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Low-dose ionizing radiation alters the gene expression pro-
files of mammalian cells, yet there is little understanding of
the underlying cellular mechanisms responsible for these
changes or of their consequences for genomic stability. We
investigated the cytogenetic adaptive response of human lym-
phoblastoid cell lines exposed to 5 cGy (priming dose) fol-
lowed by 2 Gy (challenge dose) compared to cells that received
a single 2-Gy dose to (a) determine how the priming dose
influences subsequent gene transcript expression in reproduc-
ibly adapting and non-adapting cell lines, and (b) identify gene
transcripts that are associated with reductions in the magni-
tude of chromosomal damage after the challenge dose. The
transcript profiles were evaluated using oligonucleotide arrays
and RNA obtained 4 h after the challenge dose. A set of 145
genes (false discovery rate 5 5%) with transcripts that were
affected by the 5-cGy priming dose fell into two categories:
(a) a set of common genes that were similarly modulated by
the 5-cGy priming dose irrespective of whether the cells sub-
sequently adapted or not and (b) genes with differential tran-
scription in accordance with the cell lines that showed either
adaptive or non-adaptive outcomes. The common priming-
dose response genes showed up-regulation for protein synthe-
sis genes and down-regulation of metabolic and signal trans-
duction genes (.10-fold differences). The genes associated
with subsequent adaptive and non-adaptive outcomes in-
volved DNA repair, stress response, cell cycle control and ap-
optosis. Our findings support the importance of TP53-related
functions in the control of the low-dose cytogenetic radioad-
aptive response and suggest that certain low-dose-induced al-
terations in cellular functions are predictive for the risk of
subsequent genomic damage. q 2005 by Radiation Research Society

INTRODUCTION

Exposure to low doses of ionizing radiation (,10 cGy)
alters gene expression profiles in cells and animal tissues
(1–3) but, under certain circumstances, protects cells
against the damaging effects of subsequent higher-dose ex-
posures (4, 5). This protective phenomenon, generally
known as the adaptive response, has been broadly observed
in mammalian systems (6–9) and can reduce cytogenetic
damage, enhance survival, increase resistance to infection,
and reduce tumor incidence (9–16).

It has been established that low-dose irradiation alters the
expression of genes associated with diverse cellular func-
tions (3, 17–20) and different forms of ionizing radiation
show qualitative differences in the pathways affected (i.e.
g and b-particle radiation) (21). There have been several
studies of gene transcript expression in cells exposed to
radiation (1–3, 18, 22–25), yet only two have assessed the
global cellular effects of low doses (,10 cGy) (1, 22), and
none have used gene transcript profiling to investigate the
mechanisms of adaptive response.

The adaptive response phenotype has been associated
with DNA damage repair and stress response functions
based on functional and single-gene investigations. Exog-
enous endonucleases that generate DNA breaks have in-
duced adaptive response, suggesting that DNA damage is
involved (4), and inhibitors of protein synthesis can block
adaptive response, suggesting that adaptive response re-
quires de novo protein synthesis (26, 27). Inhibitors of the
DNA repair-related protein poly(ADP-ribose) polymerase
(PARP) can block adaptive response, further implicating
repair processes (28–30). DNA-PK, ATM and TP53, which
are involved in DNA damage recognition and signaling,
have also been implicated in adaptive response (31). It has
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been suggested that TP53 plays a major role in adaptive
response through a p38MAPK signaling pathway along
with other effectors that may include BRCA1, BRCA2,
IRF1, RB, ERK1/2 and JNK/SAPK (32, 33). The DNA
repair protein DIR1 has been implicated in adaptive re-
sponse by increasing the rate of repair (34, 35), and APE1,
a base excision repair endonuclease, may be involved in
adaptive response by linking repair to oxidative pathways
(36). Although there have been numerous studies of indi-
vidual genes and their proteins, there has been no genome-
scale assessment of the responses of cells to low-dose ra-
diation or of the gene expression associations with the
adaptive response phenomenon.

Three hypotheses were tested in our study: (a) Exposure
of cells to acute low-dose radiation (priming dose) prior to
an acute high-dose exposure (challenge dose) induces
changes in the transcriptome profiles that persist beyond the
challenge dose. (b) Specific gene transcript changes in-
duced by the priming dose are independent of whether a
cell line will show adaptive response or not, while (c) tran-
script changes in other genes will be predictive of adaptive
response outcomes. We previously characterized numerous
human lymphoblastoid cell lines for cytogenetic adaptive
response phenotypes by micronucleus analyses (13) and se-
lected three lines for the current study that were reproduc-
ibly adapting or non-adapting after a 5-cGy priming dose
in biological replicate experiments. Our study design used
oligonucleotide microarrays containing ;12,000 human
genes. The RNA sampling time (i.e. 4 h after the challenge
dose) was selected to allow us to compare our new gene
transcript findings with literature reports of corresponding
protein changes that may occur within the same time win-
dow after the challenge dose (11, 33).

METHODS

Our experiments used cells of three human lymphoblastoid cell lines
(GM15036, GM15510 and GM15268) that we had previously character-
ized for their cytogenetic radioadaptive responses in biological replicate
analyses of micronucleus frequencies (13). Briefly, cells in logarithmic
growth in suspension cultures were exposed to sham radiation or a 5-cGy
priming dose, followed 6 h later by 2 Gy (challenge dose), and then
analyzed ;20 h later for relative effects of the priming dose compared
to sham irradiation on the micronucleus frequencies. Aliquots of cells
were frozen at multiple times after the challenge dose. Our study focused
on samples collected 4 h after the 2-Gy challenge dose from cultures that
had previously been treated with or without the 5-cGy priming dose.

Cell Culture

The lymphoblastoid cell lines were obtained from the Coriell Cell Re-
positories at American Tissue Culture Collection (Manassas, VA). Use of
these publicly available cell lines was deemed exempt from institutional
IRB approval. Cells were suspension grown in RPMI 1640 medium (In-
vitrogen, Carlsbad, CA) supplemented with 15% fetal calf serum (Sigma-
Aldrich, Chicago, IL) containing antibiotic-antimycotic mixture [100 U/
ml penicillin G sodium, 100 mg/ml streptomycin, and 0.25 mg/ml am-
photericin B as Fungizonet in 0.85% saline (Invitrogen), and 2 mM L-
glutamine (Invitrogen)]. All cultures were grown in a humidified 95%

air/5% CO2 atmosphere at 378C and maintained at a concentration of 1
to 10 3 105 cells/ml.

