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The c-myc intron binding protein 1 (MEBP1) is a gigantic zinc finger protein comprising
2,437 amino acids and belonging to the MHC binding protein (MBP) family. MIBP1 is
suggested to be a transcription factor involved in various biological functions. We show
here that MIBP1 represses c-myc transcription from the major promoter, P2. Screening
by the yeast two-hybrid system revealed that the MIBP1 protein interacts with the Ski-
interacting protein (SKIP). In vitro pull-down assays and in vivo co-immunoprecipita-
tion experiments confirmed this interaction. The acidic region of MIBP1 was found to be
the site of interaction with the N-terminal half of SKIP. In situ hybridization analysis
using developing rat embryos revealed that the MJBP1 mRNA is highly expressed in
post-mitotic neurons, but the expression in immature neuroepithelium is low. The
expression of MEBP1 in adult rat brain is also predominantly in neuronal cells, indicat-
ing that MEBP1 is involved in the physiology of mature neuronal cells.

Key words: c-myc, MJBP1, neural cell differentiation, protein-protein interaction, SKIP.

The cDNA of MIBP1 has been isolated by Southwestern
screening using a 5'-portion of rat c-myc intron 1 as a probe
(1). MTBPl, also called MHC binding protein-2, angiotensi-
nogen gene-inducible enhancer-binding protein 1, human
immunodeficiency virus type 1 enhancer binding protein 2,
and Schnurri-2 (MBP-2/AGIE-BPL'HIV-EP2/Shn-2), has an
acidic region, 12 SPKK repeats, and two widely separated
pairs of CjHj-type zinc finger motifs that have been shown
to bind to NF-KB-like elements (2-4). Recently, MIBP1 was
found to regulate the transcription of somatostatin receptor
type II (SSTR-2) by binding to a TC-rich element of the tar-
get gene (5).

In mammals, MH3P1 and two other structurally related
proteins form the MBP family. These transcriptional modi-
fiers have been shown to bind to NF-KB—like elements of
various genes through their zinc finger motifs, which are
highly conserved among family members. The second
member of this family, MBP-l/HTV-EPiyPRDII-BFl/aA-
CRYBP1/AT-BP2 has been characterized independently as
a binding protein for the MHC class I enhancer (6), human
immunodeficiency virus type I enhancer (7), interferon-p
promoter (8), aA-crystallin promoter (9), and arantitrypsin
promoter (10). This protein has also been found to bind to
an AG-rich motif in the enhancer of the type II collagen a l
gene, suppressing its expression (11). KBPL/HIV-EP3/KRC
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is the third member (12-14), and has been implicated in
the transcriptional activation of a metastasis-associated
gene, S100A4 (15).

Proteins of the MBP family are moderately homologous
to schnurri (shn) in Drosophila (16-18). Shn acts as a
downstream component of the decapentaplegic/transform-
ing growth factor-3 (Dpp/TGF-fl) signaling pathway, by
interacting directly with a signaling molecule, Mad, and
regulates Dpp-responsive gene expression (19, 20).

Little is known about the biological function of MTBPl in
mammals. Recently, the MTBP1 (Shn-2)-knockout mouse
was found to have defects in T cell maturation (21), but the
role of MTBPl in other tissues, especially the brain, which
is known to be the major site of expression of the gene, is
limited (5).

The aim of this study was to determine the molecular
mechanism of transcriptional regulation by MTBPl, and to
identify the biological processes with which the protein is
associated. We first assessed the effect of MTBPl on c-myc
expression. We then used the yeast two-hybrid system to
identify proteins that interact with MTBPl and to charac-
terize their interaction. We also surveyed the site of MTBPl
expression in adult brain by in situ hybridization, since
previous reports showed that the MTBP1 mRNA is
expressed at a high level in this organ (1, 5, 10). Embryos
at different developmental stages were also examined to
identify regions of MTBP1 expression.

MATERIALS AND METHODS

Plasmid Construction—For CAT assays, a full-length
MTBPl expression plasmid, pCAE-MIBP, was constructed
by inserting a 7.3 kb rat cDNA fragment derived from p i l l
into pCAGGS (1). The mutant plasmid, pCAE-X, carrying a
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frameshift mutation at the 119th residue of MIBP1, was
produced by a fill-in reaction of the Xhol site, followed by
self-ligation. To construct the reporter plasmids, various
fragments derived from pMP4, a rat c-myc genomic clone
(22), were subcloned into pBLCAT30 [derived from
pBLCAT3 (23)]. The region of c-myc inserted into each plas-
mid was: pBBitCAT, from -1302 to +1994; pBYCAT, from
-1302 to +573; pBBCAT, from -1302 to +410; pBMCAT,
from -159 to +410; where the first nucleotdde of the c-myc
transcript was numbered 1.

