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Abstract
The actin cytoskeleton is a fundamental component of the cell and is involved in
many processes, including cell division, cell migration, vesicle trafficking and cell
polarity. The actin cytoskeleton has a very important role in embryogenesis as the cells
within developing tissues proliferate, migrate, interpret extracellular cues, and shape
complex tissues. The molecules that help the cell to interpret its environment and turn
those cues into morphological changes are of great interest. One protein that may be
involved in this manner is Cordon-bleu (Cobl).
In mouse embryos, Cobl’s expression pattern resembles that of important
developmental genes, is restricted to distinct domains, and changes dynamically
throughout development as tissues are formed. While it is known that Cobl expression is
regulated by developmental signaling pathways such as Shh and BMP, its molecular
function at the cellular level remains elusive. In this study, we have identified molecular
functions of Cobl. Cobl has C-terminal Wasp Homology 2 (WH2) domains which bind
actin and nucleate new actin filaments in in vitro polymerization assays. Using cultured
cells, we have determined that Cobl is involved in cytoskeletal remodeling during neurite
branching and epithelial cell migration. We also demonstrate that Cobl interacts with the
Syndapin family of adaptor proteins that link endocytosis and vesicle trafficking. Cobl
colocalizes with Sdp2 in cultured epithelial cells and similarly localizes with Sdp1 and
Sdp2 in developing mouse embryos. The localization of Cobl or Sdp2 in cultured
epithelial cells is dependent on the other, as demonstrated using shRNA knockdown.
Previous studies demonstrated that a hypomorphic allele of Cobl interacts
genetically with Looptail in midbrain neurulation. Looptail mutants are deficient in the
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gene Vangl2, a member of the planar cell polarity pathway that coordinates the
morphogenesis of a sheet of cells. To discover other roles for Cobl in the developing
mouse, we have generated a conditionally null allele of Cobl. We find that outbred Cobl
homozygous mutants are viable, but that they have inner ear defects. Together, our
studies demonstrate that Cobl is a tissue-specific actin nucleator whose localization is
regulated by its interaction with Syndapins and which functions in the development of
sensory epithelia.
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1. Introduction
1.1 Morphogenesis and the actin cytoskeleton
During embryogenesis, tissues are bent, fused together, and sculpted in a series
of morphogenetic events. The actin cytoskeleton is a key element in these dynamic
changes in tissue shape. While many proteins that function in building and remodeling
the actin cytoskeleton during morphogenesis are known, others continue to be
discovered. This thesis addresses the role of the novel protein Cordon-bleu in actin
cytoskeleton changes, interactions with other proteins, and embryogenesis.
The actin cytoskeleton provides necessary structure and support within cells, is
involved in cell division and vesicle trafficking, and provides a force for morphogenesis.
As an embryo changes shape, the cytoskeleton drives migration of cells, the adherence of
cells to each other, and the bending or invagination of sheets of cells. The dynamic
changes in tissues that occur during morphogenesis are a result of changes in the actin
cytoskeleton in individual cells.
Actin is present in the cell in two forms. A pool of monomeric G-actin within the
cytoplasm assembles into functional F-actin filaments. Actin monomers organize in a
head-to-tail fashion in a double helical filament. The barbed end of the filament is the
end at which actin monomers are added, and the pointed end of the filament is where
disassembly back into monomers occurs. The array of proteins that build, bind, cap,
sever, and regulate the actin filaments is large and continues to grow (Winder and
Ayscough, 2005). The interaction of all these proteins with actin helps to build the
specific actin architectures that the cell requires.
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The proteins that promote the formation of actin filaments from monomers are
called actin nucleators. For many years, the only known actin nucleators were the
Arp2/3 complex and the formin family of proteins (Pollard, 2007). The Arp2/3 complex
functions by forming a surface on existing actin filaments upon which actin monomers
assemble and create a new branch off of the original actin filament. The essential nature
of the Arp2/3 complex is demonstrated by the failure of Arp3 null embryos to survive
beyond very early development because their trophoblast cells do not migrate and the
embryos cannot implant (Vauti et al., 2007). Different from the Arp2/3 complex, the
formin proteins promote formation of unbranched actin filaments. They progress with
the barbed end of the filament and add monomers to the growing filament. In recent
years, other actin nucleators have been identified, including Spire and Leiomodin
(Chereau et al., 2008; Quinlan et al., 2005). Both Spire and Leiomodin bind actin
monomers through their Wasp Homology 2 (WH2) domains, which are present in many
actin cytoskeleton binding proteins (Paunola et al., 2002). These actin nucleators are
thought to bind and hold the actin monomers in a formation that generates a seed upon
which more actin monomers easily assemble (Qualmann and Kessels, 2009). The search
for other actin nucleators, especially those that make specialized actin topographies,
continues.
The assembly of actin filaments into different structures provides the cell with
separate tools that are necessary during development and morphogenesis. Actin
protrusions in the form of sheet-like lamellipodia and finger-like filopodia are largely
involved in exploring the cell’s environment and migration of the cell. The role of
filopodia in neuronal growth cone migration and target sensing has been well
2

characterized (Tessier-Lavigne and Goodman, 1996). Filopodia are also responsible for
initial contact between two epithelial sheets that are fusing with each other. This process
has been well studied in Drosophila dorsal closure where a hole on the dorsal side of the
embryo is sealed when two epithelial sheets join and fuse. The filopodial projections
from either sheet contact and tug on each other, thereby bringing the epithelial sheets
together in a zipper-like fashion (Jacinto et al., 2000). Epithelial fusions in vertebrates
that likely use a similar mechanism are those of neural tube closure, palate closure, and
eyelid closure (Martin and Wood, 2002). During eyelid closure, filopodia from the two
approaching eyelid epithelial sheets bridge the gap between the two fronts. The JNK
pathway promotes actin remodeling, and a mutation in the pathway member c-jun
results in fewer and shorter filopodia protruding from these epithelial sheets (Zenz et al.,
2003). In these mutants, the eyelids fail to fuse which suggests that the filopodia are
required for zippering the epithelial sheets together (Zenz et al., 2003).
Another actin structure that is important in epithelial closure is the bundle of
actin fibers along the leading edge of the cell. While the function of this cable in closure
has also been well characterized in Drosophila, other studies are beginning to show its
conserved role in vertebrate epithelial closure. For example, embryos that are deficient
for the Rho kinase ROCK1, which is involved in regulating the actin cytoskeleton, have
disorganized actin cables in the eyelid epithelial sheets and the eyelid fails to close
(Thumkeo et al., 2005). These actin cables are also important in the shape changes of
entire epithelial sheets. The actin cable links cells through adherens junctions and
provides a contractile structure across the epithelial sheet. Contraction along the actin
cable allows a flat epithelial surface to bend or invaginate into three-dimensional
3

structures (Figure 1). As contraction occurs along the apical membrane of epithelial cells,
the apical membrane constricts, and the cells adopt a wedge shape. For example, apical
constriction is used in neural tube closure to form the future brain and spinal cord and in
invagination of the otic vesicle to form the inner ear (reviewed by Sawyer et al., 2009).

A

B

Figure 1: Apical constriction
Apical constriction of cells in an epithelial sheet. F-actin (green) along the apical
membrane in a flat sheet of cells (A) contracts and causes apical constriction (B).
As the apical side constricts, the nucleus translocates to the widening basal side
and the cells become wedge-shaped. Adherens junctions (red) connect the cells.
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In the formation of the neural tube, which begins as a flat neuroectodermal
epithelial sheet, the cells of the medial hinge point, or floorplate, undergo apical
constriction which provides the force necessary to bend the neural plate (Moury and
Schoenwolf, 1995; Schoenwolf and Franks, 1984). The cells become more wedge-shaped
as their basal side widens due to the translocation of the nucleus to this side (Colas and
Schoenwolf, 2001). After bending at the floorplate, the two lateral neural folds are
elevated and will eventually come together along the dorsal side of the neural tube. One
protein that has been identified to regulate apical constriction in epithelia is the actin
binding protein Shroom. Shroom is required for narrowing the apical membrane of
neuroepithelial cells during both Xenopus and mouse neurulation (Haigo et al., 2003;
Hildebrand and Soriano, 1999). Shroom regulates the distribution of the motor protein
MyosinII and is thought to direct the assembly of an actomyosin network that provides a
contractile force along the apical edge of epithelial cells (Hildebrand, 2005). While apical
constriction has been studied most in neural tube closure, it also occurs in the context of
morphogenesis in other vertebrate epithelia (Pilot and Lecuit, 2005).
The importance of cytoskeletal regulation in neural tube morphogenesis is
demonstrated by the number of mutants of these genes with neural tube closure defects.
These proteins include Shroom, Vinculin, MARCKS, Profilin, Mena and Palladin.
Shroom mutants have an open neural tube due to failure of the neural folds to converge
dorsally (Hildebrand and Soriano, 1999). Vinculin’s function is to link membrane
proteins to F-actin, and mutants fail to close the rostral neural tube (Xu et al., 1998). The
MARCKS protein binds actin and is a substrate for protein kinase C (Stumpo et al.,
1995). MARCKS deficient embryos have a partially penetrant incidence of exencephaly,
5

where the skull does not enclose the neural tissue (Stumpo et al., 1995). Another example
of the role of the actin cytoskeleton in neural tube development is the genetic interaction
between profilin and mena. Profilin regulates the rate of actin polymerization, while
Mena, which directly binds to Profilin, links cell signaling to changes in the actin
cytoskeleton. Profilin+/-; Mena-/- embryos display exencephaly or anencephaly (Lanier et
al., 1999). Palladin is an actin-associated protein that is involved in the formation of
stress fibers, and the cranial neural tube fails to close in palladin null mutants (Luo et
al., 2005). These studies demonstrate that cytoskeletal rearrangements are critical for
proper neural tube closure.

1.2 Cordon-bleu
Cordon-bleu (Cobl) was first characterized through a LacZ gene-trap insertional
screen in mouse embryonic stem cells (Gasca et al., 1995). The Coblc101 gene-trap allele
demonstrates Cobl’s restricted expression pattern in developing mouse embryos. Cobl is
first expressed in the node (Gasca et al., 1995), which is the mouse equivalent to
Spemann’s organizer. Spemann’s organizer is a group of cells at the dorsal lip of the
blastopore in amphibian embryos that signals to the ectoderm and induces neural tissue.
When transplanted to a host embryo, this organizer tissue contributes not only to an
ectopic axis but also directs the patterning of host tissues into the axial structures. The
organizer is conserved in vertebrate embryos as the embryonic shield in zebrafish,
Henson’s node in the chick, and the node in mouse embryos (Solnica-Krezel, 2005).
Similar transplantation studies in the mouse demonstrated that the node possesses
organizing activity to pattern surrounding tissues (Beddington, 1994). The node gives
rise to the notochord, the floorplate of the neural tube, and the dorsal foregut. The
6

notochord is a slender rod of cells that lies between the neuroectoderm, which will fold
into the neural tube, and the dorsal foregut, which will contribute to organs of the gut
(Sulik et al., 1994). Signals from the notochord also have organizer capabilities and
induce the floorplate of the neural tube in the overlying naïve neuroepithelium.
Together, the notochord and floorplate provide signals which ventrally pattern the
neural tube into distinct neuron classes (Placzek et al., 1991). These axial midline
structures are also tissues in which Cobl is expressed (Carroll et al., 2003; Gasca et al.,
1995). Later in development Cobl is expressed in a variety of developing organs,
including the brain, lung, and skin (Gasca et al., 1995).
Homologs of the mouse Cobl gene have only been identified in other vertebrate
species, including human, chicken, and zebrafish. The gene is highly conserved among
vertebrates, especially at its N- and C-termini. A comparison of amino acid sequence
between human and mouse Cobl demonstrates that they are 67% identical and 87%
similar overall, but the N- and C-terminal ends are greater than 92% similar (Carroll et
al., 2003). Cobl and a related gene Cobl-like 1 (Cobll1) represent a new gene family, as
neither sequence resembles that of any other gene of known function (Carroll et al.,
2003). Cobll1 is also conserved among vertebrates, however even less is known about its
function.
The Cobl protein sequence has a few conserved domains, which only hint to
Cobl’s possible molecular function. At the N-terminus of the protein, within the highly
conserved regions of the sequence, are three repeated motifs composed of lysine,
arginine, alanine, and proline amino acids and are abbreviated as KRAP motifs. These
KRAP motifs are highly proline-rich, and proline-rich domains are often involved in
7

protein-protein interactions (Kay et al., 2000). The C-terminal conserved regions
contain three domains with similarity to WH2 (Wiskott Aldrich syndrome homology
region 2) domains. Cobl also has putative nuclear localization signals (NLS) based on
their sequence homology with other bipartite nuclear localization signals (Robbins et al.,
1991). A schematic of the known domains of Cobl is depicted in Figure 2.

Figure 2: Domain structure of Cobl
Cobl has three N-terminal proline-rich KRAP motifs (green), two putative
nuclear localization signals (NLS, red), and three C-terminal WASP homology 2
domains (WH2, blue). The sequence conservation of the KRAP and WH2
domains between mouse and human is shown.
Cobl protein localization varies with tissue type in developing embryos (Carroll,
2004), and a summary of its subcellular domains follows. In the axial midline, Cobl is
primarily membrane associated. At embryonic day 7.5 (E7.5), it appears to be restricted
to the cell cortex in the node and head process cells. Cobl is also membrane associated in
the dorsal foregut, notochord, and floorplate of the neural tube. Interestingly, Cobl
localizes to the apical cortex in the polarized floorplate cells, and it closely localizes with
F-actin. Apical localization of Cobl is observed in other tissues later in development. In
polarized epithelia at E15.5, Cobl closely localizes with cortical F-actin in bronchial and
8

kidney epithelium, for example. In non-epithelial tissues such as the dorsal root ganglion
neurons, Cobl localizes to the nucleus. Cobl protein appears in the cytoplasm in cells of
the thymus. These different localization domains of Cobl suggest that it may interact
with different proteins and/or in multiple pathways depending on the specific cell type.
Important signaling pathways regulate the expression of Cobl in the developing
embryo. The Sonic hedgehog (Shh) pathway is widely used throughout development to
pattern forming tissues. In early development, Shh is the primary signal for patterning
ventral cell types and forms a morphogen gradient in the neural tube to specify ventral
motor neurons (Lupo et al., 2006). In Shh null mutants, Cobl expression in the anterior
notochord and floorplate is reduced (Carroll, 2004). Neural tube explant studies further
confirm that blocking the Hedgehog (Hh) pathway with the drug cyclopamine results in
decreased Cobl expression in the floorplate (Carroll, 2004). Patched is a transmembrane
receptor that inhibits a second receptor, Smoothened, and prevents signal transduction
in the absence of Hh ligand. In Patched mutants, which have increased Shh signaling,
the expression domain of Cobl is expanded in the neural tube (Carroll, 2004).
While the Shh pathway imparts ventral character, the bone morphogenetic
protein (BMP) pathway provides the dorsal cue to pattern the neural tube (Liem et al.,
1995). The BMP pathway is antagonized by extracellular proteins, including Noggin and
Chordin. In Noggin null mutants, Cobl expression in the notochord and floorplate of the
neural tube is also reduced (Carroll, 2004). Furthermore, neural tube explant studies
show that treatment with exogenous BMP protein represses the level of Cobl’s expression
(Carroll, 2004). Therefore, Cobl’s expression in the developing notochord and floorplate
is positively regulated by the Shh pathway and negatively regulated by the BMP pathway.
9

The Coblc101 gene-trap allele, while very useful in identifying Cobl’s domains of
expression, is not a null allele. Coblc101/c101 embryos produce wild-type mRNA message.
However, the allele is weakly hypomorphic and interacts with the Looptail (Lp) mutant.
Lp heterozygotes have a mild phenotype of a looped tail, while homozygous embryos
have an open neural tube from the hindbrain through the caudal-most end of the
embryo. Coblc101/c101;Lp/+ embryos have additional neural tube closure defects in the
midbrain, and Coblc101/c101;Lp/Lp embryos have an open neural tube from the midbrain
through the tail (Carroll et al., 2003). Lp mice are mutant for the gene Vangl2, which is a
member of the planar cell polarity pathway (Kibar et al., 2001; Murdoch et al., 2001).

1.3 Planar cell polarity pathway
The planar cell polarity (PCP) pathway, or non-canonical Wnt signaling pathway,
is involved in the coordinated orientation of cells within an epithelial sheet. Many of the
core members of this pathway were first studied in Drosophila where they are involved
in orienting wing hairs and organizing ommatidia in the eye. Homologs of these core
PCP pathway members, including Vangl2, Frizzled, Scribble and Dishevelled, are
conserved in vertebrates, where they function in neural tube closure and organogenesis
(Simons and Mlodzik, 2008). In the PCP pathway, ligands activate the transmembrane
receptors which in turn recruit specific effectors and signal through Dishevelled (Figure
3). Ultimately this pathway mediates changes in the cytoskeleton through the
RhoGTPases Rho and Rac (Habas et al., 2003; Habas and He, 2006).

10

Figure 3: Planar cell polarity pathway
Simplified diagram of the planar cell polarity pathway. Signals are transduced
through transmembrane receptors to Dishevelled. RhoGTPases become activated
which regulate changes in the actin cytoskeleton.
In vertebrates the PCP pathway is involved in neural tube closure by its function
in convergent extension movements. Convergent extension is the movement of cells
towards the midline (convergence) and the subsequent lengthening of the midline
(extension). Many initial studies of the role of PCP in neural tube closure were
performed in Xenopus and demonstrated that genes such as dishevelled, strabismus,
and prickle are required for convergent extension movements at the midline, which
bring the neural folds close enough to fuse (Darken et al., 2002; Goto and Keller, 2002;
Wallingford and Harland, 2002). Mutations in the PCP pathway in mouse also result in
neural tube defects. Embryos that are null for both dishevelled1 and dishevelled2 have a
completely open neural tube (Hamblet et al., 2002). The circletail mutants have a defect
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in the scribble (Scrb1) gene and an open neural tube from the midbrain through the tail
(Murdoch et al., 2003). Mutation of Celsr1 in either the crash or spin cycle mutants also
results in neural tube closure defects (Curtin et al., 2003).
Members of the PCP pathway have been shown to have a role in the development
of multiple vertebrate organs. Among these, the PCP pathway’s role in inner ear
development has been studied the most. The sensory hair cells, which comprise the
organ of Corti in the cochlea, have specialized microvilli that are composed of actin and
form a chevron shape. Each hair cell’s chevron orients in the same direction. In a wildtype organ of Corti, there are four parallel rows of hair cells. Misorientation of the hair
cells arises when some of the core PCP pathway genes are mutated, including Scrb1,
Celsr1, Vangl2, and Wnt5a (Curtin et al., 2003; Montcouquiol et al., 2003; Murdoch et
al., 2003; Qian et al., 2007). This orientation defect is also seen in mutants of many
other PCP pathway members and effector genes (Chacon-Heszele and Chen, 2009).
Additionally, the cochlea fails to converge and extend to its normal length when some
components of the PCP pathway are disrupted, including Vangl2 and Wnt5a
(Montcouquiol et al., 2003; Qian et al., 2007).
Recent studies have suggested that the PCP pathway plays an important role in
orienting the hair follicles in the developing skin. Disruption of Frizzled6 causes a
misorientation of hair follicles (Guo et al., 2004). This phenotype, which appears as a
whorling of the fur, is reminiscent of Drosophila wing hair misorientation. Vangl2 and
Celsr1 have recently been found to regulate the angle of orientation of hair follicles
toward the anterior (Devenport and Fuchs, 2008).
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Oriented cell division in kidney tubules is another process in which the PCP
pathway is involved. When cell division of the developing tubules occurs in the correct
proximal-distal orientation, the tubule grows in length. However, when this orientation
is disrupted, as in Wnt9b and the PCP effector Fat4 mutants, the tubule diameter
remains large and the length short (Karner et al., 2009; Saburi et al., 2008). These
dialated tubules subsequently develop into cysts.
The discovery of functions of PCP members in the development of other organs
continues to grow. Defective Vangl2 causes cardiac abnormalities in the septation of the
outflow tract. Septation defects are thought to arise due to improper convergent
extension movements of the cells within the outflow tract (Henderson et al., 2001;
Phillips et al., 2005). Other components of the PCP pathway have not been studied in
heart development. There is evidence that the PCP pathway functions in eyelid
development as mutations in Celsr1 and a double mutant of Frizzled3 and Frizzled6 fail
to close the eyelid (Curtin et al., 2003; Wang et al., 2006). These defects are also likely
due to convergent extension defects, although further characterization of this phenotype
is necessary. Overall, the PCP pathway functions in the development of a growing
number of vertebrate organs. Certainly, additional studies are required to determine the
complete reach of this pathway’s function in organogenesis.

