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Background: Calreticulin retrotranslocated from the endoplasmic reticulum to the cytoplasm is post-translationally argi-
nylated associates to stress granules following stress that decrease Ca2�.
Results: Arginylated calreticulin reaches the plasma membrane as a response to stress.
Conclusion: Arginylation confers to calreticulin a function as one of the preapoptotic signals of the cells.
Significance: Arginylated calreticulin is a novel factor involved in stress-induced apoptosis.

Post-translationalmodifications of proteins are important for
the regulation of cell fate and functions; one of these post-trans-
lationalmodifications is arginylation.Wehavepreviously estab-
lished that calreticulin (CRT), an endoplasmic reticulum resi-
dent, is also one of the arginylated substrates found in the
cytoplasm. In the present study, we describe that arginylated
CRT (R-CRT) binds to the cell membrane and identified its role
as a preapoptotic signal.We also show that cells lacking arginyl-
tRNA protein transferase are less susceptible to apoptosis than
wild type cells. Under these conditions R-CRT is present on the
cellmembranebut at early stages is differently localized in stress
granules. Moreover, cells induced to undergo apoptosis by
arsenite show increased R-CRT on their cell surface. Exoge-
nously applied R-CRT binds to the cell membrane and is able to
both increase the number of cells undergoing apoptosis in wild
type cells and overcome apoptosis resistance in cells lacking
arginyl-tRNAprotein transferase that expressR-CRTon the cell
surface. Thus, these results demonstrate the importance of sur-
face R-CRT in the apoptotic response of cells, implying that
post-translational arginylation of CRT can regulate its intracel-
lular localization, cell function, and survival.

Themultifacetedmechanism of post-translational modifica-
tion of proteins is important for the regulation of cell functions.
We have previously demonstrated the post-translational incor-
poration of arginine into calreticulin (CRT)3 in the cytoplasm
after its retrotranslocation from the endoplasmic reticulum
(ER) (1). We also established that arginylated CRT (R-CRT) is
recruited to stress granules (SGs) under conditions that pro-

mote a decrease in cytoplasmic Ca2� levels and SG formation.
These conditions were heat shock, thapsigargin combined with
EGTA, and arsenite treatment. Furthermore, arginylation is
essential for CRT association to SGs (2). These observations led
us to suggest that arginylation confers different fates to CRT,
but the precise characteristics of this isospecies and its differ-
ential compartmentalizationwithin cells have not been entirely
clarified.
CRT resides mainly in the ER and is a Ca2�-binding protein

that function as a Ca2� buffer and molecular chaperone,
although it has also been linked to a number of processes occur-
ring outside the ER lumen (3–17), which implies other subcel-
lular localizations for CRT other than the ER. However, the
subcellular origin, biochemical features, and the precisemolec-
ular mechanism responsible for targeting CRT to the plasma
membrane is not fully understood.
SGs are formed in response to several stress stimuli and con-

tain, among other components, proapoptotic factors. If the
stress stimulus exceeds the cell survival threshold, it activates
mechanisms leading to apoptosis. Reflecting the appearance of
R-CRT associated with cytoplasmic SGs under stress condi-
tions, we decided to explore R-CRT fate when apoptotic path-
ways are activated. We demonstrate that cells lacking the argi-
nylation system are less susceptible to apoptosis thanWT cells.
It is hypothesized that this resistance is due to an increase in the
amount of R-CRT present on the cell membrane.

EXPERIMENTAL PROCEDURES

Chemical Reagents—Chemical reagents and protease inhibi-
tors were purchased from Sigma-Aldrich. Sodium arsenite was
fromMallinckrodt.
Cell Cultures—All of the cell lines were grown in 100-mm-

diameter Petri disheswithDulbecco’smodified Eagle’smedium
(high glucose; Invitrogen), containing 4.5 g/liter glucose, 4 mM

L-glutamine, and 25 mmol/liter HEPES, and supplemented
with 1 mM sodium pyruvate, 0.25 �g/ml amphotericin B (Sig-
ma-Aldrich), 200 units/ml penicillin, 100 �g/ml streptomycin
(Invitrogen), and 10% heat-inactivated fetal bovine serum
(Invitrogen). For some experiments, cells were incubated for
3 h in starvation media, Earle’s balanced salt solution.
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ATE1�/� and ATE1�/� mouse EF (embryonic fibroblast)
cell lines were kindly provided by Dr Anna Kashina (Depart-
ment of Animal Biology/Biochemistry, University of Pennsyl-
vania, Philadelphia, PA). CRT�/� and CRT�/� mouse EF cell
lines were a gift from Dr Marek Michalak (Department of Bio-
chemistry, University of Alberta, Edmonton, Canada).
To induce stress conditions, the cells were incubated for the

indicated times with 0.5 mM sodium arsenite. We chose this
stressor because it allows studies of cellular changes at different
times on the same experiment. Recombinant R-CRT-FLAG
was added to culture media overnight at 50 �g/ml.
Expression and Purification of pHUE-R-CRT-FLAG Protein—

The coding sequence of mature CRT (CRT without signal pep-
tide) was amplified by PCR from pCMV-Sport6-hCRT (cDNA
provided by Professor H. L. Monaco, Biocrystallography Labo-
ratory, University of Verona, Verona, Italy) using a forward
primer containing an SacII restriction site (underlined), an argi-
nine sequence (in bold), and the CRT sequence (in italics) (5�-
ATCCGCCGC2GGTGGACGTGAGCCTGCCGTCTACTT-
CAAGG-3�) and a reverse primer containing a KpnI restriction
site (underlined), a FLAG sequence (in bold), and the CRT
sequence (italics) (5�-ATCGGGGTAC2CCTAGTCGTCGT-
CGTCTTTGTAGTCCAGCTCGTCCTTGGCCTGG 3�). The
PCR product was digested with SacII and KpnI endonucleases
and cloned into the histidine-tagged ubiquitin expression vec-
tor (pHUE) (provided by Professor Rohan T. Baker, Molecular
Genetics Group, The John Curtin School of Medical Research,
The Australian National University), and the construct was
confirmed by DNA sequencing. R-CRT-FLAG protein was
express and purified as described in Ref. 18.
Biotinylation and Streptavidin Precipitation—Biotinylation