For the yeast two-hybrid system, a portion of the cDNA
of MIBP1 (encoding amino acid residues 1721 to 2155) car-
rying the C-terminal Zinc finger motif-Acidic region-SPKK
repeat (hereafter called MZAS) was amplified from the
template plasmid p i l l , and inserted into pGBT9 (CLON-
TECH, Palo Alto, CA) to construct a plasmid, pGBT-MZAS.
MZAS deletion constructs were made by inserting the fol-
lowing cDNA fragments into pGBT9; Smal-Bcll fragment
(1721 to 1960 residues), Smal-Mspl fragment (1721 to
1880 residues), Mspl-Mspl fragment (1881 to 2035 resi-
dues), Bcll-PstI fragment (1960 to 2155 residues). These
inserts were confirmed to produce in-frame constructs with
a GAL4 DNA-binding domain, by nucleotide sequencing.

For immunoprecipitation experiments, pCI-MZAS was
constructed by inserting a fragment encoding the MZAS
region tagged with a FLAG epitope into expression vector
pCI (Promega, Madison, WI). This fragment was produced
by PCR amplification from p i l l using primers, one of
which contained the FLAG coding sequence at the 5' termi-
nus. A SKIP expression plasmid, pCI-B49, was constructed
by subcloning the insert of clone B49, which contains a HA
epitope sequence, into pCI.

CAT Assay—COS-1 cells (a gift from Dr. Nakabeppu of
this Institute) were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 (Jig/ml strepto-
mycin. A total of 4 x 106 cells were seeded into a 60 mm
Petri dish, 24 h prior to transfection. CAT reporter plas-
mids (0.5 \xg) and pSV-p-galactosidase (0.5 ng) were co-
transfected with either pCAE-MIBPl or pCAE-X (1 \ig)
using the LipofectAmine reagent (Life Technologies, Rock-
ville, MD). After 2 days of incubation, the cells were solubi-
lized in reporter lysis buffer (Promega). Cell extracts (10 \A)
were incubated at 37°C for 2 h in 30 n-1 of CAT reaction
mixture containing 2.96 kBq of ["C] 1-deoxychlorampheni-
col (Amersham, Amersham, UK) and 0.47 mg/ml acetyl
CoA. The percentage acetylation of 1-deoxychloramphenicol
was determined with a BAS 2000 Phosphorlmager (Fuji
Photo Film, Tokyo).

Yeast Two-Hybrid Screening and Interaction Analysis—
The MATCHMAKER Two-Hybrid System (CLONTECH)
was used according to the manufacturer's instructions.
The yeast strain Y190 was sequentially transformed with
pGBT-MZAS and a pACT2-based mouse cDNA library,
which was constructed using RNA extracted from IxN/2b
pre-B cells (24). Transformants were selected on synthetic
dropout (SD) medium lacking tryptophan, leucdne, and his-
tddine, supplemented with 25 mM 3-amino-triazole. After 7
days of incubation, colonies were picked up and restreaked
on Whatman No. 5 filter papers wetted with the same
medium and incubated for a further 3 days for the colony-
lift filter assay. pACT2-based plasmids were isolated from
His+, LacZ* yeast colonies by utilizing the Ieu2 complemen-

tation of the Escherichia coli strain, HB101. To quantify (3-
galactosidase activity, a liquid culture assay was performed
using ONPG as a substrate.

Northern Blot Analysis—The Rat Multiple Tissue North-
ern Blot was purchased from CLONTECH. A fragment of
MTRP1 spanning nucleotddes 852 to 1294 (when the first
nucleotide of the initiation methionine is numbered 1) was
subcloned into pGEM2 (Promega) and amplified with T7
and SP6 primers. This PCR fragment was labeled with [ot-
^ idCTP (3,000 Ci/mmol, Amersham) by the Multiprime
DNA Labeling System (Amersham). A fragment of SKIP
(nucleotides 249 to 921) was amplified from the template
clone B49, and labeled with [a-^JdCTP by PCR using a
method essentially as described (25). Hybridization of the
probes was performed according to the manufacturer's in-
struction.

Pull-Down Assay—The MZAS region tagged with a
FLAG epitope, derived from pCI-MZAS, was inserted into
the vector pAcGHLT-C, transferred to the baculoviral ge-
nome and expressed as a glutathione-S-transferase (GST)
fusion protein in the insect cell line Sf21, following the
instructions of the Baculovirus GST Expression and Purifi-
cation Kit (PharMingen, San Diego, CA). Successful pro-
duction of the expected protein was confirmed by Western
blot analysis using the anti-FLAG monoclonal antibody, M2
(SIGMA, St. Louis, MO). The GST-XylE expression vector
included in the kit was used as a control. Recombinant
virus clones were plaque-purified, amplified and infected at
a multiplicity of infection of five to obtain the proteins.

To produce proteins encoded by the plasmids isolated in
the two-hybrid screen, inserts were amplified with specific
primers, one of which was tagged with the T7 promoter
sequence, and used as templates in an in vitro transcrip-
tion/translation reaction in the presence of L-PS] methion-
ine (Amersham) using the TNT Coupled Reticulocyte
Lysate System (Promega).