1.4 Cilia
Cilia were first identified over a century ago, but many recent studies have shed
light on their varied functions. The cilium is composed of a microtubule-based axoneme
that protrudes from the cell into its environment (Bisgrove and Yost, 2006; Gerdes et al.,
2009; Marshall and Nonaka, 2006). Nine microtubule doublets arrange around a core,
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which may or may not contain additional microtubules. The 9+2 axoneme contains a
central doublet pair in the core, while the 9+0 axoneme has no central microtubules.
Generally, a cilium with the 9+2 axonemal structure is motile, while the 9+0
conformation is nonmotile. The foundation of the axoneme is the basal body, which is a
modified centriole. The basal body docks within the apical actin cytoskeleton, as
described later. Almost every vertebrate cell is ciliated. The majority of cells have a single
nonmotile primary cilium whose role is to serve as the cell’s antenna and sense the
environment (Figure 4A). Other cells have motile cilia that function in cell motility and
extracellular fluid movement. Cells with motile cilia are either mono- or multiciliated.
While it was noticed that many cell types have a single cilium, it was thought that
these cilia have little physiological function. However, recent studies have shown the
importance of the primary cilium in sensing and processing environmental cues (Figure
4A). The cell membrane covering the cilium is rich with transmembrane receptors of
different signaling pathways (Marshall and Nonaka, 2006). In particular, cilia are
important for Shh pathway signaling. The first clues that the cilium was involved in Shh
signaling were that mutations in genes encoding intraflagellar transport proteins had
phenotypes very similar to those of known Shh pathway genes (Huangfu et al., 2003).
Subsequent studies have demonstrated that the transmembrane receptor Patched1
localizes to the cilium when the pathway is inactive and prevents accumulation of
another transmembrane receptor Smoothened in the cilium (Corbit et al., 2005; Rohatgi
et al., 2007). In the active pathway, Smoothened localizes to the cilium and activates the
downstream Gli proteins, which are also located in the cilium (Corbit et al., 2005).
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Processing of the Gli proteins in the cilium requires the intraflagellar transport proteins
(Haycraft et al., 2005; Liu et al., 2005).
The planar cell polarity pathway is also associated with cilia and ciliogenesis. One
of the core components, Vangl2, localizes to the basal body and along the cilium (Ross et
al., 2005). Whether signaling in this pathway occurs primarily on the surface of cilia has
not been elucidated. The PCP effectors, Inturned and Fuzzy, are involved in ciliogenesis,
and Xenopus morphants have absent or reduced cilia (Gray et al., 2009; Park et al.,
2006). Additionally, the morphants exhibit phenotypes similar to PCP pathway members
and some phenotypes similar to Shh pathway mutants (Park et al., 2006). The latter
phenotypes are likely a result of defective cilia (Park et al., 2006). A gene-trap allele of
the Fuzzy gene in the mouse has a spectrum of defects that resemble the phenotypes of
PCP mutants, Shh pathway mutants, and other ciliary mutants (Gray et al., 2009).
Cilia defects cause a wide range of phenotypes. Cilia dysfunction can lead to
neural tube defects and polydactyly, which are related to defective Shh signaling. Other
disorders such as obesity, retinal degeneration and kidney cysts are related to disruption
of cilia and basal bodies. The Bardet-Biedl syndrome family of proteins are involved in
different aspects of cilia and basal body function, and mutations in their genes cause
many of these ciliary defects (Zaghloul and Katsanis, 2009). Disruption of motile cilia
can cause many problems, including laterality defects, hydrocephaly, infertility, and
improper lung clearing.
The function of motile cilia is mostly in fluid and cell movement. Monocilia on
the cells of the mouse node rotate vigorously (Hirokawa et al., 2006; Sulik et al., 1994).
These cilia are important for establishing left-right asymmetry, as first identified by
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mutations in KIF3 kinesin motor proteins (Nonaka et al., 1998). Nodal cilia generate a
leftward fluid flow which evokes left-right axis asymmetry through an unknown
mechanism. Motile cilia in the airways beat coordinately and are responsible for clearing
mucus (Stannard and O'Callaghan, 2006). The beating of cilia on ependymal cells in the
brain ventricles facilitates circulation of spinal fluid (Banizs et al., 2005).
Recent studies have begun to shed light on the role of the actin cytoskeleton in
ciliogenesis. The PCP pathway effectors Inturned and Fuzzy are thought to interact with
RhoGTPases to govern changes in the apical actin cytoskeleton. In Inturned and Fuzzy
morphant Xenopus embryos, the apical actin cytoskeleton, which underlies the cilia, was
less dense, and the cilia failed to extend as far from the cell (Park et al., 2006). In
multiciliated tracheal cells, the formation of the apical actin meshwork is regulated by
the forkhead transcription factor Foxj1 and RhoA, a member of the Rho GTPases (Pan et
al., 2007). This apical actin web is required for the docking of basal bodies and
subsequent growth of microtubules which form the cilia (Figure 4B). The ARHGEF11
RhoGEF protein is also involved in actin cytoskeleton remodeling and loss-of-function
studies in zebrafish demonstrate that mutants have phenotypes related to cilia defects
(Panizzi et al., 2007). While these studies indicate the importance of the actin
cytoskeleton in cilia formation and function, many questions remain about how the actin
and microtubule cytoskeletons interact and what molecules directly modify the apical
actin cytoskeleton.
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Figure 4: Cilia
Drawing of a cell with a primary cilium (A) or multicilia (B). (A) Microtubules
(green) provide the structure of the cilium and grow from the basal body. The
cilium is the site of signaling for many pathways. The active Shh pathway is
diagrammed where upon Shh binding its receptor Patched, Smoothened signals
to Gli proteins in the cilium. The PCP pathway member Vangl2 also localizes to
the cilium and basal body (not shown). The apical actin cytoskeleton is thought to
support the cilium. (B) Multiciliated cells have many cilia, and each cilium has its
own basal body (left). When the actin cytoskeleton is disrupted, basal bodies fail
to dock appropriately and these cells have fewer and shorter cilia (right).
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1.5 Mouse Mutagenesis
The mouse provides an ideal model for studying disease and genetic pathways.
Spontaneous mutations in mice have been collected and studied for many years. The
characterization of many of these mutations has led to the discovery of interesting genes
and disease processes. However, the rate of random mutagenesis is slow, and obtaining
mutations in every gene in a timely manner is not feasible. Chemically induced random
mutagenesis has been used successfully in many screens to identify genes involved in
particular developmental and disease processes (Anderson, 2000). While this method
continues to produce fruitful results, chemically induced mutagenesis often affects
multiple genes, and identifying the affected gene can be laborious.
Gene-trap mutagenesis is a method of mouse mutagenesis that allows one to
more easily identify and characterize the randomly targeted gene (Stanford et al., 2001).
An additional benefit of gene-trap mutagenesis is that the gene expression domains are
simultaneously identified. In this system, a vector containing a splice-acceptor site
upstream of a promoterless reporter and selective gene is randomly inserted into the
genome (Figure 5A). One of the most widely used selectable markers is a !galactosidase-neomycin fusion protein, which allows selection of embryonic stem (ES)
cell clones into which the vector has inserted and also displays gene expression by the
LacZ reporter (Friedrich and Soriano, 1991). The transcript that results from the
insertion of the gene-trap vector is a fusion of the coding region of the gene 5’ to the
insertion with the reporter gene (Figure 5A). The insertion of the reporter and loss of 3’
exons should result in a nonsense mutation and a nonfunctional protein. Gene-trap
mutagenesis is a powerful tool for studying developmental genes because it generates a
18

mutation and reports the expression domains of that gene, which can be insightful in
determining that gene’s developmental role. Additionally, the trap vector provides a
landmark for cloning and easy identification of the trapped gene.
Conventional gene-trap mutagenesis only targets genes that are transcriptionally
active in undifferentiated ES cells because the expression of the selection-resistance
cassette, which allows the cells to survive selection, is driven by the trapped gene’s
promoter. The effectiveness of newer vectors which overcome this limitation are being
tested (Salminen et al., 1998). Another major disadvantage of gene-trap mutagenesis is
that hypomorphic alleles, rather than null alleles, are sometimes generated (Voss et al.,
1998b). If the vector inserts into an intron, alternative splicing may occur and preserve
some normal gene function. In this case, wild-type transcript is produced, albeit at lower
levels than normal, which can lead to a hypomorphic allele. Hypomorphic alleles due to
alternative splicing have resulted from the trapping of different genes, including Mtap4,
Tcfeb, Netrin1, Itpk1, and Vrk1 (McClive et al., 1998; Serafini et al., 1996; Voss et al.,
1998a; Wiebe et al., 2009; Wilson et al., 2009b). This result is also true of the Coblc101
allele (Carroll et al., 2003). Additionally, the genome appears to have “hot” and “cold”
spots for gene-trap insertions, which might prevent all genes from being trapped
(Stanford et al., 2001). There are multiple, ongoing large-scale gene-trap mutagenesis
screens trying to create mutations in every mouse gene. Currently, at least 51 gene-trap
alleles of Cobl are available (Mouse Genome Informatics; www.informatics.jax.org).
Many of these Cobl alleles have the gene-trap inserted into intronic regions in the middle
of the locus, similar to the Coblc101 gene-trap allele. The frequency of insertion in this
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region suggests that it could be a “hot” spot, and we speculate that these alleles will be
hypomorphic like the Coblc101 allele.
The most common way to study the function of a known gene in the mouse is by
targeted mutagenesis. This method allows specific genes of interest to be targeted using
homologous recombination in ES cells (Muller, 1999). Typically, some of, or the entire,
coding region of a gene is replaced with a selectable marker, such as neomycin. A
targeting vector is generated that contains two arms of homology which flank a
selectable marker. During homologous recombination, the chromosomal locus in
between the homologous arms is replaced with the vector sequence. Targeted
mutagenesis by homologous recombination is used in many other ways, including the
generation of subtle nucleotide changes or knock-in transgenics (Muller, 1999). Typical
gene targeting to generate a null allele has been used to characterize the function of
many genes. However, if a gene is required for early embryonic viability, then the
function of that gene cannot be studied in later development or in adults.
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Figure 5: Gene-trap and Cre/loxP technology
(A) Gene-trap mutagenesis. A gene-trap vector containing a splice acceptor site
(SA), reporter and selection genes, and polyA (pA) tail is inserted randomly into
the genome. The trap vector inserts into the intron (black line) of a gene whose
exons are indicated by orange rectangles. The transcript that results is a fusion of
the exon 5’ to the insert with the trap vector. (B) Cre/loxP technology. A
conditional allele is generated with loxP sites (grey triangles) on either side of a
region to be deleted (middle exon). A mouse with a conditional allele is mated to
a mouse expressing Cre. In Cre expressing cells, the region between the loxP sites
is recombined which leads to a transcript that is missing the region of interest,
and this recombination should cause a nonsense mutation. In cells that do not
express Cre, the conditional allele is not recombined and the transcript is
unaffected.
21

The Cre/loxP site-specific recombination system is a powerful tool for the
analysis of genes like Cobl that are expressed throughout development in many
interesting domains (Lewandoski, 2001; Sauer, 1998; van der Weyden et al., 2002). The
P1 bacteriophage Cre recombinase recognizes two 34bp DNA sites called loxP sites and
catalyzes a recombination event between them to remove the intervening DNA. A
conditional loxP-flanked allele is generated by gene targeting and is designed such that
the two loxP sites flank an essential part of the gene (Figure 5B). The small loxP sites do
not alter the gene function on their own and recombination in between them should
render the gene non-functional. Mice expressing the Cre recombinase from tissuespecific promoters are crossed with a mouse line with a conditional allele (Tsien et al.,
1996). The progeny from this mating have the inactivated conditional allele only in the
tissues where Cre is expressed (Figure 5B). There are many mouse lines that express Cre
in various different cell and tissue types. The list of Cre mice continues to grow and
allows researchers to analyze the function of genes in tissue-specific and temporal
manners (Branda and Dymecki, 2004; Nagy, 2000). Another effective, but less used sitespecific recombination system is that of the Flp recombinase and FRT recognition sites
(van der Weyden et al., 2002). The mechanism of the Flp/FRT system is very similar to
that of Cre/loxP.

1.6 Overview
This dissertation aims to determine the molecular functions of Cobl as well as to
elucidate its role in mouse development. Given its conservation among vertebrates,
intriguing expression pattern, and novel sequence, Cobl is an exciting gene to
characterize. Our overall hypothesis is that Cobl is involved in the regulation of the actin
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cytoskeleton and plays a role in specific polarized epithelial cells. We have approached
the study of Cobl in two different ways. In chapter two, we identify Cobl’s molecular
function using biochemical and cell biological assays. We demonstrate the function of
Cobl’s KRAP and WH2 domains. Next, we characterize the role of Cobl in mouse
development with the generation of a conditionally null allele in chapter three. Finally,
this thesis concludes with a speculation of Cobl’s overall function and addresses some of
the unresolved questions.
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2. Identification of molecular interactions of
Cordon-bleu
Portions of this chapter were done in collaboration with the laboratory of Michael
Kessels and Britta Qualmann in Jena, Germany. Rashmi Ahuja, a student in the Kessels
and Qualmann lab, performed the actin nucleation assays (Section 2.3.3 Cobl is an actin
nucleator) and co-precipitation experiments (Figure 12 and Figure 13). The data
represented in Figure 8 has been published in a collaborative paper (Ahuja et al., 2007)
A previous Klingensmith lab graduate student, Elizabeth Carroll Driver, made the antiCobl antibody and generated the eGFP-Cobl fusion constructs. Kent Wood and Sarah
Wiley, two rotation students, performed the yeast two-hybrid screen and isolated
interacting clones. Andrew Ravanelli, a graduate student, performed the sequence
analysis of some of the interacting clones. Aarti Urs, a graduate student, helped with the
immunoprecipitation experiments in Figure 16.
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2.1 Introduction
While cordon-bleu was originally identified by a LacZ gene-trap screen, very little
is known about its molecular function to date (Gasca et al., 1995). Cobl is very highly
conserved among vertebrates, especially at the 5’ and 3’ ends of the coding region
(Carroll et al., 2003). Examination of the protein sequence of Cobl reveals domains of
very similar amino acids (>90%) between homologs at the N- and C-termini of the
protein (Carroll et al., 2003). These regions of conservation comprise the few conserved
domains of Cobl, while the rest of the amino acid sequence encodes uncharacterized
domains. Most of the Cobl protein does not contain conserved protein domains. At its Nterminus are three repeated lysine, arginine, alanine, and proline-rich regions -- the
KRAP motifs. At its C-terminus, Cobl has three WH2 (WASP homology domain-2)
domains.
WH2 domains are involved in actin binding and are present in many cytoskeletal
remodeling proteins (Paunola et al., 2002). The formation and remodeling of the actin
cytoskeleton is important in many cellular processes, among which include migration,
cell division, cell polarity, and vesicle trafficking. The actin cytoskeleton is composed of
branched and unbranched actin filaments which can assemble in different manners to
form structures such as lamellipodia, filopodia, and stress fibers. Actin filaments are
formed by the directional assembly of actin monomers. WH2 domain-containing
proteins that are involved in the formation of filamentous actin (F-actin) or
sequestration of monomeric actin (G-actin) bind monomers in the same manner
(Hertzog et al., 2004). The WH2 domain is a small domain with around 35 amino acids
that has a consensus actin-biding motif, Leu-Lys-Lys-Thr (Paunola et al., 2002). WH2
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domains are found in some proteins whose function is to form new actin filaments, the
actin nucleators. Spire was identified as an actin nucleator in Drosophila oocytes for its
role in cytoplasmic streaming, a process regulated by the actin cytoskeleton (Quinlan et
al., 2005). The Spire protein has four WH2 domains in tandem. Through binding four
monomeric actin molecules, Spire forms either a linear or nuclear actin seed upon which
other actin monomers bind and begin to elongate the unbranched filament (Qualmann
and Kessels, 2009). Mutation of Spire’s WH2 domains results in a decrease in actin
polymerization (Quinlan et al., 2005). Another recently identified actin nucleator is
Leiomodin (Lmod), which has a role in organizing the sarcomere in muscle cells
(Chereau et al., 2008). Lmod has one WH2 domain and another actin binding domain.
Similar to Spire, Lmod forms unbranched actin filaments in vitro (Chereau et al., 2008).
Other known actin nucleators include the Arp2/3 complex and formins, although they do
not possess WH2 domains. Each of the actin nucleator molecules uses a different
mechanism to form branched or unbranched filaments (Chesarone and Goode, 2009).
The mechanisms that regulate the localization and function of many of these actin
nucleators are unclear, however they likely achieve their specificity by interacting with
other non-nucleator proteins.
Cobl’s three N-terminal KRAP motifs (also called cordon-bleu domains) are
proline-rich domains that are thus far specific to Cobl and its family member Cobl-like1.
Proline-rich domains are small domains that are known to be involved in protein-protein
interactions. These domains are usually exposed on the protein and allow easy binding of
interacting partners (Kay et al., 2000). Src homology-3 (SH3) and WW (two tryptophan
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amino acids separated by 20-22 amino acids) domains often bind proline-rich domains
(Kay et al., 2000).
Among proteins that contain SH3 domains is the Syndapin (Sdp, also referred to
as PACSIN) family of proteins. Thus far mostly characterized in neurons, Sdps were
identified by their binding to dynamin and interaction with N-WASP (Qualmann and
Kelly, 2000; Qualmann et al., 1999). Dynamin is involved in the scission of endocytic
vesicles and N-WASP regulates the actin cytoskeleton (Miki and Takenawa, 2003;
Praefcke and McMahon, 2004). Therefore, Sdps link the processes of vesicle trafficking
and actin cytoskeleton remodeling. The Sdp family consists of three members: Sdp1, 2,
and 3. In the adult, Sdp1 is primarily found in the brain and CNS (Qualmann et al.,
1999); Sdp2 is ubiquitously expressed (Qualmann and Kelly, 2000); and Sdp3 is mainly
expressed in the lung and muscle (Modregger et al., 2000; Sumoy et al., 2001). Unlike
Cobl, Sdps are also found in non-vertebrate species, including Drosophila and C.
elegans. Syndapins have an N-terminal Fer/CIP homology (FCH) domain, a CDC15 Nterminal (CDC15-NT) homology domain containing a coiled-coil motif, either NPF
(asparagine-proline-phenylalanine) or proline-rich motifs, and a SH3 domain.
Syndapins form homo- and hetero-oligomers via their coiled-coil domains, which allows
their SH3 domains to interact with other proteins (Kessels and Qualmann, 2006).
Through interaction with many different partners, Syndapins perform a variety of
functions (Kessels and Qualmann, 2004). Sdps have a role in endocytosis as
demonstrated in part by their interaction with dynamin, EHD proteins, SPIN90, and
mSOS (Braun et al., 2005; Kim et al., 2006; Wasiak et al., 2001). Syndapins also bind NWASP and filamin to aid in actin cytoskeleton remodeling (Kessels and Qualmann,
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2002; Nikki et al., 2002). Assembly of the microtubule cytoskeleton is also regulated by
Sdp where Sdp interacts with !- and "-tubulin, as shown recently (Grimm-Gunter et al.,
2008). Other interactions indicate Sdp’s role in signaling; for example it binds to CD95L
in the apoptosis pathway (Ghadimi et al., 2002). Additionally, Sdp regulates cell
adhesion in Xenopus gastrulation and neural crest cell migration through binding the
metalloproteases ADAM12 and ADAM13 (Cousin et al., 2008; Cousin et al., 2000). Aside
from the Xenopus studies, the expression and function of any of the Sdp family members
have not been well characterized in developing embryos.
To characterize Cobl’s molecular function, we investigated the role of the KRAP
motifs and WH2 domains. We show that Cobl binds monomeric actin using its three Cterminal WH2 domains and promotes the formation of long, unbranched actin
filaments. Cobl has a role in actin cytoskeleton remodeling during neurite branching and
epithelial cell migration. We also demonstrate that Cobl interacts with members of the
Sdp family via its KRAP motifs. Cobl and Sdp interact endogenously, and each protein’s
localization in epithelial cells is dependent on the other’s localization.

2.2 Materials and Methods
2.2.1 Yeast Two-Hybrid Screen
A yeast two-hybrid screen was performed using the Matchmaker Two-Hybrid
System 3 (Invitrogen). Two bait constructs encoding either half of the Cobl transcript
were made by cloning the cDNA in-frame into the pAS2-1 Gal4 DNA-binding domain
vector (Invitrogen). CoblNt encodes nucleotides 239–2371 (aa 1-710) and CoblCt
contains nucleotides 2373- 4249 (aa 711-1337) of the mouse Cobl cDNA (accession
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number NM_172496). Both bait constructs were used to screen a pretransformed mouse
embryonic day 11 cDNA library (Invitrogen). Clones that grew robustly on SD/-Ade/His/-Leu/-Trp/+X-!-gal dropout plates were selected for further analysis. Prey plasmids
were isolated and sequenced. Interactions were reconfirmed by cotransformation of the
bait and prey plasmids.

