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Aminoacyl-tRNA synthetase-interacting multifunc-
tional protein 1 (AIMP1; previously known as p43) is
a multifunctional protein that was initially found in
multitRNA synthetase complex. In the present study,
screening of the AIMP1-binding proteins revealed that
AIMP1 can form a molecular complex with heat shock
protein gp96. AIMP1 enhances gp96 dimerization
and the interaction between gp96 and KDEL recep-
tor-1 (KDELR-1), which mediates the retrieval of
KDEL-containing proteins from Golgi to the endoplas-
mic reticulum (ER). The interaction between gp96 and
KDELR-1 was reduced in AIMP1-deficient cells, and
this disturbed ER retention of gp96 and increased
its cell surface localization. Moreover, this localiza-
tion of gp96 at the cell surface was suppressed by its
interaction with AIMP1 and enhanced by the deple-
tion of endogenous AIMP1. In addition, AIMP1-defi-
cient mice showed dendritic cell activation attribut-
able to increased gp96 surface presentation and
lupus-like autoimmune phenotypes. These results
suggest that AIMP1 acts as a regulator of the ER reten-
tion of gp96 and provide a new perspective of the
regulatory mechanism underlying immune stimula-

tion by gp96. (Am J Pathol 2007, 170:2042–2054; DOI:

10.2353/ajpath.2007.061266)

AIMP1 (ARS-interacting multifunctional protein 1) was
first reported as an auxiliary factor associated with mac-
romolecular aminoacyl-tRNA synthetase (ARS) complex,
which is composed of nine different enzymes and three
nonenzyme factors, including AIMP1.1 Among the com-
plex-forming tRNA synthetases, AIMP1 binds and helps
the catalytic reaction of arginyl-tRNA synthetase.2 Re-
cently, however, intracellular and extracellular nonca-
nonical functions of complex-forming tRNA synthetases
and nonenzyme factors have been reported.3,4 The non-
canonical functions of AIMP1 mainly concern its extracel-
lular functions on different target cells. AIMP1 shares
partial homology with some inflammatory cytokines such
as RANTES (regulated on activation, normal T cell
expressed and presumably secreted) and MCP-1 (mono-
cyte chemotactic protein-1)5 and, in fact, acts as a cyto-
kine on monocytes,6–8 endothelial cells,9 and fibro-
blasts,10 and has even been reported to act as a
glucagon-like hormone.11 AIMP1 has been detected in
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various unexpected cellular locations,12 and AIMP1-de-
ficient mice show diverse phenotypic disorders,10,11

which imply that it has additional physiological activities
yet to be uncovered.

gp96 is the endoplasmic reticulum (ER)-resident mem-
ber of the HSP90 family.13 Like other ER resident pro-
teins, gp96 contains a C-terminal KDEL sequence, which
is involved in retrograde transport from Golgi to the ER.14

However, despite this KDEL sequence, gp96 surface
expression has been demonstrated on mouse Meth-A
sarcoma cells but not on normal embryonic fibroblast
cells.15 In addition, it has been reported that hsp species,
including gp96, are expressed on murine thymocytes,16

which indicates that gp96 surface expression is not re-
stricted to tumor cells.

Because gp96 has been implicated in innate and
adaptive immunity,17,18 its surface expression may be of
immunological relevance. gp96 has been implicated in
the activation or maturation of dendritic cells (DCs).19–21

Direct interaction between gp96 and DCs via CD91 and
TLR2/422–24 induces DC maturation, and results in proin-
flammatory cytokine secretion and major histocompatibil-
ity class I and II up-regulation.24,25 Recently, transgenic
mice expressing gp96 on cell surfaces were found to
show significant DC activation and spontaneous lupus-
like autoimmune disease development.26 These results
suggest that gp96 export from the ER is an important
aspect of immune regulation and that the cell surface
expression of gp96 must be tightly controlled to avoid
unnecessary immune response.

The KDEL receptor is located at the Golgi and inter-
mediate compartment27–29 and specifically binds KDEL-
bearing proteins with high affinity in the Golgi30 and then
chaperones protein translocation to the ER, where the
KDEL ligands are released. It has been proposed that the
association between KDEL ligands and KDEL receptor in
the Golgi occurs because this compartment has a lower
pH than the ER and that, conversely, dissociation of
KDEL ligand and KDEL receptor in the ER is favored by
a relatively high pH.31 In this work, we suggest that
AIMP1 acts to control gp96 retention by the ER and that
disruption of interaction between these two molecules
could initiate pathogenic pathways that lead to systemic
autoimmune disease.

Materials and Methods

Mouse

AIMP1�/� mice have been previously described in
detail.10,11

Antibodies, Chemicals, and Other Reagents

Most of the antibodies (Abs) used for flow cytometry were
from BD Pharmingen (San Diego, CA). Mouse anti-c-Myc
(9E10), mouse anti-glutathione S-transferase (GST), rab-
bit anti-gp96, rabbit anti-Fas, and mouse anti-tubulin an-
tibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse anti-KDEL receptor antibody was from
Stressgen Biotechnologies, Inc. (San Diego, CA). Total

serum IgA, IgG1, IgG2a, IgG2b, IgG3, and IgM levels
were determined using sandwich enzyme-linked immu-
nosorbent assay (ELISA) kits from Southern Biotechnol-
ogy Associates (Birmingham, AL). IgE level was deter-
mined by an ELISA kit from BD Biosciences (Mountain
View, CA). Interferon-�, interleukin (IL)-12 p40, IL-1�, and
tumor necrosis factor (TNF)-� levels were determined
using specific ELISA kits from Pierce Biotechnology, Inc.
(Rockford, IL). The 293, HL-60, and HeLa cell lines were
purchased from the American Type Culture Collection
(Manassas, VA).

