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a b s t r a c t

Ids are versatile transcription al repressors that regulate cell proliferation and differentiation, and appro- 
priate subcellular localization of the Id proteins is important for their functions. We previously identified
distinct functional nuclear export signals (NESs) in Id1 and Id2, but no active NES has been reported in 
Id3. In this study, we found that treatment with the stress-inducing metalloid arsenite led to the accu- 
mulation of GFP-tagged Id3 in the cytoplasm. Cytoplasmic accumulation was impaired by a mutation 
in the Id3 NES-like sequence resembl ing the Id1 NES, located at the end of the HLH domain. It was also 
blocked by co-treatment with the CRM1-specific nuclear export inhibitor leptomycin B (LMB), but not 
with the inhibitors for mitogen-activa ted protein kinases (MAPKs). Importantly, we showed that the clo- 
sely spaced N-terminal cysteine residues of Id3 interacted with the arsenic derivative phenylarsine oxide 
(PAO) and were essential for the arsenite-induced cytoplasmic accumulation, suggesting that arsenite 
induces the CRM1-dependent nuclear export of Id3 via binding to the N-termina l cysteines. Finally, we 
demonstrated that Id3 significantly repressed arsenite-stim ulated transcription of the immedia te-early 
gene Egr-1 and that this repression activity was inversely correlated with the arsenite-induced nuclear 
export. Our results imply that Id3 may be involv ed in the biological action of arsenite. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction Id1, Id2, and Id3 inhibit the ETS transcriptio n factor Elk-1, which 
Id proteins function as negative regulators of basic helix-loop- 
helix (bHLH) transcription factors that control cell fate determina- 
tion [1]. The gene products of the four Id family members (Id1–Id4)
share a similar overall structure consisting of a highly conserved 
helix-loop-hel ix (HLH) domain and less conserved N- and C-termi- 
nal regions. Extensive analyses of knock-out mice have revealed 
that Ids play crucial roles in neurogenes is, angiogenesis , and im- 
mune cell development [2].

Id proteins primarily form inactive heterodimers with ubiqui- 
tously expressed bHLH E proteins such as E2A, E2-2, and HEB. On 
the other hand, Ids have been shown to interact with non-bHL H
transcriptio n factors and suppress their functions [1]. For example, 
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activates immedia te-early gene expression in response to mito- 
genic stimulation [3]. They also antagonize the paired homeodo- 
main transcription factor Pax-5 to ensure proper B-cell 
developmen t [4,5] and prevent the runt-related transcription fac- 
tor Runx2/Cbfa 1 from promoting osteogenesis [6]. Thus, Ids are 
versatile transcriptional repressors that regulate cell proliferation 
and differentiation .

Altered subcellular distribut ion of Id proteins has been associ- 
ated with differentiation in some cell lineages and a subset of hu- 
man cancers [2,7,8]. Therefore, transport between the nucleus and 
the cytoplasm, which is referred to as nucleo-cytop lasmic shut- 
tling, is likely to be involved in the regulation of Id protein func- 
tions. Nucleo-c ytoplasmic shuttling is mediated through the 
nuclear pore complex, where transport receptors called importin s
and exportins facilitate the nuclear import and export of cargo pro- 
teins via recognition of nuclear localization signals (NLSs) and nu- 
clear export signals (NESs), respectively [9]. Previously, we 
demonst rated that Id2 is a nucleo-cytop lasmic shuttling protein 
containing a strong NES that dominates over its weak NLS [10].
We also identified a distinct functiona l NES in Id1 [11], while the 
similar NES-like sequence s of Id3 and Id4 are inactive at steady 
state [10,11].
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Here we describe the arsenite-ind uced nuclear export of Id3. 
We demonstrat e that the N-terminal cysteine residues of Id3 inter- 
act with arsenite and are essential for the metalloid -induced nucle- 
ar export. We also show that the arsenite-ind uced nuclear export 
of Id3 counteracts its repression activity in Elk-1-me diated tran- 
scription. Our results provide novel insights into the regulation of 
Id3 protein localization and suggest its possible involvement in 
the arsenic response. 

