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Hypoxia is an important nongenotoxic stress that modulates the tumor suppressor activity of p53 during
malignant progression. In this study, we investigated how genotoxic and nongenotoxic stresses regulate p53
association with chromatin, p53 transcriptional activity, and p53-dependent apoptosis. We found that geno-
toxic and nongenotoxic stresses result in the accumulation and binding of the p53 tumor suppressor protein
to the same cognate binding sites in chromatin. However, it is the stress that determines whether downstream
signaling is mediated by association with transcriptional coactivators. In contrast to pS3 induced by DNA-
damaging agents, hypoxia-induced p53 has primarily transrepression activity. Using extensive microarray
analysis, we identified families of repressed targets of p53 that are involved in cell signaling, DNA repair, cell
cycle control, and differentiation. Following our previous study on the contribution of residues 25 and 26 to
p53-dependent hypoxia-induced apoptosis, we found that residues 25-26 and 53-54 and the polyproline- and
DNA-binding regions are also required for both gene repression and the induction of apoptosis by p53 during
hypoxia. This study defines a new role for residues 53 and 54 of p53 in regulating transrepression and
demonstrates that 25-26 and 53-54 work in the same pathway to induce apoptosis through gene repression.

In oncogenically transformed cells, inactivation of the p53 tu-
mor suppressor gene increases cell survival and proliferation in
response to environmental insults that normally inhibit growth
(42). The survival advantage of cells that have lost wild-type (wt)
p53 function is the result of an inability to activate apoptosis
through either a mitochondrial or death receptor-based pathway.
Therefore, defining the mechanism of p53-mediated apoptosis is
important for understanding how its inactivation promotes cell
survival. A variety of studies have indicated that cellular responses
to genotoxic stresses require the transactivation function of p53
(4, 31, 32, 49). More recently, cytoplasmic p53 in UV-irradiated
cells has been reported to act directly at the mitochondria to
induce apoptosis through interaction with Bcl2 family members
(12). In contrast to genotoxic stress, p53 induced by replication
inhibitors, such as hypoxia, aphidicolin, and hydroxyurea, induces
apoptosis through a transactivation-independent mechanism (3,
16, 23). Our previous studies indicated that p53 induced by hyp-
oxic conditions failed to associate with the coactivator p300 and
was instead complexed with the corepressor molecule mSin3a
(23). In an extension of these findings, we have determined that
hypoxia-induced p53 is associated with the promoters of known
activated target genes during hypoxia and that it is the lack of
molecules such as p300/CBP that restricts transactivation. While
p53 induced under replication-inhibitory conditions still possesses
transrepression activity, it is unclear whether transrepression is
mediated through direct binding to gene promoters.

Few rigorous genetic analyses have been undertaken to ad-
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dress the mechanism of p53-dependent apoptosis in response
to hypoxia. Hypoxia-induced apoptosis has been shown to be
dependent on p53, Apaf 1, caspase 9, and caspase 3, indicating
that the mitochondrial apoptosis pathway plays a significant
role in this form of death (43). In contrast, previous studies
have indicated that Bax is not required for p53-dependent
hypoxia-induced apoptosis (2). Therefore, we used trans-
formed mouse embryonic fibroblasts (MEFs) that undergo
rapid hypoxia-induced apoptosis and hypoxia-regulated p53
human tumor cells to investigate the mechanism of p53-sig-
naled apoptosis. We focused on transformed MEFs to study
the role of p53 in hypoxia, and in particular hypoxia-induced
apoptosis, as these cells undergo apoptosis rapidly when only
oxygen is decreased in the environment and do not require the
removal of glucose or serum like other cell systems (22, 33).
We used, among other techniques, extensive DNA microarray
expression profiling and mutation analysis to determine
whether hypoxia-induced p53 is nuclear and whether its trans-
repressor activity is necessary and sufficient to induce apoptosis
under hypoxic conditions in both mouse and human systems.
Most importantly, we also investigated whether mutations in p53
that abolish transrepression activity inhibit apoptosis in response
to hypoxia.

MATERIALS AND METHODS

Cell lines and transfections. MEFs (p53™/" and p537~/7) (see Results) were
grown in Dulbecco’s modified Eagle’s medium with 20% fetal bovine serum.
Primary MEFs were isolated and transformed by retroviral expression of the
myc and ras oncogenes. The H1299 cell line, which is p53 null, was grown in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. Both
HCT116P>*/* and HCT116P*/~ were maintained in McCoy’s medium with
10% fetal calf serum. All transfections were carried out using the Lipofectamine
Plus system from Invitrogen as described by the manufacturer. The Runx 2
(p2800-luc) and p21 reporter constructs have been previously described (21, 50).
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Mutagenesis. Mutants were generated using the Quick Change mutagenesis
kit (Stratagene). All mutants were fully sequenced before use to ensure no
nonspecific mutations had been generated during the procedure.

Hypoxia treatment. Cells were plated in glass dishes, and treatment was
carried out in a hypoxia chamber (<0.02% O,; Sheldon Corp., Cornelius, Oreg.)
or in a mixed-gas incubator (2% O,).

Immunoblotting. For immunoblotting, cells were lysed in 9 M urea, 75 mM
Tris-HCI, pH 7.5, and 0.15 M B-mercaptoethanol and sonicated briefly. Protein
(50 pg) was electrophoresed on 7.5% polyacrylamide gels. The antibodies used
in this study were as follows: p53 ser 15 (16G8 monoclonal no. 9286; Cell
Signaling), MDM2 (SMP-14; Santa Cruz), CM-5 (Vector Laboratories), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH; TRK5G4-6C5; Research
Diagnostics), p53-DO-1 (Santa Cruz), HIF-1a (H72320; Transduction Labora-
tories), tubulin (Research Diagnostics), CBP (Santa Cruz), and p53-FL393R
(Santa Cruz).

