAATTGGAAGGTTCTGTGGACAA
I E V R D G P F G F s P I I G R F C G Q
CAGAATCCACCTGTAATAARATCTAGTGGAAGATTTCTGTGGATTAAATTTTTTGCTGAT
Q N P P V I K S 8§ G R F L W I K F F A D
GGCGAGCTGGAGTCTATGGGATTTTCAGCTCGATATAATTTCACACCTGATCCCGACTTT
G E L E S M G F S AR Y N F T P D P D F
AAGGACCTTGGAGTTTTGAAACCATTGCCAGCGTGTGAGTTTIGAGATGGGCGGCCCGGAA
K DL G VL K P L P A CEFEMG G P E
GGRATTGTGGAGTCCATACAGATTCTGAAGGAAGGCAALGCTTCTGCCAGTGAAGCCGTG
G I VvV E $ I Q I L K E G K A 8§ A s E A V
GATTGCARATGGTACATCCGAGCCCCACCACGATCCAAGATTTACTTACGTTTCTTGGAC
D C K WY I RA P PR S K I Y L R F L D
TATGAGATGCAGAATTCAAATGAGTGCAAAAGAAACTTTGTGGCGGTCTATGACGGAAGC
Y E M Q N S N E C KRN F V A V Y D G S
AGCTCCGTGGAGGATTTGAAGGCCAAGTTCTGCAGCACAGTGGCTAATGACGTCATGCTG
s s v E DL K A K F C S T V A N D V M L
CGCACAGGCCTTGGGGTGATCCGCATGTGGGCAGACGAGGGTAGCCGTAACAGCAGGTTT
R T 6 L G v. I R M WADEG S R N S R F
CAGATGCTCTTCACATCCTTTCAAGARACCTCCCTGTGAAGGCAACACATTCTTCTGCCAC
Q M L F T S F ¢ E P P C E G N T F F CH
AGTAACATGTGTATTAACAACACGCTAGTCTGCAATGGGCTCCAGAACTGTGTATATCCC
G N M C I N N T UL V CNGUL Q N C V Y P
TGGGATGAARAATCACTGTAAAGATCAAACAGCCTCGTAARAAATACGTCCAAAGGAAGTC
W D E N H C K D Q T A S *
AGACTTTGACCAGACCGTTTTCCAGGAGGTGTTTGAGCCTCCCCACTATGAGTTATGTAC
GCTCAGAGGAACTGGAGCAACAGCCGACTTTGCAGACGTGGCGGAAGACTTTGAAAATTA
CCATRAAACTGAGGAGATCATCTTCCAAATGCATCCATGACCATCACTGTGGATCCCAACT
GTCCAGCGCGAAAGGCAGTCGCAGTAACCTCAGCACAAGGGACGCTTCCATTTTGGCAGA
GATACCCACACAGCCAGTCAAGCCCCTCATCCCACCCGTGARCAGAAGGAACATCCTGGT
CATGAAACACAACTACTCACAAGATGCCGCCGATGCCTGTGACATCGACGAGATTGAGGA
GGTGCCCACCACAAGCCACAGGCTATCCAGACACGAAARATCTGTCCAGCGGTTCTGCCT
CATTGGGTCTCTAAGCAAACATGRAATCTGAATACAACACAACTAGGGTCTAAACGAAAAT
TCAAGAGAAGAACTATTTATACAAACATGGGGACTGTGARRAGAARATTCCGTAGTGAAT

- 52

-95
-61
-1
60
120
180
240
300
360
420
480
540
600
€60
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440

1500
1560



TGTGAAAAGTGGACATATTTCTAAATTCATTCCACTGCTTTATCCARACTTAAGAAGTTG
CAGACATGTGTATTCCTTCGGCAAGACTCCCTGCTGCTGCACAATGATGGTCCATTTCCT
AATTTGGTGCTGATCACCAAGTGCTCCTTAGGTTTTAAATACATTCTGAGATTTACGGAA
ACTTGAAGAAGARATTAGT TCCTGATTGAGACTACCCCAGCTTTATGTTTACTGTCGTTT
TCACATTATTTATATGTTGTTTACGTGTCTTTGTTACATGATTGTACTTATGTGATTTGT
GGGAAAAGAAAAAAAAAACCACAACTTTGGGTGAACCTTGTGTTACATGTCCATTGTTTT
CATTATATAGACTGCTTGAAAATAGTGCATTCCTGCGTGATTTTGAGCAAGCTTCAGTGA
AAAATGCTAAAGTGGACCATGAAAACACCATCTAGAGGCTCAATGGACTGTACACACCTG
TGTTTATTATAATTAAATTTAGTAAAACATAATGAGTAARATCTAGATTGCAATARGACA
AATCTCTCTCTCCCCCTCTCTGTCGTTATCTTTGTCCTCCGCCCTTATTGTTTCTATGTA
CCCCTGCTTTCCTTTTTGTTTTTACCAAGGGAAGATACCGAGTTTCACAARTGGCTTTTT
GABATCAGGTATTTTACCATTCAAACTCTACAACAGAATTTCGTTTGATTAAGCACTTAG
CAATATGACTGAACTGACAGTTTGAGAARATACCCTGCATGTCAAGTACTGGATATTTAG
GTTGGAAAAAAATGCCCTCTTTCTTAGACACATTGTAARAAGCATGCATTCTCAARATACT
GCTGGTACTGGTCCATTTCTTTGTGTCATATGCTTGCTACTTGTAACTTTTATATAARTA

FATATAAAATGGTATAATAATTTCC
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Figure 2-2B. Rtl-1B cDNA sequence.

The in-frame stop codon 5’ to the ATG is shown in italics and bold. The start codon (bold)
in the Kozak sequence (double underlined) are shown. Three repeated elements are shown
underlined and bolded, and the stop codon is shown in bold and italicized with an asterisk.
Sequence which differs from the R#-/A cDNA sequence is highlighted in green.
unboxed light green shading represents sequence between Al-A2 and A3-A4, respectively, as
described in Figure 2-3. A potential poly-adenylation signal is underlined. The numbers on the
right indicate the nucleotides (using the first A in ATG as +1) and on the left, the corresponding

amino acid residues.
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41

61

81

101

121

141

16l

181

GCTTTCTTTCCTCTGTCGCTTTCCCCCACTC

TATTTTACCCGTGGTTTGCATATTTAAAATCTCTGGACTCAATCCTCTCCCTACTACCGA
AGTCTCCCCGCTTCTAAATGGAATTAGTGGAGATCGGAGCCTCTGGTG TAACGCACAGAC
ATGATCTATGGACGCAGTTTGTTTCACATTATAGCAAGT TTAATCATCCTCCATTCTTCT
M I Y G R S L F H I I A $ L I I L H S S
GGAGCAACCAAGAAAGGAACAGAAAAACAAATCACCCCAGAAACACAGAAGTCAGTGCAG
G A T K K G TE K Q I TP ETOQZ K S V Q
TGTGGAACGTGGACAAAGCATGCAGAGGGAGGTGTCTTTACGTCTCCCAATTATCCCAGC
C G T WTKUHA ATETGTG VT FT S PN Y P S
AAATATCCCCCAGACCGAGAGTGTGTCTACATCATAGAAGCTGCCCCAAGGCAGTGCATT
K Y P P D R ECUV Y I I EAU AUA AT PTZ RUGOQTCTI
GAACTTTACTTTGATGARARATACTCAATCGAACCATCTTGGGAGTGCAAATTTGATCAT
E L Y F DEZ K Y S I EPSTWETCTE KF D H
ATTGAAGTTCGAGATGGACCCTTTGGCTTTTCTCCAATAATTGGAAGGTTCTGTGGACAA
I E V R DG P F G F S P I I GRF CG Q
CAGAATCCACCTGTARTAAAATCTAGTGGAAGATTTCTGTGGATTARATTTTTTGCTGAT
Q N P P VI K S S GRUFTIL W I K F F A D
GGCGAGCTGGAGTCTATGGGATTTTCAGCTCGATATAAT TTCACACCTGATCCCGACTTT
G ELESMGT FSARYDNT FETZPDZPDF
AAGGACCTTGGAGTTTTGAAACCATTGCCAGEIECATC GGG GOCAT
K D L G VL K P L P DGPGSTILTC CVZPEFSGTIL
[ETEAR T GCGTG TGAGT T TGAGATGGGCGGCCCGGAAGGAAT TGTGGAGTCCATACAGAT
L F S V *
TCTGAAGGAAGGCAAAGCTTCTGCCAGTGAAGCCGTGGATTGCARATGGTACATCCGAGC
CCCACCACGATCCAAGATTTACTTACGTTTCTTGGACTATGAGATGCAGAATTCAAATGA
GTGCAAAAGARACTTTGTGGCGGTCTATGACGGAAGCAGCTCCGTGGAGGATTTGAAGGC
CAAGTTCTGCAGCACAGTGGCTAATGACGTCATGCTGCGCACAGGCCTTGGGGTGATCCG
CATGTGGGCAGACGAGGGTAGCCGTAACAGCAGGTTTCAGATGCTCTTCACATCCTTTCA
AGAACCTCCCTGTGAAGGCAACACATTCTTCTGCCACAGTAACATGTGTATTAACAACAC
GCTAGTCTGCAATGGGCTCCAGAACTGTGTATATCCCTGGGATGAAAATCACTGTAAAQQ
ACER RGE :

