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Abstract

After retrotranslocation from the endoplasmic reticulum to the cytoplasm, calreticulin is modified by the enzyme arginyltransferase-1
(ATE1). Cellular levels of arginylated calreticulin (R-CRT) are regulated in part by the proteasomal system. Under various stress
conditions, R-CRT becomes associated with stress granules (SGs) or reaches the plasma membrane (PM), where it participates in pro-
apoptotic signaling. The mechanisms underlying the resistance of tumor cells to apoptosis induced by specific drugs remain unclear.
We evaluated the regulatory role of R-CRT in apoptosis of human glioma cell lines treated with the proteasome inhibitor bortezomib
(BT). Two cell lines (HOG, MO59K) displaying distinctive susceptibility to apoptosis induction were studied further. BT efficiency
was found to be correlated with a subcellular distribution of R-CRT. In MO59K (apoptosis-resistant), R-CRT was confined to SGs
formed following BT treatment. In contrast, HOG (apoptosis-susceptible) treated with BT showed lower SG formation and higher
levels of cytosolic and PM R-CRT. Increased R-CRT level was associated with enhanced mobilization of intracellular Ca** and with
sustained apoptosis activation via upregulation of cell death receptor DR5. R-CRT overexpression in the cytoplasm of MO59K
rendered the cells susceptible to BT-induced, DR5-mediated cell death. Our findings suggest that R-CRT plays an essential role in
the effect of BT treatment on tumor cells and that ATEL1 is a strong candidate target for future studies of cancer diagnosis and therapy.
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Abbreviations Introduction
SG Stress granule
ATEI Arginyltransferase-1 Calreticulin (CRT) is a protein synthesized and coupled-
CRT Calreticulin translocated to the endoplasmic reticulum (ER), where it func-
R-CRT Arginylated calreticulin tions as a protein-folding chaperone and helps maintain calci-
BT Bortezomib um homeostasis [1]. We demonstrated previously that CRT,
ER Endoplasmic reticulum following retrotranslocation from the ER to the cytoplasm, is
PM Plasma membrane post-translationally arginylated by the enzyme
TRAIL TNF-related apoptosis-inducing ligand arginyltransferase-1 (ATE1) in a calcium-dependent manner
Fluo-3/AM  Fluo-3 acetoxymethyl ester [2]. Arginylated CRT (R-CRT) content in the cytoplasm is
regulated by the proteasomal system and is enhanced by inhi-
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arginylated CRT [5]. We also observed that both non-
arginylated CRT and R-CRT are targets of proteasomes in
the cytoplasm, but that half-life of non-arginylated CRT is
shorter than that of R-CRT [3], suggesting that arginylation
enhances the stability of CRT protein. Similarly, Saha’s group
showed that ATE1 activity is necessary to stabilize mRNA
levels of HSP40 and HSP70 during heat stress response [7].
ATEI activity in eukaryotic cells also plays an essential role in
the control of DNA mutagenesis through induction of growth
arrest and/or cell death under various stress conditions [8].
Accordingly, ATE] expression was proposed to help control
metastatic processes through tumor-suppressive activity [9].
These findings, and the observed increase of R-CRT under
stress conditions [2—5], suggest R-CRT as a candidate molec-
ular link in the modulation of cancer cell death susceptibility.

Gliomas, the most common type of human primary brain
tumor, are highly aggressive and resistant to cell death induc-
tion [10-12]. The resistance of gliomas and other solid tumors
to cell death induction by treatment with the proteasome in-
hibitor bortezomib (BT) is associated in part with the capabil-
ity of tumor cells to form cytosolic SGs [13—15]. In view of
the correlation between resistance to BT and formation of
SGs, and our findings that cytosolic R-CRT is a component
of SGs or is relocated to PM, we hypothesize that post-
translational arginylation of CRT is a novel biological regula-
tor of cancer cell death induction. In the present study, we
evaluated the role of R-CRT in glioma cell death resulting
from BT treatment. Cytosolic accumulation of R-CRT during
BT treatment was associated with efficient cell death of hu-
man oligodendroglioma HOG via extrinsic caspase-3/DRS5.
Our findings suggest that cell death in BT-treated cells is reg-
ulated in part by R-CRT expression and localization and that
further investigation of the function of R-CRT as apoptosis
promoter will have useful clinical applications.

