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STAT3 nuclear import is independent of tyrosine
phosphorylation and mediated by importin-a3
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Signal transducer and activator of transcription (STAT)3 is a mem-
ber of a family of DNA-binding factors that function to induce
expression of responsive genes. STAT3 can act as an oncogene, and
its function has been shown to be critical for cellular transforma-
tion by a number of oncogenic tyrosine kinases. The role of STAT3
as a DNA-binding transcription factor naturally depends on its
ability to gain entrance to the nucleus. In this study, we provide
evidence that STAT3 is distinct from previously characterized STAT
molecules in that it dynamically shuttles between cytoplasmic and
nuclear compartments and maintains prominent nuclear presence.
Although tyrosine phosphorylation is required for STAT3 to bind to
specific DNA target sites, nuclear import takes place constitutively
and independently of tyrosine phosphorylation. We identify a
region within the coiled-coil domain of the STAT3 molecule that is
necessary for nuclear import and demonstrate that this region is
critical for its recognition by specific import carrier importin-a3.
RNA interference studies were used to verify the role and speci-
ficity of importin-a3 in STAT3 nuclear translocation. These results
distinguish STAT3 cellular localization from other STAT molecules
and identify a feature that may be targeted in the clinical inter-
vention of STAT3-dependent neoplasia.

nuclear translocation | signal transduction | transcription factor

P roper cellular localization is critical for the effective function of
most signaling molecules, and nuclear translocation is central to
the function of transcription factors. Signal transducers and acti-
vators of transcription (STATSs) comprise a family of transcription
factors that play critical roles in immunity, development, and
proliferation (1-4). STATS can be activated by tyrosine phosphor-
ylation after cytokine binding or growth factor binding to cell
surface receptors or by intracellular oncogenic tyrosine kinases.
The mammalian STAT family includes seven members that share
a similar structural arrangement of functional domains, including
an amino-terminal coiled-coil domain, a central DNA-binding
domain, a Src homology 2 (SH2) domain, and a carboxyl transac-
tivation domain. Phosphorylation of a conserved tyrosine down-
stream of the SH2 domain leads to dimerization of two STAT
molecules by reciprocal SH2—-phosphotyrosine interactions. This
dimerization alters the conformation of the STAT proteins to allow
them to recognize target DNA and induce gene expression.

Because protein synthesis occurs in the cytoplasm, transcription
factors must transit nuclear pore complexes (NPC) in the nuclear
membrane to enter the nucleus (5, 6). Proteins larger than ~50 kDa
require specific signaling motifs to move into or out of the nucleus
that are recognized by soluble carriers known as karyopherins or
importins/exportins (7, 8). Most nuclear localization signals (NLSs)
identified thus far are recognized directly by a family of mammalian
importin-« carriers (9). The importin-a proteins associate with
importin-B1 which mediates transit of the complex through the
NPC. Export of proteins from the nucleus to the cytoplasm is
similarly regulated by signal sequences known as nuclear export
signals (NESs). NESs that are rich in leucine or hydrophobic
residues are recognized by a common exportin carrier known as
CRM1 that mediates exit through the NPC (10).

Our understanding of STAT nuclear trafficking is mostly derived
from studies of STAT1 activated in response to interferons (11-14).
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The nuclear accumulation of STAT1 depends on tyrosine phos-
phorylation and subsequent dimer conformation, which is recog-
nized by a specific import carrier, importin-a5. Much attention has
focused on another STAT family member, STAT3, because accu-
mulating evidence demonstrates its role as a potential oncogene
(15-17). A gain-of-function mutation in STAT3 transforms cells
(18), constitutive STAT3 activation is associated with several hu-
man tumors, and STAT3 function is essential for transformation by
several oncogenic tyrosine kinases (17, 19). Furthermore, it was
recently reported that unphosphorylated STAT3 may play a role in
oncogenesis (20). Consequently, understanding nuclear trafficking
of STAT3 may provide a means by which to intervene its trans-
forming activity in cancer development. In this report, we provide
evidence that, in contrast to STAT1, STAT3 has prominent nuclear
presence before and after tyrosine phosphorylation. In addition, we
identify a distinct region of STAT3 critical for its nuclear import and
necessary for its recognition by specific importin-o carriers.

