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Racl 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'

¢ and mruniology,

al Hematology, Cincineoti

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

Introcdustion

The signal transducer and activator of transcription (STAT)
family consists of seven members (STAT1-4, -5A, -5B, and -6).
STATSs are phosphorylated by cytokine stimulation, form homo-
or heterodimers, and enter the nucleus, where they regulate
expression of their target genes (Darnell, 1996; Thle. 1996).
Although STATSs 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 mycloid leukemia (Yokota.
etal., 1997; Hayakawa et al., 2000), induced phosphorylation of
STATS on its tyrosine residues, thereby playing critical roles in

Correspondence to Toshio Kitamura: kilamura@ims.u-dokyo.ac.jp

Abbreviations used in this paper: DBD, DNA binding domain; EMSA, electro-
phoretic mobility shift analysis; GAP, GTPase-activating protein; ITD, internal
tandem duplicalion; MBP, maliose binding protein; MgecRacGAP, male germ
cell Rac-GAP; STAT, signal transducer and activator of transcription; TB, trans-
port buffer.
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the addition of GTP-bound Racl, MgcRacGAP, importin «,
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 to the nucleus has also been investigated:
activated STAT1 and -3 were reported to bind importin o5 and
several importin s, respectively, which mediated the nuclear
transport of STAT's (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.

Supplemental Material can be found at:
http:/Avww jcb.org/egi/content/Aullich.200804073/DC1
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Results

BTATEA, Flae, and MgoRacBEAR

form 2 complex in hemastonpoistic ceils

To test whether Racl and MgcRacGAP bind STATSA, as was
the case for STAT?3 (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, STAT5A 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 MgeRascBAR association
with STATEA by iL-2 stimulation
A considerable amount of STATS5A protein was coimmuno-
precipitated with MgcRacGAP in IL-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 STAT5A in the starved cells, and this association
was enhanced by 1L-3 (Fig. 1 B, middle). In Ba/F3 cells ex-
pressing a constitutively active form of STATSA (CA-STATSA),
which is more stable in the phosphorylated form than the wild-
type STATSA (Onishi et al., 1998). a considerable amount of
STATS5A protein bound MgcRacGAP, even in unstimulated cells.
This binding was also enhanced by IL-3 (Fig. 1 C). Thus, the
association between MgcRacGAP and STATSA does not require
phosphorylation of STATS5A, but is enhanced by phosphorylation.
To map the interacting domains between MgcRacGAP 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 http://www.jcb.org/cgi/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 STAT5A (Fig. S1, ¢ and ). The binding domains be-
tween STATSA and MgcRacGAP were similar to those between
STAT3 and MgcRacGAP (Tonozuka et al., 2004).

Simultaneous transioostion of BTATSA

and MgoRacBAR o the nucisus

upon e stimulation

We next investigated 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-STATS A anti-
body. The amounts of total STAT5A and tyrosine-phosphorylated
STATSA (p-STATSA) 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-STATSA
antibody (Fig. 2 A, c). On the other hand, a considerable part of
p-STATSA was left in the nuclear extracts of IL-3-stimulated cells
after the immunodepletion with the anti-MgcRacGAP antibody
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B P
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p-STATS 90 kD
STATSA F 90 kD
MgcRacGAP 75kD
iL-3 (min)

Figure 1. MgcRacGAP, Racl, and STAT5 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 anti-Racl or control antibody,
followed by the immunoblotting with the anti-MgcRacGAP, anti-STAT5A, or
antiRacl antibody. (B} 11-3 enhanced association between STATSA and
MgcRacGAP. Ba/F3 cells were incubated in the presence or absence of
5 ng/ml IL-3 for the times indicated, and the cell lysates were subjected
to immunoprecipitation with the anti-MgcRacGAP, anti-STAT5A, or control
antibody, 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 anti-MgcRacGAP and anti-
STATSA antibodies is derived from the same exposure of one gel, and each
using the control antibody is derived from a similar exposure of the different
gel. [C} The association of STAT5A and MgcRacGAP was enhanced in
Ba/F3 cells expressing CA-STAT5A. Ba/F3 cells expressing CA-STATSA were
incubated in the presence or absence of 5 ng/ml I1-3 for 30 min, and cell
lysates were subjected to immunoprecipitation with the anti-STATSA {left) or
anti-MgcRacGAP antibody (right], followed by the immunoblotting with the
anti-p-STATS (top), anti-STAT5A {middle), or anti-MgcRacGAP 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 after
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 after 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 MgcRacGAP by immuno-
staining using adherent 293T cells. To enhance phosphorylation
and nuclear translocation of STATS, we used a constitutively
active tyrosine kinase receptor, ITD-Flt3 (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-FIt3 led to translocation
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nucleus cytoplasm Figure 2. STAT5A and MgcRacGAP simulianeously entered

the nucleus. (A} Stoichiometry of the association between

supernatant c o wmel s 2 o7 B p-STATS MgcRacGAP and p-STAT5A or total STAT5A in the cytoplasm
{immunodepleted ) | b e - 2wl g T ] STATSA and nucleus. IL-3-starved Ba/F3 cells were stimulated with

I1-3 for the times indicated, and cytosol and nuclear exiracts

e[ T o ] p-STATS BOKD  ere prepared as described previously {Nakamura et al.,
1P complex 2002}. 10 pg of protein for each of the extracts was immuno-
. f (s soima h STATSA depleted with the anti-MgcRacGAP, anti-STAT5A, or conrol
10 ng/mi of IL-3 (min) 01590 01590 01580 01590 01590 01590 . . N . .

. antibody, followed by immunoblotting with the anti-p-STAT5S

anti-MgcRacGAPAb + + + » = = = « « LA A 4 f . A J
anti.STATS A - and anti-STATSA antibodies {a~d). The immunoprecipitates
ant-STATS Ab = - A A S were also examined by Western blotting with the anti~
control Ab =« -« - - FAEE - e o+ p-STAT5 and anti-STAT5 antibodies [e-h). (B} STAT5A and
MgcRacGAP translocated info the nucleus upon ITD-FIt3 stimu-
B MgcRacGAP  Flag (STATSA) DAPI lation in 2937 cells. Cells were transfected with pME/STAT5A-
Flag together with pMKIT [MOCK; top) or pMKIT/ITD-FIt3
STAT5A-Flag (bottom}. After 36 h, cells were immunostained with the anti-

and colocalization of STATSA and MgcRacGAP in the nucleus
(Fig. 2 B). These results indicated that MgcRacGAP trans-
located to the nucleus concurrently with STATSA in response to
IL-3 and ITD-FIt3 stimulation. Intriguingly, a dominant-negative
form of Racl, N17Rac1, completely inhibited the ITD-Flt3—
induced nuclear translocation of STATSA (Fig. S2, available
at http://www.jcb.org/cgi/content/full/jch.200604073/DC1). This
result suggested that the GTP-bound form of Racl was required
for the nuclear accumulation of activated STATSA. However,
N17Racl was recently reported to inhibit not only Racl but also
other Rho-GTPases (Debreceni et al., 2004). To confirm that the
N17Racl inhibition of nuclear translocation of p-STATSA was
indeed due to the inhibition of Racl. we used mouse embryonic
fibroblasts derived from gene-targeted conditional Racl-flox
mice in the Rac2-null background (Gu et al., 2003).

Raet is reqguired for thes nucisar
sransioccarion of 5-8TATEA In mouss
emibryvonio fibroblast celis

ITD-Flt3 induced the nuclear localization of STATSA-Flag in the
presence of Racl (Fig. 3 A, a and b). However. when Racl was
depleted by Cre recombinase in Rac2™"Racl*™"* fibroblasts
(Fig. 3 B), the nuclear translocation of STAT5A was severely
impaired (Fig. 3 A, c and d), and even p-STATS mostly remained in
the cytoplasm (Fig. 3 A, e and f). In addition, CA-STATSA did not
enter the nucleus in the absence of Racl (unpublished data). We
performed a similar analysis using Rac1"®¥"*Rac2"* fibroblasts
and obtained identical results. These results demonstrate that Racl
plays an essential role in the nuclear translocation of p-STATSA.

HBact antd MgoRacBAPR were reguirad

for the nuclssr scoumulation and
transoriptional sotivation of 8TATEA

We next used siRNA to knock down Racl or MgcRacGAP ex-
pression in Ba/F3 cells where STATS activation is required for
cell growth. The siRNA treatment for Racl or MgcRacGAP re-
sulted in severe growth retardation of Ba/F3 cells and caused
apoptosis in some cells, The total cell number was only one tenth
or one fifth 48 h after siRNA treatment for Racl or MgcRac-

Rac1/MecRacGAP AS A NUCLEAR CHAPERONE OF p-STATS = AW,
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MgcRacGAP and anti-Flag antibodies and viewed using a
Fluoview FY300 confocal microscope. Bar, 10 pm.

