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Subtilase cytotoxin (SubAB), which is produced by certain strains of Shiga-toxigenic Escherichia coli (STEC),
causes the 78-kDa glucose-regulated protein (GRP78/BiP) cleavage, followed by induction of endoplasmic reticulum
(ER) stress, leading to caspase-dependent apoptosis via mitochondrial membrane damage by Bax/Bak activation.
The purpose of the present study was to identify SubAB receptors responsible for HeLa cell death. Four proteins,
NG2, �2�1 integrin (ITG), L1 cell adhesion molecule (L1CAM), and hepatocyte growth factor receptor (Met), were
identified to be SubAB-binding proteins by immunoprecipitation and purification, followed by liquid chromatog-
raphy-tandem mass spectrometry analysis. SubAB-induced Bax conformational change, Bax/Bak complex forma-
tion, caspase activation, and cell death were decreased in �1 ITG, NG2, and L1CAM small interfering RNA-
transfected cells, but unexpectedly, BiP cleavage was still observed. Pretreatment of cells with a function-blocking
�1 ITG antibody (monoclonal antibody [MAb] P5D2) enhanced SubAB-induced caspase activation; MAb P5D2
alone had no effect on caspase activation. Furthermore, we found that SubAB induced focal adhesion kinase
fragmentation, which was mediated by a proteasome-dependent pathway, and caspase activation was suppressed in
the presence of proteasome inhibitor. Thus, �1 ITG serves as a SubAB-binding protein and may interact with
SubAB-signaling pathways, leading to cell death. Our results raise the possibility that although BiP cleavage is
necessary for SubAB-induced apoptotic cell death, signaling pathways associated with functional SubAB receptors
may be required for activation of SubAB-dependent apoptotic pathways.

Subtilase cytotoxin (SubAB) was first identified as a product
of Shiga-toxigenic Escherichia coli (STEC) O113:H21, which
caused an outbreak of hemolytic-uremic syndrome (HUS)
(58). Subsequently, SubAB was found only in STEC strains.
Recently, however, SubAB was identified in Shiga toxin (Stx)-
negative E. coli strains isolated from unrelated cases of child-
hood diarrhea (70). SubAB cleaved the molecular chaperone
BiP, which triggered an endoplasmic reticulum (ER) stress
response (57, 73). It also caused other effects, including tran-
sient inhibition of protein synthesis (51), G0/G1 cell cycle arrest
(50, 51), caspase-dependent apoptosis via mitochondrial mem-
brane damage (45), activation of the Akt–NF-�B signaling
(78), and downregulation of gap junction expression (32). In
addition, high concentrations of SubAB induced vacuole for-
mation in Vero cells (51, 76). Although several studies have
examined the molecular mechanisms responsible for ER
stress-induced cell death (61, 67, 74), the relationship between
perturbation in protein folding in the ER following SubAB-
induced BiP cleavage and activation of death pathways re-
mains poorly understood. We found, however, that SubAB-
induced apoptosis in Vero cells was caused by cytochrome c

release via mitochondrial permeabilization, followed by
caspase activation (45).

It is well-known that cell surface receptors are responsible
for bacterial toxin binding and entry into cells, effects on var-
ious signal transduction pathways, and morphological changes
of the target cell. SubB has a strong preference for binding to
cell surface glycans terminating in the sialic acid N-glycolyl-
neuraminic acid (Neu5Gc), a monosaccharide that is not syn-
thesized in humans (7). An earlier report (10) showed that
lipid rafts were not required for SubAB cytotoxicity. Moreover,
Kondo et al. also reported that glycolipids were not important
receptors for SubAB (37). These data suggested that glycolip-
ids are not involved in SubAB-induced cytotoxicity. On the
basis of these reports and other data, we hypothesized that
glycoproteins on HeLa cells served as functional SubAB re-
ceptors. We reported that, in Vero cells, SubAB-induced vac-
uole formation required binding of toxin to N-linked carbohy-
drate-modified �2�1 integrin (ITG) (76).

However, significant inhibition of SubAB-induced apoptosis
in Vero cells was not observed following �1 ITG knockdown
(unpublished data). The ITG family is composed of 18 � sub-
units and 8 � subunits located in cell membranes and known to
assemble into 24 distinct heterodimers (30, 34). �1 ITG is
transported through the Golgi apparatus in association with �
ITGs, and nonheterodimerized �1 ITG is either degraded
prior to transport to the Golgi apparatus or retained in the ER,
ready to associate with newly synthesized � ITGs (28, 40).
Interaction between ligands and ITGs affects a large variety of
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signal transduction events that serve to modulate many aspects
of cell behavior, including proliferation, survival/apoptosis,
shape, polarity, motility, gene expression, and differentiation
(34). ITG-mediated cell attachment promotes survival signal-
ing in many types of normal cells, even in the presence of
various apoptotic stimuli (2–4, 16, 19, 39, 56, 79), while ITGs
have been shown to enhance signal transduction pathways
leading to cell death (9, 29, 38, 44, 52, 66). These reports
indicate that ITG-mediated signaling regulates both cell sur-
vival and cell death, but the detailed mechanisms of integrin-
mediated apoptosis are poorly understood.

Here, we demonstrate that in HeLa cells SubAB bound to
the terminal sialic acids of NG2, L1 cell adhesion molecule
(L1CAM), �2�1 ITG, and hepatocyte growth factor receptor
(Met). On the basis of data from small interfering RNA
(siRNA) knockdown of these proteins, we conclude that �1
ITG, NG2, and L1CAM play a pivotal role in SubAB-pro-
moted cell death induced by Bax/Bak oligomerization, cyto-
chrome c release, and caspase activation.

MATERIALS AND METHODS

Subtilase cytotoxin preparation. Escherichia coli producing recombinant His-
tagged wild-type SubAB and catalytic inactivated mutant SubA(S272A)B
(mSubAB) were used as the source of toxin for purification, according to a
published procedure (51).