2. Materials and methods 

2.1. Reagents 

Sodium arsenite and anisomycin were purchased from Wako 
Pure Chemical Industries, Ltd. (Tokyo, Japan). SB203580 and 
PD98059 were obtained from Calbiochem (San Diego, CA).
SP600125 was from Sigma–Aldrich (St. Louis, MO). Leptomycin B
(LMB) was a generous gift from Dr. M. Yoshida (RIKEN Wako Insti- 
tute). 4-amino-phen ylarsine oxide (4-amino-PAO) was purchased 
from Toronto Research Chemicals, Inc. (Toronto, Ontario, Canada).
Affi-Gel 10 gel was from Bio-Rad Laboratories (Hercules, CA).

2.2. Plasmids 

The N-terminally GFP-tagged mouse Id3 plasmid has been de- 
scribed previously [10]. To generate Id3 point mutation and dele- 
tion constructs, appropriate fragments were PCR-amplified and 
inserted into pEGFP-C 1 (Clontech, Mountain View, CA) and 
pFLAG-CMV -10 (Sigma). The expression plasmid encoding consti- 
tutively active MEK1 (pCMV-MEK1(CA)) was kindly provided by 
Dr. A. Sharrock s (The University of Manchester). To generate firefly
luciferase reporter constructs containing the Elk-1-bin ding sites, 
the mouse Egr-1 promoter region (from positions �425 to +22)
was amplified by PCR using genomic DNA as a template and subse- 
quently cloned into pGL3-Basic and pGL4.12 (Promega, Madison, 
WI).

2.3. Cell culture and DNA transfection 

Mouse NIH3T3 fibroblasts and human embryonic kidney 293T 
cells were maintained in Dulbecco’s modified Eagle’s medium sup- 
plemented with 10% fetal bovine serum. NIH3T3 cells were trans- 
fected with plasmids using FuGENE 6 reagent (Roche Diagnostics, 
Tokyo, Japan), according to the manufactur er’s instructions. 293T 
cells were transfected using TransFec tin lipid reagent (Bio-Rad).

2.4. Microscopic analysis 

NIH3T3 plated on 2-well Lab-Tek chamber slides (Nalge Nunc 
Internationa l, Naperville, IL) were transfected with 1 lg of GFP 
fusion constructs . After 24 h, the cells were treated with the 
indicated agents and fixed with 3% formaldehyde in phosphate- 
buffered saline for 15 min at room temperature, and finally
mounted with the Vectashield reagent containing 40,6-diamidi no- 
2-phenylind ole, dihydrochlorid e (DAPI; Molecular Probes, 
Carlsbad, CA) to stain the nuclear DNA. Microsco pic analysis was 
conducted as described previously [10].

2.5. PAO bead conjugation and pull-down assay 

PAO-conjug ated Affi-Gel 10 beads were prepared as described 
previously [12]. For the pull-down assay, transfected 293T cells 
were lysed on ice in pull-down buffer (25 mM Tris–HCl, pH 7.5, 
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol) for 
30 min. Cell lysates were then cleared by centrifugation at 
17,000�g for 20 min, and 200 lg of total proteins were incubate d
with 40 ll of PAO affinity beads (50% slurry) by rotating for 2 h
at 4 �C. The beads were washed three times with pull-dow n buffer 
and twice with Tris–EDTA buffer, and bound proteins were eluted 
with Tris–EDTA buffer containing 100 mM DTT. The samples were 
separated by 14% SDS–PAGE and transferred onto a nitrocellulose 
filter. The filter was blotted with anti-FLAG M2 monoclonal anti- 
body (Sigma) and immunorea ctive bands were visualized by 
chemilumi nescence using the ECL Plus kit (GE Healthcare, Buck- 
inghams hire, UK).

2.6. Luciferase assay 

NIH3T3 cells seeded in 24-well plates were transfected with 
1 lg of total DNA. Forty-eig ht hour (for MEK1-stimu lated tran- 
scription ) or 28 h (for arsenite-i nduced transcrip tion) after trans- 
fection, luciferase assays were performed using the Dual-Glo 
Luciferas e Assay System (Promega), as previously described [10].
Relative luciferase activity was normalized to renilla luciferase 
activity conferred by the internal control plasmid, phRL-TK 
(Promega).
3. Results 

3.1. Id3 is predominan tly localized in the cytoplasm in cells treated 
with sodium arsenite 

NES has been characteri zed by a short peptide sequence en- 
riched in regularly spaced hydrophobic residues, defined as 
uX2-3uX2-3uXu, where u is leucine, isoleucine, valine, phenyl- 
alanine, or methionine, and X is any amino acid [13]. All mem- 
bers of the Id protein family contain a conserved NES-like 
sequence that is located at the end of the HLH domain 
(Fig. 1A and B). Despite their high conservation, our previous 
study demonstrated that only the NES of Id1 is active in nuclear 
export [11]. We also showed that Id2 possesses a functiona l NES 
in the C-terminal region [10]. However, it seems that Id3 as well 
as Id4 has no additional NESs. 

