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ABSTRACT

Ionizing radiation causes biological damage that leads to severe health effects. However, the effects and subse-
quent health implications caused by exposure to low-dose radiation are unclear. The objective of this study was
to determine phosphoprotein profiles in normal human fibroblast cell lines in response to low-dose and high-
dose y-radiation. We examined the cellular response in MRC-$ cells 0.5 h after exposure to 0.05 or 2 Gy. Using
1318 antibodies by antibody array, we observed >1.3-fold increases in a number of identified phosphoproteins
in cells subjected to low-dose (0.05 Gy) and high-dose (2 Gy) radiation, suggesting that both radiation levels
stimulate distinct signaling pathways. Low-dose radiation induced nucleic acid-binding transcription factor activ-
ity, developmental processes, and multicellular organismal processes. By contrast, high-dose radiation stimulated
apoptotic processes, cell adhesion and regulation, and cellular organization and biogenesis. We found that
phospho-BTK (TyrSS0) and phospho-Gab2 (Tyr643) protein levels at 0.5 h after treatment were higher in cells
subjected to low-dose radiation than in cells treated with high-dose radiation. We also determined that the phos-
phorylation of BTK and Gab2 in response to ionizing radiation was regulated in a dose-dependent manner in
MRC-5 and NHDF cells. Our study provides new insights into the biological responses to low-dose y-radiation

and identifies potential candidate markers for monitoring exposure to low-dose ionizing radiation.
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INTRODUCTION

Humans are continually exposed to low-dose background ionizing
radiation (IR) from various natural sources [1]. Exposure to low
doses (<100 mGy) of man-made radiation is associated with cer-
tain occupations and medical diagnostic and therapeutic procedures
[2-4]. However, there is a lack of suitable methods for directly
assessing such low-dose IR exposure, and there are great uncertain-
ties about its health risk [S]. Therefore, there has been a growing
concern about the hazardous effects caused by low-dose IR.

Nevertheless, previous studies have shown that the biological
effects of low-dose radiation differ from those observed with high
doses, and are primarily unrelated to direct DNA damage [6-9].
Exposure to high-dose radiation ionizes the molecules in living cells,

which causes DNA damage and promotes malignant tumor formation
[10-12]. By contrast, low-dose radiation confers some beneficial
effects, called hormesis, upon organisms [13]. The adaptive response
has been studied primarily with low-dose radiation [14]. Previous
studies suggest that DNA repair and cell cycle regulation are involved
in the radiation-induced adaptive response [15]. Therefore, the LNT
model of the health risk associated with low-dose radiation has been
criticized on the basis of the different biological effects induced by
low-dose versus high-dose radiation [16]. Cell behavior exposed to
low-dose radiation has been well-documented as mentioned above,
but the underlying regulatory mechanisms are still poorly understood.

The genomes of all living organisms constantly suffer deleterious
attacks. DNA double-strand breaks (DSBs) are considered the most
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biologically damaging legions produced by IR and radiomimetic
chemicals, or by endogenous agents, mainly reactive oxygen species
[17]. If left unrepaired, DSBs can result in permanent cell cycle
arrest, induction of apoptosis or mitotic cell death caused by loss of
genomic material [18]. In order to cope with this lesion, cells acti-
vate a complex network of interacting pathways that lead to damage
repair and resumption of the normal cellular life cycle or to pro-
grammed cell death. This network, called the DNA damage
response (DDR), coordinates the activation of cell cycle checkpoint,
the appropriate  DNA repair pathways, and numerous other
responses [19]. The detection and subsequent downstream signal-
ing of DSBs requires the interplay of the actions of various proteins
whose functions can be categorized as DNA damage sensors, trans-
ducers, mediators and effectors. Especially, the five most prominent
DDR kinases—ataxia telangiectasia mutated (ATM), ATM and
Rad3-related protein (ATR), DNA-dependent protein kinase
(DNA-PKcs), Checkpoint kinasel (Chkl), and Checkpoint kinase2
(Chk2)—have been extensively reviewed [20].

Activation of the p38 MAPK pathway by cytokines and receptor
ligands normally leads to cell differentiation. Activation of p38 MAPK
through environmental stress can mediate cell death. In response to
DNA damage stimuli that induce DSBs (IR, UV, chemotherapeutic
drugs) [21], activation of p38 MAPK can also lead to the induction of
a G2/M cell cycle checkpoint through pS3-dependent and -independ-
ent mechanisms [22-27]. Another member of the MAPK family, c-Jun
kinase (JNK), is activated by IR [28], in an ATM-dependent manner
[29, 30]. And also, pS3 has been shown to be phosphorylated in vitro
on both the N-terminal regulatory domains by a number of different
kinases, including DNA-dependent protein kinase (DNA-PK) [31],
ATM [32] and ATR [33, 34] at serine 15 (Serl5). Ser 15 has been
studied particularly closely, as it is the site of pS3 phosphorylation by
the ATM kinase [32, 33], whose activity is required for pS3 stabiliza-
tion in response to IR and some other types of DNA damage [3S, 36].
These phosphorylation events are involved in regulating pS3 activity.

