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Latent signal transducers and activators of transcrip-
tion (STATS) reside in the cytoplasm but rapidly accu-
mulate in the nucleus following cytokine stimulation.
Nuclear accumulation requires specific tyrosine phos-
phorylation and STAT dimerization. The presence of
STATs in the nucleus is transient, however, and within
hours the STATSs reappear in the cytoplasm. Results
indicate that STAT1 can be dephosphorylated in the
nucleus and actively exported by the chromosome
region maintenance 1 (CRM1) export receptor.
CRM1 recognizes a specific amino acid sequence
located within the DNA-binding domain of STATI.
This region shares sequence and functional properties
of characterized nuclear export signals. The location
of this sequence within STAT1 suggests that it is not
accessible to CRM1 when STAT1 is bound to DNA.
Evidence is presented to support a model in which
STAT1 is tyrosine dephosphorylated in the nucleus
and dissociates from DNA, allowing recognition by
CRM1 and nuclear export. The regulated export of
STAT1 may contribute to silencing of the signal path-
way and/or to re-establish STAT1 in the cytoplasm to
monitor activity of receptor—kinase signals.

Keywords: cytokine/export/import/interferon/signal
transduction

Introduction

Appropriate cellular localization plays a central role in
regulating the normal function of proteins and the
physiology of the cell. Proteins that sense changes in the
extracellular environment can transmit information to the
nucleus either by interaction with other signaling mol-
ecules or by their own movement from the cytoplasm to
the nucleus. A growing number of transcription factors
function by a regulated nuclear—cytoplasmic translocation
mechanism to control specific gene expression (Kaffman
and O’Shea, 1999). Members of diverse transcription
factor families including STATSs (signal transducers and
activators of transcription) (Darnell, 1997), NF-xBs
(nuclear factors of Igk B cells) (Ghosh et al., 1998),
NFATSs (nuclear factors of activated T cells) (Crabtree,
1999) and steroid receptors reside as latent factors in the
cytoplasm (DeFranco, 1999). Following modification by
an activating signal, they are transported rapidly into the
nucleus and bind DNA.
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STATs were named to denote their ability to detect
signals in the cytoplasm and induce transcription in the
nucleus (Darnell, 1997). This family of transcription
factors was first identified in the interferon signal pathway.
Interferon-y (IFN-y) binding to cell surface receptors leads
to activation of the Janus tyrosine kinases, JAKI and
JAK2, and subsequent STATI1 tyrosine phosphorylation
(Ihle et al., 1995; Schindler and Darnell, 1995; Duhe and
Farrar, 1998; Leonard and O’Shea, 1998; Stark er al.,
1998; Yeh and Pellegrini, 1999). STAT proteins possess
an SH2 domain and can form dimers with other STAT
molecules via intermolecular SH2—phosphotyrosine inter-
actions (Shuai et al., 1993, 1994). The dimers are
transported into the nucleus where they bind a DNA
target leading to the transcriptional activation of respon-
sive genes.

In general, the nuclear—cytoplasmic transport of
proteins larger than ~40 kDa is a tightly regulated and
energy-dependent process (Davis, 1995; Nigg, 1997;
Ullman et al., 1997; Mattaj and Englmeier, 1998;
Pemberton et al., 1998; Weis, 1998; Gorlich and Kutay,
1999; Nakielny and Dreyfuss, 1999). Transport of proteins
into and out of the nucleus relies on their recognition by
soluble shuttling receptors that mediate movement across
nuclear pore complexes. Proteins destined for nuclear
import possess a specific targeting sequence designated a
nuclear localization signal (NLS). The best defined NLSs
contain either a single stretch of basic amino acids or a
bipartite sequence of basic amino acids (Dingwall and
Laskey, 1991). As yet, an NLS has not been identified in
STATSs. The mechanism by which STATS are translocated
to the nucleus is not clearly understood, but there is
evidence for involvement of a specific importin shuttling
receptor (Sekimoto ez al., 1997). In this study, we provide
evidence that STAT] translocation to the nucleus is not
due to release from a cytoplasmic anchor or inhibition of
shuttling, but is due to a gain of an NLS function.

The transcriptional response to IFNs is known to be
transient, and this is coordinate with the subsequent
disappearance of STATI1 from the nucleus (Lee et al.,
1997; Haspel and Darnell, 1999). In this report, we
demonstrate that STAT1 can be dephosphorylated in the
nucleus and actively exported. The regulated export of
many proteins from the nucleus is dependent on the
presence of a nuclear export signal (NES) consisting of a
leucine-rich stretch of amino acids (Fischer et al., 1995;
Wen et al., 1995). A shuttling receptor that appears to bind
NES sequences and to function in the export of proteins
from the nucleus to the cytoplasm is CRM1 (chromosome
region maintenance)/exportin 1 (Fornerod et al., 1997,
Richards et al., 1997, Stade et al., 1997). CRM1 binds Ran
GTPase and interacts with nuclear pore components to
effect translocation of NES-containing proteins to the
cytoplasm. We demonstrate the ability of CRMI to
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recognize STATI in association with Ran, and identify a
functional NES within the DNA-binding domain of
STAT1. A regulatory model is proposed in which
tyrosine-phosphorylated STAT1 dimers that can bind
DNA accumulate in the nucleus. When STAT1 is bound
to DNA, the NES is masked and it is not accessible to
CRMI1. However, following tyrosine dephosphorylation
and release from DNA, STAT1 is recognized by CRM1
and exported to the cytoplasm. The export of STATI
appears to be part of a regulatory mechanism to maintain
appropriate responsiveness to extracellular cues.

