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hic-5 was originally isolated as an H2O2-inducible cDNA clone whose product was normally
found at focal adhesions. In this study, we found that Hic-5 accumulated in the nucleus in
response to oxidants such as H2O2. Other focal adhesion proteins including paxillin, the most
homologous to Hic-5, remained in the cytoplasm. Mutation analyses revealed that the C- and
N-terminal halves of Hic-5 contributed to its nuclear localization in a positive and negative
manner, respectively. After the finding that leptomycin B (LMB), an inhibitor of nuclear export
signal (NES), caused Hic-5 to be retained in the nucleus, Hic-5 was demonstrated to harbor NES
in the N-terminal, which was sensitive to oxidants, thereby regulating the nuclear accumulation
of Hic-5. NES consisted of a leucine-rich stretch and two cysteines with a limited similarity to
Yap/Pap-type NES. In the nucleus, Hic-5 was suggested to participate in the gene expression of
c-fos. Using dominant negative mutants, we found that Hic-5 was actually involved in endoge-
nous c-fos gene expression upon H2O2 treatment. Hic-5 was thus proposed as a focal adhesion
protein with the novel aspect of shuttling between focal adhesions and the nucleus through an
oxidant-sensitive NES, mediating the redox signaling directly to the nucleus.

INTRODUCTION

The hic (hydrogen peroxide-inducible clone)-5 gene was
originally isolated as one of the TGF�1- and H2O2-inducible
cDNA clones from mouse osteoblastic cells in an effort to
understand the biological relevance of the finding that
TGF�1-stimulated cells to release H2O2 (Ohba et al., 1994;
Shibanuma et al., 1994). Since its discovery, its biological
functions have been studied, and its ectopic expression has
been found to affect cellular growth and differentiation; in
immortalized human fibroblasts, it suppressed cellular
growth and induced a morphological change similar to that
of senescent cells (Shibanuma et al., 1997). Rat osteoblast
clones overexpressing Hic-5 exhibited a slowed rate of
growth and more differentiated phenotypes in response to
retinoic acid (Shibanuma and Nose, 1998). A Drosophila or-
tholog of Hic-5 was proposed to be a switch to block the
differentiation process and to induce cell death in muscle
development (Hu et al., 1999), whereas we found that mam-

malian Hic-5 could be a positive regulator of myogenic
differentiation of an early stage (Shibanuma et al., 2002).
However, the precise mechanisms underlying these biolog-
ical effects of Hic-5 as well as their relation to H2O2 and
TGF�1 signals remained undefined.

hic-5 encodes a LIM protein that is most homologous to
the focal adhesion protein, paxillin (reviewed by Turner,
2000). Together with two other newly identified LIM pro-
teins, leupaxin and paxB (Lipsky et al., 1998), paxillin and
Hic-5 are suggested to constitute a new family of LIM pro-
teins. In addition to having four contiguous LIM domains in
their C-terminal half, the members have common LD motifs
in the N-terminal half (Brown et al., 1998). Both the LD
motifs and LIM domains potentially serve as an interface for
protein–protein interactions (Dawid et al., 1995). The mem-
bers of this family are localized at specialized structures at
the cell surface, so called focal adhesion sites or complexes in
fibroblasts. These structures not only mediate the physical
link between the extracellular matrix (ECM) and intracellu-
lar actin cytoskeleton but also coordinate and transmit the
information from the cell surface to the nucleus (reviewed
e.g., by Giancotti and Ruoslahti, 1999). Paxillin has been
demonstrated to interact with a host of signaling molecules
at focal adhesion sites and is proposed to function as an
adapter under integrin (reviewed by Turner, 2000). As pre-
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dicted from the extensive similarity in structural features,
Hic-5 shares some of the interacting proteins such as FAK/
FRNK, PYK2, Csk, vinculin, and PTP-PEST with paxillin
(Fujita et al., 1998; Matsuya et al., 1998; Nishiya et al., 1999;
Thomas et al., 1999). Like paxillin, Hic-5, thus, has been
expected to serve as an adapter protein at focal adhesions
either competitively or complementarily to paxillin (Fujita et
al., 1998; Nishiya et al., 2001).

In a previous study, we occasionally observed that Hic-5,
although only in small amounts, was localized in the nu-
cleus of certain cells (Shibanuma et al., 1997). Recently, we
proposed that Hic-5 accumulated in the nucleus under oxi-
dative stress in mouse osteoblastic cells (Shibanuma et al.,
2001), inconsistent with the idea that Hic-5 functions only as
an adapter at focal adhesions. Identification of Hic-5 as a
coactivator of steroid receptors also challenged the previous
notion (Fujimoto et al., 1999; Yang et al., 2000). Besides, Yang
et al. (2000) reported that a fraction of Hic-5 was associated
with the nuclear matrix. These apparently incompatible
findings tempted us to hypothesize that Hic-5 could be
distributed both at focal adhesions and in the nucleus de-
pending on cellular conditions. Recently, members of an-
other LIM protein family, zyxin, LPP, and Trip6, have been
demonstrated to shuttle between focal adhesions and the
nucleus in a Crm1/exportin-dependent manner (Nix and
Beckerle, 1997; Petit et al., 2000; Nix et al., 2001; Wang and
Gilmore, 2001). Most recently, paxillin was added to the list
(Woods et al., 2002). In zyxin, LPP and Trip6, nuclear export
signal (NES)s have been identified which were leucine-rich
and conserved. These findings led us to the idea that mem-
bers of these LIM protein families including Hic-5 were
localized both at focal adhesions and the nucleus with dual
functions, thereby integrating signals from outside of cells
into nuclear activity directly.

In the present study, we attempted to substantiate the
finding that Hic-5 is accumulated in the nucleus in response
to oxidants such as H2O2 and clarify the molecular mecha-
nisms underlying the nuclear accumulation. Furthermore,
we addressed the pertinent function of Hic-5 in the nucleus.

MATERIALS AND METHODS

Cell Culture and Chemicals
Mouse MC3T3 osteoblastic cells, C3H10T1/2 fibroblastic cells, and
human TIG-7 normal diploid fibroblasts were grown in Dulbeco’s
modified MEM (MC3T3 and TIG-7) and MEM (C3H10T1/2) sup-
plemented with 10% fetal calf serum, respectively, as reported pre-
viously (Ohba et al., 1994). C2C12 mouse myoblastic cells were
maintained as described previously (Nishiya et al., 1999). LMB was
kindly provided by Dr. M. Yoshida (Tokyo University). Diethyl
maleate was obtained from Aldrich Chemical Company, Inc. (Mil-
waukee, WI). TGF�1 was obtained from Genzyme/Techne (Minne-
apolis, MN). Other reagents used in this study were purchased from
Sigma Chemical Co. (St. Louis, MO).

The MEF#43/Tet-Off/LD1 mhic-5 cell line was established from
the MEF/3T3 Tet-Off cell line by stably introducing pTRE-LD1
mhic-5, a pTRE-based tetracycline-responsive expression plasmid
for HA-tagged LD1mhic, which was constructed by integrating the
LD1 mhic-5 cDNA (Nishiya et al., 2001) into the cloning site of pTRE.
This cell line was maintained in MEM supplemented with 10% fetal
calf serum and 2 ng/ml doxycycline. Both pTRE and the Tet-Off cell
line were purchased from Clontech Laboratories, Inc. (Palo Alto,
CA), and the above procedure was carried out according to the
manufacturer’s manual. Immortalized mouse fibroblasts including

the parental MEF/3T3 Tet-Off cell line showed lower expression
levels of Hic-5 than normal and mortal mouse fibroblasts (Ishino et
al., 2000). In MEF#43/Tet-Off/LD1 mhic-5, HA-tagged Hic-5 was
induced and the total amount of Hic-5 protein reached almost the
same level as in normal and mortal mouse fibroblasts 24 h after the
removal of doxycycline (�Tet) (our unpublished results) and used
for the experiments.

