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Signal transducer and activator of transcription 1 (STAT1) mediates gene expression in response to
cytokines and growth factors. Activation of STAT1 is achieved through its tyrosine phosphorylation, a process
that involves Jak tyrosine kinases. Here we show that STAT1, although phosphorylated on Y701, is unable to
localize in the nucleus in the absence of Jakl or Jakl kinase activity. In contrast, the nuclear accumulation of
STAT1 in Tyk2-deficient cells remains intact. Nuclear presence of tyrosine-phosphorylated STAT1 could be
restored in Jakl-deficient cells by leptomycin B, an inhibitor of nuclear export. Amino acids 197 to 205 of
STAT1 were found to encode a leucine-rich nuclear export signal (NES). An L—A mutation within the NES
restored nuclear retention of STAT1 in Jakl-deficient cells. Impaired binding of the transcriptional coactivator
CBP to tyrosine-phosphorylated STAT1 derived from Jakl-deficient cells offers a model for the intermolecular

regulation of the nuclear export sequence.

Interferons (IFNs) as well as many other cytokines and
growth factors mediate their biological effects through the in-
duction of a set of immediate-early response genes (9, 11, 14,
18, 26, 30, 34, 40, 50, 59). This process depends on the activa-
tion of a family of SH2 and SH3 domain-containing signal
transducers and activators of transcription (STATS) (15, 16, 28,
29, 33, 41). Activation of latent, cytoplasmic, or membrane-
associated STAT proteins is accomplished through their ty-
rosine phosphorylation (6, 15, 28, 29), which in most cases
depends on the activity of the Janus protein-tyrosine kinases
(Jaks) (5, 7, 23, 24, 36, 48, 54, 55). IFN-vy initiation of STAT1
tyrosine phosphorylation requires the activity of Jak1 and Jak2
(36, 55), whereas IFN-o/B mediates STAT1 activation through
the kinases Jakl and Tyk2 (36, 54). After its tyrosine phos-
phorylation, STAT1 either homodimerizes or forms het-
erodimers when STAT2 is activated by IFN-o/B, in order to
translocate to the nucleus, where site-specific binding to en-
hancer elements leads to gene activation (17, 44). Tyrosine
phosphorylation of STAT1 is an absolute prerequisite for its
nuclear translocation and its ability to bind DNA (45, 46). We
have recently shown that the SH2 domain of STATI is essen-
tial for its nuclear translocation (35), demonstrating the im-
portance of dimerization over tyrosine phosphorylation alone
in the process of nuclear import. Furthermore, we found the
SH2 domain of STATI1 to be required for its activation by
IFN-v but dispensable for STAT1 activation by IFN-a/B (35).

Regulation of nuclear localization occurs at the level of both
nuclear import and nuclear export (53). Transport across the
nuclear pore is usually an energy-dependent process, and the
fact that the process is saturable indicates the involvement of
receptors which recognize signal sequences in the target pro-
teins (38). Two groups of transport signals for nuclear import
have been well characterized. The basic nuclear localization
signal (NLS) is recognized by the a-subunit of the importin
complex and is found in many nuclear proteins (8). The M9
domain, which is found in hnRNP Al and related proteins,
mediates nuclear import through recognition by transportin,
an importin B-related protein (39). Analogous to the events
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characterizing nuclear import, nucleocytoplasmic transport
also involves the recognition of signal sequences (53). In the
recent past, significant progress was made in the understanding
of the process of nuclear export. The existence of leucine-rich
nuclear export signals (NES) was defined (12, 56); subse-
quently, the nuclear protein Crm1 was identified as the recep-
tor for NES sequences, which is responsible for the GTP-
dependent nuclear export of NES-containing proteins (13, 49).
The antibiotic leptomycin B (LMB) was characterized as a
highly specific inhibitor of Crm1-mediated nuclear export, act-
ing through the disruption of Crm1-NES interaction (58). The
subcellular localization of several signaling molecules such as
1kB, c-Abl, mitogen-activated protein kinase-activated protein
kinase 2, and IRF-3 has been shown to be at least partially
controlled through regulated nuclear export (3, 10, 52, 60).

In this study we wanted to address the question of whether
tyrosine phosphorylation and dimerization of STAT1 are suf-
ficient for its nuclear accumulation. Sequence analysis of
STAT1 does not indicate the presence of domains homologous
to nuclear localization signals such as the bipartite NLS or an
M9 sequence. However, in the present study we demonstrate
that STAT1 contains a leucine-rich NES sequence and that the
nuclear localization of STAT1 after IFN-o/B or epidermal
growth factor (EGF) treatment is, at least in part, regulated
through inhibition of its nuclear export. The regulation of this
process requires the presence and catalytic activity of Jak1 but
not Tyk2, since tyrosine-phosphorylated STAT1 translocates
to the nucleus in Tyk2™/~ but not Jak1™/~ cells. The nuclear
translocation of tyrosine-phosphorylated STAT1 can be re-
stored in Jak1 ™/~ cells through the addition of LMB, indicat-
ing that Jakl controls the function of the STAT1 NES.

