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Purpose: The effect of ionizing irradiation on the autophagic response of normal tissues is largely unex-
plored. Abnormal autophagic function may interfere the protein quality control leading to cell degener-
ation and dysfunction. This study investigates its effect on the autophagic machinery of normal mouse
lung. Methods and materials: Mice were exposed to 6 Gy of whole body y-radiation and sacrificed at var-

Keywords: ious time points. The expression of MAP1LC3A/LC3A/Atg8, beclin-1, p62/sequestosome-1 and of the
Autophagy Bnip3 proteins was analyzed. Results: Following irradiation, the LC3A-I and LC3A-II protein levels
lonizing radiation increased significantly at 72 h and 7 days. Strikingly, LC3A-II protein was increased (5.6-fold at 7 days;
Lung . . . . . .

L3 p <0.001) only in the cytosolic fraction, but remained unchanged in the membrane fraction. The p62 pro-
Beclin-1 tein, was significantly increased in both supernatant and pellet fraction (p < 0.001), suggesting an auto-
p62 phagosome turnover deregulation. These findings contrast the patterns of starvation-induced autophagy
bnip3 up-regulation. Beclin-1 levels remained unchanged. The Bnip3 protein was significantly increased at 8 h,
Amifostine but it sharply decreased at 72 h (p < 0.05). Administration of amifostine (200 mg/kg), 30 min before irra-

diation, reversed all the LC3A and p62 findings on blots, suggesting restoration of the normal autophagic
function. The LC3A and Beclinl mRNA levels significantly declined following irradiation (p <0.01),
whereas Bnip3 levels increased. Conclusions: It is suggested that irradiation induces dysfunction of the
autophagic machinery in normal lung, characterized by decreased transcription of the LC3A/Beclin-1
mRNA and accumulation of the LC3A, and p62 proteins. Whether this is due to defective maturation or
to aberrant degradation of the autophagosomes requires further investigation.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction proteins [4]. The degradation of damaged cellular organelles

through autophagic vacuole formation and fusion with lysosomes

Normal lung response to radiotherapy is a major factor defining
the maximum tolerable dose of radiotherapy delivered to lung can-
cer patients. Understanding the biological mechanisms involved in
acute and late lung injury will allow the recognition of critical tar-
gets for pharmacological or molecular interventions aiming to
cytoprotection [1]. Ionizing radiation, at dose levels used in clinical
radiotherapy, leads to cell death through induction of apoptosis.
DNA strand breaks are considered the major type of radiation
interaction with cells [2,3].

Macro-autophagy (for simplicity autophagy), is an important
biological process responsible for the turnover and recycle of
unnecessary/or dysfunctional organelles and damage long-lived
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is an important mechanism aiming to maintain the cellular func-
tional integrity and viability. At the same time, degraded subcellu-
lar structures are processed as metabolic fuel. Excessive activation
of this pathway, however, leads to autophagic cellular death, so
that balanced autophagic machinery is required for the cellular
homeostasis [5]. Abnormal function of autophagy may interfere
the protein quality control in cells leading to a variety of degener-
ative disorders and cellular dysfunction [6].

In cancer cell experiments, upregulation of the autophagic pro-
cess can either sensitize to or protect cancer cells from irradiation
and/or chemotherapy, suggesting a rather complicated role of
autophagy in the cellular response to cytotoxic agents [7]. On the
other hand, the role of autophagy in normal tissue response to
radiotherapy is unknown.

In the current study we investigated the early response of mice
lung following exposure to a single radiotherapy fraction of 6 Gy,
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applying techniques for the detection of key proteins participating
the formation and degradation of autophagosomes, namely the
MAP1LC3A/Atg8, (microtubule associated protein 1 light chain 3
or simply LC3A), the beclin-1 and the p62/SQSTM1 (sequestosome
1). The changes induced by radiation were also assessed in mice
pre-treated with the cytoprotective agent amifostine, known to
strongly protect normal tissues against ionizing radiation by a fac-
tor of 2.5 [8]. The BNIP3 protein, previously shown to be involved
in the induction of autophagy and of mitochondrial autophagy
(mitophagy) [9] was in parallel examined.

