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It has been suggested that a mechanistic understanding
of the cellular responses to low dose and dose rate may be
valuable in reducing some of the uncertainties involved in
current risk estimates for cancer- and non-cancer-related
radiation effects that are inherited in the linear no-
threshold hypothesis. In this study, the effects of low-dose
radiation on the proteome in both human fibroblasts and
stem cells were investigated. Particular emphasis was
placed on examining: 1. the dose-response relationships
for the differential expression of proteins in the low-dose
range (40–140 mGy) of low-linear energy transfer (LET)
radiation; and 2. the effect on differential expression of
proteins of a priming dose given prior to a challenge dose
(adaptive response effects). These studies were performed
on cultured human fibroblasts (VH10) and human adipose-
derived stem cells (ADSC). The results from the VH10 cell
experiments demonstrated that low-doses of low-LET
radiation induced unique patterns of differentially ex-
pressed proteins for each dose investigated. In addition, a
low priming radiation dose significantly changed the
protein expression induced by the subsequent challenge
exposure. In the ADSC the number of differentially
expressed proteins was markedly less compared to VH10
cells, indicating that ADSC differ in their intrinsic
response to low doses of radiation. The proteomic results

are further discussed in terms of possible pathways
influenced by low-dose irradiation. � 2016 by Radiation Research

Society

INTRODUCTION

The average population is constantly exposed to low
doses of ionizing radiation (2–4 mSv/year) from both
environmental and man-made sources, and to date, the
possible health effects from these exposures have not been
verified. However, current risk models indicate that
exposure to a 2 mSv dose could cause more than 70,000
cancer cases per year in Europe. This risk estimate is based
on the linear no-threshold hypothesis, as applied in the
international rules and standards in radiation protection (1).

The scarcity of scientifically based risk estimates for
cancer and non-cancer-related effects from exposure to low-
dose radiation presents a challenge for the scientific
community, since these estimates are necessary to address
the lack of sensitivity in epidemiological methods for doses
,50 mSv (2). Thus, new strategies are needed to gain a
deeper understanding of the health risks associated with
exposure to low doses of radiation. Recent advances in
biotechnology demonstrated that the cellular response to
doses in the mGy range can be monitored (3–7) on gene and
protein levels and that a systems biology approach may
provide a promising tool for the mechanistic understanding
of low-dose effects on cells and organs.

Emerging evidence indicates that the transcriptional and
translational responses to doses in the range of 1–100 mGy
may differ significantly (8–11), as well as for altered protein
posttranslational modifications (12). The findings that
cancer risks from low-dose exposure may be under- or
overestimated due to radiation-induced bystander effects
(13) and adaptive responses (14, 15) underlines the
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importance of a mechanistic understanding of the low-dose
and dose-rate effects. Thus, the effect of low doses at the
level of gene and protein expression is unpredictable from
the changes induced by high doses with possible conse-
quences for a phase shift in the current view of linear dose-
response relationships.

In a radiation-induced adaptive response, first reported by
Olivieri et al. (16), the induced damage in cells exposed to a
priming dose (usually within the dose range of 1–100 mGy),
briefly followed by a challenge dose, is less than the
induced damage from the challenge dose given alone. Thus,
a priming exposure can protect against subsequent damage
induced by a second exposure. In addition, it has been
reported that a relatively narrow window of priming doses
was observed to be effective when delivered at an
appropriate dose rate and depending on the total dose
applied (17). This means that the cells must receive a certain
amount of detriments within a given interval of time for the
adaptive response to be expressed. It might also be possible
that the dose range required to induce the adaptive response
depends on the cell sensitivity or might be restricted to
specific experimental systems or biological end points
rather than a general phenomenon. It is not yet clear if and
how an adaptive response has the potential to affect the dose
response at low doses of radiation. Novel research results
even suggest a relationship between bystander effect and
adaptive response because the bystander effect may play a
crucial role in the induction of the adaptive response
concerning low-dose irradiation (18).

The controversy over risk estimates for low doses also
includes the dose-rate effect. This is illustrated in the debate
over the scientific support for the dose and dose-rate
effectiveness factor (DDREF) of 2 (19). It was shown that
for suppression of neoplastic transformation the adaptive
response was dose-rate dependent (20) and that the so-
called inverse dose-rate effect shown by enhanced muta-
tions at very low-dose rates (21, 22) needs to be taken into
consideration. However, in a recent work where TK6 cells
were exposed at low-dose rates of 1.4–30 mGy/h, there was
no indication of a dose-rate effect on the yield of mutations
in the thymidine kinase locus (23).

To elucidate the molecular mechanisms in dose-response
relationships as they relate to low-dose effects we analyzed

cellular response in terms of radiation-induced changes in a
protein expression profile combined with pathway analysis.

For this purpose, we: 1. explored how the profile of the
normal human skin fibroblast and stem cell proteome respond

to low doses (40–140 mGy) delivered at a dose rate of 26,400
mGy/h; 2. investigated how a priming dose of 40 mGy

changes the protein expression profile of a challenge dose;
and 3. applied pathway and network analysis on the

differentially regulated proteins. Based on the differential
protein expression at different exposure conditions, changes in

pathways were identified, which differentiated between doses
and dose rates as well as the effect of a priming dose. Marked
differences in radiation-induced protein expression between

differentiated VH10 cells and stem cells were also observed.

MATERIALS AND METHODS

Cell Culture

Primary human fibroblast cells used in this study were from normal
human diploid foreskin fibroblast cell strain VH10 (from Leiden
University, The Netherlands). All experiments were performed with
passage 11. Six-cell culture flasks (175 cm2) were prepared according
to the experimental set-up. Each experiment was repeated indepen-
dently three times. One-million (106) cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) (Invitrogen, Paisley, UK) contain-
ing 10% defined bovine serum (GE Healthcare Life Sciences/
HyClonee Laboratories, Logan, UT) and protein-tyrosine phospha-
tase (Invitrogen). The cells were grown in each flask for 3 weeks at
378C in 5% CO2 until confluence. Cell culture media was changed
every 5 days.

StemProt human adipose-derived stem cells (ADSC) were obtained
from Invitrogene (Carlsbad, CA). These cells are isolated from
human adipose tissue collected during liposuction procedures and
cryopreserved from primary cultures. Before cryopreservation, the
ADSC are expanded for one passage in MesenPRO RSe medium.
Each lot of ADSC originates from a single donor of human
lipoaspirate tissue. The cells were cultured in MesenPRO RS basal
medium and MesenPRO growth supplement provided as a kit by
Invitrogen. Each experiment was independently repeated 4 times. The
cells were handled in the same manner as the primary human
fibroblast cells. For sub-culturing Accutasee was used. Cells were
cultured in 175 cm2 flasks until confluence (12 days) and media was
changed every fourth day.