The relationship between mRNA and protein levels is not neces-
sarily linear, but is determined by the activity of proteins that are
directly responsible for maintaining the correct cellular signal func-
tion [37]. Therefore, phosphorylation events are likely to play
important roles in rapid cellular response to radiation. As men-
tioned above, the early response of proteins to IR-induced DNA
damage is well established. However, the complete profile of mar-
kers for biological responses to low-dose radiation (<100 mGy) has
not been elucidated to date. The ultimate goal is to identify a spe-
cific marker that can be applied to a non-invasively obtained bio-
logical sample to assist in a medical or policy risk-benefit analysis
and decision-making processes in radiation protection or other radi-
ation scenarios. The primary goals of our study were to determine
early response proteins and phosphoprotein profiles that result from
exposure to low-dose radiation in normal human fibroblast cell lines
(MRC-5 and NHDF).

MATERIALS AND METHODS
Cell culture and radiation treatment
Normal human lung fibroblasts (MRC-S) and normal human der-
mal fibroblasts (NHDF) were acquired from the American Type

Culture Collection (Mannassas, VA, USA). Fibroblast cells were cul-
tured in MEM medium containing 10% fetal bovine serum, penicil-
lin (100 U/ml), and streptomycin (100 U/ml) at 37°C under an
atmosphere of 5% CO,. MRC-5 and NHDF cells at passage 8—10
were used for this study. NHDF and MRC-5 fibroblasts were
seeded at a density of 5 X 10° cells in 100 mm dishes and irra-
diated with 0.05, 0.1, 1, 2 and 4 Gy using a 137Cs y-irradiator
(gammacell®’40 Exactor, Best Theratronics, Ottawa, Ontario K2K
0E4, Canada), with a delivery rate of 1.03 Gy/min. The cells were
allowed to exposure for 3, 6, 62, 125, and 249 s after irradiation,
respectively. After irradiation, the cells were returned to the incu-
bator, and western blotting or Explorer phosphoprotein microarray
was performed. The y-ray generator according to the manual for each
set of radiation conditions was certified Gammacell '*’Cs source irra-
diator calibrated by a physicist from the ACME Medical Inc.

Cell viability assay
Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay
(Sigma, St Louis, MO, USA) 48 h after irradiation. The yellow tetra-
zolium dye MTT is reduced to purple formazan in the mitochondria
of living cells. MTT was added to the cells, and the cells were then
incubated for another 3 h at 37°C. Then, the medium solution was
removed, 100 pl of dimethyl sulfoxide (DMSO) was added to the
cells in each well, and the cultures were mixed on a shaker for
1S min. The absorbance at 540 nm was measured using a spectro-
photometer (Lab System, Helsinki, Finland). The MTT assay was
repeated at least three times for each cell line in triplicate independ-
ent experiments, and then data were analyzed.

Western blotting

Cells were harvested, rinsed with ice-cold phosphate buffered saline,
and lysed in homogenization buffer (50 mM Tris-Cl, pH 6.8) con-
taining protease inhibitor and phosphatase inhibitor cocktail (Thermo
Scientific, Waltham, MA), 10% sodium dodecyl sulfate (SDS), and
10% glycerol. Protein concentrations of whole-cell lysates were deter-
mined using bicinchoninic acid (BCA) protein assay (Thermo
Scientific, Waltham, MA, USA). Blots were probed with primary anti-
bodies against phospho-pS3 (Ser1S), phospho-ETK (Tyr40), ELK1
and ETK (Cell Signaling Technology, Beverly, MA, USA); y-H2AX,
phospho-Nibrin/Nbs1 (Ser343) and Nibrin (Upstate Biotechnology,
Lake Placid, NY, USA); p2l, pS3 and f-actin (Santa Cruz
Biotechnology, California, USA); phospho-Gab2 (Tyr643), Gab2,
phospho-BTK (Tyr550) and BTK (Abcam, Cambridge, MA, USA);
phospho-CamK4 (Thr196/200) and CamK4 (Aviva Systems Biology,
San Diego, USA). Western blotting was performed using standard
protocols, and membranes were visualized by enhanced chemilumin-
escence (ECL solution, Amersham Biosciences, Uppsala, Sweden).

Phosphoprotein profiling by the Phospho Explorer
antibody microarray
The Phospho Explorer antibody microarray, which was designed
and manufactured by Full Moon Biosystems, Inc. (Sunnyvale, CA),
contains 1318 antibodies [38]. Each of the antibodies has two repli-
cates that are printed on a coated glass microscope slide, along with



multiple positive and negative controls. The antibody array experi-
ment was performed according to manufacturer’s protocol [39-42].
We performed both antibody array and analysis using the custo-
mized service from ebiogen (Ebiogen Inc, Seoul, Republic of
Korea).

