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Abstract
Defects in DNA repair pathways or exposure to high levels of DNA damaging agents limit the
renewal potential of adult tissues and accelerate the development of age-related degenerative
pathologies.1–3 Many studies suggest these tissue homeostatic defects can result from the
accumulation of DNA damage in tissue-specific stem cells.4,5 Although maintenance of genome
integrity in progenitor cells is required for the renewal of adult tissues, recent studies have
highlighted the importance of additional mechanisms that facilitate and direct the process of tissue
regeneration. These reports indicate that the p53 tumor suppressor gene maintains adult tissue
homeostasis and promotes tissue renewal by suppressing the accumulation of DNA-damaged
cells.6–8 Without p53, tissue deterioration caused by the elimination of genome maintenance
regulators (ATR, Hus1 or Terc) is exacerbated and, in some cases, leads to synthetic lethality at
the organismal level. Importantly, the accumulation of highly damaged cells in multiple tissues
appears to severely impede regeneration from undamaged progenitors, suggesting that p53-
mediated removal of damaged cells is a prerequisite for effcient progenitor driven renewal. These
findings argue that tissue homeostasis is governed not only by the intrinsic repopulating potential
of competent progenitors, but also by mechanisms that limit the accumulation of defective cells
and, thereby, promote compensatory regeneration. As discussed in this review, these findings
advance our understanding of processes that counter the effects of DNA damage at the tissue level
and have important implications for the development of therapeutic approaches to combating age-
related pathologies and p53-deficient malignancies.
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p53 and Tissue Homeostasis
It is increasingly well-established that the maintenance of many adult tissues relies on the
continuous proliferation and differentiation of resident stem cells.9–11 Tissue-specific
progenitors provide not only a steady supply of newly differentiated cells to support normal
homeostasis, but can also be stimulated to regenerate a tissue following acute injury. The
mechanisms that govern tissue renewal are becoming increasingly understood, and p53 has
recently proven to be a critical regulator of this process.

A role for p53 in promoting tissue regeneration is perhaps, at first glance, at odds with many
of the classical functions for p53. While the overall outcome of p53 activation on a given
cell can be varied and context dependent, DNA damage- and oncogene-induced stabilization
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of p53 can limit the proliferative lifespan of cells.12,13 As such, broad engagement of p53 in
a proliferative tissue could be expected to restrict regenerative capacity and ultimately cause
tissue degeneration. Indeed, activation of p53 has been shown to negatively impact tissue
homeostasis and renewal in diverse situations. For instance, developmental arrest, tissue
homeostatic failures and premature cellular senescence in several mouse models harboring
DNA repair gene mutations are attenuated by p53 deficiency, arguing that p53 activation
promotes these degenerative phenotypes.14–25 Additionally, direct overstimulation of the
p53 pathway through expression of constitutively active p53 mutants results in tissue
deterioration and the appearance of several age-associated pathologies in mice.26,27 Taken
together, these studies have confirmed that p53 activity can drive the attrition of
proliferative organs and negatively impact tissue renewal.

However, mice expressing additional copies of p53 and p19ARF under normal regulatory
control (s-Arf/p53 mice) accumulate fewer damaged cells in several tissues over time,
exhibit enhanced antioxidant gene expression, and live significantly longer than mice with a
normal complement of these genes.28 If increased lifespan results from improvements in the
maintenance of vital tissues (as suggested elsewhere), these findings argue that p53
activation can be beneficial to tissue homeostasis.29,30 A role for p53 in preserving tissue
integrity may ultimately be tied to its ability to limit the proliferation of damaged or aberrant
cells and efficiently cull them from tissues by various means. In support of this model, Lowe
and colleagues have recently described two circumstances in which p53 directs the
elimination of aberrant cells from a tissue, ultimately preserving normal physiology.

