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Abstract

The p53-transcriptional target TP53INP1 is a potent stress-response protein promoting p53 activity. We previ-
ously showed that ectopic overexpression of TP53INP1 facilitates cell cycle arrest as well as cell death. Here we
report a study investigating cell death in mice deficient for TP53INP1. Surprisingly, we found enhanced stress-
induced apoptosis in TP53INP1-deficient cells. This observation is underpinned in different cell types in vivo
(thymocytes) and in vitro (thymocytes and MEFs), following different types of injury inducing either p53-
dependent or -independent cell death. Nevertheless, absence of TP53INP1 is unable to overcome impaired cell
death of p53-deficient thymocytes. Stress-induced ROS production is enhanced in the absence of TP53INP1, and
antioxidant NAC complementation abolishes increased sensitivity to apoptosis of TP53INP1-deficient cells.
Furthermore, antioxidant defenses are defective in TP53INP1-deficient mice in correlation with ROS dysregu-
lation. Finally, we show that autophagy is reduced in TP53INP1-deficient cells both at the basal level and upon
stress. Altogether, these data show that impaired ROS regulation in TP53INP1-deficient cells is responsible for
their sensitivity to induced apoptosis. In addition, they suggest that this sensitivity could rely on a defect of
autophagy. Therefore, these data emphasize the role of TP53INP1 in protection against cell injury. Antioxid.
Redox Signal. 15, 1639-1653.

Introduction

N EUKARYOTIC ORGANISMS, cells are continually exposed to

intrinsic and extrinsic damage that can alter their integrity
and drive them to become cancerous cells. They evade from
this outcome thanks to a well-adapted stress response which
involves molecular events, in particular, induced expression
or activation of stress proteins, followed by cellular events,
mainly cell cycle arrest allowing damage repair and apoptosis
if the stress persists or is too intense to resolve. Accordingly,
cell cycle arrest/senescence and apoptosis are the main
mechanisms of tumor suppression. One of the best-known
and most important tumor suppressor is p53, whose protec-
tive activity is missing in more than 50% of human tumors
owing to gene mutations. Upon stress, expression and activity
of p53 are induced, leading to a cascade of gene expression

and protein activity modulations contributing to stress dam-
age avoidance.

During the last decade, we demonstrated the importance of
Tumor Protein 53-Induced Nuclear Protein 1 (TP53INP1) as a
key stress-response protein. The gene encoding TP53INP1 is a
transcriptional target of p53 (31, 43) and of other transcription
factors such as p73 and E2F1 (18, 45). Reciprocally, TP53INP1
modulates p53 activity through direct interaction with p53
protein, as well as interaction with the protein kinases HIPK2
and PKCé which modulate p53 pro-apoptotic activity by
phosphorylation (42, 47). We reported that ectopic over-
expression of TP53INP1 induces cell cycle arrest and cell death,
pinpointing its implication in tumor suppression (44). In addi-
tion, we showed that TP53INP1 is lost in human pancreatic and
gastric cancer (15, 21), and that its restoration inhibits tumor
development owing to cell death induction (15, 21). Importantly,
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we provided compelling evidence for a function of TP53INP1 in
tumor suppression in vivo by generating a mouse model for
TP53INP1-deficiency in which tumor development is facilitated
in three different models of induced tumorigenesis (7, 15, 16).

Downregulation of p53 is associated with an increase in
intracellular formation of reactive oxygen species (ROS) and
with excessive oxidation of DNA and linked genomic insta-
bility (37). Dietary supplementation with the antioxidant
N-acetylcysteine (NAC) prevents lymphoma development,
which is characteristic of p53-deficient mice. Until now, none
of the known p53-target genes were able to fully recapitulate
the p53-mediated antioxidant response in the p53-deficient
cells. Recently, we defined p53-target gene TP53INP1 as a
major actor in p53-driven oxidative stress response (7, 16).
Indeed, TP53INP1 inactivation induces a persistent accumu-
lation of ROS, as observed for p53 inactivation. Moreover,
ectopic expression of TP53INP1 in p53-deficient cells restores
a normal redox status. Furthermore, in the absence of
TP53INP1, oxidative stress-related lymphoma incidence is
markedly increased in p53*/" mice, and oxidative stress-
associated carcinogenesis in the colon is promoted. Alto-
gether, these data show that constitutive oxidative stress in
the absence of TP53INP1 plays a primary role in facilitating
tumorigenesis.

TP53INP1 absence could also promote carcinogenesis by
facilitating proliferation. Indeed, proliferation of TP53INP1-
deficient fibroblasts is increased (7), which is consistent with
the observation that, conversely, ectopic overexpression of
TP53INP1 induces cell cycle arrest. Altogether these obser-
vations comfort the implication of TP53INP1 as a cell cycle
regulator, participating in its tumor suppression function.
During the course of this previous study (7), we also dem-
onstrated, by the use of antioxidant complementation, that
increased proliferation in TP53INP1-lacking cells relies on
their increased level of ROS.

In this study, we address the link between TP53INP1 ab-
sence and apoptosis. We previously reported that ectopic
overexpression of TP53INP1 induces cell death, suggesting a
pro-apoptotic role for TP53INP1. Therefore, TP53INP1 ab-
sence could promote carcinogenesis by impairing apoptosis,
as is the case for p53. Here we report results showing that,
paradoxically, absence of TP53INP1 facilitates cell death, both
in vivo and in vitro, and in two different cell types. Further-
more we demonstrate that constitutive oxidative stress, which
is a feature of TP53INP1-deficient cells, is responsible for their
sensitivity to induced apoptosis.

Materials and Methods
Mice

We described previously the generation of TP53INP1-
deficient mice on a mixed C57BL/6x129/Sv genetic back-
ground and their genotyping by PCR with primers (16). Mice
were then backcrossed on the C57BL/6 parental genetic
background for nine generations. All mice used during the
course of this study, including p53-deficient mice (kindly
provided by Tak Mak, Campbell Family Institute for Breast
Cancer Research, Toronto, Canada) were on C57BL/6 genetic
background. Mice, both males and females, were analyzed
between 6 and 8 weeks of age. All mice were kept within the
animal facilities and according to the policies of the Labor-
atoire d’Exploration Fonctionnelle de Luminy (Marseille,
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France). To induce in vivo thymocyte death, age- and sex-
matched mice were whole-body irradiated at 6 Gy (600 rad)
in the Immunology Center of Marseille-Luminy irradiation
device (1.28 Gy/min-Year 2009), or intraperitoneally injected
with dexamethasone (200 ug) dissolved in PBS (Sigma-
Aldrich, France).

Cells

Thymocytes were obtained from whole thymus by teasing
across a sterile nylon membrane and cultured in DMEM, 10%
(v/v) fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) at
37°C, 5% CO,. For cell death experiments, thymocytes were
plated in triplicate in 96-well plates (1 million cells by well),
and either left untreated (spontaneous death) or irradiated
(0.5Gy) or treated with dexamethasone (1 nM).