and recovery of cell surface proteins were performed on intact
cell monolayers using EZ-link Sulfo-NHS-SS Biotin (Pierce)
and isolated using streptavidin-agarose beads (Sigma-Aldrich).
The cells were placed on ice and washed three times with PBS.
The cells were then incubated with EZ-link Sulfo-NHS-SS-Bi-
otin at a final concentration of 0.5mg/ml into PBS for 60min at
4 °C, followed by glycine (100 mM) in PBS to quench unbound
labeling reagent, before being washed twice with PBS to com-
pletely remove any remaining quenching buffer. Biotinylated
cells were scraped off the plates in lysis buffer (20mMTris-HCl,
pH 7.5, 1 mM EDTA, 1% w/v Triton X-100, 150 mM NaCl, 10
mM glycine, 3 mg/ml leupeptin, 1 mM phenylmethylsulfonyl
fluoride, 3mg/ml aprotinin) and agitated on a shaker for 60min
at 4 °C. The cell lysate was centrifuged for 10min at 14,000� g,
and the resulting supernatant was incubated with streptavidin-
agarose beads, suspended in lysis buffer, andmixed at 4 °Cover-
nightThe beadswere recovered by centrifugation (5,000� g for
15 s) and aliquots of supernatants were taken to represent the
unbound, intracellular pool of proteins. Biotinylated proteins
were eluted from the beads by heating to 100 °C for 5 min in
SDS-PAGE sample buffer before loading onto a 10% SDS-
PAGE gel.
Electrophoresis and Immunodetection of Proteins—Proteins

from cell lysates and biotinylatedmaterial were separated using
SDS/PAGE (27) and transferred onto nitrocellulose membrane
(28). As primary antibodies, we used mouse anti-CRT mAb
(monoclonal antibody; 1:2500) (BD Biosciences), and rabbit

anti-R-CRT pAb (polyclonal antibody; dilution 1:100) (custom
made by Eurogentec, Seraing, Belgium), which specifically
detects the arginylated form of CRT (1). As secondary antibod-
ies, IRDye 800CW goat anti-mouse antibody or IRDye 800CW
goat anti-rabbit antibody (1:30000) (LI-CORBiosciences) were
used and visualized by the Odyssey infrared imaging system
(LI-COR Biosciences). Total biotinylated proteins were re-
vealed using IRDye 800CW Streptavidin. The samples were
normalized to equal amounts of tubulin.
To assess autophagy, ATE1�/� cells were incubated in star-

vation conditions or in complete medium treated with 0.5 mM

of sodium arsenite and then lysed with radioimmune precipi-
tation assay buffer. Protein samples from total cell lysates were
run on a 12% polyacrylamide gel and transfected to nitrocellu-
lose membranes. As primary antibodies, we used rabbit anti-
LC3 pAb (polyclonal antibody; dilution 1:800) (Sigma), rabbit
anti-Beclin-1 pAb (polyclonal antibody; dilution 1:1000) (Cell
Signaling), and mouse anti-�-actin mAb (monoclonal anti-
body; 1:10000) (Sigma). As secondary antibodies, IRDye
800CW goat anti-rabbit antibody or IRDye 800CW goat anti-
mouse antibody (1:30000) (LI-COR Biosciences) was used and
visualized by theOdyssey infrared imaging system (LICORBio-
sciences). The bands intensity was quantify with ImageJ pro-
gram normalized with amounts of �-actin.
Assessment of Apoptosis—Redistribution of plasma mem-

brane phosphatidylserine (PS) is a marker of apoptosis and was
assessed by annexin V phycoerythrin (BD Biosciences) accord-
ing to themanufacturer’s protocol. Briefly, 1� 106 cells/sample
were collected, washed in PBS, pelleted, and resuspended in
incubation buffer (10mMHEPES/NaOH, pH7.4, 140mMNaCl,
2.5 mM CaCl2) containing 1% annexin V and 1% 7-Amino-acti-
nomycin D or propidium iodide, to identify dead cells. The
samples were kept in the dark and incubated for 15min prior to
analysis by flow cytometry on a FACSCantoII cytometer (BD
Biosciences) using BD FACSDiva software (BD Biosciences).
Flow Cytometric Analysis of Cell Surface Proteins—Flow

cytometry was used to detect R-CRT and annexin V exposure
to the cell surface induced by sodium arsenite. Briefly, 4 � 105
cells were plated in 6-well plates, and the next day the cells were
treated with 0.5 mM sodium arsenite for the indicated times.
Both adherent and detached cells were harvest with EDTA 2
mM, washed twice with cold PBS, and incubated for 1 h at 4 °C
with primary antibody, rabbit anti-R-CRT pAb (1:100) in cold
PBS, followed by washing and incubation with goat anti-rabbit
IgG conjugated toCy5 (1:800) (Molecular Probes). Each sample
was then analyzed by FACSCantoII cytometer (BDBiosciences)
to identify cell surface R-CRT and annexin V (as described
above). Isotype matched IgG antibodies were used as a control.
A total of 50,000 cells were counted for each point. The data
were recorded on a logarithmic scale and analyzed by BD FAC-
SDiva software (BD Biosciences). The results are shown as rep-
resentative frequency histograms or double fluorescence plots
showing the percentage of cells positive for annexin V binding
alone, percentage positive for R-CRT binding alone, and per-
centage positive for both R-CRT and annexin V binding, and
after quantification, the percentage of double positive cells of
four independent experiments were represented in line charts.
As a control of integrity of nonpermeabilized cells after arsenite
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treatment, neglected immunostaining of the cytoplasmic en-
zyme tubulin tyrosine ligase was detected.
Immunofluorescence—For surface staining, the cells were

