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Abstract
Objectives: The role of Ataxia-telangiectasia
mutated (ATM) in response to DNA damage has
previously been studied, but its underlying mecha-
nisms specific to ionizing radiation (IR) have
remained to be elucidated. In this study, function
of ATM on radiation-induced cell death in lung
cancer H1299 cells was analysed.
Materials and methods: Human lung cancer cells,
H1299, were used, and cell models with ATM�/�

and MAPK14�/� were established by genetic
engineering. Radiosensitivity was analysed using
colony formation assays. Western blotting and co-
immunoprecipitation were implemented to detect
protein expression and interaction. MDC staining
and GFP-LC3 relocalization were used to detect
autophagy.
Results: Autophagy as well as phosphorylation of
ATM was activated by ionizing radiation. Both the
inhibitor of ATM, KU55933 and ATM silencing
reduced phosphorylation of ATM and MAPKAPK2
expression. Both ATM�/� and MAPK14�/� cells
displayed hypersensitivity. IR increased autophagy
level by more than 129% in DMSO-treated cells,
while only by 47% and 27% in KU55933-treated
and ATM�/� cells respectively. MAPK14 knock-
down alone gave rise to the basal autophagy level,
but decreased notably after IR. KU55933 and ATM
knock-down inhibited IR-induced autophagy by
activating mTOR pathways. Both Beclin1–PI3KIII

and Beclin1–MAPKAPK2 interactions as were
remarkably affected by silencing either ATM or
MAPK14.
Conclusions: ATM promoted IR-induced autop-
hagy via the MAPK14 pathway, mTOR pathway
and Beclin1/PI3KIII complexes. MAPK14 con-
tributed to radiosensitization of H1299 cells.

Introduction

Radiotherapy plays a major role in treatment of non-
small cell lung cancer (NSCLC) (1). It has been esti-
mated that as many as 61% of all lung cancer patients
receive radiotherapy (RT) as part of their first-line treat-
ment (2). As is known, efficacy of radiotherapy is
determined by radiation-induced cell death which
includes programmed cell death (PCD) and non-pro-
grammed cell death. PCD consists of type I (apoptosis),
type II (autophagic cell death). In our previous studies,
emphasis has been laid mostly on mechanisms of
autophagy and the molecular switch between autophagy
and apoptosis.

Autophagy is an evolutionarily conserved intracellu-
lar self-catabolic process for maintaining cell
homoeostasis by turnover of cellular components. It
functions as an endogenous clearing system safeguard-
ing cell integrity, by degrading and recycling long-lived
proteins, and damaged organelles (such as endoplasmic
reticulum, Golgi apparatus and mitochondria) by lyso-
somal/vacuolar processes (3). Autophagy can be trig-
gered by diverse stimuli, such as starvation, reactive
oxygen species (ROS), pathogens, hypoxia and ionizing
radiation (IR) (4–8), and it has been reported to be an
important mechanism, especially in development of
cancer (9,10). Autophagy can either play a pro-survival
role and deteriorate the cancer therapeutic outcome, or

Correspondence: Xiaodong Liu, 1163 Xinmin Street, Changchun, Jilin
130021, China. Tel.: 86 431 85619418; Fax: +86 431 85619418;
E-mail: liuxd2014@126.com and Guanghui Cheng, 126 Xiantai
Street, Changchun, Jilin 130033, China. Tel.: +86 431 85619418;
Fax: +86 431 85619418; E-mail: 827229953@qq.com

© 2015 John Wiley & Sons Ltd 561

Cell Prolif., 2015, 48, 561–572 doi: 10.1111/cpr.12203



work as programmed cell death to ameliorate overall
anti-tumour efficacy (11), depending on cellular con-
text, strength and duration of stress-inducing signals
(12–14).

ATM (Ataxia-telangiectasia mutated) is a serine/thre-
onine protein kinase and a member of the phosphoinosi-
tide 3-kinase-related protein kinase (PIKK) family. The
consensus of the ATM phosphorylation motif is
hydrophobic-X-hydrophobic-[S/T]-Q. The most impor-
tant role of ATM is to be the first responder to DNA
double strand breaks (DSBs), and to phosphorylate
downstream substrates involved in DNA repair and cell
cycle regulation. Interestingly, ATM has recently been
shown to regulate autophagy in response to genotoxic
and oxidative stimulation (15–20). However, functions
of ATM in IR-induced cell death and the underlying
mechanisms have remained to be elucidated.

