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Nuclear transport of proteins and RNA occurs through the
nuclear pore complex and is mediated by a superfamily of
transport receptors known collectively as karyopherins.
Karyopherins bind to their cargoes by recognition of
specific nuclear localization signals or nuclear export
signals. Transport through the nuclear pore complex is
facilitated by transient interactions between the karyo-
pherins and the nuclear pore complex. The interactions
of karyopherins with their cargoes are regulated by the
Ras-related GTPase Ran. Ran is assisted in this process by
proteins that regulate its GTPase cycle and subcellular
localization. In this review, we describe several of the
major transport pathways that are conserved in higher
and lower eukaryotes, with particular emphasis on the
role of Ran. We highlight the latest advances in the struc-
ture and function of transport receptors and discuss
recent examples of steroid hormone receptor import and
regulation by signal transduction pathways. Understand-
ing the molecular basis of nuclear transport may provide
insight into human diseases by revealing how nucleo-
cytoplasmic trafficking regulates protein activity.
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The transport of proteins and RNAs into and out of the

nucleus occurs through the nuclear pore complex (NPC), a

large macromolecular structure embedded in the double

membrane of the nuclear envelope (1–3). The import and

export of most proteins, ribosomal subunits and some

RNAs is mediated by a large, evolutionarily conserved

family of transport factors, the karyopherin-b family

(referred to here as karyopherins). Most karyopherins

mediate either nuclear import (also called importins) or

nuclear export (also called exportins), and all karyopherins

interact directly with their cargoes, although some also use

adapter proteins. The best-characterized adapter protein is

the evolutionarily conserved protein, karyopherin-a (also

called importin-a) (4). Karyopherins that mediate import

bind to their cargoes in the cytoplasm via recognition of

the nuclear localization signal (NLS) (Figure 1). The karyo-

pherin : cargo complex translocates through the NPC via

interactions with NPC proteins (referred to as nucleopor-

ins). Once in the nucleus, the karyopherin encounters

RanGTP, and the ensuing karyopherin : RanGTP complex

leads to dissociation of the cargo from the karyopherin,

whereby the karyopherin is recycled back to the cyto-

plasm. Conversely, karyopherins that mediate export bind

cargo in the nucleus via recognition of a nuclear export

signal (NES). Karyopherin binding to export cargo occurs

co-operatively with RanGTP, resulting in a karyopherin :

cargo : RanGTP ternary complex (Figure 1). Hence, Ran

regulates both the assembly and the disassembly of karyo-

pherin : cargo complexes. In this review, we discuss key

findings that have advanced our understanding of karyo-

pherin : cargo interactions, including how Ran regulators

affect the transport cycle. We also review nuclear trans-

port of steroid hormone receptors, transcription factors

whose compartmentalization has important implications

for understanding diseases including cancer.

Cargoes and Signals

Each eukaryotic cell must accomplish the rapid and vector-

ial transport of thousands of proteins and RNAs into and

out of the nucleus. Most nucleocytoplasmic transport

pathways are mediated by members of the karyopherin

family. While human cells contain at least 20 members, in

yeast this family comprises 14 members (1) (Table 1). The

large number of cargoes relative to the number of karyo-

pherins raises the question of how karyopherin : cargo

recognition occurs. Studies have shown that proteins

that undergo nuclear import or export generally contain

an NLS or NES, respectively (2,3). Characterization of the

NLSs from SV40 Large T antigen and nucleoplasmin first

elucidated the basic or classical NLS, which consists of

one or two clusters of basic amino acids separated by a

linker (5). The import of many nuclear proteins is thought to

be mediated by the basic NLS. It is now appreciated,

however, that import signals unrelated to the basic NLS

exist; indeed, the characterization of most NLSs is still in

its infancy. Regulation of NLS activity can occur by several
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mechanisms including modification or signal masking (6).

A recent study has shown that phosphorylation of an

amino acid proximal to the basic NLS decreases its binding

to karyopherin-a (7). Regulation of nuclear transport by

phosphorylation is covered in detail in another article in

this volume (8).

Karyopherin-a and the Basic NLS

The basic NLS binds adapter protein karyopherin-a. The

karyopherin-a forms a heterodimer with importin-b and

mediates import of NLS cargoes (4). A crystal structure

of karyopherin-a with an SV40 Large T NLS peptide pro-

vided the first insight into karyopherin : NLS interactions

(9,10). Karyopherin-a forms a super helix consisting of 10

armadillo (ARM) repeats (9,10). Armadillo repeats were so

named because they were first discovered in the Dros-

ophila ARM protein (11). The ARM repeat consists of

approximately 40 amino acids arranged into three helices.

A series of ARM repeats generate a super helical structure

that has a shallow, concave groove, creating a binding

pocket for the NLS (9,10). Karyopherin-a has been crystal-

lized with several different basic NLSs, and in general, the

NLS is recognized through interactions based on both

charge and hydrophobicity (9,10,12–14). There are exten-

sive contacts between several of the ARM repeats and the

NLS, which is surprising given the small size of the basic

NLS (9,10,12–14).

