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An Activating and Inhibitory Signal from an Inhibitory
Receptor LMIR3/CLM-1: LMIR3 Augments
Lipopolysaccharide Response through Association with FcRvy
in Mast Cells'

Kumi Izawa,* Jiro Kitaura,* Yoshinori Yamanishi,* Takayuki Matsuoka,* Ayako Kaitani,*
Masahiro Sugiuchi,* Mariko Takahashi,* Akie Maehara,* Yutaka Enomoto,* Toshihiko OKki,*
Toshiyuki Takai,” and Toshio Kitamura®*

Leukocyte mono-Ig-like receptor 3 (LMIR3) is an inhibitory receptor mainly expressed in myeloid cells. Coengagement of
FceRI and LMIR3 impaired cytokine production in bone marrow-derived mast cells (BMMCs) induced by FceRI crosslink-
ing alone. Mouse LMIR3 possesses five cytoplasmic tyrosine residues (Y241, Y276, Y289, Y303, Y325), among which Y241
and Y289 (Y241/289) or Y325 fit the consensus sequence of ITIM or immunotyrosine-based switch motif (ITSM), respec-
tively. The inhibitory effect was abolished by the replacement of Y325 in addition to Y241/289 with phenylalanine (Y241/
189/325/F) in accordance with the potential of Y241/289/325 to cooperatively recruit Src homology region 2 domain-con-
taining phosphatase 1 (SHP)-1 or SHP-2. Intriguingly, LMIR3 crosslinking alone induced cytokine production in BMMCs
expressing LMIR3 (Y241/276/289/303/325F) mutant as well as LMIR3 (Y241/289/325F). Moreover, coimmunoprecipitation
experiments revealed that LMIR3 associated with ITAM-containing FcRy. Analysis of FcRy-deficient BMMCs demonstrated
that both Y276/303 and FcRy played a critical role in the activating function of this inhibitory receptor. Importantly, LMIR3
crosslinking enhanced cytokine production of BMMCs stimulated by LPS, while suppressing production stimulated by other
TLR agonists or stem cell factor. Thus, an inhibitery receptor LMIR3 has a unique property to associate with FcRy and
thereby functions as an activating receptor in concert with TLR4 stimulation. The Journal of Immunology, 2009, 183:
925-936.

activating and inhibitory signals through a variety of im- 11). On the other hand, LMIR4/CLM-5 or LMIRS5/CLM-7, which

mune receptors. Paired immune receptors are generally is an activating receptor paired with LMIR3, associates with an
composed of several activating and inhibitory receptors with high ITAM-containing adaptor protein, FcR+y or DNAX activating pro-
homology in the extracellular domains (1, 2). We have previously  tein of 12 kDa (DAP12), respectively (4, 11, 12). LMIR3 is mainly
characterized leukocyte mono-Ig-like receptors 1-5 (LMIR1-5)? expressed in myeloid cells such as granulocytes, dendritic cells,
among a novel paired receptor family called LMIR/CMRF-35-like  and mast cells. Recent studies have demonstrated that LMIR3 is an
molecules (CLMs)/myeloid-associated Ig-like receptor (MAIR)Y  inhibitory receptor that can block osteoclastogenesis (6), nega-
dendritic cell-derived Ig-like receptor (DIgRY/CD300 (3-9).  tively regulate dendritic cell-initiated Ag-specific T cell responses
LMIR3/CLM-1/MAIR-V/DIgR2/CD300LF is an inhibitory recep-  (11), or impair cytokine production in mast cells (4, 6). The finding
that intraperitoneal administration of LPS or G-CSF up-regulates
*Division of Cellular Therapy, Advanced Clinical Research Center, The Institute of LMIR3 in granulocytes implicates LMIR3 in innate immunity or
Medic.al Science, The Universit).' of Tokyo, Tokyo, Japan;. and the YDepartment of cell differentiation 4).
Eflfi’::r:;f;“’sle::;z“fa‘;}:fy’ Institute of Development, Aging and Cancer, Tohoku Mast cells are important effector cells not only in IgE-associated
Received for publication February 20, 2009. Accepted for publication May 18, 2009. f:llle‘rg.IC disorders but alSO, n mnat? lm.mumty (13-15). Several
The costs of publication of this article were defrayed in part by the payment of page inhibitory receptors belonging to paired immune receplors are ex-
charges. This article must therefore be hereby marked advertisement in accordance pressed in mast cells: FeyRIIB (16), gp49B1 (17), paired Ig-like
with 18 U.S.C. Section 1734 solely to indicate this fact. receptor-B (PIR-B) (18, 19), and LMIR1/CD300A (3, 20, 21).
! This work was supported by the Ministry of Education, Science, Technology, Sports These receptors inhibit FceRI-mediated activating signal transduc-
and Culture and the Ministry of Health and Welfare, Japan. tion, but how they regulate innate immune response in mast cells

T he immune system is tightly regulated by the balance of tor that possesses an ITIM in the cytoplasmic region (4, 6, 7, 10,

2 Address correspondence and reprint requests to Dr. Toshio Kitamura, Division of H

: ams Ie.
Cellular Therapy, Advanced Clinical Research Center, The Institute of Medical Sci- rem; obscure . . .
ence, The University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, Structurally, mouse LMIR3 contains five cytoplasmic tyrosine
Japan. E-mail address: kitamura@ims.u-tokyo.ac.jp residues (Y241, Y276, Y289, Y303, or Y325), among which both

3 Abbreviations used in this paper: LMIR, leukocyte mono-Ig-like receptor; BMMC, Y241 and Y289 are located in ITIM (S/I/V/LxYxxI/V/L) and
bone marrow-derived mast cell; CLM, CMRE35 like molecule; DAP10, DNAX ac- y395 3¢ Jocated in the immunoreceptor tyrosine-based switch mo-
tivating protein of 10 kDa; IREM-1, immune receptor expressed on myeloid cells 1; K R N R
ITSM, immunotyrosine-based switch motif; ODN, oligodeoxynucleotide; SHP, Src tif ATSM) (TxYxxV/I) (22). Like ITIM, ITSM can associate with
homoloiy region TZ do{gain-comaining phosphatase 1; SCF, stem cell factor; TNP, the SH2-containing tyrosine phosphatases Src homology region 2
trinitrophenyl; WT, wild type. . ..

pheny P domain-containing phosphatase 1 (SHP)-1 and SHP-2 or the SH2-

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00 containing inositol phosphatase SHIP (22, 23). On the other hand,
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unlike ITIM, ITSM binds to adaptor molecules, such as SH2-con-
taining adaptor protein SH2 domain protein 1A (SH2D1A) and
EWS-activated transcript 2 (EAT-2), as well as to Src family ki-
nases and the p85 regulatory subunit of PI3K (22-23). Whether an
ITSM transduces an activating or an inhibitory signal depends on
the immune receptor and cell type. Additionally, Y276 or Y303 of
LMIR3 is situated in the putative binding motif for p85 (YxxM) or
Grb2 (YxN), respectively. The existence of these signaling motifs
in the cytoplasmic region of LMIR3 indicates the potential of an
inhibitory LMIR3 to function as an activating receptor. In fact, as
recently reported by Alvarez-Errico et al., immune receptor ex-
pressed on myeloid cells 1 (IREM-1), a human homolog of mouse
LMIR3, transmitted a PI3K-dependent activating signal in rat ba-
sophil leukemia (RBL) cells transduced with an IREM-1 mutant
that lost inhibitory function by the replacement of several tyrosine
residues with phenylalanine (24, 25). However, the biological sig-
nificance of the activating function of endogenous LMIR3 remains
unknown.

In the present study, we demonstrate the dual functions, inhib-
itory and activating, of mouse LMIR3 in mast cells. Examination
of the contribution of each cytoplasmic tyrosine residue to the dual
functions revealed that ITSM in addition to ITIM was required for
the inhibitory function, while Y276 and Y303 were involved in the
activating function. Surprisingly, LMIR3 mediated an activating
signal mainly through its association with FcRy; it is unprece-
dented that an ITIM-bearing receptor functions as an activating
receptor by associating with an ITAM-bearing adaptor. Impor-
tantly, we delineated the biological situation where LMIR3 medi-
ated either an inhibitory or an activating function. Notably, this
positive signal of LMIR3 synergizes with TLR4 stimulation.

