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Abstract
BACKGROUND & AIMS—Inflammatory bowel disease (IBD) is associated with increased
apoptosis of intestinal epithelial cells (IECs). Mutations in the tumor suppressor p53 appear during
early stages of progression from colitis to cancer. We investigated the role of p53 and its target,
p53-upregulated modulator of apoptosis (PUMA), in inflammation-induced apoptosis of IECs.

METHODS—Apoptosis was induced in mouse models of mucosal inflammation. Responses of
IECs to acute, T-cell activation were assessed in wild-type, p53−/−, Bid−/−, Bim−/−, Bax3−/−,
Bak−/−, PUMA−/−, and Noxa−/− mice. Responses of IECs to acute and chronic colitis were
measured in mice following 1 or 3 cycles of dextran sulfate sodium (DSS), respectively.
Apoptosis was assessed by TUNEL staining and measuring activity of caspases 3 and 9; levels of
p53 and PUMA were assessed in colon tissue from patients with and without ulcerative colitis.

RESULTS—Apoptosis of IECs occurred in the lower crypts of colitic tissue from humans and
mice. Colitis induction with anti-CD3 or 3 cycles of DSS increased apoptosis and protein levels of
p53 and PUMA in colonic crypt IECs. In p53−/− and PUMA−/− mice, apoptosis of IECs was
significantly reduced but inflammation was not. Levels of p53 and PUMA were increased in
inflamed mucosal tissues of mice with colitis and in patients with UC, compared with controls.
Induction of PUMA in IECs of p53−/− mice indicated that PUMA-mediated apoptosis was
independent of p53.

CONCLUSIONS—In mice and humans, colon inflammation induces apoptosis of IECs via p53-
dependent and -independent mechanisms; PUMA also activates an intrinsic apoptosis pathway
associated with colitis.
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Maintenance of intestinal barrier integrity requires regulation of epithelial proliferation,
differentiation, and death. For homeostasis of the gastrointestinal tract, proliferation
occurring in crypt bases is matched by the number of cells lost by apoptosis.1 In the
uninflamed colon, apoptosis occurs in differentiated cells on the surface plateau and at very
low rates within proliferative regions.2–4 Epithelial cell apoptosis increases within crypt
proliferative zones in both ulcerative colitis (UC) and Crohn’s disease.5,6 In fact, excessive
apoptosis with insufficient proliferation has been proposed as a mechanism for mucosal
ulceration in inflammatory bowel disease (IBD).7–9

There are 2 pathways signaling cell death by apoptosis: the intrinsic and extrinsic
pathway.10,11 Activation of the extrinsic pathway occurs by ligand-induced cell surface
receptor (ie, tumor necrosis factor receptor 1 [TNFR1], Fas, and death receptor 5) activation.
Cellular death domains of these receptors activate a signaling cascade that recruits and
cleaves procaspase-8. Caspase-8 activates effector caspases 2, 3, 6, and 7 that ultimately
cause apoptosis by cleaving various cellular substrates. Under some conditions, caspase 8
can activate the intrinsic mitochondrial apoptosis pathway by cleaving BH3 interacting
domain death agonist (Bid), a BH3-only member of the B-cell lymphoma 2 (Bcl-2)
family.12 Cleaved Bid (tBid) associates with Bcl-2-associated X protein (Bax) and Bcl-2
homologous antagonist killer (Bak) causing the dissociation of apoptotic protease activating
factor 1 (Apaf-1) from the anti-apoptotic proteins Bcl-2 and B-cell lymphoma-extra large
(Bcl-xL) leading to mitochondrial membrane depolarization and cytochrome c release. The
apoptosome, consisting of Apaf-1, cytochrome c, and caspases 3 and 9, then activates the
caspase cascade causing eventual DNA fragmentation. The intrinsic pathway is activated
with growth factor deprivation, oncogene activation, or when DNA damage is detected by
cellular censors such as ataxia telangiectasia mutated (ATM), ataxia telangiectasia and
Rad3-related (ATR), and tumor protein 53 (p53).

