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Modulation of Nuclear Protein Import
A NOVEL MEANS OF REGULATING GENE EXPRESSION
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ABSTRACT. Eukaryotic cells depend upon the regulated exchange of proteins and RNA between the
cytoplasm and the nucleus for survival. Various cytoplasmic and nuclear proteins play a fundamental role in this
specific transport process. Over the last few years the components and stages of nuclear protein transport have
been characterized in significant detail. Because many of the proteins that are transported into the nucleus are
transcription factors, the import process is an interesting target for the manipulation of gene expression. Over
time the eukaryotic cell has assembled a number of methods by which to regulate the nuclear localization of
transcription factors. Within the last few years, there have been several reports of the pharmacologic
manipulation of the localization of nuclear proteins as well. In addition, a recent study suggests that viruses are
able to modulate host cell nuclear protein transport in vivo. This report will present an overview of nuclear
protein import, describe the various in vivo mechanisms by which the cell regulates this process, and discuss
recent attempts to manipulate the process with small molecule compounds. As nuclear import is a fundamental
cellular process, potential opportunities for the future may arise from direct and specific ways to modulate this
process and thereby treat diseases characterized by dysregulation of transcription factor activity. BIOCHEM
PHARMACOL 56;2:157-161, 1998. © 1998 Elsevier Science Inc.
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Over the last few years, the biochemical process of nuclear
protein import has been studied extensively [for reviews, see
1-3]. Until the early 1990s, virtually all that was known
about nuclear import was that those proteins larger than
40-60 kDa were actively transported into the nucleus and
contained within their amino acid sequence a targeting
domain that was basic in nature [4—8]. Mutational analyses
and microinjection studies have defined NLSst as the
sequences responsible for the targeting of proteins into the
nucleus [9-14]. While NLS function appears to be univer-
sal, the specific amino acid sequences vary for particular
proteins [12, 14]. As more NLSs were identified, the lack of
a true consensus sequence became apparent. A number of
groups also directed their search toward the identification
of proteins that mediate nuclear import. Several laborato-
ries described complexes of proteins, distinguished only by
molecular weight, that were assumed to be nuclear trans-
port proteins [4—8]. It was not until an in vitro transport
system was devised that these proteins were shown to
participate directly in the nuclear import process and
identified as binding proteins or cofactors [15].

* Corresponding author: Steven G. Nadler, Ph.D., Bristol-Myers Squibb
Pharmaceutical Research Institute, P.O. Box 4000, Princeton, NJ 08543-
4000. Tel. (609) 252-4459; FAX (609) 252-6058; E-mail:
Steven._G._Nadler@ccmail.bms.com.

tAbbreviations: DSG, 15-deoxyspergualin; FGF, fibroblast growth factor;
HSV, herpes simplex virus; MA pl7, viral matrix protein pl17; NFAT,
nuclear factor of activated T cells; NF-kB, nuclear factor kappa B; and
NLS, nuclear localization sequence.

There are two distinct steps in the nuclear transport
process. In the first step, the NLS of the karyophilic protein
interacts with the NLS-binding protein. The second step is
a translocation of the karyophilic protein through the
nuclear pore by an energy-dependent mechanism. In 1994,
Gorlich et al. [16], cloned and characterized the protein
importin, which was determined to bind NLS-containing
proteins and thereby facilitate their nuclear import. It now
appears that there are several families of karyopherins a
that may have very distinct functions [2]. Subsequent to the
cloning of importin, several other proteins involved in the
import process were identified quickly. There are now
known to be at least five distinct proteins (and possibly
more) that are required for nuclear transport: importin (also
termed karyopherin a), karyopherin B, hsp70, Ran, and
pl0 [1-3]. Karyopherin a has since been shown to interact
with NLS proteins in the cytoplasm in a sequence-specific
manner [17]. The specificity of the karyopherin a—NLS
interaction arises from differential binding activities of
different karyopherins « as well as differential expression in
various cell types, and these have been shown to correlate
with efficiency of nuclear import of the NLS protein [17].
The karyopherin a~NLS protein complex interacts in the
cytosol with karyopherin B, which, along with cytoplasmic
factor hsp70, mediates docking to the nuclear pore [18].
The small GTPase Ran and its interacting protein pl0/
nuclear transfer factor 2 (NTF2) function in the active
transport of the NLS protein and karyopherin o through
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the channels of the nuclear pore complex, while karyo-
pherin B remains at the nuclear pore complex [19].