Irradiation Conditions

For irradiation of the cells two different 137Cs sources were used.
For acute exposure a 137Cs source (Scanditronix, Uppsala, Sweden)
with a dose rate of 26,400 mGy/h was used. A cell culture incubator
(378C) equipped with a custom-made 137Cs source was used to expose
the cells to 40 mGy at the dose rate of 50 mGy/h. Irradiation
conditions (IR1–IR5) are summarized in Fig. 1. Under condition IR1
the cells were exposed to 40 mGy priming dose (50 mGy/h) followed
by a challenge dose of 100 mGy, delivered at 26,400 mGy/h after 2 h
incubation. This was done to investigate possible adaptive response
effects when compared to condition IR4, where only the challenge
dose was delivered. The second irradiation condition (IR2) consisted
only of the priming dose of 40 mGy (50 mGy/h). Conditions IR3, IR4
and IR5 included an increasing challenge dose (40, 100 and 140 mGy
delivered at 26,400 mGy/h) to study the dose-response relationship of

FIG. 1. Experimental design. Exposure conditions for VH10 cells
(IR1–IR5). The ADSC were exposed only to conditions IR1, IR4 and
IR5.
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the proteome in the low-dose range. Sham-irradiated cells were used
as control.

Cells were harvested 3 h postirradiation after high-dose-rate
exposures. This was determined as the optimal time point with the
largest amount of differentially regulated proteins in a time kinetic
experiment (cell harvest 0.5, 3 and 24 h postirradiation) done prior to
this work (data not shown). Cells were washed 3 times with Hanks’
balanced salt solution (HBSS) without calcium and magnesium. To
detach the cells, 2 ml trypsin-EDTA (Invitrogen) was added to each
flask and incubated for 7 min at 378C. The cells were collected in a tube
by centrifugation (10 min, 250g) and washed 3 times with HBSS. The
weight of each cell pellet was determined. The cell pellets were kept at
�258C for one week and then sent from Stockholm University to the
Federal Office for Radiation Protection (Oberschleissheim, Germany)
under frozen conditions for proteome analysis.

Two-Dimensional Difference in Gel Analysis (2D-DIGE)

Frozen cells were put on ice for 5 min, gently lysed (7 M urea, 2 M
thiourea, 25 mM Tris, 4% CHAPS and 10 ll/mg cell pellet), sonicated
and centrifuged (30 min, 22,000g, 48C).

The protein concentration of the supernatants was determined in
duplicate by the RC DCe g as recommended by the manufacturer
(Bio-Rad Laboratories Inc., Hercules, CA) using bovine serum
albumin (BSA) as standard.

The chosen proteomic strategy was based on two-dimensional (2D)
gel electrophoresis enhanced by the use of the 2D-DIGE (24, 25). The
experimental set-up consisted of one control and five different
exposure conditions (IR1–IR5) each comprised of three (VH10 cells)
or four (ADSC) individual biological replicates harvested at one time
point after exposure (3 h).

Three samples (total of 150 lg, 50 lg each) were each dissolved in
30 ll lysis buffer and labeled with Cy2 (IS), Cy3 and Cy5 (CyDyee

DIGE Fluor minimal dyes; GE Healthcare, Munich, Germany)
according to the manufacturer’s instructions. To eliminate dye-specific
differences, one aliquot of each fibroblast sample was labeled with
Cy3 and a second with Cy5 (inverse labeling or dye swap) leading to
two independent gels from each sample (DIGE 1 and DIGE 2). No dye
swap was performed using the stem cells. An internal standard (IS)
was pooled of equal protein amounts of all replicates (nonirradiated,
IR1–IR5) and labeled with Cy2. Labeled samples consisted of 150 lg
and 3 samples, internal standard (IS), sample Cy3 and sample Cy5,
were applied on a single gel.

ReadyStripe (18 cm long) immobilized pH gradient (IPG) strips,
pH 3–10 NL (Bio-Rad), were rehydrated passively overnight [6 M
urea, 2 M thiourea, 100 mM dithiothreitol (DTT), 2% CHAPS, 0.5%
(v/v) Pharmalytee pH 3–10]. The labeled samples were supplemented
with 5 ll DTT (40 mg DTT diluted in 75 ll H2O) and 1 ll Pharmalyte
pH 3–10 (GE Healthcare) and then applied onto the rehydrated IPG
strips by anodal cup loading. First-dimension isoelectric focusing
(IEF) was performed on a PROTEANt IEF Cell device (Bio-Rad) at
208C for a total of 33–35 kVh. For the second dimension, the strips
were placed on top of a handcast linear SDS-containing 13%
polyacrylamide gels using low-fluorescence glass plates of 26 3 20
cm (PROTEAN Plus Dodecae Cell 12-gel system; Bio-Rad) and
fixed with 0.8% agarose in running buffer (0.1% SDS, 192 mM
glycine, 0.025% Tris) containing Bromophenol blue. For molecular
weight range determination, a molecular weight marker (10–200 kDa;
Bio-Rad) was applied with a paper plug along with sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separation.

After electrophoresis, gels were scanned directly between glass plates
using a Typhoone 9400 (GE Healthcare) with the appropriate
excitation and emission wavelengths for Cy2, Cy3 and Cy5 dyes.
Images were cropped in ImageQuante software v 5.2 (GE Healthcare).

After image acquisition, the gels were fixed in 30% ethanol and
10% acetic acid for 2 h, kept in 13 Flamingoe stain (Bio-Rad)
overnight and then stained with Coomassie. The gels were stored at

48C until spot excision for mass spectrometric analysis. Coomassie
images were acquired on the GS-800e imager (Bio-Rad).

Gel Analysis and Statistics

Protein spot abundances and statistics were analyzed by DeCydere
Image Analysis Software v 7.0 (GE Healthcare). Gel images were
grouped for comparison. Each individual group was comprised of the
images of three biological replicates leading to 18 compared gels in total
(control, IR1–IR5). All gel images were matched automatically and
normalized using the internal standard (labeled in Cy2). Significantly
changed protein spots were determined by the following procedure: 1.
The spot was matched across 16 of 18 gels; and 2. Spots were
considered to be differentially regulated if a statistically significant
difference in intensity was achieved. To investigate the significantly
deregulated proteins for one condition, a two-tailed Student’s t test was
performed (P � 0.05). The comparison of more than two treatments,
when the samples are normally distributed, was performed by one-way
analysis of variance (one-way ANOVA). Differences among radiation
exposure conditions were analyzed by one-way ANOVA (P � 0.05) to
detect the extent to which observed variances between the different
conditions could be explained by the experimental parameters, as
opposed to biological or technical variation.

DeCydere Extended Data Analysis Software (DeCyder EDA), a
high-performance informatics software for the analysis of large and
combined proteomics data sets, was used to perform a first statistical
approach with the raw data. This tool performs multivariate statistics
tailored for 2D gel image data, like principal component analysis
(PCA) and hierarchical clustering. PCA or the related singular value
decomposition was applied to test the data for main factors
contributing to the observed effects. PCA, which reduces the
dimensionality of a data set by defining principal components that
describe a percentage of the total variance of the data, was applied to
the gel images.

