
Abstract. Background/Aim: Radiotherapy-induced autophagy
affects radiation-sensitivity and radiotherapy efficacy. Histone
modifications also occur during radiotherapy. This study
assessed radiotherapy effects on histone modification and
autophagy in non-small cell lung cancer (NSCLC) cells.
Materials and Methods: NSCLC cells were subjected to γ-
irradiation. Autophagy was detected using western blotting and
acridine orange staining. Radiation effect on cell growth was
evaluated by clonogenic assay. Histone modifications were
assessed by western blotting. Next generation sequencings
(NGSs) were conducted to identify histone modification target
genes. Results: Radio-protective autophagy and histone H4
lysine 20 trimethylation (H4K20me3) were up-regulated after
irradiation. By NGSs, genes that are differentially expressed
upon irradiation were identified, including the candidate
H4K20me3 target gene GABARAPL1. Furthermore, we
showed that GABARAPL1 is essential for the radiation-
induced autophagy. Conclusion: Our findings revealed the
regulatory axis of radiation-induced H4K20me3-GABARAPL1
in radio-protective autophagy. Modulation of this axis may be
a new strategy to enhance radiotherapy efficacy in NSCLC.

Radiotherapy is one of the fundamental treatment options for
lung cancer. Radiotherapy combined with chemotherapy can
be useful for locally advanced and inoperable non-small cell
lung cancer (NSCLC) patients (1); however, the 2-year
survival rate is less than 20% (2). Therefore, it is important
to develop novel agents to improve radiation therapeutic
efficacy.

Radiation induces various biological effects in cancer
cells, including apoptosis, mitotic catastrophe, necrosis,

senescence, and autophagy (3). Especially, a clinically
relevant dose of radiation induces autophagy in cancer cells
(4-8). Autophagy includes autophagosome-dependent
degradation of cytoplasmic contents and cellular organelles
(9, 10). While autophagy is a self-protective cellular
mechanism that promotes cell survival in response to various
stimuli, it can also play a role in cell death (11). To increase
radiotherapy efficacy, it is very important to distinguish cell
death signaling from cell survival signaling in autophagy.
However, the detailed mechanism of radiation-induced
autophagy is currently unclear.

Recently, epigenetic modulation has emerged as an
approach to cancer therapy. When cells are exposed to
radiation, histone modifications take place, including
phosphorylation of H2AX (12), trimethylation of H4K20
(13), and methylation of H3K9 (14), which affect the cellular
response to radiation damage. These histone modifications
affect gene expression patterns and result in decreased cell
viability, cell-cycle changes, and genomic instability (13-15).
However, various radiation-induced histone modifications
and mechanisms remain under-explored.

Interestingly, it has been reported that histone post-
translational modifications contribute to the control of
autophagy flux (16). Specifically, trimethylated histone H3
Lys4 (H3K4me3) (17), H4K20me3 (18), dimethylated H3K9
(H3K9me2) (19), acetylated H3K56 (H3K56ac) (20), and
H4K16ac (17) have emerged as integral parts of the
autophagy process. These histone modifications during
autophagy control autophagy-related gene expression (21).
However, the exact mechanism of timely regulation of these
modifications during autophagy is currently unknown.

In this study, we assessed the effects of radiotherapy on
histone modification, and autophagy in NSCLC cells. We
report a radio-protective role of autophagy and radiation-
induced H4K20me3 histone modification. We observed that
radiation-induced autophagy was decreased by H4K20me3
inhibition. We found that the GABARAPL1 gene is targeted
by H4K20me3 and is involved in autophagy induction after
irradiation. We showed that GABARAPL1 expression is
related with radiation-induced H4K20me3 and autophagy. In
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conclusion, we evaluated the role of radiation-induced
autophagy and related histone modifications and thus
identified a candidate target gene to enhance radiotherapy
efficacy in NSCLC.

Materials and Methods

Cell culture. The A549 and NCI-H460 cell lines were obtained from
the American Type Culture Collection (Manassas, VA, USA). Cells
were cultured in RPMI supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and streptomycin (100 μg/ml) at 37˚C in
the presence of 5% CO2. All cell culture materials were obtained
from HyClone Laboratories (Logan, UT, USA).

