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ABSTRACT
The phosphatase Wip1 attenuates the DNA damage response (DDR) by removing phosphorylation marks
from a number of DDR proteins (p53, MDM2, Chk1/2, p38). Wip1 also dephosphorylates and inactivates
RelA. Notably, LZAP, a putative tumor suppressor, has been linked to dephosphorylation of several of
these substrates, including RelA, p38, Chk1, and Chk2. LZAP has no known catalytic activity or functional
motifs, suggesting that it exerts its effects through interaction with other proteins. Here we show that
LZAP binds Wip1 and stimulates its phosphatase activity. LZAP had been previously shown to bind many
Wip1 substrates (RelA, p38, Chk1/2), and our results show that LZAP also binds the previously identified
Wip1 substrate, MDM2. This work identifies 2 novel Wip1 substrates, ERK1 and HuR, and demonstrates
that HuR is a binding partner of LZAP. Pleasingly, LZAP potentiated Wip1 catalytic activity toward each
substrate tested, regardless of whether full-length substrates or phosphopeptides were utilized. Since this
effect was observed on ERK1, which does not bind LZAP, as well as for each of 7 peptides tested, we
hypothesize that LZAP binding to the substrate is not required for this effect and that LZAP directly binds
Wip1 to augment its phosphatase activity.
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Introduction

The wild-type p53-induced phosphatase 1 (Wip1), also known
as protein phosphatase Mg2C/Mn2C-dependent 1D (PPM1D),
or protein phosphatase 2Cd (PP2Cd), is an oncogenic nuclear
serine/threonine phosphatase of the PP2C family. Wip1 was
originally identified in a screen for p53-upregulated genes fol-
lowing DNA damage.1 As a negative regulator of the DNA
damage response (DDR) pathway, Wip1 removes activating
phosphorylation marks (mostly within pTXY and p(S/T)Q
motifs) from a number of proteins active in the DDR.,2,3 The
motifs recognized by Wip1 are identical to those recognized by
the critical DDR kinases ATM, ATR, Chk1, and Chk2. The first
described Wip1 substrate was pThr180 of MAPK p38a (hereaf-
ter p38), which is rapidly phosphorylated in response to cellular
stress, including DNA damage.4 In addition to p38, several
other proteins that are dephosphorylated by Wip1 have been
described, including p53 (Ser15),5 checkpoint kinase 1 (Chk1)
(Ser345),5 Chk2 (Thr68),6 ATM (Ser1981),7 gH2AX
(Ser139),89 and Bax (Thr172, 174, 186),10 as well as 2 major
negative regulators of p53, MDM2 (Ser345)11 and MDMX
(Ser403).12 Hence, Wip1 is ideally positioned and plays a criti-
cal role for restoring the baseline state after DNA damage.

Given that p53 is dephosphorylated and inhibited by Wip1,
the role of Wip1 as an oncogene was experimentally confirmed

when Bulavin et al. showed cooperation between Wip1 and
other oncogenic drivers to transform primary fibroblasts.13

Wip1 was further validated as an oncogene using mouse mod-
els that demonstrated a reduction in tumor occurrence and size
following protein depletion or chemical inhibition of Wip1.13-16

In human tumors, amplification of PPM1D (17q22-q23) and
subsequent increases in Wip1 protein levels were found in
human breast cancer cell lines and primary tumors at an inci-
dence rate of approximately 15%.13,17,18 Importantly, PPM1D
amplification has since been identified in carcinomas of the
ovary,19 pancreas,20 and stomach,21 as well as in medulloblasto-
mas22 and neuroblastomas.23 More recently, Wip1 protein-
truncating mutations have been identified within exon 6 of
PPM1D in a small number (< 1%) of patients with breast,24

ovarian,24 lung,25 and colorectal carcinomas,26 as well as brain-
stem gliomas.27 Interestingly, these mutations confer a gain-of-
function phenotype by encoding a hyperstable, truncated Wip1
protein that retains all phosphatase activity, phenotypically sim-
ilar to amplification of PPM1D. Importantly, regardless of the
mechanism, elevated levels of Wip1 predispose patients to can-
cer and correlate with tumor progression, invasion, metastasis,
and poor patient prognosis.18-24

In contrast to accepted oncogenic activities of Wip1, it has
also been found to have potential tumor suppressor activity
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through dephosphorylation of RelA (Ser536), a modification
required for full transactivation of the NF-kB (p50/RelA) heter-
odimer. Wip1 activity toward RelA has been linked to negative
regulation of canonical NF-kB signaling and dampening of the
inflammatory response.28,29 Given this seemingly counterintui-
tive finding, the role of Wip1 in tumorigenesis may be complex,
contributing both oncogenic and tumor suppressor functions
depending on cellular context. Like other PPM phosphatases,
Wip1 is active as a monomer, suggesting that in addition to
regulation of Wip1 protein expression, other levels of regula-
tion likely exist, potentially some mediated by binding partners
of Wip1.30

LZAP (LXXLL/leucine zipper-containing ARF-binding pro-
tein), also known as CDK5RAP3, C53, IC53, and HSF-27, was
initially identified as a binding partner of the Cdk5 activator
p35.31 Our laboratory furthered insight into the activity of
LZAP by showing that it binds alternative reading frame (ARF,
p14ARF in human and p19ARF in mice) to activate p53, arrest
cellular proliferation, and inhibit clonogenic growth.32 Evi-
dence of a tumor suppressor role for LZAP was bolstered when
LZAP protein levels were found to be markedly decreased in
head and neck squamous cell carcinoma (HNSCC), where its
loss inversely correlates with expression of NF-kB target
genes.33 Further, LZAP inhibits cellular transformation, as well
as growth and vascularization of xenograft tumors, through its
ability to bind and inhibit RelA.33 A binding partner of LZAP,
Ufl1, stabilizes LZAP protein levels, and its loss results in LZAP
downregulation and enhanced NF-kB signaling and cell inva-
sion in osteosarcoma and hepatocellular carcinoma cells.34,35

Moreover, in cancer cells treated with DNA damaging agents,
LZAP binds and inhibits checkpoint kinases 1 and 2 (Chk1 and
Chk2), compromising the G2/M checkpoint and resulting in
subsequent apoptosis.36,37 Collectively, these data are consistent
with a role for LZAP in tumor suppression.

