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Colitis and Colitis-Associated Cancer Are Exacerbated in Mice Deficient
for Tumor Protein 53-Induced Nuclear Protein 17
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Tumor protein 53-induced nuclear protein 1 (TPS3INP1) is an antiproliferative and proapoptotic protein
involved in cell stress response. To address its physiological roles in colorectal cancer and colitis, we generated
and tested the susceptibility of Trp53inpI-deficient mice to the development of colorectal tumors induced by
injection of the carcinogen azoxymethane followed by dextran sulfate sodium (DSS)-induced chronic colitis.
Trp53inp1-deficient mice showed an increased incidence and multiplicity of tumors compared to those of
wild-type (WT) mice. Furthermore, acute colitis induced by DSS treatment was more severe in Trp53inpl-
deficient mice than in WT mice. Treatment with the antioxidant N-acetylcysteine prevented colitis and colitis-
associated tumorigenesis more efficiently in WT mice than in Trp53inp1-deficient mice, suggesting a higher
oxidative load in the latter. Consistently, we demonstrated by electron spin resonance and spin trapping that
colons derived from deficient mice produced more free radicals than those of the WT during colitis and that
the basal blood level of the antioxidant ascorbate was decreased in Trp53inp1-deficient mice. Collectively, these
results indicate that the oxidative load is higher in Trp53inpI-deficient mice than in WT mice, generating a
more-severe DSS-induced colitis, which favors development of colorectal tumors in Trp53inpI-deficient mice.
Therefore, TP53INP1 is a potential target for the prevention of colorectal cancer in patients with inflammatory

bowel disease.

Colorectal cancer is the second-most-common type of can-
cer in Western countries, resulting in about 55,000 deaths
(10% of cancer deaths) in the United States in 2005. Patients
with chronic inflammatory bowel disease, either ulcerative co-
litis or Crohn’s disease, are at increased risk of developing
CRC (22, 36), indicating that chronic intestinal inflammation is
a major risk for CRC (47, 67). Consistently, anti-inflammatory
therapies with nonsteroidal anti-inflammatory drugs such as
aspirin reduce the risk of cancer (10, 18). Chronic inflamma-
tion is characterized by episodes of active inflammation (flare-
ups) separated by periods of disease inactivity (remission).
Active inflammation involves activation and recruitment of
leukocytes (neutrophils, eosinophils, and monocytes, which
differentiate locally into macrophages), and tissue mast cells
also have a significant role (11). Leukocytes and phagocytic
cells secrete proinflammatory cytokines and chemokines, as
well as growth factors and matrix-degrading enzymes, which
have a deep impact on the cells of the local microenvironment.
Inflammatory cells also release reactive oxygen species and
reactive nitrogen species that are normally produced to repel
infection. However, uncontrolled inflammation is associated
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with oxidative stress and oxidative cellular damage. DNA le-
sions form either directly when ROS modify bases or indirectly
as a consequence of lipid peroxidation products that react with
DNA (21, 31, 34, 66). In proliferating cells, oxidative DNA
lesions induce mutations that are commonly observed in mu-
tated oncogenes and tumor suppressor genes, such as the gene
encoding tumor suppressor p53 (20). ROS and RNS promote
oncogenesis by altering cell proliferation and cell death (15,
63). Therefore, oxidative stress and oxidative cellular damage,
which are hallmarks of IBD, play key roles in the pathogenesis
of this disease and in IBD-associated carcinogenesis (21, 52).

TPS53INP1, also known as TEAP (7), SIP (60), and
p5S3DINP1 (39), is a newly described factor involved in cell
stress response. The gene encoding TP53INP1 is ubiquitously
expressed, with higher expression levels in the thymus and
other lymphoid organs (7). In vitro, TP53INP1 expression is
up-regulated in different cell types upon treatment with agents
inducing cell proliferation arrest and/or apoptosis, including
oxidative stress agents (3, 25, 35, 39, 55, 60, 64, 70). TP53INPI
expression is induced by p53, which exerts its function mainly
by inducing transcription of target genes involved in cell cycle
arrest and apoptosis, as part of the cell response to genotoxic
stress (39, 59). Induction of TP53INP1 is not always dependent
on p53 but can involve p73 or E2F1 transcription factors, which
also play roles in cell proliferation and apoptosis (19, 61). The
TP53INPI gene encodes two protein isoforms, TP5S3INPla
and TP53INP1B, both of which induce cell cycle arrest and
apoptosis when overexpressed (60). The sequences of these
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proteins do not contain any known functional domain except
for a PEST domain generally found in proteins with a short
half-life. TP53INP1 physically interacts with the homeodo-
main-interacting protein kinase 2, HIPK2, and with the pro-
apoptotic PKC3 upon exposure to genotoxic agents, contrib-
uting to regulation of p53 activity during apoptosis (58, 69). In
vivo, the TP53INPI gene is overexpressed during pancreatic
inflammation (14, 24). Conversely, its expression is lost in rat
preneoplastic lesions in liver (37, 54) and during gastric cancer
progression in humans, which correlates with a decreased level
of tumor cell apoptosis and a poor prognosis (23). Altogether,
currently available data point to a role of TP53INP1 in cellular
homeostasis through its antiproliferative and proapoptotic ac-
tivities. Therefore, loss of TP53INP1 expression may contrib-
ute to deregulation of cell proliferation and death, which are
hallmarks of oncogenesis.

To address the putative role of TP53INPI as a tumor sup-
pressor, we generated mice lacking expression of its mouse
ortholog, namely Tip53inpl. Herein, we show increased sus-
ceptibility of Trp53inpI-deficient mice to experimental induc-
tion of colorectal tumorigenesis and acute colitis. Further-
more, using electron spin resonance techniques, we found a
higher level of ROS production both in untreated and colitic
Trp53inpI-deficient mouse colons than in WT colons. There-
fore, a higher level of oxidative stress in Trp53inpI-deficient
colons may provide a mechanism for increased tissue damage
and colorectal carcinogenesis in these mice.

MATERIALS AND METHODS

Abbreviations used. The following abbreviations are used in this report: AFR,
ascorbyl free radical; ANOVA, analysis of variance; AOM, azoxymethane; CAT,
catalase; CRC, colorectal cancer; DAI, disease activity index; DEPMPO, 5-
(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide; DMEM, Dulbecco’s modi-
fied Eagle’s medium; DMSO, dimethyl sulfoxide; DSS, dextran sulfate sodium;
ES, mouse embryonic stem cells; ESR, electron spin resonance; H&E, hema-
toxylin and eosin; H,O,, hydrogen peroxide; HOr, hydroxyl radical; IBD, inflam-
matory bowel disease; NAC, N-acetylcysteine; O5 , superoxide; PBS, phosphate-
buffered saline; PKC3, protein kinase C §; RNS; reactive nitrogen species; ROS,
reactive oxygen species; RT, reverse transcription; SD, standard deviation; SE,
standard error; SOD, superoxide dismutase; TBARS, thiobarbituric acid-reactive
substances; TP53INP1, tumor protein 53-induced nuclear protein 1; WT, wild
type.

