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Abstract To identify additional targets of p53, we used a
cDNA microarray system to examine gene-expression
patterns in response to enforced expression of exogenous
p53 in p53-deficient cancer cells, and identified the
aldehyde dehydrogenase 4 (ALDH4) gene as a direct
target of p53. ALDH4 is a mitochondrial-matrix
NAD+-dependent enzyme catalyzing the second step of
the proline degradation pathway. Expression of ALDH4
mRNA was induced in HCT116 cells in response to
DNA damage caused by adriamycin treatment, in a
p53-dependent manner. ALDH4 contains a potential
p53 binding sequence in intron1 and the interaction
of p53 with the site was shown by EMSA and ChIP
assays. We confirmed p53-dependent transcriptional
activity of the binding site by means of a reporter assay.
Inhibition of ALDH4 expression by antisense oligonu-
cleotides was able to enhance cell death induced by
infection with Ad-p53. H1299 cells transformed to over-
express ALDH4 showed significantly lower intracellular
reactive oxygen species (ROS) levels than parental or
control cells after treatment with hydrogen peroxide or
UV. Those cells were also resistant to cell damage
caused by hydrogen peroxide. These results suggest that
p53 might play a protective role against cell damage
induced by generation of intracellular ROS, through
transcriptional activation of ALDH4.
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Introduction

A major function of p53 is to provide cellular-growth
checkpoints to protect against development of cancer.
For example, p53 suppresses progression through the cell
cycle in response to DNA damage to allow cells to repair;
however, p53 induces apoptosis to eliminate dangerous
cells if the damage is too severe. When cells are exposed
to various stresses including DNA-damaging agents or
irradiation, p53 protein is stabilized and activated to
enhance transcription of genes involved in growth arrest,
DNA repair, apoptosis, and other processes. The mul-
tiplicity of p53 functions presumably reflects the com-
bined effects of several target genes, and hundreds of
possible p53-binding sequences may be present in the
human genome. Therefore, identification of additional
p53-target genes would seem to be an absolute require-
ment for a full understanding of the physiological
behavior of p53. We have already reported the discovery
of several novel transcriptional targets of p53, including
p53AIP1(p53-regulated Apoptosis Inducing Protein 1),
which leads to apoptotic cell death (Oda et al. 2000);
p53R2(a ribonucleotide reductase), involved in a cell-
cycle checkpoint for DNA damage (Tanaka et al. 2000);
and p53DINP1, an activator of p53-dependent apoptosis
(Okamura et al. 2001). We believe that dozens of
p53-target genes in the human genome still remain to be
identified.

Aldehyde dehydrogenases are a superfamily of
NAD(P)+-dependent enzymes that metabolize ali-
phatic and aromatic aldehydes generated from
numerous endogenous and exogenous precursors (Hsu
et al. 1988; Yoshida et al. 1998). ALDH4, also known
as glutamate-c-semialdehyde dehydrogenase or pyrro-
line-5-carboxylate (P5C) dehydrogenase, is a mito-
chondrial-matrix NAD+-dependent enzyme that
catalyzes the second step of the proline degradation
pathway (Hu et al. 1996). Although it is a member of
the classical family of human ALDHs, this enzyme
is not highly similar (<20%) to any of others.
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Deficiency of ALDH4 causes type II hyperprolinemia.
Germline mutations in the gene have been reported in
patients with this disorder (Geraghty et al. 1998;
Vasiliou and Pappa 2000), which is characterized by
accumulation of proline and P5C in plasma and shows
neurological manifestations such as seizures and
mental retardation. However, the role of ALDH4 has
not been clarified yet at the molecular level.

We have lately been trying to isolate additional p53-
target genes by means of microarray technology (Iiizumi
et al. 2002; Mori et al. 2002a,b; Ochi et al. 2002). Here
we report that ALDH4 is yet another target of trans-
activation by p53. Furthermore, we have demonstrated
a role of ALDH4 in protecting cells from oxidative stress
and the cell death that results, suggesting that p53 has a
previously unrecognized role in cell survival.