2. Materials and methods
2.1. Animal care and handling

Animal care and handling was carried out according to the
guidelines set by Directive 86/609/EEC. All experimental proce-
dures have been approved by the Veterinary Direction for Animal
Research in the Department of Experimental Surgery at the
Democritus University of Thrace. Male mice (Balb/c) 14-16 weeks
of age (33 £ 2 gr), were under normal conditions concerning ambi-
ent temperature (21-23 °C), diet, tap water ad libitum and were
maintained on a 12 h light:12 h dark cycle.

2.2. Experimental design and tissue procurement

The mice were divided randomly into the following groups:
Control (n=3) and y-radiation (n=12). The mice were exposed
to a single whole body y-radiation (WBI) at dose of 6 Gy (Cobalt
60). Following irradiation, animals were sacrificed at various time
points 8, 24, 72 and 168 h (n = 3, per time point). Moreover, in an
additional group of mice, amifostine (200 mg/kgr) was given
30 min prior to WBI and animals were sacrificed after 7 days. Lung
tissue was removed and immediately placed in tubes containing
RNAlater to inhibit protein and RNA degradation (Ambion) and
stored at —20 °C for immunoblotting and RT-qPCR. Tissue samples
were also fixed in formalin and embedded in paraffin blocks for
immunohistochemistry.

2.3. Starvation experiment

The mice were divided randomly into the following groups:
Control (n=2) and 24h (n=2) and 48 h (n=2) under nutrient
starvation conditions. The mice were allowed only to have contact
with tap water. After the experiment the animals were sacrificed
and lung tissues was removed and immediately placed in tubes
containing RNAlater to inhibit protein and RNA degradation
(Ambion) and stored at —20 °C for immunoblotting. The MAP1L-
C3A protein level for LC3A-I and LC3A-II were validated under
these conditions.

2.4. Tissue homogenization

The tissues were homogenized at 4 °C in 15 volumes (15 pL per
1 mg lung tissue) of extraction buffer [0.5 M KCl, 15 mM Tris-HCl
pH 7.4, 1 mM ethylene diamine tetraacetic acid (EDTA), 5 mM
dithiothreitol, 10 mM Na2P207, 1 mM leupeptin, 30 mM tosylami-
no-2-phenylethyl chloromethyl ketone (TPCK), 30 mM benzoyl-L-
arginine ethyl ester hydrochloride (BAEE), 0.1 mM phenylmethyl-
sulfonyl fluoride (PMSF)] [10] using the Fastprep instrument (MP
Biomedicals) and centrifuged at 16,000g for 30 min (4 °C); both
the supernatant and pellet were resuspended in SDS sample buffer
[11]. With this fractionation process without using any detergent
such as Triton X-100 we are able to obtain a membrane fraction as
a pellet which includes mitochondria and autophagy related

vacuoles and nuclei. Total protein concentrations for the fractions
were estimated according to the method of Lowry [12].

2.5. SDS-PAGE and immunoblotting

Both fractions were separated on a discontinuous SDS gels using
10% (for beclin-1, p62, Bnip3, b-actin), 12.5% (for LC3A-I and LC3A-
IT) separating and 5% stacking gels [11]. Bands on the gel were visu-
alized with Coomassie Blue R250 and analyzed densitometrically
to quantify any changes in the experimental samples relative to
control. For the immunoblotting 20 pug of extracts for beclind,
p62 and bnip3, 40 ng for the LC3A-I and LC3A-II were loaded on
the gels. Immunoblotting was performed according to Towbin
et al. [13] utilizing PVDF membranes (Millipore Corp.). All the
groups were loaded on the same gel and transferred on the same
membrane. After being blocked with 5% non-fat dry milk in
150 mM NaCl, 10 mM Tris, pH 7.5 (TBS) at room temperature,
the membranes were hybridized overnight at 4 °C with the rabbit
polyclonal to beclin1 (1:5.000, Abcam, ab62557), mouse monoclo-
nal antibodies to SQSTM1/p62 (1:5.000, Novus Biologicals,
HO00008878-MO01), Bnip3 (1:5.000, Abcam, ab10433), and rabbit
polyclonal antibodies to beclin1 (1:5.000, Abcam, ab62557) and
LC3A-I and LC3A-II (1:30.000, Abcam, ab62720). The antibodies
were tested against the recombinant full length proteins, which
are commercially available from Novus Biologicals (data not
shown). The immunogen peptide for the MAP1LC3A antibody is
the PSDRFKQRRSFADF corresponding to amino acids 2-15 of
human N-terminus MAP1LC3A. The membranes were then hybrid-
ized for 2 h at room temperature with the appropriate secondary
antibody, goat polyclonal to rabbit IgG (1:100.000, Abcam,
ab6721) and rabbit polyclonal to mouse IgG (1:100.000, Novus
Biologicals, NB 720-H) conjugated to HRP, and developed in TMB
solution (KPL Laboratories). The blots were then dried overnight,
scanned densitometrically and analyzed using Scion Image (Scion
Corporation). To normalize our data each of these blots was then
stripped [incubated in 2% SDS (w/v), 62.5 mM Tris-HCl (pH 6.8),
100 mM B-mercaptoethanol for 30 min at 60 °C, rinsed twice for
10 min each with TBS-T], dried overnight, re-hybridized with a
polyclonal antibody to B-actin (1:15.000, Novus Biologicals, NB
600-532) and processed as described (p62 and Bnip3 were probe
in the same blot and they have the same B-actin loading control).

