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Nuclear import of proteins with nuclear localization signals
(NLSs) is mediated by shuttling carriers, the importins. Some
cargoes display more than a single NLS, and among these are
homeodomain proteins such as Arx, which is critical for devel-
opment of multiple tissues. Arx has two functional NLSs. The
present studies show that several pathways can import Arx via
its NLS2, which is within its DNA binding homeodomain. Using
an in vitro nuclear import assay, we show that import of Arx via
NLS2 can be mediated by importin 31, importin 9, or importin
13, with binding being strongest to importin $1. All binding is
sensitive to RanGTP. Experiments based on precise domain
deletions indicate that NLS2 binds impf31, imp9, and imp13 and
includes both an importin binding subdomain and a regulatory
subdomain with arginine residues being important for function.
Moreover, Arx can be co-precipitated with these importins
when NLS2 is present. Although nuclear import of Arx can be
mediated by these three importin Bs, importin 1 seems to play
the major role judging from in vivo small interfering RNA abla-
tions and the in vitro import assay. This is the first evidence to
show the role of importin 1 in nuclear import of paired-type
homeodomain proteins. We propose a novel and possibly quite
general mechanism for nuclear import of paired-type homeodo-
main proteins which is critical for development.

Precise nucleocytoplasmic distribution of the homeodomain
superfamily of transcription factors is critical for development.
Several studies have demonstrated that NLS activity resides
within the 60-amino acid DNA binding homeodomain itself,
which is composed of three helices (1, 2). The “paired type”
subgroup of the superfamily is characterized by a set of highly
conserved residues. There are 26 members of this subgroup in
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man. The aristaless-related homeobox (ARX)* protein, a
paired-type homeodomain containing protein, is mutated in
multiple human conditions (3-5). ARX is expressed most
strongly in the brain (6) and is important for development of
the forebrain, pancreas, and testis (7). Arx proteins are
highly conserved (Fig. 1) and contain 562 amino acids (564
amino acids in mouse) with four poly(A) (alanine) tracts of
variable length, a paired-type homeodomain, and a con-
served “aristaless” domain (8). Endogenous Arx was found in
the nucleus of some types of nerve cells (9, 10). Because Arx
has a molecular mass larger than 60 kDa, its nuclear import is
likely to be signal-dependent. Three putative basic NLSs in
Arx have been proposed (8, 11): NLS1 from aa 82 to 89, BC1
from aa 327 to 334, and BC2 from aa 381 to 388 (Fig. 1). It is
not clear whether or how these putative NLSs function in the
nuclear localization of Arx.

As for other trinucleotide-repeat-containing genes (12, 13),
the first poly(A) tract can expand in Arx. Expansion of this tract or
loss of the 3’ aristaless domain in Arx are both associated with
infantile spasms syndrome and mental retardation (14, 15). More-
over, expansion of the first poly(A) tract of Arx results in formation
of nuclear inclusions and an increase in cell death (16). X-linked
mental retardation and dystonia are related to expansion in the
second poly(A) tract of Arx (8, 17). Like Arx, the paired-type
homeodomain protein Pax6 is important in neural development
(18). Ploski et al. (19) found that Pax6 has only one NLS which
overlaps with its homeodomain. It is recognized by importin 13,
which is required for its import and is a member of importin 3
superfamily (19). These authors suggested that most paired-type
homeodomain transcription factors including Arx are imported
by importin 13 (19). Interestingly, imp13 can interact with Arx.
However, whether imp13 is the only receptor responsible for
nuclear import of Arx (11) is an open question.

Nuclear localization of transcription factors is essential in
eukaryotes, and members of the importin B superfamily
(importin Bs) play key roles in signal-dependent nuclear import
and export (20-31). Cargo binding and release by importin s
are regulated by the asymmetric distribution of RanGTP, which
is more concentrated in the nucleus than in the cytoplasm (32).

4 The abbreviations used are: ARX, aristaless-related homeobox; aa, amino acids;
GR, glucocorticoid receptor; GST, glutathione S-transferase; GFP, green fluo-
rescent protein; EGFP, enhanced GFP; siRNA, small interfering RNA; NLS,
nuclear localization sequence; cNLS, classic NLS; VDR, vitamin D receptor;
DsRed, Discosoma sp. red fluorescent protein.
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FIGURE 1. Structure of Arx protein. Arx contains four poly(A) tracts ((A),), an N-terminal octapeptide domain
(OD), a C-terminal aristaless domain (AD), and a homeobox domain (HD) (aa 331-388). Two NLSs are indicated:

(381-388)

tin B1 playing the major role. More-
over, nuclear import of Arx via
importin B1 is not enhanced by the
addition of either importin 9 or
importin 13. Yet-unidentified factors,
therefore, may influence the choice of
nuclear import pathway of Arx.
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NLS1,aa 82-89;NLS2,aa 327-388.Two basic clusters of amino acids are shown as BC1 (aa 327-334) and BC2 (aa

381-388).

Proteins containing classic nuclear localization sequences
(cNLS) are imported by the importin /8 heterodimer (26,
33), which interacts with short stretches of positively
charged amino acids. cNLSs can be monopartite with five
basic amino acids or bipartite, with two short basic clusters
separated by a spacer (25, 34). In addition to the cNLS-me-
diated pathway, importin Bs can function in the absence of
importin a. In this situation, cargoes use a nonclassical NLS
(23). Known nonclassical NLS lack conserved sequences or
structures, and different nonclassical NLS are generally rec-
ognized by different importin Bs.

Many proteins have at least two NLSs. Among these is the
glucocorticoid receptor (GR) (35). For the GR, NLS1 is a ¢cNLS
which localizes to the C-terminal region of the DNA binding
domain (36). The second GRNLS (NLS2), a nonclassical NLS, is
in the ligand binding domain (35). NLS2-mediated import of
the GRis slower than import via NLS1 and is hormone-depend-
ent (37). It, therefore, is likely to require a structural change that
affects NLS1. Recent observations suggest that nuclear import of
the GR is accomplished by multiple transport proteins, providing
the opportunity for context-specific regulation (38, 39); however,
the exact contribution of import receptor interactions with NLS2
in the context of full-length GR has not yet been elucidated.

