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ABSTRACT
The phosphoinositide-3-kinase like kinases (PIKK) such as ATM and ATR play a key role in initiating
the cellular DNA damage response (DDR). One key ATM target is the cyclin-dependent kinase
inhibitor p27Kip1 that promotes G1 arrest. ATM activates p27Kip1-induced arrest in part through
phosphorylation of p27Kip1 at Serine 140. Here we show that this site is dephosphorylated by the
type 2C serine/threonine phosphatase, WIP1 (Wildtype p53-Induced Phosphatase-1), encoded by
the PPM1D gene. WIP1 has been shown to dephosphorylate numerous ATM target sites in DDR
proteins, and its overexpression and/or mutation has often been associated with oncogenesis. We
demonstrate that wildtype, but not phosphatase-dead WIP1, efficiently dephosphorylates p27Kip1

Ser140 both in vitro and in cells and that this dephosphorylation is sensitive to the WIP1-specific
inhibitor GSK 2830371. Increased expression of wildtype WIP1 reduces stability of p27Kip1 while
increased expression of similar amounts of phosphatase-dead WIP1 has no effect on p27Kip1

protein stability. Overexpression of wildtype p27Kip1 reduces cell proliferation and colony forming
capability relative to the S140A (constitutively non-phosphorylated) form of p27. Thus, WIP1 plays
a significant role in homeostatic modulation of p27Kip1 activity following activation by ATM.

ARTICLE HISTORY
Received 10 June 2019
Revised 22 October 2019
Accepted 7 November 2019

KEYWORDS
PPM1D; WIP1; ATM; p27Kip1;
CDKN1B; Serine 140

Introduction

To preserve genomic integrity, systems of DNA
damage detection, response, and repair have evolved.
Key components of the DNA damage response
(DDR) system include a set of kinases that recognize
damage and transduce signals that activate the many
cellular responses to DNA damage [1–3]. The phos-
phatidylinositol 3-kinase-like kinase (PIKK) family,
typified by the intensively studied ATM, ATR, and
DNA-PK, play a central role in the DDR [1,2]. These
kinases are activated almost immediately following
DNA damage and transduce their damage response
signal through phosphorylation of DDR target pro-
teins [4]. PIKK targets include other kinases and
signal transducers that amplify the damage signal,
as well as downstream repair proteins and cell cycle
regulatory molecules such as p53. p53 is
a transcription factor that is directly phosphorylated
by PIKKs such as ATM and ATR, resulting in p53

activation [2,5]. For example, ATM/ATR directly
phosphorylate p53 at Serine 15, which contributes
to increased p53 stability and activation as
a transcription factor [6,7]. Activated p53 can initiate
transcription of genes that enforce cell cycle arrest in
some contexts or apoptosis in other contexts [8,9].
Induction of cell cycle arrest prevents propagation of
damaged DNA templates as mutations whereas
apoptosis protects the organism from the ill effects
of irreparably damaged cells.

Among the many genes induced by p53 follow-
ing DNA damage are genes with a homeostatic
role. In those cases where DNA damage is
repaired, mechanisms to return the damage-
activated cell to an unstressed state are necessary
[10]. Among these p53-induced homeostatic genes
are MDM2 and PPM1D. MDM2 encodes an E3-
ubiquitin ligase that actively promotes degradation
of p53 following successful repair, returning p53
protein to prestress levels [11]. In addition, p53
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activates the gene PPM1D (protein phosphatase,
Mg2+/Mn2+ dependent 1D) that encodes the pro-
tein WIP1 (wildtype p53-induced phosphatase 1)
[12,13]. WIP1 has been shown to dephosphorylate
many of the same targets that PIKKs target, rever-
sing their effects and returning them to a less
activated state [13]. For example, WIP1 depho-
sphorylates p53 at Serine 15 and MDM2 at
Serine 395, facilitating MDM2 degradation of p53
[14,15]. Thus, once damage repair is completed,
WIP1 assists the cell in its return to a prestress
homeostatic state [13]. Because the PPM1D gene
product antagonizes p53, a potent tumor suppres-
sor, it is not surprising that amplification or stabi-
lizing mutations of PPM1D have been associated
with human tumors and preneoplastic lesions
[13,16–20].