Gamma-irradiation procedure. Cells were subjected to 137Cs
gamma radiation at a dose rate of 2.6 Gy/min for the indicated
doses in a BIOBEAM 8000 gamma irradiator (Gamma-Service
Medical GmbH; Leipzig, Germany). Then, they were treated with
2 μM 3-deazaneplanocin A (DZNep) HCl (Selleck Chemicals;
Houston, TX, USA) or DMSO as a control for 48 h for the
indicated experiments. The cells were harvested and subjected to
different assays.

Western blotting. Cell lysates were resolved by SDS-PAGE and
transferred to Immobilon-P polyvinylidene difluoride membranes
(Millipore; Darmstadt, Germany). The membranes were blocked
with 5% skim milk–PBS–0.1% Tween 20 at room temperature for
1 h before being incubated overnight with primary antibodies
diluted in 5% skim milk–PBS–0.1% Tween-20. The membranes
were then washed three times in PBS–0.1% Tween-20 and
incubated with horseradish peroxidase-conjugated secondary
antibodies diluted 1:5,000 in 5% skim milk–PBS–0.1% Tween-20
for 1 h. After successive washes, the membranes were developed
using an ECL kit (Thermo Scientific; Waltham, MA, USA) and
analyzed using the ImageQuant LAS 4000 image analysis system
(GE Healthcare; Buckinghamshire, UK). Immunoreactive bands
were quantified by densitometry using the NIH ImageJ software.
Antibodies against beclin-1 (#3738), histone H3 (#4499), H4
(#13919), H3K4me3 (#9751), H3K9me2 (#9753), H3K27me3
(#9733), H4K20me3 (#5737), H3K56ac (#4243), H4K16ac
(#13534), LC3B (#2775) and GABARAPL1 (#26632) were
purchased from Cell Signaling Technology (Beverly, MA, USA).
Anti-p62 (#H00008878-M01) antibody was obtained from Abnova
(Taipei, Taiwan). Anti-β-actin (#A1978) antibody was purchased
from Sigma (St. Louis, MO, USA).

Quantification of acidic vesicular organelles (AVOs) with acridine
orange (AO) staining. Cells were seeded in 60-mm dishes and
irradiated with the indicated doses. After 48 h of incubation, the
cells were stained with AO (1 μg/ml in serum-free medium) in the
dark at 37˚C for 15 min and then washed with serum-free medium.
AO-stained cells were visualized and imaged under an LSM 700
laser-scanning microscope (Carl Zeiss; Oberkochen, Germany).

Clonogenic assay. Cells were seeded in a 6-well plate at
concentrations estimated to yield 20-100 colonies/dish (200, 400,
800, and 1600 cells/well). After 24 h of incubation, the cells were
exposed to various doses of ionizing radiation (2, 4, 6 Gy). Cells
were cultured for 10–14 days, and colonies were counted.

Lentiviral short hairpin RNA (shRNA) production and in vitro
transduction. pLKO1 lentiviral vectors expressing shRNA against
Beclin-1 (RHS4533-EG8678) or LC3B (RHS4533-EG81631) were
purchased from GE Dharmacon (Lafayette, CO, USA). The
recombinant lentivirus was produced by the Seoulin Bioscience
Institute (Seoul, Korea). Lentiviral particles were expressed in HEK-
293T cells cultured in DMEM containing 10% FBS and were collected
after 48 h. Then, the virus particles were filtered through a 0.45-μm
membrane filter (Millipore) and immediately stored at –70˚C. The
virus titer was determined by the TCID50 method. H460 and A549
cells were transduced with 20 multiplicity of infection (MOI) of the
virus. One day after transfection, the medium was replaced with
medium containing puromycin (2 μg/ml) for the selection of stably
knocked-down lines.

Small interfering RNA (siRNA) transfection. Pools of three
GABARAPL1-specific 19-25-nt siRNAs (#sc-105386) and non-
targeting control siRNA were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). siRNAs were transfected
into cells using Oligofectamine™ (Invitrogen; Carlsbad, CA, USA)
according to the manufacturer’s specifications. Specific silencing of
GABARAPL1 was confirmed at least three times independently.