2.6. Real time qPCR

The ABI Prism 7700 Sequence Detection System was used to
perform TagMan probe-based real-time PCR reactions (Applied
Biosystems). The mRNA of the MAP1LC3A (Microtubule Associate
Protein 1), Beclin-1 and Bnip3, were analyzed by qPCR (Applied
Biosystems). Total RNA was extracted from the tissue sample with
Trizol reagent (Ambion) according to the manufacturer’s protocol.
Concentration and purity of RNA were determined spectrophoto-
metrically at the wavelengths of 260 and 280 nm using the Nano-
drop (Nanodrop, Thermo scientific Inc.). Agarose gels were run also
to check the purity and integrity of the RNA in the samples by visu-
alizing the 28S and 18S rRNA bands. RNA (5 ng) was reverse-tran-
scribed to cDNA using the High-Capacity cDNA Archive Kit
(Applied Biosystems). Expression data were normalized to the lev-
els of GAPDH mRNA. The GAPDH has been an appropriate candi-
date housekeeping gene to use as an internal control in response
to ionizing radiation research [14,15]. Further as the cDNA after
the reverse transcription reaction serves as the template for all
subsequent PCR reactions, a measure of the total cDNA content
would provide an ideal method to account for potential differences
in PCR results. The cDNA content was measured using the Quant-
iT™ PicoGreen® dsDNA kit (Invitrogen). Samples were analyzed
in a 96-well microplate fluorescence reader, with a total reaction



554 C.E. Zois et al./Biochemical and Biophysical Research Communications 404 (2011) 552-558

volume of 200 pl in each well. Each sample was analyzed in tripli-
cate with 3 pl cDNA sample, 97 ul TE, and 100 pl PicoGreen
reagent in each well. The mean reading of each triplicate was con-
verted to an absolute amount cDNA content using a standard curve
from linear emission range = 0-100 ng DNA. Similar results have
been observed between the two normalization methods GAPDH
mRNA and the PicoGreen. However, since the PicoGreen method
requires the assumption that the rRNA is unaffected by the exper-
imental protocol we decide to provide the results only from the
GAPDH normalization.
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2.7. Immunohistochemistry

The purified rabbit polyclonal antibody MAP1LC3A (Abgent,
AP1805a), raised against a synthetic peptide at the C-terminal cleav-
age site of the human cleaved-MAP1LC3A, was used for detecting
autophagy. The immunogen sequence of the autophagy cleaved-
LC3 antibody MAP1LC3A (AP1805a) at the C-terminal cleavage site
of the human cleaved-LC3 (APG8a) is: DEDGFLYMVYASQETFG aa
104-120 (personal communication). The antibody is capable of
detecting both the LC3A-I and LC3A-II forms, although only the
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Fig. 1. Autophagic related protein expression after irradiation of lung tissue (whole body irradiation) of male Balb/c mice. Immunoblots for the LC3A-I and LC3A-II proteins in
supernatant and pellet fractions and densitometrical analysis of the bands (A). Western blot of the Beclin1, p62 and Bnip3 proteins in supernatant and pellet fractions and
densitometrical analysis of the bands (B, C and D). Immunoblots of the LC3A-I, LC3A-II and p62 with or without amifostine, 1 week after whole body irradiation (E).
Immunoblots of the LC3A-1, LC3A-II and p62 after 24 and 48 h of starvation (F). Data show the mean + SEM values. *p < 0.05, **p < 0.01, ***p < 0.001 as compared with control.
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LC3A-II form is membrane-bound localizing on the autophagosomal
membrane. The immunohistochemical method applied has been
previously established and published from our group [16]. Normal
rabbit immunoglobulin-G was substituted for the primary antibody
as negative control.

