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Ly49Q' RAW 264 cells were analyzed. and the same results were
obtained (data not shown). Ly49Q" and Ly49Q" RAW264 clones
showed comparable expression levels of CD1ib, F4/80. TLR4. and
TLRY (supplemental Figures 2A. 3B). To confirm the importance
of Ly49Q in TLRY signaling in RAW264 cells. Ly49QM or Ly49Q*
RAW264 cells were treated with CpG. and the TLRY-triggered
cvtokine production was examined. When the cells were stumulated
with CpG. the Ly49Q™ RAW 264 cells produced IFN-§ and IL-6.
and the Ly49QP RAW264 cells produced tittle. 1l any (Figure 3C
and supplemental Figure 2B). These results were consistent with
our findings that pDCs in Ly49Q ™" muce show mmpared TLRY-
mediated type TIFN production and that Ly49Q" pDCs from bone
marrow are less potent producers of TFN-B and IL-6 (Figure 2E).1
1n addition. the Ly49QM und Ly49Q" RAW264 cells were morpho-
logically diffevent in their spreading and adhesion properties and in
their formation of cyloplasmic vacuolar structures in the presence
of CpG (supplemental Figure 2C). When exogenous Ly49Q-WT
was expressed in Lyd9Q" RAW264 cells. the CpG-induced IL-6
production recovered (supplemental Figure 2D-E). However. the
ITIM-less mutant {Ly49Q-YF) did not rescue the 1L-6 production
efficientlv. dicating that the ITIM 18 important for TLRY signaling.

To further confirm that the effects in the Ly49Q" RAW264 cells
were due to the decreased Ly49Q and not to some other difference.
we performed siRNA knockdown experiments. Ly49Q expression
in the Ly49Q™ RAW264 cells was down-modulated by itroducing
Ly49Q antisense RNA. and the CpG-induced IL-6 production was
examined. The expression of Ly49Q short hawrpin RNA 1n the
Ly49Q™ RAW204 cells resulted in dimimshed 1L-6 production in
response o CpG isupplemental Figure 3A-B). The down-
modulation of Ly49Q expression also caused a decrease m
lysosome-like vesicular structures after CpG stimulation, implying
a functional correlation between Ly49Q and lysosome and/or
vesicle trafticking (supplemental Figure 3C). In addition. Ly49Q
expression was induced in Lyd49Q" RAW264 cells by IFN-y
treatment. as we reported previously (supplemental Figure 3D). In
association with the increased Ly49Q expression. the IL-6 produc-
tion and vacuolar formation by CpG stimulation were recovered in
these originally Ly49QY RAW cells (supplemental Figure 3E-F).
Furthermore. the inhibition ol Ly49Q expression using Ly49Q-
specific short harrpin RNA i IFN-y-treated RAW264 cells dimin-
ished the CpG-mduced 11.-6 production and vacuelar formation,
indicating that Ly49Q 1~ important for the TL-6 production trig-
gered by TLRY tsupplementat Figure 3G-H). Therefore. TLRY-
mediated cytokine production in RAW264 cells was also depen-
dent on Lvd49Q.

Defective TLR9 trafficking in the absence of Ly49Q

Therefore. we next investigated the intracellular trafticking of a
TLRY-GFP fusion protein using the Ly49Q" and Ly49Q" RAW264
cells. Two hours after CpG stimutation. internalized CpG was
colocalized with TLRY in endosomes in hoth the Ly49QM and
Ly49Q" RAW264 celis (Figure 3D). However. there were great
differcnees m the diameter. number. and cytoplasmic localizations
of the CpG/TLRY endosomes between the Ly49Q and Ly49Q'*
RAW264 cells. In the Ly40Q" RAW264 cells. the diameters of the
TLRY  vesicles appeared smaller than in the Ly49Q™ RAW264
cells (Figure 3D). In addition. several TLRY vesicles were
observed scattered throughout the cvtoplasm i the Ly49Q"
RAW264 cells. After 24 hours ol stimulation. the difference n
TLRY distribution between the Ly49Q" and Ly49Q™ RAW264
cells was remarkable. TLRY in the Ly49QM RAW264 cells was
localized along tubular endosomal structures and distributed at the
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edges of protrusions that were focal adhesion-like attachment sites.
In contrast. in the Ly49Q" RAW264 cells. even though the TLRY
vesicles colocalized with the CpG-containing endosomes. they
remained scattered in the cytoplasm. and no vesicular fusion or
elongation was observed. These tubular structures did not colocal-
ize with either Rab11 or the transferrin receptor (data not shown).

Defects in tubular endolysosome cxtension. as ohserved in the
Ly49Q knockout pDCs and macrophages. were also observed in
Ly49Q" RAW264 cells (Figure 3E-F). Kinctic analyses of CpG
rafficking demonstrated that both Ly49Q" and Ly49Q" RAW264
cells mternalized CpG. although the amount of internalized CpG in
Ly49Q RAW264 cells scemed slightly fower than i Ly49QM
RAW264 cells at the early time point (1 howr: Figure 3E). After
8 howrs of CpG stimulation. in the Ly49QM RAW264 cells,
CpG-containing endosomes appeared to spread or diffuse through
the cytoplasm. in contrast to Ly49QY RAW2064 cells. which
showed no diffuse distribution in CpG fuorescence in the cyto-
plasim. In addition. no obvious change of distribution pattern was
observed in Ly49Q" RAW264 cells from 4 10 8 hours. A remark-
able difference was also observed after 24 hours of CpG stimula-
tion in the extension of tubular endolysosomal structures (Figure
3F). These results strongly suggest that the CpG trafficking in
RAW264 cells was also regulated by Ly49Q.

Mitogen-activated protein kinase activation, but not
NF-kB-related transcription factor expression, was affected by
Ly49Q

Next. we examined which signaling pathways could be affected by
Ly49Q. RT-PCR analyses revealed no great differences in the
expression of NF-kB-related transcription factors between the
Ly49Q" and Ly49Q" RAW264 cells (supplemental Figure 4: data
not shown). However. the TLR9-triggered activation of p38 was
severely impaired in the Ly49Q" RAW264 cells (Figure 4A). In
addition, CpG-induced JNK activation was dysregulated in the
Ly49Q'* RAW264 cells. The activation of INK in Ly49Q" RAW 264
cells was sustained between 4 and 7 hours after CpG stimulation,
but in the Lyd9Q"* RAW264 cells. the level of phospho-JNK
decreased during this time (Figure 4B). In addition, immunohisto-
chemical analyses clearly showed that Ly49Q colocalized with
phosphorylated p38 in late endosome/lysosome compartments
after CpG stimulation. A portion of the phosphorylated JNK also
colocalized with LAMP-1" late endosome compartments (Figure
4C). These results strongly suggest that Ly49Q influences TLR9Y-
mediated p38 and JNK activation 1n the late endosome/lysosome
compartments.

Ly49Q was internalized and recycled through an ITIM-mediated
mechanism

To obtain insights into a mechanism of the Ly49Q-mediated
TLR-containing vesicular trafficking. we analyced watficking of
Ly49Q and its ligand. major histocompatibility complex (MHC)
class 1. We previously demonstrated that Ly49Q associates with
MHC class 1in cis at the cell surface.’ By confocal microscopic
analyses. we found that Ly49Q was colocalized with H-2K" in
peritoneal exudate macrophages (Figure SA). This colocalization
occurred not only at the cell surface. but also in cytoplasmic
vesicles, suggesting that Ly49Q was internalized together with
H-2KP. We next tested whether the removal of B;-microglobulin
{B.m) from the cell surface by acid treatment would elicit binding
of the H-2K" tetramer to Ly49Q. as shown for Ly49A." As we
previously reported. Ly49Q on the pDCs in C57BL/6 mice showed
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Figure 4. LyA9Q is involved in the regulation of MAP kinase activation after CpG stimulation. (A) Activalion kinetics of p38 and JNK. RAW264 cells were treated with CpG
(0.3 pM) for the indicated periods. and the total cell lysates were prepared by direclly adding SDS sample buffer. The total lysates were separated by SDS—polyacrylamide gel
electrophoresis. and the activation of p38 and JNK was examined by Weslern blotting. {B) The signal intensity (pixe! numbers) of phosphorylated MAP kinases was normalized
to that of each total MAP kinase. and semiquantitative values for the MAP kinase activation are shown. (C) Intraceliular distribution of phasphorylated p38 and JNK in the
presence of CpG stimulation. FLAG-tagged Ly49Q expression plasmids were introduced into Ly49Q" RAW264 cells, and 24 hours after transfection, the cells were incubated
with untabeled CpG (0.3 1M) for 2 hours. The cells were then tixed and stained with antibodies against FLAG and phosphorylated p38. To analyze the distribution of
phosphorylated JNK, Ly49Q" RAW264 celis were treated with CpG for 2 hours and stained with anlibodies against phospho-JNK and LAMP-1,

low levels of H-2K" binding (Figure 5B).?* C57BL/6 8,m '~ pDCs
showed increased H-2K" binding. which was completely inhibited
by an anti-Ly49Q antibody. These results dicate that Ly49Q
associates with H-2K" in a ¢is configuration. The acid treatment of
pDCs did not affect the H-2K" binding. even though Bym was
successfully removed from the cell surface (Figure 5C-D: data not
shown). Furthermore, neither the cell viability nor the Ly49Q
expression levels on the cell surface were affected by acid
treatment (data not shown). These results strongly suggested that
Ly49Q's association with H-2K" is B.m independent and stable
under acidic conditions: therefore. this interaction should be
sustained i intracellular  acidic  compartments.
endosomes/lysosomes.

Next, we asked whether the ITIM of Ly49Q was involved in the
internalization of Ly49Q. because the tyrosine motifs (Yxxd) in
ITIMs have been suggested to function as an internalization
signal ' We first investigated Ly49Q endocytosis in the presence of
various inhibitors of membrane trafficking. using Ly49Q-null
myeloid lineage WEHI3 cells transduced with Ly49Q-WT or an
[TIM-less mutant (Ly49Q-YF). In the absence of inhibitors.
Ly49Q-WT was largely observed at the cell surface. but Ly49Q-YF
inhabited perinuclear intracetlular granules (Figure SE). Methyl-8-
cyclodextrin, which inhibits raft-dependent endocytosis by deplet-
ing cholesterol from the plasma membrane,”* abrogated both the
perinuclear distribution of Ly49Q-YF and the juxtamembranous
endosomal distribution of Ly49Q-WT. Chlorpromazine, an inhibi-
tor of clathrin-dependent endocytosis.?? did not inhibit the internal-
ization of either Ly49Q-YF or Ly4Y-WT. These results strongly
suggest that Ly49Q is internalized via lipid raft-mediated endocyto-
sis. and that the ITIM 1s nat necessary for endocytosis itself, but
important for the retention of Ly49Q at the cell surface.