TCGTAAAAAATACGTCCAAAGGAAGTCAGACTTTGACCAGACCGTTTTCCAGGAGGTGTT
TGAGCCTCCCCACTATGAGTTATGTACGCTCAGAGGAACTGGAGCAACAGCCGACTTTGC
AGACGTGGCGGAAGACTTTGAAAATTACCATAAACTGAGGAGATCATCTTCCAAATGCAT
CCATGACCATCACTGTGGATCCCAACTGTCCAGCGCGAAAGGCAGTCGCAGTAACCTCAG
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CACAAGGGACGCTTCCATTTTGGCAGAGATACCCACACAGCCAGTCAAGCCCCTCATCCC
ACCCGTGAACAGAAGGAACATCCTGGTCATGAAACACAACTACTCACAAGATGCCGCCGA
TGCCTGTGACATCGACGAGATTGAGGAGGTGCCCACCACAAGCCACAGGCTATCCAGACA
CGAAAAATCTGTCCAGCGGTTCTGCCTCATTGGGTCTCTAAGCARACATGAATCTGAATA
CAACACAACTAGGGTCTAAACGAAAATTCAA!
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Figure 2-2C. The putative Rtl-1C sequence.

The in-frame stop codon 5” to the ATG is shown in italics and bold. The start codon (bold)
in the Kozak sequence (double underlined) are shown. Three repeated eclements are shown
underlined and bolded, and the stop codon is shown in bold and italicized with an asterisk.
Sequence which differs from the R#/-14 cDNA sequence is highiighted in green. A potential poly-
adenylation signal is underlined.

o . , B T CC TTTCTTTCCTCTGTCGCTTTCCCCCACTC
TATTTTACCCGTGGTTTGCATATTTARAATCTCTGGACTCAATCCTCTCCCTACTACCGA
AGTCTCCCCGCTTCTARATGGAATTAGTGGAGATCGGAGCCTCTGGTGTAACGCACAGAC -1
ATGATCTATGGACGCAGTTTGTTTCACATTATAGCAAGTTTAATCATCCTCCATTCTTCT 60

1 M I ¥ 6 R 8 L F HI I A S L I I L H s s
GGAGCAACCAAGAAAGGAACAGAAAAACAAATCACCCCAGARAACACAGAAGTCAGTGCAG 180

21 G A T K K 6 T E K Q I T P E T Q K S V Q
TGTGGAACGTGGACAAAGCATGCAGAGGGAGGTGTCTTTACGTCTCCCAATTATCCCAGC 240

41 C G T W T K H A E G G V F T S P N Y P S
AAATATCCCCCAGACCGAGAGTGTGTCTACATCATAGAAGCTGCCCCAAGGCAGTGCATT 300

61 K Y P P D R E C VY I I E A A P R Q C I
GAACTTTACTTTGATGAAAAATACTCAATCGAACCATCTTGGGAGTGCAAATTTGATCAT 360

81 E L Y F D E K Y S I E P S W E C K F D H
ATTGAAGTTCGAGATGGACCCTTTGGCTTTTCTCCAATAATTGGAAGGTTCTGTGGACAA 420

101 T E VvV R D G P F G F 8 P I I G R F C G Q
CAGAATCCACCTGTAATAAAATCTAGTGGAAGATTTCTGTGGATTAAATTTTTTGCTGAT 480

121 Q N P P V I K S S G R F L W I K F F A D
GGCGAGCTGGAGTCTATGGGATTTTCAGCTCGATATAATTTCACACCTGATCCCGACTTT 540

141 G E L E S M G F S A R Y N F T P D P D F
AAGGACCTTGGAGTTTTGAAACCATTGCCAGCGTGTGAGTTTGAGATGGGCGGCCCGGRA 600

161 K D L G V L. K P L P A C E F E M G G P E
GGAATTGTGGAGTCCATACAGATTCTGAAGGAAGGCAAAGCTTCTGCCAGTGAAGCCGTG 660

181 6 I VvV E 8§ I Q I L K E G K A S A S E A V
GATTGCAAATGGTACATCCGAGCCCCACCACGATCCAAGATTTACTTACGTTTCTTGGAC 720

20l D C K W Y I R A P P R 8§ K I ¥ L R F L D
TATGAGATGCAGAATTCAAATGAGTGCARAAGAAACTTTGTGGCGGTCTATGACGGARAGC 780

221 Y E M Q N S N E C K R N F V A V Y D G S8
AGCTCCGTGGAGGATTTGAAGGCCAAGTTCTGCAGCACAGTGGCTAATGACGTCATGCTG 840

241 S 8 VvV E D L K A K F C s T vV A N D V M L
CGCACAGGCCTTGGGGTGATCCGCATGTGGGCAGACGAGGGTAGCCGTAACAGCAGGTTT 900

261 R T 6 L, G Vv I R M W A D E G S R N S R F
CAGATGCTCTTCACATCCTTTCAAGAACCTCCCTGTGAAGGCAACACATTCTTCTGCCAC 960

281 ¢ M L F T S F Q E P P C E G N T F F C H
AGTAACATGTGTATTAACAACACGCTAGTCTGCAATGGGCTCCAGAACTGTGTATATCCC 1020

301 8§ N M C I NN T L V C N G L Q N C V Y P
TGGGATGAAAATCACTGTAAAGAAAAGAGGAAAACCAGCCTGCTGGATCAGCTGACCAAC 1080

321 W D E N H C K E K R K T s L L D Q L T N
ACCAGTGGGACGGTCATTGGCGTGACTTCCTGCATTGTGATCATCCTTATTATCGTTTCT 1140
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T §S 6 T VvV I G Vv T S ¢ I Vv I I L I I V 8§
GTCATTGTACAGATCARACAGCCTCGTAAAAAATACGTCCAAAGGARGTCAGACTTTGAC
v I Vv Q I K ¢ P R K K Y V. Q0 R K s D F D
CAGACCGTTTTCCAGGAGGTGTTTGAGCCTCCCCACTATGAGTTATGTACGCTCAGAGGA
Q T VvV F Q E vV F E P P H Y E L C T L R G
ACTGGAGCAACAGCCGACTTTGCAGACGTGGCGGARGACTTTGAARATTACCATAAACTG
T G A T A D F A DV A E D F E N Y HK L
AGGAGATCATCTTCCAAATGCATCCATGACCATCACTGTGGATCCCAACTGTCCAGCGCG
R R S §$ § K ¢ I H D HHOCG S QUL S s A
AAAGGCAGTCGCAGTAACCTCAGCACAAGGGACGCTTCCATTTTGGCAGAGATACCCACA
K G S R S N L §$S T R DA S I LAUETIUPT
CAGCCAGTCAAGCCCCTCATCCCACCCGTGAACAGAAGGAACATCCTGGTCATGAAACAC
Q P V X P L I P P V N RURNUNTIULV MK H
AACTACTCACAAGATGCCGCCGATGCCTGTGACATCGACGAGATTGAGGAGGTGCCCACC
N ¥ $ ¢ bAaA A DA CD I DETIEZEV P T
ACAAGCCACAGGCTATCCAGACACGAARAATCTGTCCAGCGGTTCTGCCTCATTGGGTCT
T S H R L S R HE K S V Q R F CUL I G S
CTAAGCAAACATGAATCTGAATACAACACAACTAGGGTC TAAACGAAAAT TCAACIINEE
L S K HE S EYNTTR V *
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Figure 2-3. Differential usage of splice acceptor sites generate different Rtl-1 isoforms.

Shaded boxes represent ORF sequence while broken lines indicate UTR sequence, respectively. Al-4 are the relevant
splice acceptor sites used by each of the Rtl-1 isoforms. (See Figure 2-2B for sequences between A1-2 and A3-4.)



sequence, two consecutive CUB domains (CUBI and CUB2), and a single EGF-like
motif. R#l-1B, on the other hand, has a predicted ORF of 184 amino acids with a putative
signal sequence and a single CUB domain (CUB1) (Figure -5).

Using Rtl-1A and Rtl-1B nucleotide sequences to query against dbEST, 58 human
ESTs with ~75% nucleotide identity to the Rzl-/ cDNAs were identified. The
overlapping ESTs, clustered together as UniGene Hs. 6283, were aligned to generate a
465 amino acid partial ORF (designated RTL-2) encoding two CUB domains, an EGF-
like motif, a putative transmembrane (TM) region, and a cytoplasmic tail.