2.8. Statistical analysis

Data are expressed as relative changes to the control as mean-
s+SEM, (n=3). One-way ANOVA (GraphPad Prism 5.0) was
performed to evaluate the significant interaction of the radiation
and the protein response. Post-hoc comparisons performed with
Dunnett’s significant difference test with a set to p = 0.05.

3. Results
3.1. Radiation-induced LC3A protein

To investigate the radiation-induced LC3A protein levels in nor-
mal lung tissue we performed immunoblotting analysis to detect
the LC3A-I and LC3A-II in both cytosolic and membrane fractions.
Moreover, as the LC3A-II is more sensitive than LC3A-I in immuno-
blotting, we performed the comparison of the amount of each
protein LC3A-I and LC3A-II in the various time points, instead of
comparing the LC3A II/I ratio or the LC3-1I/(LC3-I + LC3-II) ratio.

Immunoblot analysis showed that, following irradiation, LC3A-
Il protein content was increased by 5.0 (p<0.01) and 5.6
(p<0.001) fold at 72 and 168 h respectively in the cytosolic frac-
tion, whereas remained unchanged in the membrane fraction of
the lung tissue (Fig. 1A). Furthermore, ionizing radiation increased
the LC3A-I protein content by 2.5 (p < 0.01) and 2.8 (p < 0.001) fold
at 72 and 168 h respectively in the pellet fraction of lung tissue,
whereas the induction in the supernatant was not significant
(Fig. 1A).
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The above findings were substantiated by immunohistochemi-
cal analysis of LC3A localization. Thus, immunostaining of
non-irradiated lung sections with the anti-LC3A antibody showed
a weak, still evident, cytoplasmic staining for both bronchial and
alveolar cells, while small vacuolar structures were seen within
the cytoplasm (Fig. 2A and D). After 3 and 7 days following irradi-
ation there was a net intensification of the LC3A staining signal in
the cytoplasm of both cell types (Fig. 2B, C, E and F), presumably
corresponding to accumulating autophagosomes and/or accumula-
tion of the soluble LC3A protein forms.

3.2. Radiation effect on other proteins

The Beclin-1 protein content was not significantly changed in
both fractions after ionizing radiation (Fig. 1B).

The p62 protein, was significantly increased in supernatant
fraction by 1.7-fold (p<0.05) at 8 and 24 h, and by 2.2-fold at
168 h (p < 0.01) after ionizing radiation. Also the p62 was signifi-
cantly increased by 2.0-fold at 24 h (p<0.01), 1.9-fold at 72 h
(p<0.01) and 2.7-fold at 168 h (p < 0.001) after ionizing radiation
of lung tissue (Fig. 1C).

The Bnip3 was significantly increased in the pellet fraction by
2.8-fold (p <0.001) at 8 h, and 1.7-fold at 24 h (p < 0.05) whereas
remains unchanged in supernatant fraction after ionizing radiation
(Fig. 1D).

3.3. The effect of amifostine

Seven days following irradiation of mice pre-treated with ami-
fostine, the membrane bound LC3A-II protein was increased in
the pellet but not in the cytosolic fraction, in direct contrast with
the findings obtained in mice irradiated without amifostine
(Fig. 3A). Also, the LC3A-I protein was increased in the cytosolic
fraction one week after irradiation of mice pre-treated with

2 St

Fig. 2. Immunostaining of non-irradiated lung sections with the anti-LC3A antibody showing a weak staining of the cytoplasm of bronchial and alveolar cells (arrows; (A)
magnification 100x and (B) magnification 400x ). Seven days following irradiation there was a net intensification of the LC3A staining signal in the cytoplasm of bronchial and
alveolar cells (arrows; (C and E) magnification 100x and (D and F) magnification 400x) and a clear and abundant presence of vacuolar structures with LC3A positive coats

(arrows; (F)).
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amifostine. Moreover, in mice receiving amifostine, the cytosolic
p62 protein remained stable showing a normal autophagosome
turn-over, as compared to mice that were irradiated without
amifostine.

