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Phosphorylation signaling networks have primarily been studied from an activation perspective, with
protein phosphatases viewed as simple counter-balances that functioned passively in the wake of kinase
activity. Indeed, there have been only sporadic efforts to investigate the independent role of phosphatases

Keywords: in DNA damage response (DDR). However, global phosphoproteomic analysis of the DDR revealed that
Protein PhOSPhaFase over one-third of observed phosphorylation sites were down-regulated within minutes of DNA damage,
Dephosphorylation suggesting a more robust role for phosphatases in DNA repair. Consistent with these observations, recent
QE)A] studies reveal that dephosphorylation of DNA repair factors during specific phases of the cell cycle may
CTIP be a pre-requisite for their participation in the DDR. Here, we summarize recent literature and speculate
EXO1 on the emerging role of phosphatases in the DDR.
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1. Dephosphorylation during DNA damage response

The traditional view of DNA damage induced phospho-signaling
entails a single burst of phosphorylation of largely serine (Ser)/(Thr)
residues that is responsible for the activation of DNA repair factors
and checkpoint proteins. In the course of repair, the phospho-
rylation gradually dissipates, allowing cell cycle to resume [1,2].
Recent studies investigating the dynamics of phosphorylation fol-
lowing DNA damage show that there is considerable variation in
the kinetics and direction of phosphoproteomic changes. 753 phos-
phorylation sites mapping to 394 proteins were altered in response
to a radiomimetic agent, neocarzinostatin (NCS), and an astound-
ing 342 of these sites represented dephosphorylation events [2].
Over one-third of the captured phosphopeptides were dephospho-
rylated within minutes of DNA damage. These data suggest that
protein phosphatases not only play a role in counter-acting DSB-
induced phosphorylation events, but also play a primary role in
initiating the repair process. The human genome encodes 514 pro-
tein kinases, but only 147 protein phosphatases [3]. It is therefore
assumed that each phosphatase has a large number of substrates,
potentially influencing multiple signaling pathways. Also the rel-
atively modest number of phosphatase subunits as compared to
kinases suggests that the former may rely on a wider repertoire of
molecular mechanisms to coordinate regulation. Hence, a major
challenge in the study of phosphatases has been to experimen-
tally capture the diverse molecular architecture that mediates
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Table 1
Ser/Thr phosphatases involved in DSB repair and checkpoint control.

Substrate Phosphatase Effect on the substrate

Sensors and transducers

H2AX PP1/PP2A/PP4/PP6/WIP1 Attenuation
ATM PP1/WIP1 Attenuation
ATM PP5 Activation
ATR PP5 Activation
PARP PP5 Activation
BRCA1 PP1 Activation
53BP1 PP5 Attenuation
KAP1 PP1 Attenuation
Checkpoint

P53 PP1/PP2A/WIP1 Attenuation
MDM2 WIP1 Attenuation
CHEK1 PP2A/WIP1 Attenuation
CHEK2 PP2A Attenuation
NHE]

DNA-PKcs PP2A/PP5/PP6 Activation
Ku70/80a PP2A Activation
HR

RPA2 PP2A/PP4 Attenuation

phosphatase activity and the targets of these phosphatase com-
plexes. A number of well-established DNA repair factors targeted
by phosphatases s listed in Table 1 and summarized in our previous
review [4].In this perspective article we focus on recent studies that
demonstrate orimplicate dephosphorylation as a critical regulatory
event throughout DDR. The cases we highlight here demonstrate
that protein phosphatases function to 1) reset activated DDR fac-
tors to the initial homeostatic state following the repair of damaged
DNA, thereby priming these factors for their role in the next round
of the DNA damage response; and 2) remove constitutive phospho-
rylation that inhibits the function DNA repair factors, effectively
activating these proteins.

2. Protein phosphatases in DDR

Ser/Thr phosphatases are classified based on sequence, struc-
ture, and biochemical properties, including metal co-factor
dependence and sensitivity to phosphatase inhibitors. The main
classes of protein phosphatases (PPP) that have been implicated in
DDR are PP1, PP2A-like phosphatases, and MgZ*/MnZ2*-dependent
phosphatases (PPM) [4].

PP1 is an ubiquitously expressed phosphatase involved in cel-
lular functions ranging from RNA processing, mitotic progression,
to checkpoint activation and DNA repair [4]. PP1 has three catalytic
subunits— PP1a, PP13 and PP1+y [3]. These catalytic subunits form
atleast 650 distinct complexes with PP1-interacting proteins (PIPs)
[4]. These PIPs include substrates, substrate-targeting regulatory
subunits, and substrate regulators [5,6]. Most PP1 targets identified
thus far harbor an RVXF motif which is thought to be the recognition
motif for PP1 [3].

