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FIG. 5. Hypoxia-induced p53 is mainly localized to the nucleus. RKO cells were grown under normoxia (a to d), or exposed to hypoxia (e to
h). Nuclei were visualized with DAPI (4',6'-diamidino-2-phenylindole) counterstaining (a, ¢, €, and g), while p53 was visualized using the DO-1
monoclonal antibody and a fluorescein-conjugated mouse secondary antibody (d, f, and h). Panel b depicts fluorescence due to binding of the
secondary antibody alone. Images in panels g and h were taken using a higher magnification objective (X60) than the other panels (X20).
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FIG. 6. Hypoxia induces p53-dependent transrepression. (A) Doxycycline (200 ng/ml) induces p53 expression in H1299 cells transfected with
a tet-inducible construct (clone 30) under normoxic and hypoxic conditions. The slight increase in p53 levels under hypoxia in the absence of
doxycycline is probably due to stabilization of residual p53 expressed due to the “leakiness” of the construct. (B) Northern analysis of B-tubulin
(B-tubul.) mRNA levels in an H1299 clone expressing a tet-inducible p53 construct and the parental clone transfected with empty vector. Cells were
treated with hypoxia, doxycycline, or doxycycline for 2 h followed by treatment with hypoxia. In this cell line, hybridization with the B-tubulin probe
results in two signals, probably because of alternative splicing of the B-tubulin. At the bottom, a methylene blue-stained nitrocellulose membrane,
indicating levels of 18S and 28S RNA is shown. (C) Northern blot analysis of the p53-transrepressed gene coding for a-tubulin after treatment of
p53™/* and p53~/~ MEFs with hypoxia or with 10 J of UV radiation/m? Hybridization to 185 rRNA was used as a control. This is a light
PhosphorImager scan that better represents the repression levels of a-tubulin. Values represent relative B-tubulin levels.

p300 has been shown to interact with a number of transcrip-
tional activators and enhancers, including p53, and its function
has been demonstrated to be indispensable for p53-dependent
transactivation (4, 18, 27, 42). The transcriptional corepressor
mSin3A, a member of the NCoR transcriptional repressor
complex, is utilized by transcriptional repressors like the Mad-
Max complex and nuclear hormone receptors and has recently

been shown to interact strongly with p53 (36). mSin3A also
interacts with histone deacetylases (HDACsS), which promote
deacetylation of core histones at the promoter region and
induce transcriptional repression of specific genes (19).

The interaction between p53 and p300 or p53 and mSin3A
was examined in RKO cells treated with hypoxia, ALLN, or
IR. Accumulation of p53 protein was strongly induced in these
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FIG. 7. Differences in p53 modifications induced by IR and hyp-
oxia. (A) IR but not hypoxia induces acetylation of Lys382. RKO cells
were treated with hypoxia, 6 Gy of IR, or 20 pM ALLN for the times
indicated. Immunoblotting was performed with a rabbit polyclonal
antibody raised against Lys382. (B) Both IR and hypoxia induce Ser15
phosphorylation of p53. Treatment times are indicated. The top panel
shows an immunoblot using a rabbit polyclonal that recognizes p53
phosphorylated at Ser15. The bottom panel shows the same immuno-
blot after being stripped and reprobed with the DO-1 monoclonal
antibody.

cells by hypoxia, ALLN, and IR in a dose-dependent manner
(Fig. 8A). In extracts immunoprecipitated with an anti-p300
polyclonal antibody, p53 was present only in cells treated with
IR, with maximal levels occurring at 8 h post-IR treatment. In
contrast, in immunoprecipitates using an anti-mSin3A anti-
body, p53 was detected in cells treated with both hypoxia and
IR and to a lesser extent in cells treated with ALLN. The
strong interaction between p53 and mSin3A under hypoxic
conditions was time dependent and followed kinetics similar to
those of p53 induction. More significantly, higher levels of p53
were coimmunoprecipitated with mSin3A after 20 h of hypoxia
compared to the levels following treatment with ALLN, sug-
gesting that hypoxia induces a stress-specific modification that
leads to a strong interaction between p53 and mSin3A. No
change in the levels of p300 or mSin3A was observed following
treatments with hypoxia (Koumenis et al., unpublished data).