mRNA sequencing (mRNA-seq) and data analysis. Total RNA was
isolated using TRIzol (Invitrogen). RNA quality was assessed on
an Agilent 2100 Bioanalyzer using an RNA 6000 Nano Chip
(Agilent Technologies; Amstelveen, the Netherlands), and RNA
was quantified using an ND-2000 Spectrophotometer (Thermo
Fisher Scientific; Wilmington, DE, USA). For control and test
RNAs, libraries were constructed using a SENSE mRNA-Seq
Library Prep Kit (Lexogen, Vienna, Austria) according to the
manufacturer’s instructions. Briefly, for each sample, 2 g of total
RNA were incubated with magnetic beads decorated with oligo-dT
and then washed to remove non-mRNAs. Library production was
initiated by random hybridization of starter/stopper heterodimers
to the poly(A)-RNAs still bound to the magnetic beads. These
starter/stopper heterodimers contained Illumina-compatible linker
sequences. A single-tube reverse transcription and ligation reaction
extended the starter to the next hybridized heterodimer, where the
newly synthesized cDNA insert was ligated to the stopper. Second-
strand synthesis was performed to release the library from the
beads, and then the library was amplified. Barcodes were
introduced during library amplification. The libraries were
subjected to paired-end 100 sequencing using a HiSeq 2500
(Illumina, Inc; San Diego, CA, USA).

mRNA-seq reads were mapped using TopHat (22). Differentially
expressed genes (DEGs) were determined based on counts from
unique and multiple alignments using coverage in Bedtools (23).
The read count data were processed by the quantile normalization
method using EdgeR within R, in Bioconductor (24). The
alignment files were also used for assembling transcripts,
estimating their abundances and detecting differential expression
of genes or isoforms using cufflinks. We used the fragments per
kilobase of exon per million fragments method to determine gene
expression levels. Genes were classified based on DAVID
functional annotation (25).

Quantitative real-time (RT-q) PCR. Total RNA was extracted from
cells with TRIzol (Invitrogen) and was reverse transcribed using
SuperScript II RTase (Invitrogen), according to the manufacturer’s
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instructions. The following target genes were amplified from the
cDNA: ATG10 (forward: 5’-GCGACTGCTACAGGGACCAT-3’,
reverse: 5’-CAAAAAAGGGTTGCCCAAGT-3’), ATG16L2
(forward: 5’-CGATGGCTTCAAGTGTGGTT-3’, reverse: 5’-TGCC
AGTGCATAGCTTCTGT-3’), GABARAPL1 (forward: 5’-CCTAG
TGCCCTCTGACCTTA-3’, reverse: 5’-CAGGTCTCAGGTGGA
TTCTC-3’), HAP1 (forward: 5’-CCCAGGAAGACGTCAAAGTG-
3’, reverse: 5’-AGGTAACGCTCTCCCAGACA-3’), PRKAB2
(forward: 5’-GCATGGGCTTAATAGCAGAT-3’, reverse: 5’-
GCAAGAACTGGGCTTTAAGG-3’), TRIM17 (forward: 5’-CCA
GGACTGTGTGCAGAGTT-3’, reverse: 5’-ATCAGGCAC
CACATCCTCTA-3’), VPS37D (forward: 5’-CCCAGGAAAGAC
CATTCTGT-3’, reverse: 5’-AAGGACCTGCCCTCAAAAAG-3’),
ZFYVE1 (forward: 5’-AGTGCCCAAAACATCTGCTT-3’, reverse:
5’-CCGACCAGACCAGGCATATT-3’), ATG4C (forward: 5’-
GAGAATTCAAAACCCCAACA-3’, reverse: 5’-CGCATTTCA
TGATCATCAGA-3’), TOMM7 (forward: 5’-GTGCTCTGGCT
CGGATAAGA-3’, reverse: 5’-CGTCTGTGAAGAGCCTTGTG-
3’), GAPDH (forward: 5’-CGAGATCCCTCCAAAATCAA-3’,
reverse: 5’-CCTTCTCCATGGTGGTGAA-3’). qPCRs were run on
the StepOnePlusTM Real-Time PCR System (Applied Biosystems;
Waltham, MA, USA) using a SYBR Green PCR Kit (Applied
Biosystems) according to the manufacturer’s instructions. Thermal
cycling conditions were 95˚C for 10 min followed by 40 cycles of
95˚C for 15 sec and 30 sec at 59˚C. The data were analyzed using
the StepOne software v2.2.2 (Applied Biosystems). Target gene
expression was normalized to that of GAPDH. Relative expression
was calculated by the 2–ΔΔCt method.