Mass Spectra (MS) Analysis of Differentially Regulated Proteins and
Data Processing

Protein spots were chosen for mass spectrometry if they could be
clearly identified as such and removed from gels without contamina-
tion from nearby proteins. Spots were manually excised from the gels,
destained and washed with buffer containing 50 mM NH4HCO3 in
30% acetonitrile (ACN) and equilibrated in 10 mM NH4HCO3 prior to
proteolytic digestion. Gel pieces were shrunk with 100% v/v ACN and
rehydrated in 10 mM NH4HCO3. This treatment was repeated,
followed by the addition of 0.1–0.2 lg of modified trypsin (Sigma-
Aldrich, St. Louis, MO) per piece. Digestion was performed overnight
at 378C. The supernatant was collected and combined with the eluates
of subsequent elution steps with 80% v/v ACN, 1% v/v trifluoroacetic
acid (TFA). The combined eluates of one gel piece were dried in a
SpeedVace centrifuge. The dry samples were dissolved in 20 ll 50%
v/v ACN, 0.1% v/v TFA for the subsequent MALDI preparation. A
1:1 mixture of sample and a matrix solution (0.5 ll) consisting of 5
mg/ml a-cyano-4-hydroxycinnamic acid (Bruker Daltonik, Bremen,
Germany) were manually spotted on a MALDI target.

Mass spectra were acquired using a 4700 Proteomics Analyzer
(matrix-assisted laser desorption-ionization/time-of-flight: MALDI-
TOF/TOF) mass spectrometer (Applied Biosystemst, Framingham,
MA). Measurements were performed with a 355 nm Nb:YAG laser in
positive reflector mode with a 20 kV acceleration voltage. For each
MS and MS/MS spectrum 3,000 spots were accumulated. For each
spot on a MALDI plate the eight most intense peptides were selected
for additional MS/MS analysis. The acquired MS/MS spectra were
searched with GPS Explorere v 3.6 (AB Sciexe, Framingham, MA)
against the Ensembl_human database (updated August 2014; 105288
sequences, 40047886 residues) using an in-house version of Mascot
2.3.02 with the following parameters: As taxon we chose human/
mammalia and as enzyme trypsin allowing up to one missed cleavage.
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We set carbamidomethylation as fixed modification and oxidized
methionine as variable modification (26).

The Mascot protein score reflects the combined scores of the
peptide mass fingerprint score for the MS spectra as well as the sum of
all ion scores for a successful MS/MS spectrum. A protein was
therefore regarded as identified if the following three criteria were
fulfilled: 1. The probability-based molecular weight search (MOWSE)
score was above the 5% significance threshold for the respective
database (95% confidence level) (for the used version of Ensembl_hu-
man db a protein score higher than 55); 2. The matched peptide
masses were abundant in the spectrum; and 3. The theoretical
isoelectric point (pI) and the molecular weight of the search result
could be correlated with the 2D position of the corresponding spot.
MS/MS spectra of protein identifications with scores near the
significance level are always manually checked.

Western Blot

For the validation of protein regulation, the sensitive Stain-Free
Western blot technology (Bio-Rad), using total protein quantification
for normalization, was applied (27, 28). This technology offered a
perspective to bypass the fact of deregulated housekeeping proteins
after irradiation of cells. The signal of the entire sample loaded in the
corresponding lane was used as a loading control for the target protein
signal. An in-gel chemistry was activated under ultraviolet excitation
and the fluorescing protein quantity was detected by suitable imaging
systems either within the gel or after transfer to a blotting membrane.

According to determined protein concentration, 10 or 20 lg total
cell extract of each irradiated sample and respective control in
Laemmli buffer containing 25 mM Tris/HCl pH 7.5, 2% SDS, 15%
glycerol and 1% DTT, together with marker proteins (Precision Plus
Proteine Unstained Standards; Bio-Rad) were loaded onto Criterione

TGX Stain-Freee Any kDe gels (Bio-Rad) and separated for 1 h and
30 min (30 min/20 mA and 70 min/40 mA per gel).

Proteins were transferred to nitrocellulose membranes using the
Trans-Blott Turboe Transfer System (Bio-Rad) at 2.5 A for 7 min
and saturated overnight in Tris-buffered saline (TBS; 50 mM Tris-
HCl, pH 7.6 and 150 mM NaCl) containing 5% BSA. After washing
three times in TBS/T (TBS, 0.1% Tweent 20) blots were incubated
for 3 h at room temperature with primary antibodies against chosen
target proteins, such as the following: chloride intracellular channel
protein 1 (CLIC1, cat. no. ab77214, lot GR71847-1, 1:1,000), lamin A
(LMNA, cat. no. ab108595, lot GR48714-17, 1:500), superoxide
dismutase 2 (SOD2, cat. no. ab16956, lot GR13155-1, 1:10,000),
vinculin (VCL, cat. no. ab18058, lot GR53348-1, 1:1,000), eukaryotic
elongation factor 2 (EEF2, cat. no. ab33523, lot GR26010-1, 1:500)
(supplied by Abcamt) and vimentin (VIM, Calbiochemt; cat. no.
IF01, lot D00073488, 1:5,000) diluted in TBS/T containing 5% BSA.

After washing three times in TBS/T, blots were incubated for 1 h at
room temperature with alkaline phosphatase (AP)-conjugated [anti-
mouse (cat. no. A3562), anti-rabbit (cat. no. A3687); Sigma-Aldrich] or
horseradish peroxidase (HRP)-conjugated secondary antibody [anti-
mouse (cat. no. 170-5047), anti-rabbit (cat. no. 170-5046); Immun-
Stare, Bio-Rad] in blocking buffer (TBS/T, 5% BSA). Protein bands

were visualized using the AP and HRP conjugate substrate kits (both
from Bio-Rad). After AP-immunodetection the membranes were dried
overnight and scanned with a GS-900e scanner (Bio-Rad). Fluorescent
blot images (HRP) were collected immediately using the ChemiDoce

MP system (Bio-Rad). Protein signals were quantified using Image
Labe software (v 5.0; Bio-Rad) and normalized to the total protein
amount loaded on the corresponding lane. The normalized data sets
were used for the calculation of protein regulation levels. In addition,
double-sided and paired t tests were performed with Microsoft Excel XP
software to evaluate the statistical significance of the calculations.

Pathway Analysis

For pathway analysis, the Reactome FI PlugIn tool was used
[Cytoscape, plugin for http://www.cytoscape.org] (29). In this
approach solely identified proteins with statistically significant
regulation changes are addressed and, if relevant, displayed by the
software as circles and potential linkers, for example, proteins that are
not part of the protein list but that permit indirect interaction between
two proteins are indicated by diamond-shaped symbols (both so-called
nodes). Interrelations (so-called edges) between these proteins are
shown either by a dashed line (predicted), a solid black line
(experimental evidence), an arrow-headed line (type of interaction is
known) or a bar-headed line (inactivation/suppression). In addition,
the discovery of modules (subnetworks) within a network helps isolate
systems with radiation-related properties and reduces interactome
complexity. To further characterize the modules induced by low-dose
irradiation, we looked for significantly enriched biological pathways
associated with the different exposure conditions and retrieved the
most prominent pathways for each module. Modules with a small
number of listed pathways (�7 pathways), and thus without dominant
network features, were not enlisted. Due to the small number of only
three significant proteins, IR5 was not investigated further.