The tumor suppressor gene p53 is a central factor for cell fate decisions and prevents the
expansion of damaged and mutated cells.13,14 Probably the best of these examples can be
found in radiation-induced intestinal injury where p53 was found to be required for IEC
apoptosis.15–17 Studies showed that p53-mediated radiation-induced IEC apoptosis requires
expression of p53 up-regulated modulator of apoptosis (PUMA) and p53.18,19 Several
groups have shown that p53 mutations are an early event in chronic colitis and
dysplasia.20–24 One theory is that cells with dysfunctional (mutated) p53 fail to enact cell
cycle arrest and apoptosis predisposing to survival of cells harboring DNA mutation.25,26

Studies show that p53 loss of function is an early event in colitis-induced cancer.20–24,27,28

p53 Mutation is also associated with Crohn’s disease progression to dysplasia.29 Finally, in
the dextran sulfate sodium (DSS) mouse model of colitis, loss of p53 was found to
exacerbate the incidence and multiplicity of dysplasia and cancer found.30,31 However, the
involvement of p53 in immune-mediated apoptosis has not been fully explored.

In this study, we test the notion that p53 and PUMA are required for inflammation-induced
IEC apoptosis. Using both acute and chronic mouse colitis models, we show that p53
utilizes the intrinsic apoptosis pathway. Surprisingly, our data indicate that PUMA also
mediated apoptosis, but through a p53-independent pathway, and that both p53 and PUMA
knockout mice had similar levels of inflammation compared with wild-type (WT) mice
given 3 rounds of DSS. Thus, these data differ from radiation models and suggest that IEC
apoptosis in IBD occurs through p53 and PUMA.
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Materials and Methods
Mice and Treatments

C57BL/6, p53−/−, Bax−/−, and Bid−/− mice on the B6 background were purchased from the
Jackson Laboratory (Bar Harbor, ME). Experiments with PUMA−/− mice on C57BL/6
background were done in Dr. Lin Zhang’s laboratory at the University of Pittsburgh. Bak−/−,
Bim−/−, and Noxa−/− mice were kind gifts from Drs. Craig Thompson and Andreas Strasser.
Villin-Cre/IkkβF/F mice were used with permission from Michael Karin (University of
California, San Diego, CA). Mice were maintained under specific pathogen-free conditions
in the Northwestern University Medical School Animal Care Facility in accordance with
guidelines of the Northwestern University Animal Care and Usage Committee. Mice were
given intraperitoneal injection of 0.2 mg anti-CD3 monoclonal antibody (mAb) (145-2C11)
or control hamster mAb (UC8-IB9) and killed at different time points after the injection as
specified in results. Antibodies were purified from culture supernatant over a protein G
column (Amersham Pharmacia Biotech, Piscataway, NJ). For all mAbs, endotoxin levels are
tested using the limulus amebocyte assay (Biowhittaker Company, Walkersville, MD). B6,
p53−/−, and PUMA−/− mice were fed an AIN-76A diet (Research Diets, New Brunswick,
NJ) with 1.5% DSS (MP Biomedicals, Solon, OH) in their drinking water for 1 week
followed by 2 weeks of regular water.

Immunohistochemical Localization of Apoptotic Cells
Formalin-fixed, paraffin-embedded sections were stained for apoptotic cells by the terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) method with an in situ cell death detection kit according to the manufacturer’s
instructions (Roche, Indianapolis, IN). Standard immunohistologic methods were used to
stain for p53 (Santa Cruz Biotechnology, Santa Cruz, CA).

The number of TUNEL-positive epithelial cells were divided by the total number of
epithelial cells to yield the apoptotic index as follows: (number of positively stained
epithelial cells/number of total epithelial cells) × 100 = apoptotic index. A minimum of 10
crypts were counted for each mouse. The data are presented as the mean ± standard error of
mean. Two-tailed Student t test was used to evaluate differences between the control and
experimental groups. Differences were considered statistically significant when P < .05.

