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Comprehensive Search for X-ray-responsive Elements and
Binding Factors in the Regulatory Region of the GADD45a Gene

KAZUHIRO DAINO1, SACHIKO ICHIMURA2, and MITSURU NENOI2

X-ray-responsive element/Transcription factor/X-ray irradiation/Myeloblastic leukemia cells.
The growth arrest and DNA damage-inducible protein 45alpha (GADD45a) gene is responsive to a vari-

ety of DNA-damaging agents. It is known that induction of the GADD45a gene is regulated in a p53-dependent
manner after ionizing irradiation. Our previous study showed that X-ray irradiation increased the transcription
rate of the GADD45a gene much earlier than the maximum accumulation of stabilized p53 protein in human
myeloblastic leukemia ML-1 cells. We hypothesized that some transcription factor(s) may cooperate with p53
in regulating the GADD45a gene early after the irradiation of ML-1 cells. This idea is supported by recent stud-
ies showing that the p53-dependent activation of several genes in human and mouse cells requires some addi-
tional transcription factors, such as Sp1, GKLF, Ets1, and IRF-1. To examine the possible involvement of
cooperating factors in transcriptional regulation of the GADD45a gene by ionizing radiation, we comprehen-
sively searched for the X-ray-inducible binding locus of the nuclear factor throughout the upstream region
(–2244 bp/+89 bp) and the third intron (+1389 bp/+2488 bp) of the GADD45a gene by EMSA using 136
probes. The X-ray-responsive binding of nuclear factors was detected at eight loci. Oct, NF-κB, HNF, NF-AT,
and KLF family transcription factors were identified by a competition assay. It is possible that some of these
factors cooperate with p53 to mediate transcriptional regulation of the GADD45a gene after ionizing irradia-
tion.

INTRODUCTION

The growth arrest and DNA damage-inducible protein
45alpha (GADD45a) gene is one of the important players in
cellular response to DNA damage because it is considered to
participate in controlling the cell-cycle checkpoint, apoptosis,
and DNA repair after DNA damage. It has previously been
reported that the GADD45a gene is transcriptionally induced
by a wide spectrum of DNA-damaging agents, including ion-
izing radiation (IR), methyl methanesulfonate (MMS), and
ultraviolet (UV) radiation.1–3) It is known that induction of the
GADD45a gene by MMS and UV is mediated by both p53-
dependent and p53-independent signaling pathways. In con-
trast, it is generally believed that induction of the GADD45a
gene after ionizing radiation exposure is principally p53-
dependent, requiring binding of the p53 protein to the p53-
recognition element in the third intron. This is based on the
observation that the GADD45a gene does not respond to ion-

izing radiation in p53-deficient cells.4–6) However, it is not
understood whether additional transcription factors other than
p53 are required for transcriptional regulation of the GADD45a
gene after ionizing irradiation. Our previous study showed
that X-ray irradiation increases the transcription rate of the
GADD45a gene, with maximum induction at 0.5 to 1 h after
irradiation, much earlier than the maximum accumulation of
stabilized p53 protein in human myeloblastic leukemia ML-1
cells7). This observation suggests that some transcription fac-
tors might cooperate with p53 in regulating the GADD45a
gene, at least soon after irradiation in ML-1 cells. This hypo-
thesis is analogous to reports that p53 requires a cofactor in
transcriptional activation of its target genes. For example, (i)
Sp1 family transcription factors are involved in the p53-
dependent transcriptional activation of the p21WAF1/Cip1 and
BAX genes in human cell lines, including hepatoma cells, kera-
tinocytes and osteosarcoma cells, and Drosophila Schneider’s
SL2 cells.8, 9) (ii) Zhang et al. have reported that GKLF (gut-
enriched kruppel-like factor) and p53 synergistically induce
the p21WAF1/Cip1 promoter after an MMS treatment in mouse
embryonic fibroblasts.10) (iii) It has recently been reported that
the Ets1 transcription factor functions in the transcriptional
activation of PERP, MDM2, CYCLIN G, and BAX genes as an
essential component of the p53-complex in UV-irradiated
mouse embryonic stem cells.11) (iv) The IRF-1 (interferon
regulatory factor-1) transcription factor is necessary for the
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p53-dependent activation of the p21WAF1/Cip1 gene after γ-irra-
diation in mouse embryonic fibroblasts.12) (v) By an ectopic
expression system, BRCA1 has been shown to play a role in
both p53-dependent and p53-independent transcriptional acti-
vation of the GADD45a gene in a number of human cell lines,
including SW480, DLD and U2OS.13–15) The above evidence
strongly supports our hypothesis that some transcription fac-
tors may cooperate with p53 in regulating the GADD45a gene
by ionizing radiation. However, there are quite a few studies
that have analyzed additional transcription factors other than
p53 that are involved in activation of the GADD45a gene by
ionizing radiation. One of the reasons for the delay of such
studies is that the standard methods for promoter analysis,
such as a reporter assay and footprinting analyses, have never
succeeded to reveal the association of the transcription factors
in the control region of the GADD45a gene. That is, reporter
gene constructs that are as strongly responsive to ionizing
radiation as the endogenous GADD45a gene have not been
developed. In addition, genomic footprinting analyses have
failed to reveal altered DNA-protein interactions in the con-
trol region of the GADD45a gene after irradiation.