Construction of Expression Plasmids
Mammalian expression plasmids, pCG-LD1 mhic-5, -hhic-5, and
pcDNA3.1A-hhic-5, for HA- or Myc-tagged wild-type mouse (m) or
human (h) Hic-5, respectively, or pCG-pax for paxillin (HA-tagged)
were as previously described (Nishiya et al., 2001). pCG-mhic-5 was
the alternative form of pCG-LD1 mhic-5, including the insert of the
PCR-amplified mouse original, the LD1-null form of hic-5 cDNA
(Shibanuma et al., 1994; designated as mhic-5). Flag-mhic-5/
pcDNA3 was generated enzymatically by excising the mhic-5 cDNA
fragments from the pCG series and inserting into the cloning vector
of pcDNA3 (Invitrogen, San Diego, CA) including Flag tag.

To construct expression plasmids for the chimeric proteins, pCG-
hic/pax and pCG-pax/hic, an amino acid portion (228–461) of the
human hic-5 cDNA fragment in pCG-hhic-5 was substituted with
residues 324–557 of paxillin in pCG-hic/pax, and 1–227 of Hic-5
with 1–322 of paxillin in pCG-pax/hic, respectively. In both cases,
the cDNA fragments for paxillin were generated by PCR. The 5� ScaI
or 3� StuI sites incorporated at the ends of the primers for PCR were
used to join each paxillin fragment to the Hic-5 fragment in-frame at
the StuI site of Hic-5 codon 226 to yield pCG-hic/pax or pCG-pax/
hic, respectively.

pCG-paxLIM was for the LIM-only domain of paxillin and was
constructed by PCR amplification of the sequence encoding amino
acids 307–557 of paxillin. For the expression plasmid of the LIM-
only domain of Hic-5, the human hic-5 cDNA fragment encoding
amino acids 220–461 was amplified. A Kozak consensus ATG start
codon was incorporated into the 5� primer immediately in front of
codon 220. The insert was subcloned into the vectors,
pcDNA3.1(�)/Myc-HisA (Invitrogen) and pCG-N-BL (Hirai et al.,
1994), to construct pcDNA3.1A-hhicLIM and pCG-hhicLIM, respec-
tively.

pCG-LD1 mhic/mL1,/mL2,/mL3 were created with restriction
enzymes by replacing the wild-type portion on pCG-LD1 mhic with
the corresponding portion containing the LIM disrupted by site-
directed mutagenesis as described before (Nishiya et al., 1999).

A set of C-terminal deletion mutants of LD1 mhic-5 was created
on the basis of pCG-LD1 mhic-5. The regions that involved the
selected LIM domains were deleted using a pair of restriction en-
zymes followed by blunting when necessary. The deleted regions
and the flanking enzymes used were as follows; pCG-LD1 mhic/
delL4 and/ml3-delL4, 5� PmaCI to 3� EcoRV (from amino acids
408–461);/delL1,2, 5� PstI to 3� PstI (212 to339);/delL2,3,4, 5�
BstP1–3� EcoRV (301–461).

A set of N-terminal deletion mutants of hhic-5 was created on the
basis of pCG-hhic-5. pCG-delLD3–4hhic-5 and pCG-delLD3hhic-5
were described previously (Nishiya et al., 2001). pCG-delLD1–
2hhic-5 was constructed by inserting the PCR-amplified cDNA frag-
ment containing the coding region of human hic-5 (146–461) with
the first additional methionine into pCG-N-BL vector.

The site-directed mutagenesis for the NES functional analysis was
carried out on pKF 18k (Takara Shuzoh Co., Kyoto, Japan) with
Takara’s Mutan-Super Express Km Kit according to the manufac-
turer’s instructions. The amino acid substitutions in each mutant,
which were based on pCG-mhic-5, were as follows: pCG-mLD2
mhic-5; L73A/L76A, mLD3; L144A, mCf/N; C47N, mCl/S; C74S,
mCfl/NS; C47N and C74S. The mutant of LD4 was described else-
where (Shibanuma et al., 2001). The mutated fragments in pKF 18k
were transferred to pCG-mhic-5 by restriction enzymes.

The fusion protein for the analysis of NES activity was expressed
from a plasmid constructed as follows: parts of the coding sequence,
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LD3; amino acids 131–154, CC-LD3; 41–154 of mhic-5, were inserted
into pCG-paxLIM, so as to be expressed as (LD3)LIM and (CC-
LD3)LIM in which the LD3 and CC-LD3 portions were placed at the
N-terminal of the LIM domains of paxillin. (Hic(N))LIM was equiv-
alent to the chimeric protein expressed from pCG-hic/pax described
above.

The nuclear targeted version of the proteins used as effectors in
the luciferase assay was engineered by inserting a PCR-amplified
nuclear localization signal (NLS) from SV40 large T antigen into the
plasmids to express the fusion proteins carrying NLS at their N-
terminals.

All PCR amplifications were carried out with pfu grade polymer-
ase, and the products including those with the mutations intro-
duced were verified by DNA sequencing.

Immunocytochemistry, Immunoblotting, and
Antibodies
The expression plasmids were introduced into cells using a conven-
tional calcium phosphate precipitation method. In the case of TIG-7,
TransIT-LT1 reagent purchased from PanVera (Madison, WI) was
used. After being incubated in complete medium for 24 h, the cells
were processed for immunocytochemistry or lysed for immunoblot-
ting.

Immunofluorescence labeling and immunoblotting were per-
formed as described previously (Ishino et al., 2000). Fluorescence
microscopy was carried out using an Axioskope microscope (Zeiss,
Tokyo, Japan) equipped with a high speed cooled digital CCD
camera fluorescence imaging system (Argus HiSCA, Hamamatsu
Photonics, Hamamatsu, Japan) or a confocal system composed of a
multi-pinhole confocal scanner (CSU10Z, Yokogawa Electric, To-
kyo, Japan).

The anti-mouse Hic-5 polyclonal antibody (number 1024) and the
monoclonal anti-HA antibody (12CA5) were as described previ-
ously (Nishiya et al., 1999; Ishino et al., 2000). The monoclonal antivin-
culin antibody was purchased from Sigma Chemical Co. (St. Louis,
MO) and antimyc tag antibodies from Invitrogen, respectively.

Luciferase Assay
The transient transfection of plasmids was performed by a conven-
tional calcium phosphate precipitation method. The cells used here
were C2C12 cells in which the nuclear localization of endogenous
Hic-5 was suppressed for some unknown reason (unpublished
data). For construction of the c-fos luciferase reporter, a 5� upstream
fragment of human c-fos (�2.2 kb) including the TATA and Cap site
was subcloned into the pGL3 basic luciferase reporter plasmid
(Promega Corporation, Madison, WI). The transfected plasmid mix-
ture included 1 �g each of the reporter and effector plasmids to-
gether with 0.02 �g of an internal control plasmid, pRL/CMV
(Promega Corporation) per assay. Total DNA was kept constant by
addition of an empty vector. Luciferase activities were quantified
24 h after the transfection using a Dual Luciferase Assay kit (Pro-
mega). Each assay was done in duplicate and repeated at least three
times, and values were normalized with the renilla luciferase activ-
ity expressed from pRL/CMV.

