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Abstract

The ability of transcription factors to gain entrance to the nucleus is critical to their role in gene
expression. Signal transducers and activators of transcription (STATS) are latent DNA binding factors
activated by specific tyrosine phosphorylation. There are seven mammalian STAT genes encoding
proteins that display constitutive nuclear localization and/or conditional nuclear localization. This
review will focus on STAT1 and STAT2 that are activated in response to interferon and exhibit
conditional nuclear localization. The dynamic redistribution of STAT1 and STAT2 between the
cytoplasm and the nucleus is coordinate with their gain of ability to bind DNA.
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Introduction

Signal transducers and activators of transcription (STAT) possess the ability to both sense
environmental cues and to transmit those cues to regulate specific gene expression. The
founding members of this family, STAT1 and STAT2, were identified as latent DNA-binding
factors activated in response to type | interferons (IFNs)(lr 2). Following IFN binding to cell
surface receptors, the receptor-associated Janus kinases phosphorylate STATS on a specific
tyrosine residue (3_8). Tyrosine phosphorylation induces a conformational change that
generates STAT dimers via reciprocal phosphotyrosine and SH2 domain interaction (9_11).
The dimer conformation confers their ability to recognize specific DNA targets in the
promoters of responsive genes, and the products of these genes contribute to the biological
effects of IFNs on viral resistance, proliferation, and immune cell activation (12_15).

STAT-mediated gene expression can have dramatic effects on cellular function, and for this
reason it is not surprising that STAT activity is regulated by various means including receptor
activated Janus kinases, cytoplasmic and nuclear tyrosine phosphatases, protein inhibitors of
activated STATSs (PIAS), and suppressors of cytokine signaling (SOCS) (16‘18). To affect
gene transcription the STATs must gain access to the nucleus, and consequently nuclear
localization is yet another mechanism of STAT regulation (19 20). Proteins as large as the
STATSs are restricted from passive diffusion into the nucleus, and so transport must be
facilitated. Transport is an active energy-requiring process usually mediated by association
with soluble transporters. Since nuclear trafficking has a significant impact on STAT function,
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understanding the mechanisms that regulate STAT localization should provide information
valuable to enhance or prevent their action.

1. Properties of STAT Molecules

Seven mammalian STAT genes have been identified, and although the encoded proteins share
many properties, they respond uniquely to specific stimuli and confer distinct biological
responses. The STATS have a similar structural arrangement of functional motifs (Figure 1)
(1 ). These include an amino terminus that plays a role in dimerization, a coiled coil domain
that can be involved in interactions with other proteins, a central DNA-binding domain (DBD),
a Src homology 2 (SH2) domain, a conserved tyrosine residue that is phosphorylated in
response to stimuli, and a carboxyl transcriptional activation domain (TAD). Recent evidence
indicates that the STAT molecules can exist as dimers in a latent state, however following
tyrosine phosphorylation homodlmers or heterodimers form via reciprocal SH2-
phosphotyrosine interactions (9‘ ) The conformational change that accompanies tyrosine
phosphorylation provides the dimers with the ability to bind specific target DNA.

1.1 Interferon Signaling with STAT1 and STAT2

STAT proteins can be tyrosine phosphorylated by receptor associated Janus kinases, by growth
factor receptor tyrosine kinases, or by non-receptor tyrosine kinases (19). STAT1 and STAT2
are the founding members of the STAT family, identified as latent DNA-binding factors
activated in response to IFN stimulation. As signal transducers, STAT1 and STAT2 respond
to extracellular cues in the cytoplasm, and then move to the nucleus to regulate gene expression.
The dynamic redistribution of STAT1 and STAT2 following IFN treatment can be visualized
by fluorescence microscopy with GFP tagged STAT proteins (Figure 1). Unphosphorylated
STAT1-GFP is primarily in the cytoplasm, although if overexpressed a portion of STAT1 can
be found in the nucleus (21_ ) Following tyrosine phosphorylation in response to IFN,
STAT1-GFP clearly accumulates in the nucleus. Similarly unphosphorylated STAT2-GFP
resides primarily in the cytoplasm and accumulates in the nucleus following IFN stimulation
(24).