We also found that the internalized endosomes were transported
along microtubules. because nocodazole treatment strikingly dimin-
ished the accumulation of Ly49Q-YF in the perinuclear regions.
{mportantly, treatiment with a phosphatase inhibitor. sodium vana-
date.”® caused Ly49Q-WT to be redistributed Lo the perinuclear

such  as

region in the same pattern as Ly49Q-YF. Given that Ly49Q-WT
can associate with tyrosine phosphatases via its ITIM. these results
suggest that the 1TIM-associated phosphatase is important for
regulating the intracellular distribution of Ly49Q. Because MHC
class 1 recycles between the cell surface and endosomes. this
finding also suggests that Ly49Q recycles together with MHC class
[ along microtubules in the steady state.

Discussion

In this study. we demonstrated that an inhibitory receptor.
Ly49Q, plays an important role in the signaling of TLRY by
controlling the intracellular trafficking of TLRY and CpG. The
spatiotemporal regulation of the vesicular compartments contain-
ing TLRY and CpG and their associated adaptor proteins is
crucial for TLRY signaling.’¢ Ly49Q itself was internalized and
appeared to move along microtubules in the steady state. The
observation that Ly49Q associated with MHC class [ in a cis
configuration. even in an acidic enviromment. strongly suggests
that Ly49Q recycles together with MHC class I. Importantly. the
Ly49Q movement was regulated by an ITIM- and tyrosine
phosphatase-dependent mechanism. Because Ly49Q itself can
recruit tyrosine phosphatases such as SHP-1 and SHP-2 to the
ITIM,” it is possible that Ly49Q-associated phosphatases play a
role in the trafficking of Ly49Q itself.

How Ly49Q influences TLR9/CpG trafficking in addition to
its own recycling process is an important question. Not all the
CpG-containing endosomes included Ly49Q, and some endo-
somes contained only Ly49Q. This observation suggests that
Ly49Q-containing and CpG-containing endosomes fused after
these molecules were internalized separately. In endosomes/
lysosomes, where the pH ranges from 5.0 to 6.5 depending on
the lype of compartment. some receptor-ligand interactions are
disrupted due to the acidic environment. However. internalized
Ly49Q might maintain an association with MHC class 1 in
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Figure 5. Ly490 was internallzed with MHC class I, and Its localization was reguiated in an iTIM- and tyrosine phosphatase-dependent manner. (A) Colocalization of
Ly48Q with H-2KY v intraceliular vesicular compartments. Peritoneal exudation macrophages were prepared from Ly49Q Tg mice and examined for Ly49Q {red) and MHC
class | {green) by immunohistochemical analyses with a confacal microscope. FLAG-tagged Ly49Q in Tg mice was detected with an anti-FLAG antibody. (B) Binding of H-2K"
tetramer to pDCs. Cells enriched in bone marrow pDCs were abtained by AutoMAGS using an anti-plasmacyioid DG Ag-1 antibody, and the binding of PE-conjugated H-2K®
tetramer was examined by flow cytometry. In the absence of 2, binding of the H-2K® tetramer in trans was detectable due to loss of the cis interaction. The tetramer binding
was abrogated by an anti-Ly49Q antibody. {C) Removal of B.m from the cell surface by acid treatment. Bone marrow cells were treated with citrate buffer (0.133 M cilric acid
and 0.066 M NagHPOQ,, pH 3.3} at 20°C for the indicated periods. Removal of 8,m from the cell surface was confirmed by a decreased fiuorescence intensity of anti-Bom
antibody staining. CD11c' cells were gated and analyzed. (D) Binding of H-2K" tetramer before and after acid treatment. H-2K® tetramer bound in trans to Ly49Q after the
removal of 3,m from the cell surface, indicating that the cis interaction between Ly49Q and H-2KP was slift maintained, and the interaction was p,m independent and acid
resistant, (E) ITIM and tyrosine phosphatase dependence of Ly49Q redistribution. WEHI3 transfectants expressing Lyd3Q-WT or Ly49Q-YF were incubaled at 37°C in the
presence or absence of the indicated inhibitors of membrane trafficking. The cells were then fixed and stained with an anti-FLAG antibody to visualize Ly49Q.

endosomes, because the Ly49Q-MHC class I association was
B.m independent and acid resistant. In fact, Ly49Q and MHC
class T were still colocalized in the endosomes/lysosomes atter
being internalized. Therefore. Ly49Q may influence endosome
behavior and TLRY signaling events in such vesicular compart-

ments through an interaction with MHC class I, which may
contribute 1o the sustained activation of mitogen-activated
protein (MAP) kinases that are colocalized with Ly49Q at the
endosomes. Further investigations focusing on the roles of this
mhibitory receptor not only at the plasma membrane. but also at
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intraceltular vesicular compartments, may help us m understand-
ing the finc-tuning of iImmune responses.

In this study. we found that the TLR9-uiggered extension of
ubular endolysosome structures was severely tmpaired in both
Ly49Q" RAW264 cells and Ly49Q knockout pDCs and macro-
phages. Tubular endolysosomal structures have attracted attention
for their functional associations not only with TLR signaling. but
also with various cellular activities. including cytokine secretion
and phagoeytosis. and antigen presentation, ™% Although nei-
ther the regulatory mechanisms that govern the formation and
trafficking of these compartments nor their nature are Tully
understood. it has been established that the dynanuc movement and
reconstitution of the TLR9Y-associated endoplasmic reticulum and
endolysosomes provide a site where TLRY-associated signal com-
plexes containing the receptor. the ligand, MyD&88. and IFN
regulatory factor 7 can be assembled.** In addition. the location
and retention of these molecules in endosomes are the key factors
controlling the natwre of TLRY responses. These observations
together lcad to a novel concept that the tratficking of TLR
signaling complexes to the correct membrane compartiment with
appropriate liming may be important for eliciting effective and
controlied immune responses. In light of our present findings, we
propose that Ly49Q is involved in the optimization of TLRY
signaling by contralling the redistribution of endolysosome com-
partments spatiotemporally.

In addition to the impaired formation of tubular endolysosomal
structures. Ly49Q" RAW264 cells contained smatler TLRY/CpG
endosomes than Ly49Q" cells. This observation suggests that
Ly49Q plays a role not only in the intracellular movement of
endosomes/lysosomes. but also in the endocytic process itself.
Given that the CpG-containing endosomes were smaller in Ly49QY
than in Ly49Q™ RAW 264 cells. Ly49Q may aftect the dimension of
the endocytic cups. It has been propused that the Yxxd twhere & is
a hydrophobic amino acid) of the ITIM sequence functions as the
internalization signal for membrane protein trafficking.*! Tyrosine-
mediated internalization has been demonstrated for inhibitory
receptors such as cytotoxic T lymphocyte-associated antigen-1 and
CD33.°%# In these receplors. Lyrosine phosphorylation of the ITIM
is essential for the recruitment of the internalization machinery.
including the u2 or suppressor of cytokine signaling 3-E3 ligase
complex. and the subsequent internalization and degradation of
the receptors. However. Ly49Q internalization seems to be medi-
ated by a ditferent mechanism from that reported for cytotoxic
T lymphocyte-associated antigen-1 and CD33, because the ITIM 1s
essential for the maintenance of Ly49Q at the cell surface. and
Ly49Q-YF, whose mutant ITIM lacked tyrosine. was internalized.
Alternatively. Ly49Q may be involved in the directional transport
of reeycling endosomes from the perinuclear region to the plasma
membrane along microtubules. The accumulation of Ly49Q-YF at
the perinuclear region may reflect stagnating endolysosomes that
ought to have been added to the tubular endolysosomal structures
to extend them. Tmportantly, the improper tratficking of TLR9/CpG
vesicular compartments in Ly49Q ™ and Ly49Q'" celis was closely
related to the impaired production of eytokines such as IFN-B and
1L-6. Although the precise molecular basis for Ly49Q's regulation
of endosome/lysosome tralficking is still largely unknown, our data
indicate that Ly49Q is important for the physical positioning of
TLR9 signaling within a cell.

The mechanistic linkages among the tubular endolysosome
extension. MAP kinase activation. and cytokine production still
need (o be elucidated. We showed that p38 activation was impaired.
and JNK activation was temporally dysregulated in Lyd49Q" cells
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during CpG stimulation. We also demonstrated that phospho-p38
and phospho-JNK  distributed 1o Ly49Q-containing endosome/
lysosome compartments. Therefore. TLR9. CpG. pp38. pJNK. and
Ly49Q might be colocalized in the same endosomes/lysosomes and
functionally associated. The INK pathway s required for the
tormation of the immunologic synapse between NK and their target
cells: the expression of dominant-negative JNK or its siRNA
knockdown blocks the cytotoxic granule movement along microtu-
bules to the interface between the NK and its target cells.
preventing NK cell polarization.’ The cytotoxic granules have
been suggested 10 share a common biogenesis with lysosomes. ™
Thercfore. it is possibie that an mmpairment ot sustained JNK
activation disrupts the directional movement of TLRY/CpG-riding
endolysosomes along microtubules. In addition to JNK. p38
modulates endocytosis. by regulating a guanosine diphosphate
dissoctation inhibitor in the cytosolic cycle ot Rabd. a key regulator
ol endocytic membrane traffic. "> Further detailed analyses will be
necessary 1o examine these possibilities.

Our present study established that Lv49Q 15 important for the
regulation of TLR trafficking. which 18 associated with iemporally
regulated MAP kinase activauon and cylokine production. The
inappropriate positioning and timing of TLRY signaling complexes
may be caused by the lack of Ly49Q, resulting in impaired cytokine
responses. Therefore. the fine-tuning of the intracetlular trafficking
of TLRY/CpG compartments by such an inhibitory receptor might
be crucial for optimizing the responses to various infectious
microbes. Tt is intriguing that the inflammatory cell-specific
inhibitory receptor. Ly49Q. is a key regulator for the correct
positioning ol the TLRY signaling complex. Understanding the
multiple tunctions of this inhibitory receptor will help reveal the
molecular bases of TLRY receptor functioning as well as that of the
NK receptors, and will shed light on the origin and vole of
inhibitory receptors recognizing MHC class T in the regulation of
immune cells ranging from macrophages to NK cells.
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Osteoclasts, multinucleated cells that resorb bone, play a key role in bone remodeling. Although immu-
noreceptor tyrosine-based activation motif (ITAM)-mediated signaling is critical for osteoclast differen-
tiation, the significance of immunoreceptor tyrosine-based inhibitory motif (ITIM) has not been well
understood. Here we report the function of Ly49Q, an Ly49 family member possessing an ITIM motif,