Irradiations and RNA Preparation

A total of 1 3 107 cells for each cell line were collected and irradiated
using a 137Cs Mark 1 Irradiator (J. L. Shepherd and Associates, Glendale,
CA) with a priming dose of 5 cGy followed 6 h later with a challenging
dose of 2 Gy. The negative control was sham-irradiated (neither priming
nor challenge dose) and the positive control received only the challenge
dose. Dose rates were 0.3 and 0.6 Gy/min for the priming and challenge
doses, respectively. After irradiation, cells were grown for an additional
4 h at 378C and then harvested by centrifugation, resuspended in ap-
proximately 250 ml of medium and frozen at 2808C. Total RNA was
extracted using the TRIZOL protocol (Invitrogen). RNA was treated with
RNase-free DNase to remove any contaminating genomic DNA (BD Bio-
sciences Clontech, Palo Alto, CA), and RNA quality was confirmed by
agarose gel electrophoresis with ethidium bromide staining or using an
Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA). Purified total
RNA was stored at 2808C.

Oligonucleotide Microarrays

Isolated RNA was converted to double-stranded cDNA following the
Expression Analysis Technical Manual (Affymetrix, Santa Clara, CA).
The Enzo BioArray HighYield Transcript Kit was than used for RNA
amplification-labeling (Enzo Biochem, New York). The Affymetrix
HU95A gene chips were hybridized using 10 mg of the fragmented com-
plementary RNA followed by processing in an Affymetrix Fluidics Work-
station (Affymetrix). Hybridization signals were detected through the use
of an argon-ion laser scanner (Agilent Technologies), and output for pixel
intensities and confidence calls for each of the genes detected on the array
were generated with Affymetrix Microarray Suite 5 (MAS-5) software.

Statistical Analysis

Eighteen Affymetrix HU95A chips were used for this study: two ex-
perimental replicate arrays for each of the nine combinations of three cell
lines and three treatments. P values and log2-transformed intensities were
obtained from Affymetrix’s MAS-5 software and normalized in two steps.
First, the pair of chips for each replicate was normalized using Astrand’s
quantile normalization method (37) to produce chips with the same over-
all intensity distribution. Second, the normalized intensities across the 18
chips were adjusted by a chip-specific factor to ensure that the median
intensity of the 12,626 genes on each chip was identical across the 18
chips.

MAS-5 P values were used to determine genes with a positive signal.
The P values for each chip were adjusted by the Benjamini-Hochberg
method to control the per-chip false discovery rate. The ‘‘mt.rawp2adjp’’
procedure in Bioconductor (38) was used to perform the adjustment. Only
genes with a false discovery rate-adjusted P value not exceeding 0.01
were selected for subsequent analysis as described below.

The per-chip expression data corresponding to genes with a positive
signal were combined in a two-step process to obtain an initial analytical
data set consisting of 4,768 genes. The first step consisted of producing
three separate cell line data sets. Each cell line data set consisted of
expression data for all the genes for which a signal was detected in at
least one of the six chips for that cell line. The second step consisted of
combining the three cell line data sets into an initial analytical data set.
The analytical data set consisted of genes present in any of the three cell
line data sets. Thus each gene in the analytical data set could have ex-
pression data for one, two or three cell lines and might be expressed in
one, two or three of the treatment conditions assayed in each cell line.

Genes with differential expression across the nine treatment combi-
nations were detected by means of an F test. A separate F test was
performed on each gene. Each F test evaluated differences among three,
six or nine treatments according to whether data were present for one,
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FIG. 1. Selecting cytogenetically adapted and non-adapted human lym-
phoblastoid cell lines. Micronucleus analysis was used to quantify the
radioadaptive response for three cell lines (13). The k value is the ratio
of micronucleus frequencies in cells that received the priming dose as
well as the challenge dose (5 cGy 1 2 Gy) compared to cells that received
only the challenge dose (2 Gy). The k values of less than one indicate
that adaptation occurred, while values equal to or close to one show a
lack of adaptation. The white and black bars represent the results of the
first and second independent biological replicate experiments, respective-
ly.

two or three cell lines. The P values for these 4,768 genes were adjusted
using the same Benjamini-Hochberg procedure described above. A total
of 1,775 genes had an adjusted F test P value ,0.05, of which there
were 1,208 present in all cell lines. These 1,208 genes were selected for
further analysis to detect differences in response to radiation exposure
across the cell lines. In this context, the ‘‘priming dose response’’ for a
cell line is defined to be the difference between the response to a 2-Gy
exposure with and without a preceding 5-cGy exposure. This difference
was evaluated using an F test for interaction between cell line and the
two treatments. Only those responses detected in two or more cell lines
were examined. The resulting P values were again adjusted to control for
false discovery rate, and 520 genes with an adjusted P value not exceed-
ing 0.20 were selected for further analysis.

For gene annotation and functional classification we used EASE
(http://www.david.gov/EASE) and MAPPFinder [Gladstone Institute at
UCSF, http://www.genmapp.org/ (39)], which use the ‘‘Gene Ontology’’
(GO) consortium [http://www.geneontology.org/ (40)] database for the
analysis of pathways and gene relationships. We applied a ratio criterion
of greater than 1.8 for (5 cGy 1 2 Gy)/2 Gy signals for the 520 genes
using MAPPFinder to search for GO annotations associated with the sig-
nificant differential transcripts affected by the priming dose. This level
of cutoff was based on prior criteria established for microarray data in
our laboratory (1, 41) and is consistent with the literature. The standard-
ized difference scores were used to rank GO categories based on the
relative number of gene expression changes within each GO map. An
assigned standardized difference score [z score (37)] greater than 2 was
used as a measure of effect both for the priming dose and for association
with the micronucleus radioadaptive end point. The z score and micro-
nucleus measure of the adaptive response were then used to select can-
didate genes with ontologies and pathway information.

The analysis tool CLUSter and Factor Analysis Using Varimax Or-
thogonal Rotation [CLUSFAVOR; http://mbcr.bcm.tmc.edu/genepi (42)]
was used to identify associations between both priming dose and radioad-
aptation transcript responses of the 520 genes using their level of change
(5 cGy 1 2 Gy/2 Gy). Cluster analysis was based on Euclidean distance
without standardization to identify the natural grouping of gene expres-
sion profiles (42, 43). The color gradient was based on the rankings of
the expression changer for all genes in all cell lines.

