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Endoplasmic reticulum stress, unfolded protein response and
autophagy contribute to resistance to glucocorticoid treatment
in human acute lymphoblastic leukaemia cells
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Abstract. Acute lymphoblastic leukaemia (ALL) is the most
frequent childhood cancer and, although it is highly treat-
able, resistance to therapy, toxicity and side effects remain
challenging. The synthetic glucocorticoid (GC) dexametha-
sone (Dex) is commonly used to treat ALL, the main drawback
of which is the development of resistance to this treatment. The
aim of the present study was to investigate potential molecular
circuits mediating resistance and sensitivity to GC-induced
apoptosis in ALL. The leukaemia cell lines CEM-C7-14,
CEM-CI1-15 and MOLT#4 treated with chloroquine (CLQ),
thapsigargin (TG) and rotenone (ROT) were used to
explore the roles of autophagy, endoplasmic reticulum (ER)
stress/unfolded protein response (UPR) and reactive oxygen
species (ROS) generation in the response to GC treatment.
ROS levels were associated with increased cell death and
mitochondrial membrane potential in rotenone-treated CEM
cells. Autophagy inhibition by CLQ exhibited the strongest
cytotoxic effect in GC-resistant leukaemia. Autophagy may
act as a pro-survival mechanism in GC-resistant leukaemia
since increasing trends in beclin-1 and microtubule-associated
protein 1 light chain 3a levels were detected in CEM-CI-15
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and MOLTH4 cells treated with Dex, whereas decreasing trends
in these autophagy markers were observed in CEM-C7-14
cells. The intracellular protein levels of the ER stress markers
glucose-regulated protein (GRP)78 and GRP94 were stimu-
lated by Dex only in the GC-sensitive cells, suggesting a role
of these chaperones in the GC-mediated ALL cell death.
Increased cell surface levels of GRP94 were recorded in
CEM-C7-14 cells treated with combination of Dex with TG
compared with those in cells treated with TG alone, whereas
decreasing trends were observed in CEM-CI-15 cells under
these conditions. Taken together, the results of the present
study demonstrated that autophagy may be a pro-survival
mechanism in GC-resistant leukaemia, and by modulating
intracellular and surface GRP94 protein levels, Dex is involved
in the regulation of ER stress/UPR-dependent cell death and
immune surveillance. These observations may be of clinical
importance if confirmed in patients.

Introduction

Glucocorticoids (GCs) are steroid hormones produced by the
adrenal glands in response to stress (1). Dexamethasone, a
synthetic GC, has been used to treat patients suffering from
numerous diseases such as leukaemia, inflammatory bowel
disease, arthritis, asthma and allergies due to its regulatory
role in cellular inflammatory responses, which include stimu-
lating immunosuppression, inhibiting cell cycle progression
and inducing apoptosis (2).

Acute lymphoblastic leukaemia (ALL) is a type of cancer
of white blood cells that mainly affects children and teen-
agers (3). Several gene mutations and hazardous environmental
factors (including radiation and toxic chemical exposure) are
associated with ALL in children (4,5). Factors affecting the
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development of resistance to ALL treatment include genetic
variability in xenobiotic metabolism (6), prevalence of a
GC receptor (GR)P splicing variant (7), upregulation of the
antiapoptotic Bcl-2 family proteins (8), differential phosphory-
lation of GR in Dex-induced apoptosis-resistant vs. sensitive
ALL cells (9), alterations in DNA repair pathways (10) and cell
cycle checkpoint defects (11).

Reactive oxygen species (ROS) serve an important role
in the regulation of GR function (12) and the GC-mediated
apoptosis in lymphoma cells (13). ROS mediate several cell
signalling pathways (14) including cell cycle control (15),
mitochondrial energy metabolism (16) and endoplasmic
reticulum (ER) stress (17). ER stress is activated in rapidly
proliferating cancer cells by the accumulation of misfolded
or unfolded proteins as a consequence of high cellular ROS
levels (18). The interplay among the mitochondria, ER and ROS
levels, as well as the connection between ROS-mitochondrial
membrane potential (MMP)-autophagy and ER stress have
been extensively studied (19-24).