STAT5A-Flag
+

ITD-FIt3

GAP, respectively (unpublished data). The siRNA treatment for
MgcRacGAP led to the formation of multinucleated cells, as re-
ported previously (Mishima et al., 2002), but no more than 20%
of the cells, indicating the failure of cytokinesis by MgcRacGAP
depletion is not the major cause of the growth inhibition.

We then did semiquantitative RT-PCR analysis to test
whether transcriptional activation of STATS is affected by the
knock down of Racl or MgcRacGAP and found that expression
of bel-xL, one of the STATS target genes, was severely impaired
by the siRNA treatment (Fig. 4 A). We also confirmed that siRNA
treatments specifically decreased the expression levels of Racl
or MgcRacGAP protein but not those of RhoA and HDAC,
similar to the results shown in Fig. 4 B (not depicted).

We also investigated whether knock down of Racl or
MgcRacGAP affects the subcellular distribution of STAT5A
and p-STATS5A in Ba/F3 cells before and after IL-3 stimulation.
The siRNA-treated Ba/F3 cells were starved for 6 h after the
isolation of live cells using Ficoll and stimulated with 1L-3
(15 min), and the cell lysates were fractionated. The siRNA
treatments specifically decreased expression levels of Racl or
MgcRacGAP protein (Fig. 4 B, ¢ and d) but not those of RhoA
and HDAC (Fig. 4 B. ¢ and f). The IL-3-induced nuclear accu-
mulation of STATSA and p-STAT5A was almost completely
blocked in Ba/F3 cells treated with either Racl or MgcRacGAP
siRNA when compared with those treated with the control
siRNA (Fig. 4 B, a and b). The same treatment moderately de-
creased the amounts of p-STATSA and total STAT5A in the cyto-
plasmic fraction (Fig. 4 B, a and b), suggesting that Rac] and
MgcRacGAP enhance the IL-3-induced phosphorylation of
STAT5A and somehow stabitize STATS5A in the cytoplasm.

Rireact intaraciion bebtween BTATs sng
MocRaoBARMac Y reguintes the aotivation
of STATs through faciiteting thebr tyrosine
phinsghoarvission sng nuoiesr cransiooation
We previously found that STAT3 bound MgcRacGAP through
its DBD (Tonozuka et al., 2004). To examine whether MgcRac-
GAP regulated transcriptional activity of STAT3 and -5A through
direct interaction, we attempted to produce mutant STATs lacking
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Figure 3. The nuclear franslocation of p-STAT5 was not observed in the
Rac1-knockout mouse embryonic fibroblasts. {A} The nuclear translocation
of ITD-Fli3-induced p-STATS was impaired in the Rac2/~Rac1%*/#ex fibro-
blasts. The Rac2 /“Rac1™/" fibroblasts were transduced with a control
pMXIG (o and b) or pMXAG-Cre (c and d} retrovirus vector. After 3 d, cells
were transiently cotransfected with pME/STAT5AFlag and MOCK (a and ¢
or pMKIT/ITD-FIt3 (b and d}. After 36 h, the cells were fixed and immuno-

stained with the anti-Flag antibody (a-d, left} or anti-p-STATS antibody.

(e and ¥, lef). Bars, 10 um. (B} Expression of Racl was depleted in the
Rac2~/~Rac 1%/ fibroblasts by Cre recombinase. Expression of aubulin
and Racl was examined in the Rac2"/"Rac1™* fibroblasts retovirally
transduced with a control pMXG or pMXIG-Cre.

the MgcRacGAP binding site. To this end, we narrowed down
the binding site in DBD-STAT3 to a 25-amino-acid stretch, using
MBP-fused DBD-STAT?3 truncations (DB1-DB6; Fig. 83 A, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200604073/DC1).
We found that only DB2 (aa 338-362) of DBD-STAT?3 inter-
acted with MgcRacGAP (Fig. S3 B). Conversely, the mutant
of DBD-STAT3 lacking DB2 (DBD-STAT3-dDB2) did not
bind MgcRacGAP (Fig. S3 C). These results clearly demon-
strated that the DB2 region (25 amino acid) of STAT3 bound
MgcRacGAP. This region is well conserved among STAT fam-
ily proteins and harbors a f3-sheet structure, which is thought to
mediate protein—protein interaction. Purified MgcRacGAP was
pulled down by the MBP-DB2 of STAT?3. and the corresponding
region of STATS (aa 341-365) fused with MBP but not by MBP
alone, demonstrating that MgcRacGAP directly bound DB2 of
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Figure 4. Racl and MgcRacGAP were required for IL-3-induced nuclear
accumulation and transcriptional activafion of p-STATSA. (A} IL-3-induced
transcriptional activation of STAT5A was suppressed by knock down of
Racl or MgcRacGAP. Expression of belxL or GAPDH mRNA was exam-
ined in Ba/F3 cells treated with the control siRNA {lane 1), Racl siRNA
(lane 2}, or MgcRacGAP siRNA (lane 3). 24 h after the siRNA treatment,
the live cells were collected using Ficoll and subjected to semiquantitative
RT-PCR. (B) Il-3-induced nuclear accumulation of p-STAT5A was impaired
by knock down of Racl or MgcRacGAP. The intracellular distribution of
p-STATSA or total STAT5A in the IL-3—stimulated or unstimulated Ba/F3 cells
pretreated with the control, Rac1, or MgcRacGAP siRNA (a and b). Note
that Racl or MgcRacGAP expression was specifically suppressed by
siRNA (c and d}. Cytosol and nuclear extracts were prepared as described
previously {Nakamura et al., 2002} and validated by Western blot using
an anti-HDAC antibody or anti-RhoA antibody (e and f.

STAT3 and -5 (Fig. S3 D and Fig. 5 A). Both of the STAT3
and -5A mutants lacking DB2 (STAT3- and STAT5A-dDB2) did
not bind MgcRacGAP and the extent of tyrosine phosphoryla-
tion of these mutants was less prominent after IL-6 or ITD-Fit3
stimulation (Fig. 5 B and not depicted). In addition, STAT3-
and STAT5A-dDB2 lacked their transcriptional activities (Fig.
S3 E and Fig. 5 C). These results indicated that the interaction
of MgcRacGAP/Racl with STAT3 and -5A facilitates cytokine
receptor-induced tyrosine phosphorylation of both STAT3 and
-5A. Considerable decrease in the tyrosine phosphorylation of
STATSA was also observed when Racl or MgcRacGAP was
knocked down (Fig. 4 B, a). Intriguingly, MgcRacGAP also in-
teracted with JAK2 (Fig. 5 D). suggesting that MgcRacGAP/
Racl also mediated the tyrosine phosphorylation of STATSs
through the interaction with JAK2. Importantly, STAT3- and
STAT5A-dDB2 that do not bind MgcRacGAP did not enter the
nucleus even after tyrosine phosphorylation by IL-6 or ITD-Flt3
(Fig. 5 E and not depicted), suggesting that MgcRacGAP/Racl
is required not only for nuclear translocation of p-STATs but
also for efficient tyrosine phosphorylation of STATs.

MooRaciS3AR and GTE-bound Faot waers
raguires for the nuciesr gransiogation

of p-BTATEBA n ovinsclh-fres
digitonin<-permeabitized celis

We established a nuclear transport assay using semi-intact
permeabilized cells (Adam et al., 1990), which enables us to
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Figure 5. The mutant of STAT5A, which lacks MgcRacGAP
binding site, was not efficiently tyrosine phosphorylated by
ITD-Ft3 stimulation and did not enter the nucleus even cfter
tyrosine phosphorylation. (A) The DB2 region of STATS directly
inferacted with MgcRacGAP in vitro. Fulllength MgcRacGAP
was expressed in SE9 cells using the baculovirus vector and
was purified from infected S+9 cells. The recombinant MgcRac-
GAP was pulled down by MBP-DB2 or MBP-bound beads and
subjected to Western blot analysis with the anfi-MgcRacGAP
{top) or anti-MBP antibody for the loading control {bottom). (B)
The deletion mutant of DB2-did not bind MgcRacGAP, and the
STAT5 phosphorylation was considerably impaired by the de-
lefion of DB2. Expression and tyrosine phosphorylation of
Flagtagged STAT5A-dDB2 [top and middle, respectively) were
examined in the MOCK or ITD-Fit3—transfected 2937 cells. The
interactions of MgcRacGAP with the WT-STAT5A or STAT5A-
* dDB2 were also examined in the MOCK or ITD-Flt3-trans-
facted 2937 cells {bottom). Images of the immunoblots using
the MOCK or ITD-Flt3~transfected cells are derived from the
same exposure of one gel that was cut to remove intervening
lanes. (C) The transcriptional activity of STAT5.dDB2 was
impaired. Luciferase activities were examined in the lysates of
ITDFl3-stimulated 2937 cells cotransfected with the STAT5-
reporter plasmid together with internal confrol reporter plasmids