Antibodies and other reagents. Anti-NG2 chondroitin sulfate proteoglycan
antibody (AB5320), which recognizes both intact proteoglycan and core protein,
was purchased from Millipore; anti-cleaved caspase-7, anti-cleaved procyclic
acidic repetitive protein (PARP), anti-Bax, anti-Bak, anti-focal adhesion kinase
(anti-FAK), and anti-Met antibodies were from Cell Signaling; mouse monoclo-
nal antibodies (MAbs) reactive with NG2 (LHM2), �1 integrin (P5D2), �2
integrin (C-9), and cytochrome c (7H8) were from Santa Cruz Biotechnologies;
rabbit polyclonal antibodies reactive with GAPDH (FL335), normal mouse IgG,
and normal rabbit IgG were from Santa Cruz Biotechnologies; mouse monoclo-
nal antibodies reactive with BiP/GRP78 and conformation-specific anti-active
Bax (clone 3) were from BD Biosciences. Conformation-specific anti-active Bak
(Ab-2) antibody was purchased from Calbiochem; anti-L1CAM monoclonal
antibody was from eBioscience. Caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp (methoxy) fluoromethylketone (Z-VAD-FMK, or ZVAD) was purchased
from BD Biosciences. Calpain inhibitor 1 (N-acetyl-leucyl-leucyl-norleucinal
[ALLN]) was purchased from Calbiochem. Calpeptin was purchased from Enzo
Life Sciences, and lactacystin was from Cayman Chemical. MG132 and thapsi-
gargin (Tg) were purchased from Sigma Aldrich.

Immunoprecipitation. Immunoprecipitation of SubAB receptors on a HeLa
cell surface was performed as described previously, with some modification (76).
In brief, biotinylated HeLa cell lysates (100 �g/200 �l) were incubated at 4°C for
1 h with 1 �g of native SubAB or heat-inactivated SubAB (100°C, 10 min),
followed by incubation at 4°C overnight with 1 �l of an anti-SubAB antibody.
Antibody-bound proteins were collected after addition of 20 �l of rProtein
G-agarose (Invitrogen), 50% (vol/vol) in Sol buffer (50 mM Tris-HCl, pH 7.5,
100 mM NaCl, 10% glycerol, 1% Triton X-100, with protease inhibitor cocktail
[Roche Diagnostics, Mannheim, Germany]), and incubated at 4°C for 1.5 h.
After the beads were washed three times with Sol buffer, proteins were solubi-
lized in SDS-PAGE sample buffer. After SDS-PAGE, proteins were transferred
to polyvinylidene difluoride (PVDF) membranes (Immobilon-P membranes;
Millipore), which were incubated with streptavidin-horseradish peroxidase
(HRP; Amersham Pharmacia Biotech). Biotinylated proteins were detected us-
ing an enhanced chemiluminescence (ECL) system (Amersham Pharmacia Bio-
tech). Coimmunoprecipitation of the Bax/Bak complex was performed as de-
scribed previously (47). Briefly, HeLa cells (3 � 105/6-cm plate) were treated
with SubAB or control (phosphate-buffered saline [PBS]) for 6 h. After the cells
were washed with ice-cold PBS, they were solubilized with lysis buffer {10 mM
HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 2% 3-[(3-cholamidopro-
pyl)-dimethylammonio]-1-propanesulfonate (CHAPS), pH 7.4} containing pro-
tease inhibitor cocktail (Roche Diagnostics) and incubated for 30 min on ice.
After centrifugation, solubilized extracts (200 �g/200 �l) were collected and
incubated with 0.25 �g of anti-Bax antibody (BD Bioscience) at 4°C for 2 h.
Immunoprecipitates were collected following incubation with rProtein G-aga-

rose (Invitrogen) for 1 h, followed by centrifugation for 1 min at 4°C. After
immunocomplexes were washed with lysis buffer three times, proteins were
dissolved in SDS sample buffer, analyzed by SDS-PAGE, transferred to PVDF
membranes, and then quantified by Western blotting using anti-Bax or anti-Bak
antibodies (Cell Signaling).

Purification of SubAB-binding proteins p250, p175, and p135. To purify p250
by using affinity columns, biotinylated HeLa cells (5 � 107 cells) were washed
twice with PBS and suspended in 10 ml of Sol buffer for 15 min on ice. After
centrifugation (20 min, 17, 400 � g), the supernatant was filtered, and the filtrate
(10 ml) applied to a Datura stramonium agglutinin-agarose column (bed volume,
2 ml; Seikagaku Corporation). The column was washed with 10 ml of Sol buffer,
and then Sol buffer containing 1% chitooligosaccharide was used to elute the
carbohydrate-containing proteins in 1-ml fractions. To confirm the presence of
p250 in eluted fractions, proteins in the effluents were immunoprecipitated with
SubAB as described previously (76). After SDS-PAGE, proteins were trans-
ferred to PVDF membranes, which were incubated with streptavidin-HRP. Bi-
otinylated p250 was detected using enhanced ECL. To identify p250, proteins in
effluents were precipitated with chloroform-methanol (72). The precipitated
samples were heated in SDS-PAGE sample buffer, separated in gels, and trans-
ferred to PVDF membranes, which were stained with Coomassie brilliant blue
(CBB).

To purify p175 from biotinylated HeLa cell lysates, samples were applied to a
Maackia amurensis agglutinin-agarose column (bed volume, 2 ml; Seikagaku
Corporation). After the column was washed, 0.5� Sol buffer containing 50 mM
ethylenediamine was used to elute the carbohydrate-containing proteins in 1-ml
fractions. To confirm the presence of p175 in eluted fractions, proteins in efflu-
ents were immunoprecipitated with SubAB as described above. To identify p175
and p135, proteins in effluents were precipitated with chloroform-methanol.
Precipitated samples were heated in 1� SDS-PAGE sample buffer, separated in
6% gels, and transferred to PVDF membranes, which were stained with CBB.
The stained bands were used for liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) analysis.

