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The Role of MTJ-1 in Cell Surface Translocation of GRP78, a
Receptor for �2-Macroglobulin-Dependent Signaling1

Uma Kant Misra, Mario Gonzalez-Gronow, Govind Gawdi, and Salvatore Vincent Pizzo2

MTJ-1 associates with a glucose-regulated protein of Mr �78,000(GRP78) in the endoplasmic reticulum and modulates GRP78
activity as a chaperone. GRP78 also exists on the cell surface membrane, where it is associated with a number of functions. MHC
class I Ags on the cell surface are complexed to GRP78. GRP78 also serves as the receptor for �2-macroglobulin-dependent
signaling and for uptake of certain pathogenic viruses. The means by which GRP78, lacking a transmembrane domain, can fulfill
such functions is unclear. In this study we have examined the question of whether MTJ-1, a transmembrane protein, is involved
in the translocation of GRP78 to the cell surface. MTJ-1 and GRP78 coimmunoprecipitated from macrophage plasma membrane
lysates. Silencing of MTJ-1 gene expression greatly reduced MTJ-1 mRNA and protein levels, but also abolished cell surface
localization of GRP78. Consequently, binding of the activated and receptor-recognized form of �2-macroglobulin to macrophages
was greatly reduced, and activated and receptor-recognized form of �2-macroglobulin-induced calcium signaling was abolished
in these cells. In conclusion, we show that in addition to assisting the chaperone GRP78 in protein quality control in the endo-
plasmic reticulum, MTJ-1 is essential for transport of GRP78 to the cell surface, which serves a number of functions in immune
regulation and signal transduction. The Journal of Immunology, 2005, 174: 2092–2097.

T he molecular chaperone glucose-regulated protein of Mr

�78,000 (GRP78)3 is a member of the heat shock protein
70 (HSP70) family. It is involved in many cellular pro-

cesses, including translocation of newly synthesized polypeptides
across the endoplasmic reticulum (ER) membrane and their sub-
sequent folding, maturation, transport, or retrotranslocation (1–5).
GRP78 binds transiently to newly synthesized proteins in the en-
doplasmic reticulum (ER) and with higher affinity to misfolded,
underglycosylated, or unassembled proteins whose transport from
the ER is blocked (6, 7). GRP78, like other HSP proteins, consists
of two domains; namely, the 44-kDa NH2-terminal domain, which
is responsible for its ATPase activity, and a 20-kDa COOH-ter-
minal polypeptide binding domain. In addition, it contains a highly
helical and variable 10-kDa COOH-terminal tail of unknown func-
tion (8). DnaJ-like proteins collaborate with members of the
HSP70 family in directing protein conformation and oligomeriza-
tion in yeast (6–14). Multiple DnaJ-like proteins are present in
subcellular compartments and are often concentrated in different
locations, which enables HSP70 family members to catalyze lo-
calized protein reactions (15). DnaJ family members contain dif-

ferent combination of four conserved domains, which includes the
so-called J domain (15–17). Murine tumor cells express a murine
tumor cell DnaJ-like protein 1 (MTJ-1) (8, 18). MTJ-1 is a trans-
membrane protein, and it is an accessory protein for GRP78 cat-
alytic activity. The J domain of MTJ-1 interacts with GRP78, stim-
ulates its ATPase activity, and functions as its cochaperone in
protein folding and translocation of newly synthesized polypep-
tides across ER membranes (8, 14).