Preparation of transformed mouse embryonic fibroblasts
(MEFs) was previously reported (15). In the current study, we
used embryos on the C57BL/6 genetic background. MEFs
were plated in triplicate in 12-well plates (100,000 cells per
well), irradiated (10 Gy) 2 days later, and apoptosis was as-
sessed 24 h later.

When specified, culture medium was complemented with
20mmol/1 NAC (Sigma-Aldrich).

QRT-PCR

Expression of the gene encoding TP53INP1 was quantified
by real-time RT-PCR. RNA was obtained from thymocytes
6 h after whole-body irradiation (6 Gy) or intraperitoneal in-
jection of dexamethasone (200 ug) by the TRIzol technique
(Invitrogen). cDNAs were prepared using Improm-II kit fol-
lowing the manufacturer’s instructions (Promega Corp. Ma-
dison, WI). Quantitative PCR was performed in a MX3005P
machine (Stratagene, Santa Clara, CA) using the SYBR Premix
Ex Taq and ROX reference dye (Takara Bio, Otsu, Shiga, Ja-
pan). Amplification consisted in an initial denaturation 10 sec
at 95°C, followed by cycles of 8sec denaturation at 95°C,
15sec annealing at 55°C, and 30sec of extension at 72°C.
TP53INP1 expression was normalized by the expression of
TBP (TATA box Binding Protein) and by the delta CT method
(27 AACY) AACE=(Ct target gene — Ct normalizer) sample control
(calibrator) - (Ct target gene — Ct normalizer) sample treated- The
primer sequences for each gene are TP53INP1-F: 5-GTG TGC
TCT GCT GAG GAC TC-3" and TP53INP1-R: 5-GTT GAC
TTC ATA GAT ACC TGC CC-3’; TBP-F: 5-GGG AGA ATC
ATG GAC CAG AA-3" and TBP-R: 5-CCG TAA GGC ATC
ATT GGA CT-3'. See Supplementary Data (Supplementary
Data are available online at www.liebertonline.com/ars).

Flow cytometry experiments

Thymocytes analysis. Thymocytes were prepared from
thymus and stained at 4°C in FACS Buffer (PBS, FBS 3%,
sodium azide 0.02%) with fluorescent-labeled anti-CD4 and
anti-CD8 antibodies (BioLegend, San Diego, CA). Stained
cells were analyzed on a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA). Data analysis was performed
using CellQuest (BD Biosciences) or Flow]O (Treestar, Ash-
land, OR) software.

Apoptosis assays. All analyses of apoptotic cell death
were done at a single cell level by flow cytometry on the
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FACSCalibur flow cytometer. To study mitochondrial mem-
brane permeabilization, cells were incubated with 100 nmol/1
3,3’-dihexyloxacarbocyanine iodide (DiOCs, Molecular
Probes, Eugene, OR) for 30 min. Apoptotic DNA fragmenta-
tion was determined by measuring the DNA content of in-
dividual cells with propidium iodide staining. At the
indicated time point, cells were washed once with PBS and
fixed in 70% ethanol/PBS for 30 min at 4°C. Cells were then
washed twice in PBS and incubated with 100 ug/ml DNase-
free RNase (Sigma-Aldrich). Thereafter cells were re-
suspended in PBS containing 50 ug/ml propidium iodide
(Sigma-Aldrich) and analyzed by flow cytometry. For mea-
surement of caspase activation, a FITC-labeled conjugate
of the cell-permeable pan caspase inhibitor valyl-alanyl-
aspartyl-(O-methyl)-fluoromethylketone (VADfmk; Prome-
ga) was incubated with cells in PBS during 30 min at 37°C, 5%
COs,. Then cells were washed twice in PBS and analyzed by
flow cytometry. For ex vivo experiments (see Fig. 3), thymo-
cytes were stained with Annexin V-APC (BD Biosciences) and
7-amino-actinomycin (7-AAD; Sigma-Aldrich) in binding
buffer (0.1 M Hepes (pH 7.4); 1.4 M NaCl; 25mM CaCly,)
during 15min at room temperature in the dark. At the end of
incubation, cells were resuspended in binding buffer and
analyzed by flow cytometry.

ROS measurement by DCF fluorescence. Intracellular
ROS were measured on isolated thymocytes and MEFs by
staining with 10 umol/1 2’,7’-dichlorofluorescein diacetate
(DCF-DA, Sigma-Aldrich) which is oxidized in green fluo-
rescent DCF, as reported previously (7). When specified (see
Fig. 5A), thymocytes were co-labeled with DCF-DA and anti-
CD4 + anti-CD8 antibodies at 37°C in FACS bulffer.

Chemicals for ROS determination
and antioxidant assays

Chemicals and enzymes, including 2,6-dichlorophenolindo-
phenol (DCIP), vitamins C and E, glutathione (GSH), 8-
cyclodextrin, KH,PO,, ethylenediaminetetratraacetic acid
(EDTA), diethylenetriaminepentaacetic acid (DTPA), and
2,2,6,6-tetramethylpiperidine-N-oxyl radical (TEMPO) were
from Sigma-Aldrich. The spin trap 5-diethoxyphosphoryl-5-
methyl-1-pyrroline N-oxide (DEPMPO) was synthesized and
purified for biological purpose as described in (36).

ROS measurement by electron spin resonance

Measurement of the free radical component of ROS in the
blood and thymocytes of irradiated mice was performed by
means of spin trapping technique combined with electron
spin resonance (ESR) detection. Indeed, spin adducts to a ni-
trone compound can accumulate to a detectable level due to
their relatively long persistency, and generally have charac-
teristic ESR features for a given primary, short-lived free
radical. Heparinized blood samples, taken 3h after whole-
body, 6-Gy or 10-Gy irradiation, underwent a quick in situ 1:1
mixing in a plastic syringe pre-filled with a cold (5°C) phos-
phate buffer (40 mM) solution of 100 mM DEPMPO, 50 mM £-
cyclodextrin, and 1mM DTPA, before being placed in a
cryotube which was immediately frozen in liquid nitrogen.
Inclusion of 3-cyclodextrin within the spin trap solution has
been reported to significantly increase the lifetime of DEPM-
PO spin adducts in reductive milieu such as blood or plasma
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(Patent : Culcasi M, Pietri S, Tordo P, Gosset G and Karoui H.
Method for detecting, identifying and quantifying free radi-
cals, sampling device and kit for ESR. PCT Int. Appl. Appli-
cation: WO 2007-FR51704 20070720, 2008). Thymocytes
obtained from irradiated mice were resuspended in 1 ml PBS
containing 20 mM of the nitrone DEPMPO, incubated 10 min
at room temperature, and centrifuged at 1500 rpm for 5 min.
The pellet (thymocytes) and the supernatant were separated,
individually placed in cryotubes, and immediately stored in
liquid nitrogen.

