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development by HNF-3b mutation also share some
c
(

d
m
f
L
b
r
s

p
o
p
u
t
o
2
p

M

S
E
N
a
p
N
r
a
t
p
f
i
p
(
t
t
b
v
s

t
p
p

Otx2 is a paired-class homeobox gene, and its func-
ions in anterior visceral endoderm and/or anterior
esendoderm have been suggested to be vital for head

evelopment in mammals. Several transcription fac-
ors are expressed in these tissues, and mutant mice
nalyses have suggested the interactions of the Otx2
ene cascade with the Lim1 or HNF-3b cascade. Here
e show that OTX2 directly associates with LIM1 and
NF-3b; OTX2 binds to the LIM1 homeodomain (HD)
ith its C-terminal region, whereas both HD and
-terminal regions of OTX2 bind to the HNF-3b fork
ead domain or OTX2 HD. The luciferase assay with
he P3C sequence, a specific DNA binding sequence for
aired-class homeobox genes, has demonstrated that
IM1 enhances, but HNF-3b represses, OTX2-directed
ene expression. Direct interactions of OTX2 with
IM1 or HNF-3b may play important roles in anterior
isceral endoderm and/or anterior mesendoderm to
onstitute transcriptional regulatory networks for
ead development. © 2000 Academic Press

Homeoproteins constitute a large family of transcrip-
ion factors sharing a similar DNA binding motif, ho-
eodomain (HD), and regulate a variety of develop-
ental programs in metazoan (1, 2). Mouse Otx2, a

ognate of the Drosophila orthodenticle (otd), is a gene
hat has the paired-class HD with lysine at its 50th
esidue (K50). Mutant analyses in mice have indicated
he essential roles of this gene in head development
3–8). Otx2 is expressed in anterior visceral endoderm
efore, and in anterior mesendoderm and then in an-
erior neural plate after, gastrulation (3, 5). Anterior
isceral endoderm and anterior mesendoderm have
een suggested to play essential roles in mammalian
ead induction (9–13). Several transcription factors

ncluding Otx2 (3, 5), Lim1 (14, 15), and HNF-3b (16,
7) are expressed in both anterior visceral endoderm
nd anterior mesendoderm. Otx2 and Lim1 mutants
xhibit similar headless phenotype. Defects in anterior
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287. E-mail: saizawa@gpo.kumamoto-u.ac.jp.
64006-291X/00 $35.00
opyright © 2000 by Academic Press
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ommon features with those of Otx2 or Lim1 mutants
18).

Homeoproteins have been known to function by
imerizing through HD with itself or closely related
embers or by associating with other transcription

actors (19–26). Otx2 HD is, however, too distant from
IM1 HD to expect HD-HD association. No interaction
etween homeoprotein and fork head protein has been
eported, nor has OTX2 interaction with other tran-
cription factors been suggested.
In this paper, we examined the possibility of direct

rotein-protein interactions between OTX2 and LIM1
r HNF-3b. The study has demonstrated that OTX2
rotein interacts specifically with LIM1 or HNF-3b
sing distinct domains. In the transfection assay with
he P3C sequence, a DNA sequence for specific binding
f paired-class homeobox gene products with K50 (24,
6), LIM1 synergistically transactivated the gene ex-
ression directed by OTX2, while HNF-3b repressed it.

ATERIALS AND METHODS

Plasmid construction. HNF-3b cDNA was kindly given by Dr. H.
asaki; Otx2, Lim1 and HoxA2 cDNAs were obtained in this study.
ach full-length gene construct having SalI site at the 59 end and
heI site at the 39 end was generated by the PCR-based method with
ppropriate primers. They were placed under the cytomegalovirus
romoter by inserting into the pCMX-PL1 vector (27) at XhoI and
heI sites, yielding pCMX-Otx2, pCMX-Lim1 and pCMX-HNF-3b,

espectively. Deletion constructs used for in vitro translation were
lso made by the PCR-based method so as to have the BamHI site at
he 59 end and the EcoRI site at the 39 end. They were inserted into
SP64polyA (Promega) at BamH1 and EcoR1 sites. To make GST
usion proteins, the BamHI-EcoRI PCR fragments were introduced
nto pGEX-2TK (Amersham-Pharmacia). Reporter gene construct,
P3Ac-Luf, was generated by cloning three copies of the P3C oligo
top strand: GATCCTCCTGAGTCTAATCCGATTAGTGTGCA; bot-
om strand: GATCTGCACACTAATCGGATTAGACTCAGGAG) into
he BamHI site of pAc-Luf which was made by inserting b-actin
asal promoter (28, 29) into the upstream of luciferase gene of PGV-B
ector (Promega). The fidelity of all constructs was confirmed by
equencing.

