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Abstract. Over the past decade, considerable progress has been made to improve our understanding of

the intracellular transport of proteins. Mechanisms of nuclear import and export involving classical

receptors have been studied. Signal sequences required for directing a protein molecule to a specific

cellular compartment have been defined. Knowledge of subcellular trafficking of proteins has also

increased our understanding of diseases caused due to mislocalization of proteins. A specific protein on

deviating from its native cellular compartment may result in disease due to loss of its normal functioning

and aberrant activity in the Bwrong’’ compartment. Mislocalization of proteins results in diseases that

range from metabolic disorders to cancer. In this review we discuss some of the diseases caused due to

mislocalization. We further focus on application of nucleocytoplasmic transport to drug delivery.

Various rationales to treat diseases by exploiting intracellular transport machinery have been proposed.

Although the pathways for intracellular movement of proteins have been defined, these have not been

adequately utilized for management of diseases involving mislocalized proteins. This review stresses the

need for designing drug delivery systems utilizing these mechanisms as this area is least exploited but

offers great potential.

KEY WORDS: bi-directional protein switch; mislocalization of proteins; nucleocytoplasmic shuttling;
signal sequences; targeting protein compartmentalization for therapy.

INTRODUCTION

The discovery of the BSignal Hypothesis’’ led Gunter
Blobel to win the 1999 Nobel Prize for Physiology or Medicine
(1Y4). Blobel discovered that protein Bzip codes’’ exist for
directing proteins to subcellular compartments such as the
nucleus, cytoplasm, mitochondria, endoplasmic reticulum,
lysosomes and endosomes, peroxisomes, golgi, and nucleolus
(Table I). Proteins need to be directed to their proper
cellular compartments in order to perform their necessary
functions. For example, most transcription factors need to be
in the nucleus to promote gene expression. Some proteins,
such as the glucocorticoid receptor, may start in one
compartment (cytoplasm), and move to another compart-
ment (nucleus) in response to a stimulus (ligand).

SPOTLIGHT ON NUCLEOCYTOPLASMIC
SHUTTLING: FROM BASICS TO THERAPEUTIC
POTENTIAL

Regulation via Subcellular Compartmentation
and the Nuclear Pore Complex

On the cellular level, macromolecular traffic between
the interphase eukaryotic nucleus and cytoplasm of cells

represents a highly sophisticated level of cellular regulation
that requires effective and selective transport machinery.
Protein activity can be regulated by selective import and
export (20,21), and Bcompartmentation allows regulation of
key cellular events’’ (20). Likewise, regulation of nuclear
import provides a mechanism for control. Continuing with
our example, transcription factors can be kept in the
cytoplasm until a signal triggers their import into the nucleus
where they can interact with DNA/genes (22). Import and
export of proteins occurs through the nuclear pore complex
(NPC) (Fig. 1) (20).

The approximately 125 MDa NPC perforates both lipid
bilayers of the nuclear envelope (23), forming the exclusive
site by which ions, small molecules, and macromolecules
must pass. High resolution electron microscopic studies of
Saccharomyces cerevisiae, Xenopus laevis, and rat liver cells
have revealed an overall tripartite structure: cytoplasmic
filaments, a central transporter, and a nuclear basket, all
conferring 8-fold rotational symmetry in the plane normal to
the membrane (24) [reviewed in (25Y27)]. Eight long
cytoplasmic filaments, connected proximally by a coaxial
ring, radiate away from plane of the membrane, accounting
for one-fourth of the total NPC mass. These projections
contain so-called FG repeats, having amino acid repeats in
the form of FXFG, GLFG, or FG (where F is phenylalanine,
G is glycine, L is leucine, and X is any), which interact with
karyopharins (family of transport receptors), and deflect non-
shuttling proteins (28Y31). The cylindrical intramembrane
transporter is surrounded by eight spokes which anchor it to
the membrane, collectively accounting for nearly half of the
entire mass. Central pores allow the passive diffusion of

17 0724-8741/07/0100-0017/0 # 2006 Springer Science + Business Media, Inc.

