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Fig. 2. Effect of Stx1-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-
stained with Alexa-488-labeled
anti-ezrin mAb (left panels, green)
and TRITC-phalloidin (center
panels, red) and visualized using
confocal microscopy. The right
panels represent the superposition
of the green and red images, with
DAFPI counter staining (blue). The
arrowheads indicate the areas of
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 area, indicated by arrowhead).

As ERM proteins are thonght to play a central role in the
organization of cortical actin-based cytoskeletons through the
cross-linking of actin filaments and integral membrane, such
as CD44 (Tsukita et al., 1994; Tsukita and Yonemura, 1999),
we next examined 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 portions of both proteins were colocalized and
concentrated within a distinct radial streak at the edges of the
cell lamella (yellow area). Upon the addition of Stx1-B,
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however, the colocalization of FAK and paxillin was
temporally enbanced, peaking at 10 minutes after stimulation
(Fig. 4, arrowhead).

We further examined the effect of StxI-B stimulation on
other cytoskeletal proteins. The distributions of vimentin and
cytokeratin were similar, appearing as a diffuse Iocalization
with radial meshwork in the cytoplasm of resting ACHN cells
(Fig. 5). Upon Stx1-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 immunochistochemistry, a fine mesh work of a-
tubulin was seen within the cytoplasm of ACHN cells (Fig. 6).
Upon Stx1-B stimulation, the o-tubulin filarments became
significantly polymerized, appearing as a thickening of the
bundles throughtout the entire cytoplasm and peaking at 10
mimites 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 ytubulin 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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confocal microscopy experiments using fluorescently labeled

actin (Figs 2, 3). We also examined
tubulin polymerization similarly. As shown in Fig. 7B, Stx1-
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Fig. 5. Effect of Stx1-B subunit on
the distribution of vimentin and
cytokeratin in ACHN cells. ACHN
cells were examined as described
in 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 Stx1-B-treated ACHN cells were
examined 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 parallel 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 intracellular 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 ezin 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 that
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 ezrin
phosphorylation observed in this experiment is slower than that
presented in Fig. 84, 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 the

phosphorylation of ézrin, 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 PP2,
a specific inhibitor for Src family PTK, the Stx1-B-mediated
phosphorylation of ezrin was clearly inhibited. Similary, MBD,
which is known to disturb the structure of the lipid rafts
through the depletion of cholesterol from the cell membrane,
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Fig. 6. Effect of Stx1-B subunit on
the distribution of y- and o-
tubulins in ACHN cells. ACHN
cells were examined as described
in Fig. 2 using Alexa-488-labeled
anti-y-tubulin Ab (left panels,
green) and Alexa-546-labeled anti-
C-tubulin mAb (center panels, red).
The arrowheads indicate the
accumulation of vy-tubulin at the
microtubule-organizing centers.
Results are representative of three
independent experiments.
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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 Stx 1-
B-mediated phosphorylation of ezrin (Fig. 9). In contrast, PKC
inhibitor 20-28 (Fig. 9) and PKC inhibitor EGF-R fragment
651-658 (data not shown) did not affect the Stx1-B-mediated
phosphorylation of ezrin in ACHN cells.

We next examined whether these inhibitors affect the Stxi-
B-mediated cytoskeletal rearrangements. As shown in Fig. 2
and Fig. 10A, Stx1-B treatment induced the clustering of ezzrin
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-
induced 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 tg/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 (%) polymerized 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 Stx1-B-
mediated redistribution of ezrin.

To clarify the molecule responsible for the redistribution of
vimentin during the course of Stx1-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]1-B-
mediated redistribution of vimentin. '
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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/ml
of Stx1-B subunit for the indicated
periods. After separation on 10% Yes
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
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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 pig/ml of
Stx1-B pentamer was bound to the cell surface of the ACHN cells by incubation for 30 0 5
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. Immunaoblot analysis was performed

asin A.

Discusslon

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 ¢ell motility (Bretscher,
1989; Leventhal et al., 1997).

Several lines of evidence, including cur 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 repal 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
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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 physiclogical 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 inhibitoers on the Stx1-B-
subunit-mediated phosphorylation of
ezrin. ACHN cells were preincubated with
the inhibitors shown in the figure for three
hours. The concentrations of 300 and 900
1M for MBD and 25 and 100 uM for
other inhibitors were used. After treatment
with the Stx1-B subunit for 5 minutes, cell
extracts were prepared, and
immunoblotting for phospho-specific

- ezrin was performed as described in Fig.
8. In paralle], 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.

Cell
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phosphorylation of ezrin 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
specific inhibitors abolished the Stx1-
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.