Materials and methods

Cell lines

The cell lines used in these experiments, including U373MG (hu-
man glioblastoma) and H1299 (human non-small cell lung carci-
noma) were purchased from the American Type Culture Collection
(ATCC). HCT116 (p53+/+ and p53�/�) cell lines were gifts from B.
Vogelstein (Johns Hopkins University, Baltimore, MD). All cell
lines were cultured in conditions recommended by their respective
depositors.

Northern blotting

Total RNAs were extracted from U373MG cells infected with
Ad-p53 (80MOI) and HCT116 (p53+/+ and p53�/�) cells exposed
to DNA-damaging conditions including gamma (50 Gy) or
UV (10 J/m2) irradiation, or treatment with 1 lg/ml adriamycin.
Cells were harvested at 0, 6, 12, 24, and 48 h after treatment.
Poly(A)+RNA was prepared using mRNA purification kits
(Amersham Pharmacia Biotech, Piscataway, NJ). A 3 lg aliquot of
each total mRNA was separated on a 1% agarose gel and trans-
ferred onto a nitrocellulose membrane, which was hybridized
with a radiolabeled ALDH4 probe in a solution of 50% formam-
ide, 10· Denhardt solution, 5· SSPE, 2% SDS, and 100 lg/ml of
salmon sperm DNA at 42�C. Hybridized membranes were washed
in 1· SSC/0.05% SDS at room temperature and 0.05· SSC/0.1%
SDS at 50�C, then exposed to X-ray film.

Semiquantitative RT-PCR analysis

Total RNAs were isolated from HCT116 cells 24 h after adria-
mycin treatment using RNeasy spin-column kits (Qiagen) accord-
ing to manufacturer’s instructions. cDNAs were synthesized from
5 lg total RNAs with the SuperScript Preamplification System
(Life Technologies, Inc.). The RT-PCR exponential phase was
determined on 16–30 cycles to allow semiquantitative comparisons
among cDNAs developed from identical reactions. Each PCR
protocol involved a 4-min initial denaturation step at 94�C, fol-
lowed by 25 cycles (for ALDH4), 32 cycles (for POX), 19 cycles (for
p21WAF1) or 16 cycles (for GAPDH) at 94�C for 30 s, 55–62�C for
30 s, and 72�C for 1 min on a Gene Amp PCR system 9600 (Perkin
Elmer). Primer sequences were, for ALDH4: F, CCT GAA GCC
TAT TGC AGA CC and R, TGA AGT TGA TGC CAC AGA
GG; for POX: F, GCC ATT AAG CTC ACA GCA CTG GG and
R, CTG ATG GCC GGC TGG AAG TAG. PCR products were
separated by electrophoresis on 2% agarose gels.

Luciferase assay

A reporter plasmid, pGL3-ALDH4, was constructed to contain one
or two copies of an oligonucleotides or a 550-bp genomic fragment
containing the site. Sense and antisense strands corresponding to
oligonucleotide 5¢-AGGCATGTGC CACCATGTCC-3¢ were an-
nealed and cloned into pGL3-promoter vector. pGL3-ALDH4 or a
control reporter plasmid were transfected into H1299 cells along
with either wild-type or mutant p53 expression vector. Cells were
harvested 24 h after transfection, and luciferase activity was mea-
sured using the Dual-Luciferase Reporter Assay system (Promega,
Madison, WI) as previously described (Shiraishi et al. 2000).