Affinity Purification of AIMP1-Binding Proteins

Recombinant AIMP1 protein and bovine serum albumin
(BSA) were biotinylated using sulfo-NHS-biotin reagent
as instructed by the manufacturer (Pierce). Mouse pan-
creas was homogenized in homogenization buffer (25
mmol/L Tris, pH 7.4, 10 mmol/L NaCl, 0.5 mmol/L ethyl-
enediaminetetraacetic acid, 0.5 mmol/L phenylmethyl
sulfonyl fluoride, 1 �g/ml leupeptin, 1 �g/ml pepstatin A,
and 5 �g/ml aprotinin) containing 1% Triton X-100. Bio-
tinylated AIMP1 and BSA preimmobilized streptavidin
beads were incubated with 10 mg of protein extracts at
4°C for 12 hours. After washing, co-precipitated proteins
were subjected to sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE). Major bands were
excised and digested with trypsin (Roche Molecular Bio-
chemicals, Indianapolis, IN) at 37°C for 6 hours, and the
digested peptide fragment masses were determined us-
ing a Voyager DE time-of-flight mass spectrometer (Per-
ceptive Biosystems, Inc., Framingham, MA). Delayed ion
extraction produced better than 50 ppm mass accura-
cies on average.

Coimmunoprecipitation

HL-60 cells or 293 cells, transfected with plasmid encod-
ing AIMP1, were solubilized with lysis buffer (25 mmol/L
Tris-HCl, pH 7.4, 10 mmol/L NaCl, 10% glycerol, 1
mmol/L ethylenediaminetetraacetic acid, 0.5% Triton
X-100, 2 mmol/L dithiothreitol, and 1 mmol/L phenylm-
ethyl sulfonyl fluoride, and aprotinin). Extracted proteins
were mixed with anti-gp96 antibody (Santa Cruz) pre-
coupled with protein A agarose and immunoblotted with
anti-AIMP1 antibody.

In Vitro Binding Assay

Recombinant gp96 fragment proteins were expressed as
GST fusion proteins and purified by glutathione Sepha-
rose. The interaction between gp96 fragments and puri-
fied AIMP1 protein was tested using in vitro binding as-
says. Human gp96 wild type (WT) and E791� were
expressed as His (full length) or GST (amino acids 289 to
799) fusion proteins in Escherichia coli, and purified His-
gp96 proteins were incubated with GST or GST-AIMP1.
Purified GST-gp96 proteins were incubated with mock or
AIMP1, and co-precipitation of gp96 and AIMP1 was
determined by immunoblotting with anti-gp96 or anti-
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AIMP1 antibody, respectively. Binding assay was con-
ducted in 25 mmol/L Tris-HCl buffer (pH 7.4) containing
120 mmol/L NaCl, 10 mmol/L KCl, and 0.5% Triton X-100.

ELISA for Binding Assay

The pH-dependent binding of gp96 to AIMP1 was deter-
mined by ELISA. Briefly, 96-well plates (Maxisorp, F96;
Nunc, Rochester, NY) were coated with 500 ng/well
AIMP1 in phosphate-buffered saline (PBS) (pH 7.4). After
washing, remaining sites were blocked with PBS contain-
ing 1% BSA for 1 hour. Binding of biotin-conjugated gp96
was performed in Tris buffer (25 mmol/L Tris, 10 mmol/L
NaCl, and 0.4% Triton X-100) adjusted to pH 4, 5, 6, 7, 8,
and 9. Plates were washed and incubated with horserad-
ish peroxidase-conjugated streptavidin diluted in PBS,
0.1% BSA, and 0.1% Tween 20 for 30 minutes. The plates
were washed, and then substrate was added to each
well. The absorbance was monitored at 450 nm.

Flow Cytometry and Immunofluorescence
Staining

After washing cells with 1� PBS, they were suspended in
fluorescence-activated cell sorting (FACS) buffer (1�
PBS containing 2% fetal bovine serum, 1% BSA, and
0.1% sodium azide) and pretreated with the normal goat
antibody. After washing, surface gp96 was monitored by
flow cytometry using their respective antibodies. After
staining, cells were washed and analyzed on a FACScan
flow cytometer using CellQuest software (BD Bio-
sciences). Surface gp96 on cultivated splenocytes was
immunostained with anti-gp96 antibody and nuclear DNA
with propidium iodide, and cells were observed under a
confocal laser-scanning microscopy (�-Radiance; Bio-
Rad, Hercules, CA).

Subcellular Fractionation

Subcellular fractionation was performed as previously
described.32

Primary Cell Isolation and Culture

Spleens were isolated from 12-week-old AIMP1�/� and
AIMP1�/� mice (C57BL/B6), and cells were suspended
in 1� PBS using a cell strainer (Becton Dickinson, Moun-
tain View, CA), washed, and resuspended in 1� PBS.
CD11c� DCs were further enriched using a BSA density
gradient. Thymocytes and splenocytes were isolated
from 12-week-old mice and resuspended in RPMI 1640
media containing 10% fetal bovine serum, stained with
appropriate Abs and subjected to flow cytometry.

Mixed Lymphocyte Reactions

Splenic DCs (8 � 103) were purified using CD11c mag-
netic beads (Miltenyi Biotec, Auburn, CA), fixed with 1%
paraformaldehyde, and co-cultured with 1.5 � 105 puri-

fied allogeneic CD4� T cells. Fifty-six hours later, cells
were pulsed with 1 �Ci of [3H]thymidine, and 3H incor-
poration was determined using a liquid scintillation
counter.

