2876  NAKAHARAetal
A Colony—forming assay {1000celi/plate. cytohinn{+)}
400 160
250 160
£ -
g 20 § 100
§ 150 : é &
100 0

s o 3 .
R 1 o ol % 2
84 Te 2a 13, 13, ¥ 2. EXY 2
¢f g5 25 337 333 34 g% %8 g
8 @ 8 *8 g *g g 2 8
B Hes1+BCR/ABL celiiine growth ( cytokine!-) IMDM )
LOEH16
VOENZ | o o e e e -
.
5
o
E
2 uEss
£ ——Hes1oBCR/ABLKSL
8 e fea IRBCR/ABL CHAP
10¢104
106400
' 2 3 ‘ s 3
weeks in fiquid culture
D Hest +

BCR/ABL BCR/ABL
i h

cMp

Colony-forming assay (1000ce¥/plate. cytekine{~})

BLOOD, 8 APRIL 2010 - VOLUME 115, NUMBER 14

Figure 2. Hes1- and BCR-ABL-transduced KSLs, CMPs,
or GMPs were immortalized independently of IL-3.
{A) Colony-forming assay of KSLs, CMPs, and GMPs trans-
duced with BCR-ABL alone or Hes1 and BCR-ABL, cultured
in methylcellulose with or without cytokine cocklail containing
SCF, TPO, IL-3, and IL-6. Hes1*BCR-ABL* cells could be
serially replated more than 4 times both with or without
cytokines. In contrast, whereas KSLs, but not CMPs or
GMPs, transduced with BCR-ABL. alone, formed colonies in
the presence of cytokines, neither KSLs, nor CMPs, nor
GMPs formed colonies without cytokine supplementation,
Bars represent the number of colonies obtained per 10° cells
after each round of plating in methyicellulose. A representa-
tive result from 3 independent and reproducible experiments
is shown. Error bars represent the SD from duplicate cultures.
(B) Sustained growth of Hes1*BCR-ABL* cells in liquid
culture without cytokine supplementation. The numbers of
cells were determined every 7 days by trypan blue staining,
and 10° celis per weli were seeded into a 6-well plate. Uquid
culture was reproducibly continued for more than 6 months.
(C) Typical colonies derived from KSLs, CMPs, and GMPs
transduced with BCR-ABL alone (left panels) or BCR-ABL
and Hes? (right panels) in the presence of SCF, TPO, IL-3,
and !L-6. Images were obtained with an IX70 microscope and
a DP70 camera (Olympus); an objective lens, UPlanFl
(Olympus); original magnification % 100. (D) Giernsa staining
of Hes1*BCR-ABL* KSLs, CMPs, and GMPs. Images were
obtained with a BX51 microscope and a DP12 camera
(Olympus); an objective lens, UPlanF1 (Olympus); original
magnification X1000. (E) Flow-cytometric analysis of
Hes1*BCR-ABL* KSLs cullured in methylcellulose supple-
mented with SCF, TPO, IL-3, and IL-6. The dot plots repre-
sent Gr-1, CD11b, ¢-Kit, Sca-1, CD3, CD4, CD8a, B220,
GD19, CD34, Ter119, and CD14 labeled with a comespond-
ing PE-conjugated monoclonal antibody versus expression
of GFP/BCR-ABL. Hest*BCR-ABL* CMPs and GMPs )
showed a similar expression pattem (supplemental Figure
2C-D). The analyzed cells were GFP and NGFR sorted at 48
1o 60 hours from the initiation of BCR-ABL- or Hes1+BCR-
ABL transduction and cuttured for the following lengths of

GMP

time before the analysis: (A} 0 days, (B) 4 weeks, (C) 1 week,
(D) 1 week, and (E) 1 week.

after sublethal irradiation. The numbers of cells injected varied
among experiments, ranging from 17 X 10? to 15 X 10%, because
of the difference in sorting efficiencies. All the mice receiving
transplantations rapidly developed fatal AML/CML in blast crisis-
like disease with no significant difference in latency, ranging
between 18 and 39 days after the transplantation (P < .867)
(Figure 4A). The tissue distribution of the disease was virtually the
same among mice receiving KSLs, CMPs, and GMPs; they
invariably demonstrated marked hepatosplenomegaly and lung
hemorrhage resulting from infiltration of leukemic cells (Figure
4B). Expression of Hesl and BCR-ABL in the spleen cells of
recipient mice was confirmed by Western blot analysis (supplemen-
tal Figure 4B).

The morphology of bone marrow demonstrated increased
myeloid blasts (Figure 4C), and the histology of spleen, liver, and
lungs demonstrated extensive infiltration of leukemic cells (Figure
4D). The percentages of the blasts ranged between 28% and 55% of
all nucleated bone marrow cells (mean, 36.5%) of the mice
receiving Hesl- and BCR-ABL-transduced KSLs, CMPs, and
GMPs. In contrast, the percentages of bone marrow blasts in the
recipient mice receiving BCR-ABL-transduced KSLs were only
6% to 7% (Figure 5A). White blood cell counts in the peripheral
blood of recipients with Hes!*BCR-ABL* KSLs, CMPs, and
GMPs were 2.4 X 10¥%pL t0 67.9 X 10%pL (mean, 17.8 X 10%uL),
whereas those with BCR-ABL-transduced KSLs showed moderate
leukocytosis ranging between 2.9 X 10%uL and 3.8 X 10%pL
(Figure 5B). The surface marker profiles of the bone marrow cells

‘GFPI BCR-ABL.

from the recipients with Hes1*BCR-ABL* cells expressed CD11b
and Gr-1 at high levels, whereas they expressed c-Kit, Sca-1, and
CD34 at intermediate levels (Figure 5C; supplemental Figure
5A-B), irrespective of whether they were derived from KSLs,
CMPs, or GMPs (supplemental Figure 5C).

