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Reuther et al. previously isolated RasGRP4 by focus-
forming assay of NIH3T3 cells from a patient with AML.
This AML-derived RasGRP4 contained a point mutation
at codon 620 that changes glutamic acid to lysine at the
carboxyl terminus of the protein [29]. However, they
found no significant difference in the ability of the AML-
derived point mutated RasGRP4 (E620K) or wild-type
RasGRP4 (GenBankTM accession number AF448437) in
activation of Ras proteins. In our study, we found a gene
alteration that induces an amino acid substitution from
glutamic acid to lysine at 468 position of RasGRP4 in a
patient with MDS/MPD. However, we did not detect a
functional difference between RasGRP4 harboring an
E468K substitution and RasGRP4 derived from normal
volunteers in the ability to abrogate TL-3-dependency of
HF6 cells. Moreover, SNPs of this gene are not correlated
with lymphoma and leukemia (Y. Nakamura, unpublished
results). These results indicate that the sequence differ-
ence simply represents a polymorphism or a neutral
mutation and has no significant meaning in inducing
leukemia. At present, it is not clear whether the sequence
alterations in RasGRP4 gene are derived from germ line
or somatic mutations.

We found overexpression of RasGRP4 in a patient with
T-ALL but it is difficult to conclude the association of
RasGRP4 with T-ALL. We also found overexpression of
RasGRP4 in some patients with AML-M1, MDS-RAEB,
MDS-RA, and CMMoL. The current results suggest that
RasGRP4 plays important roles in leukemogenesis in some
patients. A clinical study using a large number of patients’
samples is required to fully understand the association of
RasGRP4 with leukemogenesis.

In summary, we identified RasGRP4 as a candidate gene
of class I mutations by our expression cloning strategy
based on retrovirus-mediated gene transfer [31, 32, 39].
Although we did not find significant mutations in RasGRP4
derived from patients, overexpression of RasGRP4 confers
factor independency on an IL-3 dependent cell line and
induced T cell leukemia and myeloid leukemia in a mouse
BMT model. Our results indicate possible involvement of
RasGRP4 in leukemogenesis.
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A Rac GTPase-Activating Protein, MgcRacGAP, Is a Nuclear Localizing
Signal-Containing Nuclear Chaperone in the Activation of STAT
Transcription Factors'§
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In addition to their pleiotropic functions under physiological conditions, transcription factors STAT3 and
STATS also have oncogenic activities, but how activated STATs are transported to the nucleus has not been
fully understood. Here we show thai an MgcRacGAP mutant lacking its nuclear localizing signal (NLS) blocks
nuclear translocation of p-STATs hoth in vitro and in vivo. Unlike wild-type MgcRacGAP, this mutant did not
promote complex formation of phosphorylated STATs (p-STATs) with importin « in the presence of GTP-
bound Racl, suggesting that MgcRacGAP functions as an NLS-containing nuclear chaperone. We also dem-
onstrate that mutants of STATs lacking the MgcRacGAP binding site (the strand fb) are hardly tyrosine
phosphorylated after cytokine stimuiation. Intriguingly, mutants harboring small deletions in the C’-adjacent
region (Bb-Pc loop region) of the strand Bb became constitutively active with the enhanced binding to
MgcRacGAP, The molecular basis of this phenomenon wiil be discussed, based on the computer-assisted
tertiary structure models of STAT3. Thus, MgcRacGAP functions as both a critical mediator of STATs
tyrosine phosphorylation and an NLS-containing nuclear chaperone of p-STATs.

The STAT (signal transducers and activators of transcrip-
tion) family proteins (STAT1 to -4, -5A, -5B, and -6) are
phosphorylated by cytokine stimulation, form homo- or het-
erodimers, and enter the nucleus, where they regulate expres-
sion of their target genes (6, 13). STATs have a variety of
functions, including antiapoptosis, proliferation, differentia-
tion, inflammation, and development under physiological con-
ditions, and of note, the oncogenic activities of STAT3 and
STATS5 have also been demonstrated under pathological con-
ditions (5).

A small GTPasc Racl is implicated in cytoskeletal organi-
zation, membrane ruffling, production of superoxide, phagocy-
tosis, and chemotaxis as well as regulation of the cell cycle (15,
39). Recent studies revealed its distinct roles in nuclear trans-
location of phosphorylated STATs (p-STATS) and B-catcnin
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and also its nuclear accumulation in the G, phase, promoting
cell division (17, 31, 47). MgcRacGAP is an evolutionarily
conscrved GTPasc-activating protein (GAP) for Rho [amily
GTPases. We and others previously showed that MgcRacGAP
controls the mitotic spindle through associating o-, -, and
~v-tubulin, Rho family GTPases, and a kinesin protein,
MKLP1, and plays essential roles in the completion of cytoki-
nesis, accumulating to the midbody (12, 16, 32). Very recently,
Yamada et al. reported that conditional knockout of MgcRac-
GAP results in acute apoptosis even before the failure of
cytokinesis in interleukin-7 (IL-7)-expanded B220" cells (48),
indicating that MgcRacGAP is not simply involved in cell di-
vision but also in cell survival, at least in TL-7-expanded B220™
cells.

Molecular traflicking between the nucleus and cytoplasm
occurs via nuclear pore complexes. To enter the nucleus, nu-
clear proteins larger than ~50 kDa usually harbor a functional
nuclear localization signal (NLS) or bind NLS-containing
chaperones, The best-characterized NLS is the mono- or bi-
partite polybasic NLS. Polybasic NLS-containing proteins are
usually recognized by importin «/p heterodimers, importin
docks the ternary complex to the nuclear pore, and the com-
plex migrates into the nucleus. Then, the GTP-bound form of
small GTPase Ran directly binds to importin § in the complex,
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followed by disassembly of the complex inside the nucleus (11,
29). In addition to the polybasic NLS proline, tyrosine-contain-
ing NLSs (PY-NLSs) have been reported to be a different class
of NLS; these NLSs mediate direct binding of NLS-containing
proteins to karyopherin B2 (24).

How activated STATs are transported to the nucleus has
been investigated; activated STATI and STAT3 were reported
to bind importin o5 and several importin as, respectively,
which mediated the nuclear transport of STATSs (25, 26, 30, 42,
44), Molecules other than importins and Ran also participate
in the regulation of the nuclear translocation of STATs (27).
We recently found that GTP-bound Racl and MgcRacGAP
form a ternary complex with p-STATs and play critical roles in
the nuclear translocation of p-STATs via the importin o/f
pathway in an in vitro nuclear transport assay (17). However, it
remained elusive how GTP-bound Racl and MgcRacGAP me-
diate the complex formation of p-STATs with importin as.
Moreover, the regulation of nuclear import of activated STATs
by MgcRacGAP has not been fully demonstrated in vivo, be-
cause MgcRacGAP also plays an essential role in the comple-
tion of cytokinesis (12, 16, 33, 45). Therefore, the phenotypes
observed in MgcRacGAP-depleted cells may include the ef-
fects of cytokinesis failure. -

In the present work, we demonstrate that the NLS of
MgcRacGAP plays essential roles in the nuclear import of
p-STATs not only in vitro but also in vivo, by using MgcRac-
GAP conditional knockout DT40 cells expressing MgcRac-
GAP mutants lacking the NLS. We also found that the STAT
mutants that did not bind MgcRacGAP were hardly phosphor-
ylated on their tyrosine residues by cytokine stimulation, while
the STAT mutants that preferentially bound MgcRacGAP ex-
erted strong transcriptional activities even without cytokine
stimulation. Thus, MgcRacGAP accompanied by GTP-bound
Racl is not only an NLS-containing nuclear chaperone of
p-STATs but also a critical activator of STAT proteins.

MATERIALS AND METHODS

Purification of recombinant proteins in 5£-9 cells. Purification of recombinant
proleins using SI-9 cells was done as described previously (17). To confirm the
purity. the cluted proteins were subjected to sodium dodecy! suifate-polyacryl-
amide gel electrophoresis (SDS-PAGE), foltowed by Coomassie blue (CBB)
staining or by Western blotling. Purified His-tagged L69Ran and His-tagged
N24Ran were purchased from Cytoskeleton, Tnc.

Import assays with permeabilized cells, HeLa cells were grown on poly(i-
lysinc)-coated coverslips and permeabitized with 40 pg/mi digitonin (Rochej in
transport buffer (TB; 20 mM HEPES, pH 7.3, 110 mM KO-acetate, 2 mM
Mg(O-acetate).. 1 mM EGTA, 2 mM dithiothreitol, 0.4 mM phenylmethylsul-
fony! fluoride, 3 pg/mi of aprotinin, 2 pg/m! of pepstatin A, 1 pg/mi of leupeptin,
20 mg/mi of bovine serum albumin) for 10 min at room temperature. Subse-
quently, the ceils were washed wice in TB (o wash oul cyloplasmic proteins.
Incubation with 50 pl import mix (IM) was performed at 37°C for 30 min. The
IM contained TB, an energy-regenerating system (ERS; 0.5 mM ATP, 0.5 mM
GTP, 10 mM creatine phosphate. 30 U/m! creatine phosphokinasc) and combi-
nations of | pM of the purified proteins indicated in Fig. 2B, below (sce also Fig.
$2 and $3 in the supplemental material). Following the import reaction, the cclis
were washed with ice-cold TB and immunostained.