NLSs Recognized by Karyopherin-b

Most karyopherin-b proteins bind directly to cargoes and

therefore do not rely on an adapter (2,3). The NLSs recog-

nized by these karyopherin-b have often proved harder to

define. In some cases, the NLS contains several basic

amino acids as has been determined for core histones

(15–17), ribosomal proteins (18) and arginine–glycine-rich

NLSs observed in some RNA-binding proteins (19,20). In

other cases, the NLS domain is relatively large, such as the

M9 NLS, which consists of 38 amino acids and which is

glycine rich and deficient in basic amino acids (21). Exam-

ples where even larger domains are necessary for NLS

activity have been identified, raising the possibility that the

three-dimensional structure of the protein is critical (22).
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Figure 1: Overview of some

major nuc lear t ranspor t

pathways in eukaryotic cells.

A) Nuclear import of RanGDP

mediated by NTF2. B) Nuclear

import of nuclear localization

sequence (NLS) cargo mediated

by the karyopherin-a : importin-b1

heterodimer (abbreviated Imp-a
and Imp-b). Nuclear import of

NLS cargo mediated by direct

binding to importin-b1 and other

karyopherin-b family members is

not shown. C) Nuclear export

pathways that mediate recycling

of importin-b1 and karyopherin-a;

the latter requires CAS as an

export receptor. D) Nuclear

expo r t o f nuc l ea r exp o r t

sequence (NES) cargo mediated

by Crm1. RanGAP is anchored to

the cytoplasmic side of the NPC

and RanGEF is shown bound to

chromatin. For simplicity, the

model depicts only the minimal

components necessary to form

the pretranslocation transport

c o m p l e x e s , a n d p o s t -

translocation intermediates and

accessory factors are not shown.

See text for details.
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Ultimately, defining the NLS in these more complicated

examples will require analysis of the atomic structures of

karyopherin : cargo complexes.

NESs and Exportins

Export karyopherins also recognize specific signals,

referred to as NESs (2,3). The NESs of several cargoes

have been defined, and the most well characterized is the

hydrophobic NES, which is a loosely conserved motif con-

taining three to four hydrophobic residues (e.g. Rev NES

sequence is LPPLERLTL) (23). The hydrophobic NES is

utilized in all eukaryotes, and is recognized by the karyo-

pherin Crm1 (24,25). At least 75 proteins containing this

NES have been identified to date (26). These include many

transcription factors and cell-cycle regulators, as well as

the viral HIV Rev protein and the protein kinase A inhibitor

where the hydrophobic NES was first described (23,27).

Like importin-b1, Crm1 can also mediate the export of

several cargoes via adapter proteins (28–30).

Cargoes that lack the hydrophobic NES have also been

analysed. Some of the most well characterized are

the cargoes of the yeast karyopherin, Msn5p (1). This

karyopherin is unusual in that it can mediate both nuclear

import and export (Table 1) (31,32). Interestingly, most

Msn5p export cargoes identified thus far have been

shown to be positively regulated by phosphorylation,

suggesting the phosphosite is either part of the NES, or

phosphorylation indirectly affects NES recognition by the

receptor (1,6).

Table 1: Karyopherin-b family members

Human Cargo Yeast Cargo

Essential

gene

Import

Importin-b1 Many cargoes, cargoes with basic

NLSs via karyopherin a, UsnRNPs

via snurportin

Kap95 Many cargoes including

those with basic NLS via

karyopherin a

Yes

Karyopherin-b2 hnRNPA1, histones, ribosomal proteins Kap104 Nab2, Hrp1 ts

Transportin SR1 SR proteins Mtr10/Kap111 Npl3, Hrb1 ts

Transportin SR2 HuR . . . . . .
Importin 4 Histones, ribosomal proteins Kap123 Ribosomal proteins, histones No

Importin 5 Histones, ribosomal proteins Kap121 Ribosomal proteins, histones,

Pho4, others

Yes

Importin 9 Histones, ribosomal proteins Kap114 TBP, histones, Nap1p No

Importin 7 HIV RTC, Glucocorticoid receptor,

ribosomal proteins

Nmd5/Kap119 TFIIS, Hog 1, others No

Sxml/Kap108 Lhp1, ribosomal proteins No

Importin 8 SRP19 . . . . . .

Importin 11 UbcM2, rpL12 . . . . . . No

. . . . . . Kap122 TFIIA

Export

Crm1 Leucine rich NES cargoes Crml Leucine rich NES cargoes Yes

Exportin-t tRNA Los1 tRNA No

CAS Karyopherin a Cse1 Karyopherin a Yes

Exportin 4 eIF-5 A . . . . . .
Exportin 5 microRNA precursors . . . . . .

