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BB AS A MR BR T24 Rl )s A MR £k AsPCL

Isotype EphA2 Isotype EphA2

H 23 AAlilask GCTY P B 8

UB7Mé& U251

Isotype EphA2 Isotype EphA2
Isotype

VIFN— IR RT y TEICL D 22— VISR S Bl S h - BET (ERORTE
15 D)

22 NM _002087. Homo sapiens granulin (GRN). mRNA
16 NM 201414, Homo sapiens amyloid beta (A4) precursor protein (peptidasenexin-II.
Alzheimer disease) (APP). transcript variant3. mRNA
NM 201413. Homo sapiens amyloid beta (A4) precursor protein (peptidasenexin-II.
Alzheimer disease) (APP). transcript variant2. mRNA
NM 000484. Homo sapiens amyloid beta (A4) precursor protein (peptidasenexin-II.
Alzheimer disease) (APP). transcript variantl. mRNA
14 NM_000918. Homo sapiens procollagen-proline. 2-oxoglutarate 4-dioxygenase(proline
4-hydroxylase). beta polypeptide (P4HB). mRNA
12 NM 173614. Homo sapiens NODAL modulator 2 (NOMO2). transcript variant 2. mRNA
NM 00100406 Homo sapiens NODAL modulator 2 (NOMOZ2). transcript variant 1. mRNA
0.
12 NM 014287  Homo sapiens NODAL modulator 1 (NOMO1). mRNA

11 NM_00100406 Homo sapiens NODAL modulator 3 (NOMO3). mRNA
1,



10 NM

012201.

6 NM

NM 00101811

NM

005397,

6 NM

013995.

NM

002294,

6 NM

000598.

6 NM

198589.

6 NM

004393.

5 NM

015393

4 NM

001962,

4 NM

003118.

4 NM

00102516

NM

078481.

4 NM

004343,

4 NM

NM 001552.

3 NM

006505.

002998.

3 NM

3 NM

201575.

NM

012410.

3 NM

025240.

NM

00102473

6.
3 NM

181836.

3 NM

002951.

3 NM

NM 000271.

3 NM

018475.

3 NM

005514.

3 NM

000758,

2 NM

002507.

2 NM

002950

2 NM

2 NM

203339

2 NM

002778,

2 #=+ B

2 NM

005561.

2 NM

NM 00100412

8.
NM

002826

2 NM

017455.

2 NM

002901.

2 NM

031935.

2 NM

004995.

2 NM

001848

2 NM

000247,

Homo sapiens golgi apparatus protein 1 (GLG1). mRNA
Homo sapiens podocalyxin-like (PODXL). transcript variant 1. mRNA

Homo sapiens podocalyxin-like (PODXL). transcript variant 2. mRNA

Homo sapiens lysosomal-associated membrane protein 2 (LAMP2).transcript
variant LAMP2B. mRNA

Homo sapiens lysosomal-associated membrane protein 2 (LAMPZ2).transcript
variant LAMP2A. mRNA

Homo sapiens insulin-like growth factor binding protein 3 (IGFBP3).transcript
variant 2. mRNA

Homo sapiens basigin (Ok blood group) (BSG). transcript variant 2.mRNA
Homo sapiens dystroglycan 1 (dystrophin-associated glycoprotein 1)(DAG1).
mRNA

Homo sapiens DKFZP56400823 protein. mRNA

Homo sapiens ephrin-A5 (EFNA5). mRNA

Homo sapiens secreted protein. acidic. cysteine-rich (osteonectin)(SPARC).
mRNA

Homo sapiens CD97 molecule (CD97). transcript variant 3. mRNA

Homo sapiens CD97 molecule (CD97). transcript variant 1. mRNA

Homo sapiens calreticulin (CALR). mRNA

Homo sapiens insulin-like growth factor binding protein 4 (IGFBP4).mRNA
Homo sapiens poliovirus receptor (PVR). mRNA

Homo sapiens syndecan 2 (heparan sulfate proteoglycan 1.
cellsurface-associated. fibroglycan) (SDC2). mRNA

Homo sapiens seizure related 6 homolog (mouse)-like 2 (SEZ6L2).transcript
variant 2. mRNA

Homo sapiens seizure related 6 homolog (mouse)-like 2 (SEZ6L2).transcript
variant 1. mRNA

Homo sapiens CD276 molecule (CD276). transcript variant 2. mRNA

Homo sapiens CD276 molecule (CD276). transcript variant 1. mRNA

Homo sapiens transmembrane emp24 protein transport domaincontaining 7
(TMED7). mRNA

Homo sapiens ribophorin II (RPN2). mRNA

Homo sapiens Niemann-Pick disease. type C1 (NPC1). mRNA

Homo sapiens transmembrane protein 165 (TMEM165), mRNA.