Stx1-B binding induces the phosphorylation of ezrin, .a’
linker protein that connects the plasma membrane and the actin
cytoskeleton 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 a]., 1994; Tsukita and )

Yonemura, 1999). Stx1-B-induced ezrin phosphorylation was
inhibited both by MBD (which disturbs the structure of lipid -
rafts) and by the Src family PTK inihibitor PP2. Furthermore, °
we previously reported that Gb3 is mainly located on lipid rafts
in the cell membrane, and that Stx1-B binding to Gb3 induces
a clustering of the lipid rafts, leading to the activation of Src
family PTK (which is anchored to the inner layer of the lipid
raftsy possibly by aggregation-mediated kinase 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

LT € (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 foca! 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 phospherylates 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 myotomc 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 observations, we report here
that the ROCK inhibitor Y27632 inhibited the Stx1-B-
stimulated phosphorylation of ezrin, suggestmg that ROCK is
at least one of the kinases responsible for ezrin phosphorylation
in Stx1-B-induced cytoskeletal remodehng 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 Stx1-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 M for MBD and 100 uM for other inhibitors were used. After
treatment with the Stx1-B subunit for 10 minutes, the cells were fixed and stained with anti-ezrin monoclonal antibody (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. (BY 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.




filopodia-like structures. Further experiments investigating the
involvement of small G-proteins and their downstream kinases
in the Stxl-B-induced signaling system of cytoskeletal
remodeling are now underway.

Conversely, it has been suggested that ezrin was a
downstream effector of PKCal during the course of integrin-
mediated cell migration (Ng et al,, 2001). PKCO is a major
kinase specific for moesin, a family protein of ezrin
(Pietromonaco et al., 1998). PKC# 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. Qur 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
contribute to the organization of the cytosleleton. The
molecular mechanism responsible for the above-described
redistribution of cytoskeletal molecules has not yet been
clarified. However, as observed in the present study, treatment
with the ROCK inhibitor Y27632 abolished the Stx1-B-
stimulated 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 Stx1-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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Abstract: Shiga toxins (Stxs, also referred to as verotoxins) were first described as a novel cytotoxic activ-
ity against Vero cells. In this study, we report the characterization of an Stx1-resistant (R-) stock of Vero
cells. (1) When the susceptibility of R-Vero cells to Stx1 cytotoxicity was compared to that of Stx1-sensitive
(8-) Vero cells by methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay, cell viability after 48-hr expo-
sure to 10 pg/m! of Six1 was greater than 80% and less than 15%, respectively, (2) Although both a bind-
ing assay of fluorescence-labeled Stx1 and lipid analysis indicated considerable expression of Gb3Cer, a
functional receptor for Stxs, in both Vero cells, anti-Gb3Cer monoclonal antibodies capable of binding to
S-Vero cells failed to effectively label R-Vero cells, suggesting a conformational difference in the Gb3Cer
expressed on R-Vero cells. (3) The lipid analysis also showed that the R-Vero cells contained significant
amounts of Gb4Cer. In addition, introduction of exogenous Gb4Cer into S-Vero cells slightly inhibited Stx1
cytotoxicity, suggesting some correlation between glycosphingolipid composition and Stx1 resistance. (4)
Both butyrate treatment and serum depression eliminated the Stx1 resistance of R-Vero cells. (5) The results
of the analysis by confocal microscopy suggest a difference in intracellular transport of Stx1 between R-Vero
and S-Vero cells. Further study of R-Vere cells may provide a model of Stx1 resistance via distinct intra-

cellular transport of Stx1.

Key words: Shiga toxin, Vero cells, Toxin-resistant, Globotriaocyl ceramide

Shiga toxin (Stx) is a family of protein toxins pro-
duced by Stx-producing strains of Escherichia coli
(STEQ), such as O157:H7, and it has been postulated to
be the major cause of the development of serious com-
plications associated with STEC infection, including
hemolytic uremic syndrome (7, 29). Stx consists of
two major types, Stx1 and Stx2. Stx1 differs from the
Stx of Shigella dysenteriae typel by a single amino
acid in the A-subunit (15}, while the amino acids of
Stx2 are approximately 55% homologous with those of
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Stx1 (19).

All of these toxins are complexes of proteins con-
sisting of two components, an A-subunit monomer and a
B-subunit pentamer (17). The A subunit is a 30-kDa
cytotoxic chain that possesses RNA. N-glycohydrolase
activity and cleaves a specific adenine residue on the 285
ribosomal RNA, resulting in inhibition of protein syn-
thesis (17). By contrast, the 7-kDa B-subunit possesses
the ability to bind with high affinity to the terminal
digalactose of globotriaosyl ceramide (Gb3Cer), the
functional receptor for Stx found on the specific types of
the cells (17). Although Stx cytotoxicity is thought to

Abbreviations: Ab, antibody; FITC, fluorescein isothiocyanate;
Gb3Cer, globotriaosyl ceramide; GbdCer, globotetraosyl
ceramide; MTT, methylthiazolyldiphenyl-tetrazolium bromide;
PBS, phosphate buffered saline; R-, resistant; S-, sensitive; STEC,
Shiga-toxin-producing strains of Escherichia coli; Stx, Shiga
toxin.
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arise from the A-subunit that mediates the inhibition of
protein synthesis, Stx must first bind to Gb3Cer on the
target cell surface via its B-subunit, undergo endocytosis
and be translocated to the cytosol to exert its cytotoxic
effect.

