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Abstract The ability of glucocorticoids (GC) to effi-
ciently kill lymphoid cells has led to their inclusion in
essentially all chemotherapy procedures used to treat
acute lymphoblastic leukemia (ALL). GC sensitivity is
an important prognostic factor in ALL treatment, and
it is used to classify patients into risk groups. Clinical
assessment for GC sensitivity is very time-consuming,
however. We have recently found that granzyme A
(GZMA) mediates GC-induced apoptosis in ALL-de-
rived cell line 697. In this study we examined the cor-
relation between GC sensitivity and GC-induced
GZMA expression by using seven established cell lines
derived from ALL patients. The apoptosis assay
showed four cell lines were GC-sensitive and three
were GC-resistant. GC treatment markedly enhanced
GZMA expression in GC-sensitive cell lines only, and
not in GC-resistant cell lines. GC-induced GZMA
expression also correlated well with the amount of GC-
induced apoptosis. GC-induced GZMA expression
could thus be a useful early biomarker for “personal-
ized” ALL therapy.
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Abbreviations

ALL Acute lymphoblastic leukemia

GZMA Granzyme A

GAPDH  Glyceraldehyde-3-phosphate
dehydrogenase

DEX Dexamethasone

PRD Prednisolone

PI Propidium iodide

DiOCq 3,3’-Diexyloxacarbocyanine

DMSO Dimethyl sulfoxide

gRT-PCR Quantitative reverse transcriptase-
polymerase chain reaction

Introduction

Glucocorticoids (GC) are commonly used as chemo-
therapeutic agents to treat acute lymphoblastic leuke-
mia (ALL) (Pui et al. 2004; Schmidt et al. 2004; Pui
and Evans 2005). GC sensitivity is also used to classify
patients for risk group-dependent therapy of ALL,
because recent clinical studies have suggested that
resistance to GC is associated with an unfavorable
outcome in ALL (Dordelmann et al. 1999; Den Boer
et al. 2003; Igarashi et al. 2005). The GC sensitivity of
ALL is currently determined by monitoring blast cell
reduction in peripheral blood after administration of
GC for seven days (Igarashi et al. 2005). Clearly, it will
be critical to detect the GC sensitivity earlier in the
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treatment to develop better and more ‘“‘personalized”
ALL treatment.

We recently examined changes in gene expression
during dexamethasone (DEX)-induced apoptosis of
GC-sensitive human pre-B ALL cell line 697 and
found that granzyme A (GZMA) is critically involved
in mediating the apoptotic effect of GC on leukemia
cells (Yamada et al. 2003). GZMA has recently been
shown to be a direct target gene of the glucocorticoid
receptor (U et al. 2004; Ruike et al. 2006). The GZMA
protein accumulated and its enzymatic activity in-
creased in a time-dependent manner after DEX
treatment, in accordance with the increase in caspase-3
activity (Yamada et al. 2003). To examine whether
GC-induced GZMA expression could be an early bi-
omarker for GC sensitivity, we investigated the rela-
tionship between GC-induced apoptosis and GZMA
expression by using cell lines established from pre-B
ALL patients in this study. The results showed that
GC-induced GZMA expression at 24 h correlated well
with GC sensitivity.

Materials and methods
Drugs

DEX and prednisolone (PRD) were purchased from
Sigma Aldrich (St Louis, MO, USA). DEX and PRD
were dissolved in dimethyl sulfoxide (DMSO; Nakalai
Tesque, Kyoto, Japan) and 100% ethanol (Nakalai
Tesque), respectively, and added to the medium. Each
final concentration of DMSO and ethanol was adjusted
to 0.1% (v/v). The control medium contained the same
amount of DMSO or ethanol.

Cell lines

We analyzed seven established cell lines derived from
pre-B ALL patients, in addition to 697 and 697Bcl2 as
positive and negative controls, respectively. 697Bcl2
cells are 697 cells stably infected with a retrovirus
encoding the anti-apoptotic protein Bcl-2 (Yamada
et al. 2003; Miyashita and Reed 1993). It has previously
been confirmed that over-expression of the Bcl-2 pro-
tein in the 697Bcl2 cells rendered leukemia cells highly
resistant to apoptotic cell death induced by dexa-
methasone, although levels of granzyme A mRNA and
protein in the cells were increased, showing that the
granzyme A signaling induced by glucocorticoid acts
upstream of Bcl-2 signaling in the apoptotic signaling
pathway of glucocorticoid-treated leukemia cells. We
therefore used 697Bcl2 cells as a negative control for