£

and the MOCK vector (pME), the expression vector for the Flagtagged WT-STATS, or STAT5-dDB2 mutant. The results shown are the meon = SD of three in-
dependent experiments. (D) MgcRacGAP was coprecipitated with JAK2. The cell lysates of 293T cells transfected with the expression vector {pRK5) for JAK2
were subjected fo immunoprecipitation with the anti-MgcRacGAP or control anfibody, followed by the immunoblotting with the antidAK2 {top) or anti-MgcRac-
GAP antibody (middle). Levels of fransfected JAK2 were assayed by blotting with the antiJAK2 antibody (botiom). {E) STAT5A-dDB2 did not enter the nucleus
even dfter the phosphorylation. The 2937 cells were cotransfected with pMKIT/ITDFIt3 together with the MOCK (left), the expression vector for the Flag-
tagged WI-STAT5A (middle}, or STATSA-dDB2 [right}. After 24 h, the cells were fixed and immunostained with the anfi-p-STATS antibody. Bar, 10 wm.

biochemically analyze the roles of Racl and MgcRacGAP in
the nuclear import of p-STAT5A. We confirmed the purities
of STATSA, MgcRacGAP, V12Racl, N17Racl, importin a1,
importin «5, importin B1, Ran, and NTF2 produced by Sf-9
cells, and the tyrosine phosphorylation of STATSA induced
by coexpression with the kinase domain of JAK2 in Sf-9 cells
(Fig. 6, A and B). It was confirmed that the purified p-STATSA
bound DNA in electrophoretic mobility shift analysis (EMSA)
in a similar fashion with GM-CSF-activated STAT5 in TF-1
cells (Fig. S4 A, available at http://www.jcb.org/cgi/content/
full/jcb.200604073/DC1). indicating that the recombinant in
vivo phosphorylated STAT5A formed a proper dimer. Permea-
bilized HeLa cells were incubated with the indicated combina-
tions of purified proteins in transport buffer (TB) plus an energy
regenerating system. After the import reaction in the cells in-
cubated with purified unphosphorylated STAT5A, a consider-
able amount of unphosphorylated STATSA was detected at the
cytoplasm in most cells (Fig. 6 C, a). The addition of purified
MgcRacGAP, V12Racl. importin «1, and importin $1 did not
affect localization of unphosphorylated STAT5A (Fig. 6 C, b—d
and f). Although rabbit reticulocyte lysate reduced cytoplasmic
localization of unphosphorylated STAT5A (Fig. 6 C, e), it
induced both the nuclear and plasma membrane localization
of p-STAT5A (Fig. 6 C, k). These results suggested that rab-
bit reticulocyte lysate contained cofactors that are required for
the nuclear translocation of p-STATSA in this transport assay.
Interestingly, p-STATSA accumulated at the nuclear membrane,
with some migrating into the nucleus in the presence of puri-
fied MgcRacGAP and V12Racl, but the nuclear translocation
of p-STAT5A was inhibited in the presence of purified MgcRac-
GAP and N17Racl (Fig. 6 C, h and i). These results indicate
that the GTP-bound form of Racl and MgcRacGAP facilitate
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the nuclear translocation of p-STAT5A. Given that purified
importin $1 also accumulated mostly in the nuclear envelope
and only partially migrated to the nucleus in our assay system
(unpublished data) as reported previously (Kutay et al., 1997), the
accumulation of p-STAT5 and importin 1 in the nucleus might
have been caused by residual amounts of nuclear transporters
left in the assay system. Thus. it is likely that the GTP-bound
form of Racl and MgcRacGAP play critical roles in targeting
p-STATSA to the nuclear envelope and that cofactors are required
for the efficient nuclear import of p-STAT5A from the nuclear
envelope. In fact, nuclear translocation of p-STAT5A was en-
hanced by further addition of the purified nuclear transporters,
including importin a1, importin $1, Ran, and NTF2 to the assay
(Fig. 6 C, j). This nuclear translocation of p-STATSA was not
observed in the absence of MgcRacGAP even in the presence of
cofactors (Fig. 6 C, ).

To confirm whether the unphosphorylated recombinant
STATSA conserved a native folded state, we did nuclear trans-
port assay using the in vitro phosphorylated STATSA. The
recombinant full-length JAK2 efficiently phosphorylated the
recombinant STATSA in the kinase reaction buffer (Fig. S4 B).
This in vitro phosphorylated STAT5A behaved in the nuclear
transport assay like the in vivo phosphorylated STAT5A (Fig.
S5, a-i, available at http://www.jcb.org/cgi/content/full/jcb.
200604073/DC1). The nuclear transport of p-STATSA requires
both MgcRacGAP and V12Racl. The nuclear import of the in
vitro phosphorylated recombinant STATSA was also achieved
by the presence of the cytosol fraction of HeLa cells (HeLa-CS),
which had been prepared as described previously (Adam et al.,
1990). In addition, immunocdepletion of MgcRacGAP or Racl
considerably inhibited the nuclear import of the in vitro phos-
phorylated recombinant STATSA (Fig. S5, j—m). This inhibition
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Figure 6. Purified p-STAT5A accumulated to the nuclear en- A
velope in the presence of V12Racl and MgcRacGAP in the
nuclear transport assay. {A) Coomassie blue {CBB) staining of
purified STAT5A, p-STAT5A, V12Racl, N17Racl, importin

al, imporfin a5, importin B1, Ran, NTF2, or MgcRacGAP.

(B} Western blot analysis of the STATSAFlag protein purified

from SE9 cells with or without coexpression with the kinase
domain of JAK using the anti-p-STAT5 antibody. Total cell lysate

of GM-CSF-stimulated TF-1 was used as a control. (C} The
nuclear transport assay. Hela cells were permeabilized with

40 ug/ml digitonin. Incubafion with 50 ! import mix was done

at 37°C for 30 min. Import mix contained TB, an energy re-
generating system, and a single or combinations of the follow-

ing purified proteins as indicated: 1 pM STAT5A, p-STATSA,
V12Racl, N17Rac1, MgcRacGAP, importin al, importin g1, €
Ran, or NTF2. After the import reaction, the cells were fixed.
STATSA protein was defected using the anti-STAT5A antibody.
Cells were examined using a Fluoview FVY300 confocal micro-
scope. A representafive result of three independent experi-
ments is shown. Bar, 10 pm. (D} The direct bindings of both
GTP-bound Racl and MgcRacGAP facilitated the interaction
of p-STATSA with importin as. Purified p-STAT5A was incu-
bated with importin as in the absence or presence of the indi-
cated combinafions of V12Rac1, L61Racl, N17Racl, or
MgcRacGAP in TB containing 5% BSA to block nonspecific
bindings. 1 pg of each purified protein was used for each
sample. After the incubation for 30 min ot RT, STAT5A was
immunoprecipitated with anti-STATSA antibody and washed
three times with TB. The immunoprecipitates were subjected to
Western blot analysis with the anti-importin a1, anti-importin
a5, antiRacl, anti-MgcRacGAP, or anti-STAT5A antibody.

+STATSA

+p-STAT5A

purified proteins

Blot

Purified Protein

was restored by add-back of the purified recombinant MgcRac-
GAP or Racl (Fig. 85, n and 0).

To determine whether the Racl activation or the presence
of MgcRacGAP is required for the interaction of p-STAT5A
with importin as, an in vitro binding assay was done using puri-
fied proteins. Intriguingly, p-STAT5A formed complexes with
importin o} and a5 only in the presence of both MgcRacGAP
and V12Racl or another constitutively active mutant L61Racl,
but not N17Racl (Fig. 6 D). These results demonstrated that
GTP-bound Racl and MgcRacGAP functions as p-STATSA
nuclear chaperone, facilitating p-STAT5A to form protein com-
plexes with importin as.

iscussion

In the present work., we demonstrate that Racl and MgcRac-
GAP are essential for the nuclear translocation of STATSA,
based on the following observations. First, Racl and MgcRac-
GAP directly bound STATSA, and the interaction between
MgcRacGAP and STATSA was enhanced by IL-3 stimulation.
Second. STAT5A and MgcRacGAP simultaneously entered the
nucleus upon IL-3 and ITD-FIt3 stimulation. Third, knock down
of Racl or MgcRacGAP profoundly inhibited both the IL-3-
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induced transcriptional activation of STATSA and the nuclear
accumulation of p-STATSA in IL-3-dependent Ba/F3 cells.
Fourth, depletion of Racl in fibroblasts, as well as expression of
N17Rac] in 293T cells, prevented p-STATSA from entering the
nucleus. Fifth, p-STAT5A lacking the MgcRacGAP binding site
(p-STAT5A-dDB2) did not accumulate in the nucleus. Last, in
a nuclear transport assay, purified V12Rac1 and MgcRacGAP
induced accumulation of purified p-STAT5A on the nuclear
envelope, with some p-STATSA migrating into the nucleus, and
the further addition of nuclear transporters, including importin
al, importin B1. Ran, and NTF2, achieved the efficient nuclear
translocation of p-STATSA. Moreover, either the absence of
MgcRacGAP or the presence of N17Racl inhibited this nuclear
translocation of p-STATSA.