The Janus kinases TYK2 and JAK1 are associated with type | IFN receptor subunits IFNARI
and IFNARII, and are activated in response to binding type I IFN (primarily IFNo/B)(Figure
2). These kinases phosphorylate tyrosine residues on the receptors and on STAT1 and STAT2.
STATZ2 is unique among the STAT proteins because it is constitutively associated with a non-
STAT protein, IFN regulatory factor 9 (IRF- 9)( ) IRF-9 is a member of a family of DNA-
binding factors that play diverse roles in the innate immune response (28). The IRFs share a
similar amino terminal DNA binding domain, but they have distinct carboxyl domains. The
carboxyl domain of IRF-9 associates with the coiled coil domain of STAT2 (25). Following
IFNa stimulation, STAT1 and STAT2 heterodimerize via phosphotyrosine and SH2 domains.
Because IRF-9 is associated with STATZ2, a tyrosine phosphorylated STAT1-STAT2-IRF-9
multlmerlc complex forms and has been designated the IFN stimulated gene factor 3 (ISGF3)
( ) ISGF3 binds to a specific DNA sequence in type | IFN induced genes called the IFN
stimulated response element (ISRE) that contains a direct GAAA repeat spaced by 2
nucleotides (29‘32).

The type Il IFN receptor subunits IFNGR1 and IFNGR2 are associated with JAK1 and JAK2,
and are activated in response to type Il IFN (IFNy)(Figure 2). In response to IFNy, STAT1 is
tgyrosme phosphorylated and forms dimers via phosphotyrosine and SH2 domains (7 12, 32,
) IFNy binding leads to tyrosine phosphorylation of STAT1, but not STAT2. The STAT1
dimer was originally called the gamma-IFN activated factor (GAF). It recognizes a DNA
sequence termed the gamma-IFN activated site (GAS) that contains an inverted repeat of
GAAA residues spaced by 2-4 nucleotides. Depending on the cell type, IFNs can also stimulate
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the tyrosine phosphorylation of other STATSs such as STAT3 and STATS that can bind the
GAS target.

2. Nuclear Trafficking

The genomic information of eukaryotic cells is partitioned from the cytoplasm by a membrane
bound nucleus. The movement of molecules in and out of the nucleus occurs through discrete

assageways known as nuclear pore complexes (NPCs) that span the nuclear membrane (34

5). Small molecules can freely diffuse through the NPCs, however the movement of large
molecules is restricted. To pass through the NPC, macromolecules must be able to directly
interact with the proteins that comprise the NPC, the nucleoporins, or interact with transport
carrier proteins. The transport carriers are usually members of the karyopherin-f family that
play a primary role either in nuclear import or nuclear export and are therefore referred to as
importins and exportins (36‘42). The nuclear import or export of a protein can be constitutive
or can be conditional depending on post-translational modifications such as phosphorylation
or dependent on association with other proteins or DNA.

The NPC is composed of approximately 30 different nucleoporins present in multiple copies.
Many of the nucleoporins that line the channel of the NPC contain repeats of phenyalanine-
glycine (FG) that interact with karyopherin-p transporters to facilitate translocation of the
protein cargo. The mechanism by which the complex navigates through the pore is an area of
active investigation, but the direction of protein transport is known to be influenced by the
ability of the transporter to bind the Ran GTPase.

2.1 Nuclear Import

Active transport of proteins into the nucleus requires that they possess an amino acid sequence
or structure that serves as a nuclear localization signal (NLS). The best characterized NLSs are
rich in the basic amino acids lysine and arginine and function either as a single stretch of
residues or as a bipartite sequence (43). The classical basic NLS in proteins can directly bind
to adapter proteins in the importin-a family (Figure 3). There are six characterized importin-
a proteins and they share similar structural features; a central domain with 8-10 Armadillo
repeats that can bind the NLS; a carboxyl terminus that binds the exportin CAS; and an amino
terminus that binds to a karyopherin-f, importin-p1. Importin-f1 mediates passage of the
complex through the NPC, and following entrance to the nucleus it binds Ran-GTP causing
the release of importin-a and the NLS-containing protein.

