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OEF1, a representative of the zinc finger-homeodomain protein family, is a transcriptional repressor which
binds E2-box (CACCTG) and related sequences and counteracts the activators through transrepression
mechanisms. It has been shown that the N-proximal region of the protein is involved in the transrepression.
Here we demonstrate that 3EF1 has a second mechanism of transrepression recruiting CtBP1 or CtBP2 as its
corepressor. A two-hybrid screen of mouse cDNAs with various portions of 6EF1 identified these proteins,
which bind to 8EF1 in a manner dependent on the PLDLSL sequence located in the short medial (MS) portion
of S8EF1. CtBP1 is the mouse orthologue of human CtBP, known as the C-terminal binding protein of
adenovirus E1A, while CtBP2 is the second homologue. Fusion of mouse CtBP1 or CtBP2 to Gal4DBD (Gal4
DNA binding domain) made them Gal4 binding site-dependent transcriptional repressors in transfected
10T1/2 cells, indicating their involvement in a transcriptional repression mechanism. When the MS portion of
OEF1 was used to Gal4DBD and used to transfect cells, a strong transrepression activity was generated, but
this activity was totally dependent on the PLDLSL sequence which served as the site for interaction with
endogenous CtBP proteins, indicating that CtBP1 and -2 can act as corepressors. Exogenous CtBP1/2 signif-
icantly enhanced transcriptional repression by 8EF1, and this enhancement was lost if the PLDLSL sequence
was altered, demonstrating that CtBP1 and -2 act as corepressors of SEF1. In the mouse, CtBP1 is expressed
from embryo to adult, but C¢tBP2 is mainly expressed during embryogenesis. In developing embryos, CtBP1 and
CtBP2 are expressed broadly with different tissue preferences. Remarkably, their high expression occurs in
subsets of 8EF1-expressing tissues, e.g., cephalic and dorsal root ganglia, spinal cord, posterior-distal halves
of the limb bud mesenchyme, and perichondrium of forming digits, supporting the conclusion that CtBP1 and

-2 play crucial roles in the repressor action of 6EF1 in these tissues.

Compelling evidence indicates that transcriptional repres-
sion is crucial for genetic regulation of a wide range of cellular
processes (10). Among the variety of mechanisms which tran-
scriptional repressors rely on (see reference 3 for a review),
transrepression to counteract the effect of activators bound to
nearby DNA sites is considered to be predominant.

There are two basic mechanisms of transrepression. In the
first, the transcriptional regulator has an intrinsic repression
domain, which is demonstrated by the fact that transplantation
of the domain to heterologous DNA binding domain creates a
new repressor protein. In the second mechanism, a portion of
the regulatory protein serves as the binding site of a corepres-
sor protein, so that the protein-corepressor complex functions
to exert transrepression. As an established example, Groucho
proteins which interact with DNA-binding transcriptional reg-
ulators carrying a WPRW(Y) amino acid sequence motif, e.g.,
Hairy and Runt of Drosophila, act as corepressors (1, 24). As
demonstrated in this report, CtBP proteins comprise another
class of corepressors, interacting with a subset of transcription
factors through a short sequence motif, PLDLSL.

Human CtBP was first recognized as a cellular factor inter-
acting with the C-terminal portion of adenovirus E1A protein
(27). CtBP attenuates transcriptional activation and tumorige-
nicity which are attributed to the E1A protein (27, 32). dCtBP,
the Drosophila homologue of CtBP, has been cloned and
shown to bind to three transcriptional repressors, Hairy,
Khnirps, and Snail (20, 21). Recently, homologues of CtBP have
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been shown to bind to basic Kriippel-like factor (BKLF) (35)
and the vertebrate homologue of Polycomb proteins XPc and
HPC2 (31). Interaction of CtBP proteins with these negative
transcriptional regulators raised the possibility that CtBPs act
as corepressors, but direct proof of this possibility was not
provided in these previous works.

3EF1 (7, 8), a representative member of zinc finger-home-
odomain family transcription factors (4, 18, 36, 37), originally
was identified as a binding protein of the lens-specific 81-
crystallin enhancer of the chicken (7) but later was found to be
expressed in a variety of tissues of mesodermal and ectodermal
origin in chicken and mouse embryos (8, 34). 8EF1 carries two
clusters of Kriippel-type C,H, zinc fingers positioned close to
N and C termini and a medially located homeodomain (8, 30).
8EF1 and its homologues of various vertebrate species have
been shown to repress transcription through binding to the
consensus DNA sequence, CACCT (5, 9, 15, 23, 28, 29, 35).
Both clusters of zinc fingers, but not the homeodomain, are
involved in binding to CACCT (13, 28, 29). Binding of 8EF1 to
E2-box (CACCTG)-containing sequences would interfere with
binding of various basic helix-loop-helix-type activators to the
same sites (28). In addition, DNA-bound 8EF1 exerts transre-
pression which is attributed, at least partly, to an intrinsic
repression domain (N-proximal region [NR]) positioned close
to the N terminus of 8EF1 (29).