Importin 81 can transport many cargoes directly as well as
cargoes with basic NLSs via importin « and import uridine-rich
small nuclear ribonucleoproteins via snurportin. Importin 9
imports histones and ribosomal proteins (23). Importin 13
(imp13, also known as Igl2, IPO13, or Kap13) is one of the few
importins that can transport cargoes bi-directionally (40). Its
expression and function are developmentally regulated (41, 42),
and the expression level of imp13 is higher in the brain than in
other tissues (41-43). Several cargoes of imp13 have been iden-
tified: Rbm8, Ubc9 (40), Pax6 (19), the NF-YB/NF-YC dimer
(44), the glucocorticoid receptor (39), and myopodin (45).
imp13 exports elF-1A (40). imp13 plays a role in meiotic differ-
entiation of mouse germ cells by regulating the nuclear import
of ubiquitin-conjugating enzyme 9 (46).

There is a so-called redundancy in terms of multiple impor-
tin Bs being able to mediate nuclear import of certain proteins.
A good example is that of the importin Bs binding NLS of ribo-
somal protein rpL23a, which can be recognized by importin 31,
importin 2, importin 5, and importin 7 (47). Moreover, c-Jun
can be transported into the nucleus by importin 81, importin
B2, importin 7, and importin 9 (48). In the present study two
functional NLS domains of Arx have been characterized.
Nuclear import of Arx via NLS2, which largely overlaps with
the homeobox domain, is mediated by multiple pathways
including imporin 1, importin 9, and importin 13, with impor-
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EXPERIMENTAL PROCEDURES

Construction of ARX Plasmids—
All expression vectors were constructed by integrating specific
PCR products into different expression vectors. All PCR reac-
tions for ARX mutation were done with the Takara LA Taq with
GC buffer (#DRR20AG, Takara, Japan), and restriction
enzymes and T4 ligase were purchased from Takara Co., Japan.
The sequences of primers and the description of plasmids are
summarized as supplemental materials. All plasmids were
sequence-verified. Schematic diagrams of the ARX mutants are
shown in Figs. 24 and 7A.

Site-directed Mutagenesis—Site-directed mutagenesis in
plasmids pARX or pANLS1-ARX was done by PCR. A pair of
primers for the PCR reaction was designed to overlap with each
other to create a substitution of arginine or lysine with an ala-
nine residue at specific sites (supplemental materials). The total
volume for PCR reaction was 20 ul. The extension time is 8 min,
and 14 cycles were set for each mutagenesis reaction. After
PCR, 0.5 ul of Dpnl (New England Biolabs) and 2.2 ul of its
buffer were added to the reaction mixture, and then these mix-
tures were incubated at 37 °C for 3 h. The mixtures were then
transfected into DH5« competent cells and screened for cor-
rect mutants by sequencing.

Preparation of Cell Lysates—Twenty-four hours after trans-
fection, cells grown on 100-mm plates were washed with cold
phosphate-buffered saline. Cells were scraped into 1 ml of lysis
buffer (50 mm HEPES-NaOH (pH 7.5), 100 mm NaCl, 0.5%
Nonidet P-40, 2.5 mM EDTA, 10% glycerol, 1 mum dithiothreitol,
1 mm phenylmethylsulfonyl fluoride, and 1% proteinase inhib-
itor mixture (#P8340, Sigma)) and lysed on ice for 30 min with
gentle shaking. The mixture was spun at 15,000 X g for 30 min
at 4 °C, and the supernatant was collected for GST pulldown
assays or Western blotting.

GST Pulldown Assay—Both GST-tagged imp1, imp4, imp9,
and impl3 and Arx-His, were overexpressed by isopropyl
1-thio-B-Dp-galactopyranoside induction in bacteria. Cells
expressing GST-tagged proteins were sonicated in 1X phos-
phate-buffered saline, and the supernatants were incubated
with glutathione-Sepharose 4B beads. The purified Arx-Hisg
and lysates of cells expressing EGFP-tagged Arx and its mutants
were incubated with glutathione-Sepharose 4B beads saturated
with either impf1, imp4, imp9, and imp13-GST or GST for 3h
at 4 °C. Washed beads were mixed with protein loading buffer
and boiled for SDS-PAGE-Western blotting. About 3% of each
input and 50% of each bound sample were loaded for each
Western blotting analysis.

Co-immunoprecipitation—Immunoprecipitation was per-
formed as described previously (49). In brief, extracts from
transfected cells were prepared with Nonidet P-40-containing
transport buffer (20 mm Hepes, 110 mM potassium acetate, 2
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FIGURE 2. Arx is a nuclear protein and has two functional NLSs. EGFP-
tagged murine Arx and its mutants were transiently expressed in NIH3T3
cells.In panel A, schematics represent deletion mutants of NLSs of Arx. Bridges
indicate deleted segments. BC represents basic clusters in the homeodomain.
Domains of NLS1, BC1, and BC2 are colored in red. Subcellular localization of
Arx and its mutants were shown in panel B. Wild-type Arx (a) is primarily in the
nucleus. ANLS1-Arx lacking either putative NLS1 (aa 82-89) (b) or ANLS2-Arx
lacking putative NLS2 (aa 327-388) (c) still localizes to the nucleus. Deletion of
both putative NLS1 and NLS2 blocks nuclear localization of Arx (d). When
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mM magnesium acetate, 5 mM sodium acetate, 0.5 mm EGTA, 1
pg/ml protease inhibitor mixture of aprotinin, leupeptin, and
pepstatin, and 0.2% Nonidet P-40). About 5 X 10° cells were
suspended in 200 wl of buffer. Samples were precleared by incu-
bation with protein G-plus-agarose beads (#sc2002, Santa
Cruz) at 4 °C for 1 h and then incubated with 1 pg of a mono-
clonal antibody against GFP (#ab1218, Abcam Co.) with 20 ul
of protein G-plus-agarose at 4 °C for 4 h. Agarose beads were
washed with transport buffer and suspended in SDS-PAGE
sample buffer and analyzed subsequently by Western blotting.
Endogenous impf1, imp9, and imp13 in the precipitated com-
plex were detected by an anti-impB1 antibody (#ab2811,
Abcam), anti-imp9 antibody (#ab52605, Abcam), and anti-
imp13 antibody (39), respectively. About 10% of each input and
25% of each bound sample were loaded for each Western blot-
ting analysis.

