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The accumulation of misfolded proteins in the endo-
plasmic reticulum (ER) evokes the ER stress response.
The resultant outcomes are cytoprotective but also pro-
apoptotic. ER chaperones and misfolded proteins exit to
the secretory pathway and are retrieved to the ER, dur-
ing which process the KDEL receptor plays a significant
role. Using an expression of a mutant KDEL receptor
that lacks the ability for ligand recognition, we show
that the impairment of retrieval by the KDEL receptor
led to a mis-sorting of the immunoglobulin-binding pro-
tein BiP, an ER chaperone that has a retrieval signal
from the early secretory pathway, which induced in-
tense ER stress response and an increase in susceptibil-
ity to ER stress in HeLa cells. Furthermore, we show
that the ER stress response accompanied the activation
of p38 mitogen-activated protein (MAP) kinases and c-
Jun amino-terminal kinases (JNKs) and that the expres-
sion of the mutant KDEL receptor suppressed the acti-
vation of p38 and JNK1 but not JNK2. The effect of the
expression of the mutant KDEL receptor was consistent
with the effect of a specific inhibitor for p38 MAP ki-
nases, because the inhibitor sensitized HeLa cells to ER
stress. We also found that activation of the KDEL recep-
tor by the ligand induced the phosphorylation of p38
MAP kinases. These results indicate that the KDEL re-
ceptor participates in the ER stress response not only by
its retrieval ability but also by modulating MAP kinase
signaling, which may affect the outcomes of the mam-
malian ER stress response.

Proteins destined for the secretory pathway are inserted into
the endoplasmic reticulum (ER)1 cotranslationally and sub-

jected to quality control. ER molecular chaperones such as the
immunoglobulin-binding protein (BiP) and calnexin facilitate
the correct folding or degradation of these newly synthesized
proteins as well as that of misfolded proteins (1). An increase in
misfolded proteins in the ER caused by deleterious effects upon
the folding environments in the ER or by genetic mutations
evokes the ER stress response, which includes an induction of
the synthesis of ER chaperones called the unfolded protein
response (UPR) (2), suppression of general protein synthesis (3,
4), and enhancement of the ER-associated degradation of mis-
folded proteins (5–7).

Despite these responses, the persistent accumulation of mis-
folded proteins leads to protein aggregation in the cell as well
as in the extracellular tissue, frequently accompanied by cel-
lular dysfunction and cell death. Now a growing amount of
evidence indicates that the ER stress response is involved in
the pathogenesis of several diverse disorders called conforma-
tional diseases (8). The mammalian ER stress response is a
complicated process that is coordinately induced by ER trans-
membrane kinases such as ATF6, IRE1, and PERK (9–11).
Further complexity comes from the fact that the activation of
these kinases not only enhances the expression of ER chaper-
ones for cytoprotection but also causes apoptosis (12, 13). The
underlying molecular mechanism of the transition between
these two opposite outcomes during the ER stress response is
uncertain.

Yeast genetic analyses have revealed that the UPR affects a
wide variety of gene transcriptions regulating not only ER
chaperones and protein degradation but also the early secre-
tory pathway (14, 15), suggesting that the UPR may involve the
whole secretory pathway rather than just that portion within
the ER. In fact, some misfolded proteins in mammalian cells
(16–19) as well as in yeast (20–22) have been shown to be
transported from the ER but were then retrieved to the ER.
The yeast UPR is initiated by the activation of IRE1, which
induces the synthesis of ER chaperones, although it does not
seem to be accompanied by apoptosis (2). ER luminal chaper-
ones like BiP/Kar2 are localized in the ER partly because of the
interaction with the ER matrix and partly because of the re-
trieval from the secretory pathway to the ER (1). These luminal
chaperones have a carboxyl-terminal His-Asp-Glu-Leu (HDEL)
amino acid sequence that is recognized by the transmembrane
receptor, ERD2, in post-ER compartments when the chaper-
ones are secreted from the ER (23). Interestingly, yeast cells
without the IRE1 gene are viable, and yeast cells bearing
mutant alleles of the ERD2 gene in which ERD2-mediated
retrieval is impaired are also viable; however, both mutations
synthetically cause growth arrest. Thus, the secretion of ER
chaperones and misfolded proteins from the early secretory
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pathway per se does not seem to be critical in yeast if the
synthesis of chaperones is compensated for by the function of
IRE1 (24).