Keywords: in osteaclastogenesis. Ly49Q is selectively induced by receptor activator of nuclear factor-xB (NF-«xB)
Ly45Q ligand (RANKL) stimulation in bone marrow-derived monocyte/macrophage precursor cells (BMMs)
gztggic::rs;unology among the Ly49 family of NK receptors. The knockdown of Ly49Q resulted in a significant reduction in
TIM the RANKL-induced formation of tartrate-resistance acid phosphatase (TRAP)-positive multinucleated
cells, accompanied by a decreased expression of osteoclast-specific genes such as Nfatcl, Tm7sf4, Oscar,
Ctsk, and Acp5. Osteoclastogenesis was also significantly impaired in Ly49Q-deficient cells in vitro. The
inhibitory effect of Ly49Q-deficiency may be explained by the finding that Ly49Q competed for the asso-
ciation of Src-homology domain-2 phosphatase-1 {SHP-1) with paired immunoglobulin-like receptor-B
(PIR-B), an ITIM-bearing receptor which negatively regulates osteoclast differentiation. Unexpectedly,
Ly49Q deficiency did not lead to impaired osteoclast formation in vivo, suggesting the existence of a com-
pensatory mechanism. This study provides an example in which an ITIM-bearing receptor functions as a

positive regulator of osteoclast differentiation.
© 2010 Elsevier Inc. All rights reserved.
Inireduction Osteoclasts differentiate from monocyte/macrophage lineage

Bone homeostasis is controlled by the coordinated balance
maintained between bone formation by osteoblasts and bone
resorption by osteoclasts [1]. Osteoclasts, multinucleated cells that
uniquely have the ability to resorb bone, play a central role in cal-
cium homeostasis as well as bone remodeling [2]. Increased osteo-
clast differentiation and function have been implicated in the
pathogenesis of various osteopenic conditions, including postmen-
opausal osteoporosis and bone loss in inflammatory arthritis [3.4].
Therefore, understanding the regulatory mechanisms of osteoclast
differentiation and function is important for the development of
novel therapeutic strategies for these disorders.
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45, Bunkyo-ku, Tokyo 113-8549, Japan. Fax: +81 3 5803 0192,
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cells in the presence of macrophage-colony stimulating factor
(M-CSF) and receptor activator of nuclear factor-xB (NF-«B) ligand
(RANKL) [1,2]. This process is tightly regulated by mesenchymal
lineage cells such as osteoblasts and bone marrow stromal cells,
which provide M-CSF and RANKL [1,2]. M-CSF signaling through
its receptor, c-Fms, is required for the survival and proliferation
of osteoclast precursor cells [5]. RANKL binding to its receptor,
RANK, results in the activation of tumor necrosis factor receptor-
associated factor 6 (TRAF6), c-Fos, and calcium signaling pathways,
each of which is essential for the induction and activation of nucle-
ar factor of activated T cells (NFAT) c1, a critical transcription factor
for osteoclastogenesis [1,6]. In fact, mice deficient in RANKL, RANK,
TRAFS, c-Fos, and NFATc1 exhibit severe osteopetrosis due to im-
paired osteoclastogenesis [1,3,7].

In addition to RANKL and M-CSF, costimulatory signals medi-
ated by immunoreceptor tyrosine-based activation motif (ITAM)-
bearing adaptors, DNAX-activating protein 12 (DAP12), and Fc
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receptor common Y subunit (FcRy), are indispensable for osteo-
clastogenesis [8,9]. The immunoglobulin-like receptors, such as
triggering receptors expressed on myeloid cells-2 (TREM-2), paired
immunoglobulin-like receptor (PIR)-A, osteoclast-associated
receptor {OSCAR), and signal-regulatory protein (SIRP) B1, which
associate with DAP12 or FcRy in osteoclast precursor cells, play a
key role in the costimulatory signals required for osteoclastogene-
sis [1,10}, although the ligands of these receptors in the skeletal
system have not yet been identified.

in the immune system, the balance between the activating sig-
nals mediated by the ITAM and the inhibitory signals mediated by
the immunoreceptor tyrosine-based inhibitory motif (ITIM) deter-
mine the level of the immune response {11,12]. The activating sig-
nals are mediated by the tyrosine kinases, including the Src and
spleen tyrosine kinase (Syk) families, whereas the inhibitory signals
are mediated by protein tyrosine phosphatases and lipid phospha-
tases which are recruited to ITIM {12]. Interestingly, viable moth-
eaten mice (me“/me’), which have a catalytically defective Src-
homology domain-2 phosphatase-1 (SHP-1), exhibit severe osteo-
porosis caused by enhanced osteoclastic bone resorption, suggesting
that SHP-1 controls osteoclast differentiation and function [13,14].
Although recent studies have reported that certain ITIM-bearing
receptors, including PIR-B, SIRPa, platelet endothelial cell adhesion
molecule-1(PECAM-1) and CMRF-35-like molecule-1(CLM-1), inhi-
bit osteaclastogenesis through SHP-1 activation [15-18], the func-
tion of the ITIM-bearing receptors remains to be elucidated further.

The murine Ly49 receptor family is comprised of both activating
and inhibitory molecules in target cell recognition by natural killer
(NK) cells [19]. Ly49Q is a type Il transmembrane protein which
contains the ITIM motif at the N-terminus of the cytoplasmic re-
gion and associates with MHC class 1 in cis [20]. Whereas most of
the Ly49 receptors are expressed on NK cells, Ly49Q is expressed
on plasmacytoid dendritic cells (pDCs), macrophages, and neutro-
phils, but not NK cells {20-22]. Several Ly49 receptors inhibit NK
cell functions, including cytokine production and cytolytic activity.
Treatment of activated macrophages with an anti-Ly49Q antibody
induces rapid spreading and the formation of cell polarity through
the reorganization of the actin cytoskeleton [20]. Following inhib-
itory Ly49 receptor engagement with MHC class I ligand, the phos-
phorylation of a tyrosine residue within the ITIM present in the
cytoplasmic region facilitates the binding and activation of the
SHP-1 and SHP-2 phosphatases, and the attenuation of intracellu-
lar signals [23]. Although Ly49Q is able to associate with SHP-1
and SHP-2 via its tyrosine-phosphorylated ITIM [20], toll-like
receptor 9 (TLR9)-dependent antiviral responses were diminished
in vivo, and the production of cytokines such as interferon-o
(IFN-a) and interleukin (IL)-12 from pDCs in response to TLR9
was impaired in vitro, suggesting that Ly49Q is necessary for the
activation of the innate immune response [24]. Similarly, the
TLR9-mediated production of inflammatory cytokines such as IL-
6 and tumor necrosis factor-oo (TNF-a) was impaired in macro-
phages derived from Ly49Q-deficient mice [22].

In this study, we report that RANKL stimulation caused a selec-
tive induction of Ly49Q during osteoclast differentiation, which ef-
fect was diminished by FK506-mediated inhibition of calcineurin-
NFAT activation. The knockdown or genetic ablation of Ly49Q in
osteoclast precursor cells resulted in the significant suppression
of osteoclastogenesis in vitro. Thus, these findings suggest that
Ly49Q positively regulates osteoclast differentiation, and led us
to investigate the mechanisms underlying this positive regulation
and the bone phenotype in Ly49Q-deficient mice.

Materials and methods

Mice and analysis of the bone phenotype. The generation of
Ly49Q-deficient mice was described previously [24]. All mice were

maintained under specific-pathogen free conditions. Ly49Q-defi-
cient mice were maintained and bred in the International Medical
Center of Japan. All animal experiments were approved by the Ani-
mal Study Committee of Tokyo Medical and Dental University or
the International Medical Center of Japan. Three-dimensional
microcomputed tomography (microCT) scanning was performed
using a ScanXmate-A100S Scanner (Comscan Techno, Kanagawa,
Japan). Three-dimensional microCT images were reconstructed
and the structural indices calculated using a three-dimensional im-
age analysis system (TRI/3D-BON; RATOC System Engineering, To-
kyo, Japan). Analyses of bone histology were performed as
described {8,25,26].

In vitro osteoclastogenesis. In vitro osteoclastogenesis was per-
formed as described previously [6,8,25,26]. Briefly, bone marrow
cells were cultured with 10 ng/ml M-CSF (R&D Systems, Minneap-
olis, MN) to obtain bone marrow-derived monocyte/macrophage
precursor cells (BMMs). These cells were cultured with 5 or
50 ng/mli RANKL (PeproTech, Rocky Hill, NJ) and M-CSF for 3 days.
Osteoclastogenesis was evaluated by tartrate-resistance acid phos-
phatase (TRAP) staining.

Quantitative RT-PCR and GeneChip analysis. Real-time quantita-
tive RT-PCR analysis was performed as described [26]. Briefly, total
RNA was extracted by ISOGEN (NIPPON GENE, Tokyo, Japan)
according to the manufacturer’s instructions. First-strand cDNAs
were synthesized from 0.5 pg of total RNA using Superscript Il re-
verse transcriptase (Invitrogen, Carlsbad, CA). Quantitative RT-PCR
analysis was performed with the LightCycler apparatus (Roche Ap-
plied Science, Indianapolis, IN) using SYBR Green Real time PCR
Master Mix (TOYOBO, Osaka, Japan). All primer sequences are
available upon request. GeneChip analysis was performed as de-
scribed previously [6,27].

Flow cytometric analysis. BMMs were removed from culture
plates by treatment with Trypsin~-EDTA (Invitrogen). Cell surface
expression of Ly49Q was confirmed by staining with biotinylated
anti-Ly49Q antibody [20] followed by Streptavidin-allophycocya-
nin conjugates (eBioscience, San Diego, CA). Stained cells were ana-
lyzed by FACSCantoll using Diva software (BD Biosciences, San
Jose, CA).

Knockdown analysis. The short hairpin RNA (shRNA) duplexes
were constructed based on the sequences obtained from the shRNA
library of the RNAi Consortium, RNA targeting regions with a hair-
pin sequence (shLy49Q-1 sense: 5'-gatccGTAAACAGATATGTGA
GCATTCTCGAGAATGCTCACATATCTGTITACTTTTTg-3'; shlLy49Q-1
antisense: 5'- aattcAAAAAGTAAACAGATATGTGAGCATTCTCGAGAA
TGCTCACATATCTGTTTACg-3’; shLy49Q-2 sense: 5'-gatccGAACA
TGTCTACCCATGTATTCTCGAGAATACATGGGTAGACATGTTCTTTTTg-
3, shLy49Q-2 antisense:  5-aattcAAAAAGAACATGTCTACC
CATGTATTCTCGAGAATACATGGGTAGACATGTTCg-3'; shNFATc1
sense: 5-gatccGCCGCAGAACACTACAGT TATCTCGAGATAACTG-
TAGTGTTCTGCGGCTTTTTg-3'; shNFATc1 antisense: 5'- aatt-
cAAAAAGCCGCAGAACACTACAGTTATCTCGAGATAACTGTAGTGTTC
TGCGGCg-3') were ligated into the RNAi-Ready pSIREN-RetroQ-
ZsGreen Vector (Clontech, Mountain View, CA) at the BamHI and
EcoRl sites. pSIREN-RetroQ-ZsGreen-shLy49Qs, pSIREN-RetroQ-
ZsGreen-shNFATc1 or a control pSIREN-RetroQ-ZsGreen-shRNA
that specifically targets Luciferase was used to transfect BMMs.
The retrovirus supernatants were obtained by transfecting the ret-
roviral vectors into the Plat-E packaging cell line using Fugene6
(Roche Applied Science). BMMs were infected with retroviruses
for 12 h before RANKL stimulation.