Chromatin immunoprecipitation (ChIP) assay

HCT116 (p53+/+ and p53�/�) cells treated with adriamycin (1 lg/
ml) were subjected to ChIP assay (Upstate Biotechnology, Lake
Placid, NY) according to recommendations of the manufacturer. At
24 h after adriamycin treatment, cells were treated with 1% form-
aldehyde for 10 min to cross-link genomic DNA and protein. Cells
were lysed with SDS-lysis buffer containing a protease-inhibitor
cocktail and sonicated to generate DNA fragments 300–800 bp
long. The supernatant of the cell lysate was immunoprecipitated
with anti-p53 antibody (Do-7, Oncogene Science) for 16 h. Immu-
noprecipitates produced by anti-FLAG (M2, Sigma-Aldrich) anti-
body, or a supernatant without antibody, served as controls. After
immunoprecipitation, DNA-protein cross-links were reversed by

Fig. 1 Activation of ALDH4 expression in response to p53.
a Northern-blot showing induction of ALDH4 and p21waf1 by
exogenous p53. U373MG cells were infected with adenovirus
containing p53or LacZ, and mRNAs were harvested at the
indicated time points after infection. Expression of b-actin was
shown as a quantity control. b RT-PCR showing induction of
ALDH4, POX, and p21waf1 by endogenous p53. Expression of
GAPDHwas shown as a quantity control. HCT116 (p53+/+and
p53�/�) cells were subjected to the DNA-damaging condition of
treatment with the indicated concentrations of adriamycin
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incubation at 65�C for 4 h and then genomic DNA was extracted.
PCR amplification of genomic fragments containing p53BS1 and
p53BS2 was performed with specific primers flanking the suspected

binding sites of ALDH4 and for the promoter region of p21WAF1 as
a positive control (Morimoto et al. 2002).

Electrophoretic mobility-shift assay

Electrophoretic mobility-shift assay (EMSA) was carried out using
H1299 cells infected with an adenovirus vector containing wild-type
p53. Nuclear extracts of these cells were incubated with 32P-labeled
double-stranded oligomer and monoclonal anti-p53 antibodies
(Pab421 from Oncogene Science and/or Pab1801 from Santa Cruz
Biotechnology). Unlabeled oligomer or oligonucleotides without
the consensus (TL) oligomer were used as competitors, and the
binding site of the p53AIP1 gene (5¢-TCTCTTGCCC
GGGCTTGTCG-3¢) served as a positive control.

Antisense oligonucleotide

To suppress induction of endogenous ALDH4, we designed an
antisense oligonucleotide (AS; GCGCCGGCAGCAGCAT) and as
a control, a sense oligonucleotide (SE; ATGCTGCTGCCG-
GCGC). Antisense or sense oligonucleotides were transfected to
U-373MG cells using Lipofectin reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. After 4 h of
incubation at 37�C, U-373MG cells were infected by adenovirus
vector containing wild-type p53. Cells were harvested after incu-
bation and subjected to RT-PCR experiments and analysis of the
cell cycle.

Cell-cycle analysis

After 72 h of infection by Ad-p53, cells were washed with PBS,
trypsinized, and fixed in 70% ethanol in PBS. Fixed cells were
collected by centrifugation and treated with 1 mg/ml of RNase for

30 min. Cells were then stained with 100 lg/ml of propidium
iodide. Stained cells were analyzed on a FACScan flow cytometer
(Beckton, Dickinson Biosciences).

Establishment of a cell line over-expressing ALDH4

H1299 cells were transfected with 8 lg of the ALDH4 expression
vector (pcDNA3.1(+)/ALDH4) or control vector (pcDNA3.1(+))
for 48 h and incubated in culture medium containing 800 lg/ml
G418. Two weeks later, G418-resistant colonies were selected and
the expression level of ALDH4 in each colony was examined by
RT-PCR.