A number of studies demonstrate that GRP78 is also located on
the cell surface. It is coexpressed with MHC class I Ags, it serves
as a receptor for the uptake of certain viruses, and it functions as
the activated and receptor-recognized form of �2-macroglobulin
(�2M*) signaling receptor (19–33). �2M* binds not only to low
density lipoprotein receptor-like protein (LRP), but also to an �2-
macroglobulin signaling receptor (�2MSR) with vastly different
binding affinities and signaling characteristics from those of LRP
(25–30). We have isolated and purified �2MSR from macrophages
and 1-LN prostate cancer cells and identified it as GRP78 (29, 30).
�2M* binds to GRP78 on the macrophage cell surface with high
affinity (Kd � 50–100 pM). Treatment of cells with Abs against
GRP78 abolishes �2M*-induced calcium signaling. Silencing of
the expression of GRP78 gene expression also greatly attenuates
�2M*-induced calcium signaling, IP3 generation, and [3H]thymi-
dine incorporation (30). Cell surface-associated chaperones func-
tion in receptor signaling involving the glucocorticoid, androgen,
and progesterone receptors (34, 35). In view of the role of MTJ-1
in regulating the ER functions of GRP78 and the role of GRP78 in
receptor biology, we hypothesized that in addition to being a part-
ner with GRP78 in ER protein quality control, MTJ-1 may also be
involved in the translocation and anchoring of GRP78 to the cell
surface for its functioning as a signaling receptor. We report here
that MTJ-1 and GRP78 are coimmunoprecipitated in plasma mem-
branes. Silencing of MTJ-1 gene expression by RNA interference
greatly attenuates the expression of MTJ-1 protein and GRP78
protein localization in the cell membrane fraction. Concomitantly,
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cell surface binding of �2M* and �2M*-induced calcium signaling
are abolished.

Materials and Methods
Culture media were purchased from Invitrogen Life Technologies. Poly-
clonal Abs against GRP78 were purchased from Stressgen. Anti-actin Abs
were purchased from Sigma-Aldrich. Abs against MTJ-1 were raised
against the sequence beginning at residue 105, NH2-LVAIYEVLKVDER
RQRYVDVL, of MTJ-1 (SWISS-PROT, primary accession no. Q61712)
in rabbits (Genemed Synthesis). �2M* was prepared as described previ-
ously (25–30). Other reagents of the highest grade available were procured
locally.

Cell culture

The use of mice for these studies was approved by the institutional animal
use committee in accordance with relevant federal regulations. Thioglyco-
late-elicited peritoneal macrophages were obtained from pathogen-free,
6-wk-old C57BL/6 mice (National Cancer Institute) in HBSS containing
10 mM HEPES (pH 7.4) and 3.5 mM NaHCO3 (HHBSS). The cells were
washed with HHBSS and suspended in RPMI 1640 medium containing 2
mM glutamine, penicillin (12.5 U/ml), streptomycin (6 �g/ml), and 5%
FBS; plated in six-well plates (3 � 106 cells/well); and incubated for 2 h
at 37°C in a humidified CO2 (5%) incubator. The monolayers were washed
with HHBSS three times to remove nonadherent cell, and the monolayers
were incubated overnight at 37°C in the above RPMI 1640 medium before
study.

Immunoprecipitation of GRP78 and MTJ-1 in plasma
membranes

Macrophages (3 � 106 cells/well) incubated overnight were washed twice
with HHBSS, and a volume of the medium was added. The medium was
aspirated, and to the monolayers was added a volume of chilled HHBSS
buffer containing 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 1 mM PMSF,
10 �M benzamidine, and 10 �M leupeptin. The cells were scraped into
chilled glass homogenizing tubes and plasma membranes were isolated as
described previously (28, 36). Briefly, the cells were homogenized by 30
up-down strokes with a Teflon pestle at 4°C. The homogenate was centri-
fuged at 600 � g for 5 min at 4°C, and the pellet was discarded. The
homogenate was layered onto a sucrose step gradient of 50 and 30% (3 ml
each) and centrifuged at 200,000 � g for 75 min in a Beckman Coulter
ultracentrifuge (model Optma LE 80) at 4°C. The plasma membrane frac-
tion at the interface between the sucrose layers was removed and sus-
pended in a volume of incubation buffer containing 25 mM HEPES (pH
7.4), 10 mM KCl, 3 mM NaCl, 5 mM MgCl2, 2 mM leupeptin, 1 mM
PMSF, and 1 mM Ca2�. The suspension was centrifuged at 400,000 � g
for 90 min as described above. The pellet was suspended in a volume of
incubation buffer. The purity of the plasma membrane (92–95%) was as-
sessed as described previously, including electron microscopy (28, 36).
The plasma membrane pellet was lysed in lysis buffer containing 20 mM
Tris-HCl (pH 8.6), 0.1 mM NaCl, 1 mM EDTA, 50 mM sodium fluoride,
30 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM PMSF,
20 �g/ml leupeptin, and 0.5% Nonidet P-40 for 10 min on ice. The DNA
strands were broken by passing the lysates through a 27-gauge needle and
syringe several times. The lysates were centrifuged at 800 � g for 5 min
at 4°C to remove cell debris. The supernatant was transferred to a clean
tube, and protein contents were determined (37). An equal amount of lysate
protein was immunoprecipitated with buffer, GRP78 Abs, or Abs diverted
against MTJ-1, respectively, according to the manufacturer’s instructions.
As a control, nonimmune rabbit serum was used in similar studies. No
GRP78 or MTJ-1 was precipitated under these conditions (data not shown).
The respective immunoprecipitates were washed three times with lysis
buffer, a volume of sample buffer was added, and the samples were boiled
and centrifuged. The preparations were then electrophoresed on gels, trans-
ferred to membranes, immunoblotted with Abs against GRP78 and MTJ-1,
and visualized and quantified by ECF in a Storm 800 phosphorimager
(Amersham Biosciences). The GRP78 immunoblot was reprobed for
MTJ-1, and the mMTJ-1 immunoblot was reprobed for GRP78 according
to the manufacturer’s instructions.

