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Previous ly we demonstrated that prohibitin-1 and -2 (prohibitins) were expressed on the surface of T cell 
leukemia cell lines and activated T lymphocytes. In the present study, we found that prohibitins play a
role as counter receptors for Siglec-9 expressed on macrophages and dendritic cells. Siglec-9 bound to
prohibitins in a sialic acid-independent manner. Mutated Siglec-9 with Arg 120 changed to Ala lost the 
binding activity, suggesting a specific ionic peptide–peptide interaction. Phosphorylation of ERK1/2 in
Jurkat cells on treatment with anti-CD3 antibody immobili zed beads was markedly diminished on treat- 
ment with anti-CD3 antibody and Siglec-9 co-immobilized beads, indicating that engagement of prohib- 
itins with Siglec-9 inhibits ERK1/2 phosphorylation. Phosphorylation of c-Raf was also reduced, maybe 
due to inhibition of the c-Raf-prohibitin interaction by Siglec-9 ligation. In parallel with inhibition of
the ERK cascade, IL-2 produc tion was markedly decreased in Jurkat cells. Thus, this interaction may be
a useful immunotherapeutic target.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

Physiological interaction between T lymphocytes and antigen- 
presenting cells is required for an appropriate response to anti- 
genic stimulati on. Stimulating and inhibitory signals presente d
by dendritic cells during antigen presenta tion are integrated by T
lymphocytes and determine the final outcome of T lymphocyte 
activation. Interactions of T lymphocytes with endogen ous lectins 
such as selectins, Siglecs, and galectins regulate T lymphocyte 
functions such as trafficking, intracellular signaling and apoptosis 
[1]. Siglecs comprise a family of sialic acid-binding immunoglobu- 
lin-like lectins expressed on hematopoietic and immune cells. They 
mediate signaling as well as cell-to-cell interactio ns [2,3]. CD22 
(Siglec-2), which is a member of the Siglec family expresse d in B
lymphocytes , was originally found to be a cell adhesion molecule 
that mediates cell-to-cell communication by binding to ligands in
trans on other immune cells [4]. In mixed lymphocyte co-stimula- 
tory assays, antibodie s that inhibit CD22 binding to its ligand also 
dampened T cell activation [5]. In this context, we postulate d that 
other Siglec family members expresse d on antigen-pre senting cells 
such as macrophages and dendritic cells might play similar roles in
cell-to-cell interactions during the antigen presentation. Siglec-9 is
expressed on the surface of macroph ages and dendritic cells [6].
We found that soluble recombinant Siglec-9 could bind to T cell 
leukemia cell lines, and identified the Siglec-9 binding proteins 
ll rights reserved.
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as prohibitins (PHBs). Recent studies showed that PHBs are present 
in multiple cellular compartme nts and possess diverse functions 
[7]. Recently, we also found that PHBs are expressed on the surface 
of T cell leukemia cell lines and T lymphocytes stimulated with 
PMA/ionom ycin [8]. In the present study, we found that Siglec-9 
bound to PHBs in a sialic acid-indepe ndent manner, and co-ligation 
of CD3 and PHBs using anti-CD3 antibody and Siglec-9 co-immobi -
lized beads resulted in a dramatic decrease in ERK1/2 phosphory- 
lation, leading to reduction of IL-2 production in Jurkat cells.
Modulati on of PHB function by Siglec-9 ligation may promise to
be a powerful option for manipulation of immune responses .
2. Materials and methods 

2.1. Cells 

T cell leukemia cell lines, Molt-3 and Jurkat cells, were obtained 
from ATCC, and cultured in RPMI-1640 supplemented with 10%
heat inactivated fetal calf serum (Cell Culture Bioscience), 2 mM
L-glutamine, 50 IU/ml penicillin, and 50 lg/ml streptomyci n.
CHO-KI cells were obtained from ATCC, and cultured in OPTI- 
MEM supplemented with 2% fetal calf serum (Cell Culture Biosci- 
ence), 50 IU/ml penicillin, and 50 lg/ml streptomyci n.