Measurement of ROS generated during H2O2treatment
or UV radiation

H1299 cells and its derivative cells (H1299-ALDH4, H1299-vector)
were grown in 6-well culture plates (2·105cells/plate) and treated
with 100 lM H2O2for 1 h or 30 J/m2 UV, then incubated in fresh

Fig. 2 ALDH4 as a direct target of p53. a EMSA using a nuclear
extract of H1299 cells infected with Ad-p53. The band representing
the 32P-labeled oligonucleotide of the binding site was shifted by
anti-p53 antibodies (Pab 421, Pab1801). Unlabeled oligomer (self)
and TL oligomer served as competitors, and the p53-binding site of
the p53AIP1 gene was used as a positive control. b ChIP assay of
ALDH4 and p21waf1 in HCT116 (p53+/+and p53�/�) cells. Cross-
linked p53 protein-DNA complexes were immunoprecipitated with
anti-p53 antibody or anti-FLAG antibody. ‘‘Input’’ indicates a
portion of the sonicated chromatin before immunoprecipitation

Fig. 3 Transcriptional activation of ALDH4 by p53. Luciferase
assay of the putative p53-binding site of ALDH4. Reporters were
constructed to contain either one (1·BS) or two copies (2·BS) of
the binding sequence, or a 550-bp genomic fragment (fragment)
containing the binding site, and co-transfected with expression
vectors of wild-type p53(p53WT) or mutant p53 (p53MT)
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culture medium. After 24 h the cells were incubated with 10 lM
2¢,7¢-dichlorodihydrofluoresceine diacetate (H2DCF-DA; Molecu-
lar Probes, Eugene, OR) for 20 min at 37�C to measure the pro-
duction of reactive oxygen species (ROS). Cell-permeable H2DCF-
DA was metabolized by non-specific esterases to the nonfluorescent
product, 2¢,7¢-dichlorodihydrofluoresceine, which is oxidized to the
fluorescent product, DCF, by ROS. The DCF was detected using
488 and 525 nm as excitation and emission wavelengths. After
incubation the cells were washed with PBS, trypsinized, re-
suspended in PBS, and analyzed with a FACScan flow cytometer
(Beckton, Dickinson Biosciences).

Measurement of cell viability

Stable transformants of ALDH4 or vector were treated with 50 or
100 lM H2O2for 1 h and then cultured in fresh medium. After
72 h, cells were incubated for 4 h with 5 mg/ml MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma, St.
Louis, MO). Then 0.04N HCl in isopropanol was added to dissolve
the dark blue crystals, and absorbance of each sample was mea-
sured at 570 nm.

Results

We applied a cDNA microarray system consisting of
23,000 genes for screening p53-inducible genes. In brief,
mRNAs were extracted at various time points from
U373MG cells infected either with Ad-p53 or Ad-lacZ.
Microarray analyses indicated that expression of
ALDH4 was remarkably elevated by infection with Ad-
p53 in a time-dependent manner, but not by Ad-lacZ
(data not shown), a result was also confirmed by
northern-blot analysis (Fig. 1a). ALDH4 mRNA
expression was significantly increased 24 h after infec-
tion by Ad-p53, although its induction was slower than
that of p21WAF1 (Fig. 1a).

To determine whether endogenous p53 could acti-
vate transcription of ALDH4, HCT116 (p53+/+ and
p53�/�) cells were damaged by the treatment of vari-
ous doses of adriamycin (0–2 lg/ml). Then mRNAs

were isolated from these cells at selected times and
analyzed expression of ALDH4. Northern-blot analysis
revealed that ALDH4 mRNAs were strongly induced
in HCT116 (p53+/+), but not HCT116 (p53�/�), in
response to DNA damage by adriamycin (ADR) and
reached a maximum at the concentration of 0.5 lg/ml
of ADR (Fig. 1b), suggesting that induction of
ALDH4 mRNAs totally depends on endogenous p53.