RanGTP Binding Assay—Wild-type Ran-GST and RanQ69L-
GST were expressed in DH5« cells using isopropyl 1-thio-3-p-
galactopyranoside induction. Bacterial cell lysates were incu-
bated with glutathione-Sepharose 4B beads, which were then
subjected to cleavage with thrombin in 200 ul of binding buffer,
followed by the addition of 1 mm phenylmethylsulfonyl fluo-
ride. 2 mM GDP and 2 mm GTP were incubated with purified
Ran and RanQ69L, respectively, in the presence of 50 mm
Hepes-NaOH (pH 7.3), 200 mm NaCl, 5 mm MgCl,, 5 mm
B-mercaptoethanol for 2 h at room temperature. impB1-GST,
imp4-GST, imp9-GST, and imp13-GST fusion proteins were
bound to glutathione-Sepharose 4B beads in a binding buffer
containing 50 mm Tris-HCl (pH 7.5), 200 mm NaCl, 5 mm
MgCl,, and 5 mm B-mercaptoethanol overnight at 4 °C. Beads
were washed with the binding buffer and then incubated with
bacterial lysates containing Arx-His, in the binding buffer at
4°C for 4 h. Supernatants were removed, and beads were
washed with the binding buffer. Then beads were separated
into three equal parts, which were incubated with RanGDP,
RanQ69LGTP, or the control buffer only at room temperature
for 30 min. Samples were separated on 10% SDS-PAGE and
analyzed by the Western blot with an anti-His, antibody. About
10% of each input and 50% of each bound sample were loaded
for each Western blotting analysis.

In Vitro Import Assay—Briefly, HeLa cells were grown on
10-mm glass coverslips to 40 —80% confluence. Permeabiliza-
tion was done with 40 pg/ml digitonin (#D5628, Sigma) for 5
min on ice. The permeabilized cells were incubated for 30 min
at 30 or 4 °C with 25 ul of a transport reaction mix consisting of
cargo (1 uM) and recombinant importin Bs (1 um) in transport
buffer (20 mm Hepes-KOH (pH 7.3), 110 mM potassium acetate,
5 mM magnesium acetate, 1 mm EGTA, 2 mwm dithiothreitol,
and 250 mM sucrose) supplemented with an energy regenerat-
ing system (0.5 mm ATP, 0.5 mm GTP, 10 mwm creatine phos-

NLS1 is present, deletion of each basic cluster of the homeodomain in NLS2 or
both does not result in mislocation of Arx (e, f, g, h, and j). Deletion of the
intervening fragment in the homeodomain also does not change the subcel-
lular location of Arx (i). Note that both basic clusters of the homeodomain are
necessary for nuclearimport of Arx when NLS1 is absent (k and /). Deletion of
the intervening fragment of the homeodomain did not change the nuclear
location of Arx even when NLS1 is absent (m). When NLS1 is absent, deletion
of both BC domains relocates Arx into the cytoplasm (n).
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phate, and 50 pg/ml creatine kinase and 3 um Ran (GDP)). The
import reaction was stopped by adding 500 ul of transport
buffer. Cells were fixed by using 4% paraformaldehyde for 15
min on ice. For negative controls, the assay was done in the
absence of recombinant transport factors. Cells were visualized
by a Leica confocal microscope (model SPII AOBS). The coding
regions for the His,-tag fusion proteins were cloned as follows;
murine Arx and R382A/ANLS1-Arx were inserted at BamHI/
HindIII sites of pET28a vector, and then an EGFP fragment was
inserted at HindIII/XholI sites. A DNA sequence encoding the
fragment of vitamin D receptor (aa 4-232) (VDR) was inserted
into the vector pGEX4T-2-EGFP to express a truncated VDR
tagged with both GST and EGFP. This purified protein was
used as a positive control for the activity of imp4 (50). In all
experiments, a minimum of 25 cells was analyzed for each
determination in each of three experiments.

Kinetic Assay—The kinetic assay was followed as previously
described (41, 51). In brief, purified ANLS1-Arx-His,-EGFP (1
uM) was added to digitonin-permeabilized cells as the transport
cargo along with purified impB1 (1 um), imp9 (1 um), imp13 (1
M), or mixtures of these importins. The influx of the cargo into
nuclei was recorded in real time by a Leica confocal microscope
(model SPII AOBS). A series of images was then acquired (5-s
intervals) to visualize nuclear fluorescence (excluding the signal
at the perimeter of the nucleus). Nuclear fluorescence was
quantitated using Metamorph software (Universal Imaging
Corp.). Background values from outside the cell were sub-
tracted. Values of nuclear fluorescence were calculated by aver-
aging fluorescence values from three random areas in each
nucleus. In all assays at least five nuclei were analyzed for each
determination in each of three experiments. The value of
nuclear fluorescence at the point of 250 s after the addition of
cargoes was used as 100%. Half-times for nuclear accumulation
of cargoes were determined when nuclear fluorescence reached
to 50% that of the 250-s point of nuclear import. Import was
performed at 20 °C in the transport buffer.

Cell Culture and Transfection—Cells of N2a (a mouse neu-
roblastoma cell line, kindly provided by Dr. Huaxi Xu from the
Burnham Institute), NIH3T3, HeLa, and 293T were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) plus 10% de-
complemented fetal bovine serum and incubated at 37 °C in a
5% CO.,, air incubator. For microscopic examination, cells on
glass coverslips (12 mm) were usually seeded at 5.0 X 10* cells/
coverslip the day before transfection. Plasmid DNA (0.5
pg/coverslip) was transfected into cells using the Lipo-
fectamine 2000 kit (#11668-019'Invitrogen). Subcellular distri-
butions of Arx and its mutants were documented by either a
Nikon Eclipse 80i fluorescence microscope or a Leica confocal
microscope (model SPII AOBS). In all experiments a minimum
of 25 cells was analyzed for each determination in each of three
experiments. For preparation of cell lysates, cells were usually
seeded at 1 X 10° cells/100-mm plate the day before transfec-
tion. 5-10 ug of plasmid DNA/plate were transfected into cells.
Transfected cells were lysed for further analysis after 24 h.

Indirect Immunofluorescence Staining—Coverslips of adher-
ent cells were fixed with 3.7% formaldehyde for 30 min on ice
and then quenched and permeabilized with 0.1 m glycine (pH
7.0), 0.1% Triton X-100 in phosphate buffer saline (52). These
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coverslips were stained with an anti-impf31 or anti-imp13 anti-
body for 1 h at room temperature and subsequently labeled
with a rhodamine-conjugated secondary antibody for another
hour at room temperature. In all experiments a minimum of 25
cells was analyzed for each determination in each of three
experiments.