2.2. Preparatio n of recombin ant Siglec-9 

FLAG-tag ged soluble Siglec-9 (WT-hsSiglec-9-FLAG) was pre- 
pared as described previously [9]. Mutated Siglec-9 with Arg 120
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changed to Ala (RA) and V-set domain deleted Siglec-9 (DV) were 
prepared as follows. These mutated and deleted Siglec-9 expres- 
sion vectors were constructed from p3xFLAG-sSiglec- 9 by PCR 
using pairs of primers, 50-GCTATGGAGAA AGGAAGTA TAAAATGG- 
30 and 50-AAAGAAGT ATCTCCCCGCATC AC-3 0 (RA), 50-TTGACCCA-
CAGGCCCAAC- 30 and 50-TGTCTGTCCTT CCGCCCTC-3 0 (DV), followed 
by ligation of the PCR products. The resulting constructs were 
transfected into CHO-KI cells using FuGENE HD transfecti on re- 
agent (Promega) and recombinant proteins were obtained from 
the conditioned medium. WT-, RA-, and DV-hsSiglec-9-agar oses 
were prepared by incubation of WT-, RA-, and DV-hsSiglec-9- FLAG 
with anti-FLAG-agaros e (SIGMA) at 4 �C overnight, respectivel y.
2.3. Flow cytometry 

Expression of Siglec-9 binding proteins on the surface of T cell 
leukemia cell lines was analyzed by flow cytometry using WT- 
hsSiglec-9-F LAG and FITC-conj ugated mouse anti-FLAG antibody 
successively .
2.4. Preparation of Siglec-9-imm obilized resin 

FLAG-tagged Siglec-9-im mobilized agarose (WT-hsSiglec-9- 
agarose) was prepared by incubation of WT-hsSig lec-9-FLAG 
(4 lg protein) with anti-FLAG-agaros e, the amount of which is
capable of binding to 6 lg FLAG peptide, at 4 �C for 3 h. RA- and 
DV-hsSiglec-9- agarose were prepared similarly. Fc-tagged Siglec- 
9-immobilized beads (Siglec-9-beads) were prepared by incuba- 
tion of protein A-conjugated magnetic beads (protein A-beads, Mil- 
lipore), the amounts of which are capable of binding to 6.25 lg
rabbit IgG, with 5 lg Fc-tagged Siglec-9 (R&D) at 4 �C for 3 h.
2.5. Detection of Siglec-9 binding proteins on the surface of T cell 
leukemia cell lines 

Cell surface proteins of T cell leukemia cell lines were labeled 
with biotin using EZ-Link sulfo-NHS biotin (Thermo Scientific)
according to the manufac turer’s instructions. After washing with 
PBS containing 0.1 M glycine, the cells were solubilized with lysis 
buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,
2 mM EDTA, and 1% protease inhibitor cocktail (Nacalai Tesque)).
WT-hsSiglec -9-agarose was added to the cell lysate (1 mg pro- 
teins), followed by stirring at 4 �C overnight. After washing with 
the lysis buffer, the precipitated proteins were subjected to SDS–
PAGE and Western blotting. After blocking with PBS containing 
5% BSA, the membran es were treated with streptavidin -HRP (Invit-
rogen). The bands were visualized using an ECL system (GE
Healthcare).
2.6. Immunochem ical identification of Siglec-9 binding proteins 

Molt-3 cells were solubilized with the lysis buffer. WT-hsSig lec- 
9-agarose and Siglec-9-bea ds were added to the cell lysates 
(100 lg protein), followed by stirring at 4 �C overnight. After wash- 
ing with lysis buffer, the precipitated proteins were subjected to
SDS–PAGE and Western blotting. After blocking with PBS contain- 
ing 5% BSA, the membranes were treated with mouse anti-PHB1 
antibody (Neo Markers, clone II-14-10) and rabbit anti-PHB2 anti- 
body (BETHYL), and successively with HRP-conjugate d anti-mouse 
IgG antibody and HRP-conjugate d anti-rabbit IgG antibody (Invit-
rogen), respectively. The bands were visualized as described above.
2.7. Treatmen t of Molt-3 cells with neuraminidase or sodium 
metaperio date 

Molt-3 cells (5 � 106 cells) were treated with 200 mU/ml neur- 
aminidas e (Arthrobacter ureafaciens , nacalai tesque) at 37 �C for 1 h
or with 2 mM NaIO 4 on ice for 30 min in PBS.

2.8. Binding of mutated and deleted Siglec-9 to PHBs 

Lysates of Molt-3 cells were incubated with WT-hsSiglec -9-aga- 
rose, RA-hsSig lec-9-agarose, or DV-hsSiglec- 9-agarose, and stirred 
at 4 �C overnight. A control experiment was performed using anti- 
FLAG-aga rose. Detection of PHBs was performed as described 
above, and the FLAG-tag was also detected with HRP-conj ugated 
anti-FLAG antibody.

2.9. Preparatio n of artificial antigen-pres enting beads 

Siglec-9 and/or anti-CD3 antibody-im mobilized beads were 
prepared as follows. Anti-CD3 antibody-imm obilized beads (anti-
CD3-bead s) and Siglec-9-immo bilized beads (Siglec-9-beads) were 
prepared by incubation of protein A-beads, the amounts of which 
are capable of binding to 6.25 lg rabbit IgG, with mouse anti-hu- 
man CD3 antibody (0.5 lg protein, Millipore, clone UCHT1) and 
with Fc-tagged Siglec-9 (1 lg protein, R&D) at 4 �C for 3 h, respec- 
tively. Fc-tagged Siglec-9 and anti-CD3 antibody co-immobilize d
beads (Siglec-9-anti-CD3-beads ) were prepared by incubation of
the same amounts of protein A-beads as described above with 
Fc-tagged Siglec-9 (1 lg protein) and anti-CD3 antibody (0.5 lg
protein) at 4 �C for 3 h. Throughout the experiments using Siglec- 
9 and/or anti-CD3 antibody-im mobilized beads, T cells were trea- 
ted with constant amounts of anti-CD3 antibody -immobilized 
beads. This amount of anti-CD3 antibody is enough for maximum 
stimulati on of Jurkat cells (5 � 104 cells) based on the level of
ERK1/2 phosphorylatio n.

2.10. Treatment of Jurkat cells with anti-CD3 antibody and Siglec-9 

Jurkat cells (5 � 104 cells) were treated with anti-CD3-bead s to
induce TCR signaling. When the effects of Siglec-9 were examined,
Jurkat cells were treated with anti-CD3 antibody and Siglec-9 un- 
der three different conditions using Siglec-9-ant i-CD3-beads, Sig- 
lec-9-bea ds and anti-CD3 -beads, or soluble Siglec-9 and anti- 
CD3-bead s, respectively . Jurkat cells (5 � 104 cells) were treated 
with anti-CD3 -beads, or Siglec-9-anti-CD 3-beads as described 
above at 37 �C for 3–60 min. The cell lysates were subjected to
SDS–PAGE and Western blotting. After blocking with PBS contain- 
ing 5% BSA, the membranes were treated with mouse anti-phos- 
phorylated ERK1/2 antibody (CST) and rabbit anti-ERK1/2 
antibody (CST), followed by detection with HRP-conj ugated anti- 
mouse IgG antibody and HRP-conjugate d anti-rabbit IgG antibody 
(Invitrogen), respectively . The bands were visualized as described 
above and their intensities were determined with Image J software.

2.11. Transfection of siRNAs 

To reduce PHB1 expression by RNA interference, Jurkat cells 
(2 � 105 cells) were cultured in 6-well plates and siRNA specific
for PHB1 or luciferase (control) was transfected using Lipofect- 
amine RNAiMAX (Invitrogen). The following siRNAs were used in
this study, (1) luciferase specific siRNA: 50-AACUUACG CUGAGUA- 
CUUCGA -30 and 50-UCGAAGUA CUCAGCGUAA GUU-3 0, (2) PHB1 
specific siRNA mixture: 50-CUUCAGAU CUCUAAUUAG U-3 0 and 50-
ACUAAU UAGAGAUCUGA AG-3 0, 50-GAGCACAG GUGUCUGCCUA -30

and 50-UAGGCAGACACC UGUGCUC-3 0, 50-CAGGUGAGCGA CGACC 
UUA-30 and 50-UAAGGU CGUCGCUCACC UG-3 0.



Fig. 1. Analysis of Siglec-9 binding proteins on the surface of T cell leukemia cell lines. (A) T cell leukemia cell lines, Molt-3 and Jurkat cells, were incubated with WT-hsSiglec- 
9-FLAG (solid line) or without WT-hsSiglec-9-FLAG (control, filled histogram), successively with FITC conjugated anti-FLAG antibody, and analyzed by flow cytometry. (B) Cell 
surface proteins on Molt-3 cells were labeled with biotin as described under Section 2. Anti-FLAG-agarose (Siglec-9: �) or WT-hsSiglec-9-agarose (Siglec-9: +) was added to
the cell lysates, and precipitated proteins were analyzed as described under Section 2.
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After 3 days, the cells were used for analysis of ERK signaling as
described above.

2.12. Measurement of cytokine level 

Jurkat cells (1 � 105 cells) were cultured in the presence of anti- 
CD3-beads or Siglec-9-ant i-CD3-beads at 37 �C for 48 h and the 
level of IL-2 in the condition ed medium was determined using a
Human IL-2 ELISA Kit (eBioscience) according to the manufac -
turer’s instructions.

2.13. Statistical analysis 

Student’s t test was used to determine the significance of differ- 
ences between sample means, p < 0.05 being considered 
significant.

3. Results and discussion 

3.1. Identification of Siglec-9 binding protein on the surface of T cell 
leukemia cell lines 

First, we examined the expression of Siglec-9 binding proteins 
on the surface of T cell leukemia cell lines, Molt-3 and Jurkat cells,
using FLAG-tagged recombinant Siglec-9. Because Siglec-9 is ex- 
pressed on the surface of macroph ages and dendritic cells [6],
and exhibits relatively wide sugar specificity, binding of Siglec-9 
to the cell surface of T cell leukemia cell lines was examined by
flow cytometry. Siglec-9 bound to the cell surface of these cells 
(Fig. 1A). To detect the cell surface binding protein for Siglec-9, cell 
surface proteins were labeled with biotin, and WT-hsSiglec-9 -aga- 
rose was added to cell lysates of T cell leukemia cell lines. The pre- 
cipitated proteins were subjected to SDS–PAGE, followed by
Western blotting and detection of biotin-labeled proteins. Two 
proteins with molecular masses of about 28 and 31 kDa (arrow
heads) were commonly detected (Fig. 1B). To identify these pro- 
teins, lysates of Molt-3 cells were subjected to affinity chromatog- 
raphy on WT-hsSig lec-9-agarose, and the eluted proteins were 
subjected to SDS–PAGE, followed by silver staining (Supplemen-
tary Fig. 1A). The protein bands correspondi ng to molecular 
weights of 28 and 31 kDa were cut from the gel, digested with 
trypsin, and subjected to PMF analysis (Supplement ary Fig. 1B
and Table 1). The analyzed set of peptide sequences coincided well 
with parts of the PHB1 and 2 protein sequences.
3.2. Binding of Siglec-9 to PHBs 

Siglec-9 binding proteins were prepared using both Fc-tagged 
Siglec-9 and FLAG-tagged Siglec-9. The protein bands with molec- 
ular weights of 28 and 31 kDa were commonly detected, indicating 
that Siglec-9 could bind to PHBs irrespective of valency and tag 
form (Fig. 2A). Since PHB1 has two putative N-glycosylati on sites 
[10], Siglec-9 may bind to the carbohydrat e moiety of PHB1. To
cleave sialic acid residues, Molt-3 cells were treated with neur- 
aminidas e or sodium metaperiodate as described under Materials 
and methods. It is generally known that binding of Siglecs to sialo- 
glycans is abolished by neuraminidas e or mild metaperiodate 
treatment [11]. WT-hsSiglec -9-agarose was added to the lysates,
and the precipitated proteins were analyzed as described above.
PHB1 and 2 were precipitated by WT-hsSiglec-9 -agarose even after 
treatment with neuraminidase or sodium metaperiodate , indicat- 
ing that sialic acid is not responsible for the interaction between 
Siglec-9 and PHBs (Fig. 2B). It has been reported that Siglec-5, -6,
and -9 bind to cell wall-anchored b protein [12], leptin [13], and 
vascular adhesion protein-1 [14], respectively , in a sialic acid-inde -
pendent manner. Next, we prepared mutated and deleted forms of
recombin ant Siglec-9. RA-hsSiglec -9 is a mutated recombinant Sig- 
lec-9 with Arg 120 changed to Ala, which is an essential amino acid 
for the interaction with sialic acid [11]. DV-hsSiglec- 9 is a recom- 
binant Siglec-9 with the V-set domain deleted, this domain being 
an essential portion including Arg 120 for the binding to sialogly- 
cans. WT-, RA-, or DV-hsSiglec- 9-agarose was added to the lysates 
of Molt-3 cells, and the precipitated proteins were analyzed as de- 
scribed above. Unexpected ly, the binding activities of RA- and DV-
hsSiglec-9 were completely abolished (Fig. 2C, lanes (c) and (d)),
indicating that the Arg 120 residue and V-set domain were essential 
for the binding as well as that of Siglec-9 to sialoglycans . It is spec- 
ulated that the anionic charge in the peptide portion of PHBs may 
be essential for the interaction with the Arg residue of Siglec-9. The 
molecula r surface of PHB1 presents a mixed arrangem ent of elec- 
tropositiv e and electronega tive patches [15]. These electronega tive 



Fig. 2. Characteristics of the interaction between Siglec-9 and PHBs. (A) Siglec-9-binding proteins were precipitated from lysates of Molt-3 cells using WT-hsSiglec-9-agrose 
or Siglec-9-beads. The precipitates were subjected to SDS–PAGE and Western blotting, followed by detection of PHB1 and 2. (B) Molt-3 cells were treated with neuraminidase 
(SAase) or NaIO 4 as described under Section 2. Cell surface proteins on Molt-3 cells were labeled with biotin, and WT-hsSiglec-9-agarose was added to the cell lysates. Siglec-9 
binding proteins were analyzed as described under Section 2. (C) Siglec-9 binding proteins were precipitated from lysates of Molt-3 cells using anti-FLAG-agarose (a), WT- 
hsSiglec-9-agarose (b), RA-hsSiglec-9-agarose (c), and DV-hsSiglec-9-agarose (d). The precipitates were subjected to SDS–PAGE and Western blotting, followed by detection 
with anti-PHB1, 2, and anti-FLAG antibodies.
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patches may be responsible for the binding to the Arg residue of
Siglec-9.
3.3. Down-modulati on of TCR signaling by interaction of Siglec-9 with 
PHBs in Jurkat cells 

Previously, we demonstrat ed that PHB1 and 2 are expressed on
the surface of Jurkat cells and their distribut ion was not uniform,
but patchy on the cell surface, and that PHB1 and 2 were com- 
pletely co-localized with CD3 [8], suggestin g that PHBs are located 
in the lipid rafts including CD3-TCR complexes, and relevant to TCR 
signaling. Since Jurkat cells possess TCR signaling system, we
examined TCR-mediated signaling using Jurkat cells. The ERK fam- 
ily has been found to be required for stimulation of IL-2 transcrip- 
tion [16,17]. Therefore, we examined the phospho rylation of ERK1/ 
2 by engagement of CD3 with anti-CD3 antibody immobilized arti- 
ficial antigen-presen ting beads (anti-CD3-beads). At 30 min after 
stimulation, cell lysates were subjected to SDS–PAGE, followed 
by Western blotting. Phosphorylate d and total ERK1/2 were de- 
tected on a PVDF membrane. Phosphorylation of ERK1/2 was 
markedly elevated by treatment with anti-CD3-be ads (Fig. 3A(a)).
Next, we examined the effect of engagement of PHBs with Siglec- 
9 on the ERK1/2 phosphorylatio n. Generally, the effect of accessory 
molecules on TCR-medi ated signaling seems to be dependent on
their spatial distribution in relation to TCR. Thus, Jurkat cells were 
treated with anti-CD3 antibody and Siglec-9 under three different 
conditions, as follows. Jurkat cells were treated with Siglec-9-ant i-
CD3-beads (Fig. 3A(b)), Siglec-9-bea ds and anti-CD3 -beads 
(Fig. 3A(c)), or anti-CD3-be ads in the presence of soluble Siglec-9 
(Fig. 3A(d)). Phosphor ylation of ERK1/2 was examined as described 
above. A prominent inhibitory effect of Siglec-9 was detected only 
when the cells were treated with Siglec-9-anti-CD 3 beads. A slight 
or negligible effect of Siglec-9 was detected under the other condi- 
tions. To determine whether or not the binding level of Siglecs as to
PHBs are related with their inhibitory effect on ERK1/2 phospho r-
ylation, similar experiments involving Siglec-5 and -7, which are 
also expresse d in macroph ages and dendritic cells, were per- 
formed. Although these Siglecs possess similar sugar binding spec- 
ificity to that of Siglec-9, Siglec-5 and -7 bound slightly to PHBs 
(Supplement ary Fig. 2A). In parallel with the binding level, these 
Siglec-bead s co-immobilize d with anti-CD3 antibody hardly inhib- 
ited the phosphoryla tion of ERK1/2 (Supplement ary Fig. 2B) sug- 
gesting that the interaction of Siglecs with PHBs is essential to
inhibit TCR signaling. Next, we investigated the time course of
ERK1/2 phosphorylatio n after treatment with anti-CD3 -beads or
Siglec-9-ant i-CD3-beads. Phosphor ylation of ERK1/2 started at
10 min after stimulation with anti-CD3 antibody and peaked at
30 min, and was clearly inhibited by Siglec-9. At 30 min, about 
80% and 70% of the phosphorylated ERK1 and ERK2, respectivel y,
were reduced (Fig. 3B and C), indicating that interaction of Sig- 
lec-9 with PHBs may interfere with the ERK cascade. Rajalingam 
et al. demonstrated that PHB1 is required for Ras mediated Raf 
activation in epithelial cancer cells [18]. Therefore, we next exam- 
ined the phosphoryla tion of c-Raf in Jurkat cells treated with anti- 
CD3-bead s or Siglec-9-ant i-CD3-beads as described above. Ele- 
vated phosphoryla tion of c-Raf was detected at 10 min after stim- 
ulation. Siglec-9 reduced the level of c-Raf phosphoryla tion to
about 60% at 30 min compared with that in a control experiment 
(Supplement ary Fig. 3A and B). Blocking of the ERK cascade is ex- 
pected to lead in down-regul ation of IL-2 production. Jurkat cells 
were cultured for 2 days in the presence of anti-CD3-be ads or Sig- 
lec-9-ant i-CD3-beads. The level of IL-2 in the conditioned medium 
was determined by ELISA. As expected , production of IL-2 was 
markedly inhibited by Siglec-9 (Fig. 3D).
3.4. TCR signaling in PHB1 down-mo dulated Jurkat cells 