The PP2A-like phosphatases family includes PP2AC, PP4C and
PP6C [4]. Protein phosphatases in this family share significant
amino acid sequence homology and similar sensitivity to chem-
ical inhibitors, such as okadaic acid. The phosphatase catalytic
subunit forms multimeric complex with regulatory and scaffold-
ing subunits to recognize specific substrates. PP2A is one of the
most well studied phosphatases and is involved in many cellu-
lar functions including cell metabolism and survival [7]. PP2A
typically functions as a heterotrimeric complex, in which the cat-
alytic subunit (C) binds to a scaffold subunit (A) at its C-terminus,
and a substrate targeting subunit (B) proximal to its active site.
In humans there are two PP2A catalytic subunits (PP2ACa and
PP2ACR), two scaffold subunits (PR65a and PR65[3) and a myriad of

substrate-targeting regulatory subunits classified into subfamilies
of PR55, PR61, and PR72 [3]. PP4C shares 65% sequence homol-
ogy with PP2AC and associates with regulatory subunits PP4R1,
PP4R2, PP4R3q, PP4R3[3, and PP4R4 [4]. Human PP6C was identi-
fied by its rescue of temperature-sensitive mutants of Sit4, which
is homolog of PP6C in Saccharomyces cerevisiae [8]. PP6 functions as
a heterotrimeric complex containing PP6C, one of the three regu-
latory subunits PP6R1, R2, or R3, and proteins with ankyrin repeat
domains [4].

PP2C is part of the MgZ*/Mn?*-dependent PPM, and a
well-studied member of this family is wild-type p53-induced phos-
phatase (WIP1, also known as PP2C or PPM1D), named so due to
its induced expression is p53-dependent after DNA damage [9].
Concordant with its function in deactivating tumor suppressors,
WIP1 is an oncogene amplified and overexpressed in many human
cancers [10].

CDC14 belongs to the family of highly conserved dual-specificity
phosphatases (DUSPs). DUSPs are characterized by their ability to
dephosphorylate phosphotyrosine, phoshoserine and phoshothre-
onine residues in their substrates [11]. CDC14 of S. cerevisiae is
regulated by CDC14 early-anaphase release (FEAR) pathway and
mitotic exit network (MEN) in terms of its subcellular localization.
FEAR and MEN pathways signal the release of CDC14 from nucle-
olus into nucleoplasm and cytoplasm [12]. CDC14 function during
the transition of metaphase to anaphase for anaphase spindle sta-
bilization and mitotic exit, via reversal of cyclin-depedent kinase 1
(CDK1)-mediated phosphorylation [12].

3. Dephosphorylation regulates DSB repair in a cell
cycle-dependent manner

DNA double-strand breaks (DSBs) are the most deleterious
lesion for the cells—a single unrepaired DSB may be sufficient for
inducing apoptosis [13]. Two major mechanistically distinct path-
ways, homologous recombination (HR) and non-homologous end
joining (NHE]), have evolved to deal with DSBs and are regulated by
highly conserved factors [14]. HR requires an undamaged homolo-
gous DNA template to restore information lost in the damaged DNA
strand with high fidelity, while error-prone NHE] rapidly processes
and joins broken DNA ends [14]. The relative contribution of these
pathways varies in cell types and phases of the cell cycle—typically
NHE] is favored in the pre-replicative (GO/G1) phase, while HR
dominates in the replicative (S) phase [14]. The spatial and tem-
poral recruitment of DSB repair factors to the site of the DNA
break is tightly regulated to ensure efficient and appropriate execu-
tion of these pathways. Post-translational modifications, including
phosphodynamics, of these proteins are central to this regulatory
step.

3.1. ATM

The current widely accepted model of activation of ataxia-
telangiectasia mutated (ATM) entails rapid auto-phopshorylation
at Ser1981 in response to DNA damage [15]. This phosphoryla-
tion event induces the dissociation of ATM dimer distributed in the
nucleus, allowing the release of active monomeric ATM to localize
to damaged chromatin and phosphorylate downstream checkpoint
proteins [16]. The protein phosphatase PP2A has been previously
implicated in regulating ATM activity in undamaged cells [17], but
the molecular details of this regulation were not clear. PP2AC-B55a
holoenzyme interacts directly with ATM and catalyzes dephospho-
rylation of ATM at Ser367, Ser1893 and Ser1981 in vitro [18]. The
PP2AC-B55a complex regulates ATM activity in a DNA damage-
and time- dependent manner. The impact of PP2AC-B55a complex
on ATM diminishes 15 min post-irradiation and is restored again
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