Materials and Methods

Cell Culture and Reagents. HeLLa, COS1, NIH-3T3, Hep3B, and
HUVEC cells were cultured according to American Type Culture
Collection guidelines or as described in ref. 21. Recombinant
murine or human IL-6 (BioSource International, Camarillo, CA),
IL-6 soluble receptor (R & D Systems) and human EGF (Sigma)
were used at 10 ng/ml. Leptomycin B (LMB) was a gift from
Barbara Wolff-Winiski (Novartis Research Institute, Vienna, Aus-
tria) and was used at 10 nM. DNA transfections were performed
with FuGENE 6 (Roche). Anti-GFP (Roche), anti-phosphoty-
rosine STAT3 (B7, Santa Cruz Biotechnology), anti-STAT3 (F2,
H190, K15 and C20; Santa Cruz Biotechnology and Cell Signaling
Technology, Beverly, MA) were used at a 1:1,000 dilution for
Western Blots and 1:200 for immunofluorescence.

Plasmid Construction and Recombinant Protein Purification. cDNA
encoding murine STAT3 and mutants were generated by PCR and
cloned into the pEGFP-N1 vector to generate GFP fusions. STAT3
was cloned into vector pEF1/V5-His to generate V5 epitope-
tagged fusion and pFastBacHTb (Invitrogen) for baculoviral ex-
pression in Sf9 insect cells. Oligonucleotides encoding simian virus
40 NLS and STAT1 NES were cloned into the STAT3-GFP
plasmid to generate STAT3-NLS-GFP and STAT3-NES-GFP
fusions (14). Plasmids encoding importins are described in ref. 22
and were a kind gift from Matthias Koéhler (The Franz-Volhard
Clinic, Berlin). Importin-B1 binding (IBB) domain-deleted impor-
tin-as and fragments of importin-a3 were generated by PCR and
cloned into vector pPGEX-KG for bacterial expression. Recombi-
nant proteins tagged with GST were purified by standard binding
to glutathione agarose beads (Sigma).

Abbreviations: STAT, signal transducer and activator of transcription; SH2, Srchomology 2;
NLS, nuclear localization signal; NES, nuclear export signal; siRNA, short interfering RNA;
RNAI, RNA interference; IBB, importin-B1 binding; LMB, leptomycin B.
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Fluorescence Microscopy. Cells were seeded on glass coverslips for
24 h and serum-starved for 18-24 h before treatment and fixation
in 4% paraformaldehyde for 15 min at 4°C. Cells were permeabil-
ized in 0.2% Triton X-100 for 5 min and blocked with 10% goat
serum. STAT3 was detected with anti-STAT3 (Cell Signaling
Technology) or anti-V5 (Invitrogen) antibody and rhodamine-
conjugated secondary antibody. Images were captured with a Zeiss
Axioskop fluorescence microscope and presented with PHOTOSHOP
(Adobe Systems, San Jose, CA).

Heterokaryon Assay. HeLa cells were seeded on coverslips and
transfected with the STAT3-NLS-GFP construct. Murine NIH-
3T3 cells were plated onto the HeLa cultures for 3 h in the presence
of 50 wg/ml cycloheximide, washed with saline, and fused with
Sigma HybriMax for 2 min. Fused cultures were placed in medium
with 100 pg/ml cycloheximide for 2 h and processed for fluores-
cence microscopy. Nuclei of the two cell types were distinguished
by staining with 20 ng/ml Hoechst 33258 (Sigma).

Importin-a Protein Binding Assay. Purified recombinant GST-
importin-a(AIBB) protein or GST protein (25 ug each) was used
in each binding reaction. Mammalian cell lysates containing STAT3
were prepared by combining cytosol from a hypotonic lysis with a
high-salt extraction of nuclei (23). Cellular protein (500 ug) was
incubated with importin-o proteins immobilized on GST beads,
washed, and eluted. Binding reactions with STAT3 expressed in
insect cells was performed similarly.

RNA Interference (RNAi). iGENOME SMARTDpool short interfer-
ing RNA (siRNA) duplexes specific for human importin-al, -a3,
and -a5 were prepared (Dharmacon Research, Layfayette, CO)
and transfected with Lipofectamine 2000 (Invitrogen). Forty-eight
hours after siRNA transfection, cells were transfected with STAT3-
RY-GFP and processed 14-16 h later. For statistical analyses,
>1,000 STAT3-RY-GFP-expressing cells were counted per
sample.