Gene targeting and generation of Trp53inpl-deficient mice. The Trp53inpl
gene was targeted by homologous recombination in ES cells, as described else-
where (68), except that the neomycin selection cassette contained the gene
encoding Cre recombinase, designed for self-excision in the male germ line (6).
Briefly, the linearized targeting vector was electroporated into 129/Sv ES cells,
and G418/Geneticin-resistant clones were screened by Southern blotting for
correct integration of the cassette, using probes flanking the deleted region as
well as a Neo-derived probe to verify the number of insertions of the cassette (the
protocol and sequences are available upon request). Two recombinant clones
were identified and independently injected into BALB/c blastocysts to generate
chimeric mice. Chimeric males were mated to C57BL/6 females to generate
heterozygous pups without the neomycin selection cassette. Genotype analyses
were done on genomic DNA from tail biopsies with PCR primers F (5'-AATG
TATGCAATCTTAGCTGATGC-3'), R1 (5'-TCTTGAGGTAACATAGTGA
AATGC-3"), and R2 (5'-CCAAACACTGTCACTGTATTGATA-3"). Mice het-
erozygous for the mutation on a mixed 129/Sv by C57BL/6 background were
intercrossed to generate homozygous mutants (7rp53inpl ~'~) and WT litter-
mates (Trp53inp1 ™). Absence of mRNA expression was confirmed by RT-PCR
with primers Ex1F (5'-CGCAGCTACCTCAGCAC-3'), Ex5R (5'-TGTTCCAA
AAATGTTGCCTG-3"), and Ex6R (5'-TTTTGGCCACGACATCTGTA-3’) for
Trp53inpl and RL3-F (5'-GAAAGAAGTCGTGGAGGCTG-3') and RL3-R
(5'-ATCTCATCCTGCCCAAACAC-3") for RL-3. The mice were housed in
specific-pathogen-free conditions in accordance with institutional guidelines. All
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experimental protocols were in accordance with French laws and European
directives.

Western blotting. For Western blot analysis, fibroblasts derived from Trp53
inpl™*'* and Trp53inpl ~/~ embryos were treated with 0.1 mM H,O, (Sigma-
Aldrich) for 1 h, then allowed to recover in DMEM-10% fetal calf serum for 5 h.
The proteins in the lysates were quantified and analyzed by Western blotting, as
previously described (58). Incubation was performed using an in-house mono-
clonal antibody recognizing both isoforms of TP53INP1.

Tumor induction. AOM is a procarcinogen with structural similarities to
cycasin, a natural compound that strongly induces tumors in the colons and
rectums of humans and animals. AOM causes the formation of O°methylgua-
nine adducts in DNA, which can lead to G—A transitions after replication. It
induces tumors in the distal colon of rodents and is commonly used in experi-
mental protocols of colorectal cancer for mechanistic exploration or screening of
potential drugs (46). DSS is the most widely used toxic chemical agent in exper-
imental models of IBD (52). Repeated administration of DSS enhances the
formation of AOM-induced tumors (41, 56) by mimicking chronic ulcerative
colitis (40). Tip53inpl-deficient mice and their WT littermates (7 to 10 weeks
old) were injected intraperitoneally with 12.5 mg/kg AOM (Sigma). After 5 days,
2.5% DSS (molecular weight, 36,000 to 50,000; MP Biomedicals) was given in
their drinking water for 5 days, followed by 16 days of tap water. This cycle was
repeated twice (5 days of 2.5% DSS and 4 days of 2% DSS), and the mice were
sacrificed 10 days after the last cycle. When specified, the mice were also given
10 mg/ml NAC (Sigma) in their drinking water continuously for 8 days before
being injected with AOM and continuously during the entire protocol until they
were sacrificed. To induce tumors by AOM or DSS alone, the mice were either
treated with a single injection of AOM without further DSS treatment or mock-
injected with PBS, followed by three cycles of DSS. They were sacrificed either
at 9 weeks after injection (corresponding to the timeline of AOM-DSS protocol)
or at 7 months after injection to assess the long-term effects of either treatment.
In the latter case, for tumor induction by DSS alone, an additional DSS cycle (4
days of 2% DSS) was performed 11 weeks after the injection of PBS.

Induction and analysis of acute colitis. Treatment with DSS leads to acute
colonic inflammation with superficial ulceration, mucosal damage, and leukocyte
infiltration. DSS is toxic to mucosal epithelial cells, and the eventual dysfunction
of the mucosal barrier leads to mucosal inflammation (30). Mice (7 to 10 weeks
old) were given 3.5% DSS in drinking water for 7 days, after which they were
given water only until they were sacrificed. Every day during and after the
administration of DSS, the mice were monitored for weight loss, pathological
features (rectal bleeding and diarrhea), and survival. When specified, the mice
were also given 10 mg/ml of NAC in their drinking water continuously for 10 days
before, during, and after the administration of DSS until they were sacrificed.
The animals were weighed, and the value was expressed as a percentage of the
initial weight on day O of the protocol. They were also inspected for visible
clinical signs of pathology. The presence of diarrhea, rectal bleeding, and weight
loss were separately graded on a 0 to 3 scale (Table 1), and the average of the
three values constitutes the DAL Additionally, colitic mice were sacrificed at
various time points, and their colons were removed for histological analysis.

Morphological and immunohistochemical analyses. The colons were re-
moved, cut open longitudinally, rinsed free of feces with PBS, and fixed flat in 4%
formaldehyde at 4°C overnight. The following day, the colons were carefully
dried on blotting paper, weighed, measured, and photographed at high resolu-
tion. For each individual colon, the weight-to-length ratio was determined, in
milligrams per millimeter of colon. The colon samples were then embedded in
paraffin as “Swiss rolls” containing the full-length organ. Sections 5 pm thick
were stained with H&E for histopathological assessment of colitis and tumors.
Crypt damage was scored as previously described (65): 0, no damage; 1, basal 1/3
damaged; 2, basal 2/3 damaged; 3, only surface epithelium intact; or 4, entire
crypt and epithelium lost. The score of each parameter was multiplied by a factor
reflecting the percentage of tissue involvement (X1, 0 to 25%; X2, 26 to 50%;
X3, 51 to 75%; X4, 76 to 100%). PCNA immunostaining was performed using
PC10 clone antibody and animal research kits (Dako, Carpinteria, CA) accord-
ing to the manufacturer’s instructions. Apoptosis was studied using an anti-active
caspase-3 antibody (Promega, Madison, WI) on a Ventana benchmark device
with Ventana kits (Ventana, Tucson, AZ). Staining of the tumor surface, PCNA,
and active caspase-3 was assessed by image analysis on a Samba 2050 device
(Samba Technology, Meylan, France). Each slide was digitalized, and the edges
of the tumors were manually delimited and then analyzed. Tumor proliferation
and apoptosis indices (for PCNA and active caspase-3 staining, respectively)
were expressed as percentages of the tumoral surface.

