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ABSTRACT: In this study, we used calnexin-deficient cells to investigate the role of this protein in ER
stress-induced apoptosis. We found that calnexin-deficient cells are relatively resistant to ER stress-induced
apoptosis. However, caspase 3 and 8 cleavage and cytochromec release were unchanged in these cells,
indicating that ER to mitochondria “communication” during apoptotic stimulation is not affected in the
absence of calnexin. The Bcl-2:Bax ratio was also not significantly changed in calnexin-deficient cells
regardless of whether the ER stress was induced with thapsigargin or not. Ca2+ homeostasis and ER
morphology were unaffected by the lack of calnexin, but ER stress-induced Bap31 cleavage was
significantly inhibited. Immunoprecipitation experiments revealed that Bap31 forms complexes with
calnexin, which may play a role in apoptosis. The results suggest that calnexin may not play a role in the
initiation of the ER stress but that the protein has an effect on later apoptotic events via its influence on
Bap31 function.

The endoplasmic reticulum (ER)1 plays a critical role in
a variety of processes, including the maintenance of intra-
cellular Ca2+ homeostasis, and the synthesis, post-transla-
tional modification, and folding of membrane-associated,
secreted, and integral membrane proteins. Recent evidence
also indicates that the ER may play a critical role in the
regulation of apoptosis (1-9). Among its many proteins, the
ER membrane contains a number that are involved in
apoptosis, including the Bcl-2 family (2), Bap31 (3), and
caspase 12 (6). Thapsigargin, an inhibitor of SERCA (10),
perturbs intracellular free Ca2+ concentrations and activates
apoptotic cell death in several cell types (1, 11-13). Also,
changes in the lumen of the ER play a role in modulating
cell sensitivity to apoptosis (5). Calreticulin, which resides
in the lumen of the ER, shares functional and structural
similarities with calnexin, an integral membrane protein in
the ER (14, 15). Calreticulin and calnexin are unique ER

chaperones in that they can bind monoglucosylated, high-
mannose carbohydrate and/or the polypeptide portion of
newly synthesized (glyco)proteins (14, 16, 17). While it
appears that calreticulin affects cell sensitivity to apoptosis,
the role of calnexin in these processes is unclear.

Here we have used calnexin-deficient cells (18) to examine
the role of calnexin in apoptosis resulting from ER stress.
In these studies, we have shown that the calnexin deficiency
affects the sensitivity of the NKR cells to apoptosis but does
not have an effect on Ca2+ homeostasis in the ER. We show
that Bap31 forms complexes with calnexin, and these may
be affected by Bap31 function. The results suggest that
calnexin may not play a role in the initiation of the ER stress
but that the protein has an effect on later apoptotic events
via its influence on Bap31 function.

EXPERIMENTAL PROCEDURES

Materials.Anti-Bcl-2 and anti-Bax antibodies were from
UBI. Anti-caspase 3 and anti-caspase 8 were from D.
Nicholson (Merck Frost, Canada). Anti-cytochromec and
anti-PARP [poly(ADP-ribose)polymerase] were from Pharm-
ingen. Anti-BiP and anti-SERCA2 were kindly provided by
L. M. Hendershot (Department of Medical Biochemistry and
Genetics, Texas A&M University, College Station, TX) and
K. P. Campbell (Howard Hughes Medical Institute, Univer-
sity of Iowa, Iowa City, IA), respectively.