RESULTS

Nuclear Accumulation of Hic-5 in Response to
Oxidants
Among a variety of agents including growth factors (serum,
TGF�1, TNF-�, PDGF), protein kinase and phosphatase in-
hibitors, and genotoxic substances (bleomycin, adriamycin),
a set of chemicals including H2O2 that modify the cellular
redox state induced a marked change in the subcellular
localization of Hic-5 in several cell lines such as murine

fibroblasts; a significant fraction of Hic-5 was localized in the
nucleus by H2O2 with the rest remaining at the focal adhe-
sions 60 min after the treatment (Figure 1A, Hic-5, �). Al-
though a faint signal was detected in the nucleus even under
the unstimulated condition, depending on the cell lines as
mentioned above and in our previous work (Shibanuma et
al., 1997), the intensity was significantly increased by H2O2.
In contrast to Hic-5, a focal adhesion marker, vinculin, was
retained at the focal adhesions or in the cytoplasm, being
apparently excluded from the nucleus (Figure 1A, vin, �).
The localization of Hic-5 within the nucleus was proved by
confocal laser scanning microscopy; as shown in Figure 1B,
�, an optical section passing through the center of the nu-
cleus clearly showed Hic-5 present within the nucleus ex-
cept the nucleoli after the treatment. The nuclear localization
was discerned from 10 min and clearly evident 30 min after
the treatment as shown in the upper row of Figure 2A. Of
note, upon removal of H2O2, the signal intensity promptly
shifted from the nucleus to the cytoplasm and relocalized to
the cytoplasm within 30 min as shown in the lower row of
Figure 2A. On the contrary, Hic-5 stayed in the nucleus as
long as H2O2 was present in the medium. The pretreatment

Figure 1. Nuclear accumulation of endogenous Hic-5 in the pres-
ence of H2O2. C3H10T1/2 (A) and MC3T3 (B) cells were treated
with (�) or without (�) 1.5 mM (A) or 0.5 mM (B) H2O2 for 60 min.
After fixation, the cells were processed for coimmunostaining with
the antibody to Hic-5 and vinculin. The localization of the proteins
was examined using a microscope (A) or a laser scanning confocal
microscope (B). Bars, 20 (A) and 10 (B) �m.
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with cycloheximide did not inhibit the nuclear localization
induced by H2O2 (our unpublished results), suggesting that
Hic-5 localized at focal adhesions was redistributed into the
nucleus. In Figure 2B, the nuclear accumulation observed at

several H2O2 doses is shown. Above 0.5 mM of H2O2, most
of the signal was detected in the nucleus, suggesting that
considerable amount of Hic-5 was localized in the nucleus.
Through image analysis, the increase in the signal intensity

Figure 2. Time- and dose-de-
pendent nuclear accumulation of
Hic-5 in response to H2O2. (A)
MEF#43/Tet-Off/LD1 mhic-5 in-
duced to express the HA-tagged
Hic-5 by removal of doxycycline
(�Tet) was exposed to H2O2 (1.0
mM) for the period indicated (up-
per row). In the lower row, after
30 min exposure to H2O2, the me-
dium was replaced with the con-
ditioned medium without H2O2,
and the cells were further incu-
bated for 0, 10, 30, and 60 min.
The cells were then fixed and im-
munolabeled with the antibody
to HA tag. (B) Cells were exposed
to H2O2 at the indicated doses for
30 min, and then coimmun-
stained with the antibody to HA
tag (Hic) and vinculin (vin). DNA
was stained with DAPI for local-
izing the nuclei. Bars, 20 �m. (C)
The extent of the nuclear localiza-
tion was evaluated on the image
of (B, Hic) by measuring the cy-
toplasmic and nuclear signal in-
tensity of individual cells with
AquaCosmos image acquisition
and analysis system (Hamamatsu
Photonics; K. K. Hamamatsu, Ja-
pan). The values were mean �
SD obtained from at least six
cells.
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in the nucleus was quantitatively shown in Figure 2C. At
higher doses, the signal of vinculin became faint and dif-
fusely distributed in the cytoplasm surrounding the nucleus,
suggesting that the focal adhesion structure was disturbed
to some extent. However, the disruption of the focal adhe-
sion structure was considered to play only a minor role, if
any, in inducing the nuclear localization of Hic-5 as noted
below. The survival rate of the cells was retained above 80%
for 15 h under these conditions (our unpublished results).

The oxidants, N-ethyl maleimide and diethyl maleate
(DiM), both of which are known as sulfhydryl reactive re-
agents were also tested as to whether they affected the
localization of Hic-5 and vinculin. Both agents appeared as
effective as H2O2 in inducing the nuclear accumulation of
Hic-5, but almost unaffected the localization of vinculin at
focal adhesions (Figure 3A). Therefore, disruption of the
focal adhesions was not necessarily required for the nuclear
localization of Hic-5. In the previous work, we observed that

Hic-5 mutated in LIM3 did not accumulate in the nucleus in
spite of the release from focal adhesions (Nishiya et al., 1999).
On the basis of these observations, we argued against the
significance of collapse of focal adhesions in the induction of
the nuclear localization. Neither heat nor osmotic stress
significantly affected the localization of Hic-5 (unpublished
data). These observations suggested that the relocalization
of Hic-5 from focal adhesions or cytoplasm to the nucleus
was not merely a consequence of cellular damage but was a
specific response to the oxidative state in cells.

Previously, we found that TGF�1 stimulated MC3T3 os-
teoblastic cells to accumulate H2O2 within the cells with a
peak at 90 min after the treatment (Ohba et al., 1994). There-
fore, we tested as to whether TGF�1 induced the nuclear
localization of Hic-5. The Hic-5 localization was not changed
noticeably by TGF�1 from 90 min to 6 h after the treatment,
whereas DiM and LMB (see below) clearly induced the

Figure 3. Nuclear accumulation of Hic-5 induced by sulfhydryl reagents and subcellular localization of Hic-5, paxillin, and their chimeric
proteins in the presence or absence of H2O2. (A) MEF#43/Tet-Off/LD1 mhic-5 (�Tet) was exposed to 20 �M N-ethylmaleimide (NEM) or 2.0
mM diethyl maleate (DiM) for 30 min and then processed as in Figure 2. (B) MC3T3 cells were untreated (�) or treated with TGF�1 (5 ng/ml
for 90 min) as described previously (Ohba et al., 1994), DiM (2.0 mM for 90 min), and LMB (10 ng/ml for 6h), and processed for
immunostaining with the antibody to Hic-5 as in Figure 1. (C) C3H10T1/2 cells were transfected with the plasmids, pCG-mhic-5,
pcDNA3.1A-hhic-5 and pCG-pax, for expressing the indicated tagged-proteins, HA-mHic-5, hHic-5-myc, and HA-pax, respectively. After
24 h, the cells were treated with (�) or without (�) 1.5 mM H2O2 for 60 min, and then the expressed proteins were visualized with the
antibodies to the tags. The nuclei were located by staining the DNA with DAPI (DAPI). (D) The expression plasmids for the chimeric proteins,
pCG-hic/pax (Hic/pax) and pCG-pax/hic (pax/Hic), were introduced into C3H10T1/2 cells, and immunostaining with the antibody to HA
tag was performed as in B. Bars, 20 �m.