Materials and Methods

Abs and reagents

Rat anti-LMIR3 IgG2a mAb, designated anti-LMIR3 mAb, and goat anti-
LMIR3 polyclonal Ab were obtained from R&D Systems. Anti-FLAG
mAb M2, FITC-conjugated anti-FLAG mAb M2, rabbit anti-FLAG poly-
clonal Ab, mouse IgG1 mAb (MOPC21), and mouse anti-DNP IgE mAb
(clone SPE-7; designated SPE-7 IgE) were all purchased from Sigma-
Aldrich. Mouse anti-Myc mAb (9E10) was from Roche Diagnostics.
Mouse anti-trinitrophenyl (TNP) IgE mAb (C38-2) and FITC-conjugated
anti-mouse IgE mAb were from BD Biosciences. PE-conjugated anti-c-Kit
mADb and rat IgG2a were from eBioscience. Anti-ERK, anti-Akt, anti-SH-
PTP1 (C-19), anti-SH-PTP2 (C-18), anti-SHIP (N-1), and anti-Grb2 (C-23)
Abs were from Santa Cruz Biotechnology. Mouse anti-phosphotyrosine
mAb (4G10), rabbit anti-phosphotyrosine polyclonal Ab, rabbit anti-
FceRI-y subunit polyclonal Ab, and rabbit anti-PI3K p85 polyclonal Ab
were purchased from Upstate Biotechnology. All other phospho-specific
Abs were purchased from Cell Signaling Technology. Rabbit F(ab'), anti-
rat IgG(H+L) was from SouthernBiotech. Goat anti-mouse IgG(H+L) was
from Zymed Laboratories. F(ab'), fragments were prepared by digesting
anti-FLAG mAb M2 or mouse IgGl mAb with immobilized pepsin, fol-
lowed by removing intact mAb by protein A affinity chromatography
(Pierce). Cytokines were obtained from R&D Systems. Zymosan, poly(l:
C), and oligodeoxynucleotide (ODN)1585 were purchased from Invivo-
Gen. All other reagents were from Sigma-Aldrich unless stated otherwise.

Cell culture and isolation

Ba/F3 cells and COS-7 cells were cultured as described (4). CBA/J or
C57BL/6 mice (Charles River Laboratories) were used at 8—10 wk of age
for isolation of cells. To generate bone marrow-derived mast cells (BMMCs)
with 90% purity (c-kit*/FceRI™* by flow cytometry), BMMCs were cul-
tured in the presence of 10 ng/ml IL-3 alone or with 20 ng/ml stem cell
factor (SCF), respectively, as described (4, 5, 26). The following mutant
mice were used: FcRy™'™ (27).

Stimulation

In the coligation of FcsRI and endogenous LMIR3, MaxiSorp 96-well
plates (Nunc, catalog no. 430341) were overnight incubated with F(ab"),
anti-rat IgG Ab (SouthernBiotec), which recognized mouse IgE as well
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as anti-LMIR3 Ab (rat 1gG2a). After BMMCs were sensitized with 0.5
wg/ml anti-TNP IgE overnight and washed twice, they were preincubated
with 20 wg/ml anti-LMIR3 Ab or rat IgG2a for 1 h on ice and washed twice
before stimulation with plate-coated secondary Ab. In the coligation of
FceRI and FLAG-tagged LMIR3 or LMIR1 in the transduced BMMCs,
after sensitization with 0.5 pg/ml anti-TNP IgE overnight, they were pre-
incubated with 20 pg/ml F(ab"), anti-FLAG or mouse IgGl mAb for 1 h
on ice and washed twice before stimulation with plate-coated F(ab'), anti-
mouse IgG Ab (Zymed Laboratories), which recognized mouse IgE as well
as F(ab'), anti-FLAG mAb (mouse IgG1). In the case of LMIR3 or LMIR1
crosslinking with or without other stimuli, LMIR was engaged by using
plate-coated Ab as described in the presence or not of 10 or 100 ng/ml LPS,
100 pg/ml zymosan, 250 pg/ml poly(I:C), 5 ug/ml ODN1585, and100
ng/ml SCF. Alternatively, BMMCs were directly stimulated with 5 pg/ml
SPE-7 IgE or 100 nM PMA. In the coimmunoprecipitation experiments
using Ba/F3 cells, Ba/F3 cells were stimulated by 100 puM sodium per-
vanadate for 10 min.

Plasmid constructs

An expression plasmid encoding Myc epitope-tagged DNAX activating
protein of 10 kDa (DAP10), DAP12, or FcRy was generated as described
(3-5). Signaling lymphocyte activation molecule (SLAM) signal sequence
(provided by Dr. H. Arase, Osaka University) (28) Myc-DAP10, DAP12,
or FcRy fragment was subcloned into pMXs-IRES-blasticidin (pMXs-IB)
(29), generating pMXs-Myc-DAP10, DAP12, or FcRy-IB. The entire se-
quences excluding the leader sequence of LMIR3 and LMIR1 were am-
plified, and the resulting fragment was ligated into a pME vector including
the signal sequence of SLAM. The resulting SLAM signal sequence-
FLAG-LMIR3 or LMIR1 fragment was subcloned into pMXs-IRES-puro
(pMXs-IP) generating pMXs-FLAG-LMIR3 or LMIRI-IP (29). To gener-
ate different LMIR3 mutants where one or several tyrosine residues among
five cytoplasmic tyrosine residues (Y241, Y276, Y289, Y303, or Y325) are
replaced with phenylalanine, two-step PCR mutagenesis was performed by
using pMXs-FLAG-LMIR3 or LMIR3 mutant-IP as a template. To gen-
erate LMIR 1 mutant where both Y258 and Y270 in the cytoplasmic region
were replaced phenylalanine, two-step PCR mutagenesis was also per-
formed by using pMXs-FLAG-LMIRI-IP as a template. All constructs
were verified by DNA sequencing.

Transfection and infection

Retroviral transfection was as described (3-5). Briefly, retroviruses were
generated by transient transfection of Plat-E packaging cells (29) with Fu-
GENE 6 (Roche Diagnostics). Cells were infected with retroviruses in the
presence of 10 pg/ml polybrene. Selection with puromycin was started
48 h after infection (30).

Biochemistry

To detect the association of LMIR3 and FcRvy, COS-7 cells were cotrans-
fected with two constructs of interest (pMXs-FLAG-LMIR3-IP and pMXs-
Myc-DAP10, DAP12, or FcRy-IB) or (pMXs-FLAG-LMIR3 (WT),
LMIR3 (Y1/3/5F), or LMIR3 (YallF)-IP and pMXs-Myc-FcRy-IB). Cell
lysis, immunoprecipitation, and Western blotting were as described (3-5).

Flow cytometry

Flow cytometric analysis of the stained cells was performed with a
FACSCalibur (BD Biosciences) equipped with CellQuest software and
FlowJo software (Tree Star) as described (3-5).

Measurement of cytokines

Culture supernatants of stimulated BMMCs were measured using ELISA
kits of IL-6 or TNF-a from R&D Systems as described (3-5).

Statistical analysis

Data are shown as the means + SD, and statistical significance was de-
termined by Student’s f test, with p < 0.05 taken as statistically significant.

Results
The inhibitory effect of LMIR3 on FceRI-mediated cytokine
production in mast cells

We generated BMMCs with 95% purity (FceRI™/c-kit™) and con-
firmed surface expression of endogenous LMIR3 in BMMCs by
using anti-LMIR3 Ab (Fig. 14). IgE-bound FceRI in BMMCs was
engaged by plate-coated F(ab’), anti-rat IgG Ab (see Materials



The Journal of Immunology 927

sle ale.
- 8000 | M ratlgG2a
£ 700 I Ganti-LMIR3 |~
\g 6000
g @ © 5000
(& , ﬂ
1 4000 .
wem" o w1 3000 e S
FeeRI
1000
0 Oug/ml)  A(ug/mi) 20(ug/mi)
ml g/m O(ug/ml
IgE(-) Hg il (i
IgE: 0.5(ug/mi)
C im0 . D ) "
opPBS ; rat anti- rat  anti-
. tim. 8 D
1000 stm 0 |gG2alMIR3 IgG2a LMIR3 <O
MW ratlgG2a w 75
L . |P: anti-LMIR3
£ 800 I Eanti-LMIR3 IB: anti-pY 50
g 600 ToL
= 1B: anti-LMIR3 50
% 400 TCL - %
= IB: anti-p-ERK1 37
200 TCoL 50
IB: anti-ERK1/2 37
0

IgE(-) IgE: 0.5(ug/ml)