2.2 Nuclear Export

Export from the nucleus shares many properties of import. Active export requires the presence
of a nuclear export signal (NES) in the protein destined for the cytoplasm. A frequently
occurring NES is a hydrophobic sequence rich in leucine amino acids that is recognized by the
exportin transporter CRM1 (Figure 3). CRM1 binds the NES-containing protein and binds
Ran-GTP in the nucleus. Following transport through the NPC and entrance into the cytoplasm,
Ran-GTP is hydrolyzed and CRM1 subsequently dissociates from the NES-containing protein.
An antibiotic inhibitor of CRM1, leptomycin B (LMB), has provided much to our
understanding of CRM1-mediated export (44).

3. STAT1 Dynamics

Regulated cellular localization can function as a molecular switch to turn on or turn off a signal.
Similarly, the regulated ability to bind DNA can serve as a molecular switch to turn on or turn
off gene expression. The tyrosine phosphorylation of STAT1 activates both of these molecular
switches. The dimer that is generated by reciprocal phosphotyrosine-SH2 domain interaction
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between STAT1 monomers gains the ability to recognize a specific importin-a adapter, and to
recognize a specific DNA sequence (Figure 4).

3.1 STAT1 nuclear import

Imaging analyses have revealed the dramatic change in STAT1 localization after tyrosine
phosphorylation (7: 21,23, 45‘47) (Figure 1). Most of the studies to evaluate nuclear
trafficking of STAT1 have been performed with IFN-y as the activating ligand. Although
stimulation with IFN-y can activate other STATS that can dimerize with STAT1, it generates
STATL1 homodimers primarily. Therefore, altered behavior of STAT1 mutants best reflects
properties intrinsic to STAT1.

Unphosphorylated STAT1 in the cytoplasm exists primarily as a freely diffusible protein. FLIP
(fluorescence loss in photobleaching) and FRAP (fluorescence recovery after photobleaching)
analyses on cytoplasmic STATL1 reveal that it moves throughout the cytoplasm with high
mobility (46). In response to an activating cytokine such as IFN-y, STAT1 is recruited via its
SH2 domain to phosphorylated residues on the receptor where JAKs phosphorylate STAT1
on tyrosine 701 (6). Following tyrosine phosphorylation, STATL1 dimers quickly accumulate
in the nucleus. Mutations that prevent tyrosine phosphorylation by substituting alanine for
tyrosine 701, or mutations that prevent dimerization by substituting leucine for arginine 605
in the SH2 domain, prevent translocation to the nucleus (48). The conformational change
triggered by tyrosine phosphorylation is therefore critical for conditional nuclear import of
STATL

Identifying the region within STAT1 that functions as a NLS was challenging since the NLS
is conditional and dependent on the conformation of the tyrosine phosphorylated dimer. Single
point mutations in STATL can disrupt structure in fundamental ways to produce a protein that
cannot be tyrosine phosphorylated or does not form dimers, and these mutations would only
indirectly be related to nuclear import. Yet the effects of several mutations within the DNA
binding domain suggested that nuclear import of STAT1 co-evolved with its ability to bind
DNA (21 47, 49). A single mutation in leucine 407 (L407A) or a double mutation in lysines
410 and 413 (KK410/413AA) produced a STAT1 protein that is tyrosine phosphorylated
following IFN-y stimulation, but remains in the cytoplasm. In addition, the L407A mutant is
tyrosine phosphorylated and forms dimers that retain the ability to bind DNA. Therefore this
leucine is part of a region required for conditional nuclear import.

Although the requirement of a leucine residue is unconventional relative to a basic NLS, the
nuclear import of tyrosine phosphorylated STAT1 was found to be facilitated by the importin-
ab/importin-p1 heterodimer (50). There are six characterized importin-o, adapters, but the
active STAT1 dimer binds specifically and directly to importin-a5 (21 51). The binding of
tyrosine phosphorylated STAT1 to importin-a5 is unconventional in that it binds to the
carboxyl region Arm repeats 8-10 that overlap with the CAS exportin binding site, whereas
classical basic NLSs bind within importin-a Arm repeats 2-8. To test whether the import defect
of the STAT1 L407A mutant is a consequence of its lack of ability to bind importin-a5, in vitro
assays were performed. The results clearly indicated that the tyrosine phosphorylated L407A
mutant was not able to bind importin-a5, coordinate with its lack of ability to enter the nucleus
(21). This region of the DNA binding domain therefore plays a critical role in the function of
a conditional NLS.