LC-MS/MS analysis. Proteins bands were separated by 6% SDS-PAGE, trans-
ferred to PVDF membranes, and then fragmented into peptides using an on-
membrane digestion method (1). Tryptic digestion of p250, p175, and p135 bands
was performed individually for 24 h at 37°C in a digesting solution that contained
2 ng/ml proteome-grade trypsin (Roche Diagnostics) and 25 mM NH4HCO3.
Digested peptides were injected into a trap column (0.3- by 5-mm L-trap column)
and an analytical column (0.1- by 150-mm L-column2) (Chemicals Evaluation
and Research Institute, Saitama, Japan), which were attached to a NanoSpace
high-pressure liquid chromatography (HPLC) system (Shiseido Fine Chemicals,
Tokyo, Japan). Purified peptides were introduced from the HPLC column to
LTQ XL (Thermo Scientific, San Jose, CA), an ion-trap mass spectrometer, via
an attached PicoTip (New Objective, Woburn, MA). The Mascot search engine
(Matrixscience, London, United Kingdom) was used to identify proteins from
the mass and tandem mass spectra of peptides. Peptide mass data were matched
by searching the International Protein Index database using the Mascot engine
(Matrix Science). The minimum criterion of the probability-based Mascot/
Mowse score was set, with 5% being the significant threshold level.

Cell culture and gene silencing in HeLa cells. HeLa cells were cultured in
Eagle’s minimum essential medium (EMEM; Sigma) containing 10% fetal bo-
vine serum (FBS). HeLa cells were plated into 24-well dishes (5 � 104 cells/well)
or 12-well dishes (1 � 105 cells/well) in EMEM containing 10% fetal calf serum.
When cells reached 50 to 60% confluence, they were treated with 20 nM NG2
siRNA (Dharmacon), �1 ITG siRNA (HSS105561; Invitrogen), Met siRNA
(Qiagen), L1CAM siRNA (Qiagen), or negative-control medium GC duplex
RNAi (Invitrogen) in Lipofectamine RNAiMax transfection reagent (Invitro-
gen), according to the manufacturer’s instructions.

Immunofluorescence staining. HeLa cells were plated on glass coverslips in
six-well dishes (1 � 105 cells/well) in EMEM containing 10% FBS and then
treated with SubAB for the indicated times. Cells were washed with PBS, fixed
for 10 min with 3% paraformaldehyde in PBS, washed with PBS, permeabilized
for 5 min with 0.1% Triton X-100, washed with PBS, and blocked with 4%
BlockAce buffer (Snow Bland) for 30 min. Primary antibodies were diluted in
0.4% BlockAce buffer and incubated overnight at 4°C. Cells were washed three
times with PBS and incubated for 1 h with the indicated concentration of
secondary Alexa 488 antibodies (Invitrogen) or Cy3-conjugated antibodies
(Sigma) diluted in 0.4% BlockAce buffer. The washed coverslips were mounted
in Prolong Gold and SlowFade Gold antifade reagents (Invitrogen) and observed
by immunofluorescence microscopy or confocal microscopy (Fluoview FV10i;
Olympus). For analysis of localization of NG2 or SubAB on the living cell
surface, immunofluorescence labeling was performed as described previously
(14). In brief, HeLa cells were incubated with the indicated primary antibodies
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for 30 min at room temperature, washed with EMEM containing 2% FBS, and
incubated with secondary Alexa 488- or Cy3-conjugated antibodies in EMEM
containing 2% FBS for 30 min. After the cells were washed with PBS and fixation
with 95% ethanol, the coverslips were mounted as described above.

Detection of apoptotic marker proteins in cytosolic fraction following SubAB
treatment. To detect cytochrome c release from mitochondria into the cytosol
and cleaved caspase-7, the cytosolic fraction was collected by following the
method described previously (45).

Cell cytotoxicity assay. A cytotoxicity detection kit for detection of lactate
dehydrogenase (LDH) (Cytotoxicity Detection KitPLUS [LDH]; Roche Diagnos-
tics) was used to evaluate cell cytotoxicity, according to the manufacturer’s
instructions. Briefly, the indicated siRNA-transfected cells were treated with or
without SubAB (0.2 �g/ml) for 30 h and then assayed for LDH release in culture
medium. To determine the percent cytotoxicity, the average absorbance values of
the triplicate samples and controls were calculated. Maximal LDH release from
cells was determined by addition of lysis solution provided in the kit, followed by
incubation for 5 min at room temperature and quantification of LDH. Cell
cytotoxicity (percent growth compared with that for the control) was calculated
using the following formula (absorbance of SubAB-treated or untreated indi-
cated siRNA-transfected cells minus absorbance of untreated cells)/(maximal
absorbance for the control by cell lysis solution treatment minus absorbance of
untreated cells) � 100. Following SubAB treatment, apoptotic cells were as-
sessed by use of an enzyme-linked immunosorbent assay (ELISA) kit (Cell
Death Detection ELISAPLUS; Roche Diagnostics) as described in the manufac-
turer’s instructions. Briefly, the indicated siRNA-transfected cells were treated
with or without SubAB (0.2 �g/ml) for 30 h and were lysed with 200 �l of cell lysis
buffer. Lysates were added to a streptavidin-coated microplate and incubated
with a mixture of anti-histone-biotin and anti-DNA peroxidase. After the plate
was washed with incubation buffer, peroxidase substrates [2,2�-azinobis(3-ethyl-
benzthiazolinesulfonic acid)] were added to each well and the absorbance was
measured at 405 nm. The enrichment factor quantified the specific enrichment of
mono- and oligonucleosomes released into the cytoplasm and was calculated
using the following formula: (absorbance of SubAB-treated siRNA-transfected
cells)/(absorbance of untreated siRNA-transfected cells).

RESULTS

Interaction of SubAB with cell surface proteins on HeLa
cells. We previously reported that SubAB bound to �2�1 ITG,
leading to vacuole formation in Vero cells (76). However, we
could not demonstrate that in Vero cells �2�1 ITG-dependent
signaling induces cell death. To identify the SubAB receptor,
which is responsible for cell death, we looked for SubAB-
binding proteins on HeLa cells. After SDS-PAGE of the im-
munoprecipitates, we found that three strongly reactive bands,
those for p135, p175, and p250, were visualized by streptavidin-
HRP (Fig. 1A, lane 2). Two bands, those for p175 and p135,
were recognized with anti-�2 ITG and anti-�1 ITG antibodies,
respectively (Fig. 1A, bottom). SubAB binding to �2�1 ITG
was confirmed using �1 ITG siRNA-treated cells. �1 ITG
siRNA treatment reduced the expression of �2 ITG. When �1
ITG expression was suppressed, SubAB binding to a p135
protein was significantly decreased, but the p175 band intensity
did not decrease (Fig. 1A, lane 4), suggesting that there was
another SubAB-binding protein at p175 other than �2 ITG.