Using controllable RNA interference to acutely regulate p53 expression in a mouse model of
liver carcinoma, restoration of p53 in an established malignancy has been shown to
significantly decrease tumor burden through the induction of cellular senescence and
subsequent clearance by an innate immune response.31 The ability of p53 reactivation to
cause a nascent or fully developed tumor to regress has also been demonstrated by other
investigators through complementary methods.32,33 Notably, the senescence-associated
immune reaction documented by the Lowe group well illustrates the ability of damaged or
aberrant cells to stimulate a potent physiological response and further develops previous
findings by establishing the functional importance of their clearance.34,35

The ability of a p53-dependent cell fate program to elicit an immune response, ultimately
enforcing the clearance of abnormal cells, was further established using a mouse model of
acute liver damage. Krizhanovsky et al. demonstrated that CCl4-induced liver injury and
subsequent fibrosis was tightly associated with the accumulation of senescent hepatic
stellate cells.36 Importantly, the senescence and immune-mediated clearance of these
abnormal stellate cells ultimately limited the accompanying fibrosis, and this restriction of
stellate cell expansion was dependent on p53. Without p53-driven clearance, hepatic stellate
cells proliferated excessively in response to acute liver injury, inciting extensive fibrosis that
inhibited efficient liver regeneration and ultimately perturbed organ homeostasis.36 In total,
these results indicate that p53 activity can prevent the accumulation of aberrant cells in
tissues through senescence and immune-mediated clearance, and this constraint can strongly
influence the maintenance of tissue homeostasis and regeneration.

Beyond this work, other recent studies have helped further establish a beneficial role for p53
in the renewal of adult tissues that harbor DNA-damaged cells.6–8 These studies have
collectively underscored the importance of limiting the accumulation of damaged cells, and
have indicated that the persistent accrual of such cells imposes a barrier to progenitor-driven
renewal. As discussed in the sections below, these findings have not only added to
understanding of how organisms cope with and eliminate DNA damage at the tissue level,
but may also have direct clinical relevance.
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Essential Functions of ATR in DNA Replication and Tissue Homeostasis
ATR (ATM and Rad3-related) is a PIKK-family kinase that is required for the maintenance
of genomic integrity during DNA replication.37 The kinase activity of ATR is potently
stimulated by DNA helicase and polymerase uncoupling, and elegant work using modified
replication templates in the Xenopus system has advanced the paradigm that ATR is
responsive to distinct structural elements at compromised replication forks.38,39 The
activation of ATR and the signaling outputs of this kinase function to ensure cell viability
during DNA replication, both by inhibiting inappropriate cell cycle progression and by
maintaining the stability of stalled replication forks.40,41 Together, these activities make
ATR essential for the long term viability of proliferating cells.

The essential role for ATR during cell proliferation has been demonstrated in multiple
systems and has been thoroughly characterized at the organismal level through targeted
disruption in mice.42,43 Germline disruption of ATR in mice results in chromosomal
fragmentation, cell death and early embryonic lethality.42,43 In cell culture, acute deletion of
ATR using a cre/lox-conditional allele (ATRflox) has been shown to cause an exquisite
sensitivity to DNA helicase and polymerase uncoupling, resulting in double strand break
generation and the cessation of cell proliferation.37,44–46 This ATRflox allele, coupled with a
ubiquitously expressed and inducible form of Cre-recombinase (Ubc-Cre-ERT2), has
provided a unique system to examine the effects of acute ATR deletion on tissue
homeostasis.47 ATR disruption in adult mice leads to the immediate degeneration of
proliferative tissues, as actively replicating cells that have lost ATR are eliminated.47

Importantly, ATR loss in this system is mosaic due to a stochastic rate of failure to undergo
lox recombination, allowing the minority of cells that continue to express ATR to rapidly
repopulate affected tissues.47 Although residual ATR-expressing cells support this robust
tissue regeneration initially, defects in renewal capacity eventually develop, leading to the
accelerated onset of several aging phenotypes. This finding indicates that long-term tissue
homeostasis can be compromised by the targeted removal of a fraction of contributors and
suggests that the regenerative capacity of some adult tissues may be more limited than
previously thought.

Germline mutations in other genome maintenance regulators have also been shown to
reproduce many hallmarks of aging in mice, and several human segmental progeria
syndromes are a consequence of DNA repair deficiencies.1,3 In aggregate, these examples
have suggested a general model whereby unrepaired DNA damage can limit the renewal of
proliferative tissues, and recent work focusing on the hematopoietic system has argued that
aberrant DNA repair can specifically impact stem and progenitor cell function.5,48,49 These
studies and others have advanced the concept that gradual accrual of DNA damage in stem
cells activates damage checkpoints, limiting self-renewal and repopulating ability in a cell-
autonomous fashion. This decline in individual stem cell performance is proposed to
strongly contribute to a time-dependent degeneration of certain tissues with age.