Although Id3 lacks an active NES, it is possible that its subcellu- 
lar localization is regulated by unidentified mechanisms. To ex- 
plore this possibilit y, we transfected NIH3T3 cells with an 
expression plasmid encoding Id3 fused to the C-terminus of GFP 
(Fig. 1B), and treated the cells with various stimuli that cause 
genotoxic and cellular stress. In accordance with our previous 
observati on [10], fluorescence microscopic examination showed 
that GFP-Id3 was distribut ed througho ut the untreated cells 
(Fig. 1C, left panels). Intriguingly, we found that it was predomi- 
nantly localized in the cytoplasm when the cells were treated with 
sodium arsenite (100 lM) for 2 h (right panels). Cytoplasm ic 
accumulati on was detectable 1 h after the treatment and was 
observed in HeLa, U2OS, and HepG2 cells (data not shown).
Importan tly, a mutation in the last hydrophobi c residue Val-82 
to Ala (V82A) within the NES-like sequence (Fig. 1B) severely 
compromi sed the sodium arsenite-i nduced accumulation of 
GFP-Id3 in the cytoplasm (Fig. 1D). The localization of GFP-Id3 
was not changed by the other stimuli tested, suggesting that the 
NES of Id3 is specifically activated by sodium arsenite. 

3.2. Sodium arsenite induces nuclear export of Id3 in a CRM1- 
dependen t and MAPK-indepen dent manner 

Sodium arsenite is a potent activator of p38 mitogen-acti -
vated protein kinase (MAPK) and c-Jun N-termin al kinase (JNK)
[14,15] and is known to stimulate extracellular signal-regul ated 
kinase (ERK) activity in certain cell types [16]. Therefore, we 



Fig. 1. Cytoplasmic accumulation of GFP-tagged Id3 in response to sodium arsenite. (A) Alignment of the conserved NES-like sequences of the mouse Id protein family. The 
NES consensus sequence was presented at the bottom. The positions of amino acid residues are indicated and conserved hydrophobic residues of the aligned sequences are 
highlighted in bold. Asterisks indicate critical residues whose mutation abrogated Id1 NES activity [11]. (B) The location of the NES-like sequence of Id3 is schematically 
shown in the GFP-Id3 fusion protein. The helix-loop-helix (HLH) domain is drawn as a black box. The numbers above boxes indicate the positions of amino acid residues of the 
Id3 protein. (C and D) NIH3T3 cells were transfected with the plasmid encoding wild-type GFP-Id3 (WT) (C) or the NES mutant (V82A) (D), and were either treated or not 
treated with 100 lM sodium arsenite for 2 h. Representative images are shown in the upper panels labeled by GFP and DAPI, which demonstrate the localization of the fusion 
proteins and the nucleus, respectively. The percentages of cells with nuclear and cytoplasmic (N = C) or predominantly cytoplasmic (N < C) localization were also depicted. At 
least 100 cells were scored for each sample. The values presented are the mean ± SD from three independent experiments. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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investigated whether the parallel MAPK pathways are involved 
in the nuclear exclusion of Id3. As shown in Fig. 2A, none of 
the three MAPK inhibitors (the p38 MAPK inhibitor SB203580, 
the JNK inhibitor SP600125, and the ERK inhibitor PD98059) af- 
fected the cytoplasmic accumulati on of GFP-Id3 that was in- 
duced by sodium arsenite. In contrast, the accumulation was 
effectively blocked by co-treatment with LMB, a specific inhibitor 
of the nuclear export receptor CRM1 [17]. To confirm the result 
with kinase inhibitors, we examine d the effect of the distinct 
stress-inducer anisomycin, which has been shown to activate 
all three classes of MAPKs [15,16]. The localization of GFP-Id3 
was not altered even when cells were treated with a high con- 
centration (10 lg/ml) of anisomycin (Fig. 2B). Taken together, 
these results suggest that the arsenite-induced cytoplasmic accu- 
mulation of Id3 is mediated by CRM1-dpenden t nuclear export 
and does not depend on MAPK activation. 
3.3. Arsenite binds to the N-termin al cysteines of Id3 

