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Abstract
Wip1 (PPM1D) is a stress responsive PP2C phosphatase that plays a key role in stress signaling.
Although originally identified as a gene induced by p53 after genotoxic stress, we now know that
Wip1 expression is additionally regulated by other mechanisms. Wip1 is not only a target of p53,
but is also a target of other transcription factors, including Estrogen Receptor-alpha and NF-
kappaB. Additionally, Wip1 expression is regulated by post-transcriptional mechanisms such as
mRNA stabilization and alternative splicing. Upon induction, Wip1 dampens the stress response
by dephosphorylating and inactivating proteins such as p53, p38 MAPK, and ATM, usually as part
of a negative feedback loop. As a result, Wip1 functions to abrogate cell cycle checkpoints and
inhibit senescence, apoptosis, DNA repair, and the production of inflammatory cytokines.
Furthermore, Wip1 is overexpressed in several types of human cancers and has oncogenic
functions. The regulation of Wip1, the role of Wip1 in stress signaling, and the cooperation of
Wip1 with oncogenes in promoting tumorigenesis will be discussed in this review.
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2. INTRODUCTION
Signal transduction, such as the transmission of a signal through protein modifications, is
essential for the cell to cope with stress. A good example of stress signaling is the DNA
damage response (DDR). Cells have adapted the DDR as a way for the normal functions,
such as those involved in cell cycle progression, to temporarily shut down while stress-
induced damage is repaired. Depending on the cell cycle phase of the cell at the time of
damage, the cell can halt cell cycle progression by eliciting checkpoints (1, 2). However, if
the damage is not repairable, then the cell may trigger apoptosis. Apoptosis and cell cycle
arrest are crucial, since cells that have dysfunctional checkpoint and apoptotic responses are
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able to replicate despite persistent damage, potentially leading to mutations and tumor
formation. Therefore, the existence of signaling proteins responsible for the initiation of cell
cycle arrest during damage repair or apoptosis if the damage cannot be repaired implies the
existence of mechanisms for suppressing these pathways upon the completion of repair to
allow the resumption of normal cell cycle progression. The Wild-type p53 inducible protein
1 (Wip1) phosphatase, the product of the PPM1D gene, plays an important role in the latter
process. In other words, Wip1 dampens stress signaling and facilitates the return of the cell
to a homeostatic state once the damage is repaired.

Wip1 was originally identified as a nuclear phosphatase induced in a p53-dependent manner
after IR exposure (3). It is a member of the PP2C family of serine/threonine phosphatases,
which by definition means it is magnesium-dependent and okadaic acid-insensitive (3).
Expression of Wip1 is induced by a variety of stresses, such as exposure to ionizing
radiation (IR), ultraviolet (UV) radiation, anisomycin, hydrogen peroxide (H2O2), methyl
methane sulfonate, and inflammatory cytokines (3–6). Once induced, Wip1 directly binds to
and dephosphorylates several key signaling proteins involved in stress signaling. Some
examples of Wip1 targets include p38 MAPK, p53, the phosphorylated form of the histone
2A variant H2AX (gamma-H2AX) and ataxia-telangiectasia mutated (ATM), which play
important roles in apoptosis, cell cycle arrest, and DNA repair (4, 7–10).

Wip1 also plays an important role in tumorigenesis, which is evident by its overexpression
in several types of human cancers such as breast cancer, ovarian cancer, and gastric
carcinomas (11–14). Oncogenic stress triggers DNA damage-like signaling, which appears
to act as a barrier to cellular transformation in response to oncogenic stress (15, 16), and
inhibition of this signaling by Wip1 is most likely a tumor promoting mechanism.
Additionally, although its overexpression alone does not promote tumorigenesis, Wip1 has
been shown to cooperate with other oncogenes, including Erbb2 and HRas1, in promoting
tumorigenesis (17, 18). This review will focus on the regulation of Wip1 expression after
stress, the functional effects of Wip1 on signaling in the stress response, and the cooperation
of Wip1 with oncogenes in promoting tumorigenesis.

3. REGULATION OF WIP1 EXPRESSION
Wip1 expression is induced by a variety of exogenous stresses and subsequently regulates
stress signaling through its phosphatase activity. To date, the activity of Wip1 has not been
shown to be regulated through post-translational modification; the major known modulation
of Wip1 phosphatase activity is through the level of its expression. The following section
will review the regulation of Wip1 expression, including transcriptional and post-
transcriptional mechanisms.

3.1. Transcriptional regulation
The promoter region of the PPM1D gene is GC-rich and contains binding motifs for
numerous transcription factors, suggesting complex regulation during development and in
modulating tissue-specific responses to stress. The transcription factors that have been
experimentally validated, namely p53, CREB, NF-kappaB, ERalpha, c-jun, and E2F1, are
important in the genotoxic and oncogenic stress responses, and the relative locations of their
binding sites in the Wip1 promoter are shown in Figure 1. The regulation of the expression
of Wip1 by these transcription factors is discussed in the sections below.

3.1.1. p53—Wip1 was first identified as a gene upregulated after DNA damage in a p53-
dependent manner (3). In particular, Rossi et al. analyzed the promoter region of Wip1 and
confirmed Wip1 as a p53 transcriptional target (Figure 1 & Figure 2) (19). The authors
identified two potential p53 response elements (p53RE) in the PPM1D promoter region, but
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showed that only the p53RE located in the 5′ untranslated region (5′UTR) conferred p53-
responsiveness. By using reporter constructs, PCR, and chromatin immunoprecipitation
(ChIP) analysis, they showed that p53 bound to the PPM1D promoter region after IR, and
that the 5′UTR p53RE was responsible for the DNA damage-induced upregulation of Wip1
by p53 (19).

Most types of DNA damage lead to activation of p53 and subsequent induction of Wip1, but
the signaling pathways leading to p53 activation may differ, depending on the nature of the
damage. A good example of this is the difference in signaling to p53 after UV radiation and
IR exposure. Following exposure to IR, the PI3K-like kinase ATM becomes activated
through autophosphorylation and subsequently phosphorylates p53 on Ser15, leading to its
activation (20). This differs from p53 activation after UV radiation exposure, which involves
phosphorylation of p53 on Ser33 and Ser46 by p38 MAPK (21). Wip1 expression is induced
by UV radiation exposure (17), and not surprisingly, p38 is required for induction of Wip1
post-UV radiation (and not IR) exposure. This was shown by the fact that an inhibitor of p38
MAPK reduced Wip1 induction in a dose-dependent manner in UV radiation-exposed (and
not IR-exposed) A549 cells (Figure 2) (4). Therefore, p53 transcriptionally activates PPM1D
after genotoxic stress, and the upstream mechanism depends on the type of genotoxic stress.

3.1.2. Cyclic AMP response element binding protein (CREB)—A conserved cyclic
AMP response element (CRE) was identified in the human and mouse PPM1D promoter
regions (Figure 1), and the binding of the CRE binding protein (CREB) to the PPM1D
promoter in HEK 293 cells and human hepatocytes was determined in a genome-wide
association study (22, 23), suggesting that CREB regulates the expression of Wip1. The
positive regulation of PPM1D transcription by CREB was confirmed by reporter assays and
ChIP experiments (19). In contrast to p53 regulation of Wip1, which occurs in response to
genotoxic stress, CREB also regulates basal PPM1D transcription in cultured cells (Figure
2). In the absence of exogenous stress, a luciferase reporter construct with a mutated CRE in
the PPM1D promoter showed reduced luciferase activity levels (by over 40%) compared to
the wild type PPM1D promoter in colon cancer HCT-116 cells. Additionally, ChIP analysis
in HCT-116 wild type and p53−/− cells revealed that CREB was bound to the PPM1D
promoter region in the absence of stress and independent of the presence of p53, which
further supports a role of CREB in basal PPM1D transcriptional regulation (19). Like p53,
CREB also regulates PPM1D transcription after IR exposure. This was illustrated by the
finding that the amount of CREB bound to the PPM1D promoter region increased two hours
after IR. Surprisingly, results from experiments with mutated reporter constructs suggested
that even though both p53 and CREB regulate PPM1D, they appear to do so independently
(19). Thus, CREB facilitates the transcription of PPM1D basally and after DNA damage
independently of p53.

