AMCB

Journals.ASM.org

Gbx2 Directly Restricts Otx2 Expression to Forebrain and Midbrain,
Competing with Class III POU Factors
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Otx2 plays essential roles in rostral brain development, and its counteraction with Gbx2 has been suggested to determine the
midbrain-hindbrain boundary (MHB) in vertebrates. We previously identified the FM enhancer that is conserved among verte-
brates and drives Otx2 transcription in forebrain/midbrain from the early somite stage. In this study, we found that the POU
homeodomain of class III POU factors (Brnl, Brn2, Brn4, and Oct6) associates with noncanonical target sequence TAATTA in
the FM enhancer. MicroRNA-mediated knockdown of Brn2 and Oct6 diminished the FM enhancer activity in anterior neural
progenitor cells (NPCs) differentiated from P19 cells. The class III POU factors associate with the FM enhancer in forebrain and
midbrain but not in hindbrain. We also demonstrated that the Gbx2 homeodomain recognizes the same target TAATTA in the
FM enhancer, and Gbx2 associates with the FM enhancer in hindbrain. Gbx2 misexpression in the anterior NPCs repressed the
FM enhancer activity and inhibited Brn2 association with the enhancer, whereas Gbx2 knockdown caused ectopic Brn2 associa-
tion in the posterior NPCs. These results suggest that class III POU factors and Gbx2 share the same target site, TAATTA, in the
FM enhancer and that their region-specific binding restricts Otx2 expression at the MHB.

One of the most important events in the initial brain regional-
ization is the formation of the midbrain-hindbrain boundary
(MHB), where isthmus, a local organizer for midbrain and hind-
brain development, is formed. A homeobox transcription factor
gene, Otx2, plays essential roles in the formation and patterning of
the rostral brain, while a homeobox gene, Gbx2, does so in caudal
brain development (2, 12, 56, 65). Their expression initially over-
laps, but segregates around the 6-somite stage; the mutual sup-
pression between them has been suggested to establish the MHB at
embryonic day 8.5 (E8.5) and to maintain the isthmic structure at
later stages (23, 53); however, the details of the molecular mech-
anisms of the suppressive interaction between the Otx2 and Gbx2
genes remain to be determined.

We have made efforts to elucidate the molecular mechanisms
of the transcriptional regulation of the Otx2 gene and identified a
series of cis-regulatory elements (26, 28-31). Among these, the
Otx2 expression in the anterior neural plate at the presomite stage
is regulated by the AN enhancer, which is located 90 kb upstream
(31, 60); its activity covers the entire anterior neural plate, the
caudal limits being obscured and overlapping with the anterior
part of the Gbx2 expression. The AN enhancer loses its activity at
an early somite stage, and the subsequent Otx2 expression in ros-
tral brain is regulated by the FM and FM2 enhancers, which are
located 75 kb upstream and 115 kb downstream, respectively (28).
The FM and FM2 enhancers lack activities in the most rostral part
that correspond to future telencephalon and hypothalamus, and
the caudal limit of their activities coincides with the MHB. Genetic
analysis by enhancer mutants suggested that the FM enhancer,
rather than the FM2 enhancer, plays major roles in the Otx2 ex-
pression in forebrain and midbrain. Moreover, the FM enhancer
is conserved among vertebrate Otx2 orthologues, from skate to
mammal and teleost orthologues, but the FM2 enhancer is unique
to rodent Otx2 orthologues (28, 30). The antagonistic interaction
between Otx2 and Gbx has been suggested not only in mice, but
also in chicks (19, 24), Xenopus (61, 62), and zebrafish (11, 25).
Therefore, it is probable that the FM enhancer is the target of the
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Gbx2 regulation of the Ox2 expression for MHB formation. The
sequences essential to the FM enhancer and conserved among
vertebrates include bicoid-type homeobox protein (BHP), two
Tcf/Lef recognition sequences, and AGAATTTGCCTTCTAATT
AAAAAGGATAA (X29) (28, 30). In this study, we have first tried
to identify the factors that bind to the X29 sequences.

Brnl, Brn2, and Brn4 are class III POU factors that are ex-
pressed in the neural tube (16). The other member of the class I1I
POU factors, Oct6, is also found in the anterior neuroectoderm
(58, 68). The POU factors have been known to interact with
canonical octamer sequence ATGCAAAT, through its POU-spe-
cific (POUg) domain and POU homeodomain (POUy). Their
roles in initial brain development have not been demonstrated by
each single mutant or by the Brnl Brn2 double mutant (7, 37,
41-43, 57), suggesting their complementary functions in early
brain development. In this study, we first demonstrate that the
POU homeodomain of the class III POU factors interacts with
noncanonical target sequence TAATTA in the X29 region. The
target sequence TAATTA is highly conserved among vertebrates
and is indispensable for the FM enhancer activity. We further
demonstrate that Gbx2 also binds to this sequence, inhibiting the
enhancer activity. The findings suggest that the Otx2 expression is
activated by the class III POU factors in the forebrain and mid-
brain, whereas it is repressed by Gbx2 in the hindbrain, through
their direct binding to the same target TAATTA sequence in the
FM enhancer.
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MATERIALS AND METHODS

Plasmid construction. The 157-bp wild-type FM sequence (157FM-wt)
was amplified by PCR with primers (5'-CCCCGCGGGGCTGAACAGTG
TTCAAAGG-3" and 5'-CGGGATCCCAAAAACTTCAGCCTGTGAA-3’
[underlines indicate Sacll and BamHI sites, respectively]), using the
1.4-kb plasmid AH1.4kb (28) as a template, and inserted into SacIl and
BgllI sites of the 1.8-kb plasmid 1.8kb-LacZ, which harbors Otx2 pro-
moter sequences (31). In 157FM-X29mt, the X29 sequence was replaced
with Xbal linker sequence (TCTAGA); to generate this, 157FM-wt was
cloned into pBluescript SK(—), and an inverse PCR was conducted using
primers oppositely oriented at the X29 site. The primers used were 5'-G
ATCTAGACAGACCGCCAGGCCTAA-3" at the 5" end of the X29 se-
quence and 5'-GATCTAGAAAGATAGAAGTAGCATTAGACT-3' at its
3’ end. Underlines indicate Xbal sites. The PCR products were digested
with Xbal and self-ligated. The 157FM-X29mt fragment in pBluescript
SK(—) created by the SacIl and BamHI digestion was inserted into the
Sacll and BglII sites of plasmid 1.8kb-LacZ. 157FM-M2, in which TCTA
ATTAAA was replaced with GAGCCGGCCC, was also obtained by an
inverse PCR using 157FM-wt in pBluescript SK(—) as a template. The
5’-phosphorylated primers used were 5'-Phos-ggctcAGGCAAATTCT-
CAGACCGC-3" and 5'-Phos-ggcccAAGGATAAAAGATAGAAGTAGC-
3'. Lowercase letters indicate mutated sequences. The amplified products
were self-ligated. 157FM-TCFmt was obtained by PCR with primers 5'-
CCCCGCGGGGCTGAACAGTGggaccctG-3" and 5'-CGGGATCCCAA
AAACTTCAGCCTGTGAA-3" (where underlines indicate Sacll and
BamHI sites, respectively, and lowercase letters indicate mutated se-
quences in the Tcf/Lef binding site), using plasmid AH1.4kb TCFmt (28),
which has mutations in two Tcf/Lef binding sites, as a template. 157FM-
BHPmt was obtained by PCR with 5'-CCCCGCGGGGCTGAACAGTGT
TCAAAGG-3" and 5'-CGGGATCCCAAAAACTTCAGCCTGTGAA-3'
(where underlines indicate Sacll and BamHI sites, respectively), using
plasmid AH1.4kb BHPmt (28) as a template. 157FM-TCFmt and 157FM-
BHPmt fragments were inserted into the Sacll and BamHI sites of pBlue-
script SK(—). To construct luciferase reporters, four tandem repeats of
157FM-wt, 157FM-X29mt, 157FM-TCFmt, and 157FM-BHPmt were
cloned into pGL3-TK, which has a firefly luciferase gene conjugated with
herpes simplex virus thymidine kinase (HSV TK) promoter (60) or
pGL4.23, which has a firefly luciferase gene conjugated with a minimal
promoter (Promega).