Chromatin immunoprecipitation sequencing (ChIP-seq) and data
analysis. ChIP assay was conducted using an EpiTect ChIP OneDay
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The anti-H4K20me3 antibody was the same as that used
for western blotting. A library was constructed using a NEBNext®
UltraTM DNA Library Prep Kit for Illumina (New England Biolabs,
Ipswich, MA, USA) according to the manufacturer’s instructions.
Briefly, adaptors were ligated to fragmented DNA. After purification,
the adaptor-ligated DNA was amplified by PCR using index primers
for multiplexing sequencing. The library was purified using magnetic
beads to remove all reaction components. Library purity and integrity
was assessed on an Agilent 2100 bioanalyzer (Agilent Technologies).
The library was subjected to paired-end 100 sequencing using HiSeq
2500 (Illumina, Inc.).

The reads were trimmed and aligned using Bowtie2 (26).
Bowtie2 indices were either generated from the genome assembly
sequence or the representative transcript sequences for alignment to
the genome and transcriptome, respectively. We used Model-based
Analysis of ChIP-Seq to identify peaks from the alignment file.
Genes were classified based on DAVID functional annotation and
by searches against the Medline database.

Statistical analysis. All experiments were repeated at least three
times. Data are presented as the mean±standard deviation as a
percentage of the control. The Mann–Whitney U-test was used for
comparisons, and p<0.05 was considered statistically significant.

Results
Radiation induces autophagy which functions as radio-
protective. We examined whether autophagy occurs in the

NSCLC cell lines H460 and A549 after irradiation with 0, 2,
or 4 Gy. In the course of autophagy, cytosolic LC3B-I is
converted to LC3B-II through lipidation, and p62 is
degraded by an increased autophagic flux (27). We found
that gamma-radiation induced markedly increased LC3-II
expression and p62 protein degradation compared with the
non-exposed control (Figure 1A). AVO formation is a
morphological characteristic of autophagy (27, 28) and that
was quantified by acridine orange staining. In radiation-
exposed cells, we observed significantly increased AVOs
(Figure 1B).

Under stress conditions, autophagy is required for cell
survival. However, recent studies have reported that cell
death could be induced by excessive autophagy (29, 30). To
investigate whether radiation-induced autophagy contributes
to cell death or survival in NSCLC cells, we generated
stable cell lines in which autophagy was abrogated by
knocking down of autophagy genes using shRNA, and we
subjected these cells to a clonogenic assay. Beclin-1 has an
essential role in autophagy initiation and LC3 is located in
the inner membrane of the autophagosome and is critical for
the progression of autophagosome formation. We
established H460 and A549 cells stably expressing specific
shRNAs targeting either beclin-1 (shBeclin-1) or LC3B
(shLC3) by lentiviral transduction. Stable knockdown of
beclin-1 or LC3B was confirmed by western blot analysis
(Figure 1C). The clonogenic assay revealed that knockdown
of autophagy increased radiosensitivity in a radiation
dosage-dependent manner when compared with control
shRNA-transduced cells (Figure 1D). Taken together, these
results clearly showed that irradiation induces autophagy
and this radiation-induced autophagy plays a radio-
protective role in NSCLC cells.

Radiation induces histone protein modifications, including
H4K20me3. Radiation can affect histone protein
modifications (13, 14). To explore radiation-induced histone
modifications, we analyzed the methylation and acetylation
profiles of histone H3 and H4 proteins, which are regulated
by irradiation. Western blot analysis revealed that
trimethylation of H3K4 and H4K20 was increased, and
acetylation of H3K56 and H4K16 was decreased dose-
dependently after exposure to radiation (Figure 2A), with
H4K20me3 and H4K16ac showing statistically significant
changes in both cell lines (Figure 2B). Interestingly, it has
been reported that H4K20me3 might be a common hallmark
of human tumor cells (31) and that H4K20me3 correlates
with patient survival in various cancers (32, 33). Therefore,
we focused on H4K20me3 among these modifications in
subsequent experiments. 