RNA isolation and Northern hybridization. Total RNA was isolated from 10°
to 107 cells grown in monolayers with Trizol reagent (Gibco BRL) according to
the manufacturer’s protocol. Northern hybridization assays were performed us-
ing 5 pg of total RNA. Radiolabeled probes were synthesized with a random-
priming kit (Gibco BRL) from DNA fragments obtained by PCR amplification
of mouse or human cDNA and gel purification of the DNA product.

qRT-PCR. For selective microarray confirmation, we performed quantitative
real-time PCR (qQRT-PCR). We obtained cDNA by reverse transcription of 1 ug
of DNase-treated total RNA from each sample using random hexamer priming
in 50-pl reactions according to the manufacturer’s recommendations (Tagman
reverse transcription reagent kit; Applied Biosystems, Foster City, CA). We
proceeded with qRT-PCR using the Applied Biosystems Prism 7900HT se-
quence detection system. A nonmultiplexed SYBR Green assay in which each
cDNA sample was evaluated at least in triplicate 20-ul reactions was used for all
target transcripts. Expression values were normalized to the 18s rRNA. qRT-
PCR primers were designed using Primer Express version 2.0.0 (Applied Bio-
systems) and tested to confirm the appropriate product size and optimal con-
centrations. All primer sequences are available upon request.

Determination of apoptotic cells. Cells with apoptotic morphology were iden-
tified by staining them with Hoechst dye 33342 (5 pg/ml) for changes in nuclear
characteristics and with propidium iodide (5 pg/ml) for loss of membrane integ-
rity. Apoptotic values were calculated as the percentage of apoptotic cells rela-
tive to the total number of cells in each field (>100 cells) and represent the
average of 16 randomly selected fields per 60-mm dish.

ChIP. Chromatin immunoprecipitation (ChIP) assays were performed as de-
scribed previously with the following modification (24). Fixed cells were soni-
cated 12 times for 10 seconds per pulse at maximum setting using a Sonics
Vibracell 130 equipped with a 3-mm microtip. The antibodies used for immu-
noprecipitation were anti-phosphoserine 15 p53 (Cell Signaling), mouse p53
CM-5 (Vector Laboratories), and CBP (Santa Cruz). Primer sequences were as
follows: mouse Perp, 5" TGAATGTTTGGCTTATATTTGTGGAG and 3’ CC
TTCTTTCAGTGCATACCTCATCCC; mouse Ankyrin-like repeat protein, 5’
CCCCTTCACTCTCCTCTTTC and 3" GTGCGTCTGAGGCTGGAGAC; and
mouse Cdc25C, 5" GGGGCGAGAGAATTTAGTAC and 3' CCGGAGATGG
CCTGAAGGC. All other primer sequences and conditions are available upon
request. For quantitation, serial dilutions of inputs were used to quantify the
intensities of bands generated by PCR and separated on an agarose gel.

Preparation and hybridization of microarrays. Mouse genome MGU74Av2
GeneChip arrays (Affymetrix, Santa Clara, CA) were used for mRNA expression
profiling. The preparation of samples and hybridization were carried out essen-
tially as described by Affymetrix. Total RNA was prepared using Trizol (Invitro-
gen). The raw-image DAT data files were initially processed using Affymetrix
GeneChip software (version 5) to create CEL files.

Statistical analysis of microarrays. Higher-level analysis of microarray CEL
files was performed using dChip v. 1.3 (28). Intensity levels of array images were
normalized using invariant set normalization, and expression values were com-
puted using the model-based expression value method (positive-match-only
model) (27). Inter- and intra-array outliers were detected as previously de-
scribed, and samples with >5% inter- or intra-array outliers were discarded.
Array images were visually inspected, and samples with salient image contami-
nation were also discarded, leaving four to six replicates per condition. Normal-
ized probe levels and model-based expression values were recomputed with the
remaining arrays, and expression values were log transformed (base 2). Log
transforming the data yielded a compressed dynamic range of changes that were
more normally distributed, making them more easily interpretable in both di-
rections.

Gene lists comparing expression levels between conditions were generated.
The lists were filtered to contain genes with positive calls of >20% and log-
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transformed changes of >1.0 (equivalent to a 2.0-fold induction or repression in
untransformed values). Unpaired ¢ tests were used to ensure that gene expression
changes were statistically significant across replicates (P value = 0.05), and genes
failing the ¢ test were excluded from the lists. p53 dependence across two con-
ditions was computed from the difference of differences in log-transformed
means between wild-type p53 and p53 null samples. This is more precisely
defined as follows. Let x* be the log-transformed mean of condition x for the
wild-type p53 samples, and let x~ be the log-transformed mean for the p53 null
samples. The p53-dependent induction level between two conditions, a and b, is
then computed as (a* — b") — (@~ — b"7), and the p53-dependent repression
level is computed as (¢~ — b™) — (a* — b™).

Unsupervised hierarchical clusters of arrays were also generated. Lists of the
45 genes showing the greatest cross-conditional effects in each comparison were
used for clustering. Distance values between two given genes were computed as
1 — r, where r is the Pearson correlation coefficient between the standardized
expression values of the two genes. Expression values of newly formed cluster
branches were calculated as the average difference between the centroids of their
subbranches across all samples.