IN VIVO REGULATION OF NUCLEAR
PROTEIN IMPORT

The complexity of the nuclear protein import process yields
many potential points of control. Regulation of transcrip-
tion factor nuclear translocation is especially critical be-
cause these proteins are targeted to the nucleus only under
specific conditions, such as the activation state of the cell.
Control of nuclear protein import, therefore, allows the cell
a means of regulating gene expression and signal transduc-
tion events. As NLSs are essential for nuclear protein
localization and this function appears to be conserved
across eukaryotes, numerous cellular mechanisms control-
ling nuclear protein import have targeted NLS activity. Not
surprisingly, many of these cellular mechanisms are com-
mon to diverse eukaryotes, and several examples will be
discussed below.

One of the transcription factors that has been character-
ized most extensively with regard to its nuclear import is
NF-kB. Important for the regulation of various immuno-
logical processes, the active form of NF-kB usually exists as
a homo- or heterodimer composed of 50-kDa and 65-kDa
subunits that share homology with the products of the c-rel
oncogene and the Drosophila dorsal gene [20, 21]. Presyn-
thesized NF-kB is stored in the cytoplasm associated with
the specific inhibitor IkB, which functions as a cytoplasmic
anchor for NF-kB. A number of other nuclear targeted
proteins are also kept predominantly cytoplasmic through
an interaction with a retention factor protein. In Drosoph-
ila, the nuclear localization of period protein fluctuates with
a circadian rhythm [22]. Mutations in timeless have been
shown to result in the specific block of nuclear localization
of period, resulting in arrhythmic behavior and suppression
of the circadian oscillation of period RNA. Thus, a protein
encoded by timeless is thought to itself interact with period
or perhaps to regulate factors responsible for the cytoplas-
mic retention of period. Similarly, the D. dorsal gene
becomes nuclear only in cells undergoing dorsalization.
Nuclear localization of dorsal is controlled by the cactus
gene product, which has an analogous function to IkB and
also shows sequence homology to IkB-like proteins [23].

One efficient means of modulating NLS accessibility to
effect nuclear transport activity is through phosphorylation.
Intermolecular masking of the NF-kB p65 NLS by IkB is
the mechanism responsible for the cytoplasmic retention of
this transcription factor subunit. When the inhibitor pro-
tein is bound to the p65 subunit, the p65 NLS is unavail-
able for recognition by karyopherin a. Unmasking of the
NF-kB NLS is regulated by phosphorylation of IkB [24, 25].
Phosphorylation of IkB by a large multisubunit complex
induces its degradation, resulting in the cytoplasmic release
of NF-kB and allowing it to bind karyopherin « and localize
to the nucleus. In Drosophila, phosphorylation of dorsal itself
results in its release from cactus and subsequent nuclear
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translocation. Phosphorylation also regulates the transcrip-
tion factor NFAT, as dephosphorylation of NFAT by
calcineurin in the cytoplasm results in nuclear localization
of this transcription factor.

In addition to dephosphorylation, proteolysis also plays a
role in the control of nuclear transport. Like p65, the
NF-kB p50 subunit is subject to specific masking of the
NLS. The p50 subunit is produced as a 105-kDa precursor
that is not able to bind DNA [26]. The p105 C terminus
contains ankyrin repeats, is homologous to IkB-like pro-
teins, and has been demonstrated to possess the IkB-like
activity of maintaining the associated protein in the cyto-
plasm by masking the NLS in cis. Intramolecular unmasking
of the p50 subunit NLS by the C-terminus of the p105
precursor is achieved through proteolytic processing. When
the p105 C-terminus is cleaved, the p50 NLS then becomes
available for binding to karyopherin a.

Finally, the nuclear translocation of some proteins can be
regulated throughout the cell cycle, as in the case of the
transcription factor v-Jun [27]. The nuclear import of v-Jun
is blocked by the cell cycle-dependent phosphorylation of a
serine residue adjacent to the NLS. In another example, the
Saccharomyces cerevisiae transcription factor SWI5 is phos-
phorylated by the cdk CDC28 at a site within the spacer of
its bipartite NLS [28]. During anaphase, when CDC28
activity decreases, SW1I5 is dephosphorylated and can then
become localized to the nucleus. These varied cellular
methods of nuclear transport control illustrate the impor-
tance of regulating this key biological event.