We characterized the sugar modification of p175 and p250 by
lectin blot analysis using SubAB-immunoprecipitated complexes.
Two binding proteins, p175 and p250, reacted with the M. amu-
rensis lectin agglutinin and D. stramonium agglutinin lectin, re-
spectively (Fig. 1B). M. amurensis lectin is known to recognize
terminal SA�(2-3)-Gal(18, 54), and D. stramonium agglutinin lec-
tin reacted with Gal�(1-4)GlcNAc (26). To purify p250, biotin-
labeled HeLa cell lysates were incubated with D. stramonium
agglutinin-agarose and eluted with 1% chitooligosaccharide. Pro-
teins in the effluents were immunoprecipitated with SubAB. The
effluents contained �2�1 ITG and p250 but not p175 (Fig. 2A).

The effluents were concentrated, separated by 6% SDS-PAGE,
and transferred to PVDF membranes, which were stained with
CBB. After trypsin hydrolysis, LC-MS/MS analysis of the p250
protein was performed. The protein had sequences identical to
the sequence of a membrane protein, chondroitin sulfate proteo-
glycan 4 (CSPG4/NG2). Consistent with this finding, anti-NG2
antibody reacted with p250 (Fig. 2B). Furthermore, HeLa cells
transfected with NG2 siRNA showed reduced NG2 expression
(Fig. 2C, arrow), while �2�1 ITG expression was not affected
(Fig. 2C). Binding of SubAB to NG2 was less in cells treated with
NG2 siRNA than in negative-control siRNA-treated cells (Fig.
2D, lane 4), whereas �2�1 ITG binding was not affected (Fig.
2D). Next, Cy3-labeled SubAB was used to monitor the colocal-
ization with NG2 in HeLa cells. In U251/NG2 cells, NG2 was
associated by immunostaining of living cells at 4°C with a mesh-
work of plasma membrane protrusions widely distributed over the
apical surface (43). In HeLa cells, NG2 was also distributed on
the cell surface and Cy3-labeled SubAB colocalized with NG2
(Fig. 2E).

As p175 was shown to bind to M. amurensis agglutinin lectin
(Fig. 1B), we purified p175 from HeLa cell lysates using M.
amurensis agglutinin lectin-agarose columns. Biotinylated
HeLa cell lysates were applied to M. amurensis agglutinin lec-
tin-agarose, and the absorbed proteins were eluted with 50 mM
ethylenediamine. Proteins in the pass-through fraction or in
effluents were immunoprecipitated with SubAB and detected
with streptavidin-HRP (Fig. 3A). Unexpectedly, all three
bands (p250, p175, and p135) were detected in the eluted
fractions, although M. amurensis lectin specifically bound to
p175 (Fig. 1B). Both p175 and p135 were analyzed by LC-
MS/MS analysis. p175 had sequences identical to those of
L1CAM and �2 ITG, and p135 contained sequences identical
to those of �1 ITG and Met. Thus, these results suggest that
there are at least four SubAB-binding proteins in the p175 and

FIG. 1. Detection of SubAB-binding proteins in HeLa cells.
(A) HeLa cells were treated for 48 h with 20 nM �1 ITG siRNA (�1
ITG) or negative-control (NC) siRNA. Biotinylated HeLa cell lysates
were immunoprecipitated (IP) with heat-inactivated SubAB (HI) or
wild-type SubAB (Wt), as described in Materials and Methods. SubAB-
binding proteins were detected with streptavidin-HRP or anti-
�1 ITG or anti-�2 ITG antibodies. (B) Proteins immunoprecipitated
with SubAB were separated by SDS-PAGE and transferred to PVDF
membranes, which were visualized with M. amurensis agglutinin
(MAA) lectin (left) and involved in apoptosis lectin (right) as de-
scribed previously (76). Arrows in panels A and B show the locations
of p135, p175, and p250. Data are representative of at least three
separate experiments. IB, immunoblot.
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p135 range. In agreement, p175 reacted with anti-L1CAM
antibody, whereas p135 reacted with both anti-Met and anti-�1
ITG antibodies (Fig. 3B). Further experiments with L1CAM
or Met siRNA showed that reduction of L1CAM and Met
expression, respectively, resulted in inhibition of SubAB bind-
ing to L1CAM or Met (Fig. 3C). Confocal microscopy analysis
indicated that Cy3-labeled SubAB colocalized with �1 ITG,
L1CAM, or Met on the cell surface (Fig. 3D). These data are
consistent with interaction of SubAB with NG2 (p250), �2�1
ITG (p175/p135), L1CAM (p175), and Met (p135) in HeLa
cells.

Effect of receptor knockdown on cell death by SubAB. To
clarify whether these SubAB-binding proteins contribute to
cell death by SubAB, we examined the cytotoxicity using LDH
activity (32) and DNA fragmentation assays. Cells were treated
with SubAB for 30 h after transfection with the indicated
siRNA. SubAB-induced cytotoxicity and DNA fragmentation
were significantly suppressed in �1 ITG siRNA-treated cells
and slightly suppressed in NG2 or L1CAM siRNA-treated
cells, but no inhibition was observed in Met siRNA-treated
cells (Fig. 4A and B). Reduction of �1 ITG expression by
siRNA also dramatically inhibited cytochrome c release and
activation of caspase-7 (Fig. 4C, lane 3), whereas NG2 and
L1CAM siRNA treatment slightly inhibited these activities
and Met siRNA treatment did not inhibit these activities, al-
though expression levels of NG2, �1 ITG, Met, and L1CAM
were significantly suppressed (Fig. 4C). In addition to
caspase-7 activation, SubAB-induced caspase-3 and -9 activa-
tion with similar kinetics, while caspase-8 activation was noted