Mammalian ER luminal chaperones like BiP have a carbox-
yl-terminal Lys-Asp-Glu-Leu (KDEL) amino acid sequence in-
stead of HDEL (25), which is recognized by the KDEL receptor,
the mammalian homologue of ERD2, in post-ER compartments
including the ER-Golgi intermediate compartment and the
Golgi complex when the chaperones are secreted from the ER
(26). ER chaperones and the KDEL receptor are sorted into the
transport vesicle coated with COPI complex and retrieved to
the ER (27).

In this study, we show that the KDEL receptor enhances
mitogen-activated protein kinase (MAPK) signaling during the
ER stress response, which affects the outcomes of the response.
This finding reveals a novel function of the KDEL receptor; it
modulates the ER stress response with its signaling function in
addition to its retrieval function. Furthermore, it suggests di-
verse biological scenery where the ER stress response may be
concerned in mammals, considering the pivotal roles of MAP
kinase signaling such as development, cell differentiation, cell
survival, and cell death (28).

EXPERIMENTAL PROCEDURES

Cells and Reagents—HeLa cells were grown in a complete medium
that consisted of Dulbecco’s modified essential medium (Sigma) with
10% fetal calf serum, 2 mM glutamine, 50 �g ml�1 streptomycin, and 50
unit ml�1 penicillin G at 37 °C in a 5% CO2 incubator. The following
antibodies were used: a mouse mAb (9E10) against the Myc epitope
(American Type Culture Collection); a mouse mAb against Golgi p58; a
mouse mAb against �-tubulin (Sigma); a mouse mAb (KR-10) against
the KDEL receptor; a mouse mAb (SPA-827) against BiP (KDEL se-
quence) (StressGen Biotechnologies); a mouse mAb (AF8) against cal-
nexin (kindly provided by M. Brenner, Boston, MA) (29); a rabbit
polyclonal antiserum against hen egg lysozyme (Chemicon); a mouse
mAb (G-7) against phospho-JNK; a goat polyclonal antiserum (N-20)
against BiP/GRP78; a goat polyclonal antiserum against ATF6; a goat
polyclonal antiserum against IRE1�; a mouse mAb (B-3) against
CHOP; a mouse mAb (A-12) against p38; a rabbit polyclonal antiserum
against JNK (Santa Cruz Biotechnology); a rabbit polyclonal antiserum
against phospho-p38; a rabbit polyclonal antiserum against phospho-
ERK1/2; a rabbit polyclonal antiserum against phospho-ATF2; a rabbit
polyclonal antiserum against phospho-CREB; a rabbit polyclonal anti-
serum against phospho-c-Jun; a rabbit polyclonal antiserum against
phospho-MKK3/6 (Cell Signaling); a Cy-2-conjugated donkey antibody
against mouse IgG; and a Cy-3-conjugated donkey antibody against
rabbit IgG (Jackson ImmunoResearch Laboratories). The following re-
agents were used: tunicamycin (Nacalai Tesque); dithiothreitol (DTT;
Sigma); p38 inhibitor (SB202190; Upstate Biotechnology); ERK inhib-
itor (PD 98059; Alexis); and JNK inhibitor II (SP600125, Calbiochem).

Plasmids and Transfection—The following cDNAs were used. The
carboxyl-terminal KDEL-lysozyme has been described previously (30,
31). The Myc-tagged wild-type human KDEL receptor 1 and a ligand
binding defective mutant, R169N (32), were gifts from H. R. B. Pelham
(Cambridge, UK). Transfection with the calcium phosphate method was
performed as described previously (30). To generate a stable cell line,
the Myc-tagged wild-type human KDEL receptor or a mutant R169N
cDNA was co-transfected with a construct containing a hygromycin
resistance gene into cells by using the calcium phosphate method. Cells
were selected from a complete medium containing 0.5 mg ml�1 of
hygromycin B (Invitrogen). Stable transfectants were screened by im-
munofluorescence microscopy.