To gain further insight into the molecular basis of transcrip-
tional repression by 8EF1, we carried out two-hybrid cDNA
screening using yeast cells for cellular proteins interacting with
SEF1. Here we report identification of CtBP1 and CtBP2 of
the mouse as corepressors of 3EF1. These proteins act as
repression domains when ligated to the Gal4 DNA binding
domain (Gal4DBD), bind to the short medial (MS) portion of
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8EF1 containing the PLDLSL motif, and enhance transrepres-
sion by SEF1. In mouse embryos, high expression of CtBPI/2
genes occurs at sites corresponding to those of 8EF1, support-
ing essential corepressor functions of CtBP1 and -2 for 3EF1
action.

MATERIALS AND METHODS

Two-hybrid interactions in yeast cells. The HybriZAP two-hybrid system
(Stratagene) was used for cDNA screening. The bait plasmids were made by
in-frame fusion of various portions of SEF1 ¢cDNA to Gal4DBD sequence in
pBD-gal4, after placing an EcoRI site just upstream of the ATG initiation codon
of 3EF1 ¢cDNA. The N-terminal (N), long medial (ML), C-terminal (C), and MS
portions of 3EF1 (Fig. 1A) corresponded to the restriction fragments
EcoRI(—5)-MunI(+1079), MunlI(+1079)-NsiI(+2650), Pvull(+2277)-Pvull
(+3325), and HindIII(+1501)-SalI(+2182), respectively, where the numbers
indicate positions in the SEF1 open reading frame. The prey cDNA libraries used
were those constructed from a mixture of random- and oligo(dT)-primed cDNAs
of poly(A)* RNAs isolated from 9.5- to 11.5-day mouse embryos, and MATCH-
MAKER Libraries of a later stage (17-day embryo), and adult brain purchased
from Clontech. The HybriZAP phage cDNA library was amplified and converted
to a pAD-gal4 plasmid library by helper phage-aided in vivo mass excision. Yeast
transformants carrying each prey plasmid were generated, and the pAD-gal4
plasmid cDNA library was used for two-hybrid screening. Colonies were selected
by histidine prototrophy in the presence of 3-aminotriazole (3-AT) and by ex-
pression of UAS-lacZ. Plasmid DNAs of the selected colonies were recovered
and transformed into Escherichia coli to isolate the prey cDNA clones. The
prey-bait interaction was confirmed by transforming the second yeast strain
(SFY526) with the isolated bait and prey plasmids and examining for histidine
prototrophy and B-galactosidase expression (26). CtBP ¢cDNA fragments used
for Fig. 2D were generated by PCR using appropriate primers.

In vitro binding assay. GST (glutathione S-transferase) fusion proteins of
CtBP1 and CtBP2 were expressed in E. coli cells, using pGEX-4T-1 vector
(Pharmacia), and purified as described (29). Mutant forms of 3EF1 with amino
acid substitutions (underlined), ASDLSL, PLASSL, and PLDLAS, were gener-
ated by using an ExSite PCR-based site-directed mutagenesis kit (Stratagene).
Primers were designed to replace each pair of codons with Nhel site (GCTAGC),
coding for alanine and serine. Wild-type and mutant forms of 3EF1 tagged with
Xpress sequence at their N termini were synthesized in vitro, using pcDNA 3.1
vector (Invitrogen) and the TNT coupled rabbit reticulocyte lysate system (Pro-
mega). Thirty microliters of reticulocyte lysate containing the synthesized protein
was added to 250 wl of the glutathione-Sepharose beads bound with GST or
GST-CtBP1/2 suspended in TPBS (phosphate-buffered saline with 1% Tween
20) containing 0.01% bovine serum albumin and kept at 4°C for 1 h with gentle
mixing. The beads were washed extensively with 0.01% bovine serum albumin—
TPBS; the bound protein was released by boiling in sodium dodecyl sulfate-
containing sample buffer for polyacrylamide gel electrophoresis and subjected to
Western blotting using anti-Xpress antibody (Invitrogen).

Transcriptional repression by CtBP-Gal4dDBD and MS-Gal4DBD fusion pro-
teins. The reporter plasmid p4xGAL-TK-Luc was constructed by inserting four
copies of Gal4DBD sequence upstream of the herpes simplex virus thymidine
kinase promoter (—197 to +56) of pTK-Luc (29). The effector plasmids for
expression of Gal4dDBD-CtBP fusion proteins were made by in-frame insertion
of CtBP cDNAs downstream of the Gal4 sequence of pPCMV/SV2-gal4DBD (14).
10T1/2 cells (25) grown in Dulbecco modified Eagle medium containing 10%
fetal bovine serum were replated at 5 X 10* per 3.5-cm-diameter dish the day
before transfection. The cells were transfected by a DNA-calcium phosphate
coprecipitation method (2) with total 1.5 pg of DNA containing 0.5 pg of
p4xGAL-TK-Luc, 0.2 pg of pSV-B-gal (Promega), 0, 0.02, 0.1, or 0.5 pg of
pCMV/SV2-galdDBD-CtBP1/2, insert-free pCMV/SV2-galdDBD (to keep the
molarity of pCMV/SV2 vector DNA constant), and pUCI19. The cultures were
fed with fresh medium after 8 h of transfection and harvested after 24 h.
Luciferase and B-galactosidase activities in the cell extracts were measured as
described by Sekido et al. (29). In the case of MS-Gal4DBD fusion proteins, the
c¢DNA for the MS portion of 3EF1 was fused to Gal4DBD in a similar fashion
and used for transfection.