Although activation of Chk1/2 serves as a barrier to cell
death induced by radiotherapy and chemotherapeutic agents,
basal checkpoint kinase activity is an essential component of
the tumor surveillance network of healthy cells. Hence, in
unstimulated cells, LZAP may compromise the ability of cells
to arrest in response to DNA damage by promoting premature
dephosphorylation of Chk1 and Chk2, contributing to genomic
instability and subsequent tumorigenesis. We recently reported
that LZAP inhibits p38 phosphorylation and activity by facili-
tating p38 association with Wip1.38 Considering that LZAP
antagonizes p38 activity and that the role of p38 in cancers can
vary from growth inhibitory to growth promoting, LZAP activ-
ities in tumors may depend on cellular context.

Although the evolutionally conserved LZAP plays critical
roles in both development and cancer, it has no known
functional motifs, catalytic activity, or described homologs sug-
gesting that LZAP may exert its activity through interaction
with other protein(s).33,39 Data from our laboratory and others
link LZAP to a decrease in phosphorylation of some, but not
all, of its binding partners, including RelA, p38, and Chk1/
2.33,36-38 It is striking that each of these proteins is a target of
the Wip1 phosphatase, suggesting that LZAP activity may be
tightly linked to Wip1. Given this observation, as well as our
finding that Wip1 is, at least partially, required for the LZAP-
mediated reduction in phosphorylation and subsequent

inactivation of p38, we hypothesized that LZAP may be a regu-
lator of Wip1 activity.38 Here we report that LZAP directly
binds Wip1 and enhances dephosphorylation of a number of
its substrates.

Results

LZAP interacts with Wip1

We previously demonstrated that LZAP binds p38 MAPK and
attenuates its phosphorylation and subsequent kinase activa-
tion. Interestingly, LZAP does not alter phosphorylation of
upstream p38-activating kinases, instead mediating its inhibi-
tory effect toward p38 through the major p38 phosphatase,
Wip1.38 LZAP also decreases phosphorylation of RelA at
Ser536,33 a mark targeted for dephosphorylation by Wip1.28

Additionally, LZAP dampens DNA damage-induced activation
of Chk1 and Chk2 by reducing levels of phosphorylated Ser345
and Thr68, respectively, both of which are Wip1 targets.36,37

These findings led us to hypothesize that LZAP may directly
bind Wip1 to regulate its catalytic activity.

To begin exploring interaction between LZAP and Wip1,
U2OS cells were transiently transfected with constructs encod-
ing Flag-LZAP and Myc-Wip1, alone or in concert, prior to
immunoprecipitation with Flag antibody-conjugated agarose.
Myc-Wip1 was detected in Flag immunoprecipitates only in
the presence of Flag-LZAP (Fig. 1A, lane 4 vs. lane 3). Empty
vector was used as a negative control (lanes 1–3), and inputs
confirm expression of both tagged constructs (bottom panels).

To further confirm this interaction, as well as define regions
of LZAP that mediate its interaction with Wip1, the converse
co-immunoprecipitation was performed in U2OS cells using
full-length Flag-Wip1 and Myc-LZAP, as well as various Myc-
LZAP truncations. Expression of Myc-LZAP truncations was
confirmed by immunoblot of whole cell lysate (Fig. 1B, bottom
panel). Empty vector was used as a negative control (Fig. 1B
and 1C, lane 1), and the interaction between full-length overex-
pressed full-length LZAP and Wip1 presented in Fig. 1A was
confirmed (Fig. 1B, top panel, lane 2, and Fig. 1C, lane 2).

Results generated by immunoprecipitation of either Wip1
(Fig. 1B) or LZAP (Fig. 1C) indicate that an extended region of
the N-terminus of LZAP, aa (amino acids) 1–303, is sufficient
for interation with Wip1 (lanes 3C4). LZAP fragments includ-
ing aa 112–358, 201–358, and 225–506 also bound Wip1 in
these assays (lanes 5, 6, and 7, respectively). Interestingly, fur-
ther truncation to generate constructs aa 329–506 and 427–
506 abrogated Wip1 interaction (lanes 8 and 9). Together, these
data show that the carboxy-terminus of LZAP is dispensable for
Wip1 binding, and LZAP mediates its interaction with Wip1
through its N-terminus. Binding activity of LZAP truncations
is schematically summarized in Fig. 1D.

LZAP promotes Wip1-catalyzed dephosphorylation of its
full-length substrates

Our laboratory previously showed that LZAP binds p38, and that
increasing amounts of LZAP potentiate dephosphorylation of p38.
Conversely, knockdown of LZAP increases p38 phosphorylation
and its kinase activation. LZAP did not alter activation of the
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primary kinases upstream of p38, MAP kinase kinases 3 and 6
(MKK3 and MKK6), but instead promoted association of p38
with its primary phosphatase, Wip1. Moreover, knockdown of
Wip1 attenuated the ability of LZAP to promote dephosphoryla-
tion of p38.38 These results, combined with binding between
LZAP and Wip1, suggest that LZAP may directly or indirectly
stimulate Wip1-catalyzed dephosphorylation.

