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Abstract. Transcriptome analysis now permits the exploration
of the effects of low doses of radiation and potentially can
provide a global view of radiation responsive pathways. The
present work focuses on the comparison of the variation of gene
expression with regard to the cellular response induced after either
0.02 or 2 Gy gamma radiation exposure of a human
lymphoblastoid cell line. It was observed that: a) a lower number
of genes was deregulated after 0.02 compared to 2 Gy, b) some
genes were specifically deregulated according to the dose while
others were similarly deregulated whatever the dose, c) functional
grouping of all ionizing radiations responsive genes after high or
low doses showed that the pathways most frequently involved are
the same and correspond to signal transduction, cytoskeleton,
protein metabolism catabolism and modification, intracellular
trafficking and transcription factors, d) genes specifically
deregulated at the high dose did not present specificity regarding
their functional grouping compared to pathways described above
while genes specifically deregulated after 0.02 Gy were mainly
involved in signal transduction, cytoskeleton, stress response,
ionic transport and channel and e) after both doses, responsive
genes related to cell survival and death were in good agreement
with data obtained on cell survival and death. Overall, the results
support the hypothesis that low doses of ionizing radiation lead to
a typical stress-induced translation inhibition and RNA
processing alteration. The utility of DNA microarray to obtain an
integrated view of the radiation response is emphasized and the
need for further efforts to explore the effects of low doses of
radiation is underlined. The results suggest that part of the
response at low doses cannot be predicted by extrapolation from
data obtained at high doses.
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In the past it was not possible to study cellular responses at
low doses of radiation due to a lack of global and sensitive
biological techniques. Therefore, the carcinogenic risk of
low dose exposures to ionizing radiation (IR) is still derived
by linear non-threshold extrapolation from the risk
occurring at high doses (1). Accumulating biological
evidence indicated that refined estimations should take into
account the variability of individual susceptibility, hormesis,
bystander effect and early cellular events such as apoptosis.
It is quite clear today that no significant progress would be
achieved using epidemiological data: in patients without
known genetic defects, radiation-induced cancers were only
seen for doses higher than 100-200 mSv delivered at high
dose rate (2, 3). At lower dose levels and/or lower dose
rates, neither peculiar radiation sensitivity in connection
with inherited genetic defects, nor radiation-induced cancer
were demonstrated (4, 5), with the exception of a few
reports suggesting that indoor radon exposure resulted in a
significant excess of lung cancers (6, 7). The overall picture
implies that, lacking sufficient knowledge, it is prudent to
assume that a risk of cancer exists, even at very low doses
and that recent progress in molecular biology is ineffective
in improving low-dose risk assessment, most likely because
new data on DNA injury and repair, cell deregulation or cell
proliferation are often independently identified in various
biological models. In this respect, the major concern is
undoubtedly the interpretation of the huge number of
complex molecular events, considering that beyond the
alteration of a given gene involved in the carcinogenic
process, cancer occurrence is dependent on numerous
factors including the number and nature of genetic
alterations, the type of targeted genes, i.e., protoncogenes
or tumor suppressor genes, and the capacity of the cell to
recognize and repair the lesions or to undergo apoptosis.
It is known that radiation induces the same type of
genetic alterations as those observed naturally in cells (i.e.,
base modifications, single- and double-strand DNA breaks
(DSB)), but the pattern of radiation-induced genetic lesions
differs from the natural background: following 1 Gy
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exposure to gamma rays, a non-dividing cell would exhibit
5-10 times fewer base alterations and single strand breaks
and 50 times more double strand breaks than those
spontaneously observed within 1 day (8). As repair is not
prone to be completely efficient for DSB, it is expected that
after radiation exposure, mutations would mainly occur by
deletions (9-11), and, thus, that tumor suppressor gene
inactivation would be more likely implicated in radiationinduced carcinogenesis than protoncongene activation,
which proceeds mainly by punctual mutation at a precise
locus. In addition, depending on the number and density of
DNA lesions, which are dependent on the type and dose of
radiation, subsequent events would vary greatly in relation
to the various mechanisms of vigilance and resistance. At
low doses of ionizing radiation, i.e. doses that would not, or
at most, weakly alter cell survival, the effectiveness of these
mechanisms could vary among people depending on
individual radiosensitivity, related or not to genetic defects,
and epigenetic factors.
The cell response to radiation-induced damage, either in
DNA or in other cellular components, consists of cascades
of regulatory events which constitute a complex network of
pathways of cell cycle checkpoints, DNA repair, tolerance
mechanisms and cell death. The prevailing view is that DNA
damage is the direct sensor that initiates the cascade of
events in response to radiations and notably that the
checkpoint comes from single- and double-strand DNA
breaks (12). However, it is unclear whether a minimal
amount of DNA breaks is required for the initiation of the
cascades and whether other checkpoints would occur when
there is a small number of DNA breaks, as is the case at low
doses of radiation. In this respect, it was shown that the
activation of the ATM protein kinase, which mediates the
radiation response in mammalian cells, is not directly
dependent on DNA-DSB, but results from changes in the
structure of the chromatin (13). It was also suggested that
the radiation-induced apoptosis is related to ceramide
production in response to the direct targeting of the cell
membrane by radiation (14).
In light of such complexity and of the potential variability
of the radiation responsive mechanisms, direct extrapolation
from high to low radiation doses needs to be consolidated
by a better characterization of short- and long-term effects
using new tools of the global molecular analysis of cell
response. As a first approach, the gene expression was
analysed in a human lymphoblastoid cell line at 10-, 24-, 48and 72-h following exposure to a low, dose, i.e., 0.02 Gy,
which induced a faint but measurable effect on cell
proliferation in this cell line and to a higher dose, i.e., 2 Gy.
After both doses, some of the deregulated genes were found
to be common whereas others were specifically deregulated
according to the dose. The comparison of IR-responsive
genes, related to cell survival and death, after either 0.02 or
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2 Gy, was in good agreement with radiation-induced
phenotypic alterations. The ceramide pathway takes place
at both dose levels but seems independent of cell outcome.
Overall, the results support the hypothesis that low doses of
IR lead to a typical stress-induced translation inhibition.