Each DEPMPO-supplemented sample from irradiated mice
was sequentially thawed, placed into a calibrated 50-ul glass
capillary (Hirschmann Laborgeréte, Eberstadt, Germany) and
scanned at room temperature for its free radical content using
a Bruker ESP 300 spectrometer (Karlsruhe, Germany) oper-
ating at X-band (9.8 GHz) with a TM-cylindrical cavity and a
100-kHz modulation frequency. ESR acquisition was initiated
60 sec after thawing of the sample by signal averaging of ten
4096-points spectra using the following parameters: micro-
wave power, 10 mW; receiver gain, 1.25x 105; time constant,
40.96 ms; modulation amplitude, 0.1 G; scan rate, 3.3 G/s for a
sweep width of 140 G. ESR signals were quantified by com-
paring the double integral of simulated spectra (WinSim
software, see (12)) to that of 5uM aqueous TEMPO. Data,
which are either directly expressed in uM (blood and super-
natant) or first normalized to wet weight (thymocytes), are
means of 6-9 independent experiments for each tested group
of mice.

Antioxidant activity analysis

Tissue homogenates (100 mg), taken from freshly excised
organs carefully rinsed with PBS to remove any blood cells,
were homogenized on ice in 0.9 ml of cold MES (GSH + GSSG
assay) or 1.15% KCl (ascorbate assay), centrifuged for 15-
20 min (10,000 g) at 3°C and the supernatants were stored at
—80°C. Plasma samples were obtained after blood centrifuga-
tion (10,000 g) for 1520 min at 3°C and were stored at —80°C.

Total glutathione levels (reduced (GSH) + oxidized (GSSG)
glutathione values) in the supernatants of tissue homogenates
were assayed at 404—414 nm (1) in a buffer consisting of 0.4 M
MES and 1mM EDTA (pH 6), by the glutathione disulfide
reductase 5,5'-dithiobis(2-nitrobenzoate) recycling method
using a MP96 microplate reader (SAFAS, Monaco). Data are
expressed in umol/g wet weight and represent the mean of 9-
18 experiments made en triplicate.

Ascorbate tissue and plasma content was determined ac-
cording to a spectrophotometric method involving reduction
of DCIP dye by ascorbic acid (32). Data are expressed in
umol/g wet weight or in uM for plasma and are the means of
6-18 independent experiments made in triplicate.

Plasma content of vitamin E (« and 7y tocopherols) was
determined in methanol:water by a HPLC procedure (4) with
diode array UV detection at 290 nm (Varian, France). Data are
expressed in puM and are the means of at least 6 independent
experiments made in triplicate.

GSH and GSSG levels were determined in samples con-
sisting of 5x 10° thymocytes which were washed twice in ice-
cold phosphate buffered saline (pH 7.2). Then 50 mM borate
buffer (pH 10.5) containing 0.5 % triton was added. An aliquot
was removed for protein determination, and remaining pro-
tein was precipitated with 1 M perchloric acid in 0.2 M boric
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acid. Samples were centrifuged, and the supernatants (150 ul)
were derivatized with 40 mM iodoacetic acid at pH 9.0 for
15min. The pH was adjusted to 9.0 with KOH/tetraborate
solution (150 ul). Dansyl chloride was added to give a
concentration of 10 mM, and samples were left at room tem-
perature for 24h in the dark to form S-carboxymethyl-N-
dansyl-GSH and N,N9-bis-dansyl-GSSG. Unreacted dansyl
chloride was removed by chloroform extraction. The GSH
and GSSG adducts were separated by HPLC and quantified
relative to standards using a fluorescence detector (excita-
tion wavelength, 335nm; emission wavelength, 515nm).
Chromatographic analysis was performed using a Waters
Alliance™ System (Milford, MA) equipped with a Waters
2690 XE separation module and a Waters 474 Scanning fluo-
rescence detector controlled by the Waters Millenium™
Chromatography manager software. Separation is achieved
at room temperature on a 3-aminopropyl column (250 mm x
4.6 mm; 5 um; Macherey-Nagel, Diiren, Germany) with an
isocratic flow rate of 1.2 mL.min"". Solvent A is a 0.2 M ace-
tate buffer (pH 4.6) and solvent B is 80% (v/v) methanol/
water. Quantification was based on peak area.

Western blot analysis

MEFs were plated as reported above, and lysed 24 hours
after irradiation in lysis buffer (50 mM Hepes, 150 mM NaCl,
1mM EDTA, 1mM EGTA, 10% glycerol, 1% triton X-100,
25mM NaF, 10 uM ZnCl,, protease inhibitors cocktail (Sigma-
Aldrich), 1 mM NazVOy,). Samples were centrifuged at 16,000
g for 10min at 4°C. Cleared lysates with adjusted protein
concentration were used for Western blot analysis. Samples
were mixed with Laemli buffer (125 mM Tris/HCI, 288 mM f-
mercaptoethanol, 20% glycerol, 9% SDS, 4.5 mg/ml bromo-
phenol blue) and boiled for 5min. Total cellular protein
(100 ug/lane) were separated by SDS-polyacrylamide gel
electrophoresis, transferred onto nitrocellulose membrane,
then Western blot was probed with the following antibodies:
purified mouse anti-p62 Lck ligand (BD Transduction La-
boratories) and mouse monoclonal anti-vinculin. Visualiza-
tion of the proteins was performed using enhanced
chemiluminescence reagent (Millipore, Billerica, MA) on the
Fusion FX7 device (Fisher Bioblock Scientific, Illkirch, France).
Equal protein loading was confirmed by probing membranes
with antibodies against vinculin. See Supplementary Data.

Statistical analysis

Data are expressed as means *standard error (SE). Differ-
ences were analyzed by one-way analysis of variance fol-
lowed by Duncan test or unpaired Student’s ¢ test and were
considered to be significant at p <0.05.

Results

TP53INP1 expression is augmented in thymocytes
upon stress-induced cell death

To address whether and how TP53INP1 influences cell
death, we used TP53INP1-deficient mice generated in the
laboratory (16) and backcrossed on C57BL/6 parental genetic
background for nine generations. We focused our analysis on
the thymus for two reasons: (i) TP53INP1, that we initially
named Thymus-Expressed Acidic Protein (TEAP), is highly
expressed in thymus (8), and (ii) the thymus is well suited for
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apoptosis analysis because a high number of thymocytes die
during their maturation through positive and negative se-
lection (19, 33). We first checked that TP53INP1 expression is
increased in the thymus of wild-type (WT) mice upon in vivo
treatment by cell-death inducers [i.e., whole-body gamma-
irradiation (6-Gy) or dexamethasome (corticoid analog)
intraperitoneal injection (200 ug)]. Figure 1A shows that ex-
pression of TP53INP1 is significantly induced in thymocytes
6h after irradiation or dexamethasone treatment. A time
course experiment showed that TP53INP1 expression levels
peaked 6h after irradiation (not shown). This result suggests
that TP53INP1 certainly plays a role during stress response in
the thymus.

