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Development of Novel Monoclonal Antibody 4G8 against
Swine Leukocyte Antigen Class I o Chain

WEL-RAN TANG,! NOBUTAKA KIYOKAWA,! TOMOKO EGUCHI,? JUN MATSUL! HISAMI
TAKENOUCHI,' DAISUK HONMA,> HIROSHI YASUE,? SHIN ENOSAWA,2 KENICHI MIMORI,!
MITSUKO ITAGAKI,! TOMOKO TAGUCHI,! YOHKO U. KATAGIRI,! HAJIME OKITA,! HIROSHI
AMEMIYA,? and JUNICHIRO FUJIMOTO!

ABSTRACT

A mouse monoclonal antibody (MAb) was generated against swine leukocyte antigen (SLA} class I o chain.
A newly developed series of MAD clones that react with pan leukocytes were selected and tested by immuno-
histochemistry using SLA class I & chain expressing Cos-7 cells. Among them, MAb 4G8 was characterized
by the following features: (1) 4G8 reacted with Cos-7 cells transfected with SLA class I a chain from the d
haplotype, (2) 4G8 recognized epitopes that were different from those of commercially available anti-SLA
class I MAbs 74-11-10 and PT85A, and (3) 4G8 could be used to immunostain frozen sections of thymus,
spleen, lymph node, kidney, and liver tissues with good results.

INTRODUCTION

THE PORCINE SYSTEM has received much attention as a suit-
able model for transplantation medicine. Therefore, an ac-
curate understanding of human immune responses to porcine
tissues has become increasingly important. However, the de-
tails of the porcine immune system, especially those features
that are novel to the pig, remain unclear. We thus attempted to
develop new MAbs that could be used to analyze the porcine
immune system.

The immune response to foreign antigens is determined by
the expression of specific major histocompatibility complex
(MHC) molecules that can bind and present peptide fragments
of that protein to T cells. There are two different types of MHC
gene products, termed Class I and Class II MHC molecules,
and any given T cell recognizes foreign antigens bound to only
one Class I or Class I1 MHC molecule. Antigens associated with
Class I molecules are recognized by CD8* cytolytic T cells,
whereas class I{-associated antigens are recognized by CD4*
helper T cells. Class I molecules are located on every nucle-
ated cell surface, except those of neurons and trophoblasts. In
contrast, the expression of Class II molecules is limited to cer-

tain cell types. In pigs, MHC molecules are known as swine
leukocyte antigens (SLA). All SLA class I molecules contain
two separate polypeptide chains: an MHC-encoded « chain of
45 kD and a nen—MHC-encoded g8 chain of 12 kD.

Recently, the profound involvement of SLA Class I mole-
cules in human anti-porcine cell reactions has been described.
Several studies have shown that human T cells can directly rec-
oghize porcine MHC molecules and that such recognition can
lead to the killing of the porcine cells. Porcine cells have re-
cently been shown, moreover, to be targets for human NK cells.
Since human MHC class I molecules deliver a negative signal
to human NK cells, protecting syngeneic cells from lysis, we
surmised that differences in the gene sequences of porcine MHC
class I molecules may be responsible for the lack of recogni-
tion by human NX cell receptors and subsequent cytolysis of
the porcine cells. In addition, it was reported that a single treat-
ment with a monoclonal antibody (MADb) directed against the
SLA class I provides an attractive approach to the induction of
T cell tolerance, possibly enabling long-term graft survival in
porcine-to-human cell transplantations.t™ These studies indicate
that SLA class I molecules play critical roles in transplantation
medicine.
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Here, we report a novel MAb 4G8 against the SLA class I
« chain that was proven to be different from four commercially
available anti-SLA class I MAbs. The utilization of 4G8 in tis-
sue sections was also examined.

MATERIALS AND METHODS

Animals and tissues

Landrace or (Landrace X Large White} F! pigs were used
in this study. Peripheral blood (PB} and tissues were obtained
from anesthetized animals and were processed. PB was col-
lected in acid citric buffer to avoid coagulation, Tissues were
immediately snap frozen and kept in the deep freezer until use.

Monoclonal antibodies

PB leukocytes were treated using RBC lysis with NH,Cl ly-
sis buffer followed by centrifugation at 1,500 rpm for 10 min.
After washing twice in phosphate-buffered saline (PBS), ap-
proximately 1 X 108 cells were injected into the abdominal cav-
ity of 8-week-old female Balb/c mice. Boost injections were
performed twice at 2-week intervals. At 4 days after the last
boost, splenocytes were fused with P3U1 mouse myeloma cells
and incubated in hypoxanthine and thymidine (HAT) medium.
Supernatants of growing hybridomas were screened on porcine
PB leukocytes by flow cytometry and clones secreting anti-
bodies reactive with porcine PB leukocytes were subcloned
twice by limiting dilution. Clones were grown in the abdomi-
nal cavity of Pristane-treated Balb/c mice, and ascites were ob-
tained. Purification of MAbs was performed by Protein-A or
Protein-G column (Bio-Rad Laboratories, Hercules, CA). Af-
ter purification, MAb was fluorescence isothiocyanate (FITC)
conjugated as described previously.®?) Commercially available
MAbs against SLA class I 74-11-10, PT83A, H17A* H58A%
{(* indicates known as cross-reactive with pig and other species)
were obtained from Veterinary Medical Research and Devel-
opment {Pullman, WA).

Floweytometry and immunohistochemistry

Flowcytometrical analysis of MAbs was carried out as fol-
lows. Briefly, aliquot of porcine PB was incubated with ap-
propriate amount of MAb for 30 min at 4°C. After washing
with PBS, cells were incubated with FITC-conjugated (Jackson
Laboratory, West Grove, PA) for 30 min at 4°C. Cells were
washed with PBS and analyzed by EPICS XL analyzer (Beck-
man/Coulter, Westhrook, MA).

Reactivity of MAbs on tissues were analyzed by immuno-
histochemistry on frozen sections. Briefly, porcine tissues were
snap-frozen in optimal cutting temperature (OCT) compounds
and frozen sections were made by cryostat apparatus. Sections
were fixed by acetone for 15 min at 4°C. After washing in PBS
and blocked with normal rabbit serum, sections were incubated
with MAbs at appropriate dilutions for 30 min at room tem-
perature. Sections were then washed with PBS and incubated
with horseradish peroxidase (HRP)-conjugated rabbit anti-
mouse antibodies (Jackson Laboratory) for 30 min at room tem-
-perature. After washing with PBS, color development was done
in diaminobenzidine solution (10 mM in 0.05 M Tris-HCI, PH
7.5) with 0.003% H,0,> ~
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Binding competition assay

Binding competition assay was camried out as follows.
Bricfly, after aliquot of porcine PB leukocytes were incubated
with 2ug saturated amount of commercially available MAbs for
30 min at 4°C. The cells saturated with these commercially
available MAbs were stained with FITC-4G8 for 30 min at 4°C.
Then, PB leukocytes were treated using RBC lysis with NH,Cl
lysis buffer followed by centrifugation at 1,500 rpm for 10 min.
FITC-mouse immunoglobulin (MslIg) was used as control an-
tibody. Cells were washed with PBS and analyzed by EPICS
XL analyzer (Beckman/Coulter).

Cloning and -expression of porcine cDNA library

As another purpose for analysis of y5TCR against MAb (7G3)
and CD8 against MAb (6F10), cDNA libraries of 7G3-positive
as well as 6F10-positive PB leukocytes were first constructed. A
brief description is shown below. Porcine PB labeled with FITC-
7G3 antibody was incubated with magnetic-activated cell sorting
{MACS) beads conjugated with anti-FITC antibody (Miltenyi
Biotec, Bergisch Gladbach, Germany) and was loaded onto Au-
toMACS cell separator (Miltenyi Biotec). 7G3-positive cells were
positively selected and a cDNA library was constructed using the
oligo-capping method™ and plasmid vector pME18S-FL.3, which
contains the SR-& promoter for expression in mammalian cells.
To 7G3-negative pass-through fractions, FITC-6F10 was added
and labeled. These cells were also positively selected by Au-
toMACS and used for the cDNA library construction. Out of sev-
eral thousand clones sequenced from both cDNA libraries, one
clone was selected which exhibited homologies to known porcine
MHC c¢lass I sequences from d haplotype and contained full-length
open reading frames.

Complementary DNA coding for porcine MHC class I un-
der SRa promoter was introduced into COS7 cells by lipofec-

(Class I-transfected Cos-7)

FIG. 1. Reactivity of 4G8 on Cos-7 cells transfacted with
SLA class I PD1. Mammalian expression vectors containing
SLA class I PD1 were introduced into Cos-7 cells, and the cells
were stained with 4G8 using immunohistochemistry.
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tion (LIPOFECTAMIN, Invitrogen, Groningen, Netherlands)  differently to the porcine PB leukocytes, as revealed by flow

and cells were stained with 4G8 MAb after 3 days. cytometry (data not shown). To determine whether a MAb
against SLA class I & chain was included among these clones,

RESULTS AND DISCUSSION MAD clones that ;eactcd with pan leukocytes were selected and

tested by immunchistochemistry using SLA class I e chain ex-

Anti-SLA Class I MAb 4G8 recognizes a distinct pressin;?r Cos-7 cells. As shown in Figure 1, when a mammalian
epitope from those of commercially available expression Yector of SLA class I PDI1 from d haplotyp‘? was
antibodies transfected into Cos-7 cells, clone 4G8 was found to stain the

cells, whereas control Mslg failed to stain the cells (data not
From one hybridization experiment, 45 hybridoma clones shown). Therefore, 4G8 was considered to recognize the SLA
were established. The MAbs produced by these clones reacted  class I e chain, including the d haplotypc.
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FIG.2. Comparison of reactivity profiles of 4G8 and commercially available anti-SLA class I monoclonal antibodies. Porcine
PB leukocytes were stained with 4G8 and commercially available anti-SLA class I MAbs, 74-11-10, and PT85A, using flow cy-
tometry. Mslg was used as a control antibody.
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Next, we compared the reactivity of 4G8 with commercially
available anti-SLA class I Abs 74-11-10, PT85A, H17A, H58A
to PB from outbred domestic pigs. As shown in Figure 2, flow-
cytometrical analysis demonstrated that the reactivity of 74-11-
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FIG. 3. Competition binding assay using flow cytometry.
4(8 continued to react with porcine PB leukocytes that had
been saturated with commercially available MAbs (74-11-10
and PT35A). Mslg-FITC was used as a negative control,
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10 and PT85A to the porcine PB was similar to that of 4G8.
Although multiple samples from individual animals were tested,
all of these MAbs always revealed a pan leukocyte positive
staining pattern. In contrast, HI17A did not react with the do-
mestic porcine PB samples (data not shown), indicating that
H17A is polymorphic in pigs. H58A, exhibited variable reac-
tivity from one animal to another (data not shown). This data
indicates that the reactivity of H17A and H58A is different from
that of 4G8.

To determine whether the epitope recognized by 4G8 was
the same as that of 74-11-10 and PT85A, we examined whether
4G8 could still bind to the cells after the cells had been satu-
rated with 74-11-10 or PT85A. As shown in Figure 3, 4G8 con-
tinued to react with PB leukocytes that had been saturated with
74-11-10 or PT8SA, These results indicate that 4G8 recognizes
a novel epitope distinct from those recognized by 74-11-10,
PT85A, H17A and H58A. MHC class I molecules are extremely
polymorphic, and polymorphism often occurs in the &1 domain,
or the a2 domain, but the a3 domain is nonpolymorphic.® 74-
11-10 and PT85A have been reported to require the PD1 o l/a2
domains, but not the &3 domain, to exhibit reactivity.() A pre-
cise analysis to clarify which domain is recognized by 4G8 is
now underway,

Analysis of 4G8 using immunohistochemistry

We examined whether 4G8 could be used to immunostain
frozen sections. As shown in Figure 4, 4G8 produced high-qual-
ity immunestaining results when used on frozen sections. In
thymus tissues, 4G8 produced a dense and diffuse staining pat-
ten in the medullar region and a lighter, scattered staining
pattern in the cortex, suggesting that SLA class I molecules are
mainly expressed on mature thymocytes in the medulla, but not
on immature thymocytes in the cortex. In spleen, lymph node,
kidney and liver tissues, 4G8 produced an ubiquitous staining
pattern, as shown in Figure 4. These results demonstrate that
4G8 can be effectively used to immunostain frozen sections.
Therefore, 4G8 may be a useful reagent for immunopathology
studies and improving our genera! understanding of the porcine
immune system.

In conclusion, a novel MAb, 4G8, that recognizes the SLA
class I & chain has been identified and vsed to produce high-
quality immunostaining results on tissues sections. 4G8 is ex-
pected to become a useful tool for investigating the immune
system of domestic pigs.
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FIG. 4. Reactivity of 4G8 on frozen sections of porcine tissues. Frozen sections of porcine thymus, spleen, lyiuph node, kid-
ney, and liver tissues were stained with 4G8 using immunohistochemistry.
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Summary

Shiga toxin is a bacterial toxin comsisting of A and B

bunits. Generally, the essential eytotoxicity of the toxin is
.aought to be mediated by the A subunit, which possesses
RNA cleavage activity and thus induces protein synthesis
inhibition. We previously reported, however, that the
binding of the Shiga toxin 1.B subunit to globotriaosyl
ceramide, a functional receptor for Shiga toxin, induces
intracellular signals in a manner that is dependent on
glycolipid-enriched membrane domains, or lipid rafts.
Although the precise role of this signaling mechanism is
not known, here we report that Shiga-toxin-mediated
intracellular signals induce cytoskeleton remeodeling in
ACHN cells derived from renal tubular epithelial
carcinoma. Using confocal laser scanming microscopy,
we observed that Shiga toxin 1-B {reatment induces
morphological changes in ACHN cells in a time-dependent
manner. In addition, the morphological changes were

accompanied by the redistribution of a number of proteins,
including actin, ezrin, CD44, vimentin, cytokeratin,
paxillin, FAK, and o- and %-tubulins, all of which are
involved in cytoskeletal organization. The transient
phospherylation of ezrin and paxillin was also observed
during the course of protein redistribution. Experiments
using inhibitors for a variety of kinases suggested the
involvement of lipid rafts, Src family protein kinase, PI 3-
kinase, and RHO-associated kinase in Shiga toxin 1-B-
induced ezrin phosphorylation. Shiga toxin I-B-induced
cytoskeletal remodeling should provide an in vitro model
that can be used to increase our understanding of the
pathogenesis of Shiga-toxin-mediated cell injury and the
role of lipid-raft-mediated cell signaling in cytoskeletal
remodeling.

Key words: Shiga toxin, Globotriaosylceramide, Cytoskeleton

Introduction

Shiga toxin (5tx) is a protein toxin produced by Stx-producing

“ains of Escherichia coli (STEC) and has been postulated to
.. the substance responsible for the development of serious
complications associated with STEC infection, such as
hemolytic uremic syndrome (HUS) (Kaplan et al., 1990;
Richardson et al., 1988). Stx consists of two major types, Stx1
and Stx2, that both contain an A-subunit monomer and a B-
subunit pentamer (Lingwood, 1996). The A-subunitis a 30kDa
cytotoxic chain that exhibits RNA N-glycohydrolase activity
and cleaves a specific adenine residue on the 28S ribosomal
RNA in the cytosol, thereby inhibiting protein synthesis
(Lingwood, 1996). In contrast, the 7 kDa B-subunit can bind
to globotriaosyl ceramide (Gb3), the functional receptor for Stx
found on the surface of target cells (Lingwood, 1996).
Although Stx cytotoxicity is thought to be caused by the A-
subunit-mediated inhibition of protein synthesis, a number of
recent studies have clarified that the B-subunit also has a
biological effect on the target cells,

For example, Stx-B binding to Gb3 has been shown to
trigger intracellular signaling events in Burkitt’s lymphoma
cells (Taga et al,, 1997). We further observed that Gb3 was only

distributed in glycolipid-enriched membrane (GEM) domains
(Rodgers and Rose, 1996), also known as lipid rafts (Simons
and Ikonen, 1997), indicating that lipid rafts are deeply
involved in Stx-mediated signal transduction in both Burkitt’s
lymphoma cells (Mori et al., 2000} and renal carcinoma ACHN
cells (Katagiri et al., 1999). However, the physiological role of
Gb3-mediated cell signaling remains unknown. Although
Stx1-B binding is sufficient to induce apoptosis in Burkitt’s
lymphoma cells (Kiyokawa et al., 2001; Mangeney et al., 1993;
Taga et al., 1997), this effect of Stx1-B appears to be limited
to this species of cells, and the A-subunit of Stx is reportedly
required to induce apoptosis in other cell types, including Vero
cells and monocytic THP-1 cells (Kojio et al., 2000; Williams
et al., 1997).

Ezrin, radixin and moesin are members of the ERM protein
family and are mainly distributed just beneath the plasma
membranes of cellular protrusions, such as microvilli. ERM
proteins are thought to function as general cross-linkers
between plasma membranes and actin filaments (Arpin et al.,
1994: Bretscher et al., 1997; Tsukita and Yonemura, 1997,
Tsukita et al., 1997; Tsukita and Yonemura, 1999). The highly
conserved NH2-terminal halves of ERM proteins possess the
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ability to associate with several integral membrane proteins,
such as CD43, CD44, intercellular adhesion molecule (ICAM)-
1, ICAM-2, ICAM-3, and the H*/K* ATPase pump (Bretscher
et al., 1997; Heiska et al.; 1998; Hirao et al., 1996; Serrador et
al., 1997; Tsukita et al., 1994; Tsukita and Yonemura, 1999;
Yonemura et al., 1993). Conversely, the COOH-terminal halves
of ERM proteins can interact with actin filaments (Bretscher
et al, 1997; Tsukita and Yonemura, 1999; Turunen et al.,
1994). As the NH2-terminal halves of ERM proteins can also
bind to their COQOH-terminal halves (Andreoli et al., 1994;
Bretscher et al., 1997; Tsukita and Yonemura, 1999), both the
actin- and membrane-binding domains of ERM proteins are
thought to be masked in the resting state by an intramolecular
and/or intermolecular head-to-tail association (Berryman et al.,
1995; Bretscher et al., 1995; Bretscher et al., 1997; Tsukita and
Yonemura, 1999). These dormant ERM proteins are thought to
be activated by cellular signals, such as the one mediated by
epidermal growth factor receptor, by exposing their halves and
allowing them to interact with integral membrane proteins and
actin filaments, respectively (Berrvman et al,, 1995; Bretscher
et al.,, 1995; Bretscher et al., 1997; Hirac et al., 1996; Matsui

al., 1998; Tsukita and Yonemura, 1999). These activated
ERM proteins have been shown to be directly involved in the
morphogenesis of the free surface domain of plasma
membranes, especially in the organization of microvilli
(Berryman et al., 1995; Bretscher et al., 1997; Chen et al,
1995; Crepadi et al., 1997; Kondo et al., 1997; Takeuchi et al.,
1954; Tsukita and Yonemura, 1999).

In this study, we investigated the effect of Stx1-B binding
to Gb3 on ACHN cells and found that an intracellular signal
mediated by Gb3 induces the phosphorylation of ezrin
proteins, leading to a reorganization of the cytoskeleton and
morphological changes. Our findings should improve our
understanding of the molecular mechanism of Stx-mediated
cell damage and the functional roles of Gb3-mediated
intracellular signals in a physiological context.

Materials and Methods
Materials

The Stx1-B pentamer was prepared as described previously
"akajima et al., 2001). The mouse monoctonal antibodies {mAbs)

d in this study were obtained from BD Biosciences {Lexington,
KY) (anti-ezrin, anti-paxillin and anti-Yes), Immunotech (Fullerton,
CA) (anti-CD44 and anti-cytokeratin), Affinity BioReagents, Inc.
(ABR, Golden, CO) (anti-vimentin), Santa Cruz Biotechnology
(Santa Cruz, CA) (anti-actin), and Sigma-Aldrich Fine Chemicals (St
Leouis, MQ) (anti-¢ Tubulin). The mouse anti-Gb3 mAb 1A4 was a
generous gift of S. Hakomori of the University of Washington
(Seattle, WA) and Otsuka Assay Laboratories (Kawauchi-cho,
Tokushima, Japan). The rat anti-Gb3 mAb 38.13 were obtained from
Immunotech. The polyclonal Abs were obtained from Upstate
biotechnology (Lake Placid, NY) (anti-FAK), New England Biolabs,
(Bevely, MA} (anti-phospho-specific ezrin and anti-phospho-specific
paxillin), ABR (anti-phospho-specific Src) and Sigma (anti-y
Tubulin). Peroxidase-conjugated secondary Abs were purchased
from DAKQO (Glostrup, Denmark). Fluorescence-conjugated
secondary Abs and fluorescence labeling reagents for the primary
Abs were purchased from Molecular Probes, Inc. (Eugene, OR). The
Rho-dependent serine/threonine kinase (ROCK) inhibitor Y-27632,
PI 3 kinase (PI3K) ichibitor LY-294002, protein kinase C (PKC)
inhibitor 20-28, PKC inhibitor EGF-R fragment 651-658, and Src
family protein tyrosine kinase (PTK) inhibitor PPZ were purchased

from Calbiochem-Novabiochem (San Diego, CA). Methyl-p-
cyclodextrin (MBD) and DAPI were obtained from Sigma. TRITC-
conjugated phalloidin was purchased from Molecular Probes. Cell-
tracker Green was also purchased from Molecular Probes. Other:
chemical reagents were obtained from Wako Pure Chemical:
Industries (Osaka, Japan), unless otherwise indicated. -

Cell culture ;

Renal wbular epithelial carcinoma-derived ACHN cells that were;
sensitive to Stx1 cytotoxicity (Katagiri et al., 1999; Taguchi et al.,
1998) were used in this study. The cells were maintained in DMEM:
supplemented with 10% FCS at 37°C in a humidified 5% CO:
atmosphere. Cells were grown to approximately 75% confluence and.
stimulated. In most of the experiments, Stx1-B pentamer was directly
added to the culture medium at a concentration of 5.0 pg/ml and cells’
were incubated for the time periods indicated in the figures, unlcss
otherwise indicated. -

Immunochistochemistry and confocal microscopic analysis

To observe cell morphology, ACHN cells were plated on a polylysine-
coated glass bottom dish (Matsunami Glass, Tokyo, Japan) and
labeled with Cell-tracker Green, according to the manufacturer's
protocol. For the immunohistochemical staining, the cells were plated
on a collagen-coated cover slip (Iwaki Glass, Tokyo, Japan). After
each treatment, cells on cover slips were washed with ice—cold PBS
and fixed with ice-cold acetone for 20 minutes at 4°C, then staine
with each combination of Abs and/or reagents described below.

For the simultaneous detection of ezrin and filamentous actin (F
actin), the cover slips were incubated with primary Abs against ezriy
(5 pg/ml) at room temperature for 30 minutes followed by PBY
washing. The cells were further incubated with secondary goat antf
mouse Ab labeled with Alexa Fluor® 488 (1:300 dilution) for 3
minutes, followed by PBS washing and then stained with DAPI (200
ng/ml) and TRITC-conjugated phalloidin (5 units/ml) (Knowles anf
McCulloch, 1992), The detection of CD44 and F-actin was pcrformed
similarly.

For the detection of paxillin and FAK, a combination of mouse antk
paxillin mAb and rabbit anti-FAK polyclonal Ab was used. Bot
primary Abs (5 pg/ml each) were detected by Alexa Fluor® 48§
conjugated goat anti-mouse Ab and Alexa Fluor® 546-conjugatet
goat anti-rabbit Ab (1:300 each), respectively. Each secondary Ab wa
highly cross-absorbed, thus the cross reactions were not detected if
preliminary experiments (data not shown). The detection of ¢t~ and 4
tubulin was performed similarly, For the simultaneous detectionq
vimentin and cytokeratin, each primary Ab was labeled using eithe
the Alexa Fluor® 488 Protein Labeling Kit or the Zenon™ A[cx{
Fluor® 546 Mouse IgG1 Labeling Kit.

Confocal laser scanning was performed using a FV500 confoc&
laser scanning microscope (Olympus, Tokyo, Japan) Simultanecd
multi-fluorescence acquisitions were performed using the 351 ne
488 nm, and 543 nm laser lines to excite DAPI, Alexa FluorTM483
and Alexa Fluor™346 (TRITC), respectively, using a watee
immersion objective (x40, NA1.7). Fluorescent i images were selectﬂr
using appropriate multi-fluorescence dichreic mirrors and band paf
filters using the sequential acquisition mode. ‘

i
'
i
i

Immunokblot analysis

For the immunoblot analysis, ACHN cells were plated on a 100 mi
culture dish {Corning, Corning, NY). Cell lysates were prepae
by solubilizing cells in 400 pl of lysis buffer, and the protd
concentration of each cell lysate was determined as describ
previously (Kiyokawa et al., 2001). 50 pg of each whole cell lysd
was electrophoretically separated on an SDS-polyacrylamide gel a
transferred 10 a nitrocellulose membrane using a semi-dry transbh
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system (Bio-Rad Laboratories, Hercules, CA). Immunoblotting was
performed as described previously (Kiyokawa et al., 2001).

Actin and tubulin polymerization assay

Quantification of actin polymerization was carried out essentially as
described previously with minor modifications (Heacock and
Bamburg, 1983; Glogauer et al., 1997, McCormack et al,, 1999),
Briefly, ACHN cells were plated in quintuple wells of a 6-well culture
dish (Corning) at 1.5x105 cells in 5 ml of medium, and grown for 40
hours to achieve approximately 75% confluence, and treated with 5.0
ug/ml of Stx1-B pentamer for the time pericds indicated in the figures.
Al the end of the incubation period, ceils were washed in ice-cold PBS
and quickly lysed in 500 pl of actin stabilization buffer (Heacock and
Bamburg, 1983; McCormack et al., 1999), a buffer that stabilizes both
monemer actin (G-actin, soluble) and F-actin (polymerized) pools.
Aliquots of 50 pl from each original (whole) lysate were removed and
stored for the determination of total actin, The cell lysates were
immediately centrifuged at room temperature for [ minute in a
microcentrifuge at 10,000 g, after which the supernatants (G-actin)
were removed from the pellets (F-actin). Then 450 pl of actomyosin
extraction buffer (Heacock and Bamburg, 1983) was added to the solid
pellets. Aliquots of 5 pl from both original lysates (total actin) and
resuspended pellets (F-actin) were examined by immunoblot analysis
using anti-actin mAb and quantified by densitometry (Glogauer et al.,
1997). The proportion of F-actin to total actin was calculated and
shown as a percentage.

Quantification of tubulin polymerization was examined essentially
the same as actin polymerization with some exceptions. First, the
original lysates were prepared by using specific lysis buffer for tubulin
and centrifuged at 10,000 g for 10 minutes as described elsewhere
{Minotti et al., [991; Montgomery et al., 2000). Second, after removal
of the supernatanis containing soluble wbulin, solid pellets containing
polymerized tubulin were resuspended in water (Minotti et al., 1991
Montgomery et al., 2000). Third, immunoblot analysis was performed
with anti- tubulin mAb.

Results

Morphological changes in ACHN cells induced by Stx1-
B treatment

We previously observed, during a study on the biological
function of the Stx1-B subunit, that Stx1-B treatment induces
a weakening in the adhesion of ACHN cells to the culture dish
(Katagiri et al., 2001). As the same phenomenon is also
observed in primary cultures of normal human renal cortical
-epithelial cells (data not shown), it is likely that this is a
common feature observed in renal epithelial-derived cells
mediated by Stx1-B-induced intracellular signals.

To examine the effect of Stx1-B on the adhesiveness of
ACHN cells in greater detail, we stained the cells with Cell-
tracker Green and observed the morphological changes using
confocal laser scanning microscopy. As shown in Fig. 1, the
addition of Stx1-B to the culture weakened the adhesiveness of
the cells, as recognized by the increase in intracellular spaces
in a time-dependent manner and by the morphological changes,

in which the cells becarme smaller and rounder. In addition, -

filopodia- and lamecllipodia-like structures were temporarily
observed after Stx1-B treatment (Fig. 1, arrowhead).

Stx1-B induces the redistribution of cytoskeletal proteins
in ACHN cells

The remodeling of cytaskeletal proteins, including the ERM
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Fig. 1. Morphological changes in ACHN cells after treatment with
the Stx1-B subunit. ACHN cells stained with Cell-tracker Green
were treated with and without S pg/ml of the S1x1-B subunit for the
indicated periods and visualized using confocal microscopy.
Filopodia- and lamellipodia-like structures are visible at higher
magnifications and are indicated by the arrowheads. Results are
representative of three independent experiments.

family proteins and actin, is involved in the formation of
filopodia or lamellipodia during morphelogical changes
{Berryman et al., 1995; Bretscher et al., 1997; Chen et al.,
1995; Crepadi et al., 1997; Kondo et al., 1997; Takeucht et al.,
1994; Tsukita and Yonemura, 1999). Therefore, we examined
whether Stx1-B treatment affects the distribution of ezrin and
actin. In the resting state, most of the ezrin protein was
dispersed in the cytoplasm and only a portion of the protein
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Ezrin

09

Fig. 2. Effect of $tx1-B subunit on
the distribution of ezrin and actin
in ACHN cells. ACHN cells
treated with the Stx1-B subunit as
described in Fig. 1 were double- 10°
stained with Alexa-488-labeled
anti-ezrin mAb (left panels, green)
and TRITC-phalleidin (center
panels, red) and visualized using
confocal microscopy. The right
panels represent the superposition
f the green and red images, with
DAPI counter staining (blue). The
arrowheads indicate the areas of 60°
ezrin and actin colocalization
{yellow). Results are
representative of five independent
experiments.

was concentrated in the margin of the cells, as revealed by the
brush-like meshwork (Fig. 2, top panels). However, Stx1-B
treatment induced a transient enhancement in the concentration
of ezrin just beneath the plasma membrane (Fig. 2).
Occasionally, the protein clustering peaked at 10 minutes after
Stx1-B stimulation (Fig. 2). In parallel, the cortical actin
filaments were temporarily polymerized and appeared as thick
bundles at the margin of the cells (Fig. 2). The colocalization
of both proteins peaked at 10 minutes after Stx1-B stimulation
(Fig. 2, yellow arca, indicated by arrowhead).

As ERM proteins are thought to play a central role in the

“rganization of cortical actin-based cytoskeletons through the

oss-linking of actin filaments and integral membrane, such
as CD44 (Tsukita et al., 1994; Tsukita and Yonemura, 1999),
we next cxamined the changes in the distribution of CD44
induced by Stx1-B treatment. As with ezrin, Stx1-B treatment
temporarily enhanced the concentration of CD44 in the cell
membrane of ACHN cells (Fig. 3). Dual staining with CD44
and F-actin revealed a significant colocalization of both
proteins that peaked at 10 minutes after Stx1-B stimulation
(Fig. 3, yellow area, indicated by arrowhead).

Paxillin and FAK have been shown to be important for
the focal adhesion of cells and growth factor-induced
morphological changes (Burridge et al., 1992; Leventhal et
al., 1997). Therefore, we examined the effect of Stx1-B
stimulation on the distribution of FAK and paxilin. As shown
in Fig. 4, most of the FAK and paxillin proteins were
independently disseminated throughout the cytoplasm, while
small pertions of both proteins were colocalized and
concentrated within a distinct radial streak at the edges of the
cell lamella (yellow area). Upc;n the addition of Stx1-B,

With StxiB
Actin

Merge

however, the colocalization of FAK and paxillin was
temporally enhanced, peaking at 10 minutes after stimulation
(Fig. 4, arrowhead).

We further examined the effect of Stx1-B stimulation on
other cytoskeletal proteins. The distributions of vimentin and
cytokeratin were similar, appearing as a diffuse localization
with radial meshwork in the cytoplasm of resting ACHN cells
(Fig. 5). Upon $tx1-B stimulation, however, both proteins were
temporary concentrated within a paranuclear lesion, peaking at
30 minutes after stimulation in a synchronous manner (Fig, 5,
arrowhead).

When the distribution of tubulins was examined using
fluorescence immunohistochemistry. a fine mesh work of o-
tubulin was seen within the cytoplasm of ACHN cells (Fig. 6).
Upon Stx1-B stimulation, the o-tubulin filaments became
significantly polymerized, appearing as a thickening of the
bundles throughtout the entire cytoplasm and peaking at 10
minutes after stimulation (Fig. 6). Conversely, y-tubulin was
found in cytoplasmic complexes identified as fine spots and
specifically concentrated at microtubule-organizing centers
(Moritz and Agard, 2001) (Fig. 6). Although the distribution
of y-tubulin did not change significantly after Stx1-B
stimulation, a slight enhancement at the microtubule-
organizing centers was observed (Fig. 6, arrowhead).

All above observations on Stx1-B-induced cytoskeletal
remodeling are entirely based on imaging studies. Therefore,
we next examined F-actin formation after Stx1-B stimulation
by biochemical means. For this purpose, cell lysate prepared
by using actin stabilization buffer was centrifuged and F-actin
fraction was separated from soluble G-actin fraction as the
pellet. As shown in Fig. 7A, quantification by densitometry of
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Fig. 3, Effect of Stx1-B subunit an
the distribution of CD44 and actin
in ACHN cells. ACHN cells were
examined as described in Fig. 2
using Alexa-488-labeled anti-
CD44 mAb (left panels, green)
-and TRITC-phalloidin {center
panels, red). The arrowheads

* indicate the areas of CD44 and
“actin colocalization (yellow).
Results are representative of three
independent experiments.

With Stx1B
Paxillin FAK Merge

Fig. 4. Effect of Stx1-B subunit on
the distribution of paxillin and
FAK in ACHN cells. ACHN cells
were examined as described in

Fig. 2 using Alexa-488-labeled
anti-paxillin mAb (left panels,
green) znd Alexa-546-labeled
anti-FAK Ab (center panels, red).
The arrowheads indicate the areas
of paxillin and FAK colocalization
(vellow). Results are

representative of three

independent experiments.

immunablots revealed a transient increase in the amount of F-  confocal microscopy experiments using fluorescently labeled
actin fraction, which peaked at 10 to 30 minutes after Stx1-B  phalloidin as a probe for F-actin (Figs 2, 3). We also examined
stimulation. These data coincide with those observed by  tubulin polymerization similarly. As shown in Fig. 7B, Stx1-

- 106 —



3916 Journal of Cell Science 117 (17)

Vimentin

Fig. 5, Effect of Stx1-B subunit on
the distribution of vimentin and
cvtokeratin in ACHN cells, ACHN
1s were examined as described
m Fig, 2 using Alexa-488-labeled
anti-vimentin mAb (left panels,
green) and Alexa-546-labeled anti-
cytokeratin mAb (center panels,
red). The arrowheads indicate the
perinuclear clustering of vimentin.
Results are representative of three
independent experiments.

B-induced transient tubulin polymerization was also confirmed
by quantitative analysis.

Stx1-B induces transient phosphorylation of ezrin

The phosphorylation of cytoskeletal proteins plays a key role
in cytoskeletal remodeling (Tsukita and Yonemura, 1999).
Thus, we attempted to examine whether the phosphorylation
state of the cytoskeletal proteins changes. When the total
cell lysates prepared from Stxi-B-treated ACHN cells were
:xamined using immunoblotting with Abs that specifically
recognize Src family PTKs only when activated by
phosphorylation at the C-terminal tyrosine residue, the
intensification of three major bands was seen after Stx1-B
treatment (Fig. 8A). Based on the molecular weights, the
largest band was thought to represent the activated form of Yes,
which was previously reported to appear during the course of
Stx1-B-mediated activation in ACHN cells (Katagiri et al.,
1999; Katagiri et al., 2001). The other smaller bands were
thought to represent the activation of other Src family PTK(s)
by Stx1-B stimulation. In paralle] with the activation of Src
family PTKs, the Stx1-B-mediated phosphorylation of both
ezrin and paxillin was detected by immunoblotting with Abs
that specifically recognize the phosphorylated active forms
of ezrin and paxillin (Fig. 8A). The above data indicate
that the Stx1-B-mediated intracelular signal induces the
phosphorylation of ezrin and paxillin during the course of
cytoskeletal remodeling.

As shown in Fig. 8B, the effect of Stx1-B on the induction
of ezrin phosphorylation is dose-dependent and the
concentration of 1 pg/ml was found to be sufficient to yield
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maximum effect. As shown in Fig. 8C, we also found tha
the treatment with anti-Gb3 Abs similarly induces the
phosphorylation of ezrin in ACHN cells. Therefore, the ligation
of Gb3 by pentameric Stx1-B is not always required to induce
cytoskeletal signaling and the binding of monomeric forms of
the ligand to Gb3 might be able to induce ezrin phosphorylation;
We also examined whether constitutive Stx1-B treatment is
required to induce ezrin phosphorylation. For this purpose, we
bound Stx1-B to ACHN cells on ice and then removed excess
toxin by washing, before shifting the temperature to 37°C. As
shown in Fig. 8D, after the temperature was shifted to 37°C,
transient increase in phosphorylation of ezrin was observed
by immunoblotting. Although the elevation of emin
phosphorylation observed in this experiment is slower than that
presented in Fig. 8A, it is probably due to the time lag for
warming up of the medium to 37°C after the temperature shift
These data indicate that the primary ligation of the plasma
membrane Gb3 pool by Stx1-B is sufficient to induce
intracellular signal for cytoskeletal rearrangements.

Effect of inhibitors on Stx1-B-induced cytoskeletal
remodeling

To clarify the signaling cascade that induces (he
phosphorylation of ezrin, we examined the effect of a number
of inhibitors on Stx1-B-induced ezrin phosphorylation.-As
shown in Fig. 9, when ACHN cells were pre-treated with PR2,
a specific inhibitor for Src family PTK, the Stx1-B-mediated
phosphorylation of ezrin was clearly inhibited. Similary, MBD,
which is koown to disturb the structure of the lipid rafis
through the depletion of cholesterol from the cell membrang;’



y-Tubulin
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s
Fig. 6. Effect of Stx1-B subunit on
the distribution of y- and o-
ebulins in ACHN cells. ACHN
cells were examined as described
inFig. 2 using Alexa-488-labeled
anti-y-tubulin Ab (left panels,
green) and Alexa-546-1abeled anti-
eubulin mAb (center panels, red).
The arrowheads indicate the 60’
accumulation of ytubulin at the
microtubule-organizing centers.
Results are representative of three
independent experiments.

inhibited the Stx1-B-mediated phosphorylation of ezrin (Fig.
9. In addition, LY294002, a specific inhibitor for PI3K, and
Y27632, a specific inhibitor for ROCK, also inhibited the Stx1-
B-mediated phosphorylation of ezrin (Fig. 9). In contrast, PKC
inhibitor 20-28 (Fig. 9) and PKC inhibitor EGF-R fragment
£51-658 (data not shown) did not affect the Stx1-B-mediated
rhosphorylation of ezrin in ACHN cells,

We next examined whether these inhibitors affect the Stx1-
B-mediated cytoskeletal rearrangements. As shown in Fig. 2
and Fig, 10A, Stx1-B treatment induced the clustering of ezrin
beneath the plasma membrane (indicated by arrowhead), When
ACHN cells were pretreated with any of inihibitors, including
PP2, MBD, LY294002 and Y27632, however, the Stx1-B-
‘nduced clustering of ezrin was not observed (Fig. 10A).

Fig. 7, Effect of Stx1-B subunit on the polymerization of actin and
tubulin in ACHN cells. (A) ACHN cells were treated with and
without 5 pg/ml of the Stx1-B subunit as described in Fig. 1 and
lysed in the actin stabilization buffer. After removing aliquots from
each whole lysate for the determination of total actin, polymerized
actin (filamentous actin) was separated from soluble actin
(monomer actin) by centrifugation. Both fractions of polymerized
actin (pellet, upper panel) and total actin (whole, mid panel} were
detected by immunoblot analysis and quantitated by densitometry.
The proportion (%) pelymerized was calculated by dividing the
actin in the pellet fraction by the actin in the whole lysate and
indicated (lower panel). (B) Tubulin polymerization was examined
asin A,
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Therefore, it is suggested that the inhibition of ezrin
phosphorylation by these inhibitors suppresses StxI-B-
mediated redistribution of ezrin.

To clarify the molecule responsible for the redistribution of
vimentin during the course of StxI-B-induced cytoskeletal
remodeling, we next examined the effect of inhibitors on the
Stx1-B-induced redistribution of vimentin. As shown in Fig. 5
and Fig. 10B, Stx1-B treatment induced the accumulation of
vimentin in the paranuclear area (indicated by arrowhead).
When ACHN cells were pretreated with either PP2 or Y27632,
however, the Stx1-B-induced clustering of vimentin in the
paranuclear region was not observed (Fig. 10B), indicating the
involvement of the Src family PTK and ROCK in the Stx]-B-
mediated redistribution of vimentin.
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A

Fig. 8. Transient phosphorylation of
ezrin in ACHN cells after treatment
with the Stx1-B subunit. (A) Total cell
extracts were prepared from ACHN
cells treated with or without 5 pg/mi
of Stx1-B subunit for the indicated
periods. After separation on 10%
SDS-PAGE gel, the proteins were
transferred to a nitrocellulose
membrane and immunoblotted using
the indicated antibodies. (B) Total cell
extracts were prepared from ACHN
cells treated with or without different
amounts of Stx1-B subunit for 10
minutes and immunoblot analysis was
performed using anti-phospho-specific
ezrin antibody (P-Ezrin) as in A.
Intensity of the phospho-ezrin signals
obtained from each sample was
quantitated by densitometry and the
relative value of each to that of
untreated cells (each value/the value
of untreated cells) was indicated as a

P-Src

Yes

P-Ezrin

Ezrin

P-Paxillin -

Paxillin

Stx1 B (Sug/mi)

0 5 10 20 40 60 (min)

graph (lower panel). (C) Total cell extracts were prepared from ACHN cells treated and not D

treated with 5 pg/ml each of either anti-globotriaosyl ceramide antibodies (38.13, 1A4) or
Stx1-B subunit for 10 minutes and examined by immunoblotting as in A. (D) Five pg/ml of

Stx1B-binding

4 =P 37°C

Stx1-B pentamer was bound to the cell surface of the ACHN cells by incubation for 30 ;

minutes at 4°C. After intensive washing with ice-cold PBS to remove the excess toxin,
temperature was shifted from 4°C to 37°C to allow intracellular stimulation and cells were
incubated for the time periods indicated in the figures. Immunoblot analysis was performed

as in A.

Discussion

In this report, we clearly demonstrated that the binding of Stx1-
B induces intracellular signals that initiate cytoskeleton
remodeling in ACHN renal carcinoma cells, which are related
to renal tubular epithelial cells. These signals led to
morphological changes and a weakened adhesiveness of the
cells. The series of cellular and biological events induced by
Stx1-B binding was similar to that which occurs during the
course of growth factor-stimulated cell motility (Bretscher,
1989; Leventhal et al,, 1997).

Several lines of evidence, including our own, have suggested
that Stx directly injures renal tubular epithelial cells. For
example, renal tubular epithelial cells express Gb3, which can
bind Stx1 and 2 (Boyd and Lingwood, 1989; Kiyokawa et al.,
1998; Taguchi et al., 1998; Uchida et al, 1999). In vitro
experiments have revealed that Stx1 induces cell death in renal
tubular epithelial cells through protein synthesis inhibition
and apoptosis (Karpman et al., 1998; Kiyokawa et al., 1998;
Taguchi et al,, 1998; Williams et al., 1999). Several clinical
studies have indicated the involvement of renal tubular damage
during the course of HUS (Kaneko et al., 2001; Takeda et al,,
1993). The appearance of apoptotic cells in the renal tubules
of the kidney in HUS patients, accompanied by STEC
infection, further indicates that renal tubular injury does occur
in the kidneys of HUS patients (Karpman et al., 1998; Taguchi
et al,, 1998).

The essential cytotoxicity of Stx is generally thought to arise

0 5 10 20 40 60 (min)

L

from the inhibition of protein synthesis by the Stx-A subunit
However, recent studies have shown that the B-subunit also
has biological effects on target cells through a mechanism
mediated by intracellular signals upon binding to Gb3 (Katagiri
et al., 1999; Kiyokawa et al., 2001; Mangeney et al., 1993;
Mori et al., 2000; Taga et al., 1997). Although Stx1-B-induced
intracellular signals are known to mediate apoptosis in
Burkitt’s lymphoma cells, their biological effect on other cell
species has not been clarified. The data presented in this study
extend previous observations and indicate that Stx1-B-induced
intracellular signals induce cytoskeleton remodeling, resulting
in morphological changes in the target cells. As previously
reported, the simultaneous addition of Stx1-B subunits
enhances the cytotoxic effect of Stx1 holotoxins on ACHN
cells, suggesting a synergism between A-subunit-mediated
protein  synthesis inhibition and B-subunit-mediated
intracellular signals on the cytotoxicity observed in target cells
(Katagiri et al., 2001). Although the biological significance of
Stx1-B-induced cytoskeletal remodeling in target cells in vivo
is not presently known, this process might participate in Stx-
induced cell injury, thereby playing a role in the development
of complications associated with STEC infection, such as
HUS.

Gb3 acts as functional receptor for Stx, but the natural ligand
of this lipid and its normal physiological role are unknown.
Upon binding with its natural ligand, Gb3 might mediate
intracellular signals leading to cytoskeletal remodeling,
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Fig. 9. Effect of ihibitors on the Stx1-B-
subunit-mediated phosphorylation of
ezrin. ACHN cells were preincubated with
the inhibitors shown in the figure for three
haurs. The concentrations of 300 and 900
uM for MBD and 25 and 100 uM for
other inhibitors were used. After treatment
with the Stx]1-B subunit for 5 minutes, cell

Cell
membrane

MBD

P-Ezrin

P-Ezrin _h .