Recently, MAPK14 (mitogen-activated protein
kinase 14) has been reported to share a phosphorylation
site with ATM/ATR, at TQ 263, after DNA damage by
IR (21). MAPK14 (also called p38 MAPK), plays an
important role in numerous processes including survival,
differentiation and cell proliferation (22,23). According
to many reports, MAPK14 has a dual role in autophagy,
both as positive and negative regulator. On the one
hand, prolonged inactivation of MAPK14 triggers
AMPK-dependent nuclear localization of FoxO3A and
subsequent activation of its target genes, consequently
leading to autophagy (24–27). On the other hand, activa-
tion of MAPK14 induces autophagy by transcriptional
regulation of autophagy-related genes (28–30). However
up to now, whether or not MAPK14 is the substrate of
ATM, and its specific role in IR-induced cell death, has
not been exactly clarified.

In our previous work (31), we found that ATM
played an important role in ionizing radiation-induced
autophagy in human cervical cancer Hela cells, and
MAPK14 might possibly be downstream of ATM. To
explore whether this mechanism was universal in other
cancers and to further identify this pathway, we contin-
ued to validate functions and relationships of ATM
and MAPK14, in human lung cancer H1299 cells,
more attention being paid to MAPKAPK2, directly
downstream of MAPK14. The majority of the changes
were highly consistent with our previous hypothesis,
except for the effect of MAPK14 silencing itself on
autophagy, which might result from partial deletion of
p53 in H1299 cells. This article is an extension of pre-
vious published studies and provides further solid evi-
dence of our hypotheses. This helps understanding
ATM-mediated cell death in further detail and might
possibly provide a basis for novel therapy in future
cancer care.

Materials and methods

Cell lines, antibodies and reagents

H1299 cells (human lung cancer cell line, lacking
expression of p53 protein) were cultured in RPMI 1640
medium (GIBCO) supplemented with 10% foetal bovine
serum (FBS) and 1% penicillin–streptomycin (Invitro-
gen, Carlsbad, CA, USA) in glass Petri dishes at 37 °C
in a 5% CO2 incubator.

Foetal bovine serum (FBS), Cell Counting Kit-8
(CCK-8; Dojin Laboratories, Kumamoto, Japan) and
monodansylcadaverine (MDC) were purchased from
Sigma Chemical (St. Louis, MO, USA), and pSUPER
retroviral vector was obtained from OligoEngine (Seat-
tle, WA, USA). Antibodies of MAPLC3, ATM, p-ATM,
PI3KIII, mTOR, p-mTOR, P70S6K and p-P70S6K were
purchased from Cell Signaling. Anti-MAPK14, anti-p53,
anti-AKT, anti-Beclin 1 and anti-GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Peroxidase-conjugated anti-mouse IgG and peroxidase-
conjugated anti-rabbit IgG were purchased at Santa
Cruz Biotechnology. KU55933 was obtained from
Calbiochem-EMD Biosciences, Inc (La Jolla, CA,
USA).

shRNA construct and transfection

shRNAs were designed according to “www.idtdna.com”

and were synthesized, denatured, annealed and ligated to
Psuper vector at BglII and HindIII sites; sequences are as
follows: for ATM, sense sequence: 50-GATCTGCCAGA
CAGCCGTGACTTATTCAAGAGATAAGTCACGGC
TGTCTGGCTTTTTA-30; antisense sequence: 50-AGCT
TAAAAAGCCAGACAGCCGTGACTTATCTCTTGAA
TAAGTCACGGCTGTCTGGCA-30; for MAPK14: sense
sequence: 50-GATCTGGCAGATCTGAACAACATTTT
CAAGAGAAATGTTGTTCAGATCTGCCTTTTTA-30;
antisense sequence: 50-AGCTTAAAAAGGCAGATCT
GAACAACATTTCTCTTGAAAATGTTGTTCAGATC
TGCCA-30. A control construct expressing a scrambled
sequence with no significant homology to any known
mammalian mRNAs was used as shRNA control, pSU-
PER. All plasmids were constructed in our laboratory.
Plasmids were transfected into 293 T packaging cells by
calcium phosphate co-precipitation, to produce pseu-
dovirus particles [(Ampho Pack plasmid 10 lg, Psuper-
shRNA plasmid 10 lg, 2 mol/LCaCl2 31 ll, ddH2O to
250 ll, and 2 9 HEPES buffer salt solution (HBS)
250 ll)]. Supernatant containing pseudovirus particles
was collected after 72 h and then used to infect H1299
cells together with polybrene (8 lg/ml). Positive stable
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cell clones were selected by growing cells with puromy-
cin (0.8 lg/ml) for 1 week.

Radiation

X-ray generation (X-RAD 320ix; Precision X-ray Inc.,
North Branford, CT, USA) was utilized to deliver radia-
tion at 0.40 Gy/min.