Upon binding to Gb3Cer on the cell surface, Stx is
aggregated into clathrine-coated pits and endocytosed
(17, 32). After internalization, a portion of the internal-
ized Stx molecules is delivered to the trans-Golgi net-
work. Retrograde transport then carries the Stx mole-
cules through the Golgi cisterns all the way to the endo-
plasmic reticulum, where the translocation of the A-
subunit to the cytosol occurs (3, 17, 32). There, the
Stx A-subunit displays its cytotoxicity by initiating RNA
cleavage, thereby inhibiting protein synthesis, Howev-
er, the existence of an alternate route of toxin transport to
the lysosomes for degradation has also been reported
(32).

Thus, the cytotoxicity of Stx is highly selective toward
specific types of cells that express Gb3Cer, and, for
example, it is widely believed that endothelial cells that
express Gb3Cer are the main targets of Stx cytotoxicity
in STEC infection (10, 23, 24, 36). In addition, renal
tubular epithelial cells (5, 8, 12), mesangial cells (33,
40), macrophages/monocytes (37, 39), and neuronal
cells (20, 30), all of which express Gb3Cer, have also
been found to be directly affected by Stx. In addition to
normal cells, a number of cell lines have been reported to
be sensitive to Stx cytotoxicity. For example, the reason
Stx is also called verotoxin is that it was first discovered
as a novel cytotoxin toward Vero cells, which were
derived from the kidneys of African green monkeys and
express Gb3Cer (14). Burkitt’s cell lines, such as Daudi
(18) and renal-carcinoma-derived ACHN cells (34, 35),
have also been reported to express Gb3Cer and to be
highly sensitive to Stx.

However, several previous reports have revealed the
existence of subclones of these cell lines that are resistant
to Stx cytotoxicity. For example, Kongmuang et al.
reported isolation of Stx-resistant Vero cells by treating
them with nitrosoguanidine (13). Pudymaitis et al. also

reported isolation of subclones of Daudi and Vero cells

both of which are resistant for Stx (28). In each case, the
mechanism of the toxin resistance has been explained by
the lack of the Stx receptor Gb3Cer and the consequent
inability of Stx to bind to the cells. In this paper, we
report an Stx1-resistant stock of Vero cells that express
Gb3Cer. Although Stx1 surely binds and is incorporat-
ed into the cells, significant resistance to cell death was
observed in this stock. Further investigation the mech-
anism of resistance of the cells to Stx1 should help bet-
ter understand the molecular mechanism of the cyto-
toxic action of Stx1 and provide a new approach to the

prevention and treatment of Stx1 cytotoxicity during
STEC infection.

Materials and Methods

Materials and cell culture. In this study, two different
stocks of Vero cells, the one stored in the Department of
Infectious Diseases Research, National Children’s Med-
ical Research Center, and the stock newly distributed by
the Institute for Fermentation (Osaka, Japan), were used.
An epidermoid carcinoma cell line A431 was obtained
from the Japanese Cancer Research Resources Bank
(Tokyo). Cells were cultured at 37 C in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal
calf serum under a humidified 5% CO, atmosphere.

Stx1 was prepared as described previously (22) and
distributed by Seikagaku Co. (Tokyo). The pentamer
recombinant B-subunit of Stx1 was prepared as
described previously (21). Conjugation of Stx1 with
Alexa Fluor™488 (Molecular Probes, Inc., Eugene, Ore.,
U.S.A.) was performed according to the manufactur-
er’s protocol. The rat monoclonal antibody (Ab) against
Gb3Cer (38.13) was purchased from Beckman/Coulter
(Westbrook, Mass., U.S.A.). The mouse monoclonal
Ab against Gb3Cer (1A4) was a generous gift of Dr. §.
Hakomori of the University of Washington, Seattle,
Wash., U.S.A, and Otsuka Assay Laboratories
(Kawauchi-cho, Tokushima, Japan). Mouse monoclonal
Ab against the Stx1 B-subunit (13C4) was distributed by
American Type Culture Collection (ATCC, Rockville,
Md,, U.S.A.). Secondary Abs, including fluorescein-
conjugated Abs and enzyme-conjugated Abs, were pur-
chased from Molecular Probes and Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, Pa., U.S.A.),
respectively. Purified Gb3Cer, globotetraosyl ceramide
(Gb4Cer), sodium butyrate, and all other chemical
reagents were obtained from Sigma-Aldrich Fine Chem-
icals (St. Louis, Mo., U.S.A.), unless otherwise indi-
cated.

For cell culture, 2.5-20 mM stocks of Gb4Cer were
prepared by dissolving in dimethyl sulfoxide and were
added to the culture medium at a 1:1,000 dilution ratio to
make the final concentration of 2.5-20 mMm. Similarly, 1
M stock of sodium butyrate in phosphate buffered saline
(PBS) was added to the culture medium at a 1:1,000
dilution ratio to make the final concentration of 1 mm.
For serum starvation, cells were cultured under the con-
dition of 1% FCS for 48 hr prior to the experiments.