Exportin 6 Profilin, actin . . . . . .

Exportin 7 p50Rho-GAP, 14-3-38 . . . . . .
Import/Export

Importin 13 Rbm8, Ubc9, Pax6 (import) elF-1 A (export) . . . . . .

. . . . . . Msn5 Pho4, others including

phosphorylated proteins

(import) Replication protein

A complex (export)

No

Uncharacterized

RanBP6 undefined . . . . . .
RanBP17 undefined . . . . . .

. . . . . . Kap120 undefined No

NES, nuclear export signal; NLS, nuclear localization signal. Members of the karyopherin-b family from human and yeast are shown, and

orthologues as well as examples of their characterized cargoes are grouped. ‘‘Essential gene’’ indicates the phenotype of the yeast gene

deletion. Dotted lines indicate orthologues have not been identified. Although Nmd5/Kap119 and Sxm1/Kap108 are shown as orthologues

of Importin 7, these proteins show a similar level of sequence relatedness to Importin 8. References are contained within the text.
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RNA Export

Several other exportins have been characterized, including

CAS which exports karyopherin-a from the nucleus, thereby

performing a critical recycling function (33). In addition to

protein cargoes, several types of RNA constitute a diverse

group of export cargoes (34). At least two exportins, expor-

tin-t and exportin 5, have been shown to bind RNA directly

(35–37). Exportin-t mediates the export of tRNAs from the

nucleus through recognition of an export signal that is part

of the RNA structure (35,36). In higher eukaryotes, exportin

5 exports microRNA precursors from the nucleus and

recognizes an RNA hairpin structure with a 30 overhang

(37,38). Export of mRNA does not appear to be mediated

by any member of the karyopherin family, but is instead

mediated by the members of the structurally unrelated TAP/

NXF family (34). The specific signals governing mRNA

export have yet to be precisely defined; however, some of

the factors involved in the export of mRNA also function in

mRNA transcription, processing and splicing, thus ensuring

that these processes are tightly coupled (34).

The Karyopherin Family

Intrinsic to the function of karyopherins in nuclear import and

export is the ability of these proteins to bind their cargoes

directly (or indirectly), interact with nucleoporins and interact

with RanGTP (1–3). Characterization of these proteins in

both yeast and vertebrate systems have indicated that karyo-

pherin function is restricted to either import or export, with

the exception of two family members (one in yeast and one

in human) that function in both import and export (Table 1)

(1–3). Thus far, there are more import receptors that export

receptors. In yeast, for example, there are 10 import

karyopherins, three export karyopherins and one import/

export karyopherin (1) (Table 1). There are many more car-

goes than karyopherins, suggesting that each karyopherin

has multiple cargoes. Recent structural studies have begun

to unravel the mystery of how a single karyopherin can

recognize NLSs with limited sequence identity.

Karyopherins are Composed of HEAT Repeats

Karyopherins have comparable molecular weights

(95–145 kDa), acidic isoelectric points and a similar domain

structure (1–3). This includes an N-terminal Ran-binding

domain, a central nucleoporin-binding domain and a

C-terminal cargo-binding domain (39,40). However, as

described below, several exceptions to these general

rules have already been noted. So far, structural data are

available for four members of the karyopherin family

(39–42). Importin-b1 has been the most extensively studied

and structures of this karyopherin with at least three car-

goes, as well as with Ran, and with a nucleoporin have

been solved (43–47). In addition, structures of karyo-

pherin-b2 with Ran, a fragment of the exportin Crm1, and

the exportin Cse1p complexed with RanGTP and its cargo

karyopherin-a have all been solved (41,42,48). These

atomic structures suggest that each karyopherin is

typically composed of 20 HEAT repeats, an approximately

40-amino acid repeats composed of two antiparallel helices

connected by a short turn (41–43,48). The HEAT repeat is

named after the motif Huntington, elongation factor 3, ‘A’

subunit of protein phosphatase 2A and TOR1, proteins in

which the motif was first discovered (49). The HEAT repeats

form a super helix, providing extensive interaction surfaces

in the form of N-terminal and C-terminal arches (39,40).

Karyopherins and their Import Cargoes

An unforeseen feature of karyopherins revealed by structural

studies is the presence of more than one cargo-binding site

(39,40). Co-crystal structures of importin-b1 with a fragment

of karyopherin-a, a fragment of the transcription factor

SREBP-2, and with the parathyroid hormone-related cargo

protein (PTHrP) show that distinct contacts are made

between the karyopherin and each of its cargoes (43–45).

This suggests that each karyopherin may have multiple bind-

ing sites and explains how a limited number of karyopherins

can import diverse cargoes with no apparent sequence simi-

larity. In addition, these structures show that the karyopherin

is capable of adopting different conformations depending on

the cargo (43–45). A study using small-angle X-ray scattering

has allowed visualization of the overall shape of several mem-

bers of the karyopherin family (50). This analysis further sug-

gested that there was considerable conformational variability

between individual karyopherins bound to different sub-

strates and between different karyopherins (50). Thus, the

super helical shape of the karyopherins may help impart

flexibility that enables recognition of a variety of cargoes.