RESULTS

Differential Protein Expression Analysis of DIGE gels in
VH10 Fibroblast Cells
Raw Data

The number of significantly deregulated spots according
to the irradiation conditions (IR1–IR5) are shown in Table
1. This table compares the number of total spots detected
under the different irradiation conditions IR1–IR5, as well
as the number of candidate spots that were significantly (P
� 0.05) differentially expressed compared to nonirradiated
control cells. Subsequently, these spots were evaluated
based on the mean value among the sample groups and were
manually controlled to identify possible artefacts (e.g.,
staining and other background artefacts). Only manually
confirmed spots were analyzed by mass spectrometry.

TABLE 1
Number of Significantly Altered Protein Spots Detected by Decyder Software Postirradiation

Exposure
conditions

Priming dose
rate (mGy/h)

Challenge dose
rate (mGy/h)

Total dose
(mGy)

Total spots
(master gel)

Candidate spots
(t test, P � 0.05; raw data)a

Confirmed
spots

IR1 50 26,400 40 þ 100 2,323 114 50
IR2 50 - 40 2,323 115 48
IR3 - 26,400 40 2,323 105 36
IR4 - 26,400 100 2,323 89 28
IR5 - 26,400 140 2,323 42 7

a Mean values of three biological replicates.
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Confirmed candidate spots were analyzed by MALDI-
TOF/TOF tandem mass spectrometry and peptide mass
fingerprint analysis. Some of the differentially expressed
spots showed low intensities, indicating their low-abundant
character. Thus it was not always possible to pick or
identify spots of lowest abundance, even after pooling
material from several gels.

Molecular weight and pI values of the identified proteins
were checked on the 2D gel and found to be in the expected
range. The significantly identified spots with fold changes
and corresponding sequence coverage in percentage,
MOWSE score, UniProtKB accession number (bit.ly/
20VYtgg), function category and protein name are shown
in Table 2.

Dose Response after Irradiation with Three Different Low
Doses (IR3, IR4 and IR5)

To investigate the radiation response after three low doses
differentially expressed proteins were compared between
the different condition groups: IR3 (40 mGy), IR4 (100
mGy) and IR5 (140 mGy), dose rate 26,400 mGy/h.

The analysis of the raw data by PCA (Fig. 2A) for each
radiation-induced condition showed that at the spot map
level, groups IR3 (40 mGy) and IR4 (100 mGy) were well
separated from the nonirradiated control group and that IR5
(140 mGy) differed less from the control. The three
analyzed replicates formed different clusters depending on
the radiation-induced conditions, revealing a stable and
differentiated dose response.

To enlighten a presence of specific dose responses at the
proteome level, the identified proteins were compared for
the three different radiation-induced conditions (Fig. 2B).
After irradiation with the highest dose (IR5: 140 mGy) only
three proteins were differentially expressed as defined by
the statistical borders applied. Only one of these proteins,
EEF2, was in agreement with one of the other radiation-
induced conditions (IR3). The levels of EEF2 observed
were close to the detection limits and it cannot be excluded
that the same trend was also at IR4. After 40 mGy
irradiation (IR3) a total of 11 differentially expressed
proteins were identified. After 100 mGy irradiation (IR4)
the same number of 11 proteins, was found to be
differentially expressed, but only 4 proteins were shared
with IR3 (40 mGy). No single common protein could be
detected that was affected at all three doses (Fig. 2B). Thus,
for each dose, unique patterns of differentially expressed
proteins were observed, possibly indicating that different
stress-response pathways were induced.

The Effects of a Priming Dose after a Challenge Dose (IR1)
Compared to a Single Challenge Dose (IR4) and to the
Single Priming Dose (IR2)

For IR1 and IR4 doses we wanted to analyze whether the
exposure to a priming dose given 2 h prior to a challenge
dose (adaptive response) had an impact on the protein

expression observed 3 h after the challenge dose. The 40
mGy priming dose was given at 50 mGy/h, while the 100
mGy challenge dose was given at the higher dose rate of
26,400 mGy/h.

Principal component analysis was performed using the
raw data. The irradiated groups were well separated from
the nonirradiated controls. The irradiated samples were
grouped according to the applied challenge dose with (IR1)
or without (IR4) the priming dose, showing that a priming
dose caused a different radiation-induced response on
protein level (Fig. 3A). The priming dose significantly
altered the number and type of differentially regulated
proteins compared to the protein expression observed when
the challenge dose was given alone (IR4) (Fig. 3B).

Compared to only the priming condition (IR2), 11 of the
20 differentially expressed proteins observed 5 h postirra-
diation after a priming dose of 40 mGy remained
differentially expressed even after an additional 100 mGy
acute exposure (IR1) (Fig. 3C).

Validation of Target Proteins by Western Blotting

To validate the data obtained by 2D-DIGE, six different
proteins were analyzed by Western blotting. The six
selected proteins, VIM, CLIC1, LMNA, SOD, VCL and
EEF2, were selected because of high statistically significant
deregulation and/or availability of antibodies. In spite of the
small relative changes in protein expression the regulation
factors found by the 2D analysis could be verified by the
Western blot analysis for the chosen examples (Table 3).

There was good agreement for all six proteins, between
the relative regulation factors for DIGE 1 and DIGE 2 and
for Western blot relative expression ratios. In general, it is
noteworthy that under the different exposure conditions,
varying doses and dose rates, the magnitude of differential
protein expression is moderate for the identified proteins
(Table 3) and does not exceed 187% of the corresponding
control.

An example of the Western blot for VIM is shown in Fig.
4. Protein signals (Fig. 4B) were quantified and normalized
to the total protein amount loaded on the corresponding lane
and transferred to a nitrocellulose membrane (Fig. 4A). In
the exposure conditions IR1 and IR2, vimentin expression
was upregulated by a factor of 1.83 and 1.87, respectively,
while a single acute dose of 140 mGy did not induce a
significant change in expression (Fig. 4C).