H4K20me3 is critical for the induction of autophagy after
irradiation. To explore the role of H4K20me3 in radiation-
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induced autophagy, we assessed the effect of DZNep, which
is an S-adenosylhomocysteine hydrolase inhibitor that
selectively inhibits H4K20me3, on autophagy. We used 2
μM of DZNep because at this concentration, DZNep

effectively inhibited H4K20me3 (Figure 3A), but had no
significant effect on cell viability (Figure 3B). Western blot
analysis revealed that DZNep treatment blocked not only
radiation-induced H4K20me3, but also autophagy induction
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Figure 1. Radiation-induced autophagy and its radio-protective effect. A. Western blot analysis of autophagy-related proteins (LC3 and p62) of H460
and A549 cells exposed to 0, 2, or 4 Gy of radiation for 48 h. B. AO staining 48 h after irradiation of H460 cells. Acidic vesicular organelles were
analyzed by confocal fluorescence microscopy (400×). C. Western blot analysis of beclin-1 and LC3B in H460 and A549 cells stably expressing shRNA
against beclin-1 (shBeclin-1) or LC3B (shLC3). D. Clonogenic assays of H460 and A549 cells stably expressing shRNA against beclin-1 (shBeclin-1)
or LC3B (shLC3) to block autophagy, after exposure to 0, 2, or 4 Gy of radiation (upper panel). The cell fraction surviving irradiation was assessed
(lower panel). Results are presented as the mean±standard deviation of three independent experiments. *p<0.05 vs. control. shControl, control shRNA.
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Figure 2. Radiation-induced histone protein modifications including H4K20me3. A. H460 and A549 cells were exposed to 0, 2, or 4 Gy of radiation
and incubated for 48 h after which methylated or acetylated histone proteins were analyzed by western blotting. B. H3K4me3, H3K9me2, H4K20me3,
H3K56ac, and H4K16ac quantitation by densitometry. Results are presented as the mean percentage±standard deviation of three independent
experiments. *p<0.05, **p<0.01, and ***p<0.001 vs. control.



(Figure 3C). AVO formation was also significantly decreased
in DZNep-treated cells (Figure 3D). Further, we examined
the effect of DZNep on NSCLC cell survival after
irradiation. Clonogenic assays of H460 and A549 cells
showed that DZNep treatment significantly enhanced
radiosensitivity as the knockdown of autophagy did (Figure
3E). Together, these findings showed that H4K20me3 after
irradiation is required for the induction of radio-protective
autophagy.

Transcriptome and epigenome analyses reveal H4K20me3-
targeted autophagy-related genes. We subjected H460 cells
exposed to 0 or 4 Gy of radiation to mRNA-seq and searched
for genes differentially expressed upon irradiation. In total,
26,364 genes were screened, and the expression of 7,930
genes was significantly altered upon irradiation. Among
these genes, 74 were autophagy-related and designated as
“differentially expressed autophagy-related genes”
(“DEAGs”) (Figure 4A). Of these DEAGs, 52 were up-
regulated and 22 were down-regulated after irradiation
(Figure 4B).

Next, we aimed to identify the DEAGs whose expression
was significantly changed after DZNep treatment. These
genes can be epigenetically regulated DEAGs (Table Ⅰ). We
identified 10 epigenetically regulated DEAGs. Specifically,
eight out of the 52 up-regulated DEAGs (ATG10, ATG16L2,
GABARAPL1, HAP1, PRKAB2, TRIM17, VPS37D, and
ZFYVE1) and two out of the 22 down-regulated DEAGs
(ATG4C and TOMM7) showed altered expression upon
DZNep treatment (Figure 4B). We validated these 10
epigenetically regulated DEAGs by qRT-PCR (Figure 4C).
Further, ChIP-seq of H4K20me3 in H460 cells identified
6,985 H4K20me3-binding genes. Interestingly, three of the
genes identified (i.e., ATG10, GABARAPL1, and VPS37D)
were also epigenetically regulated DEAGs (Figure 4D),
which implies they are H4K20me3-targeted DEAGs.
Especially, GABARAPL1 is known to be essential in
autophagosome maturation (34) and is involved in autophagy
initiation (35). Therefore, we further analyzed the role of
GABARAPL1 in radiation-induced autophagy.

GABARAPL1 expression is essential for radiation-induced
autophagy. First, we analyzed the effect of irradiation on
GABARAPL1 by western blot analysis. GABARAPL1-I is
conjugated to phospholipids to form the autophagosomal
membrane-bound form, GABARAPL1-II. GABARAPL1-II
expression increased in a radiation dose-dependent manner
and in accordance with the above-described changes of LC3
and p62 (Figure 5A). Next, we assessed the effect of DZNep
treatment on radiation-induced GABARAPL1-II up-
regulation. Upon DZNep treatment, GABARAPL1-II up-
regulation was inhibited, which indicated that
GABARAPL1-II up-regulation is dependent on H4K20me3

(Figure 5B). We also analyzed the role of GABARAPL1 in
radiosensitivity using siRNA against GABARAPL1 in H460
cells. A clonogenic assay showed that survival was
significantly decreased in GABARAPL1-depleted cells
(Figure 5C). Taken together, these data revealed the
regulatory axis of radiation-induced H4K20me3-
GABARAPL1 in radio-protective autophagy.

