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논문요약(Abstract)
Aim: To improve survival in patients with glucocorticoid-resistant T-cell
acute lymphoblastic leukemia (T-ALL), it is critical to develop new
therapeutic strategies to overcome steroid resistance. Materials and
Methods:

Biochemical

evaluate

whether

and

tissue

molecular

methodologies

transglutaminase

(TG2)

were
confers

used

to

steroid

resistance in T-ALL. Results:

T-ALL cells were found to express

elevated

went

levels

of

TG2.

We

on

to

generate

models

of

steroid-adaptedsubclonesofT-ALLcelllinesthatwerenotablylesssensitivetoste
roidsthantheparental
increased

TG2

cells.

The

steroid-adapted

expression

and

nuclear

subclones

factor-κB

(NF-κB)

showed
activity

compared to T-ALL parental cells. Inhibition of TG2 suppressed steroid
resistance
subclones

and
of

improved

T-ALL

in

steroid
association

cytotoxicity
with

in

reduced

steroid-adapted
NF-κB

activity.

Conclusion: It is important to note that this study identified that
possible changes in TG2 expression may serve as a new target aimed
at overcoming steroid resistance in T-ALL.

Key Words: Tissue transglutaminase, steroid resistance, T-cell acute
lymphoblastic leukemia
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Ⅰ 서론 (Introduction)
Acute lymphoblastic leukemia (ALL) is a malignant disorder of
lymphoid progenitor cells that is diagnosed in children and adults.
T-Cell

acute

lymphoblastic

leukemia

(T-ALL)

represents

15%

of

childhood and 25% of adult ALL cases. Although long-term survival
rates approach 90% with risk-directed intensive chemotherapy, as many
as 30% of childhood cases and approximately 50% of adult cases will
relapse (1-3). Regardless of the type of ALL, steroids constitute critical
components of multi-agent combined chemotherapy regimens used in
ALL treatments. Steroids induce apoptosis of hematological cells by
binding to glucocorticoid receptors (GR) in the cytoplasm. GRs interact
with glucocorticoid-response elements to induce proapoptotic gene
transcription

as

well

as

with

transcription

factors

such

as

nuclearfactor-κB (NF-κB) or activating protein-1. Both pathways induce
cell-cycle arrest and apoptosis. Prolonged steroid exposure induces
up-regulation of GRs in ALL cells and the responsive genes have been
functionally linked to three major pathways: Glucose metabolism, NF-κB
signaling, and cell proliferation and survival (4-6). Although most
patients with ALL respond well to steroids, some develop secondary
resistance

after

prolonged

steroid

therapy.

Steroid

resistance

is

common upon relapse and leads to significantly poorer outcomes (7),
with B-cell acute lymphoblastic leukemia (B-ALL) and T-ALL exhibiting
divergent mechanisms of resistance. For instance, T-ALL is a more
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biologically resistant disease (8, 9). Intervention strategies to reverse
steroid resistance will definitely improve outcomes in such patients.
Recent

studies

report

that

tissue

transglutaminase

(TG2)

is

associated with resistance to chemotherapy in some cancer types
(10-12). TG2 is a multi-functional enzyme that catalyzes the formation
of inter- or intra-molecular bonds with a wide distribution in various
tissues. It has multiple physiological functions in normal tissues and is
associated with cancer cell survival and drug resistance in cancer cells
(13). Certain studies suggest that TG2 overexpression enhances cancer
cell survival via the association between TG2 and NF-κB expression (12,
14, 15).
In

the

present

study,

we

explored

the

link

between

TG2

expression and cell survival in steroid-resistant T-ALL with the aim of
developing a novel strategy to overcome steroid resistance in T-ALL.
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II 본론

A. 실험방법 (Materials and Methods)

1. Cell lines and cell maintenance
The human T-ALL cell lines Jurkat, MOLT-4, and CCRF-CEM were
obtained from the American Type Culture Collection (Manassas, VA,
USA). T-ALL cell lines were cultured in complete RPMI 1640 medium
(LM011-51;

Welgene,

Seoul,

South

Korea)

containing

10%

heat-inactivated fetal bovine serum (Gibco/Thermo Fisher Scientific,
Gaithersburg, MD, USA), and 1% penicillin-streptomycin (Gibco).