Semi-quantitative PCR

Confirmation of transcript levels for several associated radioadaptive
modulated genes was performed by RT-PCR of cDNA produced from
mRNA from each of the three cell lines. RNA from samples used for
microarray analyses was reverse transcribed using Superscript II reverse
transcriptase (Life Technologies, Rockville, MD) and an oligo-dT primer.
PCR was performed in 100 ml reactions, using the Platiniumt RT-PCR
ThermoscriptTM One-Step System (Invitrogen). The GAPD gene, which
did not show a change in expression (data not shown), was used as an
internal control. The primers selected were as follows: GAPD (200 bp)
Forward primer: GTCTAGAAAAACCTGCCAAA, reverse primer: AT
ACCAGGAAATGAGCTTGA; ATM (406 bp) forward primer: ACCAG
AGATATTGTGGATGG, reverse primer: TTGAGATTTTTGGGGTCT
ATG; P125 Phospholipase (399 bp) forward primer: TCCAGATTTGG
ACCTAAAAG, reverse primer: CTCTGAAGAGCGAAAAGGTA; MYC
(410 bp) forward primer: TGAGGAGGAACAAGAAGATG, reverse
primer: TGAGGAGGAACAAGAAGATG; IFNR2 (380 bp) forward
primer: CAGTTGGAACTCTTGAGTGG, reverse primer ATATAACCA
TCCCCAAGGTC; HSP8A (404 bp) forward primer: GGAAGACATTG
AACGTATGG, reverse primer AATCAACCTCTTCAATGGTG; and
CBF2 (403 bp) forward primer: GCTCTGGAAAGGATGATATG, re-
verse primer GATCCCATATTTTCATCCAA. PCR conditions were op-
timized to be performed as follows for all transcripts: 25–30 cycles at
948C for 15 s; 528C for 30 s; 728C for 1 min, followed by 1 cycle at
728C for 10 min.

RESULTS

Selection of Genes Associated with Low-Dose Priming
Effects

We investigated the gene transcript profiles of three lym-
phoblastoid cell lines (Fig. 1) that were previously char-
acterized for their cytogenetic adaptive response by micro-
nucleus analysis (13). Cell lines GM15268 and GM15510
were reproducibly adaptive, showing 20–30% reductions in
the frequency of micronuclei in cells that received the 5-
cGy priming dose followed by a 2-Gy challenge dose. In
contrast, line GM15036 was reproducibly non-adapted in
replicate experiments, showing no detectable change in mi-
cronucleus frequencies associated with the 5-cGy priming
dose. RNA was isolated for gene transcript analyses from
three experimental groups for each cell line: 4 h after sham
irradiation (0 cGy), 4 h after a dose of 2 Gy that was pre-
ceded by a sham priming dose (2 Gy), and 4 h after a
challenge dose of 2 Gy that was preceded by a 5-cGy prim-
ing dose (5 cGy 1 2 Gy).

Statistical analyses identified a set of genes whose gene
transcript levels were differentially modulated in cells after
they had received the 5-cGy priming dose followed by the
challenge dose relative to cells that received only the 2-Gy
challenge dose. The hybridization signals across ;12,000
oligonucleotide probe sets, i.e. genes, showed little vari-
ability between replicate chips (correlation coefficient
.0.98). There was detectable signal in at least one exper-
imental group across the three cell lines for 4,768 genes
(false discovery rate 1%). Differential gene expression
among the three groups identified 1,775 genes (F ratio,
false discovery rate 5%) of which 1,208 genes had detect-
able gene transcript signals in all three cell lines for both
the 2-Gy and 5 cGy 1 2-Gy samples. A subset of 520 genes
showed differential responses (.1.8-fold) between the 2-
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FIG. 2. Gene ontology (GO) maps associated with the common 5-cGy
priming dose effects, radioadaption or non-adaptation. Thirty-six GO
maps were associated with priming dose effects. MAPPFinder was used
for comparing significant differential gene expression either associated
with the priming dose (panel A) or associated with the radioadaptive
outcomes (panels B and C). Shown are the top 12 maps with the largest
z scores for the number of genes with observed expression differences
relative to the number of affected genes expected. Panel A: Human GO
categories associated with a high z score for genes across all three cell
lines irrespective of adaptive response outcome were Hspendoplasmic re-
ticulum, Hspintracellular 10, Hspsphingolipid metabolism, Hspmicrosome,
Hspcell 10, Hspintegral plasma membrane protein, Hspcell 41, Hspcell 5,
Hspintracellular 30, and Hspplasma membrane 3. Panel B: GO categories
associated with a high z score for genes in the two radioadaptive cell
lines relative to unchanged or lower for the non-adaptive cell line in-
cluded Hspresponse to biotic stimulus, Hsptransmembrane receptor,
Hspsignal transduction 4, Hspintracellular 31, Hspcytoplasm 9,
Hspchemokine, Hspcytokine, Hspcell-cell signaling, Hspresponse to
wounding 2, Hspcell 21, Hspcell 9, and Hspmembrane fraction 9. Panel
C: GO categories associated with high z score for genes in the non-
radioadaptive cell line relative to unchanged or lower across the two
radioadaptive cell lines included Hsptranscription regulation 7,
Hspenzyme 11, Hspintracellular 29, Hspligand binding or carrier 12,
Hspcell adhesion molecule, Hs amino acid activation, HsptRNA ligase,
Hspmembrane fraction 4, Hsplyase, Hspubiquitin C-terminal hydrolase,
Hspenzyme 22, and Hspcytochrome c oxidase.

TABLE 1
Genes that are Up-Regulated in Response to the

Priming Dose, Independent of the Adaptive
Response Outcome (Group 1)a

Gene
Accession

number

Relative expression

GM15036 GM15510 GM15268 Averageb

EEF1A1 J04617 .10 .10 10 10.0
RPS2 X17206 .10 .10 9 9.7
RPL28 U14969 .10 3.4 4.8 6.1
RPS15A W52024 10 1.7 4.7 5.5
RPL8 Z28407 7.4 2.3 6.5 5.4
RB1 NMp000321 3.4 2.6 .10 5.3
RPLP1 M17886 8.3 3.2 4.3 5.3
RPS4X M58458 9.7 1.8 4.1 5.2
DRAP1 U41843 .10 3.3 2.1 5.1
RPS11 X06617 9 2.7 3 4.9
RPS10 U14972 7.1 2.8 4.2 4.7
RPL6 X69391 7.6 2.6 3.5 4.6
RPS20 L06498 8 2 3.5 4.5
GNB2L1 M24194 9.2 1.7 2.5 4.5
RPS3 X55715 6.1 3 4.1 4.4
RPL18A X80822 6.9 3.8 2.5 4.4
RPL10 M64241 5.6 3.2 4.3 4.4
RPL14 D87735 8.3 2.5 2.2 4.3
RPS8 X67247 6.7 2.5 3.4 4.2
RPLP0 M17885 4.7 2.8 5.1 4.2

a See supplemental material at microarray.llnl.gov for complete listing.
b Average relative expression among three cell lines.