The long-term self-renewal properties of the leukemic cells
derived from Hesl- and BCR-ABL-transduced CMPs or GMPs
were tested by transplantation into secondary recipients; 0.1 to
5 X 106 total bone marrow cells were injected into the tail veins of
sublethally irradiated mice. All recipient mice transplanted with
more than 10° Hesl* cells from bone marrow developed fatal
AML/CML in blast crisis-like disease with latencies of between
18 and 75 days (supplemental Figure 4C). The disease was almost
identical with the primary disease (data not shown).

Hes1 expression is elevated in a substantial subset of human
CML blast crisis samples

The results presented from the mouse model experiments suggest a
potential link between deregulated expression of Hes1 and human
CML in blast crisis. We measured the Hes! mRNA by real-time
RT-PCR in 11 peripheral blood, 1 cerebrospinal fluid, and 8 bone
marrow samples from CML in blast crisis patients; 19 bone marrow
samples from CML in chronic phase patients; and 10 bone marrow
samples from normal subjects. In 8 of 20 CML in blast crisis
samples, we found that Hes! mRNA levels were elevated by more
than 4 times the average of normal bone marrow samples (Figure
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Figure 3. Mice tr planted with Hes1-tr duced KSLs, CMPs, and GMPs

were kept healthy. (A) Survival curves for mice injected with Hes1-transduced
progenitors. No mice showed any signs of MPN for more than 250 days from
transplantation. Data were analyzed by the Kaplan-Meier method. The numbers of
transplanted mice are shown. Three independent experiments were performed.
(B) Survival curves for mice injected with BCR-ABL-transduced progenitors. Mice
transplanted with BCR-ABL-transduced KSLs developed fatal MPN within 30 days
after transplantation, whereas mice transplanted with BCR-ABL-transduced CMPs or
GMPs showed no evidence of disease when killed between 130 and 200 days after
transplantation. Data were analyzed using the log-rank test. The 2 independent
experiments were performed, and the total numbers of transplanted mice are shown.

6A). Interestingly, all but one of their phenotypes were myeloid,
and 5 of 12 samples in which Hes1 mRNA levels were not elevated
were derived from patients with B-cell lineage lymphoid crisis. On
the other hand, the average of Hesl mRNA levels in CML in
chronic phase samples seemed to be lower than that of the normal
bone marrow samples, with no sample exceeding twice the
average. Clinical data of 20 patients with CML in blast crisis are
shown in Table 1. The correlation coefficient between the blast
percentage and the Hes] mRNA level was —0.395, indicating that
the elevated Hes1 expression level was independent of the increase
in the blast percentage.

To investigate the role of Hesl in CML blast crisis, we
measured the Hes] mRNA by real-time RT-PCR in 5 human cell
lines (K-562,2" JK-1,8 KCL-22,% T§9:22,% and JURL-MK1*),
which were derived from CML in blast crisis. We found that, in 3 of
5 CML blast crisis cell lines, Hes] mRNA levels were elevated
compared with the normal bone marrow sample (Figure 6B).
We transduced a dominant-negative Hesl (dnHesl) lacking a
C-terminal WRPW domain via retrovirus vector into the 3 cell lines
(K-562, TS9:22, and JURL-MK1) in which Hes! mRNA levels
were elevated. Indeed, in 2 of these 3 cell lines, proliferation was
significantly suppressed by transduction of dnHes! (Figure 6C).
The repression of C/EBP-a by Hesl was also observed in
Hes1-transduced KSLs, CMPs, and GMPs compared with control
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vector-transduced KSLs, CMPs, and GMPs (Figure 6D). When
C/EBP-a retrovirus vector was transduced to Hesl-transduced
KSLs, CMPs, and GMPs, all of these cells differentiated to
segmented neutrophils, suggesting that the expression of C/EBP-a
reversed the function of Hes1 (supplemental Figure 6).