2. Reagents
Prednisolone was obtained from the pharmacy at Ajou University
Hospital.

Different

concentrations

of

prednisolone

were

used

to

generate steroid-adapted (SA) T-ALL cells and to compare the cell
viability of parental cells and SA cells of T-ALL. To generate the SA
cells, we cultured the T-ALL cell lines in slowly increasing prednisolone
concentrations

over

4

months.

The

final

maximum

prednisolone

concentration at which each T-ALL cell no longer proliferated was 100
μg/ml for Jurkat, 60 μg/ml for MOLT-4, and 70 μg/ml for CCRF-CEM.
Monodansyl

cadaverine

(MDC)

was

purchased

from

Sigma-Aldrich

(Buchs, Switzerland). We used MDC as a TG2-specific inhibitor. To
investigate the effect of TG2 inhibition on NF-κB activity and steroid
- 3 -

resistance in steroid-adapted T-ALL cells, we cultured SA T-ALL cells
with 150 μM MDC for 72 h.

3. Immunofluorescence analysis
Immunofluorescence

was

performed

on

human

T-ALL

cell

lines.

Samples were fixed with ice-cold methanol and incubated with 10%
goat serum (Gibco) for 45 min for blocking. They were then exposed to
1:300 TG2 antibodies (GeneTex, Irvine, CA, USA) overnight at 4°C. Cells
were treated with 1:300 DyLight594 conjugate rabbit IgG antibody
(Bethyl Laboratories, Montgomery, TX, USA) and DAPI Fluoromounting
medium (SouthernBiotech, Birmingham, AL, USA) for 1 hour at room
temperature. At least five randomly selected regions for slides were
analyzed and a minimum of 500 nuclei were counted for each sample.
Samples were analyzed on a Nikon A1 confocal microscope (Nikon,
Tokyo, Japan) in accordance with established methods in the instruction
manual (Ver.4.10).

4. Immunoblot analysis
Cell lysate proteins obtained using commercially available cell lysis
buffer (Biosesang, Gyeonggi-do, South Korea) were solubilized with 25
mM Tris, 195 mM glycerine, 1% sodium dodecyl sulfate (SDS), and 1x
Tris-glycine-SDS running buffer (Elpis Biotech, Inc., Daejeon, Korea)
and electrophoresed on a 10% Tris-glycine-SDS gel. Proteins were
transferred onto nitrocellulose membranes and probed with 1:1000
TG2-specific primary antibodies (GeneTex, Irvine, CA, USA) followed by
- 4 -

1:5000 goat anti-rabbit IgG- Horseradish peroxidase (HRP) secondary
antibodies (Santa Cruz Biotechnology, Dallas, TX, USA). Proteins were
visualized

by

enhanced

chemiluminescence

(GE

Healthcare,

Little

Chalfont, UK).

5. TG2 enzymatic activity assay
The levels

of TG2 enzymatic activity were determined using the

TG2-Covtest TG2-specific colorimetric assay kit (Novus Biologicals,
Centennial,

CO,

USA).

In

this

assay,

color

intensity

is

directly

proportional to the TG2 activity in the sample. All test protocols were
performed according to the manufacturer’s instructions. This assay was
performed as previously described by Jung, et al (12).

6. Colorimetric cell viability assay
Cell viability of T-ALL cell lines, Jurkat, MOLT-4, and CCRF-CEM,
treated with TG2 inhibitor or different concentrations of steroid was
evaluated.

Viability

(Promega,

Madison,

instructions.

The

colorimetric

plate

was
WI,

signal
reader

assessed
USA)
was

CellTiter-Blue®

using

according
measured

equipped

at

with

to

the

Assay

manufacturer's

560Ex/590Em
Gen5

kit

software

using

a

(BioTek

Instruments, Inc., Winooski, VT, USA). Dose–response curves were
analyzed based on results from the cell viability assays of cells treated
without steroids.