Next, we generate d N- and C-terminal deletion constructs of 
GFP-Id3 (D1–39 and D86–119) (Fig. 3A) and assessed their respon- 
siveness to sodium arsenite. Both fusion proteins displayed nucleo- 
cytoplasm ic distribution in control untreated cells (Fig. 3B), as did 
the full-length form. However, the distribution of N-terminally de- 
leted GFP-Id3 (D1–39) was not influenced by treatment with so- 
dium arsenite. On the other hand, about 60% of C-terminall y
deleted GFP-Id3 (D86–119) was predominantl y localized in the 
cytoplasm of drug-treate d cells. Thus, the N-terminal region of 
Id3 is indispensab le for the arsenite-ind uced nuclear export. 

Another feature of arsenite is its reactivity with protein thiol 
groups [14,18]. Arsenite has been shown to associate with many 
cellular proteins via closely spaced cysteine residues [18,19]. Since 
such cysteine residues (Cys-10, Cys-15, and Cys-16) are found in 



Fig. 2. The sodium arsenite-induced nuclear exclusion of Id3 is CRM1-dependent and MAPK-independent. (A and B) NIH3T3 cells were transfected with the GFP-Id3 (WT)
plasmid, and its subcellular localization was examined as described in Section 2. Panels labeled by GFP and DAPI demonstrate the localization of the fusion protein and the 
nucleus, respectively. (A) Transfected cells were pre-treated for 30 min with 10 lM SB203580, 20 lM SP600125, 50 lM PD98059, or 10 ng/ml LMB. Cells were then exposed 
to 100 lM sodium arsenite for 2 h in the presence of each inhibitor. (B) Transfected cells were treated with 10 lg/ml anisomycin for 2 h. The percentages of cells with nuclear 
and cytoplasmic (N = C) or predominantly cytoplasmic (N < C) localization were depicted. At least 100 cells were scored for each sample. The values presented are the 
mean ± SD from three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the N-terminal region of Id3 (Fig. 3A), we asked whether arsenite 
binds to it. To this end, Id3 was expressed in 293T cells and then 
incubated with PAO (Fig. 3C), an organic arsenic compound that 
interacts preferentially with vicinal cysteine thiols of a protein 
[12]. A FLAG-tagged version of Id3 was used in this experiment, 
due to the absence of any cysteine residue in the epitope sequence. 
PAO-conjug ated affinity beads, but not the control Affi-Gel 10 
beads, efficiently pulled down FLAG-Id3 (Fig. 3D), indicating that 
arsenite binds to Id3. PAO binding was complete ly abolished by 
replacemen t of all five cysteine residues with serine (5 Cys), while 
it was sustained when the three N-terminal cysteines were un- 
changed and the others were substituted (C47/118S) (Fig. 3E). This 
data indicates that arsenite interacts with the N-terminal cysteine 
residues of Id3. 

3.4. Arsenite-indu ced nuclear export of Id3 requires N-termin al 
cysteines and counteracts its transcripti onal repression activity 

To evaluate the relative importance of cysteine residues in the 
arsenite-ind uced nuclear export of Id3, we analyzed the subcellu- 
lar distribution of three cysteine mutants of GFP-Id3 (C10/15/
16S, C47A, and C118S). The Cys-47 to Ser (C47S) mutant was ex- 
cluded from the analysis because it was cytoplasm ic in untreated 
cells (data not shown). Similar to the wild-type protein, the accu- 
mulation of GFP-Id3 (C47A) and GFP-Id3 (C118S) was high in the 
cytoplasm when cells were exposed to sodium arsenite (Fig. 4A,
middle and lower panels). In contrast, GFP-Id3 (C10/15/16S) exhib- 
ited diffuse distribution in drug-treated cells as well as control 
cells (upper panels). This result clearly shows that closely spaced 
N-termin al cysteines are essential for the arsenite-i nduced nuclear 
export of Id3. 