2.2.2 Cell Culture
Mouse inner medullary collecting duct cells (mIMCD3; ATCC) cells were cultured
in Dulbecco’s modified Eagle’s medium: nutrient mixture F-12 media (Invitrogen)
containing 10% fetal bovine serum (Sigma). C3H10T1/2 mouse fibroblasts and HEK 293
cells were maintained as indicated by ATCC. Primary hippocampal neurons were
provided by Scott Soderling. Cells were grown at 37°C with 5% CO2 and passaged every
third day.

2.2.3 Constructs
GFP fusion constructs were made by cloning the Cobl cDNA in-frame into
pEGFP-C3 (Clontech). The full length construct (pEGFP-CoblFL) contains the entire
coding region, pEGFP-CoblNt contains amino acids 1-410, and pEGFP-CoblWH2
contains amino acids 1031-1337.

2.2.4 Antibodies
An antibody raised against the N-terminal portion of the mouse Cobl protein has
been described previously (Carroll, 2004). Also, the following Sdp antibodies: rabbit
anti-Sdp1, rabbit anti-Sdp2, and guinea pig anti-Sdp2, have been described previously
(Qualmann and Kelly, 2000; Qualmann et al., 1999). A guinea pig anti-Sdp3 antibody
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was a gift from Britta Qualmann and Michael Kessels. Rabbit anti-Sdp2 (Abgent, Cterminus), mouse anti-Sdp2 (Abnova), goat anti-Sdp2 (Santa Cruz, M-19), chicken antiGFP (Aves Lab) and rat anti-ZO1 (Chemicon) antibodies are available commercially.
Rhodamine-labeled wheat germ agglutinin (Invitrogen) was used to stain the Golgi
apparatus. Alexa Fluor 488 and Alexa Fluor 635-conjugated phalloidin (Invitrogen) were
used to label F-actin. For visualization of primary antibodies, Alexa Fluor-conjugated
antibodies against rabbit IgG (Invitrogen) and Cy2, Cy3, and Cy5-conjugated antibodies
that recognize mouse, chicken and rat IgG were used (Jackson ImmunoResearch).
Nuclei were labeled with diamidinophenyl indole (DAPI).

2.2.5 Immunoprecipitation
Lysates of mIMCD3 cells and E11.5 mouse embryos from timed matings of wildtype mice (Harlan) were prepared by disrupting tissue in RIPA buffer (50mM Tris-Cl
pH7.5, 5mM EDTA, 150mM NaCl, 1% NP40, 0.5% Na-Deoxycholate, 0.1% SDS) with
Complete Protease Inhibitor cocktail (Roche). The lysates were incubated with goat antiSdp2 (Santa Cruz), anti-Sdp1, anti-Sdp3 or normal IgG as a control and 30µl of Protein
A/G Plus (Santa Cruz) at 4°C. The beads were washed twice each with RIPA buffer and
PBS, boiled, and run on an 8% acrylamide gel. Immunoblotting was performed as
described (Harlan) using the rabbit anti-Cobl polyclonal antibody.

2.2.6 Coprecipitation
Pulldown assays were performed essentially as described previously (Kessels et
al., 2006). The lysate from cells transfected with GFP-fusion constructs of Cobl was
incubated with GST-Sdp or GST-Sdp SH3 domain. Proteins were resolved by SDS-PAGE
and immunoblotted with an anti-GFP antibody.
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2.2.7 Immunostaining
For embryo immunostaining, embryos were collected from timed matings of
wild-type ICR mice (Harlan) and fixed in 4% formaldehyde for 2 hours at 4°C. Whole
embryos were washed twice with PBS (pH 7.4), blocked with 3% Carnation instant milk
and 0.1% TritonX100 in PBS for 2 hours to block nonspecific binding, and incubated
with primary antibodies overnight at 4°C. Embryos were washed six times in blocking
solution and incubated with the appropriate secondary antibody overnight at 4°C. After
six washes in blocking solution, embryos were mounted in DABCO (1,4diazabicyclo[2.2.2]octane, Sigma) in depression slides for imaging.
For section staining, embryos were fixed as described above, placed through a
sucrose gradient, embedded in OCT (TissueTek), and cut into 10µm sections. Sections
were stained according to standard protocol (Hogan 1994). Slides were mounted with
GelMount (Biomeda).
Cultured cells grown on glass coverslips were fixed in 3% formaldehyde for 10
minutes at room temperature and permeabilized for 5 minutes with 0.1% Triton X100.
Non-specific antigen blocking and antibody incubations were performed as described for
embryo sections. Coverslips were mounted onto slides using ProLong Gold antifade
reagent (Invitrogen).
Stained embryos and cells were imaged on a Zeiss Axioplan 2 epifluorescent
microscope or a Zeiss 510 Meta confocal laser microscope. Images were analyzed with
the Zeiss LSM Image Browser and Adobe Photoshop.
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2.2.8 siRNA
A 19-nt siRNA target region in mouse Cobl mRNA was designed using the
Whitehead siRNA Selection Program (Yuan et al., 2004). 64-bp oligonucleotides,
including the 19-nt target sequence, were annealed and cloned into the pSuper.neo.gfp
plasmid (OligoEngine) as described in the manual. The oligonucleotide sequences, with
the 19-nt target in bold italics, are: 5’GATCCCCAGTGGTTCAGGAAGCTCAATTCAAGAGATTGAGCTTCCTGAACCACTTTT
TTGGAAA-3’ (Cobl shRNA2), 5’GATCCCCAATGCTCACAGTTGCCAATAATTCAAGAGATTATTGGCAACTGTGAGCA
TTTTTTTGGAAA-3’ (Cobl shRNA3), and 5’GATCCCCGCTTCCTCACAGCCTATAATTCAAGAGATTATAGGCTGTGAGGAAGCTTT
TTGGAAA-3’ (scrambled shRNA1). Sdp2 shRNA sequences have been previously
described (Grimm-Gunter et al., 2008). mIMCD-3 cells were plated at a density of 1,000
cells/mm2 onto glass coverslips in 24 well plates. After 48 hours, cells were transfected
using 2µl Fugene HD (Roche) and 0.5µg of plasmid. The culture media was changed
every day. Cells were fixed 4 days after transfection and used for immunofluoresence.
Clones of knockdown mIMCD3 cells were imaged by confocal microscopy in Z-stacks
with optical sections taken every 0.5µm. Maximum intensity projections were performed
with the Zeiss LSM Image Browser Software. Quantitation of knockdown was calculated
with MetaMorph software by first dividing the pixel intensity by pixel area of transfected
or untransfected cells. Percent knockdown was then calculated by dividing the areanormalized intensity of transfected cells by that of untransfected cells.
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2.2.9 Scratch assay
mIMCD3 cells seeded on coverslips in 6-well dishes were transfected with shRNA
constructs as described above and allowed to grow to confluence. Two horizontal and
two vertical scratches were made on the surface of the coverslip using a P200 pipette tip
and the cells were washed three times with fresh media. Cells were incubated for 6 hours
to allow the wound to heal before fixing and immunostaining. Pixel intensity was
quantified for the entire leading edge in front of the nucleus in transfected and
untransfected cells using ImageJ software. The intensity was normalized to the area
measured. Average actin intensities were calculated and analyzed using Microsoft Excel.

2.2.10 Actin polymerization assay
Details regarding experiments to determine Cobl’s role in actin filament
formation can be found in Ahuja et al., 2007.

2.3 Results
2.3.1 Cobl localizes to actin-rich structures
To begin to determine Cobl’s molecular function, we first assessed the subcellular
localization of the Cobl protein. Cobl is cortically localized in axial midline structures,
including the node, head process, notochord and neural tube floorplate (Carroll, 2004).
The floorplate of the neural tube is a polarized neuroepithelial tissue, and Cobl localizes
to the apical membrane in these cells (Figure 6A and Carroll, 2004). In other epithelia,
including the lung and kidney, Cobl also localizes to the apical membrane (Carroll,
2004). In other cell types, Cobl localizes in different subcellular domains. For example,
Cobl protein is present in the nucleus or cytoplasm in different neuronal cell types. In
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cultured hippocampal neurons, Cobl protein localizes in distinct puncta throughout the
neuron, but its localization is increased at the growth cones and in the perinuclear
cytoplasm (Figure 6B-C).
Cobl’s subcellular localization is coincident with areas where the actin
cytoskeleton has an important function. For example, the floorplate cells of the neural
tube are involved in neural tube formation. The constriction of the apical membrane of
these cells by actin cytoskeletal remodeling allows the neuroepithelial sheet to fold. In
the floorplate cells, Cobl’s localization at the apical membrane lies in close proximity to
F-actin (Figure 6A). Upon closer examination, we find that Cobl lies immediately apical
to cortical F-actin in the floorplate cells (Figure 6A’).
Actin cytoskeleton dynamics are also very important in neuron function. The
growth cone is an area of new actin filament formation as the growth cone explores its
environment. Cobl localizes towards the trailing edge of the growth cone and also in
puncta at the growth cone tip (Figure 6B’). Actin cytoskeleton remodeling assists vesicle
trafficking in the Golgi (Egea et al., 2006; Lanzetti, 2007). In hippocampal neurons, Cobl
closely localizes with wheat-germ agglutinin, which is a conventional trans-Golgi marker
(Figure 6C). At higher magnification, the perinuclear Cobl colocalizes with wheat-germ
agglutinin or localizes in close proximity to the Golgi (Figure 6C’).
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Figure 6: Cobl's localization in actin-rich structures
(A) Cobl (red) localizes to the apical membrane in close proximity to F-actin
(green) in the floorplate cells of the neural tube. A magnified view (A’, box in A)
demonstrates that Cobl lies just apical to F-actin. (B) In primary hippocampal
neurons Cobl (red) is found throughout the neuron, but especially in the cell body
and growth cone (box in B). (B’) Cobl puncta are present towards the base of the
growth cone (arrow) and at the leading edge (arrowhead). (C) Cobl (green) in the
cell body closely localizes with the wheat germ agglutinin marker (red) that labels
the Golgi. At higher magnification (C’, box in C), Cobl (green) is in close
proximity to the Golgi (red) with some areas of overlap between Cobl and wheat
germ agglutinin (arrow). Scale bars equal 10µm (A-C), 2µm (A’), and 5µm (B’,C’).
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2.3.2 Overexpression of Cobl causes formation of stress fibers or
membrane ruffles
To determine what effect, if any, Cobl has on the actin cytoskeleton, we
overexpressed GFP-tagged constructs of Cobl. Overexpression of full-length Cobl in
C3H10T1/2 fibroblastic cells results in membrane ruffling as indicated by phalloidin
labeling of F-actin. We observed membrane ruffling in 49% of cells transfected with the
full-length construct (similar to Figure 7B). Expression of full-length Cobl in these cells
resulted in formation of stress fibers at low frequency (3%) or no observable effect on the
actin cytoskeleton (48%). However, the cytoskeletal effects seen with expression of fulllength Cobl are greater than those observed when only the N-terminus of Cobl is
overexpressed. The N-terminal construct lacks WH2 domains and most cells transfected
with this construct had no actin cytoskeleton changes (97%), while 3% showed
membrane ruffling. When the WH2 domains were overexpressed, we occasionally
observed membrane ruffling (17%, Figure 7B). However, overexpression of Cobl’s WH2
domains more frequently (45%) resulted in increased stress fiber formation (Figure 7A).
Another 39% of WH2 domain transfected cells showed no effect on the actin
cytoskeleton. More than 300 GFP-positive cells were counted for each construct
transfected. Whether membrane ruffling or stress fiber formation occurred, Cobl was
very closely localized with any ectopic filamentous actin. As discussed in more detail
later, the cytoskeletal structures induced by Cobl overexpression have different
characteristics than those caused by overexpression of other WH2 domain-containing
actin nucleators.
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Figure 7: Cobl-Ct overexpression induces stress fiber formation and
membrane ruffling
C3H10T1/2 cells were transfected with a GFP-tagged construct of Cobl’s WH2
domains. GFP-WH2 (green) localizes closely with F-actin (red) and induces
formation of stress fibers (A, arrow) or membrane ruffles (B, arrow). Scale bar
equals 20µm.

2.3.3 Cobl is an actin nucleator
With its WH2 domains, localization in F-actin rich structures, and ability to form
membrane ruffles and stress fibers, we hypothesized that Cobl is involved in actin
cytoskeleton dynamics. In collaboration with the laboratory of Michael Kessels and
Britta Qualmann, we examined the ability of GFP-fusion constructs containing one or
more of Cobl’s WH2 domains to immunoprecipitate endogenous monomeric actin.
Constructs containing the three WH2 domains, WH2 domains 1 and 2, WH2 domains 2
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and 3 or WH2 domain 2 alone bind actin (Figure 8A). Interestingly, WH2 domains 1 and
3 are unable to bind actin on their own.
Because Cobl’s WH2 domains bind actin monomers, yet overexpression in
cultured cells promotes ectopic filamentous actin, we asked whether Cobl promotes the
formation of actin filaments. Purified Cobl C-terminus protein was incubated with
pyrene-labeled actin and fluorescence was measured over time. The in vitro assays are
free of other, contaminating actin nucleators (shown in Ahuja et al., 2007). At increasing
concentrations of Cobl protein, actin filaments form at increasing rates above the rate of
actin monomer assembly on its own (Figure 8B). Additionally, Cobl forms new actin
filaments at a rate similar to that of the Arp2/3 complex. Next, we determined the
requirement of each individual WH2 domain in actin filament formation. When any of
the WH2 domains are missing, actin filament formation does not occur at a faster rate
than that of actin monomers on their own, indicating that the three WH2 domains are
required for Cobl’s actin nucleation function (Figure 8C). We observed the filaments that
Cobl forms and found that they are long and unbranched in contrast to the branched
filaments formed by the Arp2/3 complex (Figure 8D).
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Figure 8: Cobl is an actin nucleator
(A) Cobl’s WH2 domains precipitate with monomeric actin. Constructs
containing all three WH2 domains, two WH2 domains, or only WH2 domain 2
bind actin. (B) In in vitro polymerization assays, Cobl forms new actin filaments
in a dose-dependent manner. (C) Cobl’s actin nucleation function requires all
three WH2 domains. (D) Cobl assembles fluorescently labeled actin into long,
unbranched filaments in contrast to the branched filaments formed by the
Arp2/3 complex. Scale bar equals 10µm. This figure is a composite of data
presented in Ahuja et al., 2007.
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The actin cytoskeleton is known to have a very important role in the formation of
neurites and maintenance of synapses (Cingolani and Goda, 2008; da Silva and Dotti,
2002). Therefore, to test whether Cobl also has a role in actin filament formation in
neurons, we overexpressed the full-length or C-terminus of Cobl in cultured primary
hippocampal neurons. Cobl overexpression leads to an increase in the number of neurite
branch points. Correspondingly, knockdown of Cobl by shRNA causes a reduction in the
number of neurites and branch points. These data and more details regarding Cobl’s
actin nucleation function have been published in a collaborative paper (Ahuja et al.,
2007).

2.3.4 Cobl knockdown does not affect the actin cytoskeleton in
confluent cells
Actin dynamics are also important in epithelial cell biology. Many studies have
elucidated some of the roles of the actin cytoskeleton in establishing and maintaining cell
adhesion (Vasioukhin and Fuchs, 2001). In ciliated polarized epithelia, the apical actin
cytoskeleton is required for proper ciliogenesis (Park et al., 2006). In many developing
polarized epithelia, Cobl localizes to the apical membrane. Therefore, to begin to address
Cobl’s role in actin filament formation in epithelial cells, we designed shRNA hairpins
that knockdown Cobl transcript levels. An shRNA that specifically recognizes a 19nucleotide stretch in the C-terminal half of mouse Cobl was cloned into the
pSuper.neo.gfp vector. This vector expresses GFP from another promoter and allows
detection of transfected cells by GFP expression. A scrambled shRNA control that does
not recognize Cobl was also used. Mouse kidney inner medullary collecting duct
(mIMCD3) cells form a polarized epithelial monolayer (Rauchman et al., 1993).
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mIMCD3 cells growing on coverslips were transfected at approximately 70% confluency
with the shRNA plasmids. At 24 and 48 hrs post-transfection, GFP positive cells do not
have reduced Cobl levels by immunofluorescence. After three days, a reduction in Cobl
protein levels became apparent by immunocytochemistry. Among the GFP-positive cells,
33% (n=37/113) show reduced Cobl. The greatest knockdown occurred at 4 days posttransfection where 73% (n=86/118) of the GFP-positive cells have recognizably less Cobl
protein. Unfortunately the small percent of GFP positive cells versus untransfected cells
at 96 hours precludes quantitation of Cobl knockdown by Western blot.
We examined the effect of Cobl knockdown on maintenance of cortical F-actin.
Reduced Cobl does not result in an actin cytoskeleton defect in confluent mIMCD3 cells
(Figure 9). In GFP positive clones, apical F-actin structures form normally (Figure 9,
third panel). At a more basal optical section, stress fibers of F-actin form in both
transfected and untransfected cells (Figure 9, second panel).

Figure 9: Cobl knockdown does not affect the cytoskeleton in confluent
mIMCD3 cells
Cobl shRNA transfected clone (green, GFP) has reduced Cobl protein (red) levels
but formation of intact basal F-actin stress fibers (second panel) and normal
cortical F-actin (third panel). Scale bar, 10µm.
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2.3.5 Cobl’s role in migrating epithelial cells
The actin cytoskeleton undergoes dynamic turnover as cells are moving, so we
examined whether knockdown of Cobl affects the actin cytoskeleton in migrating
epithelial cells. mIMCD3 cells were transfected with the Cobl or scrambled shRNA
constructs. After the cells had reached confluency, the growing surface was scratched
and the cells were allowed to recover for 6 hours. During wound healing, cells on one
wound edge migrate coordinately toward the other edge. When Cobl is knocked down,
the F-actin bundles that align parallel to the wound are disrupted (Figure 10A). Cobl
shRNA transfected cells show reduced Cobl protein and less F-actin towards the leading
edge compared to neighboring untransfected cells. In more than twenty GFP positive
cells or clones analyzed, the area-normalized pixel intensity of the F-actin stain at the
leading edge was significantly less than the intensity of neighboring untransfected cells
(p value=0.04). Scrambled shRNA controls demonstrate normal F-actin structure in
these cells (Figure 10B). The pixel intensity of F-actin in Cobl shRNA transfected cells is
significantly less than that of scrambled shRNA transfected cells (p=0.02).
The ability of the epithelial sheets to migrate is not compromised. However, the
population of shRNA transfected cells along the entire wound edge is small. Defects in
the actin cables among a larger proportion of cells are expected to have a more dramatic
effect on migration. Further wound healing studies using live imaging and Cobl null cells
are required to determine Cobl’s role in migration rate and final closure.
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Figure 10: Cobl knockdown affects actin cytoskeleton in migrating cells
(A) Cobl shRNA transfected cells (GFP, green) have reduced Cobl protein (red) in
migrating mIMCD3 epithelial cells. These cells also demonstrate reduced F-actin
toward the leading edge (arrow) as compared to neighboring untransfected cells
which have normal F-actin bundles (arrowhead). The forwardmost edge of the
lamella is outlined with a white line. (B) A scrambled shRNA transfected cell
demonstrates normal F-actin structure. Scale bar, 10µm.