ER chaperone glucose-regulated protein (GRP)78 and
GRPY4 identify and bind to misfolded proteins, promote
ER-associated protein degradation and contribute to the
initiation of the immune response (25,26). Induction of
ER stress can lead to cell survival or death (27,28). The
pro-survival outcome of ER stress is in part due to the induc-
tion of its inositol-requiring enzyme 1 arm, which activates
Jun N-terminal kinase (JNK) (29) and stimulates Bcl-2
phosphorylation to regulate autophagy through the modula-
tion of the beclin-1 function and gene expression (30). In
addition, diverse ER stress inducing conditions that involve
the PKR-like endoplasmic reticulum kinase pathway and
eukaryotic initiation factor 2a phosphorylation regulate
the conversion of the pro-survival autophagy mediating
microtubule-associated protein 1 light chain 3a (LC3) (31).
However, if ER stress persists and the refolding of unfolded
proteins is not resolved, unfolded protein response (UPR)
ensues; UPR is primarily a pro-survival process, but prolonged
stress may result in the induction of cell death (27,28,32) via
stimulation of CCAAT/enhancer-binding protein homologous
protein (CHOP) (33).

The communication between the mitochondria and
the endoplasmic reticulum (34) and the regulation of Ca?*
homeostasis by the integration of the function of Bcl-2 family
members (35), endoplasmic reticulum chaperones (36) and
their adjustment to the cellular redox state (37) is another
mechanism controlling the pro-survival and pro-death
pathways. Our bioinformatics analysis of Ca** signalling and
autophagy pathways indicated that out of the 11,320 genes
associated with Ca?* signalling and 5,207 associated with
autophagy, 1,109 genes are associated with both path-
ways (unpublished data). These genes include the inositol
1,4,5-trisphosphate receptor, ryanodine receptor, mitochon-
drial calcium uniporter, two pore segment channels, transient
receptor potential channels, store-operated calcium channels,
GRP78 and GRPY4, the functions of which have been previ-
ously described (38-41).

T-cell ALL (T-ALL) and B-ALL differ in terms of
prognostic factors and risk classification such as age, white
blood cell count, hyperdiploidy and the presence of translo-
cations (42,43). Similar therapeutic schemes are used for the
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treatment of T-ALL and B-ALL, although significant toxicity
associated with chemotherapy has been reported for B-ALL,
as adults do not always benefit from therapeutic schemes used
for paediatric patients (42,43).

The present study aimed to investigate the molecular
mechanisms mediating the resistance of T-ALL cells to Dex
treatment. Established T-ALL CEM-C7-14 and CEM-C1-15
cell lines, which are sensitive and resistant, respectively, to
Dex-induced apoptosis, were used to determine the crosstalk
of multiple pathways involved in the response of T-ALL cells
to chemotherapy. In particular, the potential consequences of
the differential ROS detoxification in the T-ALL cells resistant
or sensitive to Dex-induced apoptosis (44) and the ensuing
changes in ER stress, autophagy and MMP were investigated.
Emphasis was placed on understanding how changes in oxida-
tive stress may be translated through autophagy, ER stress,
UPR and the function of the ER chaperone proteins GRP94
and GRP78 to GC-mediated cell death.

Materials and methods

Cell culture. A previously established T-ALL in vitro system
to study resistance to steroid response, consisting of the
CEM-C1-15 and CEM-C7-14 cell lines (45) derived from
lymphoblastic cells of a patient with ALL (46), was used in the
present study. The T-ALL MOLT4 (cat. no. TCP-1010; ATCC)
cells were used to explore whether the conclusions derived
from the experiments using CEM cells were relevant to other
types of T-ALL cells. Cells were cultured with 5% CO, at
37°C in RPMI-1640 medium (Sigma-Aldrich; Merck KGaA)
supplemented with 10% foetal bovine serum (Sigma-Aldrich;
Merck KGaA), 1% penicillin/streptomycin (Lonza Group, Ltd.)
and 1% L-glutamine (Lonza Group, Ltd.). Dextran-coated
charcoal-treated serum (Sigma-Aldrich; Merck KGaA) was
used in all experiments prior to the addition of drugs.

Drugs. The concentration of 1 M dexamethasone (Dex;
Enzo Life Sciences, Inc.) was chosen for the treatment of
the cells at the indicated time-points based on previous
studies (47-49). The optimal treatment duration to observe
differential effects of glucocorticoids in the sensitive vs. resis-
tant cells was 48 h (49). The concentrations of chloroquine
(CLQ; 100 uM; Sigma-Aldrich; Merck KGaA), thapsigargin
(TG; 20 uM; Sigma-Aldrich; Merck KGaA) and rotenone
(ROT; 20 uM; Sigma-Aldrich; Merck KGaA) were determined
through optimization of experimental conditions (data not
shown) and literature search (47,48). All drugs were dissolved
in dimethyl sulfoxide (chloroquine, thapsigargin and rotenone)
or ethanol (dexamethasone) and used as indicated. The control
groups were treated with DMSO.

