
Role of p53 in regulating tissue response to radiation by
mechanisms independent of apoptosis

Chang-Lung Lee1, Jordan M. Blum2, and David G. Kirsch1,2,*

1Department of Radiation Oncology, Duke University Medical Center, Durham, North Carolina
27710, USA
2Department of Pharmacology & Cancer Biology, Duke University Medical Center, Durham, North
Carolina 27710, USA

Abstract
Radiation exposure leads to diverse outcomes in vivo across different tissues and even within the
same cell lineage. The diversity of radiation response in vivo is at least partially attributable to the
status of the tumor suppressor p53, a master regulator of cellular response to stress, and activation
of its transcriptional targets. In certain cells, such as hematopoietic progenitors and transit
amplifying cells in the gastrointestinal epithelium, activation of p53 by radiation triggers the
intrinsic pathway of apoptosis. However, in many other cells, activation of p53 by radiation does
not result in apoptosis, which underscores the importance of understanding the role of p53 in
regulating radiation response through alternative mechanisms. In this review, we summarize
recent studies using genetically engineered mice to dissect the role of p53 in 1) cells where its
activation is dissociated from the intrinsic pathway of apoptosis, such as hematopoietic stem cells
and vascular endothelial cells and 2) tissues where activation of the intrinsic pathway of apoptosis
does not promote the acute radiation syndrome, such as the gastrointestinal epithelium. We
highlight findings showing that the apoptosis-independent response of p53 to radiation in vivo can
contribute to death or survival in a cell-type dependent manner, which underscores the complexity
by which p53 regulates the cellular and tissue response to radiation.

Keywords
Apoptosis; Cell cycle arrest; Normal tissue injury; p53; Radiation

Introduction
The tumor suppressor p53 is a master regulator of cellular response to radiation (1–3). p53 is
a multifunctional transcription factor containing two transcriptional activation domains that
can independently enhance transcription of downstream target genes, and a DNA binding
domain responsible for sequence-specific binding of p53 to its response elements (4). Upon
radiation exposure, activation of the DNA damage response increases the level of p53
protein in cells primarily by promoting protein translation (5) and inhibiting protein
degradation (6). Accumulation of p53 protein in the nucleus induces a variety of
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downstream signaling pathways that mediate cellular response to stress (7, 8). Activation of
p53-mediated signaling can cause cell cycle arrest and facilitate DNA repair, which promote
cell survival, or induce the intrinsic pathway of apoptosis and cell senescence, which
augment cell death. Therefore, p53 plays a crucial role in controlling cellular fate after
irradiation.

Several factors influence the p53 response following irradiation, including the intensity of
stress, the presence of co-factors that interact with p53, and DNA binding cooperativity of
p53 (7, 9). Additionally, it has been shown in mice that total-body irradiation induces p53
and its downstream signaling in vivo in a tissue-dependent manner (8, 10, 11). For example,
activation of p53 results in dramatically increased pre-mitotic apoptosis in tissues that have a
rapid turnover rate such as the hematopoietic system and the gastrointestinal epithelium. To
the contrary, in tissues with a slower turnover rate, such as the myocardium, accumulation of
p53 following radiation does not cause a significant increase in pre-mitotic apoptosis, but
instead induces genes that control cell-cycle checkpoints such as the cyclin-dependent
kinase inhibitor p21. Moreover, recent studies in the hematopoietic system suggest that p53
activation results in a distinct response in stem cells versus progenitors (12, 13). Thus, these
findings reveal the diversity of p53 response following radiation in vivo and underscore the
significance of dissecting the mechanisms by which p53 controls radiation response in a
cell-type specific manner.

To dissect the role of p53 in response to radiation in vivo, several groups have performed
mechanistic studies using mice that either lack p53 or its transcriptional targets, or using the
Cre-loxP system (14) to spatially and/or temporally disrupt p53 in mice. In this review, we
summarize recent advances in understanding the role of p53-mediated signaling in
regulating radiation response through mechanisms that are independent of apoptosis in the
hematopoietic system, the gastrointestinal epithelium and vascular endothelial cells.

