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Abstract

Topographic maps with a defined spatial ordering of neuronal connections
are akey feature of the brain’sorganization. The most widely used model
for studies of the formation of topographic maps is the retinotectal
projection. Chick brain factor-1 (CBF-1), a nasal retina-specific winged-
helix transcription factor, is known to prescribe the nasal specificity which
leads to the formation of the precise retinotectal map especially along the
antero-posterior (A-P) axis. However, the molecular mechanisms by
which CBF-1 controls the expression of topographic molecules have not
been elucidated. Inthe present study, to gain insight into the downstream
target genes of CBF-1, | employed electroporation of a retroviral vector
carrying the CBF-1 gene into the optic vesicle, and examined effects of the
misexpression of CBF-1 on the expression of topographic molecules and
other asymmetrically distributed molecules. The in ovo electroporation of
retrovirus allows the immediate and sustained expression of a transgene.
Since endogenous CBF-1 begins to be topographically expressed prior to
Hamburger-Hamilton (HH) stage 11 in native embryos, at which stage the
polarity aong the nasotemporal (N-T) axis appears to be determined
(Dutting and Thanos, 1995; Thanos et al., 1996), thisin ovo electroporation
system is suitable for the functional study of CBF-1. Here, | show that
ectopic expression of CBF-1 in the temporal retina represses expression of
EphA3 and CBF-2, and induces that of SOHo-1, GH6, ephrin-A2, and
ephrin-AS. A chimeric protein that consists of an even-skipped repression
domain and CBF-1 DNA binding domain exerted the same effects as the
wild-type CBF-1 on the expression of SOHo-1, GH6, EphA3, CBF-2, and
ephrin-A5, but not on that of ephrin-A2. On the other hand, a CBF-1
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mutant deficient in DNA-binding activity exerted the same effects as the
wild-type CBF-1 on the expression of SOHo-1, GH6, EphA3, CBF-2, and
ephrin-A2, but not ephrin-A5.  These results suggest that CBF-1 controls
ephrin-A5 by a DNA binding-dependent mechanism, ephrin-A2 by a DNA
binding-independent mechanism, and CBF-2, SOHo-1, GH6, and EphA3
by dual mechanisms.

Our lab recently identified a novel secreted molecule, Ventroptin,
which is an antagonist of bone morphogenetic protein 4 (BMP-4) in the
reting, and demonstrated that Ventroptin is implicated in the retinotectal
topographic projection along both the dorsoventral (D-V) and A-P axes
(Sakutaet al., 2001). Asymmetrical expression of Ventroptin aong the N-
T axis regulates the graded expression of ephrin-A2 along this axis but not
of ephrin-A5 or EphA3 in the retina, which is associated with the
retinotectal mapping along the A-P axis (Sakuta et a., 2001). Vneroptin
expression is ventral-specific, complementary to the dorsal-specific BMP-4
expression at the early developmental stage of theretina. However, along
with a decline of BMP-4 expression from the dorsal retina, the expression
of Ventroptin forms a double-gradient pattern along the two axes from EB6.
This suggests that a member of the TGF-b family other than BMP-4 should
appear in a temporal high-nasal low gradient along the N-T axis with a
complementary pattern to the Ventroptin expression (Sakuta et al., 2001).
In this study, | found that a TGF-b family member, BMP-2, is expressed in
a pattern complementary to that of Ventroptin, with a double-gradient along
the two axes from E6 onward.  Ventroptin antagonizes BMP-2 as well as
BMP-4. Misexpression of BMP-2 in the developing retina repressed
expression of Ventroptin and ephrin-A2. Moreover, | demonstrate that
CBF-1 perturbs BMP-2 signaling through a DNA binding-independent
mechanism, which resultantly causes the induction of ephrin-A2 expression.
These results thus suggest that CBF-1 is located at the top of the gene
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cascade for the regional specification along the N-T axisin the retinaand
distinct BMP signals play pivotal rolesin the topographic projection along

both axes.
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One of the most common characteristics of axonal connection patternsin
the nervous system is their organization into topographic maps, in which
the spatial order of neurons at the origin is reflected in the order of their
axon terminalsinthetarget. The projection from the retinato the tectum,
or its mammalian homologue, the superior colliculus (SC), has been a good
model system for studies of topographic map formation. In this system,
retinal ganglion cell axons from the anterior (nasal) retina project to the
posterior region of the tectum (or SC), while axons from the posterior
(temporal) retina project to the anterior tectum (Fig. 1). Along the
dorsoventral (D-V) axis of the retina, orthogonal to the anterposterior (A-P)
axis, the dorsal and ventral retina axons are connected to the ventral
(lateral) and dorsal (medial) tectum (SC), respectively (Fig. 1). Sperry
proposed in his chemoaffinity hypothesis that graded distributions of
topographic molecules aong the A-P and D-V axesin the retina and tectum
confer the positional information and control the topographical projection
of retinal axons (Sperry, 1963). Recent studies have implicated the Eph
family of receptor tyrosine kinases and their ligands, ephrins, as the
topographic molecules in the retinotectal system.

The Eph family of receptors, the largest subgroup of receptor tyrosine
Kinases, are classified into two subfamilies, EphA and EphB, according to
their preference for either glycosyl-phoshpatidyl-inositol (GPI)-anchored
ephrin-A ligands or transmembrane ephrin-B ligands (Eph Nomenclature
Committee, 1997; Fig. 2). In chick, the EphA3 receptor is expressed in a
temporal high-nasal low gradient in the retinal ganglion cells (Cheng and
Flanagan, 1994; Fig. 3), and ephrin-A2 and ephrin-A5 are expressed in

posterior high-anterior low gradients in the tectum (Cheng and Flanagan,
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1994; Drescher et al., 1995; Feldheim et al., 1998; Frisén et al., 1998; Fig.
3). Several lines of evidence suggest that ephrin-A ligands are repulsive
to EphA-expressing axons (Cheng and Flanagan, 1994; Drescher et d.,
1995; Feldheim et al., 1998; Frisén et al., 1998): According to the
expression level of EphA3 in growth cones, growing retinal axons stop at
different A-P positions due to the repellent signals from ephrin-A2 and
ephrin-A5 graded on the tectum.  Consistent with this concept, analyses of
ephrin-A27~ and ephrin-A5"~ mutant mice show that ephrin-As play an
important role in the formation of the topographic map along the A-P axis
in the retino-collicular system (Frisén et al., 1998; Feldheim et al., 2000).
Further, by ectopic expression of the EphA 3 receptors in a subset of retinal
ganglion cells, it has been shown that EphA3 mediates the repellent action
of ephrin-As (Brown et al., 2000).

In addition to EphA 3, four EphA receptors (EphA4, EphA5, EphA6
and EphA7) are uniformly expressed in the chick retina (Monschau et al.,
1997; Connor et al., 1998; Fig. 3). On the other hand, ephrin-A2 and
ephrin-A5 are expressed in nasal high-temporal low gradients in the retina
(Marcus et al., 1996; Connor et al., 1998; Hornberger et al., 1999; Fig. 3).
Overexpression of ephrin-As in temporal axons leads to errors in the
topographic targeting of temporal axons (Dutting et al., 1999; Hornberger
et a., 1999), suggesting a role for retinal ephrin-As in the formation of
topographic projections.  Endogeneous coexpression of EphAs and
ephrin-As on the nasal axons causes Eph receptors to autophosphorylate at
tyrosine residues (Connor et a., 1998; Hornberger et al., 1999). This
phosphorylation is considered to attenuate sensitivity to the repellent cues,
and accommodate nasal axons invading into tectal regions expressing
substantial amounts of ephrin-A2 and ephrin-A5.  Thus, EphAs uniformly
expressed in the retina are also thought to be involved in the topographic

projection along the A-P axis.
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On the other hand, EphB receptors and ephrin-B ligands are known to
exhibit a graded distribution along the D-V axisin theretina. EphB2 and
EphB3 receptors are expressed in a ventral high-dorsal low gradient
(Holash and Pasquale, 1995; Braisted et al., 1997; Connor €t a., 1998), and
ephrin-Bl is expressed in adorsal high-ventral low gradient (Braisted et d.,
1997). In EphB2"/EphB3” double mutant mice, the topographic
projection along D-V axisis aberrant, suggesting that these EphB receptors
are required for the formation of the topographic map (Hindges et a.,
2002). Thus, Eph receptors and ephrins play pivotal roles in the axon
guidance for the topographic map formation along both axes. However,
the mechanisms regulating the expression patterns of Eph receptors and
ephrins have not been fully revealed in the retina.

The achievement of graded distributions of topographic molecules
along the A-P and D-V axesin the retina and tectum during development is
a crucia step in the formation of the topographic map. From the early
developmental stages of the retinaand tectum, a number of morphogens
and transcription factors show asymmetrical expression patterns along the
two axes. Studies have demonstrated that these asymmetrically expressed
molecules regulate the graded distributions of topographic molecules along
the two axes in the retina and optic tectum, which finally leads to the
topographic projection. Our lab previously found that two winged-helix
transcription factors, chick brain factor 1 and 2 (CBF-1 and CBF-2), are
expressed specifically in the nasal and temporal regions of the developing
chick retina, respectively (Yuasa et a., 1996). Our lab further
demonstrated that ectopic misexpression of CBF-1 and CBF-2 reversed the
topographic map in the retinotectal system along the A-P axis (Yuasaet a.,
1996). Inthe embryo infected with CBF-1 recombinant virus, temporal
axons frequently passed their appropriate terminal zones of the rostral
tectum, and extended caudally (Yuasaet a., 1996). On the other hand, in
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embryos infected with the CBF-2 recombinant virus, anterograde-labelled
nasal axons frequently arborized in inappropriate regions of the rostral
tectum, in addition to the caudal area (Yuasaet a., 1996). Although CBF-
1 and CBF-2 are supposed to determine the regional specificity along the
N-T axis in the retina through the regulation of expression of ther
downstream target genes, their modes of action remain largely unknown.
In addition to CBF-1, two homeobox transcription factors, SOHo-1 and
GHB®6, are also expressed specifically in the nasal region of the developing
retina (Schulte and Cepko, 2000). Misexpression of these molecules in
the retinaresults in projection errors of retinal axons along the A-P axis,
due to the repression of EphA3 expression (Schulte and Cepko, 2000).
Since CBF-1 isexpressed in the retina before the expression of SOHo-1
and GH6 starts, there is the possibility that these homeobox transcription
factors are downstream target genes of CBF-1. However, the relationship
between CBF-1 and these homeobox proteins has not been fully
investigated.

On the other hand, Along the D-V axis, Tbx5, a dorsal-specific T-box
transcription factor, or cVax, a ventral-specific homeobox transcription
factor, are known to show asymmetrical expression patternsin the retina.
Misexpression of these molecules alters positive regions of EphBs and
ephrin-Bs aong the D-V axis, which is associated with errors in the
targeting by retinal axons of the tectum (Schulte et al., 1999; Koshiba-
Takeuchi et al., 2000). Our lab recently identified a novel secreted
molecule, Ventroptin, which is an antagonist of bone morphogenetic
protein 4 (BMP-4) in the retina, and demonstrated that Ventroptin is
implicated in the retinotectal topographic projection along both the
dorsoventral (D-V) and A-P axes (Sakuta et al., 2001).