Real-Time Quantitative RT-PCR. RNA extraction was performed
with TRIzol (Invitrogen) and cDNA was synthesized with Su-
perScript II reverse transcriptase (Invitrogen). Real-time PCRs
were performed by using the following primers at their optimal
condition as described for the LightCycler-FastStart DNA Mas-
ter SYBR Green I kit (Roche Molecular Biochemicals): impor-
tin-al, forward 5'-CGCAGAATAGAGGTCAATGTG and re-
verse 5'-CGGAGAAGTAGCATCATCAGG; importin-a3,
forward 5'-ATGCTTCAAGTGATAACCAGGG and reverse
5'-CAAGACAATGGACTAAAATGG; importin-a5, forward
5'-TCGCCTGAAAAGTTACAAGAA and reverse 5'-
AGAAGTGATGACACCACCTGG; and B-actin, forward 5'-
GAGCTACGAGCTGCCTGACG and reverse 5'-GTAGTT-
TCGTGGATGCCACAG.

Results

STAT3 Predominates in the Nucleus Independent of Tyrosine Phos-
phorylation. The cellular distribution of endogenous STAT3 was
evaluated in cells of different origins either in the absence or
presence of activating stimuli. Unexpectedly, unphosphorylated
STAT3 was found to reside prominently in the nucleus of primary
cells or immortalized cells, even after serum deprivation. The
nuclear localization was similar to that after tyrosine phosphory-
lation of STAT3 by treatment with IL-6 (Fig. 14) or EGF (Fig. 1B).
A variety of cell types and species were tested and showed similar
STAT3 nuclear presence when evaluated with various sources of
antibodies that specifically detected endogenous STAT3 by immu-
nofluorescence (Fig. 7, which is published as supporting informa-
tion on the PNAS web site). To verify the constitutive nuclear
presence of STAT3, we generated a V5-epitope-tagged STAT3 and
a STAT3-GFP fusion for detection by immunofluorescence or
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Fig. 1. Constitutive nuclear presence of STAT3 in various cell lines. Images
represent >95% of the cell population. (A) Immunofluorescence of endoge-
nous STAT3 in human umbilical cord vein endothelial cells (HUVEC), Hela,
NIH-3T3 and Hep3B cells that were serum-starved (—IL6) or treated with IL-6
for 30 min (+1L6). Cells were stained with polyclonal anti-STAT3 (Cell Signaling
Technology) followed by rhodamine-conjugated secondary antibodies. (B)
Immunofluorescence of endogenous STAT3 in COS1 cells serum-starved
(—EGF) or treated with EGF for 30 min (+EGF) and stained as in A. (C) Cells
expressing V5-STAT3 were stained with monoclonal anti-V5 antibody fol-
lowed by rhodamine-conjugated secondary antibodies. Cells expressing
STAT3-GFP were processed for direct fluorescence microscopy.

direct fluorescence. These STAT3 proteins were expressed in HeLa
cells and were also found to accumulate in the nucleus similar to
endogenous STAT3 (Fig. 1C). To eliminate the possibility that
nuclear presence of STAT3 was due to elevated tyrosine phosphor-
ylation, the phosphorylation state of STAT3 was evaluated. Cells
were untransfected or transfected with STAT3-GFP and either
serum deprived or stimulated with IL-6. Western blot analysis with
specific STAT3 phosphotyrosine antibodies detected phosphory-
lation only after IL-6, indicating that the STAT3 constitutive
nuclear presence was independent of tyrosine phosphorylation
(Fig. 24). In addition to microscopy, cellular fractionation analyses
were used to demonstrate the nuclear presence of endogenous
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Fig. 2. STAT3 nuclear translocation occurs independently of tyrosine phos-
phorylation. (A) Hela cells (lanes 1 and 2) and Hela cells transfected with
STAT3-GFP (lanes 3 and 4) were untreated (—) or treated (+) with human IL-6
for 30 min. Whole-cell lysates were subjected to SDS/PAGE and Western blot
with specific anti-STAT3 phosphotyrosine antibody (Left) or anti-STAT3 anti-
body (Right). (B) Hela cells were transfected with wild-type STAT3-GFP or
STAT3-RY-GFP, and localization of the proteins was examined by fluorescence
microscopy. More than 95% of the transfected cells exhibited localization of
the STAT3-GFP fusion as shown in the images.
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Fig. 3. Nuclear—cytoplasmic shuttling of STAT3. (A) HelLa cells expressing
STAT3-NLS-GFP were fused with NIH-3T3 cells. (a) Localization of the STAT3-
NLS-GFP in heterokaryons was examined by fluorescent microscopy. (b) Nuclei
were distinguished with Hoechst stain. NIH-3T3 nucleus within a heterokaryon
containing STAT3-NLS-GFP is noted with a characteristic punctate staining
(arrow). (B) Hela cells transfected with STAT3-NES-GFP were untreated (a) or
treated (b) with 10 nM LMB for 15 min. Localization of the GFP fusion was
examined by fluorescent microscopy. STAT3-NES-GFP accumulated in 100%
of transfected cells in response to LMB treatment. (C) Hela cells transfected
with STAT3-GFP (lanes 1 and 2), STAT3-NES-GFP (lanes 3 and 4), or STAT3-
NLS-GFP (lanes 5 and 6) were untreated (—) or treated (+) with human IL-6 for
30 min. Cell lysates were subjected to SDS/PAGE and Western blot with specific
anti-STAT3 phosphotyrosine (Upper) and anti-STAT3 (Lower) antibodies.