Role of p53 in controlling radiation response in hematopoietic stem and
progenitor cells
Radiation causes acute and long-term toxicity in the hematopoietic compartment

The hematopoietic system is very sensitive to radiation. After irradiation, a rapid increase in
pre-mitotic apoptosis ablates hematopoietic progenitor cells and more differentiated
hematopoietic cells (15), leading to acute hematological radiation toxicity due to the short-
term loss of functioning blood cells (16, 17). The overall response of the hematopoietic
compartment is mediated by apoptosis in the acute phase following radiation exposure,
coupled with long-term defects in hematopoietic stem cells (HSCs) after the recovery phase
(18). The reduction in fitness of irradiated HSCs, which is associated with cell senescence
(18–20), has been demonstrated using competitive repopulation assays. HSCs from mice
that are exposed to lethal or sub-lethal doses of total-body irradiation have a dramatic
decrease in long-term engraftment in the bone marrow compared to unirradiated HSCs (19,
21, 22). Collectively, these results demonstrate that radiation exposure causes short-term and
long-term damage to the hematopoietic compartment. While acute hematological radiation
toxicity is primarily attributed to apoptosis, chronic hematological toxicity is at least
partially caused by apoptosis-independent mechanisms.

Loss of p53 ameliorates acute hematological radiation toxicity by blocking apoptosis
Radiation induces the DNA damage response to active p53 in hematopoietic stem cells and
progenitors (HSPCs) (12, 13, 23). However, the response of p53 to radiation varies between
stem and progenitor cells. While p53 activation engages radiation-induced apoptosis in
hematopoietic progenitors, activation of p53 in short-term HSCs does not induce the
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intrinsic pathway of apoptosis. Moreover, radiation does not induce detectable levels of
phosphorylated p53 in long-term HSCs (13). It has been shown that p53 is necessary to
promote radiation-induced apoptosis in hematopoietic cells because deletion of p53 in mice
(p53−/− mice) dramatically abrogates radiation-induced apoptosis and ameliorates acute
hematological radiation toxicity (24–26). The essential role of p53-mediated apoptosis in
acute hematopoietic toxicity is further demonstrated using mice that lack PUMA (p53
upregulated modulator of apoptosis), a transcriptional target of p53 that activates the
intrinsic pathway of apoptosis (27, 28). Compared to PUMA+/+ mice, both PUMA+/− and
PUMA−/− mice are resistant to acute hematological radiation toxicity due to a dramatic
decrease in apoptosis in hematopoietic progenitor cells (29, 30).

Loss of p53 improves long-term engraftment potential of irradiated hematopoietic stem
cells

It has been challenging to study long-term effects of radiation on the hematopoietic system
in p53−/− mice due to the extremely high penetrance of spontaneous lymphomas (31, 32).
Recent studies investigated how p53 controls long-term fitness of HSPCs after total-body
irradiation using bone marrow chimeric mice that harbor only a small portion of p53-
deficient cells. Marusyk et al. generated bone marrow chimera containing approximately
15% GFP-tagged p53−/− cells. After 2.5 Gy total-body irradiation, the percentage of p53−/−

peripheral blood cells in chimeric mice increased significantly compared to unirradiated
controls, indicating that p53 disruption confers radioresistance and facilitates clonal
expansion of HSPCs (33). These results indicate that deletion of p53 in HSPCs improves
their clonogenic capacity after irradiation over HSPCs with wild-type p53 because radiation-
induced apoptosis is blocked in progenitors and because stem/progenitor cells are protected
from radiation-induced loss of fitness.