Antibody array data acquisition and analysis

Slide scanning was performed using the GenePix 4100A scanner
(Molecular Devices Corporation, Sunnyvale, CA, USA). The slides
were dried before scanning, and were scanned within 24—48 h. The
slides were scanned at 10 pm resolution using optimal laser power
and a photomultiplier tube. The scanned images were graded and
quantified using GenePix 7.0 Software (Molecular Devices
Corporation, Sunnyvale, CA, USA). The numerical data were ana-
lyzed using Genowiz 4.0™ (Ocimum Biosolutions, India). After
these analyses, the protein information was annotated using the
UniProt database. The phosphorylation ratio was calculated using
the following formula:

phospho,_ . hospho
phosphorylation ratio = experiment PROSPROcontrol
unphosphoexperiment unphOSPhocomml

Statistical analysis

Cell culture experiments were repeated at least three times. Values
are shown as mean + S.D. The comparison of quantitative data was
analyzed by Student’s t-test between two groups when data was nor-
mally distributed. (two-tailed; P-values < 0.05 were considered to
be statistically significant). The statistical program used was Sigma
Plot 12.0 (Systat Software Inc., Point Richmond CA). This normal-
ization makes the average intensity of all samples numerically
equivalent to the average intensity of the all genes. Differences
between groups were evaluated using two-tailed unpaired or paired
Student’s t-tests for single comparison. Differentially expressed
phosphoproteins were detected by analyzing with a t-test on each
radiation group. The statistical program used was MeV 4.9.0
Software (TM4 Development Group, USA). The significantly differ-
ential proteomic features were determined by the MeV t-test
(P < 0.05).

RESULTS
Low-dose radiation does not affect the cells’ sensitivity
to the induction of DNA damage
To study the effect of low-dose radiation on cell viability, normal
human fibroblast MRC-5 and NHDF cells were irradiated with 0.5
to 2 Gy of y-radiation and compared with un-irradiated control cells.
All cells were incubated for 48h after irradiation. We used the
MTT assay to compare cell proliferation after various doses of
y-radiation (Fig. 1A). As expected, MRC-S cells treated with high-
dose radiation had lower viability and proliferation than cells treated
with low-dose radiation (0.0 Gy). The tumor suppressor pS3 gene
is a transcription factor that accumulates in cells in response to
DNA damage [43, 44]. To examine whether high-dose radiation
induces cellular stress in MRC-5 cells, we analyzed changes in DNA-
damage proteins induced by low-dose and high-dose radiation.
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MRC-§ cells were irradiated with 0 (untreated control), 0.05 or
0.1 Gy (low dose), or 2 Gy (high dose). Cells were incubated for
8 h, and then whole-cell lysates were extracted and subjected
to western blotting. The phospho-pS3 (SerlS), pS3 and p21
(CDKN1A) protein levels in MRC-5 cells were measured with spe-
cific antibodies. Consistent with the cell viability results shown in
Fig. 1A, western blots showed that the expression of proteins
involved in DNA-damage responses was higher in cells treated with
2 Gy of y-radiation than in cells treated with 0.05 to 0.1 Gy. We
also obtained similar results using human NHDF skin fibroblast
cells (Fig. 1C and D).

Low-dose and high-dose y-radiation effects on
phosphoprotein profiles in MRC-5 cells
The primary goal of our study was to identify changes in phospho-
protein profiles induced by exposure to low-dose y-radiation in nor-
mal human fibroblast cells. Therefore, we determined specific
phosphoproteins responding to low-dose and high-dose irradiation
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Fig. 1. Effect of y-radiation in normal human fibroblast
cells. (A) MRC-5 cells were incubated for 48 h after
exposure to y-radiation as indicated. Cell viability was
determined by MTT assay, and data were expressed as
means + SD (*P < 0.05 and **P < 0.005 compared with
untreated controls). (B) Cells were prepared at 8 h after
exposure to Y-irradiation (0, 0.05 and 2 Gy), and expression
levels of phospho-p53 (Ser1S), p53 and p21 were
determined by western blot analysis. f-actin was used as a
loading control. (C) Cell viability was determined by MTT
assay as shown Fig. 1A in NHDF cells. Data represent three
independent experiments expressed as means + SD

(*P < 0.05 and **P < 0.005 compared with untreated
controls). (D) Western blotting was performed as indicated
in Fig. 1B in NHDF cells.
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using the Explorer phospho antibody microarray and proteins
extracted from MRC-S cells treated with low-dose (0.05 Gy) and
high-dose (2 Gy) 7y-radiation. We used two different methods to
compare changes in phosphoprotein profiles. First, we analyzed
phosphoprotein expression levels in cells treated with 0.05 or 2 Gy of
y-radiation. Second, we compared the differences in protein class of
phosphoproteins for early responses to 0.05 or 2 Gy of y-radiation.
The phospho antibody microarray was used to identify differ-
ences in the phosphoprotein profiles in normal human fibroblast
cell lines in response to low-dose (0.05 Gy) and high-dose (2 Gy)
y-radiation. Therefore, we identified differentially expressed phos-
phoproteins in irradiated MRC-5 cells. We screened 1318 proteins

A 0.05 Gy

on the phospho antibody microarray slides, and obtained a total of
219 phosphoproteins that were upregulated more than 1.1-fold in
response to 0.05 and 2 Gy of y-radiation (Fig. 2A). The levels of
119 phosphoproteins increased after 0.5h only in response to low-
dose radiation (0.05 Gy). On the other hand, the levels of 73 phos-
phoproteins increased after 0.5 h in response to high-dose radiation
(2 Gy). To analyze the statistical significance of the results, we
chose proteins with a significance of P < 0.0S. To examine the dif-
ferences in genomic functional categories of proteins responding to
different doses of irradiation, we extracted unique gene process cat-
egories that were activated early in response to either low-dose or
high-dose treatment. We analyzed the expression profiles in MRC-$
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Fig. 2. Differences in phosphoprotein profiles in response to low-dose and high-dose radiation in MRC-5 cells. MRC-$

cells were treated with 0.05 and 2 Gy y-radiation as indicated, and cell lysates were extracted from MRC-5 cells after 0.5 h.
Early response phosphoproteins were identified based on >1.1-fold changes from three independent experiments.