Brnl, Brn2, Brn4, and Oct6 cDNAs were isolated by reverse transcrip-
tion-PCR (RT-PCR) with total RNAs extracted from E10.5 mouse
embryos and subcloned into pTnT (Promega) for the electrophoretic mo-
bility shift assay (EMSA). They were also subcloned into pCAGGS-Flag
(20) and pCS2+MT (48) to be tagged with Flag and six copies of Myc,
respectively, for the chromatin immunoprecipitation (ChIP) analysis.
The primers used in the RT-PCR are shown in Table S2 in the supplemen-
tal material. The POUg and POU; fragments of Brnl, Brn2, Brn4, and
Oct6 were amplified by PCR using pTnT-Brnl, pTnT-Brn2, pTnT-Brn4,
and pTnT-Oct6, respectively, as a template. The reverse primer to amplify
each POU,,; fragment was 5'-GCCTCTTCGCTATTACGCCA-3', which
is located downstream of the multicloning site in pTnT vector. Amplified
fragments were digested with the appropriate restriction enzymes (EcoRI
and Notl for Brn1POU,; EcoRI and Xbal for Brn1POUj; Kpnl and Notl
for Brn2POUy,;, Brn4POUy,,, and Oct6POU,; and Kpnl and Xhol for
Brn2POUy, Brn4POUj, and Oct6POUs;, respectively) and subcloned into
pTnT for EMSA. Each microRNA (miRNA) expression vector was con-
structed using a BLOCK-iT polymerase II (Pol II) miR RNA interference
(RNAI) expression vector kit (Invitrogen) according to the manufactur-
er’s instructions. Pre-miRNA oligonucleotides were synthesized (see Ta-
ble S5 in the supplemental material), annealed, and inserted into
the pcDNA6.2-GW/EmGFP-miR vector. Negative-control plasmid
pcDNA6.2-GW/EmGFP-miR-neg (Invitrogen), which is thought not to
target any known vertebrate genes, was provided by the manufacturer. To
generate a chained miR-Oct6/Brn2 pre-miRNA vector (pcDNA6.2-GW/
EmGFP-miR-Oct6/Brn2), Brn2 pre-miRNA was excised from its expres-
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sion vector (pcDNA6.2-GW/EmGFP-miR-Brn2) by BamHI and Xhol di-
gestion and inserted into BglII and Xhol sites immediately downstream of
the Oct6 pre-miRNA in its expression vector (pcDNA6.2-GW/EmGFP-
miR-Oct6). The chained negative-control vector (pcDNA6.2-GW/
EmGFP-miR-neg/neg) was constructed similarly. The efficacy of these
miRNA expression plasmids was examined by Western blot analyses with
anti-lamin A/C (3267-100; Biovision), anti-Brn2 (sc-28594; Santa Cruz
Biotechnology), or anti-Oct6 (ab31766; Abcam) antibody. Brn2 and Oct6
genes with silent mutations (Brn2sm and Oct6sm, respectively) were gen-
erated by the inverse PCR of Brn2 or Oct6 in pGEM-T as a template,
followed by digestion with HindIII or Mlul and self-ligation. The primers
used were 5'-CGGATCAAgCTtGGCTTTACTCAAGCAGAC-3" and 5'-A
AATCCaAGCcTTaATCCGCCTCTGCTTGAA-3' for Brn2sm and 5'-GGT
c¢GTaCGcGTaTGGTTCTGCAACCGG-3" and 5'-CCAtACgCGtACgAC
CTCCTTCTCCAGTTG-3' for Oct6sm. Underlines indicate HindIIT and
Mlul sites, respectively, and lowercase letters indicate mutated sequences.

Gbx2 cDNA was amplified by PCR with primers 5'-GGCTCGAGAT
GAGCGCAGCGTTCCCG-3" and 5'-GGCTCGAGTCAGGGTCGGGCC
TGCTCC-3" (where underlines indicate Xhol sites) using pGbx2 as a
template (a kind gift from Michael A. Frohman [10]) and subcloned into
pCAGGS-Flag. Gbx2HD was amplified by PCR with primers 5'-AGACT
GGTACCAGTTAAGAAGACCCCGGCCAC-3" and 5'-GGCTCGAGTC
AGGGTCGGGCCTGCTCC-3" (where underlines indicate Kpnl and
Xhol sites, respectively) using pGbx2 as a template and subcloned into
pTnT.

Transient reporter analysis in transgenic mouse embryos. Prepara-
tion of transgenes, DNA injection into zygotes, 3-galactosidase (3-Gal)
staining, and genotyping were performed as described previously (60).

Preparation of nuclear extracts. Nuclear extracts were prepared from
the forebrain/midbrain of E10.5 mouse embryos or neuralized P19 cells
with NE-PER nuclear and cytoplasmic extraction reagents (Pierce) as de-
scribed previously (60).

EMSA. The biotin-labeled 157FM-wt or 157FM-X29mt probe was
prepared by PCR with a biotinylated sense primer (5'-biotin-GGCTGAA
CAGTGTTCAAAGG-3") and an antisense primer (5'-CAAAAACTTCA
GCCTGTGAA-3"), using 157FM-wt or 157FM-X29mt in the 1.8kb-LacZ
vector as a template. Biotinylated oligonucleotides of wild-type X29 (X29-
wt), mutant X29 (X29-M1~X29-M4), and reference PN-1 octamer were
synthesized (see Fig. 3A and 4B) and annealed. Brnl, Brn2, Brn4,
Oct6, Brn1POUy, BrnlPOU, Brn2POUy, Brn2POUg, Brn4POUy,
Brn4POUyg, Oct6POUy, Oct6POUg, and Gbx2 homeodomain proteins
were synthesized in vitro using the TnT coupled-reticulocyte-lysate sys-
tem (Promega). EMSAs were performed using a LightShift chemilumi-
nescent EMSA kit (Pierce) according to the manufacturer’s protocol, with
minor modification. EMSAs with nuclear extracts were conducted using
stabilized streptavidin-horseradish peroxidase conjugate, substrate equil-
ibration buffer, and chemiluminescent substrate, whereas those with in
vitro-synthesized proteins were conducted with streptavidin-alkaline
phosphatase (AP) conjugate (Roche) and detection buffer (100 mM Tris-
HCI [pH 9.5], 100 mM NaCl) and CDP-Star (Roche), respectively. In the
supershift assay, 1 g of antibody (anti-Brn2 [sc-28594; Santa Cruz Bio-
technology] or rabbit control IgG (ab46540; Abcam) was added to the
reaction mixtures.