Among other cell cycle regulatory proteins
activated by PIKKs, the cyclin-dependent kinase
inhibitor p27Kip1 has recently been demonstrated
to be a target of ATM [21]. Encoded by the
CDKN1B gene, activated p27Kip1 inhibits G1 pro-
gression and S phase entry and maintains cells in
a non-proliferative state [22,23]. Emerging evi-
dence indicates that it does play a significant
role in maintaining genomic stability as well as
regulating cell cycle progression [24–26]. An
early screen of ATM/ATR phosphorylation tar-
gets revealed that ATM phosphorylates p27Kip1 at
Serine 140 in response to DNA damage [27].
More recently, Cassimere et al. [21] confirmed
ATM phosphorylation of p27Kip1 at Serine 140
and that this phosphorylation is important for
stabilization and enforcement of the p27Kip1-
mediated G1 checkpoint in response to DNA
damage.

In this study we confirm ATM phosphorylation of
p27Kip1 at Serine 140 and also demonstrate thatWIP1
dephosphorylates p27Kip1 at this site in both in vitro
and in cell culture assays. Following radiation damage,
p27Kip1 Serine 140 phosphorylation increases rapidly
but is gradually lost in a WIP1-dependent manner.
p27Kip1 dephosphorylation byWIP1 is also associated
with a reduction in p27Kip1 protein levels.We demon-
strate that inability to phosphorylate p27Kip1 at Serine
140 is associated with enhanced cellular proliferation
and colony formation, illustrating the relevance of this
single phosphorylation site in mediating p27Kip1

growth suppression effects.

Results

Phosphopeptide screens show WIP1 preferences
for ATM/ATR target sites in vitro

WIP1 is a serine/threonine phosphatase that has
been shown to have an affinity for dephosphoryla-
tion of protein target sites with pSQ, pTQ or pTxY
amino acid motifs [13]. pS/pTQ motifs in particu-
lar represent sites that are often phosphorylated by
DNA damage responsive kinases ATM and ATR.
In fact, virtually all of the currently identified pS/
pTQ sites on proteins dephosphorylated by WIP1
are known to be phosphorylated by ATM or ATR
[13,28]. We sought a high-throughput method to
identify potential WIP1 target proteins and the
specific sites of dephosphorylation. Since WIP1
often dephosphorylates known sites of ATM/ATR
phosphorylation, we selected 86 candidate phos-
phopeptides likely to be targeted by WIP1 from
a large screen of ATM/ATR phosphorylation tar-
gets identified by Matsuoka et al. [27] and from
studies of individual ATM/ATR targets. In addi-
tion, we selected 78 novel pS/pTQ and 6 pTxY
target sites of interest in proteins with DDR or
cell cycle regulatory functions. We also assayed
123 non-pS/pTQ and non-TxY sites in proteins
of interest related to DDR or cell cycle control as
negative controls. We assayed a total of 293 phos-
phopeptides representing potential WIP1 target
sites (Table S1).

Utilizing an in vitro phosphatase assay for each
candidate phosphopeptide (see Methods), we were
able to determine the degree to which these phos-
phopeptides could be dephosphorylated by recom-
binant WIP1 (Figure 1(a)). The complete list of
peptides, sequences and in vitro phosphatase assay
results are shown in Table S1. We selected a cutoff
value of 1000 pmol of free phosphate released in
one hour to identify positive dephosphorylation by
WIP1. Of the 164 putative pS/pTQ sites tested,
131, roughly 80%, were found to be efficiently
dephosphorylated by WIP1, indicating a strong
selection for glutamine (Q) preceded by pS or
pT. Of the 6 candidate TxY phosphopeptides, 4
(67%) were positive in our assay. Only 12 (10%) of
the remaining 123 non-S/TQ sites were positive
WIP1 target sites by our criteria. Analysis of
amino acid sequences in the assayed 11 amino
acid pS/pTQ phospho-peptides (pS or pT is always
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at amino acid position 6) showed a strong enrich-
ment for aspartic acid (D) and glutamic acid (E)
surrounding the phosphorylation site (Figure S1).
Basic amino acids arginine, histidine and lysine (R,
H, and K respectively) were selected against in our
positive WIP1 targets (Figure S1). This corrobo-
rates WIP1 target site preferences presented pre-
viously by Appella and colleagues [29].