3.4. The effect of starvation

The LC3A-II protein was clearly increased in the pellet fraction
at 24 and 48 h after starvation conditions in lung tissue of male
mice (Fig. 3B). The LC3A-I and p62 remained unchanged in both
fractions (Fig. 3B).

3.5. RT-PCR

Following irradiation, real time qPCR results showed that the
mRNA levels of MAP1LC3A and Beclin-1 were significantly
decreased compared to the control lung tissue at 8 h and remained
low 7 days thereafter (Fig. 4). In contrast, the mRNA levels of the
Bnip3 were significantly increased by 3-fold (p<0.05) at 8 h
compared to control lung tissue and returned sharply to normal
at 24 h (Fig. 4).

4. Discussion

Autophagy is a fundamental process securing the cell homeo-
stasis by degrading damaged organelles and providing energy for

A 1 week
Control 6Gy

6Gy +E

- sup LC3A-I
sup LC3A-Il

sup p62

sup B-actin

1 week
6Gy +E

Control 6Gy

pel LC3A-I
pel LC3A-II

pel p62

pel B-actin
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v

sup P62

pel LC3A-l

pel LC3A-II
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Fig. 3. Autophagic related protein (LC3A-I, LC3A-II and p62) expression after 6 Gy
irradiation of lung tissue (whole body irradiation) of male Balb/c mice, (A) with and
without amifostine and (B) following 24 and 48 h of starvation. Analysis has been
separately performed in supernatant and pellet fractions.

survival under stressful conditions. Although the main damage
induced by ionizing radiation concerns the DNA, cytoplasmic
organelles are also damaged by radiation [17]. The effect of ioniz-
ing radiation on the autophagy machinery is obscure [7] and there
is almost complete lack of data on how ionizing radiation, at ther-
apeutic doses, affects autophagy in normal tissues. Gorbunov et al.
reported that 7 days after the exposure to 9.25 Gy y-radiation,
autophagosomes were accumulated in the crypt cells of murine
small intestine [18].

In the current study we focused on the early autophagic
response of normal mouse lung to ionizing radiation. Early and
chronic radiation pneumonitis and fibrosis are major side-effects
of radiotherapy [1]. Understanding the biological pathways
involved in radiation pneumonitis would have important clinical
implications.

The LC3A is a well defined autophagosomal marker with a con-
served post-translation modification at C-terminal Gly-120
[19,20]. On the contrary, the post-translation modification of the
MAP1LC3B isoform seems not to be conserved [19-21]. Moreover,
in northern blot analysis, although the LC3A mRNA was abundant
in lung rat tissue the LC3B mRNA was undetectable [19]. Thus, in
the current study the LC3A isoform was chosen for experiments.
LC3A derives from a proLC3 30KDa protein after cleavage by auto-
phagin Atg4a to produce the active cytosolic form LC3A-I. Follow-
ing activation by Atg7, LC3A-1 is transferred to Atg3 and converted
into the membrane-bound form LC3A-II. The LC3A-II resides in the
inner and outer side of the membrane, where after the autophago-
some formation the LC3-II located in the outer side is released to
the cytosol and the LC3A-II located in the inner side is degraded
by hydrolases [22]. In this latter form, LC3A localizes on the isola-
tion membranes and the complete spherical autophagosomal and
autolysosomal membranes, forming a suitable marker of autopha-
gic activity [23,24].

Another key protein assessed was Beclin-1 that functions as a
scaffold for the formation of a molecular complex to initiate
autophagy [25] and is essential to initiate autophagy [25]. More-
over, we examined the p62/SQSTM1 (sequestosome 1), a multi-
functional protein with an ubiquitin-associated domain that
interacts with a central component of the autophagy machinery,
LC3, and transport ubiquitinated proteins to degradation by the
autophagosome [26]. Thus, p62 protein levels may provide a meth-
od for detecting the functionality of autophagy as normal auto-
phagosome turn-over is linked with normal p62 levels. Finally,
we assessed the expression of BNIP3 protein, which is involved
in the induction of autophagy and mitophagy [9].