MATERIALS AND METHODS

Cells. 2fTGH, U3SH2, and U6A cells were described previously (32, 37), as
were wild-type and Jak1~/~ HeLa cells. All cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin, and streptomycin (Irvine Scientific).

IFNs and reagents. IFN-o, IFN-B, and IFN-y were generous gifts from Hoff-
man LaRoche, Chiron, and Genentech, respectively. Sodium vanadate (50 mM)
and 100 mM hydrogen peroxide were incubated in DMEM without FBS for 15
min prior to addition to cells. LMB (100 nM) was added to cells 90 min prior to
stimulation.

Plasmids. Putative NES-green fluorescent protein (GFP) fusion proteins were
generated by inserting hybridized oligonucleotides corresponding to STATI1
amino acids 197 to 205 (5'-GATCTCTGTTACTCAAGAAGATGTATTTA)
and 519 to 528 (5'-GATCTCTGAACATGTTGGGAGAGAAGCTTCTT) into
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the Bg/II (5') and Smal (3') sites of the pEGFP-C1 vector (Clontech). Full-
length STAT1-GFP fusion proteins were constructed by inserting STAT1 cDNA
into the Bg/II and BamHI sites of the pEGFP-C1 vector (Clontech). The NES
mutant was generated by site-directed mutagenesis using overlapping oligonu-
cleotides containing the NES mutation.

Transfections. Cells were seeded onto coverslips in six-well plates and incu-
bated overnight at 37°C. Plasmid DNA (0.4 pg/ml) was transfected using Effect-
ene or Superfect (Qiagen) according to the manufacturer’s protocol. Cells were
assayed for GFP expression 15 to 24 h after transfection.

Whole-cell extracts and EMSA. Following treatment, cells were washed with
phosphate-buffered saline (PBS) and lysed on the plates with lysis buffer (1 ml)
containing 20 mM HEPES (pH 7.4), 1% Triton X-100, 100 mM NaCl, 50 mM
NaF, 10 mM B-glycerophosphate, 1 mM sodium vanadate, and 1 mM phenyl-
methylsulfonyl fluoride (PMSF). Lysates were centrifuged at 13,000 rpm for 5
min, and protein concentration was determined by the Lowry assay (Bio-Rad
protein assay). Electrophoretic mobility shift assays (EMSAs) were performed
using whole-cell extracts prepared as described above and an end-labeled oligo-
nucleotide corresponding to the GRR sequence found in the promoter sequence
of the Fc gamma receptor I (FcyRI) (5'-AATTAGCATGTTTCAAGGATTTG
AGATGTATTTCCCA-GAAAAG-3") as described previously (57).

Immunoprecipitation and immunoblotting. For coimmunoprecipitation ex-
periments, cells were lysed in lysis buffer (1 ml) containing 100 mM NaCl, 50 mM
Tris (pH 7.5), 1 mM EDTA, 0.1% Triton X-100, 10 mM NaF, 1 mM PMSF, and
1 mM vanadate. Lysates were centrifuged at 13,000 rpm for 5 min. Supernatant
was collected and cleared with protein G-Sepharose for 30 min. Following the
clearing, lysates were incubated with a Crm1 polyclonal antibody for 2 h and
protein G-Sepharose for an additional hour. After sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transfer onto a polyvinylidene
difluoride (PVDF) membrane, proteins were detected with monoclonal anti-
STAT1 antibodies (Transduction Labs). Blots were developed with horseradish
peroxidase-conjugated secondary antibodies and enhanced chemiluminescence
(Amersham).

GST fusion protein affinity precipitations. For affinity precipitation experi-
ments, cells were lysed in lysis buffer (0.5 ml) containing 100 mM NaCl, 20 mM
HEPES (pH 7.5), 1 mM EDTA, 10% glycerol, 0.1% NP-40, and 1 mM or-
thovanadate. After centrifugation, an equal volume of lysis buffer without de-
tergent was added. Previously described glutathione S-transferase (GST) fusion
proteins were incubated with the cell lysates for 12 h, and bound proteins were
resolved by SDS-PAGE and analyzed by Western blot.