3.1.3. Nuclear Factor-kappa B (NF-kappaB)—The fact that NF-kappaB is activated in
response to stress (24) and that there is a conserved kappaB site in the PPM1D promoter
region (Figure 1) suggested that NF-kappaB regulates levels of PPM1D transcription, which
was validated by our group (5). Inhibition of NF-kappaB chemically or by siRNA directed
to the p65 subunit reduced basal levels of Wip1 mRNA and protein in MCF-7 breast cancer
cells, which indicates that NF-kappaB is responsible, at least in part, for basal Wip1
expression. Reporter constructs and ChIP assays showed that the kappaB site is required for
full basal PPM1D promoter activity and that p65 binds directly to the PPM1D promoter
region (5). Additionally, as shown in Figure 2, stimulation with lipopolysaccharide (LPS) or
the cytokine Tumor Necrosis Factor-alpha (TNF-alpha), both well-known NF-kappaB
activators, increased PPM1D mRNA levels (5, 6). These studies showed that constitutively
active NF-kappaB in cancer cells (such as in MCF-7 breast cancer cells) or cytokine-
activated NF-kappaB induced Wip1 expression. However, as NF-kappaB is activated in
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response to many types of stress including genotoxic stress, NF-kappaB may regulate Wip1
expression after other types of stress as well.

3.1.4. Estrogen Receptor-alpha (ERalpha)—Several lines of evidence indicate that
Wip1 may be regulated in a steroid-dependent manner. First, Wip1 is over-expressed in a
number of cancers regulated by steroids such as breast cancer and ovarian cancer (11, 13,
25). Additionally, a large proportion of primary breast tumors that exhibit overexpression of
Wip1 also have high expression of ERalpha (12). Indeed, Han et al. showed that Wip1 is
regulated by ERalpha. They found that ERalpha binds to the promoter region of PPM1D and
treatment of MCF-7 cells with 17beta-estradiol (E2) and ectopic expression of ERalpha
increased Wip1 expression levels (Figure 1 and Figure 2) (26). Furthermore, Wip1 has been
shown to increase the activity of several nuclear hormone receptors, most likely by
enhancing their association with Nuclear Receptor Coactivator-1 (NCOA1), NCOA2 or
NCOA3 (27). Recent work has demonstrated that Wip1 induction by E2 and ERalpha
promotes cell cycle progression and cell proliferation, thus establishing a positive feedback
loop whereby E2 stimulates ERalpha–dependent induction of Wip1, which then further
promotes the upregulation of Estrogen-dependent genes to augment cell proliferation (26).
Thus, Wip1 is positively regulated by ERalpha and then elicits pro-tumorigenic effects by
enhancing ERalpha signaling in breast cancer cells (26).

3.1.5. c-jun—As discussed above, p38 MAPK/p53 signaling is important for Wip1
induction after UV radiation exposure (4). However, a recent report by Song et al. showed
that JNK/c-jun signaling contributes to Wip1 induction in A549 cells (28). A sequence
matching a c-jun binding motif is located 283 bp upstream from the translation start site in
the PPM1D promoter region, overlapping the CRE (Figure 1). Overexpression of c-jun
enhanced UV radiation-induced Wip1 promoter activity, and Electophoretic Mobility Shift
Assays (EMSAs) indicated that c-jun directly bound to the consensus sequence in the
PPM1D promoter region (28). ChIP assays demonstrated that p53 was bound to the Wip1
promoter a short time after UV radiation exposure, and JNK-activated c-jun was bound later
(28). Therefore, the JNK/c-jun pathway may contribute to the UV-induced induction of
Wip1 (Figure 2).

3.1.6. E2F1—E2F1 is a member of the E2F family of transcription factors that regulates
genes important for cell growth, cell differentiation and apoptosis (29–31). As shown in
Figure 1, an E2F family binding motif is present in the PPM1D promoter at −652 base pairs
from the translation start site (32). Hershko et al. showed that PPM1D is a target of E2F1 by
RT-PCR and ChIP analysis (Figure 2). Furthermore, E2F1 modulates PPM1D transcription
independently of p53, since cells in which E2F1 is conditionally activated and that have
depleted p53 by siRNA show a similar increase in Wip1 expression compared to cells that
fully express p53. The fact that E2F1 upregulated Wip1 in a p53-deficient lung carcinoma
cell line, H1299, also indicated that E2F1 induction of Wip1 is independent of p53 (32). It
may be worth noting, however, that these experiments were done in cell systems in which
E2F1 is conditionally activated upon the addition of a 4-hydroxytamoxifen rather than
through its intrinsic regulation.

3.2. Post-transcriptional regulation
3.2.1. p53-dependent shift in transcription start site—Detailed studies on p53-
regulated Wip1 expression revealed that p53 also regulates Wip1 expression through post-
transcriptional control (Figure 3). Rossi et al. identified two clusters of PPM1D transcription
start sites, distinguished by their 5′UTR lengths (19). The longer 5′UTR transcripts had
about 220 bases of highly structured mRNA preceding the translation initiation codon,
whereas the shorter 5′UTR transcripts had about 65 bases before the translation initiation
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codon. The authors showed that CREB binding to the CRE site was associated with
production of transcripts with longer 5′UTRs. However, in response to UV radiation or IR,
p53 bound to the p53RE enhanced transcription of Wip1 transcripts with shorter 5′UTRs. In
fact, RT-PCR-based analysis with specific primers showed that the majority of the PPM1D
transcripts induced by either UV radiation or IR exposure were the shorter species. Since
shorter transcripts may be more efficiently exported from the nucleus, this represents a post-
transcriptional mechanism through which p53 enhances Wip1 expression (19).

3.2.2. Regulation by microRNA-16—Recent work has shown that microRNAs,
including miR-16, are regulated by and play a role in the DDR and, furthermore, that p53
affects the level of specific microRNAs through transcription-dependent and independent
mechanisms (33–35). Specifically, miR-16 expression was found to be induced following
DNA damage through p53-dependent promotion of its processing and maturation (34). The
mature form of miR-16 binds to the 3′UTR of Wip1 mRNA and promotes its degradation
(Figure 3) (36). Expression of miR-16 decreased Wip1 mRNA levels through binding to a
12-base region of the 3′UTR, since the activity of a reporter construct with a mutation in
this region was not affected by miR-16 expression. Furthermore, the authors showed that
miR-16 inhibits Wip1 expression in a time-dependent manner after exposure to
neocarzinostatin (NCS) (36). Thus, miR-16 may negatively regulate Wip1 expression by
decreasing Wip1 mRNA stability.

Taken together, these studies describe a mechanism by which p53 inhibits Wip1 expression
– through induction of miR-16. However, this is contrary to the previously demonstrated
induction of Wip1 by p53 after DNA damage (3, 19). The differences may reflect cell type-
specific differences in miR-16 expression levels or the complex temporal regulation of Wip1
expression. Indeed, Zhang et al. emphasized that miR-16 reduced Wip1 protein levels at
early times after NCS addition, but later, miR-16 expression was reduced, and both p53 and
Wip1 protein levels continued to increase (36). The p53-dependent inhibition of Wip1
expression through increased miR-16 levels may be an important mechanism that prevents
tumorigenesis, since Wip1 promotes tumorigenesis and miR-16 has tumor suppressor
properties (10, 18, 37–39).