Confocal and Immunofluorescence Microscopy—Cells on coverslips
were fixed in 2% formaldehyde in phosphate-buffered saline for 10 min
at room temperature and then processed as described previously (30).
The labeled cells were examined using either a confocal laser scan
microscope (LSM510, Carl Zeiss) fitted with krypton and argon lasers
or a fluorescent microscope (DMRA2, Leica).

Immunoprecipitation and Western Blotting—The cells were removed
from the dishes, pelleted by centrifugation, and lysed for 30 min at 4 °C
in a buffer containing 1% Triton X-100, 50 mM Tris/HCl, pH 7.4, 300 mM

NaCl, 10 �g ml�1 aprotinin, 10 �g ml�1 leupeptin, 1 mM sodium or-
thovanadate, and 2 mg ml�1 iodoacetamide. The cell lysates were in-
cubated with an SDS-PAGE sample buffer. For immunoprecipitation,

the cell lysates and the culture media were precleared with protein
A-Sepharose beads and incubated with antibody-coupled protein A-
Sepharose for 1 h at 4 °C. The immunoprecipitates were washed and
then boiled in a sample buffer. The samples were separated by SDS-
PAGE under reducing conditions. Western blotting was done as de-
scribed previously (17). The signals were analyzed by LAS 1000 and
Image Gauge software (Fuji Photo Film Co., Ltd.).

Metabolic Labeling Experiment—The cells were preincubated in a
labeling medium (Dulbecco’s modified Eagle’s medium without methi-
onine supplemented with 2% fetal calf serum, 2 mM glutamine, 50 �g
ml�1 streptomycin, and 50 unit ml�1 penicillin G) for 20 min at 37 °C
and labeled with [35S]methionine (Amersham Biosciences) at 250 �Ci
ml�1 for 12 h. The cells were collected and lysed as above. The lysates
were subjected to immunoprecipitation with an anti-KDEL receptor
mAb or an anti-Myc mAb. The immunoprecipitates in a sample buffer
were separated by SDS-PAGE under reducing conditions. The gels were
then analyzed by BAS 2500 and Image Gauge software (Fuji Photo Film
Co., Ltd.).

Sucrose Gradient Experiment—A postnuclear supernatant (PNS)
was prepared and loaded on a continuous sucrose gradient (20–50%) as
described previously (17). Twelve fractions were obtained from each
sample. An aliquot of each fraction was separated by SDS-PAGE under
reducing conditions, and the distribution of each protein was deter-
mined by Western blotting.

Detection of Cell Death—The cells treated with tunicamycin (5 �g
ml�1) or DTT (5 mM) for 0–60 h were collected, and cell viability was
determined by trypan blue staining. For the TUNEL assay, cells on
coverslips were fixed in 2% formaldehyde in phosphate-buffered saline
for 10 min at room temperature, washed three times with phosphate-
buffered saline, and then stained using a kit (in situ cell death detection
kit, Roche Applied Science) following the manufacturer’s instructions.
For nuclear staining, the cells on the coverslips were fixed in 1%
glutaraldehyde in phosphate-buffered saline for 30 min at room tem-
perature. Then, the cells were washed three times with phosphate
buffered saline and stained with 16 �M Hoechst 33258 (Molecular
Probes).

Northern Blot Analysis—The total RNA from the cells was isolated
with Trizol reagent (Invitrogen). Twenty micrograms of each RNA were
separated on 1% formaldehyde denaturing agarose gels, transferred to
a nylon membrane by capillary action, and cross-linked with UV light
using a cross-linker (Amersham Biosciences). Hybridization was per-
formed for 24 h at 65 °C in a hybridization buffer containing 20� SSC
Denhardt’s solution and herring sperm DNA with a 32P randomly
labeled cDNA fragment. A rat cDNA encoding BiP was used for a probe.
The hybridized membrane was washed at 65 °C with 0.1� SSC con-
taining 0.1% SDS. The radioactive signals were analyzed by BAS 2500
and Image Gauge software (Fuji Photo Film Co., Ltd.). The blots were
stripped and re-probed with a cDNA encoding murine �-actin to ensure
the equivalent loading of RNA samples, and the expression level of BiP
mRNA was normalized by the signal intensity of �-actin mRNA.