Bone morphogenetic proteins (BMPs) are secreted growth factors,

which, based on the amino acid homology of a highly conserved seven-
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cysteine domain in the carboxy-terminal region of the proteins, form a
subgroup of the transforming growth factor-b (TGF-b) superfamily
(Kingsley, 1994). They are dimeric proteins with a single interchain
disulfide bond, and this dimeric conformation is an absolute requirement
for the biological action of BMPs (Eimon and Harland, 1999). BMPs
were originally identified as molecules that can induce ectopic bone and
cartilage formation in rodents (Wozney et al., 1988; reviewed in Hogan,
1996). But it became rapidly evident that BMPs aso act as
multifunctional regulators in morphogenesis during development in
vertebrates and invertebrates (reviewed in Hogan, 1996a,b; Graff, 1997;
Ebendal et al., 1998; Wozney, 1998). At the early developmental stages of
the eye, the dorsal retina-specific expression of BMP-4 has been implicated
in the dorsalization in the retina (K oshiba-Takeuchi et al., 2000).

Research in recent years has shown that the BMP signaling pathway
is often regulated a both extracellular and intracellular levels.
Extracellulary, the activity of BMPs can be regulated by secreted proteins
such as Noggin, Chordin, Follistatin, Cerberus, and Gremlin (Smith., 1999).
These BMP antagonists specifically bind to BMPs and prevent their
binding to specific receptors or their signaling. Ventroptin has a
characteristic motif caled the cysteine-rich repeat (CR), which is
conserved in some proteins, including von Willebrand factor and Chordin.
Three CRs of Ventroptin are significantly homologous with those of
Chordin, although the remaining region has no homology. Ventroptin
binds with high affinity to BMP-4 and with lower affinity to a BMP-4/7
heterodimer, but not at al to BMP-7, TGF-b, or activin (Sakuta et al.,
2001). Intheretina, Ventroptin can inhibit the function of BM P-4, and
regulate the retinotectal topographic projection along both the D-V and A-P
axes (Sakuta et al., 2001). At the early developmental stages of the eye,
Ventroptin is specifically expressed in the ventral retina, with a
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complementary pattern to the dorsal-specific expression of BMP-4 (Sakuta
et al., 2001). The counteraction between Ventroptin and BMP-4 governs
the regional specification along the D-V axis by regulating the distributions
of downstream target genes, such as Thx5 and cVax, along the D-V axis
(Sakutaet al., 2001). At the later stages (E6 onward), Ventroptin begins to
be expressed in a nasal high-temporal low gradient, in addition to a ventral
high-dorsal low gradient. This is the first demonstration of a molecule
with a double-gradient pattern of expression in the retina  Since
expression of BMP-4 declines from E5, a member of the TGF-b family
other than BMP-4 is supposed to appear in a tempora high-nasal low
gradient along the N-T axis with a complementary pattern to the Ventroptin
expression (Sakutaet al., 2001). Asymmetrical expression of Ventroptin
along the N-T axis regulates the graded expression of ephrin-A2 along this
axis but not of ephrin-A5 or EphA3in the retina, which is associated with
the retinotectal mapping along the A-P axis (Sakuta et al., 2001).
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Fig. 1. Schematic representation of topographic retinotectal projection

Objects in the outside world form an image on the retina. The image is then transferred
to the optic tectum. Retinal ganglion cell axons project to the tectum, and mapping of
the retinal image onto the tectum relies on the topographic arrangement of the
projecting axons. Retinal ganglion cell axons pass through the optic nerve and optic
tract and all enter the tectum at its anterior end. Nasal axons project to the posterior
tectum, and temporal axons to the anterior tectum. Similary, dorsal axons project to the
ventral (lateral) tectum, and ventral axons to the dorsal (medial) tectum. N, nasal; T,
temporal; A, anterior; P, posterior; D, dorsal; V, ventral; M, medial; L, lateral.
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Fig. 2. Schematic representation of the domain structure of the Eph receptor and
ephrin ligands.

The domain structure of Eph receptors is conserved from sponges up to humans.
The two ephrin classes differ in their type of membrane attachment, that is, GPI-
anchored (ephrin-A) versus transmembrane region (ephrin-B). The cytoplasmic
domain of ephrin-Bs contains conserved tyrosine phosphorylation motifs and a
PDZ motif. Glo, globular; Cys, cysteine-rich; FNIII, fibronectin type Ill; TK,
tyrosine kinase motif.



Retina Tectum
N T A P

S

EphA4, EphAS5 | |

ephrin-A2 l\ | ephrin-A2
D o eptrinns

ephrin-A5

Fig. 3. Summary of the expression pattern of EphA family members in the retina
and the tectum.

The EphA receptors EphA4 and EphA5 are uniformly expressed in the retina,
whereas EphA3 is expressed in the temporal retina in a gradient, and there is little
or no expression in the nasal retina. Ephrin-A2 and ephrin-A5 are expressed in the
retina in a high-nasal-to-low-temporal gradient, whereby the expression domain of
ephrin-A5 is restricted more to the nasal retina than that of ephrin-A2. Both ligands
are expressed in the tectum in a high-caudal-to-low-rostral gradient. The expression
domain of ephrin-A5 is restricted more to the caudal half of the tectum than that of
ephrin-A2. The projection of temporal axons onto the rostral tectum and the
projection of nasal axons onto the caudal tectum are indicated. N, nasal; T,
temporal; A, anterior; P, posterior.
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| ntroduction

Chick brain factor-1 (CBF-1), a nasal retina-specific winged-helix
transcription factor, is known to prescribe the nasal specificity which leads
to the formation of the precise retinotectal map especially along the antero-
posterior (A-P) axis (Yuasa et a., 1996). However, the molecular
mechanisms by which CBF-1 controls the expression of topographic
molecules have not been elucidated. In the present study, to gain insight
into the downstream target genes of CBF-1, | employed, for the first time,
electroporation of aretroviral vector carrying the CBF-1 gene into the optic
vesicle, and examined effects of the misexpression of CBF-1 on the
expression of topographic molecules and other asymmetrically distributed
molecules. Thein ovo electroporation of retrovirus vector at Hamburger-
Hamilton (HH) stage 8 (Hamburger and Hamilton, 1951) allows the
iImmediate (at stage 10) and sustained expression of atransgene, as shown
inFig. 4C. Here, | show that ectopic expression of CBF-1 in the temporal
retina represses expression of EphA3 and CBF-2, and induces that of
SOHo-1, GH6, ephrin-A2, and ephrin-A5.  The mode of action of CBF-1
on these molecules has been revealed to be classified into three distinct
categories. Based on these results | suggest that CBF-1 plays pivotal roles
in the determination and maintenance of the N-T specificity in the retina by
integratively regulating the expression of asymmetrically distributed

molecules through multiple mechanisms.
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Materialsand Methods

Plasmids

To prepare the CBF-1/RCAS construct, the coding region of CBF-1 was
amplified from aretroviral construct expressing CBF-1 (CBF-1/RCAS (B):
Yuasa et a., 1996), subcloned once into a shuttle vector SLAX-NS
containing the 5’'-noncoding region of the Src gene (Suzuki et al., 2000),
and then transferred into the RCAS-NS retrovirus vector (Suzuki et al.,
2000).

To make CBF-1-eve/RCAS, the repression domain of the Drosophila
even-skipped protein (Han et al., 1993) from pCS2eve was first fused with
the CBF-1 DNA binding domain (amino acid residues 139 to 253). It was
inserted into SLAX-NS myc, which was prepared with a shuttle vector
SLAX-NS by inserting double myc-epitope tags at the Ncol-EcoRl site, and
then subcloned into the RCAS-NS retrovira vector using Notl and Spel
sites. The CBF-1** mutant was generated by substitutions of asparagine
189 and histidine 193 with alanines by PCR, and cloned into RCAS-NS or
pcDNA3.1(+) (Invitrogen).

In ovo electroporation

In ovo electroporation was performed as described previously (Sakutaet d.,
2001; Fig. 4). Retrovirus constructs for the electroporation were
suspended at a concentration of 0.1 — 1.0 ng/m in 10 mM Tris-HCI, 0.25
mM ethylendiamine tetraacetic acid (EDTA), pH 8.0 containing
0.05%(w/v) Fast Green (Sigma). Embryos were electroporated at HH
stage 8 and incubated in a humidified incubator. The embryos of normal
size and morphology were used for assays.

In situ hybridization and riboprobes
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Section in situ hybridization and whole-mount in situ hybridization were
carried out as described previously (Suzuki et a., 2000). Templates used
for digoxigenine-labeled RNA probes were as follows. The 516bp
fragment of chick CBF-1 (nucleotide residues 1252-1761;, GenBank
accession number U47275), the 656bp fragment of chick CBF-2 (1191-
1846; U47276), the 724bp fragment of chick EphA3 (2267-2990; M68514),
the 541bp fragment of chick ephrin-A2 (94-634; L40932), the 681bp
fragment of chick ephrin-A5 (25-705; X90377), the 782bp fragment of
chick SOHo-1 (34-815; S69380), the 567bp fragment of chick GH6 (4-570;
AF227921) and the 1179bp fragment of chick BMP-2 (1-1179; AY 237249).
The template for the probe of Ventroptin was described previously (Sakuta
et a., 2001). Image acquisition and figure processing of sections and

whole-mount samples were performed as reported (Suzuki et al., 2000).

Northern blot analysis

Total RNA was prepared from one-third of the nasal or temporal E8 chick
retina electroporated with CBF-1/RCAS, with Trizol Reagent (Invitrogen)
following the manufacturer's protocol. Control retinae were prepared
from the left eye of the same embryos. Northern blot analysis with 20 ng
of total RNA was performed as described previously (Suzuki et al., 2000).
Templates used for preparing the probe were as follows. the same
fragments of chick EphA3, ephrin-A2, and ephrin-AS used for in situ
hybridization, the 300bp fragment of chick CBF-2 (nucleotide residues
1418-1717; GenBank accession number U47276), and the 477bp fragment
of chick glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (218-794;
K 01458).

DNA pull-down assay

Chick embryonic fibroblasts were transfected with retroviral vectors for
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myc-tagged CBF-1 or myc-tagged CBF-1** mutant using Lipofectamine
plus (Invitrogen), and cultured for a week. The preparation of nuclear
extract and DNA pull-down assay were performed as described previously
(Mukai et al., 2002). For DNA pull-down assays, biotininylated double-
stranded oligonucleotides derived from the sequence named B2 in the
HNF1la promoter were synthesized by Qiagen: B2 is known as the BF-1
binding sequence (Li et a., 1995). The eluates of precipitates were
subjected to SDS-PAGE, followed by immunoblot analyses with the anti-
myc primary antibody 9E10 (Santa Cruz Biotechnology) and horseradish
peroxidase-conjugated secondary antibody (Amersham Biosciences).
CBF-1 or its was visuaized by chemiluminiscence using ECL plus
(Amersham Biosciences) and the lumino-image analyzer LAS-1000plus
(Fujifilm).
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Results

Expression patterns of asymmetrically distributed molecules along the
N-T axisin theretina

During retinal development, two winged-helix transcription factors, CBF-1
and CBF-2, begin to be expressed in the nasal and temporal regions,
respectively, prior to HH stage 10 (Yuasa et a., 1996; Yamagata et a.,
1999). After that, two homeobox transcription factors, SOHo-1 and GH6
(from HH stage 12-14), and then EphA3 (from HH stage 15) begin to be
asymmetrically expressed along the N-T axisin theretina (Yamagata et al .,
1999; Schulte and Cepko, 2000).