Since DNA damage is able to induce transactivation by
hypoxia-inducible, transcriptionally latent p53, we hypothe-
sized that DNA damage should be able to induce an interac-
tion between hypoxia-induced p53 and p300. We treated RKO
cells with doxorubicin, hypoxia, or a combination of both treat-
ments (Fig. 8B). Doxorubicin was used as the DNA-damaging
agent because we found that it induces higher levels of p53
accumulation and a stronger interaction between p53 and
p300. Both doxorubicin and hypoxia induced p53 accumula-
tion. The combination of the two treatments induced p53 ac-
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cumulation that was no greater than the induction found by
doxorubicin or hypoxia alone. When lysates were immunopre-
cipitated with an anti-p300 antibody, p53 was present in the
extracts treated with doxorubicin but not with hypoxia. How-
ever, in cells treated with both doxorubicin and hypoxia, the
anti-p300 antibody was able to coimmunoprecipitate p53, in-
dicating that DNA damage induced an interaction between
p53 and p300 even under hypoxia. The lower levels of p53 in
this lane compared to those in extracts treated with doxorubi-
cin alone may reflect the difference in DNA damage induced
by doxorubicin under oxic versus hypoxic conditions as de-
tected by the comet assay (Fig. 8B). This assay measures DNA
damage in the genome through an increase in the electro-
phoretic mobility of nuclear DNA in an electrofield (12). The
increase in DNA mobility (seen as migrating DNA comet) is a
direct measure of the extent of total DNA damage (single- and
double-strand breaks). Hypoxia itself did not induce any mea-
surable DNA damage and reduced the net damage induced by
doxorubicin after a 12-h exposure.

The histone deacetylase inhibitor TSA reduces hypoxia-in-
duced apoptosis and p53-dependent transrepression. The p53-
mSin3A interaction under hypoxia suggests that transcriptional
repression mediated by this interaction may be important for
pS3-induced apoptosis by this stress. To investigate this possi-
bility, we tested the effects of the HDAC inhibitor trichostatin
A (TSA) on p53-dependent apoptosis following treatments
with IR and hypoxia. TSA is an inhibitor of HDAC activity and
has been shown to inhibit transcription by several transcrip-
tional repressors, including p53 (24, 36, 54).

To test the effects of TSA on hypoxia- and IR-induced ap-
optosis, cells from tet-inducible H1299 cells were treated with
TSA alone, doxycycline, or TSA followed by doxycycline, and
cells with apoptotic morphology were visualized with Hoechst
33342 and propidium iodide staining and counted. As shown in
Fig. 9A, TSA did not cause significant changes in apoptotic
levels in cells under normoxic or hypoxic conditions or treated
with IR. Addition of doxycycline prior to treatment induced a
substantial increase in the apoptotic levels induced by hypoxia
or IR. The level of apoptosis induced by hypoxia was reduced
by TSA to the level of Dox treatment alone, suggesting that a
trichostatin-sensitive transcriptional repression pathway medi-
ates almost all p53-dependent apoptosis under hypoxia. In
contrast, only 40% of radiation-induced apoptosis was inhib-
ited by trichostatin, consistent with our data demonstrating the
interactions of p53 with both transcriptional activation and
repression pathways following IR treatments.

To test whether the reduction of apoptosis by TSA corre-
lated with a reduction in transcriptional repression, we assayed
the levels of a-tubulin mRNA (Fig. 9B). p53 was induced by
the addition of doxycycline, and RKO cells were treated in the
same manner as described above, but cells were lysed at earlier
time points to avoid effects due to apoptosis. Cells treated with
IR were lysed at 6 h following treatments, while cells treated
with hypoxia were lysed at 12 h after the onset of hypoxia. We
found that pretreatment with TSA did not alter the mRNA
levels of a-tubulin in untreated cells or cells treated with IR
or hypoxia (lanes 4 to 6, respectively). In contrast, pretreat-
ment with doxycycline caused a modest decrease of a-tubulin
mRNA levels in untreated cells (lane 7) and cells treated with
IR (lane 8), and a substantially bigger decrease in cells exposed
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FIG. 8. Interactions of p53, p300, and mSin3A after hypoxia and ionizing radiation exposure. (A) Immunoprecipitation of mSin3a or p300 was
performed on extracts from cells treated with 3 Gy of IR (top) or hypoxia-ALLN (bottom) using polyclonal antibodies against the corresponding
proteins. One-tenth of the cell extract was loaded in a lane of each set to assay for p53 levels. The blot was probed with the DO-1 anti-p53
monoclonal antibody. (B) Immunoblot on cell lysate (top) and immunoprecipitation (IP) followed by immunoblotting (bottom) of p53 levels in
extracts of cells treated with doxorubicin (100 ng/ml) for 12 h, hypoxia for 12 and 24 h, or both doxorubicin (12 h) and hypoxia (24 h). In the third
case, doxorubicin was added during the last 12 h of hypoxia. The same anti-p300 polyclonal antibody (N-15) that was used in the top panel of B
was used here. The table at the bottom of the figure indicates the tail moment values from cells treated as described above as determined by the
Comet assay. Values are averages of 75 cells per treatment group and are reported along with SEMs for each group.