Small Interfering RNA (siRNA) Silencing—To silence imp13,
a pGCsilencer U6/Neo/GFP/impl3 plasmid expressing a
mouse imp13 siRNA (5'-ccgaccaguaugaaagcuuaa-3') (45, 46)
(GENECHEM, Shanghai, China) or a pSilencerl.0-U6/GFP/
imp13 plasmid expressing a human imp13 siRNA (5'-ggugccu-
gagauccaguactt-3") (Ambion) (39) was transfected in NIH3T3,
293T, and HeLa cells. To silence impf1, plasmids pGENEsil-1/
U6/EGEP expressing a mouse impf1 siRNA (5'-gaguugcagcug-
gucuacaaauuaa-3’) (53) or a human impf1 siRNA (5'-aaggga-
gcacuacaguaucug-3') (Genesil Co., Wuhan, China) was
transfected in NIH3T3, 293T, and HeLa cells. A plasmid to
express an RNA without homology to human or mouse
sequences was used as a control in silencing experiments (39).
After 24 h, cells were transfected with DsRed-tagged ANLS1-
Arx. After 48 -72 h, cells were fixed or lysed, and protein levels
of endogenous impB1 and imp13 were evaluated by indirect
immunofluorescence or Western blotting. Subcellular localiza-
tion of DsRed-tagged ANLS1-Arx was documented by either a
Nikon Eclipse 80i fluorescence microscope or a Leica confocal
microscope (model SPII AOBS). In all experiments a minimum
of 25 cells was analyzed for each determination in each of three
experiments.

Statistical Analysis—All data are presented as the mean *
S.E. Statistical significance was determined by two-way analysis
of variance. Pair-wise group comparisons were then assessed
using Student-Neuman-Keuls test.

RESULTS

Arx Is a Nuclear Protein and Has Two Functional NLSs—Be-
cause Arx is important for brain development, we have studied
Arx in N2a cells, which are of neuronal origin, as well as in
NIH3T3 cells. Like endogenous Arx in the nucleus of GABA-
ergic neurons (9, 10), EGFP-tagged Arx localizes primarily to the
nucleus of NIH3T?3 (Fig. 2B) and N2a cells (data not shown). By
scanning the sequences of human and mouse Arx, we and oth-
ers (8) predicted that there are three putative cNLSs at amino
acids 82-89, 327-334, and 381-388 of mouse Arx (Fig. 1). To
test whether these domains are functional, we deleted them
from EGFP-tagged mouse Arx (Fig. 2, A and B). Plasmids (Fig.
2A) expressing Arx and its mutants were transiently expressed
in NIH3T3, N2a, and 293T cells. As shown in Fig. 2, B, b, e, and
£, deletion of each single putative NLS separately did not change
the nuclear location of Arx. However, when all three domains
were removed, Arx no longer localizes to the nucleus (Fig. 2Bn),
suggesting that the putative NLSs have overlapping import
function and that there is no other NLS in Arx. Each of the
putative cNLSs could function in nuclear import of Arx. The
subcellular distributions of Arx and its mutants in N2a and
293T cells are identical to those in NIH3T3 cells (data not
shown).

To learn whether each of these domains functions in nuclear
import of Arx, we first removed putative NLS1 (A82-89) and
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FIGURE 3. Arx interacts with imp 1, imp4, imp9, and imp13 via its NLS2, and bindings of Arx to impp1,
imp9, and imp13 are sensitive to RanGTP. In panel A, Hisc-tagged full-length Arx and GST-tagged impp1,
imp9, and imp13 were expressed in E. coli and purified. In GST pulldown experiments, bound Arx was detected
by an anti-Hisg antibody. As shown, Arx interacted with impB1,imp9, and imp13. Bound GST alone was used as
anegative control. The amounts of bound GST and GST-tagged importin Bs were indicated by Coomassie Blue
stain. Judging from the intensity of the anti-His, signal, the amount of Arx bound to imp31 is much stronger
than to the other importin Bs. In panel B, lysates of 293T cells expressing EGFP-tagged wild-type Arx, ANLS1-
Arx, ANLS2-Arx, and ANLS1/NLS2-Arx were incubated with GST-tagged impp1, imp4, imp9, or imp13. Bound
Arx was detected by an anti-EGFP antibody. As shown, both wild-type Arx and ANLS1-Arx bind impp1, imp4,
imp9, and imp13 (top two panels). ANLS2-Arx and ANLS1/ANLS2-Arx did not bind these importin Bs (bottom
two panels), suggesting that interactions of Arx with these importin Bs are mediated by NLS2. In panel C,
EGFP-tagged ANLS1-Arx and ANLS1/ANLS2-Arx were expressed in 3T3 cells. An antibody against GFP was
incubated with cell lysates containing either EGFP-tagged ANLS1-Arx or ANLS1/ANLS2-Arx. Precipitated com-
plexes (IP) were analyzed by SDS-PAGE, and endogenous imp1, imp9, and imp13 were detected using the
corresponding antibodies. As shown, all of these importin Bs bind ANLS1-Arx, but none of them forms com-
plexes with ANLS1/ANLS2-Arx, suggesting that the binding of Arx to these importin Bs is NLS2-dependent. WB,
Western blot. In panel D, Arx-Hisg and GST-tagged impf1, imp4, imp9, and imp13 were expressed and purified
form E. coli.Immobilized impB1,imp4,imp9, and imp13 on glutathione-Sepharose beads were incubated with
Arx-Hisg. After washing, mixtures of recombinant imp31-GST, imp4-GST, imp9-GST, orimp13-GST and Arx-Hisg
were incubated with either GDP-loaded Ran or GTP-loaded RanQ69L. After washing, the bound proteins were
eluted with SDS-PAGE sample buffer and subjected to SDS-PAGE followed by Western blot analysis. Note that
in the presence of GTP-loaded RanQ69L, the amount of Arx bound to impB31, imp9, or imp13 was significantly
reduced by comparison to bound Arx in the presence of GDP-loaded Ran. Note that RanGTP did not disasso-
ciate the imp4-Arx complex.

binding domain as bait (data not
shown). To test whether other
importin Bs are able to function in
nuclear import of Arx, several
importin Bs available in this labora-
tory were tested. Beside impl3,
importin B1 (impB1) and importin
9 (imp9) interact with Arx (Fig. 3A)
in GST pulldown assays when Arx-
His, and GST-tagged importin Bs
were expressed in Escherichia coli,
respectively, suggesting that these
interactions are direct. Interest-
ingly, although the amount of
immobilized impB1-GST was less
than for imp9 or impl3 (Fig. 34,
bottom panel), the amount of bound
Arx was much greater for impf1
than for imp9 or imp13. Therefore,
Arx has a higher affinity for impS1
than for imp9 or impl3. EGFP-
tagged Arx expressed in 293T cells
also binds impf1, imp9, imp13, and
also importin 4 (imp4) as judged by
incubating lysates of the EGFP-Arx-
expressing cells with the GST-
tagged importin Bs (Fig. 3B, top
panel).