Immunoblot analysis. Cell lysates were subjected to immunoblot
analysis using specific antibodies for NFATc1 (Santa Cruz Biotech-
nology, Santa Cruz, CA), c-Fos (Calbiochem, La Jolla, CA), and B-ac-
tin (Sigma-Aldrich, St. Louis, MO). For immunoprecipitation
analysis, cells were solubilized in lysis buffer (1% Nonidet P-40 in
50 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA, 1 mM NaF, 2 mM
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PMSF), supplemented with Complete Protease Inhibitor Cocktail
(Roche Applied Science). Immunoprecipitation was carried out by
incubation with the anti-SHP-1 antibody (Cell Signaling Technol-
ogy, Beverly, MA) followed by the addition of protein G-Sepharose
(GE Healthcare, Buckinghamshire, UK). Immune complexes were
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separated by electrophoresis followed by blotting with anti-PIR-B
(R&D Systems), anti-PECAM-1(Santa Cruz Biotechnology), and
anti-SHP-1 antibodies.

Statistical analysis. Statistical analysis was performed using the
unpaired two-tailed Student’s t test (*P<0.05; **P<0.01;
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**p<0.001; n.s., not significant, throughout the paper). All data
are expressed as means = SEM.

Results
Selective expression of Ly49Q during osteoclast differentiation

The expression of Ly49 family receptors during osteoclast dif-
ferentiation induced by RANKL and M-CSF was analyzed by Gene-
Chip analysis (Fig. 1A). Among the Ly49 family receptors, Kiral7
(encoding Ly49Q) was highly and selectively induced during osteo-
clastogenesis. The protein expression of Ly49Q in BMMs was con-
firmed by flow cytometric analysis (Fig. 1B). In addition, the
expression of Kira17, but not Kira3 (encoding Ly49C), was markedly
reduced by FK506, an inhibitor of calcineurin, suggesting that the
induction of Ly49Q is dependent on the calcineurin-NFAT pathway
(Fig. 1C). On the other hand, Ly49Q was not induced in calvarial
osteoblasts treated with 1o, 25(0OH),Ds, and prostaglandin E;
(PGE,), which support osteoclast differentiation, or when cultured
in an osteogenic medium which induces osteoblast differentiation
(Fig. 1D). These results prompted us to examine the role of Ly49Q
in osteoclastogenesis.

Inhibition of osteoclast differentiation by RNA interference (RNAi)-
mediated knockdown of Ly49Q

To assess the role of Ly49Q during osteoclastogenesis, we per-
formed RNAi-mediated knockdown of Ly49Q in the osteoclasto-
genesis induced by RANKL and M-CSF, using the retroviral short
hairpin RNA (shRNA) delivery system (Fig. 2A). The infection effi-
ciency was determined by analyzing the expression of ZsGreen, a
green fluorescent protein encoded by the retrovirus vector, using
flow cytometry. BMMs were transduced with retroviral vectors
expressing ShRNA targeting two different regions of Ly49Q
(shLy49Q-1 and shLy49Q-2). As shown in Fig. 2B, more than 60%
of the cells were positive for ZsGreen, indicating that shRNA-
expressing retroviral vectors were efficiently transduced into

BMMs. The mRNA expression of Klra17 in osteoclast precursor cells
was analyzed by guantitative RT-PCR, and was found to be signif-
icantly reduced by shLy49Q-1 as well as shLy49Q-2 (Fig. 2C). When
the expression of NFATc1, the key transcription factor for osteo-
clastogenesis, was suppressed by shRNA targeting NFATc1 {shN-
FATc1), osteoclast differentiation was markedly inhibited
(Fig. 2D). Based on previous studies [15-18], the ITIM-containing
receptors negatively regulate osteoclastogenesis, but contrary to
our expectation, the knockdown of Ly49Q significantly suppressed,
rather than enhanced, the formation of the TRAP-positive multinu-
cleated cells (MNCs) induced by RANKL and M-CSF (Fig. 2D). The
difference in the inhibitory effects of shLy49Q-1 and shlLy49Q-2
may result from the difference in the knockdown efficiency (see
Fig. 2C). These results suggest that Ly49Q is a positive regulator
of osteoclastogenesis, even though Ly49Q contains an ITIM motif.

Ly49Q as a positive regulator of osteoclast differentiation

Given our observation that the knockdown of Ly49Q resulted in
the inhibition of RANKL-induced osteoclastogenesis, we investi-
gated the expression of genes implicated in osteoclast differentia-
tion and function by quantitative RT-PCR (Fig. 3A). Although the
mRNA expression of Tnfrsfl1a, Csfir, or Fos was not changed by
the Ly49Q knockdown, the expression levels of Ctsk, Acp5, Oscar,
and Tm7sf4 (encoding dendritic cell-specific transmembrane pro-
tein, DC-STAMP) were significantly decreased as compared to con-
trol. In addition, Nfatc! expression was potently suppressed by
Ly49Q knockdown. Similar results were obtained with immuno-
blot analysis (Fig. 3B). .

It is well documented that [TAM-mediated calcium signaling is
crucial for the robust induction of NFATc1 during osteoclastogene-
sis [1,8]. Thus, it is likely that Ly49Q contributes to the activation of
the calcium signaling, but how does an ITIM-bearing receptor stim-
ulate calcium signaling? In the regulation of paired immunoglobu-
lin-like receptors, negative regulation usually occurs in the
presence of the activatory receptor recognizing the common li-
gands [11]. We therefore hypothesized that Ly49Q does not func-
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tion as a negative regulator, due to the lack of a corresponding acti-
vating receptor in the osteoclast lineage, and that Ly49Q efficiently
associates with SHP-1 to deprive other [TIM-bearing inhibitory
receptors of SHP-1, thus disabling the negative regulation. In fact,
the association of SHP-1 with PIR-B, but not PECAM-1, was en-
hanced by the knockdown of Ly49Q (Fig. 3C). This result suggests
that Ly49Q competes with PIR-B for the association of SHP-1,
thereby functioning as a suppressor of PIR-B-mediated inhibitory
effect on osteoclastogenesis.

Analysis of Ly49Q-deficient mice

We analyzed in vitro osteoclast differentiation in BMMs derived
from Ly49Q-deficient mice. The formation of the TRAP-positive
MNCs induced by RANKL and M-CSF was significantly reduced in
the Ly49Q-deficient cells as compared with the wild-type (WT)
cells (Fig. 4A). To evaluate the number of osteoblast progenitors
in bone marrow, we performed a colony formation assay. The num-
bers of alkaline phosphatase-positive colony-forming unit-fibro-
blast (CFU-F) and von Kossa-positive CFU-osteoblast (CFU-OB)
colonies in the culture of bone marrow cells were comparable in
the WT and Ly49Q-deficient mice (data not shown). These results

M. Hayashi et al./ Biochemical and Biophysical Research Communications 393 (2010) 432-438

suggest that Ly49Q positively regulates osteoclast differentiation,
without affecting osteoblastic bone formation.

Finally, to elucidate the role of Ly49Q in vivo, we analyzed the
bone phenotype of Ly49Q-deficient mice. Unexpectedly, microCT
analysis indicated no apparent difference between Ly49Q-deficient
mice and WT littermates (Fig. 4B). For example, there was no dif-
ference in trabecular bone volume between the Ly49Q-deficient
mice and WT littermates (Fig. 4D). Bone morphometric analysis
also indicated no significant difference in osteoclast surface or
osteoclast number in the metaphyseal region of the tibia (Fig. 4C
and D). Similarly, the eroded surface was unchanged, suggesting
that the osteoclastic bone resorption in Ly49Q-deficient mice was
normal (Fig. 4D). Osteoblastic parameters, including osteoblast
surface, osteoid surface, and osteoid volume, were comparable
(data not shown). These results demonstrate that Ly49Q deficiency
does not significantly influence osteoclast differentiation and func-
tion in vivo under physiological conditions.

Discussion

The crucial role of ITAM-bearing adaptors that associate with
immunoglobulin-like receptors in osteoclast differentiation has
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been established [1,10]. However, the function of ITIM-bearing
receptors has not been well understood. In the present report,
we investigated the role of the ITIM-bearing NK receptor Ly49Q
in osteoclastogenesis, because Ly49Q is specifically induced by
RANKL stimulation in BMMs. Among NFAT family members,
NFATc1 functions as the essential regulator for osteoclastogenesis
[1.6] by inducing a number of genes which are involved in osteo-
clast differentiation and function [1,7]. We showed the RANKL-in-
duced expression of Ly49Q, is dependent on the calcineurin-NFAT
pathway, suggesting that Ly49Q induction is closely connected
with the gene induction program activated during osteoclasto-
genesis. Interestingly, Ly49Q positively regulates in vitro osteo-
clastogenesis, unlike other ITIM-bearing receptors [15-18],

We explored the mechanisms underlying the positive regula-
tion of osteoclast formation by an ITIM-bearing receptor. Since
the expression level of SHP-1 is not changed by RANKL stimulation,
it is likely that Ly49Q competes with other ITIM-bearing receptors
for the recruitment of the limited amount of SHP-1 protein avail-
able during osteoclastogenesis. As shown in Fig. 3C, the recruit-
ment of SHP-1 to PIR-B increased in the absence of Ly49Q. It is
thus possible that the positive regulation by Ly49Q is based on
the competition between Ly49Q and PIR-B, the latter of which is
known to inhibit osteoclastogenesis through SHP-1. In the reported
examples of the paired receptor system, the inhibitory receptor
usually exerts its negative function in the presence of a corre-
sponding activatory receptor and common ligands. Although the
detailed mechanisms remain to be identified, Ly49Q may not be
functional, possibly due to the lack of a corresponding activatory
receptor in osteoclast precursor cells. Recent reports demonstrated
that other ITIM-bearing receptors convey positive signals. For
example, TREM-like transcript-1 (TLT-1), an ITIM-bearing receptor
expressed on platelets, enhances calcium signaling by facilitating
the recruitment of SHP-2 to the ITIM motif [28]. More recently,
we demonstrated that Ly49Q promotes rapid polarization of neu-
trophils and tissue inflammation in the presence of inflammatory
stimuli, although Ly49Q inhibits the adhesion and spreading of
neutrophils at steady state [29]. These dual function of Ly49Q in
neutrophils appeared to be mediated by changing the effecter
phosphatase from SHP-1 to SHP-2 [29]. However, the role of
SHP-2 in osteoclasts is still unknown and an important subject
for future research.

In contrast to the in vitro observation, however, these results
show a lack of an overt bone phenotype in Ly49Q-deficient mice.
The role of Ly49Q may thus be compensated by other molecules
in vivo. Indeed, mice lacking ITIM-bearing receptors, including
PIR-B-deficient and SIRPa-mutant mice, also displayed a normal
or subtly altered bone phenotype [15,16], suggesting that the
ITIM-bearing receptor system is redundant. However, it has been
shown that the expression of the MHC class 1 molecule, the ligand
for Ly49Q, is induced by inflammatory cytokines such as TNF-o
[30]. Therefore, it is possible that Ly49Q has a role in the enhanced
osteoclastogenesis which occurs under various pathological condi-
tions, including rheumatoid arthritis. This study provides an inter-
esting example in which an ITIM-bearing receptor functions as a
positive regulator of osteoclast differentiation and suggests a
greater functional complexity of paired receptor systems than pre-
viously appreciated.
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T cells develop in the thymus through positive and negative selection,
which are responsible for shaping the T cell receptor (TCR) repertoire.
To elucidate the molecular mechanisms involved in selection remains
an area of intense interest. Here, we identified and characterized a
gene product Gasp (Grb2-associating protein, also called Themis) that
is critically required for positive selection. Gasp is a cytosolic protein
with no known functional motifs that is expressed only in T cells,
especially immature CD4/CD8 double positive (DP) thymocytes. in the
absence of Gasp, differentiation of both CD4 and (D8 single positive
cells in the thymus was severely inhibited, whereas all other TCR-
induced events such as f-selection, negative selection, peripheral
activation, and homeostatic proliferation were unaffected. We found
that Gasp constitutively associates with Grb2 via its N-terminal Src
homology 3 domain, suggesting that Gasp acts as a thymocyte-
specific adaptor for Grb2 or regulates Ras signaling in DP thymocytes.
Collectively, we have described a gene called Gasp that is critical for
positive selection.

differentiation | signal transduction | T cell receptor | thymus

D evelopment of conventional T cell receptor (TCR)-af T cells
in the thymus requires multiple stages defined by the expres-
sion pattern of CD4 and CD& coreceptor molecules. The most
immature CD4-CD8™ [double negative (DN)] thymocytes differ-
entiate to the CD4' CDK " [double positive (DP)] stage through the
first selection process called p-selection (pre-TCR selection). These
DP thymocytes arc subjected to both positive and negative sclection
to become cither class I MHC-restricted helper CD4™CDS”
[CD4-singte positive (CD4-SP)} or elass  MHC-restricted cytotoxic
CD4-CDS8~ (CD&-SP) cells (1). After receiving positive selection
signals. DP thymocytes go through an intermediate CD4°CD8v
stage. irrespective of their lincage decision (2). The fate of indi-
vidual DP thymocytes is determined by the strength of affinity and
longevity of interaction between their TCR and peptide:MHC
ligand (3). Although it is known that strong TCR/ligand interaction
leads to negative selection and weak association results in positive
selection (4), how this quantitative diftference of TCR interaction
can be converted to the qualitative difference is not known.
Therefore. it is important to investigate the difterence in molecular
mechanisms of positive and negative selection.

One of the widely accepted madels for explaining the difference
between positive and negative selection is differential MAPK
activation (3). Initially, differential requirements for ERK i pos-
itive selection and INK/p3R 1in negative selection were tocused on
(0). The guanine nucleotide exchange tactor (GEF) Sos has dual
activity for Ras and Rac. therefore it can activate both the ERK and
JNK/p38 pathways. Recently, RasGRP. which is another GEF for
Ras, was shown to be critical for positive but not negative selection
(7). Furthermore. mice heterozygous for Grb2, which constitutively
associates with Sos. showed inefficient JNK/p38 activation, but
normal ERK activation (8). From these results. positive selection
signals were thought to induce the RasGRP/Ras/ERK pathway. and

www.pnas.org/cgi/doi/10.1073/pnas.0908593106

negative selection signals were thought to induce the Grb2-Sos/
Rac/INK p38 pathway. The model that activation through RasGRP
results in weak sustained ERK activation to induce positive selec-
tion, whereas activation through Sos induces strong temporary
ERK activation leading to negative selection is still widely accepted
{9). Recently. Daniels et al. (10)) elegantly showed that positive
selection signals induced subcellular compartmentalization of Ras-
GRP/Ras/ERK to the Golgi membrane, whereas negative selection
signals induced localization of Grb2-Sos/Ras/ERK to the plasma
membrane. Furthermore. positive selector-induced ERK activation
lasted longer in Golgi than in the plasma membrane. Therefore,
subcellular compartmentalization of Ras-GEF and Ras upon TCR
stimulation is now widely accepted to be the branch point of positive
and negative selection (11).

To find novel genes involved in the positive selection of thymo-
cytes, we tried to isolate unknown genes whose expression is highly
restricted to the thymus, the site where selection takes place. We
used EST databases and performed in silico cloning, the strategy
successtully used for isolating various novel tissue or cell type-
specific genes. We selected several “thymus-specific genes™ by our
own computer algorithm based on their thymus-restricted expres-
sion. Among these thymus-specific genes, we focused on one gene
E430004N04R ik (GenelD 210757). mainly because of its exclusive
expression in immature DP thymocytes. Because we found that this
protein constitutively associates with Grb2. we catled the gene Gasp
(Grb2-associating protein). Gasp contains no known protein motifs
or homotogy domain and has no known function, although it has
well conserved orthologs in multiple vertebrates from fish to
human. To elucidate the function of Gasp. we established Gasp-
deficient mice and found that the gene is critical for positive
selection but not for other TCR-mediated signaling events.

Results

Expression of Gasp Protein. To identify novel genes specifically
expressed in the thymus. we used information from the National
Center for Biotechnology Information Unigene database of ex-
pressed sequence tags (ESTS). Each Unigene cluster contains
information about the number of EST clones from a tissue source.
We searched Unigene clusters based on the proportion of clones
derived from thymus and total number of clones from the thymus.
Finally. we selected five genes as thymus-specific genes. The gene
Gasp (E430004N04Rik, Themis. Tsepa) was one of these thymus-
specific genes. We first examined the expression of Gasp in various
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Fig. 1. Thymus-specific expression of Gasp. (A) Expression of Gasp mRNA was

analyzed by real-time PCR from C57BU/6 mouse tissues and cells. RNA expression
was normalized relative to [-actin. Error bars are the SD (n = 2 and 3). (8)
Expression of Gasp protein in sorted thymic or splenic T cell subpopulations.
Resulits are representative of two independent experiments. (C) Representative
micrograph showing subcellular localization of Gasp. GFP-fused Gasp was exog-
enously introduced in DPK cell line (green) and costained with DAPI (blue).
(Magpnification: x1,000.)

tissues and cells. As expected, mRNA expression of Gasp is highly
restricted to lymphoid organs. especially in the thymus and T cells
(Fig. 14). Among T cell subsets, expression is highest in DP
thymocytes, and its expression decreases along with maturation.
The same pattern of protein expression was confirmed by Western
blot analysis using Gasp-specific antibody (Fig. 1B). Expression of
the gene in CD8-SP cells is slightly higher than in CD4-SP cells in
both the thymus and spleen. Expression of Gasp in Treg cells was
lower than in conventional CD4 T cells, consistent with a previous
report describing Gasp as one of the most reduced genes in Tregs
by comprehensive microarray analysis (12). Transcription of Guasp
was not affected upon stimulation with phorbol 12-myristate 13-
acetate (PMA) and ionomycin. Analysis by confocal microscopy of
exogenously introduced GFP-fusion Gasp protein (both N- and
C-terminal fusion protein) in a DP thymoma line (DPK) (13)
showed homogeneous distribution in cytosol and exclusion from the
nucleus (Fig. 1C). We did not observe a change in the distribution
of GFP-fusion Gasp protein upon TCR stimulation.

Gasp Is Required for Positive Selection but Not for Negative Selection
and B-Selection. To elucidate the precise function of Gasp, we
generated Gasp-deficient mice by replacing the first exon of Gasp
with a LacZ and Neo-expressing cassette (Fig. 24). Protein expres-
sion of Gasp in Gasp™' . Gasp™~, and Gasp™ ~ thymocytes is
shown in Fig. 2B, confirming the absence of Gasp protein in the
deficient mice and reduced protein expression in Gasp ™~ thymo-
cytes. In thymi of Gasp™'~ mice, total cell number was not signif-
icantly altered. and proportions of DNI through DN4 in DN cells
were normal. indicating that B-selection was unaffected in the mice
{Table S1 ). However, we observed a marked decrease of CD4-SP
and CD8-SP cells in the thymus (Fig. 2C). The effect of Gasp on
positive selection is dose-dependent, because the phenotype of
Gasp™/~ mice was intermediate to that of Gasp*/* and Gasp™~

16346 | www.pnas.org/cgi/doi/10.1073/pnas.0908593106

mice. Reduction of CD4-SP cells in the thymus can be observed
even in the neonate, suggesting that the defect is a relatively early
event in positive selection (Fig. 2D). To confirm the defect in
positive selection, we next examined the developmental fate of
thymocytes expressing three different fixed TCRs. DP thymocytes
expressing class II-MHC restricted OT-II TCR transgenic (Tg)
mice on a RAG null background did not differentiate into CD4-SP
cells at all in the absence of Gasp (Fig. 2E Top). The class I-specific
female HY-TCR Tg (14) RAG™~ thymocytes and OT-I TCR Tg
thymocytes did not differentiate into CD8-SP cells either (Fig. 2F
Middle and Bottom). Therefore, Gasp is critically required for
positive selection of both thymocytes expressing class I- and class
H-restricted TCR. We extensively analyzed various surface markers
(e.g., CD2, CDS5, HSA, CD25, class I MHC, etc.) of each stage of
thymocyte development, but we did not observe significant differ-
ences between Gasp™'* and Gasp™'~ thymocytes. The only differ-
ence we found was in the expression of CCR9 and CD62L. (Fig. S1).
Down-regulation of CCR9 on CD4-SP cells was not observed in
Gasp™'~ thymocytes, and the expression of CD62L on Gasp™'~
CD4-SP cells was significantly decreased (Fig. S1). Differentiation
of y8-T cells in Gasp™~ mice was not altered (Table S1). By
hematoxylin and eosin staining of thymus sections, no significant
difference was observed in cortical and medullary architecture.
Because the above data show that Gasp is crucial in positive
selection, we next investigated the effect of Gasp on negative
selection, the other important TCR signal-initiated event. Contrary
to the defect in positive selection, Gasp deficiency does not affect
negative selection as the generation of DP was not recovered in the
absence of Gasp in male HY-TCR Tg background (Fig. 2F).

Gasp~'~ T Cells Expand in Periphery. In contrast to severe impair-
ment of positive selection in the thymus of Gasp™™ mice, the
reduction of mature T cells in the periphery was much milder. In
particular, reduction of CD8-SP cells was less significant and thus
the reduction of CD4-SP cells is always severer than that in CD8-SP
cells in Gasp~™~ mice. It is noteworthy that the proportion of
CD8-SP cells was even higher in Gasp™~ mesenteric lymph node
(mLN) and inguinal lymph node (iLN) (Fig. 34) compared with
wild type. Because the total numbers of lymph node and spleen cells
of Gasp™~ mice were fewer than wild type, absolute numbers of
both CD4-SP and CD8-SP cells in spleen and lymph nodes were
always less than in wild-type controls (Fig. 3B).

The less severe phenotype in number of peripheral T cells could
be explained by homeostatic expansion of differentiated T cells.
Therefore, we evaluated memory/activated phenotype of periph-
eral cells. As shown in Fig. 3C, CD4-SP cells in Gasp™~ mice
contained many more memory/activated (CD44" CD62L™) phe-
notype cells than wild-type controls. CDS8-SP cells also express
CD44 at high levels, but somehow expression of CD62L was not
reduced (Fig. 3C). Consistent with these activated phenotypes, both
CD4-SP and CDB8-SP cells in Gasp™'~ mice showed significantly
increased BrdU uptake in vivo, indicating that peripheral CD4-SP
and CDB8-SP cells in Gasp™'~ mice proliferate without stimulation
(Fig. 3D). Although such proliferation could be caused by autore-
active T cells, we did not see any signs of autoimmune disease in the
deficient mice. We observed very few CD8-SP cells in the periphery
of female HY-TCR Tg RAG™~, Gasp~'~mice. Because it was
reported that homeostatic proliferation does not occur in the
periphery of female HY TCR-Tg mice (15), the results also support
the model that the increased number of peripheral T cells in
Gasp™'~ mice was caused by homeostatic proliferation. From these
results, we conclude that positive selection of CD4-SP and CD8-SP
cells are both blocked in Gasp™~ mice, but the number of T cells
in periphery is increased by homeostatic expansion.

Mormal Activation of Mature Gasp~/~ T Cells. We next investigated

functions of peripheral T cells. Purified splenic CD4-SP cells
(CD4*,CD8", and Macl ™ cells) were stimulated with immobilized
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%
/|

»Q23

Male Female

A B
Ex.1 &
wr 3 Y
: ; 8
Mut ~[EDEY .
T
D E
+/+ /- ot
23y 0.9 RAG-/-
<
Qa
(&)
o
HY female
cos RAG-/-
34
or-| -
RAG+/-
@
Fig. 2.

cDs8

Generation and analysis of Gasp™'~mice. (A4) A gene-targeting strategy was used to insert a lacZ/neo cassette into exon 1 of the Gasp gene. (B) Western blot

analysis of DP thymocytes with anti-Gasp-specific antisera. Results are representative of two independent experiments. (C) CD4 and CD8 profile of Gasp™'". Gasp™'~,
and Gasp~/~ thymocytes. (D) CD4 and CD8 expression of neonatal thymocytes. (£) CD4 and CD8 profile of thymocytes from OT-t, OT-ll Tg RAG ™", and female HY Tgq
RAG-'"~mice. (F) CD4 and CD8 profile and number of thymocytes from male HY Tg RAG™""mice. In C-F, data are representative of more than three independent

experiments.

anti-CD3 and CD28 antibodies in vitro. then measured for growth
and IL-2 production. As shown in Fig. 4 4 and B, TCR-dependent
cell growth evaluated by 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl
tetrazolium bromide (MTT) assay and production of IL-2 in
supernatant was comparable between Gasp and Gasp™ ™ mice.
We established alloantigen (H-29)-specific CD4-SP and CD8-SP T
cell lines from wild-type and Gasp  splenocytes. Upon TCR
stimulation. Gasp~'~CD4-SP helper T cell lines produced amounts
of IL-4 comparable to wild-type lines (Fig. 4C Left), CD8-SP CTL
T cell lines produced the same amount of IFN-y upon stimulation
as wild types (Fig. 4C Right). We also measured CTL activity of
these CDS-SP clones and found that specific killing of CD8-SP CTL
clones against allogenic H-2¢ MHC was not changed in the absence
of Gasp (Fig. 4D). From thesc results, we conclude that activation
of mature T cells does not require Gasp.

Phenotypes of Gasp~'~ Thymocytes. We noticed that the phenotype
of Gasp ~~ mice was quite similar to thid (LEC) mutant rat (16).
Those reports showed reduced numbers of CD4-SP cells, but not
CD8-SP cells in lymph nodes (16), and lower expression of
CD62L in CD4-SP cells (17). which are exactly the same
phenotypes as Gasp / mice. The responsible gene for thid
mutation was recently reported as PTPRK (protein tyrosine
phosphatase receptor K) (18. 19). and the gene is only 100 Kb
apart from the Gasp gene locus. To exclude the possibility that
the disturbance of expression of the adjacent PTPRK gene was
responsible for the phenotype of Gasp™ ™ mice. we analyzed
expression of PTPRK mRNA in Gasp thymocytes by real-
time RT-PCR analysis. The expression of PTPRK is not reduced
but rather increased in Gasp  thymocvtes (Fig. 54). Therefore.
the phenotype of Gasp ™ mice is likely independent of PTPRK.

We next performed bone marrow chimera experiments to in-
vestigate whether the developmental defect in the thymus was
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caused by an intrinsic thymocyte defect or a defect in the thymic
microenvironment. As shown in Fig. 5B, thymocytes from wild-type
bone marrow developed normally in irradiated Gasp™™ mice.
whereas wild-type mice reconstituted with Gasp™ ™ bone marrow
showed almost identical phenotypes as Gasp ™~ mice. Therefore,
the defect is thymocyte intrinsic, which is consistent with the specific
expression of Gasp in thymocytes (Fig. 1A).

We next analyzed the expression of TCR on thymocytes. Al-
though TCR-B expression on CD4-SP cells in the thymus is
consistently lower than wild type. expression of TCR on preselected
DP and peripheral mature T cells (Fig. S2 A and B) were compa-
rable to the wild type. Expression of TCR on DP thymocytes of
TCR-Tg mice was also not significantly changed (Fig. S2C). Fur-
thermore, spontaneous and TCR-induced cell death evaluated by
AnnexinV staining was not significantly different in the absence of
Gasp (Fig. S3).

Signal Transduction in Gasp~'~ DP Cells. We next focused on the DP
stage when positive selection takes place. We observed a significant
reduction in the earliest postselected DP (CD69" TCRM DP) in
Gasp~'~mice (Fig. 5C), suggesting that the defect lies in a relatively
early phase of the selection process. We next investigated TCR-
stimulated signal transduction of DP thymocytes. Stimulation with
plate-coated anti-CD3 plus CD28 antibody successfully induced
CD69 up-regulation on Gasp™/~DP thymocytes (Fig, 5D), indicat-
ing that the signaling pathway leading to CD69 transcription was not
affected. In accordance with that, anti-CD3 mAb induced Ca?*
influx in DP thymocytes was not significantly disturbed (Fig. SE).
Furthermore, anti-CD3 mAb induced phosphorylation of ERK,
phospholipase C y (PLC-y), and SLP76, all were unaltered in
Gasp-deficient DP thymocytes (Fig. 5F).

Gasp Constitutively Associates with Grb2. To figure out the function
of Gasp further, we attempted to identify proteins associated with
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Fig. 3.
profile of the cells. from spleen, peripheral blood (PBL), mLN, and iLN of

Gasp~'* and Gasp~’ . mice. Results are representative of more than five
independent experiments. (B) Absolute number of CD4-SP and CD8-SP cells of
Spland mLNof Gasp*'~ and Gasp~'~ mice. Each dot representsindividual mice
at day of age. Solid (-/~) and dashed (+/+) lines show the linear regression
correlation between age and absolute number of cells. () CD44'and CD62L
profile of splenic CD4-SP and CD8-SP cells from Gasp' '~ and Gasp™" mice. (D)
BrdU uptake of CD4-SP and CD8-SP cells from spleen and miLN of Gasp™’. and
Gasp.' mice. After mice were fed with BrdU for 5 days with drinking water,
the cells were stained with anti-BrdU antibody. In C and D, resuits are repre-
sentative of more than three independent experimenits.

Gasp by using liquid chromatography-based electrospray tandem
mass spectrometry: (20).-Human -embryonic- kidney cells were
transfected with Flag-tagged human Gasp. and lysates from these
cells were immunoprecipitated with anti-Flag antibody. Immuno-
precipitated proteins were-subjected to proteolysis followed by
liquid chromatography-based clectrospray tandem mass spectrom-
etry. The analysis gave us several candidate Gasp-associating pro-
teins. Among them, the most frequently detected amino acid
sequences were derived trom Grb2. Grb2 is an adaptor protein
constitutively associated with Sos. having two Src homology 3
(SH3) domain (N and C terminus) and one SH2 domain 1n the
middle (21). Therefore. we next performed coimmunoprecipitation
experiments using Flag-tagged Gasp and myc-tagged Grb2 and
their mutants. As shown in Fig. 6. myc-Grb2 could successtully pull
down Flag-Gasp. and Flag-Gasp also coprecipitated myc-Grb2.
Although a Grb2 mutant lacking the entire SH2 region (Grb2-
ASH2) could associate with Gasp, an SH3 mutant (Grb2-42L/
203R) in which both the N- and C-terminal SH3 domains were
mutated (22) could not (Fig. 6). Because Grb2-203R in which only
the C-terminal SH3 domain was mutated could associate with Gasp
(Fig. 6B), Gasp likely associates with Grb2 via its N-terminal SH3
region. which is the same binding site for Sos (23). We noticed that
Gasp contains a proline-rich sequence (***PPPRPPKHP) in its C
terminus., Although it is different from the consensus Grb2 SH3
domain binding sequence (PVPPPVPPR)., we made a deletion
mutant of this proline-rich sequence (HA-Gasp-APro) and tested
its interaction with Grb2. As shown in Fig. S4, we found that the
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Fig.4. Activation of peripheral CD4 and CD8 mature T cells. (A) MTT assay was
applied for TCR:stimulated sorted splenic CD4-SP cells of Gasp™/* and Gasp™~
mice after 3 days of culture. (8) Primary CD4-SP T cells from Gasp *'* and Gasp~/~
mice were stimulated with plate-bound anti-CB3 or CD3* 28 mAb for 24 h, and
1L-2 concentration in supernatants was measured by ELISA. (C) TCR-dependent
production of L4 and IFN-v from cell line established from Gasp™’" and Gasp™'~
splenocyte. (D).H-29-specific allo-CTL lines were established from splenic CD8-SP
cells, and CTL assay was analyzed for CTL function by using specific (P815) and
nonspecific (EL4). Results are representative of more than two independent
experiments.

association was independent of this proline-rich region. We also
found Gasp was not tyrosine-phosphorylated upon TCR stimula-
tion or PMA +ionomycin stimulation (Fig. S5), consistent with the
observation that treatment with pervanadate did not augment the
association of Gasp and Grb2.