Cell viability assay. Vero cells were plated on 96-well
plates (Corning, Inc., Corning, N.Y., U.S.A.) at 1X10*
cells in 100 pl of medium per well to achieve approxi-
mately three quarters confluence and they were then
allowed to settle by overnight cultivation. After incu-
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bation with different concentrations of Stx1 as indicated
in each figure for 48 hr, viable cell counts were estimat-
ed by a modified methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay as described previously (4), and

they were expressed as a percentage of the untreated

cell count. Experiments were performed in triplicate,
and the means+SD of the values are shown in the figure.

Flow cytometric analysis and detection of apopto-
sis. For flow cytometry, cell suspensions of Vero cells
were produced by treating the cells with trypsin-EDTA

and pipetting. Fluorescent immunocytostaining was

performed as describéd previously (2). To detect binding
with holotoxin and the B-subunit of Stx1, one million
cells in suspension were incubated with 100 ng/ml of
Alexa Fluor™488-labeled holotoxin and the B-subunit of
Stx1 in 100 pl of medium, respectively, for 30 min at 4
C. After intensive washing with PBS, cells were ana-
lyzed by flow cytometry (EPICS-XL, Coulter) as
described previously (12, 34). Apoptosis was detected

by staining with fluorescein isothiocyanate (FITC)- -

labeled annexin V for 15 min at room temperature by

using an MEBCYTOR®-Apoptosis Kit (Medical & Bio-

logical Laboratories Co., Ltd., Nagoya, Aichi, Japan)
according to the manufacturer’s protocol.

Lipid analysis and TLC-blotting. The lipids were
extracted from 1X107 of Vero cells with chloroform/
methanol (2:1, v/v). The entire lipids were separated on
a high performance thin-layer chromatography (TL.C)
plate (Merck, Darmstadt, Germany) in a chloroform/
methanol/0.2% CaCl, (60:35:8, v/v/v) solvent system
and visualized by spraying orcinol/H,SO,, as described
previously (9). As a control, 1 j1g each of the standard
lipids of LacCer, Gb3Cer, and Gb4Cer were separated
" on a TLC plate simultaneously and the position of each
lipid was indicated in the figure.

TLC-blotting for the detection of Stx1 binding was
performed as described previously (9). Briefly, entire
lipids extracted from 1X10° of Vero cells were separat-
ed on a TLC plate as described above and were trans-
ferred to a PVDF membrane, followed by blocking with
5% skimmed milk in PBS. After incubation with Stx1
B-subunit at 100 ng/ml for 30 min at room tempera-
ture, the membrane was washed with PBS containing
0.025% Tween 20 (Sigma), incubated with anti-Stx1
B-subunit Ab at 1 pg/ml for 30 min at room temperature,
and washed again. After further incubation with perox-
idase-conjugated secondary Ab at 1 pg/ml for 30 min at
room temperature and the following final washing, the
membrane was visualized with enhanced-chemilumi-
nescence (ECL Westernblotting system, Amersham
Pharmacia Biotech, UK. Ltd., Buckinghamshire, TJ.K.).
The results obtained from a 1-min exposure of the ECL-
treated membrane to film are presented. TLC-blotting

for the detection of Gb3Cer was performed using anti-
Gb3Cer Abs in essentially the same manner as described
above with an exception of the absence of preincubation
with Stx1 B-subunit.

Confocal microscopic analysis of Stxl incorporated in
to the cells. For immunohistochemical detection of
incorporated Stx1, 5X10° cells in 2 ml of medium were
plated on collagen-coated cover slips (Iwaki Glass, Inc.,

. Tokyo) placed in a 35 mm culture dish and grown

overnight to achieve approximately a half confluence. At
the end of the culture period, Stx1 was bound to the
cells by incubation at 100 ng/ml in 1 ml of medium for
30 min at 4 C and then washed intensively with ice-
cold PBS to remove the excess toxin. To allow incor-
poration of the toxin, cells were incubated for 4 hrin a
fresh medium with shifts in temperature from 4 C to 37
C. The cover slips were then washed with PBS and
fixed with 100% acetone for 15 min at 4 C, followed by
incubation with anti-Stx1 Ab 13C4 at 10 pg/mlin 1 ml
of medium for 60 min at room temperature and intensive
washing with PBS. After incubation with Alexa
Fluor™488-conjugated secondary Abs (Molecular
Probes) at 10 pg/ml for 30 min and following nuclear
counter staining with DAPI (200 ng/ml) for 15 min, the
cover slips were washed and mounted on slide glasses
using PermaFluor™ Aqueous mounting medium (Ther-
mo Shandon, Pittsburgh, Pa., U.S.A.) and examined by
confocal microscope.

For the colocalization analysis of Stx1 with lysosomal
marker in R-Vera cells, a 35 mm polylysine-coated glass
bottom dish (Matsunami Glass Ind., Ltd., Tokyo) and
Alexa Fluor™488-conjugated Stx1 were used and the
toxins were incorporated in a similar procedure as
described above while the lysosome-selective probe
LysoTracker RED DND-99 (final concentration of 50
nM, Molecular Probes) was added to the medium 1 hr
after the temperature shift to 37 C. At the end of incu-
bation, dishes were intensively washed with PBS and
cells were mounted using aqueous mounting medium
and examined by confocal microscope.