RESULTS

Hypoxia-induced p53 does not activate transcription due to
failure of coactivator recruitment. MEFs with wild-type p53
(MEFP>**/*) show a modest increase in the p53 protein
level and significant phosphorylation at residue 18 (the res-
idue equivalent to serine 15 in human p53) in response to
severe hypoxia (0.02% O,) (Fig. 1A). We have found that the
hypoxia-dependent induction of p53 protein in mouse cells is
much less robust than the induction seen in human cell lines
using currently available antibodies. As previously shown, this
is accompanied by a decrease in the levels of the mdm?2 pro-
tein, which may be partly responsible for the accumulation of
p53 (1). Previously, we determined that while phosphorylation
of residues 15 and 18 may be required for the accumulation of
pS3 in response to hypoxia, it is not necessary to induce apop-
tosis once p53 is stabilized (18). Hypoxia-induced p53 in MEFs
was exclusively nuclear by both cell fractionation and immu-
nofluorescence studies (data not shown). Previous studies have
demonstrated that hypoxia-induced p53 does not interact with
CBP/p300 in coimmunoprecipitation experiments, suggesting
that, in contrast to DNA damage, hypoxia-induced p53 does
not transactivate. The lack of p53-dependent transactivation
observed during hypoxia led us to investigate whether p53 was
localized to the promoters of activated genes and whether
promoter-associated p53 lacked coactivator molecules under
hypoxic conditions. To address these questions, we carried out
ChIP analysis of the Perp and Apaf-1 promoters with antibod-
ies against either p53 or CBP. The underlying hypothesis for
these experiments was that p53 binds promoter elements in-
dependently of the specific stress. We found that p53 is local-
ized to the p53 response elements in the Perp (site D) and
Apaf-1 promoters in the absence of stress. The level of asso-
ciation does not change during hypoxia exposure (Fig. 1B). In
contrast, the level of p53 associated with the Perp (site D) and
Apaf-1 promoters increased during adriamycin treatment,
reflecting the increase in p53 protein levels during treatment.
The amount of total p53 associated with these promoters dur-
ing hypoxia does not appear to significantly increase during
hypoxia exposure, reflecting the modest increase in p53 protein
seen during hypoxia exposure in MEFs (Fig. 1A). More signif-
icantly, these data indicate that there are undetectable levels of
CBP localized to the p53 response element in the Perp pro-
moter during hypoxia that increase during reoxygenation. Sim-
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FIG. 1. Hypoxia-induced p53 does not activate transcription due to failure of coactivator recruitment. (A) MEFs (p5

3*/* and p537/7) were

exposed to 0.02% O, for the times indicated. Western blots were carried out for the proteins indicated, and an antibody raised to human p53-serine
15 was used to visualize mouse p53-serine18. (B) MEFs (p53™/*) were exposed to adriamycin (A) (0.25 pg/ml) or hypoxia (H) for 8 h. The cells
were also reoxygenated (R) for 3 h after hypoxia treatment. ChIP analysis was carried out using a CBP or p53 antibody (Ab), followed by PCR
for the p53 response elements in the Perp and Apaf-1 promoters. N, normoxia. (C) MEFs (p53*/") and primary MEFs (p53™/") were analyzed by
ChIP for p53 binding to the Apaf-1 gene promoter in the absence of stress. In each cell line, p53 bound to the gene promoters approximately
equally. (D) MEFs (p53*/* and p53~/7) were exposed to hypoxia for 6 h, followed by reoxygenation (Re-ox) for the times indicated. The mRNA

levels of Perp are shown. The 18s rRNA is shown as a loading control.

ilar results were seen for the Apaf-1 promoter. It is noteworthy
that p53 and CBP are found associated with Perp and Apaf-1 in
the absence of stress in oncogene-transformed MEFs. In order
to determine if this is a result of the action of the transforming
oncogenes, we investigated pS3 binding to the Apaf-1 promoter
in primary wild-type p53 MEFs (Fig. 1C). We found that p53
was bound to the Apaf-1 promoter in both types of MEFs in
the absence of stress, implying that normal growth conditions
may generate enough oxidative stress to promote binding.
These data are consistent with the hypothesis that p53 does not
transactivate during hypoxic stress due to a lack of coactiva-
tors, such as CBP and potentially other coactivators, but that in
response to reoxygenation CBP is recruited to allow trans-
activation (17). The increased association of CBP with the Perp
promoter during reoxygenation correlated with a correspond-
ing increase in Perp mRNA levels (Fig. 1D). Perp was not
induced at the mRNA level during hypoxia exposure but did
increase in a p53-dependent manner during reoxygenation.
Hypoxia-induced p53 has increased transrepression activity
compared to DNA damage-induced p53. To globally determine
the transcriptional effects of p53 under hypoxic conditions, we
used expression-profiling analysis of the mouse genome. We
also used adriamycin in our study to allow us to compare the
response to hypoxia with a known DNA-damaging stress. Both
MEFP>*/* and MEFP>*~/~ cell lines were exposed to either
normoxia, hypoxia (0.02% O,), or adriamycin (0.25 pg/ml) for
a period of 8 h, after which total RNA was extracted and
microarray analysis was carried out. In order to validate our
expression profiling, we carried out both qRT-PCR and North-

ern blot analysis for some of the genes identified. A compre-
hensive list of hypoxia-induced genes in MEFs was generated
(see Fig. S1 in the supplemental material). We identified 284
genes out of a total of 12,000 that are induced in response to
hypoxia independently of p53 status in mouse cells. Interest-
ingly, this list contains a significant number of genes known to
be involved in the unfolded-protein response (UPR)/endoplas-
mic reticulum stress response (approximately 10% [see Fig. S1
in the supplemental material]). This is noteworthy, because a
recent report has suggested that during UPR, GSK-3 seques-
ters pS3 to the cytoplasm and prevents it from inducing apop-
tosis (35). However, our data and those of others indicate that
hypoxia induces an endoplasmic reticulum stress response, as
well as a nuclear p53 protein, indicating that hypoxia and
chemical mediators of the UPR are not physiologically equiv-
alent (37). Genes induced or repressed by the presence of p53
alone under normoxic conditions in the MEFP***/* cell line
compared to the MEFP>*~/~ line are also shown in Fig. S1 in
the supplemental material. Many of the genes identified in this
analysis of untreated cells are known p53 targets, such as p21,
Btgl, osteoglycin, wigl, Apaf-1, and cyclin G, indicating that the
activated oncogenes myc/ras have a significant transcriptional
effect on p53-mediated gene expression in the absence of ad-
ditional stress. Interestingly, this list was not enriched for genes
known to be apoptosis promoting.