Importin Bs directly or indirectly
bind NLSs of transport cargoes.
Given that Arx has two NLSs, we
sought to determine which one is
recognized by these importins.
Based on our yeast two-hybrid
screening, the C-terminal fragment
(aa 288 —562) of human Arx, which
includes NLS2 (Fig. 1) can bind
imp13 (data not shown). Because we
cannot exclude the possibility of
interaction of NLS1 with these
importin Bs, we expressed wild-type

then deleted either putative BC1 (A327-334) or BC2 (A381-
388) from NLS1-deleted Arx. Although NLS1-deleted Arx
localizes to the nucleus (Fig. 2Bb), further deletion of either
BC1 (Fig. 2Bk) or BC2 (Fig. 2BI) mislocalized Arx to the cyto-
plasm. These data suggest that neither BC1 nor BC2 can func-
tion independently in nuclear import of Arx. Because the dou-
ble deletion of residues 82— 89 and 327-388 mislocalized Arx
(Fig. 2Bd) but the double-deletion of residues 82— 89 and 335—
380 (Fig. 2Bm) did not, we conclude that the two basic clusters
(327-334.and 381-388) work together as a functional NLS. We,
therefore, call the fragment from aa 82— 89 NLS1 and the frag-
ment from aa 327-388 NLS2.

Arx Interacts with Multiple Importin Bs via NLS2 and Has the
Greatest Affinity for Importin 31—Importin 13 was proposed to
be the transportor of nuclear Arx (11, 19), and the interaction of
imp13 with Arx was also detected in our yeast two-hybrid
screening with a C-terminal fragment of imp13 lacking the Ran
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Arx and several Arx mutants (lacking NLS1, NLS2, or both
NLS1 and NLS2). In GST pulldown experiments (Fig. 3B, sec-
ond panel), as for wild-type Arx, deletion of NLS1 did not affect
the binding of impf1, imp4, imp9, or imp13 to Arx; however,
deletion of NLS2 (Fig. 3B, third panel) or double-deletion of
NLS1 and NLS2 (Fig. 3B, bottom panel) eliminated binding of
these importin Bs to Arx. To further confirm that Arx binds
these importins via NLS2 in vivo, we expressed EGFP-tagged
ANLS1-Arx and ANLS1/ANLS2-Arx in NIH3T3 cells. The
lysates were incubated with an anti-EGFP antibody. As shown
in Fig. 3C, endogenous impf1, imp9, and imp13 were found to
form the complexes with ANLS1-Arx and show modest binding
to ANLS1/ANLS2-Arx. Thus, binding of Arx to these importin
Bs is mediated by NLS2.

As shown in Fig. 3, B and C, Arx lacking NLS2 did not bind
impB1, imp4, imp9, or imp13. We also tested possible interac-
tions between Arx fragments (aa 1-90 or 1-326) containing
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FIGURE 4. impf1, imp9, and imp13 mediate the import of Arx into nuclei of digitonin-permeabilized
cells. Hela cells were permeabilized with digitonin, incubated for 30 min with the import mixtures at 30 °C,
washed, and fixed. In panel A, EGFP-Arx-Hisg is imported into the nuclei in the presence of imp1 (e), imp9 (f),
orimp13 (g) but not imp4 (h). EGFP-Arx-Hisg was not found in nuclei in the absence of imp1 (a), imp9 (b), or
imp13 (c). At 4 °C, none of these importin Bs could transport the cargo into the nuclei (i, j, and k). A rim signal
that indicates binding to the nuclear pore complexes is visible in all cases (i, j, and k). Interestingly, imp4 does
not import Arx (d, h, and /). -, without importins; +, with importins. Note in panel B that nuclear Arx-EGFP can
be found in more than 90% of permeabilized HelLa cells in the presence of impB1. More than 60% of perme-
abilized cells had nuclear Arx-EGFP in the presence of imp9, but less than 50% of permeabilized cells had
nuclear Arx signal in the presence of imp13.imp4 had little effect on importing Arx (less than 15% of perme-

c
imp13 '

B

[} ©0
] o

% of permeabilized HeLa with nuclear Arx

impp1 imp9

abilized cells). Error bars show S.D.

NLS1 with these importin Bs. None of them showed binding
(data not shown), suggesting that other pathways transport Arx
via NLS1.

Nuclear Import of Arx via NLS2 Is Mediated by Multiple
Pathways—Because impB1, imp4, imp9, and imp13 bind Arx
via NLS2, it is important to test whether they can transport Arx
into the nucleus. Upon import, binding of RanGTP to import
complexes releases cargoes from importin Bs (25). Thus, if Arx

JULY 24, 2009 +VOLUME 284 +NUMBER 30

4°C can be released from these importin
Bs by RanGTP, we can consider that
Arx is an import cargo. To this end,
GDP-loaded Ran and GTP-loaded
RanQ69L, a non-hydrolyzable form
of Ran (40, 41), were incubated with
the complex of Arx-Hisgimpp1-
GST, Arx-Hisgimp4-GST, Arx-
Hisgimp9-GST, or  Arx-Hisg
imp13-GST. After incubation,
bound Arx-His, was analyzed by
Western blotting with an anti-His,
antibody. As shown in Fig. 3D, the
amounts of Arx bound to either
impf1, imp9, or imp13 was greatly
reduced in the presence of RanGTP
when compared with RanGDP con-
trols, suggesting that Arx is indeed
an import cargo of impp1, imp9,
and imp13. Binding to imp4 was not
affected by RanGTDP.

To test whether these importin 8
family members can transport Arx,
we have used the digitonin-perme-
abilized HeLa cell in in vitro import
assay (55). Both EGFP-tagged Arx-
His, and GST-tagged importin s
were overexpressed and purified
from E. coli. The GST tag was then
removed by thrombin. As shown,
impB1 (Fig. 4A4e), imp9 (Fig. 44/,
and imp13 (Fig. 4A4g) but not imp4
(Fig. 4Ah) can transport Arx into the
nucleus at 30 °C. Nuclear Arx-EGFP
can be found in more than 90% of
permeabilized HeLa cells in the
presence of impf1 (Fig. 4B). More
than 60% of permeabilized cells had
nuclear Arx-EGFP in the presence
of imp9. Less than 50% of permeabi-
lized cells had nuclear Arx-EGFP in
the presence of imp13. The VDR isa
cargo of imp4 (50), and VDR was
imported in the nucleus of perme-
abilized cells (supplemental figure).
By contrast less than 15% of perme-
abilized cells had nuclear Arx-EGFP
in the presence of imp4. Arx was not
found in the nucleus with any of
these importin Bs after incubation
at4 °C(i,, k,and /in Fig. 4A). These results suggest that Arx can
be transported into the nucleus by impf1, imp9, and imp13.
impB1 imports Arx more efficiently than imp9 or imp13, and
imp4 plays modest a lesser role (if any) in import of Arx.