An electrophoretic mobility shift assay (EMSA) is a highly
sensitive method for detecting DNA-protein association, and
is used to monitor activation of the transcription factors.16)

However, it is a disadvantage of the EMSA that only short
DNA regions of less than 100 bp can be analyzed. In the
present study, we overcame this problem by carrying out
EMSA using 136 probes covering ~2200 bp in the upstream
region and the third intron of the GADD45a gene and the
nuclear extracts from irradiated cells. The third intron of the
GADD45a gene was investigated because it contain the p53
recognition element, and it seemed natural that a cofactor of
p53 would bind to the DNA region near to the p53 recogni-
tion element.

MATERIALS AND METHODS

Cell culture and treatment
The human myeloblastic leukemia cell line ML-1 has wild-

type p53 function.17) Cells were cultured in the RPMI-1640
medium supplemented with 10% fetal bovine serum at 37°C
in 5% CO2, and were irradiated with 0.5 or 20 Gy of X-rays at
0.24 to 0.70 Gy/min using a Pantak unit operating at 200 kVp
and 20 mA, with a 0.5-mm copper plus 0.5-mm aluminum fil-
ter. For UV irradiation, cells were washed with phosphate-
buffered saline (PBS), resuspended in PBS, and then exposed
to 20 J/m2 of 254 nm of UV light. The irradiated cells were
further incubated for 0.5 or 2 h at 37°C in a CO2 incubator
until the extraction of nuclear proteins.

Preparation of nuclear extracts
The preparation of nuclear extracts was performed as fol-

lows. After washing with ice-cold PBS, 1 × 108 cells (the
packed cell volume is approximately 200 µl) were suspended
in 1 ml of lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, 1 mM DTT, 104 mM AEBSF, 80 µM
Aprotinin, 2 mM Leupeptin, 4 mM Bestatin, 1.5 mM Pepsta-
tin A, 1.4 mM E-64) and left on ice for 15 min. Cells were
collected by centrifugation, resuspended in 400 µl of lysis
buffer, and then homogenized with a Dounce homogenizer.
Subsequently, nuclei were collected by centrifugation, resus-
pended in 500 µl of extraction buffer (20 mM HEPES, pH
7.9, 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA, 25% (v/v)
Glycerol, 1 mM DTT, 104 mM AEBSF, 80 µM Aprotinin, 2
mM Leupeptin, 4 mM Bestatin, 1.5 mM Pepstatin A, 1.4 mM
E-64) and left on ice for 30 min. After centrifugation at
21,000 ×g for 5 min, supernatant containing nuclear proteins
were transferred to a new tube and stored at –80°C. The pro-
tein concentration was measured by the Bradford method
using a kit supplied by Pierce (Coomassie Protein assay
Reagent Kit).

Table 1. Nucleotide sequences of competitor oligonucleotides used in EMSA.