To begin exploring these possibilities, we performed in vitro
phosphatase assays using full-length phosphorylated substrates
of Wip1. These substrates were generated by transfection of
293T cells with Flag-tagged constructs, treatment with mitomy-
cin C to enrich for phosphorylated species, immunoprecipita-
tion with Flag antibody-conjugated agarose, and elution with
3x Flag peptide. These phospho-proteins were then incubated
with bacterially expressed His-Wip1 (wild-type and phospha-
tase-dead) in the presence or absence of His-LZAP (see Fig. 2A
for image of recombinant proteins).

Wip1 has been shown to dephosphorylate Chk2 at Thr68,
resulting in its inactivation.6 Therefore, we tested whether
LZAP could potentiate Wip1 phosphatase activity toward this
mark. As expected, addition of Wip1 decreased Chk2 phos-
phorylation at Thr68 in a dose-dependent manner (Fig. 2B,
lane 4 vs. lanes 5, 8, and 11). Wip1 is a magnesium-dependent
phosphatase, and exclusion of required magnesium (lane 1) or
use of a point mutant Wip1 lacking phosphatase activity (lane
2) did not result in Chk2 dephosphorylation, suggesting the
Wip1 phosphatase activity was responsible for observed
decreased Chk2 phosphorylation.

Of interest, the addition of LZAP to the reaction strongly
increased Wip1 dephosphorylation of full-length Chk2 at Thr68,
for each of 3 different doses ofWip1 tested (lanes 6 and 7 vs. lane 5;
lanes 9 and 10 vs. lane 8; and lanes 12 and 13 vs. lane 11). Consis-
tent with the absence of functional motifs in LZAP, addition of
LZAPwithoutWip1 did not alter Chk2 phosphorylation (lane 3).

To determine if the effect of LZAP to enhance Wip1 dephos-
phorylation of substrates was restricted to Chk2, 2 additional sub-
strates, p38 and p53, were tested using the same in vitro Wip1
phosphatase assay. P38 (Thr180) was the first described Wip1
substrate,4 and Wip1 activity toward p53 (Ser15) was discovered
shortly thereafter.5 Consistent with results obtained using p-Chk2
(Thr68), LZAP potentiated Wip1 activity toward p38 (Thr180)
(Fig. 2C, lanes 2 and 3 vs. lane 1, and lane 5 vs. lane 4).

Similar results were obtained using p-p53 (Ser15) as a substrate.
As expected, Wip1 potentiated dephosphorylation of Ser15 in a
dose-dependent manner (Fig. 2D, lanes 3 and 5 vs. lane 2). Addi-
tion of LZAP enhanced Wip1-mediated dephosphorylation for 2
different doses of Wip1 tested (lane 4 vs. lane 3 and lanes 6 and
7 vs. lane 5). Moreover, incubation with LZAP alone had no effect
on p-Ser15 levels (lane 1 vs. 2). Together, these data suggest that
LZAP enhancesWip1 dephosphorylation of several of its substrates
in the absence of other factors or proteins.

LZAP enhances the intrinsic catalytic activity of Wip1

Our data and that of others reveal that LZAP binds and alters
phosphorylation of a wide spectrum of Wip1 full-length

Figure 1. LZAP binds to Wip1. (A) Ectopically expressed LZAP and Wip1 co-immunoprecipitate. U2OS cells were transfected with indicated plasmids encoding tagged
Flag-LZAP or Myc-Wip1. Immunoprecipitates were prepared using Flag affinity matrix to pull down LZAP, resolved on SDS-PAGE, and immunoblotted by antibodies recog-
nizing Myc(-Wip1) or Flag(-LZAP). Expression of LZAP and Wip1 was confirmed by immunoblotting with Flag or Myc antibodies, respectively. (B and C) A central region of
LZAP likely mediates its interaction with Wip1. U2OS cells were transfected with indicated plasmids encoding Flag-Wip1 and Myc-tagged truncation mutants of LZAP.
Expression of Myc-LZAP truncation mutants was confirmed by immunoblotting with an antibody recognizing Myc (B, lower panel). Immunoprecipitates were prepared
using either Flag (B, upper panel) or Myc (C) affinity matrix to pull down Wip1 or LZAP, respectively, resolved on SDS-PAGE, and immunoblotted by antibodies recognizing
Myc(-LZAP) (B) or Flag(-Wip1) (C). In each panel, all lanes were run on the same gel; solid line indicates where images were cropped. Binding of LZAP truncations to full-
length Wip1 is schematically summarized (D).
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substrates, including Chk2 (Fig. 2B),37 p38 (Fig. 2C),38 p53
(Fig. 2D), and RelA.33 Because each of these Wip1 substrates
has increased dephosphorylation with expression of LZAP, 2
non-exclusive mechanisms of LZAP activity are possible. LZAP
may potentiate Wip1-catalyzed dephosphorylation through
binding both substrate and phosphatase to facilitate their asso-
ciation, or alternatively, LZAP association with Wip1 could
enhance its intrinsic catalytic activity. The phosphatase assays
shown in Fig. 2 using full length proteins as substrate do not
distinguish these possibilities. Hence, we performed phospha-
tase assays using short phospho-peptides that are unlikely to
bind to LZAP. In addition, we tested phospho-peptides con-
taining consensus Wip1 dephosphorylation sites derived from
proteins whose association with Wip1 and LZAP were
unknown.