Epithelial Cell Isolation
Dissected mouse colons were opened lengthwise and held at 4°C in Ca2+- and Mg+-free
Hank’s balanced salt solution (HBSS) (CMF-HBSS). The tissue was then transferred to 5
mL CMF-HBSS containing 10 mmol/L dithiothreitol (1:100; Sigma, St. Louis, MO) and 50
nmol/L calyculin A (1:200; Wako, Richmond, VA) and incubated for 30 minutes at 4°C.
After incubation, the tube was shaken briefly and the tissue transferred to a fresh tube
containing 5 mL CMF-HBSS with 1 mmol/L EDTA and 50 nmol/L calyculin A. After
incubation at 4°C for 1 hour, epithelial cells were dislodged by vigorous shaking for 10–15
minutes. Large pieces of tissue were removed from the tube and discarded, and epithelial
cells were harvested by centrifugation at 300 rpm for 5 minutes. Supernatant was decanted,
and cells were snap frozen in liquid nitrogen. Flow cytometry confirmed purity of the
isolated epithelial cells with less than 2% CD45-positive contaminating cells.

Western Blotting
The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
using precast gels (Lonza, Rockland, ME) and transferred to polyvinylidene difluride
membrane (Millipore, Billerica, MA) using semidry electrotransfer apparatus (Bio-Rad,
Hercules, CA). The membranes were blocked with protein-free T20 blocking buffer (Pierce,
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Rockford, IL) and incubated with primary antibodies specific for p53 (Santa Cruz
Biotechnology), cleaved caspase 3 and 9 (Cell Signaling, Danvers, MA), caspase 8 p20
(Abcam, Cambridge, MA), and β-actin (Sigma) as a loading control followed by
corresponding anti-mouse or anti-rabbit secondary antibody at room temperature. Proteins
were detected by chemiluminescence (West Pico or West Dura kits; Pierce).

Human Colonic Specimens
Biopsy samples were obtained from patients 18 years or older undergoing diagnostic or
surveillance colonoscopy or surgical resections. No patients were pregnant, had a history of
intestinal surgery, bleeding diathesis, or coagulopathy. No control or UC patients were on
colitis treatment. Untreated active UC patients underwent colonoscopy for increased
symptoms (mean Ulcerative Colitis Disease Activity Index score of 9.8 ± 2.34). All patient
materials were approved by Northwestern University Office for the Protection of Human
Subjects.

Results
p53 Is a Critical Inducer of Apoptosis Following T-Cell Activation

Because T-cell activation is known to induce IEC apoptosis,7 we examined the role of p53
in IEC apoptosis following T-cell activation by anti-CD3 mAb. p53 Levels were assessed in
protein lysates from purified epithelial cells analyzed by Western blot. Data in Figure 1A
show that, within 3 hours of T-cell activation, IEC p53 levels increased significantly over
baseline and remained elevated for at least 12 hours. By 18 hours after anti-CD3 treatment,
p53 levels returned to baseline (Supplementary Figure 1A). Thus, these data were consistent
with the notion that T-cell activation stabilizes colonic epithelial p53 levels. As shown later,
we find this in human colitis as well.