Immunohistofluorescence. Colon cryosections (10 um) were air-dried, fixed in
acetone for 5 min, and washed in PBS before being saturated in blocking buffer
(2.5% bovine serum albumin, 5% normal goat serum, 10% anti-FcR hybridoma



VoL. 27, 2007 COLITIS-ASSOCIATED CANCER IN TPS3INP1-DEFICIENT MICE 2217
TABLE 1. Criteria for scoring the disease activity index”
Criterion
Score :
(%V\i;l%:itﬁﬁs‘sm) Stool consistency Rectal bleeding
0 <1 Normally formed pellets None
1 1-4.99 Soft pellets not adhering to the anus Small spots of blood in stool; dry anal region
2 5-10 Very soft pellets adhering to the anus Large spots of blood in stool; blood appears
through anal orifice
3 >10 Liquid stool on long streams; wet anus Deep red stool; blood spreads largely around
the anus
“ Criteria have been modified from the work of Soriano et al. (53).
supernatant) for 30 min. Then the sections were stained in 0.5X blocking buffer RESULTS

with fluorescein isothiocyanate-conjugated rat anti-mouse B220, CD3g, or Grl
monoclonal antibody (eBiosciences) or with purified rabbit anti-mouse NF-xB
(p65) polyclonal antibody (Santa Cruz) for 1 h at room temperature in a humid
chamber. The NF-«kB staining was revealed using Alexa Fluor 546-conjugated
goat anti-rabbit polyclonal antibody (Invitrogen). The nuclei were stained with
Hoechst 33258 (Invitrogen). Photographs were taken at X40 magnification, and
quantification was performed. For quantification of the NF-«kB-stained samples,
no less than 250 nuclei were counted per slide. For quantification of immune cell
infiltration, no less than 25 crypts were counted per animal.

ESR studies and lipid peroxidation assay. The spin trap DEPMPO was syn-
thesized as previously described (16). For determination of the AFR-DMSO
content by ESR, blood was drawn from either anesthetized Trp53inpI-deficient
or WT mice at day 2 of DSS-induced acute colitis or from untreated mice. The
blood was collected in heparinized tubes which were immediately inverted five
times and stored at room temperature for 2 h. Plasma samples were prepared by
centrifugation (4,700 X g; 10 min; 4°C) and immediately frozen in liquid nitro-
gen. Prior to being analyzed by ESR, the plasma samples were thawed, and 1
volume of DMSO (Sigma-Aldrich) was added. For spin-trapping experiments,
the samples were prepared as follows: the colons were removed from untreated
or DSS-treated mice at day 2 of colitis, cut into small pieces, and split into three
equal parts which were separately cultured either in medium alone (DMEM,
10% fetal bovine serum, 1% penicillin/streptomycin; all from Invitrogen) or in
medium containing 100 U/ml SOD (Sigma-Aldrich) or 5,000 U/ml CAT (Sigma-
Aldrich). After 1 h, aliquots of aqueous DEPMPO were added to the culture
medium to reach final concentrations of 10 mM. After 5-min incubations with the
spin trap, the supernatants of the colon cultures were immediately frozen in
liquid nitrogen. Thawed samples were quickly introduced into a standard aque-
ous flat cell which was fitted within the cavity of a Bruker ESP 300 (Karlsruhe,
Germany) X-band (9.8 GHz) ESR spectrometer equipped with a TM110 cavity
and operating at a field modulation of 100-kHz and a microwave power of 10
mW. Spectral acquisition was initiated at room temperature 60 s after either the
addition of DMSO or the complete thawing of the DEPMPO-supplemented
samples. Instrument settings for the AFR-DMSO (spin-trapping) experiments
were as follows: modulation amplitude, 0.1 mT (0.05 mT); time constant, 163.8
ms (20.5 ms); receiver gain, 4 X 10° (2 X 10°); scan rate, 0.05 mT - s~ * (0.29
mT - s7'); number of accumulated scans, 2 (1). Assignment of the ESR signals
was performed according to the literature (16, 42, 44). Free-radical concentra-
tions were derived from double integrals of the simulated spectra obtained with
either WinSim software (13) or the program of Rockenbauer and Korecz (48).
Data (arbitrary units) are expressed as means * SDs, with 3 to 7 independent
experiments per group. The lipid peroxidation level in plasma, a common indi-
cator of oxidative stress, was assessed by measuring TBARS, using a modified
procedure (43) of the general protocol (38).

Data analysis. In all experiments except the ESR studies, statistical analyses
were performed with Statview software (SAS Institute), using the chi-square (x?)
or unpaired Student’s ¢ test, Kaplan-Meier survival analysis, or the nonparamet-
ric Mann-Whitney U test when appropriate. All values are reported as means *
SEs. P values of <0.05 were considered significant. For the ESR studies, statis-
tical analysis was performed by one-way ANOVA. When P was <0.01, ANOVA
was followed by a Newman-Keuls multiple-comparison test for intergroup dif-
ferences, which were considered significant when P was <0.05. Values are re-
ported as means = SDs.

Targeted disruption of the Trp53inpl gene results in a
null mutation. To investigate the physiological function of
Trp53inpl, we generated Trp53inp1-deficient mice by gene tar-
geting. Briefly, a null mutation was introduced in 129/Sv ES
cells by replacing coding exons 2, 3, and 4 of the Trp53inpl
gene with a neomycin resistance cassette (Fig. 1A). Germ line
transmission was obtained for one of the two recombinant
ES clones injected into host C57BL/6 blastocysts: the prog-
eny did not carry the selection cassette. We intercrossed
these heterozygous mutants (Trp53inpl*'~), and DNA from
the tails of the resulting littermates was analyzed by PCR
(Fig. 1B). The three genotypes (Trp53inpl /™", Tip53inp1 '~ , and
Tip53inpl '~) were represented according to the principles
of Mendelian inheritance. Absence of gene expression in
Trp53inpl '~ mice was confirmed by RT-PCR on RNA from
the spleen (Fig. 1C) and by Western blotting on protein lysates
from embryonic fibroblasts (Fig. 1D), confirming transmission
of the null mutation. Trp53inpl ~'~ mice are viable and fertile
and show no gross developmental or morphological abnormal-
ities. Histological analyses of several organs, including the pan-
creas, liver, lung, spleen, kidney, heart, and colon from adult
mice were performed and revealed no obvious abnormalities
(data not shown). Trp53inp1-deficient mice were monitored for
up to 2 years, and no spontaneous tumor has been observed
so far.