Discussion

In the present study, we demonstrated that retroviral transduction of
Hes! readily immortalizes myeloid progenitors at various stages.
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Figure 4. CMPs and GMPs transduced with the combination of Hes1 and
BCR-ABL rapidly induced AML/blast crisis of CML. (A) Survival curves of mice.
KSLs {(n = 5), CMPs (n = 8), and GMPs (n = 5) transduced with the combination of
Hest and BCR-ABL developed fatal AML/CML in blast crisis-like disease within 18 to
39 days, 20 to 32 days, and 20 to 27 days, respectively. Numbers of injected cells
ranged 17 X 102 to 2.6 x 10* for KSLs, 6.5 x 10* to 15 x 10¢ for CMPs, and
4.0 X 10% to 13.8 X 10 for GMPs. There was no significant difference in latency of
penetrance (P < .867). Statistical differences were determined using the log-rank
test, Three independent experiments were performed, and the total numbers of
transplanted mice are shown. (B) Tissue distribution of the leukemic cells. Mice
transplanted with KSLs, CMPs, and GMPs transduced with the combination of Hes1
and BCR-ABL invariably demonstrated marked hepatosplenomegaly and lung
hemorrhage, both resulting from infiltration of leukemic celis. {C) The morphology of
bone marrow cells from representative recipient mice. Increased myeloid blasts were
seen with no significant difference among KSt.s, CMPs, and GMPs. (D) Histology of
spleen, liver, and lungs from representative mice receiving Hes1*BCR-ABL* GMPs,
Vast infiltration of leukemic cells is seen. There were no differences in the histology
among mice receiving Hes1*BCR-ABL* KSLs, CMPs, and GMPs.
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Figure 5. Comparisons of blast percentages in the bone marrow and peripheral
blood leukocyte bety mice iving KSLs transduced with BCR-
ABL alone and those receiving KSLs, CMPs, and GMPs transduced with the
combination of Hes1 and BCR-ABL. (A) Blast ratios in the bone marrow. The mean
blast ratios in all nucleated bone marrow cells were 6.5% * 0.7% and 36.5% * 6.9%
in mice receiving KSLs transduced with BCR-ABL alone and in those receiving KSLs,
CMPs, and GMPs transduced with the combination of Hest and BCR-ABL,
respectively. The difference was statistically significant by the 2-sample ttest with
Welch correction (P < .001). (B) Peripheral white blood cell counts (WBCs). WBCs
were 3.4 = 0.6 X 10%/uL and 17.8 + 20.3 X 10%ul in mice receiving KSLs trans-
duced with BCR-ABL alone and in those receiving KSLs, CMPs, and GMPs
transduced with the combination of Hest and BCR-ABL, respectively. The ditference
was statistically significant by the 2-sample ttest with Welch correction (P < .001).
(C) Flow-cytometric analysis of bone marrow cells from mice receiving GMPs
transduced with the combination of Hes1 and BCR-ABL. The dot plots represent
Gr-1, CD11b, c-Kit, Sca-1, CD3, CD4, CD8a, B220, CD19, CD34, Ter119, and NGFR
labeted with the corresponding PE-conjugated monoclonal antibody versus expres-
sion of GFP/BCR-ABL. NGFR Is a marker of Hes1, and GFP is a marker of BCR-ABL
transduction. The bone marrow cells derived from mice receiving KSLs or CMPs
transduced with the combination of Hes1 and BCR-ABL showed essentially the same
pattern (supplemental Figure 5A-B).

Moreover, when BCR-ABL is transduced together, Hes! tranforms
differentiated myeloid progenitors, such as CMPs and GMPs, in
addition to hematopoietic stem cell-rich population, such as KSLs,
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to AML/CML in blast crisis-like cells, rapidly killing recipient
mice. This result is in sharp contrast to the fact that a hematopoietic
stem cell-containing population is required for BCR-ABL to cause
MPN-like disease.

Hes| is known as an effector molecule functioning downstream
of Notch signaling. The activating mutations of the extracellular
heterodimerization domain and/or the C-terminal PEST domain of
Notch1 have been identified in approximately 50% of human T-cell
acute lymphoblastic leukemias.!®32 We have recently identified
gain-of-function mutations of Notch2 in conjunction with increased
copy numbers of the mutation-carrying Notch2 allele in a subset of
B-cell lymphomas.!! A possible association between deregulated
Notch signaling is also reported in Hodgkin lymphoma, anaplastic
large cell lymphoma, small-cell lung cancer, and prostate adenocar-
cinoma, etc.’® Regarding myeloid malignancies, however, only one
paper reports the identification of the activating mutation of Notch1
in 1 of 12 human AML samples.3* Given that Notch signaling is
among the strongest inducers of T-cell lineage commitment'?!3 and
that increased Notch signaling could block myeloid lineage commit-
ment,'* deregulated Notch signaling might antagonize, rather than
promote, the development of myeloid malignancies. However,
Hesl does not necessarily represent Notch signaling. Indeed, other
extracellular signaling, such as Sonic Hedgehog,® could affect
Hes! expression, and cross-talk between Hes family proteins and
molecules in various cell signaling pathways, such as Stat3,36 has
been demonstrated.

We previously reported that Hes1 preserved highly purified
hematopoietic stem cells in vitro and contributed to the expansion
of transduced hematopoietic stem cells in the recipients’ bone
marrow,” but the effect of Hesl transduction on myeloid progeni-
tors was not evaluated in detail. We have now found the myeloid
progenitor-immortalizing activity of Hesl. In addition, accumula-
tion of KSL- and GMP-like population in Hesl-transduced cells
implicates a role for Hes1 in leukemic stem cells. On the other
hand, we have also found that the in vitro growth of the
Hesl-immortalized cells is dependent on cytokine signaling and
that Hesl alone is insufficient to be fully leukemogenic when
overexpressed. The mainstay of the Hesl effects on myeloid
progenitors appears to be blockade of differentiation, although
other functions, such as reversion from the quiescent state to the
actively cycling state,2! may also be involved. In the present study,
we confirmed that Hes1 expression represses C/EBP-a, a transcrip-
tion factor having important roles in myeloid differentiation, in
mouse KSLs and committed progenitors as we reported.!S More-
over, transduction of C/EBP-« reversed the differentiation block
caused by Hesl expression, which partially explains the mecha-
nism of blocked myeloid differentiation by Hesl. C/EBP-« is
frequently mutated in AML with the normal karyotype.>™ In other
human AML without C/EBP-o mutations, reduced C/EBP-a
expression, possibly through deregulated epigenetic control, is not
uncommon and is associated with poor prognosis.*04! Furthermore,
mice injected with mutated C/EBP-a-transduced bone marrow
cells develop myelodysplastic syndrome and AML.#? Therefore,
reduction of C/EBP-a function is highly relevant to the develop-
ment and/or progression of myeloid malignancies, Hes1, therefore,
might be involved in human myeloid malignancies throu gh suppres-
sion of C/EBP-a..