GST fusion proteins bound to glutathione Sepharose
were incubated with in vitro translated proteins in binding
buffer (PBS containing 0.5% Triton X-100) at 4°C for 4 h.
The beads were successively washed with binding buffer.
Proteins eluted from the precipitates were separated on
10% SDS-PAGE and visualized by autoradiography and
Coomassie Brilliant Blue staining.

In Vwo Interaction Study—COS-1 cells were co-trans-
fected with pCI-MZAS (1 \ig) and pCI-B49 (1 (ig) as de-
scribed above. After 2 days of incubation, the cells were sol-
ubilized in lysis buffer (10 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 1% Triton X-100), and the lysates were incubated
with anti-FLAG M2 affinity gel (SIGMA) overnight at 4°C.
Immunoprecipitates were washed with washing buffer (10
mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Triton X-100),
resolved by 8% SDS-PAGE and blotted onto an Immobilon
membrane (MTLLTPORE, Bedford, MA). Proteins on the
membrane were detected by the anti-FLAG antibody, M2,
or the anti-HA polyclonal antibody, Y-ll (Santa Cruz,
Santa Cruz, CA), as the primary antibodies. Anti-mouse or
anti-rabbit IgG antibody conjugated with horseradish per-
oxidase (Amersham) were used as the secondary antibod-
ies. Detection was by the chemiluminescence method (ECL
Western Blotting Detection Reagents, Amersham).

In Situ Hybridization—In situ hybridization was per-
formed using Hybrid-Ready Tissues (Rat Adult Tissues and
Rat Embryo Tissues, Novagen, Madison, WI) according to
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the SureSite II System Manual (Novagen). The probes
were prepared by an in vitro transcription reaction in the
presence of [a-TJUTP (2,500 Ci/mmol, Amersham) using
Riboprobe Combination Systems (Promega), and purified
by 5% acrylamide gel electrophoresis. The PCR fragment of
MIBP1 used in the Northern blot analysis served as a tem-
plate for making sense and antisense RNA probes. After
hybridization, the slides were exposed to X-ray film (Bio-
Max MR-1, Kodak), and then dipped in emulsion (NTB-2,
Kodak). The slides were counterstained with hematoxylin.

RESULTS

Downregulation of c-myc Gene Expression by MIBP1—
We examined the potential role of MIBP1 in c-myc regula-
tion, since MTBP1 was originally isolated as a binding pro-
tein to the c-myc intron 1 region (2). A full-length MTRP1
expression plasmid was transiently transfected into COS-1
cells together with the various CAT reporter plasmids
shown in Fig. LA. The inhibitory effect by MTBP1 was ob-
served when pBBitCAT (-1302 to +1994) was used as a
reporter plasmid, whereas no such inhibition was observed
with the control reporter plasmid, pBLCAT20, which has
the minimal promoter of ~HSV-tk and no enhancer elements
(Fig. IB, BBit and control). Consistent repression by
MTBP1 was observed on other target plasmids, pBYCAT
(-1302 to +573) and pBBCAT (-1302 to +410) (Fig. IB, BY
and BB). Thus, although the binding site of MTRP1 was ini-

ntron 1

tdally identified in the c-myc intron 1, other sites seem to be
present within exon 1 and its upstream region where
MLBP1 exerts its inhibitory action, as discussed later.

A similar level of inhibition by MIBP1 was observed with
pBMCAT, which contains exon 1 and 159 bp upstream, but
lacks most of the upstream region, including the P i pro-
moter (Fig. IB, BM). Thus, MIBP1 inhibits transcription
from the major promoter of c-myc, P2. Within exon 1, there
are three segments that are similar to the reported binding
sites ofMIBPl {2, 5, 12), i.e., one NF-KB-like motif and two
TC-rich motifs. MTRP1 may exert its inhibitory effect by
using some of these sequence motifs, although we have not
identified which of the motifs are responsible for the repres-
sion.

Two-Hybrid Screening for MIBP1 Binding Proteins—To
characterize the molecular mechanism of transcriptional
regulation by MTBP1, we searched for its binding proteins
by the yeast two-hybrid system. A fusion protein consisting
of the yeast GAL4 DNA-binding domain and a portion of
MTBP1 carrying the C-terminal Zinc finger motif-Acidic
region-SPKK repeat (MZAS) was used as bait (Fig. 2).
These motifs are conserved among MBP family members
and are thought to play an important role in transcrip-
tional regulation. The bait expression plasmid and the
pACT2-based mouse pre-B cell library were used for
sequential transformation of the yeast strain Y190. Among
the 106 yeast transformants, 50 clones showed His+ and
LacZ+ phenotypes. cDNA clones were recovered from these
colonies and sorted into 18 independent groups according to
the results of sequencing or restriction mapping.