Although ephrin-A5 and ephrin-A2 are also known to be expressed in
nasal high-temporal low gradients (Cheng and Flanagan, 1994), their
spatial and temporal expression patterns in the retina had not been fully
investigated. Thus, we examined their expression during development of
the chick retina by whole-mount and section in situ hybridization.
Expression of ephrin-AS was first detected in the optic vesicle at HH stage
12, while asymmetrical distributions were not detected (Fig. 5A). At
stage 18, expression of ephrin-A5 was absent in the dorsal and ventral
regions, but observed in the nasal and temporal retina (Fig. 5Ba). At this
stage, the expression was significantly stronger on the nasal than temporal
side (Fig. 5Ba). It was evident also by section in situ hybridization. Ina
section along the N-T axis, ephrin-A5 expression was observed in the nasal
and temporal third of the retina, although the expression was stronger on
the nasal than temporal side (Fig. 5Bb). Thus, ephrin-A5 was not
expressed in a nasal-specific fashion at stage 18 (E3). At E6, anasal high-
temporal low gradient was clearly visible for the first time, although the
expression was also observed in the periphery of the temporal retina (data

not shown). At E8, asimilar nasal high-temporal low expression gradient
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and expression in the temporal periphery was observed (Fig. 5Ca-5Cc).
At this stage, ephrin-AS5 transcripts in the central retina were mainly
distributed in the ganglion cell layer (GCL), while those in the peripheral
regions were observed in all cell layers like the retina at early stages (Fig.
5Ca-5Cc).

In contrast, the onset of ephrin-A2 expression in the retinawas quite
late: Expression of ephrin-A2 was not detected until E4 (Fig. 5D) and
began to be observed from E5 in the nasal retina (data not shown). From
E6 onward, a nasal high-temporal low gradient of ephrin-A2 expression
was observed predominantly in the GCL (Fig. 5Ea-5Ec): The gradient of
ephrin-A2 expression in the GCL appeared to be dlighter than that of
ephrin-AS5 expression at E6 and E8 (Fig. 5Eb and data not shown).
Although ephrin-A2 expression was also detected in cell layers other than
the GCL, the expression appeared to be rather uniform along the N-T axis,
as compared with that of ephrin-AS5 (compare Fig. 5Cb, 5Cc with Fig. 5EDb,
5Ec).

Misexpression of CBF-1 affects expression patter ns of asymmetrically
distributed molecules along the N-T axisin theretina

| investigated the expression of the topographic molecules mentioned
above when CBF-1 was misexpressed into the area of the eye. Asshown
in Fig. 4B, in ovo electroporation gives rise to ectopic expression of a
transgene (EGFP) all over theretina. In the present study, to sustain the
transgene expression, | attempted to transfect a replication-competent avian
retrovirus RCAS-BP vector carrying the CBF-1 gene (CBF-1/RCAYS) into
the right optic vesicle of HH stage 8 embryos by electroporation. In
embryos transfected with CBF-1/RCAS, the expression of CBF-1 was
observed in the whole of the right optic vesicle by in situ hybridization at 6
h post-€electroporation as early as HH stage 10, prior to the stage when the
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polarity along the N-T axis appears to be determined (Fig. 4C and data not
shown). Signals in the anterior optic vesicle represents endogenous
expression of CBF-1, as it is evident from the untransfected left side in
which only the endogenous expression in the anterior optic vesicle is
detected (Fig. 4C).

At first, | examined the expression of SOHo-1, GH6, EphA3, and
CBF-2 at HH stage 18-20 (E3) in the electroporated embryos, because
these molecules clearly show graded distributions along the N-T axisin the
native embryos at thisstage. At E3, SOHo-1 and GH6 were expressed
mainly in the nasal retina and the lens ectoderm but not in the temporal
retina (Fig. 6A and 6C), while EphA3 expression was observed in the
temporal retina(Fig. 6E). When CBF-1 was misexpressed in the retina,
the expression of SOHo-1 (Fig. 6B; 5 out of 8 embryos) and GH6 (Fig. 6D;
4 out of 6 embryos) was significantly induced in the temporal retina. In
contrast, misexpression of CBF-1 resulted in loss of EphA3 expression in
the temporal retina (Fig. 6F; 8 out of 9 embryos). Our lab previously
reported that misexpressed CBF-1 repressed the expression of the CBF-2
gene (Yamagata et al., 1999). Consistent with this observation,
misexpression of CBF-1 completely repressed the temporal-specific
expression of CBF-2 at E3 (Fig. 6H; 5 out of 5 embryos).

| next examined the expression of EphA3, ephrin-Ab, ephrin-A2, and
CBF-2 at E8. At this stage, these molecules distribute asymmetrically
aong the N-T axisin theretina. Misexpression of CBF-1 continuously
repressed the expression of EphA3 in the GCL in the temporal retina (Fig.
7B and 7E; 4 out of 5 embryos). In some embryos, a complete | oss of
EphA3 expression was observed (2 out of 5 embryos). Conversely, CBF-1
misexpression induced ectopic expression of ephrin-A5 (Fig. 7G and 7J; 5
out of 5 embryos) and ephrin-A2 (Fig. 7L and 70; 5 out of 7 embryos) in

the GCL in the temporal retina: In the control retina, the expression of these
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ephrinsisweak in the GCL in the temporal retina (Fig. 71 and 7N). The
expression of CBF-2 in the temporal retina was completely repressed by
the misexpression of CBF-1 (Fig. 7Q and 7T: 5 out of 6 embryos). |
further examined the effects of misexpressed CBF-1 on expression of the
EphA4 receptor, which is uniformly expressed in the developing retina
(Holash and Pasquale, 1995; Dutting et al., 1999; Hornberger et al., 1999).
When CBF-1 was misexpressed in the developing retina, the expression of
EphA4 was not affected (data not shown).

The effects of misexpressed CBF-1 on the expression of EphA3,
ephrin-A5, ephrin-A2, and CBF-2 were verified by Northern blot analysis.
Expression of the EphA3 transcript was significantly repressed on the
temporal side of the retina by misexpression of CBF-1 (Fig. 7C). In
contrast, CBF-1 misexpression induced expression of ephrin-A5 and
ephrin-A2 transcripts on the temporal sides (Fig. 7H and 7M).
Interestingly, the expression of ephrin-A2 and ephrin-AS5 was also enhanced
in the nasal retina, where these ephrins were endogenously expressed.
From the in situ hybridization, however, this effect was not clearly
detectable due to homogeneous enhancement.  Finally, consistent with the
results of in situ hybridization, the expression of CBF-2 in the temporal

retina was completely abolished by the misexpression of CBF-1 (Fig. 7R).

Repressing construct of CBF-1 regulates expression of SOHo-1, GH-6,
EphA3, CBF-2, and ephrin-A5 similar to the wild-type, but not
expression of ephrin-A2

| next analyzed the mode of action of CBF-1. Since BF-1 is suggested to
act as atranscriptional repressor (Li et al., 1995; Bourguignon et al., 1998),
we examined whether this function is essential to regulate the expression of
SOHo-1, GH-6, EphA3, CBF-2, ephrin-A5 and ephrin-A2 in the devel oping
retina. | designed a RCAS vector (CBF-1-eve/RCAS) expressing a
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chimeric protein that consists of an even-skipped repression domain (Han
et al., 1993) and a winged helix DNA binding domain (WH domain) of
CBF-1 as shown in Fig. 81 A. It has been demonstrated that nuclear
localization of CBF-1 is determined by a sequence within the WH domain
(Chang et ., 1996). Consistent with this report, the chimeric protein was
found to be concentrated in the nucleus when expressed in the chick
embryonic fibroblasts (Fig. 8-1 B), and in the chick retinal cells (data not
shown).

In ovo electroporation of CBF-1-eve/RCAS a HH stage 8 in the
optic vesicle resulted in an expansion of SOHo-1 (Fig. 8-11 Ca; 5 out of 9
embryos) and GH6 expression (Fig. 8-11 Cb; 6 out of 11 embryos) into the
temporal side of theretinaat E3. On the other hand, expression of EphA3
(Fig. 8-11 Cc; 7 out of 9 embryos) and CBF-2 (Fig. 8-11 Cd; 3 out of 3
embryos) in the temporal retina was repressed by electroporation of CBF-
1-eve/RCAS. At ES8, continuous repression of EphA3 expression (Fig. 8-
I1 Db; 8 out of 8 embryos) and induction of ephrin-AS5 expression (Fig. 8-I1
Dd; 6 out of 8 embryos) were observed in the temporal retina as expected.
However, surprisingly, the expression of ephrin-A2 was not affected by the
introduction of RCAS/CBF-1-eve (Fig. 8-11 Df; 5 out of 5 embryos).
These results suggest that CBF-1 functions as a transcriptional repressor for
the regulation of expression of SOHo-1, GH6, EphA3, CBF-2, and ephrin-
A5. On the other hand, expression of ephrin-A2 appeared to be regulated
by CBF-1 through a different mechanism.

Mutant CBF-1 deficient in DNA binding ability exerts similar effects
on expression of SOHo-1, GH-6, EphA3, CBF-2, and ephrin-A2 asthe
wild type CBF-1, but not on expression of ephrin-A5

| next tested whether DNA binding of CBF-1 is essential for the activity to

regulate the expression of asymmetricaly distributed molecules. Two
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amino acid residues in the WH domain of murine BF-1, Asn219 and
His223, are suggested to be important for binding to DNA, and it has been
shown that the mutant generated by changing these two residues to alanine
(AA mutant) is devoid of DNA binding ability (Dou et a., 2000). |
prepared CBF-1**/RCAS to express the mutant CBF-1 protein in which
Asn189 and His193 were changed to alanine:  These two are equivalent to
Asn219 and His223 in murine BF-1, respectively (Fig. 9-1 A). | examined
the ability of the wild-type CBF-1 and CBF-1** mutant proteins to bind to
the BF-1 binding sequence by DNA pull-down assay beforehand. The
wild-type protein was co-precipitated with the double-stranded DNA
fragment containing the BF-1 binding sequence (Fig. 9-1 Ba). On the
other hand, CBF-1** was not co-precipitated (Fig. 9-1 Ba), athough
sufficient amounts of mutant proteins were expressed (Fig. 9-1 Bb). Thus,
the mutation at Asn189 and His193 abolishes the ability of CBF-1 to bind
the BF-1 binding sequence.