Materials and Methods
Cell lines. The human lymphoblastoid cell line Boleth was
established by EBV transformation of lymphocytes from a healthy
donor (15). The karyotype was normal and TP53 wild-type. Cells
were grown at 37ÆC in 5% CO2 in an RPMI 1640 glutamax-1
medium containing 10% fetal calf serum, 2.5 mM sodium pyruvate,
20 mM Hepes and 100 IU/ml penicillin/streptomycin (Invitrogen).
Radiation exposure. Exponentially growing lymphoblastoid cells
were concentrated by centrifugation at 4.107 cells/ml, irradiated at
either 0.02 or 2 Gy at 37ÆC (60Co, 0.02 Gy/min and 2 Gy/min),
diluted in fresh medium at 4.105 cells/ml and incubated for 0, 10,
24, 48 and 72 h (t) at 37ÆC. Control cells were handled in exactly
the same manner as the irradiated cells (sham irradiation) and
experiments were repeated twice.
Cell death and growth rate. Dead cells were assessed by Trypan blue
exclusion (Sigma ) (dead cells (t)/total number (t0) x 100) and the
growth rate was calculated as: [viable cells (t)/number total of cells
(t0) x 100]. Analysis was carried out in duplicate and at least 200
cells were scored.
Proliferation. The multinucleated cells assay was developed
according to the cytochalasin-B blocked assay of Fenech and
Morley (16) and was performed as previously described (15).
Among 500 cells, mono-, bi- and multi-nucleated cells were scored
in blind. Experiments were performed in duplicate.
Cell cycle analysis. The cells were harvested by centrifugation at
1,400 rpm for 10 min, washed in PBS, fixed in 70% ethanol and
stored at 4ÆC. The cells were stained with propidium iodide (25
Ìg/ml) containing RNase (50 Ìg/ml) for 30 min at 37ÆC. Samples
were handled as previously described (17) and run on a
FACScalibur flow cytometer (Becton Dickinson). At least 10,000
cells were analyzed using Modfit software (Becton Dickinson).
RNA extraction, cDNA labelling. The cells were harvested prior to
irradiation (0 h) and 10, 24, 48 and 72 h after IR exposure. Total
RNAs were prepared using RNAplusì according to the
manufacturer's protocol (QBiogene) and were then amplified using
MessageAmpì aRNA Kit (Ambion). Each experimental RNA
sample was differentially hybridized onto the array versus a
reference RNA, consisting of a mixture of total RNA from T-47-D,
MCF-7, A549 and Boleth cells (1:1:1:1). For each competitive
hybridization, cDNAs were generated by reverse transcription (RT)
using 5 Ìg of amplified RNA (aRNA) from the experimental RNA
sample and the reference RNA and were then labelled with either
Cy3-dUTP or Cy5-dUTP as described previously (18). Each control
and irradiated samples were, thus, hybridized twice with the
reference RNA (dye-swap).
Microarray hybridization. The complete procedure for array
manufacture, RNA extraction, cDNA preparation and labelling,
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competitive hybridization with Cy3 and Cy5 labelled samples,
hybridizations, image analysis and array quantizing was carried out
following the guidelines based on minimum information about a
microarray experiment. Gene annotation was updated monthly at
the database of Stanford University (19) and gene functional
grouping was performed by using key words of the Gene Ontology
Consortium together with specific bibliographic data. Microarrays
manufactured in the Service de Génomique Fonctionnelle of the
CEA (Evry) included two sets of probes: the Soares human infant
brain NIB library consisting of 5,664 cDNA clones (a generous gift
of Genethon) (20) and 2,332 RT-PCR products (length: 300 to 800
base pairs) obtained after amplification using specific PCR
primers and Genetools software (Syngene). The probes were
arrayed on CMT-GAPS silane-coated slides (Corning) using the
Microgrid II pro arrayer (Biorobotics Ltd.). These homemade
microarrays were already used in previous studies (18, 21). A
complete description of the arrays, as well as the hybridesation
protocol were deposited into the GEO public database
(www.ncbi.nlm.nih.gov/geo/, accession number: GSM22167).
Arrays were scanned using a two-color laser confocal scanner
(GMS 418, Genetic Microsystems) and independent images were
acquired for Cy3 (532 nm) and Cy5 (635 nm). Image analysis was
performed as described previously (18). As the result of the dyeswap hybridization, four intensity values were obtained for the two
independent co-hybridizations of an experimental sample RNA
(Exp) with the reference RNA (Ref), each of them being labelled
twice with either Cy3 or Cy5. This allowed for assignment of a
reproducibility factor (Rf) to the expression ratio Exp/Ref, for
each probe and sample. Expression ratios were normalized by
taking into account the distribution of the ratios of all probes on
the array, using a locally developed software as previously
described (18). Briefly, data were normalized according to the set
of non-differentially expressed genes as described by Tseng et al.
(22), and local errors were corrected according to a Lowess
adjustment (23). A total of 3,790 probes with an Exp/Ref ratio
associated with a Rf >0.5 (insuring that the two measurements are
reproducible for each experimental point). In order to identify
genes which were differentially expressed over the time-course (0,
10, 24, 48 and 72 h), a vector was assigned to each experimental
sample. This vector was defined by the 5 coordinates
corresponding to the Exp/Ref ratios obtained for each time-point.
The Exp/Ref ratios were expressed in Nepierian logarithms and
the data were organized in an N*P matrix, where the N lines and
the P columns represented the probe numbers and the timepoints, respectively. Each line of this matrix was centred on the
average of the vector. To determine the significance threshold of
variation of each profile over time, the maximum of each vector
line, i.e., the coordinate which most deviated from the average,
was calculated. The distribution function of these maxima was
established and the inflection point of the graph defined the
significance threshold for which the Exp/Ref ratios were different
from the baseline of all profiles (p<0.05).