Up-regulation of Hesl is shown in a subset of human rhab-
domyosarcomas?®' and medulloblastomas.*** In the present study,
we have detected elevated expression of Hes! in 8 of the 20 sam-
ples from CML in blast crisis patients, but not those from CML
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Figure 6. Hes1 expression was elevated in approxi- A
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in chronic phase patients. Although it is yet to be confirmed by a
larger number of samples from CML as well as AML patients, this
result indicates an interesting connection between the mouse model
of AML/CML in blast crisis-like disease and human leukemia. In
addition, we have demonstrated that transduction of dnHesl
represses the proliferation in 2 of 3 human cell lines of CML in
blast crisis. These results suggest that Hes1 plays an important role
in blast crisis of CML.

Although the origin of CML is considered to be a hematopoietic
stem cell, blast crisis has been shown to be a result of transforma-
tion of myeloid progenitors.’® BCR-ABL can cause MPN-like
disease when introduced into the hematopoietic stem cell popula-
tion but cannot induce MPN or leukemia when introduced into
differentiated myeloid progenitors.2® Therefore, development of
full-blown AML/CML in blast crisis-like disease in mice with
differentiated progenitors only by cotransduction with Hesl and
BCR-ABL may represent a true model of blast crisis of CML. In
this context, Hesl is a possible crisis-promoting gene like other
examples, such as activated B-catenin'® and BCL-2,% both of
which caused CML in blast crisis-like disease in mice when
transduced into GMPs together with BCR-ABL.

Hes1 CMP |

mock GMP i

Host GMP
M

narmal whote

Several AML-associated fusion gene products, such as MLL-
ENL,% MOZ-TIF2,2¢ and MLL-AF9,%” have been demonstrated to
confer replating capacity on CMPs and GMPs, and eventually to
transform these cells into leukemia-initiating cells. Unique to our
findings is the fact that we transduced a wild-type transcription
factor, Hesl, and found that such simple up-regulation of a
transcription factor led to similar transformation phenotypes.
A substantial number of examples have indicated that loss of
function or altered function, rather than gain of function, of
transcription factors, including MLL, MOZ, Runxl, RARaq,
C/EBP-q, etc, is associated with leukemogenesis. If up-regulation
of Hes! is indeed involved in human leukemias, this represents a
new mechanism of leukemogenesis.

In modeling CML in mice, the present model provides a powerful
tool by which we can induce 2 distinct phases of CML from stem cells
or progenitors using BCR-ABL gene: a chronic phase-like state by
transduction of KSL with BCR-ABL alone and a blast crisis-like state by
cotransduction of CMPs and GMPs with BCR-ABL and Hes!.

In conclusion, we have developed a useful mouse model for
CML blast crisis and have indicated that Hes! is a key molecule in
blast crisis transition in CML. The present mouse model will aid
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Table 1. Clinical data of 20 patients with CML in blast crisis
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Blast
ratio

Sample

name Source Hes1/GAPDH  Phenotype

Chromosome aberration

Clinical features

19;22)
48, XX, o

3259 CML BC
1385 CMLBC
1107 CMLBC

1088 CML BC

46X (0224

46,XX,1(9;22);add(17)(p11).

XX, 1(9:22)(q34:q11.2) " BMwas dry tap.
1265 GML BC 2oy b i+ BMwas dry tap cg
BM was dry tap.

NA10:a12),1(9;22) -

‘ ‘The' blasts increased drastically in CNS.

BM Was dry tap composed of 100% blasts.

232 CML BC BM 11 Myeloid

Myelold
Myeloid

19;22)1
1(9;22)

3847CMLEC  BM 62 479

47,XY,+8,1(9;22)

6,dic(17)(q10),1(0;22)

CML indicates chronic myelogenous leukemia; BC, blast crisis; PB, peripheral blood; B-ALL, B-cell acute lymphoblastic teukemia; BM, bone marrow; CSF, cerebrospinal

fluid; —, not applicable; and CNS, central nervous system.

understanding of the molecular mechanisms underlying blast crisis
of CML and might lead to a better therapeutic outcome for this
difficult disease.
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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 that an MgcRacGAP mutant lacking its nuclear localizing signal (NLS) blocks
nuclear translocation of p-STATs both 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 Bb) are hardly tyresine
phosphorylated after cytokine stimulation, Intriguingly, mutants harboring small deletions in the C’-adjacent
region (Bb-Bc loop region) of the strand Bb became constitutively active with the enhanced binding to
MgcRacGAP. The molecular basis of this phenomenon will be discussed, based on the computer-assisted
tertiary structure models of STAT3. Thus, MgcRacGAP functions as both a critical mediator of STAT’s
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
STATS have also been demonstrated under pathological con-
ditions (5).

A small GTPase 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-STATSs) and B-catenin

.
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and also its nuclear accumulation in the G, phase, promoting
cell division (17, 31, 47). MgcRacGAP is an evolutionarily
conserved GTPase-activating protein (GAP) for Rho family
GTPases. We and others previously showed that MgcRacGAP
controls the mitotic spindle through associating -, B-, and
y-tubulin, Rho family GTPases, and a Kkinesin 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 IL-7-expanded B220*
cells.