Then, | misexpressed the CBF-12* mutant in the developing retina by
in ovo electroporation a8 HH stage 8. When the mutant protein was
misexpressed, positive regions for SOHo-1 (Fig. 9-11 Ca; 7 out of 13
embryos) and GH6 (Fig. 9-11 Cb; 4 out of 11 embryos) expanded into the
temporal sidesinthe E3retina.  On the other hand, expression of EphA3
(Fig. 9-11 Cc; 5 out of 6 embryos) and CBF-2 (Fig. 9-11 Cd; 4 out of 4
embryos) in the temporal retinawas almost completely abolished. At ES,
repression of the EphA3 expression was continuously observed in the
temporal retina (Fig. 9-11 Db; 4 out of 4 embryos). In addition, induction
of ephrin-A2 expression (Fig. 9-11 Df; 4 out of 5 embryos) was observed in
the temporal retina. However, expression of ephrin-A5 was not affected
by the introduction of CBF-1**/RCAS (Fig. 9-11 Dd; 6 out of 6 embryos).
These results suggest that the DNA binding activity of CBF-1 is necessary
for the regulation of the expression of ephrin-A5. On the other hand,
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expression of SOHo-1, GH6, EphA3, CBF-2, and ephrin-A2 can be
regulated by CBF-1 through a DNA binding-independent mechanism.
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Discussion

In ovo electroporation of replication-competent retroviral vector
allows immediate and sustained expression of transgenes

Our lab previously reported that misexpression of CBF-1 in the retina did
not ater the distribution of EphA3 (Yuasa et al., 1996; Yamagata et d.,
1999). Another group reported that the expression of SOHo-1 and GH6
was not affected by misexpression of CBF-1 (Schulte and Cepko, 2000)
using our retroviral construct CBF-1/RCAS (B), a replication-competent
retroviral vector carrying the CBF-1 gene (Yuasa et al., 1996). These
experimental results were obtained through the infection of retroviral
particles or in ovo electroporation of the pMiw expression plasmid vector
to misexpress CBF-1 in the developing retina. By virus infection, it
usualy takes more than 12 h for the expression of transgenes to start,
whereas by in ovo electroporation of the plasmid vector, the expression of
transgenes begins immediately (within 3 h) but it stopsin afew days. In
the present study, the expression level of the CBF-1 transgene was
improved by modification of the last RCAS construct (Yuasaet al., 1996):
| replaced the long 5'-untrandated region of CBF-1 in the previous
construct with the 5 -untrandated region of the src gene that confers
efficient expression on heterologous coding sequences (Morgan and Fekete,
1996; Suzuki et al., 2000; see Materiadls and Methods). In addition, |
employed in ovo electroporation of CBF-1/RCAS DNA instead of virus
infection.

This strategy allowed the immediate and sustained expression of the
transgene, because the mRNA is directly transcribed from the incorporated
RCAS vector DNA shortly after the gene transfer, which is followed by the
production of retrovira particles and widespread infection in the retina.
When CBF-1/RCAS was introduced by in ovo electroporation into the
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optic vesicle of HH stage 8 embryos, the transgene expression was detected
at 6 h after the electroporation, as early as HH stage 10, just before the
stage at which the polarity along the N-T axis appears to be determined by
the endogenous CBF-1 expression (Ditting and Meyer, 1995; Dtting and
Thanos, 1995; Thanos et a., 1996), indicating that this in ovo
el ectroporation method fulfills the requirements for the functional study of
CBF-1.

CBF-1 controls all of theasymmetrically distributed molecules along
the N-T axisin the developing retina

Here, | show that misexpression of CBF-1 in the tempora retina
resultsin induction of SOHo-1, GH6, ephrin-A2, and ephrin-A5, and down-
regulation of EphA3 and CBF-2 expression (Fig. 13). These results
indicate that all of the asymmetric molecules so far identified to be
involved in the formation of the topographic map along the A-P axis (Y uasa
et al. 1996; Drescher et al., 1995; Nakamoto et al., 1996; Schulte and
Cepko, 2000; Diitting et al., 1999; Hornberger et a., 1999) are downstream
genes of CBF-1. Endogenous expression of CBF-1 begins around HH
stage 8-9 in the retina, and is confined to the nasal retina prior to HH stage
11 (Yuasaet a. 1996; Yamagata et al., 1999), preceding all other genes that
are asymmetrically expressed along the N-T axis during development.
CBF-2 isfirst asymmetrically expressed in the temporal retinaat HH stage
11 (Yamagataet al., 1999). Expression of SOHo-1 and GH6 is restricted
in the nasal retinafrom HH stage 12-14 (Y amagata et al., 1999; Schulte and
Cepko, 2000). EphA3 expression is confined to the temporal retinaat HH
stage 15 (Yamagata et al., 1999; Schulte and Cepko, 2000). In addition,
as shown in this report, graded distributions of ephrin-A5 and ephrin-A2
are observed after HH stage 18 (E3) and E5, respectively. The order of
onset of these genes thus supports the view that CBF-1 determines the N-T
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specificity, thereby controlling the expression of a series of asymmetrically
distributed molecules in the developing retina. It is likely that
misexpression of CBF-1 endows the temporal retinal ganglion cells with
the character of nasal ganglion cells by inducing the expression of SOHo-1,
GHB®6, ephrin-A5 and ephrin-A2, and inhibiting the expression of CBF-2 and
EphA3.

In this study, | also misexpressed CBF-2 in parallel experiments.
Unexpectedly, misexpression of CBF-2 had no effect on the expression of
asymmetrically distributed molecules including CBF-1 (data not shown).
Since misexpression of CBF-2 also results in retinotectal projection errors
along the A-P axis (Yuasaet a., 1996), CBF-2 isaso likely to be involved
in the formation of the retinotectal map by regulating the expression of
unknown topographic  molecule(s). In  previous experiments,
misexpressed CBF-1 completely repressed the expression of CBF-2 (see
aso Yamagata et al., 1999), suggesting that CBF-1 can control the
expression of these unknown topographic molecules through the regulation
of CBF-2 expression. One potential candidate is a receptor for a
membrane-associated glycoprotein, RGM, which was recently reported to
be distributed in a gradient with increasing concentrations from the anterior
to posterior pole of the embryonic tectum and collapse the temporal growth
cones (Stahl et al., 1990; Miiller et a., 1996; Monnier et a., 2002).

CBF-1 regulates the expresson of asymmetrically distributed
molecules through multiple mechanisms

BF-1 has been shown to act primarily as atranscriptional repressor (Li et
al., 1995; Bourguignon et al., 1998). In addition to the functions which
are dependent on their ability to bind to DNA, several transcription factors
have been reported to function even when their DNA binding-ability is
deficient (Beato et al., 1995; Um et al., 1995; Plaza et al., 1997; Schuur et
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a., 2001; Zhao et a., 2001). This DNA binding-independent function is
also observed in murine BF-1 (Dou et a., 2000; Rodriguez et al., 2001).
To clarify the modes of action of CBF-1, | examined effects of
misexpression of CBF-1-eve and CBF-1** mutants. Asaresult, we found
that the downstream asymmetric molecules can be classified into three
distinct categories by the mode of action of CBF-1 (Fig. 13A): (1) those
whose expression is affected only by the CBF-1-eve mutant (written in red),
(2) those whose expression is affected only by the CBF-1** mutant (in
green), and (3) those whose expression is affected by both the CBF-1-eve
and CBF-1** mutants (in blue).

Ephrin-A5 belongs to the first category. Consistent with the reports
that CBF-1 acts as a transcriptional repressor, misexpressed CBF-1-eve
shows similar activity for the expression of ephrin-A5 as the wild-type
CBF-1. Because misexpression of CBF-1** mutant protein has no effect
on the expression of ephrin-Ab, the expression of this moleculeis regulated
only by the function of CBF-1 as a transcriptional repressor (Fig. 13A).
How does CBF-1, a transcriptional repressor, induce the expression of
ephrin-A5? The simplest explanation is that CBF-1 functions as a
transcriptional repressor of some other putative intermediate repressor(s)
which inhibits the expression of ephrin-A5 (indicated by ‘X’ in Fig. 13B).
The onset of ephrin-A5 expression appears to be triggered first by a
transcription activator(s) at stage 12 to yield the homogeneous expression
in the retina (Fig. 5A). Subsequently, factor X may begin to be expressed
in the temporal retinawhere CBF-1 is absent, and represses expression of
ephrin-AS in the temporal retina.  1n misexpressed embryos, ectopic CBF-
1 probably abrogates the repression by factor X from the temporal retina,
and then expression of ephrin-AS5 is re-induced by the transcriptional
activator(s) which is ubiquitously expressed in the retina.

Ephrin-A2 belongs to the second category. Surprisingly, expression
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of ephrin-A2 is not affected by misexpression of the CBF-1-eve fusion
protein. In contrast, CBF-1** exerted the same effect on the expression of
ephrin-A2 as the wild-type protein. Therefore, expression of ephrin-A2is
regulated only by a DNA binding-independent mechanism, which clearly
contrasts with ephrin-A5 whose expression is regulated only by a DNA
binding-dependent mechanism (Fig. 13A). In the retina, both ephrin-A2
and ephrin-A5 are expressed in a nasa high-temporal low gradient.
Although these ephrins commonly function as ligands for EphA receptors,
their expression patterns are not identical. The gradient of ephrin-A2
expression in the GCL is gentle and wide along the N-T axis, as compared
with that of ephrin-A5 expression. In addition, the onsets of their
expression are also distinct: ephrin-A5 begins to be expressed at HH stage
12 (E2), but ephrin-A2 does not appear until E5. These differences may
reflect the distinct regulatory mechanisms for their expression. | further
investigated the molecular mechanism of the regulation of ephrin-A2 by a
DNA binding-independent mechanism, and found that CBF-1 interferes
with BMP signaling and ephrin-A2 is controlled by aBMP. See the next
chapter for details.

SOHo-1, GH6, EphA3, and CBF-2 belong to the third category. The
expression of these molecules is affected by misexpression of both the
CBF-1-eve fusion protein and CBF-1** mutant protein, indicating that the
expression of these moleculesis regulated by CBF-1 through not only a
DNA binding-dependent but also a DNA binding-independent mechanism
(Fig. 13A). Since SOHo-1 and GH6 repress the expression of EphA3in
the retina (Schulte and Cepko, 2000), repression of EphA3 expression by
CBF-1 likely resulted from induction of SOHo-1 and GH6 expression by
CBF-1. It may also be that CBF-1 directly down-regulates the expression
of EphA3 not through SOHo-1 or GH6. This is, however, unlikely
because EphA3 is homogenously expressed in the optic vesicle at HH stage

-35-



12, when CBF-1 istopographically expressed (Yamagataet a., 1999). In
addition, CBF-1 and EphA3 are coexpressed in the same region of the chick
forebrain (our unpublished observations).  Thus, CBF-1 probably
represses EphA3 expression through induction of SOHo-1 and GHG6
expression. To explain the induction of SOHo-1 and GH6 expression by
CBF-1 through a DNA binding-dependent mechanism, the existence of a
putative intermediate repressor(s), which inhibits expression of SOHo-1
and GH6, must be postulated (indicated by ‘Y’ in Fig. 13B). Asinthe
regulation of ephrin-AS5 expression, misexpressed CBF-1 abrogates the
repression by factor Y, and then the expression of SOHo-1 and GH6 is
induced by atranscriptional activator(s) which is ubiquitously expressed in
the retina.