Mice deficient in Trp53inpl are more sensitive to induced
colon tumorigenesis associated with chronic inflammation.
Susceptibility to tumorigenesis was tested, using the colitis-
associated cancer model induced by a single injection of AOM
followed by repeated cycles of DSS ingestion, as previously
described (17). We treated groups of WT and Trp53inp1-defi-
cient littermates (n = 31 and 36, respectively). The mice were
sacrificed at 9 weeks after being injected with AOM, and the
colons were assessed for the presence of tumors. Tumors were
counted on high-resolution photographs of the colons (Fig.
2A). The incidence of macroscopic tumors was higher for
Trp53inpl-deficient mice than for WT mice: 33 out of 36
(91.7%) mice deficient for Trp53inpl had gross tumors, versus
19 out of 31 (61.3%; P < 0.05) WT mice. The number of
tumors per mouse (multiplicity) was twofold higher in
Trp53inp1-deficient mice than in WT mice (Fig. 2B). We also
calculated the weight-to-length ratios of the colons and com-
pared them with those from untreated animals as an estimation
of tumoral mass. In untreated animals of both genotypes, this
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FIG. 1. Inactivation of the Trp53inp1 gene in mice. (A) Targeting strategy. The endogenous Tip53inpI locus (WT, top bar), targeting construct
(middle bar), and targeted Trp53inpI locus (bottom bar) are shown schematically. The five exons of Trp53inpl are represented by gray boxes, and
the coding regions are hatched. The translation initiation codon located in the second exon and the stop codons located in the fourth and last exon
are depicted. In the targeting vector, the boxes correspond to the loxP-flanked (black arrowheads) Neo-Cre cassette containing the neomycin
resistance gene and the Cre recombinase gene under the control of the testes-specific angiotensin-converting enzyme gene promoter (Neo-Cre),
the thymidine kinase expression cassette (tk), and the pBlueScript II KS™ vector (pBS). The F, R1, and R2 primers used to detect the two alleles
are indicated by the white arrowheads. (B) PCR analysis of DNA obtained from the tails of WT (+/+) mice and their littermates heterozygous
(+/—) and homozygous (—/—) for the Trp53inpI deletion. The primers F, R1, and R2 were used in the same amplification reaction. M, molecular
size marker (in base pairs). (C) RT-PCR analysis. Total RNA from the spleens of Tip53inpl ™", Trp53inpI™*'~, and Trp53inpl '~ mice was
analyzed by RT-PCR with primers for Trp53inp1 (identifying the two transcripts generated by differential splicing of exon 4) or primers for RL-3
as the housekeeping-gene control. (D) Western blot analysis. Lysates (60 p.g protein/lane) from H,O,-treated Trp53inpl1 ™" and Trp53inpl '~
mouse embryonic fibroblasts were analyzed by immunoblotting, using an in-house rat monoclonal antibody directed against both isoforms of

TPS3INP1. The asterisk indicates a nonspecific band.

ratio was remarkably constant, around 2 mg/mm (Fig. 2C). In
AOM-DSS-treated animals, the weight-to-length ratio was in-
creased significantly relative to that for untreated animals, but
the weight gain was twofold higher in Trp53inp1-deficient an-
imals (4.7 = 0.4 mg/mm) than in WT animals (3.3 * 0.2
mg/mm; P < 0.01). Microscopic analyses of H&E-stained sec-
tions showed that the tumors in both groups were colonic
adenomas with a high grade of dysplasia (Fig. 2F to I). Glands
were atypical and densely packed, with many mitotic figures.
No case of infiltrative colonic carcinoma was noted. The mean
tumor surface was measured and shown to be similar for those
from Trp53inp1-deficient and WT colons (Fig. 2J). Prolifera-
tion and apoptosis in the tumors were assessed by PCNA and
active caspase-3 immunostaining, respectively (Fig. 2K and L).
Both the proliferation and apoptosis indices were shown to be
slightly higher for tumors from 7Tip53inpl-deficient animals
than for those from WT mice, but those differences were not

statistically significant. Taken together, our results indicate
that TP53INP1 is essential for protection from colitis-associ-
ated cancer.

Finally, the development of tumors was assessed for mice
either treated with a single injection of AOM without further
DSS treatment or mock-injected with PBS and then treated
with three cycles of DSS. The mice were sacrificed at 9 weeks
after injection, corresponding to the timeline of the AOM-DSS
protocol, or at 7 months, to assess the long-term effects of both
treatments (Table 2). At 9 weeks, neither WT nor Trp53inp1-
deficient mice had developed tumors. WT mice did not de-
velop tumors at 7 months after treatment. On the other hand,
for the Trp53inpl-deficient mice, AOM or DSS alone was
sufficient to induce tumor development in a few animals after
7 months.

Mice deficient in Trp53inpl are more sensitive to DSS-in-
duced acute colitis. In order to determine whether a more-
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FIG. 2. Absence of Trp53inpl increases colon tumorigenesis. Cohorts of 7- to 10-week-old WT and Trp53inpI-deficient mice (n = 31 and 36,
respectively) were treated with a single injection of AOM, followed by three cycles of DSS to induce a moderate, long-lasting colitis. Animals were
sacrificed 9 weeks after injection of AOM, and the colons were collected and analyzed for the presence of tumors. (A) Representative macroscopic
images of colons from Trp53inpl-deficient (—/—) and WT (+/+) animals. (B) Mean number * SE of tumors per colon from WT and
Trp53inpl-deficient animals (#*, P < (.01 versus results for the WT). (C) Means = SEs of the weight-to-length ratios of the colons. The green
and red bars correspond to WT and Trp53inp1-deficient untreated animals, respectively (&, P < 0.01 versus results for untreated mice; **, P <
0.01 versus results for the WT). (D and E) Overview of H&E-stained sections of representative colons from WT (left) and Trp53inpI-deficient mice
(right). The tumors are encircled. Microscopic examination of the tumor sections was performed at X25 (F and G) or X200 (H and I)
magnification. (J) Mean tumor surface = SE measured on one colon section for each animal. (K and L) Tumor proliferation and apoptosis indices
determined by PCNA and active caspase-3 staining, respectively, and expressed as the percentage of the total tumoral surface stained = the SE.

severe colitis could account for the increased tumorigenesis in they were sacrificed. The mice were monitored for 15 days
Trp53inp1-deficient mice, we induced acute colitis in mice by after being treated with DSS for weight loss, DAI, and survival.
administering 3.5% DSS in their drinking water for 7 days, Weight loss in both groups of mice became significant from day

after which they received tap water only (without DSS) until 7 onward (Fig. 3A). Weight loss for the WT mice reached a
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TABLE 2. Incidence of tumors in the colons of mice treated with
either AOM alone or DSS alone, at 9 weeks or 7 months

Incidence for mice with

Treatment Time since or without Trp53inpl:“
treatment

+/+ —/=

AOM alone 9 wk 0/6 0/6

7 mo 0/8 1/5

DSS alone 9 wk 0/6 0/6

7 mo 0/7 2/7

¢ The incidence of tumors is reported as the ratio of tumor-bearing mice to the
total number of mice. +/+, mice with the Trp53inp1 gene; —/—, mice without the
Trp53inpl gene.
maximum of 10% around day 11, followed by a complete
recovery at day 14. In Trp53inp1-deficient mice, weight loss was
much more severe, with a maximum loss of 25% at day 12, and
recovery was incomplete, since the mice were still 20% below
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their initial weight at day 15. Colitis in WT animals did not
induce significant mortality, and their survival rate at day 15
was above 90% (Fig. 3B). On the other hand, DSS treatment
of Trp53inp1-deficient animals resulted in a very high mortality
rate: less than 50% of the animals survived to day 15 (P < 0.05)
(Fig. 3B). Monitoring of survival was prolonged up to 1 month,
and the survival curve did not change after day 15 (data not
shown). Analysis of the DAIs showed that clinical signs of
disease were already present at day 3 in Trp53inpI-deficient
mice, while WT mice were still healthy at that time (Fig. 3C).
The DAI progressed rapidly in Trp53inpl-deficient animals
and reached a global twofold increase compared to that of the
WT at day 8. Finally, histological analyses were performed to
assess tissue damage. At day 3 of treatment, there were no
histological abnormalities (data not shown). Analyses at day 9
showed that mucosal ulcerations were more severe in the co-
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FIG. 3. The absence of Trp53inpl increases the severity of colitis in mice. Cohorts of 7- to 10-week-old mice (n > 12 per group) were given
3.5% DSS in their drinking water for 7 days to induce acute colitis and then given tap water without DSS while being monitored for 15 days.
(A) The mice were weighed every day, and the values were expressed as percentages of the initial weights. Mice deficient in Trp53inpI lost more
weight and showed poorer recovery than WT mice. (B) Kaplan-Meier analysis showed a higher mortality rate after induction of colitis in the
Trp53inpI-deficient mice than in the WT mice (P = 0.029). (C) The DAI increased more rapidly, and to higher values, in Trp53inp1-deficient mice
than in WT mice. The data shown in panels A, B, and C are representative of two independent experiments. For panels A and C, an asterisk
indicates a P value of <0.05 for Trp53inp1-deficient mice (—/—) versus that for WT mice (+/+). (D and E) Microscopic examination of colon
sections at 9 days after the induction of colitis shows more-extensive ulceration (indicated by the black line) in Tip53inpI-deficient animals (right)
than in the WT (left). (F and G) Histological analysis at higher magnification (X200) shows moderate epithelium damage in WT mice, with
a progressive disappearance of glands (left). The damage is more severe in Trp53inpl-deficient animals, where only the surface epithelium