Cell proliferation assay. CEM-CI1-15, CEM-C7-14 and MOLT4
cells (1x10° cells/ml) were seeded in 96-well plates prior to
drug treatment for 48 h at 37°C. Once the drug incubation was
complete, 20 ul CellTiter 96 Aqueous MTS reagent working
solution (cat. no. G1112; Promega Corporation) was added
to the wells and incubated at 37°C for 4 h. The absorbance
of the samples was read at 490 nm using a microplate reader
(Multiskan Ascent Thermo Labsystems 354 with Ascent soft-
ware version 2.6) with 690 nm background compensation.
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MMP assay. CEM-C1-15, CEM-C7-14 and MOLT4 cells
(1x10° cells/ml) were seeded in 6-well plates prior to combina-
tion treatments (Dex, CLQ, TG, ROT, Dex + CLQ, Dex + TG
or Dex + ROT) for 48 h at 37°C. Subsequently, the cells were
suspended in 1 ml medium, and 6.25 ul solution 7 (JC-1 dye;
ChemoMetec A/S) was added to each sample, followed by
20-min incubation at 37°C. The stained cells were centrifuged
at 400 x g for 5 min at room temperature, the supernatant was
removed, and the samples were washed twice with PBS. The
pellets were resuspended in 250 ul solution 8 (DAPI), and the
samples were analysed using a NucleoCounter NC-3000 with
NucleoView software version 1 (ChemoMetec A/S).

ROS assay. A carboxy-H2DCADA probe (Invitrogen; Thermo
Fisher Scientific, Inc.) was used to detect ROS generated in
ALL cells treated with the aforementioned drugs. A probe
containing 2',7'-dichlorofluorescein and calcein was used
to detect oxidation by determination of the increase in fluo-
rescence signalling using a flow cytometer, with excitation
sources and filters for FITC channel. CEM-C1-15, CEM-C7-14
and MOLT4 cells (1x10° cells/ml) were seeded in 6-well
plates before combination treatments (Dex, CLQ, TG, ROT,
Dex + CLQ, Dex + TG or Dex + ROT) for 24 h at 37°C. The
cells were centrifuged at 753 x g for 3 min at 4°C, and the
supernatants were discarded. The cell pellets were resuspended
in 1 ml cold PBS and centrifuged at 753 x g for 3 min at 4°C.
Carboxy-H2DCFDA dye (100 ul) was added to the pellets, and
the cells were incubated for 30-60 min at 37°C with 5% CO,
in the dark. The dye was discarded by centrifuging the pellets
at 753 x g for 3 min at 4°C. The cells were washed with cold
PBS and analysed by flow cytometry (BD FACSVerse™ with
BD FACSuite software version 1.0; BD Biosciences) using the
FITC channel.

Immunoblotting. CEM-C1-15, CEM-C7-14 and MOLT4 cells
treated with Dex, CLQ, TG or ROT alone or a combination
of Dex with CLQ, TG or ROT were harvested and lysed with
RIPA buffer (cat. no. R0278; Sigma-Aldrich; Merck KGaA).
Protein concentration was determined using the Bradford
assay, and 40 ug of total protein lysates were subjected to
12% sodium dodecyl sulphate polyacrylamide gel electropho-
resis and transferred to a polyvinylidene difluoride membrane
(EMD Millipore). Following blocking with 5% skimmed milk
in 1X PBS for 1 h at room temperature, the membrane was
incubated with rabbit polyclonal anti-LC3A/B (cat. no. 4108;
1:1,000; Cell Signalling Technology, Inc.), rabbit mono-
clonal anti-beclin-1 (cat. no. 3495; 1:1,000; Cell Signalling
Technology, Inc.), mouse monoclonal anti-GRP78 (cat.
no. sc-376768; 1:500; Santa Cruz Biotechnology, Inc.), mouse
monoclonal anti-GRP94 (cat. no. sc-53929; 1:500; Santa Cruz
Biotechnology, Inc.) and rabbit polyclonal anti-B-actin (cat.
no. ab8227; 1:2,000; Abcam) antibodies at 4°C overnight,
followed by 1-h incubation at 4°C with secondary antibodies
conjugated with horseradish peroxidase (anti-rabbit cat.
no. NA934; anti-mouse cat. no. NA931; 1:4,000; Cytiva).
Protein bands were detected using an enhanced chemilu-
minescence solution (Thermo Fisher Scientific, Inc.) and an
X-ray film (Fujifilm Corporation). The band intensities were
estimated using ImageJ version 1.51 (National Institutes
of Health).
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Reverse transcription-quantitative PCR (RT-gPCR). Total RNAs
were isolated from 3x10° CEM-C7-14, CEM-C1-15 and MOLT4
cells using a High Pure RNA Isolation kit (Roche Molecular
Systems, Inc.) and the concentration of the total RNA for each
sample was measured using a NanoDrop™ spectrophotometer
(Thermo Fisher Scientific, Inc.). Complementary DNA was
reverse-transcribed using a High-Capacity RNA-to-cDNA™ kit
(Applied Biosystems; Thermo Fisher Scientific, Inc.) at 37°C for
1 h. QPCR was performed using GRP94, GRP78 and RPL19
(internal control) primers (Eurofins Scientific) mixed with
SensiFAST SYBR® No-ROX kit (Bioline) as previously
described (50,51). The primer sequences were as follows: GRP78
forward, 5“-TGCCGTTCAAGGTGGTTG-3' and reverse, 5-CCA
AATAAGCCTCAGCGG-3'; GRP9%4 forward, 5-CTGGGTCCA
GCAGAAAAGAG-3' and reverse, 5'-CACTCCTTCCTTGGC
AACAT-3"; RPLI19 forward, 5-ATGTATCACAGCCTGTAC
CTG-3' and reverse, S-TTCTTGGTCTCTTCCTCCTTG-3". The
data were analysed using the 244%4 method (52).