3.2.3. BRCA1-IRIS enhances PPM1D mRNA stability—Another mechanism by
which PPM1D mRNA stability is affected is through BRCA-IRIS. Unlike the tumor
suppressor BRCA1, which is derived from the same locus, BRCA-IRIS is oncogenic and
promotes cell cycle progression, cell survival and proliferation (40–42). In contrast to
destabilization by miR-16, BRCA-IRIS enhances PPM1D mRNA stability. It does so
through the enhancement of the RNA binding protein HuR, which stabilizes mRNA by
binding to the 3′ untranslated region (43, 44). It was shown that, in breast cancer cells,
overexpression or knock down of BRCA-IRIS leads, respectively, to increased or decreased
Wip1 expression, as determined by immunoblotting and RT-PCR. Immunoblot analysis
showed that BRCA-IRIS stabilized HuR and increased its cytoplasmic expression. This
occurs presumably through NF-kappaB, since NF-kappaB is known to regulate HuR
expression and overexpression of BRCA-IRIS leads to nuclear localization of the p65
subunit of NF-kappaB. HuR then binds to Wip1 mRNA to prevent its degradation, which
leads to an enhanced Wip1 expression (Figure 3) (43). As BRCA1-IRIS, HuR, and Wip1 are
all induced after UV radiation exposure, it is thought that this mechanism is activated after
UV radiation and that Wip1 inhibits UV radiation-induced apoptosis through inhibition of
p38 MAPK and p53, which will be discussed in Section 4 (43).

3.2.4. Alternative splicing – PPM1D430—As depicted in Figure 3, the final currently
known post-transcriptional regulation of Wip1 expression to be discussed is alternative
splicing. Alternative splicing of Wip1 was discovered by the cloning of a longer than
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predicted cDNA fragment of Wip1 that included a region beyond exon 5 that encoded a stop
codon (45). Subsequently, two alternatively spliced products were found, one corresponding
to the full length protein (PPM1D605) and the second to a shorter version (by 175 base
pairs, PPM1D430). The two spliced products share the entire catalytic domain plus an
additional 42 residues, suggesting that both proteins have phosphatase activity, which was
confirmed by an in vitro phosphatase activity assay with purified recombinant proteins (45).
Furthermore, PPM1D605 and PPM1D430 are similarly induced in MCF-7 cells after
adriamycin exposure, and both are functional phosphatases, since either the specific knock
down of PPM1D430 or the knock-down of both variants resulted in enhanced p53
phosphorylation and stabilization (45). On the other hand, other clues suggest functional
differences between the two variants. For example, whereas PPM1D605 expression is
ubiquitous, PPM1D430 is highly expressed in the testis and in leukocytes. Furthermore, in
MCF-7 cells, both variants localize to the nucleus, whereas in T47D cells, PPM1D605
localizes to the nucleus but PPM1D430 was found in the cytoplasm, the plasma membrane,
and the nucleus (Figure 3). Given the differences in tissue expression patterns and
subcellular localization, the two variants may exhibit functional differences, but this is
currently unknown.

4. WIP1 SUPPRESSES THE STRESS RESPONSE: UPDATE
Although Wip1 has been shown to be induced after a variety of stresses, most of the studies
on this phosphatase have focused on its role in the DDR and in the response to oncogenic
stress. Wip1 directly binds to, dephosphorylates, and inactivates a number of stress signaling
proteins, leading to increased tumorigenesis and inhibition of the processes of DNA repair,
cell cycle arrest, and apoptosis. Recent studies have shown that Wip1 also suppresses
inflammatory signaling, facilitates senescence escape, and maintains stemness in stem cells.
These aspects of Wip1 signaling will be reviewed below and are summarized in Figure 4.

4.1. Wip1 targets stress-induced proteins
Extensive studies characterizing the substrate specificity of Wip1 have shown that it is
capable of dephosphorylating phospho-serines or phospho-threonines residing in two
different motifs. The first identified motif was the diphosphorylated peptide
X−1pTX+1pYX+3, where X−1 can be any amino acid, X+1 is any aliphatic amino acid, and
X+3 is any amino acid except proline (46). This motif is found in p38 MAPK and uracil-
DNA glycosylase (UNG2), both of which are targeted by Wip1. In addition, the p(S/T)Q
motif was identified as a Wip1 target sequence (47). The S/T in this motif is phosphorylated
by the PI3K-like kinases such as ATM. By using phosphopeptides and recombinant Wip1
protein, Wip1 was shown to efficiently dephosphorylate p(S/T)Q peptides corresponding to
several protein targets of the PI3K-like kinases, including p53 phosphorylated on Serine 15
and Chk1 phosphorylated on Serine 345 (47). Further biochemical analysis showed that the
optimal p(S/T)Q phosphopeptide substrate for Wip1 is (D/E)(D/E)X−1p(S/T)QX+2, where
X−1 is any amino acid and X+2 is any amino acid except basic amino acids or Proline (47).
Indeed, many studies have characterized specific Wip1 targets exhibiting these motifs,
which include p38, p53, ATM, gamma-H2AX, Chk1, Chk2, UNG2, Mdm2, MdmX, NF-
kappaB, XPA, and XPC (Table 1).

Some of these Wip1 targets and the subsequent biological consequences of their inactivation
by Wip1 have been reviewed previously, including p38, p53, ATM, Chk1, Chk2, Mdm2 and
UNG2 (25). However, since last reviewed, additional Wip1 targets have been identified.
Therefore, the interaction of Wip1 with MdmX, gamma-H2AX, NF-kappaB, XPA, and XPC
will be discussed below.
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4.1.1. New Wip1 targets (MdmX, NF-kappaB, XPA, XPC)—MDMX, like Wip1, is a
negative regulator of p53. Upregulation of MDMX leads to an autoregulatory negative
feedback loop, since MDMX in complex with MDM2 enhances ubiquitination and
degradation of the p53 protein (48, 49). Because of its negative regulation of p53, MDMX
facilitates down-regulation of the DNA damage response after stress and is thought to
promote tumorigenesis. The finding that Wip1 enhances the negative effects of MDMX on
p53 signaling indicates that Wip1 and MDMX cooperate to reduce p53 activity and stability.
Zhang et al. showed that Wip1 directly dephosphorylated MDMX on serine 403, a site that
is phosphorylated by ATM after genotoxic stress (Table 1), and additionally inhibited
phosphorylation of MDMX of S342 and S376 by an indirect mechanism (50).
Overexpression of Wip1 reduced the levels of pS403-MDMX after NCS treatment,
indicating that Wip1 inhibits MdmX phosphorylation. Co-immunoprecipitation experiments
showed that Wip1 and MdmX physically interact, and recombinant Wip1 was able to
dephosphorylate a phosphopeptide corresponding to MdmX (pS403). Furthermore, Wip1−/−

mouse embryonic fibroblasts (MEFs) treated with NCS had reduced levels of MdmX
compared to Wip1+/+ MEFs (which was dependent on ATM), and overexpression of Wip1
inhibited MdmX degradation after NCS. Additionally, Wip1 inhibits p53 through MdmX
and enhances the interaction of MdmX with ubiquitin-specific peptidase 7 (USP7), which
deubiquitinates and stabilizes MdmX (50). Therefore, Wip1 dephosphorylation of MdmX
and enhancement of MdmX-dependent p53 degradation provides an additional mechanism
by which Wip1 returns the cell to homeostasis after stress and promotes tumorigenesis
(Figure 4).

As shown in Figure 4, NF-kappaB was identified as a Wip1 target by Chew et al. (6). By
using an NF-kappaB reporter and by monitoring the expression levels of NF-kappaB targets,
they showed that overexpression of Wip1 or knockdown of Wip1 with siRNA reduced or
increased, respectively, NF-kappaB activation resulting from treatment with Interleukin-1
(IL-1) or TNF-alpha. This enhancement of NF-kappaB activity by Wip1 knockdown was not
due to alterations in the expression of IkappaBalpha (an inhibitor of NF-kappaB), as
determined by immunoblot, or in the DNA binding of the p50:p65 NF-kappaB
heterodimeric complex after stimulation, as determined by EMSA. On the other hand,
evaluation of the levels of phosphorylation of NF-kappaB p65 on Ser536 (pS536-p65)
showed that overexpression of Wip1 or knockdown of Wip1 reduced or enhanced,
respectively, the levels of pS536-p65 after stimulation by TNF-alpha. This effect was
independent of p38 MAPK since the p38 inhibitor, SB202190, did not rescue the heightened
pS536-p65 levels in Wip1-depleted cells. Furthermore, overexpression of Wip1 inhibited the
TNF-alpha-induced binding of p65 to its transcriptional cofactor p300. Finally, recombinant
Wip1 dephosphorylated immunopurified pS536-p65 in an in vitro phosphatase assay,
indicating that Wip1 can directly dephosphorylate pS536 of p65 (Table 1 and Figure 4). The
authors concluded that Wip1 reduces the expression of cytokines such as TNFalpha after
stimulation through inhibition of NF-kappaB activity (6).