Expression of SOHo-1, GH6, and CBF-2 is also regulated by CBF-1
through a DNA binding-independent mechanism (Fig. 13A). Severd
transcription factors are known to regulate the expression of their
downstream target genes by interacting with other transcription factors
(Beato et al., 1995; Um et al., 1995; Plaza et al., 1997; Schuur et a., 2001;
Zhao et a., 2001). Thus, it is probable that CBF-1 regulates the
expression of SOHo-1, GH6, and CBF-2 via interaction with other
transcription factors which directly regulate the expression of SOHo-1,
GH6, and CBF-2.

What is the meaning of using two distinct mechanisms, DNA
binding-dependent and -independent (Fig. 13A), to regulate the expression
of topographic molecules? It may be for security to maintain regulation
of the EphA/ephrin-A system: For instance, if the DNA binding-
dependent mechanism is lost by a mutation in the WH domain of CBF-1, or
by a dysfunction of any factor which regulates this mechanism with CBF-1,
CBF-1 can dtill regulate the asymmetrical distribution of EphA3 and
ephrin-A2 through the remaining DNA binding-independent mechanism.
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On the other hand, if the DNA binding-independent mechanism is lost,
CBF-1 can dtill regulate the asymmetrical distribution of EphA3 and
ephrin-AS through the DNA binding-dependent mechanism.  Gene knock-
out of ephrin-A2 and ephrin-A5 in mice suggests the importance of this
redundancy: In the single knock-out mice, a substantial part of the retinal
axons normally projected onto the SC (Frisén et al., 1998; Feldheim et al.,
2000). Sincethetotal EphA/ephrin-A system plays an essential role in the
formation of the retinotectal map, this dual regulatory system by CBF-1

might have evolved during the evolution of the visual system.
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electrodes

Fig. 4. Gene transfer by electroporation into the developing chick retina.

(A) Schematic representation of in ovo electroporation. Electroporation was
performed on stage 8 embryos with electrodes arranged as shown in the drawing.
A solution containing plasmid DNA and Fast Green was injected into the anterior
neuropore (blue colored site). Upon charging the current, DNA molecules in the
neuropore moved toward the anode side placed on the right side of the embryo,
and the right eye was selectively transfected.

(B) An E3 (stage 19) embryo transfected with pEGFP-N1. Inset shows higher
magnification of the right eye observed under UV light, visualizing the cells that
took up the transgenes. Almost all the retinal cells were EGFP-positive.

(C) A stage 10 embryo transfected with CBF-1/RCAS. Retrovirus vector-derived
CBF-1 signals were detected in the whole of the right optic vesicle (yellow
arrowheads) at 6 h post-electroporation by in situ hybridization (note that signals in
the anterior optic vesicle contain endogenous expression). The untransfected left
side shows the endogenous expression of CBF-1 in the anterior optic vesicle (white
arrow).



Fig. 5. Expression of ephrin-A5 and ephrin-A2 in the developing chick retina.
Whole-mount and section in situ hybridization of HH stage 12 (A), HH stage 18 (B), E4
(D) and E8 (C and E) chick embryos with digoxigenine-labeled riboprobes. Samples
were hybridized with antisense probes for ephrin-A5 (A-C) or ephrin-A2 (D and E).
(Cb, Cc, and Eb, Ec) are enlargements of the nasal and temporal areas boxed in the
left panels (Ca and Ea), respectively. In section in situ hybridization, nasal (anterior) is
up, and temporal (posterior) is down. Scale bars: (Bb) 100 um; (Ca and Ea) 600 um;
(D) 200 pm.
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Fig. 6. Misexpressed CBF-1 induces expression of SOHo-1 and GH6, and
represses expression of EphA3 and CBF-2.

Whole-mount in situ hybridization of E3 chick embryos (HH stage 18 to 20)
transfected with CBF-1/RCAS. Embryos were hybridized with antisense probes for
SOHo-1 (A and B), GH6 (C and D), EphA3 (E and F), or CBF-2 (G and H). The
untransfected sides (control) are shown in (A,C,E and G), and the contralateral
transfected sides of the same embryo are shown in (B,D,F and H) as inverted
images for ease of comparison. Arrowheads indicate the border of the endogenous
expression area on the control side.
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Fig. 7. Misexpressed CBF-1 induces expression of ephrin-A5 and ephrin-A2, and
repressed that of EphA3 and CBF-2.

(A,B,F,G,K,L,P and Q) Horizontal section in situ hybridization of E8 embryos
electroporated with CBF-1/RCAS.

(D,E,ILJ,N,O0,S and T) Respective enlargements of the boxed temporal areas.
Sections were hybridized with antisense probes for EphA3 (A,B,D and E), ephrin-
A5 (F,G,I and J), ephrin-A2 (K,L,N and O), or CBF-2 (P,Q,S and T). The
untransfected control eyes are shown in (A,D,F,I,K,N,P and S), and the contralateral
transfected eyes of the same embryos are shown in (B,E,G,J,L,0,Q and T). Nasal
(anterior) is up, temporal (posterior) is down. Scale bar, 600 um.

(C,H,M,R and U) Northern blot analysis of E8 chick retina electroporated with CBF-
1/RCAS. Northern blot analysis was performed using 20 ug of total RNA prepared
from the nasal (N) and temporal (T) thirds of E8 retinae transfected with CBF-
1/RCAS (CBF-1). RNA of control retinae (control) was prepared from the left eyes
of the same embryos. Probes used for each panel are indicated on the right. A
probe for GAPDH, glyceraldehyde phosphate dehydrogenase, was used for control
of RNA amounts.
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Fig. 8-1. Misexpression of CBF-1 repressing form (CBF-1-eve) alters the
expression of SOHo-1, GH6, EphA3, CBF-2, and ephrin-A5, but not ephrin-A2.

(A) Schematic representation of the wild-type and chimeric CBF-1. The top
drawing represents the wild-type CBF-1 protein with myc tag. The repressing form
of CBF-1 (CBF-1-eve) was constructed by fusion of the CBF-1 DNA binding domain
(DNA BD) and even-skipped repression domain (eve RD).

(B) Nuclear localization of CBF-1 proteins. Chick embryonic fibroblasts were
transfected with retroviral vectors for myc-tagged CBF-1 (Ba), or CBF-1-eve (Bb).
Nuclear localization of the expressed proteins was visualized by
immunofluorescence using anti-myc primary antibody (red). Transfected cells were
detected by expression of the viral gag protein from RCAS vector using an anti-gag
antibody (green). Scale bar, 20 um.
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Fig. 8-Il. Misexpression of CBF-1 repressing form (CBF-1-eve) alters the expression
of SOHo-1, GH6, EphA3, CBF-2, and ephrin-A5, but not ephrin-A2.

(C) Whole-mount in situ hybridization of E3 (stage 18 - 20) chick embryos transfected
with CBF-1-eve/RCAS using antisense probes for SOHo-1 (Ca), GH6 (Cb), EphA3
(Cc), or CBF-2 (Cd). Insets show the normal expression of SOHo-1, GH6, EphAS3, or
CBF-2, in the control eyes. Arrowheads indicate the border of endogenous
expression areas on the control side.

(D) Horizontal section in situ hybridization of E8 retina transfected with CBF-1-
eve/RCAS using antisense probes for EphA3 (Da and Db), ephrin-A5 (Dc and Dd), or
ephrin-A2 (De and Df). The temporal regions of the untransfected retinae (control)
are shown in the left panels (Da, Dc, and De), and those of the contralateral
transfected temporal retinae of the same embryos are shown in the right panels (Db,
Dd, and Df). Scale bar, 100 um.
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Fig. 9-1. Misexpression of CBF-1AA mutant proteins alters expression of SOHo-1,
GHG6, EphA3, CBF-2, and ephrin-A2, but not ephrin-A5.

(A) Schematic representation of myc-tagged CBF-1AA mutant. The CBF-1AA
mutant is deficient for DNA binding activity due to substitutions of asparagine 189
and histidine 193 with alanines.

(B) DNA pull-down assays using the nuclear extracts prepared from chick
embryonic fibroblasts transfected with myc-tagged CBF-1 or CBF-1AA (Ba).
Western blot analysis using anti-myc primary antibody indicated the amounts of
nuclear extracts used in the DNA pull-down assays (Bb).



Fig. 9-1l. Misexpression of CBF-1AA mutant proteins alters expression of SOHo-1,
GH6, EphA3, CBF-2, and ephrin-A2, but not ephrin-A5.

(C) Whole-mount in situ hybridization of E3 (stage 18 - 20) chick embryos
transfected with CBF-1AA/RCAS using antisense probes for SOHo-1 (Ca), GH6
(Cb), EphA3 (Cc), or CBF-2 (Cd). The normal expression of SOHo-1, GH6, EphA3,
or CBF-2 in the control eyes, is shown in insets, respectively. Arrowheads indicate
the border of the endogenous expression.

(D) Horizontal section in situ hybridization of E8 retina transfected with CBF-
1AA/RCAS using antisense probes for EphA3 (Da and Db), ephrin-A5 (Dc and Dd),
or ephrin-A2 (De and Df). The temporal regions of untransfected retinas (control)
are shown in the left panels (Da, Dc, and De), and those of the transfected ones in
the same embryos are shown in the right panels (Db, Dd, and Df). Scale bar, 100
um.



Chapter 11
BM P signaling plays a pivotal rolein the topographic
mapping along both axes
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I ntroduction

In Chapter 1I, | showed that CBF-1 regulates the expression of
ephrin-A2 by a DNA binding-independent mechanism. Our lab recently
identified a novel secreted molecule, Ventroptin, which also promotes
expression of ephrin-A2. Ventroptin is an antagonist of BMP-4 in the
retina, and implicated in the retinotectal topographic projection along both
the D-V and A-P axes (Sakuta et al., 2001). At the early developmental
stages of the eye, Ventroptin is specifically expressed in the ventral retina,
with a complementary pattern to the dorsal-specific expression of BMP-4,
and this counteraction between Ventroptin and BMP-4 governs the regional
specification along the D-V axis (Sakuta et al., 2001). At the later stages
(E6 onward), Ventroptin beginsto be expressed in a nasal high-temporal
low gradient, in addition to a ventral high-dorsal low gradient. Since
expression of BMP-4 declines from E5, a member of the TGF-b family
other than BMP-4 is supposed to appear in a temporal high-nasal low
gradient along the N-T axis with a complementary pattern to the Ventroptin
expression (Sakuta et a., 2001).