Immunofluorescence. Cells were seeded onto coverslips in six-well plates and
incubated overnight at 37°C in DMEM containing 10% FBS. After treatment,
coverslips were rinsed with PBS followed by one wash with PIPES [piperazine-
N,N’-bis(2-ethanesulfonic acid)] buffer. Cells were fixed in methanol at room
temperature for 6 min, and nuclei were permeabilized by incubating with 0.5%
Nonidet P-40-PIPES buffer for 13 min at room temperature. Coverslips were
washed three times with PBS, blocked with 10% goat serum for 35 min, and
incubated with anti-STAT1 (Transduction Laboratory) for 50 min at room tem-
perature. Cells were rinsed four times for 5 min in PBS prior to incubation with
Cy3-conjugated secondary antibody for 40 min at room temperature. After
washing, coverslips were mounted onto glass slides in 50% glycerol-PBS.

RNase protection assays. Total RNA was isolated using Trizol reagent. 3P-
labeled antisense riboprobes were generated by in vitro transcription using T7 or
SP6 RNA polymerase. Labeled riboprobe and 10 g of RNA were incubated in
hybridization buffer (4:1 formamide and 5X stock; 5X stock was 200 mM PIPES
[pH 6.4], 2 M NaCl, 5 mM EDTA) overnight at 56°C prior to digestion with T
RNase. Protected fragments were separated by electrophoresis on a 4.5% poly-
acrylamide—urea gel.

RESULTS

Activation of STAT1 by IFN-o/f in Jak~/~ and Tyk2~/~
cells. The phosphorylation of STAT1 on Y701 and the subse-
quent dimerization are obligatory for the nuclear translocation
of STAT1. However, it is unclear whether these events are
sufficient. It has previously been reported that incubation of
cells with a combination of 1 mM hydrogen peroxide and 0.1
mM orthovanadate (H/V) results in ligand-independent acti-
vation of STAT proteins (19, 22). This treatment can activate
STAT1 in the absence of the Jak tyrosine kinases that are
required for STAT activation by ligands (19), indicating that
H/V treatment bypasses the need for receptor-mediated sig-
naling. In our hands, exposure to H/V resulted in the tyrosine
phosphorylation of STATI, and this was observed with wild-
type 2fTGH cells and with Jakl- and Tyk2-deficient cells
(data not shown). However, pretreatment with H/V prevented
IFN-a from stimulating the nuclear translocation of STAT1
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FIG. 1. Priming with h/v restores IFN-dependent activation of STATI in
Jak1™/~ and Tyk2 ™/~ cells. Parental 2fTGH (A), Tyk2 ™/~ U1A (B), and Jak1~/~
U4A (C) cells were either left untreated (lanes 1), stimulated for 30 min with 500
U of IFN-a per ml (lanes 2) or pretreated with h/v for 30 min followed by an
additional 30 min of incubation without (lanes 3) or with (lanes 4) IFN-a (500
U/ml). Total cell extracts (CTL) were prepared and subject to EMSA using
end-labeled GRR as a probe.

despite the fact that this costimulation resulted in a further
increase in STAT1 tyrosine phosphorylation (data not shown).

We therefore reduced the concentration of H/V to a level
where it did not affect the nuclear translocation of STAT1 after
stimulation of cells with IFN-a/B. A significantly lower con-
centration of H/V (h/v: 10 uM hydrogen peroxide and 5 uM
orthovanadate) was found not to interfere with the nuclear
translocation of STAT1 after IFN stimulation in wild-type cells
(see Fig. 2A, top right). This h/v treatment was also unable
to activate STAT1 (Fig. 1A to C, lanes 3), but it promoted
the subsequent induction of STAT1 DNA binding by IFN-
/B in both Jakl ™/~ and Tyk2 /" cells (Fig. 1B and C, lanes
4). Western blot analysis using p(Y701)STAT-specific antibod-
ies confirmed the results of the DNA-binding assay (Fig. 2A).
It thus appears that the priming of cells with a subthreshold h/v
concentration facilitates activation of STAT1 after IFN-o/p
treatment in the absence of Jak1 and Tyk2 while preserving the
ligand-dependent nature of the stimulation.