persists (G).
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FIG. 4. The absence of Trp53inpl increases epithelial cell NF-kB activation and granulocyte infiltration during acute colitis. Colon cryosections
(10 wm) were obtained from WT and Trp53inpI-deficient animals (n = 3 of each genotype) after 10 days of colitis. (A) Nuclei stained with Hoechst
(blue) are shown on the left; the middle panel shows NF-kB-stained (red) colon sections with a p65-specific antibody (magnification, X40). The
histogram on the right shows the quantification of NF-kB activation expressed as the mean percentage (= SE) of NF-kB-positive nuclei of the total
number of nuclei. (B) Grl-stained (green) colon sections (magnification, X60) are shown; positive cells are highlighted with a star. The histogram
on the right shows the quantification of Grl-positive cells per crypt expressed as means * SEs. (C and D) Colon-infiltrating B and T lymphocytes
were stained, using B220- and CD3e-specific antibodies, respectively. The results were quantified and expressed as for panel B. *, P < 0.05 for
Trp53inpI-deficient mice (—/—) versus results for the WT (+/+). nb, number.

lons of Trp53inpl-deficient mice than in those of WT mice
(Fig. 3D to G), with crypt damage scores of 10.2 = 0.93 and
8.0 = 0.97, respectively (P < 0.05). Taken together, these
results show that Trp53inp1-deficient mice are more suscep-
tible to experimental acute colitis, which might be related to
the increased susceptibility of these mice to induced colo-
rectal cancer.

Inflammation is exacerbated in 7Trp53inpl-deficient mice
during DSS-induced acute colitis. In order to determine
whether a disorder in the inflammatory process could account
for a more-severe colitis in Trp53inpI-deficient mice, we ana-

lyzed both NF-«kB activation and immune cell infiltration in the
colonic epithelia during colitis. NF-kB is a proinflammatory
transcription factor which, upon activation, induces transcrip-
tion of genes involved in survival, proliferation, inflammation,
and innate immunity. Inactive NF-«kB is present in the cyto-
plasms of all cells and is translocated to the nucleus upon
activation. We assessed NF-kB activation in colons from WT
and Trp53inp1-deficient mice at day 10 of colitis by immuno-
histofluorescence, using an antibody specific for the p65 sub-
unit of NF-kB (Fig. 4A). Our results showed a threefold-higher
percentage of NF-kB-positive nuclei in colons from Trp53inp1-
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FIG. 5. (A to E) Treatment with NAC abolishes genotype-specific differences in early colitis. Cohorts of WT (+/+) or Trp53inpI-deficient mice
(=/=) (n = 15 to 18 mice per group) were treated with DSS with or without cotreatment with NAC. The incidences of the clinical signs of
pathology (diarrhea, rectal bleeding, and weight loss) are shown in panels A to C. Panel D shows the averages of the three values from panels A
to C (the DAI). #, P < 0.05 for Trp53inp1-deficient mice not treated with NAC versus results for untreated WT mice; $, P < 0.05 for NAC-treated
mice versus results for mice of the same genotype not treated with NAC; #, P < 0.05 for NAC-treated Trp53inpI-deficient mice versus results for
NAC-treated WT mice. Administration of NAC significantly delays diarrhea and rectal bleeding in both genotypes. After day 5 of treatment,
genotype-specific differences were observed again, as disease progression was more rapid in 7Trp53inpI-deficient animals than in WT mice. For both
groups, administration of NAC does not significantly reduce colitis-induced weight loss or mortality, as shown by Kaplan-Meier analyses (E).
(F) AOM-DSS-induced colon tumorigenesis in the presence of NAC. The weight-to-length ratio of the colons from mice given NAC in their
drinking water during the whole AOM-DSS procedure (wave-patterned bars) shows that NAC almost completely abolishes tumorigenesis in WT
mice, whereas it only reduces tumorigenesis in Trp53inpI-deficient mice (£, P < 0.01 for AOM-DSS-plus-NAC-treated mice compared to the
results for untreated mice). The ratios shown in Fig. 2C are reported here for easy comparison (hatched bars correspond to untreated animals).

Trp53inp1 +/+  Trp53inp1 -/-

deficient mice than in those from WT colons. Thus, NF-kB using antibodies specific for markers of either innate immune
activation is stronger in colons from Trp53inp1-deficient mice cells (Grl marker for granulocytes) or adaptive immune cells
than in those from WT mice. Then we analyzed immune cell (B220 and CD3e markers for B and T cells, respectively).
infiltration at day 10 of colitis by immunohistofluorescence, Quantification of the ratio of positive cells to the number of
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colonic crypts showed a higher infiltration of Grl-positive cells
in colons from Trp53inpl-deficient mice than in those from
WT mice (Fig. 4B), whereas the degrees of B- and T-cell
infiltration did not differ (Fig. 4C and D). Altogether, these
results indicate that Trp53inpl-deficient mice developed a
stronger inflammatory response than their WT counterparts
following DSS treatment, which is in accordance with their
increased susceptibility to experimental acute colitis.

Reduction of colitis by treatment with NAC. It has been
shown that IBD is associated with oxidative stress, potentially
through production of ROS, which include a variety of mole-
cules derived from molecular oxygen, such as H,O, and the
free radicals O, and HO". Both accumulation of H,O, pro-
duced by colonic epithelial cells and release of O, by infil-
trating granulocytes and macrophages occur during colitis (33,
45, 52). As Trp53inpl expression is induced by oxidative stress
(H,O, and ionizing radiation), we tested whether Trp53inpl
deficiency could result in increased oxidative load in Trp53inpI-
deficient mice, which might cause a more-severe colitis and
subsequent colorectal carcinogenesis. For this purpose, we
compared the effects of antioxidant treatment on acute colitis
in Trp53inp1-deficient and WT mice. Given the protective ef-
fect of NAC on experimental colitis (1) and colitis-associated
colorectal adenocarcinoma (51), mice were given NAC from
10 days before the start of DSS treatment and continuously
until the end of the protocol. Treatment with NAC significantly
delayed diarrhea and rectal bleeding (which are early clinical
signs of colitis) in mice of both genotypes (Fig. SA and 5B), but
no significant differences in weight loss (which is a later clinical
sign of colitis) and mortality were seen (Fig. 5C and E). De-
tailed analyses of the DAIs (Fig. 5D) show a first phase (from
day 0 to 4), during which NAC treatment completely abolished
the clinical signs of colitis, and a second phase, during which
the DAI started to increase while remaining significantly lower
than for untreated mice. This second phase became significant
at day 5 for Trp53inp1-deficient mice, whereas it was delayed to
day 6 in WT mice (Fig. 5D). In this second phase, the pathol-
ogy was significantly more severe in Trp53inp1-deficient mice
than in the WT, as was observed in the absence of NAC
treatment.