Corepression by CtBP in transcriptional repression by 8EF1. The reporter for
the 3EF1-dependent repression assay, MCK4R-851-Luc, was constructed by
inserting the tetrameric E2 box sequence (4R) of the mouse muscle creatine
kinase (MCK) enhancer into the BamHI site upstream of the promoter of the
luciferase reporter 851LuclI (15). The 4R sequence was made by duplication of
the 2R sequence described previously (28). The effector plasmids for this repres-
sion assay were made by cloning cDNA fragments of 8EF! or CtBP1/2 into the
pcDNA3.1 vector. Transfection was done as described above; 1.5 ug of DNA
contained 0.3 pg of MCK4R-851-Luc, 0.2 pg of pSV-B-gal, 0.25 pg of
pcDNA3.1/3EF1, 0.75 pg of ppactmyoD (6, 28), 0, 5, 10, or 20 ng pcDNA3.1/
CtBP1, insert-free pcDNA3.1 (to make the pcDNA3.1 molarity constant), and
pUCI19.

To ascertain that wild-type and mutant forms of 8EF1 were synthesized in
comparable amounts after transfection, nuclear extracts were prepared from
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transfected COS-7 cells (29) and subjected to Western blot analysis (11) using
anti-dEF1 antibodies (8).

Northern blot analysis. Five micrograms each of total RNAs derived from
9.5-, 10.5-, and 11.5-day embryos, adult tissues, and 10T1/2 mouse cells were
analyzed by Northern blotting. Electrophoresis and hybridization were done as
described by Higashi et al. (11) except that QuickHyb reagents (Stratagene) were
used.

Whole-mount in situ hybridization. Whole-mount in situ hybridization of
mouse embryos was done according to a standard method (38) using 1.5%
blocking reagent (Boehringer Mannheim). The Pvull-PstI fragment (1186 to
1916) of CtBP1 cDNA and the Sacl fragment (356 to 1139) of CtBP2 cDNA were
cloned in a Bluescript plasmid, and RNA probes were prepared by transcription
of the linearized plasmids with T3 or T7 RNA polymerase (Stratagene), using
digoxigenin-11-UTP (Bochringer Mannheim).

Nucleotide sequence accession number. Accession numbers for the mouse
CtBPI and -2 sequences described in this report are AB033122 and AB033123,
respectively.

RESULTS

S8EF1 binds CtBP1 and CtBP2. We searched for possible
occurrence of dEF1-interacting proteins important for regula-
tory functions of this transcriptional regulator. cDNA frag-
ments coding for the N, ML, MS, and C portions of 3EF1 were
fused to the Gal4 DBD sequence and used as bait plasmids for
yeast two-hybrid screen (Fig. 1A). cDNAs of 9.5- to 11.5-day
mouse embryo mRNAs were ligated to the Gal4 activation
domain (Gal4AD) sequence and used as prey plasmids. For
each bait plasmid, 3 X 10° transformants were screened for
histidine prototrophy in a high (15 mM) concentration of
3-AT. Positive clones were obtained only when the MS portion
was used as bait, at the frequency of 1in 7 X 10° transformants.
Screening of cDNAs of later-stage embryos and adult brain
with the same MS bait identified additional MS-interacting
clones, totaling eight independent cDNA clones.

All eight cDNAs belonged to one of two highly related
sequences. One of them coded for a protein which is identical
to human CtBP except for 6 amino acid positions in 440 amino
acid residues (99% amino acid identity) and was designated
the mouse orthologue, CtBP1. The other, CtBP2, also resem-
bled CtBP but was more divergent (80% amino acid identity)
than CtBP1. Search of the sequence database for CtBP-related
sequences identified human CtBP2. Therefore, there are two
CtBP proteins in humans and mice. Turner and Crossley have
independently identified CtBP2 as an interacting protein of
BKLF (35). The amino acid sequences of the mammalian
CtBP1/2 and the homologues of D. melanogaster recently iden-
tified (20) are compared in Fig. 1B.