Homo sapiens mRNA for MHC class I antigen (HLA-B gene).

Homo sapiens colony stimulating factor 2 (granulocyte-macrophage)(CSF2).
mRNA

Homo sapiens nerve growth factor receptor (TNFR superfamily. member16)
(NGFR). mRNA

Homo sapiens ribophorin [ (RPN1). mRNA

Homo sapiens proline-rich transmembrane protein 3 (PRRT3). mRNA

Homo sapiens clusterin (CLU). transcript variant 2. mRNA

Homo sapiens prosaposin (variant Gaucher disease and variant metachromatic
leukodystrophy) (PSAP), mRNA

Homo sapiens lysosomal-associated membrane protein 1 (LAMP1). mRNA
Homo sapiens quiescin Q6 (QSCNS). transcript variant 2. mRNA

Homo sapiens quiescin Q6 (QSCNB). transcript variant 1. mRNA

Homo sapiens neuroplastin (NPTN). transcript variant alpha. mRNA

Homo sapiens reticulocalbin 1. EF-hand calcium binding domain(RCN1).

mRNA

Homo sapiens hemicentin 1 (HMCN1). mRNA

Homo sapiens matrix metallopeptidase 14 (membrane-inserted)(MMP14).
mRNA

Homo sapiens collagen. type VI. alpha 1 (COL6A1). mRNA

Homo sapiens MHC class I polypeptide-related sequence A (MICA).mRNA



2 NM

002332,

2 NM

052932,

2 NM

001855.

2 NM

005373

2 NM

002743,

NM

00100132

9.
2 NM

152920.

NM

152916.

NM

152919.

2 NM

000089.

2 NM

005567,

1 NM

130440.

1 NM

001901

1 NM

004911

1 NM

005545.

1 NM

000088

1 NM

002593,

1 NM

017860.

1 NM

003254.

1 NM

000599.

1 NM

000094.

1 NM

024959.

1 NM

004540.

1 NM

000093.

1 NM

020404.

1 NM

004107.

1 NM

006184.

1 NM

139072

1 NM

002338

1 NM

002317.
1 8=+ C
1 AY738975

1 NM

005570.

1 NM

031462,
NM 134446

1 NM

005711

1 NM

022464

1 ®#=5F A

1 NM

0:32348.

1 NM

000094.

1 NM

NM _006404.

1 NM

00103228

il
1 NM

001235

Homo sapiens low density lipoprotein-related protein 1(alpha-2-macroglobulin
receptor) (LRP1). mRNA

Homo sapiens transmembrane protein 123 (TMEM123). mRNA

Homo sapiens collagen. type XV, alpha 1 (COL15A1). mRNA

Homo sapiens myeloproliferative leukemia virus oncogene (MPL). mRNA
Homo sapiens protein kinase C substrate 80K-H (PRKCSH). transcriptvariant
1. mRNA

Homo sapiens protein kinase C substrate 80K-H (PRKCSH). transcriptvariant
2. mRNA

Homo sapiens egf-like module containing. mucin-like. hormonereceptor-like 2
(EMR2). transcript variant 6. mRNA

Homo sapiens egf-like module containing. mucin-like. hormonereceptor-like 2
(EMR2). transcript variant 2. mRNA

Homo sapiens egf-like module containing. mucin-like. hormonereceptor-like 2
(EMR2). transcript variant 5. mRNA

Homo sapiens collagen. type 1. alpha 2 (COL1A2). mRNA

Homo sapiens lectin. galactoside-binding. soluble. 3 bindingprotein
(LGALS3BP). mRNA

Homo sapiens protein tyrosine phosphatase. receptor type. F(PTPRF).
transcript variant 2. mRNA

Homo sapiens connective tissue growth factor (CTGF). mRNA

Homo sapiens protein disulfide isomerase family A. member 4(PDIA4). mRNA
Homo sapiens immunoglobulin superfamily containing leucine-richrepeat
(ISLR). transcript variant 1. mRNA