Pathway Analysis

The largest number of subnetworks was reconstructed
with IR1 (5 modules with 29 nodes) and IR2 (6 modules
with 32 nodes) identifying in each case three dominant
pathways, whereas IR3 (3 modules with 16 nodes) and IR4
(4 modules with 21 nodes) revealed only one major
pathway (Fig. 5). With only three significantly deregulated
proteins, IR5 showed no dominant pathway. IR2 (40 mGy
with dose rate of 50 mGy/h) clearly had a more pronounced

RESPONSE OF THE PROTEOME TO LOW-DOSE IRRADIATION 0



TABLE 2
Differentially Regulated Proteins Identified by DeCyder Software and MALDI-TOF/TOF

Symbol Protein name Function category
Accession

no.
MOWSE Sequence

Regulation factor

score coverage (%) IR1 IR2 IR3 IR4 IR5

ALDH1A1 Aldehyde
dehydrogenase
family 1 member
A1

Aldehyde
metabolism

P00352 678 47 1.11 1.09 1.07 1.14 1.05

ALDH9A1 Aldehyde
dehydrogenase
family 9 member
A1

Aldehyde
metabolism

P49189 78 18 1.06 1.08 1.07 1.04 1.01

ACTB Actin, beta,
cytoplasmatic 1

Cellular adhesion
and migration

P60709 399 60 –1.78 –1.90 –1.41 –1.62 –1.29

CLIC1 Chloride intracellular
channel protein 1

Chloride transport,
cell cycle

O00299 70 34 1.38 1.50 1.19 1.42 1.18

VCL Vinculin Cytoskeleton P18206 354 37 1.14 1.13a 1.14 1.20 1.12
VCL Vinculin Cytoskeleton P18206 310 40 1.05 1.12a 1.04 1.06 1.01
TUBB Tubulin beta chain Cytoskeleton P07437 443 60 1.30 1.18 1.27 1.20 1.10
SEPT11 Septin 11 Cytoskeleton/

cytokinesis
D6RGI3 65 25 1.24 1.29 1.19 1.22 1.07

VIM Vimentin Cytoskeleton/signal
transduction

P08670 246 57 1.73a 1.53a 1.47a 1.56 1.15

CORO1C Coronin-1C Cytoskeleton/signal
transduction

Q9ULV4 66 16 –1.09 1.16 –1.04 1.08 1.05

SDHA Succinate
dehydrogenase
flavoprotein
subunit,
mitochondrial

Energy metabolism P31040 147 30 –1.11 –1.08 –1.09 –1.17 –1.05

VCP Transitional
endoplasmic
reticulum ATPase

ER transport P55072 78 20 –1.33 –1.48 –1.29 –1.37 –1.22

COL6A2 Collagen alpha-2(VI)
chain

Extracellular matrix P12110 129 25 –1.35a –1.35a –1.14 –1.17 –1.14

COL1A1 Collagen alpha-1(I)
chain

Extracellular matrix P02452 242 34 –1.09 –1.04 1.02 1.09 1.14

ACO1 Cytoplasmic aconitate
hydratase

mRNA binding
protein

P21399 239 34 –1.09 –1.07 –1.04 –1.18 –1.15

LMNA Lamin A Nuclear assembly P02545 278 44 1.21 1.11 1.35a 1.25 1.0
LMNA Lamin A Nuclear assembly P02545 146 39 1.24 1.20 1.30a 1.26 1.17
LMNA Lamin A Nuclear assembly P02545 395 55 1.36 1.40 1.38 1.39 1.27
LMNB1 Lamin B1 Nuclear assembly E9PBF6 100 38 1.35 1.29 1.20 1.24 1.11
SOD2 Superoxide dismutase

2 [Mn]
mitochondrial

Oxidative response P04179 283 27 –1.44a –1.46a –1.23 –1.21 –1.14

TXNRD1 Thioredoxin reductase
1. cytoplasmic

Oxidative response E9PIR7 84 28 1.10 –1.01 –1.02 1.0 1.01

CCT5 T-complex protein 1
subunit epsilon

Protein folding,
stress response

P48643 159 41 1.09 1.15 1.18 1.12 1.06

HSPA8 Heat shock cognate 71
kDa protein

Protein folding,
stress response

P11142 120 34 –1.19a –1.29a –1.27a –1.16 –1.13

CCT2 T-complex protein 1
subunit beta

Protein folding,
stress response

P78371 56 18 1.07 1.21 1.18 1.15 1.13

HSPA5 78 kDa glucose-
regulated protein

Protein folding,
stress response

P11021 624 52 –1.09 –1.07 –1.07 –1.07 –1.06

WDR1 WD repeat-containing
protein 1

Protein protein
interaction

O75083 253 53 1.11 1.21 1.14 1.14 1.01

WDR1 WD repeat-containing
protein 1

Protein protein
interaction

O75083 181 40 1.06 1.11 1.08 1.11 1.05

EEF2 Elongation factor 2 Protein synthesis P13639 127 20 1.25a 1.12 1.19a 1.03 1.06
EEF2 Elongation factor 2 Protein synthesis P13639 446 46 1.13a 1.11 1.13a 1.05 1.10
HNRNPL Heterogeneous nuclear

ribonucleoprotein L
Protein synthesis P14866 108 25 1.21 1.27 1.24 1.12 1.13

Continued on next page
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effect on the proteome compared to IR3 (40 mGy, given at a

high dose rate of 26,400 mGy), as demonstrated by the

larger number of differentially expressed proteins and
pathways, respectively. However, due to the irradiation

scheme, the difference in postirradiation incubation between

IR2 and IR3 was 2 h and therefore not directly comparable.

Proteomic Analysis of Stem Cells
Differential Protein Expression Analysis of DIGE Gels

The proteome of the stem cell line ADSC in response to

the exposure conditions IR1, IR4 and IR5 (Fig. 1) was also
examined by employing 2D-DIGE analysis. To strengthen

the statistical power, four biological replicates were

analyzed. Exposure condition IR1 was chosen to investigate
adaptive response effects compared to IR4. The dose-

response relationship between 100 and 140 mGy acute

exposure was compared for IR4 and IR5.

Statistical Evaluation of the Raw Data

For the analysis of low-dose effects in stem cells, the most
interesting exposure conditions (IR1, IR4, IR5) were

selected with four biological replicates to strengthen the

statistical evaluation.

Between 25 and 89 regulated candidate spots (raw data)

with statistically significant P values (P � 0.05) were

detected by DeCydert software, however, several of these
were artefacts located at the edge of the gels and in the

smear (Table 4). After visual spot confirmation only a few

well separated spots could be confirmed and the fold
changes on the proteome level comparing all exposure

conditions were marginal compared to the results observed

for VH10 cells. In the majority of cases, the corresponding
regulation factors for the stem cells were in a range far

below 20%.

Despite the minimum effect on the proteome the PCA

analysis of the raw data revealed an interesting result,

showing two main groups IR1/IR5 and IR4/control,

indicating that IR4 (single 100 mGy) is similar to the
nonirradiated control, whereas IR1 (priming dose 40 mGy

plus challenge dose 100 mGy for total of 140 mGy) and IR5

(140 mGy) are alike (data not shown). This grouping clearly

illustrates a radiation-induced effect and perhaps a threshold
value. The clustering did not use any sample or replicate

information.

Western Blot

We further tested if the two candidate proteins vimentin

and vinculin from the VH10 experiment were also

differentially expressed in ADSC. Western blot analysis

delivered detectable bands for both proteins but no
differential regulation for these two proteins in stem cells

(data not shown).