Impaired nuclear translocation of STAT1 in the absence of
Jakl Kkinase activity. Our primary goal was to investigate
whether the tyrosine phosphorylation of STAT1 was sufficient
for its nuclear translocation. We therefore used immunohis-
tochemistry to analyze the subcellular localization of tyro-
sine-phosphorylated STAT1 in Tyk2 ™/~ and Jakl /" cells. As
shown in Fig. 2A (top panel), IFN-a-activated, tyrosine-phos-
phorylated STAT1 translocated efficiently into the nucleus in
wild-type 2fTGH cells, and h/v priming had no apparent effect
on the process. In Tyk2 ™/~ cells, STAT1 remained cytoplasmic
after stimulation with IFN-a alone. Interestingly, STAT1 ap-
peared in the nucleus of Tyk2 ™/~ cells when appropriate ty-
rosine phosphorylation was achieved through h/v priming fol-
lowed by IFN-« stimulation (Fig. 2A, second panel from top).
In contrast, STAT1 was found exclusively in the cytoplasm
after the same costimulation was applied in Jak1 ™'~ cells (Fig.
2A, third panel from top). These results suggested that Jakl
but not Tyk2 is required in a function other than tyrosine
phosphorylation to facilitate the nuclear accumulation of
STATI. Similarly, STAT1 translocated to the nucleus in
Jak2™/~ cells but not Jakl /"~ cells when IFN-y was used for
stimulation (data not shown).

To determine if the enzymatic activity of Jakl was required
for tyrosine-phosphorylated STAT1 to accumulate in the nu-
cleus, we performed the h/v priming experiment with Jak1 ™/~
cells reconstituted with a kinase-inactive form of Jakl. As seen
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FIG. 2. Tyrosine-phosphorylated STAT1 does not accumulate in the nucleus in Jak1™~ cells. (A) Parental 2fTGH, Tyk2~/~ U1A, and Jak1™/~ U4A cells were
treated as in Fig. 1. Subcellular distribution of STAT1 was detected using a monoclonal antibody against STAT1. (B) Jak1 ™/~ U4A cells reconstituted with wild-type
(WT) or kinase-inactive Jak1 were treated as in Fig. 1, and subcellular distribution of STAT1 was analyzed. (C and D) Wild-type (WT) and Jak1~/~ HeLa cells were
stimulated with h/v and IFN-a (C) or EGF (2 ng/ml) (D) for 30 min, and the compartmentalization of STAT1 was analyzed. The + and — signs indicate the presence
and absence, respectively, of STAT1 tyrosine phosphorylation after the indicated treatments.
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in the Jak1™/~ cells, h/v and IFN-« costimulation resulted in
the tyrosine phosphorylation and DNA binding of STAT1 in
these cells (data not shown); however, the kinase-inactive form
of Jak1 was unable to promote the nuclear presence of STAT1
(Fig. 2B). In contrast, Jak1™/~ cells reconstituted with wild-
type Jakl supported IFN-a/B-stimulated STAT1 nuclear local-
ization (Fig. 2B, bottom panel), demonstrating that the lack of
STATT1 nuclear localization seen in Jak1™/~ cells can indeed be
attributed to the lack of Jakl.

In order to exclude that our findings were a peculiarity of the
2fTGH cells series, we repeated the experiments in wild-type
and Jakl-deficient HeLa cells. Indeed, the dependence of
STAT1I nuclear localization on Jakl after IFN-a stimulation
was also observed in these cells (Fig. 2C). We next wanted to
explore whether our findings were restricted to stimulation by
IFN-a, or if they were of a more general nature. We were
particularly interested in the subcellular distribution of STAT1
after EGF stimulation. It had been shown by several labora-
tories that although Jakl is activated in response to EGF,
tyrosine phosphorylation of STAT1 after EGF treatment oc-
curs independent of Jakl; rather, it requires the intrinsic ki-
nase activity of the EGF receptor (7, 47). This unique feature
allowed us to assay for the subcellular distribution of tyrosine-
phosphorylated STAT]1 following EGF stimulation without the
need for h/v priming.

Wild-type and Jakl™/~ HeLa cells were stimulated with
EGF for 30 min, and the localization of STAT1 was analyzed.
As shown in Fig. 2D, EGF was only able to target STAT1 into
the nucleus in wild-type HeLa cells (upper panel) but not in
the Jak1~/~ mutant (lower panel). Thus, it appears that Jak1 is
dispensable for mediating the tyrosine phosphorylation of
STATI in response to EGF (7, 47) but, as in the case with
IFN-a-activated STAT], is essential for subsequent accumula-
tion of the phosphorylated protein in the nucleus. It is note-
worthy that EGF is still able to induce transcription of c-fos in
Jak1™/~ cells; however, mutation analysis of the c-fos promoter
demonstrated that this event does not require the presence of
the STAT-responsive element SIE (31).

Inhibition of nuclear export restores nuclear accumulation
of tyrosine-phosphorylated STAT1 in Jakl™~ cells. It be-
comes evident from the results described above that, although
necessary, tyrosine phosphorylation of STAT1 alone is insuf-
ficient for its nuclear presence. As mentioned in the introduc-
tion, STAT1 does not appear to contain any domains resem-
bling known conserved NLS sequences. However, analysis of
the STAT1 amino acid sequence revealed three leucine-rich
domains that have homology to the consensus signal sequence
for nuclear export (Table 1). We therefore decided to test
whether the highly specific nuclear export inhibitor LMB
would influence the subcellular distribution of unphosphory-
lated or tyrosine-phosphorylated STAT1.