Discussion

Although it is well known that both positive selection and
negative selection are evoked by stimulation of TCRs of different
affinities, the molecular basis of these selection processes is
poorly understood. The molecules exclusively required for either
selection process will give us a hint to figure out the molecular
mechanism of these two selections. At present, ERK (24),
Calcineurin (25), TCR-acpm (26), and RasGRP (7) are de-
scribed to be required only for positive selection but not for
negative selection, whereas bim (26), MINK (27), and nur77 (28)
are required only for negative selection. We have now added
another gene to the list of players required for positive selection.

Gasp, which is preferentially expressed in immature DP thymo-
cytes, has quite unique characteristics. Most of the proteins re-
ported to be required for positive selection are involved in TCR-
induced signal transduction. As a result, other TCR-related
signaling events such as peripheral activation and homeostatic
expansion are also affected. Unlike other positive selection-
deficient mutant mice, Gasp™'~ mice showed a defect only in
positive selection among all of the TCR-induced signialing events.
However, it should be noted that the male HY-TCR Tg system may
not be appropriate for assessment of physiological negative selec-
tion because developmental arrest occurs before the DP stage (29).

In the periphery of Gasp™'~ mice, the number of CD8-SP cells
in lymph nodes was more than CD4-SP cells, suggesting some effect
of Gasp on CD4/CD8 lineage choice. However, analysis of three
independent TCR Tg mice clearly showed there is no lineage
conversion nor incomplete block in positive selection of class
I-restricted TCR.
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Fig. 5. Characteristics of Gasp deficiency. (A) Defects in Gasp™
independent of PTPRK. Expression of PTPRK mRNA in Gasp " thymocytes was
determined by real-time RT-PCR. Error bars are the SD (n = 2 and 3). (B) Devel-
opmental defects in Gasp™'* mice are thymocyte intrinsic. Bone marrow cells
from CD45.1 Gasp = mice were injected into lethally irradiated CD45.2 Gasp™'~
mice or vice versa. After 2 months, cells from indicated organs were stained with
CD4, 8,45.1, and 45 2. Results are representative of more than two independent
mice. (C) Proportion of post-selected CD69~ TCRM DP cellsin Gasp™'~ and Gasp™™
mice. Results are representative of four independent experiments. (D) Sorted DP
thymocytes from Gasp ™ and Gasp ~/~mice were activated with plate-bound €D3
+ 28 Ab overnight, then stained with CD69. Results are representative of more
than three independent experiments. (€) DP cells from Gasp ™'~ mice were stim-
ulated with anti-CD3 mAb followed by anti-hamster IgG, then Ca?" concentra-
tion was measured by using Fura2-AM. Results are representative of three inde-
pendent experiments. (F) DP thymocytes were activated by the indicated stimuli
(2 min for anti-CD3 and 3 + 28, 5 min for PMA+ lono), then Western blotted with
phosphorylated-ERK-, SLP76-, and PLCy-specific antibody. Results are represen-
tative of more than three independent experiments.

Reduction of CD6Y TCRMDP in Gasp™ “mice and the disap-
pearance of D4 CD8" post-selected cells (2) m OT-1 TCR Tg
thymocytes also indicate that the defect in positive selection is
relatively early and affects both CD4 and CDS lineages. We tound
that a large part of peripheral Gasp T cells are actively prolif-
crating without antigenic stimulation. and that is why the peripheral
phenotype of Gasp™ ~ mice is much milder than that in the thymus.
Because we do not observe any signs of autoimmune symptom in
even > l-year-old Gasp  mice, these proliferating T cells are not
autoreactive, but expand by homeostatic proliferation. We always
observed severer reductions in CD4-SP cells than CDS-SP cells in
the periphery of Gasp™  mice. Furthermore. higher expression ot
CD62L in Gasp™ ~ CDS-SP cells could explain preferential migra-
tion of CDS-SP cells into lvmph nodes.

Our finding that Gasp constitutively associated with Grb2 is quite
intriguing and provides some possible links to hypothesize its
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Fig. 6.  Gasp associates with Grb2. (4) HEK293T cells were transfected with
myc-tagged Grb2, SH2-deleted Grb2 (Grb2-SH2-myc), N-/C-terminal SH3 mutant
(Grb2-49L/203R-my¢), and Flag-tagged Gasp. Lysates were immunoprecipitated
with anti-Flag mAb then blotted with the indicated Abs (B) myc-Grb2, Grb2-
491/203R, C-terminal SH3 mutant (Grb2-203R-myc) .and Flag-Gasp were trans-
fected and immunoprecipitated with anti-myc mAb then blotted with the indi-
cated Abs. Results are representative of more than seven independent
experiments

function in positive selection. because Grb2 is an important adaptor
for Sos in the TCR-mediated signal transduction pathway. Accord-
ing to the currently well-accepted model (5. 9-11, 30), Grb2/Sos
activation is involved only in negative sclection. Because Gasp could
compete with Sos for binding to Grb2, existence of Gasp would
likely inhibit negative selection. which does not explain the current
phenotype well. However. there is no direct evidence that Sos is
required for thymic selection, because Sosl deletion is embryonic
lethal (31), and Sos2-deficient mice showed no phenotype (32).
Although an earlier study using Grb2 ™/~ mice suggested Grb2 is
involved in negative selection but not in positive selection (8), recent
results from Ick-Cre driven Grb2 conditional deficient mice suggests
that Grb2 is required for positive selection. According to these facts.
Gasp is more likely to function as an adaptor for Grb2. bringing
some unknown molecule required for positive selection to the LAT
signalosome complex. It Gasp tunctions in TCR-mediated signal
transduction. it is surprising that Gasp ™~ DP thymocytes did not
show any detect in signal transduction induced by various dose
ranges (5-0.1 pg/mL) of anti-TCR antibody. However, it is still
possible that Gasp™ = thymocytes have signaling defects when
stimulated by weaker signals or physiological MHC/peptide ligands.

In conclusion. we found a Grb2-associating protein that is
specitically expressed in the thymus and is critical in positive
selection but not in other TCR-related signal transduction events.
Detailed function of the protein in positive selection should be
studied further.

We would like to note that. during the review process of this
article, several other groups’ reports describing the same gene
under the name “Themis” were published (33-35. 40).

Materials and Methods

Mice. Gasp™ mice (CDBO574K: www.cdb.riken.jp/arg/mutant%20mice % 20list.
html) were generated as described (36, 37). The first exon of Gasp was targeted
by homologous recornbination using vector backbone DT-A/lacZ/neo with 5* and
3 flanking arms of 4 and 8 kbp, respectively. Neomycin-selected ES cell lines were
screened by PCR, and two independent mouse lines were established. Southern
blot analysis confirmed target gene deletion. The two independent mouse lines
showed identical phenotypes. OT-I, OT-ll, and HY mice have been described (14).
Al mice were housed under specific pathogen-free conditions and used in
accordance with International Medical Center of Japan institutional guidelines.

Real-Time RT-PCR. Total RNA was isolated from tissues or cells by using the RNeasy
kit {Qiagen). cONA generated by SuperScript It (Invitrogen) was analyzed by
using primers for the indicated gene and the Platinum SYBR Green qPCR-UDG
Supermix with ROX (Invitrogen). Results were normalized to $3-actin expression
levels. Primer sequences for Gasp, PTPRK, and p-actin are available on request,
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Immunoprecipitations and Western Blot Analysis. Transfection and immunopre-
cipitation were performed as described (38) with the exception of using 0.05%
Nonidet P-40 lysis buffer. Antibodies for Western blot analysis were against:
pPLCy-1, ERK, and pERK (Celi Signaiing) and pSLP76 (BD Biosciences). Anti-Gasp-
specific rabbit antiserum was generated by injection of recombinant full-length
Gasp protein. Antibodies used for immunoprecipitations were: anti-myc (9£10),
anti-HA (Roche), and anti-FLAG (M2, Sigma). Horseradish peroxidase-conjugated
anti-lgG secondary antibodies against rabbit, rat, and mouse (GE Healthcare)
were used with Lumiglo (Cell Signaling) substrate.

plasmids and Recombinant DNAs. Full-length murine Gasp cDNA was PCR-cloned
using IMAGE clone 40130002 (OpenBiosystems) as template into pcDNA3 vector
to generate Gasp-HA. To generate Gasp-APro-HA, the proline-rich sequence
SSSPPPRPPKHP of Gasp was deleted by site-directed PCR mutagenesis. A BamH|
and Xbal fragment from pSVEGrb49L or pSVEGrb49L/203R (kind gifts from Rob-
ert Weinberg, Whitehead Institute, Cambridge, MA) was cloned into to
pcDNA3. 1 to generate Grb2(203R)-myc and Grb2(49L/203R)-myc. Grb2-myc and
Grb2-ASH2-myc were kind gifts from Kazuo Sugamura, Tohoku University, Sen-
dai, Japan.

Establishment of CD8* and CD4* T Cell Lines. The CD8" or CD4 " T cell lines were
established in vitro by stimulating splenocytes from Gasp*’* and Gasp™ " mice
after depleting CD4" or CD8" cells, with BALB/c (allogeneic) splenocytes or
syngeneic splenocytes in the presence of 2C11 (1 ug/mlL). T cell lines were main-
tained by biweekly stimulations in complete DMEM supplemented with 10%
prescreened FCS and 5% conditioned medium that was prepared from culture
supernatant of rat splenocytes stimulated with Con A for 48 h.

Cell-Mediated Lymphocytotoxicity Assay. Graded numbers of anti-H-2¢ CD8" T
cells were incubated with 5,000 5'Cr-labeled P815 (H-29 mastcytoma) or EL4 (H-2P
T lymphoma) for 4 h. The supernatants were harvested with the Skatron harvest-
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ing system, and radioactivities in the supernatants were measured with a gamma
counter. Assays were performed in triplicate

Cell Stimulatien Assays. CD4CD8 DP thymocytes were sorted (FACSAria Ii; Becton
Dickinson) and stimulated with soluble or plate-bound anti-CD3 (dlone 2C1 1) and
anti-CD28 antibody each at 5 ug/ml for the indicated times. After 24 h of
stimulation IL-2 production was measured in supernatant by mouse IL-2 ELISA
Ready-SET-Go! (Ebioscience). Analysis of pERK used CD3 or CD3+ (D28 at 5 pg/mi
and goat anti-hamster (GAH) Ab at 40 pug/mL.

Ca?* Mobilization Measurements. Sorted CD4CD8 DP cells were labeled with 3
1M Fura2-AM (Molecular Probes/invitrogen) for 1 h at 37 °C. Cells were washed
with ice-cold PBS and resuspended in Ringer’s solution. Five million cells were
surface-labeled with CD3 or CD3 - 28 at 5 ug/mL on ice for 20 min. Labeled cells
were washed and warmed up for 5 min in a cuvette, then cross-linked with 40
ug/ml GAH and analyzed with a fluorescence spectrophotometer (Hitachi
F-2500) for fluorescence intensity every 10 s for up to 10 min.