Gy and 5 cGy 1 2-Gy groups in at least one cell line (false
discovery rate 20%; 145 genes with false discovery rate
5%; see supplemental data at microarray.llnl.gov for a com-
plete listing of genes). The 520 genes fell into 713 Gene
Ontology (GO) categories with at least one gene per cate-
gory (see supplemental data at microarray.llnl.gov). The top
five GO categories accounted for 40% of the genes: protein
biosynthesis (;10%, 54 genes), DNA-dependent transcrip-
tion (8%, 43 genes), ATP binding activity (;8%, 41 genes),
immune response (;7%, 38 genes), and regulation of tran-

scription (;7%, 35 genes). Reducing the size of the input
list to 145 genes by lowering the false discovery rate to
5% did not significantly alter the distribution of the top GO
categories (data not shown).

The GO categories with differential z scores (Fig. 2) and
cluster analyses (Fig. 3) identified four groups of genes
whose transcription was modulated by the 5-cGy priming
dose. Genes of groups 1 and 2 (Tables 1 and 2) were mod-
ulated in the same direction among all cell lines (up or
down, respectively) when the challenge dose was preceded
by the priming dose, and the responses were independent
of their adaptive response. We consider these transcripts to
be a measure of the effects of the 5-cGy priming dose.
Grouping by functional category for the priming dose genes
of Groups 1 and 2 are shown in Table 3, columns one and
two. Group 3 genes (Table 4) were also modulated by the
priming dose but showed higher expression levels after the
priming dose in the non-adapted cell line than in the adapt-
ed cells lines. Group 4 genes (Table 5) were also modulated
by the priming dose but showed relatively higher expres-
sion in the adapted cell lines than in the non-adapted cell
line. The Group 3 and 4 transcripts were therefore indica-
tive of radioadaptation. Grouping by functional category
for the radioadaptive genes of Groups 3 and 4 are shown
in Table 3, columns three and four.

Genes Associated with Priming-Dose Effects, but
Independent of Adaptive Response Outcome

Figure 2A illustrates the top 12 GO maps with consis-
tently elevated z scores (.2) across all three cell lines,
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TABLE 2
Genes that are Down-regulated in Response to the

Priming Dose, Independent of the Adaptive
Response outcome (Group 2)a

Gene
Accession

number

Relative expression

GM15036 GM15510 GM15268 Averageb

SPTLC1 Y08685 0.1 0.2 0.1 0.1
ATP2B1 J04027 0.1 0.2 0.1 0.1
KIAA0004 D13629 0.1 0.1 0.3 0.2
H-SP1 X68194 0.1 0.2 0.2 0.2
GLDC D90239 0.1 0.3 0.1 0.2
TNFRSF8 M83554 0.2 0.3 0.1 0.2
ZMPSTE24 Y13834 0.1 0.2 0.3 0.2
W28612 W28612 0.3 0.1 0.2 0.2
TFRC X01060 0.3 0.1 0.2 0.2
TFRC M11507 0.3 0.1 0.2 0.2
RZF AF037204 0.3 0.1 0.2 0.2
LAMP2 U36336 0 0.2 0.4 0.2
CD19 M28170 0 0.2 0.4 0.2
SLC9A6 AF030409 0.2 0.3 0.2 0.2
SLC7A5 M80244 0.5 0.1 0.1 0.2
HMGCR M11058 0.2 0.2 0.3 0.2
SQLE D78130 0.4 0.2 0.1 0.2
ITGB1 X07979 0.1 0.2 0.4 0.2
TMP21 L40397 0.3 0.2 0.3 0.3
SLC2A5 M55531 0.3 0.2 0.3 0.3

a See supplemental material at microarray.llnl.gov for complete listing.
b Average relative expression among three cell lines.

which identifies cellular pathways involved in the common
transcriptional responses across the three cell lines, inde-
pendent of their adaptive responses. Cluster analyses (Fig.
3) identified two clusters of genes that were similarly mod-
ulated by the priming dose across all three cell lines, in-
dependently of their adaptive response: ‘‘all up’’ (Fig. 3,
group 1) and ‘‘all down’’ (Fig. 3, group 2). There was a
very large (;100-fold) range of responses between groups
1 and 2 (Tables 1 and 2, and supplemental data at
microarray.llnl.gov). The top 20 genes of Group 1 showed
4–10-fold higher gene transcript levels in cells that received
the priming dose prior to the challenge dose compared to
cells that received the challenge dose alone (Table 1). The
top 20 genes of group 2 (Table 2) showed 5–10-fold re-
ductions in gene transcript levels.

Protein synthesis was the major cellular function asso-
ciated with the common up-regulated genes of Group 1
(Table 3). Strikingly, 48 of 60 Group 1 genes (Fig. 3) in-
volve ribosomal functions and protein biosynthesis. These
genes included the elongation factor EEF1A1 (;11-fold el-
evation), which is involved in joining aminoacyl-tRNAs to
the ribosomes and various structural protein components of
ribosomes (e.g. RPL28, RPS2 and RPS15A). Several cell
cycle and signal transduction genes were also identified as
up-regulated, including GNB2L1 (commonly known as
RACK) and the tumor suppressor gene, RB1.

In contrast, the common down-regulated group 2 genes
(Table 3) were dominated by metabolism functions (e.g.
GLDC, LAMP2 and KIAA0004). Other group 2 genes en-

coded multiple membrane-bound proteins such as ion trans-
porters and proteins involved in cell adhesion-related func-
tions (e.g. ATP2B1, CD19, CD44, CD53 and the transfer-
ring receptor TFRC and the sodium-hydrogen exchanger
SLC96A). Two group 2 genes were directly associated with
cell cycle control and DNA repair pathways (WEE1 and
PRKAR1A/protein kinase, cAMP-dependent).

Gene Transcripts Associated with Differential Adaptive
Response Outcomes (Adaptive and Non-adaptive)

The 520-gene set was also analyzed to identify priming-
dose-affected genes whose transcript levels were differen-
tially associated with either adaptive or non-adaptive out-
comes. The hybridization signals for the two cell lines that
reproducibly radioadapted (GM15510 and GM15268) were
more highly correlated with each other (correlation coeffi-
cient 5 0.75) than with the non-adapted cell line
(GM15036) (0.55 and 0.56, respectively), suggesting that
there were global transcription changes associated with two
possible outcomes: adaptive or non-adaptive.

