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Bachl functions as a transcriptional repressor of heme oxygenase-1 (HO-1) and the p-
globin genes. The enhancer regions of these genes contain multiple Maf recognition
elements (MAREs) to which Bachl can bind. Previous studies have shown that
increased levels of heme and cadmium induce the nuclear export of Bachl, resulting
in cytoplasmic accumulation. By means of a yeast two hybrid screening using Bachl
as bait, we identified the intracellular hyaluronic acid binding protein (IHABP) as a
potential regulator of Bachl. IHABP is a microtubule-associated protein that may
regulate the organization of the cytoskeletal network. A series of domain analyses
revealed that a region of Bachl previously implicated in cytoplasmic accumulation
was necessary for IHABP-binding. A C-terminal region of IHABP was necessary for
Bachl-binding. Overexpressed Bachl colocalized with IHABP in the cytoplasm, form-
ing fiber-like structures on microtubules. Fluorescence recovery after photobleach-
ing (FRAP) analysis revealed a dynamic nature of the Bach1-IHABP interaction in liv-
ing cells. The repression of HO-1 reporter activity by Bachl was attenuated by co-
transfecting IHABP in a dose-dependent manner. Moreover, the overexpression of
IHABP induced the endogenous HO-1 gene in NIH3T3 cells. The overall results sug-
gest that IHABP regulates the subcelluar localization of Bachl in order to fine-tune
transactivation of Bachl target genes such as HO-1.
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Abbreviations: Bach1l, BTB and CNC homology 1; FRAP, fluorescence recovery after photobleaching; HO-1, heme

oxygenase-1; IHABP, intracellular hyaluronic acid binding protein; MARE, Maf recognition element.

Heme oxygenase (HO) regulates the levels of cellular
heme and iron by catalyzing the first step of heme degra-
dation, which results in the release of iron, carbon mon-
oxide and the linear tetrapyrrol biliverdin. Biliverdin is
subsequently converted to bilirubin by the enzyme
biliverdin reductase (1, 2). Recently, HO-1, one of the HO
isozymes, has been widely recognized as a ubiquitous and
important protective enzyme in response to various con-
ditions of cellular stress. While HO-1 protects cells by
removing the pro-oxidant heme and generating catalytic
products with antioxidant, anti-inflammatory activities,
the cytoprotective function of HO-1 is manifested only
after its induction in response to diverse insults such as
heme, UV light, heavy metals, glutathione depletion, and
H,0, (3-7).

The enhancer regions of the HO-1 gene (hmox-1) con-
tain multiple Maf recognition elements (MARESs) that
mediate inducible expression (8, 9). The small Maf pro-
teins (MafF, -G, and -K) are dual-function transcription
factors that repress or activate hmox-1 depending on
their heterodimer partners. The small Maf/Bachl het-
erodimers bind to the hmox-1 MAREs to repress its
expression. The exchange of the small Maf dimerization
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partner from Bachl to Nrf2 is a key event in the switch
from repression to activation of Amox-1 (10-15). Both
heme and cadmium, strong inducers of hmox-1, promote
the switching of heterodimers on the Amox-1 enhancers
in cells. While Bach1 localizes in the nucleus under nor-
mal conditions when expressed together with small Maf
proteins, it is exported from the nucleus to the cytoplasm
in a Crml dependent manner in response to cadmium
and heme (16, 17). Bachl carries two separate nuclear
export signals, each mediating specific responses to heme
or cadmium. Whereas the C-terminal region, termed the
cytoplasmic localization signal (CLS), mediates cad-
mium-activated nuclear export, another region contain-
ing three heme-binding motifs functions as a heme-acti-
vated nuclear export signal [(16, 17), see Fig. 1A]. These
observations indicate that the regulation of the subcellu-
lar localization of Bachl is critical for the fine-tuning of
hmox-1 expression. In addition to these two nuclear
export signals, we found a region of Bach1 that facilitates
cytoplasmic accumulation (see Fig. 1). Because this
region is not a nuclear export signal, it may bind to a
cytoplasmic protein to anchor Bachl (16). To search for a
protein that realizes such a regulation, we carried out
yeast two hybrid screening using Bachl as bait. We
report here that intracellular hyaluronic acid binding
protein (IHABP), also known as the receptor for hyaluro-
nan-mediated motility (RHAMM) (18-22), is a potential
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regulator of Bachl, and, hence, the expression of ~Amox-1.
We show that IHABP mediates the anchoring of Bach1 to
the cytoskeleton, causing the induction of HO-1. Fluores-
cence recovery after photobleaching (FRAP) experiments
revealed the dynamic interaction of Bachl and IHABP in
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a living cell. Our results suggest that in addition to heme
and cadmium, Bach1 may receive signals from cytoskele-
tal structures to regulate ~Amox-1 expression.