Pharmaceutical Research, Vol. 24, No. 1, January 2007 (# 2006)
DOI: 10.1007/s11095-006-9133-z

1 Department of Pharmaceutics and Pharmaceutical Chemistry,

University of Utah, Salt Lake City, Utah, USA.
2 421 Wakara Way #318, Salt Lake City, Utah 84108, USA.
3 To whom correspondence should be addressed. (e-mail: carol.lim@

pharm.utah.edu)



molecules less than 9 nm in diameter (~40 kDa) via an
aqueous channel (32), while a gated, iris-like movement
allows the selective active transport of macromolecules of up
to 39 nm in diameter (40Y60 MDa) (33,34). On the nucleo-
plasmic side, eight long filaments project away from the
membrane and connect distally by a ring, forming a basket.
The specific proteins that make up the NPC are called
nucleoporins (nups). Due to the highly symmetric nature of

the structure, only about 100 nups constitute the complex,
but many are present in repeats of 8Y16 (26,27). Nups and
NPCs, however, are not as simple as a three-part structure
only involved in nucleocytoplasmic shuttling. Several nups
have been shown to shuttle within the cyto- and nucleoplas-
mic portions of the complex (35Y38). Further, nups have been
implicated in spindle and kinetochore assembly (39Y41), and
chromatin organization and transcriptional activation (42).

Table I. Signal Sequences for Subcellular Compartments

Targeted subcellular compartment Signal(s) References

Nucleus Monopartite PKKKRKV (4,5)

Bipartite KRPAATKKAGQAKKKKLDK (5)

Cytoplasm (export from nucleus) LX(1Y3) LX(2Y3) LXJ

(L = Leu X = spacer J = Leu, Val or Ile)

(6Y9)

Mitochondria MLSLRQSIRFFKPATRTL
(amphipathic ! helix)

+ charged residues on one side (italics);

non-polar residues on the other side (bold)

(10,11)

Endoplasmic reticulum (return to ER) KDEL at C-terminus (12,13)

Lysosomes and endosomes Tyrosine-based sorting signals: NPXY or YXX

Di-leucine-based [DE]XXXL[LI] and DXXLL

consensus motifs

(14)

Peroxisomes SKL at C-terminus (10,15)

Trans-golgi network Di-leucine motif followed by two acidic clusters:

LLEDDSDEEED (acidic clusters italicized)

(16)

Nucleolus Basic stretches of aa’s such as

RRRANNRRR

KKKMKKHKNKSEAKKRKI

(17Y19)

Underlined residues are critical.

Fig. 1. The nuclear pore complex (NPC). Half of the complex is cut away, except with the central

transporter which is shown complete. NPCs exhibit octagonal symmetry about the plane perpendicular to

the nuclear envelope. Eight filaments stretch into the cytoplasm, directly interacting with the

karyopharin family of transporters. Connecting the filaments is a coaxial ring. Within the double

membrane, a central transporter with eight repeating proteins is surrounded by a spoke complex.

Nucleoplasmic filaments project into the nucleoplasm and connect distally by a ring structure, forming a

basket. The NPC is the sole location for translocation across the nucleus’ double membrane.

18 Davis, Kakar, and Lim



Nuclear Import and Nuclear Localization Signals

Nuclear import and export utilize non-universal path-
ways that include many specific proteins. Discussed in this
paper are only generalized cycles established for the classical
import and export signals. For more detailed reviews, see
Görlich et al. (20), Weiss (34), Pemberton et al. (43), and
Macara (44). (Fig. 2) diagrams the generalized import
pathway for classical nuclear localization signal-carrying
proteins. Initiation of import begins in the cytoplasm, with
the recognition of importin ! to a nuclear localization signal
(NLS). Importin ! itself cannot interact with the NPC for
translocation, so an adapter proteinVimportin "Vis needed.
This three-protein complex translocates across the nuclear
envelope into the nucleoplasm. RanGTP binds to the amino-
terminus of importin ", resulting in release of the cargo-
importin ! duplex. Subsequently, the cargo is available to
function in the nucleoplasm, while importin ! and " are
recycled to the cytoplasm through separate RanGTP-depen-
dent events. Back in the cytoplasm, RanGTP is hydrolyzed
by RanGAP to RanGDP, releasing bound karyopharins,
where another round of import may take place.