Interaction of CtBP proteins and SEF1. In the two-hybrid
screen, only the MS portion of 3EF1 demonstrated interaction
with CtBP. We tested whether longer portions of 8EF1 includ-
ing the full-length 8EF1 interact with the cloned CtBP1/2.
With 15 mM 3-AT, prototrophic growth was also observed in
assays using the ML portion (Gal4dDBD-ML) in combination
with Gal4AD-CtBP1/2, but growth was slower than with MS
portion (Fig. 1A), which may account for the failure of the ML
fragment in selecting the prototroph clones in the initial two-
hybrid screen. With a lower 3-AT concentration (5 mM), in-
teraction of CtBP1/2 with the full-length 8EF1 but never with
subfragments N and C (Fig. 1A) or with Gal4DBD alone (data
not shown), was also demonstrated. These differences in acti-
vation of genes by Gal4AD and Gal4DBD complexes formed
by interaction between CtBP1/2 and different 8EF1 subfrag-
ments were confirmed by (3-galactosidase expression activated
by the same complexes (Fig. 1A). The data clearly indicate that
CtBP proteins bind to 38EF1 at a site included in the MS
portion. Further subdivisions of the MS portion indicated that
only the part more proximal to the C terminus of the home-
odomain is required for binding of CtBP proteins (data not
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FIG. 1. Identification of CtBP1 and CtBP2 as interacting factors with 8EF1 and their primary structures. (A) Interaction of CtBP1 and CtBP2 with the middle
portion of 3EF1 in yeast cells. (Left) Portions of 8EF1 protein fused to Gal4DBD. Amino acid residue numbers of the termini are indicated. N-fin, HD, and C-fin
indicate N-proximal zinc finger cluster, homeodomain, and C-proximal zinc finger clusters, respectively. (Middle) Growth of yeast cells cotransformed with plasmids
expressing Gal4AD-CtBP and Gal4DBD-8EF1 on plates containing 5 or 15 mM 3-AT. At 5 mM 3-AT, cells carrying Gal4DBD fused to MS-8EF1 or ML-3EF1 grew
well, while those with full-length 8EF1 (Full-3EF1) showed attenuated growth. At 15 mM 3-AT, growth of cells with Gal4DBD-Full-8EF1 was totally inhibited, and
that of cells with Gal4DBD-ML-8EF1 was reduced. The results indicate that CtBP interacts with the MS portions of 3EF1, but the transcriptional activation levels
attained by bait-prey interaction are variable using MS, ML, and Full portions of 8EF1 in the order MS > ML > Full. This was confirmed by measurement of
B-galactosidase (B-gal) activity in a liquid culture of each yeast colony (right). (B) Alignment of amino acid sequences of mouse and human CtBP1, human CtBP2, and
dCtBP. Identical amino acid residues are highlighted; similar residues are shaded. The first methionine codon of the mouse CtBP1 open reading frame which satisfies
Kozak’s consensus was designated the initiation codon. In the mouse CtBP2 cDNA sequence, a stop codon immediately precedes the coding sequence. The human
CtBP2 sequence is from the EST (expressed sequence tag) database. Nucleotide accession numbers for human CtBPI, human CtBP2, and dCtBP cDNAs are g1063638,
22909777, and g2950374, respectively.
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FIG. 2. Binding of CtBP proteins is dependent on the PLDLSL sequence of 8EF1. (A) Conservation of the CtBP binding motif PLDLSL among mouse 3EF1 and
adenovirus (Ad) E1A proteins. (B) B-Galactosidase (B-gal) activities generated by interaction between SEF1 (MS) and CtBP1/2 in the yeast two-hybrid assay. Yeast
cells cotransformed with Gal4AD-CtBP1/CtBP2 and Gal4DBD-MS (normal or mutant ASDLSL, PLASSL, or PLDLAS were grown in liquid culture, and pB-galac-
tosidase activity was measured. (C) Binding of CtBP1 and CtBP2 to full-length 3EF1 in vitro. GST, GST-CtBP1, or GST-CtBP2 bound to glutathione beads was mixed
with in vitro-translated and N-terminally Xpress-tagged SEF1 (Input). The bound proteins were analyzed by Western blotting using an anti-Xpress antibody. The arrow
indicates the position of Xpress-3EF1 on the blot. (D) Interaction of full-length or truncated forms of CtBP proteins with 8EF1 in yeast cells. Full-length CtBP1/2 or
fragments thereof (left) were fused with Gal4AD, and interaction with Gal4DBD-MS was assessed by growth of yeast cells on plates containing 10 mM 3-AT.

shown). The mechanism for the lower activation levels in as-
says using the longer 8EF1 portions in the bait plasmids is not
well understood, but the observation raises the possibility that
there is an intramolecular interaction to modulate binding of
CtBP1/2 to the MS portion of 3EF1.