Since cell cycle arrest occurs early in the DNA
damage response, we sought to identify WIP1
target proteins involved in cell cycle arrest. We
tested 41 possible phosphorylation sites involved

in cell cycle arrest. These sites spanned CDC25A,
CDC25B, CDC25C, multiple cyclins, CDK4 and 9,
as well as the CDK inhibitors p21Cip1 and p27Kip1.
Only 5 pS/pTQ sites and 2 pS/pT sites were iden-
tified as WIP1 targets (Table S1). Of particular
interest was p27Kip1, which had recently been vali-
dated as an ATM target protein. p27Kip1 has been
shown to be phosphorylated by ATM at serine 140
in response to DNA damaging agents [21]. We
identified three additional pS/pTQ sites on
p27Kip1 aside from Serine 140. We tested these
four sites in our in vitro phosphatase assay along

b c

a

Figure 1. WIP1 dephosphorylates p27Kip1 in vitro. (a) WIP1 target screening by in vitro phosphatase assay. Here, 264 synthetic 11
amino acid phosphopeptides (China Peptides Co.) were incubated with purified active WIP1 enzyme in the presence of Mg2+. The
release of free phosphate from each of the phosphopeptides was quantified to determine phosphatase activity. Arrow indicates the
location of p27Kip1 (CDKN1B) S140 phosphopeptide in relation to all others in the screen. Samples are duplicated for the assay. The
green dotted line indicates the threshold value of 1000 pmol free phosphate released in the assay. We considered all phosphopep-
tides above that value to be strong candidate WIP1 target sites. The list of candidate phosphopeptides and WIP1 activity in the
presence of each is indicated in Table S1. (b) Further validation of WIP1 dephosphorylation of p27Kip1 at serine 140. The 11 amino
acid phosphopeptide including the central S140 residue was incubated with WIP1 and WIP1 D314A (phosphatase-dead mutant).
WIP1-specific inhibitor GSK2830371 was used at 3 µM concentration. WIP1 enzyme without Mg2+ is used as a control. p53 pS15 and
UNG2 pT31 are the positive [14] and negative [30] controls for WIP1 activity, respectively. Samples were assayed in duplicate. (c)
WIP1 dephosphorylates intact p27Kip1 in vitro after p27Kip1 purification from HEK293 cells. After overexpression of wild-type Myc-
p27Kip1 in HEK293 cells, the cells were irradiated with 10 Gy IR (0.5 h recovery) and then lysed in lysis buffer. Myc-p27Kip1,
precipitated with anti-Myc antibody and purified from the HEK293 cell lysates, was incubated with purified recombinant WIP1 to
assess phosphatase activity. The proteins were resolved on SDS-PAGE and followed by immunoblot analysis using anti-WIP1, anti-
p27Kip1 protein, and anti-p27Kip1 pS140 antibodies.
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with 15 known p27Kip1 phosphorylation sites asso-
ciated with other kinases. All four pS/pTQ sites
were strongly positive in the in vitro phosphatase
assay along with one CK2 kinase site at Serine 83
(Figure S2A). All other known phosphorylation
sites were negative according to our standard cri-
teria (<1000 pmol free phosphate released in
one hour). Interestingly, all four pS/pTQ sites
show significant evolutionary conservation
(Figure S2B). To our knowledge, there is no evi-
dence that p27Kip1 sites other than Serine 140 are
phosphorylated by ATM. So for this reason, and
the availability of phospho-specific antibodies for
p27Kip1 Serine 140, we focused on this phosphor-
ylation site.