As expected and previously described, Wip1 dephosphory-
lated peptides corresponding to p53 (pSer15),5 p38 (pThr180),4

and Chk1 (pSer345)5 (Figs. 3A-3C, lanes 6 vs. lanes 1–5).
Importantly, pre-incubation of His-Wip1 with His-LZAP
increased Wip1 phosphatase activity toward each of these pep-
tides in a dose-dependent manner (Figs. 3A-3C, lanes 7–9 vs.
lane 6). As expected, no phosphatase activity was detected in
the absence of peptide (lanes 1), Mg2C (lanes 2), or Wip1 (lanes
3), or in the presence of LZAP alone (lanes 4). Phosphatase-
dead His-Wip1 (lanes 5) also lacked detectable phosphatase
activity.

Phosphorylation of RelA at serine 536 is required for full
transcriptional activity of the p50/RelA NF-kB heterodimer.
Since improper regulation of NF-kB activity is linked to many
human malignancies, addition and removal of this modification
is tightly regulated by a number of proteins. In accordance with

previous reports identifying Wip1 as a phosphatase for RelA
(pSer536),28 Wip1 dephosphorylated a short phospho-peptide
corresponding to this mark (Fig. 3D, lane 6 vs. lanes 1–5).
Importantly, LZAP potentiated Wip1 activity toward RelA
(lanes 7–10 vs. lane 4), providing a potential mechanism for
the previously reported association between LZAP and RelA
dephosphorylation.33

Although many kinases have been identified that can conju-
gate this moiety (casein kinase II, NF-kB-inducing kinase
(NIK), TRAF family member-associated NF-kB activator
(TANK)-binding kinase 1 (TBK1), and Rho-associated protein
kinase 1 (ROCK1)),40 the canonical NF-kB signaling pathway
is activated by IkB kinase complex (IKK).41 Positive regulators
of IKK activity toward Ser536 include upstream kinases Akt
and ERK1/242 and the adaptor protein Rap1.43 In contrast,
LZAP antagonizes phosphorylation of pSer536.33 Therefore, we
found it plausible that LZAP and Rap1 interact and/or compete
to govern the phosphorylation status of Ser536.

To examine a potential interaction between LZAP and Rap1,
in vitro studies were performed using recombinant GST, GST-
Rap1, and His-LZAP (Supplementary Fig. 1A). First, recombinant
His-LZAP was immunoprecipitated using LZAP antiserum in the
presence of GST or GST-Rap1, and complexes were resolved via
SDS-PAGE (Supplementary Fig. 1B, left). LZAP was efficiently
immunoprecipitated (middle panel), and neither GST (bottom
panel) nor GST-Rap1 (top panel) was detected. Next, GST or
GST-Rap1 was incubated with a Rap1 antibody in the presence of
His-LZAP. GST-Rap1, but not GST or His-LZAP, was detected
in Rap1 immunoprecipitates. 10% inputs demonstrate specificity
of antibodies used (right panels). Taken together, we conclude
that LZAP and Rap1 do not interact in vitro.

Figure 2. LZAP potentiates Wip1-catalyzed dephosphorylation of full-length phosphoproteins. (A) 500 ng of purified His-LZAP (lane 1), His-Wip1 (wild-type, lane 2), and
His-Wip1 (phosphatase dead, lane 3) were resolved via SDS-PAGE and imaged. (B-D) Flag-tagged, full-length, phosphorylated Chk2 (B), p38 (C), and p53 (D) were used as
substrates for in vitro Wip1 phosphatase assays. Substrates were incubated with the indicated amounts of bacterially-produced His-Wip1 and His-LZAP in phosphatase
buffer with or without magnesium for 30 minutes at 30 degrees. Reactions were resolved by SDS-PAGE and immunoblotted using antibodies recognizing phosphorylated
substrates (top panels) or total substrates (bottom panels).
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Additionally, we tested whether Rap1 can modulate RelA
dephosphorylation by Wip1 via competition with LZAP. We
found that in the presence of LZAP and Wip1, addition of 2
different doses of Rap1 to the phosphatase assay had no effect
on substrate dephosphorylation (Supplementary Fig. 1C, lanes 5
and 6 vs. lane 4). Therefore, it is unlikely that Rap1 modulates
RelA phosphorylation through competition with LZAP, in addi-
tion to its widely accepted mechanism of increasing RelA phos-
phorylation through its interaction with the IKK complex.43

To further examine the breadth of this LZAP effect on Wip1
phosphatase activity, we tested Wip1 substrates that have not
been previously associated with LZAP activity. Wip1 removes
an inhibitory phosphorylation mark from MDM2 at Ser395.11

Although Wip1 activity to ERK1 and the RNA-binding protein
HuR has not been previously described, both contain consensus
Wip1 sites. HuR is phosphorylated at residues Ser88 (Chk2),
Ser100 (Chk2), and Thr118 (Chk2 and p38),44 resulting in
increased HuR stability and enhanced binding to some of its
target mRNA sequences. MEK phosphorylates ERK1 at Thr202
as a prerequisite to its activation.45 Peptides were synthesized
that corresponded to each of these 3 phosphorylation sites
within HuR, as well as the single sites within ERK1 and
MDM2. Importantly, His-Wip1 showed activity toward
MDM2 (Ser395) and ERK1 (Thr202) (Figs. 4A and 4B, lane 6).
Of the 3 HuR peptides tested, Wip1 only displayed robust
activity toward Thr118 (Fig. 4C, lane 6, and data not shown).

Pleasingly, a similar pattern of enhanced phosphatase activity
in the presence of LZAP was observed when compare with
Wip1 alone (compare lanes 7–10 to lane 6).