Results

Functional STAT1-GFP

Biological responses stimulated by IFNs require the
function of the STATI transcription factor (Muller et al.,
1993; Durbin et al., 1996; Meraz et al., 1996). STATI is
tyrosine phosphorylated in response to IFN-y, mediating
dimerization and nuclear accumulation. In the nucleus,
STATI1 dimers bind to specific DNA sequences in the
promoters of responsive genes and induce transcription.
To evaluate the mechanisms that regulate cellular local-
ization of STAT1 during signaling, we generated a fusion
protein containing STATI linked to the green fluorescent
protein (GFP) of Aequorea victoria at its C-terminus
(STAT1-GFP) (Chalfie et al., 1994; Cubitt et al., 1995;
Prasher, 1995).

The STAT1-GFP fusion protein was evaluated follow-
ing IFN-y stimulation to ensure that it was fully functional.
STAT1-GFP was expressed in U3A cells that are deficient
in their response to IFNs due to a lack of endogenous
STAT1 (Muller et al., 1993). Localization of STAT1-GFP
was detected by fluorescent microscopy before and after
IFN-y treatment. STAT1-GFP was predominantly cyto-
plasmic prior to IFN-vy treatment, and nuclear following a
30 min treatment with IFN-y (Figure 1A). Nuclear
accumulation coincided with specific tyrosine phosphoryl-
ation. The tyrosine phosphorylation state of STAT1-GFP
was confirmed by immunoprecipitation of the protein with
antibody to STAT1 and immunoblot analysis with anti-
body specific to STAT1 phosphotyrosine (Figure 1B). In
addition, the phosphorylated STAT1-GFP that localizes to
the nucleus is able to bind to DNA. An electrophoretic
mobility shift assay (EMSA) was performed with a
radiolabeled DNA fragment corresponding to an IFN-y-
activated site (GAS). Following IFN-vy treatment of U3A
cells expressing STATI-GFP, a specific DNA-binding
complex was detected (Figure 1C). Inclusion of antibodies
to STATI in the DNA binding reaction inhibited appear-
ance of the complex, confirming the identity of the
STATI-GFP in the complex. Co-transfection of
STAT1-GFP with a luciferase reporter gene containing a
GAS response element within its promoter resulted in
specific gene expression similar to wild-type STAT1 (data
not shown). Together, the results demonstrate that this
STAT1-GFP fusion protein is a functional STAT1 mol-
ecule.

STAT1 nuclear export

Nuclear localization of STATI stimulated by IFN-y is
transient, lasting <4 h (Haspel and Darnell, 1999; Koster
and Hauser, 1999). However, the half-life of the STAT1
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Fig. 1. STATI-GFP is activated by IFN-y treatment. (A) U3A cells
expressing STAT1-GFP were untreated (a) or treated (b) with IFN-y
for 30 min. STAT1-GFP cellular localization was examined by
fluorescent microscopy. (B) U3A cells (lanes 1 and 2) or U3A cells
expressing STAT1-GFP (lanes 3 and 4) were untreated or treated
with IFN-y for 30 min. Proteins were immunoprecipitated

with anti-STAT1 antibody and western blots performed with anti-
STAT1 phosphotyrosine antibody (anti-STAT1 pY) (upper panel) or
anti-GFP antibody (lower panel). (C) Nuclear extracts were prepared
from U3A cells expressing STAT1-GFP and were untreated or treated
for 30 min with IFN-y. EMSA was performed with the IRF-1 GAS
probe. Anti-STAT1 antibody was incubated with extracts prior to
addition of probe.

protein is >24 h, and for these reasons we investigated
whether STATT1 is actively exported from the nucleus (Lee
et al., 1997). U3A cells expressing STAT1-GFP were
treated with a 30 min pulse of IFN-y, and the IFN-y was
subsequently removed. To follow the dynamic redistribu-
tion of STAT1, localization of STAT1-GFP was evaluated
by fluorescent microscopy in the continual presence of a
protein synthesis inhibitor, cycloheximide (Figure 2A, left
panels). STAT1-GFP was predominantly nuclear 1 h after
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IFN-y stimulation, but, after 2 h, STATI-GFP was
distributed equivalently between the nucleus and cyto-
plasm. At 4 h post-treatment, STAT1-GFP was predom-
inantly cytoplasmic, and by 8 h STAT1-GFP residence in
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the cytoplasm was comparable to that in untreated cells.
The redistribution kinetics of STAT1-GFP were similar in
cells not treated with cycloheximide (data not shown).
These results suggest that reappearance of STAT1-GFP in
the cytoplasm following IFN-y is not a result of newly
synthesized protein, but is due to the nuclear export of
STAT1-GFP.

To investigate whether CRMI1 was the shuttling
receptor responsible for mediating STAT1 export, we
performed a similar experiment in the presence of the
specific CRM1 inhibitor, leptomycin B (Figure 2A, right
panels). Leptomycin B binds CRMI1 specifically and
inhibits its export activity (Wolff et al., 1997; Kudo et al.,
1998). Leptomycin B by itself did not stimulate redistri-
bution of STAT1, but it dramatically inhibited relocaliza-
tion to the cytoplasm following IFN-y treatment. The
effect was readily apparent at 2, 4 and 8 h after IFN-y
stimulation (Figure 2A, compare left and right panels).
These results provide evidence that CRM1 plays a major
role in nuclear export of STATI.