In vivo radiation- and dexamethasone-induced cell
death is increased in thymocytes in the absence
of TP53INP1

We assessed thymocyte death by flow cytometry analysis
using anti-CD4- and anti-CD8 antibodies. The CD4+CD8 +
(double-positive, DP) thymocytes are the predominant im-
mature cell type in the thymus, and the critical stage at which
T cell selection takes place, as such DP cells are highly sensi-
tive to radiation- and dexamethasone-induced death (2, 14,
39). We analyzed thymic cell death induced by whole-body
irradiation (6 Gy), and observed that the percentage of DP
cells is considerably decreased 24 h after irradiation (Fig. 1B),
and more drastically in TP53INP1-deficient mice compared to
WT (0.9% deficient versus 6.7% WT DP cells). We also ana-
lyzed glucocorticoid-induced thymocyte death by dex-
amethasome intraperitoneal injection (200 ug), and observed a
higher decrease of DP cells percentage in TP53INP1-deficient
mice compared to WT (2.6% deficient versus 6.4% WT DP
cells). This higher mortality of TP53INP1-deficient DP thy-
mocytes is also observed after 2 Gy whole-body irradiation
and 150 ug dexamethasome injection (data not shown). These
data show that TP53INP1-deficient DP thymocytes are more
sensitive than WT to induced-cell death. Interestingly, it is
known that dexamethasome-induced cell death is indepen-
dent of p53 contrary to radiation-induced cell death which is
impaired in p53-deficient thymocytes (10, 25). Thus TP53INP1
absence confers cell death sensitivity in both p53-dependent
and -independent settings.

In vivo radiation-induced cell death in the absence
of TP53INP1 is apoptosis

We addressed whether TP53INP1-deficient thymocytes die
by apoptosis upon stress. To this aim, we analyzed thymocytes
3h after whole-body irradiation, considering four features of
apoptosis (i.e., reduction of cell size, loss of mitochondrial
membrane potential, caspases activation, and DNA fragmen-
tation). All these events were analyzed by flow cytometry. We
underlined the live cells region (R1) and the dying cells (re-
duced size) region (R2) on the FSC/SSC dot-blot (Fig. 2A). This
analysis shows that the percentage of dying cells with reduced
size is increased in TP53INP1-deficient thymus compared to
WT. In addition, we used the DiOCg¢ fluorescent marker to
quantify mitochondrial membrane potential loss, and mea-
sured the percentage of DiOCg-negative cells corresponding to
dying cells. This percentage is higher in TP53INP1-deficient
thymocytes compared to WT (Fig. 2B). In the same manner, the
percentage of cells in which caspases are activated is higher in
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FIG. 1. TP53INP1 is involved in thymocytes death in vivo. (A) TP53INP1 expression is increased in thymocytes upon
in vivo induced stress. Histogram shows relative TP53INP1 expression quantified by qRT-PCR in thymocytes derived from
C57BL/6 mice (n=3 for each conditions) 6 h after whole-body irradiation (6 Gy) or intraperitoneal injection of dexamethasone
(200 pug). Data are represented as means of triplicate+SE. *p <0.05 compared to control. Data are representative of three
independent experiments. (B) In vivo thymocytes death is increased in the absence of TP53INP1. TP53INP1 +/+ and
TP53INP1-/- mice were irradiated or injected with dexamethasone (=3 for each genotype in each condition). Twenty-four
hours later, thymocytes were stained with CD4 and CD8 antibodies and analyzed by flow cytometry. Dot plots show
percentage of different subpopulations (CD4-8-; CD4+8+ (DP); CD4+ and CD8+ cells) in each quadrant. Histogram (right)
shows quantification of DP cells percentage. As both stresses induce preferential cell death of DP cells, percentage of DP cells
decreases upon stress, leading to relative increase of all other subpopulations percentage. *p <0.05 compared to +/+. Dot

plots are representative of three independent experiments.

the absence of TP53INP1 (Fig. 2C). Finally, lack of TP53INP1 is
correlated with increased DNA fragmentation after irradiation
as evidenced by the higher percentage of permeabilized PI-
labeled cells in the subG1 region of histogram in deficient cells
(Fig. 2D). These apoptosis-associated features were also as-
sessed in the in vivo dexamethasome-induced cell death setting,
with the same observations as irradiation (data not shown).
Altogether these data clearly show that upon stress, the per-
centage of cells committed in apoptosis is higher in the absence
of TP53INP1.

Ex vivo apoptosis of thymocytes is also increased
in the absence of TP53INP1

We then addressed the question of whether increased
sensitivity of TP53INP1-deficient thymocytes to induced-
death is intrinsic to thymocytes or dependent on their mi-
croenvironnement (stromal cells) in the thymus. Indeed,
lympho-stromal interactions play a crucial role in T-cell de-

velopment and selection (23, 30, 40). For that purpose, we
analyzed thymocytes ex vivo after 24h and 48h in culture,
both by cell counting and Annexin V labeling revealing
phosphatidylserine (PS) translocation to the outer leaflet of
the plasma membrane (also a hallmark of apoptosis). In cul-
ture, thymocytes die spontaneously because of lack of sur-
vival signals delivered by stromal cells. This spontaneous
death is increased in the absence of TP53INP1 (Fig. 3A). No-
tably, at 48h, we detected mostly late apoptotic cells (7-
AAD+) with a higher percentage of these cells in deficient
thymocytes compared to WT. Both irradiation (Fig. 3B) and
dexamethasone treatment (Fig. 3C) accelerate cell death as
shown by predominance of late apoptotic cells as soon as 24 h
after treatment, again with a higher percentage of these cells in
deficient thymocytes compared to WT. We can conclude that
TP53INP1 deficiency increases thymocytes (spontaneous and
stress-induced) cell death ex vivo as observed in vivo. There-
fore higher sensitivity to cell death is an intrinsic property of
TP53INP1-deficient thymocytes.
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TP53INP1 deficiency does not overcome impaired
radiation-induced apoptosis of p53-deficient
thymocytes