Cells were incubated with LMB for 30 min simultaneously
with h/v priming. In wild-type 2fTGH cells, treatment with h/v
and LMB alone had no apparent effect on localization of the
unphosphorylated STAT1 protein (Fig. 3, upper panel). Even
exposure to LMB for 8 h was unable to target unphosphory-
lated STAT1 to the nucleus. A slight enhancement of nuclear
staining was observed after IFN-a stimulation when the com-
bined treatment with h/v and LMB was applied compared to
h/v priming alone (Fig. 3, top panel). Similar to the wild-type
cells, LMB alone or in combination with h/v cotreatment had
no effect in Jak1-deficient cells (Fig. 3, lower panel). However,
LMB was able to restore nuclear localization of tyrosine-phos-
phorylated STATI1 after IFN-a stimulation of h/v-primed
Jak1~/~ cells (Fig. 3, bottom right). Thus, our results indicate
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TABLE 1. Comparison of NES consensus sequences with
leucine-rich domains of STAT1

Protein Sequence
HIV-1 REV LPP LER.TL
PKI LALKLAGQ.DI
IkB LQQQGQTL
MEK1 LQKKLEELEL
c-Abl LESN.RELQ
IRF-3 LDELLGNWL
Consensus Xy gL X5 g Xt

STAT1 amino acids

197-205 LL LKKWyL?
349-358 LRL LVKLQA.?
519-528 LNMLGEK. L?

that the kinase activity of Jakl has an inhibitory effect on the
nuclear export of STATI.

Since we had previously shown that an SH2 domain-mu-
tated, tyrosine-phosphorylated STAT]1 fails to display nuclear
presence (35), we also tested the effects of LMB treatment on
STAT1™/~ cells reconstituted with the SH2 domain-mutated
STATI. Interestingly, LMB was unable to facilitate the nuclear
translocation of the SH2-mutated STAT1 (data not shown),
suggesting that this STAT mutant is impaired in LMB-insen-
sitive nuclear import, whereas the absence of Jakl appears to
affect LMB-sensitive nuclear export.

Amino acids 197 to 205 of STAT1 encode a functional NES.
In order to investigate which, if any, of the leucine-rich do-
mains of STAT1 function as an NES, we decided to generate
fusions with GFP. GFP displays a tendency to accumulate in
the nucleus when expressed ectopically. It has been shown
previously that the coupling of a functional NES onto GFP
causes the resulting fusion protein to be excluded from the
nucleus (49). Therefore, we created individual fusion proteins
of GFP and the three leucine-rich sequences of STAT1 de-
picted in Table 1. The constructs were transiently transfected
into primary human fibroblasts, and the localization of the
fusion proteins was visualized after 15 h. Parental GFP was
found to accumulate in the nucleus (Fig. 4A, upper left panel),
as predicted, as did the GFP fusion with the leucine-rich do-
main STAT1°'°~?% (upper right panel) and STAT1?*93%%
(data not shown). However, the coupling of STAT1'9772% to
GFP caused the exclusion of the resulting fusion protein from
the nucleus (Fig. 4A, lower left panel).

One possible concern was that not the function of an NES
but unpredictable steric hindrance prevented STAT1'9772%-
GFP from entering the nucleus. We therefore exposed the cells
expressing STAT172%.GFP to LMB for 60 min prior to
determining the localization of the fusion protein. As would be
expected for an NES-mediated nuclear exclusion, STAT1'97-2%-
GFP was found in the nucleus in LMB-treated cells (Fig. 4A,
lower right panel). These results clearly demonstrate that the
leucine-rich domain encompassing amino acids 197 to 205 en-
codes the functional NES of STATI1. A critical regulatory
event in nucleocytoplasmic transport is the binding of a nuclear
export receptor such as Crml to the leucine-rich NES se-
quences of target proteins. Indeed, coimmunoprecipitation ex-
periments revealed a specific interaction of STAT1 with Crm1
(data not shown), providing further evidence that the leucine-
rich region between amino acids 197 and 205 of STAT1 en-
codes a functional NES sequence.
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FIG. 3. Nuclear accumulation of tyrosine-phosphorylated STAT1 in Jak1 ™/~ cells after addition of LMB. Parental 2fTGH and Jak1~/~ U4A cells were primed with
h/v as in Fig. 1 without or with prior addition (90 min) of 100 nM LMB. Cells were stimulated with IFN-a (500 U/ml) for 30 min and STAT]1 localization was analyzed
as in Fig. 2. The + and — signs indicate the presence and absence, respectively, of STAT1 tyrosine phosphorylation after the indicated treatments.

