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ATM blocks tunicamycin-induced endoplasmic reticulum stress
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Endoplasmic reticulum stress (ER-stress) is associated with ataxia telangiectasia mutated (ATM)
gene. We present here conclusive data showing that ATM blocks ER-stress induced by tunicamycin
or ionizing radiation (IR). X-box protein-1 (XBP-1) splicing, GRP78 expression and caspase-12 acti-
vation were increased by tunicamycin or IR in Atm-deficient AT5BIVA fibroblasts. Activation of cas-
pase-12 and caspase-3 by tunicamycin was significantly reduced in cells transfected with wild-type
Atm (AT5BIVA/wWtATM). Atm knockdown by siRNA, however, noticeably elevated ER-stress and

chemosensitivity to tunicamycin. In summary, we present substantial data demonstrating that
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ATM blocks the ER stress signaling associated with cancer cell proliferation.
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1. Introduction

Protein folding in the endoplasmic reticulum (ER) is carried out
under the constant scrutiny of the ER quality control machinery
[1]. The membrane of the ER in mammalian cells contains three
sensors, PKR-like ER-resistant kinase (PERK), activating transcrip-
tion factor 6 (ATF6) and inositol requiring enzyme 1 (IRE1) that
can monitor the accumulation of unfolded proteins in the ER (ER
stress) and activate elaborate defense mechanisms known collec-
tively as the ER stress response to alleviate the burden of unfolded
proteins [2-5], a signaling emanating from the ER that controls
gene transcription, as well as protein translation. This ER to
nucleus signaling cascade is referred to as the unfolded protein re-
sponse (UPR), enhancing the clearance of misfolded proteins from
the ER, and consequently alleviating ER stress [6]. ER stress has
been associated with a variety of diseases including inflammation
[7], neurodegenerative disorders such as Alzheimer’s and Parkin-
son’s diseases [8,9], and diabetes [10-12] and cancer [13-15].

Ataxia telangiectasia (A-T) is a human genetic disease whose
hallmarks are genomic instability, neurodegeneration, immuno-
deficiency, premature aging, sterility, and a predisposition to can-
cer. ATM, the product of the A-T mutated gene (Atm) is a large,
multifunctional kinase that regulates response to DNA double-
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strand breaks caused by ionizing radiation (IR), DNA damage
agents, and DNA recombination. ATM is also involved in oxidative
stress in the brain, testes, and thymus [16-20]. In this respect, Atm
deficiency induced oxidative stress and ER stress in astrocytes [21].
Very recently, it was reported that ER stress and UPR are elevated
in Atm-deficient thymocytes and thymic lymphoma cells [22].
However, functional role of ATM in ER stress induction has not
yet been elucidated in detail.

In this study, using cells deficient in Atm expression, we show
that ATM blocks ER stress induction and cell proliferation in
response to tunicamycin. The role of ATM against ER stress was
further confirmed in cells stably transfected with Atm plasmid
either wild-type or kinase dead dominant negative mutant and
with Atm SiRNA. We also present an unexpected result demon-
strating that IR could clearly induce ER stress although IR has not
been reported to trigger ER stress so far.

2. Materials and methods
2.1. Cell culture and transfection

The cell lines, human embryonic lung fibroblast MRC5CV1,
Atm-deficient fibroblast AT5BIVA, AT5BIVA/mo, AT5BIVA/kdATM,
and AT5BIVA/wtATM were maintained in RPMI 1640 medium sup-
plemented with 2 mM t-glutamine, hydrocortisone (0.5 pg/ml) and
10% heat-inactivated fetal bovine serum, and were cultured in a
humidified CO, incubator at 37 °C. Cells in the exponential phase
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Fig. 1. ER stress-mediated activation of caspase-12 and caspase-3 in Atm deficient
fibroblasts. Both AT5BIVA and MRC5CV1 cells were incubated in RPMI1640 medium
with or without tunicamycin for 24 h. (A) Absence of ATM expression in AT5BIVA
fibroblasts. Nuclear fraction was subjected to western blot analysis and immuno-
blotted with a specific antibody to ATM or PCNA. (B) Tunicamycin (Tm) increases
ER-stress in Atm deficient cells. Total RNA was extracted for both the cells treated
with tunicamycin for 24 h, and PR-PCR analysis was performed for the detection of
XBP-1 splicing and GRP78 expression. To amplify XBP-1 mRNA, PCR was done for 35
cycles [94 °C, 30 s; 55 °C, 30 s; 72 °C, 1 min (7 min in the final cycle)] using primers
5'-AACTCCAGCTAGAAAATCAGC-3' and 5-CCATGGGAAGATGTTCTGGG-3'. Frag-
ments, representing spliced (sXBP-1, 215 bp) and unspliced (uXBP-1, 241 bp), were
detected by running on 2% agarose gel and staining with ethidium bromide. (C)
Caspase activation by tunicamycin. Total cell lysate was subjected to western blot
analysis and immuno-blotted with antibodies to caspase-12, caspase-3 and PARP.