Radiation-induced cell death of p53-deficient thymocytes
was reported to be impaired (10, 25). In that context, we
assessed whether higher sensitivity of TP53INP1-deficient
thymocytes to cell death could also be observed on a p53-
deficient background. To this aim, we irradiated double-
deficient (TP53INP1 -/- p53 -/-) mice and evaluated cell death
in the thymus of these mice compared with p53 single-deficient

mice (Fig. 4). As expected, the percentage of DP thymocytes is
not decreased in p53-deficient mice 24h after irradiation.
Nevertheless, this percentage is reduced in p53-deficient mice
48h after irradiation, meaning that radiation-induced cell
death of p53-deficient thymocytes is not completely impaired
but rather delayed. Interestingly, TP53INP1 deficiency does
not accelerate the delayed death of p53-deficient thymocytes.
Similarly, in the ex vivo thymocytes cell death setting,
TP53INP1 deficiency does not accelerate death of p53-defi-
cient thymocytes (data not shown). Altogether, these data
suggest that resistance to apoptosis in the absence of p53 is
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FIG. 3. Absence of
TP53INP1 increases thymo-
cytes cell death ex wvivo.
Thymocytes derived from
TP53INP1 +/+ (n=3) and
TP53INP1 -/- (n=3) mice
were cultivated ex vivo
(spontaneous death, A), ex-
posed to irradiation (0.5Gy,
B) or cultured in presence of
dexamethasone  treatment
(1077 M, C). The percentage
of apoptotic cells was deter-
mined by two kinds of
methods: (left) Analysis of
FSC/SSC dot-blot as shown
on Figure 2A permits to
quantify live cells (R1 region).
The formula to calculate dead
cell is (100 - (alive cell/total
cells)). Specific cell death in-
duced by stimuli was cal-
culated by the following
equation (induced apoptosis -
spontaneous cell death)/
(100 - spontaneous cell
death)x100. (right) Annexin
V and 7-AAD staining fol-
lowed by flow cytometry
analysis. Histograms show
quantification of each popu-
lation in AnnexinV/7-AAD
staining. Representative dot-
plots are shown only in the
case of untreated cells.
Data are representative of
three different experiments.
*p<0.05, *p<0.01, and
***p<0.005 (-/- vs +/+).
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dominant over apoptosis sensitivity in the absence of and observed a comparable level of induction of these genes

TP53INP1.

upon irradiation in TP53INP1 -/- and TP53INP1 +/+ thy-

We previously reported that, upon oxidant challenge, ex- mocytes (Noxa is even less expressed in TP53INP1 -/- thy-
pression of pb3 targets Puma and Bax is decreased in mocytes). Moreover, we evaluated BAX protein level by
TP53INP1 -/- compared to TP53INP1 +/+ MEFs (7). We in-  Western blotting (Supplementary Fig. S1B), and observed that
vestigated in thymocytes the expression of p53 pro-apoptotic = BAX level increases in irradiated TP53INP1 + / + thymocytes
targets Bax, Puma, Bim, and Noxa (Supplementary Fig. S1A)  contrary to TP53INP1 -/- thymocytes where it is poorly
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p53-TP53INP1-deficient mice
were irradiated, and 24 or 48 h
later thymocytes were stained
with anti-CD4 and anti-CD8
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g 48h antibodies and analyzed by
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> frame). Representative dot
plots of stained thymocytes

show the percentage of CD4-

8-,CD4+8+,CD4+, and CD8 + cells. The nonirradiated control is shown solely in the case of TP53INP1 + / + mice since the
CD4/CD8 dot plot does not differ between genotypes. Data are representative of three independent experiments.

increased. Altogether these data suggest that the higher sen-
sitivity to induced cell death observed in the absence of
TP53INP1 does not depend on the transcriptional activity of
P53 on its pro-apoptotic target genes.

Oxidative stress is exacerbated in TP53INP1-deficient
thymocytes in vivo

To investigate the role of oxidant stress and ROS formation
in the higher sensitivity to cell death of irradiated TP53INP1-
deficient vs. WT thymocytes, we stained thymocytes 3 h after
whole-body irradiation (6-Gy) with DCF-diacetate that freely
penetrates cells and generates fluorescent DCF upon oxida-
tion, constituting an intracellular marker of cell oxidant stress.
We co-labeled thymocytes with anti-CD4 and anti-CD8 anti-
bodies in order to measure ROS level in the different thymo-
cytes subpopulations. DCF mean fluorescence intensity (MFI)
does not differ between WT and deficient total thymocytes as
reported previously (7), despite a faint but significant MFI
increase observed in deficient SP (CD4+ or CD8+) subpop-
ulations (Fig. 5A). By contrast, MFI is significantly higher in all
irradiated thymocytes subpopulations deficient for TP53INP1
compared to WT (Fig. 5A), showing that cell oxidant stress is
exacerbated in thymocytes lacking TP53INP1.

In an attempt to address the mechanisms responsible for
the global irradiation-induced oxidant stress seen in Figure
5A, we used ESR spectrometry to examine free radical pro-
duction in blood and thymocytes from irradiated mice of both
groups. A baseline response is expected in WT animals be-
cause a portion of the damage sustained by cells exposed to
ionizing radiation is associated with primary formation of
hydroxyl radicals (HO") along with hydrated electrons (e",q)
and hydrogen atoms (H') during radiolysis of water (6). To
minimize interference of the spin trap DEPMPO with bio-
logically-unrelated radiolytic free radicals, the spin trap was
incubated ex vivo with blood or thymocytes taken from whole-
body irradiated animals 3h after irradiation. Under these
conditions, all samples from non-irradiated animals were
diamagnetic (i.e., no paramagnetic detection of ROS) while
those from irradiated mice yielded weak signals characteristic
of mixture of DEPMPO spin adducts, the general structure

and a typical example of which are shown in Figure 5B in the
case of a 6-Gy dose. Good fits with experimental spectra are
obtained by computer simulation assuming a mixture of
DEPMPO/-OH adduct (DEPMPO-OH, as a ~55:45 mixture
of trans (an=14.0G, ay=12.8G, and ap=47.4G):cis diaste-
reoisomers (an=14.0G, ag=14.3 G, and ap=47.4G); see (11)),
DEPMPO-H ((aN =15.5 G, ayg = 14.3 G, Ay = 14.7 G, and ap=
56.2G; see(3)) and a minor, unidentified species DEPMPO-R
(an=15.0G, a;y=14.6 G, and ap=49.3 G). With respect to WT
mice, the total ESR signal in TP53INP1-deficient animals is
more significantly increased in blood and thymocytes pellets
(~2-2.5 times) than in supernatant of thymocytes incubation,
although intergroup difference in the latter is still significant
(Fig. 5B).

The above evidence of an irradiation-related DEPMPO
adduct formation prompted us to investigate the effect of
increasing radiation dose on the DEPMPO-H component of
the ESR signal, in relation with e’,q and H' formation during
water radiolysis. Therefore animals from both groups (n=4)
were submitted to the same irradiation and sampling protocol
for ESR, except that dose was 10 Gy instead of 6 Gy. Com-
pared to 6-Gy-irradiated animals, the mean percentage of
DEPMPO-H in the total ESR signal is similarly and signifi-
cantly increased (p <0.05) in the blood of WT (53% vs. 66%)
and TP53INP1 -/- (58% vs. 69%) 10-Gy irradiated animals,
although the total DEPMPO spin adduct concentrations are not
significantly affected (data not shown). Since the same trend is
also observed when DEPMPO-H signals were recorded in the
supernatant and pellets of thymocytes, this component of the
total ESR signal appears radiation-dependent.