unphosphorylated STAT3 (Fig. 8, which is published as supporting
information on the PNAS web site).

To confirm the premise that tyrosine phosphorylation is not
required for STAT3 nuclear translocation and to eliminate possible
dimerization with endogenous STATs, we generated a STAT3
double mutation to eliminate reciprocal SH2-phosphotyrosine
interactions. The tyrosine that is a target of phosphorylation was
substituted with phenylalanine (Y705F), and the critical arginine
within the SH2 domain was substituted with alanine (R609A) to
create STAT3-RY-GFP. This mutant protein was expressed in
cells and found to localize in the nucleus to the same extent as
wild-type STAT3 (Fig. 2B). Because the DNA-binding region of the
STAT1 protein plays a critical role in nuclear trafficking, the
localization of characterized STAT3 DNA-binding mutants was
evaluated (14, 24). Unlike STATI, the STAT3 DNA-binding
mutants were found prominently in the nucleus (data not shown).

STAT3 Constitutively Shuttles Between Cytoplasm and Nucleus. Al-
though STAT3 is prominently nuclear, it is known to be a substrate
of Janus kinases resident in the cytoplasm of the cell. For this
reason, it seemed likely that STAT3 actively shuttled between the
cytoplasm and nucleus. To determine whether STAT3 constitu-
tively exits the nucleus, we performed a heterokaryon assay in
which human and murine cells were fused and a redistribution of
STAT3-GFP from one nucleus to the other provides evidence of
active export (25, 26). Murine nuclei can be distinguished from
human nuclei by a punctate staining pattern with Hoechst dye. The
assay was initiated with completely nuclear STAT3 by expressing
STAT3 with the NLS of the simian virus 40 T antigen (Fig. 34). This
STAT3-NLS-GFP was expressed in human HeLa cells, and these
cells were fused with murine NIH-3T3 cells. Within 2 h after cell
fusion in the presence of cycloheximide to inhibit new protein
synthesis, the STAT3-NLS-GFP was present in the murine nuclei
of heterokaryons, indicating that STAT3 was actively exported
from the HeLa nuclei and not anchored in the nucleus.

To demonstrate that STAT3 undergoes dynamic and rapid
nuclear import, we evaluated the localization of a protein contain-
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ing a CRMI1-dependent NES inserted between STAT3 and GFP
(Fig. 3B). This protein was expressed in HeLa cells and found to
accumulate in the cytoplasm because of dominant nuclear export.
However, when the cells were treated with the CRM1 inhibitor
LMB, the STAT3-NES-GFP protein accumulated in the nucleus
within minutes (Fig. 3B) (27, 28). The STAT3-NES-GFP is too
large to passively diffuse through the nuclear pore complex; there-
fore, an intrinsic NLS in STAT3 must have mediated import of the
fusion protein into the nucleus when CRM1 was inhibited.
Although STAT3-NLS-GFP was prominently nuclear and
STAT3-NES-GFP was prominently cytoplasmic, these proteins
could both be tyrosine phosphorylated within 30 min of IL-6
treatment (Fig. 3C). This observation provides additional evidence
that STATS3 actively shuttles between cytoplasm and nucleus.

Amino Acid Sequence 150-162 Is Indispensable for STAT3 Nuclear
Import. To identify a region in STAT3 critical for nuclear translo-
cation, the localization of STAT3 truncations was evaluated. Small
fragments of STAT3 were tagged with two tandem GFP molecules
to ensure that they did not passively diffuse into the nucleus (Fig.
44). STAT3 fragments encoding the amino terminus and coiled-
coil domain (amino acids 1-322 and 1-495) were found to accu-
mulate in the nucleus (Fig. 4B). However, the carboxyl portion of
STAT3, including the DNA-binding domain and SH2 domain
(amino acids 323-770), accumulated in the cytoplasm. A region
required for nuclear import therefore resided within amino acids
1-322. To further delineate the sequence necessary for nuclear
import, additional deletion mutations in this region were tested.
Proteins encoding amino acids 135-770 or 150-770 accumulated in
the nucleus similar to wild-type STAT3. Conversely, deletions of
the coiled-coil domain encoding proteins of amino acids 162-770 or
180770 resided in the cytoplasm. The cytoplasmic STAT3(162—
770) protein maintained its integrity as a substrate for Janus kinases
because it was tyrosine phosphorylated in response to IL-6 com-
parably to the STAT3 wild type or STAT3(150-770) protein (Fig.
4C). Therefore the lack of nuclear import was not due to an overall
disruption of protein structure.