Nuclear localization signals (NLSs) were discovered
decades ago as the means for active transport of larger
macromolecules into the nucleus (45). Proteins containing
classical nuclear localization sequences (NLSs) are imported
into the nucleus by the importin !/" heterodimer (46).
Importin ! contains the NLS binding site, whereas importin
" mediates the translocation through the nuclear pore
(20,47). Ran, a small GTPase which converts from RanGDP
to RanGTP in the nucleus, plays a critical role in both import
and export. Its nucleotide state is determined by regulators

which have opposite localization, and thus a gradient across
the membrane can be formed (48). Importins respond to the
RanGTPYGDP gradient, approximately 200-fold (49), which
is a driving force for the transport of cargo proteins from the
cytoplasm to the nucleus (20). Classical NLSs are either a
single stretch (monopartite) of basic amino acids like the one
from SV40 large T antigen (PKKKRKV; critical residues
underlined) (45,50), or bipartite (two short sequences with
spacer) basic amino acid stretches like the one from nucle-
oplasmin (KRPAATKKAGQAKKKKLDK) (5). With NLSs,
flanking sequences often are important for localization as well
(50). Additional tripartite signals have been identified in some
steroid hormone receptors, encompassing a SV-40 monopar-
tite signal within them (51). The human progesterone receptor
(PR), like other steroid receptors, contains a constitutively
active classical NLS (at position 637Y645, RKFKKKFNK) and
also contains a non-classical NLS that is ligand inducible
(NLSi) (52Y54). This non-classical NLS has no apparent
common motif compared to classical NLSs, although part
of it encodes the second zinc finger of the DNA binding domain
(DBD) of PR. PR’s NLSi amino acid sequence is RAMEGQH
NYLCAGRNDCIVDKIRRKNCPACRLRKCCQAG
MVLGG (from position 593Y636). Underlined sequences
containing basic amino acids R and K likely interact with
importin machinery (55). It has not been fully elucidated what
import receptor(s) interact with NLSi, but presumably they
must still enter the nucleus via the NPC (54).

Nuclear Export and Nuclear Export Signals

Importins and exportins both interact with RanGTP by
an amino-terminal domain, but have opposite effects on

Fig. 2. Import of proteins carrying a classical NLS. (a) Initiation of import begins in the cytoplasm, with

the recognition of importin ! to a nuclear localization signal (NLS). Importin " is needed to translocate

the complex across the envelope. (b) Once in the nucleoplasm, RanGTP binds to the amino-terminus of

importin ", resulting in release of the cargo-importin ! duplex. Subsequently, the cargo is available to

function in the nucleoplasm, while importin ! and " are recycled to the cytoplasm. (c) CAS and RanGTP

are needed to shuttle importin !, (d) while only RanGTP is needed for importin ". Back in the cytoplasm,

(e) each RanGTP is hydrolyzed by RanGAP to RanGDP, releasing bound karyopharins, where another

round of import may take place. Therefore, two GTPs are needed for import of one protein cargo.