Importin B1 Plays a Major Role in Nuclear Import of Arx via
NLS2—Although in vitro experiments show that multiple
importin Bs (impfB1, imp9, and imp13) bind and transport Arx
into the nucleus, it is of interest to ask whether nuclear import

imp4
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To learn which pathway(s) is

100%

important for in vivo import of
ANLS1-Arx, we transiently ex-
pressed imp1 siRNAs (human and
mouse (53)) and imp 13 siRNAs
(human (39) and mouse (46)) into
HeLa and NIH3T3 cells, respec-
tively. Expression of the siRNAs was
identified by co-expression of GFP.
As shown in Fig. 64 and B, d and 4,

o Impp1
m impl3

50%

A impp1+mp13 both impB1 and impl3 siRNAs

were found to be able to reduce the
amounts of endogenous impf1 and
imp13 in both the Western blotting
analysis and the immunofluores-
cent staining, respectively. Interest-
ingly, expression of impfB1 siRNAs
partially relocated ANLS1-Arx from
the nucleus into the cytoplasm (Fig.
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FIGURE 5. Quantitation of Arx influx into nuclei with differentimportin Bsin vitro.n in vitro nuclearimport
assays the rates of nuclear accumulation of EGFP-tagged ANLS1-Arx with differentimportin 3s were measured
in real-time by confocal microscopy. In panel A, the fluorescence of intranuclear regions of interest of digitonin-
permeabilized cells incubated with cargo EGFP-tagged ANLS1-Arx and different importin Bs (see Fig. 4) was
quantitated using Metamorph software. Five representative influx curves of EGFP-tagged ANLS1-Arx with
impB1,imp9, imp13,impB1/imp9, and impB1/imp13 are shown. Curves are normalized to facilitate compari-
sons. In panel B, half-times for nuclear accumulation of cargo EGFP-tagged ANLS1-Arx imported by different
importin Bs or their mixtures were measured as described under “Experimental Procedures.” Shown are the
averages of three assays of import of cargo EGFP-tagged ANLS1-Arx with different importin Bs or their mix-
tures. A minimum of five nuclei was analyzed for each determination in each of three assays. Error bars show

S.D.

of Arx via NLS2 could be enhanced by the combinations of
these importin Bs. To test this hypothesis, we used the perme-
abilized cell assay to measure the kinetics of import of ANLS1-
Arx in the presence of either impf1 alone, imp9 alone, imp13
alone, impB1 with imp9, or impB1 with imp13. As shown in Fig.
5, the half-times for nuclear accumulation of Arx mediated by
impp1, imp9, and imp13 are 60 = 10, 110 = 10, and 230 * 50,
respectively. The addition of imp13 to impf1 did not shorten
the half-time (60 = 10 s) for nuclear accumulation of the cargo,
although we did see a slight increase of nuclear Arx. Similar
results were observed when imp9 was added to impf1 in this
assay. These observations suggest that impf1 plays a major role
in nuclear import of Arx via NLS2 in vitro.
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6B, [ and p). Statistically, the cyto-
plasmic signal of ANLS1-Arx was
observed in nearly 50% of NIH3T3
cells expressing impB1 siRNA. Only
a few NIH3T3 cells expressing
imp13 siRNA showed cytoplasmic
signal of ANLS1-Arx. Based on
these observations, we conclude
that impB1 plays a major role in
nuclear import of ANLS1-Arx.

Arginine Residues in BC2 of the
Homeobox Are Essential to the
Function of NLS2 of Arx—To exam-
ine the role of NLS2 more closely,
we replaced positively charged
amino acids in NLS2 of ANLS1-Arx
by alanine residues (Fig. 7A4). All
mutants were expressed in NIH3T3,
N2a, and 293T cells. As shown,
none of mutations in the first basic
cluster domain (BC1, aa 327-334,
Fig. 7A) of the homeobox resulted in
mislocalization of Arx (a—fin Fig. 7,
A and B). By contrast, although
mutation of lysine residue at 384 in
the second basic cluster (BC2, aa
381-388, Fig. 7A) did not change the nuclear localization of Arx
(1in Fig. 7, A and B), mutation of other positively charged amino
acids (R381A, R382A, and R386A) in this domain mislocalized
Arx (g, h, and j in Fig. 7, A and B). Interestingly, R382A-Arx
caused cytoplasmic localization of Arx in more than 90% of
transfected cells, and about 60% of them showed no nuclear Arx
(h in Fig. 7, A-C). These observations suggest that the BC2
domain in the homeobox plays an important role in the func-
tion of NLS2. Similar results were observed in N2a and 293T
cells (data not shown).

To understand why these mutations mislocalized ANLS1-
Arx, the mutants were expressed in 293T cells, and lysates were
used in GST pulldown protocols. As shown in Fig. 7D, inter-
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FIGURE 6. Silencing of imp1 partially mislocalizes ANLS1-Arx into the cytoplasm in vivo. siRNAs for impf1 and imp13 were expressed in NIH3T3 and
Hela cells, respectively. After 48 h, endogenous imp1 and imp13 in 3T3 cells were analyzed by Western blotting as shown in panel A. Amounts of both imp31
and imp13 were partially reduced. Endogenous tubulin was used a loading control. In panel B, endogenous imp31 was detected by an anti-impB1 antibody
(arrows). As shown in d and h, the siRNAs of both mouse and human imp31 reduces the level of imp1. By contrast, the control shows no changes of impg1 (b
and f). Note that some DsRed-tagged ANLS1-Arx is found in the cytoplasm when impB1 siRNAs was expressed (/ and p, arrows). No cytoplasmic signal of
DsRed-tagged ANLS1-Arx was found in cells expressing control plasmids (jand n) or in cells without imp31 siRNAs expression (/). The green signal in this panel
represents GFP co-expressed with the siRNAs. DAPI, 4',6-diamidino-2-phenylindole. In panel C, when impf31 siRNA was expressed in 3T3 cells, near 50% show
cytoplasmic DsRed-tagged ANLS1-Arx. Nevertheless,imp13 siRNA does not relocate DsRed-tagged ANLS1-Arx in 3T3 cells. Aminimum of 25 cells coexpressing
DsRed-tagged ANLS1-Arx and siRNA was analyzed for each determination in each of three experiments. Error bars show S.D.
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FIGURE 7. The R382A mutation in NLS2 abolishes its function in Arx by blocking its interaction with
impB1. Most positively charged amino acids in the homeobox were substituted by alanine residues as shown
in panel A. These mutants tagged with EGFP were transiently expressed in NIH3T3 cells. As shown in panel B,
mutations K327A, R328A, K329A, R331A,R332A, and R334A in the BC1 domain (a-f) did not mislocalize ANLS1-
Arx. These mutants are still in the nuclei. By contrast, mutations R381A, R382A, and R386A in the BC2 domain of
(g, h, and j) mislocalized ANLS1-Arx into the cytoplasm of most cells. Mutant K384A still shows a dominant
nuclear location of Arx (i). Statistical data of these experiments is summarized in panel C. Among these mutants,
mutant R382A showed that about 60% of transfected cells had only cytoplasmic signal, and more than 30% of
R382A mutant-expressing cells had both cytoplasmic and nuclear Arx. By contrast, cells expressing ANLS1-Arx
show only nuclear signal, suggesting that arginine 382 is an important residue for NLS2 function. In panel D,
most substitution mutants of positively charged amino acids in the homeobox were expressed with an EGFP
tag, and lysates were used to test their interactions with GST-tagged impB31. Bound Arx and its mutants were
detected by an anti-EGFP antibody. As shown, mutants R328A, K329A, R331A, R332A, and R334A in the BC1
domain still show significant bindings to impf1, in comparison with the binding of ANLS2-Arx to impg1. In
panel E, each of R381A, R382A, K384A, and R386A in the BC2 domain in the homeobox was expressed, and
lysates were used to test their interactions with GST-tagged imp1, imp9, and imp13. As shown, mutants of
R381A, R382A, or R386A show modest binding to impB1 and show reduced interactions with imp9 and imp13.
Note that mutant K384A shows significant interactions with impg1, imp9, and imp13. Error bars show S.D.