FIGURE 1. Coligation of FceRI and LMIR3 in BMMCs impaired cytokine production induced by FceRI crosslinking alone. A, Surface expression levels
of c-kit and IgE-bound FceRI (left panel) as well as those of endogenous LMIR3 (right panel) in BMMCs were analyzed by flow cytometry. B, IgE-bound
or unbound FceRI and endogenous LMIR3 in BMMCs were coligated by various concentrations (0, 4, 20 pg/ml) of anti-LMIR3 Ab or rat IgG2a Ab as
control on F(ab'), anti-rat IgG Ab-coated plates as described in Materials and Methods. IL-6 released into the culture supernatants was measured by ELISA.
All data points correspond to the mean and the SD of three independent experiments. Rat IgG2a or anti-LMIR3 indicates rat IgG2a Ab or rat anti-LMIR3
Ab, respectively. IgE(+) or IgE(—) indicates BMMCs sensitized with IgE or not, respectively. C, IgE-bound FceRI and endogenous LMIR3 in BMMCs
were coligated in BMMCs using 20 pg/m! anti-LMIR3 Ab, rat IgG2a Ab, or PBS on F(ab’), anti-rat IgG Ab-coated plates. TNF-a released into the culture
supernatants was measured by ELISA. All data points correspond to the mean and the SD of three independent experiments. D, IgE-bound FceRI and
endogenous LMIR3 in BMMCs were coligated in BMMCs using 20 pg/ml anti-LMIR3 Ab or 20 pg/ml rat IgG2a Ab as control on F(ab'), anti-rat IgG
Ab-coated plates for 2 or 10 min. Cell lysates were subjected to immunoblotting with anti-phospho-p44/42 MAPK (pERK1/2) Ab. Equal loading was
evaluated by reprobing the immunoblots with anti-ERK1/2 Ab or anti-LMIR3 Ab. Immunoprecipitates of cell lysates with anti-LMIR3 Ab were immu-
noblotted with anti-phosphotyrosine (pY) mAb. #, p < 0.05.

and Methods), resulting in cytokine production of BMMCs in an Y325 in addition to Y241 and Y289 played an important role in
IgE-dose dependent manner (supplemental Fig. S1A).* Since the inhibitory function of LMIR3 in mast cells

LMIR3 contai.ns _ITIM in the cytoplasmic region, the role of LMIR3 contains five cytoplasmic tyrosine residues, Y241, Y276,
LMIR3 as an inhibitory receptor was expected in mast cells. I yyg9 y303 and Y325, which are hereafter abbreviated as Y1,
dee(}i{,;f)hg; ;\E\[/}gf afltl',I;iMIRB Ab~bo.un(;i It‘lMIR3 f?d IgI]i—t;oung Y2, Y3, Y4, and Y5, respectively (Fig. 2D). To investigate the role
FeeRI in - Sigl cantly imp aired the cytokine (IL-6 an in the inhibitory function of each cytoplasmic tyrosine residue, we
TNF-a) production induced by crosshnkxlng of IgE-bound FceRI generated FLAG-tagged wild-type (WT) LMIR3 and different mu-
alone (see Ma‘terzals and. Methods and Flg,' 1, B and C)j No de- tants where one or several cytoplasmic tyrosine residues were re-
tectable cytokine production was observed in BMMCs stimulated 1 . . . AR

S . o . placed with phenylalanine, as depicted in Fig. 2D and Table L
by LMIR3 crosslinking alone (Fig. 1, B and C). Additionally, anti- First, BMMCs with 95% purity (FesRI* /c-kit™) were retrovirally
LMIR3 ‘Ab, but not .control Ab, dose—dependen‘tly 'st_lppressed IL-6 transduced with FLAG-tagged LMIR3(WT) (Fig. 24, left panel).
production, suggesting an LMIR3-dependent inhibitory effect on Surface expression of transduced LMIR3 in BMMCs was con-
FceRI-mediated cytokine production in mast cells (Fig. 1B). Fur- firmed by using anti-FLAG Ab (Fig. 24, right panel). We also
thermore, Western blot analysis demonstrated increased tyrosine confirmed that IgE-bound FcsRI in. BNiMCs was en.gage d by
p hosphorylatfon of LMI.R 3 at2 min f(')lloyved b.y attenu?teq ERK plate-coated F(ab'), anti-mouse IgG Ab (see Materials and Meth-
phosphorylaﬂon at 10 min after the col:gatlon (E1g. 1D.) : mleatmg ods), leading to cytokine production of BMMCs in an IgE-dose
the involvement of LMIR3 cytoplasmic tyrosine residues in the dependent manner (supplemental Fig. S1B). As with endogenous

inhibitory signal. LMIR3, transduced FLAG-tagged LMIR3(WT) displayed an in-
hibitory effect on FceRI-mediated IL-6 production and ERK acti-
4 The online version of this article contains supplemental material. vation of BMMCs (see Materials and Methods and Fig. 2, B and

43



The Journal of Immunology

Table I. LMIR3 WT or different mutants®

Abbreviation Residues at 241, 276, 289, 303, 325

wT Y241, Y276, Y289, Y303, Y325
Y1IF F241, Y276, Y289, Y303, Y325
Y2F Y241, F276, Y289, Y303, Y325
Y3F Y241, Y276, F289, Y303, Y325
Y4F Y241, Y276, Y289, F303, Y325
Y5F Y241, Y276, Y289, Y303, F325
Y1/3F F241, Y276, F289, Y303, Y325

Y1/5F F241, Y276, Y289, Y303, F325
Y3/5F Y241, Y276, F289, Y303, F325
Y1/3/5F F241, Y276, F289, Y303, F325

Y241, F276, Y289, F303, F325
Y241, F276, F289, F303, Y325
F241, F276, Y289, F303, Y325
Y241, F276, Y289, F303, Y325
Y241, F276, F289, F303, F325

Y2/4/5F or 1/3Y
Y2/3/4F or 1/5Y
Y1/2/4F or 3/5Y
Y2/4F or 1/3/5Y
Y2/3/4/5F or 1Y

Y1/3/4/5F or 2Y F241, Y276, F289, F303, F325
Y1/2/4/5F or 3Y F241, F276, Y289, F303, F325
Y1/2/3/5F or 4Y F241, F276, F289, Y303, F325
Y1/2/3/4F or 5Y F241, F276, F289, F303, Y325
Y 1/2/3/4/5F or YallF F241, F276, F289, F303, F325

“ LMIR3 cytoplasmic tyrosine residues, Y241, Y276, Y289, Y303, and Y325 are
abbreviated as Y1, Y2, Y3, Y4, and Y35, respectively. In LMIR3 mutants, single or
several tyrosine residues (Y) were replaced with phenylalanine (F).

Y4 are not important for the inhibitory function of LMIR3. On the
other hand, LMIR3(Y1F), (Y3F), or (Y5F) mutant-mediated inhi-
bition was only 45-60% when compared with LMIR3(WT)-me-
diated inhibition. In the LMIR3(Y 1/3F) mutant where both Y1 and
Y3 located in ITIM were replaced with phenylalanine, the inhibi-
tion was 30%. Coligation of FceRI and LMIR3(Y 1/3/5F) mutant,
where Y5 located in ITSM in addition to Y1/3 was replaced with
phenylalanine, did not result in the inhibition of IL-6 production at
all. Collectively, these results indicated that the inhibitory effect of
LMIR3 on FceRI-mediated cytokine production was dependent on
both ITIM and ITSM in the cytoplasmic region.