Immunestaining and antibodies. HeLa cells were immunostained as described
previously (12). Rabbit anti-STATSA, anti-STAT3, antihemagglutinin, anti-
NF-«kB p65, goat anti-glutathione S-transferase (anti-GST) (Santa Cruz). mouse
anti-Flag (M2: Sigma), rabbit anti-Flag (Zymed). and affinity-purified rabbit
anli-MgcRasGAP (12) antibodies (Abs) were used for the first Ab. For the
sccondary Ab and DNA staining, fluorcscein isothiocyanate- or rhodamine-
conjugated goal anti-rabbil immunogiobulin (Ig; Wako), luorescein isothiocya-
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nate- or rhodaminc-conjugated goat anti-mouse Ig (Sigma). or rhodamine-con-
jugated anti-goat Tg (Wako) and 4°,6-diamino-2-phenylindole (DAPT) were used.

Micrescopy. Fixed fluorescence images were analyzed on a confocal micro-
scope (FLUOVIEW FV300 scanning laser biological microscope TX70 system:
Olympus). Living cells expressing green fluorescent protein (GFP)-fusion pro-
teins were viewed with a fluorescence microscope IX70 (Olympus) equipped with
a SenSys/Ol. cold charge-coupled-device camera (Olympus).

In vitro binding assay, immunoprecipitation, and Western blotting, Intmuno-
precipitation, gel electrophoresis. and immunoblotting were done as described
previously (17), with minor modifications. Purified proteins which were preincu-
baled in the TB with 0.59% Triton X in the in vitro binding ussay or cell lysates
(2 » 107 cellsiml) were incubated at 4°C for 2 h with the indicated antibodies and
protein A-Sepharose. The immunoprecipitates were subjected to Western blot
analysis with an anti-lyrosine-phosphorylaled STATS monoclonal Ab (anti-p-
STATS; Upstate), anti-MgcRacGAP (12), anti-importin B1 (Transduction Lab-
oratorics), or anti-MKLP-1, anti-STATSA. anti-Racl. or anti-importin «1 (Santa
Cruz) antibodics. The fitter-bound Ab were detected using the enhanced chemi-
luminescence system (Amersham). Cytosol and nuclear fractions were prepared,
as described previously {17). Fractionation was confirmed by Western blotting
with the anti-histone deacetylase (HDAC; for the nuclear fraction) or RhoA (for
the cytosol fraction) Ab (Santa Cruz).

Generation of MgcRacGAP conditional knockout celis (5C cells) using DT40
cells. Full-length MgcRacGAP ¢DNA was cloned into the EcoRI/BamH1T site of
pUHDL0-3 to yield a tetracycline {TET)-sensitive expression plasmid. pUHD-
MgcRacGAP. For targeting constructs, a histidinol (hisD) or puromycin (puro)
resistance cassette under the control of the B-actin promoter was inserted be-
tween the two arms. The targeting constructs and pUHD-MgeRacGAP were
transfected into DT40 cells with a GenePulser 1T cleetroporator (Bio-Rad).
DT40 cells were cultured and transfected as described previousty (32). AT DT40
cells were cultured at 38°C in Dulbececo’s modified medium supplemented with
104 fetal calf scrum, 15¢ chicken scrum, penicillin, and streptomyein. To sap-
press expression of the tetracycline-responsive transgenes, TET (Sigma) was
added to the culture medium at a final concentration of 2 pg/ml.

Expression constructs. Flag-tagged wild-type (WT) and mutant MgcRacGAP
or STATs were cloned into EcoRI and Notl sites of a4 mammalian expression
vector. pME I8S, or a retrovitus expression vector, pMXs-1G and pMXs-nco.
The deletion constructs of MgeRacUGADP that Tack the internal (INT) domain or
various regions of the INT domain were generated by overlapping extension
using PCR as described in reference 18, Synthesized oligonucleotides encoding
the NLS of MpcRacGAP (NLS-MgcRacGAP; amino acids {aa] 182 to 200).
mutant NLS of MgcRacGAP (NLS-MgcRacGAP-I82AAA/IY9AA ), or the Targe
T antigen-NLS (PKKKRKV) were cloned into EcoR1 and Notl sites of a pMXs-
GFP-fusion vector. Site-directed mutagenesis of MgeRacGAP or STATs was
done using QuikChange (Stratagene) and the oligonucleotide primers. Several
alanine substitution mutants were generated by overlapping extension using
PCR, The sequence generated by PCR was confitmed by automated sequencing
using an ABI Prism 310 genctic analyzer (Perkin-Elmer).

Production of retroviruses, High-titer retroviruses harboring Cre-recombinase
were produced in transient retrovirus packaging cell line PLAT-E or PLAT-A
(36).

Cell culture and transfection, The 293T cells were grown in Dulbecco’s mod-
ificd Eagle medium supplemented with 5% fetal calf serum and were transicnily
transfected with plasmids encoding the wild-type or the mutant forms of STATs
using Lipofectamine Plus (Gibco-BRL) according to the manufacturer’s recom-
mendations.

Luciferase reporter assay. For the experiments using DT40 cells, pMKIT
{mock) or pMKIT/ITD-F1t3 together with 1.0 pg of pME/STATSA, 1.0 pgof a
reporter plasmid carrying a firefly luciferase gene driven by the B-casein pro-
moter, and 0.5 g of an internal control reporter plasmid with the Rous sarcoma
virus tong terminal repeat promoter was introduced into 2 X 10° cells of 5C cells
with Nucleofector 1T (Amaxa) set at program B-009 using the Cell Line Nucleo-
fector kit T (Amaxa) according to the manufacturer’s instruction. A control
vector carrying GFP was introduced to more than 50% of 5C cells under this
condition. Sixtcen hours after transfection, cells were lysed and were then sub-
jected to a dual luciferase reporter system (Promega). Luciferase activitics were
also examined in the lysates of 5C transfectants cotransfected with the NF-xB
reporter plasniid (k9) carrying a firefly luciferase gene driven by the 1L-6 pro-
moler (14) together with an internal control plasmid. After the transfection, cells
were incubated with 30 nM phorbol myristate acctate (PMA) and 1 uM iono-
mycin for 12 h hefore cell lysates were prepared. For the experiments using 2937
cells, cells were transfected with pME (mock) or pME/STATSAs together with
0.5 pg of pME/EPOR, 0.5 pg of a reporter plasmid carrying a firefly luciferase
gene driven by the B-casein promoter, and 0.5 pg of an internal control repurter
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plasmid with the Rous sarcoma virus long terminal repeat promoter, using
Lipofectamine Plus (Gibco-BRL). Twenty-four hours after transfection, cells
were stimulated with erythropoictin (EPO; 18 ng/ml; 16 k) and subjected to a
dual luciferase reporter system (Promega). To examine the transcriptional ac-
tivities of STAT3 mutants harboring deletions in DBZ, a lucilerase assay was
donc in the lysates of unstimulated or [L-6-stimulated (20 ng/mD) and sIL-GR-
stimulated (20 ng/ml) 293T cells cotransfected with the STAT3 reporter plasmid
carrying a firelly luciferase gene driven by the mouse glial fibrillury acidic protein
promoter (35) together with an internal control reporter plasmid and either the
mock vector (pME), the expression vector for the Flag-tagged WT STAT3, or a
scrics of STAT3 mutants harboring deletions in DB2.

Semiquantitative RT-PCR. Gene expression was examined by semiquantita-
tive reverse transcription-PCR (RT-PCR ) analysis. One microgram of lotal RNA
was reverse transcribed with random hexamers by using a first-strand ¢DNA
synthesis kit (Pharmacia), and the reaction mixture was subjected to PCR. PCRs
were carried out using the following oligonucleotide primers: chicken Bel-x/.
sense (5'-CGTACCAGAGCTTTGAGCAGGT-3") and antisense (5'-GACCA
AGCACAAGCACAATCAC-3") and chicken glyceraldehyde-3-phosphate dehy-
drogenase (GAPDI) sense (3-ATGGTGAAAGTCGGAGTCAACGG-3") and
antisense (53'-ACAGTGCCCTTGAAGTGTCC-3"). PCR was performed under
the following conditions to amplify the chicken BelxL gene: 96°C for 3 min; 30
cycles of 96°C for 30 s, 63°C for 30 5. and 72°C for 30 5; a final clongation at 72°C
for 8 min, To amplify the GAPDIT gene. conditions were 96°C for 3 min, 20 cycies
0f 96°C for 30 s, 55°C for 30 s, and 72°C for 30 5, and a final elongation at 72°C
for 8 min. Amplification of the product is not saturated at this number of cycles.