actions between impfB1 with mutants in the BC1 domain
were not significantly reduced, in comparison to the binding
between ANLS2-Arx and imp1. These mutations have only both BC1 and BC2.

ACEVEN
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modest effects on the binding
between Arx and imp9 or impl3
(data not shown). By contrast,
interactions between R382A-Arx
and impp1, imp9, or impl3 were
almost abolished (Fig. 7E). Interac-
tions between mutant R381A-Arx
or R386A-Arx and impf31, imp9, or
imp13 are also much weaker than
for wild-type Arx (Fig. 7E). Binding
of K384A-Arx to impf1, imp9, and
imp13 changed very little by com-
parison with the binding of wild-
type Arx (Fig. 7E). These data sug-
gest that arginine residues at 381,
382, and 386 are important for the
function of NLS2 in Arx and that
they are involved in the recognition
of NLS2 by impfl, imp9, and
imp13. When interactions between
impp1, imp9, and imp13 with NLS2
via these amino acids are abolished,
nuclear import of Arx via NLS2 is
impaired.

As positively charged amino acids
within the BC1 or BC2 domain have
a different impact on the function of
NLS2, it is of interest to understand
their individual contributions. To
this end, we deleted BC1 and BC2 in
EGFP-tagged ANLS1-Arx and tran-
siently expressed them in N2a,
NIH3T3, and 293T cells. As shown
in Fig. 8, mutant ANLSIABC1-Arx
localized to both the cytoplasm and
the nucleus of N2a cells (Fig. 8, Ac
and B), and its interaction with
impB1 was only modestly reduced
(Fig. 8C). By contrast, its interaction
with impl3 was greatly reduced
(Fig. 8C), and its binding to imp9
was reduced by about half (Fig. 8C).
Interestingly, mutant ANLSIABC2-
Arx was found mainly in the cyto-
plasm (Fig. 8, Ad and B). Interaction
between this mutant with impf1
was significantly reduced (Fig. 8C).
Surprisingly, interaction between
this mutant with imp9 or imp13 was
little-affected (Fig. 8C), suggesting
that these importin 8s bind to NLS2
through different mechanisms.
Similar results were observed in
NIH3T3 and 293T cells (data not
shown). BC2, therefore, mediates

imppB1 binding, whereas BC1 binds imp13. BC2 may regulate
the binding of imp13 to NLS2, whereas imp9 seems to bind
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The nuclear signal of mutant ANLS1ABC2-Arx was signifi-
cantly reduced (Fig. 8, Ad and B), and interaction between
R382A-Arx with impp1 is hardly detected (Fig. 7E). Moreover,
impp1 has a higher affinity for Arx than imp9 or imp13 does
(Fig. 3A), impp1 plays a dominant role in importing ANLS1-
Arx in the in vitro nuclear import assay (Figs. 4 and 5), and
impB1 siRNA relocates ANLS1-Arx to the cytoplasm (Fig. 6).
We, therefore, propose that impB1 is a major receptor for
import of Arx via NLS2 and that little Arx enters the nucleus via
NLS2 when impf31 cannot bind to Arx. imp9 and imp13 could
also transport Arx into the nucleus via NLS2 but play a less
important role or, alternatively, only function in nuclear import
of Arx via NLS2 in specific situations.

DISCUSSION

Signal-dependent nuclear import of macromolecules is
mediated by importin Bs. The Arx transcription factor is
important for development of the forebrain, pancreas, and tes-
tis (7, 8, 56 — 60). The mechanism of nuclear import of Arx has
been unknown, although preliminary data suggested that
imp13isinvolved (11). We have studied Arx in N2a cells, which
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ANLS1/ABC2 ANLS1/ABC1/ ABC2

FIGURE 8. The BC2 domain is more important for the function of NLS2 than the BC1 domain. Plasmids
expressing EGFP-tagged ABCTANLS1-Arx, ABC2ANLS1-Arx, or ABCTABC2ANLS1-Arx were transfected into
N2a cells. As shown in panel A, both ABC2ANLS1-Arx (d) and ABCT1ABC2ANLS1-Arx (e) show much less nuclear
signal than ABCTANLS1-Arx (c), although deletion of only BC1 caused cytoplasmic localization of partial
ANLS1-Arx. Note in panel B that both mutants ABC2ANLS1-Arx and ABCTABC2ANLS1-Arx caused about 80%
of transfected cells to have only a cytoplasmic signal, but almost all of the cells expressing ABC1ANLS1-Arx had
both cytoplasmic and nuclear signals. In panel C, lysates of N2a cells expressing ABCTANLS1-Arx and
ABC2ANLS1-Arx were incubated with GST-tagged impf1, imp9, and imp13, respectively. Note that the inter-
action between impB1 with ABC2ANLS1-Arx is largely abolished, but there is no obvious change for the
binding of impB1 with ABC1ANLS1-Arx. The interaction between imp13 with ABC1ANLS1-Arx is strongly
reduced, whereas imp9 shows a significant binding to ABC1ANLS1-Arx. By contrast, bindings of ABC2ANLS1-
Arx with imp9 and imp13 are slightly stronger than for ANLS1-Arx with imp9 or imp13. Error bars show S.D.