to hypoxia (lane 9). When TSA was added 1 h prior to doxy-
cycline, no decrease in a-tubulin mRNA levels was seen in
IR-treated and hypoxia-treated cells compared to those in con-
trol cells. These results demonstrate that a strong correlation
exists between the ability of TSA to reverse hypoxia-induced
pS3-dependent apoptosis and to inhibit p53-dependent trans-
repression.

DISCUSSION

The results described in this study demonstrate that hypoxia
is unique among stresses that modulate p53, as it induces p53
protein accumulation and transcriptional repression but not
the transcriptional induction of endogenous downstream effec-
tor genes. Furthermore, hypoxia is the first physiological stress
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FIG. 9. (A) TSA inhibits p53-dependent apoptosis under hypoxia. H1299 cells transfected with a p53 expression vector under the control of the
tetracycline promoter were treated with IR or hypoxia. One group of cells did not receive any additional treatment (CON). TSA (25 nM) was added to
a second group 1 h prior to treatment. A third group was treated with doxycycline 2 h prior to treatment, while both TSA and doxycycline were added
to a fourth group prior to treatments. At the end of the treatment, cells with apoptotic morphology were visualized with Hoechst 3342 and phosphatidyl
inositol staining. The total number of cells and the number of apoptotic cells in four different fields in 60-mm-diameter dishes were counted and expressed
as the percentage of the total number of cells. Numbers represent the average of three independent experiments. Error bars represent SEM (B) TSA in-
hibits p53 transrepression under hypoxia. RKO cells were treated as described above, with the exception that cells were lysed 6 h after IR treatment and
12 h after hypoxia treatment. Northern blot analysis was performed on total RNA using a probe for human a-tubulin and 18S rRNA as described above.

that has been shown to lack a component of transactivation-
competent p53 for the induction of apoptosis.

One of the most consistently transactivated genes in re-
sponse to p53 induction is p27. Both p21 protein and mRNA
failed to increase in response to hypoxia in human and rodent

cells. The mRNA levels of other p53 effector genes, bax,
GADD-45, and APO-1-Fas also failed to increase in response
to hypoxia. Furthermore, we have shown that hypoxia not only
fails to activate another important effector of p53, Mdm-2, but
actually suppresses its protein levels. The lack of change in the
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mRNA levels of Mdm-2 by hypoxia points to a posttranscrip-
tional mechanism for this decrease, like decreased mRNA
translation or enhanced protein ubiquination. The results pre-
sented here, which show a marked reduction of Mdm-2 levels
under hypoxia, provide a direct explanation for the observed
accumulation of p53 under hypoxic conditions. Taken to-
gether, the findings listed above indicate that the dissociation
between p53 accumulation and effector activation is not lim-
ited to one experimental system, nor does it apply to one
effector, but instead it reflects a conserved, stress-specific cel-
lular response.

The results from the experiments in which hypoxia is com-
bined with IR treatments strongly suggest that the lack of p53
transactivation under hypoxia is due to a specific posttransla-
tional modification(s) of p5S3 or an accessory protein which
requires DNA damage for induction. Phosphorylation of p53
at different sites, including Ser15 and Ser20, has been proposed
to induce the transcriptional activity of pS53. However, at least
for phosphorylation at the Serl5 position of human p53, this
does not appear to be the case. Hypoxia was found to induce
significant phosphorylation of Ser15, indicating that modifica-
tion of this site alone is not sufficient for transcriptional activ-
ity. Furthermore, Ser15 phosphorylation does not appear to be
required for p53 protein accumulation under hypoxia, since we
have shown that the decrease in Mdm-2 levels under hypoxia is
most likely the mechanism of p53 accumulation under these
conditions (2).

Our immunocytochemistry experiments also rule out the
possibility that the lack of pS3 transactivation is due to a failure
of hypoxia-induced p53 to accumulate in or be actively trans-
ported to the nucleus of RKO cells. These results extend our
previous findings using untransformed human fibroblasts but
also raise the interesting possibility that the mechanism for p53
accumulation by hypoxia is different from the one responsible
for induction by DFO or other hypoxia-mimicking agents.
While DFO and CoCl, have been extensively used as a bio-
chemical surrogate of hypoxia, we have found that at the mo-
lecular level these stresses exhibit significant differences in
their profiles of induction of gene expression (Denko et al.,
unpublished observations). However, the finding by Ashcroft
et al. that p53 accumulated by a nongenotoxic stress is not
transcriptionally active is in agreement with our study (3).