Experimental Procedures
Cell Lines and Culture Conditions

Human glioma cell lines MO59K, LN-229, and T98G were
from the American Type Culture Collection (ATCC;
Manassas, VA, USA). Human oligodendroglioma cell line
HOG was kindly provided by Dr. M. Zakin (Unité
d’Expression des Genes Eucaryotes, Pasteur Institute, Paris,
France). Mouse EF (embryonic fibroblast) cell lines ATE1**
and ATE1™" were kindly provided by Dr. Anna Kashina
(University of Pennsylvania, Philadelphia, PA, USA). All
cells were grown in a humidified incubator (5% CO, atmo-
sphere) with high-glucose DMEM (Invitrogen; Grand Island,
NY, USA), containing 4.5 g/l glucose, 4 mM L-glutamine, and
25 mmol/l HEPES, supplemented with 1 mM sodium pyru-
vate, 0.25 pg/ml amphotericin B (Sigma-Aldrich; St. Louis,
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MO, USA), 200 units/ml penicillin, 100 pg/ml streptomycin
(Invitrogen), and 10% heat-inactivated FBS (Invitrogen), as
described previously [3]. Cell line stocks were maintained
with <20 passages. The absence of mycoplasma was tested
and confirmed periodically by specific PCR and by DNA
immunofluorescence staining with Hoechst 0.5 pg/ml (B115
bisBenzimide H33258). Proteasome inhibitor BT
(Selleckchem; Houston, TX, USA) was dissolved in DMSO
vehicle at initial dilution 2 uM for treatment of cells.

Cell Viability Assay

Cell viability was determined by a colorimetric/fluorometric
technique using resazurin (Sigma-Aldrich) as described previ-
ously [16]. For each assay, cells were placed on 96-well plates
(5000 cells/well) and cultured in a standard medium. Next
day, the cells were treated with various concentrations of BT
(10, 100, 500, 1000, 2000 nM) or corresponding vehicle
(control) in 200 pl medium. Twenty-four hours later, each
well was added with 2 ul resazurin solution (1 mg/ml).
Plates were incubated 4 h at 37 °C, and fluorescent signal
was measured (wavelength 560 nm excitation/590 nm emis-
sion) in a GloMax-Multi Detection System Microplate Reader
(Promega; Madison, WI, USA).

Apoptosis Assay

Redistribution of phosphatidylserine (an apoptosis marker) in
PM was assessed using phycoerythrin (PE)-conjugated
Annexin V (BD Biosciences; Carlsbad, CA, USA) as per the
manufacturer’s protocol. Cells (60,000) were seeded on a 24-
well plate, treated, collected, washed with PBS, pelleted, and
resuspended in binding buffer (10 mM HEPES/NaOH (pH
7.4), 40 mM NacCl, 2.5 mM CaCl,) containing 1% PE-
conjugated Annexin V and 1% fluorescent dye 7-amino-
actinomycin D (7-AAD) to identify dead cells. Samples were
kept in the dark and incubated for 15 min prior to flow cyto-
metric analysis on a FACSCanto II cytometer using
FACSDiva software program (BD Biosciences). Apoptosis
was also determined by immunofluorescence assay using
cleaved caspase-3 antibody (Cell Signaling) as per the manu-
facturer’s protocol. Images were obtained with an AxioPlan
epifluorescence microscope (Carl Zeiss AG; Oberkochen,
Germany).

Immunofluorescence

Cells were grown to 60% confluence on glass coverslips in
24-well plates as described previously [4]. Cells were then
treated with BT, placed on ice, washed with PBS, fixed with
4% paraformaldehyde-PBS (pH 7.2) for 20 min at 4 °C,
permeabilized with 0.1% Triton X-100 for 10 min, and
washed 3x with PBS. Non-specific binding sites were blocked
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with 5% BSA in PBS for 1 h at room temperature. Cells were
incubated with primary antibodies (rabbit anti-R-CRT and
goat anti-TIA-1 (T cell intracytoplasmic antigen 1; SG mark-
er) (Santa Cruz Biotechnology; Dallas, TX, USA); mouse
anti-DR5 (TRAIL-R2) pAb (eBioscience; San Diego, CA,
USA)), washed 3x with PBS, and incubated for 1 h with
respective secondary antibody (Alexa Fluor 546-conjugated
goat anti-rabbit IgG; Alexa Fluor 488-conjugated donkey
anti-goat IgG; Alexa Fluor 488-conjugated goat anti-mouse
IgG in PBS) (Thermo Fisher Scientific, Rockford, IL, USA).
The nuclei were stained with DAPI. Images were acquired
with a laser scanning confocal microscope (model FluoView
1000, Olympus; Center Valley, PA, USA) with a x 60 oil
immersion lens, NA 1.42. Fiji software program (http://fiji.
sc) was used to evaluate SG formation, measure cell
fluorescence, and calculate corrected total cell fluorescence
(CTCF) with correction for background fluorescence.
Colocalization was analyzed using Fiji Colocalization Finder
Plugin.

Flow Cytometric Analysis of Cell Surface
and Intracellular Proteins

R-CRT and DRS5 exposure on the cell surface and total intra-
cellular levels of R-CRT and caspase-3 following BT treat-
ment were assessed by flow cytometry. In brief, 7 x 10° cells
were plated on 60-mm dishes and treated the next day with BT
at various concentrations and durations. Both adherent and
detached cells were harvested, washed 2x with cold PBS,
and fixed with 0.25% paraformaldehyde for 10 min on ice.
For intracellular staining, cells were then permeabilized with
0.01% Triton X-100 for 10 min, washed 3x with PBS, incu-
bated for 1 h at 4 °C with primary antibodies in cold PBS,
washed, incubated with corresponding mouse or rabbit IgG
antibody conjugated to 488 and/or Cy5 (1:500) (Thermo
Fisher) for 1 h, and analyzed by FACSCanto II cytometer.
Isotype-matched IgG antibodies were used as controls. A total
of 100,000 cells were counted for each point. Data were re-
corded on a logarithmic scale and analyzed using FACSDiva.