Cell surface staining assay. CEM-C1-15, CEM-C7-14 and
MOLTH4 cells (1x10° cells/ml) were seeded in 6-well plates and
combination treatments (Dex, CLQ, TG, ROT, Dex + CLQ,
Dx + TG or Dex + ROT) were applied for 48 h at 37°C.
Cells were washed with cold (4°C) 2% FBS in PBS before
incubation with an anti-GRP94 antibody (9G10) conjugated
to Alexa Fluor® 488 (cat. no. sc-32249 AF488; Santa Cruz
Biotechnology, Inc.) for 2 h at 4°C. The cell pellet was fixed
with 4% paraformaldehyde in FBS/PBS at 4°C for 15 min,
washed twice with 500 ul PBS (4°C) and flow cytometry
(BD FACSVerse™ with BD FACSuite software) was used to
detect surface GRP94 fluorescence intensity.

Statistical analysis. Data are presented as the mean + standard
error of the mean of data from three independent experiments.
Statistical analysis was conducted using GraphPad Prism 8
Software (GraphPad Software, Inc.). One-way ANOVA and
Dunnett's post hoc test were used for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Cytotoxic effects of individual and combined drug treatments.
The present study analysed the autophagy pathway using CLQ,
which is an autophagy inhibitor (53), ER stress using TG,
which regulates Ca’* homeostasis and activates ER stress (54),
and ROS generation using ROT, which induces mitochondrial
oxidative stress by inhibiting complex I of the mitochondrial
respiratory chain and modulates autophagy (55) in GC-treated
ALL cells. Time course and drug concentration studies were
performed to determine the optimal experimental conditions
(data not shown).

To assess ALL cell viability upon treatment with Dex,
CLQ, TG and ROT alone or in combinations, MTS assay was
performed in CEM-C7-14, CEM-CI1-15 and MOLT4 cells
treated with Dex alone or in combination with CLQ, TG or
ROT (Fig. 1). Dex induced a less pronounced reduction in
CEM-CI-15 cell viability compared with that of the CEM-C7-14
cells, whereas the viability of MOLT4 cells treated with Dex
was 50% of that in untreated cells (Fig. 1). CLQ, TG and ROT
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Figure 1. Cytotoxic effects of Dex and anticancer agents on ALL cells. Dex (10 M), CLQ (100 M), TG (20 M) and ROT (20 M) were used to treat
(A) CEM-C7-14, (B) CEM-C1-15 and (C) MOLT#4 cells for 48 h individually or in combination to assess the cell viability using MTS assay. Data are presented
as the mean + SEM. "P<0.05, “P<0.01, ""P<0.001 vs. untreated control. ALL, acute lymphoblastic leukaemia; Dex, dexamethasone; CLQ, chloroquine; TG,

thapsigargin; ROT, rotenone.
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Figure 2. Effects of Dex and anticancer agents on ROS production. The relative ROS intensity was recorded in (A) CEM-C7-14, (B) CEM-C1-15 and (C) MOLT4
cells using a 2°,7’-dichlorofluorescein probe and flow cytometry. Cells were treated with 1 M Dex, 50 uM CLQ, 10 xM TG and 10 xM ROT as indicated.
Data are presented as the mean = SEM. "P<0.05, “"P<0.01, ““P<0.001 vs. untreated control. Dex, dexamethasone; CLQ, chloroquine; TG, thapsigargin; ROT,

rotenone; ROS, reactive oxygen species.

alone or in combination with Dex inhibited cell proliferation in
all cells compared with that of untreated cells (Fig. 1). These
results suggest that GCs alone mostly affected CEM-C7-14
cells, whereas CEM-CI-15 cells weakly responded to Dex,
indicating a resistant phenotype, and MOLT4 cells appeared to
exhibit a stronger response to Dex compared with CEM-C1-15
cells, but weaker compared with CEM-C7-14 cells (Fig. 1). A
potent cytotoxic effect was observed in the CEM-CI-15 cells
treated with CLQ alone or in combination with Dex (Fig. 1B).
These results suggested that Dex treatment, autophagy inhi-
bition, ER stress and induction of ROS generation exerted
different cytotoxic effects in the studied ALL cells.