Cell Culture, SDS-PAGE, Western Blot Analysis, and RT-
PCR.The human CEM and NKR T-lymphoblastoid leukemia
cell lines (a gift from T. Elliott) were maintained at 37°C
in DMEM supplemented with 10% fetal bovine serum, 1%
L-glutamine, and a 1% penicillin/streptomycin mixture. Cells,
at a density of 2× 106 cells/mL, were harvested by
centrifugation (5 min at 1000 rpm), washed two times with
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FIGURE 1: Expression of ER-associated proteins in CEM and NKR cells. CEM and NKR cells were harvested and lysed with RIPA buffer.
Protein extracts were separated via SDS-PAGE, transferred onto nitrocellulose membranes, and probed with anti-calnexin (A), anti-
calreticulin (B), anti-BiP (C), anti-ERp57 (D), anti-SERCA2 (E), or anti-Bap31 antibodies (F). Quantitative analysis was carried out by
densitometric scanning of immunoreactive protein bands as described in Experimental Procedures. In panel F, quantitative analysis of
Bap31 (28 Bap31) and its proteolytic fragment, p20, was carried out independently: (white bars) untreated cells (U) and (black bars)
thapsigargin-treated cells (TG). Cells were treated with 1µM thapsigargin for 16 h at 37°C. The 100% value corresponds to untreated
CEM cells. Data are means( SD of three independent experiments. CEM, parental cell line; NKR, calnexin-deficient cell line; CNX,
calnexin; CRT, calreticulin. Statistically significant atp < 0.001 (two asterisks) andp < 0.005 (one asterisk).
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PBS, and solubilized with a solution containing 50 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.5
mM benzamidine, and 0.5 mM PMSF. Protein extracts were
separated by SDS-PAGE (7.5, 10, and 12.5% acrylamide)
(19), transferred to nitrocellulose membranes, and probed
with specific antibodies, and immunoreactive protein bands
were detected using horseradish peroxidase-conjugated sec-
ondary antibodies followed by an ECL reaction (Amersham)
and exposure to X-ray film (19). Quantitative immunoblot-
ting was carried out and analyzed as previously described
(5, 20, 21). Briefly, immunoreactive protein bands were
scanned, and the slope of the correlation between the amount
of protein loaded on the SDS-PAGE gel and the optical
density of the protein band was determined. The slopes were
compared to determined changes in the level of protein in
different cell lines or after thapsigargin treatment.

RNA was isolated as described previously (19). RT-PCR
was carried out using the Gibco RP-PCR kit as recommended
by the manufacturer. The following oligodeoxynucleotides
were then used for PCR-driven amplification of calreticulin
cDNA fragments: 5′-GATAAAGGGTTGCAGACAAGC-
3′ and 5′-CCCAGACTTGACCTGCC-3′. Levels of calreti-
culin mRNA were normalized by comparison with levels of
actin mRNA. Actin mRNA was amplified using the follow-
ing primers: 5′-GACGAGGCCCAGAGCAAGAG-3′ and 5′-
CCAGACAGCACTGTGTTGGC-3′. PCR products were
separated on 1% agarose gels and visualized by staining with
ethidium bromide.

Apoptosis and Caspase Assay.For detection and quanti-
fication of apoptosis, we used theIn situcell death detection
kit, fluorescein (Roche Diagnostics). To induce apoptosis,
cells (2× 107 cells/mL) were treated with 1µM thapsigargin
for 16 h at 37°C. Cells were then washed in PBS containing
1% BSA and subjected to a TUNEL assay, as recommended
by the manufacturer. DNA fragmentation was detected by
flow cytometry. In each experiment, a negative control
received the label solution without the terminal transferase
instead of the TUNEL reaction mix. Prior to the TUNEL
reaction, DNA strand breaks in positive controls were
induced by treating cells with 1µg of DNase I/mL, for 10
min at room temperature, in a buffer containing 50 mM Tris
(pH 7.5), 1 mM MgCl2, and 1 mg/mL BSA.

Caspase 3 activity was measured in microtiter plates using
the Caspase 3 Activity Assay (Roche Diagnostics) as
described by the manufacturer. Cytosolic extracts were
prepared as described previously (22), and cleavage of acetyl-
DEVD-7-amino-4-(trifluoromethyl)coumarin (Ac-DEVD-
AFC) by the cytosolic proteins (140µg) was monitored
fluorometrically, at aλmax of 485 nm, using a C43 fluorom-
eter (PTI). Cells were also treated with 20µM Z-DEVD-
FMK (caspase 3 inhibitor II) and 20µM Z-IETD-FMK
(caspase 8 inhibitor II) for 16 h at 37°C in the presence or
absence of 1µM thapsigargin. Cytochromec release was
assessed using specific anti-cytochromec antibodies (22).

ER and Cytoplasmic Ca2+ Concentration.The ER Ca2+

capacity was estimated using a45Ca2+ equilibration method,
as described previously (21). For measurement of the
cytoplasmic Ca2+ concentration ([Ca2+]c), cells (2 × 107/
mL) were loaded with the fluorescent Ca2+ indicator fura-
2/AM (2 µM), taking precautions to avoid dye sequestration

(21). Fura-2 fluorescence was measured at aλex of 340 nm
using the C43 fluorometer (PTI). Cells were also stimulated
with one of the following: 100 nM thapsigargin, 100µM
ATP, 100µM carbachol, 100 nM bombesin, 2µM ionomy-
cin, or 2 µM ionomycin with 100 nM thapsigargin.