MATERIALS AND METHODS

Reagents—Restriction endonucleases and other DNA-
modifying enzymes were purchased from either New
England Biolabs or Takara. Oligonucleotides were syn-
thesized by Invitrogen. Reagents for luciferase assays
were purchased from Promega. All other chemicals were
reagent grade.

Cell Culture—HEK293T cells and NIH3T3 cells were
cultured in Dulbecco’s modified Eagle’s medium
(Sigma) with 10% fetal bovine serum (JRH BioSciensces),
100 units/ml penicillin and 100 pg/ml streptomycin
(Invitrogen).

Plasmids—The bait plasmid for two hybrid screening
was constructed by inserting the Sall fragment of mouse
Bachl ¢cDNA (23) into the BamHI site of pGBT9 (Clon-
tech) after filling in the relevant DNA ends. The resulting
plasmid, pGBT-Bachl, encoded the entire Bachl ORF
fused with the DNA binding domain (DBD) of GAL4. The
pGBT-Bachl plasmid was digested with EcoRI, and then
self-ligated to yield pGBT-Bach1ABTB. pGBT-Bachl was
digested with BglIl and Scall, and then self-ligated
to yield pGBT-Bachl-BTB. PGBT-Bach1ABTBACI1,
pGBT-Bach1ABTBAC3 and pGBT-Bach1ABTBAC4 were
constructed by inserting EcoRI-Sall fragments from
Bach1AC1, Bach1AC3 and Bach1AC4 ¢cDNAs (14, 16, 17,
23) into EcoRI and Sall-digested pGBT9. Mammalian
expression plasmids for FLAG-tagged Bach1, Bach1ABTB,
Bach1AC1, AC3, and AC4 were described previously (16,
17). pEGFP-IHABP, encoding a fusion of EGFP and the
entire type A THABP, was described previously (19, 20).
pGFP-THABP was digested with Sacl and inserted into
the Sacl site of the pEGFP-C2 vector, resulting in
pEGFP-THABP(1-502). pEGFP-IHABP was digested with
Sacl and Hpal, and inserted into the SacI-Smal sites of
pEGFP-C2 vector, resulting in pEGFP-IHABP(1-464).
pEGFP-ITHABP was digested with Smal and Sall and
inserted into the BamHI site of the pcDNA3.1B FLAG
vector by blunt-end ligation, resulting in pcDNA3.1BFLAG-
IHABP. The N-terminal portion of THABP was PCR
amplified with primers HR-37F-B (5'-GTTAAGAATGAT-
CAATGTCCTTTCCTAAGGCGCCC-3') and HR-1428R-B
(5'-GTTAAGAATGATCATTACGCTTTATAGCTTTCAAA-
TTG-3'), digested with Bcll, and inserted into the
BamHI site of the pcDNA3.1BFLAG vector, resulting
in pcDNA3.1BFLAG-IHABP(1-464). pcDNA3.1BFLAG-
IHABP was digested with HindIII and self-ligated to
yield pcDNA3.1BFLAG-IHABP(1-166). pcDNA3.1BFLAG-

Fig. 1. Mapping of the IHABP-binding region on Bachl in
yeast two hybrid assays. (A) Schematic representations of Bachl
and its deletion derivatives fused with the GAL4 DBD are shown.
The thick line above Bachl indicates the putative cytoplasmic
anchoring region defined in our previous study (16). (B) Bach1 dele-
tion derivatives were examined for binding to IHABP in yeast two
hybrid assays. Growth on selection plates lacking histidine suggests
a positive interaction. DBD-Bach1ABTB and DBD-ABTBAC1 sup-
ported proliferation in the absence of histidine only when co-
expressed with AD-THABP.
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THABP was digested with Hpal and HindIIl, and the
resulting fragment was inserted into the BamHI
(blunted) and HindlIII sites of the pcDNA3.1BFLAG vec-
tor, resulting in pcDNA3.1BFLAG-IHABP(465-724). The
HO-1 reporter plasmid was described previously (12, 14)
and a kind gift of Dr. J. Alam.