LMIR3 associated with SHP-1 and SHP-2 via phosphorylated
Y241, Y289, and Y325, while associating with the p85 subunit
of PI3K via phosphorylated Y276

We next explored which molecules LMIR3 associated with
through the phosphorylation of its cytoplasmic tyrosine residues.
When FLAG-tagged LMIR3(WT)-transduced Ba/F3 cells were
stimulated by sodium pervanadate, Western blot analysis displayed
a mobility shift of tyrosine-phosphorylated LMIR3 (Fig. 3A, left
panel). Generally, ITIM can associate with phosphatases such as
SHP-1, SHP-2, or SHIP, while ITSM can bind not only to phos-
phatases but also to the p85 regulatory subunit of PI3K or to other
adaptor molecules, depending on receptor type and cellular context
(22, 23). Moreover, Y276 or Y303 fits the putative binding motif
for p85 or Grb2, respectively. Therefore, we performed coimmu-
noprecipitation experiments using LMIR3(WT)-transduced Ba/F3
cells stimulated by sodium pervanadate. Immunoprecipitates of ly-
sates with anti-FLAG Ab were subjected to probing with anti-
SHP-1, SHP-2, SHIP, p85, or Grb2 Ab, demonstrating that ty-
rosine-phosphorylated LMIR3 associated with SHP-1 or SHP-2,
but not with SHIP, among phosphatases, and with p85 or Grb2
(Fig. 3A, middle panel). Because Grb2 was not easy to discern
from the nonspecific Ig L chain due to the similar mobilities in the
Western blot, immunoprecipitates of lysates with anti-Grb2 Ab
were also probed with anti-LMIR3 Ab, confirming that Grb2
associated with phosphorylated LMIR3 (Fig. 3A, right panel).
Moreover, similar results that tyrosine-phosphorylated LMIR3 as-
sociated with SHP-1, SHP-2, or p85 were also obtained by coim-
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munoprecipitation experiments using LMIR3(WT)-transduced
BMMCs (supplemental Fig. S3). To further explore the contribu-
tion of each tyrosine residue to the association of LMIR3 with
SHP-1, SHP-2, or p85, different LMIR3 mutant-transduced Ba/F3
cells were generated. Equivalent expression levels of surface
LMIR3 were confirmed among different transfectants by using anti-
FLAG Ab (supplemental Fig. 4). We also performed coimmuno-
precipitation experiments on Ba/F3 transfectants expressing the
mutants. The association of LMIR3 with SHP-1, SHP-2, or p85 as
well as tyrosine phosphorylation and concomitant mobility shift of
LMIR3 upon sodium pervanadate stimulation was abolished by the
replacement of all five tyrosine residues with phenylalanine in the
cytoplasmic LMIR3 (Fig. 3B, left panel). This confirmed that ty-
rosine phosphorylation of LMIR3 was necessary for the associa-
tion of LMIR3 with SHP-1, SHP-2, or p85. As shown in Fig. 3B,
only LMIR3(Y2F) mutant did not coimmunoprecipitate p85
among LMIR3 mutants where a single tyrosine residue was
replaced with phenylalanine (left panel). In parallel, only
LMIR3(2Y) mutant coimmunoprecipitated p85 among LMIR3
mutants where four of five tyrosine residues were replaced with
phenylalanine, at levels comparable to LMIR3(WT) (Fig. 3B, right
panel). Thus, Y276 was indispensable for the association of
LMIR3 with p85. On the other hand, the association of LMIR3
with SHP-1 or SHP-2 was slightly reduced in LMIR3(Y1F),
(Y3F), or (Y5F) mutants (Fig. 3B, right panel), while LMIR3(1Y),
(3Y), or (5Y) mutant did not coimmunoprecipitate SHP-1 or
SHP-2 at all (Fig. 3B, right panel). These results suggested that the
combination of Y1, Y3, or Y5 is required for the association. Anal-
ysis of LMIR3(Y1/3F), (Y1/5F), (Y3/5F), (Y1/3/5F), (1/3Y), (1/
5Y), (3/5Y), or (1/3/5Y) mutant demonstrated that Y1/3/5(> Y1/
5 > Y3/5 > Y1/3 in order) played a critical role in the association
of LMIR3 with SHP-1 or SHP-2 (Fig. 3C), which was in accor-
dance with the finding that Y1, Y3, and Y5 are required for the
maximum inhibitory effect of LMIR3 on FceRI-mediated cytokine
production (Fig. 2E).

Crosslinking of LMIR3(Y241/276/289/303/325/F) mutant as well
as LMIR3(Y241/289/325/F) mutant resulted in IL-6 production
in the transduced BMMCs

The potential of LMIR3 to associate with p85 or Grb2 via its
tyrosine phosphorylation prompted us to postulate that LMIR3
could transmit an activating signal, at least in LMIR3 mutants that
lost the inhibitory function. In fact, cytokine production of the
transduced BMMCs was strongly induced by crosslinking of
LMIR3(Y 1/3/5F) mutant that had lost the inhibitory function (Fig.
4A). Consistently, engagement of LMIR3(Y 1/3F) mutant that par-
tially lost the inhibitory function resulted in lower but significant
levels of IL-6 production compared with that of LMIR3(Y 1/3/5F)
mutant (Fig. 4A). Moreover, Western blot analysis demonstrated
that crosslinking of LMIR3(Y1/3/5F) in the transduced BMMCs
induced the tyrosine phosphorylation of LMIR3 and the asso-
ciation of LMIR3 with p85, suggesting the importance of Y2
and Y4 in the activating role of LMIR3 (Fig. 4C). In contrast,
cytokine production was not significantly induced by
crosslinkng of LMIR3(WT) or LMIR3(Y1F), (Y2F), (Y3F),
(Y4F), (YSF), (Y2/4F), or (Y2/4/5F) mutants (Fig. 4A). Col-
lectively, these results are consistent with the finding recently
reported by Alvarez-Errico et al. on IREM-1/human LMIR3
that both Y236 and Y263 in IREM-1 played an important part
in JREM-1-mediated activa.ting signal (25). Furthermore, sim-
ilar experiments were conducted on LMIR 1, another ITIM-con-
taining receptor among the LMIR family. In BMMCs trans-
duced with LMIR1I(WT) or LMIRI(Y258/270F) mutant in
which the inhibitory function was disrupted by the replacement
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FIGURE 2. LMIR3 transmits an inhibitory signal in BMMCs via Y325 located in ITSM in addition to Y241/Y289 located in ITIM. A, BMMCs from
mice were transduced with FLAG-tagged LMIR3, Surface expression levels of c-kit and IgE-bound FceRI as well as those of FLAG-tagged LMIR3 were
analyzed by flow cytometry. B, IgE-bound FceRI and FLAG-tagged LMIR3 in the transduced BMMCs were coligated by using various concentrations (0,
0.1, 1, 10 pg/ml) of F(ab"), anti-FLAG mAb or mouse IgGl mAb as control on F(ab'), anti-mouse IgG Ab-coated plates as described in Materials and
Methods. TL-6 released into the culture supernatants was measured by ELISA. All data points correspond to the mean and the SD of three independent
experiments. mIgG1 or anti-FLAG indicates F(ab"), mouse IgG1 mAb or F(ab'), anti-FLAG mAb. C, IgE-bound or unbound FceRI and FLAG-tagged
LMIR3 in the transduced BMMCs were coligated by 10 pg/ml F(ab"), anti-FLAG mAb or 10 pg/ml mouse IgG1 mAb as control on F(ab'), anti-mouse
IgG Ab-coated plates for 10 min. Cell lysates were subject to immunoblotting with anti-phospho-p44/42 MAPK (pERK1/2) Ab. Equal loading was
evaluated by reprobing the immunoblot with anti-ERK1/2 Ab. IgE(+) or IgE(—) indicates BMMCs sensitized with IgE or not, respectively. D, Structure
of FLAG-tagged LMIR3(WT) containing cytoplasmic five tyrosine residues, Y241, Y276, Y289, Y303, and Y325, abbreviated as Y1,Y2, Y3, Y4, and Y5,
respectively. Y1 and Y3 are located in ITIM, while Y5 is located in ITSM. T™™ indicates the transmembrane region. E, The ratio of the amounts of IL-6
produced by each transfectant when FLAG-tagged LMIR3 mutant and IgE-bound FceRI were coligated by using F(ab'), anti-FLAG mAb to those only
when IgE-bound FceRI was engaged by using F(ab'), mouse 1gG1 mAb. BMMCs were transduced with FLAG-tagged LMIR3(WT), different mutants, or
maock. Data are representative of three independent experiments. All data points correspond to the mean and the SD.