PHARMACOLOGIC AND VIRAL
MANIPULATION OF NUCLEAR
PROTEIN IMPORT

Studies on the mechanism of action of several pharmaco-
logic agents have revealed that although the nuclear
protein import machinery was not the intended molecular
target, these compounds act by modulating the nuclear
localization of transcription factors. Probably the most
widely studied examples of drugs that inhibit nuclear
import are the immunosuppressants cyclosporin and FK506.
These molecules block the nuclear import of a T-lympho-
cyte specific transcription factor termed NFAT [29, 30] (see
Fig. 1). The transport of NFAT is dependent upon its
phosphorylation state; only the dephosphorylated form is
transported to the nucleus. Although cyclosporin and
FK506 are known to bind to the prolyl isomerases cyclo-
philin and FKBP, respectively, inhibition of isomerase
activity is not responsible for the immunosuppression.
Rather, the binding of these drugs to their targets promotes
the formation of a ternary complex that includes the
phosphatase calcineurin. This ternary complex leads to
inactivation of calcineurin, which, in turn, inhibits the
dephosphorylation of NFAT and thereby prevents its im-
port into the nucleus. Another example of a class of drugs
that regulate the nuclear import of transcription factors is
the glucocorticoids. In addition to influencing steroid
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FIG. 1. Inhibition of the nuclear protein transport pathway by various pharmacological agents. Immunosuppressive drugs such as
cyclosporin, FK506, and DSG exert their effects at different stages in the nuclear transport pathway. NLS peptides and CNI-H0294

disrupt transport by interfering with specific NLS activity.

receptor activity, glucocorticoids also inhibit the nuclear
transport of NF-kB. This blockage is due to a steroid-
induced increase in the synthesis of the NF-kB inhibitor
IkB, which traps this transcription factor in the cytoplasm
[31]. It is likely that regulation of transcription factor
nuclear import will prove to be a common mechanism of
action for other drugs that affect transcriptional responses.

The inhibitors of nuclear transport described above refer
to drugs that act in an indirect manner; that is, they bind to
proteins other than those directly involved in the import
process. More recently, approaches have been taken to
specifically inhibit the nuclear import of proteins either
through modification of the NLS or interference with
binding to karyopherin . One of the more direct ap-
proaches was taken by Dubrovsky, et al. [32], who designed
arylene bis(methyl ketone) compounds, which interact
with the MA p17 of HIV and prevent its transport into the
nucleus. The MA pl7 protein is required for the efficient
nuclear transport of the HIV preintegration complex. By
modifying the basic amino acids of the MA p17 NLS, these
compounds directly (by virtue of their ability to mask the
NLS) blocked the nuclear localization of this complex. It
was subsequently demonstrated that the activity of these
NLS-modifying compounds was dependent upon the pres-
ence of the enzyme reverse transcriptase [33]. It appears
that the interaction between the drug and the reverse
transcriptase is also the determining factor in the specificity
of the modification of the HIV MA p17 NLS.

Another method of blocking nuclear transport which
several groups have used is to treat cells with nuclear
localization sequence peptides of 12 amino acids in length
[34]. Once these peptides become internalized by the cell,
they are predicted to bind to the karyopherins « in the

cytoplasm, where they function as competitive inhibitors of
nuclear protein transport. However, this technique has not
proven very effective, as high micromolar concentrations of
peptides are necessary to inhibit transport. This require-
ment is not surprising, in light of reports that most peptides
are generally not efficiently transferred across cell mem-
branes [35].

A similar but more effective approach toward inhibiting
nuclear transport was taken by Lin et al. [36]. Rather than
treating cells with simple NLS peptides, this group used a
peptide containing an amino acid sequence derived from
FGF, which has the ability to translocate through cell
membranes. This sequence corresponds to the h-region of
Kaposi’s sarcoma FGF and has been shown to target
proteins and peptides into the cytoplasm of cells. The
sequence of this peptide, though not related to typical
leader sequences, allows an associated protein to be both
imported into and exported out of the cell. The ability to
translocate through cell membranes in the absence of a
typical leader sequence is not unique to FGF. At least three
other proteins—the Antennapedia homeodomain protein,
HIV tat, and HSV VP22—have been shown to translocate
through cell membranes [37]. Specific amino acid se-
quences of between 16 and 34 residues in length have been
identified in each of these proteins as the regions respon-
sible for cellular uptake. The mechanisms of membrane
translocation at the biophysical level are unknown but
appear to be complex. Some of these sequences can be
imported at 4° as well as at 37°, suggesting that the
mechanism is ATP independent and does not involve the
classical endocytic pathway. Translocation has also been
shown to occur in multiple cell types. The amino acid
sequence from FGF appears to be very efficiently trans-
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ported intracellularly. We have shown that within 1 hr
transport of this peptide is maximal and reaches intracel-
lular concentrations of approximately 100 wM (unpub-
lished data).