RESULTS

Ligand Recognition by the KDEL Receptor Is Saturable—
Transient transfection of the KDEL receptor results in various
expression levels in HeLa cells. Overexpression of the KDEL
receptor has been shown to enhance transport from the Golgi
complex to the ER, which results in the redistribution of the
whole Golgi complex to the ER (30); however, moderate expres-
sion of the KDEL receptor does not disturb the Golgi structure,
and only those cells with moderate expression become stable
transfectants (33). To examine the role of the KDEL receptor in
the ER stress response, we made HeLa cells that stably ex-
pressed either the wild-type or a mutant human KDEL recep-
tor. This binding defective mutant, which had a single amino
acid replacement (R169N), was localized to the Golgi complex
as was the wild-type, but did not respond to the KDEL se-
quence effectively as described previously (32). The transient
expression of the lysozyme-KDEL in these stable cells induced
the transport of the wild-type KDEL receptor, but not that of
the mutant, to the ER (Fig. 1A). The lysozyme-KDEL was
localized in the ER even in the mutant KDEL receptor cells,
which indicates that minimal retrieval was maintained in
these cells by the endogenous KDEL receptor. In fact, meta-
bolic labeling experiments revealed that stably transfected
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KDEL receptors expressed at levels less than endogenous
KDEL receptors in these cells (Fig. 1B).

The expression of ER chaperones is induced extensively upon
ER stress, which may saturate KDEL receptor-mediated re-
trieval because the expression of the KDEL receptor is not
inducible in mammals (34). We examined the effect of ER stress
on the distribution of BiP, an endogenous ligand of the KDEL
receptor, in the secretory pathway by using sucrose gradient
analysis in cells stably expressing the wild-type (Fig. 2A) or the
mutant KDEL receptor (Fig. 2B). Although most endogenous
BiP was found in the ER in the resting state, a significant
amount was detected in the post-ER fractions of these cells
when the cells were treated with tunicamycin, which prevented
protein glycosylation in the ER and induced the UPR. Under
these circumstances, we detected more BiP being secreted to
the medium in the mutant KDEL receptor cells than in the

HeLa cells and the wild-type KDEL receptor cells despite an
equivalent expression level of BiP within these cells (Fig. 2C).
These results suggested that ER chaperones associating with

FIG. 1. Ligand recognition induced the redistribution of the
wild-type KDEL receptor to the ER. A, the subcellular localization
of the wild-type or the mutant KDEL receptor (bind.def.) in the stable
cells transiently transfected with the lysozyme-KDEL was evaluated by
confocal laser scan microscopy with double labeling using a rabbit
anti-lysozyme antiserum (red) and a mouse anti-Myc mAb (green). The
scale bar represents 10 �m. B, cells were metabolically labeled with
[35S]methionine, lysed, and immunoprecipitated with an anti-native
KDEL receptor mAb or an anti-Myc mAb. The immunoprecipitates
were separated by SDS-PAGE.

FIG. 2. A fraction of the BiP is secreted from the ER under
stressed conditions. A and B, sucrose gradient analysis (20–50%; top,
fraction 1; bottom, fraction 12) of endogenous BiP in cells stably ex-
pressing the wild-type KDEL receptor-Myc (KDELR) (A) or the mutant
(bind.def.) KDEL receptor-Myc (B) with or without treatment with
tunicamycin 2.5 �g ml�1 for 24 h. An aliquot of each fraction was
analyzed by SDS-PAGE. The distribution of GRP94, BiP, Myc-tagged
KDEL receptors, Golgi p58, and calnexin was determined by Western
blotting. C, HeLa cells and the cells stably expressing the wild-type or
the mutant (bind.def.) KDEL receptor-Myc with or without treatment
with tunicamycin 2.5 �g ml�1 for 24 h were collected. The secreted BiP
in the medium was immunoprecipitated with an anti-BiP antiserum
and analyzed by SDS-PAGE, followed by Western blotting. The expres-
sions of BiP, �-tubulin, and Myc-tagged KDEL receptors in the cell
lysates were also determined by Western blotting.
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misfolded proteins might be secreted from the ER and retrieved
by the KDEL receptor. When retrieval is limited, they may
escape from the early secretory pathway, especially under
stressed conditions.

