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DNA-PK, ATM, and ATR: PIKKing on p53

Amanda K. Ashleya and Christopher J. Kempb

aDepartment of Chemistry and Biochemistry, New Mexico State University, Las Cruces, NM 88003, USA; bDivision of Human Biology, Fred Hutchinson
Cancer Research Center, Seattle, WA 98109, USA

ARTICLE HISTORY Received 1 November 2017; Revised 3 November 2017; Accepted 13 November 2017

KEYWORDS DNA repair; synthetic lethality; PIKK; stem cell; homologous recombination; nonhomologous end joining

Ionizing radiation (IR) remains one of the most frequently used
treatments for cancer. Therapeutically, IR produces DNA dam-
age, especially highly toxic DNA double strand breaks (DSB).
Depending upon the cellular context and severity of damage,
cells can opt to repair these DSBs or undergo apoptotic death.
Master regulators of the DNA damage response include three
related protein kinases DNA-PK, ATM, and ATR, all members
of the PIKK (phosphatidylinositol 3' kinase-related kinases)
family of proteins having both discreet and redundant targets
and functions. The cellular choice between DNA repair and cell
death can be dictated by a number of factors, notably the pres-
ence and fidelity of the DNA damage response pathway pro-
teins (including the PIKKs), the cell cycle phase, and the
activity of pro-apoptotic regulators, notably the tumor suppres-
sor p53. How the cell responds to damage is important in cau-
sation of cancer, dictating tumor response to genotoxic
therapies, and mitigating side effects. The cell type itself is also
an important determinant of the response to IR and other gen-
otoxic agents. Whole body radiation damages all cells, but the
unique cell type dependent responses argue that cellular fate is
not simply dependent upon the level of damage induced, but
rather whether the cell is predisposed to undergo either DNA
repair or apoptosis. Understanding the interacting roles of
genetic and cellular context in the response to IR is critical for
determining how in vitro cellular models, tumors, tissues, or
even whole organisms will respond to therapy.

We examined the response of gastrointestinal progenitor
cells compared to terminally differentiated cells following
whole body irradiation in mouse models with genetic deficien-
cies in the PIKKs and Trp53 [1]. The response, be it repair or
apoptosis, of “non-reproductive” terminally differentiated cells
was less influential on organismal survival compared to the
response of progenitor cells (stem cells and transit amplifying
cells). Progenitor cells can repopulate lost terminally differenti-
ated cells, but if irreparably damaged themselves, may cause
failure of tissue regeneration and mortality. The relative roles
of DNA repair versus apoptosis in IR response was studied by
(a) mapping the spatiotemporal cellular response and (b) com-
paring the response of single DNA-PK, ATM and Trp53
mutant mice and compound mutant genotypes. The result was

surprising, as loss of pro-apoptotic p53 was expected to
increase the survival of radiosensitive DNA-PK mutant mice,
but instead, toxicity and mortality were enhanced in mice lack-
ing both DNA-PK and Trp53. The role of p53 in inducing cell
cycle arrest as opposed to apoptosis was more impactful on cell
survival after IR. Without p53 mediated G1/S arrest, intestinal
progenitor cells with damaged DNA abnormally entered S
phase. The absence of functional DNA-PK prevented not only
DNA repair, but also activation of both intra-S and G2/M
checkpoints, leading to progression into G2/M despite replete
DNA damage [1,2]. This culminated in mitotic cell death,
depletion of stem cells, and enhanced animal mortality
(Figure 1).

Notably, although DNA-PK and p53 are both well-studied
proteins, the phenotype of the double mutants could not be
predicted a priori, highlighting the importance of studying
genetic interactions in dictating phenotype. Further, these
responses were specific to crypt base columnar stem cells
highlighting the importance of cell type specificity. Because
stem cells divide infrequently, they are more dependent upon
nonhomologous end-joining (NHEJ) mediated DNA DSB
repair, compared to repair via homologous recombination
(HR) which requires cell replication [3]. This makes this cell
population more susceptible to loss of DNA-PK activity. Stem
cell loss led to an inability to produce the transit amplifying
cells that repopulate other terminally differentiated cells of the
gastrointestinal tract, causing mortality. Other examples of
genetic interactions between PIKKs and Trp53 include syn-
thetic lethality between DNA-PK and ATM and between ATM
and ATR as well as p53 independent apoptosis in mice lacking
both DNA-PK and p53 [4,5]. Additional genetic interactions
include enhanced lethality in mice lacking p53 with aberrant
ATR and increased survival in mice with dual mutations in p53
and ATM [6].

Certain cancer types are critically reliant upon functional
DNA damage response pathways to survive, the classic example
being the dependence of homologous recombination-deficient
(BRCA1 or BRCA2mutants) cancers on PARP functionality for
survival. Dysregulation of DSB repair pathways is now recog-
nized as a targetable phenotype for many cancers, permitting
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inhibitor-mediated enhancement of cancer cell death either
alone or in combination with genotoxic therapy. Inhibitors for
DNA-PK, ATM, and ATR are currently in various phases of
development, as are drugs targeting other DNA damage
response genes including Chk1, Chk2, Wee1, Cdc7, and PARP.
Further research will assist in elucidating how these

“addictions” to DNA damage sensors and responders may be
exploited therapeutically, but many inhibitors appear clinically
promising. Due to the high frequency of p53 alterations in can-
cer and its central role in the DNA damage response, under-
standing the interplay between these targets and p53 will be
critical for successful development of these targeted agents.
Empirical testing of targeted agents and combinations in genet-
ically complex patient derived tumor cells is a promising new
approach to identify the optimal therapy for a given patient [7].
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Figure 1. PIKK regulation of p53 and cell fate. Both genetic makeup and cell type
dictate cellular fate. Replication stress (RS) or double strand breaks (DSB) activate
PIKK proteins ATR, DNA-PKcs, and/or ATM, causing activation of target proteins
p53, Chk1, Chk2 regulating the G1/S, intra-S, or G2/M checkpoints, respectively.
Both PIKK signaling and cell type modulate the ultimate cellular outcome.
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