We analyzed these array data for genes induced in a p53-
dependent manner in response to either the DNA-damaging
agent adriamycin or hypoxia. The list of genes induced by
adriamycin contained many genes previously identified to be
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FIG. 2. Genes induced by exposure to adriamycin. A coherent cluster of 45 genes induced in response to adriamycin treatment in MEFs is

shown. See Results and Materials and Methods for experimental details.

p53 targets involved in cell cycle regulation and apoptosis, for
example, Perp and Apaf-1. Interestingly, of all the genes in-
duced by adriamycin treatment, 92% were induced in a p53-
dependent manner (Fig. 2; see Fig. S1 in the supplemental
material). In contrast, the list of genes induced by p53 in
response to hypoxia did not contain any genes previously
known to induce apoptosis or cell cycle arrest in a pS3-depen-
dent manner, except p2/ (see Fig. S1 in the supplemental
material). In particular, the levels of the proapoptotic genes
Noxa, Perp, Bax, and Puma were not elevated in response to
hypoxia, or their expression was low and unchanged. We fur-
ther investigated genes that appeared to be induced in a p53-
dependent manner in response to hypoxia by Northern blotting
and qRT-PCR (see Fig. S2 in the supplemental material). Of

the genes analyzed, none were induced by hypoxia in a p53-
dependent manner. In fact, these genes scored as inducible
because their expression was maintained under hypoxia in a
pS3-dependent manner. For example, both Dusp 6 and Myc
showed reduced mRNA levels in hypoxia in the absence of
p53, indicating that hypoxic-p53 had led to increased message
stability. When the two stresses, adriamycin and hypoxia, were
compared, only seven genes were found that were induced in a
pS3-dependent manner in both cases, demonstrating the di-
verse transcriptional responses to these different stresses. Of
these seven genes, none had a previously characterized role in
apoptosis, the cell cycle, or DNA repair.

Since our data suggest that pS3 acts as a transrepressor
during hypoxia, we analyzed our array data to generate a list of
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FIG. 3. Genes repressed by hypoxia in a p53-dependent manner. Cluster analysis of the 45 most hypoxia-repressed p53-dependent genes in
MEFs is shown. See Results and Materials and Methods for experimental details.

genes repressed in a p53-dependent manner in response to
hypoxia (23). The complete list of p53-dependent repressed
genes, a total of 151, is shown in Fig. S1 in the supplemental
material. Forty-five of these genes that formed a coherent
cluster are shown in Fig. 3. When we analyzed the data for
genes repressed in a pS3-dependent manner after adriamycin
exposure, we found only one gene matching these criteria, the
coding region determinant binding protein gene (AF061569).
The transcription factor Runx 2 (runt related transcription
factor 2) and one of its downstream targets, procollagen-type
1, were identified as p53-dependent hypoxia-repressed genes
(Fig. 4A and B) (20). Runx 2 is an osteogenic transcription
factor which plays a key role in anoxia-mediated inhibition of
bone differentiation (39). There is considerable interest in the
Runx family of genes (Runx 1, 2, and 3), as they have been

found to function as both tumor suppressors and oncogenes.
For example, transgenic mice expressing Runx 2 develop T-cell
lymphoma, and its expression has been linked to bone metas-
tasis (9). To further validate p53-mediated repression of Runx
2, we have made use of a Runx 2 reporter consisting of 2.8
kb of the Runx 2 promoter upstream of firefly luciferase.
This reporter was transfected into both HCT116P>**/* and
HCT116P>/~ cells that were exposed to hypoxia for 16 h (Fig.
4C). The levels of Runx 2 reporter activity were significantly
less in the HCT116P>3*/* cells than in the HCT116P>3 '~ cells,
even in the absence of hypoxia. In response to hypoxia, the
activity of the Runx 2 promoter decreased further (approxi-
mately fivefold) in the HCT116P>3*/* cells, while the activity
levels in the HCT116P%* '~ cells remained constant. These
data not only validate our finding that Runx 2 is a p53-re-



3497

HYPOXIA-INDUCED p53 AND TRANSREPRESSION

VoL. 26, 2006

Runx-2
A 140 c s
120 T
[} -
2 1.00 | 400
@ - N
£ 080 —TES -
P = 300
.W 0.60 1 [oAd m O Normoxia
© 040 —1 =
T € 200 L
@ 020 - = 2
0.00 - ; i
p33 +/+ p33 -/~
0 —— _
p53 +/+ p53 -

prosolagentypel, slphal +/+ +/- .

i

Relative change

P33+ p53 -/~

<0.02%

FIG. 4. Loss of p53 alleviates hypoxia-mediated repression of bone formation. (A and B) MEFs (p53*/" and p53~/") were treated with hypoxia (Hyp) or adriamycin (Adr) for 8 h
as previously described, and qRT-PCR was then carried out for (A) Runx 2 and (B) procollagen, type 1, alpha 1. The error bars indicate standard deviations. N, normoxia.
(C) HCT116P¥*/* and HCT116™* /= were transfected with a Runx 2 reporter construct (p2800-luc), allowed to recover for 16 h, and exposed to hypoxia (0.02% O,) for 16 h.
pCMV-renilla was also transfected into all cells as an internal transfection control; the levels of firefly luciferase/Renilla luciferase are shown. (D) Primary neonatal mouse calvarial
osteoblast cultures were established from p53*/* (+/+), p53*/~ (+/—), and p53~/~ (—/—) neonatal mice and exposed to 24 h of 20% or 0.02% O, as previously described (39). The
cultures underwent in vitro osteogenic differentiation in 20% O, via medium supplementation with 1 nM dexamethasone, 5 mM beta-glycerophosphate, and 100 pg/ml ascorbic acid every
2 days. At day 28, mineralized matrix deposition was assessed by bone nodule staining via the von Kossa method for calcium phosphates (39).
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for panel A; the mRNA levels of mem5 are shown. The 18s rRNA is shown as a loading control. (E) MEFs (p53*/* and p53 /") were treated as described
for panel A. ChIP analysis was carried out using a p53 antibody, followed by PCR for the Cdc25C, memS5, Runx 2, dnmtl, and survivin promoters.