WIP1 dephosphorylates p27Kip1 at Serine 140
in vitro

To validate that p27Kip1 Serine 140 is indeed
a WIP1 target we performed a more rigorous
in vitro phosphatase assay. The p27Kip1 S140 phos-
phopeptide was incubated with recombinant pur-
ified WIP1 in the presence or absence of
magnesium, which is necessary for WIP1 phos-
phatase activity. In parallel experiments
a negative control UNG2 T31 phosphopeptide
[30] and a positive control p53 S15 phosphopep-
tide [14] were incubated with purified WIP1 under
all of the same conditions as the p27Kip1 S140
phosphopeptide. As expected, in the presence of
magnesium and purified WIP1, the p27Kip1 S140
and p53 S15 positive control phosphopeptides
showed robust release of free phosphate in
the in vitro phosphatase assay, whereas the nega-
tive control UNG2 T31 negative control phospho-
peptide showed little or no phosphate release
(Figure 1(b)). In the absence of magnesium there
is no discernible dephosphorylation of the p27Kip1

S140 or control phosphopeptides (Figure 1(b)). If
the phosphopeptides are incubated with the cata-
lytically inactive D314A WIP1 (pdWIP1) there is
no dephosphorylation of the p27Kip1 S140 phos-
phopeptide the other phosphopeptides. To further
demonstrate that the dephosphorylation of p27Kip1

S140 is specifically due to WIP1, we incubated the
complete reaction of p27 phosphopeptide, recom-
binant WIP1 and magnesium with the WIP1 inhi-
bitor GSK 2830371 [31]. Once again there was no

detectable dephosphorylation of p27Kip1 S140,
confirming that the p27Kip1 S140 phosphopeptide
is specifically dephosphorylated by WIP1 in this
assay.

The in vitro phosphatase assay utilizes an 11
amino acid phosphopeptide. Therefore, we deter-
mined whether WIP1 could also dephosphorylate
full-length p27Kip1 in vitro. We immunoprecipi-
tated Myc-tagged p27Kip1 from transfected cells
exposed to 10 Gy ionizing radiation (to generate
Ser140-phosphorylated p27Kip1) and incubated the
immunoprecipitate with recombinant WIP1 in the
presence or absence of magnesium. The immuno-
precipitates were then subjected to immunoblot-
ting for the S140 phosphorylated form of p27Kip1,
using a phospho-specific antibody for this site.
There is a robust phospho-p27Kip1 (S140) band in
the Myc IP only lane, as well as in the WIP1 lane
without magnesium (Figure 1(c)). However, that
band is absent when the immunoprecipitate is
incubated with WIP1 and magnesium, indicating
that WIP1 does indeed dephosphorylate full-
length p27Kip1 at serine 140.

Confirmation that ATM phosphorylates p27Kip1

at Serine 140

We further sought to confirm p27 phosphorylation
by ATM, as previously described by Cassimere et al.
[21]. His-tagged recombinant p27 (p27-His) was
incubated with immunoprecipitated Flag-ATM
along with 32P-labeled ATP in an in vitro kinase
assay. Incubation of Flag-ATM with p27-His
resulted in a 32P-labeled band that was not present
in lanes with either Flag-ATM only or p27-His only
(Figure 2(a)). In a parallel control assay, known
ATM target p53 was also robustly phosphorylated
by ATM. These experiments indicate that ATM is
indeed phosphorylating p27 in vitro. Since there are
multiple pS/pTQ sites in the p27 protein sequence,
we examined whether serine 140 was specifically
being phosphorylated by ATM. To address this
question, phospho-p27 S140 immunoblot analysis
following Flag-ATM incubation with p27-His was
performed and shows that p27 is indeed phosphory-
lated at S140 by ATM (Figure 2(b)).

We next asked whether p27Kip1 is phosphory-
lated in response to DNA damage in cells. We
treated Myc-p27 transfected HEK293 cells with
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10 Gy ionizing radiation (IR) and allowed the cells
to recover for the indicated time points. Whole cell
lysates were prepared from each sample and sub-
jected to immunoblotting for p27 phosphorylated
at S140. The p27 (S140) band was detectable at
30 minutes post irradiation and was constant up to
180 minutes (Figure 2(c)). To determine whether
ATM was specifically phosphorylating p27 in
response to IR, Myc-p27 transfected HEK293
cells were pretreated with the ATM inhibitor
KU-55933 prior to IR treatment. Immunoblot ana-
lysis of cell lysates show a robust increase in p27
(S140) in response to IR treatment, which is

decreased back to background levels in samples
pre-treated with KU-55933 (Figure 2(d)). This
complements previous studies indicating that
ATM phosphorylates p27Kip1 at serine 140 follow-
ing DNA damage [21,27].