As LZAP binds to many Wip1 substrates, we explored possi-
ble LZAP interactions with MDM2, HuR, and ERK1. Unex-
pectedly, a novel, specific interaction between LZAP and
MDM2 was identified by co-immunoprecipitation of expressed
Myc-MDM2 and Flag-LZAP. Myc-MDM2 was detected in
Flag-LZAP immunoprecipitates and vice versa (Fig. 4D, top
and middle panels). Protein expression was confirmed by
immunoblot of whole cell lysate (Fig. 4D, bottom panels). A
similar approach demonstrated specific binding between Myc-
LZAP and Flag-HuR (Fig. 4F). Interestingly, however, no asso-
ciation was found between LZAP and ERK1 (Fig. 4E). An HA-
tagged construct of ARF, a known LZAP binding protein,32 was
included as a positive control. Given that ERK1 is not a binding
partner of LZAP, yet LZAP still augments Wip1 phosphatase
activity toward its phospho-peptide, this suggests that LZAP
binding to the target is not required for this effect. Positive
results in each of 7 short peptides tested also support this
hypothesis, as it is highly unlikely that LZAP specifically inter-
acts with each of these. Although we cannot rule out contribut-
ing effects of LZAP’s association with the substrates toward
potentiating their dephosphorylation, these data suggest that
these interactions are not required, and that LZAP binds Wip1
to enhance its intrinsic catalytic activity.

Figure 3. LZAP enhances the intrinsic catalytic activity of Wip1 toward phosphopeptides of LZAP target proteins. Phosphorylated peptides derived from p53 (A), p38 (B),
Chk1 (C), and RelA (D) were used as substrates for in vitro Wip1 phosphatase assays. Substrates were incubated with the indicated amounts of bacterially-produced His-
Wip1 and His-LZAP in phosphatase buffer with or without magnesium for 30 minutes at 30 degrees. Phosphatase reactions were mixed with the malachite green sub-
strate, incubated for 30 minutes at room temperature, and OD620 was measured. Absorbance values were converted to levels of released phosphate using a standard
curve. Data presented are the mean of at least 2 independent experiments, and error bars represent standard deviation. � and �� indicate p < 0.05 and p < 0.01, respec-
tively, as calculated by 2-tailed student t-test.
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Discussion

Here, we show that LZAP bound directly to Wip1 and activated
Wip1 phosphatase activity to all targets tested. Although many
cellular targets for Wip1 have been identified, an abundance of
proteins dephosphorylated by Wip1 have activity in the DNA
damage response (e.g. Chk1, Chk2, ATM, p53, H2AX), and it
has been proposed that the major cellular role of Wip1 is to
restore homeostasis after DNA damage is repaired.30 ERK1 and
HuR, 2 novel Wip1 targets identified in this study (Fig. 4), add
another level of complexity into cellular DNA damage response
network. The biological outcome of Wip1-dependent de-phos-
phorylation of these proteins deserves further investigation.

Premature termination of the DDR or ablation of the cell’s
tumor surveillance networks due to spurious activation of Wip1
can have negative consequences for the cell and organism,
requiring tight regulation of Wip1 activity. Previous research
has described regulation of Wip1 activity almost exclusively
through modulation of Wip1 expression or degradation. Tran-
scription of PPM1D is tightly controlled by a number of tran-
scription factors, including p53, and PPM1D mRNA stability is
governed by both microRNAs and RNA binding proteins.46 In
unstressed cells, Wip1 protein levels are constitutively main-
tained at a low level by HIPK2-mediated phosphorylation and
subsequent proteasomal degradation.47 However, mechanisms
governing the catalytic activity of Wip1 independently of altera-
tions in its protein levels remained unknown until recently.

Phosphorylation can mark proteins for ubiquitination and
proteasomal destruction, as described above for Wip1, but also
can enhance or inhibit protein activities. During mitosis, Wip1
activity is downregulated not only by its proteasomal degrada-
tion, but also by phosphorylation of 7 sites within its phospha-
tase domain. Although kinase(s) responsible for all
phosphorylation events are not currently known, phosphomi-
metic mutations of 7 phospho-acceptor sites within Wip1
completely abolished its phosphatase activity.48 This work
increased understanding of Wip1 regulation and provided
insight that regulation of Wip1 phosphatase activity utilizes
mechanisms independent of changes in its protein levels.

A recent study identified Tax, the transforming protein
encoded by human T cell leukemia virus type 1 (HTLV-1), as a
novel regulator of Wip1 phosphatase activity. The oncogenic
Tax protein is critical for transformation and has many activi-
ties including activation of NF-kB with resultant cytokine pro-
duction and signaling. Tax expression also results in mitogenic
stress at least partially through activation of G1 cyclin-depen-
dent kinases that ultimately leads to DNA damage.49 In
response to DNA lesions, cells expressing Tax initiate DDR;
however, the DNA damage-induced G1/S cell cycle arrest is
compromised allowing cells containing unrepaired DNA
lesions to enter S phase.50 Cell cycle progression is enabled by
muted recognition of DNA lesions as marked by decreased
g-H2AX foci in Tax expressing cells. Mechanistically, Tax
decreases g-H2AX foci through binding and stimulating

