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Background: Lung cancer is the most lethal and common cancer in the world. Non-small cell lung cancer
accounts for 80% lung cancer cases and its five-year survival rate after radiotherapy is approximately 5%.
Patients with lung cancer in the advanced stages are suitable for radiotherapy rather than surgical resection.
Unfortunately, radiotherapy alone or in combination with chemotherapy does not significantly improve 5-year
survival rates of lung cancer patients. The mechanism by which lung cancer responds to radiation is unclear
and needed to be investigated.

Methods: Two lung adenocarcinoma cell lines, CL1-0 and CL1-5, that have exhibited different metastasis
capacities in previous research, were utilized herein to investigate cellular radio-sensitivity. Clonogenic assay
was used to evaluate the radio-sensitivity of CL1-0 and CL1-5. Flow cytometry experiments were performed
on both cell lines to understand the change in the cell cycle profile that followed radiation. Gene expression
data with the untreated and radiation-treated lung cancer cell samples was obtained using Illumina
microarrays. Tight hierarchical clustering was conducted to group genes with similar expression profiles.
Clonogenic assay and cell cycle analyses were performed with Jagged 1-overexpressed CL1-0 to investigate
the role of Jagged 1 in the radio-sensitivity of the lung cancer cells.

Results: Clonogenic assay results showed that CL1-5 was more radio-sensitive than CL1-0 after exposure
to 10 Gy radiation. The proportion of the CL1-5 cell population in the G2/M phase was found to be
markedly higher than that with the CL1-0 cell population following exposure to radiation. Based on the
microarray experimental data, 1,595 genes were identified as differentially expressed and sub-grouped
into six clusters by hierarchical clustering. The functions of the identified genes in the tight clusters were
associated with cell death, cell cycle, cell growth and proliferation, cellular function and maintenance.
Moreover, our microarray data suggested that the gene expression levels of 7agged 1, a Notch ligand, differed
significantly between CL1-0 and CL1-5. This finding was further verified by real-time PCR and western
blot. Clonogenic assay results revealed a lower survival rate of Jagged 1-overexpressed CL1-0 than that of
CL1-0 following exposure to radiation.

Conclusions: CL1-5 was shown to be more radio-sensitive than CL1-0 from our clonogenic assay data.
The radiation-induced transcriptional responses in lung cancer cells were evaluated with gene expression
microarrays in this work. Jagged 1, the Notch receptor ligand, may have an important role in increasing the
radio-sensitivity of lung adenocarcinomas.
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Introduction

Lung cancer is the leading cause of cancer-related deaths
globally (1). According to a report of the American Cancer
Society (ACS) that was published in 2015, lung cancer
is the most common cancer in both males and females,
accounting for 28% and 26% of their cancer-caused deaths,
respectively (2). Additionally, of all of the deaths that are
caused by malignant tumors, lung cancer caused more
than any other in Taiwan. Lung cancer is classified as small
cell lung cancer, adenocarcinoma (the predominant type),
squamous cell carcinoma or large cell carcinoma, based on
cell morphology (3). The cancers in more than one-third
of patients with adenocarcinoma, squamous cell carcinoma
or large cell carcinoma are in locally advanced stage IIIA or
IIIB, and patients with cancers in these stages are suitable for
radiotherapy rather than surgical resection. Unfortunately,
radiotherapy alone or in combination with chemotherapy
does not significantly improve S-year survival rates, which
reach only 10-15% (4,5).

Tonizing radiation causes many types of DNA damage,
including DNA double strand breaks, and various cellular
responses that protect the cells from damage (6). The
cellular responses include cell cycle arrest, apoptosis, DNA
repair and activated signaling pathways (7,8). The cell cycle
checkpoints respond to ionizing radiation, delaying the
normal progression of the cell cycle, providing time for
DNA repair-related genes to facilitate DNA repair. The
phase of G2/M arrest with cells is considered to be both a
passive response of DNA damage and an active response to
promote DNA repair (9-11), and this process is mediated
by various mediators and effectors. However, if the cell
cycle arrest response does not occur, then the cells undergo
apoptosis or mitotic death owing to the failure to repair
DNA (12).

Jagged 1, a Notch receptor ligand, has an important role
in the progression of various human cancers. In human
prostate cancer, the up-regulation of Jagged 1 protein
occurs in metastatic tumors relative to that its expression in
localized tumors or benign tissues, indicating that Jagged 1
may be a potential biomarker that can distinguish indolent
from aggressive prostate cancers (13). In breast cancer, high
expressions of Jagged 1 mRINA and protein predict a poor
prognostic outcome, and can be used to identify patients
that will benefit from therapy or not (14). In squamous
cell lung carcinoma and carcinoid tumors, Fagged I shows
significantly different expressions (15). A previous study
revealed that the unaffected parents of retinoblastoma (Rb)

© Translational Cancer Research. All rights reserved.