p27Kip1 is dephosphorylated by WIP1 in cells

To determine whether p27Kip1 phosphorylated at
S140 is dephosphorylated by WIP1 in cells, we
co-transfected a Flag-tagged WIP1 with Myc-p27
in HEK293 cells. Transfected cells were again
treated with 10 Gy IR followed by

dc

a b

Figure 2. ATM phosphorylates p27Kip1. (a) In vitro kinase assays demonstrate ATM phosphorylation of p27Kip1. HEK293 cells were
transfected with FLAG-tagged ATM and were irradiated with 15 Gy IR. Two hours after IR treatment, the HEK293 cells were lysed and
activated ATM was immunoprecipitated from the lysate with anti-Flag antibody. The immunoprecipitated FLAG-ATM was then
incubated with recombinant His-p27Kip1 or His-p53 protein, and γ-32P-ATP in the presence or absence of ATM inhibitor (KU-55933)
for 1 hour at 30◦C. 32P-labeled proteins were then separated by SDS-PAGE followed by autoradiography. (b) Radiation-activated ATM
phosphorylates p27Kip1 in vitro. HEK293 cells were transfected with FLAG-tagged ATM and were irradiated with 15 Gy IR (2
h recovery). Activated ATM was immunoprecipitated with anti-FLAG antibody and incubated with recombinant His-p27Kip1 in the
presence or absence of p27Kip1 for 1 h at 30◦C. The proteins were resolved on an SDS-PAGE, followed by immunoblot analysis using
anti-ATM, anti-p27, and anti-p27 pS140 antibodies. (c) Time-course of phosphorylation on p27Kip1 Serine 140 following irradiation.
HEK293 cells were transfected with Myc-p27Kip1 and then treated with 10 Gy ionizing radiation (IR). Cells were recovered up to
3 hours from irradiation. After cells were lysed at each indicated time, total lysates were resolved on SDS-PAGE, followed by
immunoblot analysis with indicated antibodies. CHK2 T68 and p53 S15 are targets of ATM phosphorylation and serve as markers for
activation of the DNA damage response. GAPDH served as a loading control. (d) p27Kip1 S140 phosphorylation is impaired by ATM-
specific inhibitor in HEK293 cells. HEK293 cells were transfected with Myc-p27Kip1, treated with 0, 10 or 20 µM of ATM inhibitor KU-
55933 and then irradiated to 10 Gy ionizing radiation (IR). CHK2 T68 and p53 S15 are DNA damage-associated targets of ATM
phosphorylation. After 0.5 h recovery, immunoblot analyses were performed with the indicated antibodies.
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immunoblotting for target proteins. In response
to IR we again see p27Kip1 (S140) phosphoryla-
tion in the IR sample but decreased levels in the
un-irradiated sample (Figure 3(a)). When the
Flag-WIP1 co-transfected cells were exposed to
IR, we lose the robust p27Kip1 (S140) phosphory-
lated band (Figure 3(a)). To verify that the effect
we see is due to WIP1 phosphatase activity, we
co-transfected the D314A phosphatase-dead
mutant WIP1 construct (pdFlag-WIP1) instead
of wildtype WIP1. pdFlag-WIP1 transfected cells
show increased levels of phosphorylated p27Kip1

(S140) compared to the Flag-WIP1 samples and is
comparable to the no Flag-WIP1 irradiated lane
(Figure 3(a)).

Since overexpression of WIP1 could diminish
p27Kip1 (pS140) levels following DNA damage, we
asked whether inactivation of WIP1 could enhance
p27Kip1 phosphorylation. To answer this question
we turned to MCF7 breast cancer cells. Some
breast cancers have been shown to have amplified
and overexpressed PPM1D/WIP1 and the MCF7
line exhibits this property [32]. High expression of
WIP1 by this line allows a more sensitive readout

Figure 3. WIP1 dephosphorylates p27Kip1 in vivo. (a) WIP1 dephosphorylates p27Kip1 S140 in HEK293 cells. HEK293 cells were
transfected with Myc-p27 or p53 and Flag-WIP1 or Flag-WIP1-PD (phosphatase-dead) and irradiated with 10 Gy IR with 0.5 hours
recovery. Immunoblot analysis was performed with indicated antibodies. (b) WIP1 inhibition in MCF-7 cells leads to a delay in p27Kip1