©). Next, we generated different LMIR3 mutant-transduced BMMCs
that showed equivalent levels of mast cell maturity and surface
LMIR3 expression, although higher expression levels of LMIR3
were observed in LMIR3(YallF) mutant-transduced BMMCs (sup-
plemental Fig. S2). To examine the inhibitory effect of each
LMIR3 mutant, we measured the ratio of the amounts of IL-6
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produced by each transfectant when FLAG-tagged LMIR3 mu-
tants and FceRI were coligated to those when FceRI was engaged
alone, as described in Materials and Methods. As demonstrated in
Fig. 2E, LMIR3(WT)-mediated inhibition of IL-6 production was
~75%. Among LMIR3 mutants, LMIR3(Y2F), (Y4F), or (Y2/4F)
mutant-mediated inhibition was 70-90%, indicating that Y2 and
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Table I. LMIR3 WT or different mutants®

Abbreviation Residues at 241, 276, 289, 303, 325

WT Y241, Y276, Y289, Y303, Y325
Y1F F241, Y276, Y289, Y303, Y325
Y2F Y241, F276, Y289, Y303, Y325
Y3F Y241, Y276, F289, Y303, Y325
Y4F Y241, Y276, Y289, F303, Y325
YSF Y241, Y276, Y289, Y303, F325
Y1/3F F241, Y276, F289, Y303, Y325

Y1/5F F241, Y276, Y289, Y303, F325

Y3/5F Y241, Y276, F289, Y303, F325
Y1/3/5F F241, Y276, F289, Y303, F325

Y241, F276, Y289, F303, F325
Y241, F276, F289, F303, Y325
F241, F276, Y289, F303, Y325
Y241, F276, Y289, F303, Y325
Y241, F276, F289, F303, F325

Y2/4/5F or 1/3Y
Y2/3/4F or 1/5Y
Y1/2/4F or 3/5Y
Y?2/4F or 1/3/5Y
Y2/3/4/5F or 1Y

Y1/3/4/5F or 2Y F241, Y276, F289, F303, F325
Y1/2/4/5F or 3Y F241, F276, Y289, F303, F325
Y1/2/3/5F or 4Y F241, F276, F289, Y303, F325
Y1/2/3/14F or 5Y F241, F276, F289, F303, Y325
Y1/2/3/4/5F or YallF F241, F276, F289, F303, F325

“ LMIR3 cytoplasmic tyrosine residues, Y241, Y276, Y289, Y303, and Y325 are
abbreviated as Y1, Y2, Y3, Y4, and Y5, respectively. In LMIR3 mutants, single or
several tyrosine residues (Y) were replaced with phenylalanine (F).

Y4 are not important for the inhibitory function of LMIR3. On the
other hand, LMIR3(Y1F), (Y3F), or (Y5F) mutant-mediated inhi-
bition was only 45-60% when compared with LMIR3(WT)-me-
diated inhibition. In the LMIR3(Y 1/3F) mutant where both Y1 and
Y3 located in ITIM were replaced with phenylalanine, the inhibi-
tion was 30%. Coligation of FceRI and LMIR3(Y 1/3/5F) mutant,
where Y5 located in ITSM in addition to Y1/3 was replaced with
phenylalanine, did not result in the inhibition of IL-6 production at
all. Collectively, these results indicated that the inhibitory effect of
LMIR3 on FceRI-mediated cytokine production was dependent on
both ITIM and ITSM in the cytoplasmic region.

LMIR3 associated with SHP-1 and SHP-2 via phosphorylated
Y241, Y289, and Y325, while associating with the p85 subunit
of PI3K via phosphorylated Y276

We next explored which molecules LMIR3 associated with
through the phosphorylation of its cytoplasmic tyrosine residues.
When FLAG-tagged LMIR3(WT)-transduced Ba/F3 cells were
stimulated by sodium pervanadate, Western blot analysis displayed
a mobility shift of tyrosine-phosphorylated LMIR3 (Fig. 3A, left
panel). Generally, ITIM can associate with phosphatases such as
SHP-1, SHP-2, or SHIP, while ITSM can bind not only to phos-
phatases but also to the p85 regulatory subunit of PI3K or to other
adaptor molecules, depending on receptor type and cellular context
(22, 23). Moreover, Y276 or Y303 fits the putative binding motif
for p85 or Grb2, respectively. Therefore, we performed coimmu-
noprecipitation experiments using LMIR3(WT)-transduced Ba/F3
cells stimulated by sodium pervanadate. Immunoprecipitates of ly-
sates with anti-FLAG Ab were subjected to probing with anti-
SHP-1, SHP-2, SHIP, p8S, or Grb2 Ab, demonstrating that ty-
rosine-phosphorylated LMIR3 associated with SHP-1 or SHP-2,
but not with SHIP, among phosphatases, and with p85 or Grb2
(Fig. 3A, middle panel). Because Grb2 was not easy to discern
from the nonspecific Ig L chain due to the similar mobilities in the
Western blot, immunoprecipitates of lysates with anti-Grb2 Ab
were also probed with anti-LMIR3 Ab, confirming that Grb2
associated with phosphorylated LMIR3 (Fig. 3A, right panel).
Moreover, similar results that tyrosine-phosphorylated LMIR3 as-
sociated with SHP-1, SHP-2, or p85 were also obtained by coim-
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munoprecipitation experiments using LMIR3(WT)-transduced
BMMCs (supplemental Fig. S3). To further explore the contribu-
tion of each tyrosine residue to the association of LMIR3 with
SHP-1, SHP-2, or p85, different LMIR3 mutant-transduced Ba/F3
cells were generated. Equivalent expression levels of surface
LMIR3 were confirmed among different transfectants by using anti-
FLAG Ab (supplemental Fig. 4). We also performed coimmuno-
precipitation experiments on Ba/F3 transfectants expressing the
mutants. The association of LMIR3 with SHP-1, SHP-2, or p85 as
well as tyrosine phosphorylation and concomitant mobility shift of
L.MIR3 upon sodium pervanadate stimulation was abolished by the
replacement of all five tyrosine residues with phenylalanine in the
cytoplasmic LMIR3 (Fig. 3B, left panel). This confirmed that ty-
rosine phosphorylation of LMIR3 was necessary for the associa-
tion of LMIR3 with SHP-1, SHP-2, or p85. As shown in Fig. 3B,
only LMIR3(Y2F) mutant did not coimmunoprecipitate p85
among LMIR3 mutants where a single tyrosine residue was
replaced with phenylalanine (left panel). In parallel, only
LMIR3(2Y) mutant coimmunoprecipitated p85 among LMIR3
mutants where four of five tyrosine residues were replaced with
phenylalanine, at levels comparable to LMIR3(WT) (Fig. 3B, right
panel). Thus, Y276 was indispensable for the association of
LMIR3 with p85. On the other hand, the association of LMIR3
with SHP-1 or SHP-2 was slightly reduced in LMIR3(Y1F),
(Y3F), or (Y5SF) mutants (Fig. 3B, right panel), while LMIR3(1Y),
(3Y), or (5Y) mutant did not coimmunoprecipitate SHP-1 or
SHP-2 at all (Fig. 3B, right panel). These results suggested that the
combination of Y1, Y3, or Y5 is required for the association. Anal-
ysis of LMIR3(Y1/3F), (Y1/5F), (Y3/5F), (Y1/3/5F), (1/3Y), (1/
5Y), (3/5Y), or (1/3/5Y) mutant demonstrated that Y1/3/5(> Y1/
5> Y3/5 > Y1/3 in order) played a critical role in the association
of LMIR3 with SHP-1 or SHP-2 (Fig. 3C), which was in accor-
dance with the finding that Y1, Y3, and Y5 are required for the
maximum inhibitory effect of LMIR3 on FceRI-mediated cytokine
production (Fig. 2E).

Crosslinking of LMIR3(Y241/276/289/303/325/F) mutant as well
as LMIR3(Y241/289/325/F) mutant resulted in IL-6 production
in the transduced BMMCs

The potential of LMIR3 to associate with p85 or Grb2 via its
tyrosine phosphorylation prompted us to postulate that LMIR3
could transmit an activating signal, at least in LMIR3 mutants that
lost the inhibitory function. In fact, cytokine production of the
transduced BMMCs was strongly induced by crosslinking of
LMIR3(Y 1/3/5F) mutant that had lost the inhibitory function (Fig.
4A). Consistently, engagement of LMIR3(Y 1/3F) mutant that par-
tially lost the inhibitory function resulted in lower but significant
levels of IL-6 production compared with that of LMIR3(Y1/3/5F)
mutant (Fig. 44). Moreover, Western blot analysis demonstrated
that crosslinking of LMIR3(Y1/3/5F) in the transduced BMMCs
induced the tyrosine phosphorylation of LMIR3 and the asso-
ciation of LMIR3 with p85, suggesting the importance of Y2
and Y4 in the activating role of LMIR3 (Fig. 4C). In contrast,
cytokine production was not significantly induced by
crosslinkng of LMIR3(WT) or LMIR3(Y1F), (Y2F), (Y3F),
(Y4F), (Y5F), (Y2/4F), or (Y2/4/5F) mutants (Fig. 44). Col-
lectively, these results are consistent with the finding recently
reported by Alvarez-Errico et al. on IREM-1/human LMIR3
that both Y236 and Y263 in IREM-1 played an important part
in IREM-1-mediated activating signal (25). Furthermore, sim-
ilar experiments were conducted on LMIR1, another ITIM-con-
taining receptor among the LMIR family. In BMMCs trans-
duced with LMIRI(WT) or LMIRI1(Y258/270F) mutant in
which the inhibitory function was disrupted by the replacement
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of both Y258 and Y270 situated in ITIM with phenylalanine
(21), comparable surface expression levels of LMIRI as well
as mast cell maturity were confirmed as well (supplemental
Fig. 2). When either transfectant was stimulated by LMIR1
crosslinking, we found no detectable levels of cytokine produc-
tion (Fig. 4A), indicating the specificity of LMIR3-mediated
activation events. However, unlike the results for IREM-1,
crosslinking of LMIR3(YallF) mutant that did not contain phos-
phorylatable tyrosine residues led to the production of a signif-
icant level of IL-6 in the transduced BMMCs. These results let
us postulate the potential of LMIR3 to transmit an activating
signal independent of its cytoplsmic tyrosine residues.