Finally, we tested whether NAC could inhibit development
of tumors induced by AOM-DSS treatment. Our data (Fig. 5F)
show that tumorigenesis is almost completely abolished in
NAC-treated WT mice. On the other hand, NAC-treated
Trp53inp1-deficient mice still developed tumors, although less
often than did Trp53inp1-deficient mice that were not treated
with NAC.

Trp53inp1-deficient mice show increased plasma and colon
oxidative stress. Since it allows direct detection and character-
ization of free radicals, ESR spectroscopy can provide the
most-definitive proof of the formation of ROS after the induc-
tion of acute colitis in 7rp53inp1-deficient animals compared to
that in the WT. It is believed that blood serum and plasma
antioxidant levels reflect the total antioxidant capacity of the
body. Decreased plasma levels of ascorbate (vitamin C), which
is one of the main water-soluble antioxidants, is observed dur-
ing human IBD (27). Addition of DMSO to the blood plasma
from both WT and Trp53inp1-deficient animals led to the de-
tection of the AFR-ESR doublet (a,, = 0.18 mT) (Fig. 6A and
B). We have previously shown that the concentration of this
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AFR-DMSO complex is representative of the ascorbate con-
tent of the plasma (42, 44). In untreated WT mice, the baseline
AFR-DMSO concentration corresponded to the signal yielded
by 40 to 50 pM sodium ascorbate (Fig. 6C). In contrast,
Trp53inp1-deficient mice exhibited a significantly decreased
AFR-DMSO content (—50% versus that of the baseline con-
centration) (Fig. 6B and C), suggesting that these animals are
continuously subjected to free-radical-induced oxidative stress
that causes ascorbate consumption in the plasma. Induction of
acute colitis strongly depleted AFR-DMSO levels in the
plasma at day 2 for WT (—62% versus those for the baseline)
and Trp53inpl-deficient (—71% versus those for untreated
Trp53inpl-deficient animals) mice (Fig. 6C). As expected,
these Trp53inpl deficiency- or acute colitis-induced ascorbate
depletions occurred along with a significant increase in lipid
peroxidation levels in the plasma both in DSS-treated versus
untreated groups and in Trp53inpl-deficient versus WT ani-
mals (Fig. 6D). Interestingly, we noted a higher lipid peroxi-
dation level in untreated Trp53inpl-deficient mice than in
DSS-treated WT animals (Fig. 6D).

To shed light on the nature of the free radicals responsible
for the above-described disorder of ascorbate consumption
and lipid peroxidation in the plasma of Trp53inpI-deficient
mice and to establish a link between this oxidant stress and the
susceptibility of Tip53inpI-deficient mice to experimental
acute colitis, spin-trapping experiments were undertaken on
cultured colons, using DEPMPO nitrone as the spin trap.
Short-lived free radicals, such as those formed in biological
systems, add to nitrones to yield persistent ESR-detectable
aminoxyl adducts, providing structural and quantitative infor-
mation on the primary species formed. DEPMPO was chosen
because its spin adducts with O, and HO" (DEPMPO-OOH
and DEPMPO-OH, respectively) are among the more stable
and easily distinguishable by ESR (16). In culture supernatants
from untreated WT and Trp53inp1-deficient colons, AFR sig-
nals were seen but not DEPMPO adducts (Fig. 7A and B).
Direct observation of released AFR has been made previously
in cases of oxidative stress and it can be considered an indica-
tor of tissue damage (42) and/or of the interaction of ascorbate
with free radicals (4). Figure 7C shows that the levels of AFR
released in culture supernatants by samples from untreated
Trp53inp1-deficient mice were about threefold higher than
those from WT mice (P < 0.05; n = 4). In spin trap-added
colon cultures from mice submitted to DSS-induced colitis for
2 days, strong DEPMPO aminoxyl ESR signals were detected
for Trp53inpl-deficient mice and, to a lesser extent, for WT
animals (Fig. 7A, B, and D). Computer simulations of these
signals revealed three components having the following split-
ting constants (in mT): DEPMPO-OH (ay = 1.450; ap =
4.729; ay; = 1.347), which provides an eight-line signal, and two
DEPMPO-alkyl adducts, ranging from 25 to 79% of the total
signal and having sets of parameters (ay = 1.472 (1.470); ap =
4.855 (4.710); ayy = 2.153 [2.080]) close enough to give a global
signal having the appearance of a single eight-line spectrum.
When SOD was added to the spin trap-containing media, com-
plete inhibition of DEPMPO adduct formation was observed
(Fig. 7A and B), demonstrating a common O, origin for the
aminoxyl signals. In SOD experiments, AFR signals were still
detected, the intensities for deficient mice being again three-
fold higher than for WT animals (Fig. 7C). In colons from
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FIG. 6. Trp53inpl deficiency decreases ascorbate levels in plasma, increases lipid peroxide content in plasma, and potentiates acute colitis-
induced depletion of ascorbate and lipid peroxidation in plasma. Acute colitis was induced in WT (+/+) and Trp53inpI-deficient (—/—) mice by
treatment with 3.5% DSS for 2 days (D,). D, indicates samples from untreated animals. Ascorbate levels in plasma were assessed through ESR
detection of AFR-DMSO doublets, and lipid peroxidation levels were determined by TBARS assay. (A) Chemical structure of AFR. (B) Selected
ESR spectra from WT and Trp53inpI-deficient mice either untreated or treated for 2 days with DSS. (C) Means + SDs (n = 5 to 7 mice per group)
of AFR-DMSO concentrations in plasma from the different groups of animals calibrated to a similar signal yielded by 50 uM aqueous sodium
ascorbate. (D) Means = SDs (n = 5 to 7 mice per group) of TBARS concentrations in plasma. Untreated Tip53inpl-deficient mice show
significantly decreased ascorbate levels in plasma and increased lipid peroxide concentrations compared to those of untreated WT mice.
Trp53inpI-deficient mice are more susceptible than WT mice to acute colitis-induced ascorbate depletion and increased lipid peroxidation in the
plasma. The statistics are based on the results of one-way ANOVA (P < 0.0002) followed by Newman-Keuls tests for intergroup differences. *,
P < 0.01; %%, P < 0.001 versus results for D,*/*; §, P < 0.001 versus results for D,*/*; +, P < 0.05 versus results for D, /.

treated WT and Trp53inpl-deficient mice, addition of CAT
decreased DEPMPO adduct formation by only 60% (Fig. 7D),
yet implying that there was H,0O, in the ESR signal formation.
Incubating 10 mM aqueous DEPMPO with 3.5% DSS at 25°C
for up to 6 h yielded a low stationary level of DEPMPO-OH
(<1% of the weakest signal detected from treated WT colons;
data not shown), indicating a slow thermal decomposition that
is common to nitrones. Consequently, no significant aminoxyl
formation unrelated to radical trapping is likely to occur, since
only traces of DSS, if any, could be in contact with DEPMPO
in our study.