Autoimmune Test

Lung and liver tissue sections of AIMP1�/� and
AIMP1�/� mice were fixed in 10% formaldehyde in PBS
and dehydrated using an alcohol gradient. After paraffin
infiltration, tissues were sectioned using a microtome,
hematoxylin and eosin (H&E)-stained, and analyzed by
light microscopy. To determine the presence of autoan-
tibodies reacting with their self-nuclear antigens, serum
was separated from mouse blood using a clot activator
(Becton Dickinson) and used for immunoblotting nuclear
proteins extracted from autologous liver tissues. Anti-
nuclear antibodies (ANAs) were also measured in serum
by indirect immunofluorescence using HEP-2-coated
slides (INOVA Diagnostics, Inc., San Diego, CA). Slides
were first incubated with 1:40 diluted mouse serum in
PBS for 30 minutes. After washing with PBS, fluorescein
isothiocyanate (FITC)-labeled goat anti-whole mouse Ig
(BD Biosciences) was added for 30 minutes. All stages
were performed in a dark, humidified chamber at room
temperature. Slides were then washed, mounted using
mounting medium (Biomeda, Foster City, CA), and
viewed under a fluorescence microscope. Kidneys from
AIMP1�/� and AIMP1�/� mice were sectioned using a
cryostat. These cryosections were blocked with normal
goat serum and then stained with FITC-conjugated goat
anti-mouse Ig. Nuclear DNA was stained with propidium
iodide and observed under a confocal laser-scanning
microscope.

DC Maturation Assay

Bone marrow-derived immature DCs (1 � 104) from WT
mice were stimulated with fixed, DC-depleted spleno-
cytes (2 � 105) from WT or AIMP1�/� mice for 16 hours.
DCs were stained with Abs against CD83 and CD86 and
subjected to FACS analysis. Culture supernatants were
collected for cytokine assays using ELISA kits from
Pierce Biotechnology Inc.

Bone Marrow Transplantation

Bone marrow cells (2 � 106) were injected via a tail vein
into WT mice that had been previously lethally irradiated
(550 � 2 Gy with an interval of 4 hours) 24 hours before
transfer.

Transfection of Small Interfering RNAs (siRNAs)

Endogenous AIMP1 or gp96 were depleted using stan-
dard siRNA techniques. Briefly, cells were seeded into
six-well plates and, when 50% confluent, transfected with
siRNA duplexes (final concentration, 50 nmol/L) (Invitro-
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gen, Carlsbad, CA) using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. The
greatest decreases in endogenous AIMP1 and gp96 oc-
curred at 48 hours after transfection without affecting cell
viability. All siRNAs were 25-nucleotide duplexes and
had the following sequences: AIMP1, 5�-GGAGCUGAA-
UCCUAAGAAGAAGAUU-3�; gp96-411, 5�-UUAUCUUG-
UCUAAAG CAUCAGAAGC-3�; gp96-749, 5�-AUUGGA-
GUCUGAUUCCCAGAUGUGC-3�; and gp96-895, 5�-AA-
GUUGAUGAACUGAGAGU ACUUCC-3�.

Statistical Analysis

The Student’s t-test was used for statistical analysis. P
values of �0.05 were considered to represent statistically
significant differences.

Results

Identification of gp96 as an AIMP1 Binding
Protein

Recent reports show that the components of ARS com-
plex participate in various biological processes in addi-
tion to protein synthesis.33–40 To explore the novel activ-
ities of AIMP1, we performed affinity purification to search
for cellular proteins that associate with AIMP1. Proteins
co-purified with AIMP1 were identified by mass spec-
trometry. The bound proteins were determined to be
gp96 and a few tRNA synthetases, which are known to
form a complex with the AIMP14 and COPI complex
subunits involved in ER/Golgi transport (Figure 1A). The
interaction between AIMP1 and gp96 or �-COP, a com-
ponent of COPI complex, was further determined by
Western blotting (Figure 1B). Recombinant gp96 was
also co-purified with GST-fused AIMP1 (Figure 1C), sug-
gesting direct binding of AIMP1 with gp96. AIMP1 was
coimmunoprecipitated with gp96 (Figure 1D). To further
investigate the interaction between AIMP1 and gp96, the
binding of gp96 to recombinant AIMP1 was examined
using ELISA. gp96 was found to bind to AIMP1 in a
dose-dependent manner, and this binding was saturable
(Figure 1E) with a dissociation constant (kd) of gp96 to
AIMP1 of 0.117 � 0.003 nmol/L. Moreover, the interaction
between AIMP1 and gp96 was found to be pH-depen-
dent, with maximal binding at pH 5 (Figure 1F).

To identify the interaction regions involved in this inter-
action, we expressed a variety of deletion mutants of
AIMP141 or gp96 and performed an in vitro binding assay.
It was found that the AIMP1 domain spanning amino
acids 54 to 192 interacts with gp96, indicating that AIMP1
uses different domains for binding to gp96 and arginyl-
tRNA synthetase (RRS) (Figure 1G). In addition, it was
found that its interactions with these two different targets
can occur independently (Supplementary Figure 1 at
http://ajp.amjpathol.org). These results indicate that gp96
interacts with AIMP1 independently of tRNA synthetase
complex.

gp96 can be divided into a number of functional do-
mains. The peptide region from 22 to 287 is responsible

for nucleotide/geldanamycin binding, and the region
from 288 to 368 is an acidic domain.13 In addition, the
region from 697 to 799 is involved in gp96 oligomerization
and self-assembly.4 We expressed each of these func-
tional domains as GST fusion proteins and precipitated
them with glutathione Sepharose. AIMP1 co-precipitated
with the dimerization domain of gp96, but it also showed
a weak affinity for domain III (Figure 1H). Combined