The GO categories (Fig. 2B and C) and hierarchical clus-
tering (Fig. 3) identified two groups of genes associated
with adaptive response outcomes (group 3 in Tables 4 and
group 4 in Table 5; also see supplemental material at
microarray.llnl.gov). Tables 4 and 5 list the top 20 genes in
groups 3 and 4, respectively, and illustrate the large (.100-
fold) range of differences between the responses in these
two groups.

The genes of groups 3 and 4 represented diverse cellular
functions associated with adaptive response outcomes (Ta-
ble 3). Group 3 (i.e. genes with lower transcript levels in
adapting cell lines) includes genes associated with cell cy-
cle/proliferation and signal transduction (e.g. MYC, STAT1,
BTG1, CCNI and GNB1); apoptosis-related genes (e.g.
TNF, CASP8 and NFKB1); ubiquitin-dependent protein
degradation genes (e.g. E2EPF, EDD, KIAA0317, PSMA6,
UBE21, USP6 and USP9X); translational control genes in-
volving amino acid activation and tRNA ligation (e.g.
GARS, WARS and YARS); protein modification genes in-
volved specifically in stress response (PRDX4 and
GADD45A); DNA double-strand break repair (i.e.
PRKDCIP and XRCC7); and oxidoreductases genes related
to general cellular stress responses (e.g. TXNRD1, IDH2,
MTRR, PDIA3 and PDIA6).

Group 4 (i.e. genes with higher expression in adapting
cell lines) includes genes involved in DNA repair (e.g.
ATM, SP100 and ERCC5/XPG); cell cycle control and sig-
nal transduction (e.g. CETN3, MPHOSPH10, P125 and
CREM, EBNA1BP2 and LPXN); and stress response (e.g.
PRDX1, HSPA8/HSP70 and HSPD1/HSP60). Group 4 also
included six functionally uncharacterized and/or non-an-
notated genes (i.e. FRG1, RES4-25, DKFZP564, F0522,
MEP50, NME1 and CBF2).
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FIG. 3. Cluster analyses of genes associated with the common 5-cGy priming dose effects, radioadaption and
non-adaptation. Four expression profiles were identified using Euclidean distance-based hierarchical clustering. Gene
clusters and heat maps of their change are shown for comparisons between the 2-Gy and 5 cGy 1 2-Gy experimental
groups (see Materials and Methods). For each cluster of genes, the relative expression and standard deviations are
plotted for each cell line. The dashed line represents a relative expression of 1 (i.e. no change). Group 1 represents
genes that were up-regulated more than twofold in all three cell lines. Group 2 are genes that were down-regulated
by more than twofold in all three cell lines. Groups 3 and 4 represent those genes that were differentially modulated
between the non-adapted cell line and the two adapted cell lines, GM15268 and GM15510. Group 3 represents those
genes with larger change in the non-adapted cell line, while group 4 contains genes with larger changes in the two
adapted cell lines.

Adaptive Response-Associated Genes that were Linked to
TP53 Functions

Several group 3 and 4 genes that discriminated between
adaptive and non-adaptive outcomes encode proteins that
have been associated with TP53-related functions. As
shown in Fig. 4, the cell lines that had an adaptive response
up-regulated groups of genes associated with DNA repair
and stress response while down-regulating genes associated
with cell cycle control and apoptosis compared to the re-
sults for the line that did not adapt after the priming-chal-
lenge dosing regimen. The microarray findings for key

genes of Fig. 4 were validated by RT-PCR (Fig. 5) based
on their position on the left and right side of the adaptive
response map shown in Fig. 4, for example DNA repair
and stress responses (ATM) and cellular proliferation
(MYC). As shown in Fig. 4, DNA damage sensing was
implicated by increased transcript levels in adapted lines
for phosphatidyl inositol kinases (i.e. ATM and YWHAQ/
14-3-3 family of proteins) which are known to be involved
in multiple signaling interactions with mitogen-activated ki-
nases such as MAPKp38 and CHK2, which are themselves
capable of forming protein-protein interactions with TP53.
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FIG. 3. Continued.

Expression levels of ATM increased more than twofold in
both adapted lines, with no change in the non-adapted line,
as confirmed by RT-PCR (Fig. 5). In addition, both P125,
a cell cycle-related transcript, and CBF2, a CAAT tran-
scription factor, showed a greater than twofold increase on
the microarray, and the differential expression was con-
firmed by RT-PCR. The involvement of nuclear foci in ad-
aptation was implicated by transcript increases in the SP100
gene that interacts with PML, a possible regulator of TP53
function. DNA repair was implicated by increases in
ERCC5 transcripts in the lines that adapted. HSP70 family

members [HSPA8 (HSP70) and HSPD1 (HSP60)] were also
up-regulated in the cell lines that adapted, which can be
related to a role in downstream protein degradation. The
HSPA8 microarray transcript findings were confirmed by
RT-PCR.

Several genes with lower expression in the adapted
lines suggested another set of TP53 functional links to
cellular proliferation and apoptosis (e.g. CASP8, JUND,
MYC, NFKB, SSRP1, TNF and IFNAR2). The MYC and
IFNAR2 transcript microarray finding was verified by RT-
PCR (Fig. 5). Interestingly, these transcripts showed in-
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TABLE 3
Pathway Analysis of Genes Associated with Priming Dose or Radioadaptive Effects

Pathway
Response group

Priming dose genes

Group 1, common ‘‘up’’
response after
priming dose

Group 2, common ‘‘down’’
response after
priming dose

Radioadaptive genes

Group 3, differential
response, lower in
adapting cell lines

Group 4, differential
response, higher in
adapting cell lines

Apoptosis CD53, PORIMIN,
TNFRSF10B

CASP8, DAD1, HAX1,
NFKB1, TNF,
TNFRSF17

Cell adhesion CD58, ENTPD1, ITGB1,
KIAA0911

CD44, CD164 ICAM2

Cell cycle RBI WEE1 CCNI, BTG1, BUB3,
EDF1, EMP3, MYC
PIM2, SRF,
PRKDCIP

CETN3,
MPHOSPH10, P125

Chemokine CCL3, CCL4, SCYA5,
SCYA22, SCYA3,
SCYA4

CRM1

DNA repair PRKDC PRKARIA ATM, ERCC5, SP100,
NBP

Immune response CD48, IFITM1, HLA-
DMA, HLA-DMB,
TCRA

BLNK, NKTR

Metabolism ODC1, RPS13 ARL6IP, CD9, CYP1B1,
EBP, ENTPD1, GGH,
GLDC, GM2A, GUSB,
HMGCR, KIAA0004,
KIAA0088, LAMP1,
LAMP2, PPT1, SLC2A5,
SLC9A6, SPTLC1, TFRC,
ZMPSTE24