Yeast Two-Hybrid Screening—Two-hybrid screening
in Saccharomyces cerevisiae was performed using the
Matchmaker two-hybrid system (Clontech) as described
previously (23). A mouse day 17 post coitus embryonic
Matchmaker ¢cDNA library (Clontech) was transformed
into the HF7c yeast strain along with the Bachl bait
plasmid, and selected for colony formation in the absence
of histidine. To confirm protein interactions in yeast cells,
HF7c cells were transformed with various combinations
of plasmids that express DBD-tagged and activation
domain (AD)-tagged molecules. Transformants were seri-
ally diluted in water and spotted onto His~ and His*
media to test for the activation of the GAL4-dependent
HIS3 reporter gene.

Immunocytochemistry—HEK293T cells were trans-
fected with various FLAG-tagged Bachl expression plas-
mids and/or various GFP-tagged IHABP expression plas-
mids, and cultured for 24 h. The cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
10 min at room temperature. After fixing, the cells were
washed in PBS and permeabilized in 0.5% Triton X-100
in PBS for 5 min. Cells were washed and treated for 30
min at 37°C with the anti-FLAG antibody (Sigma) at a
dilution of 1:500-1:1,000. Cells were washed three times
in PBS and then treated with fluorescein-conjugated
anti-mouse IgG antibodies diluted in 1% bovine serum
albumin/ PBS at a concentration of 1:200 at 37°C for 30
min. After washing, the cells were counter-stained with
10 uM Hoechst 33342 and mounted in Vectashield (Vec-
tor). The cells were then examined by fluorescence micro-
scopy. NIH3T3 cells were transfected with expression
plasmids for FLAG-tagged IHABP, IHABP(1-464),
Bachl, or MafK and cultured for 36 h. The cells were
fixed and stained with anti-FLAG (mouse) and anti-HO-
1 (rabbit) antibodies as described above. Cells were then
treated with Cy3-conjugated sheep anti—-mouse IgG anti-
bodies and FITC-conjugated goat anti—rabbit antibodies.

Coimmunoprecipitation—HEK 293T cells in 10-cm-
diameter dishes were transfected with FLAG-tagged
plasmids and other plasmids for 36 h. The cells were
washed twice with ice cold 4% PBS and were lysed in
buffer C [20 mM HEPES pH 7.9, 20% glycerol, 400 mM
NaCl, 1 mM EDTA, 1 mM MgCl,, 0.5 mM DTT, 0.5 mM
PMSF, 0.1% NP-40, 1x protease inhibitor cocktail
(Roche)]. The whole-cell extracts were pre-cleared by
centrifugation and a three-times volume of ID(O) buffer
(20 mM HEPES, 20% glycerol, 5 mM MgCl,, 1 mM DTT,
1.3 mg/ml BSA, 1x protease inhibitor cocktail) was added.
Extracts were incubated with anti-FLAG M2 affinity gel
(Sigma). Immunoprecipitates were washed four times
with the wash buffer (10 mM Tris-HCl1 pH 7.5, 100 mM
NaCl, 2 mM EDTA, 0.01% NP-40). The immunoprecipi-
tates were separated by SDS—polyacrylamide gel electro-
phoresis (PAGE, 7.5% gels unless indicated otherwise).
Following SDS-PAGE, the proteins were electro-trans-
ferred to PVDF membrane (Millipore). The membranes
were blocked for 1 h at 25°C in blocking buffer (3%
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Fig. 2. Mapping of the IHABP-binding region on Bachl in
mammalian cells. (A) Schematic representations of Bachl dele-
tion derivatives tagged with the FLAG epitope are shown. (B) 293T
cells were transfected with the indicated combinations of expres-
sion plasmids. Cell extracts were immunoprecipitated with FLAG
antibody and analyzed by immunoblotting using GFP antibody.
Inputs are shown below.

skimmed milk, 0.05% Tween 20 in TBS), and subse-
quently incubated with primary and secondary antibod-
ies in the blocking buffer for 1 hour at 25°C. To detect
immunoreactive proteins, we used ECL blotting reagents
(Amersham).