DNA pulldown assay. Fifty micrograms of nuclear extracts was incu-
bated with 5 pg poly(dI-dC) (Roche) and 20 pg salmon sperm DNA
(BioDynamics Laboratory) in DNA pulldown buffer (20 mM HEPES-
KOH [pH 7.9], 80 mM KCl, 1 mM MgCl,, 0.2 mM EDTA, 0.5 mM di-
thiothreitol [DTT], 10% glycerol, 0.1% Triton X-100, complete protease
inhibitor mixture [Roche]) for 10 min at 16°C. After the addition of 1 pg
biotinylated DNA (157FM-wt or 157FM-X29mt), the mixture was incu-
bated for another 10 min at 16°C. Fifty microliters of Dynabeads MyOne
streptavidin T1 (Invitrogen), washed twice with DNA pulldown buffer,
was added to the protein-DNA mixture and incubated for 15 min at 4°C
with gentle agitation. Immobilized protein-DNA complexes were washed
with DNA pulldown buffer five times and lysed in SDS sample buffer. The
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eluates were separated on an SDS-PAGE gradient gel (5 to 20%). The gel
was stained with a negative gel stain mass spectrometry (MS) kit (Wako).
The protein bands were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

Cell culture and luciferase assay. P19 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin. The cells were neurally differen-
tiated as described by Xia et al. (67). For luciferase assay, P19 cells plated at
80 to 90% confluence in a 6-well plate were transfected with 250 ng of
reporter plasmids and 250 ng of pGL4.75, containing Renilla luciferase
gene directed by cytomegalovirus (CMV) promoter, as an internal control
using Lipofectamine LTX (Invitrogen). To knock down Oct6 and Brn2,
3 g knockdown plasmids (pcDNA6.2-GW/EmGFP-miR-neg/neg or
pcDNA6.2-GW/EmGFP-miR-Oct6/Brn2) was added to the reaction
mixtures. To rescue Oct6 and Brn2 knockdown, in addition to the knock-
down plasmid, 40 ng effector plasmids (pCAGGS-Flag, pCAGGS-Flag-
Brn2sm, pCAGGS-Flag-Oct6sm, pCAGGS-Flag-Brnl, or pCAGGS-Flag-
Brn4) was added to the reaction mixtures. To misexpress Gbx2, 50 ng or
200 ng pCS2-Gbx2 was added. After 3 days of culture in induction me-
dium, the firefly and Renilla luciferase activities were measured with the
Dual-Glo luciferase assay system (Promega) according to the manufac-
turer’s instructions, and the firefly luciferase expression was corrected by
the Renilla luciferase expression. Data are presented as means * standard
deviations (SD) of three independent experiments.

RT-PCR and RT-qPCR. Total RNAs were extracted from cultured
cells by using Isogen (Nippon Gene). Reverse transcription (RT) was per-
formed using SuperScript III reverse transcriptase (Invitrogen). Quanti-
tative PCR (qPCR) was performed using Power SYBR green PCR master
mix (Applied Biosystems). The quantification was normalized by the
amount of Thp amplification (59). The primers used for PCR are shown in
Tables S3 and S4 in the supplemental material. For all primer sets tested,
correlation (r*) was >0.98, and the slope was —3.1 to —3.6 in each stan-
dard curve. Data are presented as means * SD.

ChIP assay. P19 cells plated at 80 to 90% confluence in a 10-cm dish
were transfected with 15 pg of plasmids (pCS2-MT, pCS2-MT-Brn2, or
pCS2-MT-Oct6) using Lipofectamine LTX (Invitrogen). For cotransfec-
tion, 15 pg effector plasmids (pCAGGS-Flag or pCAGGS-Flag-Gbx2) or
knockdown plasmids (pcDNA6.2-GW/EmGFP-miR-neg, pcDNAG6.2-
GW/EmGFP-miR-Gbx2#1, or pcDNA6.2-GW/EmGFP-miR-Gbx2#2) was
added. For ChIP analysis using embryonic brain, forebrain/midbrain and
hindbrain tissues were dissected from 130 mouse embryos at E10.5 and
minced as small as possible. The ChIP assay was performed as described
previously, with minor modifications (55). In brief, 50 to 60 mg of neural
progenitor cells (NPCs) or minced brain tissues was cross-linked with 1%
formaldehyde for 15 min. ChIP DNA was sheared by sonication and im-
munoprecipitated with antibody (anti-Myc [ab9132; Abcam], anti-Flag
[F3165; Sigma], anti-Brn2 [sc-6029; Santa Cruz Biotechnology], anti-
Oct6 [sc-11661; Santa Cruz Biotechnology], anti-Tcfl [2203; Cell Signal-
ing], anti-Lefl [17-604; Millipore], anti-Otx2 [ab21990; Abcam], anti-
Gbx2 [SAB2104635; Sigma], or rabbit control IgG [ab46540; Abcam])
coupled to Dynabeads conjugated with protein G (Invitrogen). Precipi-
tated DNAs were analyzed by gPCR with specific primers 5'-CTGGCGG
TCTGAGAATTTGC-3" and 5'-ACTTCAGCCTGTGAAGTATCACT
G-3' for the FM enhancer region (FMR) and 5'-CAGAGGTATCCCTAT
TCAGGATTCC-3" and 5'-GTAACCACATGGGTTCCCTTCTG-3" for
the intergenic region (IGR). The quantities of precipitated DNA were
calculated by comparison to a standard curve generated by serial dilutions
of input DNA. ChIP assays were repeated at least twice independently;
each PCR amplification was conducted three times.

RESULTS

X29 sequence is essential to FM enhancer activity. Our previous
study demonstrated that the 157-bp FM sequence (157FM) (Fig.
1A) that is found 75 kb upstream of the mouse O#x2 translation
start site bears the enhancer activity for the Otx2 expression in the
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A Tcf/Lef Tcf/Lef BHP
Mouse 1 GGCTGAACAG-TGTTCAARGGCTTCGCTGGGCTTTGTTICCACTGTGTGAGGATTAGGCCT
Chick 1 GGCTGGGCAG-TGTTCAAAGACTTTGCTGGGCTTTGTTICCACTGTGTAGGGATTAGGCCT
Xenopus 1 GGCTGAACAG-TGTTCAAAGACTTTGCTGGGCTTTGTTICCACTGTGTAGGGATTAGGCCT
Coelacanth 1 GGCTGAACAC-TGTTCAAAGACATTGCTGGGCTTTGTTICCACTGTGTGGGGATTAGGCCT
Zebrafish 1 -GCAGGTCGGTTGTTCAAAGCAAACTCTGTGCRT TGTTRGGTGGCG-GAGGATTAGATCT
Medaka 1 -GCAGGTCGGCTGTTCAAAG-CGTCTCAGTGCHTTGTTGGGCTGTA-G ATTAGGTCT
Skate 1 GACTGAACAC-TIGTTCAAAGACATTGCTGGGCTTTGTTICGACTGTGCAGGGATTAGGCAG
Kok Kk KEEEEEEER Kk Kk KRKKK * EEEEEE
X29
Mouse 60 GGC--GGTCTG-AGAATTTGCCTTCTAATTAAAAAGGATAAA-AGATAGAAG--——=~
Chick 60 GGC--GGTCTG-AGAATTTGCCTTCTAATTAAAAAGGATAAA-AGATAGAA
Xenopus 60 GGC--GGTCTG-AGAATTTGCCTTCTAATTAAAAAGGATAAA-AGATAGAAG-
Coelacanth 60 GGC--AGTCTG-AGAATTTGCCTTCTAATTAAAAAGGATAAA-AGATGGAAG-:
Zebrafish 59 CTCCAGCCCAGOAGAATTTGCCTTCTAATTAAAAGGGATA AAA TA
Medaka 58 CTCCAGGCTGC—-AGAATTTGCTTTCTAATTAAA AG-ATGTAAGAAAAAAAGTA
Skate 60 AGC--AGTCTG—-AGAATTTGCCTTCTAATTAAAAAGGATAAA-AGATGGGAG-————- TA
* FRKKXKXARE AKX AAAE KARRER % % % x%
Mouse 110 GCATTAG-ACTAAAACAGAGCAGTGATACTTCACAGGCTGAAGTTTTTG 157
Chick 110 GCATTAG-ACTAAAACATAGCAGTGATACTTCACAGGCTTTTTTTTTTT 157