Modeling of mutant structures. The models of the DI-10, d356P, d357E,
A358L, and L358A mutants of STAT3 were built using the 2.25-A resolution
crvstal structure of the STAT3R - DNA complex (2) (PDB 1D IBG1) as a
template. Initial models were constructed with the MODELER 9v1 program (9.
28, 41). Then, the models were refined by cencrgy minimization with the
AMBERY9 force field (46) using MOE computer software (Chemical Comput-
ing Group Inc.).

RESULTS

The INT domain of MgcRacGAP contains the bipartite
NLS. While endogenous MgcRacGAP localizes both in the
cytoplasm and nucleus, overexpressed exogeneous MgcRac-
GAP mainly accumulates to the nucleus in the interphase in
Hela cells (12). Although MgcRacGAP does not harbor a
classic (polybasic) NLS, we found that the AINT mutant local-
ized in the cytoplasm (Fig. 1C). These results suggested that
the INT domain was critical [or the nuclear translocation of
MgcRacGAP. To identify a functional NLS of MgcRacGAP,
we produced a series of Flag-tagged deletion mutants of the
INT domain (Fig. 1A). Protein expression of the mutants and
their interaction with a known binding partner, MKLP-1 (34),
were confirmed by immunoprecipitation and Western blotting
using anti-Flag Ab and anti-MKLP-1 Ab (Fig. 1B). After the
immunostaining experiments in Hela cells, we found that aa
165 to 204 of MgcRacGAP were required for its nuclear lo-
calization (Fig. tC). Since this region contained three polybasic
regions (178KKR, 182KRR, and 199KK), we tested whether
these polybasic regions could serve as an NLS. We produced
alanine substitution mutants (178AAA, 182AAA, 199AA, and

A RacGAP AS AN NLS-CONTAINING NUCLEAR CHAPERONE 1799

182AAA/199AA) and tested their subcellular localizations.
While the 178AAA mutant was located in the nucleus, the
182AAA mutant showed partial cytoplasmic localization, and
the 199AA and 182AAA/199AA mutants mostly localized in
cytoplasm (Fig. 1C). Next, aal82-200, aal82-200(182AAA/
199AA), and a conventional NLS of large T antigen were fused
to the N terminus of GFP and we viewed their subcellular
lacalizations with a fluorescence microscope in living cells. As
shown in Fig. 1D, aal82-200-GFP and large T-NLS-GFP but
not GFP alone or aal82-200(182AAA/199AA)-GFP preferen-
tially accumulated to the nucleus, indicating that aa 182 to 200
is sufficient for a functional polybasic NLS. We also confirmed
that leptomycin B treatment, which inhibits nuclear export
signal-dependent nuclear export by specific binding to CRM1,
did not affect the nuclear or cytoplasmic localization of the WT
or 182AAA/199AA mutant, respectively (data not shown).
These results suggest that 182KRR and 199KK serve as a
functional bipartite NLS for MgcRacGAP. Next, we asked
whether MgeRacGAP was transported into the nucleus by
importin family members like other proteins carrying NLS.
B1A450-876, a mutant of importin B1 which lacks the importin
o binding site, thereby competitively blocking importin o/B-
mediated nuclear import (21), strongly inhibited the nuclear
transiocation of MgcRacGAP (data not shown). These results
implied that MgcRacGAP was transported to the nucleus in an
importin «/B-dependent manner.

Importin as specifically bind MgcRacGAP in yeast through
its bipartite NLS. To determine which member of the importin
o family is involved in the nuclear transport of MgcRacGAP,
we used a yeast two-hybrid system. To test another possibility,
that importin g1 directly mediates the nuclear import of
MgcRacGAP, we also examined whether importin g1 could
directly bind MgcRacGAP. Tt was found that importin as spe-
cifically bound MgcRacGAP in yeast (see Fig. S1A in the
supplemental material). Moreover, purified importin «l but
not importin 81 pulled down MgcRacGAP from Hela cell
lysate (sec Fig. S1B in the supplemental material), suggesting
that importin al but not importin 1 dircctly bound MgceRac-
GAP. The purity of isolated importin «l and importin $1 was
confirmed by CBB staining (see Fig. S1C in the supplemental
material). To determine if the bipartite NLS of MgcRacGAP
indeed mediated its association with importin al, we tested the
interaction of importin a1 with the INT domain, aa 165 to 205,
or each of the alanine mutants of MgcRacGAP (182AAA,
199AA, and 182AAA/199AA), and confirmed that the inter-
action between importin al and MgcRacGAP was mediated by
the bipartite NLS of MgcRacGAP (see Fig. S1D in the sup-
plemental material). These results demonstrated that MgcRac-

FIG. l. Identification of the nuclear localization signal of MgcRacGAP. (A) Schematic diagram of various Flag-tagged deletion mutants in the
INT domain of MgcRacGAP and summary of the localizations of these mutants. (B) Expression of various deletion mutants and their potential
to interact with a known partner, MKLP-1. Cells were transfected with expression vectors carrying Flag-tagged WT or various deletion mutants
in the INT domain. After 36 h, cells were immunoprecipitated with the anti-Flag Ab and blotted with the anti-Flag Ab (upper panel) or
anti-MKLP-1 Ab (lower pancl). (C) Localization of Flag-tagged WT and various deletion mutants in the INT domain of MgecRacGAPD in Hela
cells. Celis were transfected with expression vectors carrying Flag-tagged WT or various deletion mutants in the INT domain. After 36 h, cells were
immunostained with (he anti-Flag Ab (green) and DAPI (blue) and viewed with a fluorescence microscope IX70 (Olympus). Bar, 10 pm.
(D) Localization of GFP-fused NLS of MgcRacGAP. GFP-fused aa182-200 of MgcRacGAP, 2al182-200(182AAA/199AA). and large T antigen-
NLS were expressed in Hela cells. After 36 h, living cells were viewed with a fluorescence TX70 microscope (Olympus). Bar, 10 wm.
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GAP directly bound importin as through its bipartite NLS
(182KRR and 199KK).

NLSs of MgceRacGAP and GTP-bound Racl were required
for nuclear translocation of p-STATs in the in vitro nuclear
transport assay. GTP-bound Racl and MgcRacGAP were re-
ported to promote nuclear translocation of p-STATs, forming
a ternary complex via the importin o/p pathway in an in vitro
nuclear transport assay (17), but the component of the (crnary
complex that directly binds importin o remained elusive. Nei-
ther STAT3 nor STATS harbors an apparent polybasic or
PY-type NLS. One possibility is that p-STATs themselves har-
bor unidentified functional NLSs. However, the requirement
of MgcRacGAP/GTP-Ract for the nuclear translocation of
p-STATS raises another possibility that MgcRacGAP functions
as an NLS-containing nuclear chaperone of p-STATs, We first
asked if the NLS of MgcRacGAP plays a role in the nuclear
translocation of p-STATS5A by using an in vitro nuclear trans-
port assay (1). For this, Sf-9-mediated protein purification was
done for WT or the 199AA mutant of MgcRacGAP, a consti-
tutively active mutant Racl (VI12Racl), STAT5A, or
p-STAT5A and for nuclear transporter proteins, including im-
portin al, importin 1, Ran, and NTF2, which binds Ran and
cnhances Ran-dependent naclear import (Fig. 2A, pancl a).
We confirmed the purities of recombinant proteins and the
tyrosine phosphorylation of STATS5A induced by coexpression
with the kinase domain of JAKZ (JH1) (40) in Sf-9 cells (Fig.
2A, pancls ¢ and b). We also examined the extent of STATSA
phosphorylation by phosphate-affinity SDS-PAGE using acryl-
amide-pendant Phos-tag and found that about 10% was phos-
phorylated by coexpression of JH1 (data not shown). Although
purified p-STAT5A contained only about 10% phosphorylated
forms, as we previously reported (17), efficient accumulation to
the nuclear envelope of p-STATS5A but not of unphosphoryl-
ated STATSA was achieved in the presence of both purified
MgcRacGAP and V12Racl (Fig. 2B, panels g and b), and
further addition of the purified nuclear transporters, including
importin «l, importin g1, Ran, and NTF2, induced efficient
nuclear translocation of p-STATSA but not of unphosphoryl-
ated STATSA (Fig. 2B, panels i and d). Addition of the puri-
fied nuclear transporters alone was not sufficient for the nu-
clear translocation of p-STAT5A, and the addition of purified
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dominant negative N17Racl instead of V12Racl blocked the
nuclear translocation of p-STATSA even in the presence of
purified MgcRacGAP and other nuclear transporters (data not
shown). Notably, 199AA-MgcRacGAP did not support the
accumulation of p-STATS5A at the nuclear envelope, even in
the presence of V12ZRacl, and abolished the nuclear translo-
cation of p-STATSA even in the presence of VI2Racl, impor-
tin «l, importin 81, Ran, and NTF2 (Fig. 2B, panels h and j).