To examine the requirement for p53 in immune-mediated epithelial apoptosis, tissues from
C57/BL6 WT and p53 knockout (p53−/−) mice were examined by staining for TUNEL and
cleaved caspase 3. Immunohistochemical (IHC) and Western blot data from anti-CD3
treated mice revealed that IEC apoptosis accelerated at times when IEC p53 protein
increased (Figure 1A and D, and Supplementary Figure 1B). IHC data show numbers of
apoptotic IECs increased in lower crypts, both in stem cell and transit-amplifying (mid-
crypt) regions (Figure 1B and C). There was little change in IEC apoptosis observed at the
surface of the crypts (Figure 1B, and Supplementary Figure 1B). While apoptosis may be
occurring in leukocyte populations (eg, T cells or B cells), only apoptotic epithelial cells
were counted. Therefore, immune cell activation induced apoptosis specifically in colonic
crypt epithelial cells. In p53−/− mice, numbers of apoptotic cells decreased 82% compared
with WT anti-CD3-treated mice (Figure 1B and C). Western blot analysis of purified IEC in
WT and p53−/− mice indicated T-cell activation induced caspase 3 and 9 cleavage through
p53-dependent mechanisms. Analysis of mucosal cytokine levels indicated that tumor
necrosis factor (TNF), interferon γ, interleukin (IL)-6, and IL-1β levels were increased by
T-cell activation more in p53−/− mice, where IEC apoptosis was less, than in WT mice
where there were more apoptotic cells observed (Supplementary Figure 2). These data
suggest that p53-mediated epithelial apoptosis in the colon is largely mediated via the
intrinsic pathway. Interestingly, even in p53-deficient mice, there was still increased IEC
apoptosis albeit far less than in WT mice.

PUMA Is a Major Contributor to T-Cell Activation-Induced Crypt Cell Apoptosis
To explore which mediators were involved in inducing the intrinsic pathway of apoptosis by
immune cell stimulation, intestinal TUNEL staining was assessed in Bcl-2 family and BH3-
only gene knockout mice. Analysis of apoptotic indices of isolated deficiencies revealed that
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singular deficiency of Bid, Bim, Bak, Bax3, or Noxa had no effect on IEC apoptosis (Figure
2A). In contrast, IEC apoptosis was greatly reduced in PUMA-deficient compared with WT
mice (Figure 2A). T-cell activation induced PUMA and NOXA expression in WT and to a
lesser extent in p53−/− mice (Figure 2B). It was previously shown that basal levels of TNF,
IL-1, IL-6, and IL-1β are elevated in p53−/− mice (Komarova et al32). Thus, elevated
expression of Noxa and PUMA at time 0 may reflect heightened inflammatory cytokine
stimulation in these mice. Because the Fas and perforin are both implicated in IEC
apoptosis,33 we examined whether these apoptotic factors were dependent on p53. Data in
Figure 2B show T-cell activation induced epithelial Fas and perforin in WT mice. By
comparison, results indicate that p53 deletion abrogated Fas and perforin induction (Figure
2B). Taken together, these data suggest Fas and perforin are likely downstream of p53 and
implicate PUMA as a mediator in p53-independent IEC apoptosis.

To examine directly the role of PUMA in IEC apoptosis, the induction of apoptotic effector
proteins were examined in WT and PUMA−/− mice. PUMA deficiency attenuated activation
of the caspases 3 and 9 relative to WT mice (Figure 2C). Caspase 8 activation remained
unaffected in all conditions, suggesting that extrinsic pathways of apoptosis were not
involved. Furthermore, PUMA deficiency did not abrogate the p53 induction seen in WT
mice (Figures 1A and 2D, see densitometry data). Noxa was also induced in PUMA−/−

(Supplementary Figure 1C). The enhanced induction of Noxa in PUMA−/− mice relative to
WT may reflect compensation for PUMA deficiency; however, Figure 2A suggests that
Noxa is not required for inflammation-induced IEC crypt apoptosis. PUMA deficiency
attenuated Fas and perforin induction. These data indicate that caspase 3 and 9 activation,
Fas and perforin induction, but not p53 stabilization were dependent on PUMA.

To investigate a mechanism for p53-independent PUMA induction, villin-Cre/IkkβF/F mice
were examined. Previous data suggested that nuclear factor (NF)-κ B contributes to PUMA-
mediated IEC apoptosis.34 These results differ from observations in Ikkβ-deficient mice
where loss of NF-κB signaling increased colitis-induced IEC apoptosis.35 Data here show
that Ikkβ deficiency failed to attenuate T cell-induced IEC apoptosis and p53 stabilization
(Supplementary Figure 3). Interestingly, PUMA induction was blunted in Ikkβ-deficient
mice. These data suggest that epithelial NF-κB does not play a role in IEC apoptosis despite
apparent regulation of PUMA expression.