Mutation of STAT1 NES restores its nuclear accumulation
in Jakl ™'~ cells. To further demonstrate that the above-iden-
tified NES is the target of regulation by Jakl, we generated
GFP fusion proteins containing either wild-type STAT1 or
STAT1 bearing a single point mutation within the NES
(L199A) that had previously been shown in other proteins to
abrogate NES function (52, 56). When transfected into wild-
type HeLa cells, both wild-type and NES mutant STAT]1 trans-
located to the nucleus upon IFN stimulation (Fig. 4B, top
panels). In striking contrast, only the NES-mutated STAT1
could be detected in the nucleus of Jakl ™/~ HeLa cells upon
h/v and IFN-a costimulation (Fig. 4B, bottom right panels),
whereas wild-type STAT1 remained restricted to the cytoplasm
(Fig. 4B, bottom left panels). These results clearly demonstrate
that Jakl mediates additional events beyond STAT1 tyrosine
phosphorylation that exert control over STAT1 nuclear export.

Crystal structure of STAT1 reveals highly exposed position
of the NES. In order for STAT1 amino acids 197 to 205 to
interact with Crm1, these residues should be readily accessible.
We therefore decided to determine the position of the NES
within STAT1 by means of the crystal structure coordinates
recently posted with the Protein Data Bank of the Brookhaven
National Laboratory (1, 4). Indeed, the crystal structure of
tyrosine-phosphorylated STAT1 bound to DNA reveals a
highly exposed position of the NES at the start of the second
a-helix (Fig. 4C). This isolated position of the strongly hydro-
phobic NES argues against intramolecular regulation based on
a conformational change, but rather supports the notion that
access to the NES may be governed by other proteins capable
of interacting with STATT1 in the nucleus.

STAT1 binding to CBP is impaired in Jak1™'~ cells. The
hypothesis of intermolecular regulation of access to the NES
led us to investigate the previously reported association of
STAT1 with the transcriptional coactivator CBP with respect
to its dependence on Jakl. Several regions of CBP have been
shown to interact with STAT1 independently of its tyrosine
phosphorylation (21, 27, 61). We therefore tested the ability of
these CBP domains to bind STATI in lysates derived from
either wild-type or Jak1~/~ cells. GST-CBP fusion proteins
bound to glutathione-agarose were incubated with lysates
from h/v-primed, IFN-a-stimulated wild-type or Jak1-deficient
HeLa cells, and the resulting affinity precipitates were analyzed
for the presence of STATI. A fusion protein representing the
KIX domain (CBP residues 451 to 720), which has been shown

to interact with STAT1, CREB, and c-Jun (21), was able to
isolate STAT1 from lysates of either cell type (Fig. SA, lanes 1
and 4). In contrast, the fusion protein encompassing the C/H3
region (CBP residues 1455 to 1891), capable of association
with E1A, STATI, or c-Fos (21), was only able to sequester
STATI in lysates derived from wild-type cells, but failed to
bind STATI in lysates lacking Jakl (lanes 3 and 6). A fusion
protein to the SE domain (CBP residues 1492 to 2441), which
reportedly does not interact with STAT1 (21), was used as a
negative control (lanes 2 and 5). Reprobing of the blot with
GST antiserum verified that similar amounts of the various
fusion proteins were present in each sample; in addition,
STAT1 phosphorylation on Y701 and S727 was verified with
phosphorylated-STAT1-specific antiserum (data not shown).

It would be expected that impaired association of STAT1
with CBP leads to a lack of IFN-induced gene transcription. To
test this hypothesis, wild-type and Jak1~/~ HeLa cells were
exposed to h/v prior to IFN-B stimulation, and the nuclear
presence of STAT1 was enforced by the addition of LMB.
Indeed, whereas ISG54 induction was readily detectable in
wild-type HeLa cells (Fig. 5B, lanes 1 and 2), no ISG54 mRNA
could be detected in Jakl~/~ cells (Fig. 5B, lanes 3 and 4),
despite the nuclear presence of appropriately tyrosine- and
serine-phosphorylated STAT1. Furthermore, identical results
were obtained when a probe corresponding to IRF1 was used
in the RNase protection assays (data not shown), demonstrat-
ing that genes that are induced by either STAT1 homodimers
or STAT1-STAT2 heterodimers are both affected by the im-
paired STAT1-CBP interaction.