Additional nucleotide sequence alignments between Rtl-/B and RTL-2 revealed a
1,080 bp stretch of Rrl-IB 3’UTR sequence with ~75% identity to the nucleotide
sequence encoding the CUB2, EGF-like motif, and putative TM and cytoplasmic regions
of RTL-2. However, analysis of multiple sequence reactions from both strands of the Rzl-
IB cDNA and mouse genomic DNA show a stop codon immediately after CUBI
introduced by a splice acceptor site that changes the downstream reading frame (data not
shown).

The Rtl-IA cDNA uses a different splice acceptor site which does not alter the
reading frame and thus also encodes the second CUB domain and the EGF-like motif.
Although the cDNA lacks the nucleotide sequence encoding the the putative TM domain,
it has sequence encoding the cytoplasmic region. However, a stop codon immediately
following the EGF-like motif is expected to prevent translation into the cytoplasmic

region.



Human RTL-1C and murine Rtl-1C are probable Rtl-1 isoforms

From the original normalized human retinal cDNA library screen, a single RTL-/
cDNA with a partial ORF encoding CUB1 was identified. By examining the homologies
between murine Rt/-/A and Rtl-IB with human RTL-2, and the different splice acceptor
sites, a large 533 amino acid ORF (Rtl-1C) (Figure 2-2C) with the same domain
organization as RTL-2 was constructed. To determine the full coding sequence of human
RTL-1, the mouse Rt/-1C nucleotide sequence was used with BLAST to query human
genomic DNA sequences in the kigh throughput genomic sequences (htgs) database to
identify human RTL-/ exons. These exons were “spliced” together to form a hypothetical
cDNA sequence. The 532 amino acid ORF with the same domain organization as Rtl-1C
and was therefore refered to as RTL-1C. RTL-IC shares 92% nucleotide identity and
94% amino acid identity with Rt/-/C. In addition, RTL-1C is one amino acid residue
shorter than Rtl-1C - the difference occuring within the putative secretory signal sequence

where the two sequences are least conserved (Figure 2-4).

Rtl-1C is the most abundant splice variant in the adult mouse retina

To determine the relative abundance of Rfl-IA and Rtl-1B/Ril-1C transcripts,
primers mRTLCDS-F2 (57 CAGATGCTCTTCACATCC 3’) and mRTL3UTR-RS (5’
GTCTGACTTGGTTTGGACG 3’) which flank the putative TM-encoding region, were
used to amplify 180 bp (Rtl-1A) and 300 bp (Rt/-1B/Rtl-1C) products from mouse retinal
cDNA. (Rtl-1A transcripts lack the putative TM sequence, while Rtl-1B/C transcripts

both retain this sequence). The 300 bp product was ~5-10x more intense than the 180 bp

60



Rt1l-1C MIYGRSLFHIIASLIILHSSGATKKGTEKQITPETQKSVQCGTWTKHAEGGVFTSPNYPSKYPPDRECVYI]EAAPRQCIELYFDEKYSIEPSWECKFDH;100
RTL-1C PKVV TKKGTEKQTTSETQKSVQCGTHWTKHAEGGIFTSPNYPSKYPPDRECIYIIEAAPRQCIELYFDEKYSIEPSWECKEDH 99

.. .. L RF Rk kk kkkkhhhkhddk ok kkkkkkhkkhkkhhhhhhhh hhkkkhkhkhkhkhhdhk dhkkhhhhhhhbhhhhhhhhhrhhhhrdhrhkhdd

Rt1-1C :IEVRDGPFGFSPIIGRECGQQNPPVIKSSGRFLWIKFFADGELESMGFSARYNFTPDPDFKDLGVLKPLP‘*
RTL-1C IEVRDGPFGFSPIIGRFCGQQONPPVIKSSGRFLWIKFFADGELESMGFSARYNFTPDPDFKDLGALKPLPALE

khkhhkhhkhhhhhkhkhhhhhhhhhhhkhhhhhkdhhhhhhhhhhhhhhhhhhhkhhhhdhdhhhdh khkkhkkhhhhdd dhhhhhdhd ***** *****

Ra 200
199

Rtl-1C
RTL-1C

300
299

PR LS PO NER KN RN NS S0 MRV A L A ] IR SO AP I Ny t ! I y oot N
KhhkhhkhdkhhkhhhkhkhkhhkbdAhk kb A h A A XA A A AN KA XA XA AKX *******************************************************

Rtl-1C SNMCINNTLVCNGLQNCVYPWDENHCKEKRKTSLLDQLTNTSGTYIGVTSQIV’ILIIY‘YIXQIKQPRKKYVQRKSDFDQTVFQEVFEPPHYELPTLRG 400

ORTL-1C SNMCINNTLVCNGLQNCVYPWDENHCKEKRKTQLLDQLTNTSGTVIGV@éEﬁV ~ﬂ1 VIVQIKQPRKKYVQRKSDFDQTVFQEVFEPPHYELCTLRG 399

Kk ko kk kN T AR R IR AR ARk R Ak Ak h kAR K AR KNI AR AR KA IAIAFARNKNKINNKN AN Ak Ak hhhhhkhhhhkhhhhhhhhkhkhhhhhdhhrhrrhn

Rt1-1C TGATADFADVAEDFENYHKLRRSSSKCIHDHHCGSQLSSAKGSRSNLSTRDASILAEIPTQPVKPLIPPVNRRNILVMKHNYSQDAADACDIDEIEEVPT 500
RTL-1C TGATADFADVADDFENYHKLRRSSSKCIHDHHCGSQLSSTKGSRSNLSTRDASILTEMPTQPGKPLIPPMNRRNILVMKHSYSQDAADACDIDEIEEVPT 499

***********_***************************.***************.*.**** ******.**********'*******************

Rt1-1C TSHRLSRHEKSVQRFCLIGSLSKHESEYNTTRV 533
RTL-1C TSHRLSRHDKAVQRFCLIGSLSKHESEYNTTRV 532

Ahkhkhhh Kk hhkkkhAhhkkhkhrhhhhhhhkhsk

Figure 2-4. Amino acid alignment between Rtl-1C and RTL-1C.

Identical amino acids are indicated with an asterisk below, and similar residues are indicated with a period. Gaps are represented by a
hyphen. The predicted signal sequence is boxed in white. CUB1 and CUB2 sequences are shaded yellow and green, respectively. The EGF-
like motif is shaded peach, and the putative transmembrane region is coloured magenta. Conserved cysteine residues are coloured purple (in
the CUB domains) or orange (outside the CUB domains), and the potential PDZ C-terminal binding site is highlighted blue.



product (Figure 2-6A), suggesting that Rt/-1B/Rtl-1C mRNA is present at higher levels in
the adult retina than Rt/-/A mRNA.

Although a cDNA encoding a Rtl-1C ORF has not yet been physically cloned,
evidence provided by RT-PCR suggests the transcript for this predicted isoform likely
exists in vivo. To distinguish between the two splice variants, RT-PCR was performed
using primers mRTLCDS-FO (5° ATCCCGACTTTAAGGACCTTG 3’°), located
immediately 5’ of the splice acceptor junction site used in Rt/-/B and the one predicted to
be used by R#-/C (the same splice acceptor site used in Rt/-/A), and mRTLTM-R (5’
ACGATAATAAGGATGATCAC 3’) which is specific for the putative TM encoding
region. The expected product from a Rt/-1B transcript is 660 bp. For Rtl-/C, which is
predicted to use a more 3’ splice acceptor site, a 620 bp product is anticipated. Two
bands of ~660 and ~620 bp were detected, the latter band being ~5x more intense (Figure
2-6B). Both products contain an internal EcoRI site, and this site was cleaved to verify
that the products were Rtl-/ specific bands, which yielded the expected ~410 bp and ~210
bp bands (Figure 2-6B). The larger fragments from the 660 bp product were not detected
visually due to the small amount of the initial product. No product was detected with the
-RT template. These data suggest the existence of Rzl-IC transcripts in vivo and at a
higher level than Rtl-IB transcripts, at least in the adult mouse retina. No RT-PCR

product from Rtl-/A was produced because its transcript lacks the TM-encoding region.
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Figure 2-5. Kyte-Doolittle hydropathy plot of Rtl-1C.

The putative signal sequence is shown as a short hydrophobic region and the potential
TM is represented as a large hydrophobic peak between the EGF and cytoplasmic domains.
The profiles were plotted as the mean hydrophobic index versus amino acid number, using
a sliding window of 19 amino acids with a 1 residue interval.
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Figure 2-6. Detection of different Rt/-/ mRNA splice variants in retina by RT-PCR.

(A) RT-PCR from adult mouse retinal RNA using primers mRTLCDS-F2 and
mRTL3UTR-RS, which flank the putative TM domain, to distinguish and determine
the relative abundance of Rtl-1A and Rtl-1B/C. No product was detected in the -RT
lane.