Increased apoptosis parallels exacerbated oxidative
stress in TP53INP1-deficient thymocytes ex vivo

We postulated that increased ROS level in TP53INP1-
deficient cells could be involved in their increased sensitivity
to induced cell death. We assessed this hypothesis in the ex vivo
experimental setting by supplementation with the antioxidant
NAC in the culture medium. Spontaneous and radiation-
induced cell death was quantified by Annexin V and 7-AAD
labeling. As expected, NAC treatment reduces ROS level


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3553&iName=master.img-004.jpg&w=360&h=185

TP53INP1 PROTECTIVE ROLE IN ROS-DRIVEN CELL DEATH

1647

DN
FIG. 5. Absence of

TP53INP1 increases ROS
production upon induced
stress. (A) TP53INP1 +/+ .
and TP53INP1 -/- mice (n=2 L 1K
in each group) underwent a :
6-Gy irradiation; 3h later
thymocytes were co-stained
by dichlorofluorescein diace- !

Thymocytes

CD4CD8 CD4*CD8*

ETP53INP1 +/+
B TPS3INPA /-

St SPCD4* SPCD8*

| - | Untreated

Irradiation

tate (DCF) and anti-CD4+
anti-CD8 antibodies, and an-
alyzed by flow cytometry.
(upper) Representative histo-
grams of DCF staining. (low-
er) Quantification of DCF
mean fluorescence intensity
(MFI) in total thymocytes
and in each subpopulation
of thymocytes. *p<0.05 uvs.
TP53INP1 +/+ group. (B)
Insert: typical ESR spectrum
(upper  trace) recorded in
the DEPMPO-supplemented
blood of a 6-Gy-irradiated
TP53INP1 -/- mouse. The
spin trap (0.1 M) was added
in the blood taken 3h after

OTPS3INP1 +/+

Irradiation = TP53INP1 -/-

irradiation and simulation of
the signal (lower trace) indi-
cated a mixture of DEPMPO-
H (63%), DEPMPO-OH
(28%), and DEPMPO-R (9%).
In the general formula of
DEPMPO-Y, the trans isomer
is represented and coupling
nuclei are indicated in bold.

( EtO);(O)POH

Me" "N Y
I
Qe
CEPMPO-Y

OTP53INP1 +/+

Histograms show the mean
total levels of DEPMPO spin
adducts obtained in tested
samples. Statistics: *p<0.05
and ***p <0.001 vs. TP53INP1
+/+ group (n=9 in each
group). No detectable (ND)
ESR signals were seen in both
groups when samples were
obtained from control, nonir-
radiated animals (untreated).
(To see this illustration in
color the reader is referred to
the web version of this article
at  www.liebertonline.com/
ars).

DEPMPO adducts (uM)
N W bR G 0~
1 L L i L 1

-
'l

ND
Untreated  Irradiation

= TP53INP1 -/-

Thymocytes Supernatant

* 16 +

o
A
HM)
=
»

212

©
w

%
—
o o o

o
-~k

(nmol/img wet weight )
(=]
I

DEPMPO adducts
DEPMPO adducts

ND

(=T ]
"

ND
Untreated Irradiation

Untreated Irradiation

(Fig. 6A), as well as cell death (Fig. 6B), both in untreated and
irradiated thymocytes. Most importantly, NAC abolishes dif-
ferences of ROS level between TP53INP1-deficient and WT
thymocytes (Fig. 6A). Moreover, NAC treatment strongly re-
duces the cell death difference between TP53INP1-deficient
and WT thymocytes, this reduction being apparent mostly for
late apoptotic cells (Fig. 6B). This crucial result suggests that
higher cell death sensitivity of TP53INP1-deficient thymocytes
is linked to their higher content of ROS.

Radiation-induced apoptosis is also increased
in fibroblasts in the absence of TP53INP1,
which is related to ROS increase

We sought to demonstrate that cell-death sensitivity in the
absence of TP53INP1 is not restricted to thymocytes. We
therefore investigated cell-death in MEFs transformed by
overexpression of E1A and Ras"'? oncogenes. Cell death was
induced by gamma-irradiation (10 Gy), and quantified by PI
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A Untreated Imadiation FIG. 6. Antioxidant NAC
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0 — of NAC (N-acetylcysteine,
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cence Intensity) of DCF mea-
80 sured by flow cytometry in
triplicate for each mouse.
2 60 = N=6 in each group. (B) His-
- g tograms show quantification
o 2 of Annexin V and 7-AAD
staining. Data are repre-
20 sentative of two indepen-
0 dent experiments. *p<0.05,
+f+ "- +f‘+ -f- *1 <0.01, and **p <0.005 (-/-

No NAC +NAC No NAC +NAC vs +/+).

labeling and caspases activation assay. As observed for thy-
mocytes, radiation-induced death is higher in TP53INP1-
deficient fibroblasts compared to WT (Figs. 7A and 7B). We
tested the effect of antioxidant by supplementation with NAC
in the culture medium. We observed that NAC treatment
significantly reduces ROS level in both genotypes (Fig. 7C). In
addition, NAC completely abolishes cell death difference
between WT and TP53INP1-deficient fibroblasts (Figs. 7A and
7B). Altogether, these results show that TP53INP1-deficient
fibroblasts are more sensitive to induced cell death than WT,
and that their abnormal high ROS content is responsible of
their higher sensitivity to stress-induced cell death.

Antioxidant defenses are defective in the absence
of TP53INP1

We previously reported decreased level of ascorbate (vi-
tamin C) in the blood of TP53INP1-deficient mice (on a mixed
genetic background) (16), suggesting a link between reduced
antioxidant defenses and deregulated redox status in the ab-
sence of TP53INP1. We confirm here that blood of TP53INP1-
deficient mice (on C57BL/6 genetic background) is strongly
depleted in ascorbate, and further show that it is also depleted
in vitamin E (Fig. 8A). Furthermore, we show that level of
ascorbate (vitamin C) is two-fold reduced in thymocytes of
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ENTP53INP1 - (NAC) B TPSINPL 4 (HAC) 30 ERTPSIINPY-f- (NAC) driven death of transformed
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level (C), measured by flow cytometry. Data are means of triplicate £ SE and are representative of two different experiments.
p<0.05: *TP53INP1 -/- versus TP53INP1 +/+, # mock TP53INP1 -/- versus mock TP53INP1 +/+, $ NAC-treated
TP53INP1 + / + versus TP53INP1 +/ +, £ NAC-treated TP53INP1 -/- versus TP53INP1 -/-, ¥ NAC-treated TP53INP1 + / +
versus NAC-treated TP53INP1 -/-. ff represents p <0.005 NAC-treated mock TP53INP1 -/- versus mock TP53INP1 -/-.
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FIG. 8. Absence of A Biood