Simon et al. (2000) suggested that an active form but not
an inactive form of Racl bound STAT3 and played important
roles in EGF-induced STAT3 activation. These authors did not,
however, specifically examine the nuclear transport of STAT3.
Interestingly. EGF receptor—mediated endocytosis is required
for cytoplasmic transport of STAT3 (Bild et al., 2002), and
MgcRacGAP is recruited to the EGF receptor complex after EGF
stimulation (Blagoev et al.. 2003). We also found that STAT3
bound Racl and Rac2, which was enhanced by IL-6 stimulation.
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In addition, STAT3 bound MgcRacGAP. which was required for
the transcriptional activation of STAT3, and some population
of MgcRacGAP entered the nucleus together with STAT3
(Tonozuka et al., 2004). Although these results suggested a role
of Rac1/MgcRacGAP in STAT3 activation. the underlying mole-
cular mechanisms remained elusive. We studied the functional
interactions using a nuclear transport assay and found that
the nuclear translocation of p-STAT?3 as well as p-STATSA was
induced in the presence of a combination of purified proteins,
including V12Racl, MgcRacGAP. importin «l, importin B1.
Ran, and NTF2 (Fig. 6, Fig. S5, and not depicted). These results
demonstrate a novel Racl function in the nuclear transport of
p-STAT3 as well as p-STAT5A.

Although we showed the results for STATSA, we obtained
identical results in experiments so far performed for closely re-
lated STATSB (unpublished data). In addition, the phenotypes
of STAT3- and STAT5A-dDB2 were nearly identical (Fig. 5 and
Fig. §3), and the region of STAT3 that binds to MgcRacGAP
(STAT3-DBD-DB2) is well conserved among STAT family pro-
teins, suggesting a general role for MgcRacGAP and Racl in
the nuclear transport of p-STAT proteins.

invoiveament of Ract in the nuciear
cranspors of BTATs

The Rho family small GTPases play key roles in a variety of
cellular functions. including regulation of cell cycle, transcrip-
tion, and transformation (Bishop and Hall, 2000). Among them,
the Rac subfamily consists of three known members: Racl,
Rac2, and Rac3. Although Racl and Rac3 are ubiquitously ex-
pressed, Rac2 expression is specific in hematopietic cells. Racl
and Rac2 were implicated in both distinct and overlapping func-
tions, including cell migration, membrane ruffling, production
of superoxide. and phagocytosis (Ridley, 1995; Roberts et al,,
1999; Bishop and Hall, 2000; Williams et al., 2000: Gu et al..
2003: Cancelas et al., 2005). Interestingly, the C-terminal region
of Racl but not Rac2 or Rac3 contained a functional NLS, sug-
gesting a role for Racl in the nucleus. Consistent with this, Rac1
was reported to play a role in the nuclear import of SmgGDS and
p120 catenin (Lanning et al., 2003), members of the importin
a—like armadillo family of proteins (Peifer et al., 1994; Chook
and Blobel, 2001). In the present paper, using Rac1-deficient mouse
embryonic fibroblasts, we demonstrate that Racl was critically
required for the nuclear transport of p-STATSA (Fig. 3).

Haouiremsnt of cofaciors involved

in imparcin P pathway for nuciesr mport
of STATE

It was reported that unphosphorylated STATS shuttled between
the cytoplasm and nucleus (Zeng et al., 2002; Marg et al., 2004).
Activated STAT1 was reported to bind importin o5, leading to
its nuclear translocation (Sekimoto et al., 1997; McBride et al.,
2002). How activated STAT3 is imported to the nucleus has re-
mained controversial. Ushijima et al. (2005) showed that acti-
vated STAT3 binds importin a1, «3. and a5, and Ma and Cao
(2006) demonstrated that activated STAT3 binds importin o3
and o7 but not a1, a3, or a4, whereas Liu et al. (2005) reported
that STAT3 nuclear import is independent of tyrosine phosphor-
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ylation and mediated by importin 3. On the other hand, how
activated STATSA is imported to the nucleus remained largely
elusive. It was reported that the ERBB4/HER4 receptor tyrosine
kinase, which harbors the NLS sequence, functionsas a STATSA
nuclear chaperone, implicating the NLS of STATSA-associated
molecules in the nuclear translocation of STATSA (Williams
et al., 2004). However, unlike ERBB4/HER4, ITD-Fit3 does not
harbor an NLS and did not enter the nucleus (unpublished data).
In the nuclear transport assay, most p-STATS5A accumulated to
the nuclear envelope in the presence of V12Racl and MgcRac-
GAP, and further addition of the purified nuclear transporters,
including importin a1, importin $1, Ran, and NTF2, facilitated
the nuclear translocation of p-STATSA (Fig. 6 C, j). Together, it
is likely that the complex of p-STATS, GTP-bound Racl. and
MgcRacGAP translocates to the nuclear envelope, where it re-
cruits other factors such as importin /B to pass through the nu-
clear pore complex into the nucleus. Indeed, direct interaction

of both GTP-bound Racl and MgcRacGAP facilitated the inter-

action of p-STATSA with importin as (Fig. 6 D). In agreement
with this, Racl harbors an NLS (Lanning et al.. 2003) and
MgcRacGAP harbors a bipartite NLS and binds importin as
(unpublished data). Interestingly, a mutant of MgcRacGAP
lacking NLS strongly blocked the nuclear translocation of
p-STATs in the nuclear transport assay even with V12Racl, im-
portin a1, importin B1, Ran, and NTF2 (unpublished data),
suggesting a role of MgcRacGAP as an NLS-containing nuclear
chaperone of p-STATs. Establishment of the nuclear transport
assay for p-STATSs has enabled us to clearly demonstrate the
requirement of Racl and MgcRacGAP for the nuclear trans-
location of p-STATS.

The activities of small GTPases are regulated by two
classes of proteins. GAPs and GEFs (guanine nucleotide exchange
factors). In this paper, we did not address GEFs, but some, such
as smgGDS or ECT-2. may also participate in the nuclear trans-
port of STAT proteins. Based on the results that p-STATSA
binds importin as only in the presence of MgcRacGAP and
active forms of Racl but not inactive form of Racl, we specu-
late that Racl inactivation by MgcRacGAP release p-STATs
from the importin complex in the nucleus. To prove this hypoth-
esis and clarify its molecular mechanisms, further work will
be required.

Coordinate controf of ceil division

and sransoripticon

Another interesting question raised by our work concerns the
coordinate control of cell division and transcription. We origi-
nally identified MgcRacGAP as a GAP protein that regulates
IL-6~-induced macrophage difterentiation of leukemic M1 cells
(Kawashima et al., 2000). Later, we and others found that
MgcRacGAP or Cyk-4, an orthologue in Caenorhabditis ele-
gans, played essential roles in cytokinesis (Jantsch-Plunger et al.,
2000; Hirose et al., 2001; Van de Putte et al., 2001; Mishima
et al., 2002). We further demonstrated that MgcRacGAP was
phosphorylated at Serine 387 by Aurora-B at the midbody,
functionally converted from Rac/Cdc42-GAP to Rho-GAP, and
played essential roles to complete cell division in cytokinesis
(Minoshima et al.. 2003). In interphase, MgcRacGAP formed a
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complex with Racl and STAT3 and was required for the full
transcriptional activation of STAT3, thereby enhancing the
differentiation of IL-6-stimulated M1 cells (Tonozuka et al,,
2004). On the other hand, when STAT5 was activated by IL-3 or
ITD-FIt3 in conjunction with Racl and MgcRacGAP, the cells
proliferate. Thus, MgcRacGAP functions as a Rac-GAP to acti-
vate transcription of STAT in the nucleus of interphase cells,
probably leading to cell proliferation or differentiation. At cyto-
kinesis, it functions as a Rho-GAP to complete cytokinesis, in-
dicating that the distinct roles of the Rho family small GTPases
depend on the cell cycle.

Dioss Fact play 2 general role

in nugiear transport of transoripdtion.
ratated proteing?

The experiments using N17Rac] showed that Rac] contributes
to maximal activation of STAT1 and -3 in response to IFN-y
(Park et al., 2004). The molecular mechanisms of this phenom-
enon can be explained by our current results. Esufali and Bapat
(2004) suggested that Racl plays some role in redistribution of
[-catenin and that a mutant Racl lacking its NLS hampers nu-
clear localization of B-catenin, leading to attenuation of the
-catenin-dependent transcriptional activity of T cell factor/lym-
phoid enhancing factor. The authors stated that it was not yet
clear whether the Rac1/B-catenin association facilitated nuclear
import or retention of 3-catenin or. alternatively, Racl augments
the function of B-catenin as a coactivator. Given the results of
the present study, however, it is likely that Racl also plays a
critical role in the nuclear transport of B-catenin, suggesting a
general role of Racl GTPase for the nuclear transport of trans-
cription factors. It is tempting to speculate that Racl is a mole-
cular link between changes in cytoskeletal organization and
alterations in transcription.