grown on glass coverslips to 60% confluence. After arsenite
treatment, the cells were placed on ice, washed twice with PBS
and incubated at 4 °C with the primary antibody rabbit anti-
R-CRT pAb (1:100) or mouse anti-FLAGM2mAb (1:2000) for
1 h. The cells were then washed three times in PBS and incu-
bated for 45 min with the secondary antibody Alexa Fluor 543-
conjugated goat anti-rabbit IgG (1:1000) (Molecular Probes)
(1:1000) in PBS. The cells were washed with PBS fixed with 3%
(w/v) formaldehyde in PBS containing 4% w/v sucrose for 30
min at room temperature and mounted on slides with the
mounting medium including DAPI from Vectashield.
Intracellular Staining—For intracellular staining, after ar-

senite treatment, the cells were washed with PBS, fixed with 4%
formaldehyde for 15 min, permeabilized with 0.1% Triton
X-100 for 10 min, and rinsed three times with PBS, and non-
specific binding sites were blocked with 10% FBS in PBS for 30
min. Rabbit anti-R-CRT pAb (1:100) and goat anti-TIA-1
(T-cell intracytoplasmic antigen 1) pAb (1:100) (Santa Cruz
Biotechnology) primary antibodies were added for 1 h. Subse-
quently, the cells were washed three times with PBS and incu-
bated for 30 min with Alexa Fluor 543-conjugated goat anti-
rabbit IgG and Alexa Fluor 488-conjugated donkey anti-goat
IgG (1:1000) (Molecular Probes) secondary antibodies respec-
tively. All of the antibodies were diluted in PBS containing 5%
(w/v) BSA. The specimens were imaged by Zeiss LSM 510 con-
focal system as described in Ref. 1.
In Vivo Measurement of Intracellular Ca2�—The intracellu-

lar Ca2� concentration was quantified using the fluorescent
Ca2� dye indicator Fluo-3/AM (Fluo-3 acetoxymethyl ester;
Molecular Probes). Briefly, ATE1�/� and ATE1�/� cells were
loaded with Fluo-3/AM (5 �M) and Pluronic F-127 acid (0.2%,
w/v) at 37°C for 30 min. Ca2� was measured by exciting the
indicator at the range of 450–500 nm for 3–5 min. The cells
were then treated with arsenite, and the fluorescence intensity
was measured every 30 s for 60 min. The cells were imaged by
confocalmicroscopy. TheCa2� fluorescence intensity ratio (Ft/
Fo) was plotted as a function of time. Confocal images were
capturedwith anOlympus FV1000 (Olympus, Japan) laser con-
focalmicroscope, using aUPLFLN40�, NA 1.3 Plan-Apochro-
mat objective. Pinholes were set for a nominal axial resolution
of less than 0.6 �m. Excitation on the Olympus FV1000 laser
confocal microscope was produced with a 25-milliwatt argon
laser emitting at 488 nm. Emissions were collected using a 505–
530-nm band pass filter for Alexa Fluor� 488. To quantify the
fluorescence intensity, we employed an image analysis system
using Olympus FV1000 FLUOVIEW 1.7 software.

RESULTS

R-CRT Is Present on Cell Surface—There are numerous
reports showing the presence of CRT on the surface of fibro-
blasts, lymphocytes, neutrophils, neurons, and B16 melanoma
cells (19–23). Nevertheless, it remains unknown which pool of
CRT translocates to the cell surface, and it has been speculated
that only a fraction of CRT may reach the cell membrane. The
identification of R-CRT not associated to the ER (1, 2) suggests

that CRT could be localized on the cell plasmamembranes after
it is arginylated.
To study the presence of R-CRT on the cell surface, we use

ATE1�/� and ATE1�/� cells. Cells lacking arginyl-tRNA
transferase (ATE1�/� cells) have no capacity to post-transla-
tionally arginylate proteins. Cell surface proteins present from
both cells types (ATE1�/� and ATE1�/�) were labeled using a
membrane-impermeable form of biotin (EZ-Link Sulfo-NHS-
biotin) and precipitated by streptavidin-agarose beads. Equal
amounts of biotin-labeled plasmamembrane proteins and total
cell lysates were then analyzed by SDS-PAGE andWestern blot
(WB). Immunoblotting with anti-R-CRT pAb identified a sin-
gle 60-kDa band indicative of R-CRT on the plasmamembrane
of ATE1�/� but not on that of ATE1�/� cells (Fig. 1A, upper
panel). Both cell lines expressed the same levels of CRT, as
determined by anti-CRT mAb (Fig. 1A, lower panel).
To further support the above findings, the localization of

R-CRT in permeabilized and nonpermeabilized ATE1�/� cells
was examined by immunofluorescence with an anti-R-CRT
pAb. The staining patterns for R-CRT in both conditions are
distinct (Fig. 1B). In permeabilized ATE1�/� cells, R-CRT
exhibits an expected (1), cytosolic-like immunostaining with
occasional cluster distribution (Fig. 1B, panel a). In contrast, in
nonpermeabilized cells R-CRT staining shows a diffuse to small
punctuates distribution over the cell surface (Fig. 1B, panel b).
The presence of CRT in the surface of ATE1�/� cells is notice-
able as shown by immunofluorescence with anti-CRT mAb.
(Fig. 1B, panel c). As a control, these staining patterns were not
detected in cells in which the primary antibodies had been
omitted (not shown).
To further confirm the cell surface localization of R-CRT,

intactATE1�/� cells were stained for R-CRTusing anti-R-CRT
pAb followed by Cy5-conjugated secondary antibody and then
analyzed by flow cytometry for surface-bound immunofluores-
cence (Fig. 1C). Under these conditions, 20% of the cells were
positive for cell surface R-CRT (Fig. 1C, right panel). Together
these results provide evidence that CRT, after its arginylation,
reaches the plasmamembrane, which implies that it came from
the cytoplasmic pool. Finally, the addition of recombinant
R-CRT-FLAG to CRT�/� and ATE1�/� cells shows surface
R-CRT by immunocytochemistry using anti-R-CRT and anti-
FLAG antibodies in nonpermeabilized cells (Fig. 2).
Cells Lacking Arginyl-tRNAProtein Transferase Are Less Sus-