Molecular trafficking 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 /8 heterodimers, importin B
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 f 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 STAT1 and STAT3 were reported
to bind importin «5 and several importin as, respectively,
which mediated the nuclear transport of STATS (25, 26, 30, 42,
44). Molecules other than importins and Ran also participate
in the regulation of the nuclear translocation of STATSs (27).
We recently found that GTP-bound Racl and MgcRacGAP
form a ternary complex with p-STATSs and play critical roles in
the nuclear translocation of p-STATs via the importin o/p
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 Sf-9 cells, Purification of recombinant
proteins using Sf-9 cells was done as described previously (17). To confirm the
purity, the eluted proteins were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by Coomassie blue (CBB)
staining or by Western blotting. Purified His-tagged L69Ran and His-tagged
N24Ran were purchased from Cytoskeleton, Inc.

Import assays with permeabilized celis. HeLa cells were grown on poly(i-
lysine)-coated coverslips and permeabilized with 40 pg/m! digitonin (Roche) in
transport buffer (TB; 20 mM HEPES, pH 73, 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/ml of pepstatin A, 1 pg/mi of leupeptin,
20 mg/ml of bovine serum albumin) for 10 min at room temperature. Subse-
quently, the cells were washed twice in TB to wash out cytoplasmic proteins,
Incubation with 50 ! 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/ml creatine phosphokinase) and combi-
nations of 1 .M of the purified proteins indicated in Fig. 2B, below (see also Fig.
S2 and S3 in the supplemental material). Following the import reaction, the cells
were washed with ice-cold TB and immunostained.

Immunostaining and antibodies. HeLa cells were immunostained as described
previously (12). Rabbit anti-STAT5A, 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
anti-MgcRasGAP (12) antibodies (Abs) were used for the first Ab. For the
secondary Ab and DNA staining, fluorescein isothiocyanate- or rhodamine-
conjugated goat anti-rabbit immunoglobulin (Ig; Wako), fluorescein isothiocya-
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nate- or rhodamine-conjugated goat anti-mouse Ig (Sigma), or rhodamine-con-
jugated anti-goat Ig (Wako) and 4',6-diamino-2-phenylindole (DAPI) were used.

Microscopy. Fixed fluorescence images were analyzed on a confocal micro-
scope (FLUOVIEW FV300 scanning laser biological microscope 1X70 system;
Olympus). Living cells expressing green fluorescent protein (GFP)-fusion pro-
teins were viewed with a fluorescence microscope 1X70 (Olympus) equipped with
a SenSys/OL cold charge-coupled-device camera (Olympus).

In vitro binding assay, immunoprecipitation, and Western blotting, Immuno-
precipitation, gel electrophoresis, and immunoblotting were done as described
previously (17), with minor modifications. Purified proteins which were preincu-
bated in the TB with 0.5% Triton X in the in vitro binding assay or cell lysates
(2 % 107 cells/ml) were incubated at 4°C for 2 h with the indicated antibodies and
protein A-Sepharose. The i yprecipitates were subjected to Western blot
analysis with an anti-tyrosine-phosphorylated STATS monoclonal Ab (anti-p-
STATS; Upstate), anti-MgcRacGAP (12), anti-importin B1 (Transduction Lab-
oratories), or anti-MKLP-1, anti-STAT5A, anti-Rac], or anti-importin a1 (Santa
Cruz) antibodies. The filter-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 cells (SC cells) using DT40
cells. Fulldength MgcRacGAP ¢DNA was cloned into the EcoRI/BamHI site of
pUHD10-3 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 amms, The targeting constructs and pUHD-MgcRacGAP were
transfected into DT40 cells with a GenePulser II electroporator (Bio-Rad).
DT40 cells were cultured and transfected as described previously (32). All DT40
cells were cultured at 38°C in Dulbecco’s modified medium supplemented with
10% fetal calf serum, 1% chicken serum, penicillin, and streptomycin. To sup-
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 a mammalian expression
vector, pME 18S, or a retrovirus expression vector, pMXs-IG and pMXs-neo.
The deletion constructs of MgcRacGAP that lack the interal (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 MgcRacGAP (NLS-MgcRacGAP; amino acids [aa] 182 to 200),
mutant NLS of MgcRacGAP (NLS-MgcRacGAP-182AAA/199AA), or the large
T antigen-NLS (PKKKRKV) were cloned into EcoRI and NotI sites of a pMXs-
GFP-fusion vector. Site-directed mutagenesis of MgcRacGAP 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 confirmed by automated sequencing
using an ABI Prism 310 genetic 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-
ified Eagle medium supplemented with 5% fetal calf serum and were transiently
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 pMKITATD-FIt3 together with 1.0 g 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 long terminal repeat promoter was introduced into 2 X 10° cells of 5C cells
with Nucleofector II (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. Sixteen hours after transfection, cells were lysed and were then sub-
jected to a dual luciferase reporter system (Promega). Luciferase activities were
also examined in the lysates of SC transfectants cotransfected with the NF-xB
reporter plasmid (k9) carrying a firefly luciferase gene driven by the 1L-6 pro-
moter (14) together with an internal control plasmid. After the transfection, cells
were incubated with 30 nM phorbol myristate acetate (PMA) and 1 pM iono-
mycin for 12 h before cell lysates were prepared. For the experiments using 293T
cells, cells were transfected with pME (mock) or pME/STAT5As 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 ug of an internal control reporter
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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 erythropoietin (EPO; 18 ng/ml; 16 h) and subjected to a
dual luciferase reporter system (Promega). To examine the transcriptional ac-
tivities of STAT3 mutants harboring deletions in DB2, a luciferase assay was
done in the lysates of unstimulated or IL-6-stimulated (20 ng/ml) and sIL-6R-
stimulated (20 ng/ml) 293T cells cotransfected with the STAT3 reporter plasmid
carrying a firefly luciferase gene driven by the mouse glial fibrillary 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
series 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 total RNA
was reverse transcribed with random hexamers by using a first-strand cDNA
synthesis kit (Pharmacia), and the reaction mixture was subjected to PCR. PCRs
were carried out using the following oligonucleotide primers: chicken Bel-xL
sense (5-CGTACCAGAGCTTITGAGCAGGT-3') and antisense (5'-GACCA
AGCACAAGCACAATCAC-3") and chicken glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) sense (5'-ATGGTGAAAGTCGGAGTCAACGG-3') and
antisense (5'-ACAGTGCCCTTGAAGTGTCC-3'). PCR was performed under
the following conditions to amplify the chicken Be/-xL gene: 96°C for 3 min; 30
cycles of 96°C for 30's, 63°C for 30 s, and 72°C for 30 s; a final elongation at 72°C
for 8 min. To amplify the GAPDH gene, conditions were 96°C for 3 min, 20 cycles
of 96°C for 30 s, 55°C for 30 s, and 72°C for 30 s, 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 D1-10, d356P, d357E,
d358L, and L358A mutants of STAT3 were built using the 2.25-A resolution
crystal structure of the STAT38 - DNA complex (2) (PDB ID 1BG1) as a
template. Initial models were constructed with the MODELER 9v1 program (9,
28, 41). Then, the models were refined by energy minimization with the
AMBER99 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 for 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. 1C). 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
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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
localizations 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 aa182-200(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 MgcRacGAP 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
« binding site, thereby competitively blocking importin o/B-
mediated nuclear import (21), strongly inhibited the nuclear
translocation of MgcRacGAP (data not shown). These results
implied that MgcRacGAP was transported to the nucleus in an
importin o/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 1 directly mediates the nuclear import of
MgcRacGAP, we also examined whether importin B1 could
directly bind MgcRacGAP. It was found that importin as spe-
cifically bound MgcRacGAP in yeast (see Fig. S1A in the
supplemental material). Moreover, purified importin a1 but
not importin B1 pulled down MgcRacGAP from HeLa cell
lysate (see Fig. S1B in the supplemental material), suggesting
that importin a1 but not importin B1 directly bound MgcRac-
GAP. The purity of isolated importin a1 and importin B1 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 a1, we tested the
interaction of importin al 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 a1 and MgcRacGAP was mediated by
the bipartite NLS of MgcRacGAP (see Fig. S1D in the sup-
plemental material). These results demonstrated that MgcRac-