Immunoprecipitation.Cells were lysed for 30 min on ice
in a solution containing 50 mM Hepes (pH 7.6), 200 mM
NaCl, 2% Chaps, 0.5 mM benzamidine, and 0.5 mM PMSF
(2% Chaps/HBS). The protein extract was centrifuged, then
diluted in 2/3 volume of 2% Chaps/HBS, and precleared by
rotating for 30 min at 4°C with 1/15 volume of a 10% protein
A-Sepharose CL-4B bead suspension in a solution contain-
ing 50 mM Hepes (pH 7.6) and 200 mM NaCl. Beads were
then separated by centrifugation at 4°C for 20 s (14 000
rpm), and 3µL of anti-BaP31 antibody was added to the
supernatant. After overnight incubation at 4°C, 100µL of
a 10% protein A-Sepharose beads suspension was added
to the samples and incubation extended for an additional 4
h. Beads were spun down at 4°C for 20 s (14 000 rpm) and
washed three times with 1% Chaps/HBS and once with HBS.
A Laemmli sample buffer was added, and the samples were
subjected to SDS-PAGE.

Immunolocalization and Electron Microscopy.For con-
focal immunofluorescence analysis, cells were attached to
poly(L-lysine)-coated coverslips followed by incubation with
specific antibodies as described previously (5). For electron
microscopy, cells, harvested at confluency, were fixed for
1.5 h at room temperature in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 6.9). Samples were postfixed
in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer
for 1.5 h and dehydrated in ethanol and propylene oxide.
Cells were then embedded in Araldite epoxy resin, and
sections were analyzed with an electron microscope.

RESULTS

Calnexin-Deficient Cells and Thapsigargin-Induced ER
Stress.The calnexin-deficient cell line (NKR) that we used
in these experiments was previously derived from an NK-
sensitive parental cell line, CEM (18, 23). We used NKR
(calnexin-deficient) cells and their CEM parental cell line
to investigate ER function when calnexin was absent. Figure
1A shows that the NKR cells did not express calnexin, as
expected. However, these cells expressed significantly higher
levels of calreticulin compared with the parental, CEM cell
line (Figure 1B), and semiquantitative RT-PCR analysis

FIGURE 2: Bap31 and calnexin complex. Cellular extracts were
incubated with anti-Bap31 antibodies, followed by SDS-PGAE,
transfer to nitrocellulose membrane, and Western blot analysis with
either anti-calnexin (left) or anti-Bap31 (right) antibodies as
described in Experimental Procedures.
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revealed that the calnexin-deficient cells (NKR) contained
approximately 3-fold more calreticulin mRNA than the CEM
cells (not shown). The NKR cells also expressed more BiP
and SERCA2 (Figure 1C,E). No significant differences in
the expression of ERp57 were observed (Figure 1D).

Since an increased level of expression of BiP is associated
with ER stress (24), we investigated whether the calnexin
deficiency affected thapsigargin-induced ER stress. Thapsi-
gargin inhibits SERCA pumps in the ER, leading to the
depletion of intracellular Ca2+ stores, ER stress, and,
consequently, apoptosis (25). Figure 1C shows that, in both
cell lines, thapsigargin increased the level of expression of
BiP [(1.9 ( 0.1)-fold (mean( SE);n ) 3]. The incubation
of cells with thapsigargin also resulted in a slightly increased
level of expression of ERp57 and SERCA2 [(1.2( 0.1)-
fold (mean( SE); n ) 3] (Figure 1D,E). Previous studies
have shown that ER stress resulting from thapsigargin
treatment leads to upregulation of the calreticulin gene and
high levels of expression of this protein (15). However,
thapsigargin treatment of both the CEM and calnexin-
deficient (NKR) cells resulted in significantly reduced levels
of calreticulin (Figure 1B). Consistent with this observation,
in both cell lines, Northern blot analysis and semiquantitative
RT-PCR indicated that levels of calreticulin mRNA were
also reduced after thapsigargin treatment (data not shown).
This was a surprising result because it is well-documented
that thapsigargin treatment induces high-level expression of
the calreticulin protein and mRNA in several cell lines (26-
28). At present, there is no explanation for why thapsigargin

treatment results in decreased levels of calreticulin in these
cells, but it may be a cell-specific phenomenon.