To address a similar question, Bondar et al generated a novel conditional allele in which a
GFP-tagged oncogenic p53 mutant R172H (mp53) can be temporally induced in the whole
animal by tamoxifen. Injection with a single dose of tamoxifen created bone marrow
chimeric mice that contain a small portion (<5%) of mp53 cells in peripheral blood. After
exposure to 2.5 Gy total-body irradiation, the percentage of mp53 blood cells increased
dramatically and even persisted 200 days after irradiation, demonstrating the expansion of
mp53 cells in the long-term HSC pool (34). Interestingly, induction of mp53 either two days
before or 7 days after irradiation, when the DNA damage response is diminished,
significantly increased the percentage of mp53 cells in hematopoietic cells. These results
indicate that in addition to the DNA damage response, stress stimuli that are secondary to
radiation, such as increased reactive oxygen species (22, 35, 36), impair the fitness of
HSPCs that have functional p53. In addition, deletion of cyclin-dependent kinase inhibitor
2A gene, which transcribes both p16INK4a and p19ARF in mice (37), partially improves the
clonogenic capacity of p53-wild type HSPCs after irradiation, suggesting that senescence
contributes to radiation-induced defects in HSPCs. Together, these findings indicate that a
permanent change in p53 activity improves the fitness of HSPCs by blocking acute
apoptosis, which is induced by the DNA damage response and by suppressing delayed
senescence, which may be induced by an altered microenvironment after irradiation.

Deletion of p21 allows human fibroblasts to bypass senescence in response to DNA damage
(38), suggesting that p21 may also play a role in regulating radiation-induced senescence in
vivo. However, different groups have shown that loss of p21 exacerbates defects in long-
term engraftment potential of irradiated HSCs (13, 39). These data indicate that p21 is
necessary to protect HSCs against radiation. Interestingly, Insinga and colleagues found that
radiation upregulated p21 in short-term HSCs and long-term HSCs via p53-dependent and
p53-independent mechanisms, respectively (13). In addition, p21 protein actually suppressed
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radiation-induced p53 activation in long-term HSCs, because deletion of p21 in long-term
HSCs increased phosphorylated of p53 protein and apoptosis after irradiation. These results
indicate that p21 regulates the response to radiation in HSCs through mechanisms that either
dependent or independent of p53. Further studies are warranted to understand the
mechanisms by which radiation induces p21 in a p53-independent manner and how p21
suppresses p53 activation in long-term HSCs after irradiation.

Summary
A reduced level of p53 in the hematopoietic compartment promotes radiation resistance,
making p53 a promising target for preventing the acute hematopoietic syndrome and/or
residual bone marrow toxicity. However, the manner in which p21 cooperates with p53 to
regulate radiation response in short-term and long-term HSCs remains to be better
understood (Figure 1A). In addition, there is a concern about the long-term consequences of
reducing p53 (such as thymic lymphoma) during radiation because of its function as a tumor
suppressor (40). Therefore, further studies are warranted to evaluate the effect of
temporarily blocking p53 during irradiation on radiation toxicity of the hematopoietic
system and radiation-induced cancer.

Role of p53-mediated signaling in the radiation-induced gastrointestinal
(GI) syndrome
Loss of p53 sensitizes mice to the radiation-induced GI syndrome

Exposure of the gastrointestinal (GI) tract to radiation causes acute gastrointestinal toxicity
or the GI syndrome (41). The GI syndrome is caused by destruction of the GI epithelium,
which leads to infection and loss of fluid and electrolytes (42, 43). The integrity of the small
intestine is dependent on a constant state of renewal driven by the stem cells residing in the
crypts. Radiation impairs the regeneration of intestinal epithelium predominantly by
inducing cell death in crypt epithelial cells (44, 45). Crypt epithelial cells are highly
sensitive to radiation-induced pre-mitotic apoptosis, which occurs within a few hours after
irradiation (44). It has been shown that p53-mediated signaling plays a pivotal role in
promoting pre-mitotic apoptosis of crypt epithelial cells because crypt epithelial cells in
p53−/− mice are dramatically resistant to radiation-induced apoptosis that occurs 4 to 6 hours
after irradiation (46, 47).