Src PTK

exiracts were prepared, and
immunoblotting for phospho-specific
ezrin was performed as described in Fig,
8. In parallel, each sample was examined
using an anti-ezrin antibody to confirm
that the protein amounts in each lane were
comparable (only the result for PP2 is
shown in the second panel from the top).
In the right panel, the effect of each
inhibitor is schematically presented.

phosphorylation of ezrn during the
course of Stx-induced cytoskeleton
remodeling. In addition to MBD and
PP2, we also found that the inhibition
of both PI3K and ROCK by their

Rho-
associated
kinase?

Y27632 specific inhibitors abolished the Stx1-

V»@

B-mediated phosphorylation of ezrin,
suggesting that these molecules are
located downstream from Src family
PTK in the signaling cascade and
participate in the Stx1-B-mediated
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participating in the development and organization of kidney
tissue. Therefore, our observation might provide an in vitro
model for research on lipid-receptor-mediated signaling
systems for cytoskeletal remodeling,

- 5tx1-B binding induces the phosphorylation of ezrin, a
linker protein that connects the plasma membrane and the actin
¢ytoskeleton and is involved in cell adhesion and the formation
of the free-surface domain of plasma membranes, especially in
the ruffling and organization of microvilli (Berryman et al.,
1995; Bretscher et al., 1997; Chen et al., 1995; Crepadi et al.,
1997; Kondo et al., 1997; Takeuchi et al., 1994; Tsukita and
Yonemura, 1999). Stx1-B-induced ezrin phosphorylation was
inhibited both by MBD (which disturbs the structure of lipid
7afts) and by the Src family PTK inihibitor PP2. Furthermore,
we previously reported that Gb3 is mainly located on lipid rafts
inthe cell membrane, and that Stx1-B binding to Gb3 induces
tclustering of the lipid rafts, leading to the activation of Src
family PTK (which is anchored to the inner layer of the lipid
rafts) possibly by aggregation-mediated Kkinase auto-
phosphorylation (Katagiri et al., 1999; Mori et al., 2000). Thus,
our data indicate that the lipid-raft-mediated activation of
Src family PTK might play an important role in the

(o} N phosphorylation of ezrin.

Several molecules have been
postulated to be responsible for
the phosphorylation of ezrin. For
example, the Ras superfamily small G-
proteins Rho, Rac and Cdc42 have
been shown to be responsible for
the formation of focal contact,
lamellipodia and filopodia,
respectively (Van Aelst and D’Souza-Schorey, 1997; Mackay
and Hall, 1998). During these processes, the ERM proteins are
thought to be located downstream of the small G-proteins
(Bretscher et al., 1997, Matsui et al., 1998; Shaw et al., 1998;
Tsukita and Yonemura, 1999). Furthermore, it has been shown
that ROCK phosphorylates the C-terminal threonines of ERM
proteins, regulating their head-to-tail association in in vitro
experiments (Matsui et al., 1998).

We also know that myotonic dystrophy kinase-related
Cdc42-binding kinase (MRCK) is a candidate for the kinase
that phosphorylates ERM proteins at filopodia (Nakamura et
al., 2000). In the case of Merlin, which is closely related to the
ERM proteins, p21-activated kinase 2 (PAK?2), a downstream
effector of Rac and Cdc42, has been postulated as a candidate
for the kinase that phosphorylates this protein (Kissil et al.,
2002). Consistent with the above cbservations, we report here
that the ROCK inhibitor Y27632 inhibited the Stx1-B-
stimulated phosphorylation of ezrin, suggesting that ROCK is
at least one of the kinases responsible for ezrin phosphorylation
in Stx1-B-induced cytoskeletal remodeling. In addition, Rac
and Cdc42 might also be involved in the process, as Stx1-B
stimulation induces the extension of lamellipodia- and
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Fig. 10. Effect of inhibitors on the $tx1-B-subunit-mediated clustering of ezrin and vimentin. (A) ACHN cells were preincubated with the
inhibitors shown in the figure for three hours. The concentrations of 900 pM for MBD and 100 uM for other inhibitors were used. After
treatment with the 5tx1-B subunit for 10 minutes, the cells were fixed and stained with anti-ezrin monoctonal antibedy (green) followed by
counterstaining with DAPI (blue) as in Fig. 2. Results are representative of three independent experiments. The clustering of ezrin was

indicated by arrowhead. (B) ACHN cells pre-incubated with inhibitors as in A were treated with the Stx1-B for 30 minutes and stained with
anti-vimentin monoclonal antibody (green) as in A.
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[pddia-like structures. Further experiments investigating the
E@vblvement of small G-proteins and their downstream kinases
ein’ the  Stx1-B-induced signaling system of cytoskeletal
femodeling are now underway.

- Conversely, it has been suggested that ezrin was a
+downstream effector of PKCa during the course of integrin-
' mediated cell migration (Ng et al., 2001). PKCH is a major
kinase specific for moesin, a family protein of ezrn

(Pietromonacao et al., 1998). PKCH is involved in regulating the
localization and association of CD44 and ezrin during cell
motility and invasion (Legg et al., 2002; Stapleton et al., 2002).
As shown in this study, however, the PKC-inhibitors did not
affect the Stx1-B-stimulated phosphorylation of ezrin. Our data
might indicate that PKCs are not essential for the Stx1-B-
induced phosphorylation of ezrin in our experimental system.

In addition to the phosphorylation of ezrin, we also observed
changes in the distributions of several molecules, including
FAK, paxillin, vimentin, cytokeratin and tubulins, all of which

tcontribute to the organization of the cytosleleton. The

molecular mechanism responsible for the above-described

' stimulated

redistribution of cytoskeletal molecules has not yet been
“larified. However, as observed in the present study, treatment
with the ROCK inhibitor Y27632 abolished the Stx1-B-
relocalization of vimentin, suggesting the

-involvement of ROCK in the Stx1-B-induced redistribution of
‘vimentin. The ability of ROCK to phosphorylate vimentin in

: vitro and in vivo {(Goto et al., 1998; Kosako et al., 1999) might

support this idea. :
In conclusion, Stx1-B-induced intracellular signals mediate

the remodeling of a variety of cytoskeletal organizing proteins,

resulting in changes in cell morphology. Although additional
studies are clearly necessary, further investigation of the
mechanism of Stxl-B-mediated cytoskeletal remodeling
should provide an in vitro model for future research on the
pathogenesis of Stx-mediated cell injury as well as the role of
lipid raft-mediated cell signaling in cytoskeletal remodeling.
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Deficiency of BLNK hampers PLC-y2 phosphorylation and Ca*>* influx induced
by the pre-B-cell receptor in human pre-B cells
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SUMMARY

B-cell linker protein (BLNK) is a component of the B-cell receptor (BCR) as well as of the pre-
BCR signalling pathway, and BLNK™~ mice have a block in B lymphopoiesis at the pro-B/pre-
B cell stage. A recent report described the complete loss or drastic reduction of BLNK
expression in approximately 50% of human childhood pre-B acute lymphoblastic lenkaemias
(ALL), therefore we investigated BLNK expression in human pre-B ALL cell lines. One of the
four cell lines tested, HPB-NULL cells, was found to lack BLNK expression, and we used these
human pre-B ALL cell lines that express and do not express BLNK to investigate the intra-
cellular signalling events following pre-BCR cross-linking. When pre-BCR was cross-linked
with anti-p heavy-chain antibodies, significant phosphorylation of intracellular molecules,
including Syk, She, ERK MAP kinase, and AKT, and an activation of Ras were observed
without regard to deficiency of BLNK expression, suggesting that BLNK is not required for pre-
BCR-mediated activation of MAP kinase and phosphatidyl-inositol 3 (P13) kinase signalling.
By contrast, phospholipase C-y2 (PLC-y2) phosphorylation and an increase in intracellular
Ca®* level mediated by pre-BCR cross-linking were observed only in the BLNK-expressing
cells, indicating that BLNK is essential for PLC-y2-induced Ca** influx, Human pre-B cell
lines expressing and not expressing BLNK should provide an in vitre model for investigation of

the role of BLNK in the pre-BCR-mediated signalling mechanism.