LMIR3 associated with FcRYy, but not DAP10 or DAPI2, in
BMMCs

To clarify the mechanism of LMIR3-mediated activating signal
independent of LMIR3 tyrosine phosphorylation (Fig. 44), we at-
tempted to test the possibility that LMIR3 associated with FcRyy,
DAPI10, or DAP12, although it was unlikely that ITIM-containing
inhibitory receptors associated with ITAM- or the related activat-
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ing motif-bearing adaptor molecules. Surprisingly, coimmunopre-
cipitation experiments using COS-7 cells cotransduced with
LMIR3(WT) and either Myc-tagged FcRy, DAP10, DAPI12, or
mock clearly demonstrated that LMIR3 associated with FcRyy, but
not DAP10 or DAP12 (Fig. 4B, left panel). Similar coimmunopre-
cipitation experiments also revealed that not only LMIR3(WT)
but also LMIR3(Y1/3/5F) or LMIR3(YallF) mutant associated with
FcRyy (Fig. 4B, right panel), suggesting that the association of LMIR3
with FcRy was independent of tyrosine residues of LMIR3. Addi-
tionally, in either WT or FcRy-deficient BMMCs transduced with
LMIR3(WT), (Y1/3/5F) mutant, or (YallF) mutant, we confirmed the
association of LMIR3, irrespective of WT or mutants, with endoge-
nous FcRy in mast cells (Fig. 4D). Collectively, an inhibitory receptor
LMIR3 associated with FcRvy in mast cells.

FcRy played a critical role in LMIR3-mediated cytokine
production in LMIR3(Y241/289/325F) or (Y241/276/289%/303/325F)
mutant-transduced BMMCs

As shown in Fig. 54, equivalent surface expression levels of c-kit
with no detectable FceRI were observed in FcRy-deficient
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BMMCs transduced with LMIR3(WT), (Y 1/3/5F) mutant, (YallF)
mutant, or mock (26). When surface expression levels of
LMIR3(WT) or mutants were compared between WT and FcRry-
deficient BMMCs, no significant difference was observed, suggest-
ing that FcRy was dispensable for efficient surface expression of
LMIR3 in BMMCs despite its association with LMIR3 (Fig. 5A).
To clarify the role of FcRwy in the activating function of LMIR3,
we measured the amounts of IL-6 released from LMIR3(Y 1/3/5F)-
transduced WT or FcRy-deficient BMMCs stimulated by LMIR3
crosslinking. Notably, the deficiency of FcRy severely, but not
completely, impaired IL-6 production of the transduced BMMCs
stimulated by LMIR3 crosslinking. As expected, the deficiency of
FcRy completely abolished IgE-dependent IL-6 production, al-
though PMA stimulation led to comparable amounts of IL-6 pro-
duction in both transfectants (Fig. 5B). In accordance with this,
FcRy deficiency caused severe impairment of both ERK and Akt
activation in the transduced BMMCs stimulated by crosslinking of
LMIR3(Y1/3/5F) (Fig. 5C). Next, similar experiments were per-
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formed in WT and FcRy-deficient BMMCs transduced with
LMIR3(YallF) mutant. Strikingly, the absence of FcRy completely
dampened IL-6 production of the transduced BMMCs stimulated
by crosslinking of LMIR3(YallF) mutant as well as by IgE, al-
though PMA as a control produced comparable levels of IL-6 ir-
respective of the presence or absence of FcRy (Fig. 5D). Collec-
tively, these results suggested that FcRy played a predominant role
in cytokine production of BMMCs stimulated by crosslinking of
LMIR3(Y1/3/5F) or (YallF) mutant.

Crosslinking of LMIR3 enhanced cytokine production of
BMMCs triggered by TLR4 agonist, while it suppressed that
stimulated by other TLR agonists or SCF

Since the potential of LMIR3 to transmit an activating signal in
mast cells had been demonstrated, we next attempted to find the
physiological situation where LMIR3 functions as an activating
receptor. Intriguingly, crosslinking of LMIR3 dramatically en-
hanced cytokine production of LMIR3(WT)-transduced BMMCs
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are ligands for TLR2, TLR3, or TLRY, respectively, or SCF (Fig.
6C). Finally, and most importantly, endogenous LMIR3 crosslink-
ing induced significant levels of enhancement of cytokine produc-

stimulated by LPS, a TLR4 ligand (Fig. 64). To delineate the
contribution of FcR+y and/or LMIR3 cytoplasmic tyrosine residues
to the LMIR3-mediated enhancement of cytokine production of

mast cells stimulated by LPS, we utilized either LMIR3(WT) or
LMIR3(YallF)-transduced WT or FcRy-deficient BMMCs. We
then measured the ratio of the amount of cytokine production in
BMMCs stimulated by LPS plus LMIR3 crosslinking to that in
BMMCs stimulated by LPS alone, finding the ratios to be ~4.7
in LMIR3(WT)-transduced WT BMMCs, ~2.2 in LMIR3(WT)-
transduced FcRy-deficient BMMCs, ~2.2 in LMIR3(YallF)-trans-
duced WT BMMCs, or ~1.1 in LMIR3(YallF)-transduced FcRy-
deficient BMMCs. Taken together, these results indicated that both
FcRvy and LMIR3 cytoplasmic tyrosine residues played an impor-
tant role in LMIR3-mediated enhancement of cytokine production
of BMMCs stimulated by LPS (Fig. 6B). In contrast, LMIR3
crosslinking impaired cytokine production of LMIR3-transduced
BMMC stimulated by zymosan, poly(I:C), or CpG-ODN, which
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tion in BMMCs stimulated by LPS (Fig. 6D). In summary, LMIR3
functions as an activating receptor in BMMCs stimulated by TLR4
ligand, while LMIR3 functions as an inhibitory receptor in
BMMCs stimulated by other TLR agonists or SCF.

Discussion

The biological role of paired immune receptors remains incom-
pletely understood, but recent advances postulate their main func-
tions in innate immunity. Paired activating receptors respond rap-
idly and effectively to foreign pathogens such as bacteria or
viruses, while paired inhibitory receptors suppress the steady-state
response to self proteins or excessive inflammation under patho-
logical conditions. Generally, the former associate with ITAM or
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ITAM-related activating motif-bearing adaptor molecules to trans-
mit an activating signal, while the latter contain ITIM in the cy-
toplasmic region to transmit an inhibitory signal (1, 2, 27, 28). On
the other hand, growing evidence has recently established the con-
cept of dual functionality of an immune receptor that is related to
the concept of inhibitory ITAM or activating ITIM (29-34). In
fact, some ITAM-containing receptors can deliver an inhibitory
signal in a cell type and stimulation-dependent manner, as exem-
plified by the inhibitory effect of triggering receptor expressed on
myeloid cells 2 (TREM-2) on LPS response (35, 36) or FcaRI on
monomeric IgA response (37). Conversely, ITIM-containing re-
ceptors transmitting an activating signal are rare, but, for example,
platelet-endothelial cell adhesion molecule-1 (PECAM-1) can pro-
mote endothelial cell migration (38). Additionally, ITSM-contain-
ing receptors, such as SLAM family immunoreceptors, also exhibit
dual functionality (23). For instance, 2B4 (CD244)-mediated NK
cell activity was promoted or suppressed by the association of its
ITSM with SH2D1A or EAT-2, respectively (39).