glucocorticoid-induced apoptosis in leukemia 697 cells.
All cell lines examined harbored a chromosomal
translocation; thus, BV173 (Pegoraro et al. 1983),
KOPN72bi, KOPN66bi, KOPN57bi (Inukai et al.
2000), and OM9;22 (Ohyashiki et al. 1993) harbor the
t(9;22) translocation (known as BCR-ABL), the
t(11;19) translocation (known as MLL-ENL) is har-
bored byKOCL33, and the t(4;11) translocation
(known as MLL-AF4) is harbored by KOCL69 (Ya-
mamoto et al. 1994). All cell lines were grown in
RPMI-1640 medium supplemented with 10% heat-
inactivated fetal calf serum, 50 U mL™ penicillin, and
0.1 mg mL™" streptomycin.

Cell-viability assays

All cells, growing at a cell density of 5 x 10° cells mL ™",
were treated with DEX or PRD for 24 h. DEX was
added to the media at different concentrations (0, 50,
100, 200 nmol L") and PRD was also added at differ-
ent concentrations (0, 400, 800, 1,600 nmol L
respectively). Cell viability was assessed with the re-
agent WST-1, which involved measuring absorbance at
450 nm in a colorimetric assay using (4-[3-(4-iodophe-
nyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene di-
sulfonate) (Roche Diagnostics GmbH, Mannheim,
Germany) in accordance with the manufacturer’s pro-
cedure. All assays were independently performed six
times and readings were averaged and plotted against
drug concentration. All results are given as percentage
mean viability for each pretreatment dose, and are
summarized as mean = SEM for each group.

Apoptosis assessment

All cells, growing at a cell density of 5 x 10° cells mL ™,
were treated with or without 100 nmol L™ DEX or
400 nmol L™' PRD for 24 h. Cell death was defined at
0 or 24 h by propidium iodide (PI) staining; mito-
chondrial transmembrane potential (Ay,,) depolariza-
tion was determined by 3,3’-diexyloxacarbocyanine
(DiOCg) staining as described previously (Okada et al.
2004). For each condition, 1.0 x 10° cells mL™" were
incubated with 5 mg mL™ PI (Sigma Aldrich) and
20 nmol L' DiOCq (Sigma Aldrich) at 37°C for
15 min, and their fluorescence was then measured
using the FL1 and FL3 channels of a FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ, USA). All
assays were independently performed four times. All
measurements were normalized by mean viability of
pretreatment, and were summarized as mean + SEM
for each group.
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Fig. 1 Induction of cell death in 697 cells treated with DEX and
PRD. 697 leukemia cells were treated with or without different
concentrations of DEX (A) and PRD (B) for several periods of
time and cell viability was then determined by use of the WST-1
assay. To compare independent experiments, all data are given
as percentage mean viability of pretreatment cells. (A) Open
circles 0 nmol L™ DEX, filled circles 50 nmol L' DEX, filled

qRT-PCR

All cells, growing at a cell density of 5 x 10°
cells mL™, were treated with or without 100 nmol L!
DEX or 400 nmol L' PRD for 24 h. At 0 or 24 h
total RNA isolated from each sample was reverse-
transcribed using the Quantitect reverse transcription
kit (Qiagen, Valencia, CA, USA) and this was ana-
lyzed by quantitative PCR using ABsolute QPCR
SYBR Green Mixes (ABgene, Surrey, UK) in a DNA
Engine Opticon2 System (Biorad, Hercules, CA,
USA) as described previously (Yamada et al. 2005).
GAPDH was used to standardize the mRNA levels of
target genes. Sequences of PCR primers were: for
human GZMA (153 bp) the forward primer was
S’-caccatcatagacagaaaag-3’ and the reverse primer
was 5’-gaaaacaccctcgecacaaca-3’; for human GAP-
DH (430 bp) the forward primer was 5'-tcaa-
gatcatcagcaatgec-3’ and the reverse primer was 5'-
ttgaagtcagaggagaccac-3’. All assays were performed
four times. All measurements were normalized by
mean viability of pretreatment, and were summarized
as mean + SEM for each group.