However, as described above, the accelerated decline in stem cell maintenance and tissue
degeneration in the mosaic ATR-knockout mouse is not directly the consequence of
genetically unstable ATR-deleted cells but, instead, is associated with the diminished ability
of residual ATR-expressing progenitors to sustain tissue renewal. Thus, limited tissue
renewal following genome destabilization appears to be associated with both the elimination
of DNA-damaged cells and the ability of relatively intact progenitors to compensate for this
loss and maintain tissue function. Although individual stem and progenitor cell potential
undoubtedly plays a key role in this process, the efficiency by which damaged cells are
cleared might also be expected to influence the integrity of renewal. With this model in
mind, we and others have recently demonstrated that the transcription factor p53 exerts a
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potent, beneficial effect on the regeneration of proliferative adult tissues that contain DNA-
damaged cells.

p53 is Required for Efficient Tissue Renewal Following Mosaic ATR
Deletion

The genomic instability resulting from ATR deletion activates several DNA damage
response pathways, including ones that promote p53 upregulation.6,37 Considering the
established effects of p53 activity on tissue development and regeneration, p53 engagement
following ATR deletion could drive the acute deterioration of proliferative tissues or
function in a more complex manner to promote tissue regeneration. We recently tested these
expectations by deleting ATR in a mosaic fashion in both p53 wild-type and p53-null mice.
Remarkably, acute deletion of ATR in the absence of p53 (p53−/− ATRmKO) caused a rapid
and highly penetrant lethality in mice (>94%), occurring only days after ATR elimination.6
Pathological analysis of the intestine and bone marrow, two highly proliferative tissues that
are exquisitely sensitive to ATR loss, revealed that p53 deficiency failed attenuate the
deterioration of these tissues after ATR deletion and, moreover, seemed to exacerbate acute
intestinal degeneration.6

Consistent with previous observations, ATR-deleted cells were rapidly cleared from both the
bone marrow and intestine in the presence of wild-type p53, as indicated by a loss of the
recombined ATR allele from these tissues.6,47 Notably, the deleted allele was maintained at
a higher level in p53−/− ATRmKO tissues, suggesting that elimination of ATR-deleted cells
did not occur as efficiently in the absence of p53. Consistent with this finding, the frequency
of cells exhibiting high levels of DNA damage (γ H2AX-positive) was significantly elevated
in p53−/− ATRmKO tissues, an effect that was further substantiated by the level of
chromosome breakage in freshly isolated p53−/− ATRmKO bone marrow. The appreciable
accumulation of DNA-damaged cells relative to the modest retention of ATR-deleted cells
in the absence of p53 suggests that ATR-deleted cells may accrue substantially more
damage without p53. Such an effect may be caused by an increased tolerance to high levels
of DNA damage or by multiple checkpoint defects leading to increased rates of genome
destabilization.

The rapid death of nearly all p53−/− ATRmKO mice and the associated deficiencies in tissue
homeostasis suggested that the immediate compensatory renewal driven by ATR-expressing
progenitors was inhibited. Accordingly, hair follicle regeneration in p53−/− ATRmKO skin
was severely delayed compared to ATRmKO controls, and this delay was accompanied by a
potent inflammatory response, as characterized by redness, exfoliation and innate immune
cell infiltration.6 Importantly, pharmacologic suppression of inflammation did not facilitate
regeneration, indicating that immune activation was not the primary cause of short term
defects in hair follicle renewal. Interestingly, not only was initial hair regeneration delayed
in p53−/− ATRmKO skin, but the hair that did return in these mice showed appreciable
graying, suggesting that ATR deletion in the absence of p53 leads to long-term regenerative
insufficiency as well as immediate deficiencies in compensatory tissue renewal.