7. Flow cytometry
- 5 -

Leukemia cells treated with or without steroid were washed with cold
Hank's Balanced Salt Solution (HBSS), filtered with a 40 μm cell strainer
and

incubated

with

0.1

μg/ml

rhodamine

123

(Rh123;

Enzo,

Farmingdale, NY, USA) at a density of 106 cells/ml. Samples were
analyzed using BD FACS Aria III (BD, San Jose, CA, USA). All assays
were performed in triplicate.

8. Nuclear factor-κB (NF-κB) activity assay
All steps of nuclear extraction from leukemia cells were performed
according to the manufacturer’s instructions and the buffers were
purchased from Active Motif (Carlsbad, CA, USA). Nuclear extracts was
used to assay for NF-κB p50, p65, c-Rel, p52, or RelB DNA-binding
activity using an enzyme-linked immunosorbent assay (ELISA) according
to the Active Motif TransAM®NFκB Family Kit protocol (Active Motif).
The signal was measured using a spectrophotometer equipped with
SoftMax® Pro software (Molecular Devices, San Jose, CA, USA).

9. Statistical analysis
Analysis was performed using PASW Statistics 18 (SPSS Inc., Chicago,
IL, USA). Statistical analysis was carried out for continuous variables
using t-test or ANOVA test. p-Values of less than 0.05 were considered
statistically significant.
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B. 실험결과 (Results)

1. TG2 expression in T-ALL cells.
We first examined TG2 expression in different human T-ALL cell lines:
Jurkat, MOLT-4, and CCRF-CEM. Confocal microscopy showed TG2
expression

in

the

cytoplasm

of

T-ALL

cells

(그림

1A).

Further

immunoblot analysis revealed the constitutive expression of TG2 in
three different T-ALL cell lines (그림 1B). TG2 functional enzymatic
activity assay performed on three different T-ALL cell lines also
indicated TG2 enzymatic activity in T-ALL (그림 1C). To summarize, the
results show that TG2 is expressed and has functional enzymatic
activity in T-ALL cells.
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그림 1. 조직 트랜스글루타미나제가 T세포 급성림프구성 백혈병 세포에서 발현된
다.

(Tissue

transglutaminase

(TG2)

is

expressed

in

T-ALL.)

A:

Immunofluorescence confocal microscope images show the localization
of TG2 in the cytoplasm of T-ALL cell lines Jurkat, MOLT-4, and
CCRF-CEM cells. Arrows in each panel indicate representative signals
of TG2. B: Immunoblot analysis of TG2 on three different T-ALL cell
lines:

Jurkat,

MOLT-4,

and

CCRF-CEM.

The

Jeko-1

mantle

cell

lymphoma cell line was used as a positive control. GAPDH was used as
a loading control. C: The enzymatic activity of TG2 in three different
T-ALL cell lines was determined using the TG2-Covtest TG2-specific
colorimetric assay (Novus Biologicals). Jeko-1 cell extracts were used as
positive controls. Data are means ± standard deviation (SD) of five
independent experiments performed.

2. Generation of steroid-adapted (SA) T-ALL cells
To investigate the mechanisms of resistance to steroids in T-ALL, we
adapted the T-ALL cell lines to increasing steroid concentrations. SA
cell lines were generated by continuous culture of parental cell lines in
increasing steroid concentrations, up to a maximum concentration that
inhibited cell proliferation. The final maximum steroid concentrations
were

determined

for

each

cell

line.