of growth were transfected with appropriate plasmids with the use
of lipofectamine (2 pig/ml; Invitrogene).

2.2. Antibodies

Antibodies to caspase-3 was from Calbiochem (San Diego, CA).
Antibody to ATM was obtained from Oncogene (Cambridge, MA).
Antibodies to caspase-12 and caspase-7 were purchased from
Stratagene (Ann Arbor, Michigan). Antibodies to PARP, PCNA and
GAPDH were from Santa Cruz Biotechnology (Santa Cruz, CA).
And all the other antibodies were purchased from Sigma (St. Louis,
MO, USA).

2.3. Materials

RPMI 1640 and fetal bovine serum were from Invitrogen
(Carlsbad, CA). Sephadex G-25 columns and enhanced chemilumi-
nescence reagents were purchased from Amersham Pharmacia Bio-
tech (Amersham, NJ). Polyvinylidene difluoride (PVDF, 0.22 pim)
membrane was obtained from Bio-Rad (Hercules, CA). Luciferase
activity was measured with a detection kit from Promega (Madi-
son, WI). Atm siRNA was obtained from Santa Cruz Biotechnology.
CCK-8 solution was purchased from Dojindo Molecular Technolo-
gies Inc. (Rockville, MD). DEVD-fmk was from Calbiochem. Tunica-
mycin and all the other reagents were purchased from Sigma.

2.4. Measurement of XBP-1 splicing

To amplify XBP-1 mRNA, PCR was done for 35 cycles [94 °C,
30s;55°C,30s; 72 °C, 1 min (7 min in the final cycle)] using prim-
ers 5-AACTCCAGCTAGAAAATCAGC-3' and 5'-CCATGGGAA-
GATGTTCTGGG-3'. Fragments, representing spliced (sXBP-1,
215 bp) and unspliced (uXBP-1, 241 bp), were detected by running
on 2% agarose gel and staining with ethidium bromide.

2.5. Real-time PCR

After cell stimulation with an appropriate agent and lysis, total
RNA was extracted and the expression of GRP78 was determined
by real-time PCR using the primers 5-CATCACGCCGTCCTATG
TCG-3’ and 5'-CGTCAAAGACCGTGTTCTCG-3'.

2.6. Luciferase reporter gene assay

Cells were subjected to transient transfection by incubation for
16 h with the luciferase reporter plasmid pGRP78-Luc containing
the promoter region of GRP78 chaperone or with a mock vector
using lipofectamine reagent. At appropriate times after exposure
to tunicamycin, cells were lysed in reporter lysis buffer, the lysate
was centrifuged for 2 min at 14000xg, and the supernatant was
used for the measurement of luciferase activity with a kit.