The strengths of interactions were compared by liquid (3-
galactosidase assay and colony-lift filter assay, using yeast
transformed with the bait plasmid and several representa-
tive plasmids of each group (data not shown). Clones of one
group (B20, B33, and B49) demonstrated strong P-galac-
tosidase activity specifically in the presence of the bait. In-
frame fusion with the GAL4 transactivation domain was
confirmed by sequencing these three clones. A BLAST

1LEL I 2437 Colony color
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•
MIBP1 (-)

MIBP1 (+)

BM BB BY BBitControl

Fig. 1. Transcriptional repression of c-myc by MIBP1. (A) Var-
ious rat c-myc genomic fragments used in the CAT assay. Reporter
plasmids used were: BM, pBMCAT; BB, pBBCAT; BY, pBYCAT;
BBit, pBBitCAT. (B) The effect of MTBP1 on various CAT reporter
plasmids. CAT activity was derived from at least two independent
experiments, each performed in duplicate, and normalized to co-
transfected p-galactosidase activity. The values represent relative
CAT activity as determined by comparing the CAT activity of COS-1
cells co-transfected with the control plasmid pBLCAT20 and pCAE-
X.
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Fig. 2. Schematic representation of MIBP1 and various con-
structs used in the yeast two-hybrid system. The structure of
MIBP1 is shown with those ofMIBPl Zinc finger motifs-Acidic re-
gion-SPKK repeats (MZAS) and its derivatives. The results of the
colony-lift filter assay, showing interactions between various MZAS
deletion constructs and SKIP 5-313 amino acid residues (encoded
by clone B49), is indicated to the right.
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search against non-redundant nucleotide databases in Gen-
bank revealed that the three clones encode parts of a
mouse homolog of the human nuclear protein, SKIP, which
was originally isolated as a protein that binds to Ski onco-

protein (26).
To characterize the full coding region of the mouse SKEP

cDNA, we searched the mouse EST database in Genbank
and identified a cDNA clone, MNCb-2916 (accession no.
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Fig. 3. Alignment of the predicted amino acid sequences of
SKIP homologs from human, mouse, and Drosophila. The
amino acid sequence of mouse SKIP was derived from a cDNA clone
MNCb-2916, except for two residues, which were corrected according
to other EST sequences of mouse SKIP. The sequences of human

SKIP (accession no. U51432) and Drosophila SKIP (accession no.
X64536) were sourced from Genbank. Shaded boxes indicate identical
amino acids. The alignment was generated using MacVector (Oxford
Molecular group).
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AU067071). Sequence determination of this clone revealed
it to contain the full coding region of mouse SKIP (536
amino acid residues) (Fig. 3). B20 and B33 encode the
region from 2 to 313 amino acids and B49 encodes 5 to 313
amino acids of mouse SKIP. This indicates that the region
in SKIP that is involved in the interaction with MTRP1 is
located in the N-terminal half

Alignment of the amino acid sequence of mouse SKIP
with that of its human counterpart revealed extremely
high homology between them. Among the 536 amino acid
residues, 532 are identical and two are similar (Fig. 3). We
also noted a remarkable conservation between the mam-
malian SKIP and its Drosophila homolog Bx42 (61% iden-
tity and 13% similarity), which was originally identified as
a chromatin binding protein. The middle region of the SKIP

input precipitate
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G S T - X y i E - - + + . .
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HA-SKIP-N

IP anti-FLAG

IP- anti-FLAG
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(immunopreclpitate)

Blot- anti-HA
(cell lysate)

Blot. anti-FLAG
(cell lysate)

HA-SKIP-N

• HA-SKIP-N

• FLAG-MZAS

Fig. 4. In vitro and in vivo interaction between the MZAS re-
gion of NUBPl and the N-terminal half of SKIP. (A) In vitro in-
teraction as examined by the GST pull-down assay is shown. The
interaction between the N-terminal half of SKIP (SKIP-N) and GST-
MZAS was tested as indicated on top. Luciferase and GST-XylE fu-
sion protein served as-negative controls. In uitro translated proteins
were visualized by autoradiography (upper panel). The expression of
SKIP-N and luciferase are shown in the input lanes (5% of total ly-
sate). Proteins in the precipitates were visualized by Coomassie Bril-
liant Blue staining (lower panel). (B) In vivo interaction examined by
immunoprecipitation is shown. COS-1 cells were transfected with
the FLAG-tagged MZAS region (FLAG-MZAS) and the HA-tagged
N-terminal half of SKIP (HA-SKIP-N) as indicated on top. FLAG-
MZAS and its associated proteins were immunoprecipitated from
the lysates with anti-FLAG agarose, and analyzed by Western blot
analysis using anti-HA antibody (upper panel). Protein G Sepharose
was used as a negative control (fourth lane). The expression of each
protein in the lysates was confirmed using anti-HA (middle panel) or
anti-FLAG antibodies (lower panel).

protein is especially conserved between mouse and Droso-
phila (approximately 95% of residues 170 to 340 in mouse),
indicating its role in the fundamental process of chromatin-
mediated transcriptdonal regulation.

SKIP-Interacting Domain within MZAS—To identify the
region of MIBP1 that interacts with SKIP, various MZAS
deletion plasmids were constructed and examined by col-
ony-lift filter assay in a yeast two-hybrid system, using the
N-terminal half of the SKIP, encoded by B49, as a binding
protein (Fig. 2). The results indicate that the segment of
MIBP1 that includes the acidic region, but not the zinc-fin-
ger or SPKK repeat regions, is responsible for the interac-
tion. Since the N-terminal half of SKIP contains many
positively charged amino acids residues (pi = 9.6), it may be
reasonable to assume that ionic interactions are involved in
the binding.

In Vitro and In Vivo Interactions—To confirm the interac-
tion observed in the yeast two-hybrid system, in vitro pull-
down assays were performed using the MZAS region of
MTBPl, expressed in the insect cell line Sf21 as a GST
fusion protein, and the N-terminal half of SKIP prepared
by in vitro transcription/translation of clone B49. As shown
in Fig. 4A, the in vitro translated N-terminal half of SKIP
coprecipitated with GST-MZAS. This binding was not
observed between GST-MZAS and in vitro translated luci-

k b 1 2 3 4 5 6 7 8

4.4 -

2.4

1.4 -

SKIP

9.5 •

4 . 4 ••

mi ~

MIBP1

4.4 -

2.4 -

1.4 -

(3-actin

Fig. 5. Expression of SKIP and MIBP1 mRNA in rat tissues.
MIBP1 was used as a probe in the Northern blot analysis of RNA
from various tissues (middle panel). The filter was reprobed with the
SKIP and p-actin probes (top and bottom panel, respectively). Lanes
1 through 8 contained 2 (ig of polyA* RNA from heart, brain, spleen,
lung, liver, skeletal muscle, kidney, and testis.
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ferase, nor between GST-fused Pseudomonas XylE protein
and SKIP. These results indicate that the MZAS region
interacts specifically with the N-terminal half of SKIP, in
vitro. We also tested possible in vitro interactions between
MZAS and other proteins that are encoded by the remain-
ing 17 cDNA groups isolated in the screening. The results
show that the observed binding was negative or extremely
weak (data not shown).

Having demonstrated the in vitro association, we sought
to examine whether the MZAS region associates with the
N-terminal half of SKIP in vivo. The MZAS region tagged
with the FLAG epitope, and the N-terminal half of SKIP
tagged with the HA epitope, were co-expressed in COS-1
cells, and the cell lysate was subjected to irnrnunoprecipita-
tdon using anti-FLAG antibody (Fig. 4B). The results
showed that the N-terminal half of SKIP was precipitated
only in the presence of FLAG-tagged MZAS. Thus, we con-
cluded that the MZAS region of MIBPl interacts specifi-
cally with the N-terminal hah0 of SKIP, both in vitro and in
vivo.

SKIP mRNA Expression among Tissues—We then exam-
ined the expression of SKIP in various rat tissues and
found that the mENA was expressed at a high level in sev-
eral organs including brain, where conspicuous MIBPl ex-
pression was observed (Fig. 5). SKIP expression was also
high in the heart, liver, and testis, but low in the spleen
and skeletal muscle. The broad spectrum of expression of
SKIP is in accordance with the previous observations from
humans {27), and suggests that this transcriptional regula-
tor is involved in a variety of biological processes.

In Situ Hybridization Analysis of MIBPl in Adult Rat
Brain—Our Northern blot analyses (Fig. 5), as well as pre-
vious reports, indicate that the brain is the major tissue in
which MIBPl is expressed at a high level {1, 5, 10). In an
effort to determine which types of cells in the brain express
the mENA in vivo, we examined MLBPl distribution in
adult rat brain by in situ hybridization. MIBPl mENA was
strongly expressed in the olfactory bulb, cerebral cortex,
hippocampal pyramidal cell layer, granule cell layer of the
dentate gyrus, and cerebellum (Fig. 6A). The signal inten-
sity in the olfactory bulb was high and seemed different
from the previous results obtained in mouse (5). In the
cerebral cortex, a positive signal was detected strongly in
neurons but not in glial cells (Fig. 6B). In the olfactory bulb,
a positive signal was strongly detected in the granule cell
layer (Fig. 6C). Only a faint signal was detected in the sub-
ependymal layer where neuronal progenitor cells prolifer-
ate, some of which migrate and form a granule cell layer
(28). These results suggest that MLBPl is expressed mainly
in mature neurons, and that expression in immature neu-
rons and glial cells is low in adult brain.

Expression Patterns of MIBPl in Developing Rat Em-
bryos—The expression of MLBPl mRNA was also examined
using rat embryonic sections 10 to 18 days (E10 to E18)
after the start of gestation. Before E15, expression was low
in all tissues examined (data not shown). Expression be-
came evident in the forebrain at E16, and was increasingly
detected at E17 and E18 (Fig. 7A and data not shown).
Expression was also detected in other tissues, such as the
tongue (Fig. 7A), but the signal in the forebrain was far
more conspicuous. Higher magnification of the forebrain
revealed the expression to be restricted to the cortical plate,
a region composed mainly of post-mitotic neurons, and no

signals were detected in the neuroepithelium, subventricu-
lar zone or intermediate zone (Fig. 7B).

Our results indicate that the expression of MLBPl be-
comes more prominent in the brain area as development
proceeds. Perhaps, it is safe to say that the expression of
MLBPl is controlled spatially and temporally, and differen-
tiating, post-mitotic neurons are the major site of MLBPl

B

, . • - • • • > < •

•V'.

Fig. 6. Expression of MTBP1 mRNA in adult rat brain. (A) Dark
field view of ire situ hybridization. Sense or antisense probes of
MIBPl hybridized to a sagittal section of adult rat brain. Signals
from the antisense probe were detected in the olfactory bulb (OB),
cerebral cortex (CX), hippocampus (HI), and cerebellum (CB). The
sense probe showed weak non-specific background signals (inset of
A). White arrows indicate the positions of the high magnification
views shown in B (cerebral cortex) and C (olfactory bulb). (B) A
dense signal was localized to the periphery of large nuclei of neu-
rons. (C) A positive signal was observed in the granule cell layer
(GCL), but not in the subependymal layer (SL). Scale bars: 3 mm (A)
and 30 jjjn (B and C).
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Fig. 7. Expression of MIBPl
mRNA in rat embryos. (A)
Expression of MIBPl mRNA at
embryonic day 17 is shown. The
MIBPl probe was the same as
used in Fig. 6. (B) Bright-field
(left) and dark-field (right) pho-
tographs of the higher magnifi-
cation of the boxed area in A are
shown. A strong signal was de-
tected in the cortical plate of the
frontal cortex (CP). Note that no
signal was detected in the sub-
ventricular zone (SV). Scale bar:
3 mm (A) and 1 mm (B).

B

SV

expression. MIBPl may be involved in the terminal differ-
entiation or maintenance of neurons, although further re-
fined experiments are needed to confirm this hypothesis.

DISCUSSION

Proteins of the MBP family have been shown to bind to the
cis-elements of various genes involved in immune re-
sponses, angiogenesis, and neuroendocrine function. One
such target gene is c-myc, which is involved in oncogenesis,
immortalization and cell differentiation. In this study, we
observed that MIBPl represses c-myc transcription by
about twofold. This result is consistent, with regard to
repressor activity, with previous observations that a portion
of MIBPl (AGIE-BPl) shows transcriptional repression of
the angiotensinogen gene (3). Recently, aA-CRYBPl/
PRDII-BF1, another member of the MBP family, has also
been shown to repress Col2al expression by twofold {11).
In contrast, MIBPl is reported to enhance transcription
from the SSTR-2 promoter in cooperation with another
transcription factor, SEF-2 (5). This apparent duplicity of
MIBPl in transcriptional regulation {i.e., activation and
repression) resembles the actions of Shn, which activates

Ultrabithorax expression while repressing brinker expres-
sion {19, 29).

SKIP, identified here as an MIBPl binding protein, has
also been shown to be involved in transcriptional activation
and repression. SKIP binds to the vitamin D receptor,
MyoD, and Smad proteins and functions as a coactivator
{27, 30, 31). In contrast, SKIP represses transcription when
fused to the GAL4 DNA binding domain {32). Its interac-
tion with SKI, Sin3A, and SMRT, which form a histone
deacetylase complex, is implicated in coactivator/corepres-
sor activity {32, 33). SKIP itself would be a ubiquitous fac-
tor rather than a determinant of tissue-specific transcrip-
tional regulation as is indicated by its broad tissue distribu-
tion (Fig. 5).

The biological significance of the interaction between
MTBPl and SKIP has not been determined. In our prelimi-
nary study, we could not demonstrate that MIBPl and
SKIP act cooperatively to regulate c-myc expression (data
not shown). Perhaps the system we adopted lacks other
proteins needed for their cooperative action.

In previous extensive studies, members of MBP family
were assumed to specifically recognize NF-KB-like se-
quences {2, 8, 12). However, a recent study by Dorflinger et
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al. showed that MIBP1 also binds to a TC-rich motif in the
SSTR-2 gene region (5), while Tanaka et al. showed that
ctA-CRYBPl binds to an AG-rich sequence motif (11). Thus,
a large variety of genes may be target genes.

We show here that differentiating, post-mitotic neurons
are the major site of MH3P1 expression in the developing
embryo and adult rat brain (Figs. 6 and 7). c-myc is ex-
pressed only in rapidly proliferating tissues of the murine
embryo and is not expressed in non-proliferating tissues,
including the cortical plate (34, 35), where MIBP1 is
strongly expressed. It is conceivable that the physiological
role of MH3P1 may be to downregulate c-myc expression or
keep expression in a repressed state in post-mitotic neu-
rons. However, there must be other target genes for MIBP1
involved in the homeostasis of neuronal cells. Further stud-
ies may reveal diverse functions of this gigantic transcrip-
tion factor, MTBP1.
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ichi Miyazaki for pCAGGS, and Takeshi Watanabe for the cDNA
library. MNCb-2916 was obtained from the Health Science Re-
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this project.

REFERENCES

1. Makino, R., Alriyama, K., Yasuda, J., Mashiyama, S., Honda, S.,
SeJriya, T., and Hayashi, K. (1994) Cloning and characterization
of a c-myc intron binding protein 1 (MTRP1) Nucleic Acids Res.
22,5679-5685

2. van't Veer, L.J., Lutz, P.M., Isselbacher, K.J., and Bernards, R.
(1992) Structure and expression of major histocompatibility
complex-binding protein 2, a 275-kDa zinc finger protein that
binds to an enhancer of major histocompatibility complex class
I genes. Proc Natl. Acad. Sci. USA 89, 8971-8975

3. Ron, D., Brasier, A.R., and Habener, J.F. (1991) Angiotensino-
gen gene-inducible enhancer-binding protein 1, a member of a
new family of large nuclear proteins that recognize nuclear fac-
tor kappa B-binding sites through a zinc finger motif. Mol. Cell.
Biol. 11, 2887-2895

4. Nomura, N., Zhao, M.J., Nagase, T., Maekawa, T., Ishizaki, R.,
Tabata, S., and Ishii, S. (1991) HTV-EP2, a new member of the
gene family encoding the human immunodeficiency virus type
1 enhancer-binding protein. Comparison with HIV-EP1/PRDII-
BF1/MBP-1. J. Biol. Chem. 266, 8590-8594

5. Dorflinger, U., Pscherer, A., Moser, M., Rummele, P., Schule, R.,
and Buettner, R. (1999) Activation of somatostatdn receptor II
expression by transcription factors MIBP1 and SEF-2 in the
murine brain. Mol. Cell. Biol. 19, 3736-3747

6. Baldwin, A.S., Jr., LeClair, KR, Singh, H., and Sharp, PA.
(1990) A large protein containing zinc finger domains bmds to
related sequence elements in the enhancers of the class I major
histocompatibility complex and kappa immunoglobulin genea
Mol. Cell. Biol. 10, 1406-1414

7. Maekawa, T., Sakura, H., Sudo, T., and Ishii, S. (1989) Putative
metal finger structure of the human immunodeficiency virus
type 1 enhancer binding protein HIV-EP1. J. Biol. Chem. 264,
14591-14593

8. Fan, CM. and Maniatis, T. (1990) A DNA-binding protein con-
taining two widely separated zinc finger motifs that recognize
the same DNA sequence. Genes Dev. 4, 29—42

9. Brady, J.P., Kantorow, M., Sax, CM., Donovan, D.M., and
Piatigorsky, J. (1995) Murine transcription factor alpha A-crys-
tallin binding protein I. Complete sequence, gene structure, ex-
pression, and functional inhibition via antisense RNA. J. Biol.
Chem. 270,1221-1229

10. Mitchelmore, C, Traboni, C, and Cortese, R. (1991) Isolation of
two cDNAs encoding zinc finger proteins which bind to the

alpha 1-antitrypsin promoter and to the major histocompatibil-
ity complex class I enhancer. Nucleic Acids Res. 19, 141-147

11. Tanaka, K., Matsumoto, Y., Nakatani, F, Iwamoto, Y, and
Yamada, Y. (2000) A zinc finger transcription factor, alpha A-
crystaUin binding protein 1, is a negative regulator of the chon-
drocyte-specific enhancer of the alpha 1 (II) collagen gene. Mol.
Cell. Biol. 20, 4428-4435

12. Rustgi, A.K., Van't Veer, L.J., and Bernards, R. (1990) Two
genes encode factors with NF-kappa B- and H2TFl-like DNA-
binding properties. Proc Natl. Acad. Sci. USA 87, 8707-8710

13. Hicar, M.D., Liu, Y, Allen, C.E., and Wu, L.C (2001) Structure
of the human zinc finger protein HTVEP3: molecular cloning,
expression, exon-intron structure, and comparison with paralo-
gous genes HFVEP1 and HTVEP2. Genomics 71, 89-100

14. Wu, L.C, Liu, Y, Strandtmann, J., Mak, C.H., Lee, B., Li, Z.,
and Yu, C.Y (1996) The mouse DNA binding protein Re for the
kappa B motif of transcription and for the V(D)J recombination
signal sequences contains composite DNA-protein interaction
domains and belongs to a new family of large transcriptional
proteins. Genomics 35, 415—424

15. Hjelmsoe, I., Allen, C.E., Cohn, MA, Tulchinsky, E.M., and Wu,
L.C. (2000) The kappaB and V(DXJ recombination signal se-
quence binding protein KRC regulates transcription of the
mouse metastasis-associated gene S100A4/mtal. J. Biol. Chem.
275, 913-920

16. Staehling-Hampton, K, Laughon, A.S., and Hoffmann, F.M.
(1995) A Drosophila protein related to the human zinc finger
transcription factor PRDII/MBPI/HIV-EP1 is required for dpp
signaling. Development 121, 3393-3403

17. Grieder, N.C, Nellen, D., Burke, R., Basler, K., and Affolter, M.
(1995) schnurri is required for Drosophila Dpp signaling and
encodes a zinc finger protein similar to the mammalian tran-
scription factor PRDII-BF1. Cell 81, 791-800

18. Arora, K., Dai, H, Kazuko, S.G., Jamal, J., O'Connor, M.B., Let-
sou, A., and Warrior, R. (1995) The Drosophila schnurri gene
acts in the Dpp/TGF beta signaling pathway and encodes a
transcription factor homologous to the human MBP family Cell
81, 781-790

19. Dai, H., Hogan, C, Gopalakrishnan, B., Torres-Vazquez, J.,
Nguyen, M., Park, S., Raftery, LA., Warrior, R., and Arora, K.
(2000) The zinc finger protein Schnurri acts as a Smad partner
in mediating the transcriptional response to decapentaplegic
Dev. Biol. 227, 373-387

20. Udagawa, Y, Hanai, J., Tada, K., Grieder, N.C, Momoeda, M.,
Taketani, Y, Affolter, M., Kawabata, M., and Miyazono, K.
(2000) Schnurri interacts with Mad in a Dpp-dependent man-
ner. Genes Cells 5, 359-369

21. Takagi, T, Harada, J., and Ishii, S. (2001) Murine Schnurri-2 is
required for positive selection of thymocytes. Nat. Immunol. 2,
1048-1053

22. Hayashi, K., Makino, R., Kawamura, H., Arisawa, A., and Yone-
da, K. (1987) Characterization of rat c-myc and adjacent re-
gions. Nucleic Acids Res. 15, 6419-6436

23. Luckow, B. and Schutz, G. (1987) CAT constructions with mul-
tiple unique restriction sites for the functional analysis of euka-
ryotic promoters and regulatory elements. Nucleic Acids Res.
15,5490

24. Park, L.S., Friend, D.J., Schmierer, A.E., Dower, S.K, and
Namen, A.E. (1990) Murine interleukin 7 (IL-7) receptor. Char-
acterization on an IL-7-dependent cell line. J. Exp. Med. 171,
1073-1089

25. Konat, G.W, Laszkiewicz, I., Grubinska, B., and Wiggins, R.C
(1994) Generation of labeled DNA probes by PCR in PCR Tech-
nology: Current Inovations (Griffin, H.G. and Griffin, A.M.,
eds.) pp. 37^42, CRC Press, Boca Raton, Florida

26. Dahl, R., Wani, B., and Hayman, M.J. (1998) The Ski oncopro-
tein interacts with Skip, the human homolog of Drosophila
Bx42. Oncogene 16, 1579-1586

27. Baudino, T.A., Kraichely, D.M., Jefcoat, S.C., Jr., Winchester,
S.K, Partridge, N.C, and MacDonald, P.N. (1998) Isolation and
characterization of a novel coactivator protein, NCoA-62, in-
volved in vitamin D-mediated transcription. J. Biol. Chem. 273,

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Biological Functions ofMIBPl 357

16434-16441
28. Hatten, M.E. (1999) Central nervous system neuronal migra-

tion. Annu. Rev. Neurosci. 22, 511-539
29. Marty, f., Mulled B., Basler, K., and Affolter, M. (2000)

Schnurri mediates Dpp-dependent repression of brinker tran-
scription. Nat. Cell Biol. 2, 745-749

30. Kim, Y.J., Noguchi, S., Hayashi, Y.K, Tsukahara, T., Shimizu,
T., and Arahata, K (2001) The product of an oculopharyngeal
muscular dystrophy gene, poly(A)-binding protein 2, interacts
with SKIP and stimulates muscle-specific gene expression.
Hum. Mol. Genet. 10,1129-1139

31. Leong, G.M., Subramaniam, N., Figueroa, J., Flanagan, J.L.,
Hayman, M.J., Eisman, JA., and Kouzmenko, A.P. (2001) Ski-
interacting protein interacts with Smad proteins to augment
transforming growth factor-beta-dependent transcription. J.
Biol. Chem. 276, 18243-18248

32. Zhou, S., Fujimuro, M., Hsieh, J.J., Chen, L., Miyamoto, A.,
Weinmaster, G., and Hayward, S.D. (2000) SKIP, a CBFl-asso-
ciated protein, interacts with the ankyrin repeat domain of
NotchIC to facilitate NotchIC function. Mol. Cell. Biol. 20,
2400-2410

33. Zhou, S., Fujimuro, M., Hsieh, J.J., Chen, L., and Hayward,
S.D. (2000) A role for SKIP in EBNA2 activation of CBFl-re-
pressed promoters. J. Virol. 74, 1939-1947

34. Schmid, P., Schulz, W.A., and Hameister, H. (1989) Dynamic
expression pattern of the myc protooncogene in midgestation
mouse embryos. Science 243, 226-229

35. Himing, U., Schmid, P., Schulz, WA., Rettenberger, G., and
Hameister, H. (1991) A comparative analysis of N-/nyc and c-
myc expression and cellular proliferation in mouse organogene-
sis. Mech. Dev. 33, 119-125

Vol. 131, No. 3,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