Proteasomal Activity Assay

MO59K and HOG cells were treated 24 h with MG132
(10 uM), BT (500 nM), or no treatment (control), trypsinized,
and washed 2x with cold PBS. Cell lysates were prepared by
sonication in the buffer containing 50 mM Tris-HCI (pH 7.5),
5 mM MgCl,, 2 mM ATP, 0.5 mM EDTA, 250 mM sucrose,
and 1 mM DTT. Protein concentration was determined by
Bradford assay. Chymotrypsin-like activity of proteasomes
was determined by hydrolysis of fluorogenic substrate suc-
LLVY-AMC. Protein (7 pug) from cleared lysates was incubat-
ed with 100 mM suc-LLVY-AMC in 200 pl reaction buffer
(50 mM Tris-HCI (pH 7.5), 40 mM KCI, 5 mM MgCl,,

0.5 mM ATP, 1 mM DTT) for 1 h at 37 °C, and the reaction
was stopped by the addition of 500 pl 5% SDS. Fluorescence
readings of released 7-amido-4-methyl-coumarin (AMC)
were measured (wavelength 380 nm excitation/460 nm emis-
sion) in a FluoroMax-P spectrofluorometer system (HORIBA
Jobin Yvon; Edison, NJ, USA).

Plasmids and Transfection

MO359K and ATE1™" cells were plated in Opti-MEM medium
(Invitrogen) and transfected 24 h later with expression vector
encoding Ub-fused mature human R-CRT pEGFP-Ub-R-CRT
or control vector pEGFPC146A as described previously [3],
using Lipofectamine LTX with Plus reagent (Thermo Fisher)
for 6 h, as per the manufacturer’s protocol. Twenty-four hours
after transfection, cells were treated with BT or control vehicle
for various durations as indicated.

Real-Time Reverse Transcription PCR

Total RNA was extracted from cultured cells using TRIzol
reagent (Invitrogen). ImProm-IIReverse Transcriptase
(Promega; Madison, WI, USA) was used to reverse-
transcribe 5 pg RNA. A portion of total cDNA was amplified
by RT-PCR using Mezcla Real SYBR Green (Biodynamics
S.R.L., CAB, Argentina) and the following primer sets:
hDR4: sense ACCTTCAAGTTTGTCGTCGTC, antisense
CCAAAGGGCTATGTTCCCATT; hDR5: sense
ACAGTTGCAGCCGTAGTCTTG, antisense CCAGGTCG
TTGTGAGCTTCT; and h18S: sense CGGTACAG
TGAAACTGCGAA, antisense CCGTCGGCATGTAT
TAGCTC. Amplification was performed using Rotor-Gene
Q (Qiagen; Foster City, CA, USA). Each RNA level was
normalized relative to corresponding housekeeping RNA lev-
el in the same sample. Data were calculated by the 2ACt
method.

Immunoblotting

Western blotting analysis was performed as described previ-
ously [2]. Cells (1.5 x 10°) were plated in standard medium
with 10% FBS and subjected to treatment or transfection ex-
periments 24 h later. Cells were lysed with RIPA buffer plus
protease inhibitor cocktail (Invitrogen), separated by SDS-
PAGE, and transferred onto nitrocellulose membrane.
Primary antibodies used were mouse anti-CRT mAb (BD
Biosciences) and rabbit anti-R-CRT pAb (custom-made by
Eurogentec; Seraing, Belgium; specifically detects R-CRT)
[2], mouse anti-ATE1I mAb (SCBT; Dallas, TX, USA), and
mouse anti-polyubiquitinylated conjugates (Enzo Life
Sciences; Farmingdale, NY, USA). Secondary antibodies used
were IRDye 800CW goat anti-mouse and IRDye 650CW goat
anti-rabbit antibody (LI-COR Biosciences; Lincoln, NE,
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USA), with visualization by Odyssey infrared imaging system
(LI-COR). Samples were normalized relative to equal
amounts of [3-actin (Sigma-Aldrich). Band intensities were
quantified using ImagelJ software program.
Measurement of Intracellular Calcium (Ca®*)
Concentration