6 to 18 h after intoxication (data not shown). Since we found
that SubAB-induced cytochrome c release was dependent on
Bax/Bak conformational change in HeLa cells (75), we next
examined the effect of SubAB on Bax conformational change
and formation of the Bax/Bak complex in the indicated siRNA-
transfected cells. The anti-Bax clone 3 monoclonal antibody,
which reacted to amino acids 55 to 178 (spanning Bcl-2 ho-
mology domains 1 to 3) of Bax and which appeared to be
conformation specific (17), was used to immunoprecipitate Bax
from siRNA-transfected cells solubilized in CHAPS. This non-
ionic detergent was chosen because it maintains the quaternary
structure of monomeric Bax in its native conformation (31, 47).
The amount of conformationally changed Bax following
SubAB treatment was decreased in cells treated with NG2, �1
ITG, or L1CAM siRNA (Fig. 4D, lanes 2, 3, and 5) but not in
the cells treated with negative-control or Met siRNA (Fig. 4D,
lanes 1 and 4). In addition, SubAB induced Bax/Bak complexes
in negative-control or Met siRNA-transfected cells (Fig. 4D,
lanes 1 and 4) and, to a lesser extent, in NG2 and L1CAM
siRNA-transfected cells (Fig. 4D, lanes 2 and 5) but not in �1
ITG siRNA-transfected cells (Fig. 4D, lane 3). Interestingly,
BiP cleavage was not inhibited in these siRNA-treated cells
(Fig. 4D, bottom). Even at early time points, BiP cleavage
occurred, although it was slightly delayed (but not significantly
so) in �1 ITG-knockdown cells (Fig. 4E). We next examined
SubAB-induced caspase activation in siRNA-treated cells in
which four proteins were suppressed. Caspase activation was
dramatically decreased when these receptors were suppressed;
however, BiP cleavage was still observed (Fig. 4F).

FIG. 2. Identification of SubAB-binding protein p250. (A) After biotinylated HeLa cell lysates were applied to a DSA-agarose column, the
pass-thorough fraction was used as the pass (P) fraction. Bound proteins were eluted with six 1-ml volumes of Sol buffer containing 1%
chitooligosaccharide and collected as fractions E3. Samples of fractions P and E3 were incubated with SubAB and immunoprecipitated as
described in the legend to in Fig. 1A, before reaction with avidin-HRP. (B) Proteins immunoprecipitated with heat-inactivated SubAB (HI) or
wild-type SubAB (Wt) using anti-SubAB antibody were separated by SDS-PAGE and transferred to PVDF membranes, which were reacted with
HRP-conjugated streptavidin (left) or anti-NG2 antibody (right). (C) Proteins from cells incubated with the indicated siRNA for 48 h were
separated and transferred to PVDF membranes, as described in the legend to Fig. 1A, which were incubated with antibodies against NG2 (top
panel, arrow), �1 ITG (middle panel), or �2 ITG (bottom panel), followed by ECL detection. (D) The indicated siRNA-treated cell lysates were
incubated with heat-inactivated SubAB or wild-type SubAB and immunoprecipitated using anti-SubAB antibody, separated, and transferred to
PVDF membranes, which were reacted with antibodies against anti-NG2 (top panel), anti-�1 ITG (middle panel), or anti-�2 ITG (bottom panel),
followed by ECL detection. (E) HeLa cells were incubated with Cy3-labeled SubAB (a) for 30 min at 4°C and then stained for NG2 (b) as described
in Materials and Methods. A merged picture (c) shows intense colocalization of Cy3-SubAB and Alexa 488-NG2 at the membrane. Bar, 10 �m.
Data are representative of those from at least three separate experiments.
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Effect of �1 integrin knockdown on thapsigargin-induced
caspase activation in HeLa cells. To show that SubAB-induced
caspase activation is regulated by specific receptors, we inves-
tigated the effect of the ER stress-inducing agent Tg, as a
positive control for ER stress, on caspase activation in �1
ITG-knockdown cells. Although SubAB-induced caspase acti-
vation was inhibited in �1 ITG siRNA-transfected cells, Tg-
induced caspase activation was not suppressed in �1 ITG-
knockdown cells (Fig. 5). Thus, SubAB-induced caspase
activation participates in a pathway different from that regu-
lated by Tg, and these results suggest that SubAB-induced
apoptosis may be dependent on �1 ITG, NG2, and L1CAM-
related signaling pathways, in addition to SubAB-induced BiP
cleavage.

SubAB-induced caspase activation was enhanced by func-
tion-blocking �1 ITG antibody treatment. As shown in Fig. 4,

�1 ITG signaling seems to be important in SubAB-induced
apoptosis in HeLa cells. To investigate whether �1 ITG sig-
naling affects SubAB-induced cell death, HeLa cells were pre-
treated with control IgG or anti-�1 ITG antibody (MAb
P5D2), which was shown to suppress the functional activity of
�2�1 ITG and to induce inhibitory signaling for cell adhesion
(6), and then incubated with SubAB or mSubAB for 3 h.
Although the extent of BiP cleavage in control mouse IgG- and
MAb P5D2-treated cells was not different (Fig. 6, lanes 3, 4, 9,
and 10), SubAB-induced caspase-7 activation was enhanced in
MAb P5D2-treated cells (Fig. 6, lane 9). In addition, control
mouse IgG or MAb P5D2 treatment did not affect caspase
activation in mSubAB-treated cells (Fig. 6, lanes 5, 6, 11, and
12). In contrast, in �1 ITG-knockdown cells, caspase-7 activa-
tion by SubAB was clearly suppressed in the presence or ab-
sence of MAb P5D2 (Fig. 6, lanes 4 and 10), suggesting that �1