315

patients were hypersensitive to radiation, and Fagged 1
exhibited a significant change in expression indicating that
it may play a role in radio-sensitivity (16). Additionally, the
activated Notch pathway contributes to the radio-resistance
of gliomas stem cells (17). Therefore, Jagged 1 may be
associated with radio-sensitivity.

The mechanism by which lung cancer responds to
radiation is still unclear. Therefore, the need to understand
the effects of radiation on lung cancer is urgent. The
molecular biomarkers of radiation responses could elucidate
the process of radiotherapy, and potentially predict the
treatment outcome of individuals. In this study, lung
adenocarcinoma cell lines, CL1-0 and CL1-5, which have
different metastasis capacities were found, by clonogenic
assay, to exhibit different degrees of radiation-induced cyto-
toxicity and were used to identify differentially expressed
genes that are involved in the different radiation responses
using microarray technology. From the array data, the
expression of Jagged 1 differed considerably between these
two cell lines. Finally, irradiation reduced the surviving
fraction of Jagged 1-overexpressed CL1-0 cells, indicating
that Jagged 1 has a role in the radio-sensitivity of CL1-0
and CL1-5 cell lines.

Materials and methods
Cell culture

Human lung cancer cell lines with differential invasiveness,
CL1-0 and CL1-5, were obtained from Dr. Pan-Chyr
Yang’s group. CL1-0 and CLI1-5 cells were maintained in
RPMI-1640 (Gibco, Grand Island, NY, USA) with 10%
fetal bovine serum (Biological industries, Israel) and were
grown exponentially at 37 °C in 5% CO, (18,19). The cell
lines were subcultured approximately two to three times
weekly. The cells were counted using a Z2 Coulter Particle
Counter (Beckman Coulter, CA, USA).

Radiation treatment

Cells with 70-80% confluences in a medium of height 0.5 cm
were grown in 10 cm petri dishes and irradiated with a
cobalt 60 (Picker V9) source at dose rates between 270 and
330 ¢cGy/min.

Clonogenic assay

Various amounts of untreated cells or irradiated cells were
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seeded into 10 cm dishes. After two weeks of incubation,
the cells were prepared for counting under microscope; they
were firstly washed in PBS, fixed with methanol and acetic
acid (3:1, v/v) for 1 hour (hr), and then stained with crystal
violet (0.1%) for 1 hr.

Flow cytometric analysis and quantification of apoptosis

The attached cells were trypsinized and re-suspended in
medium. After centrifugation at 200 g for 10 min, the
medium was removed and the cell pellets were washed twice
in PBS. They were then resuspended in 500 pL. PBS and
500 pL methanol, before being centrifuged at 200 g for
5 min. After centrifugation, the cell pellets were fixed in
1 mL methanol and stored at -20 °C. For analysis, the cells
were collected by centrifugation at 200 g for 5 min and
resuspended in PBS that contained 10 pg/mL propadium
iodide (PI), 0.2 mg/mL RNase A, and 0.1% Triton X-100.
The mixture was allowed to react in the dark for 30 minutes.
The cell suspension mixtures were then filtered and analyzed
by FACSCalibur flow cytometry (BD Bioscience, USA) and
the CellQuest program was used to determine DNA content
and cell cycle distribution.

RNA preparation

At each collection point (no radiation treatment, 0 hr; after
exposure to 10 Gy radiation for 1, 4 and 24 hr), the cells
were washed twice in ice cold PBS, and then scraped off
using 1 mL Tri Reagent® (Molecular Research Center,
Cincinnati, USA). Cells in Tri Reagent® were incubated
at 4 °C for 10 minutes. Then, 100 pL. of BCP (1-bromo-3-
chloropropane (Molecular Research Center, Inc.) was added
to every 1 mL of Tri Reagent® and then vortexing was
performed. After 10 minutes of reaction on ice, the mixtures
were centrifuged at 13,200 rpm at 4 °C for 10 min; the
supernatant was collected and mixed with isopropanol and
then stored at -80 °C for 2 hrs to allow RINA precipitation.
After 2 hours, the samples were centrifuged at 13,200 rpm
at 4 °C for 30 min, before being washed twice with 70%
ethanol. Finally, the RNA pellets were resuspended in 100
pL nuclease-free water. Total RNA was purified using the
RNeasy® Mini Kit (Qiagen, Germany) according to the
manufacturer’s instructions.