Correlation between GZMA expression
and apoptosis

The correlation between GC-induced GZMA

expression and GC-induced apoptosis was assessed for
each GC-sensitive cell line (Holleman et al. 2003).
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triangles 100 nmol L DEX,  multiplication ~ symbols
200 nmol L' DEX. (B) Open circles 0 nmol L' PRD, filled
circles 400 nmol L' PRD, filled triangles 800 nmol L' PRD,
multiplication symbols 1,600 nmol L™ PRD. The mean and SEM
for six independent experiments are shown. **P < 0.01 com-
pared with untreated cells (Dunnett’s test)

Briefly, each value was calculated using the formula:
percentage of GZMA-positive or apoptotic cells =
100% x (C-D)/(100-D), where C represents the per-
centage of GZMA-positive or apoptotic cells in the
presence of GCs and D is the percentage of GZMA-
positive or apoptotic cells in the absence of GCs
(spontaneous GZMA expression or apoptosis). All
measurements were normalized by mean viability of
pretreatment, and were summarized as mean + SEM
for each group.

Data analysis

Statistical analysis of the data was performed by using
Dunnett’s test for multiple comparison and the two-
tailed paired Student’s t-test. A P value <0.05 was re-
garded as statistically significant. Correlations between
apoptosis assessment and qRT-PCR were calculated
by using Pearson’s correlation and estimated from the
linear regression line for all available data points.
These analyses were performed using R, which is
available at the Comprehensive R Archive Network
site (http://www.cran.r-project.org).

Results and discussion
We first assessed the GC sensitivity of seven estab-

lished cell lines derived from ALL patients. 697 leu-
kemia cells were treated with or without different
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Fig. 2 GC sensitivity among seven established cell lines derived
from ALL patients. All cell lines were treated for 24 h with GC
(left 100 nmol L' DEX and right 800 nmol L' PRD; black
bars) or vehicle (white bars). Cell death and Ay, depolarization
were detected by PI-staining (A) and DiOCg-staining (B),
respectively. Differences between pretreatment values and
DEX or vehicle treatment values are shown as mean + SEM
of results from four independent experiments. *P < 0.05;
**P < 0.01 compared with vehicle (Student’s t-test). Before
treatment the percentage cell death and the percentage Ay,
depolarization were 2.3% + 0.8 and 7.5% + 1.1 for BV173,
15% +02 and 6.5% =09 for KOPN72bi, 1.0% + 0.1 and
3.7% + 0.1 for KOPN66bi, 3.8% + 0.9 and 6.13% + 1.9 for
OMY9; 22, 12% =03 and 6.1% +14 for KOPNS57bi,
5.0% = 0.9 and 12.6% = 2.4 for KOCL33, and 1.7% =+ 0.4 and
6.5% = 1.6 for KOCLG69, all respectively

concentrations of GCs for several periods of time and
the viability of the cells was determined by WST-1
assay. After 24 h there was a significant (P < 0.01)
decrease in the number of viable cells treated with at
least 50 nmol L™ DEX or 400 nmol L™ PRD. These
decreases were even more pronounced 48 h after
treatment whereas the untreated cells were viable and
growth was normal during the 48 h (Figs. 1A, B). It is
suggested DEX is five to six times more cytotoxic than
PRD in the anti-inflammatory activity of these drugs
(Ito et al. 1996). These results indicated that DEX and
PRD effectively induced cell death in 697 cells at
concentrations of at least 50 and 400 nmol L7,
respectively. Moreover, 100 nmol L' DEX and
800 nmol L' PRD are comparable with clinically
therapeutic levels (Miyashita and Reed 1993; Turner

16
9
a
o
5 sk
2 **** q
@ TN
: I-=I
>
N
[
g
(O]
0.4
S LI INSY L2 8%
FTAITILIOOR > K
T TS OO & &S
o8 9% ¥ ¥« ¥ o
SRS
DEX PRD

Fig. 3 GZMA mRNA expression in seven established cell lines
derived from ALL patents. All cell lines were treated for 24 h
with GC (left 100 nmol L™ DEX and right 800 nmol L™ PRD,
black bars) or vehicle (white bars). GZMA mRNA expression
was measured by qRT-PCR. The GAPDH gene was used as a
control. Differences between the pretreatment values and DEX
or vehicle treatment values are shown as mean + SEM of results
from four independent experiments. *P < 0.05; **P < 0.01
compared with vehicle (Student’s r-test). Before treatment,
percentage GZMA expression was 0.0052 + 0.001% for BV173,
0.0001 + 0.003% for KOPN72bi, 0.3910 + 0.003% for KOPN
66bi, 0.0020 += 0.002% for OM9;22, 0.0020 + 0.001% for
KOPNS57bi, 0.0880 + 0.017% for KOCL33, and 0.0140 +
0.005% for KOCL69

et al. 1973). For this study we therefore used DEX and
PRD at 100 and 800 nmol L™, respectively.