M. Shibanuma et al.

Molecular Biology of the Cell1162



nuclear localization of Hic-5 in this cell line as well as other
cell lines (Figure 3B).

The nuclear localization was further confirmed with
tagged proteins expressed exogenously in the cells, and the
Hic-5 proteins were mostly detected in the nucleus, like
endogenous Hic-5, by the antibody to the tag after the treat-
ment with H2O2 (Figure 3C). This behavior was conserved
between human and mouse Hic-5 (Figure 3C, hHic and
mHic) or between two alternative forms with or without the
LD1 domain (our unpublished results) and was observed in
the cells of mouse osteoblastic MC3T3 (Figure 1B and as in
previous reports), MEF embryonic fibroblasts (Figures 2 and
3) and human fibroblastic TIG-7 (Figure 9A) as well as
mouse fibroblastic C3H10T1/2 (Figures 1A and 3C). No
processing of the protein was predicted to accompany the
nuclear entry, because the nuclear localization was similarly
visualized with the antibodies to the tags in HA-mHic and
hHic-myc, whose tags were placed at the N- and C-terminal
ends of the proteins, respectively. In contrast to Hic-5, how-
ever, paxillin was detected in the cytoplasm, being excluded
from the nucleus, under the same conditions (Figure 3C,
HA-pax). Even at higher doses of H2O2, no sign of the
nuclear localization of paxillin was observed. Endogenous
paxillin apparently behaved similar to HA-paxillin (our un-
published results), whereas an antibody against paxillin
showed a cross-reactivity to Hic-5 to some extent, and the
result was not so unambiguous as that of HA-paxillin.

Distinctive Contributions of C- and N-Terminal
Halves to Regulation of the Nuclear Localization of
Hic-5
As mentioned above, the C- and N-terminal halves of Hic-5
and paxillin exhibit the unique structural features; most of
the C-terminal half is composed of four LIM domains, the
N-terminal comprising four (Hic-5) or five (paxillin) LD
motifs along with proline-rich regions. To determine the role
of each half of the protein in the regulation of nuclear
localization, we constructed a series of plasmids expressing
HA-tagged variants of Hic-5, including those expressing
LIM-only regions or chimeric proteins in which the N- and
C-terminal halves of Hic-5 and paxillin were mutually in-
terchanged. The variants studied here are schematically
shown in the left side of Figure 4. After transfection of the
plasmids into the cells, the expressed proteins were visual-
ized with the antibody to HA tag as in Figure 3C, and their
nuclear localization was quantitatively examined in the
presence (Figure 4, A and B) or absence (Figure 4C) of H2O2.
The subcellular localization of the chimeric proteins under
unstimulated conditions was at focal adhesions as were
wild-types of the parental proteins (Figure 3D, �). The
following possibilities were deduced from this series of ex-
periments: First, the LIM region of Hic-5 and paxillin intrin-
sically carried the capacity to localize in the nucleus as well
as that of other proteins (Thomas et al., 1999; Petit et al., 2000;
Wang and Gilmore, 2001), and their nuclear localization was
unaffected by H2O2 (Figure 4C, LIM; Figure 4A, Hic/LIM
and pax/LIM; and Figure 6C, LIM, HA). Their residual
distribution to focal adhesions was possibly due to the focal
adhesion targeting capacity identified previously in LIM 3
(Nishiya et al., 1999). Second, under normal conditions, the
N-terminal halves of both proteins negatively regulated

their nuclear localization; in contrast to the LIM-only pro-
teins, the full-length proteins were excluded from the nu-
cleus and mostly recruited to focal adhesions as hitherto
described (Figures 3C, �, and 4C, WT vs. LIM). Finally, the
N-terminal half of Hic-5 lost its negative effect on the nuclear
localization in response to H2O2 but not that of paxillin,

Figure 4. The nuclear localization of Hic-5 variants either in the
presence or absence of H2O2. (A) Wild-type, LIM-only regions or the
chimeric proteins of Hic-5 and paxillin were expressed from the
expression plasmids, pcDNA3.1A-hhic-5 (Hic), pCG-pax (pax),
pcDNA3.1A-hhicLIM (Hic/LIM), pCG-paxLIM (pax/LIM), pCG-
hic/pax (Hic/pax), and pCG-pax/hic (pax/Hic), respectively, in
C3H10T1/2 cells. Their localization was examined by immunostain-
ing with antibodies to the tags as in Figure 5 after treatment with 1.0
mM H2O2 for 60 min. The nuclear localization was scored as posi-
tive and shown as a percentage when the signal in the nucleus was
more intense than that in the cytoplasm or the nucleus and the
cytoplasm were evenly labeled. N was the total number of cells
scored in three independent transfections. (B) A series of LIM mu-
tants of Hic-5 was expressed, and their localization was examined as
in A. The plasmids introduced into the cells were pCG-LD1 mhic
(WT),/mL1 (mLIM1),/mL2 (mLIM2),/mL3 (mLIM3),/delL4 (del-
LIM4),/delL1,2 (delLIM1,2),/ml3-delL4 (mLIM3-delLIM4), and/
delL2,3,4 (delLIM2,3,4). The squares indicate LIM domains; open
squares for the wild-type and closed squares for mutated versions.
(C) The N-terminal deletion mutants of Hic-5 were expressed, and
their nuclear localization was examined as in A and B but without
the treatment with H2O2. The expression plasmids used here were
pCG-hhic-5 (WT), pCG-delLD1–2hhic-5 (delLD1,2), pCG-delLD3–
4hhic-5 (delLD3,4), pCG-delLD3hhic-5 (delLD3), and pCG-hhicLIM
(LIM). The open circles represent a LD motif.
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resulting in a distinctive localization of the two proteins
under the treatment; when exposed to H2O2, the N-terminal
half of Hic-5 turned permissive and as a consequence, wild-
type Hic-5 and Hic/pax, whose N-terminal halves were
derived from Hic-5, were detected in the nucleus of �80% of
the cells expressing them (Figures 4A and 3D, �). In con-
trast, the N-terminal of paxillin was consistently nonpermis-
sive; wild-type paxillin and pax/Hic whose N-terminals
were derived from paxillin were excluded from the nucleus
in the presence and absence of H2O2 (Figures 4A and 3D, �).
In summary, the nuclear localization of Hic-5 was specu-
lated to be controlled primarily by both the driving force to
the nucleus, which was provided by the LIM region, and the
capacity to sequester a protein from the nucleus, which was
displayed by the N-terminal region and undermined by the
oxidants. Because some of the mutants studied here suffered
the rigorous deletions, more detailed studies were per-
formed as below.

Nuclear Targeting Capacity of LIM Domains of
Hic-5
We here tried to characterize the nuclear targeting capacity
of Hic-5 found in its C-terminal region by disrupting the
four LIM domains individually or in combinations, and
effects on the Hic-5 nuclear localization were examined in
the presence of H2O2. No obvious nuclear localization signal
(NLS) was found in the region. Individual mutations of each
of the LIM domains did not interfere with the nuclear local-
ization, whereas simultaneous removal of two or more LIMs
severely impeded it (Figure 4B). None of the four LIM
domains were thus critical for the nuclear targeting function
of the C-terminal region; rather it was most likely that all
four domains cooperated as an unconventional NLS. This
type of NLS was previously reported in zyxin and Trip6,
both of which are LIM proteins related to Hic-5; similar to
Hic-5, they had no classical NLS and their nuclear targeting
capacity was found in the plural LIM domains in their
C-terminals (Nix et al., 2001; Wang and Gilmore, 2001).