ceptible to Apoptosis Compared with WT Cells—It has been
described that the ER-Ca2� release triggers apoptosis by acti-
vation of transcriptional cascades and a direct regulation of
proapoptotic proteins as CRT (24–26). We have described an
arginylated isoform of CRT, which is increased and up-regu-
lated after arsenite treatment by the decrease in intracellular
Ca2� concentrations (2). In this paper we show that under oxi-
dative stress, CRT-deficient cells (CRT�/�) are consistently
more resistant to apoptosis compared with CRT�/� cells after
arsenite treatment up to 120 min (Fig. 3A). The resistance
observed is also found under other stress conditions (27).
Because of these differences, our aim was to analyze the sensi-
tivity to apoptosis of cells lacking Ate1 enzyme (ATE1�/�

cells). By flow cytometry analysis, we compared annexin V and
propidium iodide binding in ATE1�/� and ATE1�/� cells sub-
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jected to stress induction by arsenite treatment at different
times (Fig. 3, B and C). We show that ATE1�/� cells are statis-
tically significantly more resistant to apoptosis than ATE1�/�

cells at 60 and 120 min of arsenite treatment. At 30 min no
difference was observed.
These results reveal that in the absence of the substrate

(CRT) or the enzyme Ate1, the susceptibility of cells to apopto-
sis is decreased. The observed effect in CRT�/� cells could be
due to the absence of R-CRT or both CRT and R-CRT.
We next determined the dynamics of the subcellular local-

ization of R-CRT upon arsenite treatment. Because �60%
R-CRT is recruited to SGs after 15min of treatment with arsen-
ite (Fig. 4A, panel b) (2), we explored R-CRT distribution in
ATE1�/� cells up to 90 min of arsenite treatment by using
immunofluorescence with anti-R-CRT and anti-TIA-1 (SGs
marker) antibodies. We found R-CRT associated with SGs up
to 30 min of treatment (Fig. 4A, panels b and c). However, after
60 min, SGs were disassembled, and R-CRT was reduced to

levels comparable with control conditions (Fig. 4, A, panels d
and e; B; and C). These results suggest that when the stress
exceeds the cell survival threshold, SGs are disassembled, and
R-CRT is released from these aggregates.
There is a possibility that the autophagy degradative path-

way could be activated upon the stress condition, which
would explain the reduced levels of R-CRT observed after
arsenite treatment. To address this issue, WB analyses using
LC3 and Beclin-1 antibodies (markers of autophagy that had
been shown to correlate with the number of autophago-
somes (28, 29)) were examined in total cell lysates of
ATE1�/� cells treated or not with arsenite for different
times (15, 457 and 90 min). As a positive control of
autophagy, these cells were incubated in starvation medium
for 3 h (Fig. 5). In cells incubated in starvation conditions
(Fig. 5, first lane), the amount of both proteins are higher
than those observed in ATE1�/� cells treated or not with
arsenite in complete medium (Fig. 5, second through fifth

FIGURE 1. R-CRT is present on the cell surface. A, surface proteins present on ATE1�/� (right lane) or ATE1�/� (left lane) were labeled using a membrane-
impermeable form of biotin and precipitated by streptavidin-agarose beads. Biotin-labeled plasma membrane proteins and total cell lysates were subjected
to SDS-PAGE and analyzed using WB against R-CRT (upper panel) and CRT (lower panel), respectively. B, Triton-permeabilized (panel a) or nonpermeabilized
(panel b) ATE1�/� cells were analyzed by immunofluorescence using anti-R-CRT pAb to visualize R-CRT. Note the subcellular localization of R-CRT in both the
cytosol and on the cell membrane. Anti-CRT mAb was also used to detect CRT on the cell surface of ATE1 �/� cells (panel c). C, ATE1�/� cells were immuno-
stained with anti-R-CRT pAb, and fluorescence associated with plasma membrane was analyzed by flow cytometry. Unstained cells and cells incubated with the
secondary antibody (Cy5) alone (isotype control) were used to determine the background fluorescence signal. The positive signal was determined as fluores-
cence above that seen with the secondary antibody alone. 20% of the cells express R-CRT on the cell surface. The results shown are from one experiment
representative of three independent experiments.
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lanes). Moreover LC3II and Beclin-1 levels do not vary sig-
nificantly along our experimental assay conditions. Thus,
the autophagy remains at basal levels during arsenite stress
up to 90 min of treatment as compared with the untreated
condition.
The results presented clearly indicate that arsenite stress

does not induce an autophagic response. In addition, this evi-
dence also suggests that autophagy is not the responsible for the
apoptotic manifestation observed in these cells upon arsenite
treatment as shown in Fig. 3B. Taken together these results
further indicate that the SGs could provide a mechanism to
delay an apoptotic signal and the R-CRT course to other cellu-
lar compartments such as the cell membrane.
R-CRT Increases on Cell Surface during Apoptosis Induction—

It has been described that CRT translocates to the cell mem-
brane after apoptosis induction (17, 30–32). Considering our
findings of R-CRTon the cell surface (Fig. 1), we then examined
R-CRT on the cell surface after stressing ATE1�/� cells with
arsenite for 45 and 90 min, the period in which we showed SG
are disassembled (Fig. 4). R-CRT levels on intact ATE1�/� cells
were assessed by flow cytometry using anti-R-CRTpAb (Fig. 6).
The results show that the overall amount of R-CRT on the cell
surface increased during apoptosis induction, from 17% in
untreated cells, up to 21 and 31% at 45 or 90min arsenite treat-
ment, respectively. Histograms represent the percentage of
cells positive for R-CRT on the plasmamembrane gated within
the marker (M1) under arsenite treatment (Fig. 6, c and d) or
untreated conditions (Fig. 6b). The background fluorescence
signal of isotope control cells is shown in Fig. 6a.
The addition of recombinant R-CRT-FLAG to ATE1�/�

cells enlarged the cell population having R-CRT on the cell
surface in both untreated and arsenite-treated cells (Fig. 6, f–h).
Cells positive for R-CRT were 31, 37, and 41% at the different
time. Dot plots displaymode of forward scatter versus side scat-
ter; the population of cells positive for surface R-CRT is gated
by an ellipse that corresponds to the cell population of greater

granularity and the smaller area, presumably they are apoptotic
cells.
Ca2� Level AreNotOnly Cause for Different Response to Apo-

ptosis Induction in ATE1�/� and ATE1�/� Cells—It has been
described that the decrease of ER-Ca2� levels increases the
plasma membrane exposure of CRT (26). Moreover, we have
determined that low cytosolic Ca2� favors CRT retrotransloca-
tion from the ER, its arginylation in the cytoplasm, and its asso-
ciation to SGs in vivo (2). Taking into account this evidence plus
that under arsenite treatment ATE1�/� are less prone than
ATE1�/� cells to apoptosis induction (Fig. 3B), we analyzed
whether this different response could be related to differences
in the homeostatic mechanism of ER-Ca2�. The time course of
cytosolic Ca2� levels in ATE1�/� cells during arsenite treat-
ment was measured by Fluo-3/AM (Fig. 7). Although a gradual
decrease in Ca2� level was observed in both cell lines, ATE1�/�

cells display a 3-fold decrease of Ca2� values with respect to
ATE1�/� cells, which showed a 1.5-fold decrease. This result
indicates that in ATE1�/� cells there is a more pronounced
decrease of Ca2� that could promote an increased transloca-
tion of CRT to the membrane. Thereafter, we analyzed, at dif-
ferent times, the exposure of CRT in ATE1�/� and ATE1�/�

cell lines during arsenite treatment. We observed that in both
cell lines, CRT is translocated to the plasmamembrane and that
the amount of CRT increases during the treatment (Fig. 8).
However, ATE1�/� cells exhibit less CRT at the cell membrane
compared with ATE1�/� cells under the same experimental
conditions. It should be emphasized that the amount of CRT in
ATE1�/� cells could result from the contribution of both the
non-arginylated and the arginylated isospecies. Taken together,
these results indicate that the decrease in Ca2� level is not the
only factor involved in the incorporation of CRT at the plasma
membrane, and they further suggest that arginylation also
affects the apoptotic response.
Cells Exposing R-CRT on Cell Membrane Undergo Apoptosis—

So far we have provided evidence indicating that R-CRT is

FIGURE 2. Exogenous R-CRT binds to the cell surface. ATE1�/� and CRT�/� cells were incubated overnight with 50 �g/ml of recombinant R-CRT-FLAG
protein and then analyzed by immunofluorescence in nonpermeabilized cells with anti-R-CRT pAb and anti-FLAG mAb. Note that exogenous R-CRT was
observed on the cell surface of ATE1�/� and CRT�/� cells using a confocal microscope.
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found on the cell surface of apoptotic-induced cells. To con-
firm that R-CRT is predominantly present on the surface of
apoptotic cells, detection of R-CRT and PS on intact
ATE1�/� cells was assessed by flow cytometry using an anti-
R-CRT pAb and annexin V. The Fig. 9A show cells with
annexin V labeling alone (upper left quadrant), cells that
expose both R-CRT and annexin V (upper right quadrant),
and cells that expose R-CRT alone (lower right quadrant).
Clearly the same populations of cells exposing R-CRT on
their cell surface are undergoing apoptosis (double positive

cells). These cells at the different times during apoptosis
induction were 11, 30, and 39%, as shown in the double plot
(Fig. 9A) and in Table 1. It is important to note that only
1–2% cells exposing R-CRT on the membrane are nonapop-
totic cells. Furthermore, the addition of recombinant
R-CRT-FLAG to ATE1�/� cells increased the amount of
cells with surface R-CRT and PS compared with ATE1�/�

cells alone (Fig. 9B); the quantification of the percentage of
cells under each condition is shown in Table 1. The sole
addition of R-CRT-FLAG lead cells to apoptotic degrees

FIGURE 3. Induction of apoptosis by arsenite treatment in CRT- and ATE1-deficient cells. Quantitative analyses of annexin V (AnnV) and propidium iodide
(PI) staining at different times (0, 30, 60, and 120 min) of arsenite treatment (0.5 mM) are shown in A for CRT�/� and CRT�/� cells and in B for ATE1�/� and
ATE1�/� cells. 100% values correspond to 50,000 cells. The data are the means of three independent experiments. Significance was calculated using an ANOVA
test. *, p � 0.05, **, p � 0.02; ***, p � 0.01. The results indicated a reduction of apoptosis in CRT�/� and ATE1�/� cells compared with CRT�/� and ATE1�/� cells,
respectively. C, representative flow cytometry dot plots of ATE1�/� and ATE1�/� cells that were treated as in B, where the percentages of annexin V-positive
and propidium iodide-negative cells and annexin V/propidium iodide double positive cells are indicated (Q1, Q2).
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comparable with those found after 90 min of stimulus with
arsenite. A comparison between ATE1�/� cells with or with-
out R-CRT-FLAG shows the correlation between the apo-
ptotic response and the presence of R-CRT on the cell mem-
brane (Fig. 9C). The response elicited by the cells with added

R-CRT-FLAG does not significantly vary at the different times
of treatment. Finally it is worthmentioning that the percentage
of apoptotic cells that are positive for surface R-CRT is aug-
mented by a longer exposition to the stress agent and also by the
addition of exogenous R-CRT-FLAG (Table 1).

FIGURE 4. R-CRT association with SGs during arsenite treatment. A, ATE1�/� cells at different times (0, 30, 60, and 90 min) of arsenite treatment (0.5 mM)
were analyzed by double immunofluorescence using anti-R-CRT pAb and anti-TIA-1 pAb. Yellow pseudocolors in the merged images and in the enlarged
regions of interest (insets) represent co-localization of R-CRT and TIA-1 as seen by confocal microscopy. R-CRT is increased and associated with SGs up to 30 min
of treatment as compared with untreated cells. After 60 min, R-CRT is reduced to control levels and does not co-localize with SGs that are disassembled. B and
C, the percentage of cells containing SGs (B) and the amount of cytoplasmic R-CRT expressed as relative fluorescence intensity (IF) (C) are represented at the
different times. The values are the means � S.D. from at least 60 cells analyzed in two independent experiments.

FIGURE 5. Autophagy pathway is not activated upon arsenite treatment. ATE1�/� cells were incubated in starvation (Stv.) medium for 3 h or in complete
medium in the absence or in the presence of 0.5 mM arsenite for the indicated times (15, 45, and 90 min). Then cells were lysed with radioimmune precipitation
assay buffer, and the samples were subjected to WB analysis using LC3 and Beclin-1 antibodies. Band intensity was quantified using the ImageJ program, and
the LC3II/LC3I ratio and Beclin-1 amount was calculated in each condition normalized with �-actin. Statistical significance was calculated with ANOVA. *, p �
0.05; **, p � 0.02 indicate significant changes between the levels of proteins in cells incubated in starvation medium with respect to those expressed in cells
treated or not with arsenite.
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Addition of R-CRT-FLAG Increases Sensitivity toApoptosis in
ATE1�/� Cells—To conclusively define the role of R-CRT as a
proapoptotic protein, we performed flow cytometry analyses
with and without exogenous R-CRT-FLAG in ATE1�/� cells
subjected to arsenite for 45 or 90min. Although ATE1�/� cells
expose CRT on the cell membrane (Figs. 1B and 8), with this
experimental approach we were able to determine the conse-
quence of CRT arginylation per se, in relation to the apoptotic
susceptibility of these cells. ATE1�/� cells have 7% annexin
V-positive cells,which increase to�20%between45and90minof
arsenite treatment (Fig. 9D, solid line). When R-CRT-FLAG was
added toATE1�/� cells, a higherpercentageof apoptotic cellswas

observed (20, 28, and 29% at 0, 45, and 90 min of arsenite treat-
ment) (Fig. 9D, dashed line). Although the addition of R-CRT-
FLAG increases cell sensitivity to apoptosis in ATE1�/� cells, the
sole addition of this CRT isoform increases near 3-fold the popu-
lation of apoptotic cells even in the absence of stress.
Moreover, the addition of R-CRT-FLAG to ATE1�/� cells

restored the apoptotic response and R-CRT levels to degrees
similar to those elicited in ATE1�/� cells (Fig. 9). Because
ATE1�/� cells do not have endogenous R-CRT, roughly the
same levels of R-CRTare detected (�20%) at all the time points,

FIGURE 6. R-CRT at the cell membrane increases during apoptosis induction. Flow cytometry analysis of surface R-CRT in ATE1�/� untreated cells (b) or
treated for 45 min (c) or 90 min (d) with arsenite 0.5 mM. ATE1�/� cells were incubated with anti-R-CRT pAb antibody followed by incubation with Cy5-
conjugated goat anti-rabbit IgG. The same analysis was carried out in cells incubated with recombinant R-CRT-FLAG (50 �g/ml) (e– h). Histograms show the
percentage of cells positive for surface R-CRT gated within a marker (M1) and (a and e) show the background fluoresce signal of cells without the primary
antibody (isotype control). Dot plots display mode of forward scatter (FCS) versus side scatter (SSC), and the ellipse gate shows the population of cells positive
for surface R-CRT on each condition. These cells appear to be smaller and more granular, indicating that they could be apoptotic cells. The results shown are
representative of three independent experiments, 100% values correspond to 50,000 cells.

FIGURE 7. Measurements of intracellular Ca2� levels in ATE1 cells sub-
jected to arsenite stress conditions. ATE1�/� and ATE1�/� cells were
loaded with Fluo-3/AM (5 �M). The cells were then treated with arsenite, and
the fluorescence intensity was measured every 30 s for 60 min. Ca2� fluores-
cence intensity ratio (Ft/Fo) was plotted as a function of time. Cytosolic Ca2�

levels decrease during arsenite treatment in both ATE1�/� cells (1.5-fold
decrease) and even more in ATE1�/� cells (3-fold decrease). The data are the
means � S.D. of three independent experiment. Controls of the stability of
Ca2� signal during the time frame of this experiment were performed in
ATE1�/� and ATE1�/� cells (data not shown).

FIGURE 8. Presence of R-CRT on the plasma membrane of ATE1�/� com-
pared with ATE1�/� cells. ATE1�/� and ATE1�/� cells not treated or treated
for 45 or 90 min with arsenite were incubated with anti-CRT pAb antibody
followed by incubation with Cy5-conjugated goat anti-rabbit IgG. Fluores-
cence was detected by flow cytometry. Histograms show CRT detected on the
plasma membrane of ATE1�/� (solid gray) and ATE1�/� (black line) cells.
ATE1�/� cells exhibit less total CRT on the cell membrane compared with
ATE1�/� cells under the same experimental conditions.
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as a consequence of the addition of recombinant R-CRT-FLAG.
These levels are similar to those observed in ATE1�/� cells
(Tables 1 and 2). Additionally it is important to note that of the
total apoptotic cells, 70% contain R-CRT.

DISCUSSION

In the present paper we demonstrate that R-CRT reaches the
plasmamembranewhere it acts as a proapoptotic protein. It has

been well established that CRT is translocated to the plasma
membrane (17, 30–32), but the novelty of this paper is that not
only CRT but also its arginylated form is incorporated in
the plasma membrane, probably after passing through SGs.
Kroemer and co-workers (33) had demonstrated that CRT is
directed to the plasma membrane by exocytosis trafficking
through the Golgi. In all cases the process of translocation is
triggered by a Ca2� decrease in the ER (26) or in the cytosol (2).

FIGURE 9. Cells exposing R-CRT on the cell membrane undergo apoptosis. A and B, ATE1�/� cells (A) or ATE1�/� plus R-CRT-FLAG (B) were left untreated or
induced to undergo apoptosis with arsenite 0.5 mM for 45 and 90 min. Cells incubated with anti-R-CRT pAb followed by incubation with Cy5-conjugated goat
anti-rabbit IgG and annexin V (AnnV) staining were analyzed by flow cytometry. The representative double fluorescence plot shows the percentage of cells
positive for annexin V binding alone (upper left quadrant), percentage positive for R-CRT binding alone (lower right quadrant), and percentage positive for both
R-CRT and annexin V binding (upper right quadrant, double positive). C, percentages of double positive ATE1�/� cells (solid line) and ATE1�/� plus R-CRT-FLAG
cells (dashed line) were plotted as a function of time after arsenite treatment. The data are the means � S.D. of four independent experiments. 100% values
correspond to 50,000 cells for each point. Statistically significant at p � 0.01 (***) as determined by ANOVA test, indicating a significant increase in the amount
of cells with surface R-CRT and PS when exogenous R-CRT was added to ATE1�/� cells. D, percentage of annexin V-positive cells in ATE1�/� (solid line) and
ATE1�/� plus R-CRT-FLAG cells (dashed line) were plotted as a function of time with arsenite treatment. Statistically significant at p � 0.02 (**) or p � 0.01 (***)
as determined by ANOVA test, indicating an increase in the amount of PS when exogenous R-CRT was added to ATE1�/� cells. The data are the means � S.D.
of four independent experiments. 100% values correspond to 50,000 cells for each point.

TABLE 1
Quantification of cell surface R-CRT and PS exposure of ATE1�/� cells
ATE1�/� cells without or with exogenous R-CRT-FLAG were analyzed by flow cytometry for surface exposure of R-CRT (with anti-R-CRT pAb) and PS (by annexin V
binding) at 0, 45, or 90 min after arsenite treatment as described under “Experimental Procedures.” The different cell populations are shown as the percentages of cells
positive for annexin V binding alone (AnnV cells) or R-CRT surface protein alone (R-CRT cells), cells double positive for annexin V and R-CRT (AnnV-R-CRT cells), total
annexin V-positive cells (Total apoptotic cells), and total apoptotic cells that have surface R-CRT (Apoptotic cells/R-CRT). The data are the means � S.D. of four
independent experiments.

ATE1�/� ATE1�/� plus R-CRT-FLAG
0 min 45 min 90 min 0 min 45 min 90 min

% %
AnnV cells 21 � 3 21.5 � 9 31 � 13 12.7 � 1.5 13.3 � 2.5 13.6 � 3
R-CRT cells 2 � 1 3.5 � 1.5 3 � 1 2 � 0 3 � 1.4 2 � 1.4
AnnV-R-CRT cells 10.1 � 1.9 23 � 9.9 30 � 12 36.7 � 4.9 42.3 � 6.4 46 � 3.6
Total apoptotic cells 29 � 2.5 37.5 � 11 64 � 11 49.3 � 4.7 55.7 � 7.1 59.7 � 3.2
Apoptotic cells/R-CRT 40 � 3 67 � 0.5 64 � 14 74.2 � 4.0 75.9 � 4.1 79.4 � 3.7
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However, Ca2� changesmight not be the only factor implicated
in CRT incorporation to the cell surface. In our experiments
R-CRT, coincident with the appearance of PS, associates to the
plasma membrane 60 min after arsenite treatment (Figs. 3 and
9). Perhaps the arginylation of CRT orchestrate themechanism
by which CRT is incorporated on the plasma membrane. The
60-min delay in the increase of cell membrane incorporation
that we see (Figs. 4 and 6) could be explained by the trapping of
R-CRT in SGs up to 30min. It is of interest that R-CRTdoes not
increase on the plasma membrane under UV treatment (not
shown); condition in which we described that R-CRT does
not associate to SGs, and Ca2� levels are unchanged (2). This
suggests that arginylation of CRT and its passage through SGs
might be a necessary step for the trafficking of this isospecies to
the plasma membrane.
The above results are a demonstration that in vivo arginyla-

tion is important for the regulation of proteins because it can
confer different fates or functions to a protein (1, 34, 35) and in
cases determine cell destiny as happens with the arginylation of
CRT. CRT is a multifunctional multicompartmental protein
(36), is mainly located in the ER, but also has been implicated
in a variety of processes that occur outside this organelle such as
in the cytoplasm (3–6), in the nucleus (7, 8), on the cell plasma
membrane, and in other extracellular compartments (9–17).
CRT coordinates a number of cellular events from the cell sur-
face where it has been suggested to participate in: wound heal-
ing (9, 10), thrombospondin signaling (13–16), antigen presen-
tation and complement activation (11, 12), clearance of
apoptotic cells (17), and immunogenicity of cancer cell death
(37, 38). It is not surprising that post-translationalmodification
of CRT plays a key role in its regulation, under several condi-
tions, including stress. An indication of this postulate is the
observation that cells lacking Ate1 enzyme responsible for
post-translational arginylation (ATE1�/�), are less susceptible
to apoptosis under arsenite treatment than WT (ATE1�/�)
cells (Fig. 3B). This result does not exclude the possibility that
other arginylated proteins besides CRT may be responsible for
the additional phenotype in ATE1 �/� cells. It has been
described that the restitution of a single arginylated protein
does not restore completely a WT phenotype. This is the case
with the arginylated B-actin involved in the control of the actin
polymerization and lamella formation in motile cells. Never-
theless, in this paperwe show that theWTapoptotic phenotype
can be mainly restored by the addition of R-CRT-FLAG to
ATE1�/� cells (Fig. 9D).