Xeroderma pigmentosum complementation group A and C (XPA and XPC) are critical
proteins of the Nucleotide Excision Repair (NER) pathway, which resolves many of the UV
radiation-induced DNA lesions such as cyclobutane pyrimidine dimers (CPDs) (51). XPA is
recruited with other NER proteins and plays an important role in the assembly of repair
proteins at the damage site. On the other hand, XPC facilitates the recognition of UV
radiation-induced lesions specifically in transcriptionally inactive DNA, a process named
global genome-NER (GG-NER) (51). As shown in Table 1 and Figure 4, a potential
mechanism for the inhibition of NER by Wip1 is through dephosphorylation of XPA and
XPC (52). XPA and XPC have p(S/T)Q motifs, which are consensus sequences for Wip1
that are targeted by PI3K-like kinases after DNA damage. Recombinant Wip1 protein
efficiently dephosphorylated phosphopeptides corresponding to XPA S196 and XPC S892
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(the PI3K-like kinase targets) in an in vitro phosphatase assay, and this was dependent on
Wip1 phosphatase activity, since a phosphatase-dead mutant form of Wip1 (Wip1-D314A)
was unable to dephosphorylate the phosphopeptides. The authors conclude that Wip1 may
inhibit NER (see section 4.3.2.1 below) through dephosphorylation of XPA and XPC (52).

4.2. Wip1 inhibits DSB repair and cell cycle checkpoints through gamma-H2AX
gamma-H2AX is a critical component of the DDR and is important in maintaining genomic
stability (53, 54). In the DDR, gamma-H2AX facilitates the recruitment of repair factors
such as Mdc1, Rad51, and NBS1 to the sites of double strand breaks (DSBs), which is
necessary for efficient repair (55). These repair factors, including gamma-H2AX, form foci
when viewed with immunofluorescence microscopy that are removed once the repair is
complete and DDR signaling is silenced. True to its role as a stress signaling silencer, Wip1
plays an important role in reversing gamma-H2AX levels through dephosphorylation. Three
research groups (7, 56, 57), including ours, have shown that gamma-H2AX is a target of
Wip1. Wip1 was found in the chromatin-bound subcellular fraction, and
immunofluorescence analysis showed that Wip1 co-localized with foci formed by the DNA
repair factors gamma-H2AX and Mdc1 (8). In vitro phosphatase assays showed that Wip1
dephosphorylated gamma-H2AX phosphopetides, and co-immunoprecipitation assays
showed that Wip1 physically interacts with H2AX. Furthermore, deletion of Wip1 enhanced
gamma-H2AX levels after genotoxic stress, whereas overexpression of Wip1 reduced
gamma-H2AX levels, which was ATM-independent (7, 8, 56). Importantly, our group
showed that formation of gamma-H2AX foci, per se, was not affected by Wip1
overexpression, since gamma-H2AX foci were observed in cells overexpressing Wip1
shortly after IR exposure (10 minutes) at levels comparable to those in control cells (7).
Together, these studies showed that Wip1 is a gamma-H2AX phosphatase and is important
for removal of gamma-H2AX after genotoxic stress (Table 1 and Figure 4).

The functional consequences of gamma-H2AX dephosphorylation by Wip1 include
inhibition of cell cycle checkpoints and inhibition of DNA repair (Figure 4). Following
exposure to the genotoxic agent doxorubicin, cells overexpressing Wip1 progressed into
mitosis and exhibited an absence of gamma-H2AX or Mdc1 foci, indicating that
overexpression of Wip1 prevents the G2/M cell cycle checkpoint after genotoxic stress
through inhibition of gamma-H2AX (8). In addition, overexpression of Wip1 impaired foci
formation of many repair factors including Nbs1, Rad50, and 53BP1 (7, 56). Impaired
recruitment of DNA repair factors should also reduce DNA repair, and this was shown to be
true in cells overexpressing Wip1. As measured by a neutral comet assay, IR-induced DSBs
persisted in Wip1-overexpressing cells compared to similarly treated control cells (7). In a
similar manner, site-specific DSBs initiated by the homing endonuclease, I-PpoI, exhibited
impaired recruitment of γ-H2AX and were inefficiently repaired in control-treated MCF7
cells, which express high levels of Wip1, compared with Wip1 shRNA-treated cells, in
which Wip1 was depleted (56). Therefore, accumulation of gamma-H2AX at DSBs is
critical for cell cycle arrest and efficient DNA repair and overexpression of Wip1 inhibits
both processes. Additionally, gamma-H2AX plays a role in tumorigenesis (58), and a role
for Wip1 in removal of gamma-H2AX after oncogenic stress and in the absence of DNA
damage will be discussed below in section 4.5.

4.3. Wip1 and the UV response
Signaling in response to genotoxic stress is specific to the type of stress and the nature of
DNA damage. For example, the most lethal type of damage induced by IR exposure is
DSBs, whereas UV radiation exposure induces CPDs and other types of DNA damage.
Therefore, it is not surprising that regulation of Wip1 and Wip1 signaling after UV radiation
exposure is different than after IR exposure. Several recent studies have focused on
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elucidating Wip1 signaling after UV radiation exposure, which will be discussed in this
section.

4.3.1. UV-induced Wip1 expression
4.3.1.1. c-Jun vs. p53: As discussed in section 3, both c-jun and p53 have been shown to
contribute to Wip1 induction after UV radiation exposure (4, 28). Song et al. showed by
ChIP analysis that p53 binding to the PPM1D promoter peaks very soon after UV radiation
exposure, after approximately 1 hour, whereas c-jun binding peaks at about 5 hours after UV
radiation exposure in A549 cells. Additionally, JNK kinase activity upstream from c-jun is
required for c-jun-mediated Wip1 induction, as indicated by reduced Wip1 expression in the
presence of a JNK inhibitor. Therefore, in addition to the BRCA1-IRIS-dependent
mechanism discussed in section 3.1.2, two additional signaling pathways lead to UV
radiation-induced Wip1 expression – the JNK/c-jun pathway and the p38 MAPK/p53
pathway (28).

4.3.1.2. NER-dependence: Oh et al. showed that following UV radiation exposure, Wip1 is
induced in a p53-dependent manner at later time points, and that Wip1 induction requires an
intact NER system (59). The authors found that cells deficient in xeroderma pigmentosum
complementation group B (XPB), a helicase that plays an essential role in NER (51), failed
to induce Wip1 expression. Since NER is not functional in XPB cells, transcription-blocking
UV radiation-induced DNA lesions persist at high levels. As the p53-dependent induction of
large gene size targets, including Wip1, previously had been shown to be inhibited at high
doses of UV radiation (60), the authors speculated that unrepaired lesions in the PPM1D
gene in XPB cells prevented its transcription and expression (59). Therefore, NER is
required for the repair of UV radiation-induced DNA lesions within the PPM1D gene and
the subsequent p53-dependent induction at later time points after UV radiation exposure.