DISCUSSION

In this study, a proteomic approach was used to analyze

how the proteome in primary human fibroblasts and stem
cells would change in response to low doses (40–140 mGy)

and if an adaptive dose would change the protein of a

challenge dose. Identifying exposure-specific protein inter-

action networks could be useful for the discovery of crucial

radiation-linked mechanisms in the low-dose region.

Proteome Response of Human Fibroblasts (VH10) to Low
Doses and Dose Rates

A comparison of the responses to different radiation doses

showed that the proteome of human fibroblasts reacted

moderately but characteristically according to the applied

TABLE 2
Continued.

Symbol Protein name Function category
Accession

no.
MOWSE Sequence

Regulation factor

score coverage (%) IR1 IR2 IR3 IR4 IR5

GARS Glycine-tRNA ligase Protein synthesis P41250 227 35 1.05 1.05 1.06 1.08 1.09
DDX1 ATP-dependent RNA

helicase DDX1
RNA helicase Q92499 66 12 1.06 1.06 1.08 1.0 –1.02

ANXA6 Annexin 6 Signal transduction P08133 344 57 –1.10a –1.05 –1.07 1.01 1.02
DPYSL2 Dihydropyrimidinase-

related protein 2
Signal transduction Q16555 95 24 1.14 1.13 1.10 1.07 1.01

MVP Major vault protein Signal transduction Q14764 183 38 1.01 1.11 1.11 1.06 1.12
UCHL1 Ubiquitin carboxyl-

terminal hydrolase
isozyme L1

Ubiquitination
processes

P09936 55 28 1.13 1.19a 1.13 1.22 1.13

31 Number of
significantly altered
proteins

18 20 11 11 3

Notes. Proteins are listed according to their alphabetically ordered gene category. The statistically significant altered proteins (P � 0.05) are
shown in bold-face text (control vs. treated; control ¼ 1.0). Nonsignificant regulation factors are in plain text. A protein was identified with a
MOWSE score higher than 55 (for the used version of Ensembl_human db).

a The fold change was also significant in the dye swap set up.
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low doses. A number of significantly up- or down-regulated

proteins have been described, and some candidate proteins

were verified using Western blot technology. Generally,

only a relatively small number of proteins were differen-

tially expressed after irradiation, in agreement with other

published studies with higher doses (30, 31).

Using mass spectrometry, 31 different radiation-regu-

lated proteins could be identified. Our results show that

low-dose irradiation of cells could modify signal trans-

duction pathways, possibly orchestrating the subsequent

repair mechanisms. The published literature on the effects

of high-dose rates (.1 Gy/min) on the proteome is
extensive and several hundred radiation-responsive pro-
teins have been described (32). However, the list of
differentially regulated proteins covers several of the
proteins identified in this study, although doses were often
larger than 4 Gy.

Basically, the identified regulated proteins could be
classified into four main categories (Table 2): 1. cytoskel-
eton dynamics and nuclear lamin A; 2. oxidative response
and damage; 3. stress response and protein processing; and
4. protein synthesis. This is an arbitrary classification, as
some proteins have multiple functions and can play a role in
more than one group or pathway.

Identified Proteins and Their Putative Functions in the
Radiation-Induced Response Process at Low Doses
Structural Proteins

Generally, a large number of structural proteins were
found to be affected. The protein with the highest regulation
factor was vimentin, which was up-regulated under all
radiation-induced conditions except IR5 (140 mGy). This is
particularly interesting, given its pivotal role in many
essential biological processes of the cell like attachment,
migration and particularly cell signaling and cell cycle
regulation. Vimentin has also been demonstrated to function
as a potential regulator of transcription, as it is able to
interact and sequester transcriptional determinants such as
p53 (33), integrating stress-response signals e.g., after
irradiation and mediating cell cycle arrest, repair and
apoptosis, while it has also been shown to suppress tumor
development (34, 35). Recent findings based on human
cells exposed to space radiation suggest that p53 is involved
in adaptive responses by eliciting a protective effect against
low-dose radiation (36).

Other structural proteins affected by low-dose irradiation
were lamins. The nuclear lamins and lamin-associated
proteins, represent a pivotal determinant in structure and
function preserving genomic stability (37), facilitating
chromatin organization, DNA replication and repair,
regulation of gene transcription (38, 39), as well as in cell
cycle regulation (40, 41). In particular, A-type lamins are
linked with a whole variety of human degenerative
disorders, premature aging syndromes and cancer (42–44).
Consistent with deficient DNA double-strand break (DSB)
repair, lamins A/C-deficient cells are significantly more
sensitive to radiation showing effects on cell cycle
regulation as well as DNA repair (45). In our study, low-
dose irradiation provoked expression changes of lamin A/C
shown by several identified regulated isoforms with
different pI values but the same molecular weight.

Another identified structural protein, membrane-cytoskel-
etal protein vinculin, is involved in crucial signaling
cascades enabling the cells to cope with radiation-induced
injuries (46–48) and maintaining correct cell function (49).
Differential regulation of structural proteins namely vimen-

FIG. 2. Dose-response effect (dose rate 26,400 mGy/h). Panel A:
Principal component analysis of the 2D-DIGE results for dose-
response analysis. Protein spots found at least in 16 of 18 gel spot
maps were visualized by score plot. Gels are symbol coded according
to sample (IR3: rectangle; IR4: star; IR5: triangle; control: sphere).
Panel B: Venn diagram of differentially regulated proteins among
three different doses (40, 100 and 140 mGy). Statistically significantly
deregulated proteins are shown. Up-regulated proteins are marked
black and underlined, while down-regulated proteins are marked gray.
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tin, lamin A/C and vinculin also correlate with radiotherapy
response (50).

Oxidative Stress-Response Proteins

We also observed the effects on key proteins involved in
oxidative stress response such as SOD2 and CLIC1. The
link between oxidative stress and exposure to low doses and
dose rates has previously been shown in several model
systems and explained to be primarily caused by an induced
endogenous production of reactive oxygen species (ROS)
(3–5, 11).

For some unknown reason SOD2 was down-regulated
under the IR1 and IR2 conditions (priming dose exposure),
respectively. At a low dose of 40 mGy given at a dose rate
of 50 mGy/h, the cells are undergoing intense oxidative
stress. This can not only lead to direct molecular damage by
radicals but also influence gene expression, nuclear
chromatin remodeling and posttranslational modifications
of proteins (51) as well as long-lasting epigenetic effects
(52). A decreased level of SOD2 also has an adverse impact
on enzymes of the Krebs cycle by deploying a progressive
elevation of ROS, which over time leads to a dysfunctional
electron transport chain, as observed by down-regulation of
succinate dehydrogenase flavoprotein subunit (SDHA), e.g.,
under the IR4 condition. CLIC1 was identified as being up-
regulated and is a member of the chloride intracellular
channel family that serves as a regulator of cell volume, pH,
cell cycle and apoptosis (53, 54) and is regulated through
redox-sensitive residues on the protein (55, 56). Proteomic
studies identified delayed effects on the differential
expression of CLIC1 in the progeny of irradiated human
liver cells (57) or acquisition of a radioresistant phenotype
by suppression of CLIC1 activity (58). These results
suggest that CLIC1 activity is regulated by both oxidative
stress and cellular relocalization triggered by radiation
exposure.