To determine if both the NLS of MgcRacGAP and Racl
activation are required for complex formation of p-STATSA
with importin o, an in vitro binding assay was done. As we
reported previously (17), p-STATS5A, but not unphosphory-
lated STATSA, lormed complexes with importin al only in the
presence of WT MgcRacGAP and V12Racl (Fig. 2C). On the
other hand, p-STAT5A did not form complexes with importin
al in the presence of 199AA-MgcRacGAP and V12Racl (Fig.
2C). Addition of importin 1 incrcased the amount of importin
al associating with the complex of p-STATSA, WT MgcRac-
GAP, and V12Racl, and further addition of GTP-bound Ran
(L69Ran) but not GDP-bound Ran (N24Ran) dissociated the
import complex (Fig. 2D), suggesting that Ran was indeed
involved in the nuclear import of p-STATSA. We also {ound
that 199AA-MgcRacGAP did not support the nuclear translo-
cation of p-STAT3 in the presence of V12ZRacl, importin «l,
importin B1, Ran, or NTF2 (see Fig. 52 in the supplemental
material). Conversely, addition of purified p-STATs and
V12Racl was required for the nuclear import of GST-
MgcRacGAP in the presence of purificd importin o/f pathway
proteins (see Fig. S3A and B in the supplemental material).
These results suggested that the NLS of MgcRacGAP was
somehow activated by the association with p-STATs and GTP-
bound Racl, and hound importin o, thereby lacilitating nu-
clear transport of the MgcRacGAP/p-STATs/Racl complex.
Altogether, the present results indicate that the bipartite NLS
was essential for MgcRacGAP to function as a nuclear chap-
erone of p-STATSs, in accordance with GTP-bound Racl, at
least in the in vitro nuclear lransport assay.

Generation of MgcRacGAP conditional knockout DT40
cells, in which expression of exogenous MgcRacGAP is under
control of a tetracycline-repressible promoter. To determine if
the 199AA or 182AAA/199AA mutant could alter the tran-

FIG. 2. Nuclear translocation of p-STATSA requires the NLS of MgcRacGAP. (A) The recombinant proteins used in the experiments are
shown. after CBB staining of purified protcins (a) or Western blot analysis of the STAT5A-Flag protcin purificd from S£-9 cells with or without
coexpression with the kinase domain of JAK, using the anti-p-STAT5 Ab (b). (B) Nuclear transport assay of STAT5A. Hela cells were
permeabilized using 40 wg/mi digitonin and were incubated at 37°C for 30 min with 50 1 IM, The IM contained TB. ERS, and a single protein
or combinations of the following purified proteins, as indicated: 1 pM STATSA, p-STATSA, Vi2Racl, MgcRacGAP, 199AA-MgcRacGAP,
importin al, importin $1, Ran. or NTF2. After the import reaction, the cells were fixed. STAT5A protein was detected using the anti-STATSA
Ab. Cells were examined using a FLUOVIEW FV300 confocal microscope (Olympus). A representative result of three independent experiments
is shown. Bar, 10 pm. (C) The ternary protein complex composed of p-STATSA, GTP-bound Ract, and 199AA-MgcRacGAP did not bind
importin o1 in the transport bufier. Purified STAT5A and p-STATSA were incubated with importin al in the absence or presence of the indicated
combinations of V12Racl, N17Racl, MgcRacGAP, or 199AA-MgcRacGAP in the transport buffer containing 5% bovine serum albumin for
blocking nonspecific binding. One microgram of each purified protein was used for cach sample. After the incubation, STATSA was immuno-
precipitated (IP) with anti-STAT5A Ab and washed three times with ransport buller. The immunoprecipitates were subjected 10 Western blot
analysis with the anti-importin «f, anti-Racl, anti-MgcRacGAP, anti-STATSA Ab, or anti-p-STATSA Ab. (D) GTP-bound Ran (L69Ran)
dissociates Racl, importin a1, and importin B 1 from the import complex composed of p-STATSA. Purified p-STAT5A was incubated with purified
V12Racl, MgcRacGAP, and importin al in the presence of the indicated combinations of purified importin 31 alonce, importin g1 plus Q69Ran
(GTP-bound Ran), or importin 81 plus N24Ran (GDP-bound Ran) in the transport buffer containing 5% bovine serum albumin for blocking
nonspecific binding, One microgram of each purified protein was used for cach sample. After the incubation. STATSA was immunoprecipitated
with anti-STATSA Ab and washed three times with transport buffer. The immunoprecipitates were subjected to Western blot analysis with the
anti-importin «l, anti-Racl, anti-MgcRacGAP, anti-importin 1, or anti-STAT5A Ab,
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scriptional activation of STATSs in vivo, we first performed a
luciferase assay using 293T cells. The IL-6-induced activation
of STAT3 was clearly enhanced by cotransfection with the
wild-type MgcRacGAP (~45-fold, compared with mock trans-
fection [~10-fold]). Unexpectedly, cotransfection of the
199AA or 182AAA/199AA mutant modestly inhibited the IL-
6-induced transactivation of STAT3 (~25-fold) compared with
WT bul, rather, enhanced it when compared with mock treat-
ment (data not shown). It is possible that these MgcRacGAP
mutants form a heterodimer with endogenous MgcRacGAP
and that the heterodimer but not the homodimer of the 199AA
or 182AAA/199AA mutant enhanced IL-6-induced transcrip-
tional activation of STAT3. To exclude the effects of endoge-
nous MgcRacGAP, we attempted to establish an MgcRacGAP
conditional knockout using DT40 cells. We generated DT40
mutants in which cells with a disrupted MgcRacGAP gene
were sustained by expression of the exogenous MgcRacGAP
¢DNA under the control of a tetracycline-repressible pro-
moter. As shown in Fig. S4A in the supplemental material, an
MgcRacGAP-targeting construct was generated such that the
8.0-kb genomic fragment encoding the open reading frame was
replaced with one of the two selection cassettes. We trans-
fected the MgcRacGAP-targeting construct containing the his-
tidinol resistance cassette into DT40 cells and isolated
MgcRacGAP '~ clones. One MgcRacGAP™'™ clone was co-
transfected with a chicken MgcRacGAP transgene under the
control of a TET-repressible promoter and a TET-repressible
transactivator containing a zeocin (ZEO) resistance cassette,
We selected ZEO-resistant colonies and identified several
clones carrying these constructs integrated at random sites in
the genome (MgcRacGAP /™ /MeeRacGAT transgeney Tive clones
with the MgcRacGAPH/—/MecRucGAL transgene gengtype were
transfected with another MgcRacGAP-targeting construct har-
boring a puromycin selection marker to disrupt the remaining

A RacGAP AS AN NLS-CONTAINING NUCLEAR CHAPERONE 1803

MgcRacGAP allele. We obtained 24 clones with the MgcRac-
GAP /7/MeeRacGAT transeenc genotype, and one clone, 5C, was
chosen for further analysis (see Fig. S4B, panels a and b, in the
supplemental material). Exogenous MgcRacGAP protein un-
der the control of a TET-repressible promoter in 5C cells was
not detected by Western blot analysis with anti-chicken
MgcRacGAP Ab at 6 to 12 h after addition of TET, indicating
that a4 TET-repressible promoter of this clone worked success-
fully and that MgcRacGAP was actively turned over (Fig. 3A).
When the expression of the MgcRacGAP transgene was sup-
pressed by adding TET, cell growth of SC cells was suppressed
together with the inhibition of cytokinesis, and the cells formed
multinucleated cells, eventually undergoing apoptosis within
48 h (Fig. 3B and data not shown). This phenotype is consistent
with the previous result indicating that MgcRacGAP is re-
quired for completion of cytokinesis.