Homo sapiens collagen, type I, alpha 1 (COL1A1), mRNA

Homo sapiens procollagen C-endopeptidase enhancer(PCOLCE) . mRNA

Homo sapiens chromosome 1 open reading frame 56 (Clorf56). mRNA

Homo sapiens TIMP metallopeptidase inhibitor 1 (TIMP1). mRNA

Homo sapiens insulin-like growth factor binding protein 5 (IGFBP5).mRNA
Homo sapiens collagen. type VII. alpha 1 (epidermolysis bullosa.dystrophic.
dominant and recessive) (COL7A1). mRNA

Homo sapiens solute carrier family 24 (sodium/potassium/calciumexchanger).
member 6 (SLC24A6). mRNA

Homo sapiens neural cell adhesion molecule 2 (NCAM2). mRNA

Homo sapiens collagen. type V. alpha 1 (COL5A1). mRNA

Homo sapiens CD248 molecule. endosialin (CD248). mRNA

Homo sapiens Fc fragment of IgG, receptor, transporter, alpha(FCGRT), mRNA
Homo sapiens nucleobindin 1 (NUCB1). mRNA

Homo sapiens delta-notch-like EGF repeat-containing transmembrane(DNER).
mRNA

Homo sapiens limbic system-associated membrane protein (LSAMP).mRNA
Homo sapiens lysyl oxidase (LOX). mRNA

Homo sapiens isolate Tor36(ZE657) mitochondrion. complete genome

Homo sapiens lectin. mannose-binding. 1 (LMAN1). mRNA

Homo sapiens CD99 molecule-like 2 (CD99L2). transcript variant 1.mRNA
Homo sapiens CD99 molecule-like 2 (CD99L2). transcript variant 2.mRNA
Homo sapiens EGF-like repeats and discoidin I-like domains 3(EDIL3). mRNA
Homo sapiens SIL1 homolog. endoplasmic reticulum chaperone (S.cerevisiae)
(SIL1). transcript variant 2. mRNA

Homo sapiens matrix-remodelling associated 8 (MXRA8). mRNA

Homo sapiens collagen. type VII. alpha 1 (epidermolysis bullosa.dystrophic.
dominant and recessive) (COL7A1). mRNA

Homo sapiens protein C receptor. endothelial (EPCR) (PROCR). mRNA

Homo sapiens tissue factor pathway inhibitor(lipoprotein-associated
coagulation inhibitor) (TFPI).transcript variant 2. mRNA

serpin peptidase inhibitor. clade H (heat shockprotein 47). member 1.
(collagen binding protein 1)(SERPINH1)
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ARTICLE

Rac1 and a GTPase-activating protein,
MgcRacGAP, are required for nuclear translocation
of STAT transcription factors

Toshiyuki Kawashima,' Ying Chun Bao,' Yasushi Nomura,' Yuseok Moon,' Yukio Tonozuka,' Yukinori Minoshima,'
Tomonori Hatori,' Akiho Tsuchiya,' Mari Kiyono,? Tetsuya Nosaka,? Hideaki Nakajima,® David A. Williams,*

and Toshio Kitamura'

» Thatapy, *Division of Hemalopoetic Factors

Medical R

Children’s Hospitk

oqy ond immunalogy,

TAT transcription factors are tyrosine phosphory-
lated upon cytokine stimulation and enter the nu-
cleus to activate target genes. We show that Racl
and a GTPase-activating protein, MgcRacGAP, bind di-
rectly to p-STAT5A and are required fo promote its nuclear
translocation. Using permeabilized cells, we find that nu-
clear translocation of purified p-STAT5A is dependent on

introduction

The signal transducer and activator of transcription (STAT)
family consists of seven members (STAT 4. -5A., -5B. and -6).
STATs are phosphorylated by cytokine stimulation, form homo-
or heterodimers, and enter the nucleus, where they regulate
expression of their target genes (Darnell, 1996; lhie, 1996).
Although STATs have a variety of functions under physiological
conditions. the pathological importance of STAT functions has
also been reported in many studies. STAT3 and -5 were acti-
vated in a broad spectrum of human hematological malignan-
cies as well as in solid tumors (Darnell, 2002). A constitutively
active form of STATS and -3 transformed IL-3-dependent
Ba/F3 cells and fibroblasts, respectively (Onishi et al., 1998:
Bromberg et al., 1999: Nosaka et al.. 1999). An internal tandem
duplication (ITD) mutant of receptor tyrosine kinase FIt3 (ITD-
Flt3). a causative mutation of acute myeloid leukemia (Yokota,
etal., 1997. Hayakawa et al., 2000), induced phosphorylation of
STATS on its tyrosine residues, thereby playing critical roles in