Based on this study with STAT3 deletions, the sequence between
amino acids 150-162 (DVRKRQDLEQKM) appears necessary for
nuclear import. In the STAT3 crystal structure, this region is
located within the first helix of the coiled-coil domain (Fig. 4D). To
determine the effect of a specific deletion of this sequence from
otherwise full-length STAT3, we evaluated the localization of
STAT3 lacking amino acids 150-162 [STAT3(A150-163)]. The
results shown in Fig. 4D demonstrate cytoplasmic localization of
STAT3(A150-163) and thereby a deficiency in nuclear import. This
finding further indicates that the amino acid sequence 150-162 is
required for STAT3 nuclear import. In addition, the STAT3(A150—
163) protein can be tyrosine phosphorylated in response to IFN or
EGF, indicating that the deletion does not disrupt STAT3 response
to cytokine or growth factor signals (data not shown). To determine
the contribution of the basic amino acids of this sequence to nuclear
import, they were replaced in the context of full-length STATS3;
however, this substitution did not reduce STAT3 nuclear accumu-
lation (data not shown). For this reason, amino acids 150162 may
play a role in a conformational structure that is required for nuclear
import.

Accumulating evidence suggests that STAT proteins can asso-
ciate in an unphosphorylated state in a distinct conformation
relative to their tyrosine phosphorylated state (29-31). To inves-
tigate whether the defect in nuclear import of STAT3(162-770)
reflects a lack of STAT3-STAT3 association, we evaluated its
ability to bind unphosphorylated STAT3. Coimmunoprecipitation
analyses demonstrated its ability to bind full-length STAT3 equiv-
alent to STAT3 or STAT3(150-770) (Fig. 94, which is published as
supporting information on the PNAS web site). In addition, a triple
mutation in STAT3 of sequences homologous to those required for
self-association of unphosphorylated STAT1 did not effect STAT3

Liu et al.



Lo L

P

1\

=y

C-C_ DBD SH2
STAT3 I |
1 139 322 495 770

1-322 ————— GFP-GFP

1-495 —————— GFP-GFP
323-770 GFP-GFP
135-770 GFP
150-770 GFP
162-770 GFP
180-770 - _GFP
B 1-322 1-495 323-770
ﬂ
135-770 150-770 162-770 180-770
<
d e
G WT 150-770 162-770
IL6 "~ - + - + - +
- - anti-STAT3pY

— e — —1]-STAT3

WT A150-163

Fig.4. Cellularlocalization of STAT3 deletion mutations. (A) Linear diagram
of STAT3 deletion constructs. (B) Localization of STAT3 domains fused with
two tandem GFPs and STAT3 amino-terminal deletions fused with GFP. Images
are representative of >90% of the cell population. (C) HeLa cells transfected
with the STAT3-GFP, STAT3(150-770)-GFP, or STAT3(162-770)-GFP were un-
treated (—) or treated (+) with human IL-6 for 30 min. Cell lysates were
subjected to SDS/PAGE and Western blot with specific anti-STAT3 phospho-
tyrosine (Upper) and anti-STAT3 (Lower) antibodies. (D) STAT3-GFP with an
internal deletion of the amino acids 150-163 region (A150-163) is defective in
nuclear import. (Left) Position of the amino acids 150-163 region in the crystal
structure of STAT3B (Protein Data Bank ID code 1BG5) in a ribbon represen-
tation. (Center and Right) Cellular localization of the wild type (Center) and
STAT3(A150-163)-GFP mutant (Right).

nuclear import (V77,L78,F174) (31) (Fig. 9B). Together these data
indicate that unphosphorylated dimer formation is not correlated
with STAT3 nuclear translocation.