Figure 4. LZAP enhances the intrinsic catalytic activity of Wip1 toward phosphopeptides and binds MDM2 and HuR. (A-C) Phosphorylated peptides derived from MDM2
(A), ERK1 (B), and HuR (C) were used as substrates for in vitro Wip1 phosphatase assays. Substrates were incubated with the indicated amounts of bacterially-produced
His-Wip1 and His-LZAP in phosphatase buffer with or without magnesium for 30 minutes at 30 degrees. Phosphatase reactions were mixed with the malachite green sub-
strate, incubated for 30 minutes at room temperature, and OD620 was measured. Absorbance values were converted to levels of released phosphate using a standard
curve. Data presented are the mean of at least 2 independent experiments, and error bars represent standard deviation. � and �� indicate p<0.05 and p<0.01, respec-
tively, as calculated by 2-tailed Student t-test. (D) LZAP and MDM2 interact in mammalian cells. U2OS cells were transfected with indicated plasmids encoding tagged
Flag-LZAP or Myc-MDM2, and ectopic expression of these proteins was confirmed by immunoblot of whole cell lysate (bottom panels). Immunoprecipitates were pre-
pared using Myc affinity matrix (top panels) to pull down MDM2 or Flag affinity matrix to pull down LZAP (middle panels), resolved on SDS-PAGE, and immunoblotted by
antibodies recognizing Myc(-MDM2) or Flag(-LZAP). (E) LZAP and ERK1 do not interact in mammalian cells. U2OS cells were transfected with indicated plasmids encoding
tagged Myc-LZAP, HA-ERK1, or HA-ARF, and ectopic expression of these proteins was confirmed (right panels). Immunoprecipitates were prepared using Myc affinity
matrix to pull down LZAP (left panels), resolved on SDS-PAGE, and immunoblotted by antibodies recognizing HA(-ERK1 and ARF) and Myc(-LZAP). (F) LZAP and HuR inter-
act in mammalian cells. U2OS cells were transfected with indicated plasmids encoding tagged Myc-LZAP or Flag-HuR, and ectopic expression of these proteins was con-
firmed (bottom panels). Immunoprecipitates were prepared using Myc affinity matrix to pull down LZAP (top panels), resolved on SDS-PAGE, and immunoblotted by
antibodies recognizing Flag(-HuR) or Myc(-LZAP).
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activity of the g-H2AX phosphatase, Wip1. Stimulation of
Wip1 phosphatase activity by Tax is not limited to g-H2AX
but applies to all Wip1 targets tested including p38 and UNG.
The Tax viral protein is the first identified protein that binds
and enhances Wip1 activity. In the context of HTLV-1 infec-
tion, activation of Wip1 by Tax may contribute to incomplete
DNA damage repair and cell cycle progression with unrepaired
DNA therefore contributing to carcinogenesis.

P53 is the most commonly altered tumor suppressor gene in
human cancer, and NF-kB is an oncogene that is activated inmany
tumor types.51 Wip1 dephosphorylates and inhibits both p53 and
RelA to dampen the DNA damage response as well as canonical
NF-kB signaling, suggesting that Wip1 has both oncogenic and
tumor suppressor-like activities. The balance between NF-kB and
p53 inhibition by the phosphatase activity of Wip1 could tip cellu-
lar outcomes either promoting or protecting from cancer.

However, extensive cross-talk between p53 and NF-kB, both
antagonistic and cooperative, has been well-described and adds
another potential level of complexity to the role of Wip1 in
tumorigenesis.52,53 For example, in response to moderate levels
of DNA damage, p53 promotes ribosomal S6 kinase 1 (RSK1)
activity toward RelA (Ser536), activating pro-survival pathways
that promote re-entry into the cell cycle following DNA
repair.54,55 In this context, RelA inactivation by Wip1 may be
required for restoring homeostasis post-DDR. Moreover, in
cooperation with wild-type p53, NF-kB has been reported to
induce expression of the TP53 gene in colon cancer cells.56 In
contrast to these examples of positive cross-talk, NF-kB has
been shown to decrease p53 levels in response to chemotherapy
via upregulation of MDM2, providing a potential mechanism
for drug resistance.57 Moreover, mutual antagonization
between p53 and NF-kB has been reported through sequestra-
tion of transcriptional coactivators CBP and p300.53 In lung
cancer cells, Nutlin, an MDM2 antagonist that blocks interac-
tion between p53 and MDM2, inhibits NF-kB signaling in a
p53-dependent manner.58 Given the complexity of p53 and
NF-kB interactions, Wip1 activity toward RelA may indirectly
affect levels and activity of p53, and vice versa, potentially fur-
ther promoting or inhibiting tumor initiation and progression.

It is interesting that both Tax and LZAP are associated with
increased Wip1 activity, yet LZAP and Tax have opposite
effects on NF-kB and p53. Whereas Tax expressing cells display
decreased p53 activity and strong activation of NF-kB,49 the
opposite is true for LZAP, where LZAP expression is associated
with activation of p53 and inhibition of NF-kB. By attenuating
NF-kB activation, LZAP hinders in vitro invasion and transfor-
mation, as well as in vivo xenograft growth and tumor vascular-
ity.33 Moreover, we have shown that LZAP has both ARF-
dependent and ARF-independent activities that contribute to
p53-dependent cell cycle arrest and inhibition of clonogenic
growth.32 The fact that LZAP helps to remove inhibitory phos-
phorylation at Ser395 on the p53 destructor MDM2 (Fig. 4A)
and stimulates Wip1 phosphatase activity toward p53 Ser15
(Figs. 2D and 3A), a phospho-site that is involved in p53 stabi-
lization and activation, suggest that LZAP also affects p53
through Wip1-independent pathway(s). Differential effects of
LZAP and Tax on the critical tumor suppressor, p53, and the
oncogene, NF-kB, may at least partially explain different roles
of Tax and LZAP in tumorigenesis.