DISCUSSION

We hypothesized that the gene encoding the stress protein
TPS53INP1 could influence inflammation-associated tumori-
genesis, since it could act as a tumor suppressor. Indeed, (i) the

TP53INPI gene is induced by p53, (ii) TP53INP1 interacts with
p53 and increases its trans-activation activity, (iii) 7P53 (en-
coding p53) is a tumor suppressor gene, (iv) TP53INP1 has
antiproliferative and proapoptotic activities when overex-
pressed, and (v) TP53INP1 is down-regulated in gastric cancer
(23) and in colorectal and pancreatic carcinomas (our unpub-
lished data). Therefore, we generated mice in which the
Trp53inpl gene is inactivated. We confirmed the absence of
Trp53inpl expression in animals homozygous for the defi-
ciency. These animals are apparently healthy, and they have
not developed spontaneous tumors nor colitis so far.

We investigated the role of Trp53inpl in inflammation-as-
sociated colonic tumor development by evaluating the suscep-
tibility of Trp53inpl-deficient and control WT mice to devel-
oping tumors during a protocol of colorectal tumorigenesis in
which one injection of the procarcinogen AOM was followed
by repeated administrations of DSS leading to chronic colon



VoL. 27, 2007 COLITIS-ASSOCIATED CANCER IN TP53INP1-DEFICIENT MICE 2225

A B

+/+ afu
Untreated
. L x1.6
Yo - »
Colitis
e o e o

® ® © o0 & o o +spintrap+.

_@—W—-N—-W——N-—M—-
simulation A
AN A A— _,J\(q H(‘J\["—
| |
+ spin trap
L +S0D 5 X116
.. h ‘ e
25mT
C D
% 1 EE——" . o 74
—_— p<0.05 E _—
2 R p<0.05 S 26
S0 855
— 04 - =
E 2 T >4
<0 O 3!
=45 0.5, o s
E 2 T E :E 2__
L ﬁ w1y
0.0. E. 0

SOD SOD CAT CAT

FIG. 7. Colons from Trp53inpI-deficient mice behave as continuous, low-level ROS-producing systems which are stimulated by acute colitis.
ROS production was assessed by ESR using spin trap DEPMPO, in the presence or absence of 100 U/ml SOD or 5,000 U/ml CAT in the culture
media of colons from WT or Trp53inpI-deficient mice either untreated or treated for 2 days with 3.5% DSS. (A and B) Representative spectra
from WT (+/+) and Trp53inp1-deficient mice (—/—), respectively. In panels A and B, the computer-simulated spectra are presented below the
experimental spectra, while filled circles and pluses mark the lines from DEPMPO-OH and DEPMPO-alkyl adducts, respectively. The y axis scales
for the top and bottom AFR spectra are given relative to the middle DEPMPO adduct signals. The bottom spectra in panels A and B show the
complete inhibition of these DEPMPO adduct signals by SOD. (C) Means = SDs (n = 4) of the concentrations of AFR in supernatants. (D) Means *
SDs (n = 4) of the relative total spin adduct concentrations. The histogram in panel C shows that Trp53inpl deficiency (D, /") significantly
amplifies low-level background, ROS-triggered AFR release observed in the colons of untreated WT mice. AFR release can be evidenced in colitic
colons due to the complete inhibition of spin-trapping signals by SOD. The histogram in panel D shows that acute colitis induces a burst of
DEPMPO-trapped radicals (HO" and alkyl radicals) in colon cultures which is significantly stronger in 7rp53inpl-deficient mice. Spin adduct
formation is partially inhibited by the addition of CAT. The statistics are based on one-way ANOVA (P < 0.007) followed by the Newman-Keuls
test for intergroup differences (level of significance, P < 0.05). D,*/*, untreated WT mice; D, /", untreated Trp53inpI-deficient mice; D,*/", WT
mice treated for 2 days with DSS; D, /", Trp53inpI-deficient mice treated for 2 days with DSS.

inflammation. We observed a significantly higher rate of both
tumor incidence and multiplicity for Trp53inpI-deficient mice
than for their WT counterparts. The increase in colon weight
was twofold higher in Trp53inp1-deficient mice than in WT
mice, reflecting the twofold-higher number of tumors. This
increase was independent of the proliferation and death of
tumoral cells, since proliferation and caspase-3 activation in-
dices for tumors were not significantly different between the

two genotypes, in agreement with the observation that tumors
were of the same size in both genotypes. Interestingly, when we
investigated tumor development induced either by AOM in-
jection alone or by DSS-induced chronic colitis without prior
injection of AOM, we observed tumors only in Trp53inpl-
deficient mice during examinations 7 months after starting the
experiment. Deficiency of TP53INP1 is thus an enhancing fac-
tor for colorectal tumorigenesis induced by either chemical
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carcinogen treatment alone or by chronic inflammation alone.
Altogether, our data showed that the absence of TP53INP1
significantly exacerbates tumor development, suggesting that
early events in tumoral transformation (initiation) in epithelial
cells were different in the two groups. Alternatively, absence of
TPS3INP1 might promote tumorigenesis by favoring clonal
expansion of initiated cells. Considering that the Trp53inpl
gene is induced by cell stress, that it is highly expressed in
immune cells (7; also unpublished data), and that an associa-
tion between inflammation and cancer has been well docu-
mented, we favor the latter possibility.

In order to test the hypothesis that TPS3INP1 has a physi-
ological role in colonic inflammation, we challenged mutant
and WT mice to acute DSS-induced colitis. The Trp53inpl-
deficient mice lost much more weight than the WT mice, and
they failed to recover their initial weights by day 15 of the
experiment. The other clinical signs of colitis, namely diarrhea
and rectal bleeding, were consistently more severe in
Trp53inp1-deficient mice. Eventually, in the course of the ex-
periment, mortality was significantly higher among Trp53inpI-
deficient mice. Taken together, these data show that DSS-
induced colitis is particularly severe in Trp53inpI-deficient
mice, suggesting that TPS3INP1 plays a role in limiting colonic
inflammation. Interestingly, we noted that the first 7 days of
DSS treatment had no impact on the weight and survival of
mice, the striking differences appearing later. However, clinical
signs of pathology (diarrhea and rectal bleeding) appeared at
day 3, although the histology remained normal. This is in
agreement with the previously documented delay between loss
of mucosal integrity (which contributes to diarrhea and bleed-
ing) and the first histologically detectable lesions in the mouse
model of DSS-induced colitis (30). Finally, histological analy-
ses showed that mucosal damage was more severe in
Trp53inp1-deficient colons than in those of the WT during
colitis and was accompanied by increased infiltration by Grl-
positive cells and augmentation of the epithelial cell fraction
containing activated NF-«kB. These observations indicated ex-
acerbated colon inflammation in 7rp53inpI-deficient mice. The
role of NF-«kB in the initiation and promotion of tumorigenesis
has been documented in many reports (recently reviewed in ref-
erence 26). NF-kB contributes to tumor development, acting as a
protumoral factor, during colitis-associated colorectal cancer in
both enterocytes and myeloid cells (17). Thus, increased NF-xB
activation in 7ip53inpI-deficient colonic epithelial cells during
chronic colitis was likely involved in increased colorectal tumori-
genesis.