(A) Representative Venn diagram shows the numbers of phosphoproteins identified in antibody microarrays that were
upregulated >1.1-fold in response to y-radiation as indicated at the time and dose ranges. (B) Distribution of protein class of
biological functions (GO processes) for upregulated phosphoproteins (>1.1-fold) associated with the early response (0.5 h)

to y-radiation. In t-tests, all changes were significant (P < 0.05).



cells 0.5h after irradiation to identify expression signatures asso-
ciated with molecular function.

The representative graph shown in Fig. 2B indicates that the
0.05 Gy post-irradiation baseline signatures were enriched in trans-
membrane receptor regulatory/adaptor protein (2.1%), membrane
traffic protein (1.4%), oxidoreductase (2.7%), nucleic acid binding
(20.5%) and transcription factor (13%). By contrast, the 2 Gy post-
irradiation baseline signatures were lower functional categories of
transmembrane receptor regulator/adaptor protein (0%), membrane
traffic protein (0.9%), oxidoreductase (0.9%), nucleic acid binding
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(14.8%) and transcription factor (9.3%), but were higher for the pro-
tein group of cytoskeletal protein (6.5%), transferase (22.2%), cell
adhesion molecule (2.8%) and receptor (3.7%). Anything else group
has similar effects (Fig. 2B). Tables 1 and 2 indicate that the proteins
(P < 0.05) are phosphorylated exclusively in cells treated with low-
dose radiation or high-dose radiation (>1.3-fold), respectively.

Collectively, these results suggest that low-dose and high-dose
y-radiation treatments have different effects on early responsive
phosphoproteins and gene ontology functional categories in human
fibroblast cells.

Table 1. Phosphoproteins responding to low-dose radiation (0.05 Gy) in human fibroblast cells

Phosphoprotein name Microarray ratio P-value Swiss prot.
Mean SD Accession no.
Phospho-Gab2 (Tyr643) (+) 1.573 £ 0.50 0.032 Q9UQC2
Phospho-P95/NBS (Ser343) (+) 1485 £ 0.22 0.007 060934
Phospho-BTK (Tyr550) (+) 1.355 £ 0.19 0.007 Q06187
Phospho-Elk1 (Ser383) (+) 1.321 £ 0.30 0.017 P19419
Phospho-ETK (Tyr40) (+) 1312 £ 021 0.009 P51813
Phospho-CaMK4 (Thr196,/200) (+) 1.310 + 0.47 0.040 Q16566

Student’s t-test indicated that average fold-change values were significant at the level of P < 0.0S; (+) indicates increased protein expression in MRC-$ cells; SD indi-
cates standard deviation of fold-change in triplicate independent experiments.

Table 2. Phosphoproteins responding to high-dose radiation (2 Gy) in human fibroblast cells

Phosphoprotein name

Microarray ratio
Mean + SD

Phospho-MEK1 (Thr298)
Phospho-PLCG1 (Tyr1253)
Phospho-IRS-1 (Ser612)
Phospho-TFII-I (Tyr248)
Phospho-IKK-alpha/beta (Ser176/177)
Phospho-MEK1 (Thr286)
Phospho-Pyk2 (Tyr580)
Phospho-Keratin 8 (Ser431)
Phospho-ERK3 (Ser189)
Phospho-Chkl1 (Ser296)
Phospho-CBL (Tyr700)
Phospho-BTK (Tyr550)

Phospho-LIMK1/2 (Thr$08/505)

(+) 1.570 = 0.58
(+) 1.558 +£ 0.15
(+) 1.522 £ 0.32
(+) 1.519 + 0.36
(+) 1461 + 0.53
(+) 1.432 + 048
(+) 1.405 + 0.25
(+) 1.397 £ 0.53
(+) 1.360 + 0.31
(+) 1.322 + 0.61
(+) 1.318 + 0.02
(+) 1.316 + 0.20

(+) 1.302 + 0.38

P-value Swiss prot.
Accession no.
0.043 Q02750
0.003 P19174
0.015 P35568
0.019 P78347
0.042 015111
0.036 Q02750
0.011 Q14289
0.045 P05787
0.017 Q16659
0.007 014757
0.000 P22681
0.008 Q06187
0.027 PS3667

The Student’s t-test indicated that average fold-change values were significant at the level of P < 0.05; (+) indicates increased protein expression in MRC-S cells; SD
indicates standard deviation of fold-change in triplicate independent experiments.
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Validation of candidate proteins by western blotting

We analyzed the phosphoproteins that displayed >1.3-fold increases
(P < 0.05) in the Explorer phospho antibody microarray data and
had a small standard deviation across triplicate independent experi-
ments. To verify the accuracy of antibody array data for phosphory-
lated protein expression profiling, western blotting was performed
for several phosphoproteins that displayed expression changes in
MRC-$5 and NHDF cells. In MRC-$ cells, the expression profiles of
five phosphoproteins, including phospho-NBS1 (Ser343), phospho-
Gab2 (Tyr643), phospho-BTK (Tyr550), phospho-ETK (Tyr40)
and phospho-CamK4 (Thr196/200), were dramatically increased in
response to low-dose radiation (0.05 Gy) compared with those
under high-dose radiation (2 Gy). We verified that the expression
level of phospho-BTK (TyrSS0) was slightly increased in response
to high-dose radiation (2 Gy) compared with that under low-dose
radiation (0.05 Gy), although the level of phospho-BTK (TyrS50)
expression in response to high-dose radiation was lower than that
under low-dose radiation. On the other hand, phospho-Elkl
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(Ser383) were slightly increased in MRC-S cells after low-dose radi-
ation (0.05 Gy). Collectively, this result is consistent with the anti-
body array data for MRC-S cells (Fig. 3A).