Apoptosis Is Differentially Induced in Plateau vs Crypt IECs in Acute and Chronic DSS-
Treated Mice

Although mucosal ulceration is seen in acute and chronic disorders of mucosal
inflammation, chronic architectural distortion is a hallmark of epithelial responses in human
IBD.36 To examine mechanisms of IEC apoptosis in the DSS mouse model of colitis, we
compared morphologic features after 1 and 3 cycles of 1.5% DSS in the drinking water to
determine during which interval histologic changes most mimic human IBD (Figure 3A).
Analysis of tissue histology from mice following the first round of DSS treatment indicated
changes with acute disease. Acute colitis was evidenced by acute inflammatory infiltrates,
cryptitis, and superficial ulceration (Figure 3A, center panel). Notably absent were signs of
goblet cell depletion or crypt branching, both signs of chronic inflammation. After 3 cycles
of DSS, there was crypt architectural distortion with goblet cell dropout, crypt branching,
and separation of crypts from the hypertrophied muscularis by chronic infiltrates (Figure 3A,
right panel). TUNEL staining for apoptotic cells in these tissues show that, during acute
phases of disease, increased numbers of apoptotic cells predominate on the epithelial
surface. In contrast, increased lower crypt IEC apoptosis predominated in tissue with
chronic inflammation (Figure 3B and C). Overall, these data suggest that chronic
inflammation preferentially induces IEC apoptosis in lower crypt populations, a finding we
later show correlates to human IBD (Figure 5).
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p53 Mediates Epithelial Cell Apoptosis in DSS Colitis
Given that chronic (ie, after 3 cycles) DSS colitis most resembled human IBD, this DSS
disease model was utilized to assess the role of p53 and PUMA in colitis-induced IEC
apoptosis. TUNEL staining for apoptotic cells in WT, p53−/−, and PUMA−/− mice was
compared. By day 53, IEC apoptosis was markedly reduced in p53−/− mice, as compared
with colitic WT mice (Figure 4A and B). Western blotting of lysates from colon epithelial
cells showed that, during chronic colitis, just as with anti-CD3 treatment, p53 protein levels
increased relative to noncolitic (WT) mice (Figure 4C). Furthermore, expression of PUMA,
but not Noxa, was elevated (Figure 4C). PUMA, however, was also induced in the epithelial
cells of p53−/− just as in WT mice by chronic disease indicating a possible p53-independent
pathway for inducing PUMA during chronic colitis.

Finally, it was determined which caspases become activated during DSS colitis. Caspases 3
and 9 became activated in WT mice as there was an increase in the cleaved forms (Figure
4D). In both p53−/− and PUMA−/− mice, there was a significant reduction in the amounts of
cleaved forms of caspases 3 and 9 detected. These data indicate that p53 and PUMA are
important regulators of intrinsic apoptosis during chronic colitis.

p53 and PUMA Are Induced in Human Chronic UC
Biopsy samples taken during colonoscopy were examined for p53 stabilization and
apoptosis in epithelial cells as a result of human UC. Specimens from noninflamed patients
have very few p53-positive and apoptotic epithelial cells (Figure 5A). Furthermore,
apoptosis of the crypt epithelial cells is even rarer in control tissue. In tissue from untreated,
inflamed UC patients, however, many more p53-positive and TUNEL positive colon
epithelial cells were detected, especially in lower to midcrypt regions (Figure 5A).
Consistent with our mouse models, Western blotting revealed that p53 and PUMA levels
were elevated in biopsy material from UC patients relative to control patients. Therefore,
data in human tissue were consistent with mouse data that indicate IEC apoptosis is induced
via p53- and PUMA-dependent mechanisms during chronic colitis.