Western blot analysis

Total proteins were extracted using RIPA lysis buffer
[HEPES(50 mM), NaCl (150 m, EDTA(1 mM), EGTA
(2.5 mM), NaF(10 mM, DTT(1 mM), SV(1 mM), PMSF
(1 mM), NP-40(1%), SDS(0.1%)], and 2 ml aliquots
were mixed with 20 ll protease inhibitor cocktail and
the lysates was laid on ice for 5 min, followed by soni-
cation. Supernatant was removed to a further tube after
centrifuging at 12 000 rpm for 10 min and lysate was
mixed with 59 SDS loading buffer (BioTeke, Beijing,
China) and heated to 95 °C for 5 min. Of total protein,
40 lg was separated by SDS-PAGE, and transferred to
nitrocellulose membranes ehich were then blocked in
5% non-fat dried milk in Tris-buffered saline (TBS) and
Tween 20 (10 mmol/l Tris, pH 7.5, 100 mmol/l NaCl
and 0.1% Tween 20) at room temperature for 1.5 h,
incubated with appropriate primary antibody overnight
at 4 °C, and horseradish peroxidase-conjugated sec-
ondary antibodies at room temperature for 1 h. Finally,
signals were visualized by using Pierce chemilumines-
cence detection system according to the manufacturer’s
instruction (Santa Cruz Biotechnology); GAPDH protein
was used as loading control. Intensity of protein bands
was quantified using image software (Quantity One) and
ratios of specific bands to loading control were
analysed.

Co-immunoprecipitation

H1299 cells were washed twice in cold phosphate-buf-
fered saline (PBS), then lysed using 1 ml radioimmuno-
precipitation (RIPA) buffer (50 mM Tris-HCl [pH 6.8],
0.1% SDS, 150 mM NaCl, 1 mM EDTA, 0.1 mM

Na3VO4, 1 mM sodium fluoride [NaF], 1% Triton X-
100, 1% NP40, 1 mM dithiothreitol, and 1 mM PMSF,
1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pep-
statin A). After 60 min lysis on ice and centrifugation at
12,000 rpm for 15 min, supernatants were collected. Of
total protein, 1 mg was incubated overnight with 20 ll
aliquot of protein A-Sepharose CL-4B (GE, Uppsala,
Sweden) beads and then immunoprecipitated with
Beclin1 antibody. Samples were then washed five times
in 500 ll lysing buffer, eluted in 40 ll loading buffer

and boiled for 5 min. Eluted proteins were analysed by
western blotting.

Colony formation assay

For colony formation assays, cells were seeded into six-
well plates in triplicate and then incubated in standard
RPMI 1640 culture medium for 24 h. Different doses of
radiation (0, 2, 4, 6, 8 Gy) were given. Two weeks later,
the cells were fixed in 100% formaldehyde and stained
with 0.5% crystal violet. Surviving colonies of >50 cells
were scored by viewing with a dissection microscope
(Olympus XSZ-D2, Tokyo, Japan). The surviving frac-
tion for a given treatment dose was calculated as

SFð%Þ ¼ ðSx=S0Þ � 100%;

where Sx and S0 represented irradiated samples and
sham-irradiated ones respectively. The dose–survival
curve for each experiment was constructed by plotting
surviving fractions against dose, in semilogarithmic
plots. The multi-target single-hit model Origin 8.0 was
applied to fit cell survival fraction curves,
S = 1 � (1 � e�D/D0)N, and then mean lethal dose (D0)
was calculated.

CCK-8 assay for detection of cell viability

H1299 cells were seeded in 96-well plates at 4000 cells/
well, followed by KU55933 with indicated concentra-
tions; DMSO was used as control. Forty-eight hours
after different treatments, 10 ll CCK-8 solution was
added to each well and cells were incubated for 2 h.
Absorbance was measured at 450 nm using a microplate
reader (Synergy HT, Bio-Tek, Winooski, VT, USA).

GFP-LC3 relocalization assay

pQN-GFP-LC3 plasmid was transfected into packaging
cells 293 T, by calcium phosphate co-precipitation, to
produce pseudovirus particles [(Ampho Pack plasmid
10 lg, pQN-GFP-LC3 10 lg, 2 mol/LCaCl2 31 ll,
ddH2O to 250 ll and 2 9 HEPES buffer salt solution
(HBS) 250 ll)]. Pseudovirus supernatant was collected
after 72 h and then used to infect H1299 cells together
with polybrene (8 lg/ml). Positive stable cell clones
were selected by growing cells with G418 (800 lg/ml)
for 2 weeks. H1299 cells stably expressing GFP-LC3
were plated (1 9 105) in six-well plates on glass cover-
slips and exposed to indicated doses of IR. After 24 h
they were fixed in methanol for 10 min. GFP-LC3
puncta were visualized using an inverted fluorescence
microscope equipped with CCD cameras (Olympus
XSZ-D2). Images were captured and analysed for
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presence of more than five punctae per cell. Data are
represented as puncta-positive cells normalized to total
number of GFP-positive cells.