In this study, | found that a TGF-b family member, BMP-2, is
expressed in a pattern complementary to that of Ventroptin, with a double-
gradient along the N-T and D-V axes from E5 onward. Misexpression of
BMP-2 in the developing retina represses expression of Ventroptin and
ephrin-A2. Moreover, | demonstrate that CBF-1 perturbs BMP signaling
through a DNA binding-independent mechanism, which leads to the
induction of ephrin-A2 expression. These findings suggest that distinct
BMP signals play pivota roles in the topographic projection along both

axes.
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Materials and Methods
Plasmids
To prepare the BMP-2/RCAS construct, the coding region of mouse
BMP-2 was once inserted into SLAX-NS, and then subcloned into RCAS-
NS. Ventroptin/RCAS was described previoudly (Sakuta et al., 2001).
Mouse Smadl, Smad4 and ALK-3 were cloned from a PO mouse
retina cDNA library by PCR and their sequences were verified by DNA
sequence analysis. Smadl and Smad4 were fused with double flag-
epitope tags at the N terminus by PCR. A constitutively active mutant
ALK-3 (ALK3-CA) was generated by substitution of glutamine 233 with
aspartic acid by PCR as described previously (Hoodless et a., 1996).
They were subcloned into pcDNAS3.1(+) vector.

L uciferase assay

A minimal promoter construct (pGL 3ti) was first made from pGL 3-basic
reporter vector (Promega) by inserting oligonucleotides carrying the
adenovirus major-late promoter TATA box and the mouse terminal
deoxynucleotidyl transferase gene initiator in the Bglll site as described
previousdy (Jonk et a., 1998). The BMP-responsive reporter (pGL3ti-
12GCCG) was constructed by further inserting four oligonucleotides, each
containing three copies of the GCCG motif (Kusanagi et al., 2000), into the
Xhol site of pGL3ti. Luciferase assays were carried out using human
embryonic kidney 293 cells. Cells grown in 96-well microplates at a
density of 4 X 10* cells per well were transiently transfected with
expression plasmids using a combination of the reporter (50 ng), receptor
(10 ng), and Smads (10 ng each) together with or without the expression
plasmid for CBF-1 (20 ng) or CBF-1** (20 ng). Luciferase activity was
measured with a Dual-Glo Luciferase Assay System (Promega) using
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Fluoroskan Ascent FL (Labsystems). Total amounts of the transfected
DNAs were kept the same throughout the experiments by addition of the
empty vector, and firefly luciferase activities were normalized using the

Renilla luciferase activity of phRL-SV40 (Promega) cotransfected.

I solation of cDNA fragments encoding TGF-f family molecules

A set of degenerative oligonucleotide primers were synthesized based on
the regions conserved among TGF-b family molecules except for the
growth differentiation factor (GDF) subfamily: the 5 primer sequence
was 5-TGGVANGAYTGGATHRTNGC-3' and the 3 primer sequence
was 5 -ARNGTYTGNACDATNGCRTG-3'. Another set of primers was
also synthesized based on the regions conserved among GDF molecules:
the 5 primer sequence was 5’ -TGGGAY GAY TGGATHRTNGC-3' and the
3’ primer sequencewas 5 -TAYAARCARTAYGARGAYATGGT-3. The
first strand cDNA was synthesized using total RNA isolated from E8 chick
retina with oligo dT primers. PCR was carried out for 30 cycles each
consisting of denaturation at 95°C for 60 sec, annealing at 46°C for 60 sec,
and extension at 72°C for 60 sec. The PCR products were subcloned into

PGEM-T Easy vector (Novagen) and sequenced.

In ovo electroporation and in situ hybridization were performed as
described in Chapter I11.  The template used for the digoxigenine-labeled
RNA probe was the 1179bp fragment of chick BMP-2 (1-1179; AY 237249).
The template for the probe of Ventroptin was described previously (Sakuta
et al., 2001).
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Results
CBF-1linhibitsthe BMP signaling in theretina
In chapter 11, | indicated that CBF-1 regulates the expression of ephrin-A2
by a DNA binding-independent mechanism. On the other hand, our lab
previousy demonstrated that a BMP antagonist, Ventroptin, promotes
expression of ephrin-A2 but not ephrin-A5 in the devel oping retina (Sakuta
etal., 2001). Inaddition, Noggin, astructurally unrelated BMP antagonist,
has the same activity as Ventroptin in the promotion of ephrin-A2
expression (Sakuta et al., 2001). These results indicate that BMP
signaling regulates the expression of ephrin-A2, which prompted me to
examine the possibility that CBF-1 modulates BMP signaling. BMPs
transduce their signals into the cell through a family of mediator proteins
known as Smads. Upon phosphorylation by the BMP receptors, Smadl
associates with Smad4 and transl ocates into the nucleus where the complex
recruits DNA-binding proteins to activate specific gene transcription.

| investigated the effect of CBF-1 on this BMP signal cascade. The
BMP-responsive reporter was constructed by joining twelve copies of the
GCCG motif to the upstream of the basal promoter region (Fig. 10A).
The GCCG motif was previously reported as a BMP-responsive Smad-
binding element, to which both Smadl and Smad4 directly bound
(Kusanagi et al., 2000). Indeed, the reporter activity was stimulated when
a constitutively active BMP receptor, Smadl, and Smad4 expression
plasmids were co-transfected into HEK293 cells with this reporter
construct (Fig. 10B). Using this reporter assay system, we examined
whether CBF-1 interferes with BMP signaling. | found that CBF-1
completely inhibited the activation of the reporter gene by the Smad
complex (Fig. 10B). In addition, the CBF-1** mutant also blocked the
activation of the reporter gene (Fig. 10B). These results indicate that
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CBF-1 inhibits BMP signaling by a DNA binding-independent mechanism.

BMP-2 beginsto be expressed in the dor sotemporal retina

At the late developmental stages of the retina (E6 onward), | have
speculated that some unknown TGF-b family member other than BMP-4
begins to be expressed with a double-gradient in a pattern complementary
to that of Ventroptin. To identify this unknown molecule, | performed RT-
PCR with degenerated primers based on the conserved amino acid
sequences of the TGF-b family. | identified cDNA fragments encoding
BMP-2, BMP-4, BMP-7, growth differentiation factor-5 (GDF-5), GDF-6,
and GDF-7 from E8 chick retinal RNA. By analyzing expression patterns
of these molecules by in situ hybridization, | found that BMP-2 is
expressed in a pattern complementary to Ventroptin along both the N-T and
D-V axes (Fig. 11A and 11B); Expression of the other molecules appeared
to be uniform along the N-T axis or was not detected by in situ
hybridization due to low levelsin the chick retina (data not shown).

Weak expression of BMP-2 was first observed in the dorsotemporal
retina at ES (data not shown). From E6 onward, a temporal high-nasal
low expression gradient as well as a dorsal high-ventral low gradient of
BMP-2 expression became evident (Fig. 11A and 11B). The BMP-2
expression was positive in the GCL and inner nuclear layer in the central
retina, and in the whole layersin the periphery (Fig. 11A and 11B). This
Is somewhat different from that of Ventroptin:  Expression of Ventroptinis
not observed in the GCL. The BMP-2 expression was restricted to the
dorsotemporal one third of the retina, while the Ventroptin expression
expanded into the dorsotemporal retina (Fig. 11A-11D and 11E).

BM P-2 controls ephrin-A2 expression along the N-T axis

The complementary expression patterns of Ventroptin and BMP-2 suggest
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that these molecules repress the expression of their counterpart. To test
this possibility, we examined effects of misexpression of these molecules.
When Ventroptin was misexpressed in the retina by in ovo electroporation,
BMP-2 expression in the temporal regions was completely repressed (Fig.
12ADb; 7 out of 7 embryos). Similarly, misexpression of BMP-2 inhibited
expression of Ventroptin in the nasal retina (Fig. 12Ad; 6 out of 6 embryos).
Our lab previously demonstrated that misexpression of Ventroptin induces
ephrin-A2 expression in the temporal retina (Sakuta et al., 2001).
Therefore, | next tested effects of BMP-2 misexpression on ephrin-A2
expression. Misexpression of BMP-2 repressed expression of ephrin-A2
in the nasal retina (Fig. 12Bb; 7 out of 9 embryos), suggesting that the
counteraction between Ventroptin and BMP-2 controls the graded
distributions of ephrin-A2 along the N-T axis.

Finally, to address whether CBF-1 is involved in the regulation of
BMP signaling in the developing retina, | examined the expression of
Ventroptin and BMP-2 when CBF-1 was misexpressed in the retina
Expression of BMP-2 in the GCL was repressed by misexpression of CBF-
1, while expression in the inner nuclear layer was not reduced (Fig. 12Cb; 5
out of 9). On the other hand, expression of Ventroptin appeared not to be
altered by misexpression of CBF-1 (data not shown; 6 out of 6 embryos).
These phenotypes were recapitulated when the CBF-1** mutant was
misexpressed (Fig. 12Cc; 4 out of 9 embryos). These results suggest that
CBF-1 represses the expression of BMP-2 in the ganglion cells by
inhibiting BMP signaling.  In conclusion, these results are consistent with
our view that CBF-1 regulates the ephrin-A2 expression through inhibition
of BMP signaling (Sakutaet al., 2001).

-52 -



Discussion

CBF-1linterfereswith the BM P-2 signaling, and induces the expression
of ephrin-A2

In Chapter II, | clarified the modes of action of CBF-1 into three distinct
categories (Fig. 13A): (1) those whose expression is affected only by the
CBF-1-eve mutant (written in red), (2) those whose expression is affected
only by the CBF-1** mutant (in green), and (3) those whose expression is
affected by both the CBF-1-eve and CBF-1** mutants (in blue).

Ephrin-A5 belongs to the first category. SOHo-1, GH6, EphA3, and
CBF-2 belong to the third category (see Chapter 111 for details). Ephrin-
A2 belongs to the second category. Ephrin-A2 expression is not affected
by misexpression of the CBF-1-eve fusion protein.  In contrast, CBF-1*#
exerted the same effect on the expression of ephrin-A2 as the wild-type
protein. Therefore, expression of ephrin-A2 isregulated only by a DNA
binding-independent mechanism, which clearly contrasts with ephrin-A5
(Fig. 13A).