Bioterials angd methods

Culture, cytokines, and antibodies

Ba/F3 cells were maintained in RPMI1640 medium (Invitrogen) containing
10% FCS and 1 ng/ml mil-3 {R&D Systems). An ecotropic retrovirus pack-
aging cell line PLATE was maintained as described previously {Hirose
et al., 2001}. An anti-STAT5A antibody and anti-STAT5B antibody were
obtained from R&D Systems. Affinity-purified anti-MgcRacGAP antibody
was produced as described previously (Hirose et al., 2001). An antiRacl
mAb and anti~importin &1 mAb were purchased from BD Biosciences. The
rabbit polyclonal antiRacl, ontiRhoA, antiJAK2, and goat polyclonal
anti-HDAC or anti-importin a5 antibodies were obtained from Santa Cruz
Biotechnology, Inc.

Immunoprecipitation and Western bloffing

Immunoprecipitation, gel electrophoresis, and immunoblotting were done
as described previously (Kawashima et al., 2001}, with minor modifica-
tions. Cell lysates {2 x 107 cells/ml) were incubated at 4°C for 2 h with
the indicated ontibodies and protein A-Sepharose. The immunoprecipi-
tates were subjected to Western blot analysis with an anfi-p-STATS mAb
(Upstate Biotechnology), anti-MgcRacGAP, or anti-STAT5A antibody. The
loading amounts were verified with the anti-STAT5A or anti-MgcRacGAP
antibody after stripping the filiers. The filterbound antibody was defected
using the ECL system {GE Healthcare). Cytosol and nuclear fractions were
prepared as described previously {Nakamura et al., 2002).

MBP pull-down assays

MBP fusion proteins {0.5 ng) bound to amylose resin beads were incu-
bated with cell lysates {10 g} from Il-3-stimulated Ba/F3 cells as described
previously {Tonozuka et al., 2004).
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Transfection and immunostaining

The 293T cells were fransfected with 1.0 p.g pME/STAT5A-Flag together
with 0.5 pg pMKIT (MOCK]) or pMKIT/ITD-FIt3, and in some experiments
cells were transfected with 0.5 pg pME/STATSA-HA and 0.5 pg pMKIT
(MOCK] or pMKIT/ITD-FIt3 together with 1.0 pg pCMV5/N17Raci-Flag,
using Lipofectamine Plus reagents (Life Technologies). After 24 h, cells were
plated on glass coverslips, and the next day the cells were immunostained
as described previously {Hirose et al., 2001).

Microscopy

Fluorescence images were analyzed on a confocal microscope (Fluoview
FV300 Scanning laser Biological Microscope X 70 system; Olympus)
equipped with fwo lasers {Ar 488 and HeNe 543} using a 60 oil objective
(PlanApo; Olympus). Fluoview version 4.3 software {Olympus] was used for
image acquisition from confocal microscopy. Photoshop 7.0 or Photoshop
Elements 2.0 sofiware {Adobe) was used for processing of images.

RNA interference and semiquantitative RT-PCR

For the silencing of Racl or MgcRacGAP, SMARTpool Racl or MgcRac-
GAP siRNA {-041170 or L040081; Dharmacon} was used. A control
siRNA was used as a nonsilencing control {Tonozuka et al., 2004). 5 pl of
40 pM double-stranded siRNA were introduced in to 2 X 10° cells of
Ba/3F cells with Nucleofector Il (Amaxa) set at program T-16 using a Cell
Line Nucleofector kit V {Amaxa) according to the manufacturer’s instruc-
tion. A control vector carrying GFP was infroduced to >80% of Ba/3F cells
under this condition. 24 h alter transfection, live cells were isolated using
Ficoll-Paque PLUS {GE Healthcare), and gene expression was examined by
semiquantitative RTPCR analysis as described previously (Nosaka et al.,
1999). The primers used are as follows: 5'belx, 5'-GAAAGAATTCACCAT-
GTCTCAGAGCAACCGG-3'; 3'belx, 5'-GAAAGCGGCCGCTCACTICC-
GACTGAAGAGTG-3’; 5'GAPDH, 5-ACCACAGTCCATGCCATCAC-3';
3'GAPDH, 5'- TCCACCACCCTGTIGCTGTA-3".

Production of retroviruses

Highiter retroviruses harboring Cre recombinase were produced in a tran-
sient retrovirus packaging cell line PLATE (Morita et al., 2000} and were
used to deplete Racl in Rac2™/~Racl1™¥#x fibroblasts (Fig. 3 B).

Generation, expression, and purification of recombinant proteins

in $-9 cells

To construct baculovirus vectors, the cDNAs encoding STAT5A, MgcRac-
GAP, V12Racl, L61Rac], N17Racl, importin as, importin 81, Ran, and
NTF2 with the Cterminal Flag epitope tag, and a kinase domain of JAK2
{JH1; Scharinen et al., 2000} were subcloned into pBacPAK (BD Biosci-
ences). The resulfing constructs were used to obtain recombinant baculovi-
ruses by cotransfection with Bsu36 I-digested BacPAK viral DNA (BD
Biosciences) info SE9 cells according to the manufacturer’s protocol. For
protein expression, SE9 cells were infected with highiter viral stocks for 96 h
and lysed. The lysate was clarified by centrifugation, and the supernatant
was immunoprecipitated with the anti-Flag M2-agarose affinity gel {Sigmo-
Aldrich) for 2 h at 4 °C. The recombinant Flagtagged proteins were eluted
with 3% Flag peptide (Sigma-Aldrich).

EMSA using purified p-STAT5A

To determine whether purified p-STAT5A formed a proper dimer, EMSA
was performed using consensus sequence of STATSA as a probe, as
described previously (Kawashima et al., 2001).

In vitro kinase reaction

An in vitro kinase reaction of purified STAT5A was performed as described
previously with minor modifications (Quelle et al., 1995). In vitro phos-
phorylated STAT5A was immunoprecipitated with the anti-Flag M2-aga-
rose affinity gel and reeluted with a 3% Flag pepfide. The purified in vitro
phosphorylated STATSA was dialyzed against TB, and the final concentra-
tions of STAT5A protein were determined for use in SDS-PAGE and in the
nuclear transport assay.

Preparation of fluorescent conjugates

FITC-labeled BSA {Sigma-Aldrich} conjugated with a synthetic peptide con-
taining the SV40 large T antigen [CGGGPKKKRKVED; NLS-conjugated
FITC-BSA) was prepored as described previously (Adam et al., 1990), as
a control protein harboring an NLS. We confirmed that NLS—conjugated
FITC-BSA was imported to the nucleus in our experimental conditions as re-
ported previously {Kutay et al., 1997), which was not inhibited by immunc-
depletion of MgcRacGAP or Racl {Fig. S5, p-).
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Import assays with permeabilized cells

Hela cells were grown on poly+-dysine~coated coverslips and permeabi-
lized with 40 ug/ml digitonin (Roche) in TB {20 mM Hepes, pH 7.3, 110 mM
KOAC, 2 mM Mg(OAC);, 1 mM EGTA, 2 mM DTT, 0.4 mM PMSF,
3 pg/ml aprotinin, 2 ug/ml pepstatin A, 1 pg/ml leupeptin, and 20 mg/ml
BSA} for 10 min at RT. Subsequently, the cells were washed twice in TB.
Incubation with 50 | import mix was performed at 37°C for 30 min. The
import mix contained TB, an energy regenerating system {0.5 mM ATP,
0.5 mM GTP, 10 mM creatine phosphate, and 30 U/ml creatine phospho-
kinase}, and 1 uM of purified unphosphorylated or phosphorylated STATSA
alone, or STAT5A plus the 1 uM of other purified cofactor proteins as indi-
cated in Fig. 6 C. After the import reaction, the cells were washed with ice-
cold TB and immunostained with the anti-STAT5 A antibody and anti-p-STATS
mAb as described previously {Hirose et al., 2001). Fixed cells were exam-
ined using a Fluoview FY300 confocal microscope (Olympus).