4.3.1.3. Dose-dependence: Induction of Wip1 after UV radiation also appears to be dose-
dependent (60, 61). Low doses of Ultraviolet C (UVC, 240–290 nm) radiation, such as 5 J/
m2, induce Wip1 expression as expected. In contrast, Wip1 is not induced and its expression
actually decreases after a high dose of UVC radiation, such as 50 J/m2 (61). Using
actinomycin D to inhibit transcription and MG132 to inhibit proteasome-dependent protein
degradation, Xia et al. showed that Wip1 is down-regulated after high doses of UVC at the
transcription and protein level. They determined that this is independent of p53, but did not
elucidate the mechanism by which PPM1D transcription is inhibited and the Wip1 protein is
destabilized. However, as described above, the lack of Wip1 induction may result from the
presence of unrepaired DNA lesions at this high dose of UVC radiation and the consequent
block of PPM1D transcription (59, 60). Additionally, the sustained phosphorylation of p53
on S15 and increased level of apoptosis that result from exposure to high doses of UVC
radiation are consistent with the lack of Wip1 induction (61). The authors conclude that
whereas Wip1 is induced in a p53-dependent manner in response to a low dose of UV
radiation, high doses of UVC radiation suppress Wip1 induction in a p53-independent
manner and disrupt the p53/Wip1 negative feedback loop (61).

4.3.2. Wip1 dampens the UV response
4.3.2.1. Inhibition of Nucleotide Excision Repair (NER): Nguyen et al. were the first to
show inhibition of NER by Wip1 (Figure 4) (52). Wip1−/− MEFs had almost a three-fold
increase in NER activity as measured by the ability of the cells to repair a UV-irradiated
luciferase reporter plasmid. Likewise, overexpression of wild type Wip1 (but not a
nonfunctional mutant Wip1) inhibited NER by over 30%, and this was p53-independent,
since overexpression of Wip1 in a p53−/− cell line, Saos2, similarly reduced NER activity by
over 40%. As expected, Wip1 overexpression had no effect on the low level of reporter
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activity exhibited by cells deficient in xeroderma pigmentosum complementation group D
(XPD), but did significantly reduce reporter activity in XPD cells complemented with an
XPD expression vector. Similar effects of Wip1 on NER activity were also shown by
measuring the levels of unrepaired CPDs (51, 52). Wip1−/− MEFs exhibited lower amounts
of remaining CPDs after UV radiation compared to Wip1+/+ MEFs, whereas Wip1
overexpressing cells exhibited increased amounts of CPDs after UV radiation compared to
the control cells. This effect was also shown in vivo by comparing CPD levels in the skin of
UV irradiated Wip1−/− and Wip1+/+ mice. Wip1−/− MEFs and the skin from Wip1−/− mice
showed a reduction in UV radiation-induced apoptosis, which was measured by the presence
of cleaved Caspase-3 and PARP proteins as well as TUNEL staining (52). Thus, as shown in
Figure 4, Wip1 negatively regulates NER after UV radiation (presumably through
inactivation of XPA and XPC as discussed in section 4.1.1), and consequently enhances
apoptosis through the higher levels of remaining CPDs.

4.3.2.2. Dampening of the DDR: Although not directly produced by UV radiation
exposure, DSBs can be formed indirectly through, for example, the stalling of replication
forks. This is evident by the measurement of DSBs by comet assays and the presence of
phosphorylated DDR proteins such as gamma-H2AX, ATM, and NBS1 after UV radiation
exposure (51, 59), which Oh et al. showed was independent of an intact NER system, as this
occurred in cells deficient in the NER helicase, XPB (59). Since Wip1 is induced after UV
radiation exposure in normal human fibroblasts, it most likely plays a role in
dephosphorylating and inactivating the DDR proteins after UV radiation. As described in
section 4.3.1.2, Wip1 was not induced by UV radiation exposure in XPB fibroblasts (59).
Additionally, immunofluorescence assays revealed that foci corresponding to
phosphorylated and activated DDR proteins such as gamma-H2AX and phospho-ATM were
resolved 24 hours after UV radiation exposure when Wip1 expression was high. However,
these foci persisted in the XPB cells. Since Wip1 was not induced in XPB cells and since
DDR proteins such as gamma-H2AX and phospho-ATM are Wip1 targets, the lack of Wip1
expression is likely to contribute to persistent DDR activation in XPB cells. Likewise, UV
radiation-induced Wip1 in normal cells is able to reverse DDR signaling, which is important
for the cells to return to homeostasis (59).

4.4. Functional consequences of Wip1 after stress
4.4.1. Inhibition of apoptosis—Apoptosis, or programmed cell death, ensures that
injured cells do not replicate and pass on genomic DNA damage to progeny cells. Therefore,
the inability to proceed with apoptosis after severe damage is disadvantageous for an
organism, since replication of lesion-containing DNA can lead to the immortalization of
genomic mutations and, potentially, to tumor formation (62). Indeed, many tumors exhibit
defects in proteins important in apoptosis; the p53 protein is a good example, since it
functions in promoting apoptosis after stress and is one of the most frequently mutated genes
in human tumors (63). On the other hand, the cell must also have proteins that negatively
regulate apoptotic pathways in the event that stress-induced damage is efficiently repaired,
and Wip1 is one of these proteins (Figure 4).

p53-dependent apoptosis is well characterized and involves numerous signaling proteins to
induce the caspase-dependent and mitochondrial apoptotic pathways (reviewed in (64)).
Since p53 is a central regulator of apoptosis, Wip1 inhibition of p53 by direct
dephosphorylation and through the inactivation of upstream proteins promotes cell survival
by suppressing apoptosis (Figure 4). For example, Wip1 suppresses myc-induced apoptosis
through inhibition of the ATM-p53 apoptotic pathway and thereby promotes tumorigenesis.
Myc-induced lymphoma tumors from Wip1−/− mice exhibited elevated levels of apoptosis
compared to control mice, and the additional deletion of ATM or p53 lowered the level of
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apoptosis to values similar to those seen in tumors from ATM−/− or p53−/− mice (9). Thus,
Wip1 inactivates ATM signaling to p53 and promotes cell survival when myc expression
levels are high. Additionally, intestinal stem cells from Wip1−/− mice exhibited higher levels
of apoptosis that correlated with higher levels of activated p53, thus demonstrating that
Wip1 inhibits intestinal stem cell apoptosis through inhibition of p53 (65). Furthermore,
Kong et al. showed that depletion of Wip1 in MCF-7 breast cancer cells lead to higher levels
of apoptosis in response to doxorubicin. This most likely occurs through a p53-dependent
mechanism, since these cells also showed higher levels of active p53 and Bax expression
(66). Similarly, Parssinen et al. showed that Wip1 depletion by siRNA induced apoptosis in
breast cancer cells that had functional p53. This study was done in the absence of exogenous
stress, which indicates that Wip1 plays a role in breast cancer cell survival through the
inhibition of p53 (67). Therefore, Wip1 inhibition of p53 appears to be a major mechanism
by which Wip1 inhibits apoptosis.

The inhibition of apoptosis by Wip1 also reflects its negative feedback on the p38 MAPK/
p53 pathway. Takekawa et al. showed that Wip1-overexpressing A549 cells (p53-proficient)
exhibited a significant decrease in apoptosis after UV radiation compared to control cells,
and this decrease was dependent on Wip1 phosphatase activity, since over-expression of a
Wip1 phosphatase dead mutant had no effect (4). Furthermore, Schito et al. illustrated that
the DP thymocyte population (double-positive for CD4 and CD8) and not the DN population
(double-negative for CD4 and CD8) from Wip1−/− mice exhibited a higher rate of apoptosis
(68). The relevance to Wip1 negative feedback on the p38 MAPK/p53 pathway resides in
the fact that active p38 MAPK facilitates early thymocyte differentiation, but its inactivation
(and consequent inactivation of p53) is necessary for thymocyte differentiation from DN to
DP. Hence, persistent activation of p38 MAPK in mice deficient in Wip1 led to both
defective T-cell maturation to the DP state and increased apoptosis in the DP population due
to higher levels of p53 activation (68).