Tyrosine phosphorylation of STAT1 stimulates dimer-
ization and nuclear translocation, but it is not known
whether tyrosine phosphorylation influences export. For
this reason, we determined the phosphorylation state of
STATI1 normally exported, or STATI retained in the
nucleus in the presence of the export inhibitor
leptomycin B. U3A cells expressing STATI-GFP were
pulse-treated for 30 min with IFN-y in the continual
presence of cycloheximide, and in the absence or presence
of leptomycin B as in Figure 2A. STAT1-GFP protein was
immunoprecipitated from cell lysates, and tyrosine phos-
phorylation was detected by western blot analysis
(Figure 2B). Tyrosine phosphorylation of STATI1-GFP
was found to be transient and undetectable by 4 h post-
IFN-y treatment, when the presence of STAT1-GFP is
greater in the cytoplasm. In the presence of leptomycin B,
dephosphorylation of STAT1-GFP occurred with similar
kinetics. Densitometric analyses of the anti-STATI pY
signal normalized to the anti-STAT1 signal on autoradio-
graphs demonstrated a >50% reduction in tyrosine phos-
phorylation at 2 h versus 1 h. Therefore, STATI-GFP
retained in the nucleus by leptomycin B treatment is
dephosphorylated in the nucleus.

Identification of an NES in STAT1

If CRM1 functions as an export receptor for STATI, it
should be able to bind to STAT1 directly. We used an
in vitro CRM1 binding assay dependent on the presence of
the Ran GTPase (Kumar et al., 2000). CRM1 was
transcribed and translated in vitro in the presence of
[*S]methionine, and incubated with bacterially expressed
glutathione S-transferase (GST)-STAT! fusion protein

Fig. 2. Leptomycin B inhibits STAT1 nuclear export. (A) U3A cells
expressing STAT1-GFP were pre-treated for 30 min with cyclo-
heximide (all panels) and leptomycin B (LMB) (right panels) and

then pulse-treated with IFN-y for 30 min. The cellular localization of
STATI1-GFP was visualized by fluorescent microscopy. Time after
IFN-y treatment is indicated to the left of the panels. (B) Cells from
each treatment condition in (A) were collected and immunoprecipitated
with anti-STAT1 antibody. Western blots were performed with anti-
STAT1 phosphotyrosine antibody (anti-STAT1 pY) (upper panel) or
anti-STAT1 antibody (lower panel).
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Fig. 3. Ran-dependent binding of CRMI to STAT1. (A) In vitro
transcribed/translated [3S]methionine-labeled CRM1 was incubated
with either GST (lane 1), GST-STAT1 (lanes 2—4) or GST-NESPX!
(lanes 5-7) fusion proteins bound to glutathione beads in the presence
or absence of Ran. HIV Rev NES peptide (NESg.,) competitor was
added to demonstrate specificity (lanes 4 and 7). The lower panel
shows that equal amounts of CRM1 were added to the assay. (B) The
CRM1 binding assay was performed in the presence of Ran with
GST-STAT! fusion proteins corresponding to residues 1-750, 1-526,
1-448, 1-436, 1-369 or 1-315 of STATI.

bound to glutathione beads. The binding assay was
performed in the presence of RanQ69L produced and
purified from bacteria (Dingwall and Palacios, 1998).
RanQ69L cannot hydrolyze GTP and thus remains in an
active GTP-bound state. In this assay, CRM1 was shown
to bind STAT1 in a Ran-dependent manner (Figure 3A).
Specific binding can be competed with the addition of a
peptide corresponding to the NES of the human immuno-
deficiency virus (HIV) Rev protein (Fischer et al., 1995).
GST protein was used as a negative control, and a
GST-NES protein fragment containing the characterized
NES of the protein kinase A inhibitor (PKI) served as a
positive control for Ran-dependent CRM1 binding (Wen
et al., 1995). To identify the putative NES in STATI,
various truncations of STAT1 were tested in the CRM1
binding assay (Figure 3B). A GST-STATI1 protein
containing amino acids 1-436 of STAT1 was recognized
effectively by CRMI, but a fragment containing amino
acids 1-369 was not. These results indicate that a region
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between amino acids 369 and 436 of STAT1 is necessary
for recognition by CRMI.

To confirm that the STAT1 sequence of amino acids
369-436 contains a functional NES, we evaluated whether
this region could promote nuclear exclusion of a hetero-
logous protein, GFP. The small size of GFP, ~27 kDa, and
the lack of an endogenous NLS or NES allows the protein
to distribute between the nuclear and cytoplasmic com-
partments (Figure 4A). We cloned amino acids 368—436 of
STATI1 at the N-terminus of GFP and observed the
distribution of this STAT1 368/436—GFP fusion protein in
the absence or presence of leptomycin B in U3A cells. By
microscopy, the STAT1 368/436—GFP fusion appeared in
the cytoplasm. In the presence of leptomycin B,
STAT1 368/436-GFP was distributed throughout the
cell, indicating that cytoplasmic localization was a result
of active nuclear export. To locate the functional NES
sequence in STATI more precisely, smaller fragments
containing amino acids 377413, 392413 or 424-439
were positioned at the N-terminus of GFP. Both the 377/
413-GFP and the 392/413-GFP fusion proteins were
excluded from the nucleus in a leptomycin B-sensitive
manner. In contrast, the localization of 424/439—GFP was
similar to that of GFP and was distributed throughout the
cell. These results indicate that a functional STAT1 NES is
resident within STAT1 residues 392-413.

Characterized NES sequences that are recognized by
CRM1 include hydrophobic residues, particularly leucine
residues, which are requisite for function (Bogerd et al.,
1996; Kim et al., 1996). The spatial position and nature of
the hydrophobic residues within the NES sequence are
critical to function (Bogerd et al., 1996). The sequence of
the STAT1 NES was compared with those of characterized
NES sequences from cyclin B (Yang et al., 1998), PKI
(Wen et al., 1995), mitogen-activated protein kinase
kinase (Fukuda et al., 1996), HIV Rev protein (Fischer
et al., 1995), p53 tumor suppressor (Stommel et al., 1999)
and the human T-cell leukemia virus Rex protein (Bogerd
et al., 1996) (Figure 4B). The STAT1 NES is similar to
other characterized NESs and the export activity is specific
to that sequence. The 424/439-GFP construct was not
excluded from the nucleus even though it contains a
sequence that is very similar to the NES consensus,
LIVTEELHSLSEETQL (Figure 4A). This indicates that
the export activity is specific to residues 392413 of
STATI. To confirm that the conserved hydrophobic
residues are critical for CRM1 recognition of the STAT1
NES, site-directed mutagenesis was performed. Replacing
Leu400, Phe404, Leu407 or Leu409 with non-hydropho-
bic amino acids completely ablated the activity of the NES
(Figure 4C). Mutating Ile425 and Val374, which are
outside the STATI NES, had no effect on the export
activity. Similar to other NESs, the hydrophobic residues
of the STAT1 NES are essential for its export activity.

Regulation of STAT1 NES by DNA binding

The STAT1 NES is located within a region of the protein
required for specific interaction with DNA (Horvath et al.,
1995; Schindler et al., 1995). The crystal structure of a
tyrosine-phosphorylated STAT1 dimer bound to DNA was
solved by J.Kuriyan and colleagues, and the location of the
NES suggests that it may be masked while STATI is
bound to DNA (Chen et al., 1998) (Figure 5). The close
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Fig. 4. Identification of the STAT1 NES. (A) Localization of GFP alone (a and b) or STAT1-GFP fusion constructs containing STAT1 residues
368-436 (c and d), 377413 (e and f), 392413 (g and h) or 424-439 (i and j) was determined in U3A cells in the presence (right panels) or absence
(left panels) of leptomycin B (LMB). (B) Alignment of the STAT1 NES with characterized NES sequences from cyclin B, protein kinase A
inhibitor-o. (PKIo), mitogen-activated protein kinase kinase (MAPKK), the Rev protein of HIV (HIV-Rev), p53 and the Rex protein of the human
T-cell leukemia virus (HTLV-REX). This alignment reveals spatial conservation of critical hydrophobic amino acids (boxed). (C) Localization of
STAT1-GFP fusion proteins with point mutations in the NES was evaluated by fluorescent microscopy. Point mutations (a) Val374 to glutamate,

(b) 11e425 to glutamine and (f) Leu409 to alanine were made in the context of STAT1 residues 368-436 fused to GFP and expressed in U3A cells.
Mutations (c) Leud00 to alanine, (d) Phe404 to serine and (e) Leud407 to alanine were made in the context of STATI residues 392-413 fused to GFP.

proximity of the NES (yellow color) to DNA theoretically
could prevent CRM1 access. Residues just carboxyl to the
NES, Lys410, Glu411 and Lys413, participate in DNA
contact, and the surface accessibility of the key hydro-
phobic NES residues Leu400, Phe404, Leu407 and
Leud409 are predicted to be limited when STATI is
associated with DNA (Chen et al., 1998). Conversely,
when nuclear STATI1 is not bound to DNA, we
hypothesize that it would be a target of CRM1-mediated
export. A previous study found that a STATS mutant
deficient in DNA binding did not accumulate in the
nucleus even though it could be tyrosine phosphorylated
and form dimers (Herrington et al., 1999). We therefore
hypothesized that DNA binding may have a role in
regulating the STAT1 NES. To test this hypothesis, we
evaluated the behavior of a STATI-GFP protein contain-
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ing a mutation that makes it unable to bind DNA (Horvath
et al., 1995). Two glutamic acid residues (428 and 429)
that are critical for DNA binding were mutated to alanine
and serine in STATI1-GFP (EE428/429AS). The cellular
localization of this STAT1 (EE428/429AS)-GFP DNA-
binding mutant was evaluated following transfection of
U3A cells.

Similar to wild-type STAT1-GFP, the STAT1 (EE428/
429AS)-GFP DNA-binding mutant was resident in the
cytoplasm of cells in the absence of IFN-y treatment, and
leptomycin B had no effect on this localization. However,
in contrast to wild-type STAT1-GFP, the DNA-binding
mutant did not accumulate in the nucleus following
stimulation with IFN-y (Figure 6A). This was not due to
a defect in tyrosine phosphorylation since the STATI
DNA-binding mutant was phosphorylated after IFN-y



Fig. 5. NES location in the crystal structure of tyrosine-phosphorylated
STAT]I dimer (residues 136-710) bound to DNA (Chen et al., 1998).
The DNA is oriented perpendicular to the paper. The NES (residues
400-409) (yellow) is indicated on a STAT1 monomer (blue). The
ribbon diagram was prepared using MOLSCRIPT (Kraulis, 1991) and
RASTER3D (Merritt and Murphy, 1994) from coordinates posted at
the web site (http://www.Rockefeller.edu/Kuriyan). Secondary
structural elements of the crystal structure were checked with
PROMOTIF (Hutchinson and Thornton, 1996).

treatment (Figure 6B). Either the DNA-binding mutant
was not imported into the nucleus, or it was imported, but
was exported very efficiently. To discriminate between
these possibilities, we treated the cells expressing the
STAT1 DNA-binding mutant with both IFN-y and
leptomycin B. The inhibition of CRM1 by leptomycin B
in the presence of IFN-y resulted in STAT1 (EE428/
429AS)-GFP accumulation in the nucleus (Figure 6A,
panel d). These results clearly demonstrate that the DNA-
binding mutant is tyrosine phosphorylated and can
translocate to the nucleus, but it does not accumulate
because it is exported effectively by CRM1. The DNA-
binding activity of STAT1 therefore appears to have a
negative effect on nuclear export. This could be attribut-
able to physical tethering of STAT1 by DNA binding, or to
masking of the NES by DNA binding, thus preventing
CRM1 recognition. The location of the NES in the
STATI1-DNA crystal suggested that DNA binding could
mask the NES (Chen et al., 1998). To test this hypothesis,
a copy of the STAT1 NES was inserted outside the DNA-
binding domain, between the C-terminus of wild-type
STAT1 and the N-terminus of GFP to make
STAT1-NES-GFP. STATI-NES-GFP was transfected
into U3A cells and its cellular localization was assessed.
The STAT1-NES-GFP was tyrosine phosphorylated in
response to IFN-y (data not shown), but, in contrast to
wild-type STAT1, STAT1-NES—-GFP did not accumulate
in the nucleus in response to IFN-y (Figure 7). However,
when IFN-y was used in concert with leptomycin B to
inhibit CRM1, nuclear accumulation was apparent, a
behavior very similar to that of the DNA-binding mutant
(Figure 6A). Since placement of the STAT1 NES outside
the DNA-binding domain of STAT1 allowed effective
recognition by CRM1 and nuclear export, it appears that
the normal NES is masked when STATI is bound to DNA.

An NES located in the STAT1 DNA-binding domain

A LMB

B STAT1-GFP
con  EE428/429A5
-+ -+ IFNy
—
anti-STAT1 pY
| 2 3 4
—— —
anti-GFP

Fig. 6. Localization of STAT1 DNA-binding mutant. (A) The DNA-
binding mutant STAT1-GFP EE428/429SA was expressed in U3A
cells and localized by fluorescent microscopy. Cells were untreated (a
and b) or treated (c and d) with IFN-y for 30 min in the presence (right
panels) or absence (left panels) of leptomycin B (LMB). (B) U3A cells
(lanes 1 and 2) or U3A cells transfected with STAT1-GFP EE428/
429SA (lanes 3 and 4) were untreated or treated with IFN-y for 30 min.
Proteins were immunoprecipitated from cell lysates with anti-GFP
antibody, and western blots were performed with anti-STAT1
phosphotyrosine antibody (anti-STAT1 pY) (upper panel) or anti-
STAT]I antibody (lower panel).

These results provide evidence that both the location of the
NES within the STAT1 DNA-binding domain and the
DNA-binding activity of STAT1 contribute to the ability
of STATI1 to accumulate in the nucleus in response to
IFN-y.

STAT1 nuclear import

Although the STATI protein rapidly accumulates in the
nucleus following activation by tyrosine phosphorylation,
an NLS has not yet been identified. There are several
mechanisms by which nuclear translocation is regulated in
proteins, including release from a cytoplasmic anchor,
unmasking of an NLS and continuous shuttling and
regulation by nuclear export. Leptomycin B treatment
alone does not cause STATI-GFP accumulation in the
nucleus without stimulation by IFN-y. Therefore, STAT1
does not appear to have a constitutively active NLS that is
negatively regulated by an NES. To investigate whether
STATI is retained in the cytoplasm by an anchoring
mechanism, we tested the effect of adding a classical NLS
to the STAT1 protein. An example of a protein that is
anchored in the cytoplasm is Xenopus nuclear factor 7
(NF7) (Li et al., 1994). Even the addition of an NLS to
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Fig. 7. Effect of NES placement outside the DNA-binding domain of
STATI1. STAT1-NES-GFP was transfected into U3A cells either
untreated (a and b) or treated with IFN-y (c and d) for 30 min in the
presence (right panels) or absence (left panels) of leptomycin B (LMB),
and localization was determined by fluorescent microscopy.

NF7 does not result in its nuclear accumulation, which
occurs only following NF7 phosphorylation and subse-
quent release from its anchor. We positioned a character-
ized NLS of the SV40 T antigen into STATI-GFP
between the C-terminus of STAT1 and the N-terminus of
GFP to create STATI-NLS-GFP. The NLS was pos-
itioned downstream of STAT1 to reduce the possibility of
disrupting STAT1 structure and interaction with other
proteins. Expression of the STAT1-NLS—-GFP resulted in
a predominantly nuclear localization in the absence of
IFN-y stimulation in HT1080 cells (Figure 8A) or in U3A
cells (data not shown). Heterokaryon assays of fusions of
STAT1-NLS-GFP-expressing cells with non-expressing
cells demonstrate that the STATI-NLS-GFP protein
shuttles between nucleus and cytoplasm. Since the NES
functions constitutively, the protein accumulates in the
non-expressing nucleus within 1 h following cell fusion in
the presence of cycloheximide (data not shown). Barring
structural effects of an NLS insertion, the results suggest
that latent STAT1 is not anchored in the cytoplasm, and
that nuclear localization in response to IFN-vy is facilitated
by the gain of an NLS function.

Studies with the STAT1-NLS-GFP protein demon-
strate that STAT1 localization in the cytoplasm is required
in order to respond to cytokine stimulation. A cell line was
generated that expresses STATI-NLS-GFP. In the pres-
ence of cycloheximide, the cells were treated with IFN-y
and/or with a non-specific STAT1 activator, pervanadate.
Pervanadate inhibits endogenous tyrosine phosphatases
and treatment has been shown to result in ligand-
independent STAT1 tyrosine phosphorylation (Igarashi
et al., 1993; Huyer et al., 1997). Cells were treated in the
absence or presence of the nuclear export inhibitor,
leptomycin B, to ensure nuclear localization of
STAT1-NLS-GFP. The STAT1 and STAT1-NLS-GFP
proteins were immunoprecipitated from cell extracts with
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Fig. 8. Effect of addition of a characterized NLS to STATI.

(A) HT1080 cells were transfected with either STAT1-GFP (a) or
STATI1-NLS-GFP (b) and localization determined in untreated cells
by fluorescent microscopy. (B) HT1080 cells stably expressing
STATI1-NLS-GFP were pre-treated with cycloheximide (all lanes) and
leptomycin B (LMB) (lanes 3 and 5) for 30 min. Cells were left
untreated, or treated with IFN-y alone or with IFN-y and pervanadate
(PV). Proteins were immunoprecipitated from lysates with anti-STAT1
antibody, and western blots were performed with anti-STAT1
phosphotyrosine antibody (anti-STAT1 pY) (upper panel), anti-STAT1
antibody (middle panel) or anti-GFP antibody (lower panel).

anti-STAT1 antibody. The state of tyrosine phosphoryl-
ation was evaluated by immunoblot analysis with specific
antibody to STAT1 phosphotyrosine (Figure 8B). The
endogenous STATI protein was tyrosine phosphorylated
in response to IFN-y in the absence or presence of
leptomycin B; however, the STAT1-NLS-GFP protein
was not tyrosine phosphorylated in response to IFN-y (top
panel). This result demonstrates a requirement for STAT1
to be present in the cytoplasm in order to receive activation
signals via IFN-y. Although nuclear STAT1-NLS-GFP
was unresponsive to cytokine signaling, it could be
tyrosine phosphorylated in response to pervanadate treat-
ment similarly to endogenous STAT1. The mechanism
and kinase(s) responsible for STAT1 phosphorylation after
pervanadate treatment remain unknown. Pervanadate was
used as a control to ensure that STAT1-NLS—GFP could
be tyrosine phosphorylated. These findings support our
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Fig. 9. (A) Illustration of STAT1 cellular localization. Following
ligand binding to receptors, latent cytoplasmic STATI is tyrosine
phosphorylated by JAKSs and phosphorylation causes dimerization (1).
The dimers are imported into the nucleus where they bind to a DNA
target site in the promoters of responsive genes (2). The NES of
STAT]I is masked when STAT1 dimers are bound to DNA. A nuclear
tyrosine phosphatase can dephosphorylate STAT], releasing it from
DNA (3). The NES of STAT1 is now accessible to CRM1, resulting
in export to the cytoplasm (4). (B) Alignment of STAT1 NES with
putative NES sequences of other STAT family members.

model for the constitutive nature of the NES in unphos-
phorylated STAT1 and suggest that STAT1 must remain
in the cytoplasm long enough to form a signaling complex
that can respond to IFN-y signal transduction. It is
therefore apparent that precise regulation of both nuclear
import and nuclear export of STATI is critical to its
function. These results demonstrate that the pathway is
dependent on appropriate STAT1 residence in the
cytoplasm in order ultimately to induce gene expression
in the nucleus.

Discussion

Cytokine activation of STAT] is a transient event during
which STAT1 undergoes dynamic nuclear—cytoplasmic
redistribution. An illustration of the dynamics of STAT1
cellular localization is provided in Figure 9A based on
studies presented in this report and studies by others (Ihle
et al., 1995; Schindler and Darnell, 1995; Darnell, 1997,
Sekimoto et al., 1997; Stark et al., 1998; Koster and
Hauser, 1999). Latent STAT1 is primarily cytoplasmic.
Following IFN-y binding to cell surface receptors, JAKs
are activated that tyrosine phosphorylate the receptors and
latent STAT proteins. Tyrosine phosphorylation of STAT1
stimulates dimerization via SH2 intermolecular inter-
actions, and this dimerization results in nuclear import. We
have demonstrated that this is mediated by the gain of a
nuclear import function rather than release from a
cytoplasmic anchor or an alteration in nuclear export

An NES located in the STAT1 DNA-binding domain

regulation. In the nucleus, STAT1 dimers bind DNA and
stimulate the transcriptional induction of responsive genes.
Accumulation in the nucleus appears to depend on the
apparent masking of a functional NES when tyrosine-
phosphorylated STATI is bound to DNA. Evidence
supporting this includes the fact that a DNA-binding
mutant of STAT1 can be imported into the nucleus but is
exported rapidly. In addition, the location of the NES in
the STAT1-DNA crystal is within the STAT1 DNA-
binding domain, and placement of the STATI NES
external to the DNA-binding domain results in effective
export without nuclear accumulation.

Nuclear accumulation of STAT1 in response to IFN-y is
transient and STAT1 reappears in the cytoplasm within
hours. We demonstrate that the return of STATI to the
cytoplasm coincides with a tyrosine dephosphorylation
event in the nucleus. A STATI nuclear phosphatase
appears to play an intrinsic role in regulating the localiza-
tion of STATI, supporting previous evidence of STATI
nuclear dephosphorylation (Haspel and Darnell, 1999).
Tyrosine dephosphorylation results in dissociation of
STAT1 dimers, release from DNA and concomitant
exposure of the STAT1 NES. The NES is recognized by
CRM1, which mediates active export and return of STAT1
to the cytoplasm. Regulated nuclear export of STATI
appears to play a critical role in maintaining a proper
cellular response. It may silence the pathway if a
stimulating signal has ceased. Alternatively, since the
STAT1-NLS-GFP construct demonstrated that STAT1
must exist in the cytoplasm to become tyrosine phos-
phorylated in response to IFN-y, export may play a role in
re-activation of the pathway by placing STATI in the
cytoplasm where it can again serve as a cytoplasmic sensor
to respond to signals from a receptor—kinase complex.
Nuclear export may also regulate the cellular localization
of other STAT proteins. Alignment of the STAT1 NES
with other STAT family members reveals a conservation
of the composition and spatial alignment of these
hydrophobic amino acids (Figure 9B). In all STAT family
members, the putative NES resides within the DNA-
binding domain, suggesting that masking by DNA binding
may be a conserved regulatory mechanism.

In general, the localization of a protein depends on the
presence and relative effectiveness of an NLS or NES.
Proteins that are distributed dynamically in the cell are
known to be regulated by mechanisms that modulate the
NLS and/or NES to effect changes in localization
(Kaffman and O’Shea, 1999). In the case of STATI,
tyrosine phosphorylation appears to be an indirect regu-
lator of STAT]1 localization. Tyrosine phosphorylation by
JAKSs in the cytoplasm mediates the gain of a nuclear
import function, and tyrosine dephosphorylation in the
nucleus by an unidentified phosphatase results in release
from DNA and apparent exposure of the NES. It should be
noted that there are also reports of STAT regulation by
cytoplasmic tyrosine phosphatases (David et al., 1995; Yu
et al., 2000). However, our study with STAT1 provides
clear evidence that dephosphorylation can occur in the
nucleus.

The identity of the NLS in STATI! remains to be
determined. Studies with STAT1 mutants or hybrid STAT
proteins have not as yet provided this information. The
role of an N-terminal domain in STAT1 was implicated in
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a study of STAT1-STAT?2 hybrids; however, it is unclear
whether localization effects were a result of a defect in
nuclear translocation or nuclear accumulation (Strehlow
and Schindler, 1998). It is clear that dimerization of STAT
proteins contributes to nuclear import (Mowen and David,
1998; Bromberg et al., 1999; Milocco et al., 1999).
Dimerization stimulated by tyrosine phosphorylation was
shown to induce STATI interaction with one of the
nuclear import receptors, NPI-1 (Sekimoto et al., 1997).
Our studies of STATI nuclear import in this report
indicate that STAT1 is not anchored in the cytoplasm, nor
does it normally shuttle in and out of the nucleus. Nuclear
import requires the gain of a recognizable NLS following
IFN-y stimulation.

Nuclear accumulation of STAT]1 is transient, dissipating
within hours. This is due to active nuclear export, not
STATI protein degradation. We identify a functional NES
in STATI and provide evidence for a novel mechanism
that could regulate export by masking the NES when
STATI1 is associated with DNA. This mode of NES
regulation provides an elegant method to integrate
residence in the nucleus with the DNA-binding function
of STAT1. When STAT1 is released from DNA, the NES
is exposed and is a substrate for the export shuttling
receptor CRM1. Release from DNA may follow tyrosine
dephosphorylation or possibly involve the action of
nuclear PIAS proteins that inhibit STAT1 DNA binding
(Liu et al., 1998). STAT1 is returned to the cytoplasm as a
sensor of receptor—kinase activity.

The crystal structure of a STAT1 dimer bound to DNA
lends support for our proposed model of NES masking
(Figure 5) (Chen et al., 1998). STAT1 makes contacts with
negatively charged DNA in close proximity to the NES.
The DNA may physically occlude access to the NES, and
the side chains of the critical hydrophobic amino acids are
buried. The solved structures of several proteins that
contain an active NES generally show that the hydro-
phobic amino acids in the NES are solvent accessible
(Rittinger et al., 1999). We speculate that release from
DNA causes changes in the secondary structure of STAT1
that allow the NES to become solvent accessible. The
structure of monomeric STAT1 remains to be determined,
and the conformation of the STAT1 NES in the absence of
DNA cannot be extrapolated from the STATI1-DNA
crystal.

The transient nature of STAT1 nuclear localization
allows STATI1 to re-establish itself as a sensor in the
cytoplasm. When STAT]1 is exported, the receptor—kinase
signal may be silent. Following IFN-y stimulation, the
activated receptor complex is down-regulated by pro-
cesses involving dephosphorylation and internalization—-
degradation (Bach et al., 1997; Stark et al., 1998).
Cytokines also induce the synthesis of members of the
SOCS family that bind to and inhibit JAKs and cytokine
receptors (Hilton, 1999). Alternatively, the cytokine
receptor—kinase signal responsible for STAT1 tyrosine
phosphorylation may still be active, or a distinct cytokine
receptor—kinase complex may be active to re-initiate a
program of nuclear import and gene induction. By
evaluating the tyrosine phosphorylation of the
STATI1-NLS-GFP protein, we have demonstrated that
STATI1 needs to be in the cytoplasm to respond to
activating signals of IFN-y. Export of STAT1 may be a
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critical regulatory mechanism by which cells can maintain
their responsiveness to multiple cytokines or continuous
cytokine signaling.

Materials and methods

Cell culture and reagents

Fibrosarcoma cell lines HT1080 (ATCC) and U3A (STAT17) (gift of
G.R.Stark, Cleveland Clinic Foundation Research Institute) were cultured
in Dulbecco’s modified Eagle’s medium with 8% fetal bovine serum.
Cells stably expressing STAT1-GFP clones were selected in 250 pg/ml
G418 (Sigma). Cells were treated with 1000 U/ml IFN-y (gift from
Hoffman-LaRoche, Nutley, NJ), 10 nM leptomycin B (gift from Barbara
Wolff-Winiski, Novartis Research Institute, Austria) and/or 50 pg/ml
cycloheximide (Sigma). DNA transfections were performed either with
calcium phosphate—-DNA precipitates (Wigler et al., 1979) or Fugene-6
(Roche).

Plasmid constructs

To construct STAT1-GFP, full-length STAT1 with a Hise tag on the
N-terminus and without a stop codon was amplified by PCR using Pfu
(Stratagene) and cloned in-frame to the N-terminus of EGFP-NI
(Clontech). Site-directed mutagenesis was performed using the
Quick Change Site-Mutagenesis kit (Stratagene) and all mutations
were confirmed by DNA sequencing. STATI-NES-GFP and
STAT1-NLS-GFP were constructed by cloning double-stranded
(ds) DNA oligonucleotides corresponding to the STAT1 NES
(ASLAAEFRHLQLKEA) or the SV40 NLS (MGPKKKRKGGG)
downstream of STATI1. The plasmids STAT1-368/436-GFP, STAT1-
377/413-GFP, STAT1-392/413-GFP and STAT1-392/413-GFP were
generated by PCR amplification of corresponding STAT1 nucleotides in-
frame with EGFP. STAT1-424/439 was generated by cloning a dsDNA
oligonucleotide in-frame with EGFP. An ATG was included on the 5" end
of the STATI fragments. The GST fusion plasmid GST-STATI1 was
constructed by subcloning His-STAT1 into pGEX KG (Guan and Dixon,
1991). The GST-STATI1 fragments 1-525, 1-448 and 1-315 were
constructed by subcloning restriction fragments of STATI into pGEX
KG. Fragments 1-369 and 1-436 of STAT1 were amplified by PCR and
subcloned into pGEX KG. The human CRM1 cDNA (gift of Dr Gerard
Grosveld, St Jude Children’s Research Hospital, TN) was amplified by
PCR and subcloned into pCDNA3 (Invitrogen). The GST-NESPK!
construct encoding the NES of the PKI was kindly provided by Dr
Susan Taylor (University of California San Diego) (Wen et al., 1995).

Electrophoretic mobility shift assay

Nuclear extracts were prepared and EMSA was performed as described
(Dignam et al., 1983; Kotanides and Reich, 1993). A radiolabeled dsDNA
oligonucleotide probe representing the GAS site from the IRF-1 promoter
(5’-GCCTGATTTCCCCGAAATGACGG-3, nucleotides —129 to —107)
was incubated with 10 pg of nuclear extracts for 20 min at room
temperature. STAT1 antibody was incubated with extract prior to
addition of probe (Martinez-Moczygemba et al., 1997).

CRM1 binding

A 15 pg aliquot of bacterially expressed GST, GST-STATI,
GST-NESPK! or the corresponding GST-STAT]1 fragment protein was
bound to glutathione—agarose beads (Sigma) pre-blocked with 1% bovine
serum albumin and then washed in binding buffer (50 mM HEPES pH 7.9,
200 mM KCl, 5 mM MgCl,, 2 mM B-mercaptoethanol, 0.4% Tween-20,
0.4% milk, 2 mM GTP). Protein-beads were incubated with CRM1
translated in vifro in the presence of [3*S]methionine (TNT T7 Quick
Coupled Transcription/Translation System, Promega) and 5 g of purified
Ran Q69L in 50 pl of binding buffer for 2 h at 4°C. Proteins were
analyzed by SDS-PAGE and fluorography. RanQ69L was expressed and
purified from bacteria (Dingwall and Palacios, 1998). Peptide corres-
ponding to the NES of the HIV Rev protein (CLPPLERLTL) was
synthesized by Research Genetics (Huntsville, AL) and used as a specific
competitor at 1 mM concentration (Fischer et al., 1995).

Protein analysis

Cells were lysed in 50 mM Tris pH 8.0, 400 mM NaCl, 0.5% NP-40, 10%
glycerol, 1 mM sodium vanadate, 1 mM B-mercaptoethanol, 1 mM
phenymethylsulfonyl fluoride, leupeptin and pepstatin. Immuno-
precipitation was performed with anti-GFP (Clontech) or anti-STAT1
antibodies (Martinez-Moczygemba et al., 1997) and complexes were



collected on protein G—agarose beads, separated by SDS-PAGE and
transferred to Immobilon-P membrane (Millipore). Proteins were
detected by western blotting with anti-GFP, anti-STAT1 or anti-
STAT1-phosphotyrosine (New England Biolabs), followed by secondary
antibody (Amersham) and the enhanced chemiluminescence system
(Dupont NEN).

Fluorescent microscopy

Cells were plated on glass coverslips, transfected with GFP fusion
constructs and evaluated 48 h after transfection. Cells were fixed with 4%
formaldehyde and evaluated using a Zeiss Axioskop (Carl Zeiss)
equipped for epifluorescence with a GFP filter set (Chroma
Technology). Images were captured with a Diagnostic Instruments
Spot 2 camera (Sterling Heights, MI). Images are presented in Adobe
Photoshop 4.0.
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