Confocal laser scanning was performed using an
FV300 confocal laser scanning microscope (Olympus,
Tokyo). Simultaneous multi-fluorescence acquisitions
were performed using the 351-nm, 488-nm, and 543-nm
laser lines to excite DAPI, Alexa Fluor™488, and RED
DND-99, respectively, using a water-immersion objec-
tive (X40, NA1.7). Fluorescent images were selected
using appropriate multi-fluorescence dichroic mirrors
and band pass filters using the sequential acquisition
mede.
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Results

Identification of the Shiga-Toxin 1-Resistant Stock of
Vero Cells ‘

Vero cells have been reported to be highly sensitive to
© Stx cytotoxicity (14), and the Vero cells stored in our
laboratory {designated as’sensitive (S-) Vero in this
paper for convenience} display high sensitivity to Stx1,
and their cell viability is markedly reduced in a time and
dose-dependent manner after Stx1 treatment. As shown
in Fig. 1A, after treatment for 48 hr, 10 pg/ml of Stx1
induced about an 80% reduction in the number of cells
as assessed by MTT assay. Previous reports, including
our ewn, have indicated that apoptosis is involved in
the process of Stx-mediated cell death (6, 18, 34, 38).
As shown in Fig. 1B, flow cytometric analysis revealed
that 62.4% of S-Vero cells bound to annexin V after a
48-hr treatment with 10 pg/ml of Stx1, suggesting a
significant induction of apoptosis in S-Vero cells.

In the process of comparing the Stx1 sensitivity of dif-
ferent stocks of Vero cells, however, we found that the
stock of Vero cells distributed by the Institute for Fer-

mentation {designated resistant (R-) Vero in this paper -

for convenience} exhibit low sensitivity to Stx1. As
shown in Fig. 1A, after treatment for 48 hz, 10 pg/ml of
Stx1 induced only about a 20% reduction in the number
of cells, as assessed by MTT assay. Even at a higher
concentration, 100 pg/ml, approximately 75% of the
cells were still viable (Fig. 1A). In parallel, flow cyto-
metric analysis revealed that only 22.9% of the R-Vero
cells bound to annexin V after 48-hr treatment with 10
pg/ml of Stx1 (Fig. 1B). The data indicate reduced sen-
sitivity of R-Vero celis to Stx1. We also tested Stx2
cytotoxicity against both S- and R-Vero cells and essen-
tially observed results similar as to those for Stx1 (data
not shown). '

Distinct Gb3Cer Expression in the Shiga-Toxin 1-Resis-
tant Stock of Vero Cells

Next, we measured the level of expression of Gb3Cer
in S- and R-Vero cells by several different methods.
When the expression level of Gb3Cer was measured by
flow cytometry with anti-Gb3Cer 38.13 mAbs, the S-
Vero cells showed a heterogeneous staining pattern, and
their fluorescence intensity ranged from very weak to
strong (Fig. 2). By contrast, when R-Vero cells were
similarly tested, they showed only weak staining with
38.13 mAb (Fig. 2). When we tested another anti-
Gb3Cer mAD, 1A4, we observed identical results (Fig.
2). Curiously, however, when binding of FITC-labeled
Stx1 was examined by flow cytometry, the results
showed significant binding of Stx1 by R-Vero cells (Fig.

A .
Cell viability / MTT assay
{% of cells in the absence of Stx1 )
100 Xk [ —[
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40 — ]
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- FCS (%) 10 10 1
Sl « .
(pg/ml) 0 10100 0 10100 0 10100
B
FITC-Annexin V
40
62.4%
S-Vero =
010' 100 10" 1t ot
40
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%
With Stx1
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Fig. 1. Susceptibility of different stocks of Vero ceils to Shiga
toxin 1 (Stx1) cytotoxicity. A: After 48 hr of incubation with dif-
ferent concentrations of Stx1, viable cell counts of sensitive (S-)
and resistant (R-) Vero cells were estimated by MTT assay. Two
different concentrations of FCS, 10% and 1%, were tested on R-
Vero cells as described in “Materials and Methods.” B: Vero
cells treated in the same manner as in A. After incubation, apo-

. Drotic cells were detected by annexin V-binding assay using flow

cytometry. The resulting histograms show the percentages of
annexin V-bound cells. X-axis, flucrescence intensity; Y-axis,
relative cel] number,

2). Asshown in Fig. 2, some of the R-Vero cells showed
stronger fluorescence intensity after incubation with
FITC-Stx1 than the S-Vero cells. We obtained similar