The Loss of BiP from the Early Secretory Pathway Causes
Persistent UPR—The accumulation of misfolded proteins in the
ER leads to the recruitment of BiP from ER transmembrane
kinases such as ATF6 and IRE1, which results in the activation
of these kinases and the synthesis of ER chaperones, including
BiP (35). The loss of BiP in the early secretory pathway may
enhance this process. We examined the induction of BiP gene
transcription with Northern blot analysis. Although the BiP
mRNA in all cells increased upon tunicamycin treatment, it
was prominent and persistent in the mutant KDEL receptor
cells (Fig. 3A). ATF6 is localized in the ER in the resting state,
and its translocation to the Golgi upon ER stress has been
shown to activate ATF6, resulting in the initiation of the UPR
(36). We examined the localization of ATF6 in these cells by
immunofluorescence upon acute ER stress with DTT, which
disturbs proper protein folding in the ER. The ATF6 was trans-
located to the Golgi in HeLa cells. Moreover, in the mutant
KDEL receptor cells the translocation was immediate and in-
tense, whereas it was slower in the wild-type KDEL receptor
cells (Fig. 3B). We also observed an increased phosphorylation
of IRE1 upon tunicamycin treatment, even at the basal level, in
the mutant KDEL receptor cells (Fig. 3C). These results indi-
cate that retrieval by the KDEL receptor keeps BiP in the early
secretory pathway efficiently and that impairment of the re-
trieval causes a loss of BiP there that induces intense UPR.

Sensitization to ER Stress—We assessed whether retrieval

by the KDEL receptor might contribute to cell survival in the
UPR, because intense UPR due to an overexpression of ATF6 or
IRE1 causes cell death (12, 13). HeLa cells and the wild-type or
the mutant KDEL receptor cells were treated with tunicamycin
and DTT. Significantly, the mutant KDEL receptor cells were
sensitive to ER stress, whereas cells expressing the wild-type
tolerated the stress (Fig. 4A). By TUNEL assay, we detected
more apoptotic features in the mutant KDEL receptor cells
undergoing tunicamycin treatment (Fig. 4B). Hoechst 33258
staining revealed prominent, condensed chromatins and the
fragmentation of nuclei in the mutant tunicamycin-treated
KDEL receptor cells (Fig. 4C). These features were consistent
with programmed cell death by ER stress (37). Although BiP
expressed itself at an equivalent level in these different cells
(Fig. 2C), the impairment of the retrieval led to intense UPR
that sensitized the mutant KDEL receptor cells to ER stress,
suggesting that the retrieval of BiP and misfolded proteins
from post-ER compartments by the KDEL receptor plays a
significant role in the ER stress response.

The KDEL Receptor Enhances MAP Kinase Signaling—UPR
signaling has been shown to be transduced through IRE1 to
cytosolic factors such as TRAF2, caspase-12, and JNKs (38, 39).
The transcriptional factor CHOP is also induced through IRE1,
PERK, and ATF6 activation (9, 12, 13). These signaling cas-
cades have been shown to contribute to cell death during the
ER stress response (37, 39–41). We examined these death-
related pathways in the HeLa cells after treating them with
tunicamycin. We observed an enhanced expression of CHOP in
the mutant KDEL receptor stable cells in comparison to the
wild-type stable cells (Fig. 5, top panel). As for JNK activation,

FIG. 3. The failure of the KDEL receptor to retrieve BiP induced intense UPR. A, the expression of BiP mRNA in the HeLa cells and the
cells stably expressing the wild-type or the mutant (bind.def.) KDEL receptor Myc-treated with tunicamycin (Tm; 2.5 �g ml�1) for 0–24 h was
evaluated by Northern blotting with a rat BiP cDNA probe. The same membrane was re-probed with a murine �-actin cDNA probe. The expression
of BiP mRNA was accessed by the relative density of the BiP to �-actin mRNA. The line graphs represent the mean values and S.E. of the three
experiments. B, HeLa cells and the cells stably expressing the wild-type or the mutant (bind.def.) KDEL receptor-Myc were treated with DTT (5
mM) for 0–60 min. The subcellular localization of endogenous ATF6 was evaluated by immunofluorescence microscopy using a goat anti-ATF6
antiserum. C, HeLa cells and the cells stably expressing the mutant KDEL receptor (bind.def.) were treated with tunicamycin (5 �g ml�1) for 0–24
h. The cell lysates were analyzed by SDS-PAGE, and the expressions of GRP94, BiP, IRE1�, and �-tubulin were examined by Western blotting.
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we found an increased phosphorylation of JNKs in the wild-
type stable cells; however, in the mutant KDEL receptor cells,
although JNK2 phosphorylation was enhanced in the resting
state that accompanied the phosphorylation of c-Jun, the phos-
phorylation of JNK1 was suppressed (Fig. 5, bottom panel).
This observation prompted us to examine other signaling mol-
ecules of MAPK cascades. Interestingly, we found that p38
MAP kinases were phosphorylated in the wild-type stable cells
upon tunicamycin treatment; this accompanied the phospho-
rylation of ATF2, CREB (downstream effectors of p38), and
MKK3/6 (kinases for p38), especially at 3–6 h after stimula-
tion, but these phosphorylations were suppressed in the mu-
tant stable cells despite an equivalent expression of BiP in the
wild-type stable cells.