Transcription factor Sense stranda) Reference

Oct 5'-TGTCGAATGCAAATCACTAGAA-3' 19
Myb 5'-TACAGGCATAACGGTTCCGTAGTGA-3' 20
NF-1 5'-TTTTGGATTGAAGCCAATATGATAA-3' 21
CdxA 5'-TATCCTATTAATATTCACAG-3' 22
C/EBP 5'-TGCAGATTGCGCAATCTGCA-3' 23
NF-κB (p50) 5'-GCCATGGGGGGATCCCCGAAGTCC-3' 24
NF-κB (p65) 5'-AGCTTGGGGTATTTCCAGCCG-3' 24
HNF-3 5'-GCCCATTGTTTGTTTTAAGCC-3' 25
HFH 5'-TCTAGATTGTTTGTTTATGA-3' 26
SRY 5'-TATCCCAAACAAATTCACAG-3' 27
NF-AT 5'-CGCCCAAAGAGGAAAATTTGTTTCATA-3' 28
GKLF 5'-TGCAAAAAAAGCAAGGGCGT-3' 29
a)The recognition sequence of transcription factor is shown in bold.
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Comprehensive electrophoretic mobility shift analyses
Comprehensive EMSA is performed by designing double-

strand DNA probes so as to comprehensively cover the DNA
region of interest, and by carrying out EMSA as many times
as the number of the probes. In this study, we prepared 136
species of synthetic double-stranded DNA probes 35 bp in
length, as illustrated in Fig. 1, so as to cover the upstream
region (–2244 bp/+89 bp) as well as the third intron (+1389
bp/+2488 bp) of the GADD45a gene. The neighboring probes
were overlapped by 10 bp in order not to miss the factors that
recognize a sequence spanning the neighboring two probes.
An EMSA analysis was carried out as described previously.18)

In brief, a 0.5-ng (10,000 cpm) radioactive probe was mixed
with 3.5 µg of nuclear extracts in 20 mM HEPES, pH 7.9, 35
mM KCl, 5 mM MgCl2, 0.05% NP40, 1 mg/ml BSA, 0.5 mM
DTT, 0.1 mg/ml poly (deoxyinosinic-deoxycytidylic acid)
and 12% glycerol, followed by incubation at 25°C for 20 min.
The DNA-factor complexes were separated on a 6% nonde-
naturing polyacrylamide gel in 0.25× TBE. The nucleotide
sequence of the probe that gave the shift band was examined
in order to determine whether it contained recognition
sequences for the transcription factors using the motif search
program available in GenomeNet (http://www.
genome.ad.jp/). The cut-off value was set at 80% homology.
Competition assays were carried out by adding unlabeled
competitor oligonucleotides containing consensus sequences
of the supposed transcription factors (Table 1) at a 100-fold
excess over the radiolabeled probe into the EMSA reaction
mixture.

RESULTS

With the probe Pr-7, spanning –93 bp/–59 bp in the

upstream region of the GADD45a gene, an X-ray-inducible
DNA-protein complex was detected 2 h after exposure to 0.5
Gy and 20 Gy of X-rays as well as 20 J/m2 of UV (Fig. 2A
and B, lanes 6, 7, and 8). The motif search program revealed
that the probe Pr-7 contained three sites with homology to the
consensus binding sequences for the Oct, Myb, and NF-1
transcription factors. To assess the possible involvement of
these transcription factors, we carried out a competition assay.
As shown in Fig. 2C, the DNA-protein complex was com-
peted away by an unlabeled-oligonucleotide containing the
consensus binding sequence for the Oct family transcription
factors (lane 4). The difference in the intensity of the shifted
band in Fig. 2B, lane 5 and Fig. 2C, lane 2 is due to a different
condition for image scanning between Fig. 2B and Fig. 2C.
With another probe, spanning –118 bp/–84 bp, which con-
tained a sequence homologous to the Oct consensus
sequence, a similar pattern of induction of DNA-protein com-
plex was observed; this DNA-protein complex was also com-
peted away with the Oct consensus sequence (data not
shown). These results suggest that an association of an Oct
family transcription factor to the region of –93 bp/–59 bp and
–118 bp/–84 bp upstream of the GADD45a gene occurred 2 h
after X-ray or UV irradiation in ML-1 cells.