Adapted from Görlich et al. (20).
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protein trafficking. During import, proteins are released
upon RanGTP binding in the nucleus. Conversely, in export,
cargo proteins only bind to transporters in the presence of
RanGTP (Fig. 3). Upon binding, the cargo/exporter/RanGTP
complex translocates through to the cytoplasm where Ran-
GAP catalyzes the hyrolysis of a phosphate bond. RanGDP
no longer binds to the exporter, and the whole complex
dissociates. RanGDP is imported to the nucleus by NTF2,
preserving the Ran-nucleotide gradient. RCC1 in the nucleus
exchanges GDP for GTP, and now the cycle is ready for
another turn (20,34,43,44). CRM1 (exportin 1) is the classical
export receptor for cargos proteins containing leucine rich
cargos NESs (20,56). The formation of a CRM1-cargo
complex requires RanGTP. Export by CRM1 is saturable
(20,57,58). Another exporter is calreticulin (CRT) (59) which
may function as an alternative exporter for proteins (such as
steroid receptors) with leucine rich NESs (60Y63). CRT
interacts with cargo in a RanGTP dependent manner.
However, Walther et al. have suggested that CRT can only
export steroid receptors under stress conditions (64). Classi-
cal NESs are ~10 amino acid sequences with hydrophobic
residues, including leucine. We have noted a common
consensus NES is LX(1Y3) LX(2Y3) LXJ where L = Leu X =
spacer J = Leu, Val or Ile (6), in agreement with others (7Y9).

Import, Export, and Other Signals: Application
to Drug Delivery

Using signal sequences for precise drug delivery is
attractive due to the potential for drugs to be targeted to
specific cellular compartments. Peptide NESs have been
attached to oligonucleotides for delivery to their site of action,
the cytoplasm (65), while NLSs can be used to enhance non-
viral gene transfer (66). Similarly, the M9 shuttling (import/
export) signal sequence attached to cationic peptides have
been used as a delivery system for plasmid DNA (67). An

excellent review summarizes the nuclear import, export, and
shuttling signals, and their application to drug delivery (68).
In all of the examples mentioned here, signals have been
used unidirectionally to target a drugVbe it an oligonucleo-
tide, polymer or plasmidVto a final compartment.

Known signal sequences are in part defined by their
ability to confer localization to a particular compartment,
even when taken out of context of the whole protein. Hodel
et al. show that various NLSs linked to GFP can be used as a
model system to test nuclear import (5), while we have shown
the same for NESs to test nuclear export (6).

When proteins mislocalize to the wrong compartment,
disease can occur (Table II). Many types of cancers arise
from mislocalized proteins (69). For example, tumor sup-
pressors that mislocalize to the cytoplasm in cancer cells
include p53 (69,70) and INI1/hSNF5 (71,72). For p53, the
tumor suppressor activity of this protein is suppressed due to
its inability to localize in the nucleus. It has been reported
that mutations of p53 exist in half of all human cancers,
leading to inactivation (69,73). On the other end of the
spectrum, the nuclear localization of oncoprotein Ras may be
important in oncogenic activation as well (74).

Similarly, the mislocalization of cell cycle inhibitors can
be detrimental. Relocalization of a cell cycle inhibitor to the
Bwrong’’ compartment can lead to tumor progression. This
occurs with the cell cycle inhibitor p21WAF-1 which normally
localizes in the nucleus where it exerts its inhibitory action.
Mislocalization of this protein to the cytoplasm leads to
tumor progression (75).

G-protein coupled receptors (GPCRs) can also mislo-
calize and cause disease (76). Specific examples include
mislocalized rhodopsin which can lead to retinitis pigmen-
tosa, and mistargeted vasopressin V2 receptor leading to
nephrogenic diabetes insipidus. Finally, defects in trafficking
or localization of the LDL receptor can cause familial
hypercholesterolemia (77), and mislocalized CTFR leads to

Fig. 3. Classical export of proteins from the nucleus. (a) Export beings with CRM1, the main export

protein, binding a nuclear export signal (NES) on a protein cargo. CRM1 can only bind cargo in the

presence of RanGTP. Once complexed, translocation to the cytoplasm takes place. (b) RanGAP and

RanBP1 catalyze the hydrolysis of a phosphate bond, creating RanGDP and resulting in the dissociation

of CRM1 with its cargo. (c) RanGDP is shuttled back to the nucleus via NTF2 and (d) GDP is exchanged

for GTP by RCC1. Adapted from Görlich et al. (20).
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Table II. Proteins whose Mislocalization Causes Disease

Disease

caused by

mislocalization Type of protein

Name

of protein(s)