Bap31 in Calnexin-Deficient Cells.Bap31 is an integral
membrane protein of the ER that is involved in apoptotic
pathways (3, 4). Activation of apoptosis results in the
cleavage of Bap31 by caspase 8, generating a 20 kDa, p20,
proteolytic fragment (4). Using Western blot analysis, we
found that the calnexin-deficient NKR cells expressed almost
3-fold more Bap31 than the parental CEM cell line (Figure
1F). Figure 1F also shows that, in the CEM cells, thapsi-
gargin-induced apoptosis resulted in efficient cleavage of
Bap31 as shown by the appearance of the p20 fragment. In
contrast, when we treated the calnexin-deficient NKR cells
with thapsigargin, Bap31 was significantly resistant to
proteolysis (Figure 1F).

Interactions between Bap31 and Calnexin.As shown
above, we found that the expression and function of ER-
associated Bap31 are altered in calnexin-deficient cells,
indicating that calnexin may play a role in apoptosis. To
investigate whether calnexin and Bap31 may form protein
complexes, we carried out immunoprecipitation experiments.
We incubated cellular proteins with anti-Bap31 antibodies
and followed this with Western blot analysis using anti-
calnexin antibodies. Figure 2 shows that anti-Bap31 antibod-
ies immunoprecipitated a protein complex, which contained
immunoreactive calnexin in CEM cells, indicating that
calnexin and Bap31 form a complex in the ER. As expected,
no calnexin was found in Bap31 immunoprecipitates derived
from the NKR calnexin-deficient cells (Figure 2). Western

FIGURE 3: Bax and Bcl-2 in calnexin-deficient cells. Cells were lysed and proteins separated by SDS-PAGE followed by Western blot
analysis as described in Experimental Procedures. Protein blots were probed with anti-Bax (A) or anti-Bcl-2 (B) antibodies. Quantitative
analysis was carried out by densitometric scanning of immunoreactive protein bands, and the results are shown on the right: (white bars)
untreated cells (U) and (black bars) thapsigargin-treated cells (TG). The 100% value corresponds to untreated CEM cells. Data are means
( SD of three independent experiments. Panel C shows relative Bax:Bcl-2 ratio in CEM and NKR cells. CEM, parental cell line; NKR,
calnexin-deficient cells. Statistically significant atp < 0.001 (two asterisks) andp < 0.005 (one asterisk).
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blot analysis revealed that the immunoprecipitated calnexin-
Bap31 complex did not contain any calreticulin, ERp57, or
Bcl-2 (data not shown).

Bax and Bcl-2 in Calnexin-Deficient Cells.It has been
reported that the Bcl family of proteins is present in the ER
(2). Bcl-2 is an antiapoptotic protein, whereas Bax is a
proapoptotic protein; importantly, in leukemic cell lines, the
Bax:Bcl-2 ratio is critical in determining whether cells will
resist drug-induced apoptosis (29). We found a significantly
greater level of expression of Bcl-2 in the CEM cells than
in the calnexin-deficient (NKR) cells (Figure 3A). In contrast,
the level of expression of Bax was greater in the calnexin-
deficient cells (Figure 3B). Following treatment with thapsi-
gargin, and the induction of ER stress, the expression of
Bcl-2 and Bax was upregulated in CEM cells, by (1.5(
0.1)-fold (mean( SE;n ) 3) and (1.4( 0.1)-fold (mean(
SE; n ) 3), respectively (Figure 3A,B). In contrast, the
expression of Bcl-2 and Bax was downregulated in the
calnexin-deficient cells (Figure 3A,B). Although Bcl-2 and
Bax are expressed at different levels in the CEM and
calnexin-deficient cells, in both cell types the relative ratio
of Bax to Bcl-2 was unaffected by treatment with thapsi-
gargin (Figure 3C).

Apoptosis Induced by ER Stress in Calnexin-Deficient
Cells.To examine the events that link ER stress to apoptosis,
we monitored cytochromec release, caspase activity, PARP
cleavage, and DNA fragmentation in calnexin-deficient cells
after treatment with thapsigargin. The release of cytochrome

c from mitochondria is considered a key event in apoptosis
(30). We assessed the release of cytochromec by cell
fractionation and Western blot analysis. Figure 4A shows
thapsigargin-induced release of cytochromec in wild-type
(CEM) and calnexin-deficient (NKR) cells. Neither the CEM
nor the NKR cells contained detectable cytoplasmic cyto-
chromec (Figure 4, lanes 1 and 3). After treatment with
thapsigargin, the release and accumulation of cytochromec
were similar in CEM and NKR cells (Figure 4, lanes 2 and
4).