NES Module Identified in the N-Terminal Half of
Hic-5
In light of the negative role of the N-terminal half of Hic-5 in
controling the nuclear localization of the protein, the four
LD motifs (three in the alternative form) were noteworthy,
because their sequences resembled the Rev-type or leucine-
rich nuclear export signal (NES) found in an increasing
number of proteins including aforementioned Hic-5-related
zyxin, LPP and Tirp6 (Figure 5B; see also Figure 9B; Nix and
Beckerle, 1997; Petit et al., 2000; Wang and Gilmore, 2001).
Then, we first examined the effect of LMB, a specific inhib-
itor of NES function, on the subcellular localization of Hic-5
in murine fibroblasts and found that it caused a marked
accumulation of Hic-5 in the nucleus within 2 h (Figure 5A).
A similar result was obtained in mouse osteoblastic cells
previously (Shibanuma et al., 2001). Theses results suggested
the presence of the NES in Hic-5. Among a series of dele-
tions of the N-terminal region of Hic-5, the deletion of 24
amino acids from 131 to 154 including the LD3 motif in
mutants such as del-LD3 and del-LD3, 4, significantly pro-
moted the nuclear localization of the proteins to almost the
same extent as the LIM-only protein, implying that the LD3

motif is an essential region for the NES (Figure 4C). The
deletion of the LD1 and 2 motifs (del-LD1, 2) increased the
nuclear localization to some extent, suggesting another NES
or negative regulatory activity on nuclear entry around the
LD1 or 2 motifs, although less significant than that around
the LD3 motif.

We focused in a further study on the characterization of
the assumptive NES around the LD3 motif at the amino acid
level in the naturally occurring LD1-null form of Hic-5
(Mashimo et al., 2000), because the involvement of LD1 in
the NES activity was less likely as mentioned below. A
growing body of evidence has established the importance of
leucine residues in the NES (reviewed by Nigg, 1997). Ac-
cordingly, we introduced point mutations into the motifs,
LD2, 3, and 4, of Hic-5 as illustrated in Figure 5B, disrupting

Figure 5. Nuclear accumulation induced by LMB and the se-
quences of LD motifs as the assumptive NES of Hic-5. (A) MEF#43/
Tet-Off/LD1 mhic-5 (�Tet) was exposed to LMB (10 ng/ml) for 2 h,
and then processed as in Figure 2. Bar, 20 �m. (B) The amino acid
sequences of the LD motifs (LD2, 3, 4) of mouse and human Hic-5
are shown along with the corresponding LD of paxillin. The se-
quences around LD2 are also shown, extended to contain the two
cysteines marked by asterisks. The leucine residues in each LD motif
are overlined. The sequences under the wild-type were those of the
mutants in which leucine or cysteine residues were replaced as
indicated.
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the assumptive NES. The mutants were expressed in the
cells, and the nuclear localization in the presence or absence
of H2O2 was quantitatively evaluated as above (Figure 6A).
The disruption of the LD3 motif by the substitution of the
leucine residue with an alanine resulted in an increase in the
nuclear localization of Hic-5 from 22 to 69% in the absence of
H2O2 (Figure 6A, hic vs. mLD3; H2O2 �), suggesting that the
NES activity is carried by the LD3 motif or its leucine resi-
due. Unlike for mLD3, similar mutations of the LD2 (mLD2
and mCl/S-mLD2) and LD4 motifs (mLD4) did not affect the
subcellular distribution of the Hic-5 protein, displaying es-
sentially the same behavior as the wild-type irrespective of
the treatment with H2O2 (Figure 6A). Then, the oxidants
might disable the LD3 motif from exerting its function,
thereby inducing the nuclear accumulation of Hic-5. In
mLD3, however, its nuclear localization was further aug-
mented by H2O2 to the maximum level of 100% (Figure 6A,
mLD3 H2O2 � vs. H2O2 �), suggesting another element
outside the LD3 motif sensitizing the nuclear-cytoplasmic
transport and/or anchoring system of Hic-5 to oxidants.

Woods et al. (2002) recently reported the nuclear accumu-
lation of paxillin induced by LMB, suggesting the presence
of the NES in paxillin, whose LD motifs are closely homol-
ogous to those of Hic-5. However, unlike Hic-5, paxillin did
not accumulate in the nucleus on treatment with H2O2 (Fig-
ures 3C and 4A). Concerning the difference in amino acids
between the two proteins, we noticed that the two cysteine
residues around the LD2 motif of Hic-5 were replaced by
asparagine and serine at the corresponding positions in
paxillin (Figure 5B). We thus examined the effect of the
mutations, converting these cysteine residues into aspara-
gine and serine, respectively, as shown in Figure 5B, and
found that the mutations promoted the nuclear localization
of Hic-5 from 22 to 62% under normal conditions (Figure 6B,
hic vs. mCfl/NS, H2O2 �), for which effect each mutation
was insufficient (Figure 6B, mCf/N and mCl/S, H2O2 �),
suggesting a redundant function of the two cysteines. Im-
portantly, compared with mLD3, the responsiveness to
H2O2 was completely lost in mCfl/NS (Figure 6B, mCfl/NS
H2O2 � vs. H2O2 �). In conclusion, the mutation analysis
highlighted the two elements involved in the negative con-
trol of the nuclear localization of Hic-5; one was the leucine
around the LD3 motif, and the other was the two cysteine
residues around the LD2. It was also noted that the enhance-
ment of nuclear localization observed by mutations of these
elements was comparable to that induced by oxidants in the
wild-type (Figure 6, A and B), suggesting that a majority of
the oxidative-sensitive NES activity of Hic-5 was directed by
these two elements. In conclusion, based on the results of the
deletion and mutation analysis, we hypothesized that the
NES module of Hic-5 consisted of the LD3 motif and the
cysteines playing an important role particularly in sensing
the cellular redox state. The role of the LD3 motif in sensing
redox was ambiguous at this stage, because H2O2 enhanced
the nuclear localization of mLD3 up to the maximum level
as described above, thereby covering a possible further in-
crease.

To characterize the above NES module further and sub-
stantiate its NES activity, we fused the regions of the hy-
pothesized module with the heterologous protein of the
C-terminal LIM region of paxillin. The region designated as
CC-L3 from amino acids 41–154 contained both of the cys-