Nuclear Import of STAT3 Is Mediated by the Importin-a/B Pathway.
There are six characterized mammalian importin-a proteins that
bind to classical NLS motifs (7, 8, 32). To investigate whether any
of these importin-« proteins recognized unphosphorylated STAT3,
we performed in vitro binding assays. The importin-« proteins were
produced as GST fusions. The six mammalian importin-a proteins
have an IBB domain at their amino terminus, central Armadillo
repeats, and a less-conserved carboxyl-terminal region (33-36).
Solving the crystal structure of importin-« revealed that the IBB
domain contains an NLS-like sequence that has an autoinhibitory
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Fig. 5. STAT3 binds to importin-a3 and importin-a6. (A) GST-importin-
«(AIBB) proteins bound to glutathione agarose beads were incubated with
lysate from COS cells transfected with STAT3-RY-GFP or cells transfected with
wild-type STAT3-GFP and treated with EGF for 30 min. Interacting proteins
were analyzed by Western blot using monoclonal STAT3 antibody. (B) GST-
importin-a3(AIBB) or GST proteins bound to glutathione agarose beads were
incubated with lysates from cells expressing GFP, STAT3-RY-GFP, STAT3(150-
770)-GFP or STAT3(162-770)-GFP. Interacting proteins were analyzed by
Western blot using anti-GFP antibody. (C) GST-importin-a3AIBB (amino acids
19-521), GST-importin-a3 central Armadillo repeats (amino acids 19-315),
GST-importin-a3 carboxyl terminus (amino acids 309-521), or GST proteins
were immobilized on glutathione agarose beads and incubated with lysates
from COS1 cells expressing STAT3-RY-GFP (Upper) or from Sf9 insect cells
(Lower) expressing His-6-STAT3-RY. Bound STAT3 proteins were detected by
Western blot with anti-GFP antibody (Upper) or anti-STAT3 antibody (Lower).

effect by interacting with the Armadillo repeats (37). To eliminate
this autoinhibition, the IBB domain was deleted from the importin-
a(AIBB) proteins. Equal amounts of importin-a(AIBB) proteins
were bound to glutathione agarose beads as estimated from Coo-
massie blue staining (data not shown). As a source of unphosphor-
ylated STAT3 protein, mammalian cells were transfected with the
double mutation STAT3-RY-GFP to ensure that STAT3 was not
phosphorylated and did not form tyrosine phosphorylated dimers.
As a source of tyrosine phosphorylated protein, cells were trans-
fected with wild-type STAT3-GFP and stimulated with EGF. Cell
lysates were incubated with the GST-importin beads, bound pro-
teins were eluted, and the presence of STAT3 was detected by
Western blot. Unphosphorylated STAT3 and tyrosine-phosphory-
lated STAT3 dimers were found to interact with the same impor-
tin-a isoforms, importin-a3 and importin-a6 (Fig. 54). Because
binding was independent of phosphorylation, this result is in accord
with a constitutive NLS in STAT3.

Importin-a3 has been described to be ubiquitously expressed;
however, significant levels of importin-a6 mRNA are restricted to
testes (38, 39). Importin-a3 could therefore be the primary carrier
for STAT3 nuclear import in most cells. If the interaction of STAT3
with importin-o3 was critical for nuclear import, a deletion that
abolished nuclear import would be expected to lack this interaction.
To test this prediction we evaluated binding to the STAT3-RY
mutation, the STAT3(150-770) that accumulates in the nucleus,
and the STAT3(162-770) that is defective for nuclear translocation
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(Fig. 4). STAT3-GFP fusions expressed in cells and lysates were
incubated with GST-importin-a3(AIBB) or GST. Bound STAT3
proteins were eluted and detected by Western blot with anti-GFP
antibody. The data clearly indicated that the STAT3-RY mutation
and STAT3(150-770) bound to importin-a3. However,
STAT3(162-770), which is defective for nuclear import, did not
bind importin-a3 (Fig. 5B). Because importin-a3 is expressed
ubiquitously, it appears to be a primary mediator of STAT3 nuclear
translocation by recognition of a critical element in the coiled-coil
domain of STAT3. Because our results indicate that the amino acids
150-163 region of STAT3 is essential for nuclear import, we
evaluated the ability of this peptide to bind importin-a3. The results
indicated a weak but detectable in vitro association (Fig. 10, which
is published as supporting information on the PNAS web site).