To further confirm the regulator y function of PHBs, we tried to
reduce the expression of PHB1 in Jurkat cells by PHB1 specific siR- 
NA treatment. Jurkat cells were treated with siRNA specific for 
PHB1 or luciferase (control) as described under Materials and 
methods . Expression of PHB1 was reduced to about 40% of that 
in control siRNA-tr eated cells (Fig. 4A). PHB1 or luciferase specific
siRNA transfected Jurkat cells were treated with anti-CD3 -beads 
or Siglec-9-anti-CD 3-beads and phospho rylated ERK1/2 was de- 
tected as described above. The level of phosphoryla ted ERK1/2 
was not reduced as much as that in the control cells by Siglec-9 
ligation, which may be due to reduced expression of PHB1 
(Fig. 4B and C). However, unexpectedl y the level of phospho ry- 
lated ERK1/2 in PHB1 specific siRNA-transfected cells was similar 
to that in the control cells (Fig. 4B, lanes 1 and 4). ERK1/2 is phos- 
phorylated in T lymphocytes by stimulati on with anti-CD3 anti- 
body before PHBs are expressed on the cell surface [19],
indicating that ERK1/2 could be phosphoryla ted through TCR sig- 
naling without PHBs expressed on the cell surface. There is a pos- 
sibility that B-Raf, which has been revealed not to bind to PHBs 
[18], may participa te in the TCR signaling pathway before PHBs 
are expressed on the cell surface, maybe forming the Ras-B-Ra f-
MEK-ERK route. Rajalingam et al. proposed that PHB1 might play 
a role in the plasma membrane scaffold that ensures the Ras-c-Raf 
interactio n [18], this being consistent with the report that there is
functiona l redundancy between c-Raf and B-Raf [20]. Stomatin- 