Detection of cell surface GRP78 using a cellular ELISA
(CELISA)

This was essentially performed as previously described (38). Macrophages
incubated overnight in RPMI 1640 medium containing penicillin (12.5
U/ml) and streptomycin (6.5 �g/ml) were scraped into 15-ml polypro-
pylene tubes and centrifuged at 400 rpm for 5 min at 4°C to remove broken

cells. The pellet was suspended in PBS, pipetted into 96-well culture plates
(5 � 104 cells/well), and centrifuged at 100 � g for 5 min. Without dis-
turbing the cell layer, the glutaraldehyde solution was added in PBS at 4°C.
After 5 min the plate was removed, and glutaraldehyde was washed away
by immersing the plates in three successive tanks containing PBS and
discarding PBS with 2% BSA. The cells were kept in this solution for 1 h
at room temperature to saturate protein-binding sites on the plastic. Wells
in triplicate were then incubated with specific rabbit anti GRP78 IgG
(Santa Cruz Biotechnology) or nonimmune rabbit IgG (100 ng/well) at
22°C for 90 min, followed by three rinses with PBS. The cells were incu-
bated with an alkaline phosphatase-conjugated anti-rabbit IgG (0.2 ml of
PBS containing 50 ng of secondary Ab) at 22°C for 90 min. Bound IgG
was monitored by the hydrolysis of the alkaline phosphatase substrate-p-
nitrophenyl phosphate at a wavelength of 405 nm using an Anthos Labtec
kinetic plate reader. Cell surface GRP78 was expressed as the change in
A

405 nm/min
.

Chemical synthesis of dsRNA homologous in sequence to the
target MTJ-1 gene

The chemical synthesis of dsRNA homologous in sequence to the target
MTJ-1 K321 RQAPEW327 peptide (mRNA sequence 5�-AAAAGACAAG
CACCAGAATGG-3�; Swiss-Pror, primary accession no. Q61712) was
performed by Ambion. For making dsRNA, the sense (5�-AAGACAAG
CACCAGAAUGGtt-3�) and antisense (5�-CCAUUCUGGUGCUUGU
CUUTT-3�) oligonucleotides were annealed according to the manufactur-
er’s instructions. Throughout the entire period of experimentation,
handling of reagents was performed in an RNase-free environment. Briefly,
equal amounts of sense and antisense oligonucleotides were mixed in an-
nealing buffer and heated at 90°C for 1 min, then maintained for 1 h at
37°C in an incubator. The dsRNA preparation was stored at �20°C
before use.