- results when we tested binding of the FITC-labeled B-

subunit of Stx1 (Fig. 2).
The above results may seem to suggest that R-Vero
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Fig. 2. Expression of globotriaosyl ceramide (Gb3Cer) and cell surface binding of Shiga toxin 1 (Stx1). Cell suspensions obtained from
sensitive (S-) (upper panel) and resistant (R-) Vero cells (lower panel) were incubated with FITC-labeled anti-Gb3Cer monoclonal anti-
bodies or Alexa Fluor™488-conjugated holotoxin and the B-subunit of $tx1, and analyzed by flow cytometry. The histogram obtained
has been superimposed on that of the negative control. X-axis, fluorescence intensity; Y-axis, relative cell number.
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Fig. 3. Lipid analysis of Vero crlls. A: The lipids of sensitive
{S-) (left lane) and resistant (R-) Vero cells (right lane) were
analyzed as described in “Materials and Methods” B: Binding of
Shiga toxin 1 (Stx1) to lipids extracted from S- (mid lane) and R-
Vero cells {right lane) was assessed by TLC-blotting. As a con-
trol, purified globotriaosyl ceramide was tested at the same time
(left lane).

cells express other receptor(s) for Stx1 and may not
express Gh3Cer. However, as shown in Fig. 3A, lipid
analysis revealed that almost the same amount of
Gb3Cer was expressed by the R-Vero cells as by the S-
Vero cells. In addition, TLC-blotting analysis revealed
that Stx1 only binds Gb3Cer and no other components of
the lipids extracted from either R- or S-Vero cells (Fig.

R-Vero
Cell viability / MTT assay
(% of number of untreated cells)

100
80
&0
40
20

0 il
Butyrate 4 A A

Stx1 0 10 100
(pg/mi)

Fig. 4. Effect of sodium butyrate on the Shiga toxin 1 (Stx1) sen-
sitivity of Vero cells. Resistant (R-) Vero cells pre-incubated
and not incubated with 1 mM of sodium butyrate for 24 hr were
exposed to Stx1for 48 hr. The number of viable cells was deter-
mined by MTT assay as in Fig. 1A,

3B). Moreover, both anti-Gb3Cer Abs could recognize
Gb3Cer extracted from R-Vero cells similary as that
from S-Vero cells in TLC-blotting (data not shown).
Therefore, it seems most likely that R-Vero cells express
a considerable amount of Gb3Cer on the cell surface,
and thus bind with Stx1, but that the anti-Gb3Cer Ab
binding site in Gb3Cer is conformationally masked by
an unknown modification specifically present in the cell
membrane of R-Vero cells. It is noteworthy that the
amounts of LacCer and Gb4Cer are higher in R-Vero
cells than in §-Vero cells (Fig. 3A).

Effect of Butyrate, Serum Depletion, and Exogenous
Gb4Cer on StxI Cytotoxicity against Vero Cells
Since treatment with butyrate has been reported to
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enhance cell sensitivity to Stx cytotoxicity (31), next, we
investigated whether treatment with butyrate affects the
cytotoxic effect of Stx1 on R-Vero cells. Interestingly,
when 1 mM sodium butyrate was added to the medium
24 hr prior to the challenge of the toxin, the sensitivity of
R-Vero cells to Stx1 cytotoxicity significantly increased,
and 10 pg/ml of Stx1 induced a more than 90% reduc-
tion in the number of cells after 48 hr of incubation, as
assessed by MTT assay (Fig. 4A).

We also investigated whether serum depletion affects
the cytotoxic effect of Stx1 on R-Vero cells. When R-
Vero cells cultured under low serum conditions of 1%
FCS for 48 hr were treated with Stx1, Stx1 cytotoxicity
was significantly enhanced, and more than a 60% and
80% reduction in the number of cells was observed by
MTT assay after 48-hr incubation with 10 and 100 pg/mt
Stx1, respectively (Fig. 1A).

In parallel, we measured the Gb3Cer expression level
in serum depleted R-Vero cells by flow cytometry and
compared it with that in R-Vero cells under regular cul-
ture conditions with 10% FCS that was indicated in Fig.
2. However, no significant change was observed in both
staining patterns with anti-Gb3Cer Abs and binding of
Stx1 (data not shown), suggesting that serum depletion
does not affect the expression level of Gb3Cer in R-
Vero cells.

Since we observed an increased level of Gb4Cer in R-
Vero cells, next, we investigated whether an addition
of exogenous Gb4Cer would affect Stx1 cytotoxicity
against S-Vero cells. As shown in Fig. 5, when S-Vero
cells were incubated with culture medium containing
10 uM of Gb4Cer for 24 hr prior to Stx1 treatment, Stx1
cytotoxicity assessed by annexin V-binding assay was
slightly, but clearly, decreased. In an attempt to sce the
more significant inhibition of Stx1 cytotoxicity mediat-
ed by Gb4Cer, we tested different experimental condi-
tions. As shown in Fig. 5B, the inhibitory effect tended
to be dependent on the Gb4Cer dose. However, increas-
ing amounts of Gb4Cer did not result in significant
enhancement of apoptosis inhibition even if the amount
of Stx1 was decreased. The data indicate that the effect
of exogenous Gb4Cer on Stx1 cytotoxicity is limited.