Photobleaching Experiments—Fluorescence recovery
after photobleaching (FRAP) was performed with a Zeiss
LSM510 confocal laser scanning microscope with a 63x/
1.4 plan-apochromat objective (24). Cells on round cover-
slips were transferred to a live-cell chamber FCS2 (Biopt-
ecs), mounted on the microscope stage, and kept at 37°C.
The objective was operated with an objective heater as
part of the FCS2 system. The fluorescence recovery of
HcRed-Bachl and EGFP-IHABP, bleached with a 543-
nm HeNe-laser (0.5 mW) and a 488-nm argon laser at
100% power, respectively, was monitored at 1% power at
time intervals as indicated in Fig. 5. Relative intensities
in the bleached area were measured and normalized to
the average intensity before bleaching.

Reporter Assays—HEK 293T cells were transfected
with the reporter plasmid together with various combi-
nations of expression plasmids for Bachl and THABP
using FuGene6 (Roche). Cells were cultured for 24 h and
cell lysates were prepared using the Luciferase Assay
System (Promega) following the supplier’s protocol.
Luciferase activities were measured with a Biolumat
Luminometer (Berthold). Firefly luciferase activity was
normalized to transfection efficiency as determined from
the control sea pansy luciferase activity (25). Three inde-
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Fig. 3. Mapping of the Bachl-binding site on IHABP in mam-
malian cells. (A) Schematic representations of IHABP and its dele-
tion derivatives tagged with EGFP or FLAG are shown. Three struc-
tural domains of IHABP are also shown: the amino-terminal head
(amino acid residues 1-69), which interacts with microtubules; an
extensive coil coiled stalk (aa 70-680); and a short carboxy-terminal
tail (aa 681-724) (20). (B) 293T cells were transfected with expres-
sion plasmids for FLAG-Bachl and the indicated EGFP-IHABP.

pendent experiments, each carried out in duplicate, were
performed, and the results were averaged and dia-
grammed with the standard errors.

RESULTS

Isolation of IHABP as a Bachl-Binding Pprotein—
Yeast two hybrid screening was used to identify proteins
that bind to Bachl. The bait plasmid expressed the full-
length mouse Bach1 fused to the DNA binding domain of
GAL4. Most of the candidate clones isolated from the
mouse day 17 embryo cDNA library were found to encode
small Maf proteins (MafF, -G, or -K) or Bachl. Small Maf
proteins are the authentic dimerization partners of
Bach1 through leucine zipper interaction, whereas Bach1
forms homo-oligomer through BTB domain—mediated
interaction. Isolation of these cDNAs verified the specifi-
city of selection. In addition to small Maf and Bachl, sev-
eral clones were found to encode a C-terminal portion of
IHABP.

Mapping of an IHABP-Binding Site on Bachl—QOur aim
was to identify a protein that binds to Bach1 through the
putative cytoplasmic anchoring domain. We first tried to
map an IHABP-binding site on Bachl. Bachl deletion
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Immunoprecipitation and immunoblotting were carried out using
the indicated antibodies. (C) 293T cells were transfected with expres-
sion plasmids for Bachl and the indicated FLAG-tagged IHABP
fragments. Immunoprecipitation and immunoblotting were carried
out using the indicated antibodies. Expression and immunoprecipi-
tation of IHABP fragments was confirmed by immunoblotting using
an anti-FLAG antibody (lower panel; bands are shown with arrows).

derivatives truncated at the N- or C-terminus (Fig. 1A)
were examined for binding to IHABP in yeast two hybrid
assays (Fig. 1B). DBD-Bachl, DBD-Bachl1ABTB, and
DBD-Bach1lABTBAC1 supported proliferation without
histidine in the presence of the activation domain (AD)-
tagged IHABP (Fig. 1B and data not shown). In contrast,
DBD-Bach1-BTB, DBD-BachlABTBAC3, DBD-Bachl-
ABTBAC4 did not support proliferation without histidine.
These results indicate that the region of Bachl between
bZip and CLS is necessary for binding to IHABP. Next,
we confirmed the binding of IHABP and Bachl in mam-
malian cells by employing co-immunoprecipitation exper-
iments using various fragments of Bachl (Fig. 2A). Con-
sistent with the results of the yeast two hybrid assays,
Bachl and BachlAC1 co-immunoprecipitated with
THABP in HEK293T cells (Fig. 2B). In contrast, Bach1-
AC3 did not co-immunoprecipitate. These results confirm
that the region between bZip and CLS of Bachl is
required for THABP-binding. This region overlaps with
the putative cytoplasmic anchoring region defined in our
previous study [(16), see Fig. 1A].