Wip1 also inhibits E2F1-induced and UV radiation-induced apoptosis, presumably through
p38 MAPK (32, 43). Hershko et al. showed that active E2F1 induces the phosphorylation
and activation of p38 MAPK through apoptosis signal-regulating kinase 1 (ASK1), which
promotes apoptosis (32). As discussed in Section 3, the authors also identified Wip1 as a
target of E2F1. E2F1-induced Wip1 is required for p38 MAPK dephosphorylation, since
depletion of Wip1 by siRNA lead to prolonged p38 MAPK phosphorylation. This Wip1-
dependent suppression of activated p38 MAPK led to suppression of E2F1-induced
apoptosis, as indicated by an increase in the percentage of apoptotic cells when Wip1 is
knocked down by siRNA (32). Additionally, Chock et al. showed that BRCA1-IRIS-induced
Wip1 inhibited UV radiation-induced apoptosis through inhibition of p38 MAPK/p53
signaling (43). Overexpression of BRCA1-IRIS attenuates p38 MAPK and p53 activation
and suppressed cell death after UV radiation exposure, whereas BRCA1-IRIS knock down
by siRNA enhances p38 MAPK and p53 activation. Since BRCA1-IRIS upregulates Wip1,
the authors conclude that the mechanism by which BRCA1-IRIS inhibits UV radiation-
induced apoptosis is through Wip1 inhibition of the p38 MAPK/p53 pathway (43).

The effect of Wip1 over-expression on Chk2-dependent apoptosis has also been examined.
Chk1 and Chk2 function in apoptosis-signaling pathways, as both proteins phosphorylate
p53 and E2F1 and facilitate both p53-independent and p53-dependent apoptosis (69).
Phosphorylation of T68 of Chk2 is important for activation of its kinase activity and
induction of apoptosis: phosphorylation of this residue was reduced after IR in Wip1-
overexpressing cells compared to control cells (70). As anticipated, overexpression of Wip1
inhibited apoptosis by decreasing phosphorylation of Chk2 on T68 and several other sites of
phsophorylation following exposure to IR and, furthermore, that Chk2 and Wip1 interact
through the (S/T)Q domain of Chk2 and the N-terminal domain of Wip1 (70, 71).
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Finally, Xia et al. showed that Wip1 not only protects from DNA damage-induced
apoptosis, but also protects the cell from apoptosis induced by various types of oxidative and
ribotoxic stress (72). Wip1−/− MEFs exhibited higher levels of apoptosis (as measured by
flow cytometry, nuclei morphology, and Caspase and PARP cleavage) after treatment with
anisomycin, etoposide, H202, UV radiation, or staurosporine. Furthermore, Wip1−/− MEFs
have higher levels of active p38 MAPK and JNK/c-jun pathways. Therefore, the authors
concluded that Wip1 is a global regulator of apoptosis through the inhibition of p38 MAPK,
JNK, and c-jun pathways (72).

4.4.2. Recovery and rescue from cell cycle arrest—Like apoptosis, cell cycle arrest
is critical in preventing DNA replication of a damaged genome. Functional studies have
confirmed the role of Wip1 in the G1/S, intra-S, and G2/M checkpoints (Figure 4). Oiva-
Trastoy et al. showed that cells overexpressing Wip1 have a dampened G2 arrest (as
measured by flow cytometry) after IR (73). Additionally, flow cytometry analysis of
Wip1−/− and wild type MEFs revealed that MEFs deficient in Wip1 have a significantly
higher G2:M ratio (52.7) compared to the wild type (17.4), indicating that Wip1 plays a role
in the transition from the G2 cell cycle phase to mitosis (74). Wip1 also functions in the G1
checkpoint, since synchronized Wip1−/− MEFs exhibited an exaggerated G1 arrest after IR
compared to wild type due to higher p53 activity (74). These data indicate that Wip1 is
likely to participate in the reversal of signaling important for the maintenance, and not
initiation, of the G1 checkpoint (through p53 inhibition) since there was no difference at
earlier time points following IR (74). Finally, evidence suggests that Wip1 has a function in
the intra S-phase cell cycle checkpoint after stress. Lu et al. showed that Wip1 plays a role in
regulating the intra-S phase after IR and UV radiation in cells either overexpressing Wip1 or
that have Wip1 knocked down by siRNA (75). Therefore, Wip1 helps to return the cell to
normal cell cycle progression after stress by negatively regulating pathways involved G2/M,
G1/S, and the intra-S phase checkpoints.

More recently, Lindqvist et al. showed that Wip1 is required for G2 checkpoint recovery
competence (76). Cells were synchronized in G2, treated with Doxorubicin and then treated
with ATM/ATR, Chk1/MAPKAP2, or p38 MAPK inhibitors to promote exit from G2 arrest.
In this assay, cells with endogenous levels of Wip1 efficiently recovered from the G2 arrest,
whereas cells with depleted Wip1 failed to do so (76). Furthermore, induction of Wip1 using
a Tet-on system after DNA damage in the G2-arrested cells promoted checkpoint recovery.
This was dependent on the phosphatase activity of Wip1, since expression of a phosphatase-
dead mutant (D314A) failed to have this effect on G2 checkpoint recovery. The mechanism
by which Wip1 maintains checkpoint recovery competence is through inhibition of p53,
since failed G2 checkpoint recovery in Wip1 depleted cells was rescued by p53 depletion.
Additionally, like HCT116 wild type cells, Wip1-depleted HCT116 p53−/− cells were able to
recover from G2 arrest, indicating that activated p53 in Wip1-depleted cells caused the
failure to recover from G2 arrest. Specifically, the authors showed that Wip1 inhibits the
transcriptional repression of target genes, specifically Cyclin B1, by p53 (76). Therefore,
Wip1 plays a critical role through p53 to facilitate checkpoint recovery. Furthermore, the
authors concluded that this may be another mechanism by which Wip1 promotes
tumorigenesis – by maintaining the ability of a cell to proliferate during oncogenic stress
(76).

4.4.3. Function of Wip1 in stem cells—Adult stem cells act as a reservoir for the
regeneration of damaged tissue. These stem cells normally reside in a quiescent state in
order to minimize unnecessary replication to presumably prolong their life-span, and they
undergo ‘self-renewal’ (e.g., a specific type of cellular proliferation, maintaining ‘stemness’)
only when damaged tissue needs to be regenerated (77). In this circumstance, stem cells are
transiently stimulated to undergo asymmetric self-renewal, which generates one identical
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stem cell and one progenitor cell. The generation of the identical stem cells is critical for
maintaining the stem cell pool, whereas the new progenitor cells proliferate (hence their
name ‘transient amplifying (TA) cells’) and differentiate to replace the damaged tissue (78)
(Figure 5A). Maintaining a balance between sufficient numbers of progenitor cells and stem
cells is critical for individual homeostasis (e.g., aging or cancer) (Figure 5). For example,
recent studies have revealed that the reduced proliferative potential of stem cells and the
subsequent depletion of the stem cell pool are correlated with age-related diseases such as
rheumatoid arthritis, osteoarthritis, refractory hypertension (78, 79). More clearly, an animal
model revealed that premature depletion of the stem cell pool by massive tissue damage and
subsequent major repair is strongly associated with the premature aging phenotype (80).
These data indicate that dysfunction of stem cells or depletion of an adequate pool of stem
cells may be closely related to aging and/or aging related symptoms (such as degenerative
diseases). On the other hand, uncontrolled proliferation of stem cells by constant stimulation
or loss of tumor suppressor activity is suggested to be the origin of tumors such as intestinal
cancer (81) and malignant astrocytoma (82). Therefore, well-defined tumor suppressors such
as p16Ink4a, 19Arf and p53 have been extensively studied in a variety of stem cell systems
and have a role in regulating the cellular fate of stem cells such as aging or senescence (83–
86), tumorigenesis (87, 88) and stemness or self-renewality (89, 90).