MDC staining assay

H1299 cells were seeded on coverslips and incubated
overnight. Twenty-four hours after indicated irradiation
treatment, they were washed twice in cold phosphate-buf-
fered saline (PBS). Autophagic vacuoles were labelled
with monodansylcadaverine (MDC) by incubating cells in
50 ml MDC in 1640 medium at 37 °C for 1 h. They
were then washed three times in PBS and fixed in a solu-
tion of 4% paraformaldehyde, for 15 min. Flow cytome-
try was used to detect fluorescence developed.

Assay of apoptosis

H1299 cells were plated in six-well plates and treated
with indicated doses of IR. Twenty-four hours later, they
were collected and washed three times in PBS followed
by staining with Annexin V-FITC Apoptosis Detection
Kit I (BD Biosciences, San Diego, CA, USA) according
to the manufacturer’s recommendation. The cells were
then detected by flow cytometry (BD FACS Canto) and
analysed using FCS Express v2.0 software.

Statistical analysis

Statistical evaluations were presented as mean � SD.
Data were analysed using the Student’s t-test, one-way
ANOVA test or v2 test using SPSS v17.10 software
(SPSS Statistics for Windows, Version 17.0. Chicago:
SPSS Inc, USA) for statistical significance. P < 0.05
was considered significant.

Results

IR induced autophagy and ATM phosphorylation in
H1299 cells

H1299 cells were exposed to different doses of radia-
tion, and MAPLC3 was detected as the specific marker
of autophagy. Appearance of punctuated cytosolic
MAPLC3 and conversion of MAPLC3-I to MAPLC3-II
indicated involvement of MAPLC3 in autophagosome
formation. Western blotting revealed MAPLC3-II/
MAPLC3-I ratio increased in a dose-dependent manner
(Fig. 1a,b). Autophagy was also determined using mon-
odansylcadaverine (MDC) staining, and increase in
MDC-positive cells illustrated occurrence of autophagy
after IR (Fig. 1c). H1299 cells transfected with GFP-
LC3 exhibited obvious increase in punctate cytoplasmic

structures (autophagic vesicles) after IR treatment, com-
pared to the mock-irradiation group (Fig. 1c). As
expected, exposure of H1299 cells to IR induced ATM
phosphorylation at Ser 1981 (Fig. 1d,e). Peak level
P-ATM was detected 1 h after IR, which decreased to
baseline at 4 h compared to mock-irradiation group.
Taken together, IR induced both autophagy and ATM
phosphorylation, suggesting that ATM might participate
in regulation of autophagy in H1299 cells.

Inhibition of ATM reduced expression of MAPK14 and
phosphorylation of MAPKAPK2

To study specific functions of ATM, inhibitor of ATM
kinase, KU55933, was used. Expression of phosphory-
lated ATM was inhibited by 700 nmol/l of KU55933
without killing any cells (Fig. S1). Meanwhile, phospho-
rylation of MAPKAPK2, directly downstream of
MAPK14, also reduced significantly after KU55933
treatment (Fig. 2a). ATM�/� and MAPK14�/� cell
models were then established. As shown in (Fig. 2b),
silencing of MAPK14 had no effect on ATM expres-
sion, but silencing of ATM reduced expression of
MAPK14 significantly, suggesting that MAPK14 might
be one of the substrates of ATM and could be regulated
by it.

Loss of ATM or MAPK14 resulted in hypersensitivity to
IR while having no effect on apoptosis

Aiming to elucidate functions of ATM and MAPK14 in
DNA damage, radiosensitivity was detected. As shown
in Fig. 2c and 2d, colony formation assays demonstrated
that ATM�/� cells and MAPK14�/� cells had lower D0
values, 1.44 and 1.52 respectively, compared to 2.07 in
Psuper (vector control) cells. Likewise, treatment with
KU55933 also led to lower D0 value compared to
DMSO-treated cells (1.59 versus 2.21). These results
indicate that cells lacking ATM or MAPK14 were
hypersensitive in response to DNA damage induced by
IR.

To discover the major killing mechanism of IR, can-
cer cell to die, apoptosis was then detected. Percentages
of apoptotic cells increased from 8.17% to 11.99%
before and after IR in DMSO-treated cells and from
6.43% to 12.06% in KU55933-treated cells respectively.
There was no significant difference between cells treated
with KU55933 or without the treatment [5.63% (12.06–
6.43%) versus 3.82% (11.99–8.17%)]. Simultaneously,
percentages of apoptotic cells increased by 3.30%,
5.97% and 4.28% in Psuper cells, ATM�/� cells and
MAPK14�/� cells respectively. No significant change in
IR-induced apoptosis was observed in wild type and
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ATM or MAPK14 silenced cells. (Fig. 2e–g). The
above-mentioned results suggest that apoptosis might
not be the main way for ATM or MAPK14 to induce
radiosensitivity.

ATM inhibition and MAPK14 blockage altered IR-
induced autophagy

As the role of apoptosis has been excluded, more
emphasis was laid upon the function of IR-induced
autophagy on radiosensitivity, in the following study.

Basal level of autophagy was different in the various
groups of cells. Aiming to compare variation in IR-
induced autophagy change, we took this into considera-
tion. All changes were divided by the previous basal
level, to better convey function of IR, which was
represented as (after IR � before IR)/before IR.
Immunofluorescence results showed that percentage of
puncture-containing cells increased by 129% in DMSO-
treated cells, but only increased by 47% in cells having
had KU55933 treatment (Fig. 3a,b). MDC staining
revealed similar outcomes, that is, IR increased autop-

(a)

(c)

(d)

(b)

(e)

Figure 1. IR induced autophagy and phosphorylation of ATM in H1299 cells. (a and b) MAPLC3 expression was detected by western blotting
24 h after indicated irradiation. Quantitative immunoblot analysis of MAPLC3 expression was represented by normalized MAPLC3-II/I ratio.
(c) Immunostaining of MDC was detected by flow cytometry at 24 h after 8 Gyr irradiation. H1299 cells stably transfected with GFP-LC3 were
treated with 8 Gyr irradiation and analysed by microscopy for presence of fluorescent puncta 24 h after IR. (d and e) Phosphorylation of ATM was
illustrated by western blotting at 30 min, 1, 2 and 4 h after IR. Quantitative analysis was shown as the normalized ratio of P-ATM/ATM. Data are
presented as mean � SD of three independent experiments. *P < 0.05 versus a sham-irradiated group (mock group).
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(a) (b)

(c)

(e)

(f) (g)

(d)
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hagy by 231% in DMSO-treated cells and 24%
KU55933-treated cells (Fig. 3c).

To further identify whether ATM or MAPK14 were
required for IR-induced autophagy, we observed conver-
sion of MAPLC3-I to MAPLC3-II in the cell model
group. Ratios of MAPLC3-II/MAPLC3-I increased by
107% after IR in Psuper cells, while in ATM�/� cells it
showed no change (Fig. 3d,e). Interestingly, after
MAPK14 knock-down, this ratio rose to almost 2.29
times basal level of MAPK14+/+cells, which was similar
to that of Psuper cells with IR treatment. However, ratio
of MAPLC3-II/MAPLC3-I then decreased by 72% after
IR treatment. Thus, loss of either ATM or MAPK14 sig-
nificantly reduced IR-induced autophagy. In the MDC-
staining assay (Fig. 3f), autophagy induced by IR
increased by 136% in Psuper cells, but only by 27% in
ATM�/� cells. Surprisingly, MDC-positive MAPK14�/�

cells went up by 129% before IR and went down by
55% after IR treatment, which was consistent with west-
ern blotting results. These together confirmed that both
inhibition of ATM by either KU55933 or silencing and
knock-down of MAPK14 repressed IR-induced autop-
hagy in H1299 cells. Then the next question was ‘how
to regulate autophagy’ and ‘what is the underlying
mechanism’?

ATM and MAPK14 regulated IR-induced autophagy
through the mTOR pathway

It is well appreciated that mTOR serves as a master neg-
ative regulator of autophagy (32). In this study, western
blotting demonstrated significant reduction in phospho-
mTOR, phospho-pS6K and Akt (by 84%, 70% and
50%, respectively) after IR treatment (Fig. 4a,b). After
combination treatment of KU55933 with IR, cells
showed slight reduction in phospho-mTOR, phospho-
pS6K expression and Akt (by 40%, 38% and 10%
respectively). These results illustrate that IR caused
down-regulation of mTOR signalling which could be
inhibited by KU55933.

A direct role for ATM and MAPK14 in suppression
of mTOR was further demonstrated in ATM�/�,
whereas ATM+/+ cells significantly repressed mTORC1
in response to IR (Fig. S2a,b). However MAPK14�/�

cells expressed remarkable reduction in mTOR level first
then reversed to elevate after IR treatment, consistent
with changes in MAPLC3. These results further demon-
strate that ATM and MAPK14 regulate IR-induced
autophagy via mTOR pathways.

ATM and MAPK14 affected the Beclin1/PI3KIII
complex

Given that the Beclin1/PI3KIII complex is essential for
driving autophagy, effects of ATM and MAPK14 on
Beclin1/PI3KIII were observed using co-immunoprecipi-
tation. As expected, Beclin1 bound to PI3KIII in
DMSO-treated cells, and the interaction significantly
increased after IR, as more PI3KIII was brought down
by Beclin1 (Fig. 4c). However, this interaction did not
change by IR after KU55933 pre-treatment. Further-
more, we found that Beclin1 interacted with more ATM
after IR in DMSO-treated cells, while in KU55933-trea-
ted cells, the Beclin1–ATM interaction was prominently
impaired in the absence of IR, but recovered to a higher
level in kits presence.