Determination of mRNA levels of MTJ-1 by RT-PCR

Macrophages incubated overnight in RPMI 1640 medium containing 10%
FBS, penicillin (12.5 U/ml), streptomycin (6.5 �g/ml), and 2 mM glu-
tamine were washed twice with serum-free and antibiotic-free DMEM. The
monolayers in the respective wells were layered with 1 ml of Lipo-
fectamine and DMEM or Lipofectamine and MTJ-1 dsRNA (25 �g/ml).
The contents were gently mixed, and monolayers were incubated for 5 h at
37°C in a humidified CO2 incubator. At the end of the incubation, 1 ml of
antibiotic-free medium containing 10% FBS was added to each well, and
cells were incubated for 16 h as described above. The medium was re-
placed with DMEM containing FBS and antibiotics, and cells incubated
overnight. The incubations were terminated by aspirating the medium and
adding a volume of DMEM to each well. Total RNA from respective
monolayers was extracted by a single-step method using an RneasyR mini-
kit (Qiagen) according to the manufacturer’s instructions. Total RNA was
reverse transcribed with 1 �g of RNA in a 20-�l reaction mixture, using
Maloney murine leukemia virus transcriptase (200 U) and oligo(dt) as the
primer for 1 h at 42°C. The resulting cDNA (5 �l) was used as a template,
and a 350-bp segment of cDNA was amplified using a 21-mer upstream
primer (5�-AAGTATGGTTAAGTTCCCAGG-3�) identical with positions
corresponding to aa 339–349 and a 21-mer down primer (5�-CTGG
AATCGTTTTGTTCTGAT-3�) complimentary to positions 472–481 aa
encoded by MTJ-1 mRNA. A 302-bp segment of mouse �-actin (consti-
tutive internal control) cDNA was coamplified using a set of PCR printers
provided in an R&D Systems kit. Amplification was conducted in a Techne
Thermal Cycler PHC for two cycles (one cycle: 94°C for 45 s, 60°C for
45 s, and 72°C for 45 s). PCR products were analyzed on a 1.2% (w/v)
agarose-ethidium bromide gel. The gels were photographed, and the in-
tensities of the MTJ-1 and �-actin mRNA bands were quantified using a
860 PhosphorImager (Molecular Dynamics, marketed by Amersham
Biosciences).

Measurement of MTJ-1 protein levels in MTJ-1 gene-silenced
cells by Western blotting

Macrophages incubated overnight in RPMI 1640 medium containing 10%
FBS, penicillin (12.5 U/ml), streptomycin (6.5 �g/ml), and 2 mM glu-
tamine were washed twice with serum-free and antibiotic-free DMEM, and
monolayers in respective wells were layered with 1 ml of Lipofectamine
and DMEM, Lipofectamine and MTJ-1 dsRNA (25 �g/ml), or Lipo-
fectamine and scrambled RNA (25 �g/ml). The contents were gently
mixed, and monolayers were incubated for 5 h at 37°C in a humidified CO2

incubator. At the end of incubation, 1 ml of antibiotic-free medium con-
taining 10% FBS was added to each well, and cells were incubated for 16 h
as described above. The medium was replaced with DMEM containing
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FBS and antibiotic, and cells were incubated overnight. The incubations
were terminated by aspirating the medium, and cells were lysed in lysis
buffer and processed for electrophoresis, immunoblotting, and quantitation
of immunoblots as described above.

Measurement of GRP78 and MTJ-1 protein levels in plasma
membranes from MTJ-1 gene-silenced cells by Western blotting

The details of MTJ-1 dsRNA transfection, plasma membrane preparation,
immunoprecipitation, Western blot detection, and visualization of GRP78
and MTJ-1 were identical with those described in previous sections.

Measurements of intracellular calcium levels in macrophages
after silencing MTJ-1 gene expression

Changes in cytosolic free Ca2� ([Ca2�]i) in MTJ-1 dsRNA-transfected
macrophages upon stimulation with �2M* (100 pM) were measured as
described previously (27–30). Briefly, macrophages (1.5 � 105 cells/cov-
erslip) incubated overnight on glass coverslips were transfected with
MTJ-1 dsRNA (25 �g/ml) and incubated in DMEM containing 10% FBS
and antibiotics as described above. Forty-eight hours post-transfection, the
cells were loaded with fura-2/AM (4 �M/30 min) in the dark at room
temperature, washed with HHBSS, and then placed on the stage of a digital
microscope to determine [Ca2�]i. Basal [Ca2�]i levels in the fura-2/AM-
preloaded cells were measured for 3 min before the addition of �2M*
(100 pM).