HOG and MO59K cells (5 x 10%) were plated on 6-well Nunc
Lab-Tek chambered coverglass (Thermo Fisher) and treated
with BT or control vehicle for various durations. Intracellular
Ca** concentration was quantified using fluorescent Ca** dye
indicator Fluo-3 acetoxymethyl ester (Fluo-3/AM) (Thermo
Fisher). In brief, cells were washed with medium without
FBS and loaded with Fluo-3/AM (5 uM) and pluronic F-
127 acid (0.2%, w/v) for 30 min at 37 °C. Ca>* was measured
by exciting the indicator (range 450—500 nm) every 30 s, for
10 min. Images of cells were obtained using a laser confocal
microscope (model FV1000, Olympus) connected to a 37 °C/
5% CO, atmosphere chamber, with UPLFLN x40, NA 1.3
Plan-Apochromat objective. Pinholes were set for nominal
axial resolution < 0.6 um. Excitation was produced by a 25-
mW argon laser emitting at 488 nm, and emissions were col-
lected using a 505-530-nm band-pass filter for Alexa Fluor
488. Normalized values of the relative fold change of fluores-
cence (Ft-Fo/Fo) of each cell were analyzed at 6 or 24 h of BT
treatment. Relative fold change of Ca®* fluorescence intensity
was plotted as a function of time for each treatment condition.
Fluorescence intensity was quantified using an image analysis
system (FLUOVIEW 1.7 software program).

Statistical Analysis

Differences among experimental groups were evaluated using
ANOVA models followed by Duncan’s test for mean compar-
isons (significance criterion p < 0.05 or <0.01). Experiments
were performed in triplicate and repeated at least 3%, unless
otherwise noted. Statistical analyses were performed using
InfoStat 2016 software program (Grupo InfoStat,
Universidad Nacional de Cérdoba; Cérdoba, Argentina).

Results

Variable Cell Death Susceptibility of Human Glioma
Cells to BT Treatment

The drug bortezomib (BT), a selective inhibitor of the 26S
proteasome, is highly efficient for the treatment of multiple
myeloma and mantle cell lymphoma [17]. On the other hand,
various cell lines derived from solid tumors are resistant to BT
treatment [18-21]. We evaluated the effects of BT treatment
on the viability of human glioma cell lines MO59K, LN-229,
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T98G, and HOG. In general, BT caused dose-dependent re-
duction of viability, and susceptibility of the four cell lines to
BT treatment varied significantly. HOG was more susceptible
than MO59K, with reduced viability (IC50) at BT concentra-
tion 100 nM. MO59K (glioblastoma-derived) was more resis-
tant to BT than HOG, with reduced viability at 1000 nM, up to
2000 nM, no IC50 was achieved (Suppl. Fig. 1a). We ob-
served that BT strongly inhibited proteasomal activity in both
HOG and MO59K (Suppl. Fig. 1b) and therefore used these
two cell lines for further experiments. The possible relation-
ship between BT effects on cell viability and apoptotic cell
death events was evaluated by flow cytometric analysis with
Annexin V and 7-AAD following 24 h drug treatment.
Consistently with cell viability assay results, HOG, in com-
parison with MO59K, showed a significantly higher dose-
dependent increase in apoptotic cell percentage, larger popu-
lations of early and late apoptotic cells, and smaller popula-
tions of viable cells (Fig. 1a, b). Caspase-3 activation was
assessed by immunofluorescence, as a complement to cell
death analysis. BT treatment of HOG induced significant in-
creases of cleaved caspase-3 at concentrations 500 and
100 nM after 6 and 24 h treatment, respectively. Under the
same conditions, MO59K showed no increase of cleaved
caspase-3 (Fig. lc; Suppl. Fig. 1c). In conclusion, BT had

Fig. 1 Differential effect of BT treatment on caspase-3-dependent cell P>
death induction and SG formation in glioma-derived cell lines HOG
and MO59K. a Percentages of apoptotic cells were analyzed by flow
cytometry following binding to PE-conjugated Annexin V and 7-AAD.
One hundred percent values correspond to 50,000 cells. Values shown are
mean+ SE; n=3. b Representative flow cytometry dot plots of cells
treated as in a. Early apoptosis cells (PE-Annexin V+/7-AAD-), late
apoptosis and dead cells (PE-Annexin V+/7-AAD+) and (PE-Annexin
V—/7-AAD+), and viable cells (PE-Annexin V—/7-AAD-) are indicated
respectively as Q1, Q2, Q3, and Q4. Results indicate greater apoptosis
induction in HOG than in MO59K. ¢ Immunofluorescence assay of rel-
ative percentages of positive cleaved caspase-3 cells after 6 and 24 h BT
treatment. Apoptosis was estimated as number of positive cleaved cas-
pase-3/total nuclei per visual field. Values shown are mean + SE from >
10 fields of each condition, randomly selected for counting (blinded man-
ner) in two independent experiments. *p < 0.01 for comparison with con-
trol group (DMSO). d Percentages of SG-containing cells were estimated
in confocal images (x 60; 1600 x 1600 pixels). Values shown are mean +
SE from > 50 cells analyzed per condition in two independent experi-
ments. SG formation was correlated with resistance to BT-induced cell
death. e Cells treated with control vehicle (DMSO) or BT (500 nM) for
24 h were analyzed by double immunofluorescence using anti-R-CRT
pADb and anti-TIA-1 (SG marker) pAb. Unprocessed confocal images
(x60, 1600 x 1600 pixels) were analyzed using Fiji Imagel
Colocalization Finder Plugin. Insets represent a zoomed portion of
merged images. Scatterplot (lower panel) shows the combinations of
intensities from both channels in SG pixels present in control and BT-
treated MOS9K images. A co-localization profile corresponding to BT-
treated MOS9K image was analyzed along cross-section (white line) of
green and red color intensities. Pearson’s correlation coefficient values ()
was determined from selected images indicate BT-induced colocalization
of R-CRT with TIA-1 (SGs) in MO59K. Results shown are from one
experiment representative of two independent experiments. Scale bars =
20 um; inset scale bars =2 um
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differential effects on cell death induction among the tested
cell lines; HOG was most susceptible and MO59K was most
resistant to BT treatment. Caspase-3 activation was involved
in BT-induced cell death.