Figure 1. Identification of gp96 as an AIMP1 binding protein. A: The protein
extracts from mouse pancreas were purified with biotinylated BSA or AIMP1,
separated by SDS-PAGE, and then visualized by silver staining plus (Bio-
Rad). Arrows indicate AIMP1-binding proteins. B: Protein extracts from
mouse pancreas were purified with biotinylated BSA or AIMP1, separated by
SDS-PAGE, and then immunoblotted with anti-gp96 or �-COP antibody.
Inputs are the amounts of pancreatic protein extract used. C: Protein extracts
from mouse pancreas were purified with GST or GST-AIMP1, separated by
SDS-PAGE, and then immunoblotted with anti-gp96 or GST antibody. Inputs
are the amounts of pancreatic protein extract used. D: Proteins extracted
from HeLa cells were immunoprecipitated with anti-gp96 antibody or a
control IgG, and precipitated proteins were immunoblotted with anti-gp96
and anti-AIMP1 antibody. E: Interactions between AIMP1 and gp96 were
determined by ELISA. Biotin-conjugated gp96 was added to microtiter wells
coated with AIMP1 at pH 7.4, and bound gp96 was detected with peroxidase-
conjugated streptavidin. F: The pH dependency of interaction between
AIMP1 and gp96 was determined by ELISA. Biotin-conjugated gp96 was
added to microtiter wells coated with AIMP1 in various pH buffers (pH 4, 5,
6, 7, 8, and 9). Bound gp96 was detected with peroxidase-conjugated strepta-
vidin. G: The 312-amino acid full-length (AIMP1-F), 1- to 53-amino acid, 54-
to 192-amino acid, and 193- to 312-amino acid peptides were expressed as
GST fusion proteins in E. coli, and their expressions were confirmed by
Ponceau staining. Purified GST-AIMP1 fragments were incubated with HeLa
cell lysates and the co-precipitation of gp96 and RRS was determined by
immunoblotting with anti-gp96 or RRS antibodies. Inputs are the amounts of
HeLa cell protein extract used. H: Each of the functional domains of gp96
was expressed as GST fusion protein in E. coli. Purified GST-gp96 fragments
were incubated with AIMP1, and the co-precipitation of AIMP1 was deter-
mined by immunoblotting with anti-AIMP1 antibody. Inputs are the amounts
of purified AIMP1 protein used. I: The functional domains of AIMP1 and
gp96 are schematically represented. The interaction between the two in-
volves 54 to 192 of AIMP1 and the C-terminal dimerization domain of gp96.
The data shown are representative of three separate experiments.
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Figure 2. Subcellular localization of AIMP1 and gp96. A: Subcellular fractionation of AIMP1 and gp96. Fifty �l of each subcellular fraction was subjected to
immunoblotting with anti-AIMP1 and gp96. G-6-PD (glucose-6-phosphate dehydrogenase) was used as a cytosol marker. WCL, whole cell lysates; N, nucleus; PM,
plasma membrane; Mi, microsome; Cy, cytosol. B: Proteins extracted from the microsomal fraction were immunoprecipitated with mock IgG or anti-gp96
antibody. The coimmunoprecipitation of AIMP1 was determined by immunoblotting with anti-AIMP1 antibody. C: Sucrose gradient fractionation of membranes.
Supernatant (1000 � g) of HeLa cell homogenate was layered onto a discontinuous sucrose gradient. After centrifugation, 12 fractions were collected from the
top of the tube, and 50 �l of each fraction were immunoblotted with anti-AIMP1 and gp96. Calnexin was used as an ER marker, GM130 as a Golgi marker, and
PKC� as a cytosol marker. D: Immunofluorescence staining of AIMP1 and gp96 in HeLa cells. HeLa cells were reacted with anti-AIMP1, anti-gp96, anti-calnexin
(ER marker), or anti-GM130 (Golgi marker) antibodies and visualized with FITC-conjugated (green) and tetramethylrhodamine B isothiocyanate-conjugated (red)
secondary antibodies, respectively. Data shown are representative of three independent experiments.
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together, the results indicate that the peptide region from
54 to 192 of AIMP1 interacts with the C-terminal amino
acids 699 to 799 region of gp96 (Figure 1I).

gp96 seems to form a deletion variant at E791 (E791�),
because this variant is included in GenBank and has
been validated by multiple, independent refSNP cluster
submissions. Thus, we examined whether the E791� vari-
ant has a different affinity for AIMP1 compared with wild-
type (WT) gp96 using an in vitro pull-down assay. The WT
and the gp96 deletion variant both fused to GST and
incubated with purified AIMP1 for affinity precipitation
(Supplementary Figure 2A at http://ajp.amjpathol.org). In
addition, GST or GST-fused AIMP1 were incubated with
purified WT or gp96 deletion variant, and the co-precip-
itations of these proteins were determined (Supplemen-
tary Figure 2B at http://ajp.amjpathol.org). In both assays,
the E791� variant showed severely reduced affinity for
AIMP1 as compared with the WT protein, indicating that
the C-terminal glutamic acid-rich sequences near the
KDEL motif of gp96 are important for AIMP1 binding.

Next, we examined the subcellular localization of the
interaction between AIMP1 and gp96. Cell fractionation
analysis revealed co-fractionation of AIMP1 with gp96
within the microsomal fraction (Figure 2A), and AIMP1
also co-precipitated with gp96 from this fraction (Figure
2B). Sucrose density gradient analysis further separated
the microsomal fraction into ER and Golgi-enriched frac-
tions (Figure 2C), and both AIMP1 and gp96 co-fraction-
ated with the ER marker, calnexin, and minor amounts
co-fractionated with the Golgi marker GM130. Further-
more, AIMP1 and gp96 were well co-localized with caln-
exin except for a minor amounts of nuclear AIMP1 and of
AIMP1 co-localized with gp96 and GM130 (Figure 2D).

Significance of AIMP1 in the Dimerization of
gp96 and in the Interaction between gp96 and
KDELR-1

The HSP90 family proteins studied to date are known to
exist as dimers,42,43 and AIMP1 is also known to be a
dimer44,45 and to interact with the C-terminal dimerization
domain of gp96 (Figure 1H). Therefore, we investigated
whether AIMP1 can regulate gp96 dimer formation. Over-
expression of AIMP1 increased the amount of His-tagged
gp96 coimmunoprecipitated with GFP-tagged gp96 (Fig-
ure 3, A and B).