Several other aspects of STAT1 nuclear import are noteworthy. Although it is clear that

unphosphorylated STAT1 resides primarily in the cytoplasm, there is a detectable constitutive
presence of overexpressed STATL in the nucleus. This may be due to dimerization with other
tyrosine phosphorylated STATSs such as STAT3, or association with a non-STAT factor such
as IRF-1, or due to direct interaction of STAT1 with the NPC (52 53). In addition, there has
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also been another mechanism proposed for the nuclear import of tyrosine phosphorylated
STAT1 that depends on a NLS in IFN-y cytokine (54). In this model the IFN-y cytokine is
translocated into the nucleus in a complex with the IFNGR1 receptor subunit and
phosphorylated STAT1. However, this may not be a key mechanism since the STAT1 L407A
mutant is tyrosine phosphorylated in response to IFN-y, but does not localize to the nucleus.

3.2 STAT1 nuclear export

Although tyrosine phosphorylated STAT1 accumulates in the nucleus, this accumulation is
transient and within hours STAT1 reappears in the cytoplasm (45 47, 55). Since the CRM1
exportin is a common transporter, its contribution to STAT1 export was tested with the use of
the CRM1 inhibitor, LMB. LMB clearly inhibited the export of STATL1, indicating that STAT1
is actively exported from the nucleus and that CRM1 is a primary exportin for STAT1. Because
tyrosine phosphorylation is necessary for the inducible nuclear import of STATL, the
phosphorylation state of STAT1 was evaluated with export. These studies determined that
STAT1 was dephosphorylated in the nucleus (45 47, 56). The nuclear form of the T cell protein
tyrosine phosphatase TCPTP has been shown to play a major role in this dephosphorylation
(16).

The NES sequences that are recognized by CRML1 are rich in leucine residues, but do not
conform to a strict consensus. Scanning the STAT1 sequence there are more than two dozen
candidate sequences, however testing the function of these peptides outside the context of
STAT1 can be misleading, and evaluating mutations in STAT1 can inhibit other properties of
STATL. For these reasons we used an in vitro CRM1/Ran binding assay to identify the NES
in STATL1 that is recognized by CRM1 (45). Bacterially expressed unphosphorylated STAT1
was found to bind directly to CRM1 via a region within the STAT1 DNA binding domain.
Binding studies coupled with mutational analyses identified the NES within amino acids 399-
410. This region was demonstrated to function as an NES outside the context of STAT1, and
to share sequence similarity with other characterized NESs.

The location of the STAT1 NES within the DNA binding domain suggests that the NES is
masked when the STAT1 phosphorylated dimer is bound to DNA. To test this premise we
evaluated the behavior of tyrosine phosphorylated STATL that lacks the ability to bind DNA.
Results with fluorescence microscopy and LMB indicated that the phosphorylated STAT1
dimer was imported to the nucleus but efficiently exported from the nucleus (45). These studies
support a model in which the NES is masked when tyrosine phosphorylated STAT1 is bound
to DNA, but when STAT1 dissociates from DNA, either with or without dephosphorylation,
CRML1 can bind the NES and return the STAT1 protein to the cytoplasm.

Regulated nuclear trafficking of STAT1 appears to have co-evolved with its ability to bind
DNA (Figure 4). The nuclear import of STATL1 is dependent on the conditional recognition of
the tyrosine phosphorylated dimer by importin-a5, and the recognition region of importin-a5
is within the STAT1 DNA binding domain. Following import to the nucleus, specific DNA
targets successfully compete with importin-a5 for association with STAT1 (21). Bound to
DNA STAT1 recruits transcriptional co-activators to induce expression of target genes. When
STAT1 is bound to DNA the NES appears to be masked, but following dissociation from DNA
either by tyrosine dephosphorylation or by protein inhibitors of activated STATs (PIAS) (18)
or inherent dissociation kinetics, the STAT1 NES can be recognized by the CRM1 exportin.
STAT1 is exported out of the nucleus and may be a target of cytoplasmic phosphatases to
silence the signal, or it can respond to receptor-kinase signals and reactivate the signal pathway.
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4. STAT2 Dynamics

STAT2 is tyrosine phosphorylated in response to type | IFNs, and it dimerizes with
phosphorylated STAT1 to form heterodimers that are actively imported to the nucleus. STAT?2
is distinct among the STATS in its ability to bind to IRF-9 constitutively, and this property
suggested that STAT2 localization may be regulated differently from STAT1 (25). Evidence
now indicates that the unphosphorylated STAT2 molecule constitutively shuttles in and out of
the nucleus, the import mediated by IRF-9 and the export mediated by a NES intrinsic to STAT2
(Figure 5).