DISCUSSION

Nuclear compartmentalization allows eukaryotes an addi-
tional level of gene regulation, whereby transcriptional regu-
lators must be allowed access to their regulatory elements.
Previous work demonstrated STAT1 tyrosine phosphorylation
to be necessary for ligand-induced nuclear localization (45,
46). Using a STAT1 SH2 domain mutant incapable of dimer-
ization, we have previously demonstrated that tyrosine phos-
phorylation is necessary but not sufficient for nuclear localiza-
tion of STAT1 (35).

Although much research has focused on the activation of
STAT1, little is known about STAT1 nuclear translocation.
Sekimoto et al. have identified the small GTPase Ran/TC4 as
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FIG. 4. Amino acids 197 to 205 of STAT1 encode a functional NES. (A) Primary human foreskin fibroblasts were transiently transfected with either parental GFP
plasmid (top left), GFP-STAT1°'952® (top right), or GFP-STAT1'9772% (bottom panels). In addition, cells expressing GFP-STAT1!?772% were also incubated with 100
nM LMB for 90 min prior to visualization of the fusion proteins (bottom right). (B) Wild-type (WT) and Jak1 '~ HeLa cells were transiently transfected with either
STATI-GFP or STAT! (L'*—A)-GFP, and localization of the fusion proteins after stimulation with h/v and IFN-B (1,000 U/ml) was determined. (C) The crystal
structure of tyrosine-phosphorylated STAT1 bound to DNA was downloaded from the Protein Data Bank of the Brookhaven National Laboratory (1, 4), and the
positions of individual amino acids were identified using Chemscape Chime. The highly exposed NES (boxed) is located at the start of the second a-helix.
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FIG. 5. Impaired interaction of STAT1 and CBP and STAT1-mediated gene
induction in Jak1™/~ cells. (A) Wild-type (WT) and Jak1~/~ HeLa cells were
stimulated with h/v and IFN-a, and the lysates were incubated with glutathione-
agarose-conjugated GST fusion proteins representing the KIX domain (lanes 1
and 4), the SE region (lanes 2 and 5), or the C/H3 domain (lanes 3 and 6) of CBP.
Affinity-precipitated proteins were resolved by SDS-PAGE, transferred to poly-
vinylidene difluoride, and probed for the presence of STATI. (B) Wild-type and
Jak1~/~ HeLa cells were stimulated with h/v and IFN-« in the presence of LMB,
and ISG54 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
levels were analyzed by RNase protection assay.

a member of the nuclear import machinery that is required for
nuclear import of IFN-y-activated STAT1 (43). GTP hydroly-
sis by Ran is a critical step in the movement of import recep-
tors and their cargo into the nucleus (38). Karyophilic protein
cargo binds to the import receptors via an NLS. The best-
characterized NLS consists of a highly basic amino acid stretch.
However, no such NLS has been identified in STAT1. Inter-
estingly, the basic NLS contained in the simian virus 40 T
antigen and STAT1 can noncompetitively bind the NPI-1 im-
port complex, indicating that each cargo binds to a distinct
domain of NPI-1 and suggesting the existence of a unique,
uncharacterized NLS in STAT1 (42).

Nuclear localization can also be regulated by nuclear export.
A leucine-rich domain was first identified as a nuclear export
sequence in the HIV-1 Rev protein (12) and protein kinase I
(56). Since then, additional polypeptides such as IkB, MEK1,
c-Abl, and p53 (3, 10, 51, 52, 60) have been classified as NES-
containing proteins. Like nuclear import, export also is an
energy-dependent process involving the GTPase activity of
Ran. The chromosome maintenance (Crm1) gene was identi-
fied as the NES receptor that facilitated export (13, 49). Fur-
thermore, Crm1 was shown to be the target of the drug LMB,
which disrupts Crm1 interaction with the leucine-rich NES and
thereby traps Crm1 cargo in the nucleus (58).

In this study we demonstrate that the nuclear localization of
STATTI after its tyrosine phosphorylation and dimerization is
also intrinsically controlled at the level of nuclear export. Our
results show that the IFN receptor-associated tyrosine kinase
Jak1 but not Tyk2 is required to achieve IFN-induced nuclear
accumulation of STAT1. As such, STAT]1 is exclusively found
in the cytoplasm in Jakl-deficient cells even when it is appro-
priately phosphorylated on Y701 and S727. Importantly, a ki-
nase-dead Jakl was unable to restore IFN-induced STAT1
nuclear localization, but Jak1 ™/~ cells reconstituted with wild-
type Jakl were able to accumulate nuclear STAT]I, indicating
a distinct role for Jakl1 kinase activity in STAT1 nuclear local-
ization. Jak1 was also required for STAT1 nuclear localization
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mediated by EGF stimulation, where the intrinsic kinase ac-
tivity of the EGF receptor rather than Jakl is required for
STAT]1 tyrosine phosphorylation (7, 47). Interestingly, STATS
nuclear localization has also been shown to be uncoupled with
its tyrosine phosphorylation. Two separate residues of the pro-
lactin receptor have been shown to be necessary for tyrosine
phosphorylation and nuclear localization of STATS (2). Addi-
tionally, Src activation led to the tyrosine phosphorylation of
both STATSa and -b but nuclear localization of only STATSb,
demonstrating the need for an additional signal for STAT
nuclear localization (25).