Karyopherins and Ran

Crystallographic studies have also provided insight into how

karyopherins interact with RanGTP (47,48). It has been

known for some time that karyopherins involved in import

and export have different affinities for RanGTP (2,3). Import

karyopherins have a relatively high affinity for RanGTP, and

RanGTP binding leads to the dissociation of their import

cargoes, whereas export karyopherins which form a tri-

meric complex of RanGTP and cargo have a relatively low

affinity for Ran in the absence of cargo (2,3). Atomic struc-

tures for two import receptors and Ran have been solved,

karyopherin-b2 and RanGTP, and an N-terminal fragment of

importin-b1 and RanGTP (47,48). These proteins share

many similarities in their Ran binding, most notably that

Ran contacts the concave surface of the N-terminal arch

(47,48). The Ran-binding site appears to have two separate

domains, a more N-terminal domain and a more C-terminal

domain (39). Interestingly, in the C-terminal binding site,

Pemberton and Paschal
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Ran contacts an acidic loop found between two HEAT

repeats in the centre of the protein (39). Characterization

of the acidic loop in karyopherin-b2 led to the prediction that

this loop would also contact the cargo and may explain how

RanGTP binding results in cargo dissociation (39). Mutation

of this loop uncouples cargo release from RanGTP binding

(51). RanGTP contact with the acidic loop may therefore

regulate the association of the cargo with karyopherin-b2.

Exportins

The recently reported structure of the exportin Cse1p (CAS

in mammals) in a complex with RanGTP and its cargo

karyopherin-a has highlighted the difference between

import and export complexes (42). Cse1p forms a super

helix with N-terminal and C-terminal arches that clamp

around RanGTP. Cse1p simultaneously makes extensive con-

tacts with karyopherin-a, and in so doing locks karyopherin-a
into a conformation where it cannot interact with

cargo. Unexpectedly, karyopherin-a also makes direct con-

tact with RanGTP. The interaction between Cse1p and

RanGTP was different from that observed between impor-

tin-b1 and karyopherin-b2 and may explain why exportins

bind RanGTP with high affinity only in the presence of

cargo. Cse1p has two Ran-binding sites, and weak binding

between Cse1p and RanGTP was mediated by the N-terminal

site. In the presence of cargo, however, Cse1p wraps

around the RanGTP so that both binding sites are engaged.

The authors suggest this complex is ‘spring loaded’ for

dissociation in the cytoplasm, where RanGTP is hydro-

lysed to RanGDP, a finding that emphasizes the extraor-

dinary flexibility of the karyopherin structure (42).

A fragment of Crm1-containing amino acids 707–1027 has

also been crystallized (41). By aligning the Crm1 sequence

with the HEAT repeats in karyopherin-b2 and importin-b1,

the authors deduced the locations of the HEAT repeats not

represented in the Crm1 structure. This alignment indi-

cated that there was significant structural relatedness

between Crm1 and karyopherin-b2. Using a combination

of sequence alignment and modelling, EM reconstruction

and in vitro assays with mutant proteins, it was predicted

that like karyopherin-b2, Crm1 contains a flexible loop in

the centre of the protein (41). The authors proposed a

model whereby the loop masks the cargo-binding site

and hinders the stable association of Ran with Crm1. How-

ever, when either Ran or cargo binds, the loop changes

conformation and stable binding of the ternary complex is

promoted. This would predict a common mechanism for

the assembly and disassembly of cargo complexes, each

involving conformational changes in the Ran-binding loop.

The structure of the full-length Crm1 as well as the add-

itional karyopherins will be required to verify this model. It

is interesting to note that Cse1p lacks a loop in this pos-

ition, suggesting this mechanism may not be universal,

although it does contain an extension within HEAT repeat

19 that contacts cargo and RanGTP (42).

Karyopherins and Nucleoporins

All karyopherins bind transiently to nucleoporins as they

move through the NPC; these interactions underlie current

models of transport (52). Proteomic characterization of the

mammalian and yeast NPC has shown that it comprises

approximately 30 proteins (53,54). Within the NPC is a

central channel through which transport occurs. There

are several classes of nucleoporins including transmem-

brane proteins that anchor the NPC in the nuclear mem-

brane, FG-containing nucleoporins and a newly emerging

class of nucleoporins that contain a structural motif

referred to as the WD repeats or seven-blade propeller

motif (52,54–56). FG nucleoporins are thought to consti-

tute about half of NPC mass, and while most are distrib-

uted symmetrically, a few FG nucleoporins are restricted

to the cytoplasmic or nuclear side of the NPC (53). FG

nucleoporins provide NPC-binding sites for the karyopher-

ins (52). Despite the critical role played by FG nucleoporins

in nuclear transport, it has been shown that at least half the

FG-repeat mass of the NPC in yeast can be deleted with

little effect on transport (57). In addition, with one excep-

tion, each FG-repeat domain could be deleted, with no

effect on viability (57).