FIG. 3. Identification of SubAB-binding proteins p175 and p135. (A) Biotinylated HeLa cell lysates were incubated overnight with an M.
amurensis-agarose column. The pass-through fraction was used as the pass (P) fraction. Bound proteins were eluted with six 1-ml volumes of Sol
buffer containing 50 mM ethylenediamine and collected as fraction E3. Samples of fractions P and E3 were incubated with SubAB and
immunoprecipitated as described in the legend to Fig. 2A before reaction with avidin-HRP. (B) Proteins immunoprecipitated with heat-inactivated
SubAB (HI) or wild-type SubAB (Wt) using anti-SubAB antibody were separated and transferred to PVDF membranes, which were reacted with
anti-�1 ITG (left panel), anti-Met (middle panel), and anti-L1CAM (right panel) antibodies. (C) Proteins from cells treated with 20 nM the
indicated siRNA for 48 h were incubated with heat-inactivated or wild-type SubAB. Immunoprecipitated complexes and the lysate from
siRNA-treated cells were separated and transferred to PVDF membranes, which were reacted with antibodies against anti-Met (right panel) or
anti-L1CAM (left panel) antibodies, followed by ECL detection. (D) HeLa cells were incubated with Cy3-labeled SubAB (a, d, and g) for 30 min
at 4°C, fixed with 3% paraformaldehyde, and reacted with anti-�1 ITG (b), anti-Met1 (e), or anti-L1CAM (h) antibodies as described in Materials
and Methods. Merged pictures (c, f, and i) show colocalization in HeLa cells. Panel a to c, d to f, and g to i are at the same magnification. Bars,
10 �m. Data are representative of those from at least three separate experiments.
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FIG. 4. Effect of gene silencing of SubAB-binding proteins on SubAB-induced cell death. (A) The indicated siRNA-transfected HeLa cells
were incubated with or without SubAB (0.2 �g/ml) for 30 h. Cytotoxicity was assessed by measurement of LDH activity as described in Materials
and Methods. NC, negative-control siRNA. Data are means � standard deviations of values from three independent assays performed in triplicate
experiments. *, P � 0.01. (B) The indicated siRNA-treated cells were incubated with or without SubAB for 30 h, and then DNA fragmentation
was detected by a cell death detection ELISA as described in Materials and Methods. Data are means � standard deviations of values from three
independent assays performed in triplicate experiments. *, P � 0.04; **, P � 0.01. (C) The indicated siRNA-transfected cells were incubated with
SubAB (0.2 �g/ml; lanes 1 to 5) or not incubated (control; lane 6) for 6 h. Cytochrome c (cyt c), cleaved caspase-7 (cas 7), and GAPDH were
detected by Western blotting. The knockdown level of protein expression was also confirmed by Western blotting with antibodies against NG2, �1
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ITG signaling may be involved in SubAB-induced apoptotic
signaling.

SubAB-induced FAK fragmentation. �1 ITG is known to
form protein complexes at focal adhesion plaques, consisting
of several classes of proteins, including FAK and src family
members, which initiate tyrosine phosphorylation events that
regulate growth and differentiation of many cell types (48, 49,
77). We hypothesized that �1 ITG-associated molecules might
contribute to SubAB-induced cell death signaling after ER
stress resulting from SubAB-induced BiP cleavage. We ob-
served that BiP was cleaved after 30 min of incubation with
SubAB, followed by FAK cleavage; mutant SubAB was inac-
tive (Fig. 7A). Thus, ER stress resulting from SubAB-induced
BiP cleavage precedes FAK degradation. Proteolytic cleavage
of FAK has been reported in various cell types during apop-
tosis (13, 25, 41, 46). FAK cleavage was shown to be induced by
activation of calpain-like intracellular proteases (8) or caspases
(23, 41, 42, 62, 71) in fibroblasts transformed by the v-src or
myc oncogene (13, 20) or by a proteasome-dependent pathway
(36, 53). To clarify how FAK cleavage was induced in SubAB-
treated cells, HeLa cells were incubated with SubAB in the
presence of caspase inhibitor (ZVAD), calpain, and protea-
some inhibitors (ALLN, calpeptin, and MG132), calpain in-

hibitor (acetyl-calpastatin [Ac-calpastatin]) or proteasome in-
hibitor (lactacystin) for 3 h at 37°C. Cell lysates were analyzed
by Western blotting using an anti-FAK antibody. Although
SubAB-induced BiP cleavage was not inhibited, FAK cleavage
was significantly suppressed in the presence of ALLN, calpep-
tin, MG132, or lactacystin but not ZVAD and Ac-calpasta-
tin compared with the level of cleavage for the control (Fig.
7B). These results suggest that SubAB-induced ER stress
promotes FAK proteolysis through a proteasome-depen-
dent event. To determine whether proteasomal degradation,
in addition to SubAB-induced ER stress, is involved in reg-
ulating apoptosis, we examined SubAB-induced caspase ac-
tivation in the presence of MG132. MG132 pretreatment
significantly inhibited SubAB-induced caspase-7 activation
and PARP cleavage (Fig. 7C).

DISCUSSION

Here we show some of the specific SubAB receptors in HeLa
cells which directly contribute to cell death. Analysis of

ITG, Met, or L1CAM. The levels of cytochrome c and cleaved caspase-7 observed in untreated siRNA-transfected cells were similar to those
observed in control cells. A representative blot of three separate experiments is shown. Quantification of cytochrome c and cleaved caspase 7 was
performed by analysis with a densitometer (right panel). Data are the means � standard deviations from three separate experiments. *, P � 0.05;
**, P � 0.01. (D) Coimmunoprecipitation of Bax/Bak complex. CHAPS (2%) extracts of the indicated siRNA-transfected cells were treated with
or without SubAB or were not treated, and proteins were then immunoprecipitated with conformation-specific anti-active Bax monoclonal
antibody as described in Materials and Methods. The immunocomplexes or cell lysates were analyzed by SDS-PAGE, followed by immunoblotting
with anti-Bax, anti-Bak, or anti-BiP antibodies. A representative blot of two separate experiments is shown. Quantification of conformationally
changed Bax and coprecipitated Bak was performed by densitometer analysis (right panel). Data are the means � standard deviations of the values
from two separate experiments. *, P � 0.05. (E) SubAB-induced BiP cleavage at early time points in �1 ITG-knockdown cells. The indicated
siRNA-transfected cells (1 � 105 cell/well) were incubated with SubAB (0.2 �g/ml) for the indicated times at 37°C. GAPDH, �1 ITG, and BiP were
detected by Western blotting. A representative blot of three separate experiments is shown. (F) The indicated siRNA-transfected cells were
incubated or without SubAB (0.2 �g/ml) for 3 h at 37°C. GAPDH, cleaved caspase-7 (cas 7), and BiP were detected by Western blotting. A
representative blot of two separate experiments is shown. The knockdown levels of the proteins were also confirmed by Western blotting with
antibodies against NG2, �1 ITG, Met, or L1CAM (data not shown).