Discussion
Much remains unknown about the molecular mechanisms for IEC apoptosis during chronic
inflammation. To address the mechanisms for colitis-induced IEC apoptosis, we sought to
identify suitable mouse models representative of observations from human disease. In
patient samples, we found increased IEC apoptosis localized to lower crypt regions within
areas of crypt architectural distortion. Mouse models of anti-CD3-induced apoptosis
resembled features of crypt-based apoptosis. Chronic (3 cycles), but not acute (1 cycle),
DSS colitis most mimicked human disease based on histologic and biochemical
observations. Using these mouse models of mucosal inflammation, we found that IEC
apoptosis involves induction of the intrinsic apoptosis pathway associated with caspase 9,
rather than caspase 8, cleavage. Mechanistically, we found p53-dependent and p53-
independent PUMA-mediated apoptosis of IECs during chronic inflammation. These novel
findings allowed us to interrogate whether inflammation was affected in mice with
attenuated IEC apoptosis. In p53 and PUMA deficient mice, IEC apoptosis was significantly
reduced, but tissues were equivalently inflamed compared with WT. Taken together, these
studies support the model that chronic inflammation induced robust IEC apoptosis in lower
crypts is mediated by the intrinsic mitochondrial pathway.

Data presented here suggest inflammation invokes distinct apoptotic mechanisms than those
observed during normal homeostasis. Apoptosis during normal regulation of intestinal
homeostasis is largely only observed in non-proliferative regions of the small bowel and
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colon.1 Cells shed into the lumen from the luminal surface at the end of their life cycle die
by a anoikis, detachment-induced cell death.37 Data presented here show that immune
activation most significantly increased the number of apoptotic IECs in the proliferative
lower crypt regions both in mouse inflammatory models and during human IBD. These
observations are of note because this implies that the apoptotic stimuli from inflammation
induced by T-cell activation and IBD most affect IECs in the stem cell and transit-
amplifying niches.

Consistent with the above, we and others report that p53 is stabilized in crypt IEC in human
UC.38 Increased p53 in IBD tissue is a physiologic consequence of oxidative stress.23

Inflammation-induced reactive oxygen species and nitric oxide leads to p53 stabilization and
accumulation, thereby leading to p53 activation in, and elimination of, damaged cells.25,39

We also detected enhanced p53 stabilization following acute activation of T cells in mice
with anti-CD3 treatment (Figure 1). Examination of p53 levels after T-cell activation
revealed that levels returned to baseline after the inflammatory stimulus abated, indicating
p53 stabilization was not associated with mutation or loss of heterozygosity (data not
shown). In murine model indicative of a significant role for p53 in response to immune
stimulation, fewer apoptotic IECs were detected in p53−/− mice after anti-CD3 injection or
after 3 cycles of DSS colitis (Figures 1 and 4). Together, these data suggest that p53 plays an
integral role in inducing cell death in IECs during chronic inflammation. Excess production
of nitric oxide, however, can induce p53 gene mutations. Additionally, cells lacking
functional p53 are less sensitive to nitric oxide-induced apoptosis.25,26 This may explain
why loss-of-function p53 mutations are found early in the progression of colitis-induced
dysplasia to cancer. The notion that mutated p53 is procarcinogenic in IBD is supported by
the finding that tumorigenicity is enhanced in p53−/− mouse models of colitis.30,31 Thus,
given that chronic inflammation enhances DNA damage,25 without p53-induced apoptosis,
aberrant cells are not eliminated and cancer ensues.

We detected increased PUMA levels following anti-CD3 treatment and DSS colitis in WT
and p53−/− mice. These data are consistent with the IEC response to ischemia reperfusion
where PUMA expression and apoptosis were also unchanged in p53−/− mice.40 These data
need to be reconciled with findings that PUMA is required for virtually all p53-mediated
apoptosis.41 PUMA can be up-regulated by other transcription factors other than p53
including c-myc, FoxO3a, p73, and E2F1.41 Thus, several candidates exist that may explain
PUMA induction by T-cell activation or chronic colitis as detected in p53−/− mice. The data
here therefore suggest that PUMA regulates survival and repair of the epithelial barrier
during colitis.