The 199AA and 182AAA/199AA mutants inhibited nuclear
translocation and transcriptional activation of p-STAT3 in
MgcRacGAP knockout cells. To determine if MgcRacGAP is
required for the nuclear translocation of p-STAT3 in vivo, we
investigated whether depletion of MgcRacGAP affected the
subcellular distribution of p-STAT3 after granulocyte colony-
stimulating factor (G-CSF) stimulation using the 5C cells. The
5C cells, which had been trausiently transfected with a vector
carrying a G-CSF receptor, were treated with TET for 4 h and
were stimulated with G-CSF (15 min), followed by nuclear-
eylosol [ractionation analysis. We also confirmed that after
treatment with TET for 4 h only a portion of the 5C cells
formed multinucleated cells (less than 10%) (data not shown).
The nuclear-cytosol fractionation analysis revealed that deple-
tion of MgcRacGAP resulted in a decrcased amount of the
G-CSF-induced p-STAT3 as well as inhibition of the nuclear
accumulation of p-STAT3 (Fig. 3C). These results implied that
MgcRacGAP mediates the G-CSF-induced phosphorylation

FIG. 3. The NLS of MgcRacGAP is required for the transcriptional activation of p-STAT3 in 5C cells. (A) Suppression of MgcRacGAP by TET
in 5C cells. The 5C cells were treated with TET for the time indicated and lysed. Cell lysates were separated on SDS-PAGE and immunobiotied
with the anti-chicken MgcRacGAP Ab (upper panel) or anti-o-tubulin Ab (lower panel). (B) Flag-tagged WT MgcRacGAP rescued 5C cells from
becoming multinucleated after addition of TET. The 5C cells transduced with mock or Flag-tagged WT were stained with rhodamine-conjugated
phaltoidin (red) and DAPI (blue) 12 h after the addition of TET and viewed using a FLUOVIEW FV300 confocal microscope (Olympus). Bar,
10 wm. (C) Subceltular localization of p-STAT3 in 5C cells after addition of TET in the absence or presence of G-CSF. Cell fractionation was
perlormed using 5C cells transiently transfected with the expression vector for the G-CSF receplor (G-CSFR). Twenty-four hours alter trans-
fection, live cells were isolated using Ficoll-Paque Plus (Amersham) and used for further analysis. Cells were treated or untreated with TET for
4 h and were incubated with 100 ng/ml of G-CSF for 15 min before cell fractionations, Fractionated samples were then subjected to Western
blotting with anti-p-STAT3, anti-Flag, anti-RhioA, or anti-HDAC Ab (upper pancls). The total amount of p-STAT3 was also cxamincd using
whole-cell Iysates of SC cells by Western blotting with anti-p-STAT3 (lower panel). C, cytosol; N, nuclear. (D) Effect of NLS mutants of
MgcRacGAP on cell proliferation. Flag-tagged WT or various MgcRacGAP multanis (182AAA, 199AA, and 182AAA/199AA) were transduced
into 5C cells by using a retrovirus vector, pMXs-1G. GFP-positive cells were selected by addition of TET. The number of transfectants was counted
at the indicated time points after selection. GFP-positive mock-transduced cells, which were analyzed using fluorescence-activated cell sorting,
were used as a control. (E) Expression levels of the Flag-tagged WT or mutant MgeRacGAPs in 5C transfectants. Cell lysates from 5C cells
expressing mock, WT, or mutant MgcRacGAPs (1 X 107/lane) were examined by Western blotting using the anti-Flag M2 monoclonal antibody
(upper panel) or anti-a-tubulin Ab (lower panel). (F) G-CSF-induced phosphorylation of STAT3 in 5C cells cxpressing Flag-tagged WT or mutant
MgcRacGAPs. The 5C cells expressing WT or mutant MgcRacGAPs cotransfected with the expression vector for G-CSFR were stimulated with
100 ng/ml of G-CSF for 15 min in the presence of TET, followed by Western blotting (5 % 10% cells/lane) using the anti-p-STAT3 antibody (upper
panel) or anli-STAT3 Ab (lower panel). (G) Subceliular localization of p-STAT3 in 5C cells expressing Flag-tagged WT, I82AAA, 199AA, or
182AAA/199AA with or without G-CSF stimulation in the presence of TET. Cell fractionation was performed using SC transfectants cotransfected
with the expression vector for G-CSFR. Twenty-four hours after transfection, live cells were isolated using Ficoll-Paque Plus (Amersham) and used
for further analysis. Cells were incubated with 100 ng/ml of G-CSF for 15 min before ccll fractionations. Fractionated samples were then subjected
to Western blotting with anti-p-STAT3, anti-Flag, anti-RhoA, or anti-HDAC Ab. (H) G-CSF-induced transcriptional activation of STAT3 was
suppressed by depletion of MgcRacGAP. Expression of Bel-xL or GAPDH mRNA was examined in the 5C translectants expressing WT, 182AAA.
199AA. or 182AAA/199AA with or without G-CSF stimulation. Cells transiently transfected with G-CSFR were serum starved with or without
G-CSF stimulation for 7 h in the presence of TET, followed by semiquantitative RT-PCR.
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and nuclear translocation of p-STAT3. Alternatively, it was
possible that depletion of MgcRacGAP indirectly affected ac-
tivation of STAT3 by disturbing cell cycle machineries. Next, to
avoid this possibility, 5C cells were infected with mock or the
retrovirus expression vector pMXs-1G carrying WT or the
182AAA, 199AA, or 182AAA/199AA mutant of MgcRacGAP
using amphotropic packaging PLAT-A cells (36). The infection
elliciencics of these cells were around 10 to 30%, as assessed
from the coexpression of GFP using an internal ribosome entry
site sequence. After addition of TET, GFP-positive cells grew
from the 5C cells transduced with WT or the mutants, while all
of the mock-transduced cells became multinucleated, indicat-
ing cytokinesis failure, and eventually underwent apoptosis
(Fig. 3B and data not shown). These results indicated that the
cytokinesis failure of 5C cells after adding TET was prevented
by cither expression of the WT MgcRacGAP or NLS mutants
of MgcRacGAP. All of the 182AAA-, 199AA-, or 182AAA/
199AA-expressing cells grew slower than the WT-expressing
cells in the presence of TET (Fig. 3D), suggesting that the NLS
of MgcRacGAP plays some role in enhancing cell growth but
is dispensable for completion of cytokinesis in 5C cells. Ex-
pression levels of WT MgcRacGAP or 182AAA, 199AA, or
182AAA/199AA mutant were comparable as assessed in West-
ern blot analyses (Fig. 3E). We next investigated whether dis-
ruption of the NLS of MgcRacGAP affected the subcellular
distribution of endogenous p-STAT3 after G-CSF stimulation
by using the 5C transfectants in the presence of TET. The 5C
cells expressing WT MgcRacGAP or the 199AA or 182AAA/
199AA mutant, which had been transiently transfected with a
vector carrying the G-CSF receptor, were stimulated with G-
CSF (15 min). The amounts of G-CSF-induced p-STAT3 in 5C
transfectants expressing the WT and those expressing the NLS-
lacking mutants were found to be comparable (Fig. 3F). Inter-
estingly, the nuclear-cytosol fractionation analysis revealed
that the 199AA- or 182AAA/199AA-MgcRacGAP hardly en-
tered the nucleus, and the G-CSF-induced nuclear accumula-
tion of p-STAT3 was strongly inhibited in 199AA- or 182AAA/
199AA-expressing cells compared with those in the 182AAA-
and WT-expressing cells (Fig. 3G). We also performed a semi-
quantitative RT-PCR analysis to test if induction of Bel-xL
mRNA (one of the target genes of STAT3) was aftected in the
translcctants cxpressing the NLS-lacking mutants ol MgcRac-
GAP after the G-CSF stimulation, and we found that induction
of Bel-xL mRNA in response to G-CSF stimulation was se-
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verely impaired in the transfectants expressing 199AA or
182AAA/199AA (Fig. 3H).

The 199AA and 182AAA/199AA mutants specifically blocked
transcriptional activation of p-STATs in MgcRacGAP knock-
out cells. Next, we performed a luciferase assay using the 5C
transfectants cultured in the presence of TET. Transcriptional
activities of STAT3 in response lo G-CSF stimulation were
strongly inhibited in the 199AA- or 182AAA/199AA-express-
ing 5C cells compared to those in the WT-cxpressing cells (Fig.
4A). We obtained similar results for STATS; transcriptional
activation of STATS induced by ITD-Flt3 was profoundly in-
hibited in the 199AA- or 182AAA/199AA-expressing 5C cells
compared to those in the WT-expressing cells (Fig. 4B). How-
ever, NF-kB p65, whose NLS is unmasked by IkBa degrada-
tion and binds importins a3 and o4 (8, 23), entered the nucleus
after stimulation even in the 199AA- or 182AAA/199AA-ex-
pressing cells (Fig. 4C). In addition, transcriptional activities of
NF-kB in response to stimulation with PMA/ionomycin were
not affected in the 199AA- or 182AAA/199AA-expressing 5C
cells compared to those in the WT-expressing cells (Fig. 4D),
indicating that MgcRacGAP does not work as a general nu-
clear chaperone.