Mapping of a Bachl-Binding Site on IHABP—To map
a Bachl-binding site on IHABP, we constructed GFP-
tagged THABP deletion derivatives (Fig. 3A) and carried
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A

Fig. 4. Specific colocalization of Bachl with IHABP. 293T cells
were transfected with expression plasmids for various FLAG-tagged
Bachl and/or EGFP-tagged IHABP derivatives. Proteins were visu-
alized by confocal microscopy with anti-FLAG antibodies and EGFP
fluorescence. (A and B) EGFP-IHABP was expressed alone. Cells
in M phase (A) and interphase (B) are shown. (C) FLAG-Bachl
was expressed alone. (D-F) FLAG-Bachl and EGFP-IHABP were
co-expressed. Bachl (D), IHABP (E), and merged image (F). (G-I)
FLAG-Bachl and EGFP-IHABP(1-464) were co-expressed. Bachl
(G), IHABP (H), and merged image (I). (J-O) FLAG-Bach1AC3 or

out co-immunoprecipitation experiments in HEK 293T
cells. GFP-IHABP co-immunoprecipitated with Bachl,
confirming a specific interaction (Fig. 3B). In contrast,
GFP-ITHABP(1-464) and GFP-IHABP(1-502) did not co-
precipitate with Bachl. Thus, the Bachl-binding site on
THABP maps within its C-terminal region. This is con-
sistent with the fact that the C-terminal region of [HABP
was isolated in the initial two hybrid screening. To con-
firm that the C-terminal region of IHABP is sufficient for
binding to Bachl, we constructed the additional FLAG-
tagged deletion derivatives ITHABP(1-464), IHABP(465-
724) and THABP(1-166) (Fig. 3A). When co-expressed
with Bachl, only IHABP(465-724) co-precipitated Bach1l
(Fig. 3C). In conclusion, the Bachl-binding site on
ITHABP maps in the C-terminal region of IHABP between
residues 503 and 724.

Bachl Colocalizes with IHABP—IHABP possesses a
microtubule-binding region in the extreme N terminus
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AC4 and EGFP-IHABP were co-expressed. Bachl (J and M), ITHABP
(K and N), and merged images (L and O). (P) 3D reconstruction from
light optical sections of 293T cells expressing EGFP-IHABP (green)
and FLAG-Bachl (red). (Q) 293T cells were transfected with the
indicated expression plasmids. The subcellular localization of Bach1
was classified into three categories: C, cytoplasmic-dominant accu-
mulation (black bar); C/N, roughly equal distribution in cytoplasmic
and nuclear compartments (grey bar); and N, nuclear-dominant
accumulation (white bar). Results of counting 200 cells are shown.