From

a

set

of

previously

characterized steroid-sensitive T-ALL cell lines, we successfully derived
steroid-resistant subclones of T-ALL cell lines (그림 2A); these steroid
resistance-induced subclones were termed as SA cells. To determine
the mechanism of

steroid resistance acquisition of
- 9 -

SA cells, we

analyzed changes in the fractions exhibiting low Rh123 accumulation,
which indicates drug-resistant cells, before and after steroid adaptation.
Flow cytometric analysis showed that the proportion of cells with low
Rh123 accumulation was significantly increased after steroid adaptation
(그림 2B). These results suggest that steroid adaptation induces steroid
resistance in T-ALL cells.
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그림 2. 스테로이드에 적응한 T세포 급성림프구성 백혈병 세포는 적응 전 세포
보다 스테로이드에 저항성을 보인다. (Steroid-adapted (SA) T-ALL cells are
more resistant to steroids than their parental cells.) A: Higher steroid
concentrations are required for cytotoxic effects in SA T-ALL cells
compared to their parental cells. SA and parental T-ALL cell lines
Jurkat, MOLT-4 and CCRF-CEM were tested for steroid sensitivity. Cells
were cultured for 72 h with serially diluted prednisolone as indicated
from a maximum

concentration

of

250

μg/ml.

Cell viability was

determined by a CellTiter-Blue® fluorometric assay (Promega) and was
indicated as a ratio compared to cell viability without treatment. The
results show the mean ± SD of triplicates. B: Steroid adaptation
- 11 -

increased the population of T-ALL cells with low rhodamine 123
accumulation,

i.e. with chemoresistance. Representative histograms

show FACS analysis of rhodamine 123 accumulation in SA subclones
and parental T-ALL cell lines.

3. Steroid adaptation affects TG2 and NF-κB activity in T-ALL.
Drug-resistant

cells

express

higher

levels

of

TG2

than

their

drug-sensitive parental cells and TG2 expression is associated with NFκB activation in solid

and

hematological malignant cells (10, 12, 16).

To determine the effects of steroid adaptation on TG2 and NF-κB
activity in T-ALL, we first measured TG2 enzymatic activities of
different untreated parental and SA T-ALL cell lines using colorimetric
assay kits. Figure (그림) 3A shows that steroid adaptation increased TG2
enzymatic

activity

DNA-binding

in

activities

T-ALL
of

cells.

untreated

We

also

and

SA

analyzed
T-ALL

the

NF-κB

cells.

The

DNA-binding activities of NF-κB transcription factor p65, p52, and RelB
significantly increased after steroid adaptation in Jurkat and CCRF-CEM
cells (그림 3B). These data clearly demonstrate that steroid adaptation
induces TG2 and NF-κB expression in T-ALL.
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그림 3. 스테로이드에 대한 적응은 T세포 급성 림프구성 백혈병 세포에서 TG2와
NF-κB의 활성도를 증가시킨다. (Steroid adaptation increases TG2 activity
and NF-κB expression in T-ALL cells.) A:
- 13 -

Steroid-adapted (SA) T-ALL

subclones express TG2 more than their parental cells. The enzymatic
activity of TG2 in SA and parental T-ALL cell lines, Jurkat and
CCRF-CEM,

was

determined

using

the

TG2-Covtest

TG2-specific

colorimetric assay (Novus Biologicals). The results show the mean ± SD
of triplicates. *Significantly different at p<0.05 by unpaired t-test. B:
Steroid adaptation increases NF-κB DNA-binding activity in T-ALL cells.
Nuclear extracts from the T-ALL cell lines Jurkat and CCRF-CEM that
were

untreated

enzyme-linked

or

adapted

with

immunosorbent

steroids

assay

were

colorimetric

analyzed
assays

using
(optical

density, 450 nm) to evaluate NF-κB DNA-binding activities.

4. TG2 inhibition reduces steroid resistance in SA T-ALL.
We

hypothesized

that

TG2

inhibition

reduced NF-κB

activity

and

reduced steroid resistance in SA T-ALL. We first treated SA T-ALL
cells with a specific TG2 inhibitor, MDC. Subsequently, we measured
TG2 enzymatic activity of untreated parental cells, SA cells, and TG2
inhibitor-treated SA cells in three different T-ALL cell lines. TG2
enzymatic activities of T-ALL cells significantly increased after steroid
adaptation; however, they significantly decreased in response to MDC
treatment

(그림

4A).