Some other proteins on the candidate list, such as
thioredoxin reductase 1 (TXNRD1), as well a member of
the ubiquitous family of antioxidant enzymes, but also
several classic heat shock proteins (HSPA8, HSPA5)
support the notion that stress responses in particular are
induced by low-dose exposure.

Dose Response Effects and Induced Pathways

A key goal in this study was the identification of specific
pathways that might play an important role in processes
modulating low-dose response. Over the past decade, it has
become clear that single biomarkers, such as the expression
level of a particular protein, often do not perform as well as
signatures created from ensembles of proteins (59).
Multigene signatures have been regarded as more effective

FIG. 3. Priming dose effect. Panel A: Principal component analysis
for the priming dose effect. Protein spots found at least in 16 of 18 gel
spot maps were visualized by score plot. Gels are symbol coded
according to sample (IR1: arrow; IR4: star; control: sphere). Panel B:
The Venn diagram compares the effects of a priming dose on the
protein expression of a challenge dose (IR1 and IR4). Statistically
significantly deregulated proteins are shown. Up-regulated proteins
are marked black and underlined, while down-regulated proteins are
marked gray. The differentially expressed proteins in exposure
condition IR1 were compared with the single challenge dose IR4.
Panel C: The Venn diagram compares the effects of a priming dose on
the protein expression (IR1 and IR2). Statistically significantly
deregulated proteins are shown. Upregulated proteins are marked
black and underlined, while down-regulated proteins are marked gray.

 
The differentially expressed proteins in exposure condition IR1 were

compared with the single priming dose IR2.
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than single gene expression values based on the belief that

the network of gene/protein interactions produces the

phenotypes displayed by cells (60). Identifying exposure-

specific protein interaction networks could be useful for the

discovery of crucial radiation linked mechanisms.

A fundamental finding in the low-dose range (40, 100 and

140 mGy) was that no linear dose-response relationship was

observed regarding the relative yields of differentially up- or

down-regulated proteins. The response relationships can

best be described as on/off effects involving regulation of

different proteins depending on dose and dose rates.

Exposure at each radiation dose resulted in a characteristic

reaction pattern, while the two lower doses (40 and 100

mGy) had the most overlap (Fig. 2B). Interestingly, the

highest radiation dose resulted in the lowest number of

differentially expressed proteins, indicating a possible phase

shift in the cellular response to doses �140 mGy. Similar

observations with different dose-response patterns after

low-dose radiation have been reported for the transcriptional

level (8, 61). Overall, the number of modulated genes did

not change drastically after low-dose irradiation. Clustering

analysis revealed up-regulated genes related to p53 pathway

and DNA damage response showing a classical dose

response as well as genes with constant modulation (no

change with higher doses) of their expression related to

cellular respiration, ATP metabolic process and chromatin

organization. Another research group (9) found several

genes, such as cytoskeleton components and cell–cell

signaling genes to respond to low-dose radiation but not

to high-dose radiation which is in accordance with our

results. However, DNA repair pathways were not measured

directly. The unique pathway module identified under IR3

comprised a protein signature for cancer-related pathways

(Fig. 5C, yellow). IR4, however, revealed mainly apoptosis

related pathways (Fig. 5D, pink).

A total radiation dose of 40 mGy given with a lower dose

rate (50 mGy/h) resulted in a complex interaction scheme.

As shown in Fig. 5B, the IR2 condition comprised three

major interaction patterns: focal adhesion and signaling

processes, such as integrin (green); cell cycle regulation

(blue); and a third single network cluster exhibiting several

interleukin signaling pathways (orange).

TABLE 3
Relative Expression Changes of the Six Selected Candidate Proteins Compared to the Results of Western Blot Analysis

Protein
Total protein
normalization Control IR1 IR2 IR5

VIM DIGE 1 1.0 1.72b 1.57a 1.14
DIGE 2 1.0 1.73b 1.53b 1.15

Gel WB 1.0 1.83a 1.87b 1.08
CLIC1 DIGE 1 1.0 1.27 1.46 1.11

DIGE 2 1.0 1.38a 1.5b 1.24
Gel WB 1.0 1.20 1.24a 1.07

LMNA DIGE 1 1.0 Several isoforms, all upregulated
DIGE 2 1.0 Several isoforms, all upregulated

Gel WB 1.0 1.53 1.37 1.64
SOD2 DIGE 1 1.0 –1.42b –1.49b –1.13

DIGE 2 1.0 –1.44b –1.46b –1.14
Gel WB 1.0 –1.16 –1.21 –1.10

VCL DIGE 1 1.0 1.13 1.16a 1.13
DIGE 2 1.0 1.14 1.13a 1.11

Gel WB 1.0 1.39a 1.44b 1.46a

EEF2 DIGE 1 1.0 1.28b 1.1 1.06b

DIGE 2 1.0 1.25b 1.12a 1.02
Gel WB 1.0 1.15 1.12 –1.01

Notes. The technical replicates by dye swap are marked DIGE 1 and DIGE 2, relative expression rations are given. Western blot (WB) marked
in bold-face text. Data are based on the Western blot results shown in Fig. 4 and Supplementary Fig. S1 (http://dx.doi.org/10.1667/RR14226.1.
S1).

a P � 0.05 and b P � 0.01; values that are significantly different compared to the control are indicated.

TABLE 4
Number of Significantly Altered Protein Spots in ADSC Detected by Decyder Software Postirradiation

Exposure
conditions

Priming
dose rate
(mGy/h)

Challenging
dose rate
(mGy/h)

Total dose
(mGy)

Total spots
(master gel)

Candidate spots
t test, P � 0.05

(raw data)a

Confirmed
spots

IR1 50 26,400 40 þ 100 2,495 66 5
IR4 - 26,400 100 2,495 25 7
IR5 - 26,400 140 2,495 89 15

a Mean value of the four biological replicates.

0 HAUPTMANN ET AL.



Effects of a Priming Dose and Triggered Pathways

Based on the adaptive response conditions (IR1)
performed with a priming dose of 40 mGy at a low dose
rate (50 mGy/h) followed by a challenge dose of 100 mGy
(26,400 mGy/h) and the corresponding controls, several
interesting results were observed. A priming dose signifi-
cantly altered the radiation response of the challenge dose
(Tables 1 and 2) and resulted in a more intense regulation
on the protein level than the single challenge dose of 100
mGy (IR4) alone, as demonstrated by higher regulation
factors of differentially regulated proteins and an increased
number of differentially regulated proteins (11 to 18
proteins; Table 2). Seven of these proteins were observed
under both conditions. These results suggest that the
response pathways triggered by a 100 mGy challenge dose
were significantly modified by the priming dose. The
priming dose alone (IR2) and the combined exposure (IR1)
had a similar impact on the proteome response. Also, when
the 100 mGy dose (IR4) was compared with IR1 the
dominating effect of the priming dose was evident. In fact,
IR1 and IR2 appear to be much more similar to each other
than IR1 and IR4. This might lead to the hypothesis that the
pathways induced by the priming dose are predominant and
may reflect basic pathways for cellular stress response.