Whole genome gene expression

For Hlumina BeadChip microarray experiment, 500 ng of
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total RNA was amplified using Illumina Total Prep RNA
amplification kit (Ambion, Inc., USA). RNA samples were
reverse-transcribed using a T7 oligo (dT) primer and then
synthesized second-strand cDNA. The double-stranded
cDNA templates were then used to generate biotinylated
cRNA by in vitro transcription IVT) for 14 hr. Then, 0.75 pg
cRNA was applied to an Illumina Human Ref-8 V3
BeadChip (Illumina, Inc., USA) to hybridize for 16 hrs. After
overnight hybridization, the beadchip was washed, stained
with streptacidin-Cy3 (GE Healthcare Bio-Sciences), and
scanned by Illumina BeadStation. The images thus obtained
were analyzed by Bead Studio (Illumina, Inc.).

Data analysis

The intensity result files from the microarray experiment
were analyzed by Partek (St. Louis, MO, USA) to quantify
mRNA expression. Differentially expressed genes that
exhibited a difference in expression of at least 1.8-fold
between the untreated and radiation treated samples were
selected. Tight hierarchical clustering (20) was used further
to group genes with similar expression profiles. Ingenuity
Pathway Analysis (IPA) (Ingenuity Systems, Redwood City,
CA, USA) was used in the functional analysis of the selected
genes.

Quantitative real-time PCR

The genes that were identified from the microarray
analyses were verified by quantitative real-time PCR assay.
Quantitative real-time PCR was performed by taking 1 pg
of total RNA that was extracted from CL1-0 and CLI1-5.
Total RNA was reverse-transcribed using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). The reaction mixture was incubated
at 25 °C for 10 min, at 37 °C for 2 hr and at 85 °C for 5 sec.
Real-time PCR was performed using the SYBR Green PCR
Master Mix in the 7300 real-time PCR System (Applied
Biosystems). The reactions were carried out with the
following program; 40 cycles of denaturing at 95 °C for
15 sec and annealing and elongating at 60 °C for 1 min.
Each measurement was made in triplicate and normalized
to GAPDH as the internal control. The sequences of real-
time PCR primers were as follows.

Jagged 1: 5'-TTGTGAGCCTAATCCCTGCCAGAA-3'
(forward), 5'-AGTGGTCTTTCAGGTGTGAGCAGT-3'
(reverse);

NF«BIA: 5'-AGACCTGGCTTTCCTCAACTTCCA-3'
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(forward), 5'-TCAGCAATTTCTGGCTGGTTGGTG-3'
(reverse);

NF«BIZ: 5'-TAGATGCTGTCCGCCTGTTGATGA-3'
(forward), 5'-CCAAATGCACTGGCTGTTCGTTCT-3'
(reverse);

GAPDH: 5'-CCCTCAACGACCACTTTGTC-3'
(forward), 5'-CTTACTCCTTGGAGGCCATG-3'

(reverse).

Construction of overexpression vector

Fagged 1 was cloned into the expression vector pcDNA3.1.
The pcDNA3.1-JAGI vector was then fully sequenced to
ensure that no mutations had been introduced during the
PCR amplification.

Western blotting analysis

Cells were washed twice with ice-cold PBS and then collected
at the different time points (1, 4, 24 hrs) after exposure to
10 Gy radiation. The cell pellets were then lysed using a
lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40,
0.25% sodium deoxycholate, 5 mM EDTA, 0.02 mM EGTA,
and 1% protease inhibitor cocktail) by incubating at 4 °C
for 25 min. After centrifugation, the protein concentrations
of the supernatants were determined using a BCA assay kit
(Pierce), and 50 pg of each sample was loaded onto the 8%
SDS polyacrylamide gel. After electrophoresis, the proteins
were transferred onto a PVDF membrane. The membrane
was blocked in TBST/5% skimmed milk and then incubated
with primary antibody (Anti-Jaggedl, BD Bioscience, USA,
130 kDa) in TBST/5% skimmed milk. The membrane was
then washed three times with TBST, before incubation
with secondary antibody in TBST/5% skimmed milk. The
signals were detected by Immobilon Western (Millipore,
Billerica, MA, USA), and the images were captured by the
BioSpectrum Imaging System (UVP, Upland, CA, USA).

Results

Clonogenic assay and cell cycle profile analysis of CL1-0
and CL1-5

To determine the ability of the cells to form colonies after
radiation treatment, CL1-0 and CL1-5 cells were irradiated
with y-rays at doses of 5, 10, and 20 Gy. Exposure of CL1-
0 and CL1-5 cells to 5 Gy radiation reduced their survival
rates to 49.48% and 22.95%, respectively; exposure to 10 Gy
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radiation reduced them to 6.08% and 0.57%, respectively
(Figure 14). However, exposure to 20 Gy radiation prevented
the formation of any colony of either cell line (data not
shown). The survival rate of CL1-0 was higher than that of
CL1-5 at both doses of radiation, and upon exposure to 10 Gy
radiation, the difference between the survival rates of the
two cell lines differed by an order of magnitude. The results
revealed that CL1-0 was more radio-resistant than CL1-5.
The cell cycle distribution results showed that the G2/M
percentage increased slowly with time for both CL1-0 and
CL1-5 cell lines (Figure 1B,C). The declining cell populations
in the G1 and S phases and the increasing population in
the G2/M phase showed the same cell cycle progression in
these two cell lines. However, after exposure to radiation, the
proportion of the CL1-5 cell population in the G2/M phase
considerably exceeded of the CL1-0 population.