To investigate whether transcription of ALDH4 was
regulated directly by p53, we searched for p53-binding
site(s) (p53BS) in the genomic sequence of ALDH4 and
found a candidate site (5¢-AGGCATGTGC CAC-
CATGTCC-3¢) in intron1 that revealed an 85% match
to the p53-binding consensus (El-Deiry et al. 1992). To
examine the binding of p53 protein to the candidate
sequence, we performed an EMSA and a chromatin
immunoprecipitation assay (ChIP). As shown in Fig. 2a,
the p53BS bound to a molecule in the nuclear extract of
H1299 cells infected with Ad-p53; the bands were shifted
by anti-p53 antibodies, indicating that the molecule
bound to the putative p53BS was in fact p53 protein.
Furthermore, unlabeled self-oligonucleotides, but not
non-specific oligonucleotides, were able to inhibit bind-
ing of p53 to the p53BS, supporting a conclusion
that specific interaction between p53 and p53BS had
occurred in vitro.

To examine binding of the p53BS of ALDH4 to p53
in vivo, we carried out a ChIP assay. Using specific
primers amplifying a 300-bp DNA fragment of ALDH4
that included the p53BS, we were able to detect DNA
that was immunoprecipitated by an anti-p53 antibody,
but not by an anti-FLAG antibody (Fig. 2b). Since this
result suggested that p53 interacted with the p53BS in
vivo, we performed a reporter (luciferase) assay to
evaluate p53-dependent transcriptional activity of the
site. The reporter vectors were constructed by insertion
of either one or two copies of the binding site or a
550-bp genomic fragment containing the site. As shown
in Fig. 3, when wild-type p53 expression vector was
co-transfected into H1299 cells along with each of the
reporter vectors, luciferase activity was strongly
enhanced in case of two copies of the p53BS and the
genomic fragment of binding site. However, no
enhancement was observed when mutant p53 was
co-transfected. These results, taken together, suggested
that ALDH4 is a bona-fide target of p53.

Fig. 4 Enhancement of p53-induced apoptosis when expression of
ALDH4 was inhibited by antisense oligonucleotide. U373MG cells
had been transfected with antisense (AS) or sense (SE) oligonucle-
otides for 4 h and then infected with Ad-p53. a Expression level of
ALDH4 examined by RT-PCR. b FACS analysis. At 72 h after
infection cells were subjected to FACS analysis. Apoptotic cells
were indicated as a sub-G1 fraction (%) of the whole cells. The
experiments were performed in triplicate and representative data
were shown
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To examine the biological role of ALDH4, we
transfected antisense-oligonucleotides (AS) or sense-
oligonucleotides (SE) corresponding to ALDH4 cDNA
sequences into U373MG cells, and then infected the cells
with Ad-p53 at 80 MOI. RT-PCR experiments 36 h later
indicated suppression of ALDH4 mRNA transcription
by AS, but not by SE (Fig. 4a). We then used the FACS
method to evaluate induction of apoptosis by Ad-p53,
72 h after infection. As shown in Fig. 4b, the sub-G1

Fig. 5 Cellular ROS levels and
morphological changes brought
about by DNA-damaging
agents. a Stable transformants
of H1299-ALDH4, or control
(H1299-vector) and parent cells
(H1299) were exposed to
100 lM hydrogen peroxide for
1 h or to UV radiation (30 J/
m2). Intracellular levels of ROS
were measured 24 h after
H2O2treatment (red) or without
H2O2treatment (green).
b Morphological changes after
treatment with 100 lM
hydrogen peroxide.
Photographs were taken at 0, 1,
4 h (·100) and 24 h (·40) after
treatment

Fig. 6 Protective role of ALDH4 against oxidative stress. ALDH4-
over-expressing cells (white bar) and control cells (Shaded bar) were
treated with 50 or 100 lM of H2O2. Relative cell viability was
measured by MTT assay after three days of treatment. The MTT
assay was performed three times and data are presented as
means±SD

c
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population was increased significantly in cells treated
with AS, but not with SE. These results suggested that
ALDH4 negatively regulated the cell death induced by
Ad-p53.

