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ABSTRACT The Statl activation-inactivation cycle in-
volves phosphorylation of Statl in the cytoplasm, transloca-
tion to the nucleus, and then a return of the protein to the
cytoplasm in a dephosphorylated state. However, the intra-
cellular site of Statl dephosphorylation has not been deter-
mined. As receptor signaling declines, the flow of activated
Statl molecules should be to the site of their dephosphoryla-
tion. We found that upon receptor-Janus kinase inactivation,
either gradual or abruptly induced by staurosporine treat-
ment, the flow of Statl was from cytoplasm to the nucleus and
the nucleus was the final compartment in which phosphory-
lated Statl was detected. N-terminal mutants of Statl, pre-
viously shown to remain phosphorylated for a longer time than
wild-type Statl, were able to enter the nucleus and were not
inactivated in the presence of staurosporine, directly demon-
strating that these mutations affect phosphatase access
and/or activity during the normal dephosphorylation of Stat1.
In the presence of sodium vanadate, a phosphatase inhibitor,
phosphorylated Statl accumulated in the nucleus as the total
amount of Statl in the cytoplasm declined to low levels. We
conclude that the nucleus is the site of Statl inactivation and
that dephosphorylation is required for the rapid nuclear
export of Statl.

A wide variety of cytokines and growth factors activate intra-
cellular signaling events involving Janus kinases (JAKs) and
signal transducers and activators of transcription (STATS).
Ligand activation of JAKs leads to phosphorylation of the
receptor chains to which the STATS bind. In turn the STATSs
become phosphorylated on tyrosine, dimerize, translocate to
the nucleus, and activate transcription (reviewed in refs. 1-6).
Cessation of signaling from the cell surface probably involves
at least two events. Evidence shows that receptor inactivation
requires some proteolytic event, perhaps internalization and
turnover at least of the ligand (reviewed in refs. 7 and 8). In
addition, proteins (variously termed SOCS, SSI, or JAB) are
induced by cytokine action. These proteins bind to the JAKs
or receptors and inhibit further activity (9-12). Because
signaling to the nucleus by cytokines typically lasts only
minutes to a few hours, activated STAT molecules also must be
removed (13-15). Aberrant activation of JAKs or STATS is
associated with abnormal development and cellular transfor-
mation, demonstrating the importance of understanding the
cessation of cytokine signaling (16, 17).

We previously have demonstrated that upon IFN-y treat-
ment, Statl undergoes an activation-inactivation cycle (18).
The Statl is phosphorylated in the cytoplasm, translocates to
the nucleus, and then returns quantitatively to the cytoplasm
in a dephosphorylated state, clearly implying that inactivation
of Statl requires dephosphorylation. Other groups have
reached similar conclusions about other STAT molecules
(19-21). However, the intracellular compartment in which
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dephosphorylation occurs remains unknown. By analyzing the
flow of Statl from cytoplasm to nucleus upon receptor-JAK
inactivation and the effect of phosphatase inhibition on Statl
subcellular localization, we provide evidence that a nuclear
tyrosine phosphatase plays a major role in Statl inactivation
and nuclear export.

MATERIALS AND METHODS

Cell Culture, Antibodies, and Inhibitors. Bud-8 euploid
human fibroblasts (American Type Culture Collection) were
grown in DMEM supplemented with 10% FCS and nonessen-
tial amino acids (complete medium). U3A cells and derivatives
were grown in DMEM supplemented with 10% cosmic calf
serum (HyClone). U3A cells complemented with murine
wild-type Statl (p91) and murine Stat1 lacking the first 154 aa
(A154) were obtained from Robert Schreiber, Washington
University (22). U3A cells complemented with human p91 and
p84 have been described (23). A U3A line containing Statl
with an arginine to alanine mutation at amino acid 31 (U3R)
was obtained from Ke Shuai, University of California, Los
Angeles (24). Human IFN-y (a gift from Amgen Biologicals)
was used at 5 ng/ml. A mAb to the C terminus of Statl was
purchased from Santa Cruz Biotechnology. Staurosporine
(Sigma) was dissolved in DMS0 and used at a final concen-
tration of 500 nM.

Cell Extracts, Inmunoprecipitations, and SDS/PAGE. Cy-
toplasmic and nuclear extracts were prepared as described (18,
23). Cells first were lysed at 4°C by gently pipetting after 5 min
in hypotonic buffer (20 mM Hepes, pH 7.9/10 mM KCl1/0.1
mM Naz;VO,;/1 mM EDTA/10% glycerol/0.5 mM PMSF/1
pg/ml aprotinin/1 pg/ml pepstatin/1 pg/ml leupeptin/1 mM
DTT) with 0.2% NP-40. After centrifugation at 4°C (13,000
rpm in microfuge) for 10 sec, supernatants were collected as
cytoplasmic extracts. Nuclear extracts were prepared by resus-
pension of the crude nuclei in high-salt buffer (hypotonic
buffer with 20% glycerol and 420 mM NacCl) at 4°C for 30 min,
and the supernatants were collected after centrifugation at 4°C
(13,000 rpm) for 5 min. Whole-cell extracts were prepared as
described (18, 23).

Immunoprecipitations were carried out by adding 3 ug of
anti-Stat]l C-terminal mAb to each extract and incubating for
1-2 hr at 4°C followed by incubation at 4°C with protein
G-Sepharose for 2 hr. Samples then were washed three times
with whole-cell extract buffer and then twice with PBS fol-
lowed by resuspension in 2X Laemmli running buffer. Samples
then were heated at 80°C for 4 min and subjected to SDS/
PAGE on a 6% gel.

Electrophoretic Mobility Shift Assay (EMSA). Cytoplasmic,
nuclear, and whole-cell extracts (see above) were used for
EMSA. EMSA was carried out on 4% 29:1 acrylamide-

Abbreviations: JAK, Janus kinase; STATS, signal transducers and
activators of transcription; EMSA, electrophoretic mobility shift assay.
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bisacrylamide gels as described (18, 25) by using M67 SIE (26)
oligonucleotide as probe.

Pulse—Chase Experiments. Bud-8 fibroblasts were cultured
in methionine-free DMEM containing 1% fetal bovine serum
and nonessential amino acids. 3S-labeled methionine (1,175
Ci/mmol; NEN) was added at 100 uCI/ml to each 10-cM plate
for 2.5 hr. Label then was removed, and fresh medium was
added. After IFN-vy treatment for the indicated times, nuclear
and cytoplasmic extracts were prepared and immunoprecipi-
tation and SDS/PAGE was carried out as described above.
Gels then were soaked in fixative (25% isopropanol, 10%
acetic acid) for 35 min followed by soaking in Amplify (Am-
ersham Pharmacia) for 45 min. Gels were dried at 80°C for 1
hr and then exposed to film.

Quantitation Using the PhosphorImager. The intensities of
radioactive bands in dried gels were quantitated by using a
PhosphorImager (Molecular Dynamics). For 3>S-labeling ex-
periments, the band of interest in each lane was boxed and
quantitated, and an identical area above each band of interest
was boxed as background and subtracted. Data were expressed
as a percent of the baseline (the value in the no treatment lane
of the cytoplasmic extracts). For EMSAs, the value in the no
treatment lane was subtracted from all of the other values and
data were expressed as a percent of the value indicated.

RESULTS

The Flow of Activated Statl Upon Receptor-JAK Inactiva-
tion Is From Cytoplasm to Nucleus. We first compared, by
using a DNA binding assay, the time course of activation and
inactivation of Statl separately in the cytoplasm and nucleus
of IFN-vy-treated Bud-8 cells (Fig. 1). [We previously have
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FiG.1. The decay in Statl DNA binding in cytoplasmic and nuclear
extracts during an IFN-y time course. (4 and B) EMSA analysis with
an M67 probe. Cytoplasmic (4) and nuclear (B) extracts were
prepared from Bud-8 normal human fibroblasts treated with IFN-v for
the indicated times. (C) Plot of the PhosphorImager analysis of Statl
DNA binding complexes at various times after IFN-y treatment.
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shown that DNA binding correlates with tyrosine-phosphory-
lated Statl (18).] As receptor signaling ceases, the concentra-
tion of activated Statl molecules should be highest in the
compartment where dephosphorylation occurs.

The Statl DNA binding in the nucleus gradually decayed
over the 4-hr time course. The binding activity in the cytoplasm
was always lower than that in the nucleus (Fig. 1C), a result
compatible with cytoplasmic activation, translocation to, and
inactivation in the nucleus.

Flow of Activated Statl Upon Staurosporine Addition.
Because inactivation of the receptor-JAK complex is gradual
(18), we examined nuclear and cytoplasmic Stat] DNA binding
activity when staurosporine was used to abruptly block further
kinase activity after 30 min of IFN treatment (18, 27, 28) (Fig.
2). The pattern of decay of nuclear Statl DNA binding activity
closely resembled that shown previously (18). After 15 min of
staurosporine treatment, the amount of nuclear DNA binding
was still maximal, and only after an additional 15 min was there
a detectable drop. In contrast, the DNA binding activity in the
cytoplasm declined more than 50% within the first 15 min of
staurosporine treatment and was only 10% of maximum after
30 min (Fig. 2C). (This result has been obtained in several
separate experiments.) Without replenishment from the re-
ceptor, continued nuclear import of activated Statl apparently
caused a reduction in cytoplasmic phosphorylated Statl, lead-
ing to a large decrease in cytoplasmic DNA binding in the first
15 min. The nuclear DNA binding activity at first was main-
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F1G.2. The decay in Statl DNA binding in cytoplasmic and nuclear
extracts upon staurosporine addition. (4 and B) EMSA analysis with
an M67 probe. Cytoplasmic (4) and nuclear (B) extracts were
prepared from Bud-8 normal human fibroblasts treated with IFN-v for
30 min followed by staurosporine (500 nM) for the indicated times. (C)
Plot of the PhosphorImager analysis of Stat] DNA binding complexes
at various times after IFN-vy plus staurosporine treatment.
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tained because of the continued translocation of Statl, and
only after another 15 min was the loss of nuclear DNA binding
activity through dephosphorylation detected. These experi-
ments are most compatible with the nucleus as the site of Statl
inactivation.

The Effect of Staurosporine Treatment on Inactivation-
Defective Statl Mutants. Because staurosporine is a powerful
kinase inhibitor with pleiotropic effects on cells (29, 30) we
wanted to explore whether activation of a nonspecific phos-
phatase or protease might account for the rapid inactivation of
Statl. Cell lines in which N-terminal mutations in Stat1 lead to
an IFN-y-dependent, long-lasting, tyrosine-phosphorylated
state (24) were used to test the possibility that staurosporine
might lead to nonspecific removal of STAT proteins.

Various Statl expression constructs were introduced into
U3A cells that contain no endogenous Statl, and cell lines
were selected that expressed the different Statl proteins. The
constructs used in these experiments included both murine and
human full-length Statl (p91), the naturally occurring splice
variant, Stat1p, lacking the last 38 aa (p84), a deletion mutant
lacking the first 154 aa (A154), and an arginine to alanine
mutant at amino acid 31 (U3R) (22-24). Because several
reports have questioned nuclear entry by N-terminal Stat
mutant proteins, we tested the A154 deletion and showed by
cell fractionation that it enters the nucleus approximately as
well as wild-type protein (Fig. 3D). The activation-inactivation
cycle of Statl in several of these cell lines then was tested (Fig.
3). The mouse wild-type protein behaved similarly to human
wild-type Statl (p91), rising to a maximum at 30 min and
declining by 4 hr (data not shown). Removal of or mutations
within the N terminus of Statl, however, led to a prolonged
time course of STAT inactivation. Both the U3R mutant,
which previously had been shown to exhibit prolonged activa-
tion (24), and the A154 mutant had DNA binding activity that
peaked at approximately 120 min and remained high through
240 min.

Wild-type Statl and the N-terminal mutant proteins also
differed in their inactivation after staurosporine treatment
(Fig. 4). The DNA binding activity of Statla and B8 (p91 and
p84) in whole-cell extracts declined more than 50% in 10 min
and to almost zero after only 30 min of treatment with
staurosporine. The activity of the N-terminal mutants, how-
ever, remained at approximately 80% of the maximal level
after 30 min of staurosporine treatment. These results indicate
that the rapid decline in wild-type Statl DNA binding activity
upon staurosporine treatment is not caused by nonspecific
removal but most likely reveals the actual time course of
inactivation of phosphorylated wild-type Statl molecules.

Vanadate Prolongs Statl DNA Binding Activity in the
Nucleus As It Decreases in the Cytoplasm. We next tested
whether phosphatase inhibition might lead to a decrease of
cytoplasmic-activated Statl with accumulation in the nucleus,
the putative compartment of inactivation. The first experi-
ments used only EMSA determinations. In the presence of
vanadate, Statl DNA binding activity decreased greatly in the
cytoplasm whereas DNA binding activity in the nucleus re-
mained high (Fig. 5). With cytoplasmic activity decreasing to
such a low level, maintenance of this high level of nuclear DNA
binding activity in the absence of further IFN-vy-stimulated
phosphorylation strongly suggests that phosphorylated mole-
cules are not able to exit the nucleus.

To better quantitate this effect during the activation-
inactivation cycle, we used [*S]methionine labeling of Statl.
The results of one experiment are shown in Fig. 6 4 (cyto-
plasmic) and B (nuclear). (Fig. 6 4 and B are equal exposures
but A represents only a quarter of the total cytoplasmic extract.
Quantitation of two experiments is shown in C and D.) Before
treatment, most of the Stat1 was in the cytoplasm. Upon IFN-y
addition, there was a decrease of total Statl in the cytoplasm
as the Statl was tyrosine-phosphorylated (slower migration)
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FiG. 3. The IFN-vy time course in U3A cells complemented with
wild-type and N-terminal mutants of Statl. (4) EMSA analysis with
an M67 probe. Whole-cell extracts were prepared from U3A cells
complemented with wild-type human Statl (p91) treated with IFN-y
for the indicated times. (B) Same as A except U3A cells complemented
with Statl containing a mutation in arginine 31 to alanine (U3R). (C)
Plot of the PhosphorImager analysis of Stat] DNA binding complexes
in U3A cells complemented with different Statl constructs (p91, p84,
U3R, and A154) at various times after IFN-y treatment. The results
shown are the average of two experiments with error bars representing
the SEM. (D) EMSA analysis with an M67 probe. Cytoplasmic (C) and
nuclear (N) extracts were prepared from U3A cells complemented
with wild-type human Stat1 (p91) or with Stat1 lacking the first 154 aa
(A154) and treated with IFN-vy for the indicated times.

and transported to the nucleus (left half of Fig. 6 4 and B). At
the end of the 4-hr cycle, the Statl had left the nucleus and the
amount of Statl in the cytoplasm returned to close to initial
levels (between 80% and 90%). The results were quite differ-
ent when the cells also were treated with vanadate (right half
of Fig. 6 A and B). The initial decrease of Statl in the
cytoplasm still occurred at 30 min with a concomitant increase
in the nucleus. At later time points, however, the amount of
Statl in the nucleus rose to approximately 40% of the total
labeled Statl in the cell whereas the amount of Statl in the
cytoplasm decreased to about 15%.

As with our previous experiments, the total 33S recovery was
lower when the maximal nuclear-phosphorylated Statl had
been reached (18). It is possible therefore that the nuclear
phosphoprotein may not be quantitatively extracted. If this
were true then even more phosphorylated Statl molecules
could be present in the nucleus upon vanadate treatment. The
results of these experiments argue strongly that the nucleus is
the normal site of Stat1 dephosphorylation, and in the absence



Cell Biology: Haspel and Darnell

A Staurosporine
. added after 30 minutes

0 30 |40 60 90

L

B a Staurosporine
added after 30 minutes

0 30 |60 90'
L L

IFN y (min)

IFN v (min)

C.

100 -4

%of30 75 _|

Time Point
50 4

Time(min)

FiG. 4. Effect of staurosporine treatment on U3A cells comple-
mented with wild-type and N-terminal mutants of Statl. (4) EMSA
analysis with an M67 probe. Whole-cell extracts were prepared from
U3A cells complemented with wild-type human Statl (p91) treated
with IFN-vy for 30 min followed by staurosporine (500 nM) for the
indicated times. (B) Same as A except U3A cells complemented with
Statl containing a mutation in arginine 31 to alanine (U3R). (C) Plot
of the PhosphorImager analysis of Statl DNA binding complexes in
U3A cells complemented with different Statl constructs (p91, p84,
U3R, and A154) at various times after IFN-y and staurosporine
treatment. The results shown are the average of two experiments with
error bars representing the SEM.

of dephosphorylation the activated Statl molecules are
trapped in the nucleus.

DISCUSSION

The major conclusion of the present work is that the STAT
activation-inactivation cycle requires a nuclear dephosphory-
lation event. We showed earlier and repeated it here that in
response to IFN-y Statl becomes tyrosine-phosphorylated,
enters the nucleus as a dimer, and after a brief period returns
quantitatively (within the limits of measurement) to the cyto-
plasm as a nonphosphorylated molecule (Fig. 6 and ref. 18).
The present experiments using staurosporine to stop further
receptor-kinase signaling (Fig. 2) followed by assaying acti-
vated Statl in nuclear and cytoplasmic extracts add consider-
able weight to the earlier conclusions. Furthermore the con-
clusions about the time course of entry into the nucleus
(complete in ~15 min) and the short half-life of the nuclear
signal (<20 min) were buttressed by the present time-course
experiments (Figs. 1 and 2). Finally, the use of staurosporine
was validated because N-terminal-truncated STATS, which are
normally slowly dephosphorylated, are not artifactually de-
phosphorylated in staurosporine-treated cells.

Through the use of vanadate to inhibit phosphatase action
and [*¥S]methionine labeling to quantitate Stat1, we found that
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F1G. 5. The effect of vanadate on Statl DNA binding in cytoplas-
mic and nuclear extracts. (4 and B) EMSA analysis with an M67 probe.
Cytoplasmic (4) and nuclear (B) extracts were prepared from Bud-8
normal human fibroblasts treated with IFN-y plus vanadate for the
indicated times. (C) Plot of the PhosphorImager analysis of Stat] DNA
binding complexes at various times after IFN-vy plus vanadate treat-
ment.

avery large fraction (>40%) of the total labeled Statl remains
trapped in the nucleus for hours when phosphatase action is
blocked. As mentioned in the text, it appears that the recovery
from the nucleus of activated Statl is incomplete. Thus
probably well over half of the total Statl in the cell and all of
the activated Statl is trapped in the nucleus in the vanadate-
treated cells. The simplest explanation for these results is that
normally the STAT dimer encounters a nuclear tyrosine
phosphatase, becomes dephosphorylated, and is exported to
efficiently continue the activation-inactivation cycle. We can-
not, of course, rule out a coupled export-dephosphorylation
event that could position the putative phosphatase outside the
nucleus or that vanadate acts to block dephosphorylation and
nuclear export through different processes.