S140 phosphorylation levels returning to homeostatic levels after DNA damage treatment. MCF7 cells were pretreated with 3 uM of
a WIP1-specific inhibitor (GSK 2830371A) and cells were irradiated with 10 Gy IR. Cells were recovered up to 3.5 h post IR treatment.
For each indicated time point, cells were lysed and subjected to immunoblot analysis with the indicated antibodies. In addition to
using antibodies to p27Kip1 and p27 S140, we immunoblotted with antibodies to two other known WIP1 target proteins and their
targeted sites (CHK2 T68 and H2AX S139). To clarify relative p27 protein and S140 phosphorylation levels, the intensity of p27 S140
and p27 protein bands for each condition were quantified with Image J and the ratio between p27 S140 and total p27 was
calculated and noted in the bar graph to the right. P values were determined by t test. (c) WIP1 inhibition leads to decreased p27
stability before and after DNA damage treatment. HEK293 cells were co-transfected p27 with WIP1-WT or WIP1-PD and incubated for
24 h at 37◦C. Cells were irradiated with 5 Gy IR and recovered up to 8 h. Cells were lysed at indicated time points and subjected to
immunoblot analysis with the indicated antibodies. (d) Quantitation of WIP1 effects on p27Kip1 stability. The intensities of p27
protein bands for each condition from Panel C were quantified with Image J and graphed. Bars compare relative p27Kip1 protein
levels in non-transfected and WIP1-transfected cells. **p < 0.01 (n = 6). P values were determined by t test.
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on whether WIP1 knockdown has effects on WIP1
target dephosphorylation. MCF7 cells were
exposed to 10 Gy IR and harvested at multiple
time points post-IR for immunoblot analysis.
Prior to IR treatment p27Kip1 S140 phosphoryla-
tion levels relative to p27Kip1 protein levels were
higher in cells treated with WIP1-specific inhibitor
GSK2830371A (Figure 3(b)). An increase in phos-
phorylation at serine 140 was observed at 30, 90,
and 210 minutes post IR treatment, but again prior
WIP1 inhibitor treatment resulted in higher over-
all levels of p27Kip1 S140 phosphorylation relative
to their counterparts not treated with the WIP1
inhibitor (Figure 3(b)). Positive control WIP1 tar-
get sites CHK2 T68 [33] and H2AX S139 [34] are
also affected in a similar manner. These data indi-
cate that p27Kip1 is phosphorylated at serine 140 in
response to IR and that WIP1 phosphatase is
responsible for reduced levels of p27Kip1 (S140)
phosphorylation.

WIP1 overexpression is associated with reduced
p27Kip1 stability

The phosphorylation of p27Kip1 at Serine 140 by
ATM in response to DNA damage is associated
with its stabilization and increased protein levels
[21]. We confirmed the earlier studies of Cassimere
et al. [21] by showing that IR-treated cells overex-
pressing wildtype or S140D versions of p27Kip1

retained high levels of stable p27, while those over-
expressing the mutant S140A version of p27Kip1

showed reduced stability over time in the presence
of cycloheximide (Figure S3). We then tested
whether dephosphorylation at phosphoserine 140
on p27Kip1 by WIP1 is associated with p27Kip1 desta-
bilization. HEK293 cells were co-transfected with
p27Kip1 expression vectors along with either empty
vector, WT WIP1, or phosphatase-dead WIP1
expression vectors and subjected to 5 Gy ionizing
radiation 24 hours later. Treated cells were harvested
before and after radiation and p27Kip1 protein levels
were shown to be significantly reduced in wildtype
WIP1 transfected cells but not in WIP1 empty
vector or phosphatase-dead WIP1 expressing cells
(Figure 3(c,d)). Thus, the reduction of p27Kip1 pro-
tein levels associated with increased WIP1 comple-
ments the report of enhanced p27Kip1 protein levels
after its phosphorylation by ATM [21].