In both cell lines, treatment with thapsigargin activated
caspase 3 as estimated on the basis of the rate of cleavage
of the fluorometric substrate DEVD-AFC (Figure 4B). In
the CEM cells, the activity was increased (2.0( 0.2)-fold
(mean( SE; n ) 3), and in the calnexin-deficient (NKR)
cells, it was increased (4.0( 0.6)-fold (mean( SE;n ) 3)
(Figure 4B). PARP cleavage, however, was similar in both
CEM and calnexin-deficient cells (Figure 4C). Last, we
analyzed DNA fragmentation using a TUNEL assay. Thapsi-
gargin treatment of CEM cells resulted in a (7.4( 0.2)-fold
(mean( SE; n ) 3) increase in TUNEL positive cells,
whereas treatment of calnexin-deficient NKR cells resulted
in a (1.8( 0.3)-fold (mean( SE; n ) 3) increase (Figure
4D). These results indicate that the calnexin-deficient cells
(NKR) were more resistant than the parental cell line (CEM)
to apoptosis induced by ER stress.

Endoplasmic Reticulum in Calnexin-Deficient Cells.Cal-
nexin is an integral membrane protein of the ER, which has

FIGURE 4: ER stress-induced apoptosis in calnexin-deficient cells. Cytochromec release (A), caspase 3 activity (B), PARP cleavage (C),
and DNA fragmentation (D) were assessed in CEM and calnexin-deficient (NKR) cells as described in Experimental Procedures. (A)
Cytochromec accumulation in the cytosol was assessed by Western blot analysis: lanes 1 and 3, cytosolic extracts from untreated cells;
lanes 2 and 4, cytosolic extracts from cells incubated with 1µM thapsigargin. (B) The caspase 3 activity in control and thapsigargin-treated
cells was measured using the fluorimetric substrate Ac-DEVD-AFC. Results are means( SD of three independent experiments. (C) The
PARP cleavage was identified by Western blot analysis (the arrow) in control (untreated) and thapsigargin-treated cells. (D) DNA fragmentation
was monitored by a TUNEL assay in control, untreated (-), and thapsigargin-treated (+) cell populations. Results are means( SD of three
independent experiments. Statistically significant atp < 0.001 (two asterisks) andp < 0.005 (one asterisk).
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been implicated in affecting SERCA function (31). Calnexin,
a homologue of calreticulin, has significant effects on
intracellular Ca2+ homeostasis (15). Therefore, we tested
whether the relative resistance of the calnexin-deficient cells
to apoptosis, shown above, might be explained by structural
changes to the ER and/or modification of Ca2+ homeostasis.
First, we compared wild-type (CEM) and calnexin-deficient
(NKR) cells using immunofluorescence and electron mi-
croscopy. The morphological appearance of the two cell lines
was indistinguishable (Figure 5). Further, both CEM and
NKR cells expressed Bap31, SERCA2, and calreticulin, and
these proteins were localized similarly to an ER-like network
and in the nuclear envelope. As expected, there was no

expression of calnexin in the NKR cells (Figure 5B).
Morphologically, in electron micrographs, the ER appeared
intact in both cell lines (Figure 5C). We also observed typical
nuclear and mitochondrial morphology in both cell lines.
Importantly, thapsigargin treatment of CEM and calnexin-
deficient (NKR) cells had no effect on the intracellular
localization of Bap31, SERCA, and calreticulin (Figure 5).
Our results show that calnexin deficiency and ER stress
(thapsigargin treatment) did not affect the localization of ER
proteins (integral membrane proteins Bap31 and SERCA and
peripheral membrane protein calreticulin). Calnexin defi-
ciency and ER stress also did not affect the morphology of
the ER.