A
S-Vero
Annexin V(+) cells (%)
80
60
40
20
0
Stxt A 4
(10 pg/mi) Gba(10pM)-
pretreatment
B
S-Vero

Annexin V(+) cells (%)

Gb4 O 0 25 5

10 20
(M)

| Stx1 (5 pg/ml) |

Fig. 5. Effect of endogenous Gb4Cer on the Shiga toxin 1 (Stx1)
sensitivity of Vero cells. A: Sensitive (S-) Vero cells pre-incubated
and not incubated with 10 pum Gb4Cer for 24 hr were exposed to
Stx1 for 48 hr. FITC-annexin V binding was assessed as in Fig.
1B. Experiments were performed in triplicate, and the
means+SD of the values are indicated. B: S8-Vero cells pre-incu-
bated and not incubated with Gb4Cer at the different concentra-
tions as indicated in the figure for 24 hr were exposed to 5 pg/ml
of Stx1 for 48 hr. FITC-annexin V binding was assessed as in A.

Fig. 6. Localization of incorporated Shiga toxin 1 (Stx1} in sensitive (S-) and resistant {R-) Vero cells. A: Stx1 incorporated in 5- and
R-Vero cells were stained with the combination of anti-Stx1 antibody 13C4 and Alexa Fluor™488-conjugated secondary antibody (green)
as described in “Materials and Methods.” Nuclei were counterstained with DAPI (blue). Incorporated Stx1 was visualized by confocal
microscopy. The peri-nuclear localizations of Stx1 were indicated by arrows. B: Stx1 incorporated in A431 cells was detected as in A.
C: The Iocalizations of incorporated Stx1 (green) and a lysosomal marker LysoTracker RED DND-99 (red) in R-Vero cells were simut-
taneously examined by confocal microscopy as described in “Materjals and Methods.” In the bottom panel, both images were super-

imposed with nuclear staining (blue).
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Different Intracellular Transport of Stxl in §- and R-Vero
Cells

Stx1 may be able to bind R-Vero cells but not be
incorporated by them, with the cells escaping cell death
as a result. To test this possibility, we used confocal
Jaser scanning microscopy to determine whether fluo-
rescein-conjugated Stx1 is ‘incorporated by S- and R-
Vero cells. As shown in Fig. 6A (upper panel), Stx1 was
incorporated into the S-Vero cells and transported to
the peri-nuclear area after 4 hr (pointed by arrows).
Interestingly, Stx1 was also incorporated significantly by
the R-Vero cells, but the localization of the toxin was dif-
ferent from its localization in S-Vero cells. As shown in
Fig. 6A (mid panel), the Stx1 incorporated into the R-
Vero cells exhibited a granular pattern within the cyto-
plasm. We also examined the effect of serum depletion
on the intraceltular transport of Stx1 in R-Vero cells. As
shown in Fig. 6A (lower panel), when Stx1 was incor-
porated in R-Vero cells precultured under the condition
of 1% FCS for 48 hr, an increase in the number of the
cells in which Stx1 localized in peri-nuclear area was

_observed (pointed by arrows). The date suggests that the
serum depletion affects the intracellular transport of
Stx1 in R-Vero cells.

As we mentioned above, the existence of an alter-
nate route of toxin transport to the lysosomes for degra-
dation in some cells, such as A431 cells, has been report-
ed (32). As shown in Fig. 6B, when we examined the
localization of Stx1 in A431 cells, the incorporated toxin
exhibited a granular pattern within the cytoplasm similar
to that in R-Vero cells. Therefore, we examined whether
incorporated Stx1 in R-Vero cells colocalize with the
lysosomal marker. When the intracellular localization of
Alexa Fluor™488-conjugated Stx1 and the lysosome-
selective probe LysoTracker RED DND-99 in R-Vero
cells were simultaneously examined, the colocalization
of these molecules was observed (Fig. 6C). The data
suggest that a farge propotion of the Stx1 incorporated in
R-Vero cells is transported to lysosomes under the reg-
ular culture condition with 10% FCS.

Discussion

In this study, we demonstrated the existence of an
Stx 1-resistant stock of Vero cells. Although Stx1-resis-
tant cell clones of Vero cells have been reported by
other groups, the mechanism of the Stx1 resistance in
our R-Vero cells and others seems to be different. For
example, Kongmuang et al. reported Stx-resistant Vero
cells that were isolated by treating the cells with
nitrosoguanidine and had lost their toxin-binding capac-
ity as assessed by immunofluorescent analysis (13).
Pudymaitis et al. reported a Stx-resistant Vero cell clone

that was isolated by its ability to grow in the presence of
Stx2 at a concentration of approximately 7 ng/ml and
was found to be deficient in Gb3Cer (28). Therefore, the
main mechanism of the Stx resistance in the previous
examples of Stx-resistant Vero cell clones was a lack of
toxin-binding capacity, whereas as shown in this report,
our Stx1-resistant Vero cells express an amount of
Gb3Cer comparable to that of Stx1-sensitive Vero cells
and possess considerable toxin-binding capacity. Indeed,
we confirmed sigpificant toxin incorporation into the
R-Vero cells by confocal microscopic study (Fig. 6).