Results
The present study focused on the comparison of the
variation of gene expression with regard to the cellular
response induced after either 0.02 or 2 Gy gamma
radiation exposure. Phenotypic characterization was
performed in terms of growth, death and proliferation.

Growth proliferation and death. The growth rate of the
0.02-Gy irradiated cells slightly decreased within the first
24 h but was then quite similar to that of the control cells.
The rate markedly decreased after 2 Gy (Figure 1A). In
the meantime, the number of dead cells was not
significantly different to that of control cells after 0.02 Gy
and increased slightly after 2 Gy (Figure 1B). To further
characterize the decrease of growth rate after irradiation,
the cell cycle was analyzed by flow cytometry. Twenty four
hours after the 2-Gy exposure, a cell cycle arrest occured
in both G0/G1 and G2/M phases, as shown by the decline
of the S-phase fraction and the increased percentage of
cells in G2/M (Figure 1C). At 48 h, cells escaped from the
G0/G1 checkpoint since the percentage of cells in S-phase
was similar to that of control cells (Figure 1D). The G2M
blockage persisted for up to 72 h (Figure 1E). After 0.02
Gy, no cell cycle blockage was detected. In addition to
flow cytometry data, the cytochalasin-B treatment, which
blocks cytokinesis, indicates the capacity of cells to divide.
The scoring of the mono-, bi- and multi-nucleated cells (≥
3 nuclei) 24 h after irradiation is shown in Figure 1F.
After 2 Gy, the capacity of cells to divide decreased as
shown by the increased number of cells containing one
nucleus and the decreased number of bi- and multinucleated cells. Although not significant, compared to
control cells, there is a slight decrease in the capacity of
the 0.02 Gy irradiated cells to proliferate, which could be
related to a simple transient slower growth rate, which is
in agreement with the faint decrease of growth rate
observed within the first 24 h.
Gene expression. In an attempt to identify cascades of events
involved in the radiation response at low doses, the
modification of gene expression after either 0.02 or 2 Gy was
investigated. Deregulated genes were examined with regard to
the IR-induced phenotypic modifications and accordingly,
transcriptome analysis was performed over a period of 72 h.
The aim of the analysis was not to provide an exhaustive
picture of gene expression at each dose level but rather to
compare gene expression between the two doses, 0.02 and 2
Gy, each analyzed as function of gene expression of control
cells at the same time. The complete list of deregulated genes
is given in Tables I and II. A significantly higher number of
genes were deregulated, at least once, over the three days
following the radiation exposure to 2 Gy (375) compared to
0.02 Gy (324) (Chi2=4.4; p=0.03). Interestingly, among these
two sets of IR-responsive genes, 255 genes are common of
which 240 were deregulated (induced or repressed) in the
same direction at both dose levels. However, a more precise
analysis indicates that 117 out of the 240 displayed a higher
magnitude of deregulation at 2 Gy compared to 0.02 Gy. It can
also be observed that in addition to this common response, a
distinct response occurred as function of the dose, since 69 and
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Figure 1. Phenotypic characterization of the human lymphoblastoid cell line after 0.02 and 2 Gy radiation exposure. A) and B) Growth and death as
function of time after exposure. At any given time (t), growth was calculated by the ratio: viable cells (t) / total number of cells (t0) x100. Dead cells were
assessed by trypan blue exclusion and results are given as the ratio: dead cells (t) / total number of cells (t0) x100. For each point, at least 100 cells were
counted. C), D) and E). Cell cycle analysis by flow cytometry of the lymphoblastoid cell line at 24, 48 and 72 h after gamma irradiation. Results
correspond to the mean ± standard deviation of two independent experiments. F) Capacity of the cells to proliferate, 24 h after gamma radiation exposure,
as measured by scoring the number of mono- (1N), bi- (2N) and multi-nucleated (≥3N) cells after treatment with cytochalasin B.
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Table I. List of expression ratios (E.R.) of genes similarly deregulated after 0.02 and 2 Gy and their p values as function of time after radiation exposure.
E.R. are classified as constant (C), induced (I) and repressed (R) according to the sense of the earliest variation.

Table I. continued
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Table I. continued

Table I. continued
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Table I. continued
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Figure 2. Functional grouping of radiation-responsive genes of the human lymphoblastoid cell line after radiation exposure at 0.02 or 2 Gy. A and B represent
functional grouping of all deregulated genes after 0.02 and 2 Gy, respectively , while C and D represent functional grouping of genes specifically deregulated
after 0.02 and 2 Gy, respectively. Each dot ray (grey axis) corresponds to a functional group (Sig.transd.: signal transduction; Cytosk: cytoskeleton, cell shape,
and extracellular matrix; Misc.: miscellaneous; Oncog: oncogene; Prot: protein metabolism, catabolism and modification; Metab. metabolism (including
lipids); Transp: molecule transport and channel; TFactor: transcription factor). Results are given according to the percentage of deregulated genes belonging
to a functional group compared to the total number of deregulated genes (each grey circle represents a given percentage from 0 to 25%).

120 genes were deregulated after 0.02 or 2 Gy, respectively.
The functional grouping of the 324 and 375 deregulated genes
according to the main biological functions is shown in Figure
2A and B and interestingly quite similar profiles can be
observed at both doses. The deregulated genes are mainly
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involved in signal transduction, protein metabolism/ catabolism
and modification, transcription factors and intracellular
trafficking. A similar profile was observed for the 120 genes
specifically deregulated after 2 Gy (Figure 2 D). Although the
number of genes is low (69), the profile of genes specifically

Chevillard et al: Transcriptome Analysis of 0.02- or 2-Gy Irradiated Cells

Figure 3. Classification of growth- and apoptosis-related deregulated genes (induced or repressed) after gamma radiation exposure of the human
lymphoblastoid cell line at 0.02 and 2 Gy. These genes are classified according to their positive (+), negative (-) or complex/unknown (c) function on
growth and apoptosis.

deregulated at 0.02 Gy (Figure 2C) is significantly different
from those observed at 0.2 Gy (Figure 2 D) (Chi2=21;
p=0.05). After 0.02 Gy, the main biological functions effected
were signal transduction, cytoskeleton and extracellular matrix,
stress and molecule transport and channel (Figure 2 C). To
verify where the similarity of function of the majority of 0.02
and 2 Gy deregulated genes could be ascribed to the radiation
treatment the functional grouping of all genes present on the
microarray is also presented (Figure 2E). It can be seen that
the profile in Figure 2E differs from the others, indicating that
profiles obtained after radiation exposure are not simply a
reflection of the frequency of genes on the microarray (in each
case A, B, C and D, the comparison with profile E is
statistically significant: Chi2>19 and p<0.05).
Special attention should be paid to the deregulated genes
involved in cell growth and apoptosis. These are first

classified according to their known function as positive or
negative regulators of growth or apoptosis. The status of
these genes (induced or repressed) after 0.02 or 2 Gy
radiation exposure is given in Figure 3. For easier
comparison and interpretation in terms of possible
consequences of these differentially expressed genes for cell
growth and apoptosis, a growth or apoptosis index was
calculated. For the growth index, the following ratio was
applied: [number of deregulated genes leading to growth
(number of induced positive regulators + number of
repressed negative regulators)] / [number of deregulated
genes preventing growth (number of repressed positive
regulators + number of induced negative)]. A similar ratio
was used to calculate the apoptosis index. The growth and
apoptosis index were 0.55 and 0.68, respectively, after 0.02
Gy and 0.15 and 1.47 after 2 Gy radiation exposure.
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Table II. List of expression ratios (E.R.) of gene differentially deregulated after 0.02 or 2 Gy and their p values as function of time after radiation
exposure. E.R. are classified as constant (C), induced (I) and repressed (R) according to the sense of the earliest variation.

Table II. continued
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Table II. continued

Table II. continued
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Table II. continued

Discussion
A human lymphoblastoid cell line was used to compare the
transcriptome profiles at 10, 24, 48 and 72 h following
exposure to 0.02 Gy and 2 Gy radiation. The low dose
induced a faint but measurable effect on cell proliferation
in this cell line. It is in the range of doses used to study the
adaptative response (24) and is suspected, if not shown, to
induce transient cell cycle delay (25, 26). The higher dose
was chosen because it falls within the range of limits
between high and low doses and because it induces a
typical IR response without a too strong effect on cell
proliferation and death. The analysis time schedule was
selected in order to focus on the relationship between
radiation-deregulated genes and radiation-induced
phenotypic changes in terms of survival, proliferation and
death rather than earlier signaling pathways.
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A greater number of genes was differentially expressed
following 2Gy (n=375) than 0.02 Gy (n=324); among these
two sets of genes, 255 were common, 240/255 are deregulated
in the same way and 117/240 are deregulated at higher
magnitudes at the higher dose. These results indicate that the
greater the stress, the greater the transcriptional response.
Interestingly, the number of differentially expressed genes at
both dose levels belongs to the same functional groups. On the
other hand, 69 out of the 324 genes expressed at the low dose
level and 120 out of the 375 genes expressed at the high dose
level were only expressed at these respective dose levels. These
results are in accordance with recent data showing that more
genes were deregulated at 10 Gy than at 3 Gy in human
lymphocytes and that the radiation-responsive genes common
to both doses exhibited a similar temporal expression (27). In
this previous study, the percentage of common genes was lower
and there was a relative specificity in the functional grouping of
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Figure 4. A) Deregulated genes coding for proteins involved in ceramide formation, through the sphingomyelin degradation (membrane) and the de
novo metabolism pathways, after gamma irradiation at 0.02 or 2 Gy of the human lymphoblastoid cell line. The acid ceraminidase protein, coded by
ASAH1, acts either in ceramide hydrolysis or in ceramide formation according to the pH. B) Deregulated genes coding for proteins involved in a)
translation inhibition through endoplasmic reticulum stress and b) mRNA storage and splicing after gamma irradiation (0.02 or 2 Gy) of the human
lymploblastoid cell line. *SMN1 RBM10 SFRS11 and FUSIP1 were deregulated only after 2 Gy. Green and red background or words correspond to
repressed and induced gene expression; blue and yellow circles indicate results obtained at 0.02 and 2 Gy, respectively.
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IR-responsive genes in connection with the dose; however, no
mention was made regarding the cytotoxicity induced by the
radiation, but it could be expected that cell proliferation and
cell survival were altered to a greater extent than in our study
and that apoptosis was strongly induced at 10 Gy.
It appears that the observation of common and specific
radiation-responsive genes, which could qualitatively and
quantitatively vary with dose, dose rate and cell type (28),
could provide meaningful insights into the emerging debate
about threshold radiation doses, depending on the critical endpoint employed (29). When considering the set of genes
commonly deregulated whatever the dose, no threshold for the
induction of effects should be proposed; on the other hand,
when considering the set of genes specifically deregulated at
each dose, an induction threshold could be suggested.
We first examined DNA repair, cell cycle and apoptosis
pathways and some of the regulatory factors involved in
sensing damages, signal transduction cascades and
transcription. DNA repair mechanisms are also known to be
induced within the first few hours following radiation exposure
and to be regulated by post-translational modifications rather
than during transcription. In accordance with these data, our
study show few differentially expressed DNA repair-related
genes, which are involved in DNA synthesis and nucleotide
excision repair (MMS19L, DDB2, POLE3, RFC1, PDIP38).
It should be mentioned that RFC1, a subunit of replication
factor C, is considered as a candidate sensor protein since it
recognized DNA single- and double-strand breaks and
increased the processivity of DNA polymerase delta and
epsilon, known to be involved in DNA repair (30).
It is well established that the cell cycle is controlled by the
activation of cyclin-dependent kinases, which are tightly
regulated by cyclins and inhibitory proteins through signal
transduction pathways that are activated by sensor proteins
following DNA damage. Most of these regulations proceed
through cascades of kinases and phosphatases which closely
control the phosphorylation of the cell cycle checkpointrelated proteins (30). However, from our experiment, it
appears that at both doses, some deregulated genes were
directly or indirectly involved in cell cycle checkpoints (CDK7,
CDC42, CDK10, RFC1, BRD4), in S-phase, chromosome
maintenance and mitosis control (SPIN, Nudel, POLE3,
APC7, SMC5L1, CHC1). Other deregulated genes are related
to transcription factors (CBFA2T2, ADNP, DDB2, HDAC3,
MXI1, TFDP1) or involved in signal transduction pathways
related to AKT, WNT and JNK and ERK1/ERK2 (GSK3,
APC, RAC1, PTK2, PIK3R1, NDRG4, CXCL12, DUSP-5
and -6, MAPK9, PTPRU, PKIA), which finally regulate cell
growth and proliferation. For this latter category of genes, the
encoded proteins are suspected to have exhibited a dual
function on growth/proliferation and apoptosis. As some of
these deregulated genes may exert either a positive or a
negative effect on growth and proliferation, the possible
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consequences on cell survival and proliferation at both dose
levels were tentatively estimated using a growth index, which
combined the direction of the deregulation and the positive
or negative function of each differentially expressed gene
according to their known functions. In agreement with survival
curves and flow cytometry data, the growth index indicated
that, radiation exposure would induce stronger growth
inhibition at 2 Gy than at 0.02 Gy.
Since the regulation of apoptosis is under the control of
multigenic programs coding for either pro- or anti-apoptotic
proteins, as for growth and proliferation, an apoptosis index
was calculated to estimate the resulting effect of the all
differentially expressed genes. The apoptosis index values
were 0.68 and 1.47 at 0.02 and 2 Gy, respectively, indicating
that cell death should increase more after 2 Gy than after 0.02
Gy. However, cell death was only faintly detectable after 2 Gy
and most of these genes were similarly modified at both doses.
It may be possible to presume that differential expression of
apoptosis-related genes participate in a global radiation
response and this is independent of the final cell outcome.
Noticeably, some of these deregulated genes are involved in
biochemical pathways implicated in ceramide production, a
second messenger which initiates the apoptosis signal in
response to high doses of ionizing radiation (31) and includes
genes coding for TNF (BAG4, CFLAR, DAP3) and FAS
(FASTK, PLCB3)-related proteins as well as enzymes involved
in ceramide production through either sphingomyelin
degradation or ceramide metabolism (Figure 4A). The most
frequently reported pathway for radiation-induced ceramide
involves the hydrolysis of sphingomyelin by the acid
sphingomyelinase (SMPD1) and occasionally by the neutral
sphingomyelinase (NSMAF) (31) and probably results from
direct injury to the cell membrane (14). However, recent data
indicate that apoptosis could be regulated by ceramide
metabolism, i.e. de novo synthesis and catabolism (32-35). As
presented in Figure 4A, it appears that sphingomyelin
hydrolysis may have occurred after 2 Gy, whereas, metabolism
of ceramide seemed to be responsive after both doses. These
results suggest that following radiation exposure the sensors
initiating the apoptosis cascade through sphingomyelinase or
ceramide metabolism are different and that membrane damage
at 0.02 Gy may be below the level that triggers the
sphingomyelinase pathway. The mechanisms of the de novo
pathway induction are not known, but the pathway was
previously shown to be induced by TNF or heat stress; the
enzymes involved were also speculated to reside in the
endoplasmic reticulum (ER) and to lead to an alteration of
protein factors that regulate splicing (35, 36). In this respect, a
new ionizing radiation-responsive pathway from the ER, known
to inhibit protein synthesis, was found. At the origin of the
signaling cascade, there is a family of protein kinases including
PERK/PEK/EIF2AK3 a ER resident protein, previously shown
to be activated when unfolded proteins accumulated in the ER
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after stress such anoxia, hypoxia, oxidative stress and UV
radiation exposure (37, 38). In response to environmental
stresses, eukaryotic cells reduce protein synthesis, but
translational arrest appears to be selective since the translation
of stress-induced factors such as heat shock proteins, some
transcription factors and proteins involved in DNA repair and
cell cycle checkpoints is permitted. As shown in Figure 4B,
there was an induction of PERK and a deregulation of genes
coding for proteins involved in the PERK cascade and in the
PI3K/AKT/mTOR/p70S6K pathway (PIK3R1, CXCL12,
Raptor), known to be involved in survival and translation
regulation (39), as well as for regulators of translation (PUM1,
PPP1R8, TUFM, EIF4ENIF1). These modifications of gene
expression are involved in a sense that prevents translation.
In addition to translation inhibition, another consequence
of the phosphorylation of eIF2-alpha is the formation of
stress granules (SGs) within the cytoplasm, in which
untranslated mRNA accumulates following stress (40). As
illustrated in Figure 4B, few of genes coding for these
proteins were deregulated at both doses of radiation. We
also observed that genes coding for proteins involved in
RNA decay, maturation and transport were deregulated, all
could play a role in translation inhibition/regulation (41).
Without a known direct relationship to the stress-induced
translation inhibition and SG formation, messenger RNA
splicing is, however, one of the processes known to be
inhibited by heat stress (42) and, as mentioned above, by
ceramide (35). Heat induces nuclear bodies containing
transcripts synthesized before or after stress (43, 44) in which
there is an accumulation of RNA processing factors. In our
study, several deregulated genes were related to the splicing
apparatus (Figure 4B). In agreement with our results, it was
recently shown by DNA microarray that a larger number of
RNA processing/modification genes show gene expression
changes at 3 Gy compared to 10 Gy (27).
In conclusion, the results obtained by studying gene
expression profiles in response to ionizing radiation indicate
that the cellular responses share common pathways involved
in cell survival and death at high and low doses levels and this
is independent of the final cell outcome since the lower dose
apparently does not alter cell survival and death. Such data
may indicate that these pathways are part of an early general
stress response and that sensor(s) not yet identified would
finally route the cells to their final outcome. However, some
genes were specifically deregulated depending on the dose,
whereas other genes were similarly deregulated regardless of
the dose. These results emphasize that a threshold of
induction would or would not exist depending on the
considered critical end-point. In addition, our data support
highly the hypothesis that low doses of ionizing radiation may
inhibit translation, induce mRNA storage and modify mRNA
splicing via an endoplasmic stress signaling pathway that may
be related to de novo ceramide metabolism. Such a radiation

responsive pathway may be specific to low doses of ionizing
radiation as it was not reported following high doses, thus
highlighting the limitations of the high to low dose
extrapolation approaches.
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