(B) Primers mRTLCDS-F0 and mRTLTM-R were used to detect Rtl-IB and
Rtl-1C splice variants. The amplified products contain an internal EcoRI site. which
was cleaved (shown in the +RT+RI lane) to yield the desired size products. No
product was detected in the -RT lane. Rtl-1C(L). large fragment; Rtl-1C(S), small
fragment.



Tolloids and neuropilins share homology with Rtl-1

All three isoforms of Rtl-1 have a predicted secretory signal sequence. The largest
isoform, Rtl-1C, has two CUB domains, an EGF-like motif, a putative TM spanning
region, and a cytoplasmic tail. CUBI1, found in Rtl-1A, -1B, and -1C, is most related to
the CUB domains in tolloids and neuropilins, sharing ~40% amino acid identity. CUB2
is more divergent than CUBI, but is also most related to the CUB domains of these two
families of proteins, with ~25% amino acid identity. All four conserved cysteine residues
located in CUB domains are present in both CUB! and CUB2 (Figure 2-1). The EGF-
like motif in Rt-1A and Rt-1C has the six conserved cysteine residues required for
maintaining the topological fold. A putative transmembrane spanning region (Figure 2-5)
located towards the carboxy terminus of Rtl-1C, predicted by both Kyte-Doolittle
hydropathy plots (Kyte and Doolittle, 1982) and TM-Finder (Liu and Deber, 1999) is

followed by a 165 a.a. cytoplasmic tail (Figure 2-4).

Rtl-1 has potential sites of protein modification

To determine whether the Rtl-1 polypeptide contains potential sites of
modification or regulation, the predicted protein sequences were examined using Prosite,
a computer program which uses a collection of protein prediction algorithms (Hofmann et
al., 1999) and SignalP which identifies potential secretory signal sequences (Nielsen et
al., 1997). Rtl-1A, -1B, and -1C contain a potential secretory signal sequence and a
possible cleavage site at residue thr22. The putative cytoplasmic region in Rtl-1C has
several potential phosphorylation sites for cAMP- and cGMP-dependent protein kinases

(421-424 R-R-S-S), casein kinase II (377-380 S-D-F-D, 448-451 S-T-R-D, 506-509 S-R-
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H-E, 522-525 S-K-H-E), and protein kinase C (397-399 T-L-R, 424-426 S-S-K, 439-441
S-A-K, 448-450 S-T-R, 502-504 S-H-R, 530-532 T-T-R). In addition, the last three
amino acid residues at the C-terminus (T-R-V-COOH), match the consensus PDZ domain

binding sequence, (S/T)-X-V-COOH (Songyang et al., 1997).

Rtl-1 is neurospecific

To examine the expression pattern of Rt/-/, adult mouse multi-tissue northern
blots were probed using a radiolabeled Rt/-/ DNA fragment encoding CUBI. At least
three bands (7.2, 6.5, and 4.5 kb), were detected in all the neural tissues examined (retina,
olfactory bulb, cerebral cortex, pons, medulla, and spinal cord) with the exception of
cerebellum, where no transcripts were detected (Figure 2-7). There were no bands
detected in the non-neural tissues examined (lung, liver, heart, spleen, testes, kidney, and
skeletal muscle) indicating that Rz/-/ was neural specific rather than retina-specific, as
originally suggested by the UniGene cluster. Identical results were obtained when DNA
fragments encoding (1) CUB2 and EGF-like motifs and (2) the 3’'UTR of Rtl-IA (which

contains sequences encoding the cytoplamsic domain found in Rtl-1C) (data not shown).

Expression of R¢l-1 in mature retinal bipolar cells

To determine the retinal expression pattern of Rtl-1, in situ hybridization was
performed with adult human and mouse retinal sections using digoxygenin-labeled
riboprobes corresponding to the DNA sequence encoding CUB1 (this probe was used for
all subsequent in situs). The pattern of expression (seen as a purple blue stain under

brightfield or white under darkfield illumination) in both species using the antisense (AS)
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Figure 2-7. Rtl-1 is neurospecific.

An adult mouse multi-tissue northern blot probed with a DNA fragment
encoding CUB1 of Rtl-1. Approximately 10 pg of total RNA was loaded in
each lane except lanes 1 and 2, which contained ~5 ug of total RNA. Three
transcripts of ~7.2, 6.5, and 4.5 kb were detected in all neural tissues
examined except in cerebellum.
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Figure 2-8, RTL-! expression in the adult retina of human (A, B) and mouse (C,D).

(A, C) Antisense probe shows RTL-I expression (purple staining) restricted to the
INL. (B, D) No staining was observed with the sense probe. ONL, outer nuclear layer;
INL, inner nuclear layer; GCL, ganglion cell layer; RPE, retinal pigment epithelium.
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probe indicated that Rtl-/ is detectable only in the outer portion of the INL where bipolar

cell nuclei reside. No specific signal was detected using the sense probe (Figure 2-8).

Rtl-1 is expressed in the cerebral cortex and hippocampus

By examining coronal sections through adult mouse brain, strong Rt/-/ expression
was observed in the CAl and CA3 fields and the dentate gyrus of the hippocampus
(Figure 2-9). In the cerebral cortex, punctate staining was observed throughout the
cerebral cortical layer, however, stronger staining was observed in the region of the
entorhinal cortex. In situ hybridization of adult mouse cerebellar sections did not detect
Rtl-1 expression in this tissue (Figure 3-2) which corroborates with the northern blot

result.

Expression of Rtl-1 in the developing eye

The developmental expression pattern of Rt/-/ in mouse embryos staged between
E12.5 to E15.5 was examined using saggital and transverse sections. At E13.5, Rtl-/ was
first detected in the inner region of presumptive neuroretina where the committed and
partially differentiated RGCs are found (Figure 2-10B and C). The signal is relatively
weak, and is most easily detected under darkfield illumination. At E14.5 (Figure 2-10D),
expression in the presumptive GCL becomes stronger. By E15.5, the expression of R#l-1

in the GCL decreases, but becomes detectable in the neuroblastic layer (Figure 2-10E).
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Figure 2-9. Rrl-1 expression in the adult mouse brain.

Rzl-1 is expressed in the CAl, CA3, and dentate gyrus
(DG) of the hippocampus, and in the cerebral cortex (C).
(EC) entorhinal cortex.
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Figure 2-10. Expression pattern of R#/-! in the developing mouse eye.

In situ hybridization of 14 um eye sections using a digoxygenin-labeled riboprobe encoding
CUB1 of Rtl-1. A) E13.5 eye. No specific signal is detected by the sense probe. B) E13.5 eye.
A faint signal is detected by the antisense probe in the inner region of the presumptive neuroretina.
C) E13.5 eye. The same section as in (B) but viewed under brightfield illumination. The signal is
indicated by the white arrow. D) E14.5 eye. Rtl-1 is detected in the presumptive GCL. Weak signal
can be observed in the neuroblastic layer. E) E15.5 eye. Rtl-1 expression is observed throughout
the presumptive neuroretina. Under darkfield illumination (A and B), the RPE appears white

and does not represent staining.
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Ril-1 is expressed in the developing nervous system

In the developing spinal cord and DRG, Rzl-I is expressed along the dorsoventral
axis as early as E13.5 (Figure 2-11A, C and D). By examining transverse sections at the
cervical level, a region of strong Rtl-1 expression is detected in the ventral horns, near
clusters of motoneuron nuclei (Figure 2-11A). Around the thoracic/lumbar level of the
spinal cord, sagital sections reveal higher expression of Rz/-/ along the ventral spinal cord
as compared to the dorsal spinal cord. (Figure 2-11C, and D). At E15.5, Rtl-1 assumes a
more uniform expression pattern (Figure 2-11B and E) in this region.

In the developing brain, Rzl-1 was first weakly detected at E12.5 in the developing
hypothalamus in two symmetrical regions adjacent to the third ventricle near the
presumptive optic chiasm (Figure 2-12B). By EI1S5.5, this expression broadens to
encompass the entire region of the hypothalamus and optic chiasm (Figure 2-12C). At
E13.5, expression of Rel-1 is also evident in the medula oblongata (Figure 2-12A).

Rtl-1 is also expressed in other regions of neural development outside of the brain
and spinal cord. For example, between E13.5 to at least E15.5, Rzl-1 is expressed in the
vomeronasal organ (Figure 2-12D) and olfactory epithelium (Figure 2-12C). At El5.5,
there is also Rtl-1 expression in the cochlear (VII) ganglia (Figure 2-12E), trigeminal (V)
ganglia (Figure 2-12C), facial (VII) ganglia (Figure 2-12C), and the glossopharyngeal

(IX) ganglia (Figure 2-12E).

Chromosome mapping of RTL-1 in human and mouse
RTL-1 was mapped to 18q22-23 on the human genome in collaboration with Dr.

S.W. Scherer by radiation hybridization mapping (data not shown). This corresponds to



Figure 2-11. Rtl-1 expression in the developing mouse spinal cord.

A) Expression of Rtl-I was first examined in the developing spinal cord
(cervical level) and dorsal root ganglia at E13.5. Two strong areas of staining
are present near the ventral horns. At E15.5 (B), Rr/-1 expression is uniform
throughout the spinal cord (cervical level). At E13.5, towards the thoracic region
of the spinal cord, Rt/-/ appears to be more strongly expressed in the ventral spinal
cord (C, darkfield; D, brightfield), but is uniform at E15.5 (E). Dorsal root ganglia
(DRG), dorsal (Dor).
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Figure 2-12. Expression of Rt/-/ in various neural regions during mouse embryogenesis.

Rtl-1 expression can be detected in the future medulla oblongata at E13.5 (A) and in a
small area of the presumptive optic chiasm at E12.5 (B). E15.5 (C), R#i-1 is expressed
throughout the optic chiasm, trigeminal (V) ganglion, facial ganglion, olfactory
epithelium, vomernsal organ (D), glossopharyngeal (IX) ganglia and cochlea (E). Vomernasal
organ, (Vo); olfactory epithelium, (OE); cochlea, (Co); glossopharyngeal (IX) ganglia, (GG);
future medulla oblongata, (Me); optic chiasm, (OC); trigeminal (V) ganglion, (TG); facial
(VH) ganglion, (FG). (A and B, darkfield; C-E, brightfield illumination).
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syntenic regions on chromosomes 1 and 18 in mouse. However, no genetic disorders

involving the eye or nervous system map to this region.

DISCUSSION

The Human Genome Project has generated a vast amount of data through its EST
sequencing project. These sequences have been organized into overlapping clusters and
can be sorted according to their pattern of tissue expression. In this work, an in silico
screen was conducted to identify novel cDNAs which were likely to be important in
retinal development.

After examination of 203 retina-only clusters, twenty-five clusters were known
genes, of which, eight are important in eye development (seven of these are
photoreceptor-specific). Only one cluster (Hs.60563; RTL-]) satisfied the original criteria
of being a novel, retina-only cluster with homology to known developmental proteins.
The majority of the clusters examined (170 of 204) were classified as novel because they
did not have any similarity with known polypeptides. This result can be largely attributed
to the fact that most of the sequences were from 3’UTR of the respective gene, which is
generally not conserved between different species. This fact reduced the efficiency of the
screen. Based on the expression pattern of the known genes, and despite the lack of
coding sequences in most of the clusters, as many as 28% (7 of the 25 known genes are
photoreceptor-specific) of the clusters may represent novel photoreceptor-specific genes
(although this is a relatively small sample size). In a future in silico screen, with the
recent completion of the rough human genome sequence, it will be possible to re-examine

the novel retina-only UniGene sequences with human genomic sequences. Using exon
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prediction algorithms, such as GRAIL (Genome Informatics Corporation) to generate
hypothetical ORFs, it will be easier to determine whether these hypothetical proteins have
any homology to known developmental proteins.

I identified a novel murine CUB domain-encoding gene, Rz/-1, using the in silico
screen. Based on cDNA sequences and predicted splice acceptor/donor site usage, Rtl-1
is likely to yield at least three different mRINA transcripts resulting in three different
isoforms, Rtl-1A, -1B, and -1C. In the adult mouse, three different transcripts can be
detected in neural tissues by northern blot analysis. These transcripts are all longer than
the largest Rrl-I cDNA sequence identified and it remains to be determined which splice
variant corresponds to which transcript on the northern blot. The identity of different
transcripts can be determined by probing a northern blot with sequence specific to each of
the Rrl-1 splice variants.

Despite the large size discrepancies between the northern blot transcripts and the
known Ril-I cDNA sequences, it is likely that I have identified the entire coding
sequences for Rtl-1A, -1B, and -1C because i) there is an in-frame stop codon located 12
bp upstream of the most 5° methionine codon, ii) no identifiable splice acceptor sites are
present between the 5’ stop codon and the start codon, iii) there is a predicted cleavable
signal sequence at the amino terminus of the expected protein product, and iv) the
nucleotide sequence between Rzl-1 and RTL-2, which occurs only in the coding region, is
highly conserved. Thus, the difference in size between the Rzl-/ cDNAs and the
transcripts detected on the northern blot are more likely to be due to missing 3’UTR and
5’ UTR sequences. Incomplete 3°UTR sequence is most probable since none of the Rtl-/

cDNAs has a fully conserved poly-adenylation consensus sequence ~20 bp from the 3’
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poly(A) tail. These cDNAs may have arisen from mispriming of the oligo (d)T primer
within an A-rich stretch in the 3’UTR. The 5’ end of the R#/-/ cDNA sequences is GC-
rich (68 % GC, 260/381 bp), suggesting that the region may be a CpG island, which is
often found at the 5’ region of genes (Lewin, 2000). However, it remains to be
determined how much 5’UTR sequence is missing. To identify the remaining 5’UTR and
3’UTR of Rtl-1, experiments such as primer extension studies to determine the
transcriptional start site(s), or 5’ RACE and 3’ RACE can be used to identify additional
UTR sequence. These experiments will help to explain the size differences between the
Rtl-1 transcripts and their respective cDNA sequences.

The three Rtl-1 isoforms all share a predicted secretory signal sequence and a
CUB domain (CUB1), but differ at their carboxy termini. Rtl-1A has two CUB domains
and an EGF-like motif, while Rtl-1B is a single CUB domain. Both lack a
transmembrane region or a sequence for retention in the endoplasmic reticulum (Sanders
and Schekman, 1992, Nielsen er al., 1997) and thus are expected to be secreted from the
cell. Rtl-1C, however, resembles Rtl-1A except that it contains a potential membrane
spanning region and cytoplasmic domain. Thus, Rtl-1C is expected to anchor at the
plasma membrane with its N-terminus exposed at the cell surface.

Amino acid sequence analysis shows that the CUB domains of Rtl-1 are most
homologous to the CUB domains in tolloids and neuropilins. Moreover, the domain
organization of Rtl-1A and Rtl-1C resembles a hybrid between tolloids and neuropilins.
The extracellular portion of both isoforms consists of two CUB domains and an EGF-like
motif, much like the carboxy-terminus of tolloids (and Bmp-1), although Rtl-1A and -1C

lack a metalloprotease domain. The domain organization of Rtl-1C also resembles the
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neuropilins. Both proteins have two N-terminal CUB domains, a transmembrane region,
and a cytoplasmic segment. Rtl-1C, however, lacks the two coagulation factor-like and
MAM domains found in neuropilins. Additionally, neuropilins do not have an EGF-like
motif (Figure 1-5). The similarity of the domain organization of Rtl-1 with tolloids and
neuropilins suggests a function that m ay be related, at least partially, to each of those two
classes of proteins. However, based on the expression pattern, the presence of a putative
transmembrane domain, and the lack of a metalloprotease domain, Rtl-1C more closely
resembles neuropilins than tolloids.

One potential function of Rtl-1C may be as a receptor for an as yet unknown
ligand, perhaps in a signal transduction pathway. The two CUB domains at the amino-
terminus are excellent candidates for ligand binding, as CUB domains found in other
proteins are directly involved in protean-protein or protein-carbohydrate interactions. The
cytoplasmic tail in Rtl-1C contains several serine and threonine residues, with putative
phosophorylation sites for protein kinase C, cAMP- and c¢GMP-dependant protein
kinases, and casein kinase II, which meay serve as a mechanism of regulation. In addition,
the last three residues T-R-V at the C-terminus of Rtl-1C comply with the PDZ-domain
binding consensus sequence (S/T)-X-V-COOH. PDZ domains are often found in adapter
proteins that mediate the formation of protein complexes. In several receptor signaling
pathways, PDZ-containing proteins have been shown to interact directly with cell surface
receptors, including ERB2/HER2 (Bosrg, 2000), EphB2 (Cowan, 2000), and neuropilin-1
(Cai and Reed, 1999). Therefore, the se features suggest that Rtl-1C may resemble a cell

surface receptor.
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If Rtl-1A and the extracellular domains of Rtl-1C are involved in ligand binding,
they may bind to a common ligand because they share the same extracellular domains. In
such a scenario, the binding of secreted Rtl-1A to the hypothetical ligand(s) may impair
the function of Rtl-1C as a potential receptor, as the Rtl-1C binding site on the ligand(s)
may be sequestered.

Recently, a soluble form of neuropilin-1 was identified in vivo that consisted of
the two CUB domains and coagulation factor-like domains. This isoform was shown to
bind to VEGFgs and antagonize VEGF¢s signaling (Gagnon etr. al., 2000) (possibly by
interfering with VEGF s interaction with full-length neuropilin-1). The binding of this
soluble isoform of neuropilin-1 to Sema3A, 3D, or 3E, has not yet been tested.