Mutations in p27Kip1 Serine 140 affect cellular
proliferation and colony formation

p27Kip1 is a regulator of cell cycle progression
through its inhibition of cyclin-CDK complexes
[22,23]. Moreover, ATM phosphorylation of
p27Kip1 at Ser140 appears to enhance its cell cycle
inhibitory functions [21]. Thus, if WIP1 targets
p27Kip1 and dephosphorylates it at Ser140, it might
be expected that WIP1 reduces p27Kip1 anti-
proliferative functions. To test p27Kip1 effects on
proliferation in the presence and absence of WIP1
we performed a four day cell growth assay on
HEK293 cells transfected with a wildtype p27Kip1

expression construct either with or without a WIP1
expression construct. As controls, HEK293 cells irra-
diated with 5 Gy ionizing radiation or untreated,
non-transfected cells were monitored four days for
cell growth. As shown in the cell growth curves in
Figure 4(a), overexpression of p27Kip1 inhibits cell
growth to about the same extent as 5 Gy ionizing
radiation and both groups of cells grow poorly, while
untreated cells grow well. After four days, cells over-
expressing both p27Kip1 and WIP1 grow at inter-
mediate rates, suggesting that WIP1 modestly
attenuates effects p27Kip1 anti-proliferative function.
To determine how Ser140 phosphorylation status
may affect cellular proliferation, HEK293 cells were
transfected with wildtype Myc-p27, the phospho-
dead mutant S140A or the phospho-mimetic
S140D mutant. Proliferation of transfected cells was
subsequently determined over a period of 4 days.
While there was little difference in proliferation
between mock transfected cells and cells expressing
p27Kip1 S140A mutants, cells expressing wildtype
p27Kip1 and S140D mutant p27Kip1 showed
reduced cell growth at four days after cell seeding
(Figure 4(b)). All three p27 vector-transduced cell
types expressed high levels of Myc-p27 (Figure 4(b),
lower panel). The enhanced growth rate of the
S140A mutant compared to the WT p27 expressing
cells suggests that the inability to phosphorylate S140
may result in attenuated p27Kip1 activities in inhibit-
ing cell proliferation.

Since these results were based on the transient
expression of p27Kip1, we examined whether
a similar effect would be seen when p27Kip1 was
constitutively expressed. Using a stable inducible
expression system, we analyzed the proliferative
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potential of WT p27, S140A and S140D in
a colony formation assay. HEK293 cells were left
uninduced or induced with doxycycline for p27
expression and plated at low density in 6-well
plates. Cells were allowed to grow for two weeks
and stained with crystal violet to assay for surviv-
ing colonies. Vehicle control cells show no differ-
ence in colony forming potential with the addition
of doxycycline (Figure 4(c,d)). Induction of WT
p27 and S140D both show decreased numbers of
surviving colonies, while S140A induced cells show
similar colony numbers to uninduced cells

(Figure 4(c,d)). Overall, this data corroborates the
previous proliferation assay demonstrating that
cells overexpressing WT p27 or S140D p27 have
lower proliferation/survival rates than cells expres-
sing S140A.

While the previous experiments clearly showed
that WT p27Kip1 and the mutant S140D version
showed enhanced inhibition of cell growth and
colony formation over a cumulative period of sev-
eral days, we also attempted to determine whether
short term inhibition of G1 to S phase transition
could be regulated by overexpression of WT

a b

c d

Figure 4. The p27Kip1 S140A overexpressing cells have a growth advantage over p27Kip1 WT overexpressing cells. (a) To determine
the effects of p27 S140 phosphorylation on cell growth, HEK293 cells were plated in 6 cm dishes and transfected with p27-WT and
p27-WT plus WIP1-WT and on the next day non-transfected cells were irradiated with 5 Gy IR. Each cell was trypsinized and plated
into 96 well cell culture. Growth of cells was monitored up to 4 days by cell proliferation assay using the CCK-8 kit. Left panel, Each
time point was analyzed at N = 6.*** p < 0.001. Central panel, Bar graph of day 4 from left panel. Right panel, Expression of
p27Kip1 and WIP1 protein in cells. Western blot analysis of cells from left panel were tested for p27Kip1 and WIP1 protein expression.
After 24 h of transfection, cells in each condition were lysed with SDS-PAGE treatment buffer and subjected to immunoblot analysis
with the indicated antibodies. GAPDH served as a loading control. (b) p27Kip1 S140 status affects cell growth. To determine the effect
of phosphorylation of p27Kip1 S140 on cell growth, HEK293 cells containing stable inducible p27Kip1 WT, p27Kip1 S140D and p27Kip1