The series of STAT3 mutants harboring deletions in the two
strands (Ba’ and fb) of the B-barrel lost transcriptional ac-
tivities, while the mutants harboring deletions in the region
following the strand Bb (Bb-pc loop) showed constitutively
active phenotypes. We previously found that STAT3 and
STATS directly bound MgcRacGAP through aa 338 to 362 and
aa 341 1o 365 in their DNA binding domain, respectively
(termed DB2-STAT3 and DB2-STATS) and that the STAT3
and STATS5A mutants lacking DB2 (STAT3-dDB2 and
STAT5A-dDB2) lost not only the capability for binding to
MgcRacGAP but also their transcriptional activities (17). The
DB2 region is well-conserved among STAT family proteins. In
this study, we produced a series of deletion mutants lacking a
three-amino-acid stretch in the DB2-STAT3 region (STAT3-
dD1 to -8) and in the next six amino acids (STAT3-dDY and
-10) (Fig. 5A). Tyrosine phosphorylation of STAT3-dDB2,
-dD1, -dD3, -dD4, or -dD5 in response to TL-6 stimulation was
diminished, whereas tyrosine phosphorylation of STAT3-dD2
was prominent ¢ven in the absence of 1L-6 (Fig. 5C, middie
panel). In addition, association of STAT3-dDB2, -dD1, -dD3.
-dD4, or -dD5 with MgeRacGAP was not detected, while bind-
ing of STAT3-dD2 with MgcRacGAP increased compared

FIG. 4. The NLS of MgcRacGAP is not required for activation of NF-xB p65 in 5C cells. (A) The NLS of MgcRacGAP was required for transcriptional
aclivitics of STAT3. Luciferasc activitics were examined in the lysates of 5C transfectants cotransfected with the STAT3 reporter plasmid. internal control
plasmid, expression vector for the G-CSF receptor, or expression vector for the WI-STAT3 (pME/STAT3). After the transfection, cells were incabated with 100
ng/mt of G-CSF for the last 12 h before cell lysates were prepared. Cell lysates were then subjected to a dual luciferase reporter system ( Promega). The results
shown are the averages = standard deviations of three independent experiments. (B) The NLS of MgcRacGAP was required for transcriptional activities of
STATS. This experiment was identical to that in panel A, except that 5C transfectants were cotransfected with the STATS reporter plasmid, mternal control
plasmid, or expression vector for the WT STATSA (pME/STATSA), together with either the mock or expression vector for ITD-FH3. (C) The NLS of
MgcRacGAP is dispensable for the nuclear translocation of NF-xB p65 in 5C cells, Immunostaining was performed using the 5C transfectants cotransfected with
the expression vector for NF-kB p65. After the transfection, cells were serum starved for 3 h, incubated with 30 nM PMA and 1 M ionomycin for 30 min, and
stained with the anti-NF-«B p65 and DAPIL Cells were viewed with a FLUOVIEW FV300 confocal microscope (Olympus). Bar, 10 wm. (D) The NLS of
MgcRacGAP was dispensable for transcriptional activities of NF-«B. Luciferase activities were examined in the lysates of 5C transfectants cotransfected with the
NF-«B reporter plasrid (k9) carrying a firefly luciferase gene driven by the IL-6 promoter together with the internat control plasmid. After the transfection, cells
were incubated with 30 nM PMA and | uM ionomycin for 12 h before cell lysates were prepared. Cell lysates were then subjected to a dual luciferase reporter
system (Promega). The results shown are the averages * standard deviations of three independent experiments.
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FIG. 5. Correlation between binding abilities of STAT3 to MgeRacGAP and activities of STAT3. (A) Schematic diagrams showing a series of
the deletion sites of STAT3 mutants. (B) Transcriptional activities of STAT3 mutants harboring deletions in DB2. Luciferase activity was examined
as described in Materials and Methods. As a control, a reported constitutively active mutant of STAT3C was usced. The results shown are the
averages * standard deviations of three independent experiments. (C) MgcRacGAP binding abilities of the STAT3 mutants. Tyrosine phosphor-
ylation and binding affinity to MgcRacGAP of Flag-tagged deletion mutants of DB2-STAT3 in the absence or presence of IL-6-stimulation were
determined by immunoprecipitation using the anti-Flag Ab followed by Western blotting with the anti-p-STAT3, anti-MgcRacGAP, or anti-Flag
Ab. Expression, tyrosine phosphorylation. and interaction with MgcRacGAP of the Flag-tagged deletion mutants of DB2-STAT3 (lower panel,
middle panel, and upper panel, respectively) were examined by immunoprecipitation using 293T cells transfected with each of the STAT3 mutants
in the absence (upper three panels) or presence (lower three panels) of 1L-6-stimulation for 30 min.

with that of WT in the absence or presence of IL-6 stimulation
(Fig. 5C, upper panels). Nonetheless, the mutants lacking D1
10 -5 (STAT3-dD1 to -5), including STAT3-dD2, did not show
detectable transcriptional activities in response to IL-6 stimu-
lation (Fig. 5B). Surprisingly, STAT3-dD6 to -9 mutants ex-
erted considerable transcriptional activities even without cyto-
kine stimulation, and this was further enhanced by IL-6
stimulation (Fig. 5B). These mutants were constitutively ty-
rosine phosphorylated, and their tyrosine phosphorylation was
augmented after TL-6 stimulation (Fig. 5C). STAT3-dD10 was
constitutively tyrosine phosphorylated but did not show detect-
able transcriptional activities, as was the case for STAT3-dD2.
We next examined whether these STAT3 mutants harbored
the DNA binding activities in an electrophoretic mobility shift
assay using unstimulated 293T cells and found that unlike the
other constitutively tyrosine-phosphorylated STAT3 mutants,
STAT3-dD2 and STAT3-dD10 lost their DNA binding affini-
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ties (data not shown). Notably, STAT3-dD7 showed the stron-
gest transcriptional activities in the absence of cytokine stim-
ulation among the STAT3-dD1 to -10 mutants, and its
transcriptional activities in the absence of cytokine stimulation
were much stronger than that of the WT after TL-6 stimulation
(Fig. 5B). We next produced a series of mutants lacking each
single amino acid of the three amino acids in the region of D7
(STAT3-d356P, -d357E, and -d358L). Interestingly, STAT3-
d356P, -d357E, and -d358L, which strongly bound MgcRac-
GAP, displayed the constitutive activities in the absence of
IL-6 stimulation (Fig. 5B and C). STAT3-d356P and STAT3-
d358L cxerted the strongest transcriptional aclivily among
these mutants and a reported constitutively active mutant of
STAT3C (3). These results suggest that the two strands (Ba’
and $b) in DB2 are required for the IL-6-induced tyrosine
phosphorylation of STAT3 that mediates the interaction with
MgcRacGAP, whereas the deletion mutants in the C terminus
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FIG. 6. The series of deletion mutants of STATSA in DB2 showed similar phenotypes to those of STAT3. (A) Schematic diagrams showing
a series of the deletion mutants of STATSA. (B) The mutants lacking D1 to -5 and D10 (STAT5A-dD1 to -5 and STATS5A-dD10) as well as the
STAT5A-dDB2 lacked their transcriptional activities even under EPO stimulation. Luciferase activity was examined in the lysates of unstimulated
or EPO (18 ng/mb)-stimulated 293T cells cotransfected with the expression vector for the EPO receptor (EPOR) and STATS reporter plasmid
together with internal control reporter plasmids and either the mock vector (pPME). the expression vector for the Flag-tagged WT STATSA, or
a series of STATSA mutants harboring deletions in DB2. As a control, the constitutively active STATSA1*6 mutant was used. The results shown
arc the averages * standard deviations of three independent experiments. (C) The mutants of STATSA harboring deletions in the two strands
(Baprime] and Bb) lost binding affinities to MgcRacGAP or did not undergo tyrosine phosphorylation, while the mutants harboring deletions in
the region lollowing the strand pb showed enhanced binding aflinities to MgcRacGAP and underwent enhanced tyrosine phosphorylation.
Expression, tyrosine phosphorylation, and interaction with MgcRacGAP of the Flag-tagged deletion mutants of DB2-STATSA (lower pancl,
middle panel, and upper panel, respectively) were examined by immunoprecipitation using 293T cells cotransfected with EPOR and each of the
STATSA mutants in the absence (upper three panels) or presence (lower three panels) of EPO stimulation for 30 min.

of DB2 following the strand b (Bb-Bc loop) tend to become
constitutively active with enhanced binding to MgcRacGAP.
We also produced a series of STAT5A mutants lacking a
three-amino-acid stretch in the region corresponding to DB2-
STAT3 (STAT5A-dD1 to -8) and in the next six amino acids
(STATSA-dD9 and -10) (Fig. 6A). We found that the series of
deletion mutants of STATSA in DB2 showed phenotypes sim-
ilar to those of STAT3 mutants (Fig. 6B and C); STAT5A
mutants harboring deletions in the two strands (Ba’ and Bb) of
the p-barrel (STAT5A-dD1 to -5) were not tyrosine phosphor-
ylated by EPO stimulation and lost transcriptional activity,
while the mutants harboring deletions in the region following
the strand Bb (STAT5A-dD7 to -9) showed gain-of-function
phenotypes. STAT5A-dD8, -d363H, and -d364M also showed
constitutively active phenotypes (Fig. 6B and C), although the
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transcriptional activities of these mutants without stimulation
were weaker than that of another constitutively active mutant,
STATS5A1*6 (37). Constitutive activities of STATSA mutants
were well-correlated with constitutive binding to MgcRacGAP.
Association between the constitutively active STATSA mu-
tants and MgcRacGAP was stronger than that of the WT and
MgcRacGAP in the absence of EPO stimulation (Fig. 6C).
Thus, the molecular basis of the STAT-MgcRacGAP interac-
tion is well-conserved between STAT3 and STATSA.