Identification of differentially expressed genes and gene
expression profiles

In the Ilumina microarray experiment, genes in CL.1-0 and
CL1-5 which expressions were at least 1.8 times than those
in the untreated 0 hr samples were selected. From the array
data, 1,595 genes were identified as differentially expressed
in the two cell lines at one or more time points. The main
molecular and cellular functions of these 1,595 genes were
further analyzed by IPA and related to cell death, cell
cycle, cell growth and proliferation, cellular function and
maintenance (Figure 24). To examine the global expression
profiles of these 1,595 differentially expressed genes,
they underwent tight hierarchical clustering to observe
the similarities in their expression patterns over time. In
six clusters, the expression profiles of CL1-0 and CL1-5
differed significantly, possibly explaining the different
radio-sensitivities at the transcriptional level (Figure 2B).
Tables S1-S6 present the genes in the six clusters. Genes
in clusters a, b and ¢ presented in similarly, indicating that
these genes in CL1-5 were activated at 4 to 9 hr post-
irradiation, and their expression levels declined at 24 hr.
However, in CL1-0, the expression of these genes was
either repressed or remained unchanged throughout the
time course. Genes in clusters d and e in the CL1-5 were
up-regulated at 4 and 9 hr, and down-regulated at 24 hr; in
CL1-0, their expression remained unchanged or repressed
throughout the time course. Genes in cluster f in CL1-5
showed down-regulation at 4 and 9 hr, but those in CL1-0
were unchanged at 4hr then were up-regulated at 24 hr.

www.theter.org Transl Cancer Res 2015;4(4):314-323



318 Kang et al. Radiation-induced transcriptional responses in lung cancer cells
A 100 (-
X
(o))
k]
c 10}
kel
k3]
o —#—CL1-0
w -
= 1L —&—CL1-5
c
=
'E
@
0.1 L s
0 5 10 Gy
B 200 C 200
G1  36.44 3
3 oh 3
" ' S 2656 ” 3 G1 2? gg
c 1 G2M - 8561 IS G- M 41.84
= 3 3
o 4 o 3
o o 3
04 e 0-’
0 200 400 600 800 1000 600 1 000
FL2-A L2 A
200 200
E . G1 3243 3 1 hr G1  40.03
- S 2766 ® S 2148
€ 3 GaMm - 38.72 I G2-M  87.05
3 3
o - [e} =
o (@]
01 04
0 200 00 600 800 1000 0 200 400 600 800 1000
FL2-A FlLo-
200 200
E 4hr G1 2274 3 4hr G1 32.06
®» S 3223 @ 25.58
€ i G2M  43.82 € E 40.83
> 3
Q E 5] E
O (&) l |
09 0-
0 200 400 600 800 1000 600 1000
FL2-A FL2 A
200 200+
E ohr Gl 845 3 onr Gl 1458
@ S 3500 ) 3 S 3407
S 4 G2M 5251 S G2-M  46.52
o o
O 3 O 3
07 T T T T 0-1
0 200 400 600 800 1000 600 1000
FL2-A FL2-A
200 200
3 o4ne Gl 2166 3 o4ne G 554
®» s 1093 " E s 302
= G2M  66.08 £ 3 G2-M  90.73
=] =] 3
o 3 3
o 8§ 1
04 0.=
0 200 400 600 800 1000 0 200 400 600 800 1000
FL2-A FL2-A

Figure 1 Survival rates of CL1-0 and CL1-5 after 5 and 10 Gy radiation treatments. (A) The clonogenic assay was performed to compare
the survival rates between CL1-0 and CL1-5. Appropriate cell numbers were seeded into 10 cm dishes. Five and 10 Gy radiation were
applied; the colonies were counted by fixing with methanol and acetic acid and staining with crystal violet two weeks after the radiation
treatments. It clearly showed that the survival rate of 5 Gy was higher than 10 Gy both in CL1-0 and CL1-5, and the survival rate in CL1-0
was higher than CL1-5 in 5 and 10 Gy radiation treatments. Points, three independent experiments; bars, standard deviation. Cell cycle
distributions in (B) CL1-0 and (C) CL1-5 were determined by flow cytometry analysis. The figures from upper to lower position show
different time-points after 10 Gy radiation, including 0 (untreated), 1, 4, 9, 24 hr, respectively. The proportion (%) of G1, S, and G2/M

phases are shown in the figures. The results shown here was one of three independent experiments.
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Figure 2 Cellular functions and cluster analyses of differentially expressed genes between CL1-0 and CL1-5 after 10 Gy radiation

treatments. (A) Top five cellular functions associated with 1,595 genes analyzed by IPA; (B) differential expression patterns were found in

six clusters a-f. The gene expression profiles are shown in log, ratio, with intensities of each time points compared to the untreated one.