KDEL receptor mediates the retrieval of escaped ER
proteins bearing the KDEL or HDEL signal.28 This occurs
throughout retrograde trafficking mediated by COPI-
coated transport carriers.46 Because the COPI compo-
nents, coatomer subunit �, �, �, and � associated with
AIMP1 (Figure 1A), we considered that AIMP1 might play
a role in the retrieval of gp96 from Golgi to the ER by
forming a complex with KDEL receptor and COPI com-
ponents, and thus, we examined the complex formation
of AIMP1 with KDELR-1. It was found that the recombi-
nant 54 to 192 amino acids fragment of AIMP1, which is
a binding site for gp96 (Figure 1G), also precipitated
KDELR-1 (Supplementary Figure 3 at http://ajp.
amjpathol.org). We then analyzed the interaction between

gp96 and KDELR-1 in AIMP1-overexpressed cells and
AIMP1�/� or AIMP1�/� cells and found that gp96 forms a
complex with AIMP1 and KDELR-1 (Figure 3, C and D)
and that the association between gp96 and KDELR-1
was elevated in AIMP1-overexpressing cells (Figure 3C)
and attenuated in the absence of AIMP1 (Figure 3D),
which implies that AIMP1 assists in the anchoring of gp96
to KDELR-1 to facilitate the ER retention of gp96.

Significance of AIMP1 in the Subcellular
Localization of gp96

Next, we examined the subcellular localizations of gp96
in AIMP1�/� or AIMP1�/� mouse embryonic fibroblast
(MEF) cells. gp96 was found to be mainly localized to
perinuclear ER in WT MEFs, as previously described, but
was dispersed from the ER and localized to the plasma
membrane in AIMP1�/� MEFs (Figure 4A). Furthermore,
the overexpression of AIMP1 in AIMP1�/� MEFs relocal-
ized gp96 to the ER, thus suggesting that the ER retention
of gp96 is regulated by AIMP1 (Figure 4B).

The location of gp96 after release from the ER remains
somewhat controversial. Based on previous reports,
there are two possibilities for gp96 localization: the extra-
cellular secretion of gp9647,48 and its cell surface pre-
sentation.21,49,50 In this study, we analyzed the culture
media of WT and AIMP1�/� MEFs for the presence of
gp96 but failed to detect it (data not shown). However,
gp96 was detected on cell surfaces by FACS (Figure 4C).
Moreover, AIMP1�/� splenocytes had higher gp96 cell

Figure 3. Functional significance of AIMP1 for gp96 dimerization and com-
plex formation between gp96 and KDELR-1. A: Proteins extracted from
GFP-tagged gp96, His-tagged gp96, and myc-tagged AIMP1-transfected 293
cells were immunoprecipitated with control IgG or anti-GFP antibody, and
precipitated proteins were immunoblotted using anti-His antibody. WCL,
whole cell lysates. B: Fold ratios of His-tagged gp96 bound to GFP-tagged
gp96 from A were quantified by densitometry. C: Left: The expressions of
gp96, KDELR-1, and myc-AIMP1 were determined by Western blotting. Right:
Proteins extracted from control vector or myc-tagged AIMP1-transfected 293
cells were immunoprecipitated using anti-gp96 antibody, and the precipi-
tated proteins were immunoblotted using anti-KDELR-1 or anti-myc antibod-
ies. D: Proteins extracted from WT or AIMP1�/� MEFs were immunoprecipi-
tated using anti-gp96 antibody or a control IgG, and precipitated proteins
were immunoblotted using anti-gp96, anti-AIMP1, and anti-KDELR-1 anti-
bodies. Data shown are representative of three independent experiments.
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surface expressions than WT cells (Figure 4, D and E),
whereas no differences were observed on the surface
level of Fas by immunofluorescence microscopy (Figure
4E). This higher cell surface localization of gp96 was
observed not only in AIMP1�/� splenocytes but also in a
variety of AIMP1�/� cells in the bone marrow-derived
Gr-1�, CD11b�, and B220� cell populations (Supple-
mentary Figure 4 at http://ajp.amjpathol.org). When en-
dogenous AIMP1 was suppressed using its specific
siRNA in HeLa cells, gp96 surface levels were enhanced
(Figure 4F). In contrast, the overexpression of AIMP1 in
293 cells substantially reduced gp96 surface levels, as
determined by flow cytometry (Figure 4G) and by surface
biotinylation (Figure 4H) without changing the total cellu-
lar level of gp96. Based on these observations, AIMP1
seems to regulate the KDELR-1-mediated ER retention of
gp96, and AIMP1 deficiencies result in gp96 movement
to the plasma membrane. Whether gp96 is retained in the
plasma membrane or eventually released to the extracel-
lular matrix requires further investigation.

Activation of DCs in AIMP1-Deficient Mice

gp96 has been implicated in the activation and matura-
tion of DCs via CD91 and Toll-like receptor (TLR) 2/4.22–25

We next investigated whether DCs are activated in
AIMP1�/� mice, as suggested by the above experiments.
Eight-week-old AIMP1�/� mice contained more CD4�

DCs than the WT (20.45 versus 11.14%) (Figure 5A),
suggesting a change of DC subset and the induction of
Th2 responses.51,52 Of the known DC maturation mark-
ers, ICOSL (ligand for inducible co-stimulatory molecule)
showed the most prominent increase in AIMP1�/� cells
versus the WT (53.66 versus 18.14%) (Figure 5, B and C).
CD80 and OX40 ligand (OX40L) were slightly elevated in
the absence of AIMP1 (93.23 versus 90.29% and 5.24
versus 3.97%, respectively), whereas other maturation
markers, such asCD83 and MHC class II were similarly
expressed in AIMP1�/� CD11c(high) DCs (Supplemen-
tary Figure 5 at http://ajp.amjpathol.org). The increased
expression of cell surface ICOSL correlates well with the
increased ability of AIMP1�/� splenic DCs to activate
allogeneic naı̈ve WT or AIMP1�/� CD4� T cells, as mea-
sured by proliferation (Figure 5D) and secretion of TNF-�
(Figure 5E) and interferon-� (Figure 5F). Based on these
immunological characteristics, we conclude that DCs in
AIMP1�/� mice are hyperfunctional in stimulating T cells.