Correspendence to Tashio Kitamura: kitamura@ims.utokyo.oc.jp

Abbreviations used in this paper: DBD, DNA binding domain; EMSA, electio-
pheretic mobility shift analysis; GAP, GTPase-activating protein; ITD, internal
tandem duplication; MBP, maltose binding protein; MgcRacGAP, male germ
cell Roc-GAP; STAT, signal transducer and activator of transcription; TB, trans-
port buffer
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the addition of GTP-bound Rac1, MgcRacGAP, imporfin «,
and importin B. p-STAT3 also enters the nucleus via
this transport machinery, and mutant STATs lacking the
MgcRacGAP binding site do not enter the nucleus even
after phosphorylation. We conclude that GTP-bound Racl
and MgcRacGAP function as a nuclear transport chaper-
one for activated STATs.

cell transformation (Mizuki et al.. 2000; Zhang et al.. 2000;
Murata et al.. 2003).
The mechanisms by which STATs are phosphorylated by

cytokines and the activated STATs regulate the expression of

the target genes have been well characterized. How activated
STATs are transported (o the nucleus has also been investigated;
activated STAT1 and -3 were reported to bind importin oS and
several importin as, respectively, which mediated the nuclear
transport of STATSs (Sekimoto et al., 1997: McBride et al., 2002:
Liu et al,, 2005: Ushijima et al.. 2005; Ma and Cao. 2006).
However. molecules other than importins could also participate
in the regulation of the nuclear translocation of STATS.

We have recently described the interactions among STAT3,
Racl. and a Rac/Cdc42 GTPase-activating protein (GAP),
MgcRacGAP (male germ cell Rac-GAP), and have shown that
MgcRacGAP is required for transcriptional activation of STAT3
(Tonozuka et al.. 2004). However, the mechanisms by which
Rac and MgcRacGAP regulate transcriptional activation of
STAT3 remained unclear. In the present work. we investigated
the molecular mechanisms of nuclear transport of a tyrosine-
phosphorylated form of STATSA. a close relative of STAT3,
and found that GTP-bound Racl and MgcRacGAP were re-
quired for transport of activated STATS to the nucleus, indicating
a novel function of Racl GTPase.
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Results

STATSA, Rac, and MgcRacGAP

form a complex in hematopoietic cells

To test whether Racl and MgcRacGAP bind STATSA. as was
the case for STAT3 (Tonozuka et al., 2004), we did coimmuno-
precipitation, STAT5A and MgcRacGAP were coimmuno-
precipitated with Racl (Fig. 1 A) and Rac2 in Ba/F3 cells
(unpublished data). In addition, STATSA was coimmuno-
precipitated with MgcRacGAP in Ba/F3 cells and in several
other human and mouse cell lines. as well as in human primary
T cells (unpublished data). These data show that Rac, STATSA.
and MgcRacGAP form a complex in vivo.

Augmentation of MgcRacGAP association
with STATSA by IL-2 stimulation
A considerable amount of STATSA protein was coimmuno-
precipitated with MgcRacGAP in 1L-3-starved Ba/F3 cells. and
this association was enhanced by IL-3 stimulation (Fig. 1 B, left).
Vice versa, a small amount of MgcRacGAP protein was coimmuno-
precipitated with STATSA in the starved cells. and this association
was enhanced by IL-3 (Fig. 1 B, middle). In Ba/F3 cells ex-
pressing a constitutively active form of STATSA (CA-STAT5A),
which is more stable in the phosphorylated form than the wild-
type STATSA (Onishi et al., 1998), a considerable amount of
STATSA protein bound MgcRacGAP. even in unstimulated cells.
This binding was also enhanced by [L-3 (Fig. 1 C). Thus, the
association between MgcRacGAP and STAT5A does not require
phosphorylation of STATSA, but is enhanced by phosphorylation.
To map the interacting domains between MgeRacGAP and
STATSA, we prepared a series of truncated mutants of MgcRac-
GAP and STATSA fused with maltose binding protein (MBP;
Fig. S1, a.b.d, and e. available at hup://www.jcb.org/egi/content/
full/jeb.200604073/DC1). It was found that STATSA and Racl
interacted with the Cys-rich and GAP domains of MgcRacGAP,
whereas MgcRacGAP interacted with the DNA-binding domain
(DBD) of STATSA (Fig. S1. ¢ and f). The binding domains be-
tween STATSA and MgcRacGAP were similar to those between
STAT3 and MgcRacGAP (Tonozuka et al., 2004).