Online supplemental material

Fig. S1 depicts the binding domains of MgcRacGAP with STAT5A and
that of STAT5A with MgcRacGAP. Fig. 52 shows that N17Rac expression
inhibits the nuclear translocation of p-STAT5A. Fig. S3 shows that the DB2
region is required for the interaction of STAT3 with MgcRacGAP and the
transcriptional activation of STAT3. Fig. S4 shows that purified p-STAT5A
forms a dimer and binds DNA containing the STAT5 consensus sequence
and that the purified STAT5A can be phosphorylated in vitro. Fig. S5 shows
that the in vitro phosphorylated recombinant STAT5A can be imported to
the nucleus in the nuclear transport assay and that immunodepletion of
Racl or MgcRacGAP specifically inhibits the nuclear import of p-STAT5A
using Hela cytosol extract. Online supplemental material is available at
http:/ /www.jcb.org/cgi/content/tull/jcb.200604073/DC1.
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Integrin ayy, B; Induces the Adhesion and Activation of Mast
Cells through Interaction with Fibrinogen’

Toshihiko Oki,* Jiro Kitaura,* Koji Eto,” Yang Lu,* Mari Maeda-Yamamoto,* Naoki Inagaki,’
§

Hiroichi Nagai,
Toshio Kitamura?*

Yoshinori Yamanishi,* Hideaki Nakajina,* Hidetoshi Kumagai,* and

Integrin ayy,, a well-known marker of megakaryocyte-platelet lineage, has been recently recognized on hemopoietic progenitors.
We now demonstrate that integrin oy, B; is highly expressed on mouse and human mast cells including mouse bone marrow-
derived mast cells, peritoneal mast cells, and human cord blood-derived mast cells, and that its binding to extracellular matrix
proteins leads to enhancement of biological functions of mast cells in concert with various stimuli. With exposure to various
stimuli, including cross-linking of FceRI and stem cell factor, mast cells adhered to extracellular matrix proteins such as fibrinogen
and von Willebrand factor in an integrin oy, B;-dependent manner. In addition, the binding of mast cells to fibrinogen enhanced
proliferation, cytokine production, and migration and induced uptake of soluble fibrinogen in response to stem cell factor stim-
ulation, implicating integrin oy, in a variety of mast cell functions. In conclusion, mouse and human mast cells express
functional integrin oy, B;. The Journal of Immunology, 2006, 176: 52—60.

ast cells, derived from circulating CD34™ hemopoietic

progenitor cells, differentiate and proliferate in vascu-

larized tissues. These steps are critically regulated by
stem cell factor (SCF),? the ligand for c-kiz, which is a receptor
tyrosine kinase expressed on the surface of mast cells (1, 2) as well
as immature hemopoietic cells.

It is widely accepted that mast cells play a critical role in IgE-
mediated immune reactions such as immediate hypersensitivity;
mast cells are activated by cross-linking of Ag-specific IgE bound
to FceRl with a multivalent specific Ag. Mast cells secrete pre-
formed and newly synthesized proinflammatory mediators such as
histamine, lipids, and cytokines (1-3). In addition, some sets of
monomeric IgE molecules, termed high cytokinergenic (HC) IgE,
can also activate mast cells and induce a similar response without
specific Ags (1, 4, 5). )

In contrast, mast cells also participate in a wide variety of patho-
logical processes independent of IgE, including innate immune
response (1, 2, 6), tissue repair (1, 2, 7), acute inflammatory re-
sponse to implanted biomaterials (8). atherosclerosis (9), and cer-
tain autoimmune disorders (10).
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Under both IgE-dependent and -independent pathological con-
ditions, cell-extracellular matrix (ECM) interactions mediated by
integrins play crucial roles in a variety of mast cell functions such
as histamine release (11), cytokine production (3, 5), survival (5),
growth (12), and migration (13, 14).

Integrins are heterodimeric type 1 transmembrane receptors
composed of two subunits (« and B). Integrin ey, recently proven
to be a marker for early hemopoietic progenitors (15). was con-
sidered to be expressed exclusively on megakaryocyte-platelet lin-
eage as a complex with integrin B, to form integrin oy, B, also
called glycoprotein IIb-Illa or CD41-CD61, whereas integrin B, is
present on many types of cells as a complex with integrin . In
platelets, integrin oy, B, works as a receptor for fibrinogen, von
Willebrand factor (vWEF), vitronectin (VN), fibronectin (FN),
CDA40L, and others (16). Integrin ¢ B, links platelets to the in-
jured sites of vessels through interaction with fibrinogen and vWF,
together with an aggregate to form a platelet plug, leading to he-
mostasis (16—-21). Eventually, fibrinogen is internalized and stored
in granules of megakaryocytes and platelets (22-25).

The activation of bone marrow-derived mast cell (BMMC) with
various stimuli, including IgE and Ag (this mode of stimulation
termed IgE plus Ag) (1. 2. 11, 18, 26), monomeric IgE (1, 5, 27),
SCF (28, 29). and thrombin (30) induces the adhesion to FN pre-
dominantly via integrin «s3;. BMMC stimulated by TGF-3 adhere
to laminin-1 via integrin «, (31). whereas adhesion of BMMC to
VN is mediated by integrin a5 (12). IgE plus Ag-stimulated
peritoneal mast cells (PMC), but not BMMC, adhere to type 1
collagen via integrin «,f3; (32). However, functions of integrin
a5 have never been addressed in mast cells.

In the present work, we demonstrate that integrin ap, f3; is
highly expressed on mast cells using mouse BMMC, PMC, and
human cord blood- derived mast cells. We also found that mast
cells stimulated by various stimuli adhere to ECM protein such as
fibrinogen and VWF in an integrin oy, f3;-dependent manner.
Moreover. the interaction of integrin a3 to fibrinogen enhances
mast cell functions and induces uptake of fibrinogen into mast
cells. Considering that several drugs regulate the function of integrin
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oypBs (33), these results might provide a feasible way to overcome
mast cell-mediated disorders.

Materials and Methods

Abs and other materials

The source of Abs are as described. Anti-mouse integrin ay,,3; mAb (1B5)
was a gift from Dr. B. S. Coller (Rockefeller University, New York, NY)
(34). Anti-mouse integrin o, (8B3) and anti-mouse integrin 8, (8B11)
mAbs were gifts from Drs. D. J. Gerber and S. Tonegawa (Picower Center,
Massachusetts Institute of Technology, Boston, MA) (35). Anti-human in-
tegrin oqy, B3 MAb (2G12) was a gift from Dr. V. L. Woods (University of
California, San Diego, CA) (36). Anti-DNP IgE (SPE-7) was from Sigma-
Aldrich. Anti-TNP IgE (C38-2), anti-mouse integrin a;;, (MWReg30), anti-
mouse integrin ay (RMV-7 and H9.2B8), anti-mouse integrin a4 (9C10),
anti-mouse integrin as (SH10-27), anti-mouse LFA1 (M17/4). anti-mouse
integrin B8, (Ha2/5), anti-mouse integrin 3, (GAME-46), and anti-mouse
integrin ayB; (2C9.G2) mAbs, and others were from BD Biosciences.
Cytokines such as mouse IL-3 and SCF were obtained from R&D Systems.
Thrombin, bovine serum VN, and DNP-BSA were from Sigma-Aldrich.
and human plasma fibrinogen and vWF were from Chemicon Intemational.
Human fibrinogen labeled with Alexa Fluor 488 was purchased from Mo-
lecular Probes.

Cells

To generate BMMC with 90% purity (c-kit*/FceRI™ by flow cytometry),
bone marrow cells from 6-wk-old male BALB/c or C57BL/6 or CBA mice
(Charles River Laboratories) were cultured for 4—8 wk in RPMI 1640/10%
FCS supplemented with 2-ME and 10 pg/ml IL-3 (BMMC culture
medium).

PMC were generated from peritoneal cells, as described previously (37,
38). In brief, mononuclear cells collected from peritoneal lavage were cul-
tured for 10—-14 days in the presence of 10 ng/ml IL-3 and 30 ng/m! SCF,
and PMC with 90% purity were obtained.

Skin-derived mast cells were generated from day 16 fetal skin of mice
as described (39, 40). Briefly, excised trunk skin was treated with 0.25% of
trypsin in HBSS for 30 min at 37°C, and the dispersed cells were cultured
in the medium containing 10% FCS, 10 ng/ml IL-3, and 30 ng/ml SCF for
14 days.

Lung-derived mast cells were generated from lung tissue samples of
adult mice as described (41). Briefly, the samples were cut into fragments
and digested with collagenase and hyaluronidase. The single cell suspen-
sion were prepared and cultured in the medium containing 10% of FCS, 10
ng/ml IL-3, and 30 ng/ml SCF for 14 days.

Human cord blood-derived mast cells were generated from CD34™ cord
blood cells, as described (42). Mast cells with 90% purity were generated
by 8 wk of culture in the medium containing 10% FCS. 100 ng/ml human
SCF. and 50 ng/mi human IL-6. Megakaryocytes were generated, as de-
scribed previously (43). Animal and human studies were approved by the
animal care committee and the ethical committee of the Institute of Med-
ical Science, University of Tokyo (Tokyo, Japan).

Bone marrow-derived basophils were prepared as described (44). In
brief. bone marrow cells were cultured for 10 days in the presence of 10
ng/ml IL-3. Approximately 30% of the cells were FceRI/c-kir™ popula-
tion, which were mainly composed of basophils.