Furthermore,

we

evaluated

the

DNA-binding

activity of NF-κB transcription factors in TG2 inhibitor-treated SA
T-ALL. The DNA-binding activity of NF-κB transcription factor p65,
p52, and RelB were significantly reduced after TG2 inhibitor-mediated
TG2 inhibition in T-ALL cell lines (그림 4B). These results demonstrate
that TG2 inhibition resulted in the inhibition of NF-κB activities in
- 14 -

T-ALL. To evaluate the effect of TG2 inhibition on steroid resistance in
T-ALL, the cell viability of untreated parental cells, SA cells, and
MDC-treated SA cells was measured in three different T-ALL cell lines
using

a

fluorometric

assay.

TG2

inhibition

improved

the

steroid

cytotoxic effects of SA cells compared with MDC-untreated SA cells (그
림 4C).

- 15 -
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그림 4. TG2의 억제가 스테로이드에 적응한 T세포 급성 림프구성 백혈병 세포의
NF-κB 활성도와 스테로이드 내성을 감소시킨다. (TG2 inhibition suppresses
NF-κB activity and steroid resistance in SA T-ALL cells.) A: SA T-ALL
cells were treated with TG2-specific inhibitor MDC (150 μM for 72 h).
The enzymatic activity of TG2 on SA cells, MDC-treated SA (SA TG2
inhibition), and parental T-ALL cell lines was determined using the
TG2-Covtest TG2-specific colorimetric assay (Novus Biologicals). The
results show the mean ± SD of triplicates. *Significantly different at

p<0.05

by

unpaired

t-test.

B:

Inhibition

of

TG2

reduced

NF-κB

DNA-binding activity in SA T-ALL cells. Nuclear extracts from T-ALL
cell lines Jurkat and CCRF-CEM untreated, adapted to steroids, or
treated

with

enzyme-linked

MDC

after

steroid

immunosorbent

adaptation

assay

were

colorimetric

analyzed
assays

using
(optical

density, 450 nm) to evaluate NF-κB DNA-binding activity. C: TG2
inhibition increased the cytotoxic effects of steroid on SA T-ALL cells.
SA, TG2 inhibitor-treated SA (SA TG2 inhibition) and parental T-ALL
cell lines, Jurkat, MOLT-4 and CCRF-CEM, were tested for the steroid
sensitivity. Cells were cultured for 72 h with prednisolone, at serial
dilution as indicated, from a maximum concentration of 250 μg/ml. Cell
viability was determined by CellTiter-Blue® fluorimetric assay (Promega)
and is indicated as a ratio compared to cell viability without treatment.
The results show the mean ± SD of triplicates. *Significantly different
at p<0.05 by ANOVA test.
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III 결론 (Discussion)
T-ALL is a major subtype of ALL, with survival rates being
significantly worse than those for B-ALL in both children and adults (1,
17, 18). Improved outcomes can be attributed to optimal risk-directed
therapies; nevertheless, the response to steroid treatment remains a
very important indicator of prognosis in patients with ALL (2, 4). Some
patients with ALL experience primary steroid resistance and patients
with steroid-sensitive disease almost exclusively develop secondary
resistance after prolonged steroid therapy (4, 7). Recently, early T-cell
precursor (ETP)-ALL has emerged as a peculiar biological subtype of
T-ALL. ETP-ALL presents poor survival rates after failure of primary
remission or allogeneic hematopoietic stem cell transplantation (19, 20).
The development of new treatment targets is an important need in
overcoming this steroid resistance in T-ALL including ETP-ALL.
TG2 is a member of the transglutaminase family that is related
to multiple cellular processes such as wound healing, cell survival, and
apoptosis (15, 21). The expression of TG2 was previously determined in
various solid or hematologic malignant cells (12, 14, 16). Certain studies
show that TG2 overexpression is associated with drug resistance in
cancer cells and TG2 and subsequent NF-κB activation may constitute
a