Ca2+ Homeostasis in Calnexin-Deficient Cells.Changes
in Ca2+ concentration in the cytoplasm and in the lumen of
the ER affect apoptosis. Calnexin, an integral ER membrane
protein, might affect Ca2+ uptake and release from the ER
in several ways, including direct regulation of the SERCA
Ca2+ pump (31). These actions could either directly affect
apoptotic processes or lead to changes in the expression of
proteins involved in apoptosis (5, 8, 9). In the following
experiments, we investigated whether calnexin deficiency
affects the ER Ca2+ capacity or cytoplasmic Ca2+ concentra-
tions in NKR cells. The CEM cells contained 9.5( 2.6 pmol
of Ca2+/106 cells (mean( SE; n ) 3), and the calnexin-
deficient NKR cells contained 11.3( 1.2 pmol of Ca2+/106

cells (mean( SE; n ) 3) (Figure 6). Thus, the absence of

FIGURE 5: Immunofluorescence and electron microscope analysis
of calnexin-deficient cells. Immunolocalization of Bap31 and
SERCA2 (A) and calreticulin and calnexin (B) in CEM (wild-type)
and NKR (calnexin-deficient) cells was carried out as described in
Experimental Procedures. Cells were also treated with 1µM
thapsigargin followed by immunostaining with specific antibodies.
In all cell lines, Bap31, SERCA2, calreticulin (CRT), and calnexin
(CNX) were localized to the ER-like network. Calnexin-deficient
NKR cells do not contain calnexin, and therefore, they did not stain
with anti-calnexin antibodies (B). ER, electron micrographs of wild-
type (CEM) and calnexin-deficient (NKR) cells.

FIGURE 6: Total ER Ca2+ content of calnexin-deficient cells. A
total cellular Ca2+ content was determined using equilibrium
incubation with 45Ca2+ followed by addition of thapsigargin
(estimates the Ca2+ pool in thapsigargin-sensitive Ca2+ stores) or
ionomycin (estimates the Ca2+ pool in thapsigargin-insensitive Ca2+

stores) as described in Experimental Procedures. The Ca2+ content
was measured in wild-type (CEM) and calnexin-deficient (NKR)
cells. TG, thapsigargin; IO, ionomycin. Results are means( SD
of three independent experiments.
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calnexin does not affect the Ca2+ storage capacity of the ER
in the NKR cells.

Next, we used a Ca2+-sensitive fluorescent dye, fura-2, to
investigate the effects of calnexin deficiency on cytoplasmic
Ca2+ concentrations ([Ca2+]c). Basal [Ca2+]c values in control
(CEM) and calnexin-deficient (NKR) cells were similar
[∼34.9 ( 3.7 nM (mean( SD); n ) 3]. When cells were
treated with thapsigargin, the peak and duration of the [Ca2+]c

elevations were comparable (Figure 7A). Next, we compared
agonist-induced Ca2+ release in the CEM and calnexin-
deficient NKR cells. In preliminary experiments, we tested
the effect of 100µM carbachol, 100µM ATP, and 50 nM
bombesin on Ca2+ release. Of these agonists, only carbachol
resulted in Ca2+ release from both CEM and NKR cells
(Figure 7B), so we used it in our subsequent experiments.
Carbachol, a muscarinic agonist, induces Ca2+ release from
the ER via an InsP3-dependent pathway (32). We found that
carbachol induced a rapid and transient increase in the [Ca2+]c

in both CEM and NKR cell lines (Figure 7B). Similarly,
increases in [Ca2+]c were observed when both cell types were

stimulated with ionomycin [204( 21 nM (mean( SE); n
) 3] or ionomycin and thapsigargin [212.3( 35 nM (mean
( SE);n ) 3]. In all cases, the peak and the duration of the
elevations in [Ca2+]c were comparable in CEM and calnexin-
deficient NKR cells. In summary, our results indicate that
calnexin deficiency affected neither the storage capacity of
the ER nor thapsigargin- and InsP3-dependent Ca2+ release
from the ER.

DISCUSSION

In this study, we investigated the potential role of calnexin
in thapsigargin-induced (ER stress-induced) apoptosis. To
do this, we used a calnexin-deficient, leukemic T-cell line
(18, 23). In DNA fragmentation TUNEL assays, we found
that calnexin-deficient cells are relatively resistant to apo-
ptosis induced by ER stress. We also found that, in calnexin-
deficient cells, the cleavage of Bap31 that results from ER
stress was significantly inhibited. While the extent of Bap31
cleavage was reduced, the cleavage of caspase 3 and 8 was
unchanged by thapsigargin treatment. Therefore, the reduc-