Xenopus 110 GCATTAG-ACTAAAACATAGCAGTGACACTTCACAGGCTGCTTTTTAAG 157
Coelacanth 110 GCATGAG-ACTAAAACATTGTAATGTCACTTCACAGGCTGCTTCTTGGT 157

Zebrafish 115 ACTGTTGGGT! AAAGAAAAAGA TGAAA 158
Medaka 116 GTGAAGG-GCATTAATACTGTA--GAAARAGAA AR 156
Skate 110 GCATGAG-ACTAAAACGTTGCAACGTTACTTCACAGGCTGGTGCCTGAT 157
B Tef1 Lef1 Otx2 IgG

ChlP efficiency
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FIG 1 X29 is conserved among vertebrates and is essential to FM enhancer
activity. (A) The 157FM sequence contains two Tcf/Lef sites, the BHP site, and
X29, which are highly conserved in mouse, chick, Xenopus, coelacanth, ze-
brafish, medaka, and skate Otx2 gene loci. Asterisks indicate nucleotides iden-
tical among all of these animals. (B) The ChIP assay with E10.5 forebrain/
midbrain indicated that Tcf1, Lefl, and Otx2 associate with the FM enhancer
region (FMR) in forebrain/midbrain. Primer pairs against the FMR and inter-
genic region (IGR) were used for quantitative PCR (Fig. 6A). Relative amounts
of PCR products are expressed as percentages of input chromatin. (C)
157FM-wt or 157FM-X29mt was conjugated with a 1.8-kb Otx2 promoter and
lacZ gene (157FM-wt-1.8kb-LacZ or 157FM-X29mt-1.8kb-LacZ), and tran-
sient 3-Gal expression was analyzed in mouse embryos at the 6- and 18-somite
stages. The 1.8-kb promoter has activities in cephalic mesenchyme and ventral
diencephalon (a to ¢) (26). 157FM-wt was sufficient to activate 3-Gal expres-
sion in forebrain and midbrain (d to f), whereas 157FM-X29mt loses the en-
hancer activity (g toi). The number of embryos B-Gal positive in forebrain and
midbrain among those that expressed 3-Gal in the cephalic mesenchyme is
given at the bottom right. Shown are whole-mount lateral views (a, b, d, e, g,
and h) and parasaggital sections (c, f, and i) at the stages indicated. Arrowheads
indicate MHB, and arrows represent the 3-Gal expression in cephalic mesen-
chyme and ventral diencephalon by the 1.8-kb promoter. Scale bars, 200 pum.
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forebrain and midbrain at the somite stage (Fig. 1C) (28). It hasno
activity until the 3-somite stage, becomes active at the 6-somite
stage, and has the caudal limit sharply delineated at the MHB (Fig.
1C, panels a to f); it lacks the activity in telencephalon and hypo-
thalamus. The 157FM enhancer has two potential Tcf/Lef binding
sequences, one potential bicoid type homeobox protein (BHP)
binding sequence, and a 29-bp sequence (X29) that are highly
conserved among vertebrate Otx2 orthologues, including those of
mice, chicks, Xenopus, coelacanths, zebrafish, medaka, and skates
(Fig. 1A). We previously demonstrated that mutations in the Tcf/
Lef sites and the BHP site disrupt the FM enhancer activity (28).
Indeed, a chromatin immunoprecipitation (ChIP) assay using
forebrain/midbrain tissue from E10.5 mouse embryos demon-
strated that Tcfl, Lefl, and Otx2 associate with the FM enhancer
region (Fig. 1B). An electrophoretic mobility shift assay (EMSA)
showed that in vitro-synthesized Lefl and Otx2 bind to the 157FM
probe but not to either the 157FM-TCFmt or 157FM-BHPmt
probe (see Fig. S1 in the supplemental material). Furthermore, the
replacement of the X29 sequence in the 157FM with the Xbal
linker sequence (157FM-X29mt) also abolished the enhancer ac-
tivity in the anterior neuroectoderm at the 6-somite stage and in
forebrain and midbrain at the 18-somite stage (Fig. 1C, panels g to
i). No sequences other than those of the BHP, Tcf/Lef, and X29
sites are scarcely conserved between mouse and zebrafish FM en-
hancers that have similar activities in forebrain and midbrain at
somite stages (28, 30).

Class III POU factors interact with X29 in 157FM. An EMSA
was conducted to assess the presence of factors in nuclear extracts of
E10.5 forebrain and midbrain tissues (FM nuclear extracts) that bind
to the X29 sequence. The EMSA indicated the presence of nuclear
proteins that form complexes with the wild-type 157FM probe
(157FM-wt) (Fig. 2A, lanes 1 to 3) but not with the 157FM-X29mt
probe (Fig. 2A, lanes 4 to 6). The complexes were lost with a 20- or
50-fold molar excess amount of 157FM-wt competitor, as well as
mutant 157FM competitors in which Tcf/Lef sites or the BHP site was
transversely mutated (157FM-TCFmt or 157FM-BHPmt) (Fig. 2B,
lanes 1 to 8). However, the 157FM-X29mt did not compete with
157EM-wt for the complex formation efficiently (Fig. 2B, lanes 9 and 10).

We then performed the DNA pulldown assay to identify the
proteins interacting with the X29 sequence. FM nuclear ex-
tracts were treated with biotin-labeled 157FM-wt or 157FM-
X29mt and with streptavidin-coated magnetic beads. When
precipitated proteins were compared by SDS-PAGE, three
bands (1 to 3) were reproducibly found that were precipitated
with 157FM-wt but not with 157FM-X29mt (Fig. 2C). Mass
spectrometric analysis of these bands detected Brnl, Brn2,
Brn4, and Oct6 at high scores (see Table S1 in the supplemental
material); all of these are members of the class III POU tran-
scription factor. Indeed, a labeled 157FM-wt probe formed
complexes with each of the class III POU proteins synthesized
in vitro (Fig. 2D, lanes 1 to 5), while the 157FM-X29mt probe
did not (lanes 7 to 11). The sizes of the shifted bands with each
of the class III POU factors corresponded to those with the
nuclear extracts (Fig. 2D, compare lanes 2 to 5 to lane 6); class
IIT POU factors thus well explain the EMSA with E10.5 FM
nuclear extracts. Furthermore, the main shift band of the
157FM-wt probe with the FM nuclear extracts was supershifted
with anti-Brn2 antibody (Fig. 2E).