Sequence analysis of STAT1 indicated the existence of sev-
eral potential leucine-rich NES. Fusion of STAT1 amino acids
197 to 205 to GFP led to an exclusively cytoplasmic fusion
protein, whereas GFP alone or GFP fused to the other puta-
tive export sequences yielded a predominantly nucleus-local-
ized protein. Furthermore, the addition of LMB retained the
STAT1 NES-GFP fusion in the nucleus, indicating a disruption
in binding between the short amino acid stretch and Crml.
Additionally, an interaction between Crm1 and the full-length
STAT1 protein was detected in coimmunoprecipitation exper-
iments, and analysis of the crystal structure of STAT1 revealed
a readily accessible position of the NES within the protein.

Jakl-mediated inhibition of STAT1 nuclear export is neces-
sary in order for STATI to accumulate in the nucleus and
fulfill its function as a transcriptional activator. The Jak1™/~
cell deficiency of nucleus-localized, tyrosine-phosphorylated
STAT1 was recovered when cells were supplemented with
LMB, implying a role for Jak1 in preventing the nuclear export
of the active STAT]1 species. Indeed, a single amino acid mu-
tation within the STAT1 NES (L199A) was able to retain
STATI in the nucleus of Jakl-deficient cells, demonstrating
that the lack of nuclear STATI in Jakl ™/~ cells was due to
nuclear export. The presence of the hydrophobic leucine-rich
NES region of STAT1 within the coiled-coil domain of STATI,
a region shown by crystal structure to be quite exposed, is
suggestive of continuous protein interaction. As such, the as-
sociation of the C/H3 region with STATT1 in wild-type but not
in Jakl-deficient cells offers a model for the functional regu-
lation of the NES by Jak1, whereby Jak1 /" cells are unable to
recruit CBP and other CBP/STAT-interacting proteins. An
example of such a potential protein is Nmi, recently shown to
interact with the STATS coiled-coil domain and to interact
with STAT1. Nmi was shown to enhance the association of
STAT1 with CBP and enhance IFN-y-induced transcription
(62). Without Jakl, STAT1 may be unable to recruit such
proteins, disrupting the transcriptional protein scaffold and
thus allowing unrestricted access of Crm1 to the NES, resulting
in uninhibited nuclear export of STAT1. Intriguingly, nuclear
localization is not sufficient for phosphorylated STAT1 to in-
duce transcription, as h/v and IFN costimulation does not
induce the synthesis of ISG54 or IRF1 in Jakl /" cells even in
the presence of LMB. This observation suggests that Jakl
supplies an additional signal that both enhances STAT1-me-
diated transcription and maintains STAT1 nuclear presence.
Interestingly, we had observed that the Ser/Thr phosphatase
inhibitor okadaic acid can substitute for LMB in restoring
STATI nuclear localization in Jakl ™/~ cells. It is therefore
interesting to speculate that Jak1 might regulate Ser/Thr phos-
phorylation, which is necessary for the intermolecular interac-
tions between STAT1 and the transcriptional scaffold as well as
for STAT1 nuclear retention.

The presence of a functional NES suggests that STATI is
recycled back to the nucleus after its dephosphorylation. In
fact, pulse-chase experiments have detected >>S-labeled
STATI in the cytoplasm after nuclear residence (20). Impor-
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tantly, prolonged exposure to LMB alone is insufficient to
promote STAT1 nuclear localization in the absence of tyrosine
phosphorylation. This demonstrates that STAT1 is not contin-
uously shuttling between the cytoplasmic and nuclear compart-
ments and represents further evidence that the nuclear pres-
ence of STAT1 is regulated through both nuclear import and
nuclear export.

We describe here a novel aspect of STAT1 regulation that
relies on the kinase activity of Jakl for nuclear retention in
addition to tyrosine phosphorylation. We have identified
amino acids 197 to 205 as the NES that accounts for Jakl-
regulated nuclear export and whose function is abolished upon
the addition of LMB. Limited interaction of STAT1 with tran-
scriptional coactivator complexes in Jakl ™/~ cells offers an
intriguing possibility of NES access regulation through inter-
molecular masking.
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