2.7. Immunoblotting analysis

After growth to subconfluency in 100 or 150 mm dishes, cells
were harvested by centrifugation and washed with ice-cold phos-
phate-buffered saline (PBS). Cell pellet was suspended in a hypo-
tonic solution, a solution containing 10 mM HEPES-KOH (pH 7.9),
10mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 0.2 mM NaF, 0.4 mM
phenylmethylsufonyl fluoride (PMSF), leupeptin (10 pg/ml), apro-
tinin (10 pg/ml), 0.1 mM NasVO, and 1 mM DTT and incubated
on ice for 12 min. After the addition of NP-40 to a final concentra-
tion of 0.15% the lysate was vigorously mixed for 15s and then
centrifuged at 15000 rpm for 1 min at 4 °C. The resulting superna-
tant was stored at —70 °C as the cytoplasmic extract, and the nu-
clear pellet was resuspended in a high salt buffer, a solution
containing 50 mM HEPES-KOH (pH 7.9), 50 mM KCl, 300 mM Na(l,
0.1 mM EDTA, 0.2 mM NaF, leupeptin (10 pg/ml), aprotinin (10 pg/
ml), 0.4 mM PMSF, 0.1 mM Na3VOy4, 1 mM DTT and 10% glycerol.
The resulting suspension was incubated for 30 min on ice with
occasional vortex and then centrifuged at 15000 rpm for 30 min
at 4 °C. The protein concentration was determined with Bio-Rad
protein assay reagent. Equal amounts of cytoplasmic or nuclear ex-
tract were subsequently fractionated by 10-15% SDS-PAGE. The
fractionated proteins were transferred to a polyvinylidene difluo-
ride (PVDF) membrane. Membranes were blocked in 5% skim milk
(or non-fat dry milk) diluted in PBS (or TBS) containing 0.1%
Tween-20 for 1 h and incubated with the primary antibodies, at
4 °C, overnight. The secondary antibodies were used at a 1:1000
dilution. Immune complexes were detected with enhanced chemi-
luminescence reagents.

2.8. Cell Counting Kit-8 (CCK-8) assay

For cell proliferation assay, semi-confluent cells on a 24 well
plate were transfected with SiRNA for 4 h and incubated in the
presence of tunicamycin for 24 h. After adding 50 pl of the CCK-8
solution to each well of the culture plate for 2 h, an aliquot
(100 pl) from each well was transferred to 96 well microtiter plate
and the absorbance was measured using a microplate reader
(Dynatech MR700) at 450 nm with a reference wavelength at
650 nm.
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3. Results

3.1. ATM inhibits tunicamycin-induced ER stress cascade in ATM
deficient cells

We previously reported enhanced caspase-3 degradation and
apoptosis in Atm deficient AT5BIVA fibroblasts but not in
MRC5CV1 cells normally expressing ATM [23] (Fig. 1A). In order
to determine whether ER stress is involved in increased apoptotic
death of Atm-deficient cells, both AT5BIVA and MRC5CV1 cells
were treated with tunicamycin at 5-10 pg/ml for 6 h. We found
that tunicamicin significantly induced XBP-1 splicing only in
Atm-deficient cells (Fig. 1B). Spliced XBP-1 (sXBP-1, 215 bp) from
its unspliced form (uXBP-1, 241 bp), in turn, can bind to the ER-
stress response element (ERSE) of genes involved in translational
attenuation and apoptosis, and of chaperons including GRP78/
Bip. When both the cells were treated with tunicamycin at varying
concentrations for 24 h, a hallmark of ER stress-mediated apopto-
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sis, caspase-12, was found to be activated in AT5BIVA but not in
MRC5CV1 cells, and the downstream caspase-3 activation and sub-
sequent PARP cleavage also occurred only in Atm-deficient cells
(Fig. 1C). These results suggested that increased ER stress induction
in Atm-deficient cells could be associated enhanced chemosensiti-
zation of the cells to tunicamycina and other chemical chaperones.

3.2. ER stress induction by tunicamycin and ionizing radiation could be
reduced in cells stably transfected with wild-type ATM

