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It is well established that the development of the vertebrate brain starts with the induction of the neural plate, which
is patterned along the anterior-posterior (AP) axis and then regionalized into different brain compartments. The
boundary region in the neural plate between the prospective midbrain and the hindbrain, which is called the midbrain-
hindbrain-boundary (MHB), forms the isthmus and serves as a signaling center for the development of the midbrain
and cerebellum. The position of MHB along the anterior-posterior axis in the neural plate depends on the interaction
of Otx2 and Gbx2 that are expressed in the future fore/midbrain and hindbrain, respectively. At the expression
boundary of these two homeobox genes, fgf8, pax2/pax2a and wntl are independently induced around the end of
gastrulation to establish MHB, leading to activation of the downstream genes including en and other MHB genes.
This gene cascade/network, which is known in all the vertebrates examined, is considered to promote and maintain
the formation of the MHB/isthmic region.

Zebrafish pouZ, which was originally identified as a gene for a novel POU transcriptional factor with structural
features of both class 111 and V of the family. Takeda et al., (1994) reported that pouZ2 is maternally expressed
ubiquitously in the whole blastoderm in early embryos and that its zygotic expression becomes confined to
the prospective midbrain and hindbrain by the end of epiboly and finally disappears in the brain during early
somitogenesis. Based on the syntenic relationship and sequence comparisons, zebrafish pouZ2 is now considered the
orthologue of Oct 3/4 /pou5f1, which is required to maintain pluripotency of early embryonic cells and ES cells.

pou? is disrupted in spiel-ohne-grenzen (spg) mutant embryo that show defects in the MHB/isthmus and hindbrain
(Schier et al. 1996; Belting et al. 2001; Burgess et al. 2002). Indeed, it is considered that pou2 functions specifically in
the AP patterning of the neuroectoderm, in which it is necessary to establish the MHB and the hindbrain primordium.
Genetically, pouZ is necessary to activate expression of regulatory genes involved in brain development, especially
pax2a, which is considered to form the MHB and primordial hindbrain. Expression of pou2 in the embryonic

brain overlaps that of pax2a around MHB, and paxZa expression is down-regulated in spg embryos, whereas
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pou2 expression is not affected in mutant embryos that have a defect in paxZ2a, showing that pou?2 is required for
activation of pax2a in the prospective MHB. On the other hand, since spg embryos show normal expression of otx2
and gbx1, which is involved in the establishment of MHB in zebrafish embryos, it seems that pouZ is required not
for establishment, but for maintenance of MHB. In addition to the defects in MHB, spg embryos show abnormal
morphology, size and boundary of rhombomeres in the hindbrain, showing that spg/pouZ is also involved in hindbrain
segmentation. During hindbrain development, respective rhombomeres are specified by combinations of Hox genes
(Hox code), as well as by additional transcription factor genes that are under regulation by Hox genes, such as krox20
and velentino (val)lmafB. In the establishment of rhombomeres, pou2 is assumed to function upstream to krox20 and
val, leading to the formation of a gene network required for hindbrain formation. Although the role of Oct 3/4 in brain
formation is not known at present in mouse, Oct 3/4 is expressed broadly in the neural plate in embryos as well, and
Oct 3/4 mRNA overexpression in spg embryo restores the expression of paxZ2a, raising a possibility that Oct3/4 is also
involved in the development of the brain in mouse development.

In spite of the essential role played by pouZ in zebrafish brain development, however, the regulatory mechanism
governing its unique expression pattern is not known. A preliminary functional analysis of the flanking DNA of pouZ2
was previously conducted by Okuyama and Yamasu (2003, unpublished) via the promoter analysis, revealing that the
upstream 6.5-kb DNA region drives the GFP expression transiently and broadly at early somite stages in the brain
including the prospective midbrain and hindbrain, reminiscent of the endogenous expression of pou2. In the present
study, to understand the regulatory mechanism of the brain formation, especially in the midbrain and hindbrain,
| intended to further examine the regulatory mechanism of pouZ2 in the brain by extending the previous promoter
analysis.

First, to precisely know the regulatory function of the upstream 6.5-kb DNA, I established a transgenic fish line
that harbors a GFP construct in which the GFP gene (egfp) is under regulation by the 6.5-kb DNA (GFP-6.5), and
examined GFP expression in embryos via fluorescence and in situ hybridization. GFP-6.5 was expressed transiently in
the midbrain and hindbrain, as well as in the medial stripe of the neural plate and tail bud, thus closely recapitulating
pou2 expression in the brain. Therefore, it was concluded that this upstream DNA contains the main part of the
regulatory activity of pouZ2 expression in the brain. The GFP construct (GFP-2.2) under the regulation of the region
from -2.2 to the ATG codon (-2.2/ATG) showed similar transient expression in injected embryos. | further showed by
the reporter assay that most of this activity resides in the upstream 2.1-kb DNA from -2.2 to -0.1 (-2.2/-0.1).