Keywords B-cell receptor; B cells; signalling/signal transduction

INTRODUCTION

Signals transduced through antigen receptors play essential
roles in B-cell development and fate determination. The
B-cell antigen receptor (BCR), which consists of a u heavy
chain (HC), conventional light chain (LC), immunoglob-
ulin « (Igs; CD79a), and Igf (CD79b), mediates different
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biological responses in B cells, i.e. proliferation, differenti-
ation, growth arrest, or induction of apoptosis, depending
on the differentiation and activation stage of the B cell.'™

In contrast to mature B cells, B-cell progenitors do not
possess the complete forms of the BCR, but do express
BCR-related components. For example, pro-B cells express
the Iga/Igf heterodimer in association with calnexin,* an
integral membrane protein, and the surrogate light (SL)
chain encoded by the VpreB (CD179a) and 45 (CD179b)
genes. > These molecules have been found to be competent
for transducing differentiation signals for pro-B cells.*

In addition, pre-B cells that have successfully accom-
plished rearrangement of the HC genes start to express a
premature form of the antigen receptor, i.e. a pre-B-cell
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receptor {pre-BCR) consisting of ¢ HC, SL chains and the
Iga/Igf heterodimers.”® Several studies have shown the
vital importance of pre-BCR as a mediator of pre-B-cell
differentiation signals.'®'? Expression of pre-BCR on the
cell surface suppresses further recombination of g HC genes
and induces rearrangement of the conventional LC genes,
indicating that signals through pre-BCR facilitate the
proliferation of successfully developed pre-B cells,

Although the 4 HC does not have any enzymatic activity
in its cytoplasmic domain to transduce intracellular signals,
the regulatory cascade of molecules is involved in BCR-
mediated signalling.2* The stimuli conveyed by antigens
through BCR activate a number of BCR-associated
cytoplasmic protein tyrosine kinases (PTKs), including the
Src-family PTKs, Syk and Brutons tyrosine kinase
(BTK).!*' These PTKs then phosphorylate numerous
intracellular proteins and couple BCR stimulation to
intracellular signallings, such as phosphoinositide hydro-
lysis, protein kinase C activation, and activation of Ras-
mitogen-activated protein (MAP) kinase pathways>® A
similar molecular cascade for signal transduction has been
postulated for pre-BCR signalling.*!*

B-cell linker protein (BLNK), also known as SLP-65,
BASH and BCA, is a B-cell adaptor molecule that links the
cytoplasmic PTKs with phosphorylation of downstream
effector molecules'®'® and plays a crucial role in the BCR
signalling system, Since BLNK does not encode any
intrinsic enzymatic activity, its function is to serve as a
scaffold for assembling molecular complexes that include
enzymes and additional linker proteins, Upon BCR sti-
mulation, BLNK couples activated Syk to phospholipase
C-y (PLC-y), Vav, Grb2 and NCK.'? In addition, it binds
Btk?2! and is required for activation of the transcription
factor NF-xB.2? It has been reported consistently that
B cells lacking BLNK fail to elicit Ca®* influx following
BCR cross-linking and exhibit attenuated activation of all
three families of MAP kinases.'

BLNK has also been shown to play important roles in
pre-BCR signalling, and BLNK-deficient mice show a par-
tial block at the pre-B cell stage characterized by impaired
developmental progression from large cycling CD43 ™ pro-B
cells into small resting CD43™ pre-B cells, 226 sugpesting an
essential role of BLNK in pre-BCR signalling that mediates
the growth and differentiation of B-cell precursors.

More importantly, it has been reported that some BLNK-
deficient mice spontaneously develop pre-B-cell lymphomas
that express large amounts of pre-BCR on their surface.?™2
Consistent with this, approximately 50% of human child-
hood pre-B acute lymphoblastic leukaemias (ALL) show
complete loss or drastic reduction of BLNK expression.?
These findings indicate that BLNK functions as a tumour
suppressor and that loss of BLNK and the accompanying
block in pre-B-cell differentiation is one of the primary causes
of pre-B ALL, although the precise mechanism is unknown.

We employed human pre-B cell lines that express and do
not express BLNK and examined the intracellular signal-
ling events following pre-BCR cross-linking in an attempt
to investigate the role of BLNK in pre-BCR-mediated sig-
nalling. In this paper, we report the absence of Ca** influx

following pre-BCR ligation in BLNK-negative human
pre-B-cell lines, but not interference with pre-BCR-medi-
ated phosphorylation of intracellular molecules. This sug-
gests that BLNK is essential to Ca®* signalling in human
pre-B cells but not to other signalling cascades and it should
provide an ir vitro model for studying the role of BLNK in
pre-BCR-mediated signalling.

MATERIALS AND METHODS

Cells and reagents

The human pre-B cell lines, NALM-17, HPB-NULL,
P30/0HK® and NALM-6! were used in this study. The
cells were cultured in RPMI-1640 supplemented with 10%
fetal calf serum at 37° in a humidified 5% CO, atmosphere.
The mouse monoclonal antibodies (mAbs) used were; anti-
p (G20-127), anti-x (G20-193), and anti-1 (JDC-12) from
Pharmingen (San Diego, CA); anti-BLNK (2B11), anti-Syk
(4D10), and anti PLC-y2 (B-10), from Santa Cruz Bio-
technology (Santa Cruz, CA); anti-extracellular signal-
regulated kinase (ERK)-1 (MKI12) from Transduction
Laboratories (Lexington, KY); anti-phosphotyrosine (PY)
(4G10) from Upstate Biotechnology Inc. {Lake Placid,
NY); anti-u (AF6) from Beckman/Coulter Inc. (West-
brook, MA); anti-§ actin (ZSA1) from Seikagaku Co.
{Tokyo, Japan); and anti-u (DA4.4) from the American
Type Culture Collection (Rockville, MD). Anti-i5
(HSL11), anti-Vpre-B (HSL96) and anti-conformational
pre-BCR (HSL2) were also used.™® As the negative control
for flow cytometric analysis, isotype-matched mouse
immunoglobulins, IgGl (KOPC-31C) and IgG2a (G155-
178), from Pharmingen were used. The rabbit polyclonal
antibodies used were; F(ab"); fragment of anti-y HC from
Jackson Laboratory, Inc, (West Grove, PA); anti-PLC-y1,
anti-phospho-ERK, anti-phospho-MAP kinase/ERK kin-
ase (MEK), anti-phospho-PLC-yl, anti-phospho-PLC-y2
and anti-phospho-AKT from New England Biolabs, Inc.
(Beverly, MA); anti-PLC-y2 from Pharmingen; and anti-
Shc from Transduction Laboratories. The goat polyclonal
anti-BTK antibody from Santa Cruz Biotechnology was
also used. Secondary antibodies, including fluorescein-
conjugated and enzyme-conjugated antibodies, were pur-
chased from Jackson,

Immunofluorescence study

The cells were stained with mAbs and analysed by flow
cytometry (EPICS-XL, Coulter) as described previously.?
Staining of cytoplasmic antigens was performed with
CytoStain™ Kits (Pharmingen) according to the manu-
facturer’s protocol.

Immunoblotting and immunoprecipitation

Immunoblotting was performed as described previously.®
Briefly, cell lysates were prepared by solubilizing the cells in
lysis buffer (containing 20 mm Na,PQ,, pH 74, 150 mm
NaCl, 1% Triton X-100, 1% aprotinin, 5 mM phenyl-
methylsulphonyl fluoride, 100 mmM NaF and 2mM
NajyVO,). After centrifugation, supernatants were obtained
and the protein concentration of each cell lysate was

© 2004 Blackwell Publishing Ltd, Immunology, 112, 575-582
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