The crystal structure of an N-terminal fragment of importin-

b1 bound to a fragment of the yeast FG-repeat nucleo-

porin has been solved (46). This shows that the

interactions are primarily hydrophobic and mediated by

the phenylalanines of the nucleoporin. Two hydrophobic

pockets are formed in the karyopherin by the side chains of

residues between HEAT repeats 5 and 6 and, 6 and 7, into

which the phenylalanines of FG repeats are inserted (46).

More recent studies have also shown that importin-b1

contains another nucleoporin-binding region in the C-

terminus (58).

Several studies have indicated that different karyopherins

have a range of binding affinities for specific nucleoporins

(52). Thus, it is possible that the transport of individual

karyopherins through the NPC could be regulated by pre-

ferential use of different nucleoporin-binding sites. In an

intriguing study, it has been shown that molecular rearrange-

ments of the NPC may take place during the cell cycle (59).

The authors showed that affinity of a particular karyo-

pherin for a specific nucleoporin was altered during mito-

sis. When the affinity was very high, the passage of the

karyopherin through the NPC was impeded, allowing the

downregulation of specific import pathways (59).

It has also been suggested that the asymmetrically located

nucleoporins are crucial for vectorial transport and cargo

release. Import karyopherins often display high-affinity

binding to the nucleoplasmic face of the NPC, whereas

exportins seem to bind the cytoplasmic face of the NPC

with high affinity (60–62). In yeast, recent studies have

shown that all asymmetric nucleoporins can be deleted

with only modest effects on transport, and indeed, the

Nucleocytoplasmic Transport
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asymmetry of the NPC can be reversed by swapping the

FG-repeat domains between nuclear and cytoplasmic

nucleoporins (57,63). Although these data suggest that

the asymmetric distribution of nucleoporins is not required

for transport, there is still obviously much to learn about

the contribution of these nucleoporins and non-repeat-

containing nucleoporins to the transport process.

Ran Regulators

Ran plays a direct role in nuclear transport by controlling

the assembly state of transport complexes (3). Ran activity

is tightly regulated through interactions with evolutionarily

conserved proteins that help specify its subcellular local-

ization, and its interconversion between GTP- and GDP-

bound states (5). The predominant nuclear distribution of

Ran observed by fluorescence microscopy belies the high

rate of Ran efflux from the nucleus, which exceeds 105

molecules/second per nucleus (64,65). This occurs

because RanGTP is constantly exported from the nucleus

by exiting karyopherins. Ran import into the nucleus is

mediated by NTF2, a homodimeric protein originally puri-

fied as a factor that stimulates NLS-dependent import in

permeabilized cell assays (66–69). NTF2 interacts with the

GDP-bound form of Ran, which is the predominate form

of Ran in the cytoplasm. The rapid translocation of

NTF2 : RanGDP from the cytoplasm into the nucleus occurs

because, like karyopherins, NTF2 interacts directly (and with

low affinity) with FG-repeat-containing nucleoporins (Figure

1) (70). Ran transport mediated by NTF2 is rendered unidir-

ectional by conversion of RanGDP to RanGTP on the

nucleoplasmic side of the NPC (Figure 1). NTF2 binds to

the Switch II region of RanGDP, the conformation of which

is different in RanGTP (71). Thus, after delivering RanGDP to

the nucleoplasm, NTF2 returns to the cytoplasm ‘empty-

handed’ to mediate another round of Ran import.

Perhaps, the least understood Ran-binding protein is

Mog1, a protein that upon overexpression suppresses

certain mutant alleles of Ran in Saccharomyces cerevisiae.

Defective import of NLS cargo caused by Mog1 deletion or

mutation can be suppressed by overexpression of NTF2

(72). These observations suggest that Mog1 and NTF2

fulfil related functions, but unlike NTF2, Mog1 binds pre-

ferentially to RanGTP (73,74). Thus, while it is clear that

NTF2 is the Ran import receptor, genetic interactions

between NTF2, Ran and Mog1 suggest that additional

aspects of Ran import remain to be elucidated.

The conversion of RanGDP to RanGTP involves nucleotide

exchange and occurs in the nucleus when RanGDP encoun-

ters the guanine nucleotide exchange factor RanGEF (Figure 1).

Historically known as RCC1, RanGEF is a chromatin-associated

protein that is present at approximately one copy per

nucleosome where it binds directly to core histones H2A and

H2B (75–77). RanGEF stimulates nucleotide exchange on

Ran by up to five orders of magnitude (76). Biochemical and

crystallographic analysis revealed that RanGEF inserts a loop

(termed a b-wedge) into Ran to promote nucleotide dissoci-

ation (78). RanGEF binding also stabilizes the nucleotide-free

form of Ran long enough for subsequent nucleotide binding

to occur. Nucleotide exchange mediated by RanGEF does not

favour GTP over GDP in vitro, but GTP loading onto Ran is

favoured in vivo because of the high cellular GTP : GDP ratio.