Results
GRP78 and MTJ-1 are coimmunoprecipitated in plasma
membrane lysates

Recently, we have shown that GRP78, in addition to its predom-
inant ER location, is a cell surface receptor for �2M* in macro-
phages and 1-LN cells (29, 30). MTJ-1, a J domain-containing
cochaperone, is a partner of intracellular GRP78 in many of its
functions during maintenance of protein quality control in the ER.
We hypothesized that MTJ-1 may also play a role in the translo-
cation of its partner GRP78 to the cell surface. If this were so, then
one would expect the presence of both MTJ-1, and GRP78 in
plasma membranes of the cell. We have addressed this by isolating
plasma membranes from macrophages and probing for GRP78
(Fig. 1A) and MTJ-1 (Fig. 1B) in the GRP78 immunoprecipitate
and for MTJ-1 (Fig. 1A) and GRP78 (Fig. 1B) in the MTJ-1 im-
munoprecipitate from plasma membrane lysates by Western blot-
ting. The studies demonstrate that immunoprecipitation with
GRP78 and MTJ-1 polyclonal Abs, respectively, contained GRP78

and MTJ-1, which suggests that both GRP78 and MTJ-1 are co-
localized in the plasma membranes of murine peritoneal
macrophages.

Silencing of MTJ-1 gene expression by RNA interference blocks
the association of GRP78 with the plasma membrane

In the next series of experiments we evaluated the role of MTJ-1
in cell surface translocation of GRP78 by silencing the expression
of the gene using RNA interference. The levels of both MTJ-1
mRNA (Fig. 2A) and protein (Fig. 2B) were greatly reduced in
cells transfected with MTJ-1 dsRNA, but it had no effect on
GRP78 mRNA levels (Fig. 2A). Transfection of cells with scram-
bled dsRNA showed negligible effects on MTJ-1 protein levels
(Fig. 2B), demonstrating the specificity of gene silencing with
MTJ-1 dsRNA (Fig. 2). Silencing of MTJ-1 gene expression, how-
ever, caused loss of GRP78 protein (Fig. 1C) and MTJ-1 protein
(Fig. 1D) from the plasma membrane. These studies demonstrate
that MTJ-1 is required for cell surface trafficking of GRP78.

Silencing of MTJ-1 gene expression suppresses cell surface
binding of �2M*

We have previously shown that �2M* binds to cell surface
�2MSR/GRP78 with high affinity (25–30). We reasoned that if
MTJ-1 is indeed involved in the translocation of GRP78 to the cell
surface, then silencing of the MTJ-1 gene would limit the avail-
ability of cochaperone MTJ-1 for translocation of GRP78 to the
cell surface, causing a reduction in the level of cell surface GRP78,
resulting in reduced cell surface binding of GRP78. Indeed, this
was found to be the case (Fig. 3). Silencing of MTJ-1 gene ex-
pression also reduced the binding of �2M* by �80% (Fig. 3). In
cells transfected with scrambled RNA there was a negligible effect

FIGURE 1. MTJ-1 and GRP78 are coimmunoprecipitated in plasma
membranes lysates. Experimental details are described in Materials and
Methods. The presence of GRP78 and MTJ-1 in GRP78 and MTJ-1 im-
munoprecipitates from plasma membrane lysates was determined by West-
ern blotting. A, GRP78 protein in GRP78 immunoprecipitate (lane 1) and
MTJ-1 immunoprecipitate (lane 2); B, MTJ-1 protein in GRP78 immuno-
precipitate (lane 1) and MTJ-1 immunoprecipitate (lane 2). C, GRP78
protein in MTJ-1 immunoprecipitate in plasma membrane lysates from
cells transfected with MTJ-1 dsRNA; D, MTJ-1 protein in MTJ-1 immu-
noprecipitate of plasma membranes from MTJ-1 dsRNA-transfected cells.
The lanes in both panels are Lipofectamine and MTJ-1 dsRNA (lane 1) and
Lipofectamine (lane 2). The immunoblots shown are representative of two
independent experiments.

FIGURE 2. Silencing of the expression of the MTJ-1 gene by RNA
interference suppresses mRNA and protein levels of MTJ-1. A, mRNA
levels of MTJ-1 and GRP78 in cells transfected with MTJ-1 dsRNA. Lane
1, GRP78 in cells treated with Lipofectamine and MTJ-1 dsRNA; lane 2,
MTJ-1 in cells treated with Lipofectamine and MTJ-1 dsRNA; lane 3,
Lipofectamine. B, Protein levels of MTJ-1 in cells transfected with MTJ-1
dsRNA. Lane 1, Lipofectamine; lane 2, Lipofectamine and MTJ-1 dsRNA;
lane 3, Lipofectamine and scrambled dsRNA. C, Protein levels of GRP78
in cells transfected with MTJ-1 dsRNA. Lane 1, Lipofectamine; lane 2,
Lipofectamine and MTJ-1 dsRNA; lane 3, Lipofectamine and scrambled
dsRNA.

2094 MTJ-1 AND CELL SURFACE TRANSLOCATION OF GRP78
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/174/4/2092/1197214/2092.pdf by guest on 19 April 2024



on �2M* binding (Fig. 3). Because silencing of MTJ-1 gene ex-
pression did not affect mRNA levels of GRP78, but did affect its
cell surface expression and �2M* binding, it was suggested that
limitations imposed on MTJ-1 availability affected the cell surface
expression of GRP78.

Suppression of �2M*-induced calcium signaling in macrophages
transfected with MTJ-1 dsRNA

Binding of �2M* to GRP78 on the surface of cells such as mac-
rophages activates signaling cascades and elevates the levels of
[Ca2�]i by several-fold within 30 s (25–30, 39). Therefore, cal-
cium signaling can be used as a parameter of cell surface expres-
sion of �2MSR/GRP78. To further affirm the role of MTJ-1 in cell
surface translocation of GRP78, we examined �2M*-dependent
calcium signaling patterns in cells transfected with MTJ-1 dsRNA
(Fig. 3). Silencing of MTJ-1 gene expression reduced the increase
in [Ca2�]i upon exposure of these cells to �2M* compared with
that in cells exposed to Lipofectamine and �2M* (Fig. 3). In an
earlier report we showed that the silencing of GRP78 gene expres-
sion also suppressed �2M*-induced calcium signaling (29, 30).
Taken together, these results demonstrate that MTJ-1, a modulator
of GRP78 catalytic activity, is also involved in the translocation of
GRP78 to the cell surface.

Discussion
The principal findings of this study are that GRP78 and MTJ-1 are
coimmunoprecipitated in plasma membranes, and silencing of
MTJ-1 gene expression greatly suppresses its mRNA and protein
levels, the occurrence of GRP78 in the plasma membrane fraction,
cellular binding of �2M*, and �2M*-induced calcium signaling.
These results unequivocally show that the cochaperone MTJ-1 is
functionally involved in the transport of the chaperone GRP78 to
the plasma membrane, where MTJ-1/GRP78 complexes behave as
a signaling complex.

In eukaryotic cells, most polypeptides destined to become mem-
brane protein are initially integrated into the membrane of ER
before being sorted to the location at which they function. In most
cases, proteins are integrated into the bilayer cotranslationally.
Regulated surface expression of plasma membrane receptors is key
to normal cellular physiology (40, 41). Membrane trafficking pro-
ceeds under tight control to establish steady state expression levels,
respond to acute stimuli, and monitor the quality of secreted mul-
timeric products (40, 41). MTJ-1 is a membrane DnaJ-like protein,
is an accessory protein for GRP78 catalytic activity, and functions
as a cochaperone of GRP78 in protein folding and translocation of
newly synthesized polypeptides across the ER membrane (8–18).
Multiple DnaJ-like proteins are present in subcellular compart-
ments and are often concentrated to different locations, which en-
ables HSP70 family members to catalyze localized protein reac-
tions (15). MTJ-1 contains a lumenal J domain, a single membrane
domain, and a cytosolic domain in close contact with translating
ribosomes in microsomes (14). MTJ-1 mediates transmembrane
recruitment of DnaK-like chaperones to ribosomes and transmem-
brane signaling between ribosomes and DnaK-like chaperones of
the ER (14). Cochaperones can also show chaperone-like activity.
They, too, can bind to unfolded or partially folded polypeptides,
prevent them from aggregation, and maintain them in a folding-
competent conformation. DnaJ-like cochaperones can be highly
divergent in their functions. For example, HSP90 and HSP70
chaperones and Hop, HSP40, and p23 cochaperones are required
for the activation of steroid binding activity and assembly of glu-
cocorticoid receptor (39, 40). Depletion of endogenous DnaJ-like
proteins from rabbit reticulocyte lysates inhibited the association
between glucocorticoid receptor and HSP90, and addition of pu-
rified Ydji protein restored binding (41).

Chaperones are retained in the ER by cognate receptors, which
constantly retrieve escaped chaperones from a dynamic interme-
diate compartment between the ER and the Golgi. ER receptors
responsible for protein retention recognize motifs encoded in the
primary amino acid sequences, such as the KDEL tetrapeptide se-
quence for lumenal chaperones (42), and dilysine motifs for mem-
brane-bound chaperones (43) at their COOH terminal. ER-resident
chaperones containing KDEL motifs include GRP78, GRP94, cal-
reticulin, and protein disulfide isomerase. However, there is grow-
ing evidence that some of these ER chaperones are found on the
cell surface of certain cells and have functions in cellular physi-
ology. In human fibroblasts, surface calreticulin functions as a re-
ceptor for fibrinogen and is essential for mitogenic effects (44). In
melanoma cells, surface calreticulin is responsible for the initiation
of cell spreading. Protein disulfide isomerase is present on the
platelet plasma membrane and is involved in pathological func-
tions (45). Immature CD4�/CD8� thymocytes demonstrate cell
surface expression of the molecular chaperone calnexin (46). The
expression of GRP78 on the cell surface has been reported in a
number of studies (19–33). GRP78 is a cell surface-expressed re-
ceptor that is involved in mitogenesis and cellular proliferation
(29, 30). In addition to its function as a signaling receptor, cell

FIGURE 3. Silencing of MTJ-1 gene expression by RNA interference
suppresses cell surface binding of �2M* and �2M*-induced calcium sig-
naling. A, Cell surface binding of �2M* to macrophages. F, Cells treated
with Lipofectamine and �2M*; E, cells transfected with MTJ-1 dsRNA
and then exposed to �2M*; f, cells transfected with Lipofectamine and
scrambled dsRNA. The values are expressed as an average of two exper-
iments. B, Changes in intracellular levels of calcium in cells on exposure
to �2M*. Cells were treated with Lipofectamine and stimulated with �2M*
(100 pM; E), transfected with MTJ-1 dsRNA and then exposed to �2M*
(100 pM; �), or treated with Lipofectamine and scrambled dsRNA (f).
The arrow indicates the time of addition of �2M*. The data shown are
representative of two experiments using 25–30 cells/experiment.
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surface-expressed GRP78 is associated with MHC class I Ags (31)
and has been identified as a receptor for both Dengue virus (32)
and coxsackievirus A9 (33). These observations show that ER-
resident GRP78 escapes ER retention and translocates to the cell
surface. The escape of resident protein from the ER is not the
property of all cells and proteins, but, rather, appears to be some-
what selective (23). Also, the escape of proteins from the ER re-
quires ongoing protein synthesis, which suggests that newly syn-
thesized proteins are able to escape, whereas preformed ER
proteins are retained quite efficiently (23). The association of cell
surface-appearing chaperones with other proteins, including co-
chaperones, during the processes of folding and maturation may be
involved in their escape from ER retention. Such chaperone-pro-
tein complexes may block the domains that are critical for ER
retention (23, 47–50). Misfolded or resident proteins that escape
the ER are retrieved into coat protein 1 vesicles via interaction
with cytoplasmic dibasic retrieval motifs (51). Cytoplasmic protein
14-3-3 acts in a protein kinase A phosphorylation-dependent man-
ner to inhibit the association of coat protein 1 with dibasic sites and
allow forward transport (51). Surface expression of the potassium
channels, KCNK3 or KCNK9, �4-nicotinic acetylcholine receptor,
and lip35, is mediated by 14-3-3 release motifs (48). At present we
do not understand the mechanism(s) by which MTJ-1 is involved
in the transport of GRP78 to plasma membranes. However, based
upon our previous results (25–30), we hypothesize that MTJ-1/
GRP78 membrane complexes involved in ER protein quality con-
trol may escape the ER and be transported to the plasma
membrane.

In summary, our studies suggest that MTJ-1 is essential for cell
surface targeting of GRP78. Because MTJ-1 spans the membrane,
whereas GRP78 does not, we suggest that it is essential for the
receptor functions of GRP78. Moreover, other proteins may be
carried to the surface as part of an MTJ-1/GRP78 complex, result-
ing in a signaling receptor. Such a complex must include various
accessory proteins as well as heterotrimeric G proteins (25–30,
36). Additional studies will be required to probe the role of MTJ-1
in the uptake of viruses such as Dengue or coxsackie (45, 46).
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