pressed gene in both murine MEFs and human cells, but also
demonstrate that repression is mediated through this region of
the gene promoter. To investigate the functional consequence
of pS3-dependent repression of Runx 2 during differentiation,
we isolated calvarial osteoblast cultures from p53 null, hetero-
zygote, and wild-type mice. The cells were exposed to hypoxia
for 24 h and then induced to differentiate into bone. Cultures
were analyzed for bone nodule formation by the von Kossa
method (Fig. 4D) (39). As previously reported, we observed
hypoxia-mediated inhibition of bone formation and found that
this could be alleviated by the loss of p53 (11). Taken together,
these data indicate that Runx 2 represents a new bona fide
p53-repressed target gene and that its repression has signif-
icant biological consequences for cell differentiation. These
data are further validated by the observation by Salim et al.,
who demonstrated that hypoxic conditions unable to induce
p53 (2% O,) did not inhibit bone formation (39). Therefore, it

is highly likely that the extensive number of p53 targets iden-
tified in this analysis will also prove to have interesting and
significant roles to play.

p53-mediated repression does not require association with
the promoters of repressed genes. We have investigated the
association of p53 protein with the promoters of some re-
pressed genes identified in this study. We chose to investigate
the promoter of the Ankyrin-repeat like protein, which we iden-
tified as being repressed by p53 in the absence of stress other
than that mediated by oncogenes (myc/ras) (see Fig. S1 in the
supplemental material). It was chosen because the p5S3-depen-
dent repression is highly significant and we have identified a
putative p53 response element in the gene promoter. The
mRNA levels of the Ankyrin-like repeat protein in MEFs
(p53*'* and p537/7) after treatment with either hypoxia or
adriamycin are shown in Fig. 5A. In addition, the levels of
Ankyrin-like repeat protein also decreased threefold in a p53-
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dependent manner in response to hypoxia. However, due to its
initial low mRNA level, this gene did not meet our statistical
criteria to qualify as a hypoxic p53-repressed gene. ChIP anal-
ysis using a p53 antibody and specific primers spanning the
putative p53 response element in the Ankyrin-like repeat protein
promoter was carried out. We found that pS3 was associated
with the promoter of Ankyrin-like repeat protein (Fig. 5B). This
indicates that, at least for this gene, which did not include any
stress other than that mediated by myc/ras transformation,
p53-mediated repression is mediated by direct DNA binding to
canonical response elements in the promoter of a repressed
gene. We again investigated the contribution of the transform-
ing oncogenes by examining the association of p53 with the
Ankyrin-like repeat protein gene promoter in primary MEFs
(Fig. 5C). There was little or no p53 associated with the gene
promoter in the primary cells compared with those trans-
formed with myc and ras. This indicates that the presence of
myc and ras can have a significant effect on specific promoter
association by p53 irrespective of additional stress. We also
investigated the promoter of mcm35, another gene repressed by
p53 during hypoxic stress. McmS was significantly and robustly
repressed at the mRNA level in the presence of p53 during
hypoxia exposure, but not in response to adriamycin (Fig. 5D).
Using multiple sets of primers covering the region 1.5 kb from
the transcriptional start site, we were unable to detect direct
binding of p53 to the mcm5 promoter. Using a similar ap-
proach, we investigated potential binding of p53 to the Runx 2
promoter (Fig. 4). We scanned the promoter sequence for
putative p53 binding sites and designed primers to cover them.
Although we identified some potential pS3 binding sites, we
were not able to localize p53 to them by ChIP analysis. We
have also been unable to demonstrate direct binding of p53 to
the promoters of dnmt 1 and survivin genes using a similar
approach (Fig. 5SE). As a positive control, we carried out PCR
for Cdc25C, which was recently identified as a p53-repressed
gene in human cells, and found p53 binding (44). However,
microarray analysis of MEF gene expression did not reveal
p53-dependent repression of Cdc25C during exposure to ei-
ther hypoxia or adriamycin. This may have been in part due to
the very low level of Cdc25C mRNA expression in these cells.
Nevertheless, pS3 was associated with the Cdc25C promoter
(Fig. 5E). Therefore, we conclude that not all repression may
be mediated through direct binding, as we have been unable to
detect direct binding of p53 to the promoters of some genes
that are highly repressed by p53 during hypoxia.

Residues 25-26 and 53-54 are required for p53-dependent
repression. Analysis of promoters of genes repressed by p53
during hypoxia indicates that direct DNA binding is not nec-
essarily required for p53-mediated repression. To further in-
vestigate the mechanism by which p53 acts as a transrepressor
during hypoxia, we generated a series of hypoxia-regulated
wild-type and mutant p53 constructs under the control of hyp-
oxia response elements (HREs) (Table 1). Both human and
mouse pS3 are downstream of five copies of the HRE taken
from the VEGF promoter and a minimal E1b promoter, as
shown schematically in Fig. 6A. These constructs, once trans-
fected into p53 null H1299 cells, allow induction of p53 when-
ever HIF-1a is present, for example, in response to hypoxia or
hypoxia mimetics, such as desferrioxamine and CoCl,. All mu-
tant constructs were validated by Western blotting to ensure
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TABLE 1. p53 mutants