In vitro protein binding assays. GST fusion proteins were ob-
ained by transforming E. coli strain XL1-Blue with a series of
GEX-2TK constructs and purified as described (30). The 35S-labeled
roteins were generated by in vitro translation using TNT rabbit
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eticulocyte lysates system (Promega) and 35S-methionine (Amer-
ham-Pharmacia) from the T7 or SP6 promoter present in the
CMX-PL1 or pSP64polyA vectors, respectively. GST fusion proteins
approximately 5 mg) were incubated with 5 ml in vitro translated
ounterparts in 400 ml binding buffer (50 mM Tris-HCl at pH 7.5, 165
M KCl, 1 mM MgCl2, 10% glycerol and 1% Triton-X) on a rotating
heel for 2 h at 4°C. Beads were washed five times with binding
uffer, and then bound proteins were resolved by sodium doecyl
ulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and detected
y autoradiography.

Transfections and Luciferase assays. HeLa cells were cultured in
MEM (Gibco Lab.) supplemented with 10% fetal bovine serum (Cell
ulture Technology). Transfection assays were done using Tfx-20
eagent (Promega) as described (31). Briefly, cells in 16 mm-diameter
ell culture plates were transfected with a total of 500 ng DNA
ontaining 100 ng reporter plasmid (pP3Ac-Luf or pAc-Luf), 5 ng
RL-TK (Promega), 200 ng mixture of pCMX-Otx2 and pCMX-PL1,
nd 195 ng pGEM-3Z (Promega). In cotransfection assay with
CMX-Lim1 or pCMX-HNF-3b, 200 or 100 ng each was transfected
ith 95 or 195 ng pGEM-3Z, 100 ng pCMX-Otx2 or pCMX-PL1, 100
g pP3Ac-Luf and 5 ng pRL-TK (Promega). In control 300 ng pCMX-
L1 and 100 ng pGEM-3Z were transfected. Cells were harvested
8 h after transfection using lysis buffer (Promega). Transfection
fficiency was corrected with Renilla Luciferase fluorescence of
RL-TK using the Dual-Luciferase reporter assay system (Promega);
he fluorescence was measured by TD-20/20 luminometer (Turner
esigns). After four separate transfection assays, means and stan-
ard errors were calculated.

ESULTS

Direct binding of OTX2 to LIM1 and HNF-3b. In
itro protein binding assays were performed to test the
irect binding between OTX2 and LIM1 or HNF-3b.

35S-labeled OTX2 protein was incubated with each
ounterpart protein fused to GST (Fig. 1); the com-
lexes were pulled down and resolved by SDS-PAGE.
OXA2, of which expression in vivo does not overlap
ith that of OTX2 was used to test the specificity of

nteractions. Under the conditions examined, OTX2
id not bind to HOXA2 or GST. On the contrary, OTX2
as found to associate with LIM1 or HNF-3b. Previ-
usly OTX2 was reported to form homodimer on DNA,

FIG. 1. Protein binding assay for OTX2 interactions with LIM1,
NF-3b, or OTX2 itself. Each protein fused to GST (GST-OTX2,
ST-LIM1, GST-HNF-3b and GST-HOXA2) was incubated with 35S-

abeled OTX2, the protein complexes were resolved by SDS–PAGE,
nd then bound OTX2 was visualized by autoradiography. In the
nput lane, 20% of the 35S-labeled OTX2 used in the assay was
oaded.
65
trated that OTX2 bound to itself even in solution.

Domain mapping for OTX2/LIM1 and OTX2/
NF-3b interactions. To determine the domains in
IM1 and HNF-3b essential for their interactions with
TX2, protein binding assays were performed with a

eries of deletion mutants; the mutants were labeled
ith 35S-methionine and then incubated with GST-
TX2 (Fig. 2A, B). LIM1 mutant that has LIM1 HD

Fig. 2A, LIMD2) bound to OTX2 efficiently (lane 7),
ut other mutants lacking HD did not (lanes 6, 8).
NF-3b mutant containing fork head domain (Fig. 2B,
NFD2) interacted with OTX2 (lane 7), but mutants

acking this domain did not (lanes 6, 8). Thus the DNA
inding domains of both LIM1 and HNF-3b, namely
D and fork head domain, are involved in the interac-

ions with OTX2.
Next, protein binding assays were performed to map

he domain in the OTX2 protein essential for the in-
eraction with LIM1, HNF-3b or OTX2 itself (Fig. 2C–
). OTX2 mutants were fused with GST (Fig. 2C) and

ncubated with each 35S-labeled counterpart. As shown
n Fig. 2D, OTX2 mutants containing HD did not bind
o LIM1 (lanes 3, 6) while C-terminal region (lane 4)
id. The C-terminal region contains sequences con-
erved among vertebrate Otx homologues, called OTX-
ail (33). We then tested whether this region is respon-
ible for the interaction with LIM1. The C-terminal
egion that lacks the OTX-tail region (CTLR), however,
ound to LIM1 (lane 7), but the tail region did not
lane 8).

In contrast to OTX2/LIM1 interaction, as shown in
ig. 2E, both HD (lane 6) and CTLR of OTX2 (lane 7)
ssociated with HNF-3b, suggesting that the two inde-
endent domains of OTX2 are involved in OTX2/
NF-3b interaction. The participation of CTLR in the

nteraction with LIM1 or HNF-3b raised a question
bout OTX2 homo-dimerization by HD-HD interaction
32). Indeed, not only HD (lane 6) but also CTLR (lane
) bound to OTX2 (Fig. 2F).
Finally, the direct interactions between each frag-
ent of OTX2 and LIM1 or HNF-3b were tested (Fig.

G, H). As expected, HD of LIM1 bound to the OTX2
TLR, but not to OTX2 HD (Fig. 2G). The fork head
omain of HNF-3b associated with either HD or CTLR
f OTX2 (Fig. 2F); the interaction between this domain
nd CTLR was weaker (Fig. 2H). OTX2 HD interacted
ith either HD or CTLR of OTX2, but CTLR did not

nteract with itself (Fig. 2I, J).

Effects of LIM1 and HNF-3b on gene expression by
TX2. The functional significance of the OTX2/LIM1
nd OTX2/HNF-3b interactions was tested on tran-
criptional activity of OTX2. A family of paired-class
omeoproteins with K50 has been known to bind to
3C site (24, 26). Thus, this sequence was chosen to
ake Luciferase (Luf) assay in HeLa cells with b-actin
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asal promoter (pP3Ac-Luf). To express OTX2, LIM1
nd HNF-3b, their cDNAs were directed by cytomega-
ovirus promoter (pCMX-Otx2, pCMX-Lim1 and

FIG. 2. Domain mapping for protein–protein interactions. The p
nteraction with OTX2; the assay on each OTX2 domain for the inter
ach OTX2 domain to LIM1 HD (G), HNF-3b fork head domain
GST-OTX2D1–6) and the summary of binding assays of (D–F); black
TLR and tail region. Numbers in parentheses indicate amino acid re
f LIM1 (LIMD1–3) or HNF-3b (HNFD1–3) was labeled with 35S-me
–4 give 20% of the 35S-labeled fragments used in the assay of lanes
articipate in the interaction with OTX2. In (D–F) OTX2 mutants we
ith 35S-methionine; 20% of the 35S-labeled fragments used in the a
ssociation OTX2 uses different domains depending on the partners (
NF-3b fork head domain (H), OTX2 HD (I), and OTX2 CTLR (J) w

n the assay was loaded in each input lane. OTX2 binds to LIM1 HD
ead domain or OTX2 HD.
66
CMX-HNF-3b). When the cells were transfected with
P3Ac-Luf and pCMX-Otx2, the maximal Luf expres-
ion (about 3-fold) was obtained at 100 ng pCMX-Otx2

in binding assay on each LIM1 (A) and HNF-3b (B) domain for the
ion with LIM1 (D), HNF-3b (E), and OTX2 (F); the binding assay on
), OTX2 HD (I), and OTX2 CTLR (J). (C) Each OTX2 fragment
xes indicate OTX-tail. C-terminal region was divided into two parts,
es. In (A) and (B) OTX2 was fused to GST, and each deletion mutant
nine. Numbers in parentheses indicate amino acid residues. Lanes
. DNA binding domains, LIM1 HD, and HNF-3b fork head domain,

used to GST, and LIM1 (D), HNF-3b (E), and OTX2 (F) were labeled
y as an input was loaded in lanes indicated by IP in (D–F). For the
In (G–J) OTX2 HD and CTLR were fused to GST, and LIM1 HD (G),
labeled with 35S-methionine; 20% of the 35S-labeled fragments used
ith CTLR, whereas both OTX2 HD and CTLR bind to HNF-3b fork
rote
act
(H
bo

sidu
thio
5–8
re f
ssa
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Fig. 3A). The pCMX-Otx2 did not induce the expres-
ion of pAc-Luf that has no P3C sequence. In addition,
ith pP3Ac-Luf the Luf expression did not take
lace at all either by pCMX-Lim1 or pCMX-HNF-3b
Fig. 3B, C).