To further narrow down the effective cis-elements in the -2.2/-0.1 region, the regulatory activity of this region
was examined by the reporter assay after externally introducing systematic deletions from the 5’-end and 3’-end.
The results showed that external deletions from either end gave rise to gradual decrease of the regulatory activities,
suggesting that there are multiple cis-elements in the -2.2/-0.1 region. Fragmentation of this region led to drastic
reduction in the regulatory activities, leading to a possibility that the multiple elements function in a co-operative
manner.

Since the promoter analysis showed that the 2.1-kb DNA is the effective regulator of pouZ in the brain, and that
it consists of multiple cis-elements, | searched for consensus binding sequences for transcription factors in this
region, finding four possible binding sequences (octamer sequences, Poctl, Poct2, Poct3 and Poct4) for POU family
transcription factors and one DR2-type retinoic acid responsive element (DR2-RARE). The identification of four
octamer sequences prompted me to examine their role in the regulatory activity of the -2.2/-0.1 region. A series of
electrophoretic mobility shift assay (EMSA) demonstrated that all these octamer sequences were bound by Pou?2 that

was synthesized in vitro. In all cases, binding was competed efficiently by unlabeled probes, and their competition
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activities were disrupted when the octamer sequences were disrupted by base substitution. These results showed that
all four octamer sites are the real binding sites of Pou2. Furthermore, a DNA fragments (4xPoct) containing all the
octamer sites yielded a distinct DNA protein complex, suggesting that the binding of Pou2 with the -2.2/-0.1 DNA is a
highly co-operative reaction. This is consistent with the results of the reporter analysis showing cooperativity of the
regulatory function of -2.2/-0.1.

I further sought to evaluate the role of the four octamer sites in the enhancer activity of -2.2/-0.1 in vivo by
introducing base substitutions into the octamer sites within GFP-2.2. Injection of the mutated GFP-2.2 constructs
into zebrafish embryo showed that the disruption of any octamer site abolished the expression of GFP-2.2 in the brain
region, demonstrating that all the octamer sites are essential components of the -2.2/-0.1 enhancer and that they work
cooperatively to regulate the transcription in the brain. Furthermore, co-injection of pou2 mRNA up-regulated the
GFP-2.2 expression in the whole blastoderm at the shield stage and in the whole embryonic body at early somite
stages. Meanwhile, knockdown of endogenous pou?2 with anti-pouZ2 morpholino down-regulated GFP-2.2 expression
in the brain region. Taken these gain-of-function and loss-of-function studies together, it is concluded that pou2
regulates itself in a positive manner, forming an autoregulatory loop.

Besides the reduction of expression in the brain, deletion of any of the octamer sequences in GFP-2.2 led to ectopic
expression in the posterior embryonic region including the tail bud. This expression was disrupted by further deletion
of the intervening sequence between Poct2 and Poct3 (IS2). Thus, it is likely that IS2 drives transcription in the
posterior region, which is endogenously suppressed by POU-family proteins. Since pouZ2 is not expressed in the
posterior region, this suppressive effect is probably exerted by different POU factors.

As mentioned above, a DR2-RARE sequence (P2-RARE) was identified within the upstream 2.1-kb DNA. Since
retinoic acid (RA) is known to suppress pou2 in zebrafish embryos, | addressed the possible involvement of this
RARE in the regulation of pou2. First, I found that RA efficiently suppresses the transient expression of GFP-2.2 in
injected embryos, showing that the pou2 responsiveness to RA is conducted by the -2.2/ATG region. When the RARE
was disrupted, the expression of GFP-2.2 expanded laterally in the posterior embryonic region in late gastrulae.
Furthermore, this expression was unaffected by externally administered RA. The ectopic expression due to RARE
deletion was canceled by further deletion of IS2. In EMSA, the RAR/RXR, which is a receptor complex for RA, was
shown to bind to P2-RARE in -2.2/-0.1. This binding was competed by an excess amount of unlabeled P2-RARE, and
the competing activity was lost when P2-RARE was disrupted by base substitution, showing that the association of
RAR/RXR with P2-RARE is specific. Taken together, RA affects pou2 expression at the transcriptional level through
the -2.2/-0.1, and the suppressive action of RA is mediated via the P2-RARE. It is probable that RA/P2-RARE
functions in embryos to suppress pou2 expression in the posterior region that is also driven by 1S2.

Based on the present study, | assume that the zygotic expression of pou? is activated ubiquitously by maternal Pou?2,
and is probably maintained during epiboly by an autoregulatory loop. Furthermore, down-regulation of pouZ2, which
is seen during epiboly in the posterior portion, seems to be due to the RA signal that is known to emanate from the

posterior blastoderm margin.
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