As shown in Fig. 2A, GC treatment significantly
(P < 0.05) enhanced cell death in BV173, KOPN72bi,
KOPNG66bi, and OM9;22, but not in KOPNS57bi,
KOCL33, or KOCL69. The same GC treatment also
significantly (P < 0.01) enhanced Ay/,,, depolarization in
BV173, KOPN72bi, KOPN66bi, and OM9;22, but not
in KOPN57bi, KOCL33, or KOCL69 (Fig. 2B). In all
experiments, DEX treatment markedly enhanced both
cell death and Ay, depolarization for 697 cells whereas
it had no effect on 697Bcl2 cells (Figs. 2A, B). We also
examined the effect of PRD on cell death and Ay,
depolarization, because it is frequently used with DEX
for GC therapy to treat ALL. Similar to DEX, PRD
significantly (P < 0.01) enhanced both cell death and
Ay, depolarization in BV173, but not in KOPNS57bi.
Because enhanced cell death and Ay, depolarization
responses are regarded as apoptotic, these results may
indicate that cell lines BV173, KOPN72bi, KOPN66bi,
and OM9;22 are GC-sensitive whereas cell lines
KOPNS57bi, KOCL33, and KOCL69 are GC-resistant.

We next examined the effect of GC treatment on
GZMA mRNA expression in these seven cell lines
using qRT-PCR. As shown in Fig. 3, DEX treatment
significantly (P < 0.05) enhanced GZMA expression in
BV173, KOPN72bi, KOPN66bi, and OM9;22, although
the amount of enhanced GZMA expression differed,
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Fig. 4 Correlation between GC-induced apoptosis and GC-
induced GZMA mRNA expression. Correlation between
GZMA mRNA expression and GC-induced cell death (A) and
GC-induced Ay, depolarization (B). Each value was calculated
using the formula: 100% x (C-D)/(100-D), where C and D

depending on cell line. DEX had no effect on GZMA
expression in the KOPN57bi, KOCL33, or KOCL69
cell lines, however. In all experiments DEX treatment
significantly enhanced GZMA expression in both 697
and 697Bcl2 cells (Fig. 3), confirming that GZMA
signaling induced by GC acts upstream of BCL-2 sig-
naling in the apoptotic signaling pathway of GC-trea-
ted 697 cells (Yamada et al. 2003). We also found that
PRD significantly (P < 0.01) enhanced GZMA
expression in the BV173 cell line but not in the
KOPNS57bi cell line. We examined the correlations
between GC sensitivity and GC-induced GZMA
expression. As summarized in Fig. 4, highly significant
correlation was observed between GC-induced GZMA
expression and apoptosis, showing that the 24-h GC-
induced GZMA expression was correlated with the
GC-sensitivity of ALL cells.

In this study we found a highly significant correla-
tion between GC-induced GZMA expression and
apoptosis at 24 h by using seven cell lines established
from ALL patients. In a previous study we examined
the protein granzyme A, and found activation was in-
duced by glucocorticoid treatment in 697 and 697Bcl2.
As described in the Introduction, GCs are essential in
the treatment of ALL, and GC sensitivity is now used
to classify patients receiving risk group-dependent
therapy to treat ALL (Pui et al. 2004; Schmidt et al.
2004; Pui and Evans 2005); the current method for
assessing GC sensitivity requires a long period of time
(more than 1 week; Dordelmann et al. 1999; Den Boer
et al. 2003; Igarashi et al. 2005), however. Clearly,
early detection of GC-sensitivity/GC-resistance would
be of potential benefit in selecting the most appropri-
ate drug regimens for ALL patients.

In our opinion GC-induced GZMA expression
could be a potentially important candidate for such a
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represent the percentage cell death, Ay, depolarization, or
GZMA expression in GC-treated and vehicle-treated samples,
respectively. Percentages compared with vehicle treatment are
shown as mean + SEM of results from three independent
experiments. The solid line represents the linear regression line

biomarker. To establish GC-induced GZMA expres-
sion as an early biomarker of glucocorticoid sensitivity
of ALL therapy, however, some problems must still be
resolved. This study was conducted on cultured cell
lines only, so primary ALL samples and prospective
and/or retrospective studies should be performed from
the viewpoint of human genetics. Technical improve-
ments for rapid and accurate monitoring of GZMA
expression are also urgently required for clinical use.
Further studies will clearly be required to establish
GC-induced GZMA expression as an early biomarker
for “personalized” ALL therapy.
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