Red color of gene expression data represents the degree of up-regulation, and the green represents down-regulation. Black color indicates

unchanged expression. IPA, Ingenuity Pathway Analysis.
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Figure 3 Jagged 1 expression and its effect to cellular survival upon radiation exposure. (A) Expression levels of 7agged 1 were obtained using
microarrays after 10 Gy radiation treatments; (B) Western blot analysis of 10 Gy radiation-induced response of Jagged 1 protein. CL1-0 and
CL1-5 were untreated (0 hr) or treated with 10 Gy radiation (1, 4, and 24 hr). A total of 50 pg protein from each sample was subject to 8%
SDS-PAGE. Proteins were transferred to PVDE. Jagged 1 and beta-actin were immunoblotted with monoclonal antibodies; (C) Western
blot images of Mock and JAG1-10; and (D) the relative expression levels of Jagged 1 in Mock and JAG1-10 measured by Image J software
are shown. Jagged 1 protein level in JAG1-10 was about 8-fold of that in Mock. Mock stands for pcDNA 3.1 vector only stable clones of
CL1-0, and JAGI1-10 stands for Jagged 1 overexpressed CL1-0 cell line. Beta actin was used as internal control; (E) survival rates of CL1-
0, CL1-5, and Jagged 1 overexpressed in CL1-0 after 10 Gy radiation treatments. The clonogenic assay was performed to compare the
survival rates between CL1-0, CL1-5 and Jagged 1 overexpressed in CL1-0. Appropriate cell numbers were seeded into 10 cm dishes. 10 Gy
radiation was applied. The colonies were counted by fixing with methanol and acetic acid and staining with crystal violet two weeks after
the radiation treatments. It showed that the survival rate of Jagged 1-overexpressed in CL1-0 was between CL1-0 and CL1-5. Points, three

independent experiments; bars, standard deviation.

Analyses of Jagged 1 expression after exposure to radiation
and its effect on cellular survival

According to the microarray data, the Fagged 1 gene
expression level in CL1-5 markedly exceeded that in CL1-0
either before or after 10 Gy radiation treatment (Figure 3A4).
Meanwhile, the Jagged 1 protein expression level increased
with duration of 10 Gy radiation treatment in CL1-5 and
the increases at 1, 4, 24 hr were 2.65-fold, 4.15-fold, and
5.30-fold respectively, relative to the untreated sample
(0 hr). In CL1-0, Jagged 1 protein expressions were lower
than in CLI1-5 at all time points (Figure 3B). These results
demonstrated that the transcriptional and translational
expression patterns of Jagged 1 in CL1-0 and CL1-5 upon
treatment with 10 Gy radiation were matched to each other.
To verify the role of Jagged 1 in determining the responses
of lung cancer cells to radiation, Jagged 1 was overexpressed
in the CL1-0 cells. The expression level of Jagged 1 in CL1-
0 was verified by real-time PCR and western blotting. The
results clearly demonstrated that the Jagged 1 expression
level in the overexpressed CL1-0 cells was about three-fold
higher than that in the mock cells (Figure 3C,D). The cell
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survival rates of CL1-0, CL1-5, and Jagged 1-overexpressed
CL1-0 cells following treatment with 10 Gy radiation were
measured (Figure 3E) and found to be reduced to 9.24%,
0.46%, and 1.79%, respectively. The survival rate of Jagged
1-overexpressed CL1-0 was significantly lower than that of
CL1-0 (P<0.05), indicating that Jagged 1 may play a role in

influencing the radio-sensitivity of lung cancer cells.