Then, we assessed whether these differences in MAPK cas-
cades activity might affect cell survival and death during the
ER stress response. We examined the effects of p38 activation
upon tunicamycin-induced cell death in HeLa cells by using a
specific inhibitor for p38 (SB202190). Although SB202190
treatment alone did not affect cell viability, it significantly
promoted tunicamycin-induced cell death in the HeLa cells
(Fig. 6, A and B). As a control, treatment with a JNK inhibitor
(SP600125) and an ERK inhibitor (PD98059) had no significant
effects (Fig. 6A). Next, we evaluated whether the activation of
the KDEL receptor might induce the activation of p38 MAP
kinases. We have shown previously that an artificial KDEL-
tagged protein as well as endogenous KDEL proteins secreted
from the ER were recognized by the KDEL receptor in post-ER
compartments and retrieved to the ER. This process accompa-
nied the activation of the KDEL receptor and its downstream
signaling events such as the activation of a GTPase-activating

protein (GAP) for the ADP-ribosylation factor 1 (ARF1) (17, 31).
HeLa cells stably expressing the wild-type KDEL receptor and
inducibly expressing the KDEL-tagged lysozyme by glucocorti-
coid responsive promoter (17) were treated with dexametha-
sone or tunicamycin. We found that the expression of the ly-
sozyme-KDEL induced the accumulation of phosphorylated
p38, although it did not induce the expression of BiP (Fig. 6C).
These results suggest that activation of the KDEL receptor by
endogenous ligands (such as BiP), possibly complexed to mis-
folded proteins (Fig. 5) and an artificial ligand (Fig. 6C), en-
hances the phosphorylation of p38 MAP kinases and that p38
activation contributes to the resistance of HeLa cells to ER
stress. MAPKs have diverse functions in mammals, and those
functions are spatially and temporarily regulated (28). In fact,
the activation of p38 MAP kinases has been shown to induce
both cell survival (42) and cell death (43). Thus, the effects of
the KDEL receptor on MAPK signaling may cause different
outcomes in other cell types. Taken together, these results
indicate that the KDEL receptor modulates MAPK signaling
during the ER stress response, which affects the outcomes of
the response.

DISCUSSION

In this study, we have shown that an overload of misfolded
proteins and ER chaperones in the lumen of the ER upon ER
stress induced their secretion out of the ER in mammalian
cells. These proteins did not escape from the early secretory
pathway entirely, because the KDEL receptor retrieved them
from post-ER compartments and returned them to the ER.
When the retrieval was limited during the ER stress response,
which is demonstrated by the expression of a mutant KDEL

FIG. 4. The perturbation of retrieval by the KDEL receptor sensitized cells to ER stress. HeLa cells and the cells stably expressing the
wild-type or the mutant (bind.def.) KDEL receptor-Myc were treated with tunicamycin (5 �g ml�1) or DTT (5 mM) for 0–48 h. After collection of
the cells, cell viability was determined by trypan blue staining. The line graphs represent the mean values and S.D. of the survival fractions of three
experiments (A). Cells stably expressing the wild-type or the mutant KDEL receptor were treated with tunicamycin (5 �g ml�1) for 0–24 h. The
cells were evaluated for DNA fragmentation by TUNEL assay. TUNEL-positive cells were scored. n � 100. The mean � S.D. values of the three
experiments are shown in the graph (B). The cells treated with tunicamycin (5 �g ml�1) for 0–48 h were evaluated for nuclear staining with
Hoechst 33258 (C).
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receptor, the ER chaperones escaped further down the secre-
tory pathway, and intense ER stress response was induced to
compensate for the loss of BiP. The resultant outcomes are
possibly cell survival and cell death. We found that activation
of the KDEL receptor modulated the MAPK signaling, which
affected the fate of the cells upon ER stress.