In the present study, we delineated the dual function of LMIR3
in mast cells. As expected from the structural characteristic that
LMIR3 contains two ITIMs in the cytoplasmic region, LMIR3
exerted an inhibitory effect on FceRI-mediated cytokine produc-
tion in mast cells. However, analysis of different LMIR3 mutants
demonstrated that the maximum inhibitory function as well as the
maximum association of LMIR3 with SHP-1 or SHP-2 required an
ITSM (including Y5) in addition to two ITIMs (including Y1 and
Y3) (Fig. 2E). Remarkably, both Y1 and Y5 (Y1/5) played a pre-
dominant role (Y1/5 > Y3/5 > Y1/3) in the association of LMIR3
with SHP-1 or SHP-2, while a single tyrosine residue (Y1, Y3, or
Y5) had a minimum role. These results strongly suggested an in-
dispensable role of ITSM and the differential roles of two ITIMs in
the inhibitory function of LMIR3. However, adaptor molecules
with positive functions to associate with LMIR3 via its ITSM
might be able to interfere with the inhibitory function of LMIR3.
Additionally, how SHP-1 and SHP-2 differentially contribute to
LMIR3-mediated inhibition in mast cells remains to be resolved.

On the other hand, the potential of ITIM-containing LMIR3 to
function as an activating receptor was illustrated by experimental
results that in mast cells, crosslinking of LMIR3(Y 1/3/5F) mutant
lacking the inhibitory function induced high amounts of cytokine
production (Fig. 4A) as well as the activation of ERK and Akt (Fig.
5C) and the association of p85 with phosphorylated LMIR3(Y1/
3/5F) (Fig. 4D). In support of this, LMIR3 associated with p85
exclusively via phosphorylated Y2 (Fig. 3B). Therefore, it is an-
ticipated that PI3K will be important to the LMIR3-mediated ac-
tivating pathway. Additionally, the association of LMIR3 with
Grb2 was also recognized (Fig. 34), but LMIR3 tyrosine residues
responsible for the binding could not be identified (data not shown)
notwithstanding the fact that Y4 is located in the binding motif for
Grb2. This might be either because Grb2 is not easy to discrimi-
nate from Ig L chain in coimmunoprecipitation experiments or
because LMIR3 associates with Grb2 but not necessarily via Y4.
Further examination is necessary, but the association of LMIR3
with Grb2 should lead to the activation of Ras/ERK in the LMIR3-
mediated activating pathway. Indeed, these results do not always
conflict with recent reports on IREM-1/human LMIR3, but there
exists the striking difference between mouse and human LMIR3.
Unlike IREM-1, crosslinking of LMIR3(YallF), in which all cy-
toplasmic tyrosine residues were replaced with phenylalanine, still
induced significant levels of cytokine production in mast cells. We
then asked if there exists an LMIR3-mediated activating signaling
pathway independent of LMIR3 cytoplasmic tyrosine residues, and
concluded that LMIR3 associates with ITAM-bearing FcRy,
thereby transmitting an activating signal in mast cells indepen-
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dently of tyrosines. Since LMIR3 contains no charged residues in
the transmembrane domain, the association of LMIR3 with FcRy
appears not to be through pairwise interaction of basic and acidic
residues. Related to this, surface expression levels of LMIR3, un-
like typical activating receptors associating with FcRy, were not
affected by FcRy deficiency. Simultaneously, we also found that
cytokine production induced by triggering LMIR3(Y1/3/5F) or
LMIR3(YallF) mutant, with the former being at much higher lev-
els than the latter, was severely or completely, respectively, sup-
pressed by FcRy deficiency. This suggested that FcRy played a
predominant role as compared with Y2/4 of LMIR3 in LMIR3-
mediated cytokine production. With the exception that killer cell
Ig-like receptor (KIR)2DL4 contains ITIM in the cytoplasmic do-
main and a basic transmembrane residue through which it associ-
ates with FcRy, LMIR3 is unusual in that an ITIM-containing
receptor associates with an ITAM-bearing adaptor. Intriguingly,
KIR2DL4 functions only as an activating receptor despite its bear-
ing ITIM, whereas LMIR3 can function as either an inhibitory
receptor via ITIM and ITSM or an activating receptor via Y276/
303 and association with FcRy. Additionally, several differences
exist between mouse and human LMIR3. 1) IREM-1 associated
with p85 via Y236 and Y263, both of which fit the binding motif
for p85, while mouse LMIR3 did so only via Y2 (Fig. 3B). 2)
Membrane-proximal ITIM played a predominant role in the inhib-
itory function of IREM-1, whereas ITSM did so in the case of
LMIR3 (Figs. 2E and 3). 3) IREM-1 associated with SHP-1, but
not SHP-2, while LMIR3 associated with both SHP-1 and SHP-2
(Fig. 3). 4) Coligation of IREM-1 and FceRI in RBL cells induced
an inhibition of the release of B-hexosaminidase, a marker of de-
granulation, while coligation of mouse LMIR3 and FceRI in
BMMCs led to the impairment of cytokine production, but not
significant degranulation (Fig. 1 and data not shown). The differ-
ence might be explained by the different experimental systerns
including the quality of Ab used. On the other hand, because de-
granulation requires stronger FceRI aggregation than cytokine pro-
duction in BMMCs, a stronger inhibitory signal may be necessary
for the inhibition of degranulation as compared with cytokine pro-
duction (13, 41, 42). Accordingly, it is possible that mouse LMIR3
has relatively weaker inhibitory activities in comparison to human
LMIR3, while having stronger activating activities via FcRy in
mast cells. From this point of view, the potential of mouse, but not
human, LMIR3 to associate with SHP-2 might influence the mag-
nitude of the inhibitory signal.

Most importantly, we found physiological conditions under
which LMIR3 functions as an activating receptor in mast cells. As
clearly demonstrated in Fig. 6, cytokine production of mast cells
stimulated by LPS was profoundly enhanced by LMIR3 engage-
ment, where the activating effect of LMIR3 on TLR4 signaling
was dependent on FcRy and LMIR3 cytoplasmic tyrosine residues.
Considering that TLR4 expressed in mast cells plays a critical
protective role in a model of acute septic peritonitis (43-45),
LMIR3 signaling may either protect against enterobacterial infec-
tion or, conversely, cause prolonged excessive inflammation by
enhancing the TLR4 signal. On the other hand, cytokine produc-
tion of mast cells stimulated by SCF or other TLR agonists such as
zymosan, poly(l:C), or CpG-ODN was impaired by LMIR3
crosslinking, although these stimuli did not affect surface expres-
sion levels of LMIR3 in mast cells (Fig. 6 and data not shown).
Interestingly, these inhibitory events did not require coengagement
of LMIR3 and TLRs or c-kit, whereas the inhibition of FceRI
signaling required coengagement of LMIR3 and FceRL. In fact, the
inhibition was not significantly observed when FceRI and LMIR3
were engaged by anti-TNP IgE plus TNP-BSA and anti-LMIR3
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Ab, respectively; that is, FceRI and LMIR3 were separately en-
gaged (data not shown). Collectively, the quality and quantity of
stimuli may determine the function of LMIR3 as well as the phos-
phorylation levels of each LMIR3 tyrosine residue. The generation
of Ab specific for each phosphorylated tyrosine of LMIR3 will
give a clue to the stimulation-dependent LMIR3 function. To clar-
ify the precise mechanism under which LMIR3 functions as an
activating or inhibitory receptor is an important issue. Whether
LMIR3 associates with TLR, where LMIR3- and TLR-mediated
signaling pathways are combined, and how the quality and quan-
tity of stimuli modulate the function of LMIR3 are all questions
that remain to be resolved. In any case, LMIR3 can positively or
negatively regulate TLR responses in mast cells, strongly suggest-
ing the involvement of LMIR3 in the modulation of innate immu-
nity. In view of the regulation of an activating and inhibitory signal
in the immune system, the dual functionality of LMIR3 and its
relevant mechanism presented here is unique and intriguing. Based
on the counterbalance theory for evolution and function of paired
receptors (46), we could hypothesize an in vivo function of LMIR3
as follows: if any pathogen utilized an inhibitory receptor LMIR3
to down-regulate responses against itself, another activating LMIR
might have evolved to interact with it and thereby act as a coun-
terbalance. Simultaneously, LMIR3 also might have evolutionally
acquired the activating function to enhance TLR4 signal. Under
normal conditions, LMIR3 constitutively inhibits weak signals in
the steady-state from cytokine/chemokine or self-Ag through bind-
ing to an unknown endogenous ligand. Consequently, appropriate
myeloid cell differentiation, distribution, and activation will be
maintained, and the occurrence of autoimmune diseases will be
avoided. Although both identification of a ligand for LMIR3 and
analysis of LMIR3-deficient mice are indispensable to fully un-
derstand the function of LMIR3, this study will lead to the delin-
eation of a novel aspect of immune regulation.