Similar to the bone marrow and intestine, the impairment in hair follicle regeneration
strongly correlated with the persistence of DNA-damaged ATR-deleted cells in p53-null
mice. Significantly increased frequencies of damaged cells (γH2AX+) in both the CD34+

progenitor populations and the total epidermis of p53−/− ATRmKO skin were observed. In
total, these results strongly support a model whereby p53 limits the accumulation of
damaged cells in regenerative tissues and, through this function, promotes immediate
compensatory renewal by competent, undamaged progenitors.
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Telomerase or Hus1 Deficiency also Leads to an Increased Dependence on
p53 for Tissue Renewal

Significantly, other laboratories have also substantiated a requirement for p53 in adult tissue
homeostasis following DNA damage. These studies demonstrate that co-deletion of p53
with other genome maintenance regulators, the ATR-Chk1 signaling mediator Hus1 and the
Terc telomerase component, causes synergistic deterioration of tissue integrity and delays
renewal in manners similar to those that follow dual deletion of ATR and p53, as described
below.

Disruption of telomerase function leads to progressive telomere shortening and
chromosomal instability.50 Late-generation telomerase-deficient mice with critically short
telomeres exhibit defects in multiple proliferative organs, including the intestine.51,52 Initial
studies indicated that concurrent deficiency in p53 helps attenuate the degenerative
pathologies seen in many adult tissues, suggesting that p53 activation detrimentally affects
tissue homeostasis following telomere erosion.16 Additionally, deletion of a cell cycle
inhibitor induced by p53, Cdkn1a (p21Waf1/Cip1), almost universally improves the integrity
of proliferative tissues in late-generation Terc-deficient mice.53 Although the exact
mechanism of this outcome remains unclear, these results have led to the hypothesis that p53
activity constrains tissue renewal in response to dysfunctional telomeres. Formally,
however, the influence of p53 on the development of age-associated pathologies in
telomerase-deficient tissues has been incompletely defined, largely due to the diverse array
of malignancies that limit the lifespan of p53/telomerase-deficient mice.54

To further examine the role of p53 activation in response to telomere shortening, Rudolph
and colleagues utilized a conditional allele of p53 in concert with an inducible form of Cre-
recombinase expressed solely in the intestinal epithelium, thus allowing them to directly test
the influence of acute p53 loss on the intestines of adult telomerase-deficient mice. Similar
to the effects of p53 deficiency when combined with ATR elimination, deletion of p53
significantly worsened the degenerative effects of telomerase deficiency, resulting in
intestinal atrophy, loss of body weight, and a shortened lifespan that notably was not
associated with overt tumor formation.7 Although p53 deletion did prevent p21 upregulation
in the intestines of telomerase-deficient mice, the accelerated intestinal deterioration in
p53Δ/ΔTerc−/− iG4 mice suggests the detrimental effects of p53 deficiency negate any
benefit to tissue function conferred by p21 attenuation.7,53 A careful analysis of the
intestinal crypts revealed an accumulation of highly DNA-damaged (γH2AX+) and
genetically unstable cells, arguing that p53 is required for the depletion of dysfunctional
intestinal progenitors. Ultimately, this build-up of damaged progenitors in the absence of a
p53-mediated selection mechanism correlates with defects in tissue maintenance and overall
organ function.

An essential role for p53 in proliferative adult tissues has additionally been demonstrated in
recent work from Weiss and colleagues.8 The Rad9-Rad1-Hus1 complex localizes to sites of
DNA damage and is required for full activation of ATR signaling that leads to Chk1
phosphorylation.37 As expected given its critical role in the ATR pathway, disruption of this
complex through deletion of Hus1 results in accumulation of DNA damage during
replication, eventual loss of proliferative capacity, and cell death.55,56 A conditional allele of
Hus1 coupled with a form of Cre recombinase expressed from the β-lactoglobulin promoter
was used to selectively delete Hus1 in adult mammary epithelium.8 Interestingly, Hus1
deletion during pregnancy and subsequent lactation did not affect mammary gland
architecture or function. In fact, similar to the compensatory response that follows ATR
deletion, Hus1-deleted cells were rapidly lost from the proliferating epithelium and replaced
by undeleted, Hus1-expressing cells. Importantly, similar to the outcome of co-deleting p53
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with ATR or Terc, highly-damaged Hus1-deleted cells accumulated to higher frequencies in
the mammary epithelium in p53-deficient animals than p53 wild-type controls. Once again,
the persistence of highly-damaged Hus1-deleted cells correlated with disrupted mammary
gland development and function, arguing that p53 is required for compensatory mammary
gland growth following mosaic Hus1 deletion. Consistent with these findings, it has been
reported that tissue-restricted conditional deletion of p53 and Chk1, a critical downstream
kinase of ATR and Hus1, also results in a regenerative delay in the intestinal epithelium.57

Thus, in several relatively disparate systems and multiple tissues, adult tissue homeostasis
and renewal in the context of elevated levels of DNA damage have proven to be dependent
on p53. This reliance on p53 seems to be tightly associated with this protein’s ability to limit
the accumulation of highly damaged cells in proliferative tissues and does not appear to be
the consequence of altered stem and progenitor cell potential. Although the mechanism by
which the accumulation of damged cells may inhibit renewal from intact progenitors is
unclear, studies of other model organisms and recent cell-based genomic analyses have
suggested several attractive models, as described below.

Potential Mechanisms of Regenerative Defects After Loss of ATR and p53
In the context of high levels of genomic instability, as caused by engineered defects in the
ATR-Chk1 pathway or telomere maintenance, p53 deficiency leads to disrupted tissue
homeostasis and defects in regeneration. These effects appear to result from deficiencies in
compensatory renewal by competent progenitors. Although the precise mechanisms by
which p53 functions to safeguard tissue integrity and promote renewal in the context of
genomic instability are not fully understood, several recent studies have provided valuable
insight into the underlying processes that may be at work.

One attractive explanation for the observed defects in tissue homeostasis without p53 has
been suggested by recent studies in Drosophila indicating an essential role for p53 in driving
compensatory proliferation.58,59 Co-expression of a proapoptotic gene along with a caspase
inhibitor generates “undead cells” in a developing region of Drosophila, and this
manipulation has previously been shown to induce compensatory growth of the tissue
occupied by these cells.60 Importantly, p53 is required to stimulate this excessive growth
response to undead cells.58 The high amount of cleaved caspase-3 within these undead cells
implies that the engagement of initiator caspases might act as an initiating signal that
ultimately stimulates compensatory proliferation. Indeed, the initiator caspase Dronc is
required for compensatory expansion,60 and appears to mediate this effect through a non-
apoptotic function that regulates p53.58

In the murine models described above, high levels of apoptosis in the absence of p53 were
observed in at least some tissues, suggesting that engagement of caspases might be able to
stimulate compensatory renewal in the presence of p53, but not in its absence.6,7,8 However,
although cleaved caspase-3 staining was observed at a relatively high frequency in the
intestines of p53−/− ATRmKO mice, it was not observed to any significant degree in the bone
marrow or skin.6 These inconsistencies suggest that the generation of a positive cue for
compensatory renewal by a caspase-p53 interaction cannot be the only means by which p53
facilitates tissue regeneration.

Alternatively, rather than directly stimulating tissue regeneration, p53 may facilitate tissue
renewal indirectly by limiting the accumulation of damaged cells that could impede the
ability of competent progenitors to drive renewal. Given the intricate signaling cues required
for stem and progenitor cells to divide and maintain tissue integrity,9–11 it is conceivable
that the persistence of DNA-damaged cells might disrupt key morphogen gradients or other
environmental cues, thus precluding efficient regeneration. As of yet, however, there is little
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direct evidence in support of this theory and the relatively incomplete understanding of the
essential factors and cues that guide tissue renewal make testing such a hypothesis
challenging.

However, beyond simply occupying key physical or functional space in a regenerative
tissue, highly damaged cells may actively inhibit renewal by secreting trans-dominant
inhibitory factors that prevent the division of intact progenitors. This model is supported by
several recent studies showing that a defined cohort of cytokines and other factors is
released from highly damaged or senescent cells, and this release is significantly augmented
by p53 deficiency.61–63 Although the outcome of this cytokine signaling is context-
dependent, these factors can induce cell cycle arrest or senescence in certain situations.63–65

If such a mechanism were utilized, it may function as a tissue regeneration checkpoint,
delaying progenitor-driven renewal until damaged cells have been effectively cleared.