The Effect of Increased Cell Surface gp96 on
DC Activation

To determine the importance of surface gp96 in the ac-
tivation of DCs in AIMP1�/� mice, we silenced gp96
expression with its siRNA and examined its effect on DC
activation. It was found that the transfection of spleno-
cytes with siRNA corresponding to nucleotides 895 to
915 of mouse gp96 mRNA (designated 895) reduced
both total (Figure 6A) and surface gp96 levels (Figure
6B). A DC maturation experiment was then performed by
co-culturing WT bone marrow-derived DCs (BMDCs) with
DC-depleted WT or AIMP1�/� splenocytes, pretreated
with 895 or control siRNA. It was found that AIMP1�/�

splenocytes matured DCs more efficiently than WT
splenocytes, as evidenced by the up-regulations of CD83
and CD86 (Figure 6, C and D) and by the productions of
IL-12 p40, IL-1�, and TNF-� (Figure 6, E–G). However,
the reduction of cell surface gp96 in AIMP1�/� spleno-
cytes by siRNA prevented DC maturation (Figure 6,
C–G).

gp96-defective mutant cell lines were previously
shown to be unresponsive to bacterial components be-
cause of the intracellular retention of TLRs.53 To deter-
mine whether the effect shown here was because of the
suppression of surface molecules like TLR4, we com-
pared the surface TLR4 levels of control and gp96 siRNA-
transfected splenocytes by flow cytometry, but no differ-
ence was found between the two (data not shown), which
excludes the possibility that the effects of gp96 siRNA on
DC activation are the result of changes in the expression
of surface molecules other than gp96. These data sug-
gest that the increased DC maturation shown by
AIMP1�/� cells is primarily the result of increased gp96
surface expression.

AIMP1-Deficient Mice Develop Lupus-Like
Autoimmune Phenotypes

DCs play critical roles in the maintenance of immunolog-
ical tolerance54–56 and in the pathogenesis of autoimmu-
nity.57,58 In addition, chronic maturation of tissue DCs
can induce severe organ-specific autoimmune disease
and systemic autoimmunity.59 To determine the relation-
ship between hyperactive DCs and in vivo phenotypes,
we undertook systemic histological examinations in

Figure 4. Functional significance of the interaction between AIMP1 and gp96 in terms of the subcellular localization of gp96. A: Immunofluorescence staining
of gp96 in WT or AIMP1�/� MEFs. gp96 was visualized using secondary antibody conjugated with FITC. ER and PM mean endoplasmic reticulum and plasma
membrane, respectively. B: Immunofluorescence staining of myc-AIMP1 and gp96 in AIMP1�/� MEFs. AIMP1�/� MEFs were transfected with EV (empty vector)
or myc-tagged AIMP1, and then cells were reacted with anti-gp96 or anti-myc antibodies and visualized with FITC-conjugated (green) and TRITC-conjugated (red)
secondary antibodies, respectively. C: MEFs from AIMP1�/� (dotted line) and AIMP1�/� (solid line) mice were stained for cell surface gp96, followed by flow
cytometry analysis. D: Splenocytes from AIMP1�/� (dotted line) and AIMP1�/� (solid line) mice were stained for cell surface gp96, followed by flow cytometry
analysis. E: Surface gp96 in splenocytes isolated from AIMP1�/� and AIMP1�/� mice were subjected to immunofluorescence staining with polyclonal anti-gp96
or anti-Fas antibody (green) and nuclei were stained with propidium iodide (red). At least three mice per group were examined. Fas was used as a surface marker.
Surface gp96 staining was also observed using monoclonal anti-gp96 antibody and titrated by the addition of exogenous recombinant gp96 (data not shown). F:
Left: HeLa cells were transfected with control (dotted line) or AIMP1 siRNA (solid line) for 48 hours, and surface gp96 expression was determined by flow
cytometry. Right: The effect of siRNA on AIMP1 expression was determined by Western blotting. G: Left: The effect of AIMP1 on the surface expression of gp96
was determined by flow cytometry in 293 cells after transfection of empty vector (EV) and AIMP1. Right: The effect of AIMP1 on the total cellular level of gp96
was determined by Western blotting with the corresponding antibodies. Tubulin was used as a loading control. H: The surface proteins of 293 cells transfected
with EV or AIMP1 were biotinylated with sulfo-NHS-biotin and precipitated using streptavidin beads. Total cellular proteins (WCL) and precipitated proteins
(surface) were immunoblotted with anti-gp96, anti-Fas, and anti-AIMP1 antibodies. Data shown are representative of three independent experiments.
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AIMP1�/� mice. One of the most prominent phenotypes
was that most female AIMP1�/� mice developed sys-
temic inflammatory cell infiltration of organs, such as lung
and liver, at 12 weeks of age (Figure 7A). Further exam-
ination of these mutant mice revealed various signatures
of autoimmunity. For example, the nuclear proteins of
AIMP1�/� mice reacted to antibodies in their own sera
from 9 weeks, demonstrating the onset of autoantibody
production (Figure 7B). In addition, immunofluorescence
analysis revealed ANAs in the sera of AIMP1�/� mice and
depositions of immune complexes in the glomeruli of the
kidneys of AIMP1�/� mice, as evidenced by the pres-
ence of mouse IgG (Figure 7C). Mutant mice also showed
significant hypergammaglobulinemia, as evidenced by
the increase of IgG1, IgG2a, IgM, and IgE (Figure 7D).
Based on these phenotypes, we concluded that AIMP1
deficiency leads to the development of systemic lupus-
like autoimmune diseases. To exclude the involvement of
thymic environment in these phenotypes, we performed a
bone marrow chimera experiment, by reconstituting
6-week-old irradiated WT mice with AIMP1�/� bone mar-
row. Six months later, we found that AIMP1�/�3WT mice
developed both ANA (Figure 7E) and glomerulonephritis

(Figure 7F), whereas no autoimmunity was evident in
AIMP1�/�3WT chimeras, thus demonstrating that the
autoimmune phenotype associated with AIMP1�/� mice
is hematopoietic system autonomous.

To gain insight into the pathological basis of the auto-
immune phenomenon associated with AIMP1 ablation,
we performed a systemic immunophenotypical analysis
on the hematopoietic system of AIMP1�/� mice. No al-
terations were found in the distributions of major subsets
of thymic and splenic T cells (CD4�CD8�, CD4�, CD8�,
CD4�CD8�) from 12 weeks of age in WT or AIMP1�/�

mice (Supplementary Figure 6A at http://ajp.
amjpathol.org). In addition, no alterations were observed
in the distribution of CD44�, memory/activated T-cell
marker, subsets of thymic CD4� T cells (Supplementary
Figure 6B at http://ajp.amjpathol.org). In addition, we an-
alyzed regulatory T cells, because they are also known to
play critical roles in the maintenance of immunological
tolerance. However, no differences between WT and
AIMP1�/� mice with respect to the frequencies of thymic
and splenic CD4�CD25� or CD8�CD25� regulatory T

Figure 5. Activation of DCs in AIMP1-deficient mice. A: Splenic CD11c� cells
from AIMP1�/� or AIMP1�/� mice (n � 3) were analyzed by flow cytometry
for the expression of CD4 (P � 0.05) and CD8 (P 	 0.05). Percentages of
CD4�/CD11c� cells or CD8�/CD11c� cells are indicated. B: Splenic CD11c�

cells from AIMP1�/� or AIMP1�/� mice (n � 3) were analyzed by flow
cytometry for ICOSL expression on cell surfaces. Representative data from
one mouse per group are shown, and the percentages of maturation mark-
er�/CD11c(high) cells are indicated. C: Splenic CD11c� cells from
AIMP1�/� or AIMP1�/� mice (n � 3) were analyzed by flow cytometry for
surface ICOSL expression (P � 0.0018). D: Freshly isolated CD11c� splenic
DCs from WT or AIMP1�/� mice were tested for their abilities to stimulate
allogeneic naı̈ve WT or AIMP1�/� CD4� T cells to proliferate by [3H]thymi-
dine incorporation (P � 0.01) and for their abilities to produce TNF-� (P �
0.01) (E) and interferon-� (P � 0.01) (F) by ELISA. Data represent the
mean � SD.

Figure 6. The effect of increased cell surface gp96 in AIMP1�/� cells on
DC activation. A: CD11c� DC-deprived WT splenocytes were transfected
with control or gp96 siRNA for 48 hours, and gp96 expressions were
determined by immunoblotting. B: CD11c� DC-deprived WT or
AIMP1�/� splenocytes were transfected with control or gp96 siRNA for 48
hours, and surface gp96 was determined by flow cytometry. (*P � 0.01,
**P � 0.01). CD11c� DC-deprived splenocytes (2 � 105 cells) from WT or
AIMP1�/� mice were transfected with control or gp96 siRNA and then
co-cultured with WT BMDCs (1 � 104 cells) for 16 hours. WT BMDCs
were then analyzed by FACS for CD83 (*P � 0.01, **P � 0.01) (C) and
CD86 cell surface expression (*P � 0.01, **P � 0.01) (D) or by ELISA to
determine the release of IL-12p40 (*P � 0.01, **P � 0.01) (E), IL-1� (*P �
0.01, **P � 0.01) (F), and TNF-� (*P � 0.01, **P � 0.01) (G) by WT
BMDCs. Data represent the mean � SD.
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cells were observed before age 12 weeks (data not
shown). We also confirmed that the development of reg-
ulatory T cells at 11 weeks in WT or AIMP1�/� mice was
unaltered, by examining the expression of Foxp3, a reg-

ulatory T-cell-specific transcription factor,60 in WT and
AIMP1�/� thymic CD4� T cells (Supplementary Figure 6,
C and D, at http://ajp.amjpathol.org). Furthermore, AIMP1
deficiency was not found to affect overall protein synthe-

Figure 7. AIMP1-deficient mice develop systemic lupus-like autoimmune diseases. A: Five-�m lung and liver tissue sections of AIMP1�/� and AIMP1�/� mice
were stained with H&E. B: Nuclei were isolated from livers of AIMP1�/� and AIMP1�/� mice at the indicated ages, and nuclear proteins separated by SDS-PAGE
were immunoblotted with autologous sera. C: Top: Immunofluorescence assay for the presence of ANA. At least four mice per group were examined. Bottom:
Kidney sections were analyzed by immunofluorescence microscopy after staining with antibody against mouse IgG (green). Data from one representative mouse
are shown. D: Serum Ig levels from age-matched WT (n � 5), AIMP1�/� (n � 5), and AIMP1�/� (n � 4) littermates by ELISA. *P � 0.001, **P � 0.05 (WT versus
AIMP1�/�). Data represent the mean � SD. E: WT mice were lethally irradiated (550 cGy � 2) and then transplanted intravenously with bone marrow from
AIMP1�/� mice or AIMP1�/� littermates. Six months after transplantation, sera were collected from recipient mice and tested for the presence of ANA (E) and
glomerular Ig deposition (F) as described above. Data from one representative mouse per group (n � 3) are shown. Original magnifications, �100 (A).
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sis in thymic epithelial cells (data not shown), which
argues against the possibility of impaired negative selec-
tion as result of inefficient antigen expression in the
thymus.

Discussion

This study demonstrates that the interaction between
AIMP1 and gp96 as an important component of a
mechanism that controls immunological tolerance. The
immunological properties of extracellular gp96 have
been previously illustrated by genetic manipulation,
and these studies confirm its constitutive extracellular
exposure.47,48,61 Our finding that AIMP1 is a natural
regulator of gp96 surface export has both immunolog-
ical and cellular implications. It has been suggested
that HSPs are endogenous danger molecules that trig-
ger productive immune responses during bacterial or
viral infections or after mechanical injury. During the
normal steady state, the proinflammatory properties of
HSPs are tightly regulated to avoid unnecessary im-
mune response. Thus, the control of KDEL receptor-
mediated gp96 retrieval by AIMP1 might represent an
important switch for the regulation of immunity and the
tolerance of adaptive immunity.