Since ER stress was increased in Atm-deficient thymic lym-
phoma cells [22] and in AT5BIVA (Fig. 1), it could be expected that
ATM might inhibit the tunicamycin-induced ER stress. When AT5-
BIVA cells expressing wild-type ATM (wt) or mock vector (mo)
were treated with tunicamycin, it was revealed that XBP-1 mRNA
splicing was enhanced in Atm-deficient AT5BIVA/mo cells in re-
sponse to tunicamycin while it was very weak in AT5BIVA/wWtATM
cells (Fig. 2A). Unexpectedly, ionizing radiation (IR) could also
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Fig. 2. ATM inhibits tunicamycin-induced XBP-1 splicing and GRP78 expression but enhances chemoresistance. (A) Inhibition of XBP-1 splicing by ATM. Both AT5BIVA and
AT5BIVA/WtATM cells transfected with mock vector and wild-type Atm, respectively, were challenged with tunicamycin at 2 pg/ml for different times. Total RNA was
extracted and subjected to RT-PCR analysis for measurement of XBP-1 mRNA splicing. The arrow indicates spliced form of XBP-1. (B) Reporter gene assay showing inhibition
of tunicamycin-induced GRP78 expression in ATM expressing cells. Both AT5BIVA and MRC5CV1 cells were transfected with pGRP78-luc plasmid in lipofectamine for 16 h
and then treated with tunicamycin for another 6 h at various concentrations. Luciferase activity was measured with a detection kit according to the methods provided by the
manufacturer. (C) Real-time PCR analysis for the determination of the inhibitory effect of ATM on GRP78 expression by tunicamycin. AT5BIVA cells transfected with mock
vector (mo), kinase dead mutant (kd) or wild-type (wt) Atm were incubated in RPMI1640 medium in the presence of tunicamycin (2 pg/ml) for 24 h. After cell lysis, total RNA
was extracted and the expression of GRP78 was determined by real-time PCR using the primers 5'-CATCACGCCGTCCTATGTCG-3’ and 5'-CGTCAAAGACCGTGTTCTCG-3'. All the
bars are means + S.E. from a representative triplicate experiment. (D) Western blot analysis for the evaluation of proteins involved in apoptotic cell death. All three cell lines,
AT5BIVA, AT5BIVA/KdATM and AT5BIVA/wtATM were treated with tunicamycin (Tm) for 24 h, lysed, and the total cell lysates were subjected to western blot analysis and
immuno-blotted with specific antibodies to caspase-12 and caspase-3. (E) Reduction of ER stress by ATM. Cells were treated with tunicamycin for 24 h, lysed, and the total
RNA extracted was subjected to RT-PCR analysis for measurement of XBP-1 mRNA splicing. Unspliced (uXBP-1) and spliced (sXBP-1) forms were marked by arrows. (F) ATM
increases chemoresistance to tunicamycin. All three cell lines, AT5BIVA, AT5SBIVA/kdATM and AT5BIVA/wtATM were treated with tunicamycin for 48 h in 96 multititer plate,
and the cell proliferation was measured with a cell counting kit (CCK-8) solution as described in Section 2.
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Fig. 3. Atm SiRNA enhances tunicamycin-induced ER stress, caspase-3 activation
and chemosensitivity by Atm SiRNA. (A) Inhibition of ATM expression enhances
tunicamycin-induced XBP-1 splicing. AT5BIVA/WtATM cells were transfected with
Atm siRNA, treated with tunicamycin (2.5 pg/ml) for 48 h, and the total RNA was
prepared for RT-PCR analysis with appropriate primers to XBP-1 gene. (B) Inhibition
of ATM expression enhances tunicamycin-induced caspase-3 activation. AT5BIVA/
WtATM cells transfected with Atm siRNA and treated with tunicamycin (2.5 pg/ml)
for 48 h were lysed and the total cell lysate was subjected to western blot analysis
and immuno-blotted with a specific antibody to caspase-3. The nuclear fraction was
used for the detection of ATM level. (C) Inhibition of ATM expression enhances
chemosensitivity to tunicamycin. AT5BIVA/wtATM cells transfected with Atm
siRNA or mock vector were treated with tunicamycin for 48 h in 24 well plate and
the cell proliferation was evaluated as above. All the points show means * S.E. from
a representative triplicate experiment.