Construct name Mutation
5X HRE mp53™...c.covveviercinennn Mouse wild-type 1-390
5X HRE mp53%2° ..o Mouse 25L/Q, 26W/S
5X HRE mp53¥°*.......cooveerreennen Mouse 53F/S, 54F/S
5X HRE mp53%26335¢ ... Mouse 25L/Q, 26W/S, 53F/S, 54F/S
5X HRE mp53%4 o Mouse 79P/A, 82P/A, 84P/A, 87P/A
5X HRE mp532P™.......oovvrrerrnn. Mouse deletion 68-110
5X HRE mp53**......coooovmrrenrrerennen Mouse 245 R/H
5X HRE hp53™...ooieerireiennns Human wild type 1-393
5X HRE hp53'5%7 .o Human 15S/A, 37S/A
5X HRE hp53%%%3 .o Human 22L/S, 23W/N
5X HRE hp532P™......ooovmrrerrinnes Human deletion 62-91
5X HRE hp53' ..o Human 175 R/H

expression of full-length p53 in response to hypoxia (Fig. 6B).
The immunoblot shows that the p53 proteins are expressed at
very low levels during incubation under normal conditions but
are induced robustly in response to hypoxia. To investigate the
cellular localization of these mutants, H1299 cells were trans-
fected with the HRE-driven p53 constructs and treated with
desferrioxamine or hypoxia to induce HRE-regulated p53 ex-
pression. The cells were then fixed and stained for a-tubulin
(green) and p53 (red). The localizations of 5X HRE mp53™',
5X HRE mp53%°?°, and 5X HRE mp53¥# are shown in Fig.
6C. In each case, all of the mutants were found to be exclu-
sively localized to the nucleus. This is unsurprising in the case
of the p53%°?® and p53%>2*33-3* mutants, which would not be
able to leave the nucleus, as they fail to bind mdm?2 (29). We
also assessed the abilities of some of the mutants to bind DNA.
myc/ras-transformed p53~/~ MEFs were transfected with 5%
HRE mp53*, 5X HRE mp53*%°, and 5x HRE
mp532>26-23%; exposed to 2% O, to express p53; and analyzed
by ChIP (Fig. 6D). Under mild hypoxia, p53™* binds well to a
repressed promoter (Ankyrin-like repeat protein) and two acti-
vated promoters involved in apoptosis and cell cycle arrest
(Apaf-1 and p21, respectively). Surprisingly, both p53%>-*® and
p532326:33:3% mutants demonstrated promoter-specific binding.
In the case of the Ankyrin-like repeat protein, all of the p53
forms bound with approximately the same ability (binding ap-
proximately 0.0016% of the input). However, in the case of
both the Apaf-1 and p21 promoters, both the 25-26 and 25-
26-53-54 mutants bound approximately four to eight times
more weakly than the wild type (0.0065% and 0.026%, respec-
tively). There was little if any binding of wild-type p53 under
normoxic conditions (Fig. 6D). The DNA-binding mutant
(p53°*) had insignificant binding (data not shown). These
results demonstrate that the various forms of p53 can bind
DNA, although with reduced ability on some promoters. One
of the many benefits of this system is the ability to express p53
only during hypoxia, eliminating the transcriptional effects of
p53 that occur under normal conditions, as observed from our
microarray data.

Our finding that p53 represses the Runx 2 promoter provided
us with a suitable model to evaluate the transrepression capabil-
ities of our mutant pS3 constructs. H1299 cells were transfected
with 5X HRE wild-type or mutant p53 constructs, along with the
Runx 2 luciferase reporter and pCMV-renilla. The cells were
exposed to hypoxia for 24 h before they were harvested and
transrepression activity was analyzed (Fig. 7). Mutation of resi-
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on a representative gel.

dues 25-26 reduced transrepression to 40% that of the control.
Mutating residues 53-54 reduced repression to 70% that of the
control, while the p53%°%33>3 mutation entirely abolished trans-
repression. Mutation of residue 245, in the DNA-binding domain,
also abolished transrepression. This is in direct contrast to our
findings after ChIP analysis of the Runx 2 promoter for p53
binding. Interestingly, the deletion of the entire proline-rich re-
gion (the Apro mutant) reduced the level of transrepression by
approximately 40%, while the mutation of the individual prolines
(the P/A mutant) had no effect on repression levels. Similar re-
sults were also found with human p53 constructs, as well as with
the survivin reporter construct (data not shown).

The transrepression function of p53 is required for hypoxia-
induced apoptosis. The system we have developed also allows
us to investigate how mutations that affect p53 repression affect
p53-dependent apoptosis in response to hypoxia. These p53
constructs were transfected into H1299 cells to assess their
abilities to induce apoptosis in response to hypoxia (Fig. 8).
Again, by using this system to express p53 only in the presence

of the hypoxic stress, we eliminated the possibility that cells
had been sensitized to undergo apoptosis by the transcriptional
effect of p53 induced by activated oncogenes. Both the wild
type and p53*/* were able to induce significant and equivalent
levels of apoptosis. Mutation of residues 25 and 26 reduced
apoptosis to 70% that of the wild type, and mutation of resi-
dues 53 and 54 reduced apoptosis to 75% that of the wild type.
When all four residues were mutated, the levels of apoptosis
were reduced to background. These data are supported by the
recent findings of Johnson et al., who showed that knock-in
mouse cells expressing p53*>2° undergo hypoxia-induced apop-
tosis at almost wild-type levels (19). In addition, these data
explain why p53*°° mutants can still signal apoptosis in re-
sponse to hypoxia, because the 53-54 domain can compensate
for the loss of residues 25 and 26, and loss of both 25-26 and
53-54 is required to abolish hypoxia-induced apoptosis. The
Apro and DNA-binding (residue 245) mutants, which are also
defective in transrepression, were also significantly compro-
mised in the ability to induce apoptosis. Taken together, these
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FIG. 7. Identification of the p53 residues/motifs required for transrepression on a Runx 2 reporter construct. H1299 cells were transfected with
5X HRE mouse p53 constructs, a Runx 2-luciferase reporter, and pCMV-renilla. The cells were allowed to recover for 16 h and then exposed to
hypoxia (0.02% O,) for 24 h. The relative levels of firefly luciferase/Renilla luciferase are shown. White bars, incubated under normoxic conditions;
gray bars, incubated under hypoxia. The error bars indicate standard deviations.

results indicate that mutations impacting p53 transrepression
significantly diminish p53-dependent apoptosis under hypoxic
conditions and that the 25-26 and 53-54 domains work in the
same pathway in regulating gene repression and apoptosis.
These studies have uncovered a previously unknown role for
the 53-54 domain in transrepression and apoptosis.