With the probe Pr-50, spanning –1168 bp/–1134 bp in the
upstream region of the GADD45a gene, induction of DNA-
protein complex was detected 0.5 and 2 h after exposure to 20
Gy of X-rays (Fig. 3A and B, lanes 3 and 7). By a competition
analysis, the binding of NF-κB family proteins p65 and p50
was suggested (Fig. 3C, lane 5 and 6). A similar pattern of
competition by p65 and p50 was also observed in the –2168
bp/–2134 bp region, which contains a sequence homologous
to the NF-κB consensus sequence (data not shown). These
results suggest that the association of a NF-κB family tran-

Fig. 1. Schematic illustration of comprehensive EMSA. 136 probes (Pr-1-93, In-1-43) of double-stranded DNA 35-bp in length were syn-
thesized to examine the DNA-protein interaction in the upstream (–2244 bp/+89 bp) region and the third intron (+1389 bp/+2488 bp)
of the GADD45a gene. The neighboring probes overlapped each other by 10 bp in order not to miss the factors that recognize a
sequence spanning the neighboring two probes.
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scription factor to the region of –1168 bp/–1134 bp and –2168
bp/–2134 bp upstream of the GADD45a gene occurred 0.5
and 2 h after X-ray irradiation in ML-1 cells.

With the probe Pr-35, spanning –793 bp/–759 bp in the
upstream region of the GADD45a gene, induction of the
DNA-protein complex was detected 2 h after 0.5 Gy and 20
Gy of X-ray irradiation (Fig. 4A and B, lanes 6 and 7). By a
motif search, it was revealed that the probe Pr-35 contained
the sequences homologous to the consensus binding sequence
for the transcription factors, GATA, Ikaros and IRF. How-
ever, competition analyses revealed an association of none of
these transcription factors (data not shown). The DNA-pro-
tein complex could not be competed away either by competi-
tors containing the consensus binding sequence for NF-AT,
NF-κB, HSF1, Th1/E47, CP2, Ets and Evi-1, which were
found by the motif search with the cut-off value being
reduced to 75% homology (data not shown). This result indi-
cates the possibility of the association of a novel X-ray-induc-
ible nuclear factor to the region –793 bp/–759 bp. To
determine the binding region of this factor with a higher reso-
lution, we prepared six mutant probes (Fig. 4C and D). As
shown in lanes 5 to 7 in Fig. 4D, no DNA-protein complex

was observed when point mutations were introduced in the 3'
region of the probe Pr-35 (Pr35 mut-4 to -6). This result dem-
onstrated that an X-ray-inducible factor bound to the –775 bp/
–759 bp region (TGGGTTGCCAGGGATTCC) of the
GADD45a gene 2 h after X-ray irradiation in ML-1 cells.

We observed a disappearance of the DNA-protein complex
2 h after X-ray and UV irradiation with the probe Pr-72, span-
ning –1718 bp/–1684 bp in the upstream region of the
GADD45a gene (Fig. 5A and B, lanes 6, 7, and 8). However,
we could not determine this factor again by competition anal-
yses (data not shown). The DNA-protein complex could not
be competed away either by competitors containing the con-
sensus binding sequence for Sox, GATA, E2F, HFH, SRY,
Brn, Ets, C/EBP, HNF, NF-Y, Freac, Myb, STAT, NF-1,
Nkx, YY1, and Pbx, which were found by a motif search with
the cut-off value being reduced to 70% homology (data not
shown). Thus, we performed EMSA using mutant probes
similarly to the way shown in Fig. 4 (Fig. 5C and D). As
shown in lane 2 in Fig. 5D, the DNA-protein complex was
not observed when the point mutation was introduced in the 5'
region of the probe Pr-72 (Pr-72 mut-1), suggesting that this
factor bound to the –1718 bp/–1710 bp region (GAGTTC-
CAC), and dissociated from this region of the GADD45a gene
2 h after X-ray and UV irradiation in ML-1 cells.