We show that IEC apoptosis in colitis increases specifically in crypt bases and not among
differentiated cells on the surface plateau region (Figures 3–5). The findings presented here
differ from previous reports in cell lines and following in vivo infusion of exogenous TNF
injection or inducing ischemia reperfusion.40,42–44 These models largely detected apoptosis
in differentiated epithelial cell populations such as cells on the villous surface. Apoptosis
was found to be independent of p53.40,43 We propose that mechanisms operating during
colitis utilize p53- and PUMA-dependent mechanisms to selectively induce apoptosis
through mitochondrial pathways, caspase 3 and 9-mediated, within crypt populations. Other
reports have implicated death domain containing receptors such as Fas, death receptor 5, and
TNFR1 in IEC apoptosis.33,43,45 These results suggested that extrinsic pathways of
apoptosis, caspase 8 mediated, predominate during inflammation. Our results suggest a
different interpretation. Our detection of caspases 3 and 9, but not 8, activation is consistent
with the model that inflammation induces IEC apoptosis through direct intrinsic rather than
indirect extrinsic signaling. Therefore, we predict that apoptosis would be attenuated in Bax/
Bak double knockouts, which were not examined here.46 In fact, multiple other systems
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have been described where signaling through death domain surface receptors (TNFR1 and
FasL) induce apoptosis through mitochondrial mechanisms.47 Taken together, these data
present new insight into the mechanisms of IEC apoptosis in colitis. We suspect that
mechanisms will be “context-dependent,” thus villous enterocytes are susceptible to
apoptosis by tissue ischemia or high-dose TNF (which may induce ischemia), whereas crypt
base enterocytes are susceptible to inflammatory apoptotic signals.

Both p53 and PUMA protein levels were increased in IECs from UC patients (Figure 5).
Our results from mouse models further enhance our understanding of these events as they
suggest that increased IEC apoptosis in IBD is largely due to p53 and PUMA. In areas of
increased WT p53 and PUMA, these proteins cooperate to induce cell death in cells with
DNA damage. In areas with mutated p53, we predict that WT PUMA plays a larger role. We
suspect both p53 and PUMA play key roles in deleting IEC from pools of rapidly
proliferating cells. It seems likely that epithelial progenitors harboring DNA errors function
less well and threaten the integrity of crypt structures. In these cases, induction of WT p53
and PUMA may promote a normal epithelial reaction to an abnormal mucosal inflammatory
response. These mechanisms would also function to protect against survival of mutant
progenitor cells with dysplastic potential. In the setting of “gain of function” mutations, p53
may induce excessive apoptosis and impair mucosal healing. In crypts harboring IEC with
“loss of function” mutations, deficient p53-mediated apoptosis may allow mutant IEC
clones to persist and accumulate other mutations on their way to cancer. Thus, the results
have direct relevance to both mechanisms of IEC apoptosis in non-neoplastic colitis as well
as in areas of neoplastic transformation.
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Refer to Web version on PubMed Central for supplementary material.
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Bak Bcl-2 homologous antagonist killer

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

Bid BH3 interacting domain death agonist

CMF-HBSS Ca2+- and Mg+-free Hank’s balanced salt solution

DSS dextran sulfate sodium

HBSS Hank’s balanced salt solution

IBD inflammatory bowel disease

IEC intestinal epithelial cell
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IL interleukin