DISCUSSION

In this study, we found that hypoxia-induced p53 is nuclear
and introduced mutations into p53 to investigate the nuclear
function of p53 under hypoxic conditions. Using microarray
analysis, we identified genes repressed by hypoxia in a p53-
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FIG. 8. Only transrepression-competent p53 can induce apoptosis in response to hypoxia. H1299 cells were transfected in glass plates with the
5X HRE mouse p53 constructs. The cells were allowed to recover for 16 h before being exposed to hypoxia (0.02% O,) for 16 h. The levels of
apoptosis were determined by Hoechst/propidium iodide staining. The error bars indicate standard deviations.
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dependent manner. We investigated the regions of p53 that are
essential to repress gene transcription and identified residues
25-26 and 53-54, which define so-called transactivation do-
mains and are also required, to differing degrees, for repres-
sion (48, 51). The 25-26 and 53-54 domains work in the same
pathway in regulating apoptosis and gene repression. Mutation
of all four of these residues was sufficient to abolish both
pS3-dependent repression and the ability to induce apoptosis
under hypoxia in oncogenically transformed cells. The abilities
of the various mutants to mediate partial transcriptional re-
pression and apoptosis indicate that each domain can mediate
its respective effects in spite of reduced affinity for certain
promoters. A recent study by Johnson et al. also demonstrated
that expression of a conditional knock-in mutation of residues
25 and 26 only slightly reduced hypoxia-induced apoptosis in
E1A-transduced cells, suggesting that additional domains of
p53 are also needed for maximal cell death (19). Our results
indicate that in the p53%*°-*° mutant, residues 53 and 54 are
responsible for signaling gene repression and apoptosis. While
we have identified 53-54 as being essential for hypoxia-induced
apoptosis by p53, other domains of p53 may also be essential.
Most noteworthy is the so-called polyproline-rich domain that
is localized between residues 62 and 91. An ever-increasing
number of reports in the literature have indicated that this
region is essential for p53-dependent apoptosis through both
transcriptionally dependent and independent pathways (13). In
vitro studies suggest that the polyproline region is necessary for
Bax oligomerization and cytochrome ¢ release (12). While
cytochrome ¢ release seems to be essential for hypoxia-induced
apoptosis, Bax is not (2). We found that loss of the entire
proline region (mp53“P™) abolished the transactivation poten-
tial of p53. One concern with the removal of such a large
number of amino acids in the polyproline region, as in the
Apro mutant, is the generation of an inert protein that has
little biologic activity of any kind. Interestingly, mutation of
the individual proline residues within the proline-rich region
showed that they are not required for p53-mediated transre-
pression or apoptosis. Our detailed mutation analysis also re-
vealed that DNA-binding mutants (residues 245 in the mouse
and 175 in humans) are unable to repress the Runx 2 promoter
or induce apoptosis. Despite these conclusions, we were unable
to demonstrate by ChIP the direct binding of p53 to the Runx
2 promoter. Our search for p53 binding sites in the Runx 2
gene was limited to 2.8 kb upstream of the transcriptional start
site, as that is the region of the promoter present in the Runx
2 reporter construct used in our repression assays. It is, how-
ever, possible that p53 represses the Runx 2 promoter via an
indirect mechanism. In such a scenario, pS3 would repress a
gene product which would then have a transcriptional effect on
Runx 2. The Bmp 2 gene is such a candidate, as it is upstream
of Runx 2 in the bone differentiation pathway and has an
identified p53 binding site in the gene promoter. It should also
be considered that p53 associated with hypoxia-repressed tar-
get genes may be modified or complexed in such a way as to
make immunoprecipitation difficult with the antibodies and
under the conditions used.

One of the most striking findings from this study is the
difference between the p53-mediated responses to genotoxic
stress and nongenotoxic stress in oncogenically transformed
cells. In contrast to DNA damage, hypoxia fails to induce
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FIG. 9. Schematic representation of p53-mediated transactivation
and transrepression. (A) p53 associates with the promoters of activated
genes, e.g., p21 and Perp; coactivator molecules, represented in green,
are recruited, allowing transactivation. Hypoxia-induced p53 is associ-
ated with the same promoters, but the coactivator molecules are not
recruited, and therefore, transactivation does not occur. (B) p53 asso-
ciates with the promoters of repressed genes, such as Cdc25C and
Ankyrin-like repeat protein, along with corepressor molecules, repre-
sented in red. It is unclear if this mode of action is significant during
hypoxia. (C) p53 repression does not require direct association with
gene promoters. It seems likely that repressive cofactors or interme-
diates, indicated in red, are involved in this scenario.