Figure 6. Identification and characterization of oxidant-sensitive NES
containing leucine and cysteine residues in the N-terminal region of
Hic-5. (A and B) The variants of mouse LD1-null form of Hic-5 in
which leucine or cysteine residues were substituted as shown in Figure
5B were expressed in C3H10T1/2 cells from pCG-mhic-5 (WT hic) and
its derivatives (mLD2, mLD3, mLD4, mCf/N, mCl/S, and mCfl/NS),
and then visualized as in Figure 3C after treatment with (H2O2�) or
without (H2O2 �) 1.0 mM H2O2 for 60 min. The nuclear localization of
the variant proteins was evaluated as in Figure 4 and graphed (mean �
SD derived from a series of experiments repeated more than five times,
in each of which around one hundred cells were examined). The
significance of the differences was assessed by t test. P values with no
mark were for each treatment and those marked with asterisks were
for each mutation. The cartoon outlined the protein structure exam-
ined, in which open and closed circles indicate wild-type and mutant
LD motifs, and the substitutions of the cysteines are also indicated. (C)
The LIM and (CC-LD3)LIM were expressed from pCG-paxLIM and its
derivatives (MATERIALS AND METHODS), and the cells were ex-
posed to 2.0 mM DiM for 60 min. The control (�) and DiM-exposed
cells (DiM) were then immunolabeled with the antibody to HA tag
(HA). The nuclei were located by staining the DNA with DAPI (DAPI).
Bar, 20 �m. (D) The fusion proteins as illustrated were expressed from
respective expression plasmids based on pCG-paxLIM (MATERIALS
AND METHODS), and then visualized as in C under untreated con-
ditions (�), or after exposure to 1.0 mM H2O2 (H2) or 2.0 mM DiM (Di)
for 60 min. The nuclear localization was scored as nuclear (�) and
nuclear and cytoplasmic (�/�). LIM; LIM region of paxillin, L or LD3;
amino acids 131–154 of mouse LD1-null Hic including the LD3 motif,
CC-LD3; residues 41–154 of the Hic-5 including the two cysteines and
the LD3 motif, Hic-5(N); 1–227 of human Hic-5.
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teines and the LD3 motif, and that of LD3 from amino acids
131–154 contained only the LD3 motif. Although the LIM
region was localized in the nucleus regardless of oxidative
states as described above (Figure 6, C and D), the consider-
able amount of protein relocalized from the nucleus to the
cytoplasm when fused with CC-LD3 (Figure 6, C and D,
(CC-LD3)LIM, �). On exposure to the oxidants, the fusion
protein accumulated in the nucleus again (Figure 6, C and D,
(CC-LD3)LIM, H2 and Di). Notably, its NES activity and
sensitivity to the oxidants appeared almost equivalent to
those shown by the entire N-terminal half of Hic-5 (Figure
6D, (CC-LD3)LIM vs. (Hic(N))LIM), revealing the CC-LD3
region to be the major functional NES module of Hic-5
sensitive to the oxidants. This observation excluded the in-
volvement of LD1, which was included in (Hic(N)) but not
in (CC-LD3), in the NES activity. In contrast to CC-LD3, the
leucine-rich stretch of LD3 alone could not change the sub-
cellular distribution of the fused protein (Figure 6D,
(LD3)LIM), presenting a marked contrast to the similar
leucine-rich stretches of zyxin and Trip6, which were active
by themselves.

Contribution of Hic-5 to c-fos Induction by H2O2

We here tried to clarify the pertinent function of Hic-5 in the
nucleus. In our previous study, the forced expression of
Hic-5 in certain cells was demonstrated to lead to changes in
the expression of several genes. They included the extracel-
lular matrix-related genes (Shibanuma et al., 1997) and c-fos
(our unpublished results). Among them, the c-fos gene is
well known as being transcriptionally induced in response
to various stimuli including oxidants (Crawford et al., 1988;
Shibanuma et al., 1988; Nose et al., 1991). These facts led us
to speculate that Hic-5 localized in the nucleus under the
normal condition or accumulated in response to the oxidants
participates in the transcriptional up-regulation of the gene.

First we tested whether nuclear localized Hic-5 had the
potential to affect gene expression. To do this, we engineered
�NLS forms of Hic-5 and its variants, which carried NLS
derived from SV40 large T antigen, and used them as effec-
tors in experiments together with �NLS forms as a control.
When expressed in the cells, being exclusively localized in
the nucleus (our unpublished results), NLS�Hic-5 was
found to transactivate the reporter construct of c-fos contain-
ing the �2.2-kb upstream region of the gene in a transient
reporter assay (Figure 7A, LD1mHic, NLS�). The wild-type
(�NLS form) had almost no effect on the activity at any
concentrations studied including lower ones (Figure 7A,
LD1mHic, NLS�). In contrast, paxillin affected only marginally
the reporter activity even in NLS� form (Figure 7A, pax,
NLS�), suggesting that the transactivation by NLS�Hic-5 was
not merely a consequence of overexpression of the exogenous
protein in the nucleus but was the inherent effect of Hic-5.
Immunoblotting examining the expression levels of these ef-
fectors showed that the NLS� forms of paxillin and Hic-5 were
almost equally expressed, whereas their levels were remark-
ably lower than those of wild types (�NLS forms) for an
unknown reason (Figure 7B).

Our previous study suggested that Hic-5 bound to DNA
through the LIM domains (Nishiya et al., 1998). Thus, the effect
of disrupting the four LIM domains was examined on the
transactivating ability of NLS�Hic-5. Distinctive contributions
of each LIM domain were revealed; particularly noteworthy

was the elimination of LIM4, which almost completely de-
prived NLS�Hic-5 of the ability to transactivate the reporter
(Figure 7C, delL4). The mutagenesis of LIM1 also resulted in

Figure 7. The ability of the nuclear localized Hic-5 to transactivate the
c-fos gene, for which LIM1 and 4 were required. (A) The reporter plasmid
of c-fos and the effector plasmid expressing Hic-5 or paxillin were tran-
siently cotransfected into C2C12 cells together with an internal control
plasmid, pRL/CMV. The effector plasmids used here were pCG-LD1
mhic-5 (LD1mHic) and pCG-pax (pax), respectively, which were either the
wild-type (NLS�) or nuclear-targeted (NLS�). Luciferase activities were
determined as outlined in MATERIALS AND METHODS and shown as
a ratio to the controls transfected with the pCG vector (vector) after
normalization with the internal control. Bars represent the mean � SD
from at least three independent experiments. (B) pCG vector (�), pCG-
LD1 mhic-5 (Hic/LD1�) and pCG-pax (pax) with (�) or without (�) NLS
were transfected into C2C12, and 24 h later the cells were lysed and
processed for Western blotting. The expressed proteins were detected
with the antibody to HA tag. (C) The wild-type and the LIM mutants of
Hic-5 were expressed as effectors from pCG-LD1 mhic (WT),/mL1–3
(mL1–3),/delL4 (delL4) with (NLS�) or without NLS (NLS�) in the cells
with the c-fos reporter, and a luciferase assay was performed as in A. (D)
The expression plasmids of the LIM mutants used in the above assay of C
were transfected into C2C12 cells, and 24 h later, Western blotting was
carried out using the antibody to HA tag. (E) The c-fos reporter was
introduced into the cells with combinations of plasmids at various ratios of
the wild-type (1:) and each LIM mutant (:1–3) as indicated, and a luciferase
assay was carried out as in A and C. Each assay was done in duplicate.
The experiments were repeated three times and similar results were ob-
tained.

M. Shibanuma et al.

Molecular Biology of the Cell1166



loss of the transactivating ability, although less completely than
in delL4 (Figure 7C, mL1). Immunoblot analysis indicated that
the expression levels of the mutants (NLS�forms) used here
were almost the same or even higher than the level of NLS�
wild-type Hic-5 (Figure 7D), suggesting that the inability of
LIM1,4 mutants to transactivate the reporter was unrelated to
their expression levels. The finding that mL1 and delL4 were
nonfunctional types of Hic-5 led us to assume that they were
dominant-negative against the transactivating function of
wild-type Hic-5. The results in Figure 7E supported this idea.
In Figure 7E, the transactivation by NLS�wild-type Hic-5 was
assayed under the coexpression of NLS�mL1, 2 or delL4 at the
ratio indicated. When delL4 was coexpressed, the transactiva-
tion of the c-fos reporter by the wild-type Hic-5 was inhibited in
a dose-dependent manner not completely but to less than half
of the control.