(see Fig. 3A) that mediates interactions with microtu-
bules and actin filaments in vitro and in vivo (20). This
fact prompted us to examine whether IHABP affects the
subcellular localization of Bachl. IHABP accumulated
within the cytoplasm when expressed in HEK 293T cells.
Consistent with previous reports (I8, 20), we often
observed that IHABP formed fiber-like structures (Fig. 4,
A and B). When Bach1 was expressed in HEK 293T cells,
it distributed diffusely in both the nucleus and cyto-
plasm, with intense staining in the cytoplasm (Fig. 4C).
When Bachl was co-expressed with ITHABP, Bachl was
excluded from the nuclear region (Fig. 4, D-F and Q).
Furthermore, when IHABP formed fiber-like structures,
Bachl co-localized with the IHABP fibers (Fig. 4, D-F).
Three-dimensional analysis of Bachl-IHABP distribu-
tion clearly indicated their close association on fiber-like
structures (Fig. 4P). These results suggest that IHABP
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Fig. 5. Dynamic interaction of Bachl and ITHABP.
Cells expressing HcRed-Bachl and EGFP-IHABP
were subjected to a local bleach pulse, and the kinet-
ics of fluorescence recovery in the bleached area was
determined. (A-I) An example of the primary data
obtained using the photobleaching protocol. The
arrow indicates a photobleached area. Merged images
of HcRed-Bachl and EGFP-IHABP (A, D, G), HcRed-
Bachl (B, E, H) or EGFP-IHABP (C, F, I) before pho-
tobleaching (A-C), just after photobleaching (D-F),
and 20 s after photobleaching (G-I) are shown. Bar, 5
pm. (J and K) Quantitative FRAP analysis of HcRed-
Bachl (J) and EGFP-IHABP (K). Recovery of fluores-
cence was measured at the indicated time points after
the bleach pulse. All data points represent the means
of 5 different measurements, and the error bars indi-
cate twice the standard error. Intensities before and
just after photobleaching were set to 100 and 0%,
respectively.
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may play a role in Bach1 anchoring on microtubule-con-
taining structures within the cytoplasm.

To examine the correlation between Bachl-IHABP
binding and the observed co-localization, we compared
the subcellular localizations of truncated forms of Bach1l
and THABP lacking respective binding regions (Fig. 4, G—
0). IHABP(1-464) formed the same fiber-like structures
on microtubules as the full-length THABP (Fig. 4H). This
is consistent with the presence of the microtubule-bind-
ing region on IHABP(1-464) (Fig. 3A). Co-expressed
Bachl localized diffusely in both the nucleus and the
cytoplasm without showing any fiber-like structures on
microtubules (Fig. 4G). Next, we co-expressed Bach1A3
(Fig. 4, J-L) or Bach1A4 (Fig. 4, M—O) together with the
full-length THABP in HEK 293T cells. While Bach1A3
was observed in both nuclear and cytoplasmic regions,
Bach1A4 was found predominantly in the nucleus (Fig. 4,
J, M, Q, and data not shown). Importantly, these frag-
ments did not show co-localization with THABP in the
cytoplasm (Fig. 4, L and O). These results suggest that
THABP anchors Bachl on microtubules in the cytoplasm
through a direct interaction with Bach1.

Dynamic Interaction of Bach1 and IHABP—As described
above, immunofluorescence staining revealed that Bachl
and THABP colocalize on microtubules. Such a structure
may irreversibly inactivate Bachl by achieving static
anchoring. Alternatively, the Bach1-IHABP interaction
may be dynamic, allowing a conditional regulation.
To distinguish these possibilities, we investigated the
dynamics of Bachl and IHABP on microtubules in living
cells by performing fluorescence recovery after photo-
bleaching (FRAP) analysis (24, 26). A HcRed-Bachl
expression plasmid was co-transfected with a GFP-
THABP expression plasmid into GM02063 cells 24 h
before FRAP analysis. After simultaneous photobleach-
ing of the HcRed and GFP signals on microtubules (Fig.
5, D-F), the fluorescence recovery of each signal in the
bleached region was measured (Fig. 5, G-I). Interest-
ingly, the recovery patterns of the fluorescence signals
were different between Bachl and IHABP. HcRed-Bach1l
showed very rapid recovery that was complete within
~10s after bleaching. On the other hand, GFP-IHABP
showed relatively slow fluorescence recovery. Quantita-
tive data sets are shown in Fig. 5, J and K. These results
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Fig. 6. IHABP attenuates Bachl-mediated repression of the
HO-1 gene reporter. (A) Schematic representations of the HO-1
reporter. The HO-1 reporter contains several MARE sequences
within the enhancer regions that are bound by Bach1. (B) 293T cells
were cotransfected with the HO-1 reporter with or without FLAG-
Bachl, FLAG-IHABP, FLAG-THABP(1-464), FLAG-IHABP(1-166),
and FLAG-THABP(465-724). The experiments were performed in
triplicate, and the luciferase activities were normalized to Renilla
luciferase activity.

indicate that Bachl and IHABP have different binding
properties to microtubules: while IHABP forms a static
structure, Bachl is in dynamic equilibrium.

IHABP Attenuates the Repression of HO-1 by Bachl—
Considering that the HO-1 gene is repressed by Bachl,
we next investigated whether IHABP might influence
HO-1 gene repression by Bachl. We examined the influ-
ence of THABP on HO-1 reporter activity in transfection
assays. The HO-1 reporter contains several MARE
sequences within the enhancer regions that are bound by
Bachl (Fig. 6A). As shown previously (14), the HO-1
reporter activity was repressed by Bachl. When THABP
was co-expressed, the Bachl-mediated repression was
attenuated by IHABP in a dose-dependent manner (Fig.
6B and data not shown). IHABP(465-724) also attenu-
ated the repression by Bachl (Fig. 6B), consistent with
its ability to bind to Bachl. Unexpectedly, IHABP(1-464)
and THABP(1-166) that lacked the Bachl-binding site
also attenuated the repression by Bachl (Fig. 6B).
Although the molecular basis for this effect is not clear,
these IHABP fragments may cause this effect through
their binding to microtubules, which then transmit a sig-
nal to activate MARE-dependent gene expression. One
possibility is that in addition to its inhibitory effect upon
Bach1, IHABP may activate transcription factors such as
Nrf2, counteracting the repressor activity of Bachl. Con-
sistent with this idea, both IHABP(1-464) and the wild-
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Fig. 7. IHABP induces the expression of endogenous HO-1
gene. (A) NTH3TS3 cells proliferating on glass coverslips were trans-
fected with expression plasmids for FLAG-IHABP. After 36 h, the
cells were stained for IHABP and HO-1. The merged image shows
THABP (red), HO-1 (green), and nuclei (blue). (B) NIH3T3 cells
were transfected with expression plasmids for FLAG-IHABP,
FLAG-IHABP(1-464), FLAG-Bachl, or FLAG-MafK. The frequen-
cies of HO-1 expressing cells were counted in both FLAG-positive
cells (+) and apparently FLAG-negative cells (-) on the same cover-
slips.

type THABP showed weak activation of the HO-1
reporter activity in the absence of Bachl (Fig. 6B). How-
ever, ITHABP(1-166) did not affect the basal reporter
activity. Further analysis is required to understand the
molecular basis underlying the observed effects.

Having shown that IHABP modulate HO-1 reporter
activity, we next investigated whether the overexpression
of THABP induces the expression of the endogenous HO-1
gene. We showed previously that the HO-1 gene is
repressed by Bachl in NIH3T3 cells under normal cul-
ture conditions, and that the departure of Bach1 from the
enhancers precedes gene expression (14, 15). Using this
system, we examined whether IHABP regulates the HO-
1 gene. We overexpressed IHABP in NIH 3T3 cells and
examined the expression of endogenous HO-1 by immun-
ofluorescent staining (Fig. 7A). More than 60% of the
IHABP-expressing cells detected by FLAG staining
expressed endogenous HO-1 at high levels. When ITHABP
non-expressing cells were examined, most of these cells
were negative for HO-1 staining, and only 20% expressed
HO-1 (Fig. 7, A and B). It should be noted that some of
these cells judged to be IHABP-non expressing may actu-
ally express IHABP since the HO-1-expression frequency
was below 10% in mock-transfected cells. Importantly,
deletion of the C-terminal region of IHABP significantly
reduced the effect on HO-1 expression (Fig. 7B). However,
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Fig. 8. A model describing the regulation of ho-1 or other tar-
get genes by Bachl and IHABP. In addition to MafK, other Maf-
related factors may also serve as partners for Bachl. Bachl occu-
pies MARE enhancers to repress transcription under normal condi-
tions. An increase in heme or cadmium levels alleviates Bachl-
mediated repression through the inhibition of its DNA binding
activity, nuclear export, and subsequent dynamic trapping by the
cytoplasmic IHABP, making MAREs available for activating Maf
complexes including Nrf2 or p45 NF-E2.

the effect on HO-1 induction was not completely lost by
deleting the C-terminal Bachl binding domain. This
observation again suggests a Bachl-independent activity
of IHABP upon gene expression that may be related to
the observations in the reporter gene assays described in
Fig. 6B. The induction of endogenous HO-1 by IHABP
was judged to be specific because neither Bachl nor
MafK expression produced this effect (Fig. 7B). We con-
sider that these results are consistent with the interpre-
tation that ITHABP anchors Bachl on microtubules in
cytoplasm to counteract HO-1 repression by Bachl.