FIGURE 7: Agonist-induced Ca2+ release in calnexin-deficient cells. Cells were loaded with the fluorescent Ca2+ indicator fura-2 and
stimulated with thapsigargin (A) or 100µM ATP and 100µM carbachol (Cb) or 100 nM bombesin (Bo) (B). CEM, wild-type cells; NKR,
calnexin-deficient cells. Panel A shows typical traces showing thapsigargin (TG) stimulation of cells in a Ca2+-free medium. (B) There was
no Ca2+ released by ATP or bombesin but a significant Ca2+ release by addition of carbochol. There was not a significant difference in
carbachol-induced Ca2+ release in the cell lines that were investigated. Data are means( SE (n ) 3).
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tion in the level of Bap31 cleavage may be responsible for
the observed resistance of the calnexin-deficient cells to
apoptosis induced by ER stress.

In a previous study, we showed that changes in the
expression of calreticulin, an ER resident homologue of
calnexin, affect cell sensitivity to thapsigargin-induced
apoptosis (5). For example, we found that calreticulin-
deficient cells are significantly resistant to apoptosis. This
resistance is accompanied by a decrease in the level of release
of cytochromec from mitochondria and by low levels of
caspase 3 activity (5). This indicates that the lumen of the
ER is involved in the release of cytochromec from
mitochondria and in the increased caspase activity that occurs
during apoptosis. This suggests “communication” between
the ER and mitochondria, which likely involves Ca2+ and
which plays an important role in determining cell sensitivity
to apoptosis. At present, the most likely explanation for the
effects of calreticulin deficiency is that calreticulin functions
as an ER Ca2+ storage protein (5, 33). Calreticulin-deficient
cells are more resistant to apoptosis, and at the same time,
the level of Ca2+ contained in their ER is significantly
reduced (33). In keeping with this, it has been shown that
cells which overexpress Bcl-2 are also relatively resistant to
apoptosis and have significantly reduced luminal ER Ca2+

levels (8, 9). However, in the leukemic T-cell lines used in
this study, we found that ER-dependent Ca2+ homeostasis
was not affected in calnexin-deficient cells, indicating that
calnexin does not play any role in Ca2+ storage in the ER.
Despite this, the calnexin-deficient cells were relatively
resistant to apoptosis induced by ER stress. This indicates
that the role of calnexin deficiency in apoptosis is not
mediated via Ca2+, allowing the suggestion that luminal and
integral membrane proteins of the ER may act with different
mechanisms during apoptosis.

The role of the ER integral membrane proteins in apoptosis
has only recently been considered (1-3, 6, 34). In particular,
roles for Bap31, caspase 12, and the Bcl-2 family of proteins
have been suggested (2, 3, 6). One central finding of this
study is that Bap31 and calnexin form a protein complex
(35). It is unlikely that the interaction between calnexin and
Bap31 reflects the molecular chaperone function of calnexin
because we have not detected any ERp57 in the immuno-
precipitate. We also did not detect any interactions between
Bap31 and calreticulin and Bcl-2. Bap31 is an integral
membrane protein of the ER, which contains a “death
effector” cytosolic domain that is cleaved by caspase 8 or
related caspases (3). The cleavage product, p20, induces
apoptosis either by amplifying a protease cascade initiated
by caspase 8 (36) or by contributing to other pathways. Ng
et al. (3) identified an ER membrane complex, including Bcl-
2/Bcl-XL, procaspas 8, and Bap31, that could be involved
in apoptosis signal transduction. They suggested this complex
would work like the plasma membrane apoptotic receptors
Fas and TNFR-1 (37). In this study, we found that Bap31
associates with calnexin. Ng and Shore (4) hypothesized a
Bap31 complex, including calnexin, which functions as a
signaling complex to trigger apoptosis during ER stress. Our
finding that the cleavage of Bap31 is significantly inhibited
in calnexin-deficient cells, with a resultant low level of p20,
is in keeping with this hypothesis. The cytoplasmic “tail” of
calnexin may play a role in caspase 8-dependent cleavage
of Bap31 (35). Alternatively, the absence of calnexin may

prevent the formation of the Bap31, Bcl-2/Bcl-XL, and
procaspase 8 complex. In conclusion, we show here that
calnexin may not be essential during initiation of the ER
stress but that the protein plays an important role in later
events involving ER stress-induced Bap31 cleavage and
DNA fragmentation. These findings further support a notion
that apoptosis may depend on both the presence of external
apoptosis-activating signals and an internal factor represented
by the ER and other intracellular organelles.
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