Discussion

Autophagy is involved in many diseases, including cancer
(36), and understanding the its regulatory mechanisms might
lead to novel clinical treatments (37). Autophagy involves a
series of cytoplasmic events (10). Targeted cytoplasmic
contents (e.g., abnormal protein aggregates and damaged
organelles) are isolated within a double-membrane-bound
vesicle known as the autophagosome. The autophagosome
fuses with the lysosome and the cargo contents are degraded
and recycled. Recent studies have shown that autophagy is
epigenetically regulated; autophagy is associated with several
histone modifications, including H3K4me3 (20), H4K20me3
(17), H3K9me2 (18), H3K56ac (19), and H4K16ac (20).
These histone modifications contribute to the control of
autophagic flux and the supply of autophagy-related proteins
(16).

The importance of epigenetics in cancer biology has been
emerging. Hypermethylation of CpG islands and global
hypomethylation are well-known epigenetic features of
cancer cells. In addition, histone modifications such as
methylation and acetylation have been reported in cancer,
with H4K20me3 and H3K27ac reportedly being hallmarks
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Table Ⅰ. Epigenetically regulated DEAGs (n=10).

Gene symbol                                                        Fold changes

                                                               DMSO 4 Gy/        DZNep 4 Gy/
                                                               DMSO 0 Gy         DZNep 0 Gy

Genes up-regulated after 
exposure to radiation (n=8)
   ZFYVE1                                                     2.241                     0.949
   ATG10                                                       1.874                     0.700
   ATG16L2                                                   1.853                     0.848
   VPS37D                                                     1.773                     0.970
   GABARAPL1                                             1.554                     0.790
   TRIM17                                                     1.434                     0.865
   PRKAB2                                                    1.424                     0.983
   HAP1                                                         1.325                     0.955
Genes down-regulated after 
exposure to radiation (n=2)
   ATG4C                                                      0.537                     1.205
   TOMM7                                                     0.677                     1.312
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Figure 3. Effect of H4K20me3 on radiation-induced autophagy. A. Inhibition of H4K20me3 by DZNep treatment. H460 and A549 cells were treated
0, 1, 2, 3, or 4 μM of DZNep for 48 h. H4K20me3 proteins were assessed by western blotting. B. H460 and A549 cells were treated with the indicated
concentrations of DZNep and cell viability was analyzed by a WST assay. Results are mean percentage±standard deviation of three independent
experiments. C. H460 and A549 cells were treated with DZNep, an H4K20me3 inhibitor, exposed to 0, 2, or 4 Gy of radiation, and incubated for 48
h after which autophagy marker proteins were analyzed by western blot analysis. D. AO staining 48 h after irradiation and treatment with or without
DZNep in H460 cells. Acidic vesicular organelles were analyzed by confocal fluorescence microscopy (400×). E. Clonogenic assays of H460 and
A549 cells after exposure to 0, 2, 4, or 6 Gy of radiation and treatment with or without DZNep (upper panel). The cell fraction surviving irradiation
was assessed (lower panel). Results are presented as the mean±standard deviation of three independent experiments. *p<0.05, **p<0.01 vs. control.
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Figure 4. Identification of autophagy-related genes that are differentially expressed upon irradiation and bind to H4K20me3. A. Flow chart showing
the strategy for RNA-seq analysis to identify differentially expressed autophagy-related genes (DEAGs) after irradiation. B. Heatmap of hierarchically
clustered mRNA-seq data. Among the 74 DEAGs after irradiation, 10 epigenetically regulated DEAGs were found by DZNep treatment. Eight of the
52 up-regulated DEAGs are indicated in a red box and two of the 22 down-regulated DEAGs are indicated in a blue box. C. Validation of mRNA
expression of the 10 epigenetically regulated DEAGs by qRT-PCR. Results are presented as the mean±standard deviation of three independent
experiments. *p<0.05, ***p<0.001 vs. DMSO 0 Gy. ††p<0.01, †††p<0.001. D. Overlap between epigenetically regulated DEAGs and H4K20me3-
binding genes identified by ChIP-seq. The 6988 H4K20me3-binding genes are indicated in a green circle and the 10 epigenetically regulated DEAGs
are indicated in a red circle. Three genes, ATG10, GABARAPL1, and VPS37D, were common in both groups and are indicated in yellow.
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Figure 5. GABARAPL1 is required for radiation-induced autophagy. A. Expression of GABARAPL1 during radiation-induced autophagy in H460
cells. Cells were exposed to 0, 2, or 4 Gy of radiation and incubated for 48 h, after which GABARAPL1 expression was assessed by western blot
analysis. B. Inhibition of H4K20me3 by treatment with DZNep and its effect on radiation-induced GABARAPL1 expression. Western blot analysis
was conducted 48 h after irradiation and treatment with or without DZNep in H460 cells. C. Clonogenic assays of H460 cells which were transfected
with siRNA against GABARAPL1 (siGABARAPL1) and were exposed to 0, 2, 4, or 6 Gy of radiation (left upper panel). Some of the cells were
separated and subjected to western blotting after 72 h to confirm effective knockdown (left lower panel). The cell fraction surviving irradiation was
assessed (right panel). Results are presented as the mean±standard deviation of three independent experiments. ***p<0.001 vs. control. siControl,
control siRNA.