Recently, Wip1 was found to be expressed in intestinal stem cells and to inhibit p53-
mediated apoptosis, which promotes tumor initiation (65). Thus, abrogation of functionality
of the tumor suppressor p53 by Wip1 in constantly proliferating intestinal stem cells of the
APCmin mouse model was sufficient to induce cancerous stem cells or cancer initiating stem
cells, which was demonstrated to be the origin of intestinal cancer (81) (Figure 5B). In
contrast, continuous activation of the stress response in stem cells lacking Wip1 also had an
effect on the life span of stem cells. For instance, the neural stem/progenitor cell (NPC)
population in Wip1-deficient mice was significantly reduced in the subventricular zone
(SVZ), which is where the NPCs normally reside. Consequently, the neural stemness
(especially toward neurogenesis) was lowered, and this was shown to be dependent on p53
(91). On the other hand, human mesenchymal stem cells (hMSCs) undergo premature
senescence in culture due to accumulated oxidative stress and/or constant DNA damage
signaling (92, 93) (unpublished data). Stable expression of Wip1 in hMSCs lowers the stress
response and overcomes premature senescence, which maintains the multi-differentiation
potential (94). This suggests that modulation of the stress response by Wip1 expression in
hMSCs is important for their stemness.

Dysregulation of Wip1 signaling may also play a role in aging. Wip1 expression is
significantly reduced in aged mice (65, 95), and Wip1-deficient mice have a premature
aging phenotype (74). The lack of Wip1 expression in aged cells results in hyperactivation
of the stress response, for example through activation of p53 or p16Ink4a (96, 97). Such an
accumulated stress response in stem cells by loss of Wip1 function and subsequent relief of
stress signaling inhibition may also be responsible for the premature aging phenotype of
Wip1 deficient mice (74).

4.4.4. Inhibition of inflammation—Analysis of the phenotype of Wip1−/− mice provided
the first clue that Wip1 may play a role in inflammation. Wip1−/− mice are more susceptible
to infection and have a higher frequency of ulcerated skin lesions, and furthermore, splenic
lymphocytes harvested from Wip1−/− mice exhibited a dampened proliferative response
after stimulation with phytohemagglutinin (PHA) and LPS compared to the wild type
controls (74). Additionally, splenocytes from LPS-injected Wip1−/− mice showed a
“hyperactivated” phenotype (6). Indeed, inhibition of inflammation was reported as an
additional function of Wip1 by Chew et al. (6). Wip1 was shown to suppress the expression
of targets of the transcription factor NF-kappaB after cytokine stimulation. Two mechanisms
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were identified – one through direct inhibition of NF-kappaB (described in section 4.1.1)
and the other through inhibition of a previously identified Wip1 target, p38 MAPK.
Inhibition of cytokine-induced p38 MAPK activity by Wip1 is presumed to occur through
dephosphorylation of T180 of p38, its previously defined function. The functional
consequence of Wip1 inhibition of cytokine-induced NF-kappaB and p38 activity was
shown to be a reduction in the expression of NF-kappaB target genes such as interleukin-6
(IL-6), TNF-alpha, and IL-8. In particular, Wip1 reduction of TNF-alpha expression was
shown to be through dephosphorylation of NF-kappaB, whereas Wip1 inhibition of IL-6 and
IL-8 expression occurred through inhibition of p38 (Figure 6). Therefore, Wip1 appears to
play a role in inflammation similar to that after genotoxic stress, i.e., Wip1 helps to turn off
the inflammatory response (Figure 4 and Figure 6). Furthermore, taken together with the
study from Lowe et al. (5), this describes another negative feedback loop involving Wip1.
Wip1 is induced by NF-kappaB activated by inflammatory stimuli, and then Wip1
negatively regulates NF-kappaB signaling to reduce the inflammatory response (Figure 6).

4.5. Wip1 attenuates the response to oncogenic stress and promotes tumorigenesis
4.5.1. Cooperation of Wip1 with oncogenes in tumorigenesis—Many human
cancers exhibit amplification of the PPM1D gene or overexpression of the Wip1 protein. As
shown in Table 2, these include breast cancer, ovarian clear cell adenocarcinoma,
neuroblastoma, medulloblastoma, gastric carcinoma and pancreatic adenocarcinoma (11, 13,
14, 17, 98–106). Further work using mouse models validated Wip1 as an oncogene, and this
has been reviewed by Lu et al. (25). For example, Bulavin et al. showed that deletion of
PPM1D inhibited Erbb2 and Hras1 tumor formation through a p38 MAPK and p16/p19
mechanism (18). However, Wip1 is a proto-oncogene, since overexpression of Wip1 along
with other oncogenes enhances in vitro oncogenic transformation and tumorigenesis
whereas Wip1 overexpression alone has no effect (17, 37). In addition, several recent studies
described below have investigated Wip1 as an oncogene.

Several reports have characterized the incidence of PPM1D amplification and Wip1
overexpression in breast cancer (11, 13, 17, 98–100), and there is a positive correlation
between PPM1D amplification and poor prognosis (98). More recently, Lambros et al.
showed that Wip1 overexpression was more prevalent than PPM1D amplification, since
Wip1 was overexpressed in 21% of the tumors, whereas PPM1D amplification was present
in only 6% of the tumors (107). It should be noted, however, that the reported 6% PPM1D
amplification in breast cancer is low compared to previous reports (11, 13, 17, 98–100), and
the reason for this inconsistency is unclear. Lambros et al. also showed a significant
correlation of Wip1 overexpression and tumor grade. Most of the tumors that exhibited
Wip1 overexpression were also negative for p53 (107), which is consistent with other
reports that p53 is frequently wild-type and not overexpressed, whereas mutant p53
frequently is overexpressed (98). On the other hand, and unlike the results of Rauta et al.
(98), PPM1D amplification was not correlated with a poor prognosis (107). These results
imply that, in addition to PPM1D amplification, up-regulation of Wip1 expression is
important in breast cancer and suggest that Wip1 inhibition of p53 may be an important
mechanism by which Wip1 promotes breast tumorigenesis.

In addition to breast cancer, studies of additional types of cancers, such as neuroendocrine
tumors (NETs) and medulloblastomas, indicate that inhibition of p53 may be an important
function for Wip1 in tumorigenesis. NETs rarely have mutated p53, but Hu et al. showed
that the majority of pancreatic neuroendocrine tumors express higher levels of p53-negative
regulators such as Wip1 (108). In this study, the authors showed that 51% of pancreatic
NETs have amplified PPM1D, which correlates with a high level of Wip1 mRNA
expression (108). Wip1 is also overexpressed in medulloblastomas (103, 104), and
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Castellino et al. showed that Wip1 is amplified in 7 out of 11 primary medulloblastoma
tumors analyzed, which correlated with high Wip1 expression. Furthermore, Wip1 inhibits
basal and etoposide-induced p53-mediated apoptosis in medulloblastoma cells (105),
implicating Wip1 as a positive regulator of medulloblastoma cell survival.

Several recent in vitro studies have described a role for Wip1 in tumorigenesis. As
mentioned above, Wip1 plays an important role in intestinal tumorigenesis through
regulation of stem cell apoptosis, and furthermore, Zhang et al. showed that Wip1 also plays
an important role in mammary tumor stem cell proliferation (36). Although Wip1 expression
was slightly increased in primary tumor cells from MMTV-Erbb2 mice, Wip1 expression in
mammary tumor stem cells isolated from these mice exhibited a 3-to-5 fold increase. On the
other hand, expression of miR-16, a negative regulator of Wip1 (see section 3.1.1), was
reduced by about 70-to-80% in mammary tumor stem cells whereas it was only slightly
reduced in the whole population of primary tumor cells (36). These results suggest that
inhibition of miR-16 leads to Wip1 overexpression in mammary tumor stem cells.
Furthermore, overexpression of miR-16 or depletion of Wip1 inhibited mammary tumor
stem cell proliferation. Wip1 overexpression also partially reversed the miR-16-dependent
inhibition of proliferation, indicating that Wip1 facilitates mammary tumor stem cell
proliferation (36). Although the mechanism is unknown, it would be interesting to test
whether Wip1 inhibits p53-dependent apoptosis in mammary tumor stem cells, as is the case
in intestinal stem cells (65).