2.3.6 Identification of other binding partners of Cobl
Since Cobl expression is restricted to certain tissues, we speculated that different
domains of the protein bind other partners that might regulate Cobl’s function and/or
localization. To identify these interacting proteins, we performed a yeast two-hybrid
screen using a pool of cDNAs isolated from embryonic day 11.5 (E11.5) mouse embryos as
prey. The cDNA library clones are expressed as fusion proteins to the GAL4 activation
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domain. To differentiate among interactors that bind different domains of Cobl, we used
two bait constructs of Cobl (diagrammed in Figure 11A) cloned in frame with the GAL4
DNA-binding domain. The N-terminal half of Cobl (CoblNt) encodes amino acids 1
through 710 and contains the three KRAP motifs. The CoblCt bait comprises amino acids
711 through 1337, which includes the three WH2 domains. When the Cobl bait interacts
with a clone from the E11.5 cDNA pool, the GAL4 DNA-binding and activation domains
are brought into close proximity, bind the GAL4 UAS sequence, and activate
transcription of the reporter genes. The reporter genes used in this screen permitted
growth on selective media (HIS3, ADE2) and allowed detection of a colorimetric reporter
(lacZ). The strength of interaction was evaluated based on the growth rate and amount of
#-galactosidase produced. Among the 3.5 million clones screened, the CoblNt bait
interacted strongly with 157 clones. The C-terminal half of Cobl had a strong interaction
with 216 candidates. The yeast plasmids were isolated from interacting clones and
inserts were sequenced.
The CoblNt interacting clones include the adaptor proteins Syndapin2 and 3, the
transcription factor Islet1, the nuclear localized protein Microspherule protein1, and
other previously uncharacterized cDNA clones. The interaction of the CoblNt bait with
Sdp2, Sdp3, and Islet1 was reconfirmed by cotransformation of bait and prey plasmids
into yeast followed by growth on selective media. When the bait or prey plasmids were
transformed into yeast individually, they were unable to activate the reporter genes.
Additionally, Cobl bait plasmids did not interact with the activation domain-only
construct, and interacting prey plasmids did not interact with the DNA-binding domainonly construct. Cotransformation demonstrated that the CoblNt bait interacts with Islet1
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(not shown) and allows growth on selective media and expression of lacZ. Previous
studies have demonstrated that Cobl and Islet1 colocalize in developing motor neurons
in the spinal cord and provide evidence that the interaction identified by the yeast twohybrid screen is not an artifact (Carroll, 2004). CoblNt also strongly interacts with Sdp2
(Figure 11B) and Sdp3 (Figure 11C). A previous yeast two-hybrid screen using Sdp1 as
bait demonstrated that it binds Cobl (Ahuja et al., 2007). Together, these studies show
that the N-terminus of Cobl interacts with all three members of the Sdp family.
Some of the C-terminal interacting clones are involved in vesicle trafficking and
include Rint1 and Rab24. Many of the interacting clones are previously uncharacterized
cDNA clones. Further confirmations of interactions of the C-terminal bait of Cobl are
ongoing. Cotransformations of isolated bait and prey plasmids demonstrate that CoblCt
does not bind Sdp2, Sdp3, or Islet1 (Figure 11B-C and data not shown).

Figure 11: Cobl interacts with Sdp2 and Sdp3
(A) Domain structure of mouse Cobl and yeast two-hybrid bait clones CoblNt and
CoblCt. (B-C) Yeast two-hybrid analyses using the CoblNt and CoblCt clones as
bait. Only the CoblNt clone interacts with Sdp2 (B) and Sdp3 (C) prey plasmids
and permits growth on SD/-Ade/-Leu/-Trp/-His selection media (-ALWH) and
expression of a reporter gene #-galactosidase (#-gal). Abbreviations: KRAP,
lysine, arginine, proline-rich region; NLS, putative nuclear localization signal;
WH2, WASP homology-2 domain.
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2.3.7 Cobl co-precipitates with Sdp1
To further identify Cobl’s interaction domains with Sdp, we employed a GSTpulldown assay to test binding of truncated constructs of Cobl and Sdp. Our yeast twohybrid screen results demonstrated that the N-terminal half of Cobl contains the domain
that interacts with Sdp. Cobl’s highly conserved N-terminal KRAP motifs are likely
interaction domains since proline-rich domains are often involved in protein-protein
interactions. We collaborated with Rashmi Ahuja, in the Kessels and Qualmann lab, to
characterize this interaction.
To determine where Sdp1 binds to Cobl, we generated deletion constructs
encoding various portions of Cobl (Figure 12A). GFP-fused Cobl constructs transfected
into HEK293 cells are expressed (Figure 12B-F, lysates). Lysates from transfected cells
were incubated with GST-bound Sdp1 and the presence or absence of interaction was
determined by immunoblotting. N-terminal constructs of Cobl (aa 1-408 and aa 1-324)
bound to Sdp1 (Figure 12B-C) and a strong band in the pulldown lane was detected with
an anti-GFP antibody. A smaller construct encoding just one KRAP motif (aa 1-47) also
pulled down with Sdp1 (Figure 12D). Cobl constructs comprising the middle portion of
the coding region (aa 406-866) and the WH2 domains (aa 1175-1337) were unable to
bind Sdp1 as all protein remained in the supernatant (Figure 12E,F). The GFP alone
negative control was never able to bind Sdp1. Together, these results demonstrate that
Cobl’s KRAP motifs alone are able to bind Sdp1.
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Figure 12: Cobl's KRAP motifs bind Sdp
(A) Domain structure of Cobl and constructs used in pulldown assays. A GFPfusion construct encoding amino acids 1-408 of Cobl interacts with GST-Sdp1 (B,
right lane). Another shorter N-terminal construct (aa 1-324) also binds Sdp1 (C).
One KRAP motif (aa 1-47) interacts with Sdp1 (D). Cobl protein sequence in the
middle of the protein (E, aa 406-866) and the WH2 domains (F, 1175-1337) are
unable to bind Sdp1 and the fusion protein remains in the supernatant.
Abbreviations; L, lysate; S, supernatant; P, pulldown.
Sdp family members all possess a C-terminal SH3 domain. They also have an Nterminal F-BAR domain and either NPF domains or proline-rich domains (protein
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structure illustrated in Figure 13D). Of the Sdp protein domains, the SH3 domain is a
candidate for interaction with Cobl’s KRAP motifs because Sdp oligomers bind many of
their partners through their free SH3 domains. SH3 domains recognize and bind
proline-rich sequences of form PxxP (Mayer, 2001), which are present in Cobl’s three
KRAP motifs. Fusion proteins containing N-terminal portions of Cobl (1-408 and 1-324)
or only KRAP motifs (319-396 and 319-470) were tested for their ability to bind the SH3
domain of Sdp1 (constructs diagrammed in Figure 13A). All four GFP-fusion constructs
of Cobl are expressed in transfected cells (Figure 13B). The Cobl constructs co-precipitate
with the SH3 domain of Sdp1 as demonstrated by protein in the pulldown (Figure 13C).
However, a mutant version of the SH3 domain was no longer able to precipitate with
Cobl fragments (Figure 13E). In this mutant construct, the proline at amino acid position
434 is mutated to a leucine, and this change is known to abolish the SH3 domain’s ability
to bind well-characterized binding partners of Sdp, including dynamin and N-WASP
(Qualmann and Kelly, 2000). None of the N-terminal or KRAP motif portions of Cobl
pulled down with the mutant SH3; rather they remained in the unbound supernatant.
Therefore, one of Cobl’s KRAP motifs alone can bind to the SH3 domain of Sdp1.
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Figure 13: The SH3 domain of Sdp binds Cobl's KRAP motifs
(A) Domain structure of Cobl and diagram of GFP-Cobl constructs used. (B) The
GFP-Cobl constructs are expressed in transfected HEK293 lysates and are
detected by an anti-GFP antibody. (C) The Cobl constructs bind the GST-Sdp1
SH3 domain construct and the interaction is detected in the pulldown. (D)
Domain structure of Sdp. (E) Cobl constructs do not interact with the GST-Sdp1
mutated SH3 domain.
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The yeast two-hybrid screen demonstrated that Cobl interacts with Sdp2 and
Sdp3. Therefore, we hypothesized that Cobl’s KRAP motif also binds Sdp2 and Sdp3.
GFP-fusion proteins with fragments of Cobl which contain the second and third KRAP
motif (319-396 and 319-470) pull down with both Sdp2 and Sdp3 (data not shown).
Cobl’s first KRAP repeat (1-47) interacted weakly with Sdp2 but not at all with Sdp3.
Given that Cobl’s KRAP motifs bind all three Sdp members and specifically the SH3
domain of Sdp1, Cobl likely also binds the SH3 domain of both Sdp2 and Sdp3.

2.3.8 Cobl and Sdp colocalize in cultured cells
To gain further insight into the function of Cobl, Sdp, and their interaction within
the cell, we investigated their relative localization within cells. In mIMCD3 cells, Cobl
accumulates at the cell cortex in distinct puncta (Figure 14A, left). Some Cobl protein is
also located throughout the cytoplasm. Similarly, Sdp2 is primarily localized to the cell
cortex, but is also found within the cytoplasm (Figure 14A, middle). Cobl and Sdp2
colocalize near the cell membrane in mIMCD3 cells (Figure 14A, right, arrowheads). At
higher magnification, the overlap of Cobl and Sdp2 proteins is more clearly evident
(Figure 14B, arrowheads). Cobl and Sdp2 also colocalize in other polarized epithelial
cells. Both proteins are found primarily at the cell cortex in human bronchial epithelial
(HBE) cells (Figure 14C) and in Madine-Darby canine kidney (MDCK) cells (Figure 14D).
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Figure 14: Cobl colocalizes with Sdp2 in cultured epithelial cells
(A-D) Cobl (left) colocalizes with Sdp2 (middle) in confluent cultured mIMCD3
mouse collecting duct epithelial cells. The merged image (right) demonstrates
colocalization in these cells (A-B, arrowheads). A magnified view (B)
demonstrates that Cobl and Sdp2 are enriched and colocalize at the cell cortex.
Both proteins localize within the cytoplasm as well. In human bronchial epithelial
(HBE) and Madine-Darby Canine kidney (MDCK) cells, Cobl protein is identified
at the cell cortex (C-D, left, respectively). Sdp2 also localizes to the same domain
(C-D, middle) and the two proteins colocalize (C-D, right). Arrowheads highlight
some areas of colocalization. Scale bars are equal to 10µm (A), 5µm (B-D).
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2.3.9 Cobl, Sdp1, and Sdp2 localize similarly in the developing mouse
embryo
The role of Sdps in mammalian development has not been previously
determined. To gain more clues about the function of these proteins during
development, the localization of Cobl, Sdp1, and Sdp2 were identified at multiple stages
throughout development. The Coblc101 LacZ gene-trap allele demonstrated that Cobl is
first expressed in axial midline structures, including the node and head process. Using
the Cobl antibody, we find that Cobl localizes primarily to the cell cortex in the node at
E7.5 (Figure 15A). At E7.5, Sdp1 is not expressed (Figure 15B), while Sdp2 is ubiquitously
expressed throughout the embryo at this stage (Figure 15C). These results suggest that
Cobl may interact with Sdp2 in the node.
At E11.5 after the neural tube has formed, Cobl, Sdp1, and Sdp2 are confined to
the apical domain of the neuroepithelial floorplate cells in the neural tube where they are
very closely localized with the apical F-actin cytoskeleton (Figure 15D-F, arrows). Cobl,
Sdp1, and Sdp2 are not present in any other domain of the neural tube at this stage.
Unfortunately, the antibodies against Cobl, Sdp1, and Sdp2 that perform well in section
immunohistochemistry were all raised in the same species, precluding us from
examining colocalization of these proteins.
During organogenesis Cobl is expressed in various tissues, so we hypothesized
that Sdp1 and Sdp2 are expressed in the same tissues as well. We examined the
localization of Cobl, Sdp1, and Sdp2 in epithelia of embryos during organogenesis at
E15.5. In the lung epithelium, Cobl is apically localized as it is in the neural tube
floorplate and it closely localizes with F-actin (Figure 15J). The apical domain in
epithelial cells faces the lumen in these tissues. Sdp2’s localization in the lung (Figure
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15L) very closely resembles that of Cobl where it is apically localized and colocalizes with
cortical F-actin. Sdp1 is also expressed in the developing lung epithelium (Figure 15K) at
E15.5. Its localization is primarily apical as well, however it occupies a broader domain
and does not colocalize as well with F-actin. At E15.5, Cobl, Sdp1, and Sdp2 are also
apically localized in other epithelial tissue types, including the kidney tubules (Figure
15G-I), pancreatic ducts and salivary glands (data not shown).
Cobl, Sdp1, and Sdp2 are also expressed in non-epithelial tissues. In the dorsal
root ganglion cells that lie aside the neural tube, we find that Cobl, Sdp1, and Sdp2
localize very similarly throughout the cell (Figure 15M, N, and O, respectively). During
organogenesis, the subcellular localization of all three proteins is similar within the same
cell type, but localization varies across different tissue types.
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Figure 15: Cobl, Sdp1, and Sdp2 are similarly localized in midgestation
developing mouse embryos
(A-C) In early development, Cobl, Sdp1 and Sdp2 (A, B, C, respectively; red)
localize differently in embryonic day 7.5 (E7.5) embryos. Cobl (A, arrowhead)
protein is found in the node. Sdp1 (B) is not expressed in the embryonic tissue at
this stage, but Sdp2 (C, between arrowheads) is ubiquitously expressed. (D-F) At
E11.5, Cobl, Sdp1 and Sdp2 (D, E, F, respectively; red) localize to the apical
membrane of floorplate cells (arrow) in the neural tube. The proteins closely
localize with F-actin (phalloidin, green). Cobl (G,J), Sdp1 (H,K), and Sdp2 (I,L)
are apically enriched in kidney (G-I) and lung (J-L) epithelium at E15.5. The
location of the epithelial lumen is marked with an asterisk. F-actin outlines the
cells and accumulates at the apical membrane. (M-O) Cobl, Sdp1 and Sdp2
localize throughout the cell in the dorsal root ganglion (DRG) at E15.5. Scale bar
equals 20µm (A-C) and 10µm (D-L).
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2.3.10 Cobl interacts with Sdp in vivo
Since Cobl and Sdp2 colocalize in different cultured epithelia and are very
similarly localized in developing epithelia, we tested whether we could detect a physical
interaction in cultured epithelial cells by co-immunoprecipitation. Cobl and Sdp2 are
endogenously expressed in cultured mIMCD3 cells (as shown in Figure 14A-B). In
immunoprecipitation experiments, we lysed confluent mIMCD3 cells and
immunoprecipitated Sdp2 using a goat polyclonal anti-Sdp2 antibody. The
immunoprecipitate was blotted with the anti-Cobl antibody and a specific interaction
was detected (Figure 16B). No interaction was detected with an IgG control in place of
the Sdp2 antibody.
To assess whether Cobl interacts with Sdps in vivo, we next performed
immunoprecipitations using embryonic lysates. In the developing E11.5 embryo, Cobl,
Sdp1, and Sdp2 are found in the floorplate of the neural tube as well as other developing
epithelia. Lysates of whole E11.5 embryos were incubated with a guinea pig antibody to
Sdp1 or normal guinea pig IgG, complexes were bound to beads, and bound proteins
were resolved by SDS-PAGE. Probing with the anti-Cobl antibody, we find that Cobl and
Sdp1 do interact in vivo (Figure 16A, top) Additionally, no interaction is detected when
normal guinea pig IgG is used in place of the Sdp1 antibody. Complexes of Cobl and Sdp2
or Cobl and Sdp3 were also identified by co-immunoprecipitation from E11.5 embryo
lysates (Figure 16A, middle and bottom panels, respectively).
Later in development, Cobl, Sdp1, and Sdp2 are more widely expressed and their
localization varies by cell type. Unfortunately, we were unable to analyze the localization
of Sdp3 by immunostaining. However, we addressed whether Cobl and Sdp3 interact in
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vivo in E15.5 embryos by immunoprecipitation. Whole E15.5 embryo lysates were
incubated with a guinea pig anti-Sdp3 antibody or normal guinea pig IgG. The antibodies
and proteins complexed with them were bound to beads and resolved on an acrylamide
gel. When blotted with the anti-Cobl antibody, we find that Cobl and Sdp3 do interact
endogenously at this developmental stage (Figure 16C). No interaction is detected with
the guinea pig IgG negative control. Together these results demonstrate that Cobl
interacts with all three Sdp family members in vivo in developing mouse embryos.

Figure 16: Cobl interacts with Sdp members in vivo
Immunoprecipitation of Cobl and Sdp family members. Sdp antibodies (indicated
on left) were incubated with different tissue lysates (indicated on left).
Immunoprecipitates were blotted with the Cobl antibody. Cobl interacts with
Sdps 1-3 in E11.5 embryos (A), Sdp2 in mIMCD3 cells (B), and Sdp3 in E15.5
embryos (C). A black line indicates where unrelated gel lanes were cropped.
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2.3.11 shRNA knockdown of Cobl and Sdp2
While the interaction between Cobl and members of the Sdp family occurs both
in vitro and in vivo, the cellular function of this interaction remains unclear. To begin to
address this question, we used the Cobl knockdown protocol in epithelial cells, as
previously explained. Using Cobl shRNA, we assessed the effect of Cobl knockdown on
Sdp2 localization. Four days post-transfection with the shRNA or scrambled shRNA
plasmids, cells were stained with an anti-GFP antibody to detect the transfected cells, the
anti-Cobl antibody to ensure Cobl knockdown, and a mouse anti-Sdp2 antibody. A
representative shRNA transfected clone has less Cobl protein as compared to
neighboring untransfected cells (Figure 17A, left). When the pixel intensity in the red
(Cobl) channel was compared between transfected and untransfected cells in 20 different
images, we find that Cobl is reduced on average to 57.76 ± 10.83% of normal intensity in
untransfected cells. A scrambled shRNA was used as a negative control and is unable to
knockdown Cobl (Figure 17B). The pixel intensity of Cobl in scrambled shRNA
transfected clones is 91.95 ± 7.37% as compared to untransfected cells. Sdp2 protein is
mislocalized in a Cobl shRNA transfected clone (Figure 17A, middle). Sdp2 is absent
from the cell cortex, and pixel intensity quantification shows that Sdp2 levels in
transfected cells are 59.22 ± 9.66% of that of untransfected cells. The Sdp2 cortical
localization is evident in the scrambled shRNA transfected cells (Figure 17B, middle),
confirming that Sdp2’s localization is dependent on Cobl’s localization.
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Figure 17: Knockdown of Cobl causes reduced Sdp2 in epithelial cells
mIMCD3 epithelial cells transiently transfected with Cobl shRNA plasmid for 4
days demonstrate reduction of Cobl protein in GFP positive cells (A, left). Cobl
membrane localization is apparent in the neighboring untransfected cells. In the
same GFP positive clone, Sdp2 protein is also mostly absent from the cell cortex
(middle). (B) A scrambled shRNA construct which also co-expresses GFP does
not affect Cobl (left) or Sdp2 (middle) membrane localization. Scale bars equal
5µm.
Like Cobl, Sdp2 localizes to the cortex in epithelial cells. Cobl localization at the
membrane is required for Sdp2’s cortical localization, but we also wondered whether
Sdp2 has any role in Cobl’s localization. Sdp2 shRNA-mediated knockdown functions
less efficiently than Cobl shRNA in mIMCD3 cells. However, Sdp2 protein reduction is
evident in GFP positive cells (Figure 18, left). As calculated by pixel intensity among 20
independent clones, the average level of Sdp2 protein in transfected cells is 84.06 ±
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11.07% of that found in untransfected cells. Correspondingly, Cobl localization at the
membrane and throughout the cytoplasm is also reduced in Sdp2 shRNA transfected
cells (Figure 18, middle). The amount of Sdp2 reduction correlates with that of Cobl
reduction, where the average pixel intensity of Cobl in GFP positive cells is 83.63 ±
16.62% as compared to neighboring untransfected cells.

Figure 18: Sdp2 knockdown in epithelial cells affects Cobl localization
Knockdown of Sdp2 by an shRNA vector results in reduced Sdp2 protein in GFP
positive cells (left). The reduction of Sdp2 leads to reduced Cobl localization
(middle). Scale bar equals 5µm.
In epithelia, the actin cytoskeleton helps to maintain polarity. Reduction of an
actin nucleator, such as Cobl, could affect cell polarity. Alternatively, cells with reduced
Cobl could be unhealthy and lose their epithelial integrity. We examined the tight
junction marker ZO1 which localizes to the apical lateral membrane in polarized cells. In
Cobl shRNA transfected cells, tight junctions form as evidenced by ZO1’s normal
localization in both GFP positive and untransfected cells (Figure 19A, middle).
Therefore, in confluent epithelial cells, the knockdown of Cobl affects the localization of
Sdp2, but does not appear to affect the epithelial character of the cells.
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Figure 19: Cobl knockdown does not affect tight junctions
A Cobl shRNA transfected clone has normal localization of the tight junction
marker ZO1 (A). The GFP positive clone demonstrates reduced Cobl expression
(A, left) and normal cortical ZO1 (A, middle) as compared to untransfected cells.
The scrambled shRNA transfected clone shows normal Cobl and ZO1 staining
(B). Scale bars equal 5µm.
Further identification of Cobl’s function in epithelial cells was addressed by
analyzing other characteristics of mIMCD3 cells when Cobl is knocked down. Cobl
knockdown does not appear to affect cell division or cell survival as demonstrated by
equivalent clone sizes between Cobl shRNA and scrambled shRNA clones. Four days
after transfection, the average number of cells per transfected clone was 5.8 cells with
the Cobl shRNA construct and 5.9 cells with the scrambled shRNA construct. The

60

average number of cells per clone was calculated from 65 GFP positive clones of each
construct and represents five independent experiments.
The mIMCD3 cells normally form a single cilium. Cobl morphant zebrafish have
shorter cilia in their pronephric ducts (Andrew Ravanelli, unpublished). To determine
whether Cobl knockdown in cultured epithelial cells affects cilia length, we examined the
cilia in Cobl shRNA transfected mIMCD3 cells. A cilium forms in 70% (44 of 63 GFPpositive cells) of Cobl shRNA transfected cells and 75% (49 of 65 GFP-positive cells) of
scrambled shRNA transfected cells, demonstrating that the cilium forms when Cobl is
knocked down. Initial studies indicate that the length of the cilium does not differ
between transfected and untransfected cells or Cobl shRNA and scrambled shRNA cells
(Figure 20). The length of the cilium was measured in 30 Cobl shRNA transfected cells
and their 148 neighboring untransfected cells, as well as 40 scrambled shRNA
transfected cells and their 129 neighboring untransfected cells. However, it remains to be
determined whether Cobl knockdown affects cilium position at the apical membrane, as
in Inturned and Fuzzy morphants (Park et al., 2006). Using confocal analysis of z-stacks,
we can determine whether the cilia are supported by an intact apical cytoskeleton and
how far they project from the apical surface. The effect of Cobl knockdown on cilia
formation should be addressed in other epithelial cell types that have a taller z-axis and
form longer cilia. The mIMCD3 cells are relatively flat and have shorter cilia. Other cell
types would be more comparable to those in which Cobl has an effect on cilia length in
zebrafish embryos.
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Figure 20: Cobl knockdown does not affect cilia length in mIMCD3 cells
Cobl shRNA transfected cells (GFP, green) form cilia as labeled with antiacetylated tubulin (blue). As shown in the bottom chart, the length of the cilium
in mIMCD3 cells transfected with a Cobl (blue bar, left) or scrambled (blue bar,
right) shRNA construct does not differ. The cilium length is also not different
between transfected cells (blue bars) and untransfected neighboring cells (red
bars).
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2.4 Discussion
In this chapter we have identified functions for Cobl’s two defined domains. The
N-terminal KRAP motifs interact with the Sdp family and the WH2 domains at the Cterminal end bind actin and nucleate new actin filaments.
Cobl was discovered and first studied because of its expression pattern in very
interesting domains in early development that are involved in signaling and patterning.
Throughout development, Cobl is expressed in dynamic and restricted patterns. Pairing
its expression pattern and the molecular functional data about Cobl’s ability to nucleate
actin filaments, we can conclude that Cobl is a tissue-specific actin nucleator. This
exciting result suggests that Cobl may modify the actin cytoskeleton in cell-type-specific
manners. With predominant expression in epithelia and neurons, Cobl probably acts
upon the apical actin cap or cell junctions in epithelia and in maturation of the neuron
cytoskeleton. The other recently identified actin nucleators Spire and Leiomodin may be
tissue specific also; however the specificity of these molecules and their family members
in other organisms remains to be determined (Chereau et al., 2008; Quinlan et al.,
2005). While tissue-specific actin nucleators exist, they likely collaborate with each other
and/or with the Arp2/3 complex and formins to form specific actin structures.
Cobl knockdown in confluent cultured epithelial cells did not have an effect on
the actin cytoskeleton. The Cobl protein appears to be quite stable as it takes three to
four days post-transfection of an shRNA plasmid to observe decreases in protein levels.
During this time, as the mIMCD3 cells become confluent and polarize, other actin
nucleators compensate for the decrease in Cobl. However as the cell moves, Cobl has a
more dramatic effect on the actin cytoskeleton. With reduced Cobl, F-actin bundles that
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are normally positioned along the wound edge do not form normally. This actin cable has
been studied in the processes of wound healing and dorsal closure in Drosophila
(Jacinto et al., 2002; Kiehart et al., 2000; Wood et al., 2002). In these processes the
contraction of the actin cable “purse strings” creates force to close the wound. However,
this actin cable is not required for wound closure as the interaction between lamellipodia
and filopodia of neighboring cells can create enough force to close the wound (Wood et
al., 2002). Therefore without Cobl, wound closure will occur, but perhaps less efficiently.
No changes were seen in wound closure in the knockdown assays, but the percentage of
transfected cells along the migrating epithelial sheet was very small. With a higher
percentage of cells lacking Cobl, wound closure will likely take longer to occur. In the
study by Wood et al., 2002, Rho mutants do not form an actin cable and take twice as
long as wild types to repair a wound. Cobl may be regulated in migrating epithelial cells
by the small GTPase RhoA. Rho GTPases have well-defined roles in cytoskeletal
organization, and inhibition of RhoA in a migrating epithelial sheet disrupts the actin
cable and causes some cells to detach from one another (Omelchenko et al., 2003). With
an inducible knockdown or null epithelial cell line, we can further assess wound closure
in Cobl’s absence.
Rho GTPases might regulate Cobl’s actin nucleation function in other additional
contexts. These small GTPases allow the formation of different actin topographies from
stress fibers to lamellipodia and regulate the function of other actin nucleators. For
example, Spire is regulated by Rho1, and the Arp2/3 activators WASP and WAVE are
regulated by Cdc42 and Rac, respectively (Jaffe and Hall, 2005; Rosales-Nieves et al.,
2006). Active RhoGTPases may bind to Cobl’s N-terminus to induce its activity in
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membrane ruffling. Alternatively, Cobl’s function could be controlled by another
regulator protein. For example, in Drosophila, the Wiskott-Aldrich family member Wash
is regulated by Rho and interacts with actin nucleators to coordinate the formation of
both linear and branched actin cytoskeletal structures (Liu et al., 2009).
Overexpression of full-length Cobl in cultured fibroblast cells resulted primarily
in the formation of membrane ruffles, while overexpression of the WH2 domains
induced more stress fiber formation. Other WH2 domain-containing actin nucleators
have different effects on the actin cytoskeleton when overexpressed. Overexpression of
full-length Spire causes the formation of actin filament clusters within the cytoplasm of
fibroblasts (Quinlan et al., 2005). This phenotype is similar to overexpression of WASP
(Abo, 1998). The same formation of actin clusters occurs when only the N-terminus of
Spire, which contains the four WH2 domains is overexpressed. Leiomodin is another
WH2 domain-containing actin nucleator and overexpression of it in cardiomyocytes
disrupts the formation of sarcomeres (Chereau et al., 2008). The overexpression of fulllength Leiomodin has little effect on the cytoskeleton, but overexpression of a truncated
construct containing the WH2 domain induces the formation of actin bundles within the
nucleus (Chereau et al., 2008). Therefore, Cobl’s effect on the cytoskeleton appears to be
different than other WH2 domain-containing actin nucleators.
In this study we have also identified that Sdps are protein interactors with Cobl.
Our studies identified that the SH3 domain of Sdp interacts with the N-terminal, highly
proline-rich KRAP motif of Cobl. The SH3 domain of Sdp is the interaction domain with
many of Sdp’s binding partners (Kessels and Qualmann, 2004). The mechanism by
which Sdp achieves binding to specific partners for a particular function is unclear, but
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other domains of Sdp or its binding partners may play a role. Given that the SH3 domain
binds the KRAP motif of Cobl, it is interesting to speculate whether other SH3 domaincontaining proteins also bind Cobl. Other interacting proteins may bind the KRAP motif
and thereby regulate the localization and function of Cobl’s actin nucleation activity.
We found that the knockdown of Cobl or Sdp2 affected the other protein’s
localization in cultured epithelial cells, but that knockdown did not affect tight junctions.
When Cobl is knocked down, Sdp2 levels are reduced, as are Cobl levels when Sdp2 is
reduced. Perhaps the interaction between Cobl and Sdp2 is important for the stability of
both proteins.
Interestingly, Cobl interacts with all three Sdp family members, which are
expressed in different tissue domains in the adult. Since Cobl can bind any Sdp, the
specificity of the interaction may be determined by Sdp’s expression pattern. However
the function of Sdp cannot rely solely on Cobl because Sdps are functional in Drosophila
and C. elegans, while homologs of Cobl have thus far only been found in vertebrate
species. Cobl may be responsible for forming actin architectures that are specific to
particular vertebrate tissues, such as ciliated epithelia. Sdp may regulate Cobl’s activity
in these tissues and other actin nucleators in other tissues or species.
While it is clear that Cobl interacts with Sdp in different cell types, the functional
consequence of this interaction remains unclear. Sdp’s role in endocytosis and vesicle
trafficking has been well studied (Qualmann and Kelly, 2000). In epithelial cells, Cobl
localizes to the apical domain where endocytosis occurs. Cobl and Sdps also closely
localize with F-actin. Cobl forms new actin filaments via its WH2 domains, and Sdp
interacts with the cytoskeletal regulator N-WASP (Ahuja et al., 2007; Qualmann et al.,
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1999). Perhaps these proteins together regulate endocytosis through the modulation of
the actin cytoskeleton. Assessment of receptor-mediated endocytosis by transferrin
uptake was not possible in knockdown mIMCD3 cells, as the normal confluent cells
endocytose unevenly. Cobl and Syndapin could be involved in other types of uptake, such
as through caveolin-mediated endocytosis or bulk endocytosis, in which Sdp is involved
(Clayton et al., 2009; Kessels et al., 2006).
The function of Syndapins in mammalian development has not been well
characterized. Previous studies have shown that in other developing organisms, Sdps do
play a role. In gastrulating Xenopus embryos, Sdp2 localizes to the cell membrane, which
is similar to its localization in a E7.5 mouse embryo (Cousin et al., 2008). Cousin et al.
also found that mislocalization of Sdp2 blocks gastrulation, possibly by affecting cell
adhesion. Sdp2 also appears to regulate cell adhesion by its interaction with the
metalloprotease ADAM13 in Xenopus neural crest cells (Cousin et al., 2000). Here we
show that Sdp1 and Sdp2 are expressed in the developing mouse. It is interesting to note
that the expression domains of Sdp1 and Sdp2 during development are not the same as
their adult expression domains. For example, in the adult Sdp1 is expressed in the brain
and CNS; however in the developing embryo, it is also weakly expressed in epithelial
tissues where Sdp2 and Cobl are found. Sdp2 is ubiquitous in adults, but does have a
tissue-restricted expression pattern like Cobl in embryos. In mid to late embryonic
development, the domains where Cobl is expressed are also domains where Sdp1 and
Sdp2 are found, and vice versa. In earlier stages of axial development, Cobl is restricted
to the node, Sdp2 is ubiquitously expressed, and Sdp1 is not expressed. Therefore, Sdp2
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likely has other functions and interaction partners at this stage that require its
expression throughout the embryo.
Little is known about the function of Cobl or Sdp in vivo by loss of function
studies. The significance of this interaction could be further studied by examining Cobl
in Sdp mutants, and vice-versa. From our in vitro knockdown results, we would expect
to find mislocalization of Sdp in a Cobl mutant or a reduction of Cobl in a Sdp mutant.
Since there is redundancy among the Sdp family members, especially during
development, it may be necessary to study double null mutants of two Sdp family
members. The function of this interaction would be best studied by examining mutants
where both Cobl and a Sdp member are null. In these mutants, dramatic effects on the
actin cytoskeleton structure might be observed. Alternatively, a new function for this
interaction, which is different than either protein’s currently known function, may be
uncovered.
In conclusion, the interaction between Sdp and the actin nucleator Cobl is a very
intriguing one. Interactions at its N-terminal domain with proteins including the Sdp
family may help to spatially control Cobl’s ability to form tissue-specific actin
architectures.
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3. Characterization of cordon-bleu function in the
mouse
The ES cell electroporations and generation of the chimera mice were performed
by the Duke Transgenic Facility. Andrew Ravanelli generated an anti-Cobl antibody
against the WH2 domains of zebrafish Cobl that was used in Figure 23. Portions of this
chapter have been submitted in a manuscript for publication.
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3.1 Introduction
Cordon-bleu (Cobl) is a vertebrate-specific gene that shares no homology with
any gene of known function. Cobl is dynamically expressed in developing mouse
embryos, as initially demonstrated with the LacZ gene-trap allele Coblc101 (Gasca et al.,
1995). In early development Cobl expression is restricted to the node and its derivatives,
including the notochord, floorplate and dorsal foregut (Carroll et al., 2003; Gasca et al.,
1995). These expression domains are very similar to other important patterning genes
such as Sonic hedgehog (Shh) and Foxa2. While very important in patterning, these axial
midline tissues also undergo dramatic cellular morphogenesis. In later development
Cobl is expressed in many developing organs, including the brain, the skin, and
endoderm derivatives, such as the lung and the liver (Gasca et al., 1995).
The gene-trap allele Coblc101 is not a null allele because both wild-type message
and protein are produced in homozygous Coblc101/c101 mice; however, it does act as a
weakly hypomorphic allele (Carroll et al., 2003). The Coblc101 allele interacts genetically
with Looptail (Lp) in mid-brain neural tube closure (Carroll et al., 2003). Lp mutants
harbor a mutation in the gene Vangl2, a member of the non-canonical Wnt, or planar
cell polarity (PCP), pathway (Kibar et al., 2001; Murdoch et al., 2001). Coblc101/c101;Lp/+
embryos have exencephaly 20% of the time, a phenotype that is never seen in Coblc101/c101
or Lp/+ embryos alone (Carroll et al., 2003). Coblc101/c101;Lp/Lp embryos also display
exencephaly. The PCP pathway is involved in coordinated morphogenetic processes,
such as convergent extension movements and the uniform orientation of a plane of cells
(Montcouquiol et al., 2006; Simons and Mlodzik, 2008). The PCP pathway signals
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through the Rho family of small GTPases, which can modulate the actin cytoskeleton
(Habas et al., 2003; Habas et al., 2001).
As demonstrated in chapter two and published in Ahuja et al., 2007, Cobl
promotes the de novo formation of actin filaments. Cobl uses its three WH2 (WASP
homology domain 2) domains at its C-terminus to bind monomeric actin and nucleate
long, unbranched actin filaments. Cobl also interacts with the Syndapin (Sdp) family of
proteins in developing embryos and cultured epithelial cells. To further analyze these
and other molecular functions of Cobl, a null allele of Cobl is necessary. Additionally a
null allele allows the analysis of Cobl’s function in development and disease.
In this chapter, we demonstrate the successful generation of a conditional allele
of Cobl. This allele is a null allele, as Cobl protein is not detected after Cre-mediated
recombination. Analysis of the Cobl mutants shows that while null mutants are not
embryonic lethal, they do have inner ear hair cell defects.

3.2 Materials and Methods
3.2.1 Generation of the Coblflox targeting vector
The gene targeting vector was constructed using a BAC recombineering method,
essentially as described previously (Liu et al., 2003). A 129S7/AB2.2 BAC (clone no.
bMQ-42B17), which covers the 5’ end of the Cobl gene locus, was obtained from the
Sanger Institute. BAC DNA was isolated using standard methods (Sambrook and
Russell, 2001). The retrieval and two mini-targeting vectors were subcloned using the
vector backbones PL253, PL451, and PL452 and small arms of homology within the Cobl
genomic sequence. The arms of homology were PCR amplified from the bMQ-42B17 BAC
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clone between primer pairs A-B, Y-Z, C–D, E-F, G-H, and I-J (sequences are listed in
Table 1).
Homology arms A-B and Y-Z were subcloned into the PL253 plasmid, which was
then linearized with HindIII and transformed into electro-competent SW102 cells
containing the bMQ-42B17 BAC clone. The 15.5kb Cobl sequence of interest was
subcloned into PL253 via homologous recombination to create PL253-Cobl. This vector
was further modified with two more rounds of homologous recombination. A minitargeting vector (PL452-CD-LoxP-Neo-LoxP-EF) was recombined into the PL253-Cobl
vector in SW102 bacteria. The neomycin-selection cassette was excised with Cre
recombinase in arabinose-induced SW106 bacteria, leaving a single 5’ loxP site (PL253Cobl-5’LoxP). Another minitargeting vector (PL451-GH-FRT-Neo-FRT-LoxP) was
recombined into the PL253-Cobl-5’LoxP vector to add an FRT-Neo-FRT-LoxP cassette
downstream of exon 4.
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Table 1: Primers used in BAC recombineering to generate targeting vector.
Primer
Name
A
B
Y
Z
C
D
E
F
G
H
I
J

Construct
5’ end
retrieval
5’ end
retrieval
3’ end
retrieval
3’ end
retrieval
5’ LoxP
mini-t.v.
5’ LoxP
mini-t.v.
5’ LoxP
mini-t.v.
5’ LoxP
mini-t.v.
3’ LoxP
mini-t.v.
3’ LoxP
mini-t.v.
3’ LoxP
mini-t.v.
3’ LoxP
mini-t.v.

Vector

Sequence (5’ to 3’)

PL253

ATAAGAATGCGGCCGCATTCATGGCTGTGCTCTATGC

PL253

GGGAAGCTTGTTTGTTTGGGGCTTTCTCC

PL253

CCCAAGCTTTAAGAACCACTGGGCTCCAC

PL253

CACTAGTCTATGTGCATGCCTGGTGTC

PL452

ATAAGAATGCGGCCGCGGTTGCAGCCTTTGGTTTTA

PL452

CGGAATTCAGATCTTGAACAATGAGCCAACAA

PL452

CGGGATCCACAAACAACGGGGAAATTCA

PL452

ACGCGTCGACCGAAGCAAGAGGAAGACAGC

PL451

ATAAGAATGCGGCCGCCTCTTTCCTCCCATGTCTGC

PL451

CGGAATTCATTCACGCAGTGGCTAAACC

PL451

CGGGATCCCTGAAAGCTCCCAATTCTGG

PL451

ACGCGTCGACACAGGCACACACACCATAGG

The primers were used to amplify small homology arms which were subcloned
into vector backbones (3rd column) to generate the retrieval and mini-targeting
vectors as indicated in the second column. The restriction sites incorporated in
the oligonucleotide sequence are indicated by an underline.

3.2.2 Electroporation of ES cells, generation of chimeric mice, and
recombination of the allele
129S6/SvEvTac-derived TC-1 ES cells were electroporated with the Not1
linearized targeting vector using standard procedures. Clones containing the neomycin
cassette were positively selected in medium containing geneticin (G418). G418-resistant
clones were initially screened by PCR using a forward primer that is upstream of the 5’
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homology arm (5’- TGACTAATCTGAGCTGAGTG -3’) and a reverse primer that
recognizes the 5’ loxP site (5’- TTCGTATAGCATACATTATACGAAG -3’). Clones that
were correctly targeted at the 5’ end by PCR screening were digested with BamHI and
tested by Southern blot using an external 3’ probe. The wild-type allele has a 21.7kb
hybridization signal, while a correctly targeted conditional allele has a 12.9kb
hybridization signal. Correctly targeted clones containing the 5’ loxP site and 3’ FRTneo-FRT-loxP cassette were microinjected into C57/Bl6 blastocysts. The Duke
Transgenic Mouse Facility electroporated the ES cells and generated the chimera mice.
Male and female chimeras were mated to wild-type ICR mice (Harlan). Germline
transmission of the Coblflox allele in F1 heterozygous (Coblflox/+) offspring was analyzed by
PCR genotyping as described below.
To generate the null allele, male Coblflox/+ mice were mated with a Sox2Cre
(Tg(Sox2-cre)1Amc/J Jax# 004783) female where Cre is ubiquitously expressed
(Hayashi et al., 2003; Vincent and Robertson, 2003). Recombination, and therefore
deletion of exons 3 and 4 (!34), was confirmed by PCR genotyping. Male and female
Cobl!34/+ heterozygous null offspring were mated together to obtain Cobl!34/!34
homozygous null embryos.

3.2.3 Genotype analysis
The wild-type Cobl allele, loxP-flanked conditional allele, and recombined null
allele were identified and differentiated using PCR genotyping, as demonstrated in
Figure 3. The wild-type allele was identified with the following primers: WtF: 5’GCAATGCCTTTTACCTTCTGTCTT -3’, WtR: 5’- TGCTTCTGGCAAGTGATCCTAG -3’.
The loxP-flanked conditional allele was genotyped using the WtF common primer and a
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neoR primer: 5’- GCCAGAGGCCACTTGTGTAG -3’. The recombined null allele was
detected using the following primers: RecombF: 5’- GCCTCCATTTTGCTGATGTT -3’ and
RecombR: 5’- CAGAATTGGGAGCTTTCAGG -3’. PCR products were amplified using
standard cycling conditions.

3.2.4 RT-PCR
RNA was isolated from Cobl+/+, Cobl!34/+, and Cobl!34/!34 embryonic day 11.5
(E11.5) embryo littermates using the RNeasy Plus kit (Qiagen). cDNA was prepared from
the total RNA using iScript (BioRad). Exons 2 through 7 of the Cobl transcript were
amplified using standard RT-PCR conditions and the following primers: ex2F: 5’GGAGAAGCAGAGTGTGGTTAGTGG -3’ and ex7R: 5’AAGGATGGTGAGTTGGGTGTTGT -3’.