Alterations of cell cycle profile caused by Fagged 1 over-

expression in CL1-0 cells

Since Jagged 1 may be involved in radio-sensitivity, the cell
cycle profiles of the Jagged 1 overexpressed CL1-0 cells
were further examined. The real-time results showed that
the expression of Jagged 1 increased slowly over time in
CL1-5 and overexpressed CL1-0, and fluctuated around a
much lower value in CL1-0 (Figure 44). To investigate the
effect of radiation treatment on Jagged l-overexpressed
CL1-0, the subpopulation before G1 (Sub G1) and the
cell cycle distribution were determined. The results thus
obtained reveal that the amount of sub G1 in Jagged
1-overexpressed CL1-0 at 24 hr was between that in CL1-
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Figure 4 Validation of 7agged I expression by real-time PCR. (A)
The real time data showed relative expression levels of Fagged 1
at different time points, which were normalized to the internal
control GAPDH. Each time points were repeated with three
independent experiments. Points, three independent experiments;
bars, standard deviation. Using flow cytometry analysis, the
proportion of each cell cycle phase was determined. Three cell
lines (untreated, 0 hr or treated with 10 Gy radiation, 1, 4, 9, 24 hr)
were fixed by methanol and stained with PI before applying
through the flow cytometry analysis. (B) Sub G1 and (C) G2M
phase distributions in CL1-0, CL1-5 and Jagged 1 overexpressed
in CL1-0 after 10 Gy radiation treatment are shown.

0 and that in CL1-5 (Figure 4B), and similar results were
observed in relation to the percentage of G2/M (Figure 4C).
Taken together, the percentages of sub Gl and G2/M
overexpressed CL1-0 at 24 hr were lower than those of
CL1-0, indicating that overexpressed Jagged 1 in CL1-0
may affect the cell cycle distribution.

Discussion
Mechanisms of cell survival of CL1-0 and CL1-5 cells

A significant difference between the cell survival of CL1-
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0 and that of CL1-5 was observed following radiation
treatment. The cell survival of CL1-5 was approximately
one tenth that of CL1-0. Accordingly, the differentially
expressed genes were not only the genes that responded
to radiation, but also those related to cell viability. As
expected, in both cell lines, several genes related to cell
signaling, survival, and DNA repair exhibited different
expression levels following treatment with 10 Gy radiation.
The genes in the six clusters were differently expressed
between CL1-0 and CL1-5, possibly explaining the
different cell survival rates. Twenty-eight genes were sub-
grouped into cluster a. XRCC2 in cluster a participates in
homologous recombination (HR) to maintain chromosome
stability and repairs DNA damage (21). Prohibitin (PHB)
negatively regulates cell proliferation, and is suggested to
be a tumor suppressor that is associated with the immune
response. In cluster b with 35 genes, the cancer-associated
network includes members of the RAS oncogene family
(RAN), which is involved in cell cycle progression and
DNA synthesis. In the carbohydrate metabolism associated
network classification, protein O-fucosyltransferase
1 (POFUT1) participates in ligand-induced receptor
signaling, including Notch signaling in mammals (22).
In cluster ¢ with 51 genes, gene expression associated
network classification includes BUB3, which is involved
in the spindle checkpoint function. Centromere protein F
(CENPF) is associated with the centromere-kinetochore
complex and plays a role in chromosome segregation
during mitosis (G2/M phase). The distribution of cells in
the G2/M phase in CL1-0 and CL1-5 can be verified with
reference to BUB3 and CENPF gene expression patterns.
In cluster d with 35 genes, the cell cycle associated network
classification includes mini chromosome maintenance
complex component 10 (MCM10) and mini chromosome
maintenance complex component 2 (MCM2), which are
related to the initiation of eukaryotic genome replication.
BRCA2 and CDKNIA interacting protein (BCCIP) is a
(cofactor for BRCA2 and a modulator of CDK2 kinase
activity. BCL2-associated transcription factor 1 (BCLAF1),
which is related to apoptosis, can be suppressed by the
co-expression of BCL2 proteins. In cluster e, cAMP
responsive element binding protein 1 (CREB1) participates
in encoding a transcription factor that is a member of
the leucine zipper family of DNA binding proteins. In
the protein synthesis- and cell death-associated network
classification, gene interferon gamma receptor 2 IFNGR2)
helps to encode the non-ligand-binding beta chain of the
gamma interferon receptor. Cyclin B2 (CCNB2) is involved
in G2/M DNA damage checkpoint regulation.

Data on cell cycle distribution may indicate that CL1-0
and CL1-5 cells die by different mechanisms after 10 Gy
radiation treatment. Since CL1-0 and CL1-5 are p53-
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mutated cell lines, the G1/S checkpoint was absent and
cells were arrested in the G2/M phase with cumulatively
damaged DNA. Double strand breaks can be repaired by HR
during G2/M arrest (23). In this study, cells with excessive
chromosome lesions might have three results: they directly
bypassed the G2/M checkpoint to begin endoreduplication
cycles from G2 arrest, or they were subsequently detected by
the spindle checkpoint and presented with abortive mitosis or
mitotic death. More CL1-5 cells than CL1-0 cells were in the
G2/M phase at 24 hr. Moreover, a small peak were detected
at around 8N reveals that little amount of CL1-5 cells passed
a G2/M checkpoint and then into an endoreduplication
cycle. Therefore, the major survival mode of CL1-5 may
involve initiating endocycles during G2/M arrest, delaying
death. In CL1-0, of which a smaller proportion was in the
G2/M phase at 24 hr, revealed that CL1-0 passed a G2/M
checkpoint and then, in most cases, apoptosis, rather than
entering the endoreduplication cycle. However, the data
of cell cycle distribution was only collected within 24 hrs
following irradiation and a longer period time of observation
was needed to explain the result of clonogenic assay.