FIG. 5. Effect of gene silencing of �1 integrin on thapsigargin-
induced cell death. The indicated siRNA-transfected cells were incu-
bated with or without 1 �M Tg or 0.2 �g/ml SubAB (Sub) or were not
treated for 3 h at 37°C. GAPDH, cleaved caspase-7 (cas 7), and BiP
were detected by Western blotting. A representative blot of two sep-
arate experiments is shown. The knockdown levels of the proteins were
also confirmed by Western blotting with antibodies against �1 ITG
(data not shown). A representative blot of three separate experiments
is shown.

FIG. 6. Effect of �1 ITG inhibitory signaling and BiP cleavage on
SubAB-induced caspase activation. Control or �1 ITG siRNA-trans-
fected HeLa cells were pretreated for 30 min with control mouse IgG
or anti-�1 ITG antibodies (MAb P5D2) (1 �g/ml) that inhibit function
and were then treated with 0.2 �g/ml of SubAB, mSubAB, or PBS
(control) for 3 h. Cell lysates were separated by SDS-PAGE, followed
by immunoblotting with anti-cleaved caspase-7 (cas 7), anti-�1 ITG,
anti-BiP, or anti-GAPDH antibodies. A representative blot of two
separate experiments is shown.
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SubAB-binding proteins in HeLa cells using immunoprecipi-
tation, purification using lectin, and identification by LC-
MS/MS led us to conclude that the membrane proteins respon-
sible for binding to SubAB were �2�1 ITG, NG2, Met, and
L1CAM. We previously reported that SubAB bound to �2�1
ITG, leading to vacuole formation in Vero cells (76). However,
we could not demonstrate that �2�1 ITG-dependent signaling
induces cell death. It is possible that Neu5Gc-modified pro-
teins differ between Vero cells and HeLa cells. Recently, it was
reported that SubAB had a strong preference for binding to
glycans terminating in Neu5Gc (7). It was postulated that a
monosaccharide, Neu5Gc, was the SubAB receptor, even
though Neu5Gc is not synthesized in humans and protein-
bound Neu5Gc is generated by metabolic incorporation of the
Neu5Gc contained in food products. In fact, Neu5Gc-modified
proteins are abundant in Vero cells compared to their preva-
lence in HeLa cells (data not shown). Thus, we hypothesize
that following �1 ITG knockdown, Vero cells still have low-
affinity SubAB-binding proteins containing Neu5Gc which are
responsible for cell death. Therefore, we are unable to con-
clude that �2�1 ITG-dependent signaling induces cell death
since �1 ITG-knockdown Vero cells may still have an alterna-
tive SubAB-dependent signaling pathway(s). Regarding struc-
tural features of receptor proteins required for SubAB-binding
activity, neuraminidase treatment of HeLa cell lysate resulted
in inhibition of SubAB binding (data not shown). Lectin blot
analysis indicated that L1CAM contained O-glycan and termi-
nal SA�(2-3)-Gal, while NG2, �2�1 ITG, and Met were mod-

ified by N-glycan-linked Gal-�(1-4)-GlcNAc and terminal
sialic acids, and the terminal sialic acids of these binding pro-
teins are essential for interaction with SubAB.

At the purification step using M. amurensis lectin-agarose,
the effluents contained not only L1CAM but also NG2, �2�1
ITG, and Met, suggesting the possibility that NG2, �2�1 ITG,
or Met bound to M. amurensis lectin under these undenatured
conditions or that these receptors might form a complex in
HeLa cells. In fact, these membrane proteins are known to
interact or cross talk with each other and regulate various
cellular functions. NG2 interacts with the galectin/�3�1 ITG
complex on the cell surface, resulting in enhanced �1 ITG
signaling, with effects on cell motility, endothelial tube forma-
tion in vitro, and angiogenesis (21, 59, 65). L1CAM function-
ally interacts with �1 ITG to potentiate neuronal migration
toward extracellular matrix proteins through endocytosis and
mitogen-activated protein kinase signaling (69), and the RGD
site in L1CAM involved in the interaction with ITG in tumors is
known to play an important role in cell-cell binding, cell motility,
invasiveness, and tumor growth (22). Further, phosphorylated
Met formed a complex with �1 ITG and was colocalized with
vinculin and FAK at focal adhesions in epithelial cells expressing
activated Src (33). Since �1 ITG is a key protein in these cellular
pathways, binding of SubAB to �1 ITG may induce interaction or
cross talk with other proteins and affect cell movement, focal
adhesion, or signal transduction.

To define which binding protein is associated with SubAB-
induced apoptosis, we examined in HeLa cells the effect of

FIG. 7. SubAB-induced ER stress caused FAK proteolysis. (A) HeLa cells (1 � 105 cell/well) were incubated with wild-type SubAB or mSubAB
(0.2 �g/ml) for the indicated times at 37°C. Cell lysate proteins were analyzed by Western blotting using antibodies against BiP, FAK, or GAPDH,
as a control. Data are representative of those from three separate experiments. (B) HeLa cells were preincubated in the presence of either dimethyl
sulfoxide or PBS (control), ZVAD (50 �M), ALLN (100 �M), MG132 (20 �M), calpeptin (60 �M), calpastatin (20 �M), or lactacystin (10 �M)
for 30 min and were then incubated with or without SubAB for 3 h prior to preparation of cell lysates, which were analyzed with the indicated
antibodies. Data are representative of those from at least three separate experiments. (C) HeLa cells were preincubated with dimethyl sulfoxide
(DMSO) or MG132 (20 �M) for 30 min and then incubated with 0.2 �g/ml of wild-type SubAB (Wt) or mSubAB (Mt) for 3 h. Cell lysate proteins
were analyzed by Western blotting using antibodies against BiP, FAK, cleaved caspase-7 (cas 7), cleaved PARP (cPARP), or GAPDH. Data are
representative of those from three separate experiments.
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gene silencing of SubAB-binding proteins on Bax/Bak activa-
tion, cytochrome c release, and caspase-7 activation. We found
that SubAB-induced Bax/Bak activation, cytochrome c release,
and apoptosis were significantly and most effectively decreased
in �1 ITG-knockdown cells; SubAB-induced BiP cleavage,
however, was observed at a level similar to that in control
siRNA-transfected cells at the early and late time points, sug-
gesting that SubAB-induced BiP cleavage might be mediated
by other SubAB-binding proteins in Triton X-100-insoluble
fractions or by terminal sialic acid-modified minor proteins.
Similarly, NG2 and L1CAM but not Met siRNA treatment
also slightly but significantly inhibited SubAB-induced cell
death, cytochrome c release, and Bax activation but not BiP
cleavage. In addition, even siRNA knockdown of four proteins
(NG2, �1 ITG, L1CAM, and Met) also significantly inhibited
SubAB-induced caspase activation but not BiP cleavage (Fig.
4F). There are several reports that these SubAB-binding
proteins regulate cell death. Stimulation of �1 ITG signal-
ing markedly upregulated anchorage-dependent apoptosis
(anoikis) of adenocarcinoma cells (52). NG2, a novel proapop-
totic receptor (35), regulated anoikis of fibroblasts via changes
in FAK phosphorylation through a protein kinase C�-depen-
dent pathway. Further, treatment with L1CAM monoclonal
antibody inhibited tumor growth (5). Thus, these findings sug-
gest that these proteins regulate cell proliferation and death.
Our results indicate that SubAB recognizes these proteins as
functional receptors and thereby regulates cell death.