If such an antagonistic mechanism occurs between Rtl-l1A and Ru-1C, one
potential method of controling the amount of Rtl-1A and Rtl-1C protein may be through
the regulation of their mRNA levels. In the adult retina for example, R#-IC transcripts
predominate, as compared with Rt/-/A and Rzl-IB transcripts (Figure 2-6A and B),
suggesting that Rtl-1C protein may be produced in higher abundance than the other
isoforms (assuming that all isoforms are translated at the same rate and have the same
half-life). Since a secreted protein occupies a larger volume (3D) than a membrane-
bound protein (2D), the transcript levels of Rtl-/A observed in the adult retina may
represent a low concentration of Rtl-1A protein in the extracellular environment, as the
protein would probably diffuse and be diluted. It would be interesting to determine the
relative levels of the different R¢l-/ transcripts during embryonic development (which can

be done by RT-PCR, although this will only look at a global embryonic picture).
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Rtl-1B encodes only a single CUB domain (corresponding to CUB1 in Rtl-1A and
Rtl-1C), a structure reminiscent of the spermadhesins, a family of proteins composed
entirely of a signal sequence and a single CUB domain. Although spermadhesins are
involved in protein-carbohydrate interactions, the sequence conservation between
spermadhesins and Rtl-1B is low (~22% identity). The CUB domain of Rtl-1B has better
conservation with the CUB domains that are involved in protein-protein interactions
(~40% with tolloids and neuropilins), and thus Rtl-1B is more likely to be involved in a
protein-protein complex rather than formation of a protein-carbohydrate complex. In
addition, CUB domains have also been shown to form dimers, and Rtl-1B may also be
involved in complex with other CUB domain-containing proteins. If such dimers form,
the binding specificities conferred are likely to vary.

As a first step towards understanding the role of Rtl-/ during development, the
expression pattern in the developing mouse embryo was examined. Using the developing
eye as a model for neural development, Rrl-/ expression was first detected at E13.5 in
post mitotic neurons - the committed and partially differentiated ganglion cells.
Beginning at E14.5, and during E15.5, Rtl-1 expression was detected in the neuroblastic
layer, perhaps in the newly differentiated retinal neurons. The timing of expression in the
presumptive GCL suggests that Rtl-/ is turned on in post-mitotic neurons, and that later
expression in the neuroblastic layer may be due to expression of other retinal cell types
exiting their mitotic cycle (i.e. have become post-mitotic) but have not yet differentiated
or migrated towards their respective nuclear layer. Alternatively, Rtl-1 expression in the
neuroblastic layer may be in neuroprogenitor cells. The use of double labeled in situ

hybridizations using markers specific for retinal neuroprogenitors or differentiating
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retinal neurons would help to clarify the identity of the cells expressing Rz/-/ in the
neuroblastic layer. In the mature retina, Rz/-1 is expressed exclusively in the INL, where
bipolar cells reside. However, no expression was observed in the GCL. The fact that R¢l-
I is expressed in the mature retina suggests that this protein may also have a maintenance
role in only some post-mitotic neurons.

Rtl-1 is expressed along the entire length of the developing spinal cord during
Ei3.5 and E15.5. This expression pattern suggests that Rt/-/ may be important in the
development of spinal cord neurons although additional studies will be required to define
its role. Interestingly, at the cervical level of the spinal cord at E13.5, R#l-] expression is
uniform throughout the developing spinal cord along the dorsoventral axis with the
exception of two regions of strong expression located near the ventral horns. Analysis
using cell-specific markers could be used to clarify the identity of these cells. The
thoracic/lumbar spinal cord, which is not as further developed as the cervical spinal cord,
does not have the two strong bodies of Rtl-/ expression. Instead, a gradient of Ril-1
expression can be detected, which is not evident in E13.5 spinal cord sections at the
cervical level. At E14.5 (data not shown) and at E15.5, neither the strong Rr/-/ staining
at the cervical spinal cord or the gradient of expression in the thoracic/lumbar spinal cord
is evident by in situ hybridization. It would be interesting to examine the cervical level of
the spinal cord in earlier embryonic stages (particularly between E9.5 and E11.5, when
spinal cord neurons are born and begin to migrate and extend axons) to determine
whether the two regions of expression are only detected in a small window of
development (at E13.5). The identity of these cells by future marker analysis may

provide further clues into the possible role of Rrl-1 at this stage of spinal cord
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development. In addition, the examination of Rtl-1 protein by immunohistochemistry
using isoform-specific anti-Rtl-1 antibodies at E13.5 can determine whether Rtl-1 exists
in a gradient in the developing spinal cord.

Rtl-1 is expressed strongly in various ganglia (a class of neurons which extend
their axons over a relatively long distance) during mouse neurogenesis, including the
dorsal root ganglia (DRG), trigeminal, glossopharyngeal, facial, and initially, retinal
ganglion cells, suggesting that Rt/-/ may be important for the formation of this class of
neurons. Interestingly, at E12.5, and at E15.5, Rel-] is expressed in the developing
hypothalamus and the region of the optic chiasm. At E12.5, RGC growth cones exit the
optic nerve and enter the hypothalamus (a part of the diencephalon). The axons then
extend towards the ventral midline of the diencephalon (consisting of a population of
radial glial cells), where axons must crossover the midline and form the optic tracts along
the contralateral side, or steer away from the midline and project along the ipsilateral side
of the hypothalamus (Marcus er al., 1995).

Work in drosophila has identified several molecules including Roundabout (Robo,
a guidance receptor) (Seeger et al., 1993) and Slit (an inhibitory extracellular matrix
protein secreted by midline glial cells) (Battye et al., 1999) which play a role in axon
guidance through the midline. In mammals, two Robo and three Slit homologs have been
identified. To examine whether these molecules may be involved in RGC axon guidance,
Erskine er al. (2000) examined the expression patterns of Robol/2 and Slitl/2 in the
developing mouse visual system. At E12.5, Robo2 is expressed in developing RGCs,

while in the hypothalamus, where the RGC axons will migrate through, Robol/2, and
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Slitl/2 expression is present. These expression patterns are similar at E15.5, at a time
when RGC axon crossover at the optic chiasm is highest (Erskine er al., 2000).

Although the expression pattern of Rt/-I in the region of the developing optic
chiasm does not directly overlap with the Robos and Slits (to confirm this, tissue sections
through additional planes will need to be examined for Rrl-I expression), its spatial-
temporal pattern of expression in this region is remarkably similar.

In the adult brain, Rz/-1 is expressed in the olfactory apparatus and dentate gyrus
of the hippocampus. These are areas of the mature nervous system where neurons are
constantly replaced throughout adulthood (Linnarsson et al., 2000), and are also regions
of neuropilin expression (Chen er al., 2000). Thus, the pattern of R#/-/ expression in the
developing optic chiasm and in parts of the nervous system where neurons are renewed
throughout adulthood, and its domain topological resemblance with the neuropilins, point
to a speculative role of Rr/-/ in axon projection or guidance. Rtl-1 expression in the
mature nervous system also suggests a role in neural maintenace.

Given that Ril-1 is expressed widely in the nervous system, it is interesting that
Rtl-1 is not expressed in the cerebellum. It is possible that Rtl-/ may not have a role in
the development or maintenance of cerebellar neurons, or perhaps, another molecule
expressed in the cerebellum may have a function similar to that of Rtl-1.

A Ril-1 homolog with the same domain organization as Rtl-1C was identified and
is referred to as Rtl-2. Preliminary expression analysis during mouse embryogenesis at
E15.5 shows that Rtl-2 has overlapping areas of expression with Rt/-I, including the
cochlea, glossopharyngeal ganglia, and spinal cord. In the adult mouse, one region of

expression that is unique to R#l-2 is the cerebellum. Due to the degree of sequence
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conservation between Rtl-1C and Rtl-2, Rtl-2 may be able to compensate for the apparent
lack of Rti-1 in the cerebellum. Alternatively, Rtl-2 may have a distinct function to that
of Rtl-1. The cerebellum would therefore be an ideal model to study the role of Rtl-2 in
the absence of Rtl-1.

The presence of a Rt/-1 homolog with overlapping expression is analogous to the
expression of the neuropilins. Neuropilin-1 and neuropilin-2 are also coexpressed in
various neuronal tissues and can form heterodimers. By analogy, Rtl-/ and Rtl-2 may
also interact to form complexes that may lead to different binding specificities with
putative ligand(s). Dimerization of neuropilins is mediated by the MAM domain, which
is not found in Rtl-1 or Rtl-2. If Rtl-1 and Rtl-2 form homo/heterodimers, the interaction
may occur through a different mechanism - perhaps through different regions of Rtl-1 and
Rtl-2 (e.g. the CUB domain or cytoplasmic domains), by an adaptor protein, or protein
complex.

With the completion of the genomic sequence for several model organisms, it is
now possible to quickly determine whether homologs of Rtl-1 exist. Predicted proteins
with the same domain organization as Rtl-1C have been identified in C. elegans
(K05C4.11) and Drosophila (CG5449). A hypothetical protein resembling Rtl-1A in C.
elegans, consisting of a putative secretory signal sequence and two CUB domains
(KO3ES.1), was also identified. In addition, evidence from human genomic DNA
suggests the presence of another Rtl-1 homolog, designated RTL-3.