Normal

localization Mislocalization References

Various types

of cancers

Tumor

suppressor

p53 Nucleus Cytoplasm (70,71)

Various types

of cancers

Member of the

beta-galactoside

binding protein

family

Galectin-3 Nucleus Cytoplasmic when

phosphorylated

(79)

Various types

of cancers

Forkhead family

of transcription

factors

FOXO Nucleus Cytoplasm (69,80)

Various types

of cancers

Transcription

factor

NF-.B Cytoplasm Nucleus (69,81,82)

Breast cancer Tumor

suppressors

BARD1

and BRCA1

Cytoplasm Dimerization

masks NES

and causes

nuclear

accumulation

(83Y85)

Malignant rhabdoid

tumors

Tumor

suppressor

INI1/hSNF5 Nucleus Cytoplasm (69,71,72)

Cisplatin drug

resistance

Multidrug resistant

proteins

MRP1 Recycled to

plasma

membrane

Cytoplasmic

accumulation

(86)

Acute myelogenous

leukemia (AML)

Cyclin-dependent

kinase inhibitor

p27Kip1 Nucleus Cytoplasm (87)

AML Multifunctional

nucleocytoplasmic

shuttling protein

Nucleophosmin Nucleolus Cytoplasm (88)

Colorectal cancer Multifunctional

protein; part of the

Wnt signal transduction

pathway

"-catenin Cytoplasm Nucleus (69,89)

Chronic myelogenous

leukemia (CML)

BcrVa GTPase

activating protein;

AblVa tyrosine

kinase oncogene

Bcr-Abl Bcr alone

is cytoplasmic;

Abl is nuclear

and cytoplasmic

Cytoplasm (90)

CML Cell cycle inhibitor p21WAF1 Nucleus Cytoplasm (75)

Retinitis pigmentosa

(Class I deletion

mutant)

G-protein

coupled receptor

(GPCR)

rhodopsin Membrane

sacs within

the rod

Plasma membrane

of photoreceptor

cell body

(76,91)

Nephrogenic diabetes

insipidus, X-linked

(Class I and II)

GPCR Vasopressin

V2 receptor

Cell surface Majority of

mutations lead

to intracellular

retention

(76,92)

Familial

hypercholesterolemia

(Class II and IV)

GPCR LDL receptor Cell surface

and internalized

Class IIVretained

in ER;

Class IVVdefective

internalization

(77)

Cystic fibrosis

(some forms)

GPCR CTFR Cell surface Endoplasmic

reticulum

(76,78)

Schizophrenia GPCR Dopamine

D3 receptor

(mutant)

Plasma

membrane

Intracellular

compartment

(93)

Primary dystonia

(DYT1)

ATPase associated

with different

cellular activities

protein family

Torsin A ER luminal

protein

Nuclear envelope (94)

Primary

hyperoxaluria

Aminotransferase Alanine:glyoxylate

amino-transferase

Peroxisome Mitochondria (95)

Stargardt-like

macular degeneration

Fatty acid

elongase family

ELOVL4 ER Cytoplasm (5 bp

deletion mutant)

(96)
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cystic fibrosis (78). See Table II for other examples of
diseases caused by mislocalization.

SPECIFIC DISEASES INDUCED BY MISLOCALIZED
PROTEINS

Breast Cancer: BARD1 and BRCA1

The breast cancer-associated protein BARD1 (thought
to be a tumor suppressor) in itself contains proapoptotic
activity when in the cytoplasm. BARD1 contains a nuclear
export signal that allows compartmentalization into the
cytoplasm. However, the breast and ovarian cancer suscep-
tibility protein 1 (BRCA1), a known tumor suppressor, can
modulate BARD1 apoptotic activity by binding to BARD1
and blocking its export signal. This results in a marked
reduction of BARD1 apoptotic activity. Interestingly, it was
found that BBRCA1 and BARD1 regulate the subcellular
localization of one another through the reciprocal masking of
their respective nuclear export signals’’ (84). However, when
BARD1 and BRCA1 dimerize, their resulting nuclear com-
partmentalization leads to events that promote cancer (DNA
repair activity and prolonged cell survival) (83Y85) instead of
apoptosis. In this situation, the delicate balance between nu-
clear import and export dramatically alters the function of
proteins, and this is controlled by the cell.