Proteins with conventional basic NLS sequences have been
shown to interact with the shallow grooves formed by Armadillo
repeats 2-4 and 7 and 8 of the importin-a molecules (36) The
STAT1 tyrosine-phosphorylated dimer is somewhat unconven-
tional in its specific interaction with repeats 9 and 10 and the
carboxyl terminus of importin-a5 (11-13). To determine whether
the STAT3 protein binds to the central region or carboxyl region of
the importin-a3 protein, interactions were evaluated between
STAT3 and GST-importin-a3 Armadillo repeats 1-8 (amino acids
19-315) or the GST—importin-a3 carboxyl terminus (amino acids
309-521) (Fig. 5C). The source of STAT3 was either from mam-
malian cells transfected with STAT3-RY-GFP or from Sf9 insect
cells expressing His-6-STAT3-RY. Both sources of STATS3 inter-
acted with the more conventional central Armadillo repeat region
of importin-a3.

To test the hypothesis that importin-a3 is a primary carrier of
STATS3 into the nucleus, we used RNAI to inhibit the expression of
importin-o3 and evaluated the effect on the localization of STAT3-
RY-GFP. siRNA duplexes were transfected into HeLa cells spe-
cific to importin-a3 or to controls importin-al or importin-a5 to
evaluate any nonspecific effects caused by small dsSRNA transfec-
tion (40—42). The effect of RNAi on the corresponding RNA levels
was examined by quantitative real-time PCR (Fig. 64). In addition,
the effect of RNAi on importin-a3 protein expression was evalu-
ated (Fig. 11, which is published as supporting information on the
PNAS web site). After cultures were treated with siRNA, the
STAT3-RY-GFP expression plasmid was transfected and cellular
localization was evaluated. It was readily apparent that cultures
transfected with importin-a3 siRNA showed a distinct perinuclear
localization of STAT3-RY-GFP with some punctate cytoplasmic
staining (Fig. 6B a and b). In contrast, cultures transfected with
siRNA to importin-al or importin-a5 showed minimal effects on
the localization of STAT3-RY-GFP (Fig. 6C). The slight effect of
importin-al and importin-a5 siRNA may indicate that they play a
minor role in STAT3 import. More significantly, transfection of
importin-a3 siRNA had no effect on the cellular localization of
control STAT1-GFP. After stimulation with IFN-vy, STAT1-GFP
accumulated in the nucleus of all cells in the importin-a3 siRNA
treated cultures (Fig. 6B ¢ and d). These results demonstrate the
functional and specific interaction of a particular importin-a with
STATS3.

Discussion

STAT3 was first identified as a transcription factor activated by IL-6
able to mediate induction of genes involved in acute inflammatory
responses (43, 44). It is now known to be activated by a wide variety
of cytokines, growth factors, G-protein coupled receptors, as well
as oncogenic kinases such as v-Src and ber-Abl (16, 45). The fact
that STAT3 has been found to be activated in a large number of
tumors, and that it is essential for the transforming activity of
various oncoproteins has placed it on center stage of cancer biology.

Because STATT1 is the founder member of the STAT family, it
was presumed that cellular localization of STAT1 would serve as
the paradigm for all STATs. That is, tyrosine phosphorylation
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Fig.6. Effectofimportin-a3 siRNA on STAT3 nuclear accumulation. (A) Total
RNA was prepared from cells 0, 24, or 48 h after specific siRNA transfection.
Reduction of mRNAs encoding importin-a1, importin-a3 or importin-a5 pro-
teins was detected by quantitative real-time RT-PCR using specific primers.
B-actin mRNA was amplified as internal control. (B) Images of cells expressing
STAT3-RY-GFP in control cultures or after importin-a3 siRNA transfection
(imp-a3 RNAI). Images of cells expressing STAT1-GFP in control cultures
(—IFN-y) or importin-a3 siRNA transfected cells after stimulation by IFN-y
(+1FN-v). (C) Percentage of cells that exhibited aberrant STAT3-RY-GFP local-
ization for each siRNA in this experiment. Results are representative of three
independent experiments.

would be requisite for nuclear accumulation (11-13, 16, 45, 46).
This basic premise does not apply to STAT3. In this report we
demonstrate that the cellular localization of STAT3 is prominently
nuclear at all times (Figs. 1 and 2). Treatment with IL-6 at a
concentration that efficiently stimulates tyrosine phosphorylation
did not significantly alter the localization pattern of STAT3 assayed
by fluorescence microscopy (Fig. 1). Further characterization of
STAT3 demonstrated that it actively shuttles between the cyto-
plasm and nucleus, consistent with its role as a signal transducer of
cytokine stimulation. Active shuttling between nuclear and cyto-
plasmic compartments requires both nuclear import and export.
Nuclear export of STAT3 may result from both leucine-rich NES
sequences recognized by CRM1 (47), and CRM1I-independent
NES signals, because LMB was not able to completely block export
in the heterokaryon assay (data not shown). In this report we show
that nuclear import of STAT3 is mediated by a constitutively active
NLS that requires the STAT3 coiled-coil domain. By generating a
series of deletions in STAT3, we determined amino acids 150-162
in the coiled-coil domain to be indispensable for its nuclear
translocation. It was reported recently that arginine residues 214
and 215 in the coiled-coil domain were necessary for STAT3
nuclear accumulation in response to cytokine stimulation (48).
However, in our studies the RR214/215A A mutation had no effect
on STATS3 constitutive nuclear localization (data not shown).