The constitutively active mutant STAT3-d358L promoted
cell proliferation of a mutant cell line derived from BaF-BO3
cells. We next examined whether STAT3-d358L was biologi-
cally functional, showing physiological roles of STAT3 activa-
tion. It has been reported that BaF-BO3 cells expressing a
G-CSF receptor mutant (G133 cells) are able to proliferate in
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FIG. 7. A constitutively active STAT3 mutant, STAT3-d358L, preferentially bound MgcRacGAP and Racl and accumulated to the nucleus.
(A) STAT3-d358L supports proliferation of BaF-BO3-G133F3 cells in the presence of G-CSF. BaF-BO3-G133F3 cells expressing mock vector or
the Flag-tagged WT STAT3, STAT3C, STAT3-d358L. or H-RasV12 were cultured in the presence of G-CSF, and the cell numbers were
determined at the indicated times. BaF-BO3-G133 cells were used as a control. (B) Similar expression levels of WT STAT3, STAT3C, and
STAT3-d358L were confirmed by Western blotting with the anti-Flag Ab (upper panel). The expression and activation of H-RasV12 were
examined by Western blotting with the anti-Flag Ab (lower panel; input lane) and by pull-down assay using GST-Raf-RBD (lower panel; other
lanes), respectively. (C) The STAT3-d358L mutant preferentially accumulated to the nucleus. 293T cells were (ranslected with pME/STAT3-
d3581-Flag (upper panels) or pME/WT-STAT3-Flag (lower panels). After 24 h, the cells were stimulated with TL-6 for the time indicated and fixed,
followed by immunostaining with the anti-p-STAT3 or anti-Flag Ab (data not shown). Bar, 10 pm. (D) STAT3-d358L constitutively bound
MgcRacGAP and Racl. Interaction of MgcRacGAP or Racl with WT STAT3 or STAT3-d358L was examined by coimmunoprecipitation (TP)
using 293T cells transfected with either WT-STAT3 or STAT3-d358L in the absence or presence of IL-6 stimulation (upper two panels). Expression
and tyrosine phosphorylation ol Flag-tagged WT STAT3 or STAT3-d358L (lower (wo panels) were also examined.
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response to G-CSF stimulation via activating SHP-2/mitogen-
activated protein kinase and JAK/STAT3 pathways (10). This
mutant receptor, G133, is a chimeric receptor composed of the
extracellular domain of the G-CSF receptor and the trans-
membrane and cyloplasmic domains of gpl130 truncated 133
amino acids from the transmembrane domain. Mutation of the
tyrosine residue in the YXXQ motif within G133 (GI133F3)
abolished STATS3 activation and, thus, cell proliferation driven
by G-CSF (10). G133F3 cells were transduced with the pMX-
puro vector carrying the WT STAT3, STAT3C, STAT3-d358L,
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a constitutively active mutant H-Ras (H-RasV12), or the ex-
pression veetor alone (mock). Expression levels of WT STATS3,
STAT3C, and STAT3-d358L were similar as judged by West-
ern blotting (Fig. 7B, upper panel). The expression and acti-
vation of H-RasV12 were confirmed by Western blotting (Fig.
7B, lower pancl, inpul lanc) and by a pull-down assay using
GST-Raf-RBD (Fig. 7B, lower panel, other lanes), respec-
tively. As shown in Fig. 7A, STAT3-d358L but neither WT,
STAT3C, H-RasV12, nor mock treatment promoted cell pro-
liferation of G133F3 cells under G-CSF stimulation, suggesting
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that the STAT3-d358L. mutant is biologically functional and
could be a useful too! to study the physiological roles of STAT3
activation. This result also indicates that STAT3-d358L is
stronger than STAT3C in inducing STAT3-dependent cell
growth, which is consistent with their transcriptional activities
(Fig. 5B).

Interestingly, the tyrosine-phosphorylated form of STAT3-
d358L accumulated to the nucleus after IL-6 stimulation more
evidently than that of the WT STAT3 (Fig. 7C). Importantly,
the STAT3-d358L bound MgcRacGAP and Racl more
strongly than the WT in the absence or presence of 1L-6 stim-
ulation (Fig. 7D). Although most of the phosphorylated form
of overexpressed WT STAT3 remained in the cytoplasm (Fig.
7C), this was probably because p-STAT3 requires MgeRac-
GAP/Racl as cofactors to enter the nucleus and these cofac-
tors are limiting the nuclear translocation of p-STAT3. Taken
together, our results strongly indicate that the interaction of
STATs with MgcRacGAP accompanied by GTP-bound Racl
plays eritical roles in regulaling STAT [unctions through (ucil-
ilating both tyrosine phosphorylation of STATs and nuclear
translocation of p-STATS.

DISCUSSION

We originally identified MgcRacGAP in a search for key
molecules that are involved in the 1L-6-induced macrophage
dillerentiation of M1 cells (18) and found that MgcRacGAT
and Racl form a ternary complex with STAT3 and are re-
quired for STAT3 activation (43). We also reported that
MgcRacGAP localizes to the midbody of dividing cells and
plays a crucial role in the completion of eytokingsis, thus play-
ing a distinct role in the mitotic phase (12, 33). We recently
found that GTP-bound Ract and MgcRacGAP are required
for nuclear translocation of p-STATSs via the importin pathway
in an in vitro nuclear transport assay (17). In this paper, to
identify the molecular mechanisms of how GTP-bound Rac!
and MgcRacGAP facilitate complex formation of p-STATSs
with importin as, we used MgcRacGAP conditional knockout
chicken DT40 cells (5C cells) as well as a nuclear transport
assay and demonstrated that the NLS of MgcRacGAP plays a
critical role in the nuclear translocation of p-STAT3/5. Al-
though the biological functions of STAT3 and STATS are not
identical, we demonstrated that nuclear import of p-STAT3
and p-STATS was mediated by MgcRaGAP and its NLS, and
the molecular mechanisms are common,

Liu ¢t al. (25) reported that constitutive nuclear import ol
STAT3 monomer is independent of tyrosine phosphorylation
and is mediated by importin o3. They found that a deletion
mutant of STAT3 (d150-163) (aa 150 to 162; DVRKRVQDL
EQKM) did not enter the nueleus. However, the substilution
mutant of the basic amino acid cluster in this sequence did not
hamper nuclear accumulation. Based on these results, they
reasoned that aa 150 to 162 play a role in a conformational
structure that is required for nuclear import (25). Similarly,
Zeng et al. reported that aa 138 to 165 of STATSB are re-
quired for constitutive nuclear import of STATSB monomer
but that this region does not harbor polybasic amino acids (49).
Thus, it was not clear whether STAT3 and STATS harbor a
functional NLS or whether dimer formation creates a polybasic
NLS of STAT3 and STATS. We here propose that MgcRac-
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GAP accompanicd by GTP-bound Racl functions as an NLS-
containing nuclear chaperone toward p-STATs (Fig. 2B and
C). Interestingly, Racl was reported to play a role in the
nuclear import of SmgGDS and p120 catenin (22), members of
the importin a-like armadillo family of proteins (4, 38). The
C-terminal region of Racl, but not Rac2 or Rac3, contains a
polybasic region, which may function as an NLS. However,
Lanning et al. (22) also suggested that the interaction of Racl
with its GTP exchange factor SmgGDS was qualitatively dif-
ferent from that of NLS-containing molecules with importin
as. Consistent with this, we failed to detect direct interactions
ol GTP-bound Racl with importin as in cither the in vitro
binding assay or yeast two-hybrid assay (data not shown).
Therefore, it is unlikely that GTP-bound Racl serves directly
as an NLS-containing chaperone of p-STATs. The results
shown in Fig. 2C strongly indicate that GTP-bound Racl ac-
tivates the NLS MgcRacGAP associating with p-STATS; how-
ever, the precise molecular mechanism for the requirement of
Racl remains to be clarified by structural analysis.

The present results demonstrate that the bipartite NLS
(182KRR/199KK) of MgcRacGAP is essential for the nuclear
transport and the transcriptional activation of p-STATs in liv-
ing cells (Fig. 3G and H and 4A). The results of the nuclear-
cytosol fractionation analysis using the 5C cells expressing
199AA and 182AAA/199AA (Fig. 3G) also suggested that the
preferential nuclear localization of MgcRacGAP is mediated
by the importin pathway in living cells, However, in the nuclear
transport assay using semi-intact cells and purified proteins,
nuclear translocation of MgcRacGAP was not achieved by the
addition of importin /B pathway proteins alone and, interest-
ingly, further addition of p-STATs and GTP-bound Racl was
required for nuclear translocation of MgcRacGAP (see Fig.
S3A and B in the supplemental material). This raised a ques-
tion of why overexpressed MgcRacGAP predominantly accu-
mulated Lo the nucleus in HeLa cells, where STATS were not
extensively activated. In addition, purified MgeRacGAP pulled
down importin as from the HeLa cell lysate (see Fig. SIB in
the supplemental material), while it did not bind purified im-
portin s in the in vitro binding assay (Fig. 2C and data not
shown). These results suggest that the NLS of MgcRacGAP
can be activated by other cargo proteins as well as by p-STAT
and GTP-bound Racl. Thus, MgcRacGAP may function as a
nuclear chaperone for not only p-STATs but also another
nuclear protein(s).