Schizophrenia and the Dopamine D3 Receptor

In some forms of schizophrenia, a mutant dopamine D3
receptor has been implicated. This mutant dopamine receptor
(D3nf) can physically interact with the normal version of the
D3 receptor and causes mislocalization of D3 from the plasma
membrane to an intracellular compartment, Ba finding that
may have significance in the etiology of schizophrenia’’ (93).
In these studies, it was suggested that D3nf may act as a
dominant-negative regulator of D3 receptor activity, forcing
wild type D3 to mislocalize thereby resulting in disease.

Leukemia and BCR-ABL

BCR-ABL protein can be converted from an oncogene
to an apoptotic factor if it can be sent to the nucleus (90).
BCR-ABL is an oncogene implicated in chronic myeloid
leukemia and Philadelphia chromosome positive acute lym-
phoblastic leukemia. BCR-ABL proteins have abnormal
tyrosine kinase activity that leads to oncogenesis (97).
BCR-ABL proteins are oncogenic in the cytoplasmic com-
partment only, and must multimerize in order to be active.
BCR-ABL, when directed to the nucleus, indeed becomes
apoptotic (90), so this is a possible new way to treat CML.
These same authors found that inhibiting export of BCR-
ABL in cell culture using leptomycin B (LMB), a general
export inhibitor (causing nuclear accumulation of BCR-
ABL), resulted in cancer cell apoptosis. However, LMB
cannot be used clinically due to neuronal toxicity in phase I
clinical trials (90).

Colorectal Cancer and """-Catenin

In most colorectal cancers the adenomatous polypsis coli
(APC) protein, a tumor suppressor, is mutated (69,98). In

normal cells this protein shuttles between the nucleus and the
cytoplasm; however, in colorectal cancer APC is mostly
nuclear due to truncations resulting in loss of functional
NES. The nuclear export of APC is very critical for its
normal functioning in destabilizing and reducing the tran-
scriptional activity of a signal transduction protein "-catenin.
Any level of nuclear import of APC reduces the transcrip-
tional activity of "-catenin. The mutations in APC lead to
loss of its nuclear export function and inactivation. This is
indicated as an early event in tumorigenesis. Loss of APC
causes an increase in nuclear "-catenin and its transcriptional
activity, which leads to tumor progression (89).

TARGETING PROTEIN COMPARTMENTALIZATION
FOR THERAPY

Targeting nucleocytoplasmic shuttling represents an
under-explored area for drug delivery, drug targeting, and
therapeutics (99,100). As the mechanisms of mislocalization
are being elucidated, there exist more opportunities for drug
therapy besides the standard direct inhibition (or activation)
of the protein target. There are several ways in which
overcoming aberrant localization of protein can be achieved
and are outlined as follows.

Blocking General Nuclear Import or Export Machinery

If a disease is caused by mislocalization of a protein to
the nucleus (or cytoplasm), inhibitors of general import (or
export) could be utilized for treatment. To date, there are no
small molecule inhibitors of nuclear import; however, there
are several small molecule inhibitors of nuclear export. These
are inhibitors of CRM1, the general export receptor.
Leptomycin A and B (101), Ratjodone A (102,103), and
PFK050-637 (104) are all small molecule inhibitors of
CRM1 that bind to a critical cysteine residue in CRM1 to
abrogate nuclear export. Another possible way to inhibit
import or export would be to supply peptides encoding a
NLS or NES, and competitively inhibit import/export of
other cargo containing the NLS/NES signals. Hawiger and
coworkers have designed cyclic peptides containing a cell-
penetrating motif and a cyclized form of a NLS from NF-
kB. This peptide inhibits import of NF-kB (105). The main
disadvantages with blocking general nuclear import or export
would be toxicity due to general halting of transport of all
proteins going into/out of the nucleus, like Leptomycin B
(90,106).