In adenovirus E1A proteins, the CtBP binding site is
mapped to a short region consisting of PLDLSL or related
sequences (Fig. 2A), and mutant E1A proteins with alteration
of this sequence cannot bind to CtBP1 (27). Examination of
the amino acid sequence of the MS portion of 8EF1 identified
the sequence motif PLDLSL at its C-proximal side (Fig. 2A).
To determine whether this motif is involved in CtBP binding,
we measured two-hybrid interaction in yeast cells between
Gal4AD-CtBP1/2 and the mutated MS portion fused to
Gal4DBD, using the B-galactosidase gene as the reporter. As
shown in Fig. 2B, mutations causing pairwise alterations of the
PLDLSL amino acid sequence decreased the interaction with
CtBP1/2; in particular, alteration of the sequence to PLASSL
abolished the interaction as observed in the case of human

CtBP1-E1A interaction (27). There were no substantial differ-
ences between CtBP1 and CtBP2 in the assay (Fig. 2B).

To demonstrate more directly that CtBP proteins bind to
SEF1, Xpress-tagged full-length 3EF1 or its mutant forms with
the same sequence alterations as used for Fig. 2B were syn-
thesized in vitro, and binding of GST-CtBP1/2 was examined
by precipitation of the complex formed with glutathione beads
(Fig. 2C). Wild-type Xpress-dEF1 was efficiently precipitated
with GST-CtBP1 or GST-CtBP2, as indicated by Western blot-
ting. This binding was significantly decreased by mutations
ASDLSL and PLDLAS and was abolished by mutation
PLASSL. Thus, full-length 8EF1 binds CtBP proteins in a
manner dependent on the integrity of the PLDLSL sequence.

We prepared cDNAs for N- and C-terminal halves of CtBP1
and CtBP2 and assessed their binding to the MS portion of
SEF1 by the two-hybrid assay. These truncated forms of the
CtBP proteins failed to interact with the MS portion (Fig. 2D),
indicating that integrity of CtBP proteins is essential for bind-
ing to 3EF1.
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CtBP1 and CtBP2 have transrepression activity. It has been
demonstrated that binding of CtBP to adenovirus E1A protein
attenuates the transactivation of genes by E1A (27), implying a
negative regulatory function of CtBP1/2. We examined
whether CtBP1/2 show transrepression activity when a DNA
binding domain is supplied and they are bound to a specific
DNA site. CtBP1 and CtBP2 were fused to Gal4DBD, and
their effects on expression of the 4xGAL-TK-Luc construct
were examined by transfection of 10T1/2 cells (Fig. 3A).

Luciferase expression was strongly repressed when Gal4DBD-
CtBP1 or Gal4dDBD-CtBP2 was cotransfected even at 20 ng of
plasmid per transfection, whereas Gal4DBD alone or CtBP1/2
alone had no effect even at 500 ng per transfection (Fig. 3B). This
result indicates that CtBP1 and CtBP2 have a potential for tran-
scriptional transrepression that is exhibited only when DNA bind-
ing capacity is provided.

CtBP1 and CtBP2 act as corepressors. The observations
that the MS portion of 3EF1 strongly binds CtBP1 and -2 and
that CtBP1 and -2 show transrepression when a DNA binding
domain is supplied argue for the model that CtBP proteins act
as corepressors when bound to the MS portion and the portion
is capable of DNA binding. This was tested by using fusion
proteins made by ligating the MS portion to Gal4DBD. Trans-
fection of 10T1/2 cells with wild-type MS-Gal4DBD very effi-
ciently repressed expression of the reporter 4xGAL-TK-Luc,
while CtBP binding-defective PLASDL mutant MS-Gal4DBD
had no effect (Fig. 3C). The repression with MS-Gal4DBD
occurred without exogenous CtBP1/2, and supplementation
with exogenous CtBP1 did not alter the expression level of the
reporter gene (Fig. 3C). Northern blot data (see Fig. 5) indi-
cate that the 10T1/2 cells express both CtBP1 and CtBP2. It is
likely that the CtBP proteins in 10T1/2 cells are abundant
enough for high-affinity binding to the MS portion and act as
corepressors of MS-Gal4DBD.