As shown in Fig. 5A, the three most prominent pathways
for IR1 were linked to focal adhesion and signaling
processes, e.g., integrin (blue) and to cell cycle regulation
(green). The third relevant module under IR1 mainly

displays the pathways that are involved in apoptosis (pink).
Interestingly, a cell death-related network was significant
only in response to radiation condition IR4. Exposure to the
priming dose (IR1, IR2) resulted in the most complex
interaction network, in agreement with the finding that 40
mGy delivered at 50 mGy/h had the greatest effect on the
proteome of the cells.

Proteome Response of Human ADSC to Low Doses and
Dose Rates

In marked contrast to the research on the effects of
radiation on various types of somatic cells, studies on the
response of human stem cells to low doses of radiation are
rare. Stem cell differentiation is a major factor with
implications in the radiosensitivity of a given tissue, and
the radiobiology of cancer stem cells is a focus of clinical
applications. Hence, stem cell sensitivity may be essential for
the overall sensitivity of a biological system. In this study, the
effects of low doses and dose rates on the proteome of the
ADSC followed the irradiation protocol developed for the
cell cultures of the human VH10 fibroblasts for direct
comparison. As stem cells inherently possess several distinct
characteristics that set them apart from other cell types, their
responses to radiation may be completely different compared
to fibroblast cells. The intriguing results, shown in Table 4,
suggest that the proteome of ADSC differ significantly
compared to the human fibroblasts in response to low doses
of radiation (IR1, IR4 and IR5). The number of differentially

FIG. 4. Western blot results (vimentin). Panel A: Nitrocellulose membrane after protein transfer. Protein signals were quantified and

normalized to the total protein amount loaded on the corresponding lane. Protein extract (20 lg) of each sample was loaded per lane (c¼ control;

IR 1, 2, 5; extract concentration). Panel B: Original Western blot. Three biological replicates of the different exposure conditions. Panel C:

Quantification of expression changes of vimentin in VH10 cells. The columns correspond to the mean values of three independent biological

samples 6 standard deviation. Changes relative to the control set as 100% are shown. The asterisks denote values that are significantly different

from control, *P = 0.05, **P = 0.01. The up-regulation verified by Western blot confirmed the regulation factors which were obtained by the 2D-

DIGE approach (see Table 3).
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up- or down-regulated proteins were markedly reduced

compared to VH10 cells indicating that the ADSC stress-

response pathways have a different stress-response threshold.

In a recently published review, different human stem cells

(hSCs) were examined for their specific responses to

radiation (62). Human embryonic stem cells (hESCs) and

adult hSCs that populate corresponding tissues, such as

human mesenchymal stem cells (hMSCs), human hemato-

poietic stem cells (hHSCs), neural and intestinal hSCs, etc.,

clearly show unique characteristics in radiation-induced

response. hESCs were observed to undergo apoptosis at

doses exceeding the low-dose range and hHSCs were found

to be exquisitely sensitive to radiation, responding with

massive apoptosis to even modest doses of radiation (.1

Gy). Intriguingly, human mesenchymal stem cells were

observed to be relatively resistant to low-dose exposures and

since adipose tissue is derived from the mesenchyme and

represents the source of ADSC, this could explain their

robustness.

The preliminary results for ADSC presented here prompt

the need for more thorough studies over a wider dose range

and dose rates, to better characterize the possible differences

in the regulation of the proteome compared to differentiated

cells.

CONCLUSION

The proteome of human fibroblasts in culture undergoes

unique changes in response to small changes in radiation

dose. For the investigated dose range (40–140 mGy) no

linear dose-response relationships were observed regarding

the relative yields of differentially up- or down-regulated

proteins. The response relationships can best be described as

on/off effects involving different proteins depending on

dose and dose rate.

A priming dose significantly altered the proteome

regulation by a challenge dose, i.e., the protein response

pathways triggered by 100 mGy acute gamma radiation was

FIG. 5. Reactome FI functional interaction network in response to different irradiation conditions. Panel A: For IR1 the network is
reconstructed of 29 nodes, divided in 5 subclusters (modules). Sixteen of eighteen proteins from the list are present in the network. Thirteen linker
proteins were added to complete the network. The nodes are cross-linked through 43 edges. The modules are color coded corresponding to the
most dominant pathways [blue¼ regulation of cell cycle, pink¼ regulation of apoptosis, green¼ cell adhesion molecules (CAMs) and integrin
signaling]. Modules without significant network are indicated in gray and white. Panel B: The network for IR2 is built up of 32 nodes, which are
subclustered in 6 modules. Twenty proteins from the list are existent in the network. Twelve linker proteins were added to reconstruct the network.
The nodes are cross-linked through 51 edges. The modules are color coded corresponding to the most dominant pathways [blue¼ regulation of
cell cycle, green ¼ cell adhesion molecules (CAMs) and integrin signaling and orange ¼ interleukin signaling]. Modules without significant
network are indicated in gray, white and cream. Panel C: The IR3 network contains 16 nodes, subclustered in 3 modules. Eight of eleven proteins
from the list are existent in the network. Eight linker proteins were added to build the network. Nineteen edges cross-link the nodes. Modules are
color coded corresponding to the most dominant pathways (yellow¼ cancer related pathways). Modules without significant network are indicated
in gray and white. Panel D: The IR4 network comprises 21 nodes, subclustered in 4 modules. Ten of eleven proteins from the list are integrated in
the network. Eleven linker proteins were added to reconstruct the network. The nodes are cross-linked through 26 edges. The modules are color
coded corresponding to the most dominant pathways (pink¼ regulation of apoptosis). Modules without significant network are indicated in gray,
white and cream.
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significantly modified when a priming dose was given.
Although these results are still preliminary, this interesting
finding may in part depend on the low-dose rate used for the
priming dose (50 mGy/h), as the priming most efficiently
induced differentially regulated pathways (see summary in
Supplementary Table S1; http://dx.doi.org/10.1667/
RR14226.1.S1).

The proteome of ADSC differed significantly compared
to the VH10 human fibroblast in response to low doses of
radiation. The number of differentially up- or down-
regulated proteins were markedly reduced compared to
VH10 cells, indicating that the ADSC stress-response
pathways have a different threshold. Primarily, the struc-
tural and stress-response proteins were affected, leading to
different signaling and repair pathways.

Further investigation is needed to gain a better
understanding of the mechanisms initiated by low doses
of ionizing radiation. The results from this work support
the idea that studies of the proteome can provide new
insights into the cellular responses to low doses of
ionizing radiation, thus enabling a better understanding
and subsequently, adequate risk estimations in the
future.

SUPPLEMENTARY INFORMATION

Table S1. Summary of key findings (VH10 fibroblasts).
Figure S1. Western blots of candidate proteins and

quantification of expression changes.
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