Although we and others have ascribed many tumor suppres-
sor activities to LZAP, its contributions toward tumorigenesis
may be complicated and depend on cellular context. Its role in
hepatocellular carcinoma remains controversial, as one study
demonstrated that LZAP overexpression promotes hepatocellular
carcinoma metastasis,59 whereas others have demonstrated a
tumor suppressor role in these cancers.34,60 Additionally, LZAP
has been shown to promote colorectal xenograft growth and has
been proposed as a marker for colon cancer progression.61 LZAP
is also overexpressed in a portion of lung adenocarcinoma, where
its levels correlate with poor prognosis.62 The role of LZAP in
tumorigenesis or maintenance likely depends on cellular context.

Mass spectrometry performed in 293T cells following over-
expression of Flag-LZAP identified 2 Wip1 family members,
PPM1A and PPM1B, as LZAP-interacting proteins (data not
shown). Previously published results from our laboratory iden-
tified PPM1A as a novel RelA phosphatase with tumor-sup-
pressor activity.63 Importantly, we showed that LZAP
cooperates with PPM1A to dephosphorylate RelA at serine 536
(data not shown), suggesting that the ability of LZAP to modu-
late phosphatase activity may extend to other members of the
PP2C family of phosphatases. Notably, while Wip1/PPM1D is
a widely accepted oncogene, PPM1A acts as an important
tumor suppressor. Therefore, differential activation of these 2
phosphatases by LZAP may also contribute to its seemingly
conflicting roles in cancer initiation and progression.

LZAP has no known catalytic activity, suggesting that its
activity likely depends on interaction with other proteins. Here
we show that LZAP directly interacts with Wip1 and enhances
its catalytic activity toward a number of its substrates. We spec-
ulate that LZAP acts similarly to Tax, by binding Wip1 and
inducing a conformational change to bolster its phosphatase
activity. Data presented here highlight a novel cellular mecha-
nism for moderating Wip1 activity through identification of
LZAP as a positive regulator of Wip1 phosphatase activity.

Materials and methods

Cell lines and transfection

Human cell lines U2OS (osteosarcoma) and HEK 293T
(transformed embryonic kidney epithelia) were cultured in
complete growth media recommended by the American
Type Culture Collection (ATCC) at 37�C in 5% CO2.
Transfections of plasmid DNA were performed using Lipo-
fectamine 2000 (Thermo Fisher, https://www.thermofisher.
com/us/en/home/brands/product-brand/lipofectamine/lipo
fectamine-2000.html) (293T) or FuGENE 6 (Promega, https://
www.promega.com/products/reporter-assays-and-transfection/
transfection-reagents/fugene-6-low-toxicity-simple-transfec
tion/fugene-6-transfection-reagent/) (U2OS) as per manufac-
turer’s protocol. The total amount of DNA transfected was
kept equal by adding appropriate amounts of empty vector
(pcDNA3.1).

Expression constructs

pCMV-Neo-Bam-Flag-Wip1 and pET-23a-His-Wip1-DExon6,
both wild-type (WT) and phosphatase-dead (PD, D314A),
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were a gift of Dr. Lawrence Donehower (Baylor University).
The sequence encoding full-length Wip1 (1–605) was amplified
from pCMV-Neo-Bam-Flag-Wip1 by PCR and sub-cloned into
pcDNA3-Myc3. pcDNA3-Flag-LZAP,32 pET-3E-His-LZAP,33

pcDNA3-Myc3-LZAP, and all Myc-LZAP truncations38 were
cloned as previously described. pcDNA3-Flag-p38a was pro-
vided by Dr. Jiahuai Han.64 All constructs were verified by
DNA sequencing.

Antibodies and reagents

Primary antibodies for immunoblotting include Flag (Sigma,
http://www.sigmaaldrich.com/catalog/product/sigma/f3165?lang D
enandregion D US); phospho-p38 (Thr180/Tyr182) (Cell Sig-
naling, https://www.cellsignal.com/products/primary-antibod
ies/phospho-p38-mapk-thr180-tyr182–28b10-mouse-mab/
9216), phospho-p53 (Ser15) (https://www.cellsignal.com/prod
ucts/primary-antibodies/phospho-p53-ser15-antibody/9284?N
D 4294956287&Ntt D p53CserC15andfromPage D plp), phos-
pho-Chk2 (Thr68) (https://www.cellsignal.com/products/pri
mary-antibodies/phospho- chk2-thr68-antibody/2661), p38
(https://www.cellsignal.com/products/primary-antibodies/
p38a-mapk-antibody/9218), and Chk2 (https://www.cell
signal.com/products/primary-antibodies/chk2–1c12-mouse-
mab/3440); and HA (Santa Cruz, https://www3.scbt.com/
scbt/ product/ha-probe-antibody-f-7), Myc (https://www3.
scbt.com/scbt/product/c-myc-antibody-9e10), p53 (https://
www3.scbt.com/scbt/product/p53-antibody-do-1), and
Rap1 (. Other reagents include HRP-conjugated secondary
antibodies (Promega, https://www.promega.com/products/
imaging-and-immunological-detection/elisas-and-antibodies/
horseradish-peroxidase_conjugated-antibodies/), goat anti-
mouse IgG (HCL) secondary antibody (Dylight 550 conju-
gate) (Thermo Fisher, https://www.thermofisher.com/anti
body/product/Goat-anti-Mouse-IgG-H-L-Secondary-Anti
body-Polyclonal/84540), goat anti-rabbit IgG (HCL) sec-
ondary antibody (Dylight 650 conjugate) (https://www.
thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-
H-L-Secondary-Antibody-Polyclonal/84546), mitomycin C
(Sigma, http://www.sigmaaldrich.com/catalog/product/
sigma/m4287?lang D enandregion D US), 3x Flag peptide
(http://www.sigmaaldrich.com/catalog/product/sigma/f479
9?lang D enandregion D US), and recombinant GST
(http://www.sigmaaldrich.com/catalog/product/sigma/srp5
348?lang D enandregion D US) and GST-Rap1 (https://
www.novusbio.com/products/terf2ip-recombinant-protein_
h00054386-p01).