induce XBP-1 splicing in AT5BIVA/mo cells although not strong. In
some cases depending on the culture conditions, however, we
could also see upper-most XBP-1 band demonstrating the hetero-
dimer form of uXBP-1/sXBP-1. Binding of spliced XBP-1 to the pro-
moter of GRP78/BiP chaperone is required for its efficient expres-
sion [24,25]. When both AT5BIVA and MRC5CV1 cells were
transfected with pGRP78-luc reporter gene and treated with
tunicamycin, GRP78 expression was significantly increased in AT5-
BIVA while there were little differences in MRC5CV1 cells (Fig. 2B).
Real-time PCR analysis also showed that the extent of GRP78
expression by tunicamycin was significantly reduced in AT5BIVA
cells transfected with wild-type Atm compared to the cells
expressing mock vector or kinase dead mutant Atm (kd)
(Fig. 2C). All these results indicate that ATM reduces tunicamy-
cin-induced ER stress induction by interfering with XBP-1 splicing
and subsequent GRP78 chaperone expression.

3.3. ATM blocks tunicamycin-induced caspase-12 activation and cell
apoptosis

Caspase-12 activation has been implicated in ER stress-medi-
ated apoptosis [26,27]. To examine whether ATM inhibition of
XBP-1 splicing is closely associated with caspase-12 activation,
AT5BIVA cells harboring mock, kinase dead or wild-type Atm were
treated with various concentrations of tunicamycin for 24 h. Wes-
tern blot analysis showed that activation of caspase-12 and cas-
pase-3 in response to tunicamycin was only inhibited in
AT5BIVA/wtATM cells (Fig. 3D). RT-PCR analysis also revealed the
reduced XBP-1 splicing in AT5BIVA/wtATM cells (Fig. 3E), suggest-

ing the inhibitory effect of ATM against IRE-1 mediated XBP-1
splicing and caspase-12 activation.

In an attempt to determine whether ATM is a key regulatory
factor for ER stress-mediated cell death, cell proliferation of AT5BI-
VA cells harboring mock, kinase dead or wild-type Atm was mea-
sured at 48 h after tunicamycin treatment. It was revealed that
AT5BIVA/wt cells showed resistance to tunicamycin when com-
pared to the other two cells (Fig. 3F).

3.4. ATM knockout enhances the tunicamycin-induced ER stress,
caspase-3 activation and cell apoptosis

ATM inhibition of ER stress was further confirmed when AT5BI-
VA/WtATM cells were transfected with ATM siRNA for 48 h. XBP-1
splicing in AT5BIVA/wtATM cells was rarely detectable at 24 h
after tunicamycin treatment, however, it could weakly be seen at
48 h (Fig. 2A). When tunicamycin was treated to AT5BIVA/wtATM
cells for 48 h with Atm siRNA, it was found that XBP-1 splicing was
enhanced by Atm siRNA (Fig. 3A). Caspase-3 activation was also in-
creased in cells transfected with Atm siRNA (Fig. 3B). Accordingly,
Atm siRNA transfection of AT5BIVA/wt cells enhanced chemosensi-
tivity to tunicamycin (Fig. 3C). These results clearly show that ATM
protects cells from ER stress-induced cell death.

3.5. Requirement of caspase-3 activation for ER-stress-induced cell
death by tunicamycin

To confirm that caspase-3 activation by tunicamycin was
responsible for the increased death of Atm-deficient cells, AT5BIVA
cells were pretreated with a caspase-3 specific inhibitor DEVD-fmk
for 30 min before tunicamycin treatment. PARP cleavage, a marker
of caspase-3 activation, was inhibited by DEVD-fmk (Fig. 4A).
Moreover, AT5BIVA cells showed resistance to tunicamycin-
induced cell death when pretreated with DEVD-fmk (Fig. 4B).
These results indicate that increased caspase-3 activation in the
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Fig. 4. Caspase-3 is associated with tunicamycin-induced cell death. (A) Caspase-3
inhibitor DEVD-fmk reduces PARP cleavage. AT5BIVA cells were treated with DEVD-
fmk at 30 pM for 30 prior to tunicamucin treatment (2.5 pg/ml) for another 48 h.
After cell lysis, the lysate was subjected to western blot analysis for the detection of
PARP and GAPDH. (B) DEVD-fmk increases survival of AT5BIVA cells in response to
tunicamycin. AT5BIVA cells were treated with tunicamycin for 48 h in the presence
or absence of caspase-3 inhibitor DEVD-fmk, and the cell proliferation was
measured with a cell counting kit (CCK-8) solution as described in Section 2. All
the points show means + S.E. from a representative triplicate experiment.
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absence of ATM plays a key role in cell death in response to
tunicamyin.