FIG. 1. 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 mutanis. (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 panel). (C) Localization of Flag-tagged WT and various deletion mutants in the INT domain of MgcRacGAP in Hela
cells. Cells were transfected with expression vectors carrying Flag-tagged WT or various deletion mutants in the INT domain. After 36 h, cells were
immunostained with the anti-Flag Ab (green) and DAPI (blue) and viewed with a fluorescence microscope 1X70 (Olympus). Bar, 10 pm.
(D) Localization of GFP-fused NLS of MgcRacGAP. GFP-fused 2a182-200 of MgcRacGAP, 2a182-200(182AAA/199AA), and large T antigen-
NLS were expressed in HeLa cells. After 36 h, living cells were viewed with a fluorescence 1X70 microscope (Olympus). Bar, 10 um.
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GAP directly bound importin as through its bipartite NLS
(182KRR and 199KK).

NLSs of MgcRacGAP 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/B pathway in an in vitro
nuclear transport assay (17), but the component of the ternary
complex that directly binds importin « remained elusive. Nei-
ther STAT3 nor STAT5 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 (V12Racl), STAT5A, or
p-STATSA and for nuclear transporter proteins, including im-
portin a1, importin B1, Ran, and NTF2, which binds Ran and
enhances Ran-dependent nuclear import (Fig. 2A, panel a).
We confirmed the purities of recombinant proteins and the
tyrosine phosphorylation of STATS5A induced by coexpression
with the kinase domain of JAK2 (JH1) (40) in S£-9 cells (Fig.
2A, panels a 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-STATS5A 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 a1, importin B1, 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-STATSA, 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 V12Racl, and abolished the nuclear translo-
cation of p-STATSA even in the presence of V12Racl, impor-
tin o1, importin B1, 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 «, an in vitro binding assay was done. As we
reported previously (17), p-STAT5A, but not unphosphory-
lated STATSA, formed complexes with importin o1 only in the
presence of WT MgcRacGAP and V12Racl (Fig. 2C). On the
other hand, p-STATSA did not form complexes with importin
«]1 in the presence of 199AA-MgcRacGAP and V12Racl (Fig.
2C). Addition of importin B1 increased 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-STAT5A. We also found
that 199AA-MgcRacGAP did not support the nuclear translo-
cation of p-STATS3 in the presence of V12Racl, importin o1,
importin B1, Ran, or NTF2 (see Fig. S2 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 purified importin o/B 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 bound importin «, thereby facilitating 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-STATS, in accordance with GTP-bound Racl, at
least in the in vitro nuclear transport 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 proteins (a) or Western blot analysis of the STAT5A-Flag protein purified from Sf-9 cells with or without
coexpression with the kinase domain of JAK, using the anti-p-STATS Ab (b). (B) Nuclear transport assay of STAT5A. Hela cells were
permeabilized using 40 pg/ml digitonin and were incubated at 37°C for 30 min with 50 pl IM. The IM contained TB, ERS, and a single protein
or combinations of the following purified proteins, as indicated: 1 pM STATSA, p-STATS5A, V12Racl, MgcRacGAP, 199AA-MgcRacGAP,
importin a1, importin 81, Ran, or NTF2. After the import reaction, the cells were fixed. STATSA 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 Racl, and 199AA-MgcRacGAP did not bind
importin o1 in the transport buffer. Purified STAT5A and p-STAT5A were incubated with importin a1 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 each sample. After the incubation, STATSA was immuno-
precipitated (IP) with anti-STATSA Ab and washed three times with transport buffer. The immunoprecipitates were subjected to Western blot
analysis with the anti-importin al, anti-Racl, anti-MgcRacGAP, anti-STATSA Ab, or anti-p-STATSA Ab. (D) GTP-bound Ran (L69Ran)
dissociates Racl, importin a1, and importin B1 from the import complex composed of p-STATSA. Purified p-STATSA was incubated with purified
V12Racl, MgcRacGAP, and importin a1 in the presence of the indicated combinations of purified importin B1 alone, importin 81 plus Q69Ran
(GTP-bound Ran), or importin B1 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 each sample. After the incubation, STAT5A was immunoprecipitated
with anti-STAT5A Ab and washed three times with transport buffer. The immunoprecipitates were subjected to Western blot analysis with the
anti-importin al, anti-Racl, anti-MgcRacGAP, anti-importin B1, or anti-STATSA Ab.
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scriptional activation of STATS 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 but, 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+/~/MecRacGAP wansgenc) Five clones
with the MgcRacGAP*/~/MecRacGAP transgene genotype were
transfected with another MgcRacGAP-targeting construct har-
boring a puromycin selection marker to disrupt the remaining
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MgcRacGAP allele. We obtained 24 clones with the MgcRac-