of human tumor cells (31-33). We found that irradiation
induced various histone modifications, including increased
H3K4me3 and H4K20me3, and decreased H3K56ac and
H4K16ac. Because previous reports have revealed the
importance of H4K20me3 (31-33), we focused on this
modification in subsequent experiments. Further studies are
needed to identify the roles of the other histone
modifications and the detailed mechanisms of radiation-
induced autophagy.

Inhibition of H4K20me3 by DZNep blocked radiation-
induced autophagy and increased radiation-induced cell
death. Using high-throughput sequencing, we identified genes
differentially expressed upon irradiation and three candidate
H4K20me3-targeted autophagy-related genes, GABARAPL1,
ATG10, and VPS37D. The molecular function of
GABARAPL1 has been well established (38). The autophagy
marker LC3B is essential for autophagy execution.
GABARAPL1 shows high sequence similarity with LC3B
(~60%) and they both have a conserved C-terminal glycine
(39). However, GABARAPL1 has a specialized function as
compared with LC3B. LC3B is involved in vesicle elongation
by covalent attachment of phosphatidylethanolamine (35, 40)
and recruitment of p62 for cargo recognition. Unlike LC3B,
GABARAPL1 initiates autophagy by interacting with ULK1
(35) and promotes maturation of the autophagosome (34). In
accordance with these reports, we found that histone
modification by radiation increases GABARAPL1
expression, thereby increasing autophagy. The molecular
functions of ATG10 (41) and VPS37D (42) have been
revealed, and we plan to analyze how these proteins are
related to radiation-induced autophagy.

Radiotherapy is one of the useful strategies for non-
resectable NSCLC. However, radioresistance leads to
treatment failure. Various approaches have been employed to
enhance radiation sensitivity. Emerging evidence indicates
that targeting autophagy enhances the antitumor effect of
radiation (43-46). Despite the many research efforts, the role
of autophagy in radiation responses has remained
controversial; some studies have suggested that it is a radio-
protective phenomenon, whereas others have suggested that
autophagy promotes cell death for the removal of radio-
affected cells. Recent studies have suggested that the type,
timing, and dose of radiation are important in determining
the role of autophagy during radiation (47-50). This study
showed that radiation-induced autophagy serves as a
protective mechanism in NSCLC cells. Furthermore, we
demonstrated that the effect of irradiation on NSCLC cells
depended on autophagy, and that inhibition of autophagy and
autophagy-inducing histone modification resulted in
increased cell death upon radiation.

To the best of our knowledge, this study is the first to
provide a link between radiation-induced histone modification
and autophagy as well as evidence of an underlying

mechanism. Further, our study demonstrated that H4K20me3
inhibition increases radiation sensitivity in NSCLC cells.
Therefore, suppressing radiation-induced autophagy via
regulation of histone modification might be a promising
therapeutic strategy to enhance radiosensitivity of NSCLC.
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