Fig. 3. Inhibition of TCR-mediated signaling and IL-2 production by Siglec-9. (A) Jurkat cells (5 � 104 cells) were stimulated with anti-CD3-beads at 37 �C for 30 min (a). The 
effect of Siglec-9 was examined as follows. Jurkat cells were incubated at 37 �C for 30 min in the presence of Siglec-9-anti-CD3-beads (b), Siglec-9-beads and anti-CD3-beads 
(c), or soluble Siglec-9 and anti-CD3-beads (d). Cell lysates were subjected to SDS–PAGE and Western blotting, followed by detection of phosphorylated ERK1/2 (p-ERK1/2)
and ERK1/2. (B) Jurkat cells (5 � 104 cells) were treated with anti-CD3-beads (Siglec-9: �) or Siglec-9-anti-CD3-beads (Siglec-9: +) at 37 �C for 3–60 min. p-ERK1/2 and ERK1/ 
2 were detected as described above and representative data are shown (n = 3). (C) The levels of p-ERK1/2 and ERK1/2 obtained from cells treated with anti-CD3-beads 
(control, opened bars) or Siglec-9-anti-CD3-beads (closed bars) as in B were compared. Histogram shows the relative intensities of p-ERK1/2/ERK1/2. The value for the control 
experiment was taken as 1. Data are expressed as means ± SD (n = 3, ⁄⁄p < 0.01). (D) Jurkat cells (1 � 105 cells) were cultured in the presence of anti-CD3-beads or Siglec-9- 
anti-CD3-beads at 37 �C for 48 h, and then the level of IL-2 in conditioned medium was measured. Histogram shows the level of IL-2 in conditioned medium of Jurkat cells.
Data are expressed as means ± SD, (n = 4, ⁄⁄p < 0.01).

Fig. 4. Effect of PHB1 knockdown on Siglec-9 mediated inhibition of ERK1/2 phosphorylation. Jurkat cells were treated with siRNA specific for luciferase (control, siLuc cells)
or PHB1 (siPHB1 cells) as described under Section 2. (A) Lysates of siLuc and siPHB1 cells were subjected to SDS–PAGE and Western blotting, followed by detection of PHB1 
and b-actin. (B) siLuc and siPHB1 cells (5 � 104 cells) were treated with anti-CD3-beads or Siglec-9-anti-CD3-beads at 37 �C for 30 min, and phosphorylated ERK1/2 (p-ERK1/
2) and ERK1/2 were detected as described under Section 2. Representative data are shown (n = 4). (C) The levels of p-ERK1/2 and ERK1/2 obtained from siLuc and siPHB cells 
treated with anti-CD3-beads (control, opened bars) or Siglec-9-anti-CD3-beads (closed bars) as in B were compared. Histogram shows the relative intensities of p-ERK1/2/ 
ERK1/2. The value for the control experiment was taken as 1. Data are expressed as means ± SD (n = 4, ⁄p < 0.05, NS; not significant).
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like protein-2, which is a member of the SPFH superfamily includ- 
ing PHBs and which constitutes a membrane-associ ated complex 
including PHBs at T cell immunolog ical synapse, is an important 
player in T cell activation by ensuring sustained TCR signaling 
[21]. Thus, we speculate that after activation of T lymphocy tes,
PHBs may be incorporate d into the TCR signaling pathway, form- 
ing the Ras-(PHB)-c-Raf-MEK-ERK route, and that PHBs may affect 
the signaling effectivenes s. Therefore, silencing of PHB1 did not 
have a critical effect on TCR signaling. However, in Jurkat cells 
expressing PHBs on their cell surface, anti-PHB antibodies and Sig- 
lec-9 effectively inhibited anti-CD3 antibody -induced TCR signal- 
ing, resulting in suppression of ERK1/2 phosphorylatio n.
Conformati onal change of PHB itself and/or PHB-containin g mem- 
brane complex caused by ligation with anti-PHB antibodies and 
Siglec-9 may disturb the ordered arrangement of signaling mole- 
cules involved from Ras to ERK in the plasma membrane, maybe 
leading to significant inhibition of TCR signaling. These issues 
are currently under investigatio n.
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IL-2 production is one of the most critical events of ERK-medi- 
ated T cell activation. IL-2 production is markedly reduced in par- 
allel with the reduction of ERK1/2 phosphoryla tion by Siglec-9 
treatment. We need to make sure that Siglec-9 expressed on the 
surface of antigen-presen ting cells actually interacts with PHBs 
on the surface of T lymphocytes . A study along these lines is cur- 
rently under investigatio n. Recently , we also reported that treat- 
ment of Jurkat cells with anti-CD3 antibody and anti-PHBs 
antibodies co-immobil ized beads markedly reduced the phospho r-
ylation of ERK1/2 [8]. Thus, the ability to modulate the activated T
cell response by treatment with Siglec-9 or anti-PHB1 and 2 anti- 
bodies indicates that PHBs may be a potentially useful target for 
immune regulatio n.
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