Besides mitogenic stimuli, expression of the immediate- early 
genes su ch as c- Fo s and Egr -1 has been sh own to be up -r egu la ted
in response to sodium arsenite [14–16]. Also in these cases, 
the ETS transcription factor Elk-1 is phosphorylated by MAPKs 
and thereafte r binds to the promoter regions to activate tran- 
scription [15,16]. To address the functional significance of the 
arsenite-i nduced nuclear export of Id3, we measured the repres- 
sion activity of wild-type GFP-Id3 (WT) and nuclear export- 
defective mutants (V82A and C10/15/16S) in Elk-1-mediated 
transcrip tion. As shown in Fig. 4B, luciferase activity of the 
Egr-1 promote r containing the Elk-1-bin ding sites was greatly 
enhanced by expression of the constituti vely active (CA) form 
of MEK1, the upstream kinase for ERK [3]. This enhanced activity 
was pronouncedly reduced by co-expression of each fusion con- 
struct (approximately 90% reduction), ensuring the integrity of 
the expresse d proteins. Meanwhi le, the marked response of the 
reporter construct to sodium arsenite was hardly affected by 
wild-type GFP-Id3, whereas it was moderately, but significantly
suppressed by the two nuclear export-defective mutants (55%
and 65% suppression by the V82A and C10/15/1 6S mutants, 
respectivel y) (Fig. 4C). Since all fusion proteins repressed 
MEK1-sti mulated transcription of the Egr-1 gene, the differential 
effect on arsenite-stimu lated transcriptio n was attributed to 
their individual activities in arsenite-ind uced nuclear export. 
Accordingl y, we conclude that the arsenite-ind uced nuclear ex- 
port of Id3 counteracts its repression activity in Elk-1-mediated 
transcrip tion. 



Fig. 3. Binding of PAO to the N-terminal cysteine residues of Id3. (A) Five cysteine residues of Id3 are schematically illustrated at the top. N- and C-terminal deletion 
constructs of GFP-Id3 are drawn below. (B) NIH3T3 cells were transfected with the deletion constructs, and were either treated or not treated with 100 lM sodium arsenite 
for 2 h. The left panels are representative images of green fluorescent cells. The percentages of cells with nuclear and cytoplasmic (N = C) or predominantly cytoplasmic 
(N < C) localization were also depicted. At least 100 cells were scored for each sample. The values presented are the mean ± SD from three independent experiments. (C)
Structure of phenylarsine oxide (PAO). (D) Binding of PAO to Id3. 293T cells were transfected with the expression plasmid encoding wild-type 3�FLAG-Id3, and the cell 
lysates were prepared and incubated with PAO-conjugated affinity beads or control Affi-Gel 10 beads. The pull-down of Id3 was visualized by immunoblotting with anti-FLAG 
antibody. (E) Binding of PAO to Id3 cysteine mutants. The wild-type and 5 Cys and C47/118S mutants were expressed in 293T cells (lower panel) and pulled-down by PAO 
affinity beads (upper panel). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion 

In the present study, we investiga ted the regulation of subcellu- 
lar localization of the transcriptio nal repressor Id3. We found that 
treatment with sodium arsenite resulted in the substanti al accu- 
mulation of GFP-tagged Id3 in the cytoplasm. We consider that this 
accumulation may be directed by a CRM1-dpen dent nuclear export 
mechanism because it was prevented by co-treatm ent with LMB 
(Fig. 2A). Cytoplasmic accumulation was also impaired by muta- 
tion of the Val-82 residue (Fig. 1D), which has been predicted to 
be the most critical for NES function [13]. These findings suggest 
that sodium arsenite activates the NES of Id3 to allow its CRM1- 
dpendent nuclear export. 

Arsenite is a toxic metalloid that persists in the environment. It 
perturbs cell-cycle progression and differentiation through up- and 
down-re gulation of numerous genes [18,20]. Although MAPK path- 
ways are frequent ly engaged in the toxic effects of arsenite [21],
their involvement in the arsenite-ind uced nuclear export of Id3 
seems unlikely. Instead, our results suggest that the binding of 
arsenite to Id3 is important. We showed that the N-terminal cys- 
teine residues of Id3 interacted with PAO, an organic derivative 
of arsenite (Fig. 3D), and that they are essential for the arsenite-in- 
duced nuclear export (Fig. 4A). In addition to thiol binding, arsenite 
has been shown to generate reactive oxygen species [22], which 
may lead to the oxidative modification of Id3 cysteine residues. 
However , the cytoplasmic accumulation of GFP-Id3 was not inhib- 
ited by the antioxidant N-acetyl cysteine and was not recapitulated 
by hydrogen peroxide (Kurooka et al., unpublished observations ),
contradic ting the possibility that the arsenite-ind uced nuclear ex- 
port of Id3 is caused by oxidative stress. 