IHC immunohistochemistry

mAb monoclonal antibody

NF-κB nuclear factor-κB

p53 tumor protein 53

PUMA p53 up-regulated modulator of apoptosis

TNF tumor necrosis factor

TNFR1 tumor necrosis factor receptor 1

UC ulcerative colitis

WT wild type
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Figure 1.
p53 Stabilization is induced by T-cell activation and required for colonic crypt cell
apoptosis. (A) Western blot for p53 in isolated colonic crypts of untreated versus anti-CD3
treated wild-type (WT) mice killed 3, 6, and 12 hours after injection. Densitometry data
shows p53 induction over time with T-cell activation relative to control untreated mice and
normalized to actin. (B) TUNEL staining of colonic sections of untreated and anti-CD3
treated WT and p53−/− mice. Anti-CD3 treated mice were killed 24 hours after injection.
Arrows point to TUNEL-positive apoptotic epithelial cells. (C) Bar graph of apoptotic index
(see Materials and Methods section) is shown. (D) Western blots for cleaved caspases 3 and
9 and caspase 8, p20. Isolated colonic IECs from WT and p53−/− mice were analyzed at 0, 3,
6, and 12 hours after anti-CD3 injection. β-actin was used as a loading control.
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Figure 2.
PUMA is required for T cell-activation induced crypt cell apoptosis. (A) Apoptotic indeces
determined from TUNEL staining of colon tissue from untreated and anti-CD3 injected
BID−/−, BIM−/−, Bax−/−, Bak−/−, PUMA−/−, and Noxa−/− mice 24 hours after treatment. (B)
Western blotting for Puma, Noxa, Perforin, and Fas in WT and p53−/− IECs at the indicated
time after anti-CD3 injection. (C) Western blotting for activated caspases 3, 8, and 9 in
isolated IECs from control and anti-CD3 treated WT and PUMA−/− mice. (D) Western
blotting for p53, Noxa, Fas, and Perforin in PUMA−/− mice at 0, 3, and 12 hours after
treatment. Densitometry data shows p53 induction over time with T-cell activation relative
to control untreated mice and normalized to actin. β-actin was used as a loading control.
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Figure 3.
Three-cycle DSS treatment resembles changes seen in UC. (A) Schematic of the DSS
feeding protocol and the accompanying H&E-stained colon tissue from mice killed 4 days
after either 1 or 3 cycles of 1.5% DSS. (B) TUNEL staining of colons from untreated WT
mice or 1 or 3 cycle DSS-treated mice. 20X and 40X Magnifications are shown. (C)
TUNEL-positive cells on the plateau vs in the crypt base after 0, 1, or 3 cycles of DSS were
quantified per grade 3 colitic high-powered fields (hpf). The asterisk indicates that the mean
TUNEL-positive crypt IECs in cycle 3 are significantly (P< .05) higher than in cycle 1, as
determined by t test. Five mice were analyzed in each group and a minimum of 10 hpf per
mouse were counted. (D) Colitis scores were determined by analyzing H&E-stained sections
from WT, p53−/−, and PUMA−/− untreated relative to 3 cycle DSS-treated mice.
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Figure 4.
Crypt epithelial apoptosis in DSS colitis is p53 and PUMA dependant. (A) TUNEL staining
for apoptotic IEC in 3-cycle 1.5% DSS treated WT, p53−/−, and PUMA−/− mice. (B)
Apoptotic index indicating relative levels of apoptotic IECs in DSS-treated WT, p53−/−, and
PUMA−/− mice. Asterisk indicates P<.05 relative to DSS treated WT mice. (C) Western
blots for p53, PUMA, and Noxa levels in DSS-treated WT and p53−/− mice relative to
untreated WT controls. (D) Western blotting for activated caspases 3, 8, and 9 in isolated
colon IECs of WT and 3 cycle 1.5% DSS-treated WT, p53−/−, or PUMA−/− mice. β-actin
was used as a loading control.
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Figure 5.
p53 And PUMA are both induced in UC patients. (A) Colonic biopsy specimens from
normal control study patients and untreated UC patients were stained for p53 and TUNEL.
(B) The apoptotic index was determined in the human patient samples analyzed. Biopsy
specimens from 5 normal and 6 UC patients were analyzed. Asterisk indicates p<.005
relative to normal patients. (C) p53 and PUMA protein levels were analyzed by Western blot
analysis of protein extracts from normal control biopsy specimens relative to those from UC
patients. β-actin was used as a loading control.
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