Our lab previously demonstrated that expression of ephrin-A2 is
induced by misexpression of Ventroptin, a BMP-4 antagonist (Sakutaet a.,
2001). | show here that BMP-2 begins to be expressed in a temporal
high-nasal low gradient along the N-T axis from E5. Furthermore,
Ventroptin counteracts BMP-2 as well as BMP-4, and BMP-2 represses
ephrin-A2 expression. Therefore, it is likely that the DNA binding-
independent control mechanism used by CBF-1 on ephrin-A2 is relevant
to BMP-2 signaling (Fig. 13B). This view is consistent with the
expression patterns of BMP-2 and ephrin-A2 in the retinaa BMP-2
expression is restricted to the temporal third of the retina, while the

expression of ephrin-A2 expands into the temporal side, making a gentle
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gradient along the N-T axis. In the present study, | demonstrated by in
vitro reporter assay that CBF-1 indeed interferes with BMP signaling
through a DNA binding-independent mechanism. In addition,
misexpression of CBF-1 represses the expression of BMP-2 in the GCL.
This notion is supported by a recent study describing the interaction
between BF-1 and Smadl (Rodriguez et al., 2001): Smadl is an
intracellular signaling intermediate for the receptors for BMP-2 and BMP-
4 (Piek et al., 1999), and it is reported that BF-1 interferes with BMP
signaling via interaction with Smad molecules (Rodriguez et al., 2001).
The loss of the BF-1 gene in mice leads to ectopic expression of BMP-4 in
the dorsal telencephalic neuroepithelium (Dou et al., 1999). All these
resultsindicate that CBF-1 interferes with the BMP signaling.
| showed that expression of SOHo-1, GH6, EphA3, and CBF-2 isaso
regulated by CBF-1 through not only a DNA binding-dependent but also a
DNA binding-independent mechanism (Fig. 13A). However, since
expression of SOHo-1, GH6, and CBF-2 is not affected by misexpression
of Ventroptin or BMP-2 (Sakuta et al., 2001; our unpublished observations),
these molecules are not regulated by BMP signaling.

BMP signaling plays a pivotal rolein the topographic mapping along
both axes

BMP-2 and BMP-4 are implicated in many different processes of
vertebrate development (for review see Balemans and Hul, 2002). The
extent of BMP action is controlled in part by the influence of antagonists
such as Noggin, Chordin, and Follistatin. Counteractions between BMPs
and their antagonists, which appear to make a gradient of BMP signaling,
are suggested to play important roles in vertebrate devel opment.

At the early developmental stages of the eye (stage 11 ~ E5), the

counteraction between Ventroptin and BMP-4 governs the regiona
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specification in the retina along the D-V axis (Sakuta et al., 2001). In the
embryos misexpressing Ventroptin in the retina, projections of almost all
the dorsal retinal axons shifted dorsally on the tectum (Sakuta et al., 2001).
At the later stages (E6 onward), in proportion to the disappearance of
BMP-4 expression from the dorsal retina, Ventroptin begins to be expressed
in both a nasal high-temporal low and a ventral high-dorsal low gradient in
theretina.  In the present study, | found that BMP-2 begins to be expressed
from E5 in a pattern complementary to that of Ventroptin along both the N-
T and D-V axes. In addition, BMP-2 and Ventroptin repressed the
expression of each other in the developing retina.  Therefore, at the later
stages when retina axons actively begin to invade the tectum, the
counteraction between Ventroptin and BMP-2 appears to play an important
role in the topographic projection along the A-P axis in addition to the D-V
axis. This view is consistent with our previous results that aimost all
temporal axons labeled with Dil extended to the posterior end of the tectum,
when Ventroptin was misexpressed, due to the induction of ephrin-A2
expression in the temporal retina (Sakuta et al., 2001).

In the present study, | showed that BMP-2 expression is moderately
inhibited by misexpression of CBF-1, while misexpression of Ventroptin
completely represses expression of BMP-2. These results suggest that
BMP signaling in the nasal retina is mainly antagonized by Ventroptin.
Thus, CBF-1 may fine-tune BMP signaling. From this point of view,
CBF-1 presumably triggers the shift in the expression pattern of Ventroptin
to the double gradient. Around E5, BMP-4 expression in the dorsal retina
begins to disappear. Concomitantly, the expression of Ventroptin would
be enhanced more in the nasal retina due to inhibition of BMP signaling by
CBF-1, which leads to the nasal high-temporal low expression gradient of
Ventroptin.  Then, BMP-2 begins to be expressed with a double-gradient,

in afashion counter to Ventroptin, and this counter gradient would be fixed
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afterwards. This study thus demonstrated that two distinct BMP signals
sequentially play pivotal rolesin the topographic projection along the two

axes.
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Fig. 10. CBF-1 inhibits BMP signaling.

(A) Schematic representation of Luciferase reporter construct.

The BMP-responsive reporter was constructed by joining twelve copies of the Smad
binding element (GCCGCCGC x12), with both the adenovirus major-late promoter
TATA box (TATA box) and the mouse terminal deoxynucleotidyl transferase gene
initiator (TdT initiator) as a basal promoter.

(B) A luciferase reporter assay using a BMP-responsive reporter construct in the
presence of CBF-1 or CBF-1AA mutant. HEK 293 cells transfected without (-) or with
(+) pcDNA/ALK3-CA, Smad1, and Smad4 were measured for luciferase activities in
the presence of pcDNA (vector), CBF-1/pcDNA (CBF-1) or CBF-1A%/pcDNA (CBF-
1AA) by cotransfection. The values are represented by fold induction compared with
the basal activity of pcDNA (vector). Data are shown as the mean =+ S.D. of
triplicate experiments.
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Fig. 11. Expression of BMP-2 and Ventroptin in the E8 chick retina.

Section in situ hybridization was performed with antisense probes for BMP-2 (A
and B) and Ventroptin (C and D). BMP-2 was expressed in a double-gradient
pattern that is complementary to Ventroptin. (A and C) Horizontal sections. Nasal
(anterior) is up, temporal (posterior) is down. (B and D) Coronal sections. Dorsal
is up, ventral is down. Scale bar, 600 um. (E) Schematic representation of the
expression patterns of BMPs and Ventroptin in the retina.
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Fig. 12. BMP-2 controls eprhin-A2 expression along the N-T axis.

(A) Horizontal section in situ hybridization of E8 temporal retina transfected with
Ventroptin/RCAS (Ab) or BMP-2/RCAS (Ad). In the temporal region of a control retina,
BMP-2 was expressed in the GCL and INL (Aa). When Ventroptin/RCAS was
electroporated, expression of BMP-2 was completely repressed (Ab). In the nasal
region of a control retina, Ventroptin was expressed in the INL (Ac). When BMP-
2/RCAS was electroporated, expression of Ventroptin was completely repressed (Ad).
Scale bar, 100 pum.

(B) Horizontal section in situ hybridization of E8 temporal retina transfected with BMP-
2/RCAS (Bb) with a probe for ephrin-A2. Ephrin-A2 was mainly expressed in the GCL
in the nasal region (Ba). When BMP-2/RCAS was electroporated in the retina,
expression of ephrin-A2 was completely repressed (Bb).

(C) Horizontal section in situ hybridization of E8 temporal retina transfected with CBF-
1/RCAS (Cb) or CBF-1AA/RCAS (Cd) with a probe for BMP-2. Electroporation of CBF-
1/RCAS (Cb) or CBF-1AA/RCAS (Cc) resulted in repression of BMP-2 expression in
the GCL in the temporal retina of E8 embryos. The temporal region of an
untransfected retina (control) is shown in the left panel (Ca).
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Fig. 13. The molecular mechanisms by which CBF-1 controls the expression of
topographic molecules

(A) Schematic representation of modes of actions of CBF-1. Ephrin-A5 and
ephrin-A2 are controlled by CBF-1 through transcriptional repression and a DNA
binding-independent mechanism, respectively. On the other hand, the others are
controlled through the dual mechanisms of CBF-1. One Eph-ephrin system is
controlled as a set by each mode of CBF-1 action.

(B) Expressional regulation of asymmetrically distributed molecules along the N-T
axis by CBF-1. CBF-1 and Ventroptin repress expression of BMP-2 by inhibiting
BMP signaling as an interrupter and antagonist, respectively, and induce ephrin-A2
expression. On the other hand, CBF-1 represses the transcription of negative
regulators, X and Y. When CBF-1 is absent, X down-regulates ephrin-A5
expression, and Y represses expression of SOHo-1 and GH6. When CBF-1 is
present, X and Y are down-regulated, and the expression of ephrin-A5, SOHo-1
and GH6 is induced. SOHo-1 and GH6 inhibit the expression of EphA3. EphA3
and ephrins are directly implicated in the control of axon guidance. CBF-1 also
represses CBF-2 expression. However, downstream target genes of CBF-2 have
not been identified so far. See the text for details.



Chapter IV

References

Balemans, W., and Van Hul, W. (2002). Extracellular regulation of BMP
signaling in vertebrates: a cocktail of modulators. Dev. Biol. 250, 231-250.
Beato, M., Herrlich, P., and Schitz, G. (1995). Steroid hormone
receptors. many actorsin search of aplot. Cell 83, 851-857.

Bourguignon, C., Li, J., and Papalopulu, N. (1998). XBF-1, a winged
helix transcription factor with dual activity, has a role in positioning
neurogenesis in Xenopus competent ectoderm. Development 125, 4889-
4900.

Braisted, J.E., McLaughlin, T., Wang, H.U., Friedman, G.C., Ander son,
D.J.,and O'Leary D, D. (1997). Graded and lamina-specific distributions
of ligands of EphB receptor tyrosine kinases in the devel oping retinotectal
system. Dev. Biol. 191, 14-28.

Brown, A., Yates, P.A., Burrola, P., Ortufio, D., Vaidya, A., Jessell, T.M .,
Pfaff, S.L., O'Leary, D.D., and Lemke, G. (2000). Topographic mapping
from the retina to the midbrain is controlled by relative but not absolute
levels of EphA receptor signaling. Cell 102, 77-88.

Chang, H.W., Li, J., and Vogt, P.K. (1996). Domains of the gin protein
required for oncogenic transformation. Oncogene 13, 441-444.

Cheng, H.J., and Flanagan, J.G. (1994). Identification and cloning of
ELF-1, adevelopmentally expressed ligand for the Mek4 and Sek receptor
tyrosine kinases. Cell 79, 157-168.

Connor, R.J., Menzel, P., and Pasquale, E.B. (1998). Expression and
tyrosine phosphorylation of Eph receptors suggest multiple mechanismsin
patterning of the visual system. Dev. Biol. 193, 21-35.

-61-



Deitcher, D.L., Fekete, D.M., and Cepko, C.L. (1994). Asymmetric
expression of a novel homeobox gene in vertebrate sensory organs. J.
Neurosci 14, 486-498.

Dou, C.L., Li, S, and Lai, E. (1999). Dua role of brain factor-1 in
regulating growth and patterning of the cerebral hemispheres. Cereb.
Cortex 9, 543-550.

Dou, C., Leg, J., Liu, B, Liu, F., Massague, J., Xuan, S., and Lai, E.
(2000). BF-1 interferes with transforming growth factor b signaling by
associating with Smad partners. Mol. Cell Biol. 20, 6201-6211.

Drescher, U., Kremoser, C., Handwerker, C., L6schinger, J., Noda, M .,
and Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion cell axons
by RAGS, a 25 kDa tectal protein related to ligands for Eph receptor
tyrosine kinases. Cell 82, 359-370.

Dutting, D., and Meyer, S.U. (1995). Transplantations of the chick eye
anlage reveal an early determination of nasotemporal polarity. Int. J. Dev.
Biol. 39, 921-931.

Dutting, D., and Thanos, S. (1995). Early determination of nasal-temporal
retinotopic specificity in the eye anlage of the chick embryo. Dev. Biol. 167,
263-281.

Datting, D., Handwerker, C., and Drescher, U. (1999). Topographic
targeting and pathfinding errors of retinal axons following overexpression
of ephrinA ligands on retinal ganglion cell axons. Dev. Biol. 216, 297-311.
Ebendal, T., Bengtsson, H., and Soderstrom, S. (1998). Bone
morphogenetic proteins and their receptors: potential functionsin the brain.
J. Neurosci. Res. 51, 139-146.

Eimon, P.M., and Harland, R.M. (1999). In Xenopus embryos, BMP
heterodimers are not required for mesoderm induction, but BMP activity is
necessary for dorsal/ventral patterning. Dev. Biol. 216, 29-40.

Eph Nomenclature Committee (1997). Unified nomenclature for Eph

- 62 -



family receptors and their ligands, the ephrins. Eph Nomenclature
Committee. Cell 90, 403-404.

Feldheim, D.A., Vanderhaeghen, P., Hansen, M .J., Frisén, J., Lu, Q.,
Barbacid, M., and Flanagan, J.G. (1998). Topographic guidance labelsin
a sensory projection to the forebrain. Neuron 21, 1303-1313.

Feldheim, D.A., Kim, Y.I., Bergemann, A.D., Frisén, J., Barbacid, M .,
and Flanagan, J.G. (2000). Genetic analysis of ephrin-A2 and ephrin-A5
shows their requirement in multiple aspects of retinocollicular mapping.
Neuron 25, 563-574.

Frisén, J., Yates, P.A., McLaughlin, T., Friedman, G.C., O'Leary, D.D.,
and Barbacid, M. (1998). Ephrin-A5 (AL-1/RAGS) is essential for proper
retinal axon guidance and topographic mapping in the mammalian visual
system. Neuron 20, 235-243.

Graff, J.M. (1997). Embryonic patterning: to BMP or not to BMP, that is
the question. Cell 89, 171-174.

Hamburger, V., and Hamilton, H.L. (1951). A series of normal stagesin
the development of the chick embryo. J. Morphol. 88, 49-92.

Han, K., and Manley, J.L. (1993). Transcriptional repression by the
Drosophila even-skipped protein: definition of a minimal repression
domain. Genes Dev. 7, 491-503.

Hindges, R., McLaughlin, T., Genoud, N., Henkemeyer, M., and
O'Leary, D.D. (2002). EphB forward signaling controls directional branch
extension and arborization required for dorsal-ventral retinotopic mapping.
Neuron 35, 475-487.

Hogan, B.L. (1996-a). Bone morphogenetic proteins. multifunctional
regulators of vertebrate development. Genes. Dev. 10, 1580-1594.

Hogan, B.L. (1996-b). Bone morphogenetic proteins in development. Curr.
Opin. Genet. Dev. 6, 432-438.

Holash, J.A., and Pasquale, E.B. (1995). Polarized expression of the

- 63 -



receptor protein tyrosine kinase Cek5 in the developing avian visual system.
Dev. Bial. 172, 683-693.

Hoodless, P.A., Haerry, T., Abdollah, S., Stapleton, M., O'Connor, M .B.,
Attisano, L., and Wrana, J.L. (1996). MADRL1, a MAD-related protein
that functionsin BM P2 signaling pathways. Cell 85, 489-500.

Hornberger, M.R., Dutting, D., Ciossek, T., Yamada, T., Handwerker,
C., Lang, S., Weth, F., Huf, J., Wel3dl, R., Logan, C., et al. (1999).
Modulation of EphA receptor function by coexpressed ephrinA ligands on
retinal ganglion cell axons. Neuron 22, 731-742.

Jonk, L.J., Itoh, S., Heldin, C.H., ten Dijke, P., and Kruijer, W. (1998).
Identification and functional characterization of a Smad binding element
(SBE) in the JunB promoter that acts as a transforming growth factor-b,
activin, and bone morphogenetic protein-inducible enhancer. J. Biol. Chem.
273, 21145-21152.

Kingdey, D.M. (1994). The TGF-beta superfamily: new members, new
receptors, and new genetic tests of function in different organisms. Genes.
Dev. 8, 133-146.

Koshiba-Takeuchi, K., Takeuchi, J.K., Matsumoto, K., Momosge, T.,
Uno, K., Hoepker, V., Ogura, K., Takahashi, N., Nakamura, H., Yasuda,
K., and Ogura, T. (2000). Thx5 and the retinotectum projection. Science
287, 134-137.

Kusanagi, K., Inoue, H., Ishidou, Y., Mishima, H.K., Kawabata, M.,
and Miyazono, K. (2000). Characterization of a bone morphogenetic
protein-responsive Smad-binding element. Mol. Biol. Cell 11, 555-565.

Li, J., Chang, HW., Lai, E., Parker, E.J., and Vogt, P.K. (1995). The
oncogene gin codes for atranscriptional repressor. Cancer Res. 55, 5540-
5544,

Marcus, R.C., Gale, N.W., Morrison, M.E., Mason, C.A., and
Yancopoulos, G.D. (1996). Eph family receptors and their ligands

-64-



distribute in opposing gradients in the devel oping mouse retina. Dev. Biol.
180, 786-789.

Monnier, P.P., Sierra, A., Macchi, P., Detinghoff, L., Andersen, J.S,,
Mann, M., Flad, M., Hornberger, M .R., Stahl, B., Bonhoeffer, F., and
Mueller, B.K. (2002). RGM is arepulsive guidance molecule for retinal
axons. Nature 419, 392-395.

Monschau, B., Kremoser, C., Ohta, K., Tanaka, H., Kaneko, T,
Yamada, T., Handwerker, C., Hornberger, M.R., Loschinger, J.,
Pasquale, E.B., et al. (1997). Shared and distinct functions of RAGS and
ELF-1in guiding retinal axons. Embo J. 16, 1258-1267.

Morgan, B.A., and Fekete, D.M. (1996). Manipulating gene expression
with replication-competent retroviruses. Methods Cell Biol. 51, 185-218.
Mukai, T., Kusaka, M., Kawabe, K., Goto, K., Nawata, H., Fujieda, K.,
and Morohashi, K. (2002). Sexually dimorphic expression of Dax-1 in the
adrenal cortex. Genes Cells 7, 717-729.

Mdaller, B.K., Jay, D.G., and Bonhoeffer, F. (1996). Chromophore-
assisted laser inactivation of arepulsive axonal guidance molecule. Curr.
Biol. 6, 1497-1502.

Nakamoto, M., Cheng, H.J., Friedman, G.C., McLaughlin, T., Hansen,
M.J., Yoon, CH., O'Leary, D.D., and Flanagan, J.G. (1996).
Topographically specific effects of ELF-1 on retinal axon guidance in vitro
and retinal axon mapping in vivo. Cell 86, 755-766.

Piek, E., Heldin, C.H., and Ten Dijke, P. (1999). Specificity, diversity,
and regulation in TGF-b superfamily signaling. Faseb J. 13, 2105-2124.
Plaza, S., Langlois, M.C., Turque, N., LeCornet, S., Bailly, M., Bégue,
A., Quatannens, B., Dozier, C., and Saule, S. (1997). The homeobox-
containing Engrailed (En-1) product down-regulates the expression of Pax-
6 through a DNA binding-independent mechanism. Cell Growth Differ. 8,
1115-1125.

- 65 -



Rodriguez, C., Huang, L .J., Son, J.K., McKee, A., Xiao, Z., and L odish,
H.F. (2001). Functional cloning of the proto-oncogene brain factor-1 (BF-
1) as a Smad-binding antagonist of transforming growth factor-b signaling.
J. Biol. Chem. 276, 30224-30230.

Sakuta, H., Suzuki, R., Takahashi, H., Kato, A., Shintani, T., lemura, S,,
Yamamoto, T.S., Ueno, N., and Noda, M. (2001). Ventroptin: aBMP-4
antagonist expressed in a double-gradient pattern in the retina. Science 293,
111-115.

Schulte, D., Furukawa, T., Peters, M.A., Kozak, C.A., and Cepko, C.L.
(1999). Misexpression of the Emx-related homeobox genes cVax and
mVax2 ventralizes the retina and perturbs the retinotectal map. Neuron 24,
541-553.

Schulte, D., and Cepko, C.L. (2000). Two homeobox genes define the
domain of EphA3 expression in the developing chick retina. Development
127, 5033-5045.

Schuur, E.R., Loktev, AV., Sharma, M., Sun, Z., Roth, R.A., and
Weigdl, R.J. (2001). Ligand-dependent interaction of estrogen receptor-a
with members of the forkhead transcription factor family. J. Biol. Chem.
276, 33554-33560.

Smith, W.C. (1999). TGF beta inhibitors. New and unexpected
requirements in vertebrate development. Trends Genet 15, 3-5.

Sperry, RW. (1963). Chemoaffinity in the orderly growth of nerve fiber
patterns and connections. Proc. Natl. Acad. Sci. U S A 50, 703-710.

Stahl, B., Miiller, B., von Boxberg, Y., Cox, E.C., and Bonhoeffer, F.
(1990). Biochemical characterization of a putative axonal guidance
molecule of the chick visual system. Neuron 5, 735-743.

Suzuki, R., Shintani, T., Sakuta, H., Kato, A., Ohkawara, T., Osumi, N.,
and Noda, M. (2000). Identification of RALDH-3, anovel retinaldehyde

- 66 -



dehydrogenase, expressed in the ventral region of the retina. Mech. Dev. 98,
37-50.

Thanos, S., Mey, J., Dltting, D., and Hummler, E. (1996). Positiona
determination of the naso-temporal retinal axis coincides with asymmetric
expression of proteins along the anterior-posterior axis of the eye
primordium. Exp. Eye Res. 63, 479-492.

Um, M., Li, C., and Manley, J.L. (1995). The transcriptional repressor
even-skipped interacts directly with TATA-binding protein. Mol. Cell Biol.
15, 5007-50186.

Wozney, J.M ., Rosen, V., Celeste, A.J., Mitsock, L.M., Whitters, M .J.,
Kriz, RW., Hewick, R.M., and Wang, E.A. (1988). Novel regulators of
bone formation: molecular clones and activities. Science 242, 1528-1534.
Wozney, J.M. (1998). The bone morphogenetic protein family:
multifunctional cellular regulators in the embryo and adult. Eur. J. Oral. Sci.
106, 160-166.

Yamagata, M., Mai, A., Pollerberg, G.E., and Noda, M. (1999).
Regulatory interrelations among topographic molecules CBF1, CBF2 and
EphA3 in the developing chick retina. Dev. Growth Differ. 41, 575-587.
Yuasa, J., Hirano, S., Yamagata, M., and Noda, M. (1996). Visua
projection map specified by topographic expression of transcription factors
in the retina. Nature 382, 632-635.

Zhao, HH., Herrera, R.E., Coronado-Heinsohn, E., Yang, M.C,,
Ludes-Meyers, J.H., Seybold-Tilson, K.J., Nawaz, Z., Yee, D., Barr,
F.G., Diab, S.G., et al. (2001). Forkhead homologue in rhabdomyosarcoma
functions as a bifunctional nuclear receptor-interacting protein with both

coactivator and corepressor functions. J. Biol. Chem. 276, 27907-27912.

-67-