S140A expression constructs were plated 96 well plate and incubated with treatment of doxycycline (0.1 ug/ml) for 4 days. Relative
cell numbers were determined by the CCK-8 kit to compare differences of cell growth in each cell line (upper panel). Expression of
p27Kip1 in cells is shown in the lower panel. (c) Colony formation is reduced for cells transfected with WT p27Kip1 and p27Kip1 S140
vectors, but not p27Kip1 S140A vectors. In a clonogenic assay 1000 stable HEK293 cells containing inducible p27Kip1 WT, p27Kip1

S140D and p27Kip1 S140A expression system were plated in 6 well plates and grown for 2 weeks in the presence or absence of
doxycycline. Colonies were stained with 0.5% crystal violet. (d) Bar graph quantitating the relative intensity of colonies formed in the
clonogenic assay two weeks after plating. *, p < 0.05 and **, p < 0.01 (n = 3). P values were determined by t test.
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p27Kip1 and its Ser140 mutant forms. HEK293 cells
stably transfected with doxycline-inducible WT,
S140A, or S140A p27Kip1 expression vectors were
subjected to an aphidicolin-induced G1 block and
induced or not induced with doxycycline for
24 hours. Cells were then released from aphidico-
lin and examined for progression out of G1 by cell
cycle flow cytometry at 0, 2, 4, 6, and 8 hour
intervals. As shown in Figure S4, by 4 hours post-
release from the block, a higher proportion of cells
overexpressing WT and S140D p27Kip1 remained
in G1 compared to their uninduced WT or
induced S140A counterparts. Despite this apparent
enhanced short term inhibition of cell cycle pro-
gression by the WT and mutant S140D version of
p27Kip1, in two experiments the differences
between these mutants and the less inhibitory
S140A version of p27Kip1 did not quite reach sta-
tistical significance. We noted in the flow cytome-
try profiles of Figure S4A that the numbers of cells
in the sub-G1 area of the profiles showed extre-
mely low cell numbers, regardless of p27Kip1 status,
suggesting that p27Kip1 has its primary effects on
cell growth inhibition by inhibiting cell cycle pro-
gression and not by inducing apoptosis.

Discussion

Among the PIKKs, ATM, ATR, and DNA-PK are
central kinases that phosphorylate a vast array of
other target proteins that enact many aspects of
the DNA damage response and repair network
[1,2,4]. In addition to direct activation of DNA
repair systems, mechanisms to prevent propaga-
tion of damaged DNA templates by halting DNA
replication and cell division are implemented. One
such cell cycle modulator, p53, is activated and
stabilized in part through direct phosphorylation
by ATM, ATR, and DNA-PK. In turn phosphory-
lated p53 transcriptionally upregulates important
negative cell cycle regulators such as the cyclin-
dependent kinase inhibitor p21Cip1 [5,9]. In addi-
tion to phosphorylation of p53, there is growing
evidence that p27Kip1, a member of the CIP/KIP
family of CDK cell cycle inhibitors, plays a role in
the DNA damage response and may be directly
regulated by ATM [21,35]. Recently, it has been
shown by Cassimere et al. [21] that p27Kip1, is
a direct phosphorylation target of ATM. ATM

phosphorylation of p27Kip1 takes place on Serine
140 in response to DNA damage and this phos-
phorylation is associated with enhanced p27Kip1

stability and an enhanced G1 arrest response [21].
We have found that WIP1 plays a major role in

reversal of the DNA damage response initiated by
PIKKs such as ATM, ATR, and DNA-PK [13]. In
particular, ATM/ATR are known to phosphorylate
S/TQ sites on their target proteins while WIP1 often
dephosphorylates pS/pTQ sites initially phosphory-
lated by these kinases. In a broad screen to identify
novel WIP1 targets, half of our 264 tested phospho-
peptides contained pS/pTQ sites and most had exhib-
ited prior activity as DNA damage-associated ATM/
ATR target sites [27]. Roughly 80% of our pS/pTQ
phosphopeptides were efficiently dephosphorylated
by WIP1 in vitro, while less than 10% of non-pS
/pTQ phosphopeptides (derived from likely target
proteins of other kinