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The homeodomain-containing protein Hex acts as an activator as well as a repressor
of transcription in animals. While its repression domain has been mapped to the
amino-terminal region, the activation domain has never been identified. Here, we
show that the homeodomain and the acidic carboxyl-terminal region are necessary
for full activation of the sodium-dependent bile acid cotransporter gene promoter in a
cell type-independent manner, suggesting that the carboxyl-terminal region compris-
ing residues 197 to 271 functions as the activation domain. In addition, we observed
that a Hex mutant without this activation domain acts as a dominant-negative
mutant as to the transactivating function of Hex.

Key words: dominant-negative mutant, Hex, sodium-dependent bile acid cotrans-
porter, transcriptional activator.

Abbreviations: Ntcp, sodium-dependent bile acid cotransporter; GFP, green fluorescent protein; PCR, polymerase
chain reaction.

Homeobox genes comprise one of the most important
gene families involved in organogenesis and cell differen-
tiation during embryonic development (1, 2). They are
recognized by a highly conserved approximately 60
amino acid motif called the homeodomain, which can
mediate DNA binding (3). Most human homeobox genes
are found in four distinct genomic clusters of 9 to 11
homeobox genes called HOXA, HOXB, HOXC and HOXD,
which are located on chromosomes 7, 17, 11, and 2,
respectively (4). These genomic clusters are expressed
along the anterior to posterior body axis according to
their positions in the HOX cluster. Homeobox genes out-
side of these clusters are called orphans.

Hex (haematopoietically expressed homeobox) is one of
the above orphans. Hex cDNA was first identified in hae-
matopoietic cells of chicken, mouse and man, and has
also been isolated from various species (5–10). The
human and mouse genes have been mapped to chromo-
somes 10 and 19, respectively (7, 11). The expression pat-
tern of Hex is both tissue- and developmental stage-spe-
cific. It has been reported that Hex is expressed in the
liver, spleen, lungs, thyroid gland, and vascular smooth
muscle cells in adult animals (8, 12–14). We and others
have shown that Hex plays an essential role in progenitor
cells committed to the hepatic endoderm, B cell develop-
ment, haematopoietic differentiation of the monocyte lin-
eage, forebrain formation and thyroid development (15–
17). Generally, homeodomain proteins can bind to A/T-
rich specific sequences. Hex can bind to sequences con-

So far, only a few genes whose expression is modulated by
Hex have been reported. Genes whose expression is
repressed by Hex include goosecoid (19), involved in early
embryonic anterior-posterior development, and thy-
roglobulin (18), expressed in the thyroid gland. On the
contrary, genes whose expression is activated by Hex
include GATA-1, fli-1, and flk-1, which are involved in
early endothelial and blood cell differentiation of
zebrafish (10). SMemb, a nonmuscle isoform of the
myosin heavy chain, is also activated by Hex (14). Fur-
thermore, Denson et al. have shown that the expression
of sodium-dependent bile acid cotransporter (ntcp) was
triggered by Hex through direct interaction with a puta-
tive Hex-binding site located in the ntcp promoter from
nucleotides –733 to –714 relative to the transcription
start site, and that this activation only occurred in hepa-
tocytes (20).

Thus, Hex can function as either a transcriptional
repressor or a transcriptional activator. However, the
molecular basis for these dual functions has never been
clarified. We previously found that Hex can act as a tran-
scriptional repressor using Hex-GAL4 DNA binding
domain fusion proteins, and mapped its repression
domain to residues 45 to 136 in the proline-rich amino-
terminal region (8). In the present study, we identified
the region of Hex responsible for transcriptional activa-
tion using the ntcp promoter as a Hex-acting site. In
addition, we produced a dominant-negative mutant as to
the transactivating function of Hex.
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MATERALS AND METHODS

Materials—A dye terminator cycle sequencing kit was
obtained from PE Applied Biosystems. A dual luciferase
reporter gene assay kit, pGL3-Basic and pRL-SV40 were
obtained from Promega. Qiagen Midi-plasmid and Qiaex
gel extraction kits were purchased from Qiagen. Horse-
radish peroxidase-conjugated secondary antibodies, ECL
reagent, Hyperfilm and [α-32P]dCTP (111 TBq/mmol)
were purchased from Amersham Pharmacia Biotech.
pSTBlue-1 and pBluescript II SK+ were purchased from
Stratagene. Lipofectamine 2000 transfection reagent and
TRIZOL reagent were obtained from Invitrogen Life
Technologies.

Oligonucleotides and Plasmids—All oligonucleotides
were synthesized with a DNA synthesizer. The sequences
of the NLS/S and NLS/AS oligonucleotides, which contain
the nuclear localization signal from simian virus 40 large
T antigen (21) and a multi-cloning site, are as follows:
NLS/S, 5′-AATTACCATGGCTCCGAAGAAGAAGCGGA-
AGGTAGGTACCCTCGAGGAGCTCGCTAGCCCCGGGA-
ATTCTTAGATAAGTAAT-3′, and NLS/AS, 5′-AATTATT-
ACTTATCTAAGAATTCCCGGGGCTAGCGAGCTCCTC-
GAGGGTACCTACCTTCCGCTTCTTCTTCGGAGCCAT-
GGT-3′.

The following oligonucleotides were used as primers for
polymerase chain reaction (PCR) to amplify DNA frag-
ments to construct various plasmids: ntcp-783Bam/S, 5′-
GGGGGATCCTGGTCAGTATTCAACAGTC-3′; ntcp+46
Bam/AS, 5′-GGGGGATCCTCAGGACAGAGTTTGTG GA-
CA-3′; Hex131Bam/S, 5′-ATTGGATCCCTACAGCGACC-
TCTGCAC-3′; Hex197Bam/AS, 5′-AGGATCCTTCA GT-
CGTCTCCATTTAGCTC-3′; Hex131Nhe/S, 5′-GGCTAG-
CCTACAGCGACCTC TGCA-3′; Hex216Eco/AS, 5′-CGA-
ATTCACAGGAAGTGTCCAAACTGTC-3′; Hex235Eco/AS,
5′-CGAATTCAGAACTGTCCAAAGAGGCAC-3′; Hex254-
Eco/AS, 5′-CGAATTCATCCTCTGAGATCTCTGATTCAG-
3′; Hex196/AS, 5′-CAGTCGTCTCC ATTTAGCTCTG-3′;
HexID1/S, 5′-CGCAGAGCTAAATGGAGACGACTG CAGT-
GTTCACCCTCCCCA-3′; HexID2/S, 5′-CGCAGAGCTAA-
ATGGAGAC GACTGGACCAGGGCCAAGACTTG-3′; Hex-
197Nhe/S, 5′-GGCTAGCAAGCAGGAG AATCCTCAAA-
GC-3′, Hex2/S, 5′-TGCAGTTCCCGCACCCG-3′, and Hex-
271/AS, 5′-ACCGGTACGGAAAACGTAC-3′.

The rat ntcp promoter region spanning –783 to +46
was amplified by PCR using rat genomic DNA as a tem-
plate with the ntcp-783Bam/S and ntcp+46Bam/AS prim-
ers containing BamHI sites. The PCR product was
digested with BamHI, and then ligated into the BglII site
of pGL3-Basic to produce reporter plasmid pNLuc783.

We used pCAGGS as the expression plasmid. This
plasmid contains the chicken β-actin promoter and
cytomegalovirus enhancer, β-actin intron and bovine β-
globin poly-adenylation signal (22). The NLS/S and NLS/
AS oligonucleotides containing the nuclear localization
signal were annealed and the resulting fragment was
ligated into the EcoRI site of pCAGGS to produce pCAG-
NLS. This vector was used for the expression of Hex dele-
tion mutants to ensure their nuclear transport. An EcoRI
fragment containing the entire coding sequence of Hex
was isolated from p9–18 (8) and ligated into the EcoRI
site of pCAGGS to generate pCAG-Hex. Fragment Hex
131–271 was obtained by BamHI digestion of previously

reported pGST-Hex131–271 (8) and subcloned into the
BamHI site of the pBluescript II SK+ vector. The result-
ing plasmid was then digested with SpeI/EcoRI and frag-
ment Hex 131–271 was inserted into the NheI/EcoRI
sites of pCAG-NLS to produce pCAGN-Hex131–271.
Fragment Hex 131–197 was obtained by PCR using p9-
18 as a template, and the Hex131Bam/S and Hex197-
Bam/AS primers. The amplified PCR product was sub-
cloned into pSTBlue-1 and the resulting plasmid was
digested with BamHI in order to isolate Hex 131–197,
which was then inserted into the BamHI site of pBlue-
script II SK+ vector. Then, the SpeI/EcoRI Hex 131–197
fragment was isolated and inserted into the NheI/EcoRI
sites of pCAG-NLS to produce pCAGN-Hex131–197.
Hex2-197 and Hex 197–271 fragments were obtained by
PCR with the Hex2/S and Hex197Bam/AS primers, and
Hex197Nhe/S and Hex271/AS primers, respectively,
using p9–18 as a template. These PCR products were
subcloned into pSTBlue-1, and the resulting plasmids
were digested with KpnI/NheI and NheI/EcoRI, respec-
tively. The two fragments were ligated into the KpnI/
NheI sites and NheI/EcoRI sites of pCAG-NLS to gener-
ate pCAGN-Hex2–197 and pCAGN-Hex197–271, respec-
tively. The Hex 131–196/217–271 and Hex 131–196/236–
271 fragments were obtained by PCR through two steps.
In the primary PCR, reactions were performed with p9-
18 as a template with the following combinations of prim-
ers: Hex131Nhe/S and Hex196/AS, HexID2/S and
Hex271/AS, and HexID1/S and Hex271/AS. The products
were named Hex131–196, Hex217–271, and Hex236–
271, respectively. In the secondary PCR, reactions were
carried out with the combination of Hex131–196 and
Hex217–271 or Hex131–196 and Hex236–271 as tem-
plates, and primers Hex131Nhe/S and Hex271/AS. The
products were subcloned into pSTBlue-1 and the result-
ing plasmids were digested with NheI/EcoRI. Then, these
inserts were ligated into the NheI/EcoRI sites of pCAG-
NLS to produce pCAGN-Hex131–196/217–271 and
pCAGN-Hex131–196/236–271. Hex 131–271 carboxyl-
terminal region deletion mutants were obtained by PCR
using p9-18 as a template with the following combina-
tions of primers: Hex131Nhe/S and Hex216Eco/AS,
Hex131Nhe/S and Hex235Eco/AS, and Hex131Nhe/S and
Hex254Eco/AS. The PCR products were subcloned into
the pSTBlue-1 acceptor vector and the resulting plasmids
were digested with NheI/EcoRI. After isolation by agar-
ose gel electrophoresis, these inserts were ligated into the
NheI/EcoRI sites of pCAG-NLS to produce pCAGN-
Hex131–216, pCAGN-Hex131–235 and pCAGN-Hex131–
254. All plasmids were confirmed by DNA sequencing.

Cell Culture and DNA Transfection—HeLa, COS-7
and Hep G2 cells, obtained from the American Type Cul-
ture Collection, were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum
at 37°C in a 5% CO2 incubator.

All plasmids used for transfection were prepared using
the Qiagen Midi-plasmid kit. Transfection was per-
formed by the calcium phosphate method (23) or with
Lipofectamine 2000 according to the manufacturer’s pro-
tocol. For reporter assays, cells were cultured at 20–30%
density in 6-well plates for 24 h before transfection. One
microgram of pNLuc783, 20 ng of pRL-SV40 and various
amounts of effector plasmids were co-transfected into
J. Biochem.
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each cell type. The total amount of DNA was adjusted by
the addition of pCAGGS. The medium was changed at 5 h
after transfection and cells were harvested after 48 h.
Firefly and Renilla luciferase activities were determined
according to the manufacturer’s protocols. Firefly luci-
ferase activity (relative light units) was normalized as to
Renilla luciferase activities.

Construction of and Infection with Adenovirus Vec-
tors—A dominant-negative mutant of Hex was isolated
from pCAGN-Hex2-197 by digestion with appropriate
restriction enzymes and ligated into the expression cas-
sette of the pAFC3 cosmid (J. Miyazaki, unpublished),
which is a derivative of pALC cosmid (24). This cassette
bicistronically expresses any protein and green fluores-
cent protein (GFP) driven by the chicken β-actin pro-
moter and cytomegalovirus enhancer. The resultant cos-
mid was used to produce a recombinant adenovirus
vector of the Hex mutant (Adv-dnHex) as described pre-
viously (24). Adenovirus expressing GFP only (Adv-
Blank) was used as a control.

Hepatocytes were isolated from male Sprague-Dawley
rats by the collagenase perfusion method and cultured as
previously described (25, 26). The experiment was
approved by the Animal Experiment Committee, Nagoya
University, and the rats were treated in accordance with
the guidelines. Adenovirus infection was performed at 3
h after plating. Hepatocytes were incubated for 1 h in a
reduced volume of culture medium containing the virus
at a multiplicity of infection (MOI) of 5 before changing to
fresh medium. The cells were incubated for 48 h.

Western Blot Analysis—Anti-Hex antibodies were pro-
duced in a rabbit, according to the standard protocols,
against a synthetic short peptide corresponding to the
carboxyl-terminal end of the rat Hex sequence, CQEVDI-
EGDKGYFNAG. A cysteine residue was added to the
amino-terminal for linking to the keyhole limpet hemocy-
anin. The peptide was injected subcutaneously into the
rabbit once every fortnight. The collected antiserum was
purified by affinity column chromatography.

Transfected whole cell lysates were separated by 15%
SDS–polyacrylamide gel electrophoresis, followed by
transfer to membranes. The membranes were incubated
for 1 h at room temperature with anti-Hex antibodies,
and then washed three times with phosphate-buffered
saline containing 0.1% Tween 20 before being probed
with horseradish peroxidase-conjugated secondary anti-
bodies. Blots were developed using ECL reagent and
exposed to Hyperfilm, according to the manufacturer’s
protocols.

Isolation of Total RNA and Northern Blot Analysis—
Total RNA was prepared from hepatocytes using TRIZOL
reagent. Total RNA (15 µg) was subjected to 1% agarose/
formaldehyde gel electrophoresis, blotted onto a mem-
brane and then hybridized with 32P-labeled cDNA probes
as previously described (8). The cDNAs for ntcp and
36B4, a ribosomal protein, were obtained by PCR using
rat liver cDNA as a template. The sense and antisense
primer pairs used were as follows: ntcp, 5′-GCTGCTTA-
TCATGCTCTCAC-3′, 5′-CTAATTTGCCATCTGACCAG-3′;
36B4, 5′-GGGCAAGAACACCATGATGCGC-3′, 5′-GTTC-
AGCAGAGTGGCTTCGCTGG-3′.

STATISTICS

Statistical analysis was performed by Student’s t-test or
Welch’s t-test. Statistical significance was defined as p <
0.05.

RESULTS

Cell Type-Specificity of Transcriptional Activation by
Hex—Reporter (pNLuc783) and effector plasmids (pCAG-
Hex or pCAGGS) were co-transfected into the HeLa,
COS-7, and Hep G2 cell lines, and then transient expres-
sion of the luciferase gene was examined. Of the cell lines
tested, only Hep G2 hepatoma cells express Hex (8, 27).
In agreement with this, the ntcp promoter activity in
HeLa and COS-7 cells was 2% of that in Hep G2 cells.
The Hex expression resulted in significant stimulation of
the promoter activity in all cell lines tested, although dif-
ferences in the stimulation level were observed among
the cell lines (Fig. 1). These results indicate that there is
essentially no cell type-specificity of ntcp promoter acti-
vation by Hex.

Identification of Hex Transcriptional Activation Do-
main—The pNLuc783 reporter plasmid and various
expression vectors of full-length or mutant constructs of
Hex (Hex, Hex131–271, Hex131–197, and Hex2-197), in
the indicated amounts, were co-transfected into HeLa
cells. pCAGGS was used as a control. Hex131–271 was
nearly as active as full-length Hex, while Hex131–197
and Hex2-197 hardly stimulated the ntcp promoter (Fig.
2B). These results indicate that the homeodomain alone
has no activity and that the carboxyl-terminal segment of
Hex (amino acids residues 197 to 271) may participate in
the transcriptional activation of ntcp.

In order to investigate the carboxyl-terminal segment
of Hex, a series of carboxyl-terminal deletion mutants
(Hex131–271, Hex131–216, Hex131–235, and Hex131–
254) were individually co-transfected in various amounts
with the reporter plasmid. As shown in Fig. 2C, Hex131–
271 transactivated the ntcp promoter by about 5-fold at
0.25 µg, but Hex131–216, Hex131–235, and Hex131–254

Fig. 1. Hex activates the ntcp promoter in a cell type-inde-
pendent manner. Reporter plasmid pNLuc783 was transfected
into HeLa, COS-7 and Hep G2 cells with 1 µg of either pCAGGS or
pCAG-Hex. Luciferase activities are expressed relative to that in
control cells transfected with pCAGGS, which is set at 1. Data are
the means ± SD for four experiments. *p < 0.01 compared to control.
**p < 0.05 compared to control.
Vol. 135, No. 2, 2004
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exhibited little activity at this dose. At 1 µg, these
mutants showed weak activity. These results indicate
that the carboxyl-terminal (amino acid residues 255 to
271) of Hex is necessary for its transactivating activity.

In addition, various internal deletion mutants (Hex-
131–196/236–271, Hex131–196/217–271, and Hex197–
271) were prepared from Hex131–271. When compared
with the activity of Hex131–271, internal deletion of Hex,
from amino acid residue 197 to 216 (Hex131–196/217–
271), reduced the promoter activity by about 50% and
further deletion up to 235 (Hex131–196/236–271)
resulted in an about 75% reduction in activity (Fig. 2D).
Exclusion of the homeodomain from Hex131–271 greatly
reduced the activity. The reduced activity of mutants con-
taining the homeodomain is not due to reduced binding to
the ntcp promoter, since deletion of the carboxy-terminal
region, from residue 200 to 271, did not affect the DNA
binding activity of the homeodomain (8). Thus, the home-
odomain (residues 137 to 196) and carboxyl-terminal seg-
ment (residues 197 to 271) are necessary for full activa-
tion of the ntcp promoter.

Expression of Various Hex Mutants—In order to con-
firm the expression of the various Hex mutants used in
Fig. 2D, the four Hex mutants were individually trans-
fected into HeLa cells. Total cell lysates were subjected to
Western blot analysis using anti-Hex antibodies. As

shown in Fig. 3, the four Hex mutants were detected as
bands corresponding to the expected sizes, while the
untransfected cell lysate gave no protein band. Since all

Fig. 2. Identification of the transcriptional activating domain
of Hex. (A) Schematic representation of full-length Hex. (B, C, D)
HeLa cells were co-transfected with reporter plasmid pNLuc783 and
the indicated amounts of the various expression plasmids of Hex

shown at the left. Luciferase activities are expressed relative to that
in control cells transfected with pCAGGS, which is set at 1. Data are
the means ± SD for three to four experiments. *p < 0.01 compared to
control. **p < 0.05 compared to control.

Fig. 3. Western blot analysis of various Hex mutants. The var-
ious deletion mutants of Hex expression vectors shown at the top
were transiently transfected into HeLa cells. Cell extracts were sep-
arated by 15% SDS–polyacrylamide gel electrophoresis, followed by
transfer to a polyvinylidene difluoride membrane. Rabbit anti-Hex
IgG and HRP-conjugated donkey anti-rabbit IgG were used to
detect the Hex mutant proteins.
J. Biochem.
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the Hex mutants contain the nuclear localization signal
of simian virus 40 large T antigen, they are expected to
be mostly located in the nuclei. To confirm this, we per-
formed immunohistochemical analysis with anti-Hex
antibodies. As expected, Hex and its deletion mutants,
including Hex131–271, Hex131–196/236–271, Hex131–
196/217–271, and Hex197–271, were mainly detected in
the nuclei (data not shown). Furthermore, Hex2–197 and
Hex131–254 were also mainly observed in the nuclei,
when expressed as fusion proteins with GFP (data not
shown).

Hex2–197 Functions as a Dominant-Negative Mutant—
Although Hex2–197 contains the homeodomain, it is
incapable of activating the ntcp promoter. Thus, this
mutant could act as a dominant negative mutant as to
transactivating function of Hex. To test this possibility,
the indicated amounts of Hex and Hex2–197 expression
plasmids were co-transfected into Hep G2 cells with
pNLuc783. As shown in Fig. 4A, the level of reporter
activity induced by Hex decreased depending on the
amount of Hex2–197 added. These results suggest that
Hex2–197 functions as a dominant-negative mutant in
vivo. To examine this, we produced a recombinant adeno-
virus expressing Hex2–197 (Adv-dnHex) and infected
primary cultured rat hepatocytes with it. Adv-Blank
expressing GFP only was used as a control. Most hepato-
cytes were infected with these viruses judging from the
GFP expression (data not shown). Endogenous ntcp

expression was analyzed by Northern blot hybridization
and the results are shown in Fig. 4B. When the level of
ntcp mRNA was normalized as to that of mRNA for 36B4,
a ribosomal protein, the values for the control virus (Adv-
Blank) and Hex2–197 (Adv-dnHex) were 73 ± 16% (mean
± S.D.) and 34 ± 10% of the uninfected value, respectively.
These results indicated that overexpression of Hex2–197
suppressed endogenous ntcp expression in hepatocytes
and that this mutant functions as a dominant negative
mutant in vivo.

DISCUSSION

Ntcp expression is strictly limited to hepatocytes (28).
Denson et al. have shown that Hex activates the ntcp pro-
moter through a Hex response element (–733 to –714) in
Hep G2 hepatoma cells but not in COS-7 cells (20). Based
on these results, they suggested that Hex only activates
ntcp transcription in hepatocytes, and that a co-activa-
tor(s) is necessary for its hepatocyte-specific activation.
In contrast, the present study shows the activation of the
ntcp promoter by Hex in three different cell lines,
although the basal promoter activity was much higher in
Hep G2 cells than in HeLa and COS-7 cells, indicating
that there is essentially no cell type-specificity of ntcp
transcriptional activation by Hex. This difference may be
due to the different plasmids used to express Hex. We
used a strong expression plasmid, pCAGGS, which con-
tains the chicken β-actin promoter and cytomegalovirus
enhancer, β-actin intron and bovine β-globin poly-ade-
nylation signal (22). We observed about 5- and 3-fold
stimulation of the ntcp promoter activity by Hex in Hep
G2 and COS-7 cells, respectively. However, when Hex
was expressed under the control of a simian virus 40 pro-
moter, it failed to stimulate the promoter activity in COS-
7 cells. On the other hand, Denson et al. found only a 2-
fold increase in the activity caused by Hex in Hep G2
cells and no change in COS-7 cells. They used pcDNA3 as
a Hex expression plasmid, which contains the cytomega-
lovirus promoter. In addition, they did not examine the
effect of Hex on the ntcp promoter in other cell lines such
as HeLa cells.

In the current study, we attempted to further elucidate
which region of Hex comprises the activator domain. We
have shown that both the homeodomain (residues 137 to
196) and the carboxyl-terminal region (residues 197 to
271) are necessary for the full activating function of Hex.
Since the homeodomain is responsible for DNA-binding
(8), the carboxyl-terminal region, which is characterized
by its acidic nature, probably functions as an activator
domain.

Deletion of the activator domain from the carboxyl-end
impaired the activating function of Hex more severely
than that from the amino-end. Thus, amino acids resi-
dues 255 to 271 are more critical for the function of Hex
as a transcriptional activator.

It has been postulated that the transcriptional activa-
tion domain interacts with general transcription factors
or other co-activators in order to activate transcription
(29, 30). It has been reported that the TATA-box binding
protein binds to a fragment of Hex containing the homeo-
domain and carboxyl-terminal region (31). Therefore,
Hex may interact with this protein via the carboxyl-ter-

Fig. 4. Hex2-197 functions as a dominant-negative mutant.
(A) Hep G2 cells were co-transfected with reporter plasmid
pNLuc783, pCAG-Hex and increasing amounts of pCAGN-Hex2-
197. Luciferase activities are expressed relative to that in control
cells transfected with pCAGGS, which is set at 1. Data are the
means ± SD for three to six experiments. *p < 0.01 compared to
pCAG-Hex. (B) Rat hepatocytes were infected with the adenovirus
vectors shown. After 48 h, total RNA was isolated, and the levels of
ntcp and 36B4 mRNAs were determined by Northern blot hybridi-
zation. Data are representative of two experiments.
Vol. 135, No. 2, 2004
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minal region and may somehow contribute to the activa-
tion of transcription.

As mentioned above, Hex can function as either a tran-
scriptional activator or repressor. How is this switch reg-
ulated? It is known that other homeodomain proteins
such as NK-4 also act as a transcriptional activator or
repressor (32). When NK-4 interacts with co-activator
p300, it functions as an activator. However, when it inter-
acts with co-repressor Groucho, it functions as a repres-
sor. Furthermore, recent research has shown that a co-
activator of LIM-homeodomain proteins and a co-repres-
sor of LIM-homeodomain proteins can regulate each
other (33). This suggests that co-factors can self- or co-
regulate, which makes the direction of transcriptional
regulation positively or negatively. The context of cis-ele-
ments of target genes may also be an important factor for
recruiting a co-activator or co-repressor. We previously
identified the repression domain of Hex using Hex fusion
proteins with the GAL4 DNA binding domain (8). In this
case, the reporter plasmid contained GAL4 binding sites
and simian virus 40 enhancer located upstream of the
luciferase gene as cis-acting elements. On the other
hand, the ntcp promoter region used in this study has
been reported to interact with several transcription fac-
tors including Hex and hepatocyte nuclear factor 1 (28).
Some transcription factor(s) may be necessary for Hex to
recruit co-factors. Further research is required to clarify
these issues.

We observed that Hex2–197, with the deleted carboxyl-
terminal region, functions as a dominant-negative
mutant as to the transactivating function of Hex. To con-
firm this, primary cultured rat hepatocytes were infected
with Hex2–197–expressing adenovirus. We found that
over-expression of Hex2–197 decreased the level of ntcp
mRNA. Since this region contains the DNA binding
homeodomain, but not the activation domain, as men-
tioned above, it is reasonable to speculate that Hex2–197
inhibits the activating function of full length Hex
through competitive binding to target genes. Thus,
Hex2–197 acts as a dominant-negative mutant in vivo,
and will be a useful tool for determining the function of
Hex. Denson et al. found that the region comprising
amino acids 128 to 271 of mouse Hex functioned as a
dominant negative mutant as to the transactivating
function of full length Hex (20). The reason for this dis-
crepancy is not known at the present time, although rat
Hex was used for this study while they used mouse Hex.
The similarity of the amino acid sequences of these two
Hex species is very high (97%); six residues are different
in the amino acid 128–271 region and only 3 in amino
acid 2–197 region (5, 8). Thus, it is unlikely that the dis-
crepancy is due to the species difference.

This work was supported by in part by a Grant-in-Aid for Sci-
entific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan.
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