In conclusion, this study provides the first demonstration that an
inhibitory receptor LMIR3 associates with FcRy and thereby en-
hances LPS response in mast cells. Dual functions of LMIR3 are
expected to play an important part in maintaining homeostasis and
in responding to emergencies in immunity.
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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 transiocation 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 tyrosine
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- and also its nuclear accumulation in the G, phase, promoting
tion) family proteins (STAT1 to -4, -5A, -5B, and -6) are cell division (17, 31, 47). MgcRacGAP is an evolutionarily
phosphorylated by cytokine stimulation, form homo- or het- conserved GTPase-activating protein (GAP) for Rho family

erodimers, and enter the nucleus, where they regulate expres- GTPases. We and others previously showed that MgcRacGAP
sion of their target genes (6, 13). STATs have a variety of controls the mitotic spindle through associating a-, 8-, and
functions, including antiapoptosis, proliferation, differentia- v-tubulin, Rho family GTPases, and a kinesin protein,
tion, inflammation, and development under physiological con- MKLP1, and plays essential roles in the completion of cytoki-
ditions, and of note, the oncogenic activities of STAT3 and nesis, accumulating to the midbody (12, 16, 32). Very recently,
STATS have also been demonstrated under pathological con-  Yamada et al. reported that conditional knockout of MgcRac-
ditions (5). GAP results in acute apoptosis even before the failure of
A small GTPase Racl is implicated in cytoskeletal organi-  cytokinesis in interleukin-7 (IL-7)-expanded B220™ cells (48),
zation, membrane ruffling, production of superoxide, phagocy-  indicating that MgcRacGAP is not simply involved in cell di-
tosis, and chemotaxis as well as regulation of the cell cycle (15, vision but also in cell survival, at least in IL-7-expanded B220™
39). Recent studies revealed its distinct roles in nuclear trans- cells.
location of phosphorylated STATs (p-STATSs) and B-catenin Molecular trafficking between the nucleus and cytoplasm

occurs via nuclear pore complexes. To enter the nucleus, nu-
—_— . L clear proteins larger than ~50 kDa usually harbor a functional
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apy, Institute of Medical Science, University of Tokyo, Minato-ku, nuclear localization signal (NLS) or b'f]d NLS-COHtammg
Tokyo 108-8639, Japan. Phone: 81-3-5449-5758. Fax: 81-3-5449-5453.  chaperones. The best-characterized NLS is the mono- or bi-
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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 o5 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 STATs (27).
We recently found that GTP-bound Racl and MgcRacGAP
form a ternary complex with p-STATs and play critical roles in
the nuclear translocation of p-STATs via the importin «/B
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 MgcRacGARP 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-STATSs 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 suifate-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 cells. HeLa cells were grown on poly(.-
lysine}-coated coverslips and permeabilized with 40 pg/mi digitonin (Roche) in
transport buffer (TB; 20 mM HEPES, pH 7.3, 110 mM KO-acetate, 2 mM
Mg(O-acetate),, 1 mM EGTA, 2 mM dithiothreitol, 0.4 mM phenylmethylsul-
fonyl fluoride, 3 pg/ml of aprotinin, 2 pg/mi of pepstatin A, 1 pg/mi of leupeptin,
20 mg/mi of bovine serum albumin) for 10 min at room temperature. Subse-
quently, the celis were washed twice in TB to wash out cytoplasmic proteins.
Incubation with 50 pl import mix (IM) was performed at 37°C for 30 min. The
IM contained TB, an energy-regenerating system (ERS; 0.5 mM ATP, 0.5 mM
GTP, 10 mM creatine phosphate, 30 U/ml creatine phosphokinase) and combi-
nations of 1 wM 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-STATSA, anti-STAT3, antihemagglutinin, anti-
NF-kB p65, goat anti-glutathione S-transferase (anti-GST) (Santa Cruz), mouse
anti-Flag (M2; Sigma), rabbit anti-Flag (Zymed), and affinity-purified rabbit
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 IX70 system;
Olympus). Living cells expressing green fluorescent protein (GFP)-fusion pro-
teins were viewed with a fluorescence microscope IX70 (Olympus) equipped with
a SenSys/OL cold charge-coupled-device camera (Olympus).

In vitro binding assay, immunoprecipitation, and Western blotting. 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/m}) were incubated at 4°C for 2 h with the indicated antibodies and
protein A-Sepharose. The immunoprecipitates were subjected 1o 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-STATS5A, anti-Racl, or anti-importin al (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 (5C cells) using DT40
cells. Full-length MgcRacGAP cDNA was cloned into the EcoRI/BamHI site of
pUHDI10-3 to yield a tetracycline (TET)-sensitive expression plasmid, pUHD-
MgcRacGAP. For targeting constructs, a histidinol (hisD) or puromycin (puro)
resistance cassette under the control of the B-actin promoter was inserted be-
tween the two arms. The targeting constructs and pUHD-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 18§, or a retrovirus expression vector, pMXs-IG and pMXs-neo.
The deletion constructs of MgcRacGAP that lack the internal (INT) domain or
various regions of the INT domain were generated by overlapping extension
using PCR as described in reference 18. Synthesized oligonucleotides encoding
the NLS of MgcRacGAP (NLS-MgcRacGAP; amino acids {aa] 182 to 200),
mutant NLS of MgcRacGAP (NLS-MgcRacGAP-182AAA/199AA), or the large
T antigen-NLS (PKKKRKYV) were cloned into EcoRI and Notl 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 cuiture 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 pMKIT/ITD-Fit3 together with 1.0 g of pME/STATSA, 1.0 pg of a
reporter plasmid carrying a firefly luciferase gene driven by the B-casein pro-
moter, and 0.5 pg 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 I (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 SC 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 5C transfectants cotransfected with the NF-kB
reporter plasmid (k9) carrying a firefly luciferase gene driven by the I1L-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 uM iono-
mycin for 12 h before cell lysates were prepared. For the experiments using 293T
cells, cells were transfected with pME (mock) or pME/STATS5As together with
0.5 pg of pME/EPOR, 0.5 g of a reporter plasmid carrying a firefly luciferase
gene driven by the B-casein promoter, and 0.5 pg 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 Bcl-xL
sense (5'-CGTACCAGAGCTTTGAGCAGGT-3') and antisense (5'-GACCA
AGCACAAGCACAATCAC-3") and chicken glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) sense (5'-ATGGTGAAAGTCGGAGTCAACGG-3') and
antisense {(3-ACAGTGCCCTTGAAGTGTCC-3'). PCR was performed under
the following conditions to amplify the chicken BelxL gene: 96°C for 3 min; 30
cycles of 96°C for 305, 63°C for 30 s, and 72°C for 30s; 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 STAT3B - 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
AMBERD99 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

A RacGAP AS AN NLS-CONTAINING NUCLEAR CHAPERONE

1799

182AAA/199AA) and tested their subcellular localizations.
While the 178AAA mutant was located in the nucleus, the
182AAA mutant showed partial cytoplasmic localization, and
the 199AA and 182AAA/199AA mutants mostly localized in
cytoplasm (Fig. 1C). Next, aal82-200, aa182-200(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, aa182-200—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.
1A450-876, a mutant of importin 31 which lacks the importin
o 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 B1 directly mediates the nuclear import of
MgcRacGAP, we also examined whether importin Bl 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 al but
not importin 81 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 a1 with the INT domain, aa 165 to 205,
or each of the alanine mutants of MgcRacGAP (182AAA,
199AA, and 182AAA/199AA), and confirmed that the inter-
action between importin 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 mutants. (B) Expression of various deletion mutants and their potential
to interact with a known partner, MKLP-1. Cells were transfected with expression vectors carrying Flag-tagged WT or various deletion mutants
in the INT domain. After 36 h, cells were immunoprecipitated with the anti-Flag Ab and blotted with the anti-Flag Ab (upper panel) or
anti-MKLP-1 Ab (lower 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 aal82-200 of MgcRacGAP, aal82-200(182AAA/199AA), and large T antigen-
NLS were expressed in Hel.a cells. After 36 h, living cells were viewed with a fluorescence IX70 microscope (Olympus). Bar, 10 um.
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