Induction of SG Formation and Association of R-CRT
with SGs in BT-Resistant Cells

SG formation in tumor cells has been shown to be corre-
lated with resistance to chemotherapeutic agents such as
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BT [13-15]. We further evaluated the effect of BT on
glioma cell lines by assessing SG formation in HOG
(most susceptible) and MOS9K (most resistant). SG for-
mation was estimated by immunofluorescence using anti-
TIA1 (SG marker) antibody following 24 h treatment with
BT at various concentrations (Fig. 1d, e; Suppl. Fig. 1d).
MO59K showed significant increases in the percentage of
SG-forming cells (Fig. 1d) and in number of SGs per cell
(Fig. le; Suppl. Fig. 1d). In contrast, HOG showed re-
duced SG formation, consistent with its greater
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Fig. 2 R-CRT enhancement and PM exposure are associated with
apoptosis induction following BT treatment. HOG and MO59K were
treated with control vehicle (DMSO) or BT (100 and 500 nM) for 24 h.
a Triton-permeabilized and ¢ non-permeabilized cells were immuno-
stained with anti-R-CRT pAb and analyzed by flow cytometry.
Background fluorescence signals were determined from unstained cells
and cells incubated with secondary antibody (Alexa Fluor 488) alone
(isotype control). Positive signal was defined as fluorescence greater than
that observed for secondary antibody alone. One hundred percent values
correspond to 100,000 cells for each point. Values shown are mean + SE
from three independent experiments. *p < 0.05; **p <0.01 vs. control. b,
d Representative flow cytometry histograms showing percentage of cells
positive for intracellular and membrane R-CRT, respectively, gated within
a marker (M1). Isotype control: background fluorescence signal of cells
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without primary antibody. Results shown are from one experiment repre-
sentative of three independent experiments. e After 24-h BT treatment,
cells were lysed and analyzed by Western blotting with anti-R-CRT, anti-
CRT, anti-ATEL! antibodies, and anti-{3-actin (loading control) (left pan-
el). Quantification of representative immunoblots of R-CRT/CRT ratio
(right panel) shows the increase of arginylated protein following treat-
ment in HOG vs. MO59K. Error bars represent SE from three different
experiments. PM R-CRT expressed as fluorescence intensity of HOG
cells analyzed by flow cytometry with anti-R-CRT pAb after 0 (control),
3 and 6 h of BT treatment. Background fluorescence signals were deter-
mined from unstained cells and cells incubated with secondary antibody
alone. Positive signal was defined as fluorescence greater than that ob-
served for secondary antibody alone. Values shown are mean + SE from
three independent experiments. *p < 0.05
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susceptibility to BT treatment. SG formation was evaluat-
ed at various time points. HOG showed a notable reduc-
tion of SG formation even at 30-min BT treatment, as
well as at 1, 3, and 6 h. MO59K showed consistently
higher SG formation, with a maximum at 24 h (Suppl.
Fig. le).

We previously observed an association of R-CRT with
SGs in cells treated with stressors such as sodium arsenite
and thapsigargin-EDTA [2, 4]. A possible relationship be-
tween R-CRT and BT-induced SG formation in MO59K
was assessed by confocal microscopy in the present study,
and a strong association was observed after 24 h (Fig. le).
Pearson’s colocalization coefficient was increased in BT-
treated MO59K (Fig. 1e, lower panel). These findings indi-
cate that SG formation and SG-associated R-CRT patterns
in BT-treated glioma cells are correlated with differential
susceptibility to apoptosis.