Enhancing Import or Export of Proteins

Proteins given therapeutically may be modified so that
import (or export) is enhanced. NLSs and NESs have
routinely been added onto proteins to enhance or modify
their cellular destination; for an excellent review see Jans
et al. (68). The main disadvantage with adding proteins with
NLSs/NESs is that the patient still expresses the mislocal-
ized protein, and in some cases, the mislocalized protein
exhibits a dominant effect over the non-mislocalized protein
(93).

Another way to enhance import/export is to increase the
interactions of proteins with the components of the NPC.
Molecular proteomics methods are being used to determine
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interactions of proteins with nucleoporins (107). This infor-
mation could be used to enhance or block import (or export).

Alteration of Post-Translational Modifications

It is known that protein modifications including phos-
phorylation, methylation, and ubiquitinylation can lead to
altered compartmentalization of proteins in cells (69).
Galectin-3 (Gal-3), a novel regulator of apoptosis, trans-
locates from the nucleus to the cytoplasm under apoptotic
stimuli. Phosphorylation enhances export of Gal-3 to the
cytoplasm. Interestingly, an increase in the cytoplasmic levels
of Gal-3 (and loss from the nuclei) correlates with tumor
progression (79).

Blocking Import/Export Partner

Many proteins are imported/exported via piggyback
mechanisms with other proteins (and not via direct inter-
actions with the actual import/export receptors). Piggyback-
ing of proteins may occur with heat shock protein 90
(Hsp90). Hsp90, a molecular chaperone, is known to retain
steroid hormone receptors (and other proteins) in the
cytoplasm and may be involved in nuclear import of other
proteins (108). In another case mitogen activated protein
kinase (MAPK) may be involved in regulating nuclear
association of the human progesterone receptor (109). The
import/export partner itself (Hsp90 or MAPK) likely still
interacts with the general import/export machinery.

Controlled Localization using a Protein Switch

Ligand inducible nuclear import signals and export
signals (a bi-directional on/off switch) can be used for the
controlled targeting of therapeutic proteins to subcellular
compartments. Our work has shown that a model protein
(EGFP in this case) can be directed from the cytoplasm to
the nucleus using ligand, in a dose-dependent manner (110).
The protein is genetically engineered to constitute a nuclear
export signal, a nuclear import signal, and a ligand binding
domain (LBD) from a steroid hormone receptor. When the
plasmid encoding this protein is transfected into mammalian
cells, the protein is expressed mostly in the cytoplasm. When
ligand is added, the protein translocates to the nucleus. The
rate and extend of nuclear import depends on the dose of
ligand and the incubation time. When ligand is removed from
the system, the protein exports back to the cytoplasm. The
protein can be re-imported again by addition of ligand (110).
Since our initial studies, we have optimized the protein
switch so that its localization is more cytoplasmic in the
absence of ligand, and more of the protein translocates to
the nucleus in the presence of ligand (unpublished data).
Optimization involves striking the desired balance between
nuclear import and export signals of different strengths, and
utilizing different steroid hormone receptor LBDs. Such a
protein switch could be used in gene therapy, for controlled
localization (and function) of a protein such as a transcription
factor, or any other type of protein that is active only in the
nucleus of the cell. Our first application of the protein switch is
for breast cancer, where the nuclear corepressor NCoR will be
engineered into the protein switch. NCoR is known to repress

both progesterone receptor and estrogen receptor mediated
transcriptional activity.

FUTURE DIRECTIONS FOR CONTROLLING
INTRACELLULAR LOCALIZATION OF PROTEINS

As we have outlined in this paper, malfunctioning of
nucleocytoplasmic transport leading to mislocalization of
proteins causes disease. Thus, manipulation of transport path-
ways could be used to treat disease. Exploiting the intracellular
transport pathways provides an exciting area for treatment of
such diseases. Specific signal sequences can be utilized in drug
delivery systems to improve the efficacy of a drug by increasing
the amount of drug reaching its active therapeutic compart-
ment, or to increase compartment accumulation. Based on the
knowledge of intracellular transport, new modalities can be
designed targeting specific components of the cellular transport
machinery. However, for regulating localization of proteins to
treat diseases, further investigation of transport pathways that
have not yet been clearly understood is warranted.