Class III POU factors associate with noncanonical target se-
quence TAATTA through its POU homeodomain. In the 157FM
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FIG 2 Class IIT POU factors bind to X29 in the 157FM enhancer. (A) EMSA
indicated the presence of factors that associate with 157FM-wt, but not with
157FM-X29mt, in FM nuclear extracts. (B) The complexes between 157FM-wt
and FM nuclear extracts are overcome by 20- and 50-fold molar excesses of
157FM-wt, 157FM-TCFmt, and 157FM-BHPmt but not 157FM-X29mt. (C)
DNA pulldown assay and LC-MS/MS analysis identified Brn1, Brn2, Oct6, and
Brn4 as factors that bind to X29. Brnl, Brn2, and Oct6 were detected from a
slice containing bands 1 and 2, and Brn4 was identified from a slice containing
band 3 (see Table S1 in the supplemental material). There are additional bands
at around 97 kDa, 80 kDa, and 42 kDa (just above band 3) that exhibited a
decrease of intensities in the 157FM-X29mt eluates; however, they were not
reproducibly reduced in the mutant eluates. Sfpq (splicing factor, proline and
glutamine rich) (46), Arid3a (AT-rich interactive domain-containing protein
3A) (18), and bovine serum albumin (BSA) were identified from these bands,
respectively, though they were not reproducibly identified from the bands.
BSA is included in magnetic bead suspension. It remains for future studies to
determine whether Sfpq and Arid3a regulate the FM enhancer. (D) EMSA
indicated that 157FM-wt complexes with Brnl, Brn2, Brn4, and Oct6 synthe-
sized in vitro, while 157FM-X29mt does not. (E) The main band of the com-
plexes between 157FM-wt and FM nuclear extracts was supershifted by anti-
Brn2 antibody (asterisk) but not by normal IgG.

enhancer, the X29 sequence was sufficient to form the complexes
with the FM nuclear extracts (Fig. 3A and B, lanes 1 and 2). The
sequence responsible for the class III POU factor binding in X29
was determined by a competition analysis using a series of mutant
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A x29-wt AGAATTTGCCTTCTAATTAAAAAGGATAA
X29-M1 AGAATTTGCCTTCTAATTAAAccttcgce
X29-M2 AGAATTTGCCTgagccggcCCAAGGATAA
X29-M3 ctccgggtaagTCTAATTAAAAAGGATAA
X29-M4 AGAATTTGCCTTCgccggcAAAAGGATAA

B Prove X29-wt X29-M1 X29-M2 X29-M3 X29-M4

Extract — + + + + + + — + — + — + — +

Competitor — — wt -M1 -M2 -M3 -M4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

C Probe X29-wt
Bn2 — + + + + + +
Competitor — = -wt -M1 -M2 -M3 -M4

1 2 3 4 5 6 7

D | 6 somite | | 18 somite |
b
53

X29. (A) Sequences of oligonucleotides used in EMSA. Underlined lowercase
letters indicate mutations. (B) EMSA indicated that X29 forms complexes with
FM nuclear extracts, and the complexes are challenged by 50-fold molar excess
of X29-wt, X29-M1, and X29-M3 competitors, but not by X29-M2 or X29-M4
competitors, in which the TAATTA sequence is mutated (left panel). Labeled
X29-M1 and X29-M3 also form complexes with FM nuclear extracts, while
labeled X29-M2 and X29-M4 do not (right panel). (C) EMSA also indicated
that X29-wt forms a complex with Brn2 synthesized in vitro, and the complex
is challenged by 50-fold molar excess of X29-wt, X29-M1, and X29-M3 but not
by X29-M2 or X29-M4. (D) The X29-M2 mutation abolishes the 157FM en-
hancer activity in the forebrain and midbrain. Ten and 14 157FM-M2-1.8kb-
LacZ transgenic embryos 3-Gal positive in cephalic mesenchyme were exam-
ined at the 6-somite (a) and 18-somite (b and c) stages, respectively; typical
examples of 3-Gal expression are shown. Whole-mount lateral views (a and b)
and a parasaggital section (c) are shown. Arrowheads indicate MHB, and ar-
rows indicate the -Gal expression in cephalic mesenchyme and ventral dien-
cephalon by the 1.8-kb promoter. Scale bars, 200 pwm.

oligonucleotides, X29-M1~X29-M4 (Fig. 3A). The complexes
were lost by an excess amount of X29-M1 and X29-M3 as well as
by wild-type X29 (X29-wt) (Fig. 3B, lanes 3, 4, and 6) but not by
X29-M2, in which TCTAATTAAA was transversely mutated (Fig.
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FIG 4 Brn2 associates with X29 by POUy,. (A) Brn2 deletion constructs used
in the EMSA. (B) X29 and PN-1 octamer sequences. (C) The EMSA indicated
that Brn2 POUy,, but not POUy, associates with X29 by itself (left panel). This
contrasts with the Brn2 association with PN-1 octamer to which neither POU;
or POUj binds alone (right panel).

3B, lane 5). Furthermore, X29-M4, in which TAATTA sequence
was mutated, failed to eliminate the complex formation, although
it was less effective than X29-M2, suggesting a contribution of the
two bases flanking TAATTA to the complex formation (Fig. 3B,
lane 7). Furthermore, X29-M2 and X29-M4 failed to disrupt the
complex formation between X29-wt and Brn2 synthesized in vitro
(Fig. 3C). Consistent with this competition analysis, X29-M1 and
X29-M3 formed DNA-protein complexes with the FM nuclear
extracts (Fig. 3B, lanes 8, 9, 12, and 13), while X29-M2 and
X29-M4 did not (Fig. 3B, lanes 10, 11, 14, and 15). The role of the
TAATTA sequence in the enhancer activity was confirmed by the
transient transgenic assay with 157FM-M2 which has the M2-type
mutation in 157FM. 157FM-M2 indeed failed to express B-Gal in
the forebrain and midbrain at the 6- and 18-somite stages (Fig.
3D) as 157FM-X29mt did (Fig. 1C). Thus, we conclude that the
TAATTA sequence in the X29 is responsible for the class III POU
factor binding to the FM enhancer and is critical for its activity.
The class III POU factors have been known to interact with
canonical octamer sequence ATGCAAAT by two conserved
DNA-binding domains, the POU-specific domain (POUg) and
POU homeodomain (POUy,;) (Fig. 4A; see Fig. S2A in the supple-
mental material) (5, 33, 47). Since TAATTA does not match the
octamer sequence, the details of Brn2 binding to the TAATTA
were examined by EMSA; the octamer sequence in a brain-specific
enhancer of the PN-I gene was used as a typical target of Brn2
binding (Fig. 4B) (39). Full-length Brn2 bound to the octamer
sequence (Fig. 4C, lanes 5 and 6), while POUg or POU, alone did
not (Fig. 4C, lanes 7 and 8). In contrast, although POU, alone did
not, POUy; bound to X29 by itself (Fig. 4C, lanes 1 to 4), suggest-
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ing that the interaction of Brn2 with X29 is mainly mediated by its
POUy,;. We also confirmed that the POUy; domains of Brnl, Brn4,
and Oct6 bound to X29, but their POUg domains do not; these
domains did not bind to the PN-1 octamer sequence by them-
selves (see Fig. S2B). The study, however, does not exclude the
possibility that the POUg domain contributes to the binding.

Brn2 and Oct6 knockdown inhibits FM enhancer activity in
anterior NPCs. All four class III POU factors are expressed in
brain, and none of their single mutants or Brnl Brn2 double mu-
tants exhibited defects in early brain development, suggesting
their complementary functions (7, 37, 41-43, 57). To examine the
roles of the class III POU factors in the FM enhancer activity
through the loss-of-function studies, we have chosen neural pro-
genitor cells (NPCs) differentiated from P19 embryonic carci-
noma cells. A retinoic acid (RA) treatment for 3 days generated
posterior NPCs, including those with hindbrain-like characteris-
tics, expressing Gbx2 and Hoxd4 (see Fig. S3 in the supplemental
material). On the other hand, a suspension culture of P19 cells in
serum-free medium supplemented with N2B27 for 3 days yielded
anterior NPCs of forebrain-midbrain characteristics, expressing
Six3, Pax6, Dmbx1, Otx1, and Otx2; they did not express Gbx2 or
Hoxd4 significantly (see Fig. S3) (67). Lefl, Wntl, and Meis2, en-
coding cofactors of Otx2 (4), and Tle4, encoding a corepressor of
both Otx2 and Gbx2 (17), were expressed in both the anterior and
posterior NPCs as they were expressed in vivo (see Fig. $3). Quan-
titative RT-PCR indicated that in the anterior NPCs Brn2 and
Oct6 were expressed abundantly, while Brnl was expressed less
and Brn4 was expressed insignificantly (see Fig. S4A in the supple-
mental material). In the posterior NPCs, Brnl, Brn2, and Brn4
were expressed, while Oct6 was transiently expressed 24 h after
induction, as reported previously (38). Wnt signal was active in
both anterior and posterior NPCs, as evidenced by the Axin2
expression (22) and by the TOP-flash assay (see Fig. S4B). Em-
bryonic stem cell marker Oct4 expression was lost after 48 h of
culture in both anterior and posterior NPC populations. In the
luciferase assay with the anterior NPCs, the quadruplet
157FM-wt (157FM-wtx4) exhibited about 90-fold activation,
whereas there was little activation in the assay with the poste-
rior NPCs or undifferentiated P19 cells (Fig. 5A). In addition,
the 157FM enhancer activity in the anterior NPCs was lost by
mutations at either X29 (157FM-X29mtx4), two Tcf/Lef sites
(157FM-TCFmtx4), or the BHP site (157FM-BHPmtx4) (Fig.
5B). These are consistent with the 157FM activities in embry-
onic brain (Fig. 1C) (28, 30).

The functions of the class III POU factors on 157FM enhancer
activities were next examined with the anterior NPCs by
microRNA (miRNA)-mediated knockdown. A vector targeted to
both Brn2 and Oct6 (miR-Oct6/Brn2) knocked down the levels of
Brn2 and Oct6 protein expression to about 44 and 45%, respec-
tively (Fig. 5C). Under this condition, in which expression of Brn1l
and Brn4 is not knocked down, the miRNA reduced the luciferase
expression by the 157FM enhancer to about half (Fig. 5D). Fur-
thermore, the reduction was restored by the overexpression of
Brn2sm and Oct6sm (Fig. 5E), in which silent mutations were in-
troduced in the miRNA target 4 bases of Brn2 and Oct6, respec-
tively (see Fig. S5A and B in the supplemental material). The re-
duction caused by miR-Oct6/Brn2 was also restored by Brnl or
Brn4 overexpression (Fig. 5E).

Class III POU factors associate with 157FM only in fore-
brain/midbrain and anterior NPCs. Class III POU factors are
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FIG 5 The 157FM enhancer activity is diminished by Brn2 and Oct6 knock-
down in anterior NPCs. (A) The luciferase assay indicated that the 157FM
enhancer is active in anterior NPCs but not in posterior NPCs or undifferen-
tiated P19 cells. The luciferase gene was directed by the TK promoter alone
(TK) or the promoter conjugated with the quadruplet 157FM-wt (157EM-
wtx4-TK). P19 cells were transfected with TK or 157FM-wtx4-TK and differ-
entiated into either anterior or posterior NPCs. (B) The 157FM enhancer
activity in anterior NPCs was lost by mutations in either the X29 site (157FM-
X29mtx4-mP), the two Tcf/Lef sites (157FM-TCFmtx4-mP), or the BHP site
(157FM-BHPmtx4-mP); the luciferase gene was directed by a minimal pro-
moter (mP) alone or the promoter conjugated with each 157FM. (C) The
efficacy of Oct6 and Brn2 knockdown by miRNAs (miR-Oct6/Brn2 or miR-
neg/neg) in anterior NPCs was examined by Western blot analysis. (D) The
luciferase assay indicated that the Brn2 and Oct6 knockdown diminishes the
157FM enhancer activity. P19 cells were cotransfected with 157FM-wtx4-mP
and either miR-Oct6/Brn2 or miR-neg/neg and differentiated into anterior
NPCs. (E) The reduction was restored by the overexpression of Brn2, Oct6,
Brnl, or Brn4. Silent mutations were introduced at the miRNA target sites of
Brn2 and Oct6 (Brn2sm and Oct6sm, respectively) (see Fig. S5A and B in the
supplemental material).

expressed not only in forebrain and midbrain but also in hind-
brain, raising a question as to whether the factors associate with
the 157FM in hindbrain. A ChIP assay was first conducted with
exogenous Brn2 and Oct6 tagged with Myc (MT-Brn2 and MT-
Oct6) in anterior and posterior NPCs. Quantitative PCR using
primers for the FM enhancer region or an intergenic region (IGR),
as a negative control, on precipitates from cross-linked chroma-
tin-DNA complexes with anti-Myc antibody indicated that MT-
Brn2 and MT-Oct6 associate with the FM enhancer region in the
anterior NPCs but not in the posterior NPCs (Fig. 6A and B).
Moreover, the ChIP analysis with anti-Brn2 and anti-Oct6 anti-
bodies also demonstrated that endogenous Brn2 and Oct6 associ-
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FIG 6 Brn2 and Oct6 associate with the FM enhancer region in anterior NPCs
and embryonic forebrain/midbrain. (A) Locations of the FM enhancer region
(FMR) and intergenic region (IGR) in the mouse Otx2 locus for the ChIP
assay. (B) ChIP assay indicated that Myc-tagged Brn2 (MT-Brn2) and Oct6
(MT-Oct6) associate with the FMR in anterior NPCs but not in posterior
NPCs. Primer pairs against the FMR and IGR were used for quantitative PCR.
Relative amounts of PCR products are expressed as a percentage of input
chromatin. (C) The ChIP assay also indicated that endogenous Brn2 and Oct6
specifically associate with FMR in embryonic forebrain/midbrain but not in
hindbrain.

ate with the FM enhancer region of the Otx2locus in forebrain and
midbrain but not in hindbrain (Fig. 6C). The question is then how
the class IIT POU factors” association with the FM enhancer is
limited to the forebrain and midbrain, in spite of their expression
in hindbrain.

Gbx2 competes with class III POU factors for TAATTA to
repress FM enhancer activity. Gbx2 has been suggested to sup-
press the Otx2 expression for hindbrain formation (40, 65). Gbx2
misexpression repressed the FM enhancer activity in the anterior
NPCs (Fig. 7A). ChIP analysis showed that exogenous Gbx2
tagged with Flag (FL-Gbx2) associated with the FM enhancer re-
gion not only in the posterior NPCs but also in the anterior NPCs
(Fig. 7B), consistent with the suppressive effect of the Gbx2 mis-
expression on FM enhancer activity. Moreover, the ChIP assay
with E10.5 hindbrain has demonstrated that endogenous Gbx2
associates with the FM enhancer (Fig. 7C). Thus, Gbx2 may
suppress the Otx2 expression by directly binding to the FM
enhancer.

Gbx2 has a Q50-type homeodomain that is known to recog-
nize TAATTG, TAATGG, or TAATTA (8, 51). Thus, we examined
the possibility that Gbx2 competes with the class III POU factors
for binding to the TAATTA site of the X29 in the 157FM. An
EMSA showed that Gbx2 homeodomain bound to 157FM-wt but
not to 157FM-X29mt (Fig. 7D). Furthermore, the Gbx2 home-
odomain bound to X29-wt, X29-M1, and X29-M3 (Fig. 7E, lanes
1to 4,7, and 8) but not to X29-M2 or X29-M4 (Fig. 7E, lanes 5, 6,
9, and 10). This indicates that the Gbx2 homeodomain recognizes
the TAATTA sequence with which the POU}; domain of the class
III POU factors associates. Indeed, the Gbx2 homeodomain com-
peted with the Brn2 POUY, for the binding to X29-wt (Fig. 7F). A
ChIP assay using the anterior NPCs cotransfected with MT-Brn2
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FIG 7 Gbx2 suppresses FM enhancer activity by competing with the class III
POU factors for the binding to the TAATTA site. (A) A luciferase assay indi-
cated that Gbx2 misexpression (50 ng or 200 ng) suppresses the 157FM en-
hancer activity in anterior NPCs. (B) ChIP analyses showed that Flag-tagged
Gbx2 (FL-Gbx2) associates with FMR in both anterior and posterior NPCs.
(C) The ChIP assay also indicated that endogenous Gbx2 associates with FMR
in embryonic hindbrain. (D) EMSA indicated that the Gbx2 homeodomain
(HD) associates with 157FM-wt but not with 157FM-X29mt. (E) Gbx2 HD
associates with the X29-wt, X29-M1, and X29-M3 but not with X29-M2 or
X29-M4, which has mutations in the TAATTA site. (F) The association be-
tween X29-wt and Brn2 POU,; was overcome by increasing amounts of Gbx2
HD. (G) The ChIP assay indicated that the binding of MT-Brn2 to FMR is
challenged by Gbx2 misexpression in anterior NPCs. (H) Gbx2 knockdown
allowed MT-Brn2 binding to FMR in posterior NPCs. miR-Gbx2#1 and miR-
Gbx2#2 represent two Gbx2 miRNAs designed for different target sites (see Fig.
S5C in the supplemental material).

and Gbx2 also indicated that the association of MT-Brn2 with the
FM enhancer region was inhibited by Gbx2 (Fig. 7G). On the
other hand, Gbx2 knockdown in the posterior NPCs by miRNAs
(miR-Gbx2#1 and miR-Gbx2#2) (see Fig. S5C in the supplemen-
tal material) allowed the MT-Brn2 association with the FM
enhancer region (Fig. 7H). Thus, Gbx2 competes with the class
IITI POU factors in its binding to the TAATTA of X29 in the FM
enhancer.
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FIG 8 A model for transcriptional regulation of Otx2 gene by the FM en-
hancer in the early somite stage. At this stage, Tcf/Lef activity and Otx2 expres-
sion are found in forebrain/midbrain but not in rostral forebrain and hind-
brain (upper panel). Gbx2 is expressed in hindbrain; the counteraction
between Otx2 and Gbx2 has been suggested to establish the MHB. Class III
POU factors are also not expressed in rostral forebrain at this stage, but are in
hindbrain, as well as in forebrain/midbrain (upper panel). The FM enhancer is
active in forebrain/midbrain by the association of Tcf/Lef, Otx2, and class III
POU factors; these factors cooperatively activate Otx2 transcription (left lower
panel). In rostral forebrain, the FM enhancer is inactive in the absence of these
factors, and in hindbrain, Gbx2 competes with the class III POU factors to
suppress the enhancer activity (right lower panel).

DISCUSSION

The counteraction between Otx2 and Gbx2 has been suggested to
establish the MHB. In Gbx2 mutants, the Otx2 expression expands
posteriorly and anterior hindbrain is lost (65). Gbx2 misexpres-
sion in the midbrain under the WntI promoter suppressed the
Otx2 expression, thereby causing anterior expansion of the hind-
brain (40). On the other hand, in Ofx mutants, Gbx2-positive
hindbrain expands anteriorly in a dosage-dependent manner (1,
28, 49, 56). Otx2 ectopic expression at the Enl locus caused the
expansion of midbrain and the reduction of hindbrain (9). How-
ever, the details of molecular mechanisms of Otx2 and Gbx2
counteraction have remained uncertain. This study demonstrates
that Gbx2 restricts the Ox2 expression to the forebrain/midbrain
by directly binding to its FM enhancer, competing with the class
III POU factors (Fig. 8).

The expression of all four class III POU factors in brain pre-
cluded genetic confirmation of their regulation of the FM en-
hancer in vivo (7, 37, 41-43, 57), but the present analysis by
miRNA knockdown in anterior NPCs strongly suggests this. In
chicks, class III POU factors have not been examined, but in
Xenopus, three Xenopus laevis genes, XIPOUI, XIPOU2, and
XIPOUS3, have been identified; they are also expressed in develop-
ing brain (3, 6). In zebrafish, four class III POU genes have been
identified (zp-12, zp-23, zp-47, and zp-50), and all begin to be
expressed at the early somite stage; although the expression pat-
terns of each gene have diverged, their overall expression covers
the broad region of the brain (13, 14, 54). The TAATTA site in the
FM enhancer is highly conserved among vertebrate Otx2 ortholo-
gous loci, and the interaction of this site with the class IIT POU
factors may be commonly crucial for vertebrate forebrain and
midbrain development.
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The class III POU factors are known to interact with the canon-
ical octamer sequence ATGCAAAT or with ATGC(N)*AAAT
(5, 33, 47). However, a few studies reported that Brn4 and Oct6
interact not only with the octamer sequence but also with AT-rich
sequences that lack the ATGC site recognized by POUyg (15, 45,
66). More recently, a ChIP-chip analysis of melanoma cells
showed that Brn2 associates with many AT-rich sequences in the
genome (27). The binding to the AT-rich sequences is reported to
occur by the POUy; alone, and this interaction was characterized
in detail with the class II POU factor Octl by Verrijzer et al. (63).
The EMSA in the present study demonstrated that the POU of
class III POU factors also associates with TAATTA of the FM
enhancer. The ChIP analysis demonstrated that the Brn2 and Oct6
interaction with the FM region occurs not only in anterior NPCs
in culture but also in forebrain and midbrain in vivo. However, the
class IIT POU factors do not associate with the FM enhancer region
in hindbrain. TAATTA is a sequence that is known to be recog-
nized by the Q50-type homeodomain. Gbx2 was indeed found to
associate with the FM enhancer region in hindbrain. Gbx2 is also
expressed in chick and Xenopus hindbrain (44, 52, 64), and gbx1
and gbx2 are expressed in zebrafish hindbrain (25). Thus, the
binding of the class III POU factors in forebrain and midbrain and
of Gbx in hindbrain to the TAATTA site in the FM enhancer may
be the conserved mechanism for vertebrate brain development.