Notably, the secretion of senescence-inducing cytokines by highly damaged, p53-deficient
cells could account for many features of the aforementioned mouse models, including the
non-cell autonomous inhibition of tissue renewal and associated inflammation.6–8

Importantly, although blocking immune cell infiltration in p53−/− ATRmKO skin with
dexamethasone treatment did not ameliorate the regenerative delay in hair follicles,6 it is
possible be that this treatment was sufficient only to inhibit inflammatory cell recruitment
but not enough to suppress local signaling by key inhibitory factors. Further studies will be
required to investigate any potential roles for secreted factor production in the regenerative
defects observed following co-deletion of p53 with ATR, Hus1 or Terc. Together, the recent
studies described in this review have argued that the efficient elimination of DNA-damaged
and senescent cells is a prerequisite for robust progenitor driven renewal. This process is
notably distinct from the influence that preservation of individual stem and progenitor cell
potential has on tissue renewal. Cooperation and coordinate regulation of these components
may assure the overall efficiency and fidelity of regeneration and the prevention of age-
related disease. It is likely that premature or inappropriate renewal prior to the removal
damaged or senescent cells may lead to long-lasting effects on tissue architecture and
function, effects that extend beyond the eventual clearance of such functionally
compromised cells. In this light, it is currently unclear on a tissue-by-tissue basis whether
individual stem cell potential or the prevention of premature renewal imposes a greater
limitation to tissue integrity over time. Therefore, elucidating the mechanisms responsible
for the non-cell autonomous inhibition of regeneration in these and other model systems will
lend great insight into the causes of age-related disease.

Implications for Preventive Treatments and Therapies
A role for p53 in enforcing tissue quality and long-term maintenance is consistent with the
extended lifespan of mice expressing additional copies of p53 under normal regulatory
control. According to this model, bolstering the innate ability of p53 to mediate damaged
and senescent cell clearance might enhance the maintenance of tissues that are not limited
by stem and progenitor cell potential. Similarly, the complete elimination of pathologically
degenerated tissues could likely be expected to improve the ultimate quality of regenerated
tissue derived from intact progenitors. Finally, augmenting the trans-dominant inhibition of
renewal until damaged-cell clearance can be completed may also have a constructive,
therapeutically useful effect following acute insult. Although these concepts are logical
extensions of the conclusions from the studies herein, their broad practical application to
regenerative medicine awaits both technical advances and the development of a more
complete understanding of the cell-intrinsic and cell-extrinsic factors that govern tissue
renewal.
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However, a more immediately tangible and clinically relevant application of these findings
and others may be in combating p53-deficient malignancies. A cell-autonomous synthetic
lethal interaction between dual abrogation of the ATR-Chk1 and p53 pathway has been
well-documented and may be the consequence of additive genome destabilization resulting
from either redundant or aberrant S-phase entry.66–69 The accumulation of cells with high
levels of phosphorylated H2AX in many proliferative tissues of both p53−/− ATRmKO and
p53−/− Hus1Δ2,3/Δ1 mice supports the idea of a cellular interaction between p53 deficiency
and ATR signaling defects in addition to any non-cell autonomous mechanism inhibiting
efficient tissue regeneration.6,8 Additionally, Oscar Fernandez-Capetillo’s group has
recently developed a mouse model of Seckel Syndrome, a rare human disorder which can be
caused by mutations in ATR that result in abnormal splicing and decreased ATR expression.
70,71 ATRseckel/seckel mice showed evidence of DNA damage during embryogenesis and
were born at less than normal numbers, indicating embryonic lethality conferred by
hypomorphic levels of ATR.71 Importantly, p53−/− ATRseckel/seckel mice were born at an
even lower frequency and exhibited an accentuated accumulation of damaged cells during
embryogensis.71 Thus, even ATR suppression to below heterozygous levels can interact
with p53 deficiency, leading to the accrual of highly damaged cells and impairment of tissue
growth during embryonic development. In aggregate, these findings suggest that inhibition
of the ATR-Chk1 pathway may be uniquely useful for the treatment of p53-deficient cancers
by causing synergistic increases in genomic instability and the degenerative propagation of
terminally damaged cells.
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Figure 1.
An important role for limiting the accumulation of damaged cells in facilitating tissue
renewal. (Top) Defects in genome maintenance (e.g. ATR, Hus1 or Terc loss) lead to the
accumulation of DNA damage during replication. In the presence of p53, extensively
damaged cells are rapidly eliminated from proliferative tissues, and these tissues are
subsequently reconstituted by less damaged or fully competent cells. (Bottom) In the
absence of p53, damaged cells accumulate in proliferative tissues and may accrue higher
levels of genomic instability. The persistent accumulation of these highly damaged cells
ultimately impedes the immediate compensatory regeneration of the tissue by intact
progenitors.
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