CtBP1 and CtBP2 are corepressors of 8EF1. The above
results strongly suggested that CtBP1 and -2 act as corepres-
sors of intact S3EF1. We thus set up an experiment in which the
effect of CtBP1/2 on repression by SEF1 was examined. We
previously demonstrated that 3EF1 can repress E2-box-medi-
ated gene activation by MyoD (28), and this system was used.
An MCK minienhancer carrying an E2-box sequence which is
bound by MyoD or 3EF1 was tetramerized and placed up-
stream of a luciferase reporter gene (Fig. 4A). When this
reporter was cotransfected with the MyoD effector vector, 25-
fold activation of luciferase expression was observed (Fig. 4B,
lanes 1 and 2). With a larger amount of MyoD vector, the
activation level increased proportionately (data not shown),
indicating that under this condition of transfection, not all
E2-box sites are occupied by MyoD but some sites are still
available for binding by 8EF1. Expression of exogenous CtBP1
without exogenous 3EF1 slightly lowered the MyoD-activated
expression level (Fig. 4B, lanes 3 to 5), which is accounted for
by the interaction of exogenous CtBP1 with endogenous 8EF1
present in 10T1/2 cells (23, 24) (Fig. 5). The small repression
by exogenous CtBP1/2 was observed only when the reporter
gene contained the E2-box sequence (data not shown). Trans-
fection of a moderate amount of 8EF1 expression vector
caused repression of the MyoD-activated luciferase expression
to half of its level (Fig. 4B, lane 6), and this repression was
further strengthened by exogenous CtBP1, resulting in de-
crease of the reporter expression to 20% of the MyoD-acti-
vated level (lanes 7 to 9). However, this effect of exogenous
CtBP was diminished when the PLASSL mutant of 3EF1 was
used to repress MyoD-activated reporter (lanes 10 to 13),
leaving only the same small repressing effect. This effect pre-
sumably originates from the interaction of exogenous CtBP1
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FIG. 3. CtBP proteins exhibit transrepression when bound to DNA by fusion
with Gal4DBD or by interaction with MS-Gal4DBD. (A) Structure of the lucif-
erase reporter plasmid 4xGAL-TK-Luc. (B) Effects of galdDBD-CtBP fusion
proteins indicated at the left. The effect on transcription of the 4xGAL-TK-Luc
reporter gene was assessed by expression of luciferase in transfected 10T1/2 cells
(right panel; average of three transfections). CtBP1 or CtBP2 can actively repress
the reporter activity only when fused to Gal4DBD; Gal4DBD or CtBP1/2 alone
had no appreciable effect. (C) Effects of MS-gal4DBD fusion proteins and of
exogenous CtBP1/2 on expression of 4xGAL-TK-Luc in 10T1/2 cells.
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FIG. 4. CtBP proteins act as corepressors of SEF1. (A) Structure of the reporter plasmid (MCK4R-351-Luc) carrying four copies of the E2-box element (R) of the
mouse MCK enhancer and basal promoter sequence (—51 to +57) of the chicken 31-crystallin gene (15). (B) Effect of CtBP1 on transcriptional repression by S3EF1.
10T1/2 cells were transfected with the reporter plasmid (0.3 pg) and with effector plasmids for expression of MyoD (0.75 pg), 3EF1 or its mutant PLASSL (0.25 pg),
and CtBP1. Relative luciferase expression levels averaged over three transfection experiments are indicated. (C) Western blot analysis of the wild-type and mutant
(PLASSL) forms of 3EF1 expressed in COS-7 cells. An equivalent amount of nuclear extract from the transfected cells was analyzed by Western blotting using
anti-dEF1 antibodies. In vitro-translated EF1 protein was included as the size marker. Exogenous 8EF1 of mouse origin, both wild-type and PLASSL mutant forms,
produced the same band intensities. The bands of exogenous SEF1 (mouse) were positioned slightly lower than that of endogenous simian 3EF1 (open arrowhead),

presumably reflecting the lack of exon 3 in rodent 8EF1 (30).

with endogenous 8EF1, which was also observed as weak re-
pression in lanes 2 to 5. Essentially the same results were
obtained with CtBP2 (data not shown). The data are fully
rationalized on the assumption that wild-type and mutant
forms of 8EF1 are expressed with comparable efficiency after
transfection. To verify this, COS-7 fibroblast cells were trans-
fected with expression vectors for wild-type 8EF1 and its
PLASSL mutant, and nuclear extracts were analyzed by West-
ern blotting. As shown in Fig. 4C, an equivalent amount of
exogenous 3EF1 proteins was detected.

An interesting difference in the action of CtBP1 and -2 as
corepressors between MS-Gal4DBD fusion protein (Fig. 3C)
and native 8EF1 (Fig. 4B) is that endogenous CtBP1 and -2

were sufficient for full corepressor activity in the former case,
while exogenous CtBP1 and -2 were effective corepressors in
the latter. This difference presumably emanates from two ma-
jor causes: first, SEF1 was overexpressed to counteract MyoD-
mediated activation in the latter case, and second, perhaps
full-length 8EF1 has an intramolecular interaction which mod-
ulates CtBP binding, as suggested by the data for the two-
hybrid assay (Fig. 1A).

Overall, the data indicate that exogenous CtBP proteins
enhance the transrepression activity of 8EF1, and this effect is
dependent on the CtBP binding site of S8EF1. This finding
clearly demonstrates that CtBP1 and CtBP2 act as corepres-
sors of SEF1.
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FIG. 5. Northern blot analysis of the expression of CtBPI and CtBP2 of the
mouse in comparison with 8EF. GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) message is used to control the RNA loaded on the filter. CtBPI has
a transcript of 2.4 kb and is expressed from embryo to adult stages and widely
among adult organs. CtBP2 transcript has two sizes, 2.8 kb (major) and 5.6 kb
(minor), and expression in the embryo is much stronger than in the adult tissues.
10T1/2 cells express both CtBPI and CtBP2 strongly, probably reflecting their
origin of 13.5-day mouse embryo (25). 83EFI expression represented by the 5.6-kb
transcript occurs among the various developmental stages, adult organs, and
10T1/2 cells.

Expression of CtBP1 and CtBP2 during mouse development.
Expression of the CtBPI and CtBP2 genes was investigated by
Northern blotting (Fig. 5) and by whole-mount in situ hybrid-
ization of the embryos (Fig. 6). The CtBPI gene produced
2.4-kb transcript and was expressed throughout the develop-
mental stages and in a wide range of adult tissues, while the
CtBP2 gene produced transcripts of 2.8 kb (major) and 5.6 kb
(minor), and strong expression was confined to the embryonic
stages.

In 10.5-day embryos, CtBP1 was expressed broadly among
various tissues (Fig. 6A). Only the spinal cord showed signifi-
cant expression of CtBPI (Fig. 6C). By contrast, CtBP2 was
expressed predominantly in a few tissues (Fig. 6B and D)
(cephalic ganglia, dorsal root ganglia, posterior-distal portion
of the limb bud mesenchyme, and the spinal cord), all of which
correspond to the major site of 8EFI expression around this
stage (34). No expression of CtBP1/2 was detected in the heart
(Fig. 6A and B).

In 12.5-day embryos, digits of the limbs were forming, and
CtBP genes were highly expressed in the perichondria (Fig. 6E
and F), the exact site of dEF! expression (34). CtBPI1 was
expressed through the length of the digits (Fig. 6E), while
CtBP2 was expressed only in the distal parts (Fig. 6F). Also,
CtBP2 was uniquely expressed in the primordia of mammary
gland (Fig. 6F).

Coincidence of major expression sites between 3EFI and
CtBP genes strongly argues that corepressors CtBP1 and -2
play crucial roles in the regulatory functions of 3EF1.

DISCUSSION

Significance of the interaction of CtBP in the regulatory
activities of 8EF1. We identified CtBP1 and -2 as proteins
interacting with the repressive transcriptional regulator 8EF1
and demonstrated that they function as its authentic corepres-
sor. We previously demonstrated that 8EF1 has an intrinsic
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repression domain, NR, close to the N terminus (29) and thus
is equipped with two different mechanisms of transrepression.
In our previous work using an octamerized DC5 $-crystallin
minimal enhancer, repression of the enhancer activity in lens
cells by SEF1 was dependent on the repression domain NR but
not on the internal region bracketed by the zinc finger clusters
(29), although CtBP activity is demonstrated in lens cells (data
not shown). It is known that the DC5 enhancer is activated by
a complex between Sox1/2/3 and 3EF3 (14, 16, 17). However,
in the case of repression of a tetramerized MCK minimal
enhancer activated by MyoD, the NR and CtBP corepressor
acted additively (Fig. 4), although the promoter and the tran-
scribed region of the reporter gene were identical in the two
experiments. It is therefore likely that multiple mechanisms of
repression are differentially utilized depending on the context
of the enhancer elements to be repressed. In support of this
view, the region of AREB6 (human homologue of 3EF1) ef-
fective in repression of the human T-cell leukemia virus type 1
promoter includes the corresponding CtBP binding site (12),
while an activity of mouse 8EF1 involved in repression of
Ets-mediated gene activation was assigned to the third portion
(23).

SEF1 knockout mice have two major defects, in thymocyte
development and in skeleton development. Null mutants ex-
hibit both defects (34), but mutants of the second allele lacking
the C-proximal region showed only the thymocyte defect (11),
indicating that the portion of 8EF1 remaining in the latter
mutants is responsible for the regulation of skeleton develop-
ment. This portion includes the CtBP binding domain identi-
fied in this study. It is of interest to determine if CtBP inter-
action is crucial for the regulatory activities of SEF1 in skeletal
development. Analysis of 3EF1 knock-in mutants carrying mu-
tations such as PLASSL (Fig. 2) which lack CtBP binding will
provide an answer to this intriguing problem.

Binding interaction between CtBP and SEF1. Adenovirus
E1A proteins have PLDLSL or related amino acid sequences
in the CtBP binding site (Fig. 2A), and amino acid alterations
in this sequence either diminish or eliminate binding of CtBP
proteins, arguing for involvement of this short sequence in
binding of these proteins (27). In fact, the repressor proteins
interacting with CtBP1/2 described so far have such an amino
acid sequence motif as an essential element of the interacting
site. A number of related motifs in the repressor proteins have
been identified as candidate binding sites of CtBP1/2 (19, 22,
35). However, not all amino acid sequences with these motifs
will necessarily be the authentic binding sites of CtBP. As
shown in Fig. 2C, mutation of 8EF1 (PLASSL) totally abol-
ished binding of CtBP1/2, while there are other related motifs,
e.g., 745 PLNLSC, present in the 8EF1 protein, indicating that
the 712 PLDLSL is the sole major binding site of CtBP1/2 in
this protein.