To further confirm the induction of selected phosphoproteins,
we performed western blotting to examine the levels of phosphopro-
teins in NHDF cells 0.5h after exposure to low-dose (0.05 Gy) or
high-dose (2 Gy) y-radiation. Consistent with the results of western
blotting for MRC-5 cells shown in Fig. 3A, the western blots showed
that phospho-BTK (Tyr550) and phospho-Gab2 (Tyr643) expres-
sion levels in NHDF cells were higher after exposure to low-dose
(0.05 Gy) radiation than after exposure to high-dose (2 Gy) radi-
ation. However, the expression levels of phospho-NBS1 (Ser343),
phospho-ETK (Tyr40) and phospho-CamK4 (Thr196/200) were
not higher under low-dose radiation compared with those under
high-dose radiation in NHDF cells. These data indicate that exposure
to IR-induced dose-dependent changes in phospho-BTK (TyrS50)
and phospho-Gab2 (Tyr643) expression levels, suggesting that spe-
cific responses to low-dose radiation regulate these phosphoproteins
in normal cells.
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Fig. 3. Antibody microarray analysis validates phosphoproteins involved in the early response to y-radiation. (A and B)
Normal human fibroblast cells were incubated for 0.5 h after exposure to 0.05 or 2 Gy of y-radiation. Expression of levels of
phospho-NBS1 (Ser343), NBS1, phospho-Gab2 (Tyr643), Gab2, phospho-BTK (Tyr550), BTK, phospho-ETK (Tyr40), ETK,
phospho-Elk1 (Ser383), Elk1, phospho-CamK4 (Thr196/200) and CamK4 were determined by western blotting. (A, MRC-$§
cells; B, NHDF cells). -actin was used as a loading control. The asterisk (*) indicates nonspecific band.



Several proteins exhibit dose-dependent activation during
early responses to y-radiation
To evaluate DNA damage caused by y-radiation, y-H2AX protein
levels were verified by western blotting. MRC-5 and NHDF cells
were irradiated with 0 Gy (control), 0.05 and 0.1 Gy (low dose),
and 2 and 4 Gy (high dose), and cells were incubated for 0.5 h after
irradiation. Then, whole-cell lysates were extracted and subjected to
western blotting. The y-H2AX protein levels were detected with a
specific antibody. The levels of y-H2AX were essentially unchanged
in MRC-5 and NHDF cells exposed to low-dose (0.05 and 0.1 Gy)
radiation compared with the levels in untreated control cells
(Fig. 4A). By contrast, exposure to high-dose radiation (2 and
4 Gy) significantly induced y-H2AX accumulation. These results
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show that unrepairable DNA damage did not occur after low-dose
irradiation (0.05 and 0.1 Gy), but high-dose radiation (2 and 4 Gy)
induced the accumulation of y-H2AX protein levels in response to
DNA damage in MRC-5 and NHDF cells.

To clarify the effect of IR on phosphoprotein profiles in normal
human fibroblast cells, we used western blotting to examine
phospho-BTK (TyrS50) and phospho-Gab2 (Tyr643) levels during
early responses to y-radiation in MRC-5 and NHDF cells exposed to
0—4 Gy. We measured the phospho-BTK (TyrSS0) and phospho-
Gab2 (Tyr643) expression levels in MRC-S and NHDF cells, 0.5h
after irradiation. The results showed dose-dependent responses of
phospho-BTK (TyrSS0) and phospho-Gab2 (Tyr643) in MRC-S
(Fig. 4A, Top) and NHDF (Fig. 4B, Top) cells, respectively. We ana-
lyzed these expression levels using Multi-Gauge ver. 3.0. The resulting
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Fig. 4. Effect of y-radiation on phospho-BTK (-Tyr550) and phospho-Gab2 (Tyr643) levels in normal human fibroblast cells.
MRC-5 and NHDF cells were exposed to y-radiation at the indicated doses and then incubated for 0.5 h. (A) Phospho-BTK
(Tyr550), BTK, phospho-Gab2 (Tyr643) and Gab2 protein expression levels in MRC-5 cells were determined by western
blotting (top). The protein levels were calculated by densitometry and normalized with respect to unphosphorylated proteins.
(B) Protein levels in NHDF cells were detected with the corresponding antibodies using MRC-5 cells (top). The consensus
protein levels were analyzed by densitometry. Y-H2AX was used as a biochemical marker for DNA damage. f-actin was used