The early impression that RanGEF is stably bound to chro-

matin, which was based largely on biochemical analysis,

has given way to a much more dynamic view of RanGEF

in the nucleus. Photobleaching analysis of GFP fusions

demonstrated that RanGEF is highly mobile both in inter-

phase and in mitosis (79,80). This raised the interesting

question of whether nucleotide exchange of Ran occurs

while RanGEF is bound to chromatin or while it is mobile

in the nucleoplasm. The facts that core histones can mod-

estly enhance RanGEF activity, and that Ran itself can inter-

act with histones, have been taken as indications that

nucleotide exchange occurs while RanGEF is in a chroma-

tin-bound state (77). Further support for this view came with

the finding that a mutant form of Ran (T24N) that resists

nucleotide exchange can effectively immobilize RanGEF on

chromatin (79). Taken together, the data suggest that during

interphase, RanGEF mediates nucleotide exchange while it

is in a chromatin-bound state, and that GTP loading onto

Ran is necessary to release both proteins from chromatin.

RanGEF-mediated nucleotide exchange on chromatin is

believed to be important during mitosis because the high

local concentration of RanGTP contributes to microtubule

assembly near the surface of the chromosome (81). The

roles of Ran in mitosis were recently reviewed (1,82).

High-affinity interactions between RanGTP and karyopher-

ins exiting the nucleus occur both in the context of trans-

porting cargo to the cytoplasm (exportins) and for the

purpose recycling (import karyopherins) (Figure 1). Both

types of reactions result in the translocation of RanGTP :

karyopherin complexes to the cytoplasmic side of the

NPC. It is on the cytoplasmic side of the NPC that

RanGTP : karyopherin complexes are acted upon by Ran-

GAP, a protein that potently stimulates the otherwise

weak GTPase activity of Ran by a factor of 105 in vitro

(83) (Figure 1). RanGTP is not fully inaccessible to RanGAP

in the context of the RanGTP : karyopherin complex. This

effect is relieved by the RanGTP-binding protein RanBP1

(84). Depending on the karyopherin, RanBP1 either gener-

ates a disassembly intermediate (RanBP1 : RanGTP : karyo-

pherin), whereby RanGTP is rendered accessible to

RanGAP, or promotes actual RanGTP release from the karyo-

pherin (5). In either case, RanGTP is hydrolysed to RanGDP.

Localization of RanGEF activity in the nucleus and RanGAP

activity in the cytoplasm provides a conceptual basis for

how a steep gradient of RanGTP can be generated

between these compartments (85). Supporting evidence

for the RanGTP gradient in interphase nuclei was obtained
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using fluorescence resonance energy transfer (FRET) sen-

sors that can register the presence of RanGTP. Measure-

ments from the FRET-based analysis indicated a RanGTP

concentration difference of more than 100-fold between

the nucleus and the cytoplasm (81), which is similar to

estimates derived from computational modelling of

nuclear transport of Ran (64,65).

Given the central role of RanGTP in regulating both nuclear

import and export, and the fact that cytoplasmic RanGTP

would disrupt nuclear transport by premature disassembly

of import complexes, it comes as no surprise that cells

have highly effective targeting mechanisms to ensure

proper localization of the Ran regulators. Nucleotide

exchange on Ran is restricted to the nucleus by two dif-

ferent import mechanisms for RanGEF (86,87). GTP hydroly-

sis on Ran is restricted to the cytoplasm because

RanGAP is too large to cross the NPC by diffusion. In

addition, modification of RanGAP by a small ubiquitin-like

modifier results in targeting of RanGAP to the cytoplasmic

face of the NPC (88,89). The RanGAP cofactor RanBP1 is

small enough to enter the nucleus by diffusion, but RanBP1

is effectively excluded from the nucleus by the recognition

of its hydrophobic NES by Crm1. Another RanGAP cofactor

is Nup358, a nucleoporin located on the cytoplasmic face of

the NPC (90,91). Nup358 contains four Ran-binding domains

that are thought to help disassemble RanGTP : receptor com-

plexes on the cytoplasmic side of the NPC.

The karyopherins together with Ran and its regulators dis-

cussed above represent the core machinery for nuclear

transport; however, nuclear transport efficiency is

enhanced by accessory factors. Npap60 promotes nuclear

import at least in part through bridging interactions that

increase the affinity of karyopherin-a for importin-b1 (92).