After these findings, we next examined whether the en-
dogenous Hic-5 that accumulated in the nucleus in response
to H2O2 actually participated in the transcriptional control of
c-fos under the conditions. The cell line we chose was TIG-7,
normal human fibroblasts. In mortal fibroblasts such as
TIG-7, the endogenous expression level of Hic-5 was rela-
tively high when compared with that in immortalized cell
lines (Ishino et al. 2000), and a clear nuclear localization of
Hic-5 was observed on H2O2 treatment (Figure 8A). Besides,
after the same treatment with H2O2, c-fos was remarkably
induced in this cell line in comparison with other cell lines
such as mouse C3H10T1/2 fibroblasts, human KMST6 fibro-
blasts and HaCaT keratinocytes that were immortalized, and
the induction was long-lasting (Figure 8B). In parallel with
the endogenous gene, the luciferase reporter of c-fos re-
sponded by around fivefold to the stimulus in a transient
assay (our unpublished results). To test the involvement of
Hic-5 in c-fos induction, we first introduced the NLS�LIM
mutants of Hic-5 including delL4 into the cells and then
exposed the cells to H2O2. The introduction of delL4 but not
mL2 before the treatment frequently resulted in the loss of
c-fos expression in the presence of H2O2 (Figure 8C). Quan-
titative evaluation revealed a considerable decrease in c-fos
expression caused by NLS�delL4 or mL1 expression. The
decrease was modest but highly reproducible. The experi-
ment was repeated three times, and for each mutant, �100
cells were examined in total. This attenuation was evident
when c-fos expression was induced by H2O2 but not by 10%
fetal calf serum (Figure 8D). These observations suggested a
role for Hic-5 in the c-fos expression induced by H2O2. The
response of the luciferase reporter was also inhibited in the
presence of NLS�delL4 and mL1 (our unpublished results).
The incompleteness of this inhibition might be due to the
expression levels of NLS�delL4 and mL1 being insufficient
to compete with the endogenous wild-type protein or alter-
natively, due to a residual ability of the mutants to transac-
tivate the gene.

DISCUSSION

Nuclear Localization of a Focal Adhesion Protein
Hic-5 in Response to the Oxidative State of Cells
One of the ultimate goals of cellular signaling is the control
of gene expression in the nucleus. Several signal transduc-
ers, including MAP and abl kinases, regulatory molecules of
transcription such as JAK/STAT, Smads, and JAB1, have

been shown to translocate from the cytoplasm to nucleus
and thereby transmit signals into the nucleus. Besides such
canonical signal transducers, certain components constitut-
ing cell-ECM or cell–cell adhesion complexes have been
found to translocate into the nucleus and potentially trans-
duce signals from sources to the nucleus directly. The can-
didates for such structural signal transducers are �-catenin,

Figure 8. Involvement of Hic-5 in endogenous c-fos induction by
H2O2. (A and B) After serum deprivation for �24 h, TIG-7 cells were
treated with (�) or without (�) 0.4 mM H2O2 for 5 h, and endog-
enous Hic-5 (A) or c-Fos (B) was immunolabeled with specific
antibodies. DAPI was used to stain DNA. Bars, 10 (A) and 20 (B)
�m. (C) (D) The same expression plasmids for the nuclear localized
type of LIM mutants used in Figure 7C were first introduced into
TIG-7 cells, and then, the cells were serum-deprived and exposed to
the stimuli for 5h. Subsequent to fixation, coimmunostaining was
performed with the antibodies to HA tag and Fos, along with DAPI.
The immunolabels with antibody to HA identify the cells expressing
the mutants. Among the cells expressing the indicated LIM mutants,
those expressing Fos were enumerated microscopically, and the
counts are shown as percentages in D. The experiment was repeated
three times, and for each mutant, around one hundred cells were
examined in total. In C, representative results of the immunostain-
ing are shown in the cases of mL2 and delL4 expression in the cells
treated with 0.5 mM H2O2. Bar, 20 �m.
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ZO-1, ajuba, zyxin, and others (reviewed by Lelièvre and
Bissel, 1998; Alpin and Juliano, 2001).

In the present study, we presented findings that Hic-5, a
focal adhesion protein, shuttled between focal adhesions
and the nucleus through an oxidant-sensitive NES, the con-
sequence of which was the nuclear accumulation of Hic-5
under the oxidative state of cells. Neither such NES nor the
accumulation in the nucleus in response to the redox state
have been reported in other focal adhesion proteins. Among
the members of the LIM protein family, zyxin family mem-
bers and paxillin were recently demonstrated to shuttle be-
tween focal adhesions and the nucleus in a Crm1/exportin-
dependent manner (Nix and Beckerle, 1997; Petit et al., 2000;
Nix et al., 2001; Wang and Gilmore, 2001; Woods et al., 2002).
In these cases, however, no conditions or signals have been
defined that could induce the bulk redistribution of the
proteins from focal adhesions to the nucleus, and the bio-
logical relevance of the nuclear localization is unclear. Thus,
to our knowledge, Hic-5 is the first example of a focal
adhesion protein of the LIM family that accumulates in the
nucleus in response to distinct stimuli with a pertinent func-
tion there.

One of the most surprising findings in this study was that
despite its high homology and many common characteristics
including nuclear-cytoplasmic shuttling, paxillin did not ac-
cumulate in the nucleus under the conditions in which Hic-5
accumulated in the nucleus. The difference emphasizes the
specificity of Hic-5 for nuclear localization, implying a bio-
logical significance. However, the possibility has not been
excluded that paxillin accumulates in the nucleus under
certain circumstances and participates in some nuclear
event. Regarding the biological significance of the nuclear-
cytoplasmic shuttling of paxillin, paxillin was recently im-
plicated in the transport of mRNA from the nucleus to sites
of protein synthesis at the endoplasmic reticulum and the
leading lamella during cell migration through binding to
poly (A)-binding protein 1 (Woods et al., 2002). Several other
differences between the two proteins, particularly their dis-
tinctive expression patterns, have been noted in processes
including immortalization of murine fibroblasts, maturation
of megakaryocytes to platelets, and in several tissues in vivo
(Ishino et al., 2000; Hagmann et al., 1998; Jia et al., 2001).
Thus, not simply complementary but distinctive biological
functions are predicted for paxillin and Hic-5.

Mechanistic View of the Nuclear Localization of
Hic-5
The N-terminal region of Hic-5 has been demonstrated to
serve as the interface for interactions with several signaling
molecules at focal adhesions as mentioned above. In partic-
ular, LD3 was shown to be important for interaction with
FAK and for inhibiting cell spreading (Nishiya et al., 2001).
In the present study, we assigned additional role to the
region containing the LD3 motif and the two cysteines
around the LD2 motif in controlling the nuclear export of the
protein in an oxidant-sensitive manner, suggesting that the
region was developed to detect, integrate adhesion and ROS
signals, and couple the signals to transcriptional control in
the nucleus. It is an open question how the two functions of
LD3 as NES and as an interface for a signaling complex are
influenced by each other. Recently, Aoto et al. (2002) re-
ported that a mutant of CAK�/PYK2 that lost a PXXP motif

accumulated in the nucleus, and then Hic-5 also accumu-
lated in the nucleus. Thus, PYK2 might be involved in the
nuclear localization of Hic-5 in the particular condition, but
its relation to the cellular oxidative state was unclear. The
involvement of FAK also appeared to be unlikely, because
FAK remained in the cytoplasm in the same cells in which
Hic-5 accumulated in the nucleus under the oxidative con-
dition (our unpublished results).