To investigate the role of ALDH4 further, we
transformed H1299 cells to over-express ALDH4
constitutively (H1299-ALDH4) and treated them with
hydrogen peroxide (100 lM) or UV radiation (30 J/
m2). Twenty-four hours after either treatment, the
H1299-ALDH4 cells and control cells transfected with
vector alone (H1299-vector) were incubated with
H2DCF-DA to measure ROS levels. ROS increased in
control cells as well as in parental H1299 cells, but were
significantly lower in H1299-ALDH4 cells (Fig. 5a).
The results of this experiment also reflected morpho-
logical alterations of the cells under oxidative stress;

the parental cells or the vector-transfected cells became
rounded after the H2O2 treatment but we observed no
apparent morphological changes in H1299-ALDH4
cells (Fig. 5b). To investigate the apparent ability of
ALDH4 to protect cells against oxidative stress, we
measured the extent of cell death by MTT assay after
72 h of H2O2treatment. As Fig. 6 shows, the viability
of H1299-ALDH4 cells was much higher than that of
mock-transfected cells.

Discussion

Proline oxidase (POX), encoded by a p53-inducible gene
(PIG6), appears to participate in p53-dependent apop-
tosis by catalyzing the proline-dependent generation of
ROS (Polyak et al. 1997; Maxwell and Davis 2000;
Donald et al. 2001). Oxygenation of proline by POX can
contribute to the energy supply of the cell and enhance
generation of ROS, resulting in induction of apoptosis.
ALDH4 is a mitochondrial-matrix NAD+-dependent
enzyme that catalyzes irreversible conversion of P5C
derived either from proline or ornithine, to glutamate,
whereas POX mediates the reversible conversion of
proline to P5C, forming a proline cycle (Hu et al. 1996).
Mutations of ALDH4 are responsible for type II
hyperprolinemia; mutations of POX cause type I hy-
perprolinemia. Since p53 regulates transcription of both
ALDH4 and POX, it is clear that there are some simi-
larities as well as distinctions in the functional behaviors
of ALDH4 and POX.

Fig. 7 Hypothetical mechanism of ALDH4 in p53-dependent
apoptosis. The transcriptions of POX and ALDH4 are regulated
by p53. POX catalyzes the conversion of proline to P5C with the
concomitant transfer of electrons to cytochrome c, which supports
the generation of ROS by donating reducing potential to an
electron transport chain (Donald et al. 2001). P5C is converted
back to proline by P5C reductase, completing a proline cycle. On
the other hand, P5C is irreversibly converted to L-Glutamic acid
via L-Glutamic-c-semialdehyde by ALDH4, resulting in exhaustion
of proline pool. This might negatively affect the generation of ROS
in POX-mediated proline metabolism. We speculate that the
regulation of ROS generation through proline metabolism by
POX and ALDH4 might be one of the mechanisms of p53-depen-
dent apoptosis. POX proline oxidase, ALDH4 aldehyde dehydro-
genase 4, Type I HP type I hyperprolinemia, Type II HP type II
hyperprolinemia, P5Cpyrroline-5-carboxylate, ROS reactive
oxygen species
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We speculate that ALDH4 might regulate p53-
dependent apoptosis negatively, and POX positively,
according to processes illustrated in Fig. 7. That is, by
oxygenating proline and reversibly converting proline to
P5C through a proline cycle, POX could supply an
alternate electron for supporting an apoptotic paradigm
by providing the required ROS. However, ALDH4
might exhaust the pool of proline by catalyzing irre-
versible conversion of P5C, thus preventing the proline-
dependent generation of ROS that is mediated by POX.
Hence, a balance between ALDH4 and POX activities
might be critical for p53-dependent apoptosis. In fact,
our experiments have clearly shown that over-produc-
tion of ALDH4 in p53-null cells inhibits H2O2-induced
generation of ROS and the resulting apoptosis. Our
findings provide evidence that one role of p53 might be
to protect cells against oxidative stress; if p53 indeed
plays an important role in cell survival, our results
clearly impart a novel aspect to p53 function. Additional
research should be undertaken to define the role of
proline metabolism and the mechanisms involving ROS
decline in p53-regulated cellular responses.
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