The interaction of Beclin1 and MAPK14 was found
to not change in Hela cells after ATM knock-down
(31). To move forward a single step, interaction of
Beclin1/p-MAPKAPK2 and Beclin1/MAPKAPK2 was
detected by immunoprecipitation after IR treatment
(Fig. 4d). The results illustrated that neither Beclin1/p-
MAPKAPK2 interaction nor Beclin1/MAPKAPK2 inter-
action changed remarkably; however, both interactions
were impaired by IR treatment in ATM�/� cells; while
in MAPK14�/� cells, some changes were found. The
above-mentioned results suggest that ATM might play
roles in Beclin1/MAPKAPK2 interactions.

Discussion

Autophagy is thought to serve as tumour suppressor, as
defective autophagy provides oncogenic stimuli or can
cause malignant transformation and spontaneous
tumours; on the other hand, it helps cells survive envi-
ronmental and cellular stresses then causing resistance to
anti-neoplastic therapy (33). This makes it promising to
induce autophagic interference in cancer therapy (34).

Figure 2. Inhibition of ATM increased radiation sensitivity but did not affect apoptosis. (a) H1299 cells were pre-treated with KU55933 or
DMSO 2 h before IR. Western blotting was used to detect phosphorylation of ATM, total ATM and phosphorylation of MAPKAPK2 expression.
(b) H1299 cells were stably transfected with ATM shRNA and MAPK14 shRNA. shRNA scramble vector was used as control (Psuper). Individual
clones were obtained under puromycin selection. Knock-down effects were confirmed by western blotting. (c) H1299 cells were pre-treated with
KU55933 2 h before radiation (0, 2, 4, 6 and 8 Gyr), and then radiation sensitivity was assessed by colony formation assay. (d) Radiation sensitiv-
ity was determined by colony formation assay in Psuper, ATM�/� and MAPK14�/� cell lines after radiation treatment (0, 2, 4, 6 and 8 Gy). (E)
cells in (c) and (d) were treated with mock or IR (8 Gyr). Flow cytometry was used to detect apoptosis 24 h after radiation. Cells were stained with
PI and Annexin V-FITC. Positive-stained cells were counted using FAC Scan. (f and g) Quantitative analysis of (e). Data are presented as mean �
SD of three independent experiments. *P < 0.05 versus non-IR group.
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(a) (d)

(b) (e)

(c) (f)

Figure 3. ATM inhibition or MAPK14 knock-down altered IR-induced autophagy. (a and b) Cells stably transfected with GFP-LC3 were pre-
treated with KU55933 2 h before 8 Gy radiation then analysed using microscopy, for presence of fluorescent puncta 24 h after IR. Cells undergo-
ing autophagy were quantified as percentage of GFP-positive cells. (c) Cells in (a) were also subjected to flow cytometry to detect MDC staining
percentage 24 h after radiation. Graph shows percentage of MDC-stained cells. (d) Isogenic cell lines were treated with mock or IR (8 Gyr). Cell
lysates were harvested and subjected to western blotting 24 h after radiation. (e) Quantitative analysis of (d) is shown as ratio of MAPLC3-II/
MAPLC3-I, and cells transfected with Psuper used as control (100%). (f) Cells in (d) were also subjected to flow cytometry to detect MDC staining
percentage 24 h after radiation. Graph shows percentage of MDC-stained cells. Data are presented as mean � SD of three independent experiments.
*P < 0.05 versus mock group, #P < 0.05 versus mock group of Psuper cells.
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Radiotherapy is a major strategy for cancer treatment. In
this study, we found that autophagy and phosphorylation
of ATM at 1981 could be induced simultaneously in
H1299 lung cancer cells, by IR. However, IR-induced
autophagy was inhibited by KU55933 and ATM silenc-
ing, confirming that ATM participates in this IR-induced
autophagy.

MAPK14 has been reported to share the TQ263
phosphorylation motif with ATM; it is phosphorylated
more than 4-fold in response to IR (21), suggesting
that MAPK14 could be one of ATM’s substrates. In
our previous study, in Hela cells (31), expression of
MAPK14 was found to be down-regulated significantly
by ATM knock-down, although whether this was
through transcriptional or translational regulation still

needed further investigation. MAPKAPK2 is known to
be directly downstream of MAPK14, whose phosphory-
lation represents activity of MAPK14. Aiming here to
validate the role of MAPK14, MAPKAPK2 was
detected to reflect the activity of MAPK14 in H1299
cells. As expected, phosphorylation of MAPKAPK2
was inhibited by KU55933, which was consistent with
down-regulation of MAPK14 after ATM knock-down,
and also consistent with reduction in phosphorylation
of ATM. This confirmed that MAPK14 is indeed, one
of the substrates of ATM and thus is regulated by
ATM.