ROS generation in ALL cells treated with Dex, CLQ, TG
and ROT alone or in combination. To investigate the
potential involvement of ROS generation in response to GC
treatment of ALL cells, CEM-C1-15, CEM-C7-14 and MOLT4
cells were treated with Dex, CLQ, TG or ROT alone or in
combination, and the ROS levels were determined by flow
cytometry. No significant difference in the ROS levels was
observed in Dex-treated compared with untreated CEM-CI1-15
cells (Figs. 2B and S1), whereas significantly decreased ROS
levels were detected in Dex-treated compared with untreated

CEM-C7-14 cells (Figs. 2A and S1). No significant effect
of Dex treatment on the ROS levels in MOLT4 cells was
observed (Figs. 2C and S1). CLQ alone or in combination
with Dex slightly decreased the ROS levels in CEM-CI-15
cells, although the changes were not statistically signifi-
cant (Figs. 2B and S1). No significant effects of CLQ alone or
in combination with Dex on the ROS levels of CEM-C7-14 and
MOLT#4 cells were observed (Figs. 2A, C and S1). Treatment
of CEM-C7-14 cells with TG alone (Figs. 2A and SI) and
of MOLT4 cells with TG alone or in combination with
Dex (Figs. 2C and S1) significantly decreased ROS genera-
tion. By contrast, ROT alone or in combination with Dex
substantially increased ROS production in CEM-C1-15 and
CEM-CT7-14 cells compared with that in the respective untreated
cells (Figs. 2A and B and Sl1). This effect appeared to be more
pronounced in CEM-C7-14 compared with CEM-CI-15 cells.
The ROS levels were not affected in MOLT4 cells by ROT
alone, whereas ROT-Dex co-treatment resulted in a significant
decrease of ROS generation in these cells (Figs. 2C and S1).
In summary, lower ROS levels were recorded in Dex-
and TG-treated CEM-C7-14 cells compared with those in
untreated cells, whereas CLQ had no effect. In MOLT4 cells,
TG reduced the ROS levels. ROT increased the ROS levels
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Figure 3. Effects of Dex and anticancer agents on MMP alteration. MMP was measured (A) in CEM-C7-14, (B) CEM-C1-15 and (C) MOLT4 cells treated
with 1 uM Dex, 50 uM CLQ, 10 uM TG and 10 yuM ROT for 48 h and using the JC-1 dye. Data are presented as the mean + SEM. "P<0.05, “P<0.01,
“"P<0.001 vs. untreated control. Dex, dexamethasone; CLQ, chloroquine; TG, thapsigargin; ROT, rotenone; MMP, mitochondrial membrane potential.

in CEM-C7-14 and CEM-CI1-15 cells compared with those in
the respective untreated cells, whereas it did not lead to an
increase in the ROS levels in MOLT4 cells.

MMP in ALL cells treated with Dex, CLQ, TG and ROT
alone or in combination. Considering the differential
effects of individual Dex, CLQ, TG and ROT treatment on
ROS generation in CEM-C7-14, CEM-CI1-15 and MOLT4
cells, and the interplay between mitochondrial function and
cellular ROS levels (56), the effects of Dex, CLQ, TG and
ROT alone or combined with Dex on the MMP of ALL
cells were investigated. Dex treatment alone significantly
increased the MMP in CEM-C7-14 cells compared with that
in untreated cells (Figs. 3A and S2A), whereas limited effects
were observed in CEM-CI1-15 and MOLT4 cells under the
same conditions (Figs. 3B, C, S2B and C). Increased MMP
was observed in the MOLT4 cell line treated with CLQ alone
compared with that in untreated cells (Figs. 3C and S2C), as
well as in CEM-C7-14 and CEM-CI-15 cells treated with the
combination of CLQ and Dex compared with that in untreated
cells (Figs. 3A, B, S2A and B). TG and ROT treatment alone
increased MMP in CEM-C7-14 and CEM-CI1-15 cells compared
with that in untreated cells (Figs. 3A, B, S2A and B). Increased
MMP was also observed in all studied cell lines treated with
ROT or the combination of ROT and Dex compared with that
in untreated cells (Figs. 3, S2A, B and C).