GAP~/~/MecRacGAF wmansgene gepgtype and one clone, SC, 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 a 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 5C 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 knockont 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 transiently 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-
cytosol fractionation 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 decreased 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 immunoblotted
with the anti-chicken MgcRacGAP Ab (upper panel) or anti-a-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
phalloidin (red) and DAPI (blue) 12 h after the addition of TET and viewed using a FLUOVIEW FV300 confocal microscope (Olympus). Bar,
10 pm. (C) Subcellular localization of p-STAT3 in 5C cells after addition of TET in the absence or presence of G-CSF. Cell fractionation was
performed using 5C cells transiently transfected with the expression vector for the G-CSF receptor (G-CSFR). Twenty-four hours after 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-STATS3, anti-Flag, anti-RhoA, or anti-HDAC Ab (upper panels). The total amount of p-STAT3 was also examined using
whole-cell lysates of 5C 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 mutants (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 MgcRacGAPs 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-o-tubulin Ab (lower panel). (F) G-CSF-induced phosphorylation of STAT3 in 5C cells expressing 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/mi of G-CSF for 15 min in the presence of TET, followed by Western blotting (5 X 10° cells/lane) using the anti-p-STAT3 antibody (upper
panel) or anti-STAT3 Ab (lower panel). (G) Subcellular localization of p-STAT3 in 5C cells expressing Flag-tagged WT, 182AAA, 199AA, or
182AAA/199AA with or without G-CSF stimulation in the presence of TET. Cell fractionation was performed using 5C 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 cell 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 transfectants 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, SC cells were infected with mock or the
retrovirus expression vector pMXs-IG carrying WT or the
182AAA, 199AA, or 182AAA/199AA mutant of MgcRacGAP
using amphotropic packaging PLAT-A cells (36). The infection
efficiencies 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 either 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-
em 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-STAT?3 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 affected in the
transfectants expressing the NLS-lacking mutants of 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 to G-CSF stimulation were
strongly inhibited in the 199AA- or 182AAA/199AA-express-
ing 5C cells compared to those in the WT-expressing cells (Fig.
4A). We obtained similar results for STATS; transcriptional
activation of STATS5 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-«xB p65, whose NLS is unmasked by IkBo degrada-
tion and binds importins a3 and a4 (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-xB 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 Bb) of the B-barrel lost transcriptional ac-
tivities, while the mutants harboring deletions in the region
following the strand Bb (Bb-Bc loop) showed constitutively
active phenotypes. We previously found that STAT3 and
STATS directly bound MgcRacGAP through aa 338 to 362 and
aa 341 to 365 in their DNA binding domain, respectively
(termed DB2-STAT3 and DB2-STATS) and that the STAT3
and STATSA 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-dD9 and
-10) (Fig. 5A). Tyrosine phosphorylation of STAT3-dDB2,
-dD1, -dD3, -dD4, or -dD5 in response to IL-6 stimulation was
diminished, whereas tyrosine phosphorylation of STAT3-dD2
was prominent even in the absence of IL-6 (Fig. 5C, middle
panel). In addition, association of STAT3-dDB2, -dD1, -dD3,
-dD4, or -dD5 with MgcRacGAP 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-«B p65 in 5C cells. (A) The NLS of MgcRacGAP was required for transcriptional
activities of STAT3. Luciferase activities 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 WT-STAT3 (pME/STAT3). After the transfection, cells were incubated with 100
ng/ml 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 SC transfectants were cotransfected with the STATS reporter plasmid, internal control
plasmid, or expression vector for the WT STATSA (pME/STATSA), together with either the mock or expression vector for ITD-Fit3. (C) The NLS of
MgcRacGAP is dispensable for the nuclear translocation of NF-kB p65 in 5C cells. Immunostaining was performed using the 5C transfectants cotransfected with
the expression vector for NF-xB p65. After the transfection, cells were serum starved for 3 h, incubated with 30 nM PMA and 1 pM ionomycin for 30 min, and
stained with the anti-NF-«B p65 and DAPL. Cells were viewed with a FLUOVIEW FV300 confocal microscope (Olympus). Bar, 10 pm. (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-kB reporter plasmid (k9) carrying a firefly luciferase gene driven by the 1L-6 promoter together with the internal control plasmid. After the transfection, cells
were incubated with 30 nM PMA and 1 uM ionomycin for 12 h before cell Iysates 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 MgcRacGAP 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 used. 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 IL-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
to -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 IL-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-