TP53INP1 decreases antioxi-
dant level. (A) Histogram
shows antioxidants level
(vitamins C and E) in the
blood of mice deficient or not
for TP53INP1. *p<0.05 vs
TP53INP1 +/+ group (n=6
in each group). (B) TP53INP1
+/+ (n=9) and TP53INP1
-/- (n=9) mice were whole-
body irradiated (6Gy); 3
hours later, antioxidants
level (vitamin C and total
glutathione) were measured
in  thymocytes. *p<0.05,
**p<0.01, and **p<0.001 vs.
TP53INP1 +/+ group. (C)
Dosage of reduced (GSH) and
oxidized glutathione (GSSG)
in thymocytes ex vivo. Thy-
mocytes derived from
TP53INP1 +/+ (n=4) and
TP53INP1 -/- (n=4) mice
were cultivated and exposed
to irradiation (0.5Gy) or not
(spontaneous death), in the
presence or not of NAC
(20 mM). GSH and GSSG cell
levels were determined at 0,
24, and 48h of culture,
and the ratio GSH/GSSG
was determined. *p<0.05,
**p<0.01. Note that in the
presence of NAC, high levels
of GSH are observed whereas
no GSSG was detectable. (D)
Mice were whole-body irra-
diated or not, and 3h later ]
vitamin C and total glutathi-
one levels were measured in
different organs. *p<0.05,
*p<0.01 correspond  to
TP53INP1 - /- versus TP53INP1
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diated group compared to
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TP53INP1-deficient mice compared to WT (Fig. 8B, left). Upon
irradiation, ascorbate level drops more severely in TP53INP1-
deficient thymocytes compared to WT. We observed also a
depletion of total glutathione in TP53INP1-deficient thymo-
cytes compared to WT at basal level and upon irradiation (Fig.
8B, right). Next, we determined reduced (GSH) and oxidized
(GSSG) glutathione levels and the GSH/GSSG ratio in thy-
mocytes at different times in culture, irradiated or not, with or
without NAC complementation (Fig. 8C). We observe a GSH
steady-state defect in TP53INP1-deficient thymocytes, and a
higher level of GSSG at 24 h in irradiated deficient thymocytes
compared to WT. Most importantly, in each situation, the

GSH/GSSG ratio is significantly lower in TP53INP1-deficient
cells compared to WT. Following complementation with
NAC, which is a precursor of glutathione, GSH level is highly
increased and GSSG is undetectable, independently of the
genotype. Altogether, these data show that loss of glutathione
in TP53INP1-/- cells is a critical factor in sensitizing these cells
to oxidative stress.

We further investigated ascorbate and glutathione levels in
different organs of TP53INP1-deficient mice compared to WT.
Figure 8D shows that ascorbate level is reduced in organs of
TP53INP1-deficient mice compared to WT, with the exception
of pancreas (no difference) and thymus and liver where


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3553&iName=master.img-008.jpg&w=360&h=509

1650

ascorbate level is higher in deficient mice compared to WT.
Interestingly, upon irradiation, ascorbate level increases sig-
nificantly in WT thymus and liver, whereas it drops in other
TP53INP1-deficient organs. By contrast, glutathione level does
not differ in all tested organs of TP53INPI-deficient mice
compared to WT in basal state (Fig. 8D). Nonetheless, glu-
tathione level fluctuations are observed upon irradiation in or-
gans of WT mice (increase in the spleen or decrease in the liver)
but are not observed in deficient organs except in thymus.
Collectively, these data show that small molecule antioxi-
dant defenses are unbalanced in the absence of TP53INP1.

Autophagy is impaired in the absence of TP53INP1

Antioxidants defects in TP53INP1-deficient mice suggest
reduced protection against induced cell death in the absence
of TP53INP1. Since autophagy is an essential pro-survival cell
process (24), we wondered whether this process occurs nor-
mally in TP53INP1-deficient cells. To assess this question, we
investigated the protein level of p62/SQSTM1 autophagy
effector which is an adaptor involved in the elimination of
polyubiquinated protein aggregates by autophagy. Monitor-
ing the level of p62 is one of the primary methods to evaluate
autophagy, since this level decreases during the course of
autophagy. In consequence accumulation of p62 is a hallmark
of autophagy-defective cells (28, 29). We observed that the
basal level of p62 is higher in TP53INP1-deficient MEFs than
in WT (Fig. 9), suggesting impaired autophagy in the absence
of TP53INP1. Moreover, level of p62 is not significantly re-
duced in WT MEFs upon irradiation, differing from
TP53INP1-deficient MEFs where p62 level is increased. These
data suggest that autophagy which confers protection against
stress is impaired in TP53INP1-deficient cells.

Discussion

We report here that the stress protein TP53INP1 plays a
protective role in the thymus. Indeed, expression of TP53INP1
is increased in thymocytes upon in vivo whole-body radiation
and glucocorticoid exposure, as observed in every in vitro
stress settings reported to date and in vivo in inflamed organs
(13, 22, 31, 44). Furthermore, we show here that lack of
TP53INP1 exacerbates thymocytes sensitivity to induced apo-
ptosis. In addition, increased sensitivity to induced cell death
in the absence of TP53INP1 is not cell-type dependent since it is
also observed in embryonic fibroblasts. These observations are
astonishing because we previously reported a pro-apoptotic
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role of TP53INP1 in ectopic overexpression settings (44) which
appeared consistent with its anti-tumoral function (15).
Therefore, our prediction was that TP53INP1-deficiency would
impair apoptosis. In contrast to this prediction, this study in-
dicates that deficiency in TP53INP1 extends the sensitivity of
cells to stress-induced death. We provide compelling evidence
for this result by analyzing induced cell death in different cell
types [i.e., immune cells during development (thymocytes),
transformed fibroblasts and primary fibroblasts (not shown)].

Hence, we propose a model to reconcile these two appar-
ently opposite functions of TP53INP1 (Fig. 10). Stress re-
sponse involves high expression of TP53INP1 which
participates either in cell cycle arrest permitting damage re-
pair or in cell death depending on stress duration and inten-
sity (Fig. 10, top). In the absence of TP53INP1 in deficient mice
(Fig. 10, bottom), participation of TP53INP1 in stress resolu-
tion is lacking, which favors cell elimination by apoptosis. As
TP53INP1 is lost in several types of human tumors (15, 21), we
postulate that not only its anti-proliferative activity is missing
(which is consistent with its anti-tumoral function) but also
that apoptosis of cells is favored (which could be counterin-
tuitive for an anti-tumoral function). Nevertheless, in some
settings, increased apoptosis has been reported to favor tu-
morigenesis by promoting regenerative proliferation (26).
This issue is currently under investigation in the laboratory.

Interestingly, TP53INP1 absence confers increased thymo-
cyte death sensitivity in both p53-dependent and independent
settings. Indeed, this sensitivity is observed both in the setting
of p53-dependent cell death (irradiation, and etoposide
treatment; data not shown) and p53-independent cell death
(dexamethasome). Consistently, this sensitivity does not rely
on increased expression of pro-apoptotic targets of p53, since
quantitative RT-PCR experiments show similar level of ex-
pression of Bax, Puma, Noxa, and Bim in thymocytes of both
genotypes, which is reminiscent of previously reported im-
paired induction of Bax and Puma expression upon stress in
TP53INP1-deficient MEFs (7). For those reasons, we propose
that death sensitivity in the absence of TP53INP1 does not
exclusively depend on p53 transcriptional activity.