3.2.5 Western blot
Protein was isolated from whole E11.5 Cobl+/+, Cobl!34/+, and Cobl!34/!34 embryo
littermates by lysing in RIPA buffer (50mM Tris-Cl pH7.5, 5mM EDTA, 150mM NaCl, 1%
NP40, 0.5% Na-Deoxycholate, 0.1% SDS) with Complete Protease Inhibitor cocktail
(Roche). The lysates were run on an 8% acrylamide gel, and immunoblotting was
performed as described (Harlow and Lane, 1999; Hogan, 1994). Antibodies used in
immunoblotting were: rabbit anti-mouse Cobl N-terminus (Carroll, 2004), guinea pig
anti-zebrafish Cobl WH2 (Andy Ravanelli, unpublished), rabbit anti-actin (Sigma), and
rabbit anti-trap" (gift from Chris Nichitta).
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3.2.6 Immunohistochemistry
Embryos were collected from timed matings of wild-type ICR (Harlan) or outbred
mutant mice and fixed in 4% paraformaldehyde for 2 hours at 4°C. Embryos were placed
through a sucrose gradient, embedded in OCT (TissueTek), and cut into 10µm sections.
Sections were stained according to standard protocol (Hogan, 1994).
Inner ears were dissected from e18.5 embryos by first removing the cartilaginous
bony labyrinth from the skull. The cartilage was removed to expose the cochlea. The
cochlea was further dissected by removing the membranes overlying the organ of Corti.
Isolated organs of Corti were fixed for 1 hour in 4% paraformaldehyde at 4°C, blocked
with 3% Carnation instant milk and 0.1% TritonX100 in PBS for 2 hours to block
nonspecific binding, and incubated with primary antibodies overnight at 4°C. The tissue
was washed six times in blocking solution and incubated with the appropriate secondary
antibody overnight at 4°C. After six washes in blocking solution, the organs of Corti were
stained with DAPI and mounted on slides with GelMount (Biomeda).
Cobl localization was detected using a rabbit anti-Cobl polyclonal antibody. Other
primary antibodies used were: anti-acetylated alpha tubulin (Sigma), anti-Shh 5E1
(Developmental Studies Hybridoma Bank), and anti-Foxa2. Alexa Fluor-conjugated
secondary antibodies were used to visualize the primary antibodies (Invitrogen). Alexa
Fluor 488-conjugated phalloidin (Invitrogen) was used to label F-actin and nuclei were
stained with DAPI (Sigma). Slides were mounted with GelMount (Biomeda) and imaged
on a Zeiss 510 META laser scanning confocal microscope.
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3.2.7 Histology
Adult mouse organs were harvested after perfusion with PBS and 4%
paraformaldehyde. Organs were processed and embedded in paraffin according to
standard protocol (Hogan, 1994). Tissues were cut into 10µm sections and stained with
hematoxylin and eosin or a periodic acid Schiff stain.

3.2.8 Other mouse strains
Females from the following mouse lines were mated to a Cobl!34/!34 male to
obtain double heterozygous mice: Foxa2tm1Jrt heterozygotes (Ang and Rossant, 1994),
Nog9E heterozygotes (McMahon et al., 1998), Shhtm1Chg heterozygotes (Chiang et al.,
1996), and Wnt5atm1Amc heterozygotes (Yamaguchi et al., 1999). Double heterozygous
mice were mated together to obtain double homozygous null embryos or Cobl
homozygous null; Foxa2, Nog, Shh, or Wnt5a heterozygous offspring.

3.3 Results
3.3.1 Generation of a conditional allele of Cobl
Cobl is expressed in many specific domains across time and space, from its
earliest expression in the node to later expression in many organ primordia and adult
tissues (Gasca et al., 1995). As shown in chapter two, as well as previously described by
Carroll (2004), Cobl protein localization varies with tissue type. In the axial midline and
epithelial tissues, Cobl is primarily membrane associated and closely localizes with Factin. In the dorsal root ganglion neurons, Cobl localizes to the nucleus, while it localizes
to the cytoplasm in the thymus. Together these data highlight Cobl’s varied localization
among tissue types and suggest that Cobl may have different functions in various tissues.
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These considerations highlight the utility of an allele where Cobl can be
conditionally deleted. If the null allele of Cobl were embryonic lethal, then it would not
be possible to study its function in various adult organs. Making a conditional allele by
adding small loxP sites on either side of the exons to be deleted will allow the study of
Cobl’s function in any tissue of interest at any developmental stage, as long as a line
expressing Cre in that context is available. Cre-loxP technology is a widely used system
for analyzing the function of genes in tissue-specific and/or temporal manners (Branda
and Dymecki, 2004; Nagy, 2000).
The Cobl gene spans 228kb on mouse chromosome 11 and is comprised of 15
exons. In designing a targeting strategy, our chief criterion was to find exons at the most
5’ end of the gene which when conditionally deleted would be expected to result in a nonfunctional protein. Using conventional targeting methods, exons 3 and 4 are the largest
portion of Cobl at the 5’ end that can deleted and result in a frameshift mutation. To
achieve a conditional allele, our targeting strategy was to place one loxP site upstream of
exon 3 and a FRT-neomycin-FRT-loxP cassette downstream of exon 4. The FRTneomycin-FRT cassette allows one to recombine away the neomycin selection cassette
using the Flp recombinase. A schematic of the targeting strategy is shown in Figure 21A.
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Figure 21: Generation of the Cobl conditional allele
(A) Schematic representation of the Cobl genomic locus (top), targeting vector
(middle), and targeted allele (bottom). Exons are represented by black boxes;
loxP sites by grey triangles; FRT sites by blue triangles. Neo: neomycin resistance
cassette, TK: thymidine kinase negative selection cassette, B: BamHI restriction
site, N: Not1 restriction site. Arrows indicate primers used for screening clones
and the size of amplicon is shown between primers. The shared forward primer
lies outside the targeted region. Restriction sites used for Southern blot analysis
and the sizes of genomic DNA generated are shown. The probe used for Southern
blot and its location is indicated as a black bar below the targeted allele diagram.
(B) Representative 5’ PCR amplification of six G418-resistant ES clones. The top
panel demonstrates amplification of the targeted allele while the bottom panel
shows amplification of the wild-type allele. Three ES clones on the left are
correctly targeted at the 5’ end, while the next three clones are not correctly
targeted. (C) Southern blot analysis of ES clones using the 3’ probe. The wild-type
21.9kb band is apparent in all 6 clones. The 12.9kb band is only present in the
three correctly targeted clones on the left.
Bacterial artificial chromosome (BAC) recombineering, as described previously
(Liu et al., 2003), was used to create the targeting vector. The 129S7/AB2.2 BAC clone
bMQ-42B17 containing the 5’ end of the Cobl locus was obtained. Small homology arms
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were PCR-amplified from the BAC DNA and these fragments were then cloned into
vectors to generate the retrieval and mini-targeting vectors using recombineering
methods. A 15kb portion of the Cobl locus containing exons 3 and 4 was cloned into a
vector backbone containing a thymidine-kinase negative selection cassette via
homologous recombination. One loxP site was placed immediately upstream of exon 3
and an FRT-neomycin-FRT-loxP cassette was introduced 3’ to exon 4. Therefore, the
final 17kb targeting vector consisted of a 1.8kb short 5’ arm of homology, one loxP site
upstream of exon 3, an FRT-flanked neomycin selection cassette plus one loxP site
downstream of exon 4, and a 5kb-long 3’ arm of homology.
Mouse embryonic stem (ES) cells (TC-1 cells) were transfected by electroporation
with the Not1-linearized targeting vector. ES clones that had incorporated the neomycin
cassette were positively selected by growth in geneticin (G418)-containing medium. To
identify correct recombination of the 5’ arm in the genomic locus, clones were screened
by PCR amplification using a forward primer outside of the homology arm and a reverse
primer in the loxP site (Figure 21B). Genomic DNA from these clones was digested with
BamHI and then subjected to Southern blot analysis using a 3’ probe outside of the
targeted region. A 21.7kb wild-type signal and a 12.9kb band correspond to accurate
targeting at the 3’ end (Figure 21C). Sixteen correctly targeted clones were obtained from
760 G418-resitant clones.
Two targeted ES clones were microinjected into C57/Bl6 blastocysts, and five
chimera offspring were obtained. Both male and female chimeras were mated to wildtype ICR mice, and F1 offspring with the loxP-flanked allele (herein referred to as
Coblflox) were identified by PCR genotyping (Figure 22B).
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3.3.2 The recombined Cobl allele is a null allele
To generate the recombined allele in which exons 3 and 4 are deleted (schematic
shown in Figure 22A), Coblflox/+ male mice were mated to a Sox2Cre female, in which Cre
is expressed ubiquitously. Their offspring were genotyped by PCR to assess whether the
recombination was successful (Figure 22C). While the genotyping primers recognize the
correct sequence in the unrecombined allele, the product is too large to be amplified
using standard conditions. Multiple heterozygotes (Cobl!34/+) were identified; these
animals were then mated together to obtain homozygous null (Cob!34/!34) embryos.
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Figure 22: Genotyping of the conditional and null alleles
(A) Schematic diagram of the Cobl genomic locus (top), Coblflox targeted allele
(middle), and Cobl!34 recombined allele (bottom). Exons are represented by
black boxes; loxP sites by grey triangles; FRT sites by blue triangles. Neo:
neomycin resistance cassette. The location of genotyping primers is indicated by
arrows, and the size of amplicon is shown between primers. (B) Representative
PCR genotyping results of the Cobl+/+, Coblflox/+, and Coblflox/flox alleles where the
wild-type amplicon is 194bp (top) and the Coblflox targeted amplicon is 367bp
(bottom panel). (C) The top panel shows results of genotyping the wild-type allele
in Cobl+/+, Cobl!34/+, and Cobl!34/!34 samples. The bottom panel demonstrates
amplification of 390bp between the RecombF and RecombR primers which only
successfully amplify the recombined allele in Cobl!34/+ and Cobl!34/!34 samples.
To confirm that the Cobl transcript lacks exons 3 and 4 as expected, total RNA
was isolated from embryos obtained from Cobl!34/+ matings. RT-PCR was performed by
amplifying between exons 2 and 7 in the Cobl message. In a wild-type message, the
expected product size of 672bp is observed in the wild-type and heterozygous null
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embryo littermates (Figure 23A). When exons 3 and 4 are absent from the message, the
expected size is 233bp. This product was seen in Cobl!34/+ (hereafter referred to as
Cobl+/-) and Cobl!34/!34 (hereafter referred to as Cobl-/-) embryos (Figure 23A).
Additionally, there is a smaller, unexpected amplicon which is present at 158bp.
Sequence analysis demonstrates that this product corresponds to exon 6 also being
absent from the transcript. There are splice variants of Cobl that are known to exist;
exons 3 and 4 appear to be present in every transcript where exon 6 is sometimes
excluded (Ensembl, UC Santa Cruz Genome Browser). Deletion of exons 3 and 4 or
exons 3, 4, and 6 both lead to a frame-shift mutation that causes many stop codons after
84 amino acids of the Cobl protein. The small fragment of the Cobl protein that could
still be encoded does include one KRAP motif, but no other domains. This suggests that
the Cobl protein should be non-functional.
Using an antibody raised against the N-terminal portion of the Cobl protein, we
performed Western blots on lysates from E11.5 embryos obtained from heterozygous null
timed matings. The Cobl protein is 180kD, and we observe an appropriately sized band
in wild-type and heterozygous null embryo littermates (Figure 23B, top panel). This
band is missing in the homozygous null, confirming that the allele is a functional null
(Figure 23B, top panel). Additionally, in the homozygous null embryos, we do not see the
addition or increased intensity of bands detected by the anti-Cobl antibody at different
molecular weights. Non-specific bands are seen in all three lanes demonstrating that
equal protein amounts are present in all lanes. Additionally, other loading controls (actin
and the ER resident protein trap") demonstrate equal protein amounts between embryo
littermates (Figure 23B, bottom panels). Using another anti-Cobl antibody which
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recognizes the WH2 domains of the protein (Andrew Ravanelli et al., unpublished), we
detect Cobl protein in wild-type and heterozygous embryos, but not in the homozygous
null embryos (Figure 23B, second panel). This result further confirms that Cobl protein
is absent in the mutant embryos and that the WH2 domains are not preserved by a splice
variant.

Figure 23: Cobl null mutants lack exons 3 and 4 in the mRNA message and
do not produce Cobl protein
(A) Amplification between exons 2 and 7 of Cobl cDNA generated from E11.5
Cobl+/+, Cobl+/-, and Cobl-/- embryo RNA. The expected 672bp product is apparent
in wild-type and heterozygous null embryos and absent from the homozygous
null embryos. A 233bp amplicon is the result of exons 3 and 4 missing from the
Cobl transcript while the 135bp amplicon results from exons 3, 4, and 6 being
absent from the transcript. (B) Representative Western blot from E11.5 Cobl+/+,
Cobl+-, and Cobl-/- embryo littermates. The top panel demonstrates that the
180kD Cobl protein is absent from homozygous null embryos using an antibody
that recognizes the N-terminal portion of the protein. Non-specific proteins
detected by the anti-Cobl antibody are present at equal levels between all three
genotypes. An antibody that recognizes Cobl’s WH2 domains does not detect
Cobl protein in the null mutants (second panel). The actin (third panel) and
trap" (lower panel) controls demonstrate even protein loading among samples.
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3.3.3 Phenotyping of Cobl null mice
3.3.3.1 The floorplate forms normally in the absence of Cobl
To analyze the Cobl-/- phenotype, we began by examining the tissues of Cobl’s
early expression domains. In particular we focused on the neural tube since Cobl
interacts with Vangl2 in midbrain neural tube closure (Carroll et al., 2003). Cobl
localizes to the apical membrane of floorplate cells, which dramatically change shape as
the neural tube forms. Given Cobl’s role as an actin nucleator, we speculated that it
would play an important role in actin cytoskeleton remodeling of the floorplate cells as
they undergo apical constriction to change from a columnar to a wedge shape. We
examined the morphology of the E9.5 neural tube floorplate by staining tissue sections
with phalloidin to label F-actin. The neural tube forms normally and closes in Cobl null
embryos (Figure 24A). The morphology of the floorplate is not disrupted in Cobl-/embryos as compared to Cobl+/+ and Cobl+/- littermates (Figure 24A,B).These sections
also demonstrate the absence of Cobl protein in the floorplate, notochord, and dorsal
foregut of Cobl-/- embryos (Figure 24A). The images are representative of three or more
embryos of each genotype.
We next examined whether the floorplate is specified in the mutants by assessing
the expression of floorplate markers. The winged helix transcription factor Foxa2 is
expressed in floorplate cells (Sasaki and Hogan, 1996). The domain of Foxa2 expression
is the same between Cobl+/+, Cobl+/-, and Cobl-/- neural tubes and is restricted to the
floorplate cells of the neural tube (Figure 24C). If the floorplate were not induced or
mispatterned in Cobl null embryos, then we would expect to see the absence or
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mislocalization of Foxa2 expression. At this stage and in all three genotypes, Foxa2 is
also expressed in the notochord and dorsal foregut.
Foxa2 has a role in controlling the expression of another floorplate marker, Shh
(Epstein et al., 1999; Jeong and Epstein, 2003). Shh is expressed in the notochord, and
the Shh ligand signals to the overlying neuroectoderm to induce the floorplate cells
(Ericson et al., 1997). Shh is also expressed in and secreted by the floorplate cells to
create a morphogen gradient over the neural tube (Placzek and Briscoe, 2005). The
localization of Shh protein in Cobl+/+, Cobl+/-, and Cobl-/- littermates is similar (Figure
24D). Shh is present in both the notochord and floorplate cells. Therefore, these studies
show that the floorplate has normal morphology and the correct identity in Cobl null
embryos.
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Figure 24: Floorplate morphology and identity is normal in Cobl null
mutants
Neural tubes were compared between Cobl+/+ (left), Cobl+/- (middle), and Cobl-/(right) E9.5 littermates. The morphology of the neural tube at the level of the
heart is similar among littermates (A). Cobl protein localizes to the floorplate of
the neural tube, notochord, and dorsal foregut in Cobl+/+ and Cobl+/- embryos,
but is absent in the Cobl-/- embryos (A). Floorplate morphology as demonstrated
by phalloidin staining is the same among genotypes (B). The floorplate identity is
specified in mutants as demonstrated by Foxa2 (C) and Shh (D) localization.
Scale bars equal 50µm (A) and 20 µm (B-D).
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3.3.3.2 Apical F-actin structures form normally in developing epithelia of
Cobl-/- embryos
During organogenesis, Cobl localizes to the apical membrane of epithelial tissues
in many organs, including the lung, kidney, and pancreas. The apical membrane of these
epithelial cells is also where cortical F-actin localizes. To determine what effect the
absence of Cobl has on developing epithelia and cortical F-actin structure, we examined
epithelia of Cobl-/- embryos. At E15.5 Cobl is found at the apical membrane, which faces
the lumen, in the lung, kidney, and pancreas of Cobl+/- embryos (Figure 25A,C,E).
Importantly, Cobl protein is absent in these tissues of Cobl-/- littermates.
Using phalloidin staining to label the F-actin structure, the actin cytoskeleton
does not appear to differ between epithelial cells of heterozygous and null littermates in
the developing bronchioles (Figure 25A,B). The F-actin cytoskeleton also does not
appear to differ between the kidney ducts of Cobl+/- and Cobl-/- embryos (panels C and
D). Because the confocal sections represent thin optical sections through these tissues,
the F-actin labeling along the apical membrane appears uneven. To look at the cortical Factin more completely, images were taken every 0.5µm through the tissue section to
generate a z-stack. The images were calculated into a maximum intensity projection to
help to visualize the extent of the F-actin stain. The results were similar among lung,
kidney and pancreas sections, and are represented by the pancreas stain in Figure 25E-F.
In these images, F-actin appears to occupy the entire apical membrane. Therefore, we
can conclude that Cobl is not required for formation of apical F-actin in epithelial
tissues. More subtle changes in the actin cytoskeleton which might occur as a result of
Cobl’s absence need to be examined by more detailed analysis.
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Figure 25: Localization of F-actin in Cobl-/- developing epithelia
Sections of developing lung (A,B), kidney (C,D) and pancreas (E,F) in E15.5
Cobl+/- (A,C,E) and Cobl-/- (B,D,F) embryos. Sections are stained with Cobl (red)
and phalloidin to label F-actin (green). A’,C’,E’ only show F-actin stain for clarity.
(A-D) F-actin is present at the apical membrane facing the lumen (marked with
an asterisk) in kidney and lung tissues. (E,F) A maximum projection of a z-stack
through a pancreatic duct demonstrates apical F-actin staining (arrowheads).
Scale bars equal 5µm (B,D) and 10µm (F).
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3.3.3.3 Cobl-/- embryos have inner ear defects
The inner ear hair cells (organ of Corti) within the cochlea are organized by the
planar cell polarity (PCP) pathway. Since Cobl interacts with the PCP member Vangl2,
we investigated the expression and localization of Cobl in the inner ear hair cells. The
hair cells have a single kinocilium composed of microtubules and stereocilia formed by
actin filaments; the orientation of both is important for proper hearing and balance.
Mutations in members of the planar cell pathway generally cause rotation and
misorientation of the actin stereocilia chevron. However, they can also affect convergent
extension processes, which leads to a shorter and wider organ of Corti.
Examining the localization of Cobl protein in wild-type cochlea at E18.5, we find
that Cobl is present in hair cells (Figure 26). The single microtubule-composed
kinocilium is labeled by an acetylated tubulin antibody in panel A. At a confocal optical
section just below that of A, Cobl localizes in distinct puncta in hair cells (red, Figure
26B). Microtubules are also evident at this plane of section. By examining the
localization of Cobl in hair cells through the Z-axis and rendering an XZ projection to
create a side view, we observe the distinct puncta along the membrane but below the
level of the base of the cilium (Figure 26C). Cobl’s localization in these cells is restricted
to the apical membrane as demonstrated in a taller XZ projection in Figure 26D.
Staining of the F-actin stereocilia with fluorescently-labeled phalloidin highlights
their chevron shape (Figure 26E). In wild-type mice there is one row of inner hair cells
and three rows of outer hair cells. Cobl puncta are present in all hair cells (Figure 26F).
Cobl localizes to the apical membrane as demonstrated in a YZ projection of one hair cell
in Figure 26F’.
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Figure 26: Cobl is expressed in the inner ear hair cells
(A, B) Cobl puncta (red) are found in organ of Corti hair cells at E18.5 at an
optical section (B) just below that in A where the cilia are labeled with antiacetylated tubulin. XZ projections demonstrate the localization of Cobl along the
apical membrane (C, D). (E) Phalloidin staining of the F-actin rich stereocilia and
localization of Cobl in the inner and outer rows of hair cells (F). A YZ section
through one hair cell (F’) shows Cobl puncta at the apical membrane, not in the
stereocilia. Abbreviations: IHC, inner hair cell; OHC, outer hair cell. Scale bars
equal 5µm.
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We addressed whether the inner ear hair cells are affected in Cobl-/- homozygous
null mutants at E18.5. Staining of heterozygous and homozygous null tissues
demonstrates that Cobl protein is present in the hair cells (out of focus in order to
highlight actin chevrons) and surrounding sensory tissues in heterozygous samples
(Figure 27A) and absent in the homozygous null littermates (Figure 27B-D). All samples
were stained and imaged in the same manner. In all homozygous null embryos
examined, we find extra hair cells (n=10). Occasionally, extra cells in the inner row of
hair cells are observed (Figure 27B). More frequently, Cobl homozygous null embryos
have extra outer hair cells where there are regions of four rows of outer hair cells instead
of three (Figure 27C-D). Wild-type ICR or littermate embryos do not have extra hair cells
(n=9), while heterozygous embryos sometimes have extra hair cells (n=3/11).
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Figure 27: Cobl null mice have extra inner ear hair cells
E18.5 organ of Corti stained with Cobl and phalloidin to label F-actin. Only the
heterozygous sample stains positively for Cobl in neighboring sensory tissue (A)
and hair cells (out of plane of focus). In the heterozygous embryo, there is one
row of inner and three rows of outer hair cells. In homozygous null embryos,
extra cells in the inner row (B, bracket) or outer rows (C-D, box) are evident by
phalloidin staining. Abbreviations: IHC, inner hair cell row, OHC, outer hair cell
row. Scale bar equals 10µm.
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3.3.3.4 Viability and fertility are not affected in Cobl-/- mice
To assess the Cobl-/- adult phenotype, we first looked at the viability of
homozygous null mutants on an outbred ICR background. The null mutants survive to
adulthood at expected Mendelian ratios (Table 2) with no discernable phenotypic
difference than their littermates. The mutants survive at least through eight months of
age (n= 3 Cobl+/- and 3 Cobl-/-).
Table 2: Percent of Cobl genotypes present at weaning
Cobl+/- x Cobl+/- mating
Cobl+/+