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 IL-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 exerted the strongest transcriptional activity among
these mutants and a reported constitutively active mutant of
STAT3C (3). These results suggest that the two strands (Ba’
and Bb) in DB2 are required for the IL-6-induced tyrosine
phosphorylation of STATS3 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 STATSA-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/ml)-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 (pME), 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
are the averages * standard deviations of three independent experiments. (C) The mutants of STATS5A 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 following the strand Bb showed enhanced binding affinities to MgcRacGAP and underwent enhanced tyrosine phosphorylation.
Expression, tyrosine phosphorylation, and interaction with MgcRacGAP of the Flag-tagged deletion mutants of DB2-STATSA (lower panel,
middle panel, and upper panel, respectively) were examined by immunoprecipitation using 293T cells cotransfected with EPOR and each of the
STATS5A mutants in the absence (upper three panels) or presence (lower three panels) of EPO stimulation for 30 min.

of DB2 following the strand Bb (Bb-Bc loop) tend to become
constitutively active with enhanced binding to MgcRacGAP.
We also produced a series of STATSA mutants lacking a
three-amino-acid stretch in the region corresponding to DB2-
STAT3 (STATS5A-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 STATS5A in DB2 showed phenotypes sim-
ilar to those of STAT3 mutants (Fig. 6B and C); STATSA
mutants harboring deletions in the two strands (8a’ and $b) of
the B-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 (STATSA-dD7 to -9) showed gain-of-function
phenotypes. STATSA-dDS, -d363H, and -d364M also showed
constitutively active phenotypes (Fig. 6B and C), although the

transcriptional activities of these mutants without stimulation
were weaker than that of another constitutively active mutant,
STAT5A1*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 STAT5A.

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
the Flag-tagged WT STAT3, STAT3C, STAT3-d358L, or H-RasV12 wi

presence of G-CSF. BaF-BO3-G133F3 cells expressing mock vector or
ere 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 transfected with pME/STAT3-
d358L-Flag (upper panels) or pME/WT-STAT3-Flag (lower panels). After 24 h, the cells were stimulated with IL-6 for the time indicated and fixed,
followed by immunostaining with the anti-p-STAT3 or anti-Flag Ab (data not shown). Bar, 10 um. (D) STAT3-d358L constitutively bound
MgcRacGAP and Racl. Interaction of MgcRacGAP or Racl with WT STAT3 or STAT3-d358L was exantined by coimmunoprecipitation (IP)
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 of Flag-tagged WT STAT3 or STAT3-d358L (lower two panels) were also examined.

response to G-CSF stimulation via activating SHP-2/mitogen-
activated protein kinase and JAK/STATS3 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 cytoplasmic domains of gp130 truncated 133
amino acids from the transmembrane domain. Mutation of the
tyrosine residue in the YXXQ motif within G133 (G133F3)
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,

a constitutively active mutant H-Ras (H-RasV12), or the ex-
pression vector 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 panel, input lane) 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 tool 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 IL-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 MgcRac-
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 critical roles in regulating STAT functions through facil-
itating 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 IL-6-induced macrophage
differentiation of M1 cells (18) and found that MgcRacGAP
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 cytokinesis, thus play-
ing a distinct role in the mitotic phase (12, 33). We recently
found that GTP-bound Racl and MgcRacGAP are required
for nuclear translocation of p-STATS via the importin pathway
in an in vitro nuclear transport assay (17). In this paper, to
identify the molecular mechanisms of how GTP-bound Racl
and MgcRacGAP facilitate complex formation of p-STATs
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-STATS5 was mediated by MgcRaGAP and its NLS, and
the molecular mechanisms are common.

Liu et al. (25) reported that constitutive nuclear import of
STAT3 monomer is independent of tyrosine phosphorylation
and is mediated by importin «3. They found that a deletion
mutant of STAT3 (d150-163) (aa 150 to 162; DVRKRVQDL
EQKM) did not enter the nucleus. However, the substitution
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 STAT5B 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 accompanied 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 o-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
of GTP-bound Racl with importin os in either 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-STATSs; 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 MgcRacGARP 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 o/ 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 to the nucleus in Hela cells, where STATs were not
extensively activated. In addition, purified MgcRacGAP pulled
down importin as from the HeLa cell lysate (see Fig. S1B in
the supplemental material), while it did not bind purified im-
portin as 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. 5 and 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 1L-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