The effects of LIM1 and HNF-3b on the expression of
P3Ac-Luf by OTX2 were then investigated with a 100
g amount of pCMX-Otx2. When pCMX-Lim1 was co-
ransfected with P3Ac-Luf and CMX-Otx2, at either
00 or 200 ng, the Luf expression was further activated
p to about 2.5-fold that by pCMX-Otx2 alone (Fig. 3B
nd data not shown). In contrast, 200 ng pCMX-HNF-

FIG. 2—
67
b, when co-transfected with pCMX-Otx2 and pP3Ac-
uf, suppressed the Luf expression (Fig. 3C); the effect
as partial by 100 ng pCMX-HNF-3b (data not shown).

ISCUSSION

The present study demonstrates that OTX2 protein
hysically interacts with LIM1 and HNF-3b proteins.
NA binding domain, HD of LIM1 or fork head domain
f HNF-3b, participates in each interaction, but OTX2
rotein uses different domains depending on its part-
er. OTX2 binds to LIM1 HD with its CTLR, while

ntinued
Co
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oth HD and CTLR of OTX2 bind to HNF-3b fork head
omain or to OTX2 HD. Concomitant with these dif-
erences, the OTX2 interaction with LIM1 enhanced,
hile that with HNF-3b suppressed OTX2-directed

ranscription with P3C sequence in culture.
Paired-class homeoproteins that have lysine at the

0th residue of their HDs have been known to form
omodimers; some only on the DNA, but some also in
olution (24, 26, 32). This protein-protein association is
enerally considered due to HD-HD binding. OTX2
roteins were reported not to make homodimers in
olution by gel filtration assay (32), while Drosophila
TD to associate with itself in solution by GST pull-
own assay (24). No analysis has been made to deter-
ine the domain(s) for OTX2 homodimer formation.
he present study by the protein binding assay indi-
ated that OTX2 binds to itself in solution indepen-
ently of DNA binding and that HD binds not only to
D but also to CTLR.
Heteromeric HD interactions have been known be-

ween closely related homeoproteins such as HOXD8/
OXD9 and MSX/DLX (20, 25). HD-HD interaction
oes not take place between those less related; OTX2
oes not associate with HOXA2 as shown in this study,

FIG. 2—
68
or does MSX does not with HOXC8 (20). Lim HD and
aired-class HD are too distant to expect HD-HD bind-
ng. Indeed, OTX2 HD did not associate with LIM1 HD;
TX2 bound to LIM1 HD with its CTLR. P-OTX has
lso been reported to associate with P-LIM but not by
D-HD interaction; a C-terminal region of P-OTX
inds to LIM domain, not to HD, of P-LIM (34). P-OTX
as a paired-class homeoprotein, but it does not belong
o the Otx/Crx family, and the P-OTX C-terminal re-
ion does not have any homology with OTX2 CTLR.
he fact that OTX2 CTLR is involved in all OTX2/
TX2, OTX2/LIM1, and OTX2/HNF-3b interactions

uggests that OTX2 CTLR has a domain crucial for
rotein-protein interactions.
HD has been reported to interact with other types of
NA binding domains. These include zinc finger do-
ain and DNA-binding C domain, as shown by CSX/
ATA4 (19), BRN-3a/Estrogen receptor (23), and Oct-
/Retinoid X receptor (21) interactions. HD has also
een known to associate with paired domain intra-
olecularly (35). In addition, the present study has

hown that OTX2 HD can bind to HNF-3b fork head
omain as the first example of HD-fork head domain
nteraction.

ntinued
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Lim1 and Otx2 expressions co-localize in anterior
isceral endoderm and anterior mesendoderm. HNF-3b
xpression also overlaps in these tissues. Otx2 and
im1 mutants exhibit similar headless phenotype

3–5, 15). HNF-3b mutants exhibit shortened and
inky A–P axis, and the most severely affected em-
ryos lack brain structures similar to Otx2 and Lim1
utants (18). Direct interactions of these molecules in

nterior visceral endoderm and/or anterior mesoen-
oderm may constitute regulatory networks for head
evelopment in dosage-dependent manners. The iden-
ification of target genes of which expressions are reg-
lated by these interactions is eagerly awaited to elu-
idate the mechanisms of head development in
ertebrates.
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