Increase of R-CRT Level and R-CRT Exposure on PM
Are Correlated with Apoptosis Induction Following BT
Treatment

In view of our previous finding that stressors such as
sodium arsenite enhance R-CRT level and R-CRT expo-
sure on PM in apoptotic cells [5], we performed flow
cytometric analysis of these parameters in HOG and
MO59-K under short and long BT treatment.
Intracellular R-CRT level was notably increased in HOG
but not in MO59-K (Fig. 2a, b). Similarly, PM exposure
of R-CRT was increased in HOG but reduced in MO59-K
(Fig. 2c, d). Immunoblotting analysis revealed a signifi-
cant increase of R-CRT level in HOG, that is not observed
in MO59K (Fig. 2e). These increased R-CRT levels were
not due to increased CRT expression, of CRT, since BT
treatment does not affect CRT levels (Fig. 2e); rather, BT
treatment increased arginylation of CRT. In contrast, BT
treatment had no effect on ATEl expression in either
HOG or MO59-K (Fig. 2e).

Because BT efficiently inhibits proteasomal activity in
both HOG and MOS59K (Suppl. Fig. 1b), the relatively
higher levels of R-CRT in HOG following BT treatment
are presumably related to some other effect of BT. We
treated the two cell lines with BT for 3 and 6 h to deter-
mine whether the enhancement of R-CRT level in PM
occurs earlier than apoptosis induction. After 3 h BT
treatment, HOG (but not MO59K) showed a sustained
increase of R-CRT in PM (Fig. 2f). These findings sug-
gest that post-translational arginylation of CRT is en-
hanced in HOG and that R-CRT exposed on PM follow-
ing BT treatment functions as a pro-apoptotic protein to
trigger programmed cell death, consistent with the results
of our previous study [5].

BT Increases Alteration of Ca>* Homeostasis
and Promotes Apoptosis in HOG

Various candidate molecular pathways potentially account
for the differential responses of MO59K and HOG to BT
treatment. We showed previously that CRT is
retrotranslocated from the ER to the cytoplasm, where it
undergoes post-translational arginylation under stress con-
ditions that affect Ca** homeostasis [2, 4]. We examined
the possibility that differential responses of the two cell
lines to BT treatment are related to alterations of intracel-
lular Ca®* levels. Analysis of Ca?* mobilization using
Fluo-3/AM dye revealed an increase of intracellular
Ca’* in BT-treated HOG, but not MO59K (Fig. 3a).
This finding was consistent with the higher R-CRT levels
observed in HOG vs. MO59K (Fig. 2a—¢). Relative fold
change of fluorescence assessed in both cell lines showed
a small reduction of Ca”* levels during the time moni-
tored (10 min) after 6 h of BT treatment (Supplem.
Fig. 2a). However, HOG cells that showed increased
Ca’* levels after 24 h of BT treatment (Fig. 3a) maintain
a growing bent of Ca®* levels during 10 min of calcium
analysis (Supplem. Fig. 2b). This tendency of Ca”* levels
is not observed in MO59K at the same time of treatment
(Supplem. Fig. 2b) and correlates with the scare change of
Ca®" mobilization determined in MO59K following BT
treatment. Such effect also correlates with unchanged R-
CRT expression (Fig. 2a, e) that appeared to be strongly
associated with SGs in these cells after treatment
(Fig. 1e), similar to the previous studies of cells exposed
to different stressors [3, 4].

To bypass the effect of BT on calcium storage in BT-
resistant MO59K, we performed transient transfections to
overexpress Ub-R-CRT-EGFP in the cytoplasm. Such R-
CRT overexpression in the cytoplasm reduced cell viability
(Fig. 3b) and increased apoptosis (Fig. 3c, d) following BT
treatment, rendering the cells BT-susceptible.

BT-Induced Cell Death Is Modulated by ATE1 and its
Product R-CRT

R-CRT level was enhanced in cells in which caspase-3-
dependent apoptosis was induced by BT treatment
(Fig. 2a—e). Because CRT is post-translationally modified
by ATEI1 during BT treatment, we examined the role of R-
CRT and ATE!1 (the enzyme responsible for CRT
arginylation) in the regulation of this apoptotic process.
BT cytotoxicity in ATEl-expressing (ATE1**) and ATE1
knockout (ATE1 ") cells was evaluated to assess the depen-
dence of BT effect on protein arginylation. After 24-h BT
treatment, cell viability was reduced to a much greater de-
gree in ATE1™* than in ATE1™" (Fig. 4a). Assay of apopto-
sis parameters by flow cytometry with Annexin V and 7-
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Fig. 3 BT-induced apoptosis is correlated with enhanced Ca®*
mobilization and post-translational arginylation of CRT. a HOG and
MOS59K were treated with BT (500 nM) or control vehicle (DMSO) for
6 and 24 h. Intracellular Ca®* concentration was quantified as described in
experimental procedures. Normalized values of the relative fold change
of fluorescence (Ft-Fo/Fo) of each cell were determined at 6 or 24 h of BT
treatment for each cell line. Values shown are mean + SE; n = 19-57 cells
(HOQG), 35-45 cells (MO59K). **¥*p <0.0001, **p <0.001 vs. control
group (DMSO). b—-d MO59K were transfected with Ub-RCRT-EGFP for