Interestingly, Sandvig et al. demonstrated another
mechanism of Stx resistance (31). They reported that
cell line A431 derived from epidermoid carcinoma,
which expresses Gb3Cer and has toxin-binding capaci-
ty, is completely resistant to Stx. However, A431 cells
acquire Stx sensitivity when cultured in the presence
of butyrate, and the mechanism of their distinct sensi-
tivity to Stx cytotoxicity is explained by an alteration in
the transport route of Stx after receptor-mediated endo-
cytosis. It has been well documented that retrograde
transport of Stx into cytoplasm, where Stx cleaves RNA,
is required for expression of cytotoxicity by Stx (17,
31). Under regular culture conditions, most of the toxins
in A431 cells resistant to Stx are transported to the lyso-
somes and degraded, thereby destroying its cytotoxicity.
In butyrate-treated A431 cells, however, internalized
toxins are routed to the cytoplasm through the Golgi
network and endoplasmic reticulum, and thus they
exhibited significant sensitivity to Stx cytotoxicity (31).
Although further investigations are needed, the mecha-
nism of the Stx1 resistance that we observed in R-Vero
cells may be the same as in A431 cells. Our finding of
different localizations of the Stx1 incorporated into R-
and S-Vero cells, of Stx1 colocalization with the lyso-
somal marker in R-Vero cells, and of butyrate-mediated
sensitization of R-Vero cells to Stx1 should support this
notion.

It is noteworthy that Stx1 bound to the Gb3Cer
expressed on the cell surface of the R-Vero cells, where-
as anti-Gb3Cer monoclonal Ab showed less ability to
bind to Gh3Cer. Previously, Lingwood and co-worker
demonstrated that the fatty acid composition of Gb3Cer
influences its ability to bind to ligands. For example,
Gb3Cer containing fatty acid species shorter than C14
were found to be ineffective as receptors for Stx in a
phosphoplipid matrix, whereas when fatty acids longer
than C20 were used, the species were effectively recog-
nized by Stx but were no longer substrates for galactose
oxidase (26), indicating that different epitopes required
by these two different ligands (Stx and galactose oxi-
dase) are differentially expressed on different Gb3Cer
fatty acid homologues (1, 41). Considering their reports,
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it seems to be a plausible explanation that the difference
in fatty acid composition of Gb3Cer between R- and
S-Vero cells may exist and affect the recognition of
Gb3Cer by anti-Gb3Cer monoclonal Abs, but not by
Stx1. However, they also reported that the fatty-acid
length influences the mobility of Gb3Cer in TLC (11).
Since no significant difference.was observed in the
mobility between Gb3Cer of R-Vero and that of S-Vero
in our TLC result (Fig. 3), fatty-acid lengths of both
Gb3Cer are not significantly different. Therefore, the
failure of the recognition of Gb3Cer expressed on R-
Vero cells by the anti-Gb3Cer monoclonal Abs may not
be explained by the difference in fatty acid composition.
In addition, we also observed that anti-Gb3Cer antibod-
ies could recognize Gb3Cer of R-Vero similar to that of
S-Vero cells in the TLC-blot (data not shown). Although
the precise reason is unknown, Gb3Cer expressed R-
Vero cells are not compositionally different from that of
S-Vero cells, but presented differently on the cell surface
and the anti-Gb3Cer Ab binding site in Gb3Cer is con-
formationally masked by an unknown modification
specifically present in the cell membrane of R-Vero
cells.

We also observed a difference in lipid composition
between R- and S-Vero cells. The amounts of both
LacCer and Gb4Cer were higher in R-Vero cells than in
S-Vero cells, but the amount of Gb3Cer was unchanged
(Fig. 3A). Furthermore, as we showed in this study,
addition of exogenous Gb4Cer reduced the Stx1 sensi-
tivity of S-Vero cells. It was reported that purified gan-
gliosides exogenously added to the culture medium bind
and are stably incorporated in cultured cells (25). In
addition, the incorporated exogenous gangliosides are
thought to function as components of cell membranes
(16, 27). The evidence should support the notion that
preincubation of cells with exogenous glycosphin-
golipids is a reasonable approach to enrich cellular gly-
cosphingolipids. Therefore, the inhibitory effect of
exogenous Gb4Cer on Stx1-induced apoptosis in S-Vero
cells may be a consequence of the enrichment of Gb4Cer
in the cell membrane and suggest a correlation between
lipid composition and Stx1 susceptibility. Although the
details are unknown, the differences in lipid composition
of the cell membrane may affect Gb3Cer recognition by
ligands and the sorting route of incorporated Stx1. Since
we also found that serum starvation increases the sus-
ceptibility of cells to Stx1 cytotoxicity, the serum con-
centration of the culture medium may affect the lipid
composition of the cell membrane.

In conclusion, we have reported a stock of Vero cells

_that has the capacity to bind Stx1 but are significantly
resistant to Stx1 cytotoxicity. Additional fundamental
studies are clearly necessary, but clarification of the
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acquisition mechanism of resistance to $tx1I cytotoxici-
ty by these cells should allow a better understanding of
the molecular basis of Stx1-mediated cell damage and
open the way to improved therapeutic approaches to
diseases caused by Stx1.
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