4.1. STAT2 import

Static fluorescent images of latent STAT2 clearly show its residence in the cytoplasm.
However, following treatment with LMB in the absence of any cytokine addition,
unphosphorylated STAT2 accumulates in the nucleus (24). This was the first indication that
unphosphorylated STAT2 dynamically shuttles into and out of the nucleus.

STAT?2 differs from the other STATS in that it is associated with the non-STAT transcription
factor IRF-9. IRF-9 binds to the coiled coil region of STATZ2 independent of tyrosine
phosphorylation (25 27). IRF-9 also has a constitutive NLS within its amino terminus that is
recognized by several members of the importin-o adapter family, importins-a3, -a5, and -o.7
(24). For this reason we tested the possibility that the STAT2 is imported into the nucleus via
complex formation with IRF-9. Evaluation of U2A cells that lack IRF-9 indicated that
endogenous STAT2 remained in the cytoplasm of these cells following treatment with LMB
(24). It should be noted that others have reported nuclear import of overexpressed STAT2 in
cells that lack IRF-9, however it is possible that this import is mediated by interaction with
phosphorylated STAT1 (57). We have found that mutations in the coiled coil domain of STAT?2
that disrupt interaction with IRF-9 eliminate the nuclear import of unphosphorylated STAT2.
Therefore nuclear entry of unphosphorylated STAT2 appears to be mediated by its association
with IRF-9.

Following tyrosine phosphorylation, STAT2 gains the ability to heterodimerize with
phosphorylated STAT1 and accumulate in the nucleus. Because STAT2 does not form tyrosine
phosphorylated homodimers, heterodimerization with STAT1 is required for its ability to bind
the ISRE or the GAS. Cells lacking STAT1 are defective in nuclear accumulation of
phosphorylated STAT2 (24). The change in conformation that occurs with tyrosine
phosphorylation of STAT1 and STAT2 and their heterodimerization leads to the gain of a
functional NLS. This NLS is recognized by importin-a5, the same adapter that is specific for
the STAT1 tyrosine phosphorylated homodimer (24 51, 58). STAT2 therefore has an intrinsic
conditional NLS that functions in the context of a tyrosine phosphorylated heterodimer with
STATL, and this property of STAT2 allows it to rescue a STAT1 molecule defective for nuclear
import (24).

4.2 STAT2 export

Unphosphorylated STAT2 is imported into the nucleus by association with IRF-9, but
subsequently it is transported back to the cytoplasm. STAT2 must therefore have a mechanism
for export, and since this export is inhibited by LMB it is mediated by CRM1.

To identify a region of STAT2 responsible for nuclear export, amino and carboxyl terminal
deletion mutations were linked to GFP and their cellular distribution was evaluated. The results
defined a hydrophobic sequence in the carboxyl terminus critical for STAT2 nuclear export.
Site-directed mutagenesis was performed and LL740/741/AA, L745A, and L751A ablated the
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nuclear export function. The results indicated a functional and constitutive NES in the carboxyl
terminus of STAT2 amino acids 740-751 (24).

The carboxyl terminal NES of STAT2 clearly plays an active role in nuclear export of the
unphosphorylated STAT2-IRF-9 complex prior to IFN-a signaling. To determine whether this
NES contributes to the export of STAT2 following tyrosine phosphorylation and dimerization
with STAT1, we analyzed the cellular localization of full length STAT2 with specific NES
point mutations. The localization of wild type STAT2 or the STAT2 NES mutant was evaluated
by fluorescence microscopy in response to IFN-o. (24). Both proteins accumulated in the
nucleus within minutes of IFN-o treatment. There were no significant differences in
phosphorylation between the wild type and the NES mutation as judged by a Western blot to
evaluate tyrosine phosphorylated STAT2 following IFN-a. But there was a difference in
nuclear export. Following removal of IFN-a, wild type STAT2 redistributed to the cytoplasm
by 60 minutes whereas the STAT2 NES mutant remained in the nucleus. However, after several
hours the STAT2 NES mutant did redistribute back to the cytoplasm. These results indicated
that the carboxyl NES plays a significant role in STAT2 export, but that there was another
weaker NES that was also functional. Subsequent experiments identified a weaker NES within
the DNA binding domain of STAT2 located in a similar region as that of the NES in STATL.

In summary, STAT2 appears to have two distinct modes of nuclear entry, via IRF-9 in its
unphosphorylated form, and as a heterodimer with STATL1 in its tyrosine phosphorylated and
DNA binding form. However, the primary mode of nuclear export both prior to and following
tyrosine phosphorylation appears to be mediated by a strong NES within the carboxyl terminus
of STAT2 (Figure 5).

A successful innate immune response to viral infection requires the action of IFNs and the
induced expression of genes by ISGF3 (STAT1:STAT2:IRF-9) and GAF (STATL1:STAT1).
The physiological significance of these transcription factors is clearly evident in animals
lacking STAT1 or STAT?2, as these deficient animals succumb to infection (59_61). Itis
therefore not unexpected that the STATS are regulated by various mechanisms including
tyrosine phosphorylation by JAKSs, inhibition indirectly by SOCS, dephosphorylation of
STATSs by PTPases, nuclear inactivation of STATSs by PIAS proteins, and in addition,
regulation of STAT cellular localization by mechanisms both dependent and independent of
tyrosine phosphorylation. Understanding the cellular dynamics of STAT proteins will provide
information essential for the clinical intervention of diseases that are impacted by misregulation
of STAT factors.
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STAT1-GFP

STAT2-GFP

STAT cellular redistribution. Top) Schematic consensus of STAT domain arrangement with
coiled coil domain (CC), DNA binding domain (DBD), Src homology domain 2 (SH2), tyrosine
target of phosphorylation (Yp), and transcriptional activation domain (TAD). Bottom)
Fluorescence microscopy of cells expressing STAT1-GFP or STAT2-GFP. Cells were
untreated (—) or treated with 1000U/ml IFNa. for 1 hour (+). Figure is modified from previous
publications (24 45).
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Figure 2.

Schematic of JAK/STAT signal pathways stimulated by IFNs. Left) Type I IFNs (primarily
a/B) bind to the IFNAR activating JAK1 and TYK2. The JAKs phosphorylate the receptors
and recruited STAT1 and STAT2. The STATSs heterodimerize and with IRF-9 form ISGF3 to
bind to the ISRE in target genes. STAT1 homodimers are also formed and can bind to the GAS.
Right) Type Il IFN (y) binds to a distinct IFNGR activating JAK1 and JAK2. These JAKs
phosphorylate sites on the receptor and the recruited STAT1. STAT1 factors dimerize and gain
the ability to bind to the GAS in target genes.
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Figure 3.

Illustration of nuclear trafficking mediated by soluble transporters. Nuclear import can be
mediated by the importin-o/importinB1 heterodimer via recognition of the NLS in proteins.
Nuclear export can be mediated by the CRM1 exportin and recognition of the NES in proteins.

Leptomycin B (LMB) can specifically inhibit CRM1-mediated export.
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Figure 4.

Conceptual diagram of STAT1 dynamics. STAT1 resides primarily in the cytoplasm prior to
tyrosine phosphorylation, but following phosphorylation the STAT1 dimer is recognized by
importin-a5. The active STAT1 dimer is imported into the nucleus and binds specific DNA
targets. Bound to DNA the NES is masked, but following dissociation from DNA the NES is
accessible to CRM1 and the protein is exported from the nucleus. The location of the NES and
sequences required for NLS function are indicated in the DNA binding domain.
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Conceptual diagram of STAT2 dynamics. Unphosphorylated STATZ2 in association with IRF-9
is imported into the nucleus via the NLS in IRF-9, however the strong constitutive NES in the
carboxyl terminus of STAT2 redistributes the unphosphorylated STAT2 back to the cytoplasm.
The unphosphorylated STAT?2 is thereby constitutively shuttling in and out of the nucleus.
Following tyrosine phosphorylation, STAT2 heterodimerizes with STAT1 and this leads to
the gain of a NS that is recognized by importin-a5 and the gain of an ability to bind DNA.

Following dissociation from DNA STAT?2 is actively exported from the nucleus.
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