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New Players in the Regulation of DNA-PK Activity:
Survivin Joins the Crowd
George E. Iliakis

The DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) is a large protein kinase and a member of the PI3K-related
family of protein kinases that also includes ATM and ATR. DNA-
PKcs is a unique evolutionary endowment of higher eukaryotes,
as it is absent in lower eukaryotes. It is central to the processing of
DNA double-strand breaks by classical nonhomologous end-
joining, where through interaction with the Ku70/Ku80 hetero-
dimer it generates the DNA-PK holoenzyme. DNA-PK coordi-
nates and regulates the joining of DNA ends through essential
structural contributions and by direct phosphorylation of key
repair factors, including itself. Recent structural studies advance
our understanding of the functions of this giant enzyme and
reveal functional complexity and sophistication compatible with

a broad spectrum of activities. Along these lines, the observations
reported in the article by G€ull€ul€u and colleagues in this issue of
Cancer Research reveal intriguing new facets in the regulation of
DNA-PKcs and open horizons for further exciting research.
G€ull€ul€u and colleagues found that in addition to known modes
of regulation, DNA-PKcs is also regulated by a direct interaction
with survivin. The observations expand the functional and reg-
ulatory spectrum of this intriguing kinase and suggest contribu-
tions to DNA damage response that remain to be characterized.
They formed the foundations for the development of drugs
disrupting this interaction, thereby potentially sensitizing tumor
cells to radiation.

See related article by G€ull€ul€u et al., p. 2304

The rapid advancement of our understanding of the mechanistic
underpinnings of DNA damage response (DDR) generates a unique
platform for the development of novel approaches to treat cancer in
humans. The discovery of a role for DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) in double-strand break (DSB) repair
nearly 20 years ago (1) was a milestone in our understanding
of the ways how higher eukaryotes process DSBs, and this finding
marked the beginning in the elucidation of the intricate molecular
machinery of classical nonhomologous end-joining (c-NHEJ). This
impressive apparatus instantaneously captures DNA ends by binding
to Ku70/Ku80 heterodimer and recruiting DNA-PKcs to form the
giant (�600 kDa) DNA-PK holoenzyme that coordinates end synap-
sis, clean-up, and ultimately ligation by the LIG4/XRCC4/XLF/PAXX
complex (2). C-NHEJ operates with half times of only a few minutes,
and remains active not only throughout the cell cycle, but also in the
presence of thousands ofDSBs in the genome (3). According to current
models, DNA-PKcs engages DSBs during c-NHEJ for only a few
minutes. However, studies on the functional consequences of different
forms of autophosphorylation and recent structural information (4–6)
have uncovered levels of sophistication in DNA-PKcs regulation
compatible with engagement in DDR functions beyond c-NHEJ.
Indeed, DNA-PKcs regulates ATM activity (7), suppresses resection
at DSBs, and contributes to the regulation of the G2-phase check-
point (8). The current study by G€ull€ul€u and colleagues (9), by adding
survivin to the regulators of DNA-PKcs, expands its regulatory
potential and points to new long-term regulatory functions in DDR.

Survivin is the smallest and structurally unique member of the
mammalian inhibitor of apoptosis protein (IAP) family. It features a
characteristic baculovirus IAP repeat (BIR) motif that modulates
protein–protein interactions and an amphipathic a-helical coiled-
coil domain at the C-terminus, common in microtubule-associated
proteins (10). Survivin binds to a large number of proteins, including
caspases and othermembers of the IAP family, through which it exerts
its widely diverse functions in different cellular compartments. Survi-
vin is amember of the chromosomal passenger complex that functions
in chromosomal segregation and cytokinesis (10). Survivin is linked to
cancer, as it is overexpressed in many tumors and confers treatment
resistance and is associatedwith poor prognosis (10). Notably, survivin
overexpression renders cells resistant to radiation and its knockdown
sensitizes cells to radiation by caspase-dependent and -independent
mechanisms (9).

Previous work in the laboratories of the authors, and also work of
other investigators, found that survivin localizes to DSB sites and
interacts with DNA-PKcs (9). However, the molecular details and the
functional consequences of this interaction have remained unknown.
In their current article, the authors applied a wide range of techniques
and demonstrated that survivin interacts with DNA-PKcs through its
BIR domain to form a heterotetramer and that this interaction is
important for the functions of survivin in cell survival after radiation
andDSB repair. Notably, the interaction utilizes residues S20 andW67
of survivin and engages the kinase domain of DNA-PKcs, causing a
conformational change that increases the activity of the kinase.
Strikingly, interaction with survivin alters DNA-PK substrate speci-
ficity from the typical S/T-Q motif to S/T-hydrophobic motif with a
predominant usage of S/T-P sites, thus altering the spectrum of its
substrates. A prominent new target detected by the authors is FOXO3,
a transcription factor with important contributions in the regulation of
key components of the cellular responses to stress.

The results are notable, expand the known spectrum of DNA-PKcs
functions, and provide a mechanism by which survivin affects cell
radiosensitivity and radiation response. They also raise important
questions that are certain to be the focus of future research. It is
unlikely that the entire large pool of DNA-PKcs molecules in the cell
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interacts with survivin, and thus it is important to know: under what
conditions does this interaction occur? Is it specific for DNA-PKcs
localized toDSB sites? If so, howmanymolecules are involved?What is
the role of Ku in the interactions of survivin with DNA-PKcs? Is Ku a
required component? How is the interaction regulated throughout the
cell cycle? Survivin is expressed in a cell-cycle–dependent manner,
with a maximum expression in G2–M-phase and very low levels in
G1-phase. How are such fluctuations affecting the DNA-PKcs–
survivin interaction? Are the identified functional differences between
survivin-bound and -unbound DNA-PKcs stable or transient? What
consequences will a disruption of the documented interaction have for
DDR and cell radiosensitivity? Several aspects of DDR remain active in
the absence of survivin and it will be relevant to characterize those that
benefit the most from the presence of survivin. Recent structural data
suggest that allosteric signals are generated upon DNA-PK holoen-
zyme formation and transmitted to the DNA-PKcs kinase domain

through its N-terminal HEAT repeats and FAT domain, thereby
regulating its activity (5, 6). Is the interaction with survivinmodulating
these responses or does it operate through mechanisms that remain to
be elucidated? Evidently, there is still a lot to do in this hot field of
research! The future is exciting, both for those working on survivin, as
well as those working on DNA-PK!
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