The failure of p53 to become acetylated on Lys382 or to
associate with p300 under hypoxia indicates that the lack of
p300-p53 interaction and C-terminal acetylation may be re-
sponsible for the lack of p53-dependent transactivation of en-
dogenous effector genes under hypoxia. These findings also
underscore the requirement for C-terminal acetylation for p53-
dependent transactivation, irrespective of other modifications
that may occur at the N terminus. Other modifications like
phosphorylation of Ser20 or phosphorylations at the C termi-
nus in response to hypoxia treatments are currently being in-
vestigated.

The lack of association between p53 and p300 and acetyla-
tion of p53 at Lys382 under hypoxia is intriguing and may
provide a biochemical handle for understanding the relation-
ship between posttranslational modifications and activity of
p53. Alternatively, this lack of interaction between the two
proteins may be due to functional competition of p53 with
factors that limit the availability of p300. Interestingly, another
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FIG. 10. Model for the regulation of p53 function by genotoxic
stress (top) and hypoxia (bottom). See text for details.

hypoxia-inducible factor, p35srj, has been reported to associate
with p300 and to inhibit Hif-1a activity (5). A similar mecha-
nism could be responsible for disrupting the association of p300
with p53. Still, our results with the combined hypoxia—DNA-
damaging treatments suggest that if any competitive inhibition
is responsible for lack of p53 transactivation under hypoxia,
then DNA damage must shift the dynamics of this competitive
inhibition towards a functional p53-p300 interaction.

It has been proposed that while p53 requires a functional
interaction with the transcriptional coactivator p300 and PCAF
(both proteins have histone acetylase and chromatin decon-
densation activities), p5S3-dependent transrepression may re-
quire interactions with proteins that possess deacetylase and
chromatin condensation properties, like HDACs (19, 36).
Murphy et al. have shown that p53 can coprecipitate not only
with mSin3A but also with HDAC, indicating that, by binding
to an as yet unidentified factor, p5S3 can recruit the HDAC
complex to the promoter. Using an immunoprecipitation-
PCR-based assay, they also demonstrated that this interaction
occurs at the promoters of the repressed genes like MAP4
(36). Our coimmunoprecipitation studies lend support to the
finding that p53 interacts with the histone deacetylase complex
in vivo through mSin3A. This interaction between p53 and
mSin3A is particularly strong under hypoxia.

What is the biological role of p53-dependent transrepression
under hypoxia? Murphy et al. have shown that overexpression
of the p53-repressed gene MAP4 delayed the onset of apopto-
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sis induced by activation of a temperature sensitive-p53 con-
struct (35). More recently, work from the same investigators
has shown that compromising transcriptional repression by
inhibiting histone deacetylase activity results in a dramatic
decrease in the levels of p53-dependent apoptosis (36). Here,
we also demonstrate that TSA decreases p53-dependent apo-
ptosis and transrepression of a-tubulin under hypoxic condi-
tions, to the levels of doxycycline-treated cells alone, indicating
that almost all of hypoxia-induced apoptosis occurs through
this trichostatin-sensitive pathway. This result is consistent
with our finding that hypoxia-inducible p53 only interacts with
transcriptional corepressors such as mSin3A and does not in-
teract with transcriptional cofactors such as p300. Further-
more, as DNA damage induces interactions between p53 and
both transcriptional coactivators and repressors, trichostatin
only reduced radiation-induced apoptosis by 40%. Thus, in the
case of activation of p53 by DNA damage, both transcriptional
activation and repression pathways appear to be involved, as
has been reported in the literature.

The results presented here describe a new paradigm for the
regulation of p53 function by a physiological stress. As de-
picted in our model (Fig. 10), DNA damage induces the mod-
ification of p53 and interaction with accessory proteins that
result in two pools of pS3, one that possesses transactivation
potential and one that possesses transrepression potential.
Each pool of DNA damage-induced p53 is capable of inducing
apoptosis. In contrast, hypoxia-induced p53 primarily interacts
with transcriptional corepressors in signalling for apoptosis.
Although a variety of genes exist that are transcriptionally
repressed by p53, the identification of that gene(s) that mod-
ulates the critical effectors of apoptosis such as APAF-1 and
caspase 9 (47) in a p53-dependent manner will be the next
major contribution to understanding tumor suppression.
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