With the probe In-19, spanning +1838 bp/+1872 bp in the
third intron of the GADD45a gene, induction of two species
of DNA-protein complexes was detected 0.5 and 2 h after X-
ray irradiation (Fig. 6A and B, DNA-protein complexes are

Fig. 2. 0.5 and 20 Gy of X-rays and 20 J/m2 of UV irradiation stim-
ulate the binding of Oct-related factor to the GADD45a gene
promoter 2 h after irradiation. A, nucleotide sequence of the
probe Pr-7 corresponding to the region of –93 bp/–59bp
upstream of the GADD45a gene. B, EMSA was performed
with nuclear extracts obtained 0.5 h or 2 h after irradiation of
ML-1 cells with 0.5, 20 Gy of X-rays or 20 J/m2 of UV. The
control represents EMSA performed with a nuclear extract
from unirradiated ML-1 cells. C, a competitive binding reac-
tion was performed with a 100-fold molar excess of the indi-
cated cold competitors. The arrows represent the band-shifts
of induced DNA-protein complexes.

Fig. 3. 20 Gy of X-rays stimulate binding of NF-κB-related factor to
the GADD45a gene promoter. A, nucleotide sequence of the
probe Pr-50 corresponding to the region of –1168 bp/–1134
bp in the upstream of the GADD45a gene. B, C, EMSA
and competition analyses were performed, as in Fig. 2.
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indicated by arrow). The DNA-protein complex with a higher
electrophoretic mobility was induced 0.5 and 2 h after 0.5 or
20 Gy of X-ray irradiation (Fig. 6B, lanes 2, 3, 6, and 7), and
was competed away by oligonucleotides containing the con-
sensus binding sequence for HNF-3, a member of the HNF
family transcription factors (Fig. 6C, lane11, lower arrow).
The other DNA-protein complex with a lower electrophoretic
mobility was induced 0.5 h after 20 Gy of X-ray irradiation
(Fig. 6B, lanes 3 and 7), and was competed away with oligo-
nucleotides containing the consensus binding sequence for
NF-AT (nuclear factor of activated T cells) family transcrip-
tion factors (Fig. 6C, lane 8, upper arrow). These results sug-
gest that the association of a HNF family transcription factor
with the region of +1838 bp/+1872 bp in the third intron of
the GADD45a gene occurred 0.5 h after 0.5 Gy of X-ray irra-
diation in ML-1 cells, and that the additional association of a
NF-AT family transcription factor occurred when the dose of

X-rays was elevated to 20 Gy.
With the probe In-20, spanning +1863 bp/+1897 bp in the

third intron of the GADD45a gene, induction of the DNA-pro-
tein complex was detected 0.5 and 2 h after exposure to 0.5
and 20 Gy of X-rays, (Fig. 7A and B, lanes 2, 3, 6, and 7). As
shown in Fig. 7C, lane 6, this DNA-protein complex was
competed away with oligonucleotides containing the consen-
sus binding sequence for GKLF, a member of the KLF family
transcription factors. These results suggest that an association
of a KLF family transcription factor to the region of +1863
bp/+1897 bp in the third intron of the GADD45a gene
occurred 0.5 h after X-ray irradiation in ML-1 cells.

DISCUSSION

In the present study, we revealed that the comprehensive

Fig. 4. 0.5 and 20 Gy of X-rays irradiation stimulate binding of an
undetermined factor to the GADD45a gene promoter. A,
nucleotide sequence of the probe Pr-35 corresponding to
the region of –793 bp/–759 bp in the upstream of the
GADD45a gene. B, EMSA was performed as in Fig. 2. C,
nucleotide sequences of mutant derivatives of the probe Pr-
35. Substituted nucleotides in the sense strands are shown
in the small case below the wild-type sequence. D, deter-
mination of the binding site within the probe Pr-35 using
the mutant probes (C) in EMSA. The arrows indicate the
band-shifts of the induced DNA-protein complexes.

Fig. 5. 0.5 and 20 Gy of X-rays and 20 J/m2 of UV irradiation
decrease the binding activity of an undetermined factor to
the GADD45a gene promoter. A, nucleotide sequence of
the probe Pr-72 corresponding to the region of –1718 bp/
–1684 bp in the upstream of the GADD45a gene. B,
EMSA was performed as in Fig. 2. C, nucleotide se-
quences of mutant derivatives of the probe Pr-72. Substi-
tuted nucleotides in the sense strands are shown in small
case below the wild-type sequence. D, determination of
binding site within the probe Pr-72 using mutant probes
(C) in EMSA. The arrows indicate the band-shifts of
decreased DNA-protein complexes.
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EMSA is effective to detect DNA-nuclear factor interactions
over an extensive region potentially involved in the regulation
of gene transcription. We also revealed the existence of X-
ray-inducible factors that bind to the regulatory region of the