Although yeast ERD2 is an essential protein for cell viability
and preserving the Golgi morphology and function (23), its
retrieval function has been revealed to be dispensable (44),
suggesting that the main function of ERD2 is not retrieval but
rather maintaining Golgi membrane trafficking. Consistent
with the yeast studies, we have found in mammals that the
KDEL receptor mediates Golgi membrane trafficking through
the regulation of ARF GAP1 (33). Nevertheless, the KDEL
receptor mediating Golgi membrane trafficking is linked to the
retrieval function, because stimulation by KDEL proteins, in-
cluding artificial KDEL-tagged proteins (31, 45) as well as
endogenous ER chaperones associating with misfolded proteins

(17), can activate the KDEL receptor and ARF GAP1 in
post-ER compartments when they exit from the ER. As a re-
sult, ARF GAP1 is recruited from the cytosol to the membranes

FIG. 5. The failure of the ligand recognition by the KDEL re-
ceptor led to the suppression of MAPK signaling cascades. HeLa
cells stably expressing the wild-type or the mutant KDEL receptor
(bind.def.) were treated with tunicamycin (Tm, 5 �g ml�1) for 0–24 h.
The cell lysates were analyzed by SDS-PAGE, and the expressions of
GRP94, BiP, Myc-tagged KDEL receptors, �-tubulin, and CHOP (top
panel) and phospho-JNKs (p-JNK2 and p-JNK1), JNKs, phospho-p38
(p-p38), p38, phospho-ERKs (p-ERK1 and p-ERK2), phospho-cJun (p-
cJun), phospho-ATF2 (p-ATF2), phospho-CREB (p-CREB), and phos-
pho-MKK3/6 (p-MKK3/6) (bottom panel) were examined by Western
blotting. The activation of p38 and ATF2 was accessed by the relative
density of phospho-p38 and phospho-ATF2 to �-tubulin. The line graphs
represent the mean values and S.E. of the three experiments.

FIG. 6. A specific inhibitor for p38 enhanced tunicamycin-in-
duced cell death and the activation of the KDEL receptor by the
ligand led to an accumulation of phosho-p38. A, HeLa cells were
treated with Me2SO (bar 1), a p38 inhibitor (SB202190, 15 �M) (bar 2), a
JNK inhibitor (SP600125, 20 �M) (bar 3), an ERK inhibitor (PD 98059, 25
�M) (bar 4), tunicamycin (5 �g ml�1) (bar 5), tunicamycin (5 �g ml�1) �
p38 inhibitor (5 �M) (bar 6), tunicamycin (5 �g ml�1) � p38 inhibitor (15
�M) (bar 7), tunicamycin (5 �g ml�1) � JNK inhibitor (6 �M) (bar 8),
tunicamycin (5 �g ml�1) � JNK inhibitor (20 �M) (bar 9), tunicamycin (5
�g ml�1) � ERK inhibitor (8 �M) (bar 10), or tunicamycin (5 �g ml�1) �
ERK inhibitor (25 �M) (bar11) for 48 h. After collection of the cells, cell
viability was determined by trypan blue staining. The column graphs
represent the mean values and S.D. of the survival fractions of the three
experiments. B, HeLa cells treated with Me2SO (DMSO), tunicamycin
(Tm, 5 �g ml�1), or tunicamycin (5 �g ml�1) � p38 inhibitor (15 �M) for
48 h were evaluated for nuclear staining with Hoechst 33258. C, cells
expressing the wild-type KDEL receptor stably and the lysozyme-KDEL
inducibly were treated with dexamethasone (DX, 10�7 M) for 0–48 h or
tunicamycin (Tm, 5 �g ml�1) for 12 h. The cell lysates were analyzed by
SDS-PAGE, and the expressions of BiP, phospho-p38 (p-p38), p38, ly-
sozyme-KDEL, and �-tubulin were examined by Western blotting. The
activation of p38 was accessed by the relative density of phospho-p38 to
�-tubulin. The column graphs represent the mean values and S.E. of the
three experiments.
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to promote the hydrolysis of GTP on ARF1 to GDP (46, 47),
which is required for the proper sorting of cargo proteins into
COPI vesicles (48, 49). In fact, some misfolded proteins in
mammalian cells (16–18) as well as in yeast (20–22) have been
shown to leak out from the ER but then be retrieved to the ER.
Thus, ER chaperones, accumulated in post-ER compartments
and complexed to misfolded proteins, could be input signals
that the KDEL receptor senses, and enhancing the COPI trans-
port could be one of the outputs.