Although AIMP1 was first reported as a factor associ-
ated with the multitRNA synthetase complex, it was also
identified as cytokine in the extracellular matrix6,8–10 and
was even found to be secreted to blood as a glucagon-
like hormone.11 Thus, it is not surprising that AIMP1 can
be localized to the ER lumen, because secretory proteins
and membrane proteins are transported via ER-Golgi
secretory pathway. The present study demonstrates that
high proportions of AIMP1 are localized to the ER and
lesser extent to Golgi (Figure 2).

It was found during this work that AIMP1 uses different
domains for binding gp96 (Figure 1G) and tRNA syn-
thetase.2 The gp96-binding region of AIMP1 (amino ac-
ids 54 to 192) contains lysine-rich sequences and the
C-terminal dimerization domain of gp96 contains glu-
tamic acid-rich sequences. Furthermore, the gp96 E791�
variant showed less affinity for AIMP1 than WT protein
(Supplementary Figure 2 at http://ajp.amjpathol.org), sug-
gesting the possibility that the charge-charge interaction
is involved in their association. The pH-dependent inter-
action of AIMP1 and gp96 (Figure 1F) further supports
this possibility.

Although it is not known whether the KDEL receptor
forms a dimer, KDEL-containing proteins such as Bip,
PDI, and gp96 are known to form dimers.42,62,63 Further-
more, AIMP1 can form a dimer44,45 and promote gp96
dimer formation (Figure 3, A and B) and complex forma-
tion between gp96 and KDELR-1 (Figure 3, C and D),
suggesting that there is a possibility that AIMP1 dimer
promotes the dimerization of gp96 and then assists in the
anchoring of gp96 dimer to KDELR-1.

The association between AIMP1 and gp96 showed a
striking sensitivity to pH change with maximum affinity at
pH 5 (Figure 1F). The binding of KDEL ligand and recep-
tor is also responsive to pH change and requires an

acidic pH.31 This suggests that complex formation be-
tween AIMP1 and gp96 and KDEL receptor may be con-
trolled by pH difference between the ER and Golgi. As
mentioned above, ER has a neutral pH,64 and Golgi has
been reported to contain a proton pump65 and to have a
lower pH than the ER. Therefore, there is a possibility that
AIMP1-bound gp96 has a higher affinity for KDEL recep-
tor in the Golgi. Thus, the AIMP1/gp96/KDEL receptor
complex is likely to be formed in the Golgi and returned to
the ER and then dissociate. However, it is not known
whether this pH difference affects the dimerization of
AIMP1 and gp96.

The deletion of glutamic acid near the C-terminal KDEL
sequence of gp96 reduced AIMP1 binding (Supplemen-
tary Figure 2 at http://ajp.amjpathol.org). This C-terminal
glutamic acid-rich region of gp96 was not observed in
other KDEL-containing proteins, and the subcellular lo-
calization of GRP78/Bip was no difference in AIMP1-
deficient cells (data not shown), suggesting that AIMP1
has a specific function for gp96 although the reason why
gp96 specifically requires AIMP1 for its retrieval still re-
mains to be determined.

In AIMP1-deficient cells, gp96 localized at the cell
surface (Figure 4, C–F), but it has not been determined
how the cell surface localization of gp96 is achieved,
because gp96 has neither a transmembrane domain nor
a glycosylphosphatidyl inositol (GPI) anchor site for at-
tachment to the plasma membrane. It is possible that an
adaptor molecule is required for the cell surface localiza-
tion of gp96. In a previous report, KDEL-containing cal-
reticulin at the cell surface was found to use CD59 as an
adaptor molecule,66 which supports this possibility.

Our mechanistic study demonstrated that AIMP1, by
directly forming a complex with gp96, is responsible for
preventing its cell surface presentation. Thus, AIMP1�/�

mice show increased gp96 cell surface expression,
which could result in DC hyperactivation and the devel-
opment of autoimmune diseases. Several pieces of evi-
dence support this notion. First, the silencing of gp96 by
siRNA in AIMP1�/� cells abrogated DC maturation by
AIMP1�/� APCs (Figure 6). Second, transgenic mice
overexpressing membrane-bound gp96 developed sys-
temic autoimmune diseases.26 Specifically, the autoim-
mune phenotypes of AIMP1�/� mice included ANA, glo-
merulonephritis, hypergammaglobulinemia, and immune
cell infiltrations (Figure 7), and these are remarkably sim-
ilar to those of gp96tm-Tg mice. Third, like 96tm-Tg mice,
AIMP1�/� mice showed no gross alteration of the hema-
topoietic system, although they did have more matured
DCs in secondary lymphoid organs (Figure 5), suggest-
ing that the autoimmune phenotype in both models is
attributable to a breakdown of DC-mediated peripheral
tolerance. Fourth, further increases in the expression of
cell surface gp96, as in the case of double-mutant
96tm�AIMP1�/� mice (data not shown), resulted in mark-
edly more severe disease, although both 96tm-Tg and
AIMP1�/� mice developed autoimmune diseases, they
survived for at least 6 months, whereas AIMP1�/�96tm�

mice showed much higher levels of mortality (8 of 44
pups died at age 3 to 4 weeks). Histological analysis of
double mutants revealed no significant hepatospleno-
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megaly or lymphadenopathy, but they were found to
show severe necrotizing enterocolitis, which is consistent
with the overwhelming sepsis (data not shown). Com-
bined together, the findings of this study suggest that
AIMP1 is a critical regulator of the ER retention of gp96
and that disruption of the interaction between these two
molecules might be a key component of pathogenic
pathways that lead to the development of systemic auto-
immune diseases like lupus.
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