Cobl+/-

Cobl-/-

Expect

25%

50%

25%

Actual (percent)

31%

47%

22%

Actual (number)

15/49

23/49

11/49

Cobl+/- x Cobl-/- mating
Cobl+/-

Cobl-/-

Expect

50%

50%

Actual (percent)

52%

48%

Actual (number)

24/46

22/46

Cobl null mutants survive at expected ratios in Cobl+/- x Cobl+/- (top) and Cobl+/x Cobl-/- (bottom) matings. The number of mice analyzed is indicated in the
bottom row of each table.
We next examined the fertility of the homozygous mutants by mating a
heterozygous null mutant with a homozygous null mutant. We obtain homozygous null
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mutant offspring at expected ratios from these crosses (Table 2). Additionally, the litter
size at birth is not different between Cobl+/- x Cobl+/-; Cobl+/- x Cobl-/- ; and Cobl-/- x
Cobl-/- matings (Table 3). In the Cobl+/- x Cobl-/- mating, the litter size is similar whether
the Cobl-/- parent is a male (8.8, n=5) or a female (7.2, n=4).
Table 3: Average litter size
Mating

Average Litter Size

n

Cobl+/- x Cobl+/-

8.4

8

Cobl+/- x Cobl-/-

8.1

9

Cobl-/- x Cobl-/-

8.0

2

Cobl null mutants produce the same size litter as Cobl heterozygous mutants as
indicated in the second column. The number of litters analyzed is shown on the
right.
3.3.3.5 Histological analysis of adult organs
Because Cobl homozygous null mutants are not embryonic lethal, we next
examined the organs of adult mice for disease phenotypes that arise later in life. Organs
from adult mice ranging from 3 months to 8 months of age were harvested and examined
for gross morphological defects. Since cobl morphant zebrafish have cilia defects in their
pronephric ducts and occasional renal cysts (Andrew Ravanelli, unpublished), we first
examined adult kidneys of Cobl-/- mice. Mutations in many mouse genes involved in
ciliogenesis result in formation of kidney cysts (Bisgrove and Yost, 2006). The kidneys
do not appear to differ in size or external appearance in Cobl+/- (n=4) or Cobl-/- (n=6)
adult males and females as compared to wild-type mice. Representative kidneys from
eight month old male mice are shown in Figure 28A and B. Small renal cysts may not be
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visible from the outside of the kidney, therefore we sectioned and stained adult kidneys.
Using a periodic acid Schiff stain which highlights glomeruli and cysts by labeling
glycogen, we find normal glomeruli (arrowheads) and no renal cysts in three male Cobl-/mutant mice (Figure 28D).
The epithelial lining in the lung is another tissue in which Cobl is highly
expressed and in which multicilia are important for proper clearing of mucus in the lung
(Afzelius, 2004). Lung histology appears the same between Cobl+/- and Cobl-/- adult male
lungs with the normal appearance of bronchi and alveoli (Figure 28E-H).
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Figure 28: Cobl-/- mutant adult kidney and lung appear normal
Whole kidneys (A,B) and sections through kidney (C,D) and lung (E,F) of Cobl+/(A,C,E) and Cobl-/- (B,D,F) littermates. (A,B) Kidneys isolated from 8 month
adult males show no gross morphological defects. (C,D) Representative periodic
acid Schiff and hematoxylin stained sections through adult kidneys demonstrate
normal glomeruli (arrowhead) and absence of cysts. The kidney medulla is
indicated by m and blood vessels are marked with an asterisk. (E-H) Lung
sections stained with hematoxylin and eosin. Bronchi are indicated with an
asterisk and alveoli are indicated with arrowheads. Scale bar equals 1mm (A-F)
and 5µm (G-H).
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3.3.4 Genetic interactions with other developmental genes
3.3.4.1 Investigation of genetic interaction with organizer genes
In mouse embryos, Cobl expression is first detected in the node, which is
equivalent to Spemann’s organizer in Xenopus in that it has instructive activity to
pattern the surrounding cells (Beddington, 1994). Many important developmental genes
are also expressed in the node, including Sonic hedgehog (Shh), Noggin (Nog), and
Foxa2. We hypothesized that Cobl null mutants that additionally lack one copy of one of
these organizer genes would have a more severe embryonic phenotype than the Cobl null
mutants on their own. To address this question, we mated double heterozygous mice
with either double heterozygous mice or Cobl null mice and observed whether Cobl null
mutants with a heterozygous mutation for one of the organizer genes survived to
weaning. Shh, Nog, and Foxa2 homozygous null mutants are embryonic or perinatal
lethal, therefore we would not find double homozygous null mutants at weaning.
Noggin is a bone morphogenetic protein (BMP) antagonist that is first expressed
in the node. Nog-/- mutants die at birth and have multiple defects, including a failure of
neural tube closure, a shortened body axis, and loss of ventral neuronal cell fates in the
neural tube (McMahon et al., 1998). We first examined whether Cobl and Nog
genetically interact by mating Cobl+/-;Nog+/- double heterozygous animals together.
Preliminary results show that Cobl-/-;Nog+/- animals survive to weaning age (n=1, Table
4). The distribution of genotypes is not significantly different than the expected ratio
(#2=0.79). One Cobl-/-;Nog-/- was dead at birth with a shortened body axis, loss of caudal
structures, and exencephaly, all characteristics of Nog-/- mutants . Additionally, when a
Cobl+/-;Nog+/- double heterozygous mouse was mated with a Cobl-/- mouse, we found
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that Cobl-/-;Nog+/- animals survive to weaning age (n=3, Table 4). The distribution of
genotypes was also not significantly different than the expected ratio (#2=0.66). These
results suggest that Cobl and Noggin do not genetically interact.
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Table 4: Cobl-/-; Noggin+/- mice survive to weaning age
Cobl+/-;Nog+/- x Cobl+/-;Nog+/-

Expect
Actual
(#)
Actual
(%)

Cobl+/+;
Nog+/+
6.25%

Cobl+/+;
Nog+/12.5%

Cobl+/+;
Nog-/6.25%

Cobl+/-;
Nog+/+
12.5%

Cobl+/-;
Nog+/25%

Cobl+/;
Nog-/12.5%

Cobl-/-;
Nog+/+
6.25%

Cobl-/-;
Nog+/12.5%

Cobl-/-;
Nog-/6.25%

0

1

0

0

2

0

1

1

--

17%

--

--

33%

--

17%

17%

1
dead
17%

Cobl-/- x Cobl+/-;Nog+/-

100

Cobl+/-; Nog+/+

Cobl+/-; Nog+/-

Cobl-/-; Nog+/+

Cobl-/-; Nog+/-

Expect

25%

25%

25%

25%

Actual
(#)
Actual
(%)

3

5

6 (+1 dead)

3

18%

29%

35%

18%

Expected genotypes from Cobl+/-;Nog+/- matings. From double heterozygous matings, one Cobl-/-;Nog+/- animal
survived to weaning (top table, yellow box). When Cobl+/-; Nog+/- mice were mated with Cobl-/- mice, 18% of pups at
weaning age had the Cobl-/-; Nog+/- genotype (bottom table, yellow box).

Foxa2 is a transcription factor that is also expressed in the node and its
derivatives and that is required for proper node development and dorsal-ventral
patterning (Ang and Rossant, 1994). We investigated whether Cobl and Foxa2
genetically interact by crossing Cobl+/-;Foxa2+/- mice with Cobl-/- mice. While one Cobl-/-;
Foxa2+/- mouse survived to weaning, one pup of the same genotype died at birth or was
killed by the mother (Table 5). The number of pups that survive to weaning for each
genotype is not significantly different than the expected numbers (!2=0.34), however the
sample size is small. These results demonstrate that Cobl-/-;Foxa2+/- mice can survive to
weaning, although Cobl and Foxa2 may genetically interact at low penetrance. More
matings of this type are required to further characterize a possible interaction.
Table 5: Cobl-/-;Foxa2+/- survival at weaning age
Cobl-/- x Cobl+/-;Foxa2+/-

Expect
Actual
(Number)
Actual
(Percent)

Cobl+/-;
Foxa2+/+
25%

Cobl+/-;
Foxa2+/25%

Cobl-/-;
Foxa2+/+
25%

Cobl-/-;
Foxa2+/25%

3

0

2

1 (+1 dead)

50%

--

33%

17%

Expected and actual genotyping results of mating a Cobl-/- male to a Cobl+/-;
Foxa2+/- female. Cobl-/-;Foxa2+/- pups can survive to weaning, although they have
also been found dead perinatally (yellow box).
Finally, we observed whether Cobl and Shh genetically interact during
development. Shh null mutants die at or around birth and have many patterning defects,
including loss of midline structures, limb defects, and loss of ventral neuronal cell types
in the neural tube (Chiang et al., 1996). Additionally, the expression of Cobl in the
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anterior notochord and floorplate is positively regulated by Shh (Carroll, 2004). To test
for a genetic interaction between Cobl and Shh, we mated a Cobl+/-;Shh+/- male with a
Cobl+/- female. We observed one pup that died around birth but appeared grossly normal
with the genotype Cobl-/-;Shh+/- (Table 6, yellow box). However, we also found a
littermate of the same genotype to survive at least to weaning age (Table 6, yellow box).
The distribution of genotypes at weaning age does not vary significantly from the
expected distribution (!2=0.63). These results suggest that there may be a low penetrant
genetic interaction between Cobl and Shh, although more analysis is required.
Table 6: Cobl and Shh genetic interaction
Cobl+/- x Cobl+/-;Shh+/-

Expect
Actual
(Number)
Actual
(Percent)

Cobl+/+;
Shh+/+
12.5%

Cobl+/+;
Shh+/12.5%

Cobl+/-;
Shh+/+
25%

Cobl+/-;
Shh+/25%

Cobl-/-;
Shh+/+
12.5%

Cobl-/-;
Shh+/12.5%

2

0

3

3

0

22%

--

33%

33%

--

1 (+1
dead)
11%

Expected and actual genotyping results of mating a Cobl+/-;Shh+/- male to a
Cobl+/- female. Cobl-/-;Shh+/- pups can survive to weaning, although they also die
perinatally (yellow box).

3.3.4.2 Lack of a Wnt5a genetic interaction with Cobl
Given Cobl’s genetic interaction with Vangl2, we examined whether Cobl
genetically interacts with another PCP pathway member, Wnt5a. PCP mutants often
have defects in convergent extension movements and therefore result in shortened body
axes, as observed in Wnt5a-/- mutants (Yamaguchi et al., 1999). These mutants also have
convergent extension defects in the inner ear where the cochlae are widened and
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shortened as compared to wild-type (Qian et al., 2007). By mating a Cobl-/- male with a
Cobl+/-;Wnt5a+/- female and genotyping the pups at weaning, we observed that Cobl-/-;
Wnt5a+/- mice survive at least through weaning age (Table 7). While the number of mice
analyzed is very small, the distribution of genotypes does not vary from the expected
distribution (!2=0.57). These preliminary results suggest that Cobl and Wnt5a do not
genetically interact. However, since both Wnt5a and Cobl are involved in inner ear
development, Cobl-/-;Wnt5a+/- and Cobl-/-;Wnt5a-/- organs of Corti need to be examined
for an enhanced inner ear phenotype as compared to the organ of Corti phenotype of
Cobl-/- single mutants.
Table 7: Cobl-/-;Wnt5a+/- heterozygous mice survive to weaning age
Cobl-/- x Cobl+/-;Wnt5a+/-

Expect
Actual
(Number)
Actual
(Percent)

Cobl+/-;
Wnt5a+/+
25%

Cobl+/-;
Wnt5a+/25%

Cobl-/-;
Wnt5a+/+
25%

Cobl-/-;
Wnt5a+/25%

2

1

0

1

50%

25%

--

25%

Expected and actual genotyping results of mating a Cobl-/- male with a Cobl+/-;
Wnt5a+/- female. Cobl-/-;Wnt5a+/- pups survive to weaning age (yellow box).

3.4 Discussion
In conclusion, we have generated a conditional allele of Cobl that when
recombined is a functional null. We found that Cobl is not required during embryonic
development for viability, but that it is at least involved in development of the organ of
Corti. As shown in Figure 27, Cobl-/- mutant embryos have extra hair cells in their
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cochlea. It remains to be determined whether the ectopic hair cells also have associated
support cells, whether the hair cells are innervated, and whether the mutant mice have
mild hearing defects. Two possible mechanisms can explain the inner ear phenotype and
both scenarios involve Cobl’s role as an actin nucleator. First, Cobl may be involved in
the organization of the inner ear tissue, by having a role in the cytoskeletal
rearrangement of these cells as they are dividing. Without Cobl, cells may sometimes
undergo misoriented cell division leading to areas of extra rows of hair cells. We initially
examined the inner ear because of the known involvement of the PCP pathway in its
organization and because Cobl could be a downstream actin nucleator working in concert
with other PCP members. Both Wnt5a and Vangl2 are PCP pathway members and their
mutants have inner ear defects. The inner ears of Cobl-/-;Wnt5a+/-, Cobl-/-;Vangl2+/-, and
the double null mutants need to be examined for enhanced inner ear phenotypes
compared to the Cobl-/- single mutants. The inner ear phenotype we find is different than
the typical PCP-mediated convergent extension defect where the cochlae are shorter and
have many extra rows of hair cells. Instead, we find small areas of extra cells which could
be due to misoriented division. The cytoskeleton needs to be carefully analyzed during
earlier stages of hair cell development and differentiation to test this possibility.
Alternatively, Cobl could be involved in the endocytosis of important signaling
molecules, such as Notch, during differentiation of hair cells. Many mutants of the Notch
pathway, including Notch1, Jagged2, Hes1, Hes5, and Hey2, have extra inner or outer
hair cells (Lanford et al., 1999; Li et al., 2008; Zheng et al., 2000; Zine et al., 2001).
These studies suggest that Notch signaling is involved in lateral inhibition during hair
cell fate determination and prevents an excess of hair cells. Since Cobl localizes in
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distinct puncta near the apical membrane, it is possible that Cobl is involved in
remodeling the actin cytoskeleton during endocytosis of Notch ligands. The remodeling
of the actin cytoskeleton during endocytosis is not reliant on Cobl since other actin
nucleators are known to be involved; however without Cobl, the endocytosis of ligands
may not always occur optimally which results in defective Notch-mediated lateral
inhibition and extra hair cells being specified. The FGF pathway is also important in
determining the number of hair cells because mutations in Fgfr3 and Sprouty2 lead to
extra outer hair cells (Hayashi et al., 2007; Shim et al., 2005). To determine whether
Cobl is involved in Notch or FGF signaling, it will be important to look at the expression
of these genes in the developing cochlae of Cobl-/- embryos.
Based on its localization in tissues undergoing morphogenesis, its function as an
actin nucleator, and its interaction with Vangl2 in midbrain neurulation, we expected
that Cobl-/- embryos would have a more dramatic embryonic defect. However, the lack of
a more remarkable morphogenetic phenotype could be due to functional redundancy by
other actin nucleators. Such redundancy could also explain why the F-actin cytoskeleton
in developing epithelia is not drastically affected in Cobl-/- embryos. The in vivo function
of many of the other actin nucleators in mice has not been studied, although many genetrap lines have been generated. In particular, the in vivo functions of other possible
tissue-specific actin nucleators, such as Spire or Leiomodin family members, are not
known. The mutations in members of the Arp2/3 complex that have been studied cause
very early embryonic lethality. Knockout of Arp3 with a gene-trap allele leads to
defective trophoblast outgrowth and suggests a defect in blastocyst implantation (Vauti
et al., 2007). A transposon-induced mutation in Arpc3, a subunit of the Arp2/3 complex,
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also causes a failure of trophoblast outgrowth (Yae et al., 2006). Since the Arp2/3
complex is a widely used actin nucleator complex in every cell, the early embryonic
lethality phenotypes are not surprising. The knockout of Formin1 or Formin2 does not
cause embryonic lethality. Formin1 mutants are viable and fertile, but some display
oligodactyly and renal aplasia (Zhou et al., 2009). Formin2 mutants are also viable, but
mutant females display subfertility due to defects in oocyte spindle positioning (Leader
et al., 2002). The lack of early embryonic lethality phenotype by mutation of the formin
actin nucleators could be due to redundancy among formin family members or other
actin nucleators.
When Cobl protein production is disrupted in zebrafish embryos by injecting a
cobl-specific morpholino, the embryos display cilia defects. The morphant embryos have
shortened cilia in Kupffer’s vesicle, left-right asymmetry defects, and absent or shortened
pronephric duct cilia (Andrew Ravanelli, unpublished). The Cobl null mutant mice do
not display prominent cilia disorders such as left-right asymmetry defects or kidney
cysts. Further studies are required to determine whether cilia length or function is
slightly disrupted in Cobl null mice.
Other analyses of the Cobl null phenotype are ongoing. Our initial genetic
interaction studies of Cobl with other organizer genes are promising. However, Cobl-/embryos that are also heterozygous or homozygous null for an organizer gene need to be
analyzed in more detail and in larger numbers. Tests of Cobl’s genetic interaction with
PCP pathway members, including Wnt5a and Vangl2, also need to be performed. Both
the Coblflox and Cobl!34 alleles provide useful tools for the analysis of the function of Cobl
in adult mouse physiology and behavior. We have not yet addressed all behavior or
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learning and memory phenotypes in these mice. Given that knockdown of Cobl in
neurons leads to reduced neurite branching, we expect that these mice will have some
neuronal defects. Additionally, this allele may facilitate the discovery of Cobl’s other
molecular functions with the use of cell lines derived from the null mice.
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4. Conclusions
4.1 Summary
This dissertation has investigated the role of the novel protein Cordon-bleu in
developing mammalian tissues, with a focus on epithelial cell types. Using a combination
of molecular, cell biological, and genetic techniques, we have determined that Cobl
promotes actin filament formation in a tissue-specific manner, interacts with the
Syndapin family of proteins, and is involved in the development of sensory epithelia.
Further interpretation of these results and Cobl’s function follows. While this research
has shed light on some of Cobl’s roles in the mouse, much remains to be learned about
this protein, including details about its interactions with other partners and roles in
specific tissue types. Some future studies to identify Cobl’s other roles are discussed in
this chapter.