FACS analysis

Cells (3 % 103 cells) were suspended in 2% FCS/PBS, blocked with mouse
FcBlock (BD Biosciences), washed with 2% FCS/PBS. incubated with 20
pg/ml primary Abs for 20 min at 4°C, washed twice, incubated with 20
wg/mi secondary Abs for 20 min, washed twice again, then resuspended in
2% FCS/PBS. The samples were then analyzed using a FACSCalibur flow
cytometer (BD Biosciences).

RT-PCR

Total RNA was prepared from freshly isolated cells with TRIzol (Invitro-
gen Life Technologies). Total RNA from each sample was reverse tran-
scribed with SuperScript Reverse Transcriptase kit (Qiagen) and oligo(dT)
primer. The primer used for integrin ey, in this study was as described
previously (45)

Immunoprecipitation assay

Ten million cells of BMMC and BW 1457 were surface biotinylated, col-
lected, and lysed in a radioimmunoprecipitation assay buffer. The lysates
were immunoprecipitated with a control Ab (hamster IgG or rat 1gG) or
anti-mouse integrin oy, Abs (1B5 or MWReg30) or an anti-mouse integrin
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ayfBs Ab (2C9.G2). Immunoprecipitates were run on 7.5% SDS-PAGE
gels and transferred to Immobilon membranes. The membranes were blot-
ted using HRP-conjugated streptavidin.

Adhesion assay

Adhesion assay was done as described previously (28). In brief, the 96-well
plates (no. 3631: Coming) were coated with 20 or 50 pg/ml VN. vWF, or
fibrinogen in PBS for 1 h at 37°C, and washed three times with PBS,
followed by blocking with 3% BSA/PBS for | h at 37°C and washing three
times with RPMI 1640 containing 10 mM HEPES and 0.03% BSA (the
assay medium). BMMC. washed four times in the assay medium, were
resuspended at 5 X 10° cells/ml in the assay medium and transferred into
coated wells (100 pl/well) with or without stimulant including IgE (SPE-
7), DNP-BSA (for IgE plus Ag). SCF. and thrombin with the indicated
concentration for 1 h at 37°C. For stimulation with IgE plus Ag, BMMC
were pretreated with 0.5 pg/ml IgE (C38-2) overnight at 37°C. After wash-
ing. cell adhesion was quantitated using CellTiter-Glo (Promega) and a
Micro Lumat Plus luminometer (EG&G Berthold), according to the man-
ufacturer’s instructions.

In assays using blocking Abs, BMMC were preincubated with 10-350
ung/ml Abs for 1 h before adding the cells to the plate.

Migration assay

Migration assays were conducted, as previously described (13), using 24-
well Transwell chambers with 5-pm polycarbonate filters (Corning).
Briefly, the underside of each insert was treated with 30 pg/ml FN or 50
pg/ml fibrinogen for 1 h at 37°C, blocked with 3% BSA/PBS for 1 h at
37°C, then placed back in the Transwell lower chamber containing 0.5 ml
of the assay medium, with or without stimulants such as SCF. The washed
cells resuspended at 7.5 X 107 cells/ml in 0.2 ml of the assay medium were
transferred to the insert. After incubating them for 8 h at 37°C, the cells
migrated to lower chambers were counted using a hematocytometer.

Cytokine assay (ELISA)

The cells were transferred into FN- or fibrinogen-coated 96-well plates
(1 X 10* cells/well) with or without stimulants. After incubating for 12 h
at 37°C, the supernatant of each well was collected, and the concentration
of IL-6 was quantified by ELISA with OptiEIA for IL-6 (BD Pharmingen).

Growth assay

The cells were resuspended at 3 X 10° cells/ml in a BMMC culture me-
dium with IL-3, and transferred into fibrinogen-coated 24-well plates with
or without SCF. After incubation for the indicated time period at 37°C, the
cells were collected and counted using a hematocytometer.

Induced uptake of fibrinogen into SCF-stimulated mast cells

BMMC were suspended at 5 X 10° cells/m! in a Tyrode’s buffer with 10
ug/ml of a control Ab or the anti-integrin oy, 83 Ab (1B3). Cell were then
incubated for 30 min at room temperature, and incubated with 20 ug/ml
fibrinogen labeled with Alexa Fluor 488 in the presence of 100 ng/ml SCF
or PBS for 30 min at room temperature. After washing, the cells were
analyzed using FACS or a confocal microscope (Olympus Tokyo). For
confocal microscopy, the cells attached to microscope slides were fixed
with 4% paraformaldehyde, stained with 4'.6’-diamidino-2-phenylindole,
and then visualized.

Results
BMMC and PMC express integrin o35

We first tested the expression of integrins on two different types of
mast cells, BMMC and PMC (Fig. 1. A and B), both of which were
>90% FceRI*/c-kit™ using flow cytometric analysis. We con-
firmed the expression of integrin , (11, 13, 30, 46.47), a5 (5, 11,
26. 28, 30), ey (12). oy (48, 49). B, (11. 26). B, (50}, and B5 (12),
as reported (Fig. 1A4). Interestingly, the expression of integrin ay,
was evident on both BMMC and PMC in FACS and RT-PCR (Fig.
1, A and B), the expression level being higher in the former. The
expression was not due to megakaryocyte progenitors contami-
nated in our BMMC preparation because we did not detect a
megakaryocyte-specific marker, GPIb-a, GPIb-b, or GPV, in our
BMMCs (Fig. 1A and data not shown). We also confirmed the
expression on other types of mast cells, such as skin- and lung-
derived mast cells (Fig. 1C). As integrin oy, heterodimerized
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FIGURE 1. Surface expression of integrin oy, 8; was detected on mouse mast cells. A, BMMC with >90% purity (FceRI™/c-kit™) expressed integrin
oy, as well as integrins vy, oy, s, o, By, By, B3 on BMMC, but not platelet-specific markers GPIb-a or GPIb-8. The x-axis indicates fluorescence intensity
as a log scale ranging from 10° to 10%. The y-axis indicates the number of the cells. B, PMC with 90% purity (FceR1*/c-kir™) also expressed integrin @y
and B;. RT-PCR confirmed the expression of integrin oy, in BMMC, PMC, and P815, a mast cell line. but not in EL-4, a T cell line. C, Skin- and
lung-derived mast cells expressed integrin ay,. D, Both integrin ayy,, 85 and integrin a3, were expressed on the surface of BMMC, whereas only integrin
a5 was expressed on BW5147. The cell lysates of surface biotinylated BMMC and BW5147 were immunoprecipitated with control Ab (lanes 1, 3, 5,
and 7) or the Abs against integrin a8z (lanes 2 and 6) or ay,B; (lanes 4 and 8), then analyzed with HRP-conjugated streptavidin. E, The expression of
integrin oy, on bone marrow-derived cells after different times of culture in the presence of IL-3 was also analyzed using flow cytometry. Dot plot shows
FeeRI™/c-kit" and ayy,/c-kit™ cells on day 28. F, The expression of integrin ay,, was observed on bone marrow-derived basophils. G, The expression of
integrin ayy, on B220™ splenocytes, CD3™ splenocytes. Gr-1" bone marrow cells, and Mac-1" bone marrow cells was not detected in FACS analysis.

solely with integrin B, integrin a,,3; was expected to be ex- Adhesion of mast cells to immobilized fibrinogen- and
pressed on mouse mast cells. To verify integrin oy, 5 expression, vWF-mediated by integrin o3,
BMMC and BW5147 expressing only integrin a.,8; were surface-

As integrin oy, works as a receptor for ECM proteins, such as
labeled by biotin and immunoprecipitated with a specific Ab

fibrinogen, vWF, VN, and FN in megakaryocytes and platelets, we

against integrin ay,B (1B5). Western blots developed with HRP-  examined whether mast cells expressing integrin o, 85 could ad-

conjugated streptavidin gave two bands corresponding to integrin here to these ECM proteins.

o, and B; only in the precipitates from BMMC but not from Although nonstimulated BMMC did not significantly bind to

BW5147, suggesting that mouse mast cells express integrin ey, 8;  any ECM proteins, BMMC stimulated by monomeric HC IgE

on the cell surface (Fig. 1D). (SPE-7) adhered to all of the ECM proteins (Fig. 2, A and B).
Next. the expression levels of integrin oy, were examined on  Integrin ay,fB; on platelets could interact with all these ECM pro-

BMMC in the course of culture with IL-3, that is, in the varying teins, but several studies revealed that the adhesion of mast cells to
developmental stages toward BMMC. The percentage of ayy, " /c- FN and VN was mainly mediated by integrin a5, (5, 11, 28-31)
kit™ cells gradually increased during the culture in parallel with and ayf8 3 (12), r.especnvely. R . L. .
increase in the percentage of FceRI*/c-kit™ cells indicative of To clarify [h(' involvement of ?ach mtegrm in mast ce 1 afihesu?n
mast cells or mast cell progenitors, and reached ~90% after 28 to ECM pr(.)tfems, \.zve used specific blocking Abs ilgamsf @tegqn
days (Fig. 1E). om,Bs (anti-integrin oy, By Ab), 1B5S and o.zVB_a (afltl-mtegnn
w3 Ab), 2C9.G2. A hamster mAb. 1B5, raised against mouse
integrin oy, B;. specifically recognizes mouse integrin cyy,,; and
completely blocks platelet-fibrinogen interaction, thereby inhibit-
ing platelet aggregation (34). On the contrary, 2C9.G2, a hamster
mADb against mouse integrin oy 85, reacts with integrin 85 in FACS
analysis and blocks the adhesion via integrin a8, (11, 51).

Interestingly, FceR1™/c-kir™ cells, which were mainly com-
posed of bone marrow-derived basophils, expressed integrin oy, at
the levels comparable to mast cells (Fig. 1F). By contrast, no or
negligible expression of integrin «, was observed on T cells
(CD3™ splenocytes), B cells (B220™ splenocytes), granulocytes
(Gr-1" bone marrow cells), macrophages (Mac-1" bone marrow BMMC were pretreated with specific blocking Abs, anti-

cells. bone marrow-derived macrophages, and peritoneal macro- integrin oy, B, Ab, anti-integrin a.,8; Ab, or anti-integrin 8, Ab,
phages). and dendritic cells (bone marrow-derived dendritic cells) ~ Ha2/5. before the adhesion assay. As shown in Fig. 2. A and B,

(Fig. 1G and data not shown). These results suggest that the ex- anti-integrin oyy,,3; Ab inhibited 90% of the adhesion of mast
pression of integrin oy, on cells other than megakaryocytes/plate- cells to fibrinogen and 70% of adhesion to vWF. whereas it only
lets was limited to mast cells. weakly inhibited of the adhesion to VN. On the contrary, the

36



The Journal of Immunology 55
o PBS igE+Cont.Ab  igE+Antialibfi3
D gE {S8PE-7) + Control Ab. — i
13 1gE (SPE-7) + Antifs1 g%
sl 1 IgE (SPE-7) + Anti-aVis3 Sig
= & IgE (SPE-7) + Anti-alibd g3 g
S =
>3 .
5 40l 2
2 £is
5 B2N
= g%
4
0
Conting: FN Fa
@ PBS
S o IgE {SPE-T PBS
=
1 Stirm.+ Control Ab. 80 0 igE {SPE-TF RGE
so | B Stim.+ Antl-alib s © IgE {SPE-7¥ RGD
5 13 IgE {SPE-TH Antielih3
= 3
= =
= E
5 &
2
= R
% a0t =40
- 3
= °
] 5
o B il & g
B -3 £+ > ) D D
IgE (SPE-?) igE+Ag BCF Thrombin 0
Coating: FB
FIGURE 2. Integrin a3, on stimulated BMMC mediated their adhesion to fibrinogen and vWF. A and B, Adhesiveness of BMMC stimulated with

or without 3 pg/ml HC IgE (SPE-7) for 1 h at 37°C was analyzed on plates coated with or without 20-50 pg/ml ECM proteins (fibrinogen, FN. VN, YWF)
by calculating the percentage of the adherent cells (4) or by microscope (magnification, X200 or X400) (B). The results of the functional blockage of
integrins with specific anti-integrin Abs (50 ug/ml anti-B; Ab, 50 ug/ml anti-integrin a3 Ab. 10 ug/ml anti-integrin oy, 85 Ab) are also shown. C, The
interaction between integrin oyy,3; and fibrinogen was observed in response to stimuli, such as 3 pg/ml IgE (SPE-7)., 10 ng/ml DNP-BSA (IgE plus Ag),
100 ng/ml SCF, 1 mM MnCl,, and 10 U/ml thrombin, and was blocked by 10 pg/ml anti-integrin a;,; Ab. D, Interaction blocked by 100 ug/ml RGD
peptides but not by RGE peptides. The results shown are the average + SD of three independent experiments. %%, p < 1% (vs the control Ab-treated sample

determined by Student’s 7 test).

anti-integrin a,3; Ab profoundly inhibited the adhesion of
mast cells to VN. whereas it inhibited only 20-30% of the mast
cell adhesion to vWF, and did not significantly inhibit that to
fibrinogen. The anti-integrin 8, Ab only partially inhibited mast
cell adhesion to VN and vWF, and did not significantly affect
that to fibrinogen, indicating that the involvement of integrin B,
in mast cell adhesion to these ECM proteins was limited. How-
ever, binding to FN was inhibited by anti-integrin 8, Ab but not
by anti-integrin a;;,8; Ab or anti-integrin a5 Ab, as reported
(4.5, 11, 28-31). Similar results were obtained in experiments
using PMC (data not shown). Collectively, these results indi-
cate that the interaction of mast cell with fibrinogen was spe-
cifically mediated by integrin a,,3; and that the interaction of
mast cells with VN was mainly mediated by integrin a5, as
reported (12), but that the efficient adhesion to vWF required
both integrin w35 and oy, Ba.

Characterization of mast cell adhesion to fibrinogen

Next. we asked whether other stimuli could induce the same
adhesion, and found that BMMC bound to fibrinogen-coated
plates upon stimulation with IgE plus Ag, SCF, thrombin, or
Mn?* (Fig. 20)

The interaction of integrin oy, 85 on mast cells to fibrinogen was
RGD ((Arg-Gly-Asp)-dependent (Fig. 2D) as noted in platelets,
and the kinetics of the adhesion induced by HC IgE (SPE-7) and
SCF to fibrinogen showed that the adhesion reached a plateau level
from 30 to 60 min after the simulation at 37°C (data not shown).
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As was the case of mast cell adhesion via integrin a5, (5, 11, 29),
there was no change in the cell surface levels of integrins apy,. av,
and 3, following treatment with these reagents (data not shown).
Collectively, these results indicate that adhesion of mast cells to
fibrinogen requires inside-out signaling followed by increase in the
affinity/avidity of integrin g Bs.

SCF induced integrin oy;,B;-directed migration of mast celis

Accumulating evidence revealed that several kinds of integrins
were involved in the migration of mast cells (13, 37. 47, 50), and
that the interaction between SCF and c-kir regulated the migration
of mast cells via ECM proteins, especially FN (13, 14, 37, 47, 50,
52). We examined SCF-induced migration of mast cells via fibrin-
ogen, and then tested whether integrin oy, B5-fibrinogen interac-
tion would induce migration.

As shown in Fig. 3A, the number of migrated BMMC were
5-fold higher via the fibrinogen-treated Transwell membrane sur-
face than the BSA-treated surface in the presence of SCF in the
lower wells. and this enhancement was significantly blocked by
anti-integrin ayg,,32 Ab, indicating that SCF enhances migration
via fibrinogen in an integrin oy, B;-dependent manner.

Effects of mast cell-fibrinogen interaction on mast cell functions

Adhesion of mast cells to FN was reported to enhance mast cell
functions. such as production of IL-6 or TNF-« (28), proliferation
(12), survival (28). and histamine release (5). We tested whether
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mast cell adhesion to fibrinogen had any effects on mast cell func-
tions: IL-6 production, growth, and survival and histamine release.

First, IL-6 production was measured using ELISA. BMMC
attached to fibrinogen-coated plates produced 50% larger concen-
trations of IL-6 than those on BSA-coated plates in response to
SCF or thrombin, and this enhancement of IL-6 production was
clearly blocked by anti-integrin ¢y, 85 Ab, indicating the interac-
tion between integrin a;;,3; and fibrinogen enhances IL-6 produc-
tion of mast cells (Fig. 3B). In contrast, histamine release from
BMMC was not enhanced by the interaction with fibrinogen via
the integrin (data not shown).

38

INTEGRIN «y,8; EXPRESSION ON MAST CELLS

ek

*k ek

a PBS
& SCF + control Ab.
0 SCF + Antl-aflbp3

8 PBS
@ SCF +control Ab
0 SCF + Anthalibf3

s BSA
o FB

iL-3+SCF+
Anti-alib A3

IL-3+SCF+
Cont.Ab,

Second. growth and survival of mast cells was examined. The
number of BMMC on fibrinogen-coated plates was 45% higher
than that on BSA-coated plates after 1 wk of culture, and this
increment was also dependent on integrin oy, B85 (Fig. 3C). How-
ever, we could not find the effects of the binding to fibrinogen on
the differentiation of BMMC or bone marrow cells cultured with
IL-3 plus SCF (data not shown).

SCF-induced survival was estimated by measuring the percent-
age of apoptotic cells, induced by the withdrawal of 1L-3. How-
ever, no significant difference was found between BMMC on fi-
brinogen-coated -and BSA-coated plates in the presence of SCF