After import into the nucleus, the quaternary complex that

contains Npap60 : importin-b1 : karyopherin-a : NLS cargo

is acted upon by RanGTP and CAS, the exportin that medi-

ates karyopherin-a export. Concomitant with NLS cargo

release is the formation of two export complexes,

Npap60 : importin-b1 : RanGTP and CAS : karyopherin-a :

RanGTP. An unusual feature of the Npap60 mechanism

is that the protein adopts different binding modes for

importin-b1 during the transport cycle, which led the

authors to propose that Npap60 functions as a tri-stable

switch (92). A functional counterpart to Npap60 that oper-

ates in nuclear export is RanBP3, an accessory factor with

the same domain organization as Npap60 (93). RanBP3

enhances Crm1-dependent export by forming a

RanBP3 : Crm1 complex that has a higher affinity for

RanGTP and NES cargo than Crm1 alone (93).

Nuclear Transport of Steroid Hormone
Receptors

The regulation of transcription factors and ultimately gene

expression by nuclear transport is now appreciated as an

important paradigm in biology. The 48-member nuclear

receptor superfamily of ligand-regulated transcription factors

controls a diverse array of physiological processes including

growth and development. Within the nuclear receptor super-

family are the steroid hormone receptors, which translocate

into the nucleus in response to binding cognate hormone

(Figure 2). In the nucleus, steroid hormone receptors bind to

hormone response element DNA and recruit the factors

necessary for assembling preinitiation complexes (94).

Although it has been known for some time that nuclear

receptors such as the glucocorticoid receptor (GR) undergo

ligand-dependent import, new information on the molecular

basis of nuclear receptor import is emerging. Nuclear recep-

tors also undergo nuclear export, and the combined import–

export cycle, or nucleocytoplasmic shuttling, has been

viewed as a potential mechanism for terminating transcrip-

tion, and for integrating transcription with signalling events in

the cytoplasm (95,96). Nuclear export could also regulate the

participation of nuclear receptors in non-genomic functions in

the cytoplasm. Interest in nuclear receptor transport derives

from the critical roles of these factors in normal physiology,

but also in the context of human diseases. Understanding

the molecular basis of androgen receptor (AR) and oestrogen

receptor (ER) transport, which each regulate multiple genes

that control proliferation, could reveal targets that are rele-

vant to cancers of the prostate and breast, respectively.

As with other transport pathways, the starting point for

understanding nuclear receptor transport is the identification

of transport signals and transport receptors. Here, we focus

primarily on GR, because it is the most thoroughly studied

with regard to nuclear transport. Like all nuclear receptors,

GR has a modular structure with an N-terminal transactiva-

tion domain, a DNA-binding domain (DBD), a short hinge

region and a ligand-binding domain (LBD) that also has trans-

activation function. Glucocorticoid receptor contains a basic

NLS that overlaps the DBD-hinge region (termed NLS-1),

and a second NLS activity that maps within the LBD (termed

NLS-2 97). NLS-1 in GR is the basic bipartite type found in

nucleoplasmin, and bipartite NLSs are found in the same

region of AR, ER and the progesterone receptor (PR) (98–

101). NLS-2 activity resides in the approximately 200 amino

acid LBD of GR, and import activity has been detected in the

LBDs of AR, ER and PR (97,100,102,103). The physiological

reason for the presence of two import signals in steroid

hormone receptors is unclear, but careful mutation and dele-

tion studies have revealed some important differences

between the signals (102). NLS-1 in GR is a more potent

NLS and appears to be responsible for relatively rapid (t1/2

approximately 5–15 min) nuclear import. In addition, NLS-1-

dependent import is induced by agonist or antagonist bind-

ing, and at relatively high GR expression levels, NLS-1 can

also mediate import in the absence of ligand. By contrast,

nuclear import mediated by NLS-2 is relatively slow (t1/2

approximately 45 min) and is agonist specific. Attempts to

dissect NLS-2 activity in nuclear receptors have failed to

yield a linear NLS, indicating that the import signal probably

resides within the three-dimensional structure of the LBD.

Nucleocytoplasmic Transport
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Analysis of the nuclear import receptors that recognize

NLS-1 and NLS-2 in GR and the role of ligand binding in

these interactions have recently yielded unanticipated

results (102,104). Using in vitro transport assays, it was

shown that GR import can be mediated by the karyopherin-

a : importin-b1 heterodimer or by the importin-7, and either

import receptor can stably bind to NLS-1 (Table 1). NLS-2

can be recognized by importin-7 or importin-8; however,

the exact contribution of import receptor interactions with

NLS-2 in the context of full-length GR has not yet been

elucidated. The surprise came with the finding that

karyopherin-a, importin-7 and importin-8 interactions with GR

are ligand independent (104). Thus, the popular model

that ligand binding induces dissociation of a chaperone

such as Hsp90 that otherwise masks the NLS in GR

appears to be incorrect. Ligand binding may instead regu-

late a critical chaperone-dependent step that occurs after

NLS recognition by the import machinery (104–106). Chap-

erones have also been shown to facilitate nuclear receptor

interactions with the cytoskeleton, suggesting that there

may be subcellular locales for cytoplasmic retention and/or

transformation (96).