Although SubAB-induced BiP cleavage was observed in
NG2-, �1 ITG-, L1CAM-. or all four protein-knockdown cells,

SubAB-induced apoptosis was significantly decreased to a dif-
ferent extent dependent on each receptor. These results raise
the possibility that SubAB-induced cell death requires, in ad-
dition to BiP cleavage-induced ER stress, additional signaling
pathways resulting from SubAB binding to surface receptors.
We demonstrated that Tg-induced caspase activation was not
inhibited in �1 ITG-knockdown cells (Fig. 5). Thus, our results
suggest that SubAB receptors may be regulated by a SubAB-
induced apoptotic pathway, which is different from that regu-
lated by Tg. The importance of �1 ITG signaling was demon-
strated using MAb P5D2, which is known to inhibit �1 ITG
signaling. SubAB-induced caspase-7 activation was signifi-
cantly enhanced in cells pretreated with MAb P5D2 and clearly
decreased in �1 ITG siRNA-treated cells, while BiP cleavage
was at a level similar to that in control IgG-treated cells.
Caspase-7 activation by mSubAB was not observed in cells
pretreated with MAb P5D2, suggesting that �1 ITG-related
signaling alone is not sufficient to induce caspase activation. �1
ITG-induced signaling needs to be coupled with BiP cleavage
to enhance apoptosis. SubAB binding to NG2 and L1CAM
also might alter signal transduction, leading to effects on apop-
tosis. Differences in SubAB-induced cytotoxicity in each recep-
tor-knockdown cell might depend on the signaling pathway
associated with the particular SubAB receptor.

There were several reports of apoptosis in response to ER
stress (63, 64). Bax and Bak operate in both ER and mitochon-
dria as part of an essential gateway for selected apoptotic
signals. Interferon gene regulatory element 1 (IRE1) forms a
heterotrimeric complex with tumor necrosis factor-associated

FIG. 8. Proposed model of SubAB-induced apoptosis signaling pathway in HeLa cells. See text for additional details.
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factor 2 and apoptosis signal-regulating kinase 1 (ASK1), re-
sulting in activation of c-Jun N-terminal protein kinase (JNK),
leading to cell death (55, 68). Our previous work demonstrated
that SubAB-induced cell death appears to be induced through
Bax/Bak-dependent cytochrome c release, which was not me-
diated by the IRE1 or JNK pathway (75). Here we show that
SubAB induced Bax conformational changes and that Bax/Bak
complex formation was dramatically suppressed in �1 ITG-
knockdown cells. However, it is unclear how, in SubAB-treated
HeLa cells, �1 ITG regulates Bax/Bak conformational changes
and their oligomerization, cytochrome c release, and cell
death. It was reported that (i) ITG regulates the apoptotic
function of Bax through FAK activity, (ii) ITG-mediated po-
sitional control is required for maintaining homeostasis, and
(iii) defective ITG signaling resulted in apoptosis (24). We
found that FAK was cleaved following BiP cleavage after 30
min of incubation with SubAB but not mutant SubAB (Fig.
7A). FAK regulates proliferation and migration of normal and
tumor cells (12). It has been proposed that FAK cleavage
attenuates its autokinase activity, participates in disassembly of
the focal adhesion complex, interrupts survival signals, and
then finally promotes cell death (11, 15, 41). ER-associated
degradation (ERAD) has been known to mediate the ER
stress-induced decrease in several membrane proteins (27, 32,
60). Recently, it was reported that ER stress by cis-hydroxypro-
line leads to activation of an intracellular proteolytic process,
including caspase-independent FAK degradation, resulting in
cell damage (53). We found here that SubAB-induced FAK
fragmentation was caused by a proteasome-dependent path-
way. Interestingly, SubAB-induced apoptotic activation was
inhibited by MG132 treatment at the early time points. Our
data indicate that the inhibition of proteasomal degradation of
SubAB receptor-related signal molecules including FAK may
block SubAB-induced cell death. We proposed that ER stress
by SubAB-induced BiP cleavage caused FAK proteolysis and
thereby might alter FAK activity in an ITG-regulated signaling
pathway, resulting in defective signaling, followed by Bax con-
formational changes and cell death.

Finally, a proposed model is shown in Fig. 8. First, SubAB
interacts with terminal sialic acids of NG2, L1CAM, �2�1
ITG, or Met. After SubAB is delivered to the ER, SubAB
directly cleaves BiP, leading to induction of ER stress signals,
which induces activation of the proteasome pathway. At the
same time, SubAB binding to NG2, L1CAM, �2�1 ITG, or
Met induces signals from each receptor. It remains unclear
how SubAB-induced ER stress signals and signals from the
receptors affect mitochondria or modify receptor-mediated sig-
naling pathways. However, �1 ITG in HeLa cells is the major
receptor for SubAB-induced cell death, and NG2 and L1CAM
are also involved, at least in part, in cell death.
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