Simultaneous translocation of STATSA

and MgcRacGAP to the nucieus

upon -3 stimulation

We nextinvestigated the stoichiometry of STATSA/MgcRacGAP
binding in the cytoplasm or nucleus. IL-3-starved Ba/F3 cells
were stimulated with IL-3 for 0, 15, or 90 min, and the cell lysates
were fractionated. The cytosol and nuclear fractions were then
immunodepleted with the anti-MgcRacGAP or anti-STATSA anti-
bady. The amounts of total STATSA and tyrosine-phosphorylated
STATSA (p-STAT5A) in the nuclear fraction increased 15 min
after IL-3 stimulation and decreased 90 min after IL-3 stimulation
(Fig. 2 A, a—d, lanes for the control antibody). Notably, most of
p-STATSA in the cytosolic fractions was immunodepleted with
the anti-MgcRacGAP antibody as well as with the anti-STAT5A
antibody (Fig. 2 A, ¢). On the other hand, a considerable part of
p-STATSA was left in the nuclear extracts of 1L-3-stimulated cells
after the immunodepletion with the anti-MgcRacGAP antibody
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Figure 1. MgcRacGAP, Racl, and STATS formed a protein complex in
IL-3~dependent Ba/F3 cells, [A] STAT5A and MgcRacGAP were coprecipi-
tated with Racl. The cell lysates of Il-3-dependent Ba/F3 cells were
subjected to immunoprecipitation with an onti-Racl or control antibody,
followed by the immunoblotting with the anfi-MgcRacGAP, anti-STATSA, or
anti-Rac] ontibody. (B) I3 enhanced ossociation between STATSA and
MgcRocGAP. Ba/F3 cells were incubated in the presence or absence of
5 ng/ml IL-3 for the times indicated, ond the cell lysates were subjected
to immunoprecipitation with the onti-MgcRacGAP, onti-STAT5A, or control
ontibody, followed by the immunoblotting with the anti-p-STATS [top), anti-
STAT5A (middle], or anti-MgcRacGAP antibody [bottom). Each row of
images of the immunoprecipitation using the onti-MgcRacGAP and anti-
STAT5A antibodies is derived from the same exposure of one gel, and each
using the control antibody is derived from o similar exposure of the different
gel. [C) The association of STATSA and MgcRacGAP was enhanced in
Ba/F3 cells expressing CA-STAT5A. Be/FJ cells expressing CA-STATSA were
incubated in the presence or absence of 5 ng/ml IL-3 for 30 min, ond cell
fysotes were subjected fo immunoprecipitation with the anti-STAT5A (left] or
anfi-MgcRocGAP antibody [right), followed by the immunaoblotting with the
anti-p-STATS (top), anti-STAT5A [middle), or anti-MgecRacGAP antibody
[bottom). Each row of images is derived from the same exposure of one gel.

(Fig. 2 A, a). These results suggested that most of p-STATSA was
bound by MgcRacGAP in the cytoplasm of IL-3-stimulated cells
and was released from MgcRacGAP in the nucleus.

The amount of cytoplasmic STATSA immunoprecipitated
with the anti-MgcRacGAP antibody gradually increased afier
IL-3 stimulation (Fig. 2 A, h), and concomitantly the amount of
cytoplasmic STATSA immunodepleted with the anti-MgcRac-
GAP antibody gradually decreased (Fig. 2 A, d). implicating
that MgcRacGAP maintained interaction with STATSA in the
cytoplasm of IL-3-stimulated cells even afier the dephosphory-
lation of STATSA. The fractionation was confirmed by Western
blotting with the anti-HDAC (for nuclear fraction) or RhoA (for
cytosol fraction) antibody (unpublished data).

Next, we visualized STAT5A and MgeRacGAP by immuno-
staining using adherent 293T cells. To enhance phospharylation
and nuclear translocation of STATS, we used a constitutively
active tyrosine kinase receptor, ITD-FI(3 (Yokota et al., 1997).
In the absence of ITD-FIt3, ectopically expressed STATSA-Flag
localized to the cytoplasm and colocalized in part with the endog-
enous MgcRacGAP. Expression of ITD-FlIt3 led to translocation
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