AHCY, ADA, IDH2
IDH3G, ODC1,
PMM2 SC5DL,
SIAT1

DLAT, FDFT1, LDHB
OS9, SUCLA2

Protein degradation KIAA0317, RPN2, RZF,
TL132, USP9X

CTSC, EDD, PSEN1,
SPAG7, UBE21

IFI30, PSMA4,
PSMC1, PSMC6,
PSMD10, USP6

Protein biosynthesis RPL (5, 6, 8–12, 13A, 14,
15, 17, 19, 18A, 21, 23,
23A, 24, 27A, 28–32, 34,
38), RPLP0, RPLP1, RPS
(2, 3, 3A, 4X, 5–11, 14,
15A, 17, 19, 20, 23, 24,
27), EEF1A1, EEF1G

FMR1, CANX, MRPS6 EIF3S5, EIF4A1,
E2EPF

RNA metabolism DDX3, HNRPH3, RNP24 DDX21, NXF1,
PABPC1, SFRS2,
SFRS6

DDX42, RTCD1
PABPC1, RTCD1

Signal transduction DRES9, GNB2L1, TEBP ADAM10, AKAP1, ATP1B3,
ASAH, CD19, CD59,
CNIH, CR2, EBI2, EPB72,
SLAM, SORL1, TNFRSF8

AMFR, BZRP, GNB1,
IFNAR2, NUDT3,
PRKCB1, RGS1,
STAT1, STAT3,
SSRP1, STK24,
VEGFB, YWHAZ

CREM, CTNNB1,
EBNA1, BP2,
LPXN, PFTK1,
YWHAQ, TTK

Stress response HADH2 HSPA5, PDIA3, PDIA6,
PRDX4, SQLE

HERPUDI, GADD45A,
MTRR, LITAF,
SERP1, TXNRD1

DIA1, HSPA8,
HSPD1, IF130

Transcription DRAP1, NSEP1 H-SP1, TRA1, CHD1 ATF5, EIF4A2,
ETR101, JUND,
SMARCA4, T CEA1

CBF2, DEK, SMAR-
CA2, TCF12,
ZNF148

Translation GARS, SARS, WARS,
YARS

EIF2S1, MTIF2,
NARS, RARS

creased levels in the non-adapted cell line when com-
pared to the adapted lines, suggesting a role in the adap-
tive response for modulation of genes combined on ap-
optosis. Transcript levels for several transcription factors

controlled by NFKB induction such as STAT1 and STAT3
that control cell proliferation were also lower in the ra-
dioadaptive cell lines. The GADD45A stress response
gene was up-regulated in the non-adapted line, suggest-
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TABLE 4
Genes with Relatively Larger Changes

in Expression when the Cell does not Adapt
(Group 3)

Gene
Accession

number

Relative expression

GM15036 GM15510 GM15268
Ratio of
effecta

SCYA4 J04130 3.3 0.03 0.03 110.0
SCYA3 D90144 2.5 0.2 0.1 16.7
ATF5 AB021663 7.8 0.7 0.6 12.0
IFNAR2 L42243 2.7 0.3 0.2 10.8
JUND X56681 3.2 0.3 0.4 9.1
SFRS6 AL031681 3.2 0.3 0.4 9.1
SARS X91257 8.2 1 0.8 9.1
ETR101 M62831 3.7 0.6 0.4 7.4
LITAF AF010312 6.5 1.2 0.6 7.2
EIF4A1 D13748 4.8 1.1 0.6 5.6
GARS U09510 3.1 0.7 0.4 5.6
MYC V00568 3.9 0.5 0.9 5.6
TM9SF2 U81006 0.8 0.2 0.1 5.3
CD48 M37766 2.1 0.4 0.4 5.3
OAS1 X04371 2.1 0.4 0.4 5.3
ADFP X97324 3.4 1 0.3 5.2
PIM2 U77735 3.6 0.9 0.5 5.1
NP X00737 6.7 1.5 1.2 5.0
PRKDC1P U85611 5.8 1.4 1 4.8
WARS X59892 2.9 0.8 0.4 4.8

a Calculated ratio of relative expression between non-adaptive and
adaptive cell lines by averaging the results for the two adaptive cell lines.

TABLE 5
Genes Associated with the Adaptive Outcome with Higher Expression in the

Adapting Cell Lines (Group 4)

Gene
Accession

number

Relative expression

GM15036 GM15510 GM15268
Ratio of
effectsa

NKTR NMp005385 0.2 6.9 4.3 28.0
PSMC6 D78275 0.2 1.9 1.2 7.8
PFTK1 AB020641 0.2 1.5 1.3 7.0
MPHOSPH10 X98494 0.5 3.2 2.5 5.7
MTIF2 AF494407 0.3 1.5 1.6 5.2
CRM1 Y08614 0.2 1.1 0.9 5.0
RDX L02320 0.2 0.9 1.1 5.0
TCF12 M80627 0.3 1.2 1.8 5.0
CETN3 AI056696 0.5 2.1 2.6 4.7
FLJ20720 FLJ20719 1.1 5.9 4.1 4.5
PSMA6 X59417 0.3 1.7 0.9 4.3
ZNF148 AJ236885 0.3 1.8 0.8 4.3
C2F U72514 0.5 2.8 1.5 4.3
ERCC5 L20046 0.5 2.8 1.5 4.3
SMARCA2 X72889 0.2 1 0.7 4.3
DDX42 AB036090 0.4 1.4 1.6 3.8
HSPA8 P11142 0.8 3.1 2.7 3.6
EIF2S1 BC002513 0.5 1.8 1.7 3.5
EBNA1BP2 U86602 0.6 2.3 1.8 3.4
DKFZP564F0522 AK027432 0.5 1.9 1.5 3.4

a Calculated ratio of relative expression between non-adaptive and adaptive cell lines by averaging the results for
the two adaptive cell lines.

ing differential DNA damage responses for adaptive and
non-adaptive outcomes.

DISCUSSION

Our gene transcript study demonstrates that exposure of
lymphoblastoid cell lines to low-dose radiation (5 cGy) fol-
lowed 6 h later with a high-dose exposure (2 Gy) altered
the transcription profiles of a large number of genes as mea-
sured 4 h after the 2-Gy exposure. The gene transcript re-
sponses fell into two broad categories, (1) those with com-
mon responses across all three cell lines, independent of
their adaptive response outcomes, and (2) those with dif-
ferential responses associated with their adaptive response
outcomes. Thus our study is a simultaneous investigation
of expression changes that persist after low-dose exposure,
as well as expression changes that may be predictive of the
likelihood of subsequent cytogenetic damage. In contrast,
previous studies of the effects of low-dose ionizing radia-
tion on transcript levels have been limited to the effects of
single acute exposures (1, 22, 44) or repeated high-dose
exposures for measuring outcomes (45, 46). Our study is
also the first genome-wide inspection of transcript profiles
associated with adaptive response outcomes.

Table 3 contrasts the cellular functions of genes associ-
ated with the common priming dose responses compared to
those associated with the adaptive response outcomes.
There was a range of more than 100-fold in responses
among the set of common priming-dose genes (Tables 1
and 2). The over 10-fold up-regulation and over 10-fold
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FIG. 4. Interaction model of TP53-related genes associated with radioadaptation. Based on transcript analysis,
this model shows putative interactions between various genes involved in DNA repair, stress response, cell cycle
control and apoptosis. The proteins encoded by these genes are directly or indirectly associated with TP53 functions.
Underlined genes showed transcript changes in our study. Genes with up arrows had higher transcript levels when
cells adapted, and those with down arrows had lower transcripts when cells adapted. Proteins shown in black illustrate
linkages based on prior literature. Genes that are only underlined are TP53 related but showed a common 5-cGy
priming dose effect with no evidence of differential transcription between adapted and non-adapted cell lines. The
P125 and MPHOS10 transcripts are for novel cell cycle genes we identified as up-regulated when cells adapt and
their relationship to TP53 functions is not yet established. A corollary figure can be drawn for cells with non-
adapting responses (not shown).

FIG. 5. RT-PCR validation of microarray data for P125, ATM, MYC,
CBF2, GAPD and IFNR2. The white bars represent the average results
from RNA isolated from the two radioadapted cell lines, while the gray
bar results were obtained from the one non-adapted cell line. Relative
expression is indicated on the y axis.

down-regulation responses are much larger than the mag-
nitude of the typical changes reported after single acute
low-dose exposures, which are seldom above threefold (e.g.
refs. 1, 47), suggesting that low-dose radiation effects were
amplified with time or with the challenge-dose exposure.
Also, there was a surprisingly large range of responses
(.100-fold) among priming-dose-induced genes with dif-
ferential gene transcript levels associated with adaptive re-
sponse outcomes (Tables 4 and 5).

The major cellular functions associated with the common
low-dose primary effects were protein synthesis, metabo-
lism and signal transduction. As shown in Table 3, the pro-
tein synthesis genes were generally up-regulated, while me-
tabolism genes were generally down-regulated; signal
transduction genes showed mostly down-regulation but a
more mixed response. Our findings of increased transcript
levels in a large number of protein synthesis genes are con-
sistent with the suggestion that protein biosynthesis is a
fundamental response to low-dose radiation. Increased pro-
tein synthesis is an important component of stress response
mechanisms after exposure to radiation or other genotoxic
agents (48, 49). The ribosomal transcripts RPL23A,
RPL27A and RPL28 were previously reported to be elevat-
ed in mice after low-dose radiation exposures (1, 23), sug-
gesting that low-dose radiation elicits a cellular requirement
for de novo protein synthesis. However, our findings of sim-
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ilar responses across all three cell lines irrespective of their
adaptive response outcomes, indicate that protein biosyn-
thesis alone is not a critical regulator of radioadaptation, as
was previously suggested (26, 27).

The group 2 down-regulated metabolism genes code for
proteins that are membrane-bound or related to mitochon-
drial processes (e.g. ATP1B3, CYP1B1, SLC2A5 and
SLC9A6; Table 3). In yeast, mitochondrial-related processes
are known to be modulated after low-dose irradiation (44),
and changes in the transcript levels of metabolic enzymes
involved in oxidation/reduction reactions have been previ-
ously shown to be part of a low-dose mitochondrial stress
response (50). Thus the general reduction in gene tran-
scripts for metabolic enzymes may be related to an overall
decrease in the oxidative capacity of cells that had received
a priming dose compared to those that did not. Two genes
associated with cell cycle control and DNA repair (WEE1
and PRKAR1A/protein kinase, cAMP-dependent) were
down-regulated while RB1 was up-regulated, suggesting
complex roles for cell cycle control in cells that received
the priming dose.

Previous to our study, the pathways that control adaptive
response were inferred only from studies of individual tran-
scripts and proteins. Using gene chips with cell lines that
adapted or not, we identified several hundred candidate
genes with differential transcript expression levels associ-
ated with adaptive response outcomes. These genes are di-
verse in their putative functions (Table 3), involving DNA
repair, cell cycle control, chemokines and apoptosis as well
as transcription and translation. Accordingly, our data sug-
gest that the regulation of adaptive response may involve
groups of genes (rather than individuals) whose regulation
is juxtaposed, depending on whether the cells will adapt or
not (Fig. 3, group 3 and 4). This observation is illustrated
in Fig. 4 for DNA repair, stress responses, and proliferative
and apoptosis pathways. Our findings predict that cells will
adapt (i.e. show less chromosomal damage) when DNA re-
pair and stress response genes are up-regulated at the same
time that certain apoptosis and cell cycle control genes are
down-regulated. Alternatively, cells will not adapt (i.e.
show no change in the amount of chromosomal damage)
when the gene transcript balance is shifted in the other di-
rection (i.e., DNA repair and stress response genes are
down-regulated, while apoptosis and cell cycle control
genes are up-regulated).

Our microarray results point to a critical role for TP53-
related pathways in the control of the adaptive response
phenomenon and are consistent with several prior investi-
gations of individual proteins in these pathways. TP53-re-
lated pathways have been implicated in adaptive response
by affecting both DNA repair and apoptosis pathways re-
lated to functional TP53 (33, 51). Our microarray data sug-
gest the involvement of DNA repair in adaptive response
through the up-regulation of ERCC5 and ATM. The ERCC5
protein is involved in transcription-coupled repair of oxi-
dative damage and nucleotide excision repair (52–54) and

has also been associated with adaptive response (55). ATM
connects DSB recognition with modulation of TP53 func-
tions (56). Prior studies with ATM null mice (34) suggested
that ATM is not involved in adaptive response, which may
be due to ATR complementing the ATM functions of null
mice (57). Our microarray data suggest that ATM up-reg-
ulated transcripts are associated with adaptive response out-
comes in lymphoblastoid cell lines, possibly for enhancing
repair in response to radiation-induced DNA damage (58)
through TP53 phosphorylation for cell cycle arrest or cell
death by apoptosis (59, 60).

Our microarray data identify two stress-related processes
related to adaptive response: chromatin remodeling and
heat-shock responses (61, 62), both of which are related to
TP53 function. CBF2 was up-regulated in cells that adapted
(Table 3), and the CBF2 protein can interact with TP53 and
P73 to modulate HMG1 gene expression through changes
in chromatin structure (63). The HSP70 genes that are
known to be involved in a radiation-inducible stress re-
sponse mechanism (64, 65) were up-regulated in cells that
adapted (Table 3). Induction of HSP70 genes prior to stress
exposures has been reported to suppress TP53 expression,
greatly decrease BAX levels, and inhibit apoptosis (66–68).
In a prior study of HSP70 responses under adaptive con-
ditions, HSPA8 transcript levels were not associated with
adaptive responses in mouse splenocytes (69). However,
this experiment failed to show induction of another HSP70
family member, PBP74, which was previously associated
with adaptive response (65), suggesting that there may be
cell-type and tissue-specific variations in the genes associ-
ated with adaptive response. Our microarray data suggest
that HSP70 response mechanisms are critical components
of the control of adaptive response in human lymphoblas-
toid cells.

Our data also implicate TP53-related cell cycle control
and apoptosis functions in the control of adaptive response
(Fig. 4). Example genes include MYC, JUND, TNF, NFKB,
CASP8, STAT1 and STAT3, which generally showed de-
creased levels in adapting cells compared to non-adapting
cells. MYC is an important link in the control of cell cycle
proliferation and apoptosis. It is a principal determinant in
the TP53 DNA damage pathway (70, 71), regulating vari-
ous interactions such as the transcriptional regulation of
both CDKN1A (p21/CIP1) (72). Such interactions could
prevent cell cycle arrest, which may be needed for efficient
DNA repair processes. Others have also observed a down-
regulation of the MYC transcript after irradiation (23),
which is consistent with the suggestion that cells normally
down-regulate MYC to enhance cell survival in response
to genotoxic stress (73). Alternatively, induced levels of the
MYC protein and transcript may lead to genomic instability
and/or apoptosis (74, 75). Our observed transcript changes
for TNF may also implicate cellular apoptosis in the adap-
tive response. The TNF protein is associated with activation
of NFKB, CASP8, STAT1 and STAT3, all of which can
affect entry into the cell cycle and apoptosis. Down-regu-
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lating TNF protein and other small cytokines may be im-
portant for maintaining cell cycle arrest (76–78), which is
also likely to be important for efficient DNA repair.

Our study design has several notable strengths. The large
number of genes assayed enabled the discovery of new
genes, new groupings of genes, and complex patterns of
transcription in response to radiation. The transcription
analyses were performed on cells obtained from within the
same experiments assayed for micronucleus frequencies to
assess radioadaptive capacity of the cells; this nested design
was critical because cell lines do not consistently show ad-
aptation (13). Our approach to normalizing arrays and se-
lecting subsets of potential genes for further evaluation is
based on statistical methods developed to analyze and filter
data from large expression arrays in a realistic and under-
standable way (79, 80). Such an approach allowed us to
rank the genes in order of interest using techniques with
known, predictable properties and behavior. The compara-
tive tools EASE and GO provided insight into the under-
lying pathways and functions associated with the common
priming dose effects and with the adaptive response out-
comes.

Our study design has several limitations that will require
further study. We used micronucleus frequency as the mea-
sure of adaptive response outcome, and it remains to be
determined whether our findings will be applicable to other
measures of adaptation, such as cell survival and genomic
instability. A small number of cell lines were studied and
only one time was evaluated. Further research is needed to
determine how generalizable the results will be to whole
organisms and other cell types. Specifically, epithelial cells
tend to undergo growth arrest after radiation exposure,
whereas lymphoid cells tend to undergo TP53-dependent
apoptosis (81). Also, the use of GO categories was prob-
lematic because of the multiplicity of functions that can be
assigned to any one protein, making it difficult to ascribe
a single pathway or function to a gene. For example, TNF
and MYC were identified within multiple maps such as
Hspcell, Hspresponse to wounding 2, Hspresponse to virus-
es, and Hspresponse to biotic stimulus 5, as well as others
(Table 3). Also, it remains essentially unknown how tran-
script changes (up or down) for genes are related to changes
in protein levels, protein modifications, or cell fate. For
some genes we already have evidence of protein changes
associated with transcript changes. For example, transcript
findings for HSPA8 and HSPD1 may be associated with
changes in protein levels, since HSP70 transcription has
been shown to correlate with increased HSP70 protein lev-
els after radiation exposures (69, 82, 83).

In summary, our findings support our hypotheses. Ex-
posures to 5-cGy priming doses led to changes in transcrip-
tion that persisted beyond the much larger challenge dose.
Two broad categories of primer-dose responsive genes were
found: (1) genes with common responses after the priming
dose, independent of whether the cell lines showed a cy-
togenetic adaptive response or not (the major effects were

up-regulation of genes associated with protein synthesis and
down-regulation of metabolism genes) and (2) genes whose
transcripts were differentially expressed in accordance with
whether the cells subsequently adapt or not (the adaptive
response appeared to be associated with differential ex-
pression of diverse genes, and we proposed that it is con-
trolled in part by a balance between two sets of TP53-
linked pathways: DNA repair/stress response genes and cel-
lular proliferation/apoptosis genes). Our study findings also
generate new hypotheses. Further work will be needed to
determine whether low-dose-induced transcript alterations
are associated with protein changes and whether controlling
the expression of genes in the underlying pathways will
correspondingly alter survival and residual genomic dam-
age. Further studies will also be needed to determine
whether the same pathways regulate low-dose-induced
adaptive response in tumor cells in vitro and in vivo (e.g.
51, 84). This may lead to new insights and technologies for
managing and controlling the consequences of exposure to
ionizing radiation in radiotherapy, from occupational ex-
posures, and after unexpected radiation exposure incidents.
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