During the initial brain regionalization, the caudal part of the
Otx2 expression and the anterior part of the Gbx2 expression over-
lap until the 3-somite stage, and they segregate by the 6-somite
stage (56). The Otx2-positive anterior neuroectoderm develops
into forebrain and midbrain, and Gbx2-positive posterior neu-
roectoderm develops into hindbrain. Fgf8 expression is broad at
the boundary region at the 3-somite stage, but it is confined to the
MHB by the 6-somite stage; it subsequently establishes the expres-
sion in the dorso-ventral stripe at the hindbrain side of the MHB.
Whntl expression occurs around the 1-somite stage and also estab-
lishes the expression in the dorso-ventral stripe at the midbrain
side of the MHB; WntI is also expressed in the dorsal midline of
midbrain and caudal forebrain. Enl, En2, Pax2, and Pax5 are also
expressed in caudal midbrain and hindbrain or MHB region. En,
Pax, Wntl, and Fgf8 expression gradually becomes interdepen-
dent by the positive regulatory loop formation for the mainte-
nance of isthmus. During these processes of the initial brain re-
gionalization, the mechanisms of the Otx2 expression examined
by the present and previous studies are summarized as follows
(Fig. 8). Initially the Otx2 expression is directed by the AN en-
hancer, which is not regulated by Gbx2, and the caudal end of its
activity overlaps with the Gbx2 expression (31). The enhancer that
directs the Otx2 expression in anterior neural plate or rostral brain
transits at the 3- to 6-somite stages from the AN enhancer to the
FM enhancer (31). The upstream factors that regulate the AN
enhancer largely remain to be identified (60); the mechanisms of
how the AN enhancer activity is lost at the 3- to 6-somite stages are
uncertain. A sequence for the bicoid-type homeobox protein
binding is essential in the FM enhancer (28), and this study dem-
onstrated that Otx2 indeed associates with the FM enhancer re-
gion in forebrain and midbrain. Otx2 expressed under the AN
enhancer may activate the FM enhancer activity, and the activity
may be maintained by Otx2 under the FM enhancer by itself.
Tcf/Lef binding sites in the FM enhancer are also essential to its
activity; this study also demonstrated that Tcf1 and Lef1 associate
with the FM enhancer in forebrain and midbrain. The FM en-
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hancer activity coincides with the area active in Wnt/(-catenin
signaling in forebrain and midbrain, being absent in the rostral
forebrain (36). Furthermore, Brnl, Brn2, and Brn4 expression oc-
curs at the early somite stage, and Oct6 expression occurs at the egg
cylinder stage (16, 58, 68) and upregulates the FM enhancer activ-
ity by binding to the TAATTA site in the FM enhancer. Of note is
that Tcf/Lef, BHP, and the TAATTA site all are essential to activate
the FM enhancer; a mutation in any of these binding sites abol-
ishes the activity. Otx, Tcf/Lef, and the class III POU factor that
binds to the FM enhancer must cooperate to activate the Otx2
expression. The class III POU factors are expressed not only in
forebrain and midbrain, but also in hindbrain, but they are over-
come by Gbx2 for the binding to the TAATTA site of the FM
enhancer in hindbrain; the activity of the FM enhancer segregates
from the Gbx2 expression and coincides with the MHB later than
the 6-somite stage when the Otx2 expression is directed by the FM
enhancer (Fig. 8). We consider that these findings largely explain
the Otx2 expression at the early somite stage when initial brain
regionalization takes place. The Otx, Tcf/Lef, and class III POU
factor/Gbx2 binding sites are conserved among gnathostome
Otx2 FM loci, and each component is similarly expressed in gna-
thostome brain. Their regulation of Ofx2 expression would have
been established in an ancestral gnathostome or vertebrate and
conserved among all gnathostomes or vertebrates.

A question arises about the presence or absence of FM en-
hancer regulation by Fgf8 signaling. The signaling has been sug-
gested to suppress Otx2 expression by directing Gbx2 expression
(35, 50). However, several studies suggested that Fgf8 suppresses
Otx2 expression even in the absence of Gbx2 (32, 34). No consen-
sus sequence (GGAA) for the binding of ETS family transcrip-
tional factors, such as Pea3 and Erm, in the Fgf signaling cascade,
exists in the FM enhancer, and we have been unsuccessful in ob-
serving the Fgf suppression of the FM enhancer activity in anterior
NPCs. The FM enhancer has a potential Pax binding sequence, but
amutation in this sequence did not affect the FM enhancer activity
(28). The sequence is conserved among tetrapod Otx2 ortho-
logues but not in teleost ones, and there has been no report that
suggests the Pax regulation of Otx2 expression. Enl and En2 reg-
ulation of the FM enhancer remains to be examined, but there has
also been no report that suggests such regulation. Another ques-
tion comes from a report on a Gbx2 conditional mutant that the
Gbx2 requirement to suppress the Otx2 expression changes with
development (32). This study could not examine this possibility,
but if true, such regulation should occur at the TAATTA site in the
FM enhancer. A question also remains as to the presence of other
factors that may bind to the X29 sequences other than TAATTA.
Class III POU factors well explain the EMSA results from E10.5
FM nuclear extracts, and we have been unsuccessful in identifying
other good candidates by the pulldown assay (Fig. 2). However,
the site is tightly conserved among gnathostome Ozx2 loci. The
optimum conditions for the pulldown assay (salt concentration,
the ratio between nuclear extract and bait DNA, reaction time,
and temperature) depend on transcriptional factor binding, and it
is probable that there are other factors that interact with this site
but were not detected in the present assay. Finally, there is a ques-
tion as to whether the Gbx expression is also directly suppressed by
Otx2. Three enhancers (AMHI1, -2, and -3) have been identified in
zebrafish for gbx2 expression in hindbrain (21). The AMHI en-
hancer harbors multiple BHP binding sites, but whether Otx2
indeed associates with these sites or whether Otx2 binding to these
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sites regulates gbx2 expression has not been determined; neither
AMH?2 nor AMH3 enhancer has been characterized. Moreover,
no AMHI1 to -3 orthologous enhancers exist in mouse or tetrapod
Gbx2 loci. No analysis has been made of cis-regulatory sequences
of the gbxI gene that is expressed earlier at the stage of the MHB
formation.
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