To understand the functions of these molecules,
effects of ATM and MAPK14 on radiosensitivity were
detected. Both KU55933 treatment and ATM silencing

(a) (b)

(c)
(d)

Figure 4. ATM and MAPK14 regulated the mTOR pathway and Beclin1/PI3KIII complex. (a and b) Cells pre-treated with KU55933 were
exposed to radiation, and protein extracts were subjected to western blotting. Quantitative analysis is shown as ratio of p-mTOR/t-mTOR, p-
p70S6K/t-p70S6K and Akt/GAPDH. Cells treated with DMSO were used as control (100%). (c) Cells were treated with mock or IR (8 Gyr) with
or without KU55933 pre-treatment. Two hours after radiation, cell lysates were harvested and subjected to immunoprecipitation using Beclin1 anti-
body, and then blotted with indicated antibodies. (d) Isogenic cell lines were treated with mock or IR (8 Gyr). Two hours after radiation, cell
lysates were harvested and subjected to immunoprecipitation using Beclin1 antibody and then blotted with indicated antibodies. Ratio of immuno-
precipitation/input was normalized by cells treated with DMSO only and Psuper cells without IR treatment respectively. Data are presented as
mean � SD of three independent experiments. *P < 0.05 versus cells treated with DMSO only, #P < 0.05 versus cells treated with KU55933 only.
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led to hypersensitivity in H1299 cells. Interestingly,
MAPK14�/� cells had a similar sensitivity to IR with
ATM�/� cells, suggesting MAPK14 might be the main
downstream molecule of ATM, to regulate cell death.
As we known, apoptosis and autophagy are the most
important mechanisms of cell death; we then aimed to
discover which of them would function in this process.
In contrast to Eun’s study (35), we found that neither
ATM knock-down nor MAPK14 knock-down influenced
IR-induced apoptosis compared to Psuper cells, which
might be due to different sources and/or different types
of irradiation (X-rays versus c-rays; 8 Gy versus 10 Gy;
complete apoptosis versus early apoptosis). It has been
suggested that excessive induction of autophagy canl
turn into programmed cell death mechanisms when cell
damage is beyond repair limitation (36). Thus, we
hypothesized that IR-induced autophagy might be the
underlying mechanism of hypersensitivity resulting from
ATM or MAPK14 knock-down. The role of ATM in
regulating autophagy has been recently reported. When
exposed to genotoxic and oxidative stresses such as IR,
ROS or NO, ATM is rapidly activated, which in turn
stimulates the LKB1/AMPK/TSC2 signalling pathway
and results in repression of mTORC1 activity, thereby
inducing autophagy (18,19,37). Up to now, the relation-
ship between MAPK14 and autophagy, but not IR-in-
duced autophagy, has been studied (25,26,38,39) and
MAPK14 has been proven to play a dual role in it, as
both positive and negative regulator. As the possible
downstream substrate of ATM, we wondered whether
ATM could regulate MAPK14 and consequently affect
autophagic processes induced by IR. Aiming to compare
variations in autophagic changes, we took its basal level
into consideration. As expected, our observations indi-
cated that KU55933 inhibited IR-induced autophagy
from 129% to 47%, and ATM knock-down by itself
blocked conversion of MAPLC3-I to MAPLC3-II after
IR. IR-induced autophagy was absent in ATM�/�cells,
suggesting that ATM was required for IR-induced
autophagy, which was consistent with observations in
Hela cells (31). However, there is an obvious difference
between H1299 and Hela cells. Knock-down of
MAPK14 itself up-regulates basal autophagy in H1299
cells but not in Hela cells, which might result from par-
tial deletion of p53 in H1299 cells. There could be three
possible reasons for the above phenomenon: first, direct
competition of MAPK14 with mAtg9 for binding to
p38IP gives rise to trafficking of autophagy (24,40);
secondly, MAPK14-driven metabolic reprogramming
cannot sustain production of NADPH, resulting in
increased levels of ROS (41,42); thirdly, MAPK14-
mediated p53 phosphorylation suppresses its ubiquitina-
tion then increases p53 protein stability in p53 partially

deleted H1299 cells, resulting in p53-DRAM1-induced
autophagy (30,43). Evidence of the above makes it pos-
sible that MAPK14 deficiency can lead to increased
autophagy. As for the prominent reduction of IR-in-
duced autophagy, it can be easily understood. Induction
of autophagy by PGF, IFN-c and SN38 and some other
stimulators are all dependent on MAPK14 activation
(28,30,44). But the role of MAPK14 in IR-induced
autophagy was first studied in our work. In conclusion,
the MAPK14 pathway activation as well as ATM was
necessary for occurrence of autophagy induced by IR in
H1299 cells.