Lin et al. [36] have reported that a peptide that consists
of the nuclear localization sequence from the p50 subunit of
NF-kB in conjunction with the FGF translocation se-
quence effectively (at approximately 10-30 wM) inhibited
the nuclear import of NF-kB in response to cell activation.
This peptide was more effective than the nuclear localiza-
tion sequence alone, demonstrating the enhanced potency
of this intracellular delivery approach. Interestingly, the
substitution in this peptide of the p50 NLS with the NLS
from SV40 large T antigen also resulted in inhibition of the
nuclear protein import of NF-kB. This apparent lack of
specificity would suggest that the nuclear import of NF-kB
may be more susceptible to inhibition than that of other
nuclear proteins. This observation is consistent with those
we made during studies on the mechanism of action of the
immunosuppressant DSG. We have shown that DSG,
which has some structural similarity to an NLS, is able to
inhibit NF-kB nuclear localization [38]. DSG interacts in
the cytoplasm with the heat shock protein hsc73, which has
been reported to play a role in nuclear import of some
proteins [39]. We predict that hsc73 is specifically involved
in the nuclear transport of NF-kB.

Our laboratory has extended and improved upon the
studies using the targeted NLS peptides reported by Lin et
al. [36]. Since karyopherin « contains approximately 5-6
potential binding sites for NLSs, we predicted that a
molecule having more than one NLS would bind to
karyopherin a with greater avidity than a molecule with
only a single NLS, due to cooperative binding effects.
Therefore, we designed an NLS intracellular targeted pep-
tide composed of two NLSs adjacent to the FGF transloca-
tion sequence. We found that such a peptide was approxi-
mately 35-fold more potent at inhibiting NF-kB nuclear
transport than a single NLS attached to the translocation
sequence (Fujihara et al., manuscript in preparation). We
also found, in agreement with Lin et al. [36], that NLSs
other than the NF-kB NLS are able to inhibit the nuclear
translocation of this transcription factor. We hypothesize
that the NLS peptides act as competitive inhibitors of the
interaction between karyopherin a and the NLS on the
karyophilic protein, in this case NF-kB. To support this
hypothesis, we have demonstrated that there is a differen-
tial interaction between various NLSs and two forms of
karyopherin «, termed K1 and K2 [17]. There are also
differences in the abilities of the NLSs to target proteins
into the nucleus. Hence, based on these data we predict
that the interaction between the NLSs on NF-kB subunits
and karyopherin « is weaker than the interaction of other
nuclear proteins with karyopherin a. Therefore, this NLS
peptide approach would allow only proteins with a rela-
tively low affinity for karyopherin « to be competed by the
intracellularly targeted NLS peptides. A more specific
approach will be to target the NLSs themselves, as de-
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scribed above in the case of the inhibitor of the HIV matrix
NLS. Since there exists no true consensus for NLSs, it may
be possible to target individual NLSs with small molecules
and thereby, in a very precise manner, inhibit the nuclear
import of particular transcription factors.

A final example of nuclear transport regulation is de-
scribed in the study by Her et al. [40], which reported that
the matrix protein of vesicular stomatitis virus can inhibit
Ran GTP-dependent nuclear transport. It was suggested
that this inhibition would lead to decreases in RNA and
protein synthesis in the infected cell. Although the matrix
protein targets a fundamental component of nuclear im-
port, there appears to be very specific effects on gene
regulation. Therefore, it appears that viruses, whose activity
can often provide us with clues for new ways to manipulate
biological processes, may have evolved a mechanism for
modulation of host cell nuclear import. Interestingly, of the
NLSs that we have studied thus far, those NLSs derived
from viral proteins appear to interact with greatest affinity
for the karyopherins a and are most efficient at targeting
proteins to the nucleus. It is tempting to speculate that
certain viral proteins may have been selected to maintain
potent NLSs in order to competitively inhibit nuclear
import of host proteins, down-regulate immune responses,
thereby enabling the virus to avoid immunological surveil-
lance.

CONCLUDING REMARKS

The complex process of nuclear protein import is subject to
multiple levels of control. These include in vivo mecha-
nisms such as phosphorylation/dephosphorylation, proteol-
ysis, variable expression of karyopherins, and specificity of
NLSs. We have reviewed recent evidence for the use of
various pharmacological methods as another approach to-
ward the control of gene expression. Drugs such as cyclo-
sporin, steroids, peptides, and NLS-modifying reagents
have given us invaluable insight into the mechanisms
involved in the regulated movement of transcription factors
into the nucleus. While there are many other established
methods of influencing gene expression (e.g. antisense
technology, gene therapy, and drugs that bind to DNA),
direct modulation of the nuclear protein transport process
will provide a more potent means of regulating the tran-
scription of genes. The two examples cited above—the HIV
MA pl7 transport inhibitor CNI-H0294 and the peptide
inhibitors of nuclear transport—represent the first of a new
class of tools that directly target specific NLSs, paving the
way for future studies and applications in modulating gene
activity.
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