4. Discussion

Although ATM deficiency has been associated with ER stress
induction [21,22], until now, no reports have demonstrated that
ionizing radiation (IR) elicits ER stress induction. Unexpectedly,
our study showed that IR can induce ER stress (Fig. 2A). The reason
for the failure of detection of ER stress induction in response to IR
by other groups could be that different level of ATM is expressed
depending on cell types. In our study, ATM is expressed in AT5BIVA
cells but too quickly degraded to be detectable (Fig. 1A). XBP-1
splicing could only be detectable after two days of IR exposure to
AT5BIVA cells (Fig. 2A). Thus, although more detailed examination
of IR-induced ER-stress is required, this result is the first implicat-
ing a new biological function of IR for cell stress regulation and
survival.

On the other hand, the observation that ER stress induction by
either IR or tunicamycin could be blocked by ATM expression
(Fig. 2A) suggests a possibility that not only tunicamycin but also
other chemical chaperones could be negatively affected by ATM
in ER stress induction. In this respect, ATM seems to play a pivotal
role for stress-related human diseases. Atm SiRNA was used in our
study to determine the association of ATM with ER stress and
apoptosis (Fig. 3). Although wortmannin is known to be effective
against ATM kinase activity, the high concentration required for
ATM inhibition [28] affects other cellular proteins. So, a compound
specifically inhibit ATM could help unravel the function of ATM in
ER stress signaling.

Atm knockdown by SiRNA augmented the tunicamycin-induced
XBP-1 splicing as well as caspase-3 activation in AT5BIVA/wWtATM
cells (Fig. 3A and B). In the absence of SiRNA, however, an unex-
pected result was that caspase-3 activation could not be seen
although XBP-1 splicing was apparent when AT5BIVA/wtATM cells
were treated with tunicamycin for 48 h (Fig. 3A and B, second
lanes). Hence, two possibilities could be raised from these results;
one is that XBP-1 splicing was not sufficient for caspase-3 activa-
tion in AT5BIVA/wWtATM cells treated with tunicamycin. Another
factor affected by ATM could be crucial in this respect. Since
ATM controls proteins of diverse biological functions including cell
cycle and apoptosis [29,30], cooperative or synergistic activity of
XBP-1 with other factors might enhance caspase-3 activation. An-
other possibility is that XBP-1 splicing by tunicamycin did not
reach the threshold level for capase-3 activation. However, based
on the finding that even increasing the concentration of tunicamy-
cin could not induce caspase-3 activation (data not shown), it
could be strongly suggested that another factor affected by ATM
could synergistically regulate the XBP-1-mediated caspase-3
activation.

There has been accumulating evidences demonstrating that ER
stress is closely associated with cell apoptosis. It was previously re-
ported that bortezomib (PS-341, Velcade), a potent anticancer drug
candidate, sensitized pancreatic cancer cells to ER stress-mediated
apoptosis [31]. In addition, ER stress-dependent upregulation of
DR5 induced pancreatic cancer cell apoptosis [32]. In our study,
ATM knockdown by SiRNA enhanced the apoptotic death of AT5BI-
VA/wWtATM cells (Fig. 3C). Conversely, Atm transfection into AT5BI-
VA cells increased the chemoresistance of the cells (Fig. 2F). Since
ATM is a sensor of IR, and tunicamycin increased the radiosensiti-
zation of PC3 prostate cancer cells (data not shown), our results
suggest that a specific ATM inhibitor could be a useful enhancer
of chemosensitization of cancer cells.

Although Atm deficiency has been reported to induce ER stress
through oxidative stress [18,19], there has been no conclusive evi-

dence that ATM prevents the ER stress. Our data clearly show that
IR- or tunicamyin-induced ER stress could be inhibited by ATM.
Hence, it is suggested that regulation of ATM could be an efficient
way for enhanced chemosensitization of tumor cells through ER
stress-mediation.
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