While crypt epithelial cells in p53−/− mice are resistant to radiation-induced apoptosis,
p53−/− mice are surprisingly more sensitive to the radiation-induced GI syndrome (26).
Detailed time course studies after radiation exposure show that p53−/− mice have a delayed
onset of cell death in crypt epithelial cells that occurs approximately 24 hours after
irradiation (48). Thus, it is possible that loss of p53 sensitizes crypt epithelial cells to mitotic
death, which results from aberrant segregation of the genomic DNA during mitosis (49, 50).
Mitotic catastrophe is frequently observed in cells that have a defect in cell cycle
checkpoints (50). Indeed, in the first 24 hours after irradiation, crypt epithelial cells of
p53+/+ mice show a decrease in cell proliferation; however, crypt epithelial cells of p53−/−

mice have a defect in cell cycle arrest and continue to proliferate (26, 48). Collectively,
these results indicate a diverse role of p53 in regulating the survival of crypt epithelial cells.

The intrinsic pathway of apoptosis in GI epithelial cells does not contribute to the
radiation-induced GI syndrome

To specifically investigate the role of the intrinsic pathway of apoptosis in the radiation-
induced GI syndrome, we utilized the Cre-loxP system to generate mice with GI epithelium-
specific deletion of Bak (Bcl-2 homologous antagonist killer) and Bax (Bcl-2 associated X
protein) (VillinCre; BaxFL/−; Bak−/−) (51). Bak and Bax are key pro-apoptotic proteins that
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govern mitochondrial outer membrane permeabilization to irreversibly initiate the intrinsic
pathway of apoptosis (52, 53). Remarkably, deletion of both Bak and Bax in the GI
epithelium decreased radiation-induced apoptosis in crypt epithelial cells, but it did not
protect mice from the radiation-induced GI syndrome (51). In contrast, specific deletion of
p53 in the GI epithelium significantly exacerbated the GI syndrome, which recapitulates the
phenotype that was observed in p53−/− mice (51). Moreover, deletion of Bak and Bax did
not rescue the radiation sensitivity of the GI tract resulting from loss of p53. Together, these
results demonstrate that 1) survival from the GI syndrome is not increased by blocking the
intrinsic pathway of apoptosis in GI epithelial cells and 2) loss of p53 sensitizes GI epithelial
cells to radiation through mechanisms that are independent of pre-mitotic apoptosis.

Loss of PUMA protects mice from the GI syndrome via the cyclin-dependent kinase
inhibitor p21

Other groups also investigated the role of p53-mediated apoptosis in controlling the
radiation-induced GI syndrome using mice with whole animal knockout of PUMA (54).
Remarkably, PUMA−/− mice not only showed a defect in radiation-induced apoptosis in the
crypts, but also had improved survival from the GI syndrome (54). These results suggest that
blocking PUMA-mediated apoptosis may protect mice from the GI syndrome, which
appears to contradict the results using mice with GI epithelium-specific deletion of Bak and
Bax. However, because PUMA functions upstream of Bak and Bax to initiate pre-mitotic
apoptosis (10), it is possible that deletion of PUMA protects mice from the GI syndrome
through mechanisms that are independent of its role in regulating apoptosis (55). Indeed,
through mechanisms that are not well understood, the GI epithelium of PUMA−/− mice has
elevated levels of the cyclin-dependent kinase inhibitor p21 (54, 56). Thus, up-regulation of
p21 may function in the resistance to the radiation-induced GI syndrome resulting from
deletion of PUMA.