endogenous downstream p53 effector mRNAs and proteins.
While DNA damage induces the differential interaction of p53
with the transcriptional activator p300 or the transcriptional
corepressor mSin3A, hypoxia primarily induces an interaction
of p53 with mSin3A, but not with p300 (23). We propose the
following model for the transcriptional role of pS3 in response
to different stresses, illustrated in Fig. 9. Our extensive mi-
croarray data demonstrated that in the presence of normoxic
or oncogene-mediated stress, p53 has a significant transcrip-
tional presence. This included the activation of known p53
target genes with canonical binding sites, such as p21, as well as
repression of many targets, including the previously unidenti-
fied Ankyrin-like repeat protein. Under these conditions, p53 is
situated on the promoters of both repressed and activated
genes. Further studies will determine if pS3-mediated repres-
sion of these promoters is through interference with the bind-
ing of other transcription factor-coactivator complexes within
the promoter. It is noteworthy that the p53 binding site iden-
tified in the Ankyrin-like repeat protein gene promoter does not
overlap with either an Sp1 site or a GC region, as observed in
the Cdc25C gene promoter (44). DNA damage-induced p53
can also be associated with both activated and repressed genes
(Cdc25C). However, our microarray analysis indicates that
adriamycin-induced p53 has little or no repressive activity. Our
findings demonstrating the rapid switch from transcriptional
inertia to competency during reoxygenation also suggest that
there is a damage signal which recruits coactivator molecules
to p53. During hypoxia, p53 is still able to associate with the
promoters of activated genes, something we have demon-
strated for Perp, Apaf 1, p21, and mdm?2 (Fig. 1 and data not
shown), but an additional signal is required for recruitment or
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interaction with coactivators. Another possibility is that cofac-
tors may be blocked from interacting with p53, rendering p53
inert. During hypoxia, p53 is also able to associate with genes
which can be repressed in a p53-dependent manner, for exam-
ple, Ankyrin-like repeat protein and Cdc25C, although this as-
sociation can have little or no effect. We predict that specific
targets repressed by hypoxia-induced p53 promoter binding
exist but have not yet been identified. Further studies using
ChIP-on-ChIP technologies will aid in the identification of
such targets. An alternative mechanism that we propose here is
that hypoxia-induced p53-mediated repression can occur in the
absence of direct binding to gene promoters. Repression inde-
pendent of p53 binding to DNA has been proposed as a result
of interactions with the TATA-binding protein (14, 41). More
recently, St. Clair et al. demonstrated that p53 could repress
the Cdc25C promoter through the CDE/CHR elements and
that this was not mediated through direct binding (44). A
recent genome-wide analysis of pS3 binding sites determined
that there was no enrichment for p53 binding sites in genes
previously identified as pS3-repressed targets. This analysis was
restricted to the identification of p53 binding sites with the
minimal spacing between two canonical half-sites and has yet
to be expanded to include all p53 binding sites (30). It is also
possible that p53 represses by directly acting on an intermedi-
ate subset of gene promoters, which then have more broad
repressive effects on other promoters.

There are several explanations for why p53 might fail to bind
to coactivators under hypoxic conditions. For example, it has
been suggested that the amount of p300 is limiting during
hypoxia and that the transcription factor HIF-1a, which has
evolved to work specifically at low oxygen concentrations and
which has many targets, may compete p300 away from p53
(40). However, we have found that in the absence of HIF, p53
still does not regain transcriptional activity. It should be noted
that more and more genes are being identified that are re-
pressed by hypoxia independently of p53 status (7, 8). Another
hypothesis is that hypoxia-induced p53 is modified or fails to be
modified in a manner that prevents interactions with transcrip-
tional coactivators. In addition, hypoxia may induce a modifi-
cation of p53 that allows it to interact with transcriptional
corepressor molecules. A more detailed analysis of proteins
previously found to interact with p53, as well as hypoxia-in-
duced protein binding partners, should be useful in under-
standing what modifications of p53 are needed to signal re-
pression under hypoxic conditions (6, 15, 26).

Previous studies using genetically matched cell lines with
mutations affecting distinct apoptotic signaling molecules
indicated that hypoxia-induced apoptosis is mediated through
a mitochondrial signaling pathway requiring cytochrome c,
Apaf-1, and caspase 9 (43). However, one crucial question is
what signals the release of cytochrome ¢ from the mitochon-
dria. Many studies on DNA damage-induced apoptosis have
indicated that a BH3-containing proapoptotic family protein,
such as Bax from the bcl-2 family, promotes apoptosis through
the mitochondria. Although Bax has been implicated in hyp-
oxia/reoxygenation-induced apoptosis (5, 38, 45, 46), cells de-
ficient in Bax undergo quantitatively and qualitatively similar
amounts of apoptosis under hypoxic conditions (2). Recent
studies have implicated other BH3 family members, such as
PUMA, in hypoxia-induced apoptosis (25). However, these
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studies implicate PUMA in hypoxia-mediated apoptosis that
occurred days after exposure to hypoxia and not in the short
time frame observed in our system. In addition, we found that
PUMA is expressed below the limits of detection in both our
microarray and Northern analysis studies. Three additional
members of the bcl-2 proapoptotic family of proteins, BNIP-3
and BNIP-3L (10) and NOXA (22), have been reported to be
involved in hypoxia-signaled apoptosis. However, BNIP-3’s
BH3 domain is dispensable for hypoxia-mediated cell death,
and it is unclear whether BNIP-3 induces apoptosis or necrosis
(34, 36, 47). It is noteworthy that studies on the role of NIP3 in
apoptosis have been performed using ectopic overexpression
and may not be reflective of how NIP3 functions under the
physiological stress of hypoxia. Likewise, a recent report has
suggested that NOXA is both hypoxia inducible and a media-
tor of cell death when cells are deprived of both oxygen and
glucose (22). The identification of an HRE in the promoter of
NOXA suggests that it is a HIF-regulated gene and hence
should modulate cell death in response to changes in oxygen-
ation alone. We also found NOXA to be hypoxia inducible in
human cells but could not find any difference in its expression
in p53 wild-type or knockout cells. Therefore, it is probably
unlikely that NOXA induction by hypoxia alone plays any role
in p53-dependent apoptosis.

The recent findings of Johnson et al. indicate that a mouse
expressing p53%>2° is embryonic lethal, raising the possibility
that p53%°° increases the sensitivity of hypoxic cells during
embryonic development to apoptosis (19). We have now gen-
erated a comprehensive list of pS3 effector genes in cells that
undergo rapid p53-dependent apoptosis under hypoxic condi-
tions. This list represents a strong starting point for us to
identify the repressed targets critical for hypoxia-induced
apoptosis. Comparison of the changes in gene expression
between mice and tumors that express p53™, p53%>2°, or
p53%-26-23-34 will provide new insight into how transactivation-
deficient p53 signals an apoptotic genomic response under
hypoxia and other nongenotoxic stresses.
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