Western blot and immunohistochemical analysis showed that
the total LC3A-I and II protein content increased at 72 h following
irradiation and that was sustained up to 7 days. The most striking
increase was that of the membrane bound LC3A-II protein. Differ-
ential analysis of LC3A content in cellular lysate fractions (superna-
tant vs. pellet), however, showed that LC3A-II was increased only
in the supernatant and remained stable in the pellet. On the other
hand, the decreased mRNA LC3A and Beclin-1 levels persisting
throughout the 7 days of monitoring, show that ionizing radiation
did not stimulate expression of these genes. Thus, the reasons of
LC3A accumulation should be sought at a post-transcriptional
level.

As the shift of the LC3A-II to the supernatant fraction was an
unexpected finding, we further validated our technique in lung tis-
sues of mice that were put under starvation (a stress known to in-
duce autophagy [27]) for 24 and 48 h. The results showed that the
LC3A-I remain unchanged in supernatant and pellet fraction while
the LC3A-II clearly increased in pellet and remained undetectable
in the supernatant fraction. These patterns of intensification of
autophagy in lung tissues, sharply contrast the LC3A and p62
protein changes noted after irradiation. Since the LC3 response to
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Fig. 4. Expression levels of MAP1LC3A, Beclin1 and Bnip3 mRNA in lung tissue after ionizing radiation. mRNA changes are calculated by comparing to the control group. Data

are expressed as mean + SEM values. *p < 0.05, as compared with control.

starvation is well defined in liver tissue, we further validated our
results in this tissue. In accordance to previously reported experi-
ence [27], LC3A-I and LC3A-II was clearly increased in liver tissue
after 24 and 48 h starvation conditions, in the supernatant and
membrane fraction, respectively (unpublished results) .

These findings are supportive of a rise in LC3A-I and II protein
content in irradiated cells but are against to the expected increased
presence of LC3A in membrane structures. In accordance to our
study, He et al. previously reported immunoblot analysis showing
that LC3A-II appears only in the pellet, whereas the LC3A-I is found
in both membrane and the cytosolic fractions of unstimulated
Hela cells [28]. Nevertheless, the LC3-II found on the cytosolic side
of autophagosomes is return to the cytosol and recycled [22].

We postulate that under certain stress conditions, such as irra-
diation, the LC3-II of the outer autophagosome membrane may
accumulate in the cytosol due to the inability to be recycled, which
explains the striking increase of the LC3A-II form in the soluble
fraction of lung found herein. Impaired function of the proteasome
machinery [29], caused by exposure to ionizing irradiation, may
have disabled the recycling of LC3A-II. Of interest, the p62 protein
that binds to LC3A also increased, particularly at 7 days, which
supports the hypothesis of a gradual accumulation of the LC3A/
p62 complex, as a result of reduced degradation ability [26].
Inhibition of autophagy leads to an increase in the size and number
of p62 bodies and p62 protein levels [30]. Indeed, in a study in
Atg4dB mutant cells, where autophagosome maturation was
blocked, increased p62 accumulation was noted, indicating that
accumulation of p62 could be a good indicator of aberrant autoph-
agy [31].

In support to this hypothesis were our findings in mice that
received the potent radioprotective agent amifostine. In this case
the LC3A-II protein was no longer accumulated in the cytosolic
fraction but only in the membrane fraction and, furthermore, the
p62 protein remained stable and did not increase. It is, therefore,
suggested that the amifostine effectively contributed to the normal
autophagosome turn-over and preserved the autophagic function
of lung tissue.

It is postulated that following 6 Gy of y-irradiation, normal lung
cells may suffer a severe deregulation of the autophagy machinery.

This deregulation is characterized by decreased transcription of the
LC3A mRNA and accumulation of the LC3A, and p62 protein, either
due to defective formation of autophagosomes or to an aberrant
degradation processing of the formed autophagosomes. The role
of this phenomenon on the radiation induced early and late lung
damage is under investigation.
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