In vitro studies from Chock et al. showed that Wip1 can cooperate with BRCA1-IRIS to
transform human mammary epithelial (HME) cells. As described in section 3.2.2, BRCA1-
IRIS enhances Wip1 expression through HuR-dependent stabilization of Wip1 mRNA. The
authors also showed that expression of BRCA1-IRIS and Wip1 significantly increased
cellular transformation of HME cells, as measured by the number of cells and colonies in
soft agar assay after co-overexpresson of BRCA1-IRIS and Wip1 (43). In addition, co-
overexpression of Ras and Wip1, which previously had been shown to cooperate in
tumorigensis (17, 18), increased cell and colony numbers in the soft agar assay to the same
extent as BRCA1-IRIS/Wip1 co-overexpression (43). Since overexpression of Wip1 in the
mammary tissue of mice did not induce mammary tumorigenesis (37), this study indicates
that Wip1, through an unknown mechanism, cooperates with BRCA1-IRIS to promote
tumorigenesis.

4.5.2. Dampening of the oncogene-induced DDR response (gamma-H2AX)—
Another way Wip1 may promote tumorigenesis is through inhibition of gamma-H2AX and
the DDR. Through its role in the DDR, gamma-H2AX also plays an important role in
tumorigenesis (58). The DDR acts as a barrier to oncogenic transformation and is triggered
after oncogenic stress (15, 16). As discussed in section 4.2, Wip1 dephosphorylates gamma-
H2AX after genotoxic stress. Our group also showed that Wip1 reduced gamma-H2AX
levels in cells experiencing oncogenic stress (7). Wild-type MEFs transformed with E1A
and Ras exhibited a limited number of gamma-H2AX foci. However, Wip1−/− MEFs
transformed with E1A and Ras exhibited a much larger number of basal gamma-H2AX foci
(7). Furthermore, gamma-H2AX levels remained high in Wip1−/− E1A/Ras MEFs compared
to wild-type E1A/Ras MEFs after IR exposure. Wip1 dephosphorylation of gamma-H2AX,
therefore, may be a mechanism by which Wip1 promotes genomic instability, facilitates
cellular transformation, and promotes tumorigenesis.

5. CONCLUSION
The phosphatase Wip1 is induced by a variety of types of stress, and, although several
mechanisms regulating Wip1 expression have been described recently, it is likely that many

Lowe et al. Page 15

Front Biosci. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



aspects of the regulation of Wip1 remain to be discovered. Although Wip1 was originally
described as a p53-induced protein, recent studies have shown that p53-independent
regulation of Wip1 also plays a critical role in the cellular response to stress. p53-
independent mechanisms for Wip1 regulation may be especially important in tumor cells.
Many of the tumors that overexpress Wip1 also lack over-expressed (mutant) p53,
suggesting that they possess wild-type but functionally inactive p53. This is not surprising
given that inhibition of p53, through direct dephosphorylation and stabilization of its
negative regulators Mdm2 and MdmX, is an important role for Wip1. As described in this
review, the stabilization of Wip1 mRNA by BRCA1-IRIS and transcriptional upregulation
by CREB and NF-kappaB provide examples of p53-independent mechanisms leading to
increased Wip1 levels.

Many aspects of Wip1 signaling in the stress response consist of feedback loops. For
example, DNA damage activates p53, which induces Wip1 expression. Once expressed,
Wip1 negatively regulates p53 either by dephosphorylation and subsequent inactivation or
by destabilization of the p53 protein through Mdm2. The same is true for NF-kappaB and
upstream regulators of Wip1 such as ATM and p38. Depending on the nature of the stress
and the cellular context, NF-kappaB, ATM or p38 each can upregulate Wip1, and Wip1 then
dephosphorylates and inactivates NF-kappaB, ATM or p38. These negative feedback loops
in Wip1 signaling highlight its physiological role in response to stress, i.e. it dampens the
stress response to help return the cell to a homeostatic state.

Given that Wip1 has a role in tumorigenesis, Wip1 is an attractive chemotherapeutic target.
Therefore, full understanding of the regulation of Wip1 expression and characterization of
the targets of Wip1 phosphatase activity in specific types of tumors may aid the
development of more effective anti-tumor therapies. In conclusion, Wip1 negatively
regulates stress responses, such as apoptosis, DNA repair, cell cycle arrest and
inflammation, and as a consequence, cooperates with activated oncogenes in promoting
tumorigenesis.
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Figure 1.
Transcription factor binding sites in the PPM1D promoter. A schematic of the PPM1D
promoter region shows the location of the transcription factor binding sites (based on the
NCBI March 2006 human reference sequence Build 36.1). A list of the transcription factors
and the location and the sequence of the respective binding site is shown.
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Figure 2.
Transcriptional regulation of PPM1D. The currently known transcription factors that
enhance PPM1D transcription are p53, CREB, E2F1, c-jun, ERalpha, and NF-kappaB. The
regulation by each of these factors depends on context, namely the type of stress and
possibly the tissue type (see text for details).
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Figure 3.
Regulation of Wip1 expression: emphasis on post-transcriptional mechanisms. The four
mechanisms of post-transcriptional modulation of Wip1 expression are depicted. After DNA
damage, BRCA1-IRIS enhances the expression of HuR, which stabilizes Wip1 mRNA
leading to enhanced Wip1 expression. IR-induced miR-16 destabilizes Wip1 mRNA and
decreases Wip1 expression. The Wip1 transcript is alternatively spliced to form a shorter
variant (“PPM1D430”), which leads to an enhanced expression of a smaller Wip1 protein
(“Wip1s”) that localizes to the nucleus, cytoplasm and plasma membrane. IR induces a p53-
dependent shift in the transcriptional start site (“TSS”) of PPM1D, which produces a shorter
transcript allowing for more efficient export from the nucleus.
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Figure 4.
The targets and functional consequences of Wip1 signaling. Wip1 signals through direct
dephosphorylation of target proteins, which prevents apoptosis, inhibits DNA repair,
reverses cell cycle arrest, and reduces inflammation. The proteins highlighted in red
suppress tumorigenesis, and Wip1 inhibition of these proteins promotes tumorigenesis. *p53
and p38 MAPK enhance the tumor suppressor effects of p16Ink4a/p19Arf.
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Figure 5.
Model of stem cell self-renewal under normal and cancerous conditions. Stem cells normally
remain quiescent due to strong anti-growth control from their surrounding
microenvironment, termed a niche. A transient proliferation signal stimulates self-renewal to
support tissue regeneration. Maintenance of stemness is promoted by Wip1. Under
cancerous conditions, internal mutations and alteration of the microenvironment promote
abnormal self-renewal of stem cells favoring growth. Unless tumor suppressors detect such
an abnormality, cancerous stem cells (CSCs) or cancer initiating cells (TICs) may be
generated from stem cells after a secondary genetic mutation. The proliferation of CSCs or
TICs may be promoted by overexpression of Wip1.
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Figure 6.
Wip1 negative feedback in inflammatory signaling. Schematic adapted from (6). Wip1
expression is induced by NF-kappaB. Wip1 inhibits production of TNFalpha by
dephosphorylating and inhibiting the NF-kappaB subunit p65 (highlighted in green) and
inhibits IL-6 and IL-8 production through p38 MAPK (highlighted in purple).
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Table 1

Identified Wip1 targets

Target protein Phosphorylation site Functional Consequence Reference

p38 T180 Reduction of p38 activity (4)

p53 S15 Reduction of p53 activity (75)

UNG2 T6 Inhibition of BER (109)

Chk1 S345 Reduction of Chk1 activity (75)

Chk2 T68, S19*, S33/S35* T432* Reduction of Chk2 activity (70)

ATM S1981 Reduction of ATM activity (9, 73)

Mdm2 S395 Mdm2 stabilization and p53 destabilization

MdmX S403 MdmX stabilization and p53 destabilization (50)

gamma-H2AX S139 Inhibition of recruitment of repair factors to DNA breaks and DNA double
strand break repair

(7, 8, 56)

NF-kappaB S536 Reduction of NF-kappaB activity (6)

XPA S196* Inhibition of NER (52)

XPC S892* Inhibition of NER (52)

*
indicates in vitro evidence only.
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