It appeared that most of the tested treatments increased
MMP in CEM-C7-14 and CEM-CI-15 cells with higher
effects in CEM-C7-14 cells, whereas in MOLT4 cells, CLQ
and ROT increased MMP compared with that in untreated
cells. Addition of Dex to TG-treated cells abolished the MMP
increase in CEM-C7-14 and CEM-CI1-15 cells.

Effects of individual and combined drug treatments on
protein expression levels in ALL cells. To analyse the role of
autophagy and ER stress in GC-mediated ALL cell survival
or death, the protein levels of autophagy (beclin-1 and
LC3-II) and ER stress (GRP78 and GRP94) indicators were
analysed by western blotting in CEM-C7-14, CEM-CI1-15 and
MOLT4 cells (Figs. 4, S3A, B and C). A small but significant
increase in beclin-1 protein levels, which mark the early
stages of autophagy, was observed in TG-treated MOLT4 cells

compared with untreated cells (Figs. 4A and S3B), whereas a
decrease was observed in ROT and Dex co-treated CEM-C1-15
cells (Figs. 4A and S3C). LC3-I1, is an indicator of late-stage
autophagy, was increased in CEM-C1-15 and MOLT4 cells,
but marginally decreased in CEM-C7-14 cells treated with
Dex alone compared with the respective untreated cells
(Figs. 4B, S3A, B and C). Higher LC3-II protein levels were
observed in cells treated with CLQ and TG alone and in combi-
nation with Dex in all tested cell lines (Figs. 4B and S3B). No
significant effects on LC3-1I were observed in ROT-treated
CEM-C7-14 and MOLT4 cells, whereas in CEM-CI1-15 cells,
downregulation of LC3-II was observed compared with
untreated cells (Figs. 4B and S3C).

Dex treatment alone significantly increased GRP94 and
GRP78 protein levels in CEM-C7-14 cells compared with those
in untreated cells and there were no changes in CEM-CI-15
and MOLTH4 cells (Figs. 4C, D and S3). A significant increase
of GRP94 protein levels was also evident in CEM-C7-14 cells
co-treated with Dex and CLQ or TG compared with those in
untreated cells (Figs. 4C and S3A and B). In CEM-CI1-15 cells
treated with CLQ alone or with a combination of Dex and ROT
and in MOLT4 cells treated with TG alone, increased levels of
GRPY94 were observed compared with those in untreated cells
(Figs.4C, S3A, B and C). Increased GRP78 protein levels were
observed in CEM-C7-14 cells treated with Dex alone, ROT
alone or a combination of CLQ or TG with Dex compared
with those in untreated cells (Figs. 4D, S3A, B and C). The
most substantial increase in both chaperone cellular levels was
observed in GC-sensitive ALL cells (CEM-C7-14) co-treated
with Dex and TG (Fig. S3B).

To determine whether the changes in GRP94 and GRP78
protein levels were at the gene expression level, the effects
of Dex on GRP94 and GRP78 gene expression were studied
using RT-qPCR. GRP94 and GRP78 mRNA levels were not
affected in Dex-treated CEM cells, whereas decreased GRP94
mRNA levels were observed in MOLT4 cells compared with
those in untreated cells (Fig. S4).

To summarise, compared with those in untreated cells,
the levels of GRP94 and GRP78 markers of ER stress were
increased in Dex-treated CEM-C7-14 cells, whereas the
autophagy marker LC3-II was decreased in CEM-C7-14 and
increased in CEM-CI1-15 and MOLT4 cells.
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Figure 4. Protein expression in ALL following combination drug treatments. The protein levels of (A) beclin-1, (B) LC3-II, (C) GRP94 and (D) GRP78 were
detected by western blotting in CEM-C7-14 (white bars), CEM-C1-15 (black bars) and MOLT4 (grey bars) cells after 48-h incubation with 1 M Dex, 50 yM
CLQ, 10 uM TG and 10 xM ROT individually or in combination as indicated. The values were normalised to the corresponding actin loading control. Data
are presented as the mean + SEM. "P<0.05, “P<0.01, “"P<0.001 vs. untreated control. ALL, acute lymphoblastic leukaemia; Dex, dexamethasone; CLQ,
chloroquine; TG, thapsigargin; ROT, rotenone; LC3-II, microtubule-associated protein 1 light chain 3a; GRP, glucose-regulated protein.
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Figure 5. GRP94 surface expression levels on ALL cells. The CEM-C7-14 (white bars), CEM-CI-15 (black bars) and MOLT4 (grey bars) cells stained posi-
tive for GRP94 surface expression were detected by flow cytometry after 48-h treatments with 1 M Dex, 50 uM CLQ, 10 uM TG and 10 xpM ROT alone
or in combination as indicated. Data are presented as the mean + SEM. "P<0.05, “P<0.01 vs. untreated control. ALL, acute lymphoblastic leukaemia; Dex,

dexamethasone; CLQ, chloroquine; TG, thapsigargin; ROT, rotenone; GRP, glucose-regulated protein.

GRPY94 surface expression in ALL. The extracellular surface
GRP94 levels in ALL cells treated with Dex, CLQ, TG and
ROT alone or in combination were investigated. TG and
ROT treatment alone increased GRP94 surface levels in both
the GC-sensitive and resistant CEM cells compared with
those in the untreated control group (Figs. 5, SSA and B).
Combination of TG and ROT with Dex increased the GRP94
surface levels in the CEM-C7-14 and CEM-CI-15 cells
compared with those in untreated cells (Figs. 5, S5A and B).
TG-Dex co-treatment exhibited a strong effect in
CEM-CT7-14 cells, whereas ROT effects individually or in

combination with Dex was prominent in CEM-CI1-15 cells.
Surface GRP94 levels did not change in MOLT4 cells in any
conditions (Figs. 5 and S5C).

These results suggested that GC or CLQ treatment alone
did not significantly affect GRP94 surface location, whereas
ER stress and ROS generation increased the GRP94 surface
levels in CEM-C7-14 and CEM-CI-15 cells. Dex potentiated
the effects of TG in CEM-C7-14 cells and inhibited TG effect
in CEM-CI1-15 cells, and ROT displayed more potent effects
in the GC-resistant CEM-C1-15 cells compared with those in
CEM-C7-14 cells.
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Discussion

The main therapeutic options for patients with ALL are based
on treatment with GC hormones, which exert their effects by
inducing apoptosis of malignant T cells through intrinsic and
extrinsic pathways (50). As a result of greater potency and
CNS penetration, dexamethasone is frequently selected as the
treatment of choice for T-ALL (42,43). A major drawback of
GC treatment is the development of resistance (57). Inhibition
of cell death and resistance of T cells to GC treatment has
been attributed to a variety of molecular mechanisms (58),
including autophagy (59). Autophagy is important for numerous
physiological and pathological processes and for the function of
immune system cells from antigen presentation to inflammatory
signalling and metabolism (60). Various forms of autophagy
triggered by distinct stimuli, such as ER stress, Ca’** homeostasis
and ROS signalling, control T cell survival (61). Since ER stress
and UPR contribute to inflammatory signalling by activating
a number of stress-responsive kinases including ERK, p38
mitogen-activated protein kinase and JNK (62), which have been
demonstrated to induce GR post-translational modifications that
affect its transcriptional activity (51,63,64), it is possible that
these mechanisms lead to resistance to GC-induced apoptosis in
ALL by modulating the function of the GR (51,62-64).

In the present study, Dex, CLQ, TG and ROT were used to
treat GC-sensitive (CEM-C7-14) and resistant (CEM-C1-15)
as well as MOLTH4 cells to investigate the roles of autophagy,
ER stress, UPR and oxidative stress in the mechanisms of
GC-induced ALL apoptosis, development of resistance and
potential ways to overcome it. Characterisation of the CEM
genetic alterations has been reported in the literature (47-49,65).
Shedding light on this topic may facilitate the improvement
of the current therapeutics and the development of novel
anti-ALL treatments.

Autophagy has been reported to promote or suppress
the proliferation of ALL cells (66). Recent studies have
indicated that autophagy and ROS may serve a significant
role in the determination of effects of GC treatment on ALL
cells (59,67-69). Treatment of the GC-sensitive and resistant
leukaemia cells with the autophagy inhibitor CLQ reduced
their viability, and this reagent appeared to be the most effec-
tive in inducing GC- resistant ALL cell death. These findings
suggested that autophagy may be involved in the GR-induced
cell death (70) and it may facilitate the activation of the
pro-survival mechanisms in GC-resistant cells, which was
in agreement with previous studies indicating cytoprotective
effects of autophagy in T-ALL cells treated with PI3K/mTOR
or Akt inhibitors (71).

Accumulating evidence indicates an association between
ROS generation and autophagy with alterations in the mito-
chondrial permeability transition pore (MPTP), ER stress,
Ca** homeostasis and apoptosis (20,72). In addition, the mito-
chondria-ER contact sites regulate immune cell survival/death
decisions (73). The results of the present study demonstrated
that GR-induced apoptosis in GC-sensitive ALL cells was
associated with the increase in MMP disruption, suggesting
that the regulation of the MPTP opening is a potential
mechanism underlying the effects of Dex in the determina-
tion of ALL cell survival or death. A previous studies has
demonstrated that spliced x-box binding protein 1 and GRP78
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are upregulated in Ph* leukaemia cell lines, leading to the
activation of the UPR-related apoptosis protein CHOP (74).
Although various cell type- and treatment duration-dependent
effects were observed in the present study, definite conclu-
sions regarding the chronological order of the occurrence of
ROS generation, ER stress and autophagy in Dex-induced
apoptosis-resistant vs. sensitive T-ALL cells cannot be drawn
based on the experimental approaches used.