as a loading control.
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graph represents the intensity of phospho-BTK (TyrSS0) and
phospho-Gab2 (Tyr643) compared with that of the control at the
indicated radiation dose. The expression levels were normalized with
respect to non-phosphorylated proteins, and expressed as the relative
intensity at each radiation dose. In MRC-5 cells, the relative inten-
sities for phospho-BTK (TyrS50) at 0, 0.05, 0.1, 2 and 4 Gy were 1.0,
1.5, 1.0, 1.2 and 0.8, respectively; the relative intensities for phospho-
Gab2 (Tyr643) at the same radiation doses were 1.0, 2.2, 1.3, 1.3 and
0.6, respectively (Fig. 4A, Bottom). We also determined the relative
intensity of activated phospho-BTK (TyrSS0) and phospho-Gab2
(Tyr643) in NHDF cells treated with 0, 0.0S, 0.1, 2 and 4 Gy of
y-radiation. The relative intensities for phospho-BTK (TyrSS0) were
1.0, 2.5, 1.2, 12 and 1.5, respectively; the relative intensities for
phospho-Gab2 (Tyr643) were 1.0, 2.2, 1.4, 1.1 and 0.7, respectively
(Fig. 4B, Bottom). These combined results suggest that phospho-
BTK (TyrSS0) and phospho-Gab2 (Tyr643) are activated in
response to low-dose y-radiation (0.0S Gy), and are candidate mar-
kers with high sensitivity and specificity for low-dose radiation.

DISCUSSION

The LNT model of health risks associated with exposure to low-
dose IR has been criticized on the basis of the different biological
effects induced by low-dose versus high-dose radiation. The ques-
tion of whether departure from linearity is skewed toward increased
or decreased risk is a hot point of debate in the fields of radiation
risk-benefit analysis and radiation protection. Understanding the
risks of low-dose radiation has significant societal importance.
Large-scale epidemiological studies are required in order to precisely
determine the effects and quantify the risks of low-dose radiation on
humans [45]. Therefore, we focused our study on the effects of
low-dose radiation on normal human fibroblast cells, which are
involved in determining the homeostasis of cellular stress responses.

The present study provides initial phosphoprotein profiles of
normal human lung fibroblasts (MRC-S cells) and normal human
dermal fibroblasts (NHDF cells) subjected to low-dose y-radiation,
and explores potential differences between phosphorylated protein
expression levels during early responses to low-dose and high-dose
irradiation. The primary goal of our study was to determine whether
there were quantitative differences between cellular responses to
low-dose and high-dose radiation. First, we demonstrated the effects
of low-dose and high-dose radiation on cellular stress pathways.
DNA damage, especially double-strand breaks DSBs, induces a
DNA damage response (DDR) [46] that leads to repair, apoptosis
or permanent growth arrest (senescence). This response is charac-
terized by activation of sensor kinase (ATM, ATR, DNA-PK), form-
ation of DNA damage foci containing phosphorylated histone
H2AX (y-H2AX) and ultimately induction of checkpoint proteins
such as p53 and the CDK inhibitor p21, which contribute to cell
cycle arrest. pS3 becomes phosphorylated on multiple sites in vivo
in response to various types of stress, and many stress-activated
kinases can phosphorylate pS3 in vitro [47-S1]. Treatment with
low-dose radiation (0.05 Gy) did not significantly affect cell viability
or induce DNA damage based on the expression levels of cell cycle
regulatory proteins such as phospho-pS3 (SerlS), pS3 and p21
compared with the levels resulting from high-dose radiation (2 Gy)

(Fig. 1). Therefore, we suggest that the late effects of high-dose
radiation exposure on the function of fibroblast cells relate to unre-
pairable damage.

Low-dose short-term exposure to IR in the range of 0.01 to
0.5 Gy (1-50 rad) can induce cellular stimulatory effects, whereas
high-dose radiation can induce damaging or lethal cellular effects
[52]. The biological response of low dose radiation is known as
radiation homeostasis, and is an adaptive response of biological
organisms to low levels of stress or damage that results in a modest
overcompensation of affected pathways and improved fitness [16].
During tissue homeostasis, there is an equilibrium between the net
growth rate and the net rate of cell death [53]. Depending on the
type of cellular stress and its severity, the cell’s response can be
manifold. Our study is the first to analyze changes in phosphopro-
tein profiles as the end point to investigate the effects of extremely
low radiation doses on normal human fibroblast cells, and to com-
pare these results with those of high radiation doses. Our data sug-
gest that quantitative differences exist between phosphoprotein
activation pathways induced by 0.05 and those induced by 2 Gy.
The total number of phosphoproteins (>1.1-fold) responding to
low-dose radiation at all experimental time points was much more
than that of phosphoproteins responding to high-dose radiation
(Fig. 2A). We validated the results of phosphoprotein profiling
using the Explorer phospho antibody array, which indicated that the
activated protein changes range observed in this study were rela-
tively smaller than high dose responding changes range observed in
the arrays. And then, we acquired a good protein cohort from anti-
body array results. As predicted from the antibody microarray data,
we demonstrated that gene ontology functional categories differed
in cells exposed to low-dose and high-dose radiation (Fig. 2B). The
term ‘functional genomics’ is often used broadly to refer to many
possible approaches that can be used for understanding the proper-
ties and function of the entirety of an organism’s genes and gene
products. We suggest that it will be important to further explore the
molecular mechanisms involved in low-dose radiation responses.

We utilized the Explorer antibody microarray and identified 119
phosphoproteins whose expression changed 0.5h after treatment
with 0.05 Gy of y-radiation, and 73 phosphoproteins whose expres-
sion changed 0.5h after treatment with 2 Gy of y-radiation (>1.1-
fold). The number of 27 phosphoproteins increased in common.
The representative Venn diagram was composed of validated pro-
teins (P < 0.05) (Fig. 2A). Interestingly, we demonstrated that
membrane receptor regulatory/adaptor proteins or traffic proteins
were associated with activation by low-dose irradiation. In addition,
cytoskeletal proteins or receptor and adhesion molecules were asso-
ciated with activation by high-dose irradiation (Fig. 2B). Signaling
pathway might be regulated by receptor binding of selective adaptor
proteins in low-dose radiation exposure. Also, it could be action to
cell fate from the activation of the various protein kinases (e.g.,
MAPK, JNK, and ATM) in the intracellular if the cells have been
exposed to high-dose radiation. Table 1 lists the proteins (P < 0.05)
that were phosphorylated only in cells subjected to low-dose radiation
(>13-fold increase in phosphorylated protein levels). In addition,
Table 2 lists the phosphorylated proteins (P < 0.05) in cells subjected
to high-dose radiation (>1.3-fold increase in phosphorylated protein
levels).



In essence, if the stress stimulus does not go beyond a certain
threshold, the cell can cope with it by mounting an appropriate
protective cellular response, which ensures the cell’s survival.
Conversely, the failure to activate or maintain a protective response,
for example, if the stressful agent is too strong, results in activation
of stress signaling cascades that eventually fuel into cell death path-
ways. Various stress-induced molecules, including NF-kB, p53, JNK
and MAPK/ERK, have been implicated in propagating and modu-
lating the cell death signal [54, SS]. From the validated high-dose
response proteins listed in Table 2, we examined the connection
between cellular stress signaling proteins and high-dose (2 Gy) radi-
ation responding proteins. Subsequent activation of PI3K and
phospholipase Cy induces a Ca”* efflux from the endoplasmic
reticulum. Increased cytosolic [Ca”*] promotes exocytosis and mast
cell degranulation [S6]. An in vitro study using the human mast cell
line HMC-1 revealed that ionizing radiation causes degranulation of
mast cells [57]. ATM mediates IKK activation by DSBs [S8].
RAFTK (also known as PYK2, CADTK) represents a stress-
sensitive mediator of the p38 MAPK signaling pathway in response
to certain cytotoxic agents [S9]. During apoptosis, a cell undergoes
dramatic changes in morphology due to a complete reorganization of
its cytoplasmic and nuclear skeleton [60, 61]. K8 phosphorylation at
Ser431 increased dramatically upon stimulation of cells with epider-
mal growth factor (EGF) or after mitotic arrest [62, 63]. The
expression of LIMK2 has been reported to induce the formation of
stress fibers and membrane blebs [64], suggesting that LIMK1/2
activation contributes to the apoptotic morphology. The phosphor-
ylation of LIMK1 (Thr508) and LIMK (Thr50S) is known to be
involved in apoptosis [65]. DNA damage-induced CHKI autopho-
sphorylation at Ser 296 is regulated by an intramolecular mechanism
[66]. BTK kinase stimulates phosphorylation of Tyr248 of TFII-1,
which leads to transcriptional activity and nuclear localization. TFII-I
and DBC1 mediate cellular mechanisms of cell-cycle regulation and
DNA double strand damage repair [67].

Alternatively, p2l-activated kinase (PAK) regulates adhesion-
dependent phosphorylation of MEK1 on S298, and subsequent
MEKI1 (MAPK kinase 1) activation [68]. PAKs are activation loop
kinases for ERK3/ERK4 [69]. In addition, Mekl and Mek2 are
regulated by their subcellular localization [70], which is determined
in many cases by interaction with specific scaffold proteins. Serine
612 of IRS-1 is phosphorylated upon PKC activation in a human
kidney fibroblasts cell line (293 cells) [71]. c-Cbl and Cbl-b are ubi-
qutin ligases [72] that Tyr700 of c-Cbl residue is efficiently phos-
phorylated by Syk and the Src-family kinases; Fyn, Yes, and Lyn
involved in the phosphorylation, but not by Lck or ZAP-70 [73].
Therefore, high-dose-responding proteins result in either positive
or negative regulation of the cellular stress response. Although the
early responding proteins of high-dose (2 Gy) didn’t directly induce
DNA damage kinases such as ATM, ATR, or DNA-PK, there are
associated with cellular stress inducible molecules as shown Table 2.

The primary goal of our study was to identify quantitative differ-
ences between cellular responses to low-dose and high-dose radiation.
Two of the validated proteins in MRC-S cells—phospho-ETK
(Tyr40) and phospho-CamK4 (Thr196/200)—were not affected by
radiation responses in NHDF cells (Fig. 3B). There may be hitherto
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unidentified features of MRC-S and NHDF cells that result in diver-
gent pathways in response to low-dose radiation. Although pBTK
(TyrSS0) protein was induced 0.5h after both 0.05 and 2 Gy irradi-
ation, expression was stronger after exposure to low-dose radiation
than after exposure to high-dose radiation. Work done over the last
~20 years at The Gray Cancer Institute and other laboratories has
identified a region of increased radio hypersensitivity to doses of
~0.5 Gy/fraction. Many cell lines exposed to doses in this range dem-
onstrate an unexpectedly high cell kill per unit dose compared with
the linear-quadratic prediction [74, 75]. On the basis of these studies,
BTK might be related to the hypersensitivity in respond to low-dose
radiation and the effect as a radiosensitizer, at least in tumor-targeted
strategies. It is known that hyper-radiosensitivity is associated with
both the adaptive response (classically thought of as the induction of
some sort of protective mechanism, e.g. DNA repair) as well as with
the inverse dose-rate effect. The requirement to exceed a threshold
level of radiation injury for the full induction of repair processes has
become known as the adaptive response [76, 77]. These responses
temporarily upregulate defenses against, repair of, and removal of
damages after a triggering event [9, 78]. Therefore, BTK might have
the potential effect to regulate homeostasis, which is associated with
both hyper-radiosensitivity as well as the adaptive response.

Previous research reveals that phosphorylation of the histone
variant H2AX at the site of DNA DSBs results in the formation and
accumulation of y-H2AX foci in the cell nucleus within a few min-
utes of DNA damage [79]. The formation of y-H2AX foci by DSBs
induced after exposure to radiation doses as low as 1 mGy [80],
and p-ATM (Ser1981) was detected after irradiation with 0.1 Gy for
15 min [81]. They showed the number of y-H2AX foci formed 71
foci per cell for 2 Gy and 7.2 foci per cell for 0.2 Gy in MRC-5 cells.
The analysis, however, was carried out by immunofluorescence
detection, and western blotting may not provide the same sensitivity
as measurement of foci formation. In addition, because of the weak
signal of phospho-ATM (Ser1981) for 0.1 Gy at 15min, ATM
immunoprecipitation was performed for 0.1 Gy or constructs
expressing Flag-tagged WT-ATM were transfected in cells for 0.5 Gy.
Our studies showed the remaining a y-H2AX signal at doses >2 Gy
because we hard to see the y-H2AX by western blotting at doses
<0.1 Gy. Also, previous reports revealed the dose response of the num-
ber of phosphorylated ATM foci formation at doses of 1.2-200 mGy in
MRC-5 cells 0.05h after irradiation. In particular, the increase in the
number of DSBs at the range of 1.2-5 mGy was largely due to radiation
induced bystander effects [82]. The biological indicators of low
dose radiation may help to evaluate the health risks involved in exposure
to radiation, and to develop accurate instruments for measuring the
exposure of personnel to low dose radiation. We found that IR inhibited
the activation of phospho-BTK (Tyr550) and phospho-Gab2
(Tyr643) in a dose-dependent manner in MRC-S and NHDF cells
(Fig. 4). Therefore, we suggest that phospho-BTK (Tyr550) and
phospho-Gab2 (Tyr643) demonstrate early responses to low-dose
radiation, and that low-dose radiation (<100 mGy) can activate
these molecules without inducing cellular or genetic toxicity.

The interplay between cell survival and apoptotic signaling is
regulated by cell surface receptors and cytoplasmic and nuclear
regulatory molecules. These regulatory molecules may be simple
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unidirectional regulators or bidirectional regulators, such as BTK
and Gab2. Previous reports demonstrated that BTK-deficient cells
underwent apoptosis after stimulation with anti IgM [83], whereas
wild-type cells survived and displayed increasing expression of
Belx;. After B-cell receptor (BCR) engagement, BTK translocates
to the plasma membrane, where it is phosphorylated at Y551 [84].
Conversely, engagement of the BCR with an antibody to immuno-
globulin M (anti-IgM) triggered apoptosis in wild-type DT-40 cells
[85]. By comparison, the lack of BTK results in increased sensitivity
to TRAIL-induced apoptosis [86]. Thus, BTK could mediate pro-
tection from apoptosis via a different mechanism through inter-
action of a respective receptor with BTK when under exposure to
y-irradiation. Conventional Gab2 knockout (Gab2KO) mice don’t
show any obvious developmental defects, but display impaired aller-
gic responses osteoclast defects, and abnormal hematopoiesis in
adulthood. In Gab2-deficient mice, the number of mast cells was
reduced markedly in the stomach and less severely in the skin.
Gab2 adaptor proteins play important roles in mast cell degranula-
tion [87-90]. Therefore, BTK activation might respond to specific
stimuli such as reactive oxygen species, and protect the cell from
death. In addition, Gab2 plays pivotal roles in the downstream sig-
nal transduction pathways of various growth factors, and therefore
may have the potential to regulate homeostasis. Future work should
examine the relationship between these biological markers and the
potential health effects associated with them.

The skin is the first organ exposed to radiation in most radio-
logical incidents and medical imaging procedures, and live samples
can be obtained directly by minimally invasive procedures in order
to estimate the biological damage in humans following radiation
exposure. The present study illustrated a unique approach and pro-
vided potential indicators for better understanding of the biological
responses of low-dose IR by analyzing protein phosphorylation
levels. Reliable markers for exposure to low-dose IR may also pro-
vide a scientific basis for developing future radiation protection stan-
dards and for understanding the biological consequences of
exposure to low-dose radiation. Thus, our study identified phospho-
BTK (TyrSS0) and phospho-Gab2 (Tyr643) as potential candidate
markers for exposure to low-dose radiation and as indicators of low-
dose radiation in normal human fibroblast cells.
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