feasible

new

target

to

overcome

chemotherapy

resistance

in

malignant cells (11, 12, 16).
We hypothesized that steroid-resistant T-ALL cells expressed
TG2 and that the modification of TG2 expression would alter NF-κB
- 19 -

activation and affect cell survival in steroid-resistant T-ALL cells. To
the best of our knowledge, this study is the first to demonstrate that
TG2 was expressed in T-ALL cells (Figure 1). To test our hypothesis,
we generated SA T-ALL cells that developed steroid resistance through
prolonged steroid treatment (Figure 2). Acquired steroid resistance after
prolonged steroid therapy is more common and influences the care of
patients with T-ALL; therefore, we devised a new experimental method
to generate the SA T-ALL cells in this study. We cultivated T-ALL cell
lines in slowly increasing steroid concentrations, up to a maximum
concentration that inhibited cell proliferation in each. We refer to these
cultured cells as ‘steroid-adapted’ instead of ‘steroid-resistant’ cells, as
they were adapted to a steroid-rich cell culture environment and
gained

resistance

to

steroids

via

a

gradual

increase

in

steroid

concentration over a long period of time. Rh123 is a substrate for the
adenosine triphosphate (ATP)-binding cassette (ABC) transporter ABCB1
(P-glycoprotein); ABCB1 acts as a unidirectional drug efflux pump in
tumor

cells

expression

(22-24).
or

Decreased

activity)

indicates

Rh123
not

accumulation
only

inactive

(high

ABCB1

mitochondria,

suggesting a possible quiescent state of the cells, but also high efflux
activity of ABCB1, which can lead to drug resistance (24, 25). Previous
studies reported that a major population of human T-lymphocytes
expressed functional ABCB1 (26, 27). In this study, we showed that
steroid adaptation induced a significant increase of T-ALL cells with
low Rh123 accumulation. These results suggest that steroid adaptation

- 20 -

leads to an increase in the cell proportion exhibiting quiescence and
steroid resistance in T-ALL.
Prolonged steroid exposure induces the up-regulation of GRs in
the cytoplasm of leukemia cells and ultimately leads to the prolongation
of

cell

proliferation

and

survival,

as

well

as

the

constitutive

overexpression of NF-κB signaling in ALL cells (4, 5). NF-κB is a
well-known transcriptional factor involved in various cellular responses
including apoptosis, cell cycle, and oncogenesis. Various studies have
identified a link between NF-kB and malignancy; the inhibition of
NF-κB activation has been attracting attention as a therapeutic target
(28-30). Certain studies suggest that the NF-κB expression of cancer
cells is modulated by TG2 activity (12, 16, 31, 32). In this study, we
showed that SA T-ALL cells expressed higher levels of TG2 and NF-κB
compared to their parental steroid-sensitive cells (Figure 3). In addition,
we revealed that specific TG2 inhibitors suppressed NF-κB expression
and enhanced SA T-ALL cells to steroid cytotoxicity (Figures 3 and 4).
To the best of our knowledge, this study is the first to describe the
link between NF-kB and TG2 in T-ALL and to suggest that the
inhibition of NF-κB activation by TG2 modulation may represent a
potential therapeutic target of steroid-resistant T-ALL.
TG2 is a calcium-dependent enzyme; MDC acts as a specific TG2
inhibitor by exploiting this calcium dependence (33). Calcium blockers
have been widely used in various cardiovascular diseases and have
been proven safe. Furthermore, some studies suggested that certain
calcium blockers may be an alternative drug in combined adjuvant
- 21 -

chemotherapy (34, 35). Our next step will be to investigate the role of
calcium blockers in overcoming steroid resistance in T-ALL.
In conclusion, the present study is the first to demonstrate the
contribution of TG2 expression to NF-κB and steroid resistance in
T-ALL. This study provides evidence for a promising new therapeutic
target to overcome treatment-related steroid resistance and improve
survival rates in patients with T-ALL.
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