Oxidative stress is a major risk factor associated with inflam-
mation and carcinogenesis (21, 22, 45, 52). It arises from an
imbalance between oxidants and antioxidants in favor of the
former, leading to an overload of ROS and RNS, which causes
DNA and protein oxidation and lipid peroxidation, which can
in turn lead to alterations in cell turnover and cell death (15,
31, 33, 63). A low level of oxidative stress can stimulate cell
division and thus the promotion of tumor growth. It is known
that during acute and chronic inflammation, ROS are pro-
duced at rates that overwhelm the capacity of the endogenous
defense system to remove them (33, 49). To get further insights
into the physiological role of TPS3INP1 during oxidative stress
in the colon, we evaluated the impact of an antioxidant during
both acute colitis and colitis-associated tumorigenesis in mu-
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tant and WT mice. NAC is a precursor of reduced glutathione,
a major antioxidant in the cells, and may also scavenge ROS on
its own (12, 51). We observed a preventive effect of NAC on
colitis during the first days of DSS treatment in cohorts of both
genotypes, confirming the major role played by oxidative stress
during DSS-induced acute colitis. Nevertheless, we evidenced
a second phase during which the preventive action of NAC was
less efficient in Trp53inpI-deficient mice than in WT mice, as
the former showed clinical signs of colitis sooner. In addition,
NAC efficiently prevented tumor development in WT mice but
not in Trp53inp1-deficient mice, which still presented signifi-
cant adenoma development. These results indicate that, as
DSS treatment progresses, administered NAC becomes unable
to inhibit colitis pathology. Although we do not exclude the
possibility that a ROS-independent mechanism may be impli-
cated in the second phase of colitis progression, one can hy-
pothesize that either the level or the nature of ROS generated
in the inflamed colons hinders the capacity of NAC to remove
them. If we assume that the latter hypothesis is correct,
Trp53inp1-deficient mice should present higher ROS levels in
the colon than WT mice, as they develop a more-severe colitis.

We assessed this question directly, using the powerful ESR
technology. It has been shown that ascorbate depletion or its
reaction with free radicals can be directly probed by direct
detection of AFR-DMSO or AFR, respectively, in a variety of
chronic or acute oxidative stress situations in animals (28, 29,
42) and humans (2, 43, 44). Altered ascorbic acid status has
been reported in the mucosa (5) and plasma (27) of IBD
patients. By documenting a decrease in AFR-DMSO in DSS-
treated WT mice, our data confirm the usefulness of this ESR
index in the measurement of ascorbate levels. Thus, our par-
allel finding that induction of acute colitis results in even more
depleted ascorbate levels and elevated lipid peroxidation status
in Trp53inpl-deficient mice than in their WT counterparts
strongly advocates for higher production of ROS in the former.
In this regard, low basal levels of ascorbate and high concen-
trations of lipid peroxidation in plasma from untreated
Trp53inp1-deficient mice demonstrate that these animals are
submitted to chronic oxidant stress that could explain their
increased ROS production during colitis. Unexpectedly,
whereas untreated deficient mice showed an even higher mean
TBARS concentration than WT mice during colitis, the differ-
ence between genotypes was no longer significant for AFR-
DMSO. Finally, the above data are in line with the appearance
of a higher level of AFR released by the colons of untreated
Trp53inp1-deficient animals, indicating more-severe tissue
damage (44). Altogether, our results show that Trp53inpl-
deficient mice present increased oxidative stress and reduced
antioxidant defenses (at least regarding the ascorbate pool) in
the absence of treatment compared to WT mice and that this
stress is amplified during DSS-induced colitis, unequivocally
pointing to a role for TP53INP1 in the control of the oxidative
status in vivo.

Unstable free radicals involved in oxidative stress, such as
O, and HOr, require a trapping reaction to be detected by
ESR, but even with the use of an improved nitrone such as
DEPMPO (16), the resulting aminoxyls are prone to unavoid-
able reduction to ESR-silent hydroxylamines, especially by
ascorbate (50) or AFR, and/or to structural modification in
biological systems. Thus, it is possible that some spin adduct
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formation in colons from untreated Trp53inpl-deficient mice
may have escaped from ESR detection due to the concomitant
strong AFR release. We have previously reported that
DEPMPO-OOH, the ESR spectrum of which displays 12 lines,
can be readily converted to DEPMPO-OH by specific hy-
droperoxide-reducing enzymes such as glutathione peroxidase
(16). This can explain why the DEPMPO-OH signals seen in
DSS-treated mice can be completely inhibited by SOD, and we
therefore demonstrate here that O, is the major, primary
ROS formed in DSS-treated colons. The presence of an in-
creased amount of superoxide in colons from Trp53inp1-defi-
cient mice compared to that in colons from WT mice may be
a consequence of the increased granulocyte infiltration ob-
served in the former. Superoxide has been linked to the onset
of DSS-induced colitis (32), and mechanisms of formation
involving vitamin K semiquinones or specific enzymes such as
xanthine oxidase have been proposed (9, 62). In our study, the
observation of DEPMPO-alkyl adducts, likely secondary ad-
ducts of carbon-centered radicals, supports a decisive role for
HO:, and its precursor, H,0,, as the actual damaging species.
The poorer capacity of CAT to inhibit DEPMPO adduct for-
mation in colon cultures from 2-days colitic Trp53inpI-defi-
cient mice versus that for WT mice may reflect a higher ca-
pacity of the former to produce H,O,. The formation of HO
in DSS-induced colitis has previously been hypothesized on the
basis of more-indirect assays than ESR (8, 57).

To summarize, we would like to propose a model in which
Trp53inp1-deficient mice deal with chronic endogenous oxi-
dant stress by overconsuming endogenous antioxidant defenses
(like blood ascorbate). While this compensation mechanism
manages to prevent oxidative damage and related pathologies
in the absence of exogenous challenge, it is insufficient to deal
with strong oxidant stress during colitis, allowing extensive
colon epithelium damage and concomitant leukocyte recruit-
ment. Infiltrating Grl™* cells will release superoxide in the
epithelium, thus increasing oxidative load and tissue damage.
Whether TP53INP1 exerts an intrinsic or extrinsic function on
granulocytes is currently being studied in the laboratory.

In conclusion, we showed that a deficiency in the Tip53inp1
gene leads to increased tumorigenesis in the mouse model of
AOM-DSS-induced colorectal cancer. Furthermore, Tip53inpl-
deficient mice showed more-severe colitis than the WT, due to
a higher oxidative load, which might account for enhanced
tumoral promotion during colitis. These findings strengthen
the hypothesis that TPS3INP1 is a tumor suppressor and un-
derscore the role of oxidative stress in colitis-associated cancer.
In this work, we shed light on critical functions of TP5S3INP1 in
the colon, which opens up new preventive and/or therapeutical
avenues for the control of oxidative stress in IBD and CRC
patients.
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