We have demonstrated that specific importin-« carriers recog-
nize STAT3 independent of its phosphorylation state. Both impor-
tin-a3 and importin-a6 can effectively bind STAT3 produced in
mammalian cells or insect cells. The same profile of importin-as
binds unphosphorylated or tyrosine phosphorylated STAT3, in
accordance with the use of the same constitutive NLS before or
after phosphorylation. In addition, the importin-as that bind
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STAT3 are distinct from the importin-a5 that binds STATI,
supporting the distinct nature of the constitutive STAT3 NLS in
contrast to the dimerization-dependent STAT1 NLS. It has been
suggested that tyrosine phosphorylation is not a mandatory event
for nuclear translocation of STATSs (49). Our report demonstrates
unphosphorylated STAT3 interacts with importin-« carriers and
constitutively translocates to the nucleus. Although the six charac-
terized mammalian importin-« carriers share significant homology
and consist in major part of helical Armadillo repeats that bind
basic NLSs, it is becoming more evident that they have distinct
substrate specificities (33, 39). The 150-162 region of STAT3 is
critical for its NLS function and interaction with importin-a3.
Although this sequence is indispensable for nuclear translocation of
full-length STAT?3, a peptide corresponding to amino acids 150-163
has only weak in vitro binding to importin-a3, suggesting it may be
part of a structural nuclear localization motif (Fig. 10).

RNAI was also used to corroborate the function of importin-a3
in STAT3 nuclear import. Transient transfections of importin-a3
siRNA produced dramatic effects on the localization of STAT3-
RY-GFP. A considerable population of cells showed STAT3-GFP
fluorescence restricted to the rim of the nucleus with punctate
staining in the cytoplasm. The punctate staining pattern remains to
be characterized but may indicate that importin-a3 plays a more
general chaperone role for STAT3 (50). Importin-a3 siRNA had a
minimal effect on endogenous nuclear STAT3, which may reflect
the ability of importin-a6 to mediate import in spite of its low
expression level. The newly synthesized STAT3-GFP appears more
sensitive to the absence of importin-a3. Future structural informa-
tion of the STAT3-importin-a protein complex will be critical in
understanding the exact nature of the STAT3 NLS-importin-«
interaction.

The nuclear accumulation of unphosphorylated STAT3 is dis-
tinct from the primarily cytoplasmic localization of unphosphory-
lated STATI. Although there is partial sequence conservation
between these proteins in the amino acids 150—163 region, there are
distinct charge differences in the nonconserved residues (Fig. 124,
which is published as supporting information on the PNAS web
site). In addition, a comparison of the residues accessible on the
surface of the crystal structures is distinct, and this may contribute
to recognition of STAT3 by importin-a3 (Fig. 12B).
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nucleus. These findings do not oppose the role of STAT3 as a
cytokine-stimulated signal transducer because STAT3 constitu-
tively shuttles between nuclear and cytoplasmic compartments.

The localization of unphosphorylated STAT3 in the nucleus and
cytoplasm may serve to allow its rapid response to activating stimuli
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stimuli. STAT3 may be a target of tyrosine kinases in the nucleus,
and this could play a role in STAT3-dependent proliferation.
Alternatively, STAT3 may influence gene expression in an unphos-
phorylated state (20). Although unphosphorylated STAT3 cannot
bind the characterized STAT DNA target site, it may bind distinct
DNA targets in cooperation with other transcription factors. For
example, cooperative influences on gene transcription have been
described for complexes between STAT3 and c-Jun (51, 52).

Targeting nuclear transport of transcription factors has arisen as
anew strategy in recent years to develop cancer drugs (53, 54). The
prominent nuclear presence of STAT3 distinguishes it from the
other STATSs and may offer a mechanism for functional interven-
tion. Understanding the specific regulation of STAT3 nuclear
import should support approaches to interfere with its function in
aberrant proliferation while maintaining normal translocation of
other STATs and critical nuclear proteins.
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