The mechanism of increased sensitivity to death in the
absence of TP53INP1 was provided by the evidence of a
correlation between ROS increase and cell death increase in
the absence of TP53INP1. Indeed, treatment with an antioxi-
dant (NAC) abrogates the difference of cell death induction
between TP53INP1-deficient and WT cells (thymocytes as
well as MEFs), demonstrating that increased sensitivity to cell
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FIG. 10. Proposed model for dual function of TP53INP1
in cell death. (Top) Stress response involves high expression
of TP53INP1 which participates either in cell cycle arrest
permitting damage repair or in cell death depending on
stress duration and intensity. (Bottom) In the absence of
TP53INP1, cell elimination by apoptosis is favored owing to
lack of participation of TP53INP1 in stress resolution. (To see
this illustration in color the reader is referred to the web
version of this article at www liebertonline.com/ars).

death depends on abnormal redox status in TP53INP1-defi-
cient cells. As such, this observation is consistent with the
knowledge that increased level of ROS promotes apoptosis (9,
46). The relationship between ROS and cell death is complex,
since on one hand exposure to high levels of ROS induces cell
death, and on the other hand ROS are produced during cell
death mostly by mitochondria (34). Dysregulation of ROS
levels in the absence of TP53INP1 was previously reported by
our laboratory (7, 16) and is further documented in the current
analysis. We show here that this dysregulation is probably the
result of disequilibrium (or perturbations) in small molecule
antioxidant concentrations. In particular, vitamin C (ascor-
bate) is highly lacking in most TP53INP1-deficient cells and
tissues. It is known that ascorbate and glutathione levels re-
flect a steady state balance between their synthesis and loss
(17,27). The liver is the major source of both these antioxidant
molecules in the bloodstream and for supply to other tissues.
Interestingly, liver and thymus are organs were balance of
ascorbate and glutathione levels differs from the other tested
organs. Our data suggest a higher de novo production of
ascorbate in TP53INP1-deficient liver that could be due to a
higher need owing to higher ROS level in TP53INP1-deficient
mice. Moreover, we observe that ascorbate level is increased
in WT liver upon irradiation, suggesting higher de novo pro-
duction based on decreased level of glutathione, as described
by Martensson and Meister (27). This increased level of
ascorbate is not observed in the TP53INP1-deficient liver
upon irradiation; on the contrary, ascorbate level drops
whereas glutathione level increases, suggesting a higher sys-
temic use of ascorbate and radiation-induced production of
glutathione. Our data also show a higher level of ascorbate in
TP53INP1-deficient thymus, contrary to thymocytes. This
suggests a higher provision of ascorbate in TP53INP1-
deficient thymus, further suggesting a protection of thymus
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against oxidative stress. Nevertheless, in spite of this protec-
tive microenvironment, irradiation stress provides a higher
production of ROS in deficient thymocytes compared to WT.
Altogether, our data demonstrate a profound dysregulation
of antioxidant balances in the absence of TP53INP1. The
dysregulation of reduced glutathione is the foremost defect
highlighted by this study. We tested culture medium com-
plementation with other antioxidants molecules than NAC,
Trolox (a water-soluble vitamin E derivative) and Ebselen (an
organo-selenium compound possessing antioxidant proper-
ties). Both were able to decrease ROS content in WT but not in
TP53INP1-deficient cells, and they were unable to prevent
apoptosis (data not shown). Hence, the sensitivity of
TP53INP1-deficient cells to cell death is only corrected by
NAC which corrects their defect in glutathione. We can
therefore propose that loss of glutathione in TP53INP1-/- cells
is the critical factor in sensitizing these cells to oxidative stress.
Whether this loss is the cause or consequence of constitutive
oxidative stress in TP53INP1-deficient animals is currently
under investigation.

This study points to the question of basal role of TP53INP1
in thymus (i.e., even in the absence of stress). TP53INP1 is
highly expressed in the thymus and other lymphoid organs,
contrary to most of tested organs where it is moderately ex-
pressed ((8) and unpublished data). Why TP53INP1 is highly
expressed in immune cells in the absence of acute stress is a
matter of debate. Does it mean that thymus is in permanent
stress and that T cells in development are stressed cells? This
point of view could be accepted since DNA double-strand
breaks are occurring in the course of TCR genes rearrange-
ment, constituting a feature of DNA damage prone to pro-
voke a stress response. In addition, thymocytes are in
permanent “stress” of selection, and only those which express
a TCR recognizing a self peptide in the context of self MHC
are positively selected and survive. Most T cells in develop-
ment die, which underlies a high rate of apoptosis in the
thymus. Strikingly, this study pinpoints an elevated ascorbate
content in the thymus, suggesting that a protection against
oxidative stress has been selected in this organ, resulting in a
well-adapted response to chronic stress underlying T cells
maturation events. Hence, we can propose that TP53INP1
contributes to homeostasis in the thymus even in the absence
of exogenous acute stress, thereby exerting pro-survival
functions. Interestingly, such contribution to cell homeostasis
in nonstressed cells is also proposed in the case of p53 (see
accompanying reviews in the Forum).

Duality between pro-survival and pro-apoptotic function is
also observed in the case of p53, depending on the cell and
stress contexts (20). Management of cell survival/death is not
the sole function of p53 which displays duality. Indeed, it has
been well documented that p53 can play a dual role during
oxidative stress (antioxidant or pro-oxidant), depending on
the cell outcome (survival versus apoptosis, respectively) (37).
In addition, p53 plays a dual function during autophagy, ei-
ther as a facilitator owing to its transcriptional role in the
nucleus or an inhibitor in the cytoplasm (41). Autophagy is
reported to be a protective process for cell homeostasis and
prevention of various pathologies, including cancer (24). In-
terestingly, we evidence here a defect in basal autophagy in
TP53INP1-deficient cells as well as upon irradiation. These
data are consistent with the protective pro-survival role of
autophagy (5) which is certainly missing in TP53INP1-deficient
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cells, favoring their commitment to death. Therefore, our study
provides a new molecular player in autophagy. Deciphering
the role of TP53INP1 in regulation of cell redox status in link
with modulation of autophagy will help to highlight the
complex relationship between ROS and autophagy (38).

In conclusion, the stress response is complex, depending on
cellular context, intensity and duration of stress, in part be-
cause the function of proteins dedicated to stress resolution
could be multiple. We exemplify this point in the present
study by demonstrating that TP53INP1, previously reported
as a pro-apoptotic protein, is also involved in protection
against induced cell death upon death stimuli. Furthermore,
we demonstrate here that the increase of ROS load associated
with absence of TP53INP1 sensitizes cells to cell death in-
duced by agents known to provoke an oxidative stress. This
latter activity is proposed to be used in cancer therapy (35).
Therefore, novel strategies in cancer therapy aiming to exploit
this feature can be developed in the case of cancers associated
with loss of TP53INP1.
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