The KDEL receptor is a multi-membranous intracellular
receptor for ER chaperones with the KDEL sequence. The
expectation that activation of the KDEL receptor by ligands
may lead to multiple signal transduction events other than its
interaction with ARF GAP1 is quite natural, considering the
well characterized signal transduction pathways of cell surface
receptors (50). Although precise mechanisms remain uncer-
tain, our study indicates that those signaling events have con-
nections to MAPK signaling cascades. The cross talk between
the ER stress response and MAPK cascades is well established
in that IRE1 transduces the ER stress signals to ASK1 and
JNK, which participates in cell death in neurogenic cells (38,
41). The KDEL receptor may modify such signaling or, alter-
natively, it may have other independent connections to MAPK
cascades. What we found was that the mutant KDEL receptor
suppressed the phosphorylation of p38 MAP kinases and JNK1
but not JNK2. The selective suppression of p38 MAP kinases
and JNK1, but not JNK2, has been reported in activated
macrophages treated with anthrax lethal factor; this treatment
results in the apoptosis of those macrophages (42). The activa-
tion of the KDEL receptor may stimulate the MKKs for p38 as
shown in Fig. 5, or it may also suppress the phosphatase
function for p38 (51), because we observed an accumulation of
phospho-p38 upon activation of the KDEL receptor by the
ligand in Fig. 6C. These possibilities will be examined further.

ER stress causes misfolded proteins and induces an expan-
sion of ER chaperones. Among the chaperones, BiP has been
acknowledged to be a sensor molecule in the UPR that initiates
both survival and apoptotic responses. The mammalian UPR
has been suggested to be a self-regulatory process. At rest, BiP
associates with IRE1 and PERK kinases and suppresses their
activity by preventing their self-oligomerization in the ER (35).
Misfolded proteins caused by ER stress recruit BiP from these
kinases, which activates the kinases and initiates the UPR,
including the beneficial production of BiP and other ER chap-
erones for cell survival. In addition to that, BiP may function as
a sensor in post-ER compartments, where it activates the
KDEL receptor.

What determines the survival or death of the cells is still one
of the central questions in the ER stress response research (2).
At the successful termination of the ER stress response, the
misfolded proteins are degraded or obtain correct folding,
which releases BiP to bind with those kinases and repress their
activity again (35). On the other hand, if the stress continues or
is beyond the capacity of the ER quality control, the overload of
misfolded proteins seems to initiate an apoptotic process
through the activation of the same kinases. The activation of
IRE1 induces the expression of BiP as well as that of CHOP/
GADD153, a transcription factor that causes Bcl-2 down-regu-
lation and cell death (12, 52). IRE1 also transduces signals to a
cytosolic factor, TRAF2, that activates the JNK pathway (38)
as well as the caspase-12 dependent apoptotic pathway (39).
The loss of BiP from the early secretory pathway may enhance
these processes, and, thus, the retrieval function of the KDEL
receptor is important. Furthermore, our present study indi-
cates that the signaling function of the KDEL receptor medi-
ating MAPK cascades is also one of the critical factors that

determine the fates of the cells during the ER stress response.
MAPKs have been acknowledged to determine the fates of

cells in diverse biological situations, including cell differentia-
tion and development in addition to cell survival and cell death
(28). One interesting assumption is that the way the KDEL
receptor modulates MAPK activity shown in this study may
also be involved in other diverse situations, which implies that
the ER stress response may participate in many biological
processes, physiological as well as pathological.
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