Together with our previous work, we have con-
firmed that ATM regulated IR-induced autophagy
through the MAPK14 pathway, in human cervical can-
cer Hela cells and human lung cancer H1299 cells.
Given that MAPK14 and ATM were required for autop-
hagy induced by IR in H1299, we turned to the mecha-
nism of how ATM regulated MAPK14 and
consequently triggered IR-induced autophagy.

It has been reported that ATM stimulates the mTOR
pathway through the LBK/AMPK/TSC2 pathway, which
in turn results in mTORC1 repression and induction of
autophagy (16,37). Here MAPK14 acted as a negative
upstream signal regulating autophagy in an mTOR-de-
pendent manner (37,38) and the mTOR pathway also
can be regulated by the ERK1/2 and MAPK signalling
pathway (45). According to our observations, repression
of mTORC1 in response to IR and phosphorylation of
P70S6K by mTOR were not observed after ATM and
MAPK14 silencing, while down-regulation of the
mTOR pathway was partly reversed by KU55933,
which is consistent with the change of IR-induced
autophagy. As a result, we conclude that ATM and
MAPK14 regulate IR-induced autophagy partially via
repression of the mTOR pathway. Beclin1/PI3KIII com-
plexes were considered to participate in distinct steps of
autophagy regulation, either at the early stages to pro-
mote autophagosome formation or at later ones to pro-
mote autophagosome maturation (46). Anti-apoptotic
protein Bcl2 binding to Beclin1 inhibits Beclin1 activity
and consequently suppresses autophagy in yeast and
mammalian cells (47). We identified that the Beclin1–
PI3KIII interaction was enhanced in response to DNA
damage induced by IR, which is inhibited by KU55933,
resulting in abolishion of IR-induced autophagy. ATM
has been reported to interact with Beclin1 and to phos-
phorylate Beclin1 at Thr57, resulting in dissociation of
the Beclin l/Bcl-2 complex. In this research, we also
found that ATM interacted with Beclin1, resulting in
dissociation of Beclin1 from the Beclin1/Bcl-2 complex,
which consequently triggered autophagy. Taken
together, inhibition of ATM impaired formation of the
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Beclin1/PI3KIII complex, which is necessary for
autophagy.

Finally but most importantly, we found the interac-
tion MAPK14–Beclin1 could be regulated by ATM
(31). To further identify this mechanism, the interaction
between Beclin 1 and MAPKAPK2 was further assessed
after immunoprecipitation. Neither the Beclin1/p-MAP-
KAPK2 interaction nor that of Beclin1/MAPKAPK2
was clearly changed; however, both interactions were
impaired by IR treatment in ATM�/� cells. In other
words, both the interaction Beclin1/MAPKAPK2 and
the interaction of Beclin1/MAPK14 were regulated by
ATM, which indicated that ATM regulated Beclin/
PI3KIII complexes through the MAPK14 pathway.
Apart from the well-characterized ATR/CHK1 and
ATM/CHK2 pathways, MAPK14 and MAPKAPK2
have recently been considered to be the third effector
kinase complex to block cell cycle progression in
response to DNA damage (48,49). MAPKAPK2 has
been shown to share substrate homology with both
Chk1 and Chk2. MAPKAPK2 has been reported to
phosphorylate ATDC at Ser-550 in an ATM-dependent
manner, resulting in radioprotection (50), which is con-
sidered to be more important. Thus, we deduced that
MAPKAPK2 might have an effect on Beclin1/PI3KIII
complexes. Accordingly, we found that the ATM/
MAPK14/MK2 checkpoint functioned as a prominent
role in response to DNA damage, which contributed to
the connection of IR-induced cell cycle and autophagy
together. The exact mechanism of this still needs further
study.

In summary, autophagy and phosphorylation of
ATM at 1981 was induced by IR in H1299 cells.
MAPK14, as one of substrates of ATM, was found to
be directly regulated by ATM, which affected IR-
induced autophagy through the mTOR signalling path-
way and the Beclin1/PI3KIII complex, consequently
contributing to hypersensitivity.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1 Cell viability of H1299 detected after
KU55933 treatment. H1299 cells were exposed to indi-
cated concentrations of KU55933, DMSO being used as
control. Cell viability was analysed by CCK-8 assay.
Data were presented as mean � SD of three indepen-
dent experiments. *P < 0.05 versus DMSO group.

Fig. S2 ATM and MAPK14 regulated the mTOR
pathway in knock-down cells. Isogenic cell lines were
treated with mock or IR (8 Gyr). Cell lysates were har-
vested 24 h after radiation and subjected to western
blotting. Quantitative analysis was shown to be the ratio
of mTOR/GAPDH, and Psuper cells treated with mock
were used as control (100%). Data are presented as
mean � SD of three independent experiments.
*P < 0.05 versus control group.

© 2015 John Wiley & Sons Ltd Cell Proliferation, 48, 561–572

572 N. Liang et al.