Integrity of the major portion of the CtBP proteins seems to
be required for establishing binding to the 3EF1 protein. This
argument stems from the observation that all positive cDNA
clones of the initial two-hybrid screen for interaction with the
MS region carried most of the coding sequence. In support of
this view, division of the coding sequence into halves resulted
in total loss of the binding to the MS portion of 3EF1 (Fig.
2D).

Function of CtBP proteins in negative regulation. CtBP is
known to be the protein which binds adenovirus E1A and
attenuates its transactivation potential. Recently, CtBP1 and -2
have also been identified as binding proteins of a few tran-
scriptional repressors. dCtBP was identified as a binding pro-
tein of transcriptional repressors Knirps and Snail (20). Basic
helix-loop-helix repressor protein Hairy also binds dCtBP at a
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FIG. 6. Whole-mount in situ hybridization analysis of CtBPI and CtBP2 expression in mouse embryos. (A and B) Side views of 10.5-day embryos hybridized with
CtBP1 antisense probe (A) and CtBP2 antisense probe (B). (C and D) Dorsal views of the same embryos. The insets show embryos hybridized with the corresponding
sense probes. Major expression sites: CG, cephalic ganglia; DRG, dorsal root ganglia; PL, posterior-distal portion of the limb bud mesenchyme; SC, spinal cord; H,
heart. The heart lacks expression of CtBPI/2. (E and F) Forelimbs and trunks of 12.5-day embryos hybridized with the CtBPI (E) or CtBP2 (F) probe. Some of the

perichondria are marked by arrowheads. PMG, primordia of mammary glands.

site close to the C terminus (21). Examples other than 3EF1
among vertebrate nuclear proteins which bind CtBP are BKLF
(35) and vertebrate Polycomb homologues XPc and HPC2
(31). As CtBP1 and CtBP2 exhibit transrepression potential
when a DNA binding domain is supplied (Fig. 3 and reference
35), it has been speculated that CtBP1 and -2 may act as
corepressors of these transcriptional regulators. In this report,
we have provided the first clear evidence that CtBP1 and -2 act

as corepressors of SEF1 and augment transrepression activity
of 3EF1.

As discussed above, the requirement of corepressors CtBP1
and -2 in the overall repressor activity of 8EF1 seems to de-
pend on the context of the enhancer and on the activator
protein which 8EF1 antagonizes. It has been reported that
CtBP1 binds histone deacetylase (33). It remains to be clarified
whether this interaction is involved in the action of CtBP1/2.
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Of interest is that dCtBP-interacting proteins are often, though
not always, those involved in short-range repression (20). The
long-range repressor Hairy has an intrinsic repression domain
and binding sites of dCtBP and another corepressor, Groucho
(21). How these coexistent multiple repression mechanisms
allot the function of transcriptional repression associated with
a single DNA binding protein represents an important prob-
lem in understanding the overall regulatory interactions be-
tween the activators and the repressors.

Correlation of the expression of 8EFI and CtBP1/2. Two
CtBP proteins, CtBP1 and CtBP2, with very similar amino acid
sequences were identified as 8EF1 binding proteins in the
mouse. A search of the cDNA database confirms the existence
of CtBP2 in addition to the original CtBP (human CtBP1) in
humans as well. Individual CtBP proteins are highly conserved
in amino acid sequence between the animal species, while the
divergence between CtBP1 and CtBP2 is larger. Nevertheless,
there are no appreciable differences in binding to 3EF1 (Fig. 2)
or in transrepression activity (Fig. 3 and 4). The only difference
observed between CtBP1 and CtBP2 is the spatial and tempo-
ral regulation of their expression. CtBP! is widely expressed
throughout the developmental stages, but CtBP2 is primarily
expressed during embryogenesis. It has been reported that in
humans, CtBP2 is expressed at a level comparable to that of
CtBPI in multiple tissues (31), which may reflect a species-
dependent variation.

Histological examination of CtBP1/2 gene expression in em-
bryos revealed differences between CtBPI and CtBP2 and a
significant correlation with expression of 8EFI. In 10.5-day
embryos, CtBP2 is prominently expressed in the cranial gan-
glia, dorsal root ganglia, and posterior-distal portions of the
limb bud mesenchyme, the major sites of 8EFI expression
around this stage (Fig. 6 and reference 34). Expression of
CtBP1 is weaker except in the spinal cord. Along the forming
digits of 12.5-day embryos, 8EF] is expressed in the perichon-
dria (34) concomitant with CtBP1/2 (Fig. 6E and F): CtBPI is
expressed through the whole length of digits, while CtBP2
expression is confined to the distal part.

In various functional assays done in this work, CtBP1 and
CtBP2 were indistinguishable. Nevertheless, distinct expres-
sion specificities found between CtBPI and CtBP2 could reflect
unrecognized differences in their activities. In any event, the
high correlation of expression sites of 8EFI and CtBP1/2
strongly argues that interaction with the corepressors is crucial
for the regulatory functions of 3EF1 in these tissues.
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