It has been well demonstrated that preapoptotic transloca-
tion of CRT to the cell surface is critical for immunogenic cell
death, i.e., upon treatment with anthracyclins (33, 39, 40). Cell
surface CRT in association with PS provides the obligate recog-
nition signal for the removal of both professional (macrophages
and neutrophils) and nonprofessional phagocytes (fibroblasts).
In this paper we found that R-CRT exposure to the cell surface
is increased during apoptosis elicited by arsenite treatment (Fig.
6). A positive correlation between PS and R-CRT exposure was
also found (Fig. 9A). These findings could imply that R-CRT
acts as a proapoptotic protein when located on the plasma
membrane as we see under stress conditions. It has been dem-
onstrated that CRT flips together with PS after cell stress and
apoptosis in a Ca2�-dependent manner (32), controlling the
local release of Ca2�, which is involved in the regulation of the
amount and localization of PS in healthy cells. Additionally,
upon anthracyclins or any other agent that promotes lower
Ca2� levels in the ER, CRT translocates to the cell surface (26).
It is well known that arsenite provokes ER stress that leads to
down-regulation of Ca2� signaling, resulting in apoptosis (41).
Certainly the perturbation of Ca2� homeostasis plays a role in
CRT trafficking to the cell membrane, most probably associ-
atedwith the conformation thatCRTadopts outside the ER (42,
43). However, in the present paper we observe no differences in
Ca2� homeostatic mechanism in ATE1�/� cells compared
with WT cells (Fig. 7), indicating that the difference in suscep-
tibility to apoptosis observed in ATE1�/� cells is not only due
to an impairment of CRT to reach themembrane by this mech-
anism (Figs. 1B and 8). Because it was previously described that
Ca2� homeostasis and arginylation regulate the association of
R-CRT to SGs in an early stress response (2), here we show that
these two factors are also involved in CRT fate after longer
stress periods, when the protein reaches the plasmamembrane
and the cells display preapoptotic signals.
When cells are confronted with chemical or physical stress,

they can react in two opposite ways. On one hand they can
activate the suicidal biochemical machinery leading to apopto-
tic demise. On the other hand, they can activate defense mech-
anisms designed to adapt to stressful conditions, to repair dam-
age and to resumenormal cellular functions by inducing cells to
assembly SGs (44–46). The choice between these two
responses is dictated by the intensity of stress, as well as cell-
intrinsic parameters, for instance those that set the apoptotic
threshold. It is of interest to mention that the formation of SGs
upon exposure to hypoxia (47) or oxidative stress (48) leads to

TABLE 2
Quantification of cell surface R-CRT and PS exposure of ATE1�/� cells
ATE1�/� cells without or with exogenous R-CRT-FLAG were analyzed by flow cytometry for surface exposure of R-CRT (with anti-R-CRT pAb) and PS (by annexin V
binding) at 0, 45, or 90 min after arsenite treatment as described under “Experimental Procedures.” The different cell populations are shown as the percentages of cells
positive for annexin V binding alone (AnnV cells) or R-CRT surface protein alone (R-CRT cells), cells double positive for annexin V and R-CRT (AnnV-R-CRT cells), total
annexin V-positive cells (Total apoptotic cells), and total apoptotic cells that have surface R-CRT (Apoptotic cells/R-CRT). The data are the means � S.D. of four
independent experiments.

ATE1�/� ATE1�/� plus R-CRT-FLAG
0 min 45 min 90 min 0 min 45 min 90 min

% %
AnnV cells 7 � 1.4 21.5 � 3.5 23 � 2.8 2 � 1.4 8.5 � 0.7 8.5 � 3.5
R-CRT cells
AnnV-R-CRT cells 19 � 2.8 19.5 � 2.1 20.5 � 0.7
Total apoptotic cells 7 � 1.4 21.5 � 3.5 23 � 2.8 20 � 1.4 28 � 2.8 29 � 2.8
Apoptotic cells/R-CRT 90 � 7.8 70 � 0.5 71 � 9.3

Arginylated Calreticulin as Proapoptotic Protein

22052 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 26 • JUNE 22, 2012



tumor cell resistance to apoptosis, by a mechanism that
involves the sequestration and inactivation of proapoptotic
proteins in SGs (49). It is an intriguing possibility that arginyla-
tion may participate in this cancer process.
It should be noted that the association of CRT to SGs is reg-

ulated by post-translational arginylation because R-CRT but
not CRT is recruited to these aggregates under stress condi-
tions (2). Herein we found that R-CRT is recruited to SGs up to
30 min of arsenite treatment, whereas when the stress persists,
SGs are disassembled; R-CRT is released from these structures
(Fig. 4) and perhaps translocated to the cell membrane (Fig. 6)
where it acts as a preapoptotic determinant. Thus it can be
speculated that R-CRT, when associated to SGs, prevents cells
from apoptosis. The underlying mechanism appears to involve
the sequestration and inactivation of this proapoptotic factor in
SGs. However, we cannot discard the possibility that R-CRT,
when present in SGs, regulate particular mRNA’s encoding key
antiapoptotic factors, thus either preventing its degradation
necessary for the survival response or sequestering mRNA of
proapoptotic proteins, inhibiting its translation.
This is not the only case where a post-translational modifi-

cation is involved in the assembly and remodeling of SGs (50).
Other examples include the histone deacetylase 6 activity in SG
formation (47), the inhibition of the ubiquitin proteasome sys-
tem in SG disassembly (51), and the demonstration that SGs
contain methylarginine proteins (52). Interestingly the trigger
for SGs formation under arsenite treatment involves the phos-
phorylation of eukaryotic initiation factor 2�, a fundamental
regulatorymechanism that controls global rates of protein syn-
thesis (53, 54), which is also critical for CRT exposure (55).
In conclusion, under stress conditions where cytosolic Ca2�

levels are decreased, the SGs, in addition to being an initial
platform for R-CRT, are a major step for the storage of this
protein before its trafficking to the plasma membrane. If the
exerted stress persists, the protein will be released from these
aggregates and eventually become an important factor impli-
cated in programmed cell death. Consequently R-CRT is
emerging as a novel protein that has an impact on cell death and
whose regulation is influenced by its subcellular compartmen-
talization. It can be envisaged that a significant role in many
physiological and pathological processes will be described in
the near future for R-CRT.
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