BrdU Administration and FACS Analysis. Mice were fed 0.8 mg/mL BrdU (Nacalai
Tesque) for 5 days in drinking water. Antibodies used for staining were phyco-
erythrin (PE)-antiCD4 (GK1.5; Ebioscience), allophycocyanin (APC)-antiCD8 (53—
6.7; Biolegend). and FITC-antiBrdu (3D4; BD Pharmingen). Cells were isolated
from spleens and mLN, surface-stained for CD4-PE and CD8-APC, and stained for
BrdU incorporation as described (39).
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Rac GTPases consist of Rac1, 2 and 3, and each of them have redundant and differential functions. Rac1 is
the most ubiquitously and abundantly expressed of the three and has been shown to work as a “molecular
switch” in various signal transduction pathways. Although Rac1 and Rac2 are both activated by TCR
ligation, little is known about the function of Rac GTPases in the development and activation of T cells.
in order to investigate the precise function of Rac GTPases in T cells in vivo, we established dominant
negative Rac1 transgenic (dnRac1-Tg) mice controlled by the human CD2 promoter. Total numbers of
thymocytes of dnRacl-Tg mice were significantly decreased because of impaired transition from the
CD4CD8 double negative stage to the CD4CD8 double positive (DP) stage. Although positive selection
of CD4 single positive (SP) was not altered, positive selection of CD8-SP was slightly increased. On the
contrary, the number of mature CD4-SP and CD8-SP cells in the spleen, mesenteric lymph nodes and
peripheral blood was severely decreased in dnRac1-Tg mice. Proliferation of splenic CD4-SP cells upon
TCR stimulation in vitro was unaltered, however, homeostatic proliferation of dnRac1-Tg splenic CD4-SP
cells in lymphopenic mice was severely reduced. Finally, we found increased spontaneous apoptosis of
DP thymocytes and mature T cells in dnRac1-Tg mice, possibly because of reduced phosphorylation of Akt
with or without TCR stimulation. Collectively, the current results indicate that Rac GTPases are important
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in survival of DP thymocytes and mature T cells in vivo by regulating Akt activation.
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1. Introduction

Rac belongs to the Rho family of small guanosinetriphosphatases
(GTPases), and is a critical signaling regulator acting as a molecular
switch in mammalian cells { 1-4]. Rac consists of three independent
genes; Racl is expressed ubiquitously, Rac2 is expressed only in
hematopoietic cells, and Rac3 is expressed mainly in the brain [ 1-5].
Rac1 regulates various cellular functions such as cellular growth,
cytoskeletal rearrangement, and apoptosis [6-8]. Rac2 is important
for superoxide production, phagocytosis by neutrophils, regulation
of leukocyte lineage differentiation, regulation of B cell adhesion
and immunological-synapse formation [9-11]. Rac3 is relevant to
later events in the development of a functional nervous system [12].
Because Rac1 deficient mice die in utero [13], a conditional knock-
out strategy was applied for the analysis of its function. Distinct
and critical roles of Rac1 and Rac2 in growth and engraftment of
hematopoietic stem cells [5,14,15] as well as in B cell development
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[16] were reported by using conditional knockout mice for Rac1 on
a Rac2~/~ background.

However, little is known about the function of Rac GTPases'in T
cell development and activation. Rac2-deficient mice showed nor-
mal T cell development in the thymus, defective Th1 differentiation
caused by decreased IFN-y production {17], perturbed chemotaxis
[18}, and defective T cell activation accompanied by decreased ERK
activation [19]. Overexpression of constitutively active mutants of
Rac1 (L61Rac1 and L61Y40CRac1) induced pre-T cell differentia-
tion and proliferation on a RAG~/~ background [20], and conversion
of positive selection to negative selection in the thymus [21]. The
results indicates that Rac1 regulates the strength of TCR-mediated
signal transduction, Very recently, mice with conditional disrup-
tion of both Rac1 and Rac2 in the thymus were reported and they
showed reduced development of T cell and impaired activation with
increased cell death {22 23].

Although Rac1 and Rac2 are abundantly expressed in the
thymus, we found that Rac3 too was weakly expressed in the
thymus. Because all three Rac GTPases are expressed in the
thymus, we decided to establish transgenic mice with thymocyte-
specific expression of a dominant negative mutant form of Racl
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(N17 mutation), which is known to inhibit all three Rac GTPases
[24]. Overexpression of the dominant negative (dn) RacIN17
mutant ¢cDNA in a T cell line successfully inhibited TCR/CD28-
dependent Rac signaling downstream of Vav [25,26]. In the current
study, dnRac1 transgenic (Tg) mice whose expression is controlled
by human CD2 promoter showed impaired B-selection in the
thymus and decreased numbers of peripheral mature T cells. TCR-
stimulated proliferation of dnRac1-expressing T cells in vitro was
not affected, but homeostatic proliferation of mature T cells was sig-
nificantly decreased. Spontaneous apoptosis as well as TCR-induced
apoptosis of T cells were increased with defective phosphorylation
of Akt. These results indicate that Rac GTPases are important in
proliferation, survival and homeostasis of T cells.

2. Materials and methods
2.1. Generation of dominant negative Rac1 transgenic mice

Dominant negative (N17) mutant Rac1 cDNA was cloned into the
CD2-VA cassette [27] and the construct was microinjected into male
pronuclei of C57B1/6 fertilized eggs to establish transgenic mouse
lines (hCD2-dnRac1-LCR transgenic mice: Acc. No. CDB0448T;
http://www.cdb.riken. jp/arg/mutant%20mice%20list.html).  Four
different transgene-expressing lines were obtained and line#22
which showed the highest expression was used in the current
study. The experiments described in this study were performed
in adherence to institutional ethical guidelines for animal experi-
ments and safety guidelines for gene manipulation experiments.
Approval by the Animal Use Committee of the Research Institute
of International Medical Center of Japan was obtained before the
start of the experiments.

2.2. FACS analysis and antibodies

Thymocytes and peripheral T cells were stained with various
combinations of FITC-conjugated anti-CD8 (53-6.7), anti-CD45.2
(Clone 104), PE-conjugated anti-CD4 (GK1.5), biotin-conjugated
anti-TCRB (597-H57), anti-CD5 (53-7.3) antibodies and Annexin V.
Stained cells were analyzed on a Becton Dickinson FACScan flow
cytometer using CellQuest software.

2.3. TCR-stimulation of thymocytes and splenic CD4-SP T cells

CD4-SP T cells were isolated by MACS using biotin-conjugated
anti-CD4 antibody and streptavidin microbeads (Miltenyi Biotec).
Freshly isolated thymocytes and CD4-SP splenocytes were incu-
bated with anti-CD3 and anti-CD28 mAb (10 p.g/ml each)for 20 min
on ice and washed by ice-cold PBS followed by goat antiham-
ster polyclonal antibody (40 pg/ml, Jackson ImmunoResearch Lab,
West Grove, PA) and incubated for 2 or 5 min at 37 °C. Thymocytes
and splenic CD4-SP T cells were lysed and analyzed by SDS-PAGE.
Transferred membranes were Western-blotted with following the
antibodies, anti-phopho-Erk, anti-Erk, anti-phospho-Akt (Ser473)
and anti-Akt antibodies {Cell Signaling Technology, Beverly, MA).
Detected proteins were visualized with ECL chemiluminescent sub-
strate {Cell Signaling Technology).

2.4. Active Rac pull-down assay

Activity of Rac GTPases was measured by the standard
p21-activated kinase (PAK)-binding domain assay. After 2 x 107
thymocytes were stimulated by TCR crosslinkimg, activated Rac
protein was precipitated with p21-binding domain (PBD) beads
(Upstate Biotechnology, Lake Placid, NY) and subjected to Western

blotting analysis using Rac1- (23A8, Upstate Biotechnology), Rac2-
(sc-96, Santa Cruz Biotechnology) or Rac3- [28] specific antibodies.

2.5. Labeling of CD4-SP T cells

CD4-SPT cells were labeled with 5(6-) Carboxyfluorescein diac-
etate N-succinimidyl ester (CFSE, Sigma, St. Louis, MO). Briefly,
CD4-SP T cells isolated from spleen by MACS were resuspended at a
concentration of 1 x 107 cells/ml in 5% FCS/PBS. Final concentration
of 5 .M CFSE was added to the cell suspension. After a 5 min incu-
bation period at 25 C, the excess CFSE was washed by adding 5%
FCS/PBS, and then resuspended in RPMI1640 containing 10% FCS.

2.6. Measurement of T cell growth in vitro

For proliferation assays, 96-well plates were coated with 0.1 ml
of purified anti-CD3 (5 pg/m!) and anti-CD28 antibodies (5 pg/ml),
and CFSE-labeled CD4-SP T cells were plated at a density of
2 x 105 cells and the culture was continued for 3 days at 37 C.
After incubation, CD4-SP T cells were analyzed on FACScan flow
cytometor. For MTT assays, CeliTiter 96® AQueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI) was used. For sur-
vival assays, T cells were plated at a density of 1 x 106 cells/well
in 96-well plates with or without 1 ng/ml IL-7 in a final volume of
200 pl/well.

2.7. Homeostatic proliferation analysis

Purified splenic CD4-SP T cells (2 x 10%) from dnRac1-Tgor litter-
mate control mice were injected into CD45.1, RAG~/~ mice. Fourty
days later, spleen, mesenteric lymph node and peripheral blood
were harvested and cells were analyzed by FACS using, anti-CD45.2,
anti-CD4 and anti-TCRB antibodies.

2.8. Statistical analysis

Results are expressed as the mean+ S.E.M. of three indepen-
dent experiments performed in triplicate. Student’s t-test was used
for multiple comparisons, and differences were considered to be
statistically significant when the p-value was less than 0.05 or 0.01.

3. Results

3.1. Impaired differentiation of DP thymocytes in thymi of
dnRac1-Tg mice

Both Rac1 and Rac2 are expressed in the thymus [1,20], how-
ever, expression of Rac3 in the thymus has not been characterized
yet, We found low expression of Rac3 in the thymus by RT-PCR
(Fig. 1A). However, we could not detect Rac3 protein by West-
ern blotting using Rac3 specific antisera [28] (data not shown).
Therefore, major Rac GTPases functioning in the thymus are Racl
and Rac2. To investigate the precise function of Rac GTPases in T
cell development and activation, we employed a dominant nega-
tive strategy which can suppress all three Rac GTPases [24]. We
established dominant negative Rac1 transgenic (dnRac1-Tg) mice
controlled by the human CD2 promoter containing the locus control
region [29]. Expression of introduced HA-tagged dnRac1(N17) pro-
teinin the thymus of transgenic mice was detected as an upper band
in Fig. 1B, which is also confirmed by Western biotting with anti-HA
antibody (data not shown). As expected, TCR-induced activation of
both Rac1 and Rac2 in dnRac1-Tg DP thymocytes was significantly
inhibited (Fig. 1C).

The total number of thymocytes in dnRacl-Tg mice was
decreased compared to littermate controis (2.2 +0.2 x 108 cells for
controls; 1.5+0.1 x 108 cells for dnRac1-Tg). In dnRac1-Tg mice,