From these studies, [ have identified a novel family of putative cell membrane
molecules that are conserved between invertebrates and vertebrates. While my initial

studies in mouse suggest a role of Rtl-1 in neural development, and perhaps a speculative
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role in axon guidance, the function of Rtl-1 and its family members are yet to be

determined.
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CHAPTER 3

Future and Proposed Ph.D. Studies



FUTURE DIRECTIONS

During my studies, I conducted an in silico screen that led to the cloning of a
novel murine CUB domain-encoding gene, Rtl-1. As a first step towards understanding
the biological role of Rtl-1, I examined its developmental and adult expression pattern in
mice. While these studies have provided some clues into the potential biological role of
Rtl-1, additional experiments are required to clarify some of these issues. These include
the identification interacting partners, determination of the cellular localization of the
different Rtl-1 isoforms, and biochemical analysis.

For my Ph.D. studies, I plan to study the genetics of Rt/-/ and R¢/-2 in mice. [ will
generate and study R#l-/ and Re#l-2 deficient mice, and explore the developmental
expression pattern of Rzl-/ and Rtl-2 in greater detail. Ril-/ # Rrl-2"" double mutants will
also be examined. While the gene targeted mice are generated, mutants in C. elegans Rtl-

1 homologs will be isolated and preliminary studies on these animals will be initiated.

Identification of Rtl-1 interacting partners

The identification of Rtl-1 interacting partners will help to elucidate the molecular
pathway(s) in which Rtl-1 participates. CUB domains and EGF-like motifs are often
involved in protein-protein interactions and thus are good starting points for Rtl-1
interaction studies. To identify such interactors, the two Rtl-1 CUB domains and EGF-
like motif, fused in-frame with a GST tag and a phosphorylation site, will be used to

screen a mouse brain phage expression library. The interaction between Rtl-1 and
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positive clones will be confirmed using other methods, such as affinity chromastography,
or co-immunoprecipitation.

In addition to the extracellular portion of Rtl-1, the putative intracellular rtail found
in Rtl-1C is also a potential site of protein-protein interaction. To idematify such
interacting proteins, the putative cytoplasmic tail will be used to screen mouse dseveloping
eye E14.5 and adult retinal yeast two-hybrid libraries. The interaction of positiive clones
with Rtl-1 will be confirmed as in the phage expression library screen.

In conjunction with unbiased library screens, candidate molecules cam also be
tested for interaction with Rtl-1. Based on the similarity of the CUB dommains and
expression pattern of Rtl-1 with neuropilins, Rtl-1 may bind to a semapkhorin-like
molecule. Neuropilin-1 and -2 bind to class 3 semaphorins (Sema3A - F), and are
expressed in retinal ganglion cells. An additional semaphorin, Sema4F, also repeels RGCs
in vitro. However, its receptor is unknown. While purely speculative, the CUB8 domains
of Rtl-1C may interact with the extracellular domains of Sema4F, a transmmembrane
protein, and this interaction can be tested in tissue culture using a soluble Se:ma4F-AP
(alkaline phosphatase) fusion protein to determine whether the recombinant protiein stains
the surface of cells transfected with Rtl-1C.

The putative cytoplasmic tail of Rtl-1C has a consensus PDZ binding :site. The
PDZ domain participates in protein-protein interaction and is found in some prooteins that
mediate the formation of protein-complexes (i.e. as an adapter protein). Thereore, PDZ
proteins expressed in regions overlapping with Rrl-I expression are good imteracting
candidates. One possible interactor is neuropilin-1 interacting protein (NHP-1, also

refered to as GIPC/SemaCAPl), a PDZ-containing protein expressed in owerlapping
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regions with Rtl-/ in the developing eye. The interaction between NIP-1 and the putative
Rtl-1C cytoplasmic tail could be tested by co-immunoprecipitation or yeast two-hybrid
experiments.

In light of the biochemical studies that have shown direct interaction between
neuropilin-1 and -2, Rtl-1 (particularly Rtl-1C) and Rtl-2 may also interact together. The
interaction between the two can be examined in transfected cell lines through cross-

linking and western blotting experiments using antibodies specific to Rtl-1C and Rtl-2.

Rtl-1 protein localization studies

Protein localization studies will complement the Rz/-/ expression data obtained by
in situ hybridization. To examine the distribution of Rtl-1, isoform-specific anti-Rtl-1
antibodies could be raised. Western blot analysis could be performed to determine if the
level of each Rtl-1 isoform changes at different stages of development or between
different tissues.

By immunohistochemistry, the precise location of Rtl-1A/Rtl-1B (predicted to be
secreted) and Rtl-1C (expected to localize on the cell surface) can be determined. The
cellular localization of Rtl-1, particularly Rtl-1C, would provide a clue towards its
function. For example, it would be interesting if Rtl-1C, like neuropilin-1 and -2, is
localized to neuronal growth cones (a sensory protuberance located at the end of
elongating axons, implying a possible axonal guidance function) or throughout the cell

surface (which may suggest a role of Rtl-1 in a more global cellular context).
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Post-translational modifications of Rtl-1

Rtl-1 has a predicted secretory pathway signal sequence and phosphorylation sites.
Glycosylation of the extracellular domains are also possible. To examine whether Rtl-1
has a cleavable signal sequence or is glycosylated, Rtl-1 will be translated in vitro using a
rabbit reticulocyte lysate in the presence or absence of endoplasmic reticulum microsomal
membranes. Samples of the translation products will be treated with endoglycosylase H
(which cleaves high mannose structures from N-linked glycoproteins). Treated and
untreated proteins will be analyzed by SDS PAGE and examined for changes in relative
mobility characteristic of signal sequence cleavage and/or glycosylation.

To examine whether Rtl-1C is phosphorylated, in vitro transcribed and translated
Rtl-1 protein could be incubated with y*>P-labelled ATP and kinases that have predicted
phosphorylation sites in Rtl-1. Rtl-1 phosphorylation can be assessed by SDS PAGE and
autoradiography. The identification and mapping of phosphorylation sites maybe
important for understanding Rtl-1C regulation in vivo, particularly if it is a membrane

receptor.

PROPOSED Ph.D. STUDIES

The overall goal of my Ph.D. studies will be to understand the role of Rt/-/ and
Rtl-2 in the developing mouse nervous system using the developing neuroretina and
spinal cord as a model. Currently, experiments to identify Rtl-1 interacting partners and
to understand the biochemistry of Rtl-1 and Rtl-2 are being pursued by another member

in our lab. I will be studying the genetics of Rzl-1 and RIt-2. To approach this question, I
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will generate Rzl-1 and Rtl-2 deficient mice and examine their phenotype(s). In addition,
I will perform a more in-depth analysis of the developmental expression pattern of both

Rtl-1 and Rtl-2, and isolate C. elegans Rtl-1 homologs.

Specific Aims

1) Using homologous recombination techniques, [ will generate Rel-17, Rtl-2” mice,

and Rtl-17 Rrl-2”" double mutants (generated by crossing Rel-/ * Rtl-2 *" mutants).
2) To characterize the phenotype(s) of Rtl-17, Rtl-27", and Rtl-1""Rtl-2”" mice, I will
examine these mice for any morphological and/or histological abnormalities as a

result of the introduced mutation(s).

3) By in situ hybridization and X-gal staining (using a tau-lacZ reporter gene), I will

examine in greater detail, the developmental expression patterns of R¢l-1 and Rtl-2.

4) To study the phenotype of the C. elegans Rtl-I homologs, mutant animals will be

isolated and examined for any morphological and locomotive defects.
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1.1) Rtl-1 and Rtl-2 gene targeting vectors

The mouse is an ideal model to study mammalian neural development, partly
because of the relative ease of introducing gene-specific mutations. No naturally
occurring phenotypes map to the Rtl-1 or Rtl-2 locus. Therefore, to begin to understand
the function of Rtl-1 and Rt/-2 in neural development, mouse gene targeting experiments
will be conducted.

Prior to construction of a Rt/-/ gene targeting vector, the intron/exon boundaries
of Rtl-I were determined. Rit/-I positive mouse ([29/SvEvTac) genomic BACs and
lambda clones were isolated. Fragments of these clones were subcloned and the
intron/exon boundaries were determined by partial DNA sequencing and PCR.

A gene targeting vector designed to disrupt the 5’ region of Rtl-/ (deleting the
predicted secretory signal sequence and first half of CUB1, thereby disrupting the Rtl-1A,
-1B, and -1C isoforms) will be used. Since the expression pattern of Rtl-/ is largely
restricted to neurons, a fau-lacZ reporter gene will be introduced in-frame with the
methionine start codon of Rrl-/ (Figure 3-1). The tau-lacZ reporter, ideally, will label
axon projections of Rtl-/ expressing neurons, and provide a better understanding of the
role of Rtl-/ during murine embryogenesis.