The role of p21 in the radiation-induced GI syndrome has been examined in several studies
using p21−/− mice. The results from these studies demonstrate that p21−/− mice are more
sensitive to the radiation-induced GI syndrome than mice retaining functional p21 (26, 51,
56), indicating that p21-mediates signaling is necessary to prevent mice from developing the
GI syndrome. To elucidate whether p21 is necessary for the resistance of PUMA−/− mice to
the GI syndrome, Leibowitz et al. investigated the radiation-induced GI syndrome in p53−/−,
PUMA−/−, p21−/− and PUMA−/−; p21−/− (double knockout) mice (56). Their results showed
that PUMA−/−; p21−/− mice developed the radiation-induced GI syndrome significantly
faster than PUMA−/− mice, indicating that p21 is also necessary to confer resistance to the
GI syndrome in PUMA−/− mice. Remarkably, although p53−/−, p21−/− and PUMA−/−;
p21−/− mice were more sensitive to the GI syndrome compared to wild-type mice; these
mice all had a significantly higher number of regenerated crypts in the small intestine 72
hours after irradiation, which is likely due to compromised cell cycle arrest (57, 58). Defects
in cell cycle arrest in these mice elicit a higher percentage of crypt cells that undergo
aberrant mitosis or mitotic catastrophe, which results in delayed cell death after irradiation
(56). Consistent with this model, we found that “super p53 mice”, which harbor an extra
copy of p53 (59), are more resistant to the radiation-induced GI syndrome via a mechanism
that is also dependent on p21 (14, 60). Taken together, these results demonstrate a pivotal
role of the p53/p21 axis in protecting mice against the radiation-induced GI radiation
syndrome by preventing crypt cells from premature mitotic entry after irradiation.

Mitotic catastrophe contributes to cell death in intestinal stem cells after irradiation
The increased sensitivity of p53−/− and p21−/− mice to GI syndrome reveals that certain
types of intestinal stem cells (ISCs) (61) essential to regenerate the GI epithelium after
radiation injury may be killed through mitotic catastrophe. Indeed, in the small intestine of
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wild-type mice, radiation not only induces pre-mitotic apoptosis, but also causes aberrant
mitosis and mitotic death in crypt epithelial cells (51, 62). To elucidate the mechanisms by
which ISCs die from radiation, a recent study(63) investigated the radiosensitivity of Lgr5+

crypt base columnar cells (CBCs), a group of ISCs that can reconstitute at least part of the
GI tract (64). Hua and colleagues found that radiation exposure caused a dose-dependent
decrease in CBCs in the small intestine. In addition, an irreversible loss of CBCs in the
small intestine was observed at a radiation dose that caused the GI syndrome (15 Gy).
Remarkably, the majority of CBCs were depleted around 1 to 3.5 days, rather than a few
hours, after 15 Gy, suggesting that the majority of CBCs died from mitotic death after
irradiation. Together, these results reveal a strong association between mitotic catastrophe of
CBCs and the onset of the radiation-induced GI syndrome.

Summary
The diverse effect of p53-mediated signaling on radiosensitivity of the GI epithelium reveals
the complex biology of the radiation-induced GI syndrome (Table 1). While some crypt
epithelial cells are highly sensitive to radiation-induced apoptosis, which is largely
dependent on p53 activation, blocking the intrinsic pathway of apoptosis in the GI
epithelium does not significantly influence the GI syndrome. In contrast, studies with p53−/−

and p21−/− mice demonstrate the significance of the p53/p21-mediated cell cycle arrest
pathway in preventing mitotic catastrophe in crypt epithelial cells after irradiation (Figure
1B). Given that multiple types of ISCs may contribute to regeneration of the small intestine
after radiation injury (65), future studies using mouse genetics to manipulate p53 expression
in specific types of ISCs would provide insight into how p53-mediated apoptosis and cell
cycle arrest cooperate to regulate the radiation-induced GI syndrome.