FJagged 1-related cell survival mechanisms in CL1-0 and
CLI-5

In this study, Jagged 1 exhibited consistent transcriptional
and translational expression profiles in CL1-0 and CL1-5
that were untreated or treated with 10 Gy radiation.
Following radiation treatment, the cell population of Jagged
l-overexpressed CL1-0 in the sub G1 and G2/M phases
and the survival rate thereof, were between those of CL1-0
and CL1-5. These results suggested that Jagged 1 influences
radio-sensitivity. Since Jagged 1 is an important ligand in
the Notch pathway that is related to cell proliferation and
apoptosis, Jagged 1-overexpressed CL1-0 was expected
to exhibit a different degree of radio-sensitivity from that
of the original CL1-0 cells. Moreover, collaboration of
Notch and NFkB signaling is reportedly important in the
proliferation, differentiation and apoptosis of a diverse
range of cells (24). Expression levels of NF«BIA in CL1-0,
Jagged 1-overexpressed CL1-0, and CL1-5 were also
measured with real-time PCR (Figure S1). Up-regulation
was followed by the suppression of NF«BIA in Jagged
l-overexpressed CL1-0, and this pattern of expression
differed from that of CL1-5. In CL1-5, the expression level
of NF«kBIA was recovered at 24 hr, rather than remaining
continuously repressed, as in Jagged 1-overexpressed CL1-0.
This finding may explain the higher survival rate of Jagged
1-overexpressed CL1-0 than that of CL1-5. The different
expression patterns of NFkBIA in the Jagged 1-overexpressed
CL1-0 and CL1-0 indicated that the expression level of
Jagged 1 may influence the NF«BIA patterns.
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"To identify the signal in response to the radiation treatment
of CL1-0 and CL1-5, the level of tumor necrosis factor
alpha (ITNF-o) was measured by real-time PCR because
TNF-o is a very common radio-inducible cytokine (25).
The results thus obtained showed an up-regulation at 1 hr
following 10 Gy radiation treatment in CL1-5, similar to
the pattern of expression of NF«kBIA in CL1-5 (Figure S2).
A previous study found that high-dose irradiation induces a
significant release of TNF-a in the lung adenocarcinoma.
TNF-a can activate the transport of NF«B into the nucleus,
resulting in the activation of NF«B signaling. Furthermore,
the survival of lung adenocarcinoma has been reversed using
a neutralizing antibody against TNF-a (25). Therefore,
TNF-o may provide the death signal in CL1-5 following
treatment with 10 Gy radiation.

In summary, radio-sensitivity of two lung adenocarcinoma
cell lines, CL1-0 and CL1-5, was investigated in this study.
Clonogenic assay results showed that CL1-5 was more radio-
sensitive than CL1-0. The proportion of cell population
at G2/M phase in CL1-5 was markedly higher than that in
CL1-0 after 24 hours of radiation exposure. Moreover, a
total of 1,595 differentially expressed genes were identified
between these two lung cancer cell lines using gene
expression microarrays. Hierarchical clustering analysis of
the differentially expressed genes highlighted six clusters of
genes and their functional associations with cell cycle, cell
death and DNA replication. Jagged 1, a Notch ligand, was
found to be significantly overexpressed in CL1-5 after 10 Gy
radiation treatment. Functional assay results showing a
decreased cell survival rate of Jagged 1-overexpressed CL1-0
after radiation exposure as compared with that of CL1-0
further suggest that Jagged 1 may play a role enhancing the
radio-sensitivity of lung cancer. The finding described in
this work may potentially facilitate the development of new
radiation treatments for lung adenocarcinoma.
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Supplementary materials

Six clusters of differentially expressed genes and their related biological networks (Tables S1-S6).