Embryonic stem (ES) cells from a RI (129/SvCP) background will be
electroporated with the linearized targeting vector. Cells surviving both positive
(neomycin resistance) and negative (herpes simplex virus-1 thymidine kinase) selection
will be screened by Southern blot hybridization for homologous recombination using
flanking genomic probes. Clones will be confirmed by Southern blot analysis and PCR,

and aggregation experiments will be performed by the Mouse Core Facility (The Hospital
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Figure 3-1. Gene targeting strategy to disrupt Rt/-/ by homologous recombination.

The linearized targeting vector will be electrophorated into RI ES cells, and positive clones will be identified by Southern blot and PCR
analyses. Transcription from the neo’ promoter is in the opposite direction of Rt/-/ transcription. The cassette is flanked by loxP sites (solid blac
arrows) and will be removed by cre recombinase. The R¢/-2 intron/exon boundaries are almost identical to R#/-/, and therefore, a similar gene
targeting strategy will be used to disrupt Rt/-2, Restriction enzyme sites: P, Pstl; Sm, Smal; Rl, EcoRl; RV, EcoRV; Xb, Xbal.



For Sick Children, Toronto, Canada) to generate chimeric mice. Standard breeding
procedures will be performed to identify germline transmission, and these mice will be
bred to obtain homozygous Rtl-I null mice. Since transcription of the neomycin
resistence gene may interfere with transcription of the reporter gene, Rt/-/ mutant mice, if
necessary, will be bred with cre expressing mice to excise the neomycin gene, which are
flanked by loxP sites.

To generate Rtl-2 null mice, a similar strategy as described above will also be
used. Like the Rzl-I construct, the Rtl-2 targeting vector will incorporate an in-frame rau-
lacZ reporter gene. The intron/exon boundaries of Rt/-2 have essentially been determined,
using human genomic R7L-2 BAC sequences as a guide. (The gene structure between
human RTL-1 and mouse Rtl-/ is largely conserved). Mouse 129/SvEvTac genomic BAC
clones which contain the 5° end of Rzl-2 are currently being examined by PCR and DNA
sequencing to determine the size of the relevant introns.

Analogous with the Rel-/ targeting vector, the Rtl-2 vector will be designed to
disrupt the 5’ portion of the gene and delete the anticipated signal sequence and first half
of CUBI. Although it is not yet known whether R¢l-2 alternative splice products are
generated like Rrl-/, RT-PCR experiments will be performed to address this issue. If Rel-
2 generates isoforms related to those as predicted for Rzl-I, the Rrl-2 targeting vector

should also disrupt these variants.

2.1) Rel-I"" and Rtl-2" phenotypic analysis
Rtl-1"" and Rel-27" embryos and mice will be examined for developmental defects.

This will include a morphological survey to look for any gross abnormalities and a
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histological analysis of different parts of the nervous system. In addition, defects in
neural development will be examined, and particular attention will be placed on
developing neurons (e.g. to determine whether axon projections have been perturbed, or if
the number of different neuronal cell types is affected). Tau-lacZ is expected to stain
axon projections of Rtl-/ expressing neurons. However, if the reporter is non-functional
in the transgenic mouse (perhaps due to deletion of an enhancer element), whole mount
embryos (up to ~E13.5) and embryonic sections will be stained with anti-neurofilament
antibodies (such as 2H3) to visualize axons. The staining pattern will be compared with
those of Ril-I*"1Z and Rel-27"*%Z mice, in addition to wild type Rel-I and Rtl-2
positive neurons (stained with 2H3). If Rel-I and/or Rtl-2 null mice have an axon
projection phenotype, the 2H3 antibody will be useful to compare the axons of wild type
and heterozygous mice to determine if there is any apparent dosage effect. To determine
whether different spinal cord neuronal populations are affected in the mutants, cell-
specific markers will be used to examine the cell numbers and their position in the spinal
cord.

From preliminary studies, Rt/-/ and Rtl-2 are often co-expressed in similar tissues.
In the cerebellum, however, only Rtl-2 expression has been detected (Figure 3-2).
Therefore, the cerebellum would be an ideal model for understanding the biological role
of Rtl-2 in the absence of Rrl-I. This tissue will be examined for morphological and

histological aberrations in R¢/-2 deficient mice.
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Figure 3-2. In situ hybridization of adult mouse cerebellum sections.

(A) Section probed with R#/-2 antisense probe reveals purple staining in the
cerebellar lobes as shown by the arrow, but no signal was observed using
a Rtl-1 antisense probe (not shown). No specific signal was detected with either
Rtl-1 (not shown) or Rtl-2 (B) sense riboprobes.
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2.2) Analysis of Rtl-1"" Rtl-2” double mutants

The high degree of amino acid identity and large regions of overlapping
expression during development between Rtl-/ and Rtl-2 raises the possibility of the two
proteins sharing similar, and perhaps in some cases, redundant function(s). If the two
proteins share redundant functions, it is possible that Rtl-/ * and Rtl-2"" mutants may not
produce any significant phenotype, and this would necessitate the generation of of Rtl-/ "
Rtl-2” double mutants. These mice (double mutants), like the Rrl-I and Rtl-2 single
mutants, will be examined for defects in development or for any obvious behavioral
changes. If double mutants are not viable, then embryos will be studied, as described

above, to determine the cause of the embryonic lethal phenotype.

3.1) In-depth analysis of the Rtl-1 and Rtl-2 developmental expression pattern

A preliminary study of the developmental expression pattern of R#l-/ is presented
in this thesis. To further understand the role of Rt/-/ and Rt/-2 in development. more
detailed expression analysis is required. Different staged wild type mouse embryos will
be examined for Rtl-I and Rtl-2 expression by in situ hybridization. In particular,
important time points during retinal and neural tube neurogenesis will be examined. Cell-
specific markers will also be used to confirm the identity of Rzl-I and Ritl-2 expressing
cells in the developing eye and neural tube. Thus, additional expression information may
provide further insight towards which tissues to examine more closely during the mutant
phenotypic analysis.

In conjunction with in situ hybridization experiments, expression data provided by

the rau-lacZ reporter gene (if the reporter gene is functional and representative of Rt/ gene
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2+/tau-LacZ

expression) will also be used. Heterozygous Rtl-I*"*1Z and Ril- mice will be

stained with X-gal to visualize the pattern of Rtl-/ expressing cells during development.

4.1) Examination of Rtl-1 homologs in other C. elegans

The genomic sequence for several model organisms, including Drosophila and C.
elegans, is now complete. A search for molecules resembling Rtl-IC has identified
homologs in Drosophila (CG5449) and C. elegans (KO5C4.11 and KO3ES5.1). Although
a Drosophila Ru-1C homolog is present, no characterized mutants have been mapped
near the CG5449 locus. In addition, mapped P elements are not within the vicinity to
quickly disrupt the gene. In contrast, a mutagenized C. elegans library is available.
Therefore, because of the availability of this reagent, I will focus my effort on identifying
alleles of Rtl-/ homologs in C. elegans. C. elegans is also an ideal model to study Rtl-1
homologs because the developmental fate of each cell in the animal is known, thus
simplifying cell fate determination studies. In addition, a large number of mutants are
available which can be used in genetic studies.

Two C. elegans Rtl-1 homologs are present (K05C4.11 and KO3ES.1). The
domain orgainization of KO5C4.11 most closely resembles Rtl-1C, which consists of a
predicted secretory signal sequence, two CUB domains, an EGF-like motif, TM domain,
and a cytoplasmic tail. KO3ES.1, has greater resemblance with Rtl-1A, and has a putative
secretory signal sequence and two CUB domains. BLAST alignments show that KO3ES5.1
has significant amino acid identity with Rtl-1 A (Figure 3-3).

To gain further insight into the potential function of Rtl-1, C. elegans mutants will

be identified and characterized in collaboration with Dr. Joe Culotti (Mount Sinai
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Hospital, Toronto, Canada). A C. elegans mutagenized library will be screened by using
gene-specific primers to identify animals with a deletion in the KO5C4.11 or KO3ES.1
locus. If no mutant exists in the library, then a mutant could be obtained through the C.
elegans Gene Knockout Consortium (BC Cancer Agency, Vancouver, Canada). The
mutations will be vedﬁed by Southern blot and DNA sequencing, and homozygous
mutants will be bred. The mutant will be examined for any obvious morphological
malformations and analyzed for any motor defects. The phenotype(s) of this mutant

might be useful in directing future studies of mammalian Rtl-/ and Rtl-2.
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Figure 3-3. Amino acid alignment between Rtl-1A and K03ES.1, a C. elegans predicted ORF.

KO3ES5.1 has 31% identity and 50% similarity with Rtl-1A. (The EGF-like motif was excluded from the calculation because it
is not present in the KO3ES.1 ORF). Identical amino acids are indicated with an asterisk below, and similar residues are marked with

a period. Gaps are represented by a hyphen. CUB1 and CUB2 sequences are shaded yellow and green, respectively. The conserved
cysteine residues in the CUB domains are shown in purple.
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