Role of p53-mediated signaling in response of endothelial cells to radiation
The vascular endothelium is a critical to maintain the architecture and function of blood
vessels. Damage to endothelial cells significantly contributes to the pathogenesis of acute
and late effects of radiation (66, 67). For example, animal models show that radiation causes
ultrastructural endothelial degeneration and a substantial decrease in microvessel density in
the myocardium, which occurs prior to the onset of radiation-induced myocardial injury
(68–72). Radiation causes endothelial cell death or dysfunction through a variety of
mechanisms including apoptosis (73), senescence (74, 75) and mitotic death (75). In vitro
studies using endothelial cells from different sources indicate that radiation induces
expression of p53 protein and its transcriptional targets, such as the cyclin-dependent kinase
inhibitor p21. However, the mechanism through which p53 influences radiation response in
endothelial cells is controversial. Some studies indicate that blocking p53-mediated
signaling improves survival of endothelial cells in vitro by suppressing apoptosis or
senescence (74, 76), while others using endothelial cells isolated from p53−/− mice to show
that deletion of p53 sensitizes endothelial cells to radiation in vitro (77).

Burdelya et al. evaluated the effect of blocking p53 in tumor stroma, which contains
endothelial cells, on tumor response to radiation in vivo. They used mouse tumorigenic
packaging cells that produce a retrovirus encoding a dominant-negative mutant p53 to
generate xenograft tumors with p53-deficient stroma (77). Tumors with p53-deficient stroma
showed markedly prolonged growth delay compared to tumors with p53-wild type stroma. A
similar level of growth delay was also observed in tumors that were treated with a p53
inhibitor, PFTα, in combination with radiation. In addition, blocking p53 in tumor stroma
resulted in a significant decrease in vessel density in tumors, suggesting that inhibition of
p53 sensitizes tumor-associated endothelial cells to radiation in vivo.
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To specifically investigate the effect of blocking p53 in endothelial cells on radiation-
induced heart disease, we used the Cre-loxP system to delete p53 in endothelial cells using
Tie2Cre and VE-Cadherin-Cre mice (78). We observed that after whole-heart irradiation,
mice in which both alleles of p53 are deleted in endothelial cells (i.e. Tie2Cre; p53FL/− or
VECre; p53FL/− mice) were sensitized to radiation-induced myocardial injury compared to
mice that retained one allele of p53 in endothelial cells (i.e. Tie2Cre; p53FL/+ or VECre;
p53FL/+ mice). After whole-heart irradiation, both Tie2Cre; p53FL/− and VECre; p53FL/−

mice showed a focal decrease in microvessel density in the myocardium, which leads to
cardiac ischemia and myocardial necrosis. The progression of myocardial necrosis resulted
in systolic dysfunction and heart failure. In addition, in vitro studies using primary
endothelial cells showed that after irradiation a higher percentage of p53-deficient
endothelial cells displayed early entry into mitosis and contained micronuclei with positive
γ-H2AX foci, which result from improper segregation of genomic DNA after radiation.
Together, these results demonstrate that p53 protects cardiac endothelial cells from radiation
in vivo by preventing the formation of aberrant mitosis or mitotic catastrophe.

Because radiation induces p21 expression in cardiac endothelial cells in a p53-depedent
manner, we also studied radiation-induced heart disease in p21−/− mice. Remarkably, after
whole heart irradiation p21−/− mice phenocopy the sensitivity of Tie2Cre; p53FL/− and
VECre; p53FL/− mice to radiation-induced myocardial injury. Similar to Tie2Cre; p53FL/−

and VECre; p53FL/− mice, p21−/− mice developed a reduction in microvessel density,
increased vascular permeability and myocardial hypoxia prior to the onset of cardiac
dysfunction. These data demonstrate a crucial role of the p53/p21 axis in protecting cardiac
endothelial cells from radiation (Figure 1C).