Immunoprecipitation and immunoblotting

For immunoprecipitation of ectopically expressed proteins,
cells were lysed in RIPA buffer (Sigma, http://www.sigmaal
drich.com/catalog/product/sigma/r0278?lang D enandregion
D US) supplemented with Complete Mini EDTA-free Protease
Inhibitor cocktail (Roche, http://www.sigmaaldrich.com/cata
log/product/roche/11836170001?lang D enandregion D US)
and PhosStop (Roche, https://www.lifescience.roche.com/
webapp/wcs/stores/servlet/ProductDisplay?catalogId D
10001andpartNumber D 3.2.7.8.1.1). 200 mg of lysates were

pre-cleared for 30 minutes using 8 mg normal rabbit IgG (Santa
Cruz, https://www3.scbt.com/scbt/product/normal-rabbit-igg)
or normal mouse IgG (https://www3.scbt.com/scbt/product/
normal-mouse-igg) and 20mL protein A/G beads (https://
www3.scbt.com/scbt/product/protein-a-g-plus-agarose) prior
to incubation with 15 mL agarose beads conjugated to antibod-
ies recognizing Flag (Sigma, http://www.sigmaaldrich.com/cata
log/product/sigma/a2220?lang D enandregion D US) or Myc
(http://www.sigmaaldrich.com/catalog/product/sigma/a7470?
lang D enandregion D US). Immunoprecipitation of 100 ng
His-LZAP, GST-Rap1, or GST was performed in the pres-
ence of 2% BSA in TBST, using LZAP antiserum or an anti-
body recognizing Rap1 (Santa Cruz, https://www.scbt.com/
scbt/product/rap1-antibody-4c8–1) and protein A/G beads.
Immunoblotting was performed as described previously.33

Expression and purification of recombinant proteins

E. coli BL21(DE3) cells (Promega, https://www.promega.com/
products/cloning-and-dna-markers/cloning-tools-and-compe
tent-cells/bacterial-strains-and-competent-cells/bl21_de3_
plyss-competent-cells/) were transformed with pET-3E-His-
LZAP or pET-23-His-Wip1-DExon6 (wild-type or D314A),
grown to an OD600 of 0.6, induced with 1mM IPTG for 4 hours,
and pelleted. Pellets were lysed in lysis buffer (50 mM Tris, pH
8.0, 300 mM NaCl, 10 mM imidazole, 1% NP-40, 300mM
NaCl, and 1 mg/mL lysozyme). Lysates were sonicated 10 times
with 10 second pulses, clarified by centrifugation, and incu-
bated with Ni2C-NTA agarose (Qiagen, https://www.qiagen.
com/us/shop/sample-technologies/protein/ni-nta-agarose/
#orderinginformation) for one hour. Unbound lysate was
allowed to flow through, and beads were washed 3 times
(50 mM Tris, pH 8.0, 300 mM NaCl, 20 mM imidazole, 1%
NP-40, and 300 mM NaCl). Proteins were eluted into 50 mM
Tris, pH 8.0, 300 mM NaCl, 250 mM imidazole, 1% NP-40,
and 300 mM NaCl. Eluates were concentrated and desalted
using Amicon Ultra-0.5 Centrifugal Filter Devices (Millipore,
http://www.emdmillipore.com/US/en/product/Amicon-Ultra-
0.5%C2%A0mL-Centrifugal-Filters-for-DNA-and-Protein-
Purification-and-Concentration,MM_NF-C82301) prior
to snap-freeze in single-use aliquots. All buffers were
supplemented with EDTA-Free Protease Inhibitors
(Roche).

In vitromalachite green phosphatase assay

Prior to addition of substrate, His-Wip1 (WT or PD) was
incubated with varying amounts of His-LZAP, or Rap1, in
phosphatase assay buffer (125 mM Tris, pH 7.5, 0.25 mM
EDTA, 0.05% BME, and 62.5 mM MgCl2) on ice for 20
minutes. These complexes were then incubated with 750mg of
each phospho-peptide (LifeTein, http://www.lifetein.com/pepti
de_synthesis_services.html) for 30 minutes at 30�C in a total
volume of 50 mL. This reaction was then incubated with the
Malachite Green substrate (BioAssay Systems, https://www.bio
assaysys.com/Phosphate-Assay-Kit-(POMG-25H).html) for 30
minutes at room temperature prior to measuring OD620. A
standard curve was prepared using standards provided with the
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kit, and absorbance values were converted to liberated phos-
phate (mg). See Table 1 for peptide sequences used.

In vitro full-length phosphatase assays

293T cells were transfected with constructs encoding
Flag-tagged p53, p38, and Chk2. Twenty hours prior to
harvesting, cells were stimulated with mitomycin C
(2.5 mg/mL) to enrich for the phosphorylated species of these
proteins. Flag-tagged phosphorylated proteins were immuno-
precipitated as described above and eluted using 3x Flag pep-
tide (100 mg/mL). Phosphatase assays were performed exactly
as described above, using Flag-phospho-p53, p38, and Chk2 as
substrates. Reactions were resolved using SDS-PAGE, trans-
ferred, and probed using phospho-specific or pan antibodies.
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