AAD in cells treated with 100 or 500 nM BT for 24 h
showed a significantly greater increase of early and late
apoptosis induction levels in ATE1** than in ATE1 '~
(Fig. 4b, c). Similarly, the percentage of positive cleaved
caspase-3 induced by BT treatment showed a significantly
greater increase in ATE1™ than in ATE1™ (Fig. 4d). A
possible role of R-CRT in this process was assessed by
overexpressing R-CRT in the cytoplasm of ATE1 ™ cells.
R-CRT overexpression per se significantly reduced the via-
bility of transfected cells relative to control (EGFP+) cells,
consistent with our previous findings [5]. R-CRT-
overexpressing cells were also more susceptible to BT treat-
ment, resulting in a greater decrease of viability (Fig. 4e).
These findings indicate that the cytotoxic effects of BT are
modulated by ATE1 activity through CRT arginylation.
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R-CRT overexpression in cytosol or with control vector. After 12 h, cells
were treated with control vehicle (DMSO) or BT (100 nM) for 24 h. b
Cell viability was assayed using fluorometric indicator dye resazurin.
Values shown are mean+SE; n=3. **p<0.01 vs. control. ¢ Analysis
of'early cell apoptosis percentage by flow cytometry using PE-Annexin V
and 7-AAD binding. One hundred percent values correspond to 50,000
cells. Values shown are mean+ SE; n=3. *p <0.05 vs. control. d
Representative flow cytometry dot plots of MO59K cells treated as in ¢,
with notations Q1, Q2, Q3, and Q4 as defined for Fig. 1b

Cell Death Receptor DR5 Is Involved in Activation
of R-CRT-Regulated Apoptosis

We next considered the question of which apoptosis signaling
pathway is used by R-CRT to exert its effect on BT-treated
cells. BT and other proteasome inhibitors were previously
shown to activate extrinsic apoptosis signaling pathway in-
volving transmembrane receptors TRAIL-R1 (DR4) and
TRAIL-R2 (DRSY) in tumor cells [22, 23]. We evaluated
mRNA expression of cell death receptors DR4 and DRS in
HOG and MO59K by RT-PCR assay. Twenty-four-hour BT
treatment significantly increased DR5 mRNA level in HOG
but not in MO59K (Fig. 5a). This treatment also increased
DR4 mRNA in HOG, but to a lesser degree than that of
DRS5 mRNA (Suppl. Fig. 2¢).
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Fig. 4 R-CRT regulates BT- a)
induced cell death. a Cell viability

was assessed by resazurin assay 150- B ATE1 +/+
for ATE1** and ATE1™" cells O] ATEA -
treated with BT (100 and 500 nM)

for 24 h. Values shown are mean 100+ i
+SE; n=3. **p<0.01 vs. con-
trol. b ATE1** and ATE1™~ were
treated with BT as in a, and apo-
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DRS5 protein expression levels in PM were evaluated by
flow cytometry. After 24-h BT treatment, DRS expression
was greatly increased in HOG, whereas that in MO59K was
increased temporarily but became indistinguishable from
control level by 24 h (Fig. 5b, ¢). Evaluation of DRS protein
expression by immunofluorescence assay showed that DRS
PM exposure in HOG was strongly increased by 24 h treat-
ment with 100 or 500 nM BT (Fig. 5d). R-CRT overexpres-
sion in MOS59K, which increased the susceptibility of this
BT-resistant cell line to apoptosis (Fig. 4c, d), also increased
DRS5 level in PM (Fig. 5e). These findings suggest that in-
creased R-CRT level is part of a novel DR5-based cell death
induction pathway.
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Discussion

The proteasome inhibitor bortezomib (BT) is a chemothera-
peutic drug used in the treatment of various types of human
cancer. It displays relatively low effectiveness against solid
tumors, such as gliomas, which are characterized by high re-
sistance to cell death induction [15]. Results of the present
study indicate that resistance to BT treatment is modulated
by arginylated calreticulin (R-CRT). Insertion of R-CRT into
PM of glioma cells undergoing BT treatment results in acti-
vation of apoptotic signals. Susceptibility of glioma cell lines
to BT treatment was strongly correlated with expression and
subcellular localization of R-CRT. BT-resistant cell line
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Fig. 5 Cell death receptor DRS is involved in the activation of R-CRT-
mediated apoptosis. a DR5 mRNA expression levels were determined by
RT-PCR in HOG and MOS59K treated with BT (500 nM) for 3, 6, or 24 h.
Values shown are mean+ SE; n=3. **p <0.01 vs. control (DMSO). b
PM expression of DRS was analyzed by flow cytometry using anti-DR5
primary antibody and Alexa Fluor 488-conjugated secondary antibody in
cells treated as in a. One hundred percent values correspond to 100,000
cells for each point. Values shown are mean + SE; n=3. *p <0.05 vs.
control (DMSO). ¢ Representative flow cytometry histograms showing
percentage of cells positive for membrane DRS gated within a marker
(R1). Isotype control: background fluorescence signal of cells without
primary antibody. Results shown are from one experiment representative
of three independent experiments. d PM expression of DR5 determined
by immunofluorescence using anti-DRS5 primary antibody and Alexa
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Fluor 546-conjugated secondary antibody. Nuclei were stained with
DAPI. Cell morphology was outlined (white dot line) in DRS staining
of HOG control condition. Representative confocal images (x 60, 1600 x