In Figure 9B, the amino acid sequence of the LD3 motif is
aligned with the sequences of NESs identified in LIM pro-
teins. The hydrophobic amino acids including the leucine
residues, which was proven to be critical for the NESs, are
well conserved, whereas, unlike Hic-5, there were no con-
served cysteine residues found around the stretches of zyxin
and Trip6. The alignment in Figure 9A shows the similarity
and difference between the sequence surrounding the cys-
teine residues in the NES module of Hic-5 and the NESs of
Yap1 and Pap1. Yap/Pap family members are transcription
factors involved in oxidative stress response in yeast, accu-
mulating in the nucleus upon exposure to oxidants and
thereby regulating gene transcription (Kuge et al., 1997;
Toone et al., 1998). A redox-sensitive functional NES was
characterized in Pap1 and classified as a novel type of
leucine-rich NES containing two or three cysteine residues
besides a leucine-rich stretch (Kudo et al., 1999; Figure 9A).
In the NES of Yap1/Pap1, the cysteines are placed immedi-
ately before the leucine-rich stretch, whereas in the NES
module of Hic-5, instead of the stretch of the LD2 motif
corresponding to that of Yap1/Pap1, the LD3 motif residing
�50 amino acids from it was assigned as the NES compo-
nent. The NES module of Hic-5 might be a hybrid evolved
from the Yap/Pap-type and zyxin family-type NESs, in

Figure 9. Alignments of the NES sequences. (A) The NESs with
cysteine residues were aligned. (B) (C) The NESs found among the
LIM protein family were aligned and compared with NES of Rev.
The consensus proposed as the Rev-type NES is shown at the
bottom. The amino acids emphasized by open letters and filled
boxes were those whose importance was demonstrated experimen-
tally. The large group hydrophobic amino acids are shaded.
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which the leucine-rich stretch was insufficient by itself for
functioning as a NES, requiring coexistence of the cysteines.
The prominent involvement of the cysteine residues in the
NES activity, sensitizing it to the oxidants, does not have
other precedents among mammalian proteins. It is these
unique characteristics of NES that enables Hic-5 to be a
novel type of mediator of redox signaling, shuttling between
focal adhesions and the nucleus, coupling the signal directly
to the transcriptional activity in the nucleus. Overall, even
among NESs sharing some characteristics, it appeared that
each NES has a distinctive property originating from amino
acid disposition or protein-context, providing a basis for the
regulation of the subcellular distribution of individual pro-
teins and eventual biological roles within cells.

Biological Significance of Nuclear Accumulation of
Hic-5
Among Hic-5–related LIM proteins, Trip6 and LPP have
been proposed to be involved in transcriptional activity
within the nucleus under some experimental conditions.
However, their exact target genes have not been identified
yet (Petit et al., 2000; Wang and Gilmore, 2001). In this article,
we presented evidence that Hic-5 functions as a transcrip-
tional regulator of a certain gene in the nucleus. Hypothet-
ically, Hic-5 at the focal adhesions could modify integrin
signaling, thereby affecting gene expression indirectly in the
nucleus. In fact, our recent work showed that Hic-5 had a
profound effect on integrin signaling (Nishiya et al., 2001).
However, once localized in the nucleus, Hic-5 was expected
to have a role distinct from that at the focal adhesions. By
placing the NLS signal at the N-terminal and thereby ex-
pressing the exogenous Hic-5 almost exclusively in the nu-
cleus, we could demonstrate that Hic-5 had the potential to
transactivate c-fos. The complete dependency of the transac-
tivation on the presence of NLS confirmed that Hic-5 in the
nucleus was directly involved in the transactivation. We also
found the distinctive roles of each LIM domain in the acti-
vation, implying that the stimulation of the gene transcrip-
tion by the nuclear localized Hic-5 appeared not to be pro-
miscuously observed but relevantly based on some
molecular mechanisms to which each LIM domain contrib-
utes in its own way. Interestingly, a close correlation was
revealed between the ability of Hic-5 to activate gene ex-
pression and its ability to bind to DNA. In both cases, LIM4
was essentially required, whereas LIM3 had a negative effect
(Nishiya et al., 1998 and the present study). Alternatively, it
is possible that LIM3 and 4 interact with negative and pos-
itive regulators for the transcription, respectively.

We previously reported that the inducibility of c-fos in
response to phorbol ester decreased in Hic-5 high-express-
ing cells (Shibanuma et al., 1997), which apparently contra-
dicts the observation in the present study that Hic-5 is
involved in the upregulation of c-fos by H2O2. In a prelimi-
nary study, we outlined the region responsive to Hic-5 over
the c-fos gene encompassing from �1.4 to �1.2 kb, which
was overlapped with that negatively affected the basal level.
At this stage, it has been unclear whether this region is
involved in the responsiveness to either stimuli of H2O2 or
phorbol ester. A further study on the precise mechanisms by
which Hic-5 affects the c-fos expression would help to an-
swer the above issue.

Recently, Hic-5 was reported to bind to steroid receptors
and act as their coactivator in a transient reporter assay
(Fujimoto et al., 1999; Yang et al., 2000). Similarly, Trip6 was
reported to interact with thyroid hormone receptor (Lee et
al., 1995). However, the biological relevance of their interac-
tions with steroid receptors within cells has not been fully
elucidated. In the present study, the transcriptional activa-
tion of c-fos by Hic-5 was observed in the absence of the
ligands, suggesting that this transactivation was unassoci-
ated with the function as a coactivator of steroid receptors.
Moreover, the coactivator function was reportedly observed
in the transient reporter assay, whereas the involvement of
Hic-5 in the c-fos induction was elucidated in the endoge-
nous gene. It is thus likely that Hic-5 is not a coactivator
specific to steroid receptors but implicated more generally in
gene transcriptional activity in the nucleus in association
with the redox state of cells.

Considerable work remains to be done to achieve a full
understanding of the biological role of Hic-5 in cells. For
example, the precise functions of Hic-5 at focal adhesions
and in the nucleus together with the physiological condi-
tions inducing its redistribution should be elucidated, which
would give insight not only into the biological role of Hic-5
but also the relevance of change in the cellular redox state as
biological signaling. Our previous work suggested that
H2O2 accumulated in the cells upon the TGF�1 treatment
and was involved in the TGF�1 signaling (Ohba et al., 1994).
In the present study, TGF�1 failed to induce the nuclear
localization of Hic-5, suggesting that the nuclear localization
of Hic-5 might be a stress response that was caused by the
higher doses of H2O2 than that accumulated upon TGF�1
treatment. Alternatively, a signaling pathway that was acti-
vated by TGF�1 along with the production of H2O2 would
negatively regulate the nuclear localization of Hic-5. It is
also possible that retention time of Hic-5 within the nucleus
was longer under the TGF�1 treatment without observable
increase in the population of Hic-5 in the nucleus, leaving
the conclusion obsecure. In the recent work, the change in
redox state in cells was intimately related to that in the
adhesion state of the cells, resulting in the induction of a
gene through NF�B (Kheradmand et al., 1998). Hic-5 may be
another entity that regulates and coordinates gene expres-
sion, depending on the cell adhesion state through ROS
signal. Clarifying these issues would hopefully provide an
understanding of the dynamics of gene expression as the
basis for the plasticity of cells in response to microenviron-
mental change represented by cell adhesion and/or cellular
redox status.
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