appear able to import Arx into the
nucleus via NLS2, in vitro kinetic
parameters of nuclear import of
Arx, interactions of Arx with differ-
ent importin Bs, and in vivo siRNA
interference experiments show that
nuclear import of Arx via NLS2 is
mediated mainly by importin 1.
Although NLS1 of Arx is struc-
turally similar to a monopartite
classical NLS, it does not bind
impal, impB1, or other importin Bs
available in this laboratory, suggest-
ing that other untested pathways

e

ABC1/ANLS1- Arx
ABC2/ANLS1- Arx

f

oo @0 -~ - contribute to nuclear import of Arx
via NLS1. NLS2 includes two basic
IS‘ domains (BC1 and BC2) in the

homeobox. Its binding to importin
B1 depends on BC2, and arginine
residues in BC2 are important for
the function of NLS2 (Fig. 7C).
Interestingly, deletion of BC1 elim-
inated the interaction between
imp13 and Arx. By contrast, re-
moval of BC2 improved its binding
to imp13 (Fig. 8C), suggesting that
BC1 is the domain for imp13 bind-
ing and that BC2 regulates the bind-
ing between NLS2 and impl3.
Therefore, NLS2 of Arx interacts with different importin s by
different mechanisms.

Although impp1 can import Arx into the nucleus and bind
NLS2 in vitro, impB1l siRNAs only partially mislocalizes
ANLS1-Arx. This could be because of the following. 1) impf1
has a relatively long lifespan (61, 62). We expressed these
siRNAs for 48~72 h before examining the titer of impB1 and
the subcellular distribution of ANLS1-Arx. In this situation, we
observed that a significant amount of impf1 was still present
(Fig. 6), and this amount could have been sufficient to import
Arx. Similar results have been described by others (62— 64).
Unfortunately, more extensive treatment was toxic (data not
shown). 2) Importin Bs such as imp9 and imp13 (and perhaps
other unidentified importin Bs) are able to import Arx (Figs. 4
and 5).

Several importin Bs have been proposed to function in
import of homeobox-containing proteins. Psel/Kapl21
transports Pho4 in yeast (65), importin 1 carries pancreatic
and duodenal homeobox-1 in pancreatic islet beta cells (66),
and Caudal in flies is carried by Moleskin (imp7) (67). All of
these importin Bs bind homeobox-containing proteins via a
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NLS that overlaps with the homeodomain. Moreover impor-
tin al binds the N-terminal basic domain of the Pax5
homeobox (68). Therefore, different homeobox-containing
proteins can localize to the nucleus by different mechanisms,
and both the classical and the non-classical pathways may
function in this process. In our observations, wild-type Arx
does not interact with importin «’s (data not shown), sug-
gesting that nuclear import of Arx is not mediated by the
classical pathway. Because some deletion mutants of Arx do
bind importin «l via NLS2 in vitro (data not shown), alter-
native import pathways for Arx should still be considered.
Possible modifications of Arx which promote its binding to
impal are under investigation.

NLS2 is recognized by multiple import receptors, and
these importin Bs show different abilities to import Arx. We
did not see an enhanced import of Arx upon the addition of
either imp9 or imp13 to impp1 in in vitro nuclear import
assays. Binding assays with BC-deleted Arxs show that these
different importin Bs recognize NLS2 of Arx by different
mechanisms. Import of Arx via NLS2, therefore, could be
regulated. Some homeobox proteins such as extradenticle
(69), PBX1A (70), and Prospero (71, 72) undergo a confor-
mational change which regulates their nuclear localization.
Thus, a cis-element at the N terminus of extradenticle/PBX
normally binds the homeobox and blocks its function as a
NLS, causing extradenticle/PBX to remain in the cytoplasm.
When cells express MEIS (myeloid ecotropic viral insertion
site), it interacts with the N terminus of extradenticle/PBX,
which exposes the homeobox and causes this protein to
localize to the nucleus (70). As a second example, the Pros-
pero domain at the C terminus of Prospero masks the expor-
tin function of the homeodomain to keep it in the nucleus
(72). 1t is of central importance to learn how differential
import of Arx is regulated by its interaction with different
import receptors.

Whether Arx has one or more functional nuclear export
signals is also an open question. Some homeodomain-con-
taining proteins (Vsx1, Chx10, Otx1, Otx2, Oct6, and Pros-
pro) shuttle in and out of the nucleus (71-75). The localiza-
tion of most of these proteins is sensitive to leptomycin B,
suggesting a Crm1l-mediated export pathway (76). More-
over, Knauer et al. (74) proposed that the octapeptide
domains of the paired-type homeodomain proteins Vsx1 and
Chx10 are functional nuclear export signals which are rec-
ognized by Crm1 (74). The octapeptide domain sequences of
Arx and Vsx1 (data not shown) do not include a classical
leucine-rich nuclear export signal of the sort which is recog-
nized by Crml. Arguing against shuttling, ongoing hetero-
karyon experiments in which 293T cells expressing EGFP-
tagged Arx were fused with NIH3T3 cells show no EGFP-Arx
in the nucleus of NIH3T3 cells 12 h after fusion (data not
shown). Whether nuclear export of Arx is regulated remains
for future investigation.

It is unclear why Arx needs two different NLSs for its nuclear
localization. Although no alternative splicing sites in the ARX
gene have been reported, several single nucleotide polymor-
phisms in the ARX gene have been identified (8). Thus, different
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[ NLS1

NLS2 ]

[ NLS1

FIGURE 9. Model of nuclear import of Arx. impS1 and other importin Bs
suchasimp9andimp13 carry Arxinto the nucleus by binding NLS2. Normally,
impB1 binds NLS2 and plays a major role inimporting Arx. Under yet-uniden-
tified circumstances, imp9 or imp13 could be function in transport Arx by
binding to NLS2. Such binding is probably regulated by both BC domains. The
nuclear import pathway mediated by NLS1 has not been identified (impX).
The pale blue region is the homeodomain of Arx.

forms of Arx may exist, and this may help explain possible reg-
ulation of nuclear import by different pathways (Fig. 9).

Proteins with multiple NLSs or a single NLS and that can be
recognized by different members of the importin 8 superfamily
have previously been reported (37, 38, 47, 48, 54, 77). Why
proteins need multiple NLSs and how proteins “choose” among
different import options is largely unknown. This study has
provided a potential example of the complex regulatory mech-
anism used by one NLS with multiple receptors for nuclear
import.
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