In the present study, Dex treatment of the GC-sensitive
cells, but not the GC-resistant cells, led to increased expression
levels of GRP78 and GRP94 compared with those in untreated
cells. High GRP expression has been reported to be associ-
ated with cancer cell aggressiveness and metastatic potential
in several cancer cell lines such as breast carcinoma, prostate
adenocarcinoma, liver cancer, colorectal cancer, multiple
myeloma and leukaemia (75). The results of the present
study demonstrated that Dex stimulated GRP78 and GRP9%4
expression in GC-sensitive cells in a transcription-independent
manner. GRP78 inhibits the translocation function on the
ER membrane, preventing Ca?* leakage from the ER to the
cytoplasm (36) and altering the Ca®*-dependent mitochondrial
apoptosis (73), which may explain the differential response of
CEM-C7-14 and CEM-C1-15 cells to Dex treatment.

The results of the present study which indicated that Dex
induced GRP94 expression in the GC-sensitive ALL cells were
unexpected, as GRP78 and GRP94 upregulation is associated
with a negative prognosis in various types of cancer such as
prostate, oesophageal, gastric, breast and lung cancer (75). The
role of GRP94 in the stimulation of T cells and regulation of
immunity as well as induction of antitumour activity has been
indicated (76). Surface localization of GRP94 is an important
level of control of its function (77-79). In the present study, GCs
induced the intracellular protein levels of these chaperones, but
did not affect the mRNA or surface GRP94 expression levels;
however, when Dex was combined with TG, the GRP94 surface
expression increased in the GC-sensitive cells and decreased
in the GC-resistant cells, suggesting that selective mechanisms
determining the subcellular location of GRP94 may operate
in the GC-resistant and sensitive cells. The molecular mecha-
nisms involved in the regulation of resistance or sensitivity of
ALL cells to Dex treatment through the induction of GRP94
are novel observations described in the present manuscript. In
addition, considering the role of GRP proteins in the process
of immunosurveillance and immune response (26,80), it may
be speculated that the changes occurring in the GRP levels
and localization may directly or indirectly affect the immune
response to the drug treatment. Therefore, it is possible that by
differentially modulating the GRP94 surface levels in resistant
and sensitive ALL cells co-treated with Dex and TG or ROT,
GCs facilitate their recognition and elimination by the immune
system, highlighting the need for further investigation of the
secreted GRP levels and their effects on the immune system.

Limitations of the present study include the lack of an addi-
tional control cell line to consolidate the findings, and images
demonstrating the morphology of the cells in culture were not
provided. The effects of Dex alone or in combination with TG
or ROT in B-ALL cells were not investigated, which should be
addressed in the future. Of note, in vivo and in vitro drug doses
are not comparable (81). Future in vivo studies with patients
are required to verify the findings of the present study.
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Figure 6. Summary of the hypothetical GC-mediated pathways leading to T-ALL cell death. GCs induce cell death in the sensitive CEM-C7-14 cells by
inducing mitochondria and ER stress-mediated cell death through the induction of Bim and GRPs, respectively. Alteration of mitochondrial membrane potential
may be involved in mitochondria-mediated apoptosis induced by ROT. GRP activation triggered by TG possibly regulates ER stress-mediated cell death.
CLQ-mediated inhibition of autophagy in CEM-C7-14 and CEM-CI-15 or induction of ROS generation by ROT in these cells may stimulate other types of
cell death (e.g. necroptosis). ER stress and induction of ROS generation affect GRP94 plasma membrane relocalisation; the magnitude of this effect is differ-
entially regulated in CEM-C7-14 and CEM-CI-15 and may be hormone-dependent. T-ALL, T-cell acute lymphoblastic leukaemia; GCs, glucocorticoids; GRP,
glucose-regulated protein; Dex, dexamethasone; CLQ, chloroquine; TG, thapsigargin; ROT, rotenone; ROS, reactive oxygen species; ER, endoplasmic reticulum.

In conclusion, the drugs tested in the present study decreased
the viability of CEM-C7-14 cells via mitochondria-ER commu-
nication mechanisms, upregulating GRP78 and GRP94 and
inducing cell death (Fig. 6). These observations, if confirmed in
clinical settings, may be used to increase the visibility of ALL
cells to the immune system for the stratification of patients for
immunotherapy and increased therapeutic success.
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