Table S1 Cluster a

Number

Related networks

Genes

1

Immune response, immune and lymphatic system development
and function, cellular compromise

ALPP, CLOCK, DMC1, FCAR, GPR1, IL17, RD, PHB,
RPL34, SLC29A1, XRCC2

Carbohydrate metabolism, nucleic NAPRT1
Lipid metabolism, molecular ZADH1
Gene expression, cell signaling, DNA replication, recombination RN7SK
Table S2 Cluster b
Number Related networks Genes
1 Gene expression, cancer, cell cycle C10RF176, DUSP19, FKBP14, MATR3, MSH3,
PLDN, RAN, SPTLC1, XPNPEP3, ZNF577
2 Cell cycle, DNA replication, recombination, and repair, C10RF119, HIST2H2BE, KIAA0101, MCM7, RECQL4

embryonic development

Carbohydrate metabolism POFUT1
Cancer neurological disease C140RF153
Cellular development ZNF652
Table S3 Cluster ¢
Number Related networks Genes
1 Hematological disease, organismal injury and abnormalities, ATXN2L, CDK5RAP3, EPM2AIP1, EXOSC2,
gene expression HIST1H2AC, HIST2H2AAS, HIST2H2AC, MAPK8IP2,
SLC4A2, SYNCRIP, ZDHHC6
2 Gene expression, lipid metabolism, small molecule biochemistry BUB3, CBX2, CCT5, CENPF, CHTF18, DDX17,
FOXQ1, HIST1H4H, POLR2J, PTCD2, RBL1
3 Amino acid metabolism, post-translational modification, small ALG1, PRKAR1B, UTP14A
molecule biochemistry
4 Renal function, chronic kidney disease FAMB3A
5 Carbohydrate metabolism, small molecule biochemistry B3GALT6
6 RNA binding RPUSD1
7 Amino acid metabolism, cell morphology, cellular assembly and RPL34
organization
8 DNA replication, recombination ZNF580
Cardiovascular disease, carbohydrate metabolism, CHST12

hematological disease




Table S4 Cluster d

Number Related networks Genes
1 DNA replication, recombination, and repair, cell cycle, cellular ABCF2, BCCIP, DDX46, DUT, EXO1, HMOX1, MCM2,
development MCM10, POLR3K, POP1, RRM2, TFRC
2 DNA post-transcriptional modification, protein synthesis, DNA BCLAF1, FAM98A, PNN, PRPF4B, RPL6
replication, recombination, and repair
3 Molecular transport, nucleic acid metabolism, small molecule NETO2
biochemistry
4 Cardiovascular disease, cell death, cell-to-cell signaling and C210RF66
interaction
5 Embryonic development, nervous system development and RBM25
function, tissue development
Cancer, cell cycle, cell morphology SLC7A6
Post-translational modification, protein synthesis, lipid PDSS1
metabolism
Table S5 Cluster e
Number Related networks Genes
1 Organismal functions, nervous system development and function, C3ORF34, CHRNAS5, CREB1, DIDO1, FOSB,
gene expression GRIPAP1, IPO4, KCNH6, LRRFIP1, MBD4, NKTR,
POLR2L, PRPF4B, SEMASE, SFRS12, ZMAT3
2 Genetic disorder, skeletal and muscular disorders, cell signaling  AFG3L1
3 DNA replication, recombination, and repair, cancer, cell cycle TDP1
4 Genetic disorder, neurological disease, gene expression METT11D1
5 Renal and urological disease, cell death, renal necrosis/cell death DDN
Table S6 Cluster
Number Related networks Genes
1 Cell cycle, cellular movement, cancer AXSS2, CARHSP1, CCNB2, CENPH, CRELD1,
DKK3, GALNT12, PHYH, PLAUR, PTGDS, STX8
2 Drug metabolism, small molecule biochemistry, cell death CEACAM1, DNAL4, DNASE1L1, IFNGR2, PSMBS,
PSME1, RSAD2, SPA17, THSD4, ZYX
Protein synthesis, gene expression, cell death ANKRA2, BPGL, CLYBL, DUSP16, MIF4GD
4 Cell cycle, cell-to-cell signaling and interaction, cellular assembly LRRC23
and organization
5 Cancer, cell morphology, cell-to-cell signaling and interaction PARP14
6 Cancer, cell death, neurological disease CREB3L2
7 Protein binding HHLA3
8 Cancer, cellular function and maintenance, reproductive system  SIRT5
disease
9 Amino acid metabolism, small molecule biochemistry AFMID
10 Neurological disease, digestive system development and YPEL5

function, hepatic system development and function
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Figure S1 Real time PCR results showed relative expression levels
of NFkBIA at different time points normalized to the internal
control GAPDH. Each time points were repeated with three
independent experiments. Points, three independent experiments;
bars, standard deviation.
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Figure S2 TNF-a expression after 10 Gy radiation in CLI-5.
The amount of TNF-o expression was quantified using real-time
PCR analysis. The amount of TNF-a expressed after the radiation
treatment was normalized with which of the non-treatment sample.
TNF-a was not detected in CL1-0 (data not shown).