The conditional knockout of MgcRacGAP in 5C cells de-
creased the G-CSF-induced tyrosine phosphorylation of
STAT3 (Fig. 3C), and small interfering RNA-mediated
MgcRacGAP knockdown in Ba/F3 cells also reduced tyrosine
phosphorylation of STATS (17). These results implied that
MgcRacGAP functions as an upstream regulator of STAT
activation as well. In relation to this, STAT mutants harboring
deletions in the Bb-Bc loop showed enhanced interaction with
MgcRacGAP and became constitutively active (Fig. 5and 6). It
should be noted that the extent of tyrosine phosphorylation of
STAT3-d358L without stimulation was weaker than that of
WT 16 h after IL-6 stimulation (Fig. 7D), although the asso-
ciation of STAT3-d358L with MgcRacGAP/Racl was stronger
than that of WT under the same conditions (Fig. 5C and 7D).
These results indicate that the stronger association of the con-
stitutively active STAT mutants with MgcRacGAP was not a

0102 'L Y2IEN U0 AINN 3IIN 18 610" Wse gow WoJj papeojUMO(g



1810 KAWASHIMA ET AL.

Mor., Crir. Biot.,

Plasma Membrane

Free Distribution?

.MgcRacGAP

Nuclear Envelope

Phosphorylation of STAT

Active targeting
to the nuclear envelope
mediated by Rac1/MgcRacGAP

[ 1

Dephosphorylation of STAT

_ MgcRacGAP | MgcRacGAP

FIG. 8. A current model of nuclear import of p-STATs and a working hypothesis for membrane targeting and phosphorylation of STATs. In
the present work, we demonstrated that the NLS of MgcRacGAP accompanied by GTP-bound Racl is esseatial for nuclear translocation of
p-STATs via importin o/B. We also propose that binding of MgcRacGAP to STATS is required for their tyrosine phosphorylation after cytokine
stimulation. Interestingly, the mutants that preferentially bind MgcRacGAP become constitutively active, Allogether, we conclude that MgeRac-
GAP critically functions both as a mediator of STATs tyrosine phosphoryiation and as an NLS-containing nuclear chaperone of p-STATS.

secondary result following the enhanced tyrosine phosphory-
lation of these mutants, and they imply a positive role for
MgcRacGAP in facilitating STAT activation. In this context, it
is interesting to note that V12Racl induced translocation of
MgcRacGAP to the plasma membrane (see Fig. S5 in the
supplemental material) and that MgcRacGAP bound JAK2
(17). In addition, the interaction of the STAT3-Y704F mutant,
which does not undergo tyrosine phosphorylation, with
MgcRacGAP was enhanced by IL-6 stimulation, similar to that
of the WT STAT3 (data not shown). This indicates thal the
1L-6-induced MgeRacGAP interaction with STATs does not
require lyrosine phosphorylation of STATSs and occurs before
their tyrosine phosphorylation. Based on these observations,
we proposc a model of STAT nucleo-cytoplasmic shuttling
regulated by Racl/MgcRacGAP (Fig. 8).

One important finding of the present paper is that the abil-
itics of STAT mutants to bind MgcRacGAP corrclated well
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with the activation of STATs (Fig. 5 and 6). To reveal the
molecular mechanisms of MgcRacGAP-mediated regulation
of STAT phosphorylation, we conducted an in vitro kinase
reaction of purified STATS using purified JAK2 in the pres-
ence or absence of Racl and MgcRacGAP. However, STAT
phosphorylation was not enhanced by the addition of Racl/
MgcRacGAP in this mixture (data not shown). Based on the
result that MgceRacGAP binds JAK2, we speculate  that
MgcRacGAP regulates STAT phosphorylation by conveying
STAT proteins to JAK2 or by serving as a scaffold for the
interaction of JAK2 and STAT.

We also obscrved that STAT3-d358L bound MgcRacGAP
more strongly than WT STAT3 did in yeast (data not shown).
In the crystal structure of tyrosine-phosphorylated STAT3 (2)
(PDB 1D 1BG1), the MgcRacGAP binding DB2 region in-
cludes the C terminus of the Ba’ strand, the DNA-bound
Ba’-Bb loop, the Bb strand, the Bb-Bc toop, and the N terminus
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FIG. 9. Structure of the wild-type STAT3 and homology models of the hydrophabic core surrounding Teu358. The crystal structure of the
B-barrel domain of the wild-type STAT3g (A) and its hydrophobic core region (B). In panel A, the B-factors are color coded, with lower values
in blue and higher values in red. Lo show that the loop bearing 1358 is well-ordered and rigid. (C to E) The hydrophobic core regions of the dD7,
dL358, and L358A mutants, respectively. In panels B to E, only the residues corresponding to the boxed region of panel A are shown. The key
residue, Leu338, is highlighted in orange, and the surrounding hydrophobic residues that form the core together with Leu358 are shown in yellow.
The figures are in stereo view (wall eye) and were produced using MOLMOL (20). Tt should be noted that all of these modeled core structures
are packed less tightly than the wild-type structure.

135

010z ‘£ UDIBIN U0 AINM TN I Bio"WSe gow Woy papeojumoq



1812 KAWASHIMA ET AL.

of the Bc strand in the B-barrel domain, as shown in Fig. 5A
and 9A. The tertiary structure of this domain appears to be
rigid, as its B-factors (ca. 51 A?) are considerably lower than
those of the other domains of the protein (ca. 66 A%). Deletion
mutants of the 8b strand (dD3 to dD5) resulted in loss of the
MgcRacGAP binding ability of STAT3, suggesting that the gb
strand is the MgcRacGAP binding site. Interestingly, the
MgcRacGAP binding ability and the transcriptional activity of
STAT3 were enhanced by deletion of the D6 to D9 region (Fig.
5C). These phenotypes may be explained by the flexibility
around the Bb strand. Within the B-barrel domain, the DNA-
bound Ba’-Bb loop and the Bb-Be loop region arc as rigid as
the B strands (the B-factors, ca. 40 A?), while the Be-px, Be'-
Be, and Be-pf loops are much more flexible (Fig. 9A). The
rigidity of the Bb-B¢ loop is probably because Leu358 in this
loop is involved in the hydrophobic core formation. When a
deletion mutation is introduced in the b-Bc loop (dD6-dD9,
d356P, d357E, and d358L), the tertiary structure of the domain
may be retained but become more flexible, as the hydrophobic
core is packed less tightly than the wild type (scc Fig. 9B, C,
and D for representative structural models). These STAT3
mutants with more flexibility around the gb strand (binding
site of MgeRacGAP) could bind more efficiently to MgcRac-
GAP, lcading to their enhanced activation. In the L358A mu-
tant, which behaves similarly to the d358L mutant (data not
shown), the hydrophobic core of the domain is also loosened
(Fig. 9E). Thus, all of these deletion and point mutations may
destabilize the hydrophobic core of the domain around the b
strand (binding site of MgcRacGAP) and therefore seem to
increase the binding ability of the 8b strand to MgcRacGAP.
The dD2 and dD10 mutants also strongly bind to MgcRac-
GAP, possibly because of the distortion of the domain struc-
ture, while hyperactive transcription was not observed, as they
lacked the DNA binding activities. The loss of the MgcRac-
GAP binding ability in the dD! mutant lacking the C terminus
of the Ba’ strand may be due to a secondary result of structural
distortion of the Ba’ strand and the DNA-bound Ba’-Bb loop.
Our current hypothesis is that upon binding with MgcRac-
GAP, the B-barrel domain of STAT undergoces some confor-
mational change so that the MgcRacGAP binding region (the
Bb strand) becomes more flexible and more exposed.
MgcRacGAP accompanied by GTP-bound Racl functions
both as a mediator of the tyrosine phosphorylation of STATSs
and as an NLS-containing nuclear chaperone of p-STATs dur-
ing interphase, while MgcRacGAP plays a critical role in cell
division. We believe that MgcRacGAP is a molecule which
functions in the nucleocytoplasmic transporting system during
interphase and in the mitotic apparatus from metaphase to
cylokinesis, as is the case with nucleocytoplasmic transporlers,
including importins and Ran, which are also involved in the
formation of the mitotic spindle after the disassembly of the
nuclear envelope (7). Although MgcRacGARP is not involved in
nuclear translocation of NF-kB, whether it is involved in nu-
clear transport of other proteins is stll open 1o question.
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