DISCUSSION

Based on its interaction with cytoskeletal proteins,
THABP has been suggested to play a role in the organiza-
tion of the cytoskeletal network, and thus cell morphol-
ogy and motility (27). In PC12 cells, IHABP interacts
with extracellular regulated kinase (ERK), suggesting an
additional role for IHABP in signal transduction (28). In
this study, we identified IHABP as a potential regulator
of Bachl. The identification of an IHABP-Bach1 interac-
tion suggests that IHABP regulates gene expression by
sequestering Bach1 in the cytoplasm. Several lines of evi-
dence support this notion. First, we confirmed the inter-
action in both yeast and mammalian cells. Second, the
THABP-binding region of Bachl overlaps with the region
that is important for the cytoplasmic accumulation of
Bachl (16). Consistently, the subcellular localization of
Bach1AC3 and Bachl1AC4 lacking the interacting region
was not affected by IHABP. A direct interpretation of the
available data suggests that IHABP is a Bachl-anchor-
ing protein. Third, FRAP analysis revealed the dynamic

C. Yamasaki et al.

nature of the Bach1l-THABP interaction in a living cell.
This finding excludes the possibility that the Bachl-
THABP complex reflects non-functional protein aggrega-
tion due to overexpression. Rather, the dynamic interac-
tion strongly supports that IHABP shifts the equilibrium
of Bachl distribution. Because Bachl is regulated by
nuclear export, the presence of IHABP in the cytoplasmic
region is likely to facilitate cytoplasmic accumulation.

The subcellular localization of transcription factors is
often regulated by association with cytoskeletal proteins.
For example, the direct association between the SAMD
protein and microtubules negatively regulates TGF- sig-
nalling (29). A direct association between the myc-inter-
acting zinc finger protein (MIZ-1) and microtubules is
involved in the transcriptional regulation of the low-den-
sity lipoprotein receptor (LDLR) gene (30). An associa-
tion between the Cubitus interruptus(Ci) transcription
factor and microtubule-binding protein, Costal-2, is criti-
cally important in the Drosophila hedgehog pathway
(81). An actin-binding protein, Keapl, interacts with
Nrf2, sequestering it in the cytoplasmic region (32, 33) .
However, the dynamics of such interactions in living cells
remains to be explored. We found here that the interac-
tion between Bachl and THABP is in dynamic equilib-
rium. This observation suggests that slight changes in
the amounts of proteins or binding affinity, which may be
achieved by protein modification, can substantially affect
the nuclear amount of Bachl. Taken together with our
previous findings, we suggest the integrated model
depicted in Fig. 8. In this model, the subcellular distribu-
tion of Bachl is determined by three factors: constitutive
nuclear import, cadmium- and heme-inducible nuclear
export, and cytoskeletal anchoring by THABP. Distinct
nuclear export signals on Bachl are involved in the heme
and cadmium responses. Once exported from nuclei,
THABP anchors Bachl in a dynamic way in the cytoplas-
mic region, allowing the induction of Bachl target genes
such as HO-1 by Nrf2 (34, 35) or other activators. When
oxidative stress is reduced or heme levels are lowered
due to HO-1 activity, the nuclear export of Bachl is inac-
tivated. Because of the dynamic nature of the anchoring
by IHABP, Bachl would now readily accumulate within
the nuclei to reassume repression. Such a combination of
dynamic regulations of Bach1 activity appears important
to achieve the conditional expression of target genes such
as HO-1 in response to various physiological and patho-
logical stimuli.

The fact that IHABP is a microtubule-associated pro-
tein raises important questions in terms of Bach1 regula-
tion. First, because cytoskeletal structures change during
the cell cycle, one may wonder whether the Bachl-
THABP interaction is also under cell cycle control. Sec-
ond, because cytoskeletal structures change in response
to various stresses (36—41), the inducible expression of
HO-1 may also be achieved, at least in part, through
changes in cytoskeletal structures. Further studies along
these lines may shed light on how Bachl regulates gene
expression in the context of the cell cycle and stress
responses.
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