The classical pathways of nucleocytoplasmic trafficking
have been well defined. Consensus sequences have been
proposed for nuclear import and export signals, and their
strengths have been characterized. Nevertheless, it has been
studied that certain proteins despite having an import (or
export) signal are localized to a different compartment. In
some cases this occurs because various proteins mutually
regulate their localization by masking and de-masking the
localization signal(s). For example, breast-cancer associated
protein BRCA1 is involved in masking the export signal of
BARD1 via the dimerization domain and keeps it in the
nucleus (83,84,111). Another such example involves proteins
c-Jun and ATF2, involved in cellular transformation, stress
response and regulating organ development. Even though
ATF2 possesses a nuclear export signal, dimerization with c-
Jun in the nucleus prevents its export (112). In another
example, the nuclear export signal of BCR-ABL protein
has been suggested to be inactive due to its location in the
hydrophobic core of the protein (113). The area of intracel-
lular transport involved with mutual regulation of protein
localization by masking or unmasking the localization signal
has been the least explored for therapeutic purposes.
Designing delivery systems and drugs (small molecules as
well as peptides) to mask and unmask the localization signals
is a promising avenue for controlling intracellular movement
of proteins.

Besides the classical subcellular pathways of transport,
there are other mechanisms of protein import/export that
have not been completely delineated yet. CRT has been
studied to be involved in nuclear export of steroid hormone
receptors, independent of the classical CRM1 pathway
(60Y62). However, some researchers have claimed that CRT
acts as an export receptor only under stress conditions (64),
and steroid hormone receptors such as glucocorticoid recep-
tor (GR) are indeed exported via a CRM1 dependent
transport (114). Another group has proposed that a " helix
structure in androgen receptor ligand binding domain acts as
a NES (115) though the mechanism for its activity has yet to
be delineated. BCR-ABL, a cytoplasmic protein, still local-
izes to the cytoplasm on removal of its NES (90) which is
likely due to interactions between its F-actin binding domain
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and the cellular cytoskeleton (113). Similar to nuclear export,
it appears that multiple pathways exist for nuclear import as
well. In our recent study we have shown that the progester-
one receptor (PR) translocates to the nucleus on ligand
induction even after mutating its constitutive NLS, albeit at a
much slower rate (116). GR has also been shown to
constitute two NLSs with one acting via the classical importin
! pathway, while the other through an agonist specific
pathway independent of importin ! (114).

Some proteins are transported between two compart-
ments by a facilitator protein or a Bpiggy-back’’ mechanism.
Localization of various proteins involved in cellular func-
tioning such as p53 (69,70,117,118), "-catenin (69,89,98) are
regulated by other interacting proteins. Heat shock protein
(Hsp90), one of the most abundant proteins in cells, is touted
to be a chaperone protein involved in intracellular movement
of various other proteins (119Y121). However, the mecha-
nism of transport of Hsp90 is still not defined. Ligand binding
domains of steroid receptors are known to affect change in
localization of these molecules but no single mechanism
explaining change in their localization has been proposed as
of yet. Thus, there are mechanisms of subcellular trafficking
that are still needed to be elucidated.

Exploring mechanisms of intracellular transport holds
the key to devise a means to treat a large number of diseases
ranging from metabolic disorders to cancer. Studying cellular
pathways of macromolecule movement would also aid in a
more comprehensive understanding of certain known dis-
eases, resulting in management. Harnessing signal sequences
to change localization of proteins and hence their activity, is
a novel way of finding cure for many diseases. Designing
new delivery systems and drug modalities based on the
current knowledge of signal sequences and transport path-
ways, for treatment and management of diseases, is an
exciting new area of molecular pharmaceutics that offers
great potential.
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