4.2 Discussion of Results
4.2.1 Cobl is involved in sensory epithelium development, but is not
essential for embryonic viability
Other than its interaction with Vangl2 in midbrain neurulation, Cobl’s role in
vivo had not been characterized before this study. Many pieces of evidence, including
Cobl’s distinct early embryonic expression pattern, role in midbrain neurulation, and
ability to form actin filaments, led us to hypothesize that Cobl null embryos would have
morphogenetic defects. In particular, we expected that Cobl null embryos might fail to
close the neural tube in a manner similar to mutants of other cytoskeletal proteins (De
Marco et al., 2006). Given Cobl’s localization in a number of developing organs, we also
hypothesized that there would be defects in the development and morphogenesis of
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these tissues. For these reasons, we generated a conditional null allele to allow us to
address Cobl’s role in many different contexts.
Using ubiquitous Cre expression to recombine the conditional allele in all cells,
we find that Cobl is not required for embryonic or adult viability. Functional redundancy
is one explanation for this result. A gene’s family member can compensate for the loss of
the gene if both proteins have related function (Muller, 1999). Although Cobll1 is a family
member of Cobl, it seems an unlikely candidate to compensate for the lack of Cobl
because of its nonoverlapping expression domains and possession of only one WH2
domain (Carroll et al., 2003).
Functional redundancy can also occur among proteins that share similar
function, but that are not in the same gene family. Therefore, other actin nucleators
might fill Cobl’s role. Diverse actin cytoskeletal structures exist across tissues in vivo and
optimal construction of these structures likely uses multiple nucleator proteins.
However, the actin cytoskeleton is a crucial cellular component, so the cell may use some
nucleators interchangeably. While Cobl may form signature actin architectures, other
proteins such as Spire or formins may be able to perform an equivalent function. The
Arp2/3 complex is not dispensable (Vauti et al., 2007), but other actin nucleators might
be. Null alleles of some members of the formin family demonstrate that they are not
essential for viability (Leader et al., 2002; Zhou et al., 2009). Removing one copy of
another actin nucleator gene and examining the phenotype of Cobl-/- embryos will help
to elucidate the function of Cobl in actin cytoskeleton remodeling. Unfortunately null
mutations have not been published for many of the other actin nucleators, especially
WH2 domain-containing ones.
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The actin nucleation functions of Cobl and the Arp2/3 complex together are
additive rather than competitive (Ahuja et al., 2007). The Arp2/3 complex associates
with the pointed end of the actin filament while Cobl likely associates with the barbed
end (Ahuja et al., 2007). Also, the Arp2/3 complex forms branched actin networks while
Cobl forms unbranched filaments. These in vitro results suggest that Cobl and the
Arp2/3 complex work independently. In neurons, Cobl and the Arp2/3 complex have
different functions; Arp2/3 has been implicated in regulating axon length while Cobl is
involved in neurite branching (Ahuja et al., 2007; Pinyol et al., 2007). Because Cobl and
Arp2/3 have independent functions, a Cobl-/-;Arp3+/- embryo may form and function
normally. However, a Cobl null; formin member heterozygous embryo may have more
severe defects. Formin, like Cobl, associates with the barbed end of the actin filament
and forms unbranched filaments. Unbranched filaments are involved in the formation of
filopodia and actin bundles. Absence of Cobl and the reduction in a formin family
member may disrupt the formation of these actin structures and cause severe defects in
neuron morphology and epithelial structure.
The studies to identify Cobl’s role in the mouse were performed on an outbred
background. Some of Cobl’s roles may become evident on various inbred backgrounds.
The genetic background can have an influence on the penetrance of a mutant phenotype
due to the presence of different alleles at modifier loci (Erickson, 1996). Phenotypes can
also vary widely on different genetic backgrounds. For example, the developmental
defects in the EGF-receptor, TGF"1, and p53 mutants are more severe in some genetic
strains than others (Muller, 1999). The conditional and recombined alleles of Cobl are
currently being bred onto 129SvEv and C57Bl6 inbred backgrounds. We expect we will
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find additional phenotypes of the Cobl homozygous null animals on these different
backgrounds.
Zebrafish embryos that are injected with a Cobl specific morpholino have a more
severe phenotype compared to the null mutant mice. The Cobl morphant zebrafish
embryos have reduced cilia number and shorter cilia in tissues with motile cilia,
including Kupffer’s vesicle and the pronephric ducts (Andrew Ravanelli, unpublished).
The morphants have left-right asymmetry defects which are probably attributable to
defects in the motile cilia in Kupffer’s vesicle cells. Some of the morphant fish develop
kidney cysts that are likely due to cilia defects (Andrew Ravanelli). Based on the
zebrafish defects, we expected the Cobl null mice to also display cilia defects. The mutant
mice do not have laterality defects that would suggest a problem with the node cilia. All
of the mice examined thus far have proper asymmetric organ placement. The Cobl null
mice also develop normal kidneys that have not displayed kidney cysts. Many mouse
mutants with cilia defects develop kidneys with large cysts (Zaghloul and Katsanis,
2009).
The mutant phenotypes of a homologous gene in mouse and zebrafish are often
related. For example, disruption of Shh leads to floorplate and somite defects in both
mouse and zebrafish (Brand et al., 1996; Chiang et al., 1996; van Eeden et al., 1996).
However, there are also other reports in the literature where the zebrafish mutant
phenotype is more dramatic than the mouse phenotype of the same gene. Mutation of
the BMP antagonist chordin in zebrafish causes a strong ventralized phenotype in the
early embryo (Schulte-Merker et al., 1997). However, Chordin outbred null mouse
mutants are viable (Stottmann et al., 2001). In the mouse, Chordin and Noggin are both
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expressed in the node and have redundant function during gastrulation (Bachiller et al.,
2000), but noggin is not expressed in the organizer in zebrafish, which explains the
phenotype of chordino mutants (Bauer et al., 1998; Schulte-Merker et al., 1997). With
our current knowledge, there is no clear candidate that is functionally redundant with
Cobl in mouse but not zebrafish. However, we may find that another actin nucleator is
expressed in ciliated tissues in mouse but not in zebrafish.
A recent study has demonstrated that Fused, a component of the Hedgehog
pathway, is dispensable for embryonic viability in the mouse, but is required in zebrafish
embryogenesis (Wilson et al., 2009a). Other Shh pathway members have more critical
roles in mouse than in zebrafish (Huangfu and Anderson, 2006). The Shh pathway is an
important and widely used signaling pathway during development. Phenotype
comparisons of pathway components suggest that functional diversity of homologs exists
between species. A similar scenario may be true for Cobl, where zebrafish have evolved a
critical role for it in ciliogenesis, while its function differs in the mouse. However in both
mouse and zebrafish, Cobl is expressed in ciliated epithelia, including the floorplate cells,
nasal epithelium and kidney ducts. The localization of the Cobl protein is the same
between the two organisms as well. Cobl localizes in distinct apical puncta in the kidney
ducts, for example. It will be interesting to determine whether mouse Cobl cDNA is able
to rescue the morphant zebrafish.

4.2.2 Characterization of Cobl’s role in actin filament formation
Our in vitro polymerization assays demonstrated that Cobl is an actin nucleator
(Chapter 2 and Ahuja et al., 2007). Based on expression analyses and localization
studies, we know that Cobl modulates the actin cytoskeleton in a tissue-specific manner.
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Because it functions in distinct domains, it is also tempting to speculate that Cobl
generates unique changes in the actin cytoskeleton based on the interactions it has with
other proteins, as well as the specific cell type.
The knockdown of Cobl in migrating cultured cells demonstrated that it is
involved in the formation of an actin bundle towards the leading edge. However, we did
not observe defects in the null mutants that suggest that the actin cytoskeleton is
defective in migrating epithelial cells. The actin cytoskeleton is important for the fusion
of two epithelial sheets, such as during eyelid and neural tube closure (Martin and Wood,
2002). Since similar mechanisms exist in Drosophila, which do not have Cobl, then
other actin nucleators are likely involved in cytoskeleton changes during these processes.
Regardless, it would be interesting to determine whether adult Cobl null mice have
defects in wound healing in vivo using established protocols (DiPietro and Burns, 2003).
A Cobl null epithelial cell line would prove a useful tool in studying its role in cell
migration and wound healing. Comparing this cell line with a wild type control would
allow the determination of how a lack of Cobl affects the actin cytoskeleton, the rate of
migration, and the efficiency of migration.
Since Cobl forms new actin filaments and has a role in cell migration, but is not
required for morphogenesis of developing embryos, it is possible that expression of other
actin nucleators compensates for its loss. Other studies demonstrate that a balance
between the Arp2/3 complex and formins exists under normal conditions.
Overexpression of formins in yeast causes lethality. However, that lethality can be
rescued by overexpression of a WASP family member or G-actin binding proteins which
suggests that a balance between the Arp2/3 complex and formins exists (Gao and
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Bretscher, 2008). In support of this model, when N-WASP and Wave2 or the Arp2/3
complex are knocked down in cultured cells, RhoA activity increases and subsequently
more formin-dependent actin bundles form (Korobova and Svitkina, 2008; Sarmiento et
al., 2008). To determine whether certain actin nucleators are upregulated when Cobl is
absent, the expression level of various actin nucleators in tissues in which Cobl is
normally expressed could be examined by quantitative PCR analysis. Alternatively
changes in activity levels of various Rho proteins might suggest which actin nucleators
are upregulated in Cobl’s absence.

4.2.3 Identification of Cobl’s other molecular functions
Our studies in chapter two demonstrated that Cobl interacts with the Syndapin
family of proteins. In cultured cells, the knockdown of either Cobl or Sdp2 resulted in
misexpression of the other protein. From these results, we expect that Cobl and Sdp2
should be mislocalized in Sdp2 and Cobl null mutants, respectively. While a Sdp2 null
allele is not yet available to examine Cobl’s localization, we can examine the localization
of Sdp proteins in the Cobl mutants. This analysis is ongoing and thus far inconclusive
due to poor Sdp antibodies.
The knockout of any of the Syndapin family members in mice has not been
published. In Drosophila, there is one syndapin (synd) gene and a loss-of-function allele
causes pupal lethality, although some mutants do survive to adulthood (Kumar et al.,
2009). These studies report that syndapin is not required for synaptic transmission or
synaptic vesicle endocytosis (Kumar et al., 2009). While complete loss of function has
not been studied in mammals, recent reports have indicated that perturbation of
Syndapin1 impairs synaptic vesicle endocytosis and bulk endocytosis (Anggono et al.,
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2006; Clayton et al., 2009; Perez-Otano et al., 2006). One study has shown that Sdps are
involved in vesicle scission and actin cytoskeletal dynamics at the apical membrane in
polarized epithelia (Da Costa et al., 2003). Otherwise, very little is known about their
function in epithelia, a tissue type where Cobl and Sdp2 interact. It will be important to
further characterize this interaction and its function in development by studying
Cobl;Sdp double mutants as they become available for the Sdp family members.

4.2.4 Overall model for Cobl’s function
In vitro and cell culture assays have demonstrated that Cobl binds actin and
promotes the formation of new actin filaments. Additionally, Cobl interacts with the Sdp
family of proteins, which are adaptors whose function is thought to be linking
endocytosis and actin cytoskeleton remodeling. The expression domains of Cobl in early
development are tissues in which signaling is translated into changes in the cytoskeleton.
Cobl’s subcellular localization domains at the apical membrane in epithelial cells and in
the perinuclear region in neurons are areas of high vesicle trafficking. Therefore, the
compilation of these data leads to a speculation that Cobl’s overall role within a cell is to
directly link changes in the actin cytoskeleton to vesicle trafficking.
In this model, Sdp interacts with dynamin at the neck of endocytosing vesicles.
Cobl’s interaction with Sdp then brings an actin nucleator to domains of endocytosis
(Figure 29). Cobl begins polymerizing new actin filaments that help to translocate the
vesicle into the cell. In epithelial cells Cobl’s localization is dependent on Sdp2’s
localization, so a model where Sdp directs the localization of Cobl fits. However in the
cultured epithelial cells, Sdp2’s localization is also dependent on Cobl. One possible
explanation for this observation is that Sdp binds Cobl and another protein to form a
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complex at the cell cortex. Without a complete complex, the proteins are not properly
localized.

Figure 29: Speculative model of Cobl's role in endocytosis
Cobl’s (red rectangle) KRAP motifs (K) interact with Sdp proteins (orange), and
Cobl’s WH2 domains (W) bind actin monomers (green) and nucleate actin
filaments. Sdp oligomers bind both dynamin (blue) and Cobl. By interacting with
Sdp, Cobl directly affects the actin cytoskeleton at areas of endocytosis.
Since Sdp can also bind the Arp2/3 complex regulator N-WASP (Qualmann et al.,
1999), it is possible that Sdp interacts with different actin nucleators in different tissues.
Alternatively, Sdp, which uses its SH3 domain to bind both N-WASP and Cobl, might
interact with multiple actin nucleators in the same cell and promote the formation of
different actin topographies. In the developmental contexts analyzed, we found that Sdp1
and/or Sdp2 localize in the same tissues as Cobl in developing embryos. While there
were no contexts where Cobl was expressed that a Sdp was not, there were a few
occasions where Sdp was expressed even without Cobl. For example in E7.5 embryos,
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Sdp2’s localization domain is more widespread than the node-restricted domain of Cobl.
In the cells apart from the node, Sdp2 may interact with N-WASP during endocytosis.
Since Cobl is not the only actin nucleator associated with endocytosis, we do not
see dramatic embryonic phenotypes in the null mice. However, an endocytic role for
Cobl fits with the inner ear phenotype of extra hair cells that we observed. This
phenotype could be a result of improper Notch endocytosis as discussed at the end of
chapter three.
While current data fit a model for Cobl’s role in endocytosis, other alternatives
must be explored. Other interactions of Cobl’s N-terminal domains were determined
from the yeast two-hybrid screen, and these interactions could direct Cobl to different
subcellular domains to build specific actin cytoskeleton structures unrelated to vesicle
trafficking. For example, Cobl localizes to the nucleus in a small number of cell types,
including the dorsal root ganglion where it colocalizes with the transcription factor Islet1
(Carroll, 2004). Islet1 was a clone identified in the yeast two-hybrid screen and
confirmed to interact with the N-terminal half of Cobl. Islet1 may direct Cobl into the
nucleus where it has an unidentified function, but may promote the formation of short
actin filaments. While the field remains controversial, monomeric and short oligomeric
forms of actin in the nucleus are thought to be involved in gene regulation and
transcription (Bettinger et al., 2004; Pederson, 2008).

4.3 Future Studies
Many aspects of Cobl’s biology are still a mystery, and plenty of avenues of future
research into uncovering Cobl’s other functions exist. Some questions that are raised by
this thesis research are addressed here.
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4.3.1 Determining Cobl’s potential role in endocytosis
Since Cobl interacts with Syndapins and localizes in domains of vesicle
trafficking, we hypothesize that Cobl is involved in endocytosis. Transfection of cells with
the dynamin-binding SH3 domain of Sdp1 or Sdp2 inhibits receptor-mediated
endocytosis, demonstrating that Sdp’s interaction with other proteins is required for
endocytosis (Qualmann and Kelly, 2000). To determine whether Cobl is involved in
receptor-mediated endocytosis, the uptake of labeled transferrin in Cobl-/- cells can be
compared to that in Cobl+/+ cells. Preliminary studies suggest that transferrin uptake in
Cobl-/- fibroblasts does not differ from that in wild type fibroblasts, however further
analysis is required. Since Cobl localizes to sites of endocytosis in polarized epithelia, its
role in receptor-mediated endocytosis should be examined in these cells. Analysis of
transferrin uptake when Cobl is knocked down in mIMCD3 cells is not ideal because
endocytosis in untransfected mIMCD3 cells appears to be highly variable. In any case,
Cobl may be involved in other types of endocytosis, such as caveolin-mediated or
clathrin-independent endocytosis (Mayor and Pagano, 2007). Caveolae also utilize the
actin cytoskeleton to move the vesicle into the cell (Shibata et al., 2009). To examine
whether Cobl functions in caveolae internalization, null cells can be assessed for their
ability to uptake cholera toxin using assays similar to those for labeled transferrin (Wolf
et al., 2002). Rates of cholera toxin uptake can be compared between Cobl null and wild
type cell lines. Finally, Cobl may be involved in the process of bulk endocytosis, which is
the uptake of large amounts of membrane and extracellular material. Syndapin has
recently been identified to have a role in bulk endocytosis at active synapses (Clayton et
al., 2009).
118

4.3.2 Elucidating the regulatory mechanisms of Cobl’s functions
Cobl’s restricted subcellular localization suggests that its activity is regulated by
other proteins. The RhoGTPases regulate other actin nucleators (Jaffe and Hall, 2005).
Therefore, they are likely to regulate Cobl as well. Initial studies by rotation students to
determine whether Rho, Rac, or Cdc42 regulate Cobl have thus far proven inconclusive,
however further studies examining whether overexpression or inhibition of various
RhoGTPases affect Cobl’s localization and the actin cytoskeleton will prove insightful.
It will also be interesting to determine whether the functions of Cobl’s domains
are separate. For example, are there occasions where Cobl binds proteins such as Sdp at
the N-terminus and performs a function entirely separate from actin filament formation?
There may be contexts where the KRAP motif or another uncharacterized domain
interacts with specific proteins to perform a function unique to that interaction, while
the WH2 domains are inactive or inhibited. Similarly, are there instances when Cobl
functions as an actin nucleator without also being bound to another protein at the Nterminus? It will be useful to determine whether the KRAP motifs generally interact with
other proteins that help localize Cobl’s actin nucleation function to required subcellular
domains. Regulation of actin nucleators by interaction with various binding partners is
not unprecedented. Formin-binding proteins and the actin-binding scaffold protein
IQGAP bind formin and direct its activity at special subcellular domains (Aspenstrom,
2009; Brandt et al., 2007).

4.3.3 Determining the regulation of Cobl’s subcellular localization
domains
Cobl’s subcellular localization varies with tissue type. Since the Cobl protein does
not have any signal sequences or domains that obviously govern its subcellular domains
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other than the nuclear localization signals, it will be important to determine how the
subcellular localization is controlled. The N-terminal KRAP motifs and the nuclear
localization signals seem the best place to start analysis. Since Sdp is involved in Cobl’s
localization, at least in cultured epithelial cells, it is reasonable to speculate that other
proteins that interact with Cobl’s N-terminal domains are also guiding its localization. A
return to the yeast two-hybrid results and further analysis into certain interacting
partners may help to elucidate those proteins that also regulate Cobl’s localization. For
example, one clone that was identified and confirmed is the transcription factor Islet1.
Further studies similar to those approaches undertaken with Cobl’s interaction with
Syndapin can be performed to determine the validity of this interaction and to verify
whether Islet1 regulates Cobl’s localization in certain cell types. Given that Islet1 is highly
expressed in motor neurons, where it colocalizes with Cobl (Carroll, 2004), we would
expect Islet1 to regulate Cobl’s subcellular domains in neurons or specific subclasses of
neurons.
To identify whether the nuclear localization sequences are functional, a cell line
that has nuclear Cobl needs to be clearly identified. The nuclear localization signals can
be mutated in a fluorescently tagged Cobl construct and examined for their ability to
translocate into the nucleus. Subsequently, candidate interacting proteins can be
examined for their role in Cobl’s nuclear localization.

4.3.4 Identifying the role of Cobl in adult disorders and disease
While the Cobl null mutants did not have the severe embryonic phenotype that
we anticipated, the mutants may prove very useful in the study of various adult diseases.
Only a small number of mice have been analyzed but they survive at least through eight
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months of age with no discernable defects. With the analysis of more mice and at later
ages, we may find that Cobl null mice do develop kidney cysts or other defects.
Additionally, these mice have not been challenged in any manner. Many mutant mice
have no phenotype until challenged. The Cobl mutants may have yet unidentified cilia
defects which predispose them to respiratory diseases. Using established models of
inducing airway distress, we can determine if Cobl-/- mice fare differently then their wild
type counterparts.
Many mutations result in locomotor, behavioral, or learning defects that are
hidden until the appropriate test is administered. Observations of the Cobl-/- mice
indicate that the mice move and climb around their cages like the wild type mice. They
also groom each other and nest together. However, many tests to examine gait, learning,
memory, and behavior exist and have not been performed on the mutant mice.
Additionally, the mice should be tested for problems in both balance and hearing, given
the defects we noticed within the inner ear.

4.4 Concluding Remarks
Our knowledge of Cobl’s function has grown considerably since the first
characterization of its dynamic and restricted domains in developing embryos. The
significance of this thesis work is the demonstration that Cobl is an actin nucleator that
interacts with Syndapins and is localized at the apical compartment of epithelial cells. It
may be situated at the interface between endocytosis and actin cytoskeleton remodeling.
The tissue-specificity of Cobl also suggests that Cobl promotes the formation of signature
actin cytoskeletal structures relevant to the tissue type. Additionally, this thesis presents
the generation and initial characterization of a null allele of Cobl, which will be a
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valuable tool in further characterizations of Cobl’s function. Future studies will continue
to elucidate Cobl’s roles in development and adult physiology.
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