Summary
Results from studies in mice indicate that blocking p53 in vivo through either
pharmacological inhibition or genetic deletion dramatically increases radiosensitivity of
endothelial cells in tumors and in the heart. These findings suggest that p53 may generally
play a pro-survival role in endothelial cell in vivo. Thus, genetically engineered mice with
endothelial cell-specific deletion of p53 may be useful tools to mechanistically study the
impact of vascular injury on acute and late effects of radiation. Given the diversity of gene
expression profiles in human endothelial cells isolated from different tissues (79), further
studies are warranted to dissect how p53 functions in endothelial cells to regulate the
radiation response of different organs.

Conclusion and Perspectives
Radiation activates p53-mediated signaling in a variety of cells; however, the consequence
of p53 activation is cell-type dependent. Using genetically engineered mouse models to
manipulate the expression of p53 in specific cell types in vivo, several groups have begun to
mechanistically dissect the role of p53 in regulating radiation response of different organs in
a cell-type specific manner. The findings summarized in this review demonstrate how the
response of p53 to radiation can vary across different organs or even within the same cell
lineage (Figure 1). The complexity by which p53 regulates cellular and tissue response to
radiation underscores the importance of understanding the mechanisms through which
individual cell types respond to radiation. These findings may be critical for developing
better strategies to ameliorate normal tissue injury from radiation therapy or radiation
disasters.
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Figure 1. The diverse role of p53 in regulating cellular response to radiation in vivo
Schematic diagram summarizing the results of studies investigating the role of genes in the
p53 pathway in the cellular response to radiation. (A) Mice that lack p53 (26) or PUMA (29,
30) are resistant to hematopoietic radiation toxicity because of decreased radiation-induced
apoptosis in hematopoietic progenitor cells. In addition, mice with hematopoietic cell-
specific deletion of Bax and Bak are also resistant to radiation-induced acute hematopoietic
toxicity (51), which recapitulates the phenotype observed in p53−/− and PUMA−/− mice. In
addition to suppressing apoptosis, deletion of p53 increases the fitness of hematopoietic
stem/progenitor cells after irradiation (33, 34) through mechanisms that are partially
dependent on blocking radiation-induced senescence. Conversely, deletion of the cyclin-
dependent kinase inhibitor p21 decreases the fitness of hematopoietic stem/progenitor cells
after irradiation (13, 39), which is likely due to defects in cell cycle arrest. In long-term
hematopoietic stem cells (LT-HSCs), radiation induces p21 in a p53-independent manner,
which improves self-renewal of stem cells. Moreover, deletion of p21 increases p53 levels in
LT-HSCs after irradiation, suggesting that p21 negatively regulates p53 in LT-HSCs (13).
(B) Deletion of p53 in the whole animal (46, 47) or in the gastrointestinal (GI) epithelium
(51) suppresses radiation-induced apoptosis, which is mediated by PUMA (54) and Bax/Bak
(51), in transit amplifying cells in the GI epithelium. However, loss of p53 in the GI
epithelium exacerbates the radiation-induced GI syndrome (26, 51) because of defects in
p21-mediated cell cycle arrest, which leads to mitotic catastrophe in putative intestinal stem
cells that are responsible for tissue regeneration after radiation. (C) Deletion of p53
sensitizes endothelial cells to radiation (77, 78) due to defects in p21-mediated cell cycle
arrest. Damage of cardiac endothelial cells by radiation leads to myocardial hypoxia and
cardiac ischemia, which cause radiation-induced cardiac injury (78).
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Table 1

Summary of studies that use knockout mice to study the role of p53-mediated signaling in regulating the
radiation-induced GI syndrome

Deletion of genes Radiation-induced pre-mitotic apoptosis Radiation-induced GI syndrome References

p53 (whole animal) Decreased Sensitive 26, 46, 47, 56

p53 (GI epithelium) Decreased Sensitive 51

Bax and Bak (GI epithelium) Decreased No change 51

PUMA (whole animal) Decreased Resistant 54, 56

p21 (whole animal) No change Sensitive 26, 51, 56

PUMA and p21 (whole animal) Decreased Sensitive 56
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