1600 pixels) are shown. Scale bars =10 um. e MO59K cells were
transfected with Ub-R-CRT-GFP expression vector or control vector for
24 h and then treated with BT (100 nM) for 24 h. Left panel: membrane
expression of DR5 was analyzed by flow cytometry using anti-DRS pri-
mary antibody and Cy5 secondary antibody for GFP-positive popula-
tions. Unstained, non-transfected cells, cells transfected with GFP alone,
and cells stained with secondary antibody alone were used as controls for
the determination of background fluorescence signal and for channel
compensation. One hundred percent values correspond to 100,000 cells
for each point. Values shown are mean =+ SE; n=3. *p <0.05 vs. control
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MOS59K displayed strong induction of SG formation and as-
sociation of R-CRT with these dynamic structures. Previous
studies suggest that SG formation is a resistance response of
cancer cells to certain types of drugs, including proteasome
inhibitors [13, 14]. Sequestration of R-CRT in cytoplasmic
SGs as we observed in BT-treated cells, and associated resis-
tance to apoptosis, is consistent with the results of prior studies
indicating that mechanisms of cell death resistance involve
sequestration of pro-apoptotic proteins in these transient cyto-
plasmic components [13—15, 24]. R-CRT was strongly asso-
ciated with SGs in BT-treated MO59K (Fig. le), suggesting
that resistant cells have a distinct assembly of SGs that facil-
itates the recruitment of the arginylated protein. In contrast,
inhibition of proteasomes by BT in BT-susceptible HOG al-
tered ER homeostasis, facilitating arginylation of CRT; how-
ever, these cells did not efficiently form SGs containing R-
CRT (Fig. le; Suppl. Fig. 1d, e).

HOG displayed strong induction of CRT arginylation and
translocation of this post-translationally modified protein to
PM, where it was involved in the induction of apoptotic
events. Such apoptosis induction by R-CRT involved activa-
tion of caspase-3 signaling. We demonstrated similarly in a
previous study that under certain stress conditions (e.g.,
prolonged sodium arsenite treatment), R-CRT is transferred
to PM and functions as a pro-apoptotic protein [5]. Studies
by other groups have revealed direct association of CRT mem-
brane exposure with apoptotic processes, including immuno-
genic cell death [25-28]; however, no such association has
been shown for R-CRT.

Increased R-CRT levels rendered cells more susceptible to
apoptosis induction through DRS5 receptor activation, which
mediates extrinsic apoptotic pathway. Similarly, treatment of
glioma cell lines with BT alone was shown to enhance resis-
tance to cell death, while this effect was reversed by the acti-
vation of DRS receptor through co-administration of soluble
TRAIL ligand [29]. Treatment of cancer cells with
carfilzomib, another proteasome inhibitor, induced apoptosis
through overexpression and activation of extrinsic DR5 apo-
ptosis signaling [30].

The association we observed between increased
arginylation of CRT by ATE1 and apoptosis induction in
BT-treated glioma cells is consistent with recent reports
identifying ATE1 activity as a potential therapeutic target
for suppression of cancer development. ATE1 exerts tumor
suppressor activity that helps modulate cell death, angio-
genesis induction, motility, and metastasis of tumor cells
[8, 9]. In the present study, cytosolic overexpression of R-
CRT in MO59K overcame resistance to BT-induced apopto-
sis (i.e., cells became susceptible to BT), suggesting that R-
CRT is a key molecule in BT-induced cell death. Such arole
of R-CRT was also supported by our finding that suscepti-
bility to BT was lower in ATE1 " than in ATE1** fibro-
blasts (Fig. 4a—d). R-CRT overexpression in ATE1

increased BT susceptibility (Fig. 4e), similar to the findings
in MO59K.

R-CRT overexpression in the cytoplasm of ATE1™" cells
increased their susceptibility to apoptosis induction upon BT
treatment. However, we cannot rule out the possibility that
ATE1 modifies some other proteins involved in cellular re-
sponses to BT.

In summary, we observed distinctive responses to BT treat-
ment in four cell lines derived from gliomas with differing
degrees of malignancy. As part of such responses, R-CRT
may undergo distinctive subcellular localization, which is cor-
related with their susceptibility to apoptosis induction upon
BT treatment. Based on our findings, we propose that R-
CRT exposure in PM may serve as a novel prognostic marker
for glioma treatment and that strategies designed to promote
R-CRT expression and its localization in PM will contribute to
improved cancer treatments. Our findings also suggest that the
enzyme ATEI is a strong candidate target for future studies of
cancer diagnosis and therapy.
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