GADD45a gene at 0.5–2 h after X-ray irradiation in ML-1
cells. In addition, we identified the Oct, NF-κB, HNF, NF-
AT, and KLF family transcription factors as X-ray-inducible
transcription factors by competition analyses (Figs. 2, 3, 6,
and 7). Although the exact mechanism by which increased
DNA binding of X-ray-inducible transcription factor is
unknown, it may occur by various mechanisms, such as pro-
tein synthesis, modification, protein-protein interaction, and
nuclear translocation.30) NF-κB family transcription factors
are known to be activated by ionizing radiation in many mam-
malian cells.31–33) It has also been reported that NF-ATp, a
member of the NF-AT family transcription factors, is respon-
sive to X-ray irradiation in the human T cell line Jurkat.34) In
the human lung carcinoma cell line H1299, it has been
reported that the Oct-1 protein, a member of the Oct family
transcription factors, is induced after UV and γ-ray irradia-
tion.35) In addition, several studies have reported that the –118
bp/–59 bp region of the GADD45a gene is responsible for
activation of the GADD45a gene after UV irradiation and an
MMS treatment, and that the Oct family transcription factors,
Oct-1 and N-Oct3, bind to this region after UV irradiation and
an MMS treatment in human colorectal carcinoma HCT116,
cervical cancer HeLa, and melanoma M4Be cell lines.36–38)

Our observations that members of the NF-κB family, NF-AT
family, and Oct family transcription factors are activated after
X-ray irradiation in ML-1 cells are consistent with these find-
ings. In contrast, there have been no reports indicating that the
KLF family transcription factors are responsive to ionizing
radiation, although it has been reported that GKLF is involved
in the p53-dependent induction of the p21WAF1/Cip1 gene after
an MMS treatment in mouse embryonic fibroblasts.10) In the
present study, we showed that this factor is activated after X-
ray irradiation in ML-1 cells for the first time.

We detected two X-ray-responsive factors binding to the
upstream region of the GADD45a gene that could not be iden-
tified by competition analyses (Figs. 4 and 5). These factors
seemed to be highly sensitive to ionizing radiation, because
they were responsive to both 0.5 Gy and 20 Gy of X-ray irra-
diation in ML-1 cells. We observed that one factor, binding to
the region –1718 bp/–1710 bp of the GADD45a gene in unir-
radiated cells, dissociated from DNA 2 h after X-ray and UV
irradiation (Fig. 5B). It therefore seems likely that this factor
plays a role as a negative regulator, silencing the GADD45a
gene in unirradiated cells. Since these factors may be novel
transcription factors, we determined their binding sequences
in detail using several mutant probes. These sequences are
useful in screening factors by the Southwestern or yeast one-
hybrid screening method.

In the third intron of the GADD45a gene, we detected X-
ray-inducible HNF family, NF-AT family, and KLF family
transcription factors binding to the region near the p53 con-
sensus recognition site (+1575 bp/+1594 bp). These transcrip-
tion factors are noteworthy because it is likely that a cofactor
of p53 efficiently plays a role at a site close to p53. The iden-

Fig. 6. 0.5 and 20 Gy of X-rays stimulate binding of a HNF-3-
related factor, and 20 Gy of X-rays stimulate binding of a
NF-AT-related factor to the third intron of the GADD45a
gene. A, sequence of the probe In-19 corresponding to the
region of +1838 bp/+1872 bp in the third intron of the
GADD45a gene. B, C, EMSA and competition analyses
were performed as in Fig. 2.

Fig. 7. 0.5 and 20 Gy of X-rays and 20 J/m2 of UV irradiation stim-
ulate binding of the GKLF-related factor to the third intron
of the GADD45a gene. A, nucleotide sequence of the probe
In-20 corresponding to the region of +1863 bp/+1897 bp in
the third intron of the GADD45a gene. B, C, EMSA and
competition analyses were performed as in Fig. 2.
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tification of bona fide transcription factors that function in the
transcriptional regulation of the GADD45a gene in ML-1 cells
after irradiation with ionizing radiation is in progress in our
laboratory.
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