Fig. 4. The sodium arsenite-induced nuclear export of Id3 requires N-terminal cysteine residues and decreases its transcriptional repression activity. (A) NIH3T3 cells were 
transfected with the cysteine mutants of GFP-Id3 (C10/15/16S, C47A, and C118S), and were either treated or not treated with 100 lM sodium arsenite for 2 h. The left panels 
are representative images of green fluorescent cells. The percentages of cells with nuclear and cytoplasmic (N = C) or predominantly cytoplasmic (N < C) localization were also 
depicted. At least 100 cells were scored for each sample. The values presented are the mean ± SD from three independent experiments. (B and C) The repression activity of Id3 
in Elk-1-mediated transcription was monitored by luciferase assay. (B) NIH3T3 cells were co-transfected with 100 ng of pGL3-Egr-1(�425/+22), 150 ng of pCMV-MEK1(CA),
and 750 ng of each GFP-Id3 fusion construct. The error bars indicate the standard error of the mean. (C) NIH3T3 cells were co-transfected with 200 ng of pGL4.12-Egr-1(�425/ 
+22) and 750 ng of each GFP-Id3 fusion construct. At 24 h post-transfection, the cells were treated with 100 lM sodium arsenite for 4 h. The error bars indicate the standard 
error of the mean. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The regulation of protein localization by thiol binding has been 
described previousl y. As opposed to Id3, the yeast AP-1 like tran- 
scription factors YAP1 and YAP8 were translocated into the nucleus 
upon stimulation with sodium arsenite [23,24]. The distribution of 
Yap2 was also shifted to the nucleus in response to cadmium, a
toxic metal with similar thiol reactivity [25]. Conversely, the 
Nrf2-related transcriptional repressor Bach1 accumulate d in the 
cytoplasm when cells were treated with heme, which has affinity
for the cysteine–proline dipeptide sequence [26]. These effects 
were all ascribed to the interactions with cysteine residues of these 
proteins and the concomitan t modulation of their NES function. 
Thiol binding appears to be one of the mechanisms regulating 
the nuclear export of eukaryotic transcrip tion factors. 

Our results strongly suggest that the binding of arsenite is 
responsible for the metalloid-induce d nuclear export of Id3, but 
it remains unclear how arsenite binding leads to activation of the 
NES, which is apart from the N-termin al cysteine residues. One 
explanation would be intramolecu lar unmasking of NES. It is pos- 
sible that the NES of Id3 is masked by conformationa l restraint at 
steady state and arsenite binding to the N-terminal cysteines 
may relieve it. An alternative possibility is intermolecu lar unmask- 
ing of NES. Upon arsenite binding, the NES of Id3 may be exposed 
by interactio n with other molecules like the 14-3-3 proteins [27].
In that regard, it should be noted that the NES of Id1 is negatively 
regulated by N-terminal modification. Nishiyama et al. [28] re-
ported that the nuclear export of Id1 was attenuated by protein ki- 
nase A-mediated phosphoryla tion at the Ser-5 residue in vascular 
endotheli al cells. Thus, the N-termin al region of Ids is critical for 
regulatio n of the conserved NESs. 

The above-ment ioned YAP1 and YAP8 mediate arsenic tolerance 
by controlling the expression of detoxification genes [23,24]. Like- 
wise, it is conceivable that Id3 plays a role in the biological action 
of arsenite. We have demonstrat ed that Id3 repressed arsenite-i n- 
duced Egr-1 expression and this repressive effect was inversely 
correlate d with its nuclear export activity in response to sodium 
arsenite (Fig. 4C). This implies that sodium arsenite may induce 
nuclear export of Id3 to facilitate transcriptio nal activation of its 
responsiv e genes. It is necessary to comprehens ively identify Id3- 
regulated genes in the arsenic response. 
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