These considerations generally highlight our ignorance
about the nuclear-cytoplasmic transport systems and their
interactions with the STAT molecules. Three facts seem
established: (i) nuclear import of tyrosine-phosphorylated-
STAT occurs, (if) nuclear export of some form of STAT (likely
dephosphorylated monomer) occurs to replenish the cyto-
plasm with nonphosphorylated Statl monomers, and (iii)
interference with the amino terminus of Statl has an unex-
plained impact on dephosphorylation and possibly on the
import-export balance of the STATS, if dephosphorylation is
related to transport. The original experiments of Shuai and
colleagues (24) leading to the third conclusion showed that an
N-truncated Statl molecule (lacking 61 aa) and an N-terminal
point mutation (R31A in U3R cells) resulted in long-lasting
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F1G. 6. The effect of vanadate on the Statl activation-inactivation
cycle analyzed by 3°S labeling. (4) 3°S labeling followed by immuno-
precipitation with an anti-Statl mAb. Bud-8 fibroblasts were labeled
with 35S for 2.5 hr as described in Materials and Methods. Label was
removed, cells were washed in normal medium, and IFN-y or IFN-y
plus vanadate was added. At the indicated time points, cytoplasmic and
nuclear extracts were prepared. The cytoplasmic extracts then were
subjected to SDS/PAGE and autoradiography. (B) Same as A except
SDS/PAGE and autoradiography of nuclear extracts. (C) Plot of the
Phosphorlmager analysis of the Statl bands (both phosphorylated and
unphosphorylated) in cytoplasmic extracts averaged from two sepa-
rate experiments. Data are expressed as percent of baseline (the value
in the no treatment lane of the cytoplasmic extracts). Error bars
represent the SEM. (D) Plot of the PhosphorImager analysis of the
Statl bands (both phosphorylated and unphosphorylated) in nuclear
extracts averaged from two separate experiments. Data are expressed
as percent of baseline (the value in the no treatment lane of the
cytoplasmic extracts). Error bars represent the SEM.
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activation of Stat1 and long-lasting physiological effects (based
presumably on transcriptional activity).

The mechanism for interaction of the STATs with the
nuclear transport machinery has not yielded to straightforward
attempts to locate STAT residues required for translocation.
Several groups have described results that bear on import of
STATSs. In immunoprecipitation studies, tyrosine-phosphory-
lated Statl has been shown to interact with NPI-1, a compo-
nent of the nuclear import machinery (31). Injection of
anti-NPI-1 antibody into HeLa cells prevents Statl nuclear
localization but the region of Statl required has not been
located. Amino terminal swaps between STATSs lowered the
apparent entry in the nucleus, judged by immunofluorescence
(32). The authors noted that by using traditional techniques of
cell fractionation Statl mutants were still detectable in the
nucleus, and it appears from the results reported here (Fig. 3)
that import of Statl without its N terminus can occur in the
absence of wild-type Statl.

It seems possible that the regulated nuclear export of STATSs
control to some extent their cellular distribution. For example,
a blockade of nuclear export is required for the accumulation
of M phase promoting factor in the nucleus (33). Without this
blockade, export is faster than import, and the majority of the
molecules are detected in the cytoplasm. A similar phenom-
enon is observed with the proteins mitogen-activated protein
kinase kinase and MAPKAP kinase 2 (34, 35). Our studies are
compatible with rapid export of Statl monomers compared
with dimers. This possibility, as well as a possible increase in
nuclear import of Statl upon activation, could result in effi-
cient nuclear accumulation of phosphorylated Stat1.

Tight coupling of export and dephosphorylation also may
allow efficient inactivation of Statl. As noted above, N-
terminal mutants do not appear to accumulate in the nucleus
as detected by immunofluorescence even though they are
phosphorylated and appear to enter the nucleus by using other
cell fractionation techniques (ref. 32 and Fig. 3). Recent work
illustrates that a protein may be entering the nucleus but
cannot be detected by immunofluorescence if export is more
rapid than import (33-35). It is possible, therefore, that the N
terminus plays a role in Statl nuclear export and perhaps
mutations in the N terminus uncouple the normally tight
association between Statl dephosphorylation and export;
Statl N-terminal mutants may be able to be exported without
first being dephosphorylated. Tight coupling between export
and dephosphorylation may be required for efficient inactiva-
tion of Statl.
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