Analysis of the signals and receptors that mediate steroid

receptor export is still an active area of investigation (96).

Nuclear export activity has been mapped to the DBD in

multiple nuclear receptors, but there is also evidence for

an NES in the LBD of AR (107,108). Notably, sequence

analysis has suggested that only one of the 48 nuclear

receptor family members (NGIF-B) has a hydrophobic NES

recognized by Crm1 (109). Nonetheless, application of lep-

tomycin B, which is a specific inhibitor of Crm1, has in some

cases implicated this karyopherin in nuclear receptor export.

Export in the heterokaryon assay, for example, is inhibited

by leptomycin B in some laboratories and uninhibited in

others (110,111). It deserves mention that the observation

that GR export does not require Ran seems to argue against

Crm1-dependent export, since RanGTP is a stoichiometric

component of Crm1 export complexes (24,112,113).

Based on the available data, it may be inferred that nuclear

receptors probably undergo either Crm1-dependent or

Crm1-independent export, possibly depending on the cellu-

lar conditions. Given that nuclear receptors as a group

appear to lack a hydrophobic NES, it is conceivable that

other proteins such as 14-3-3 family members and p160

coactivators that bind nuclear receptors contain the export

signal and thereby function as adapters for Crm1-dependent

export (114,115). Adding to the list of possible mechanisms

are experiments showing that ligand binding and nuclear

receptor heterodimerization can determine whether nuclear

export is Crm1 dependent or Crm1 independent (116). One

Crm1-independent pathway for GR export is regulated by

calreticulin, a chaperone found both in the endoplasmic

reticulum and in the cytosol (117). The mechanism respon-

sible for calreticulin-dependent export of GR has not been

fully characterized, though it is known to involve the DBD

because point mutations within the DNA recognition helix

reduce both CRT binding and GR export (107). The general

role of calreticulin in GR export has been challenged with

the finding that polyethylene glycol used to fuse cells in the

heterokaryon assay may release calreticulin from the endo-

plasmic reticulum (118). This observation does not, how-

ever, explain why GR export is deficient in fibroblasts

derived from calreticulin-knockout mice (117).

While there has been a major emphasis on understanding

how ligand binding controls the nuclear transport of nuclear

receptors, there is a substantial interest in defining how

signal transduction pathways contribute to nuclear receptor

localization. Nuclear import of GR can be triggered by shear

stress activation of MAP and PI-3 kinases (119). MAP

kinases have also been implicated in the regulation of ER,

PR and GR export (96). In the case of PR, epidermal growth

factor signalling through the MAP kinase pathway results in

PR phosphorylation, nuclear export and degradation in the

cytoplasm (120). It is not known how phosphorylation facil-

itates nuclear export of nuclear receptors, but the possibi-

lities include phosphoregulation of the export signal or the

proteins that mediate nuclear export.

Nuclear Transport and Disease

Four different nucleoporins that make up the NPC have been

identified as chromosomal translocations that generate

t = 0 t = 15 min t = 45 min

Figure 2: Nuclear import of the

androgen receptor (AR) is

induced by androgen. Cos7

cells expressing AR fused to

green fluorescent protein (GFP-

AR) were treated with synthetic

androgen (R1881, 1 nM) and

monitored by real-time confocal

microscopy. GFP-AR is excluded

from the nucleus pr ior to

androgen addition (t¼ 0 min) and

is readily visible in the nucleus

soon after androgen addition

(t¼15 min).
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oncogenic fusion proteins (121). To date, however, there

are no known disease-causing mutations in the soluble

components of the nuclear transport machinery, which

includes karyopherins, Ran and its regulators. The absence

of mutations and chromosomal translocations under-

scores the essential nature of soluble transport compon-

ents even at the single cell level. Nonetheless, it is

plausible that alterations in nuclear trafficking of specific

cargoes could influence proliferation, and thereby contri-

bute to human diseases. AR, for example, is a key regu-

lator of prostate cell proliferation in both normal and cancer

cells. Nuclear import and transactivation of AR are usually

regulated by androgen binding (Figure 2) (122). In a disease

progression model of prostate cancer, xenografts can

switch from androgen-dependent growth to androgen-

independent growth in castrated mice. Strikingly, during

disease progression in this model, AR acquires the ability

to undergo androgen-independent nuclear import and

androgen-independent transactivation (123). AR is not

mutated during progression, indicating there is a gain-of-

function in critical aspects of the AR import and transacti-

vation pathways. The androgen-independent mechanism

that controls AR localization is currently unknown, but it

could involve MAP kinase pathways that are known to be

elevated in many prostate cancers (124). Continued analy-

sis of nuclear transport pathways and regulation of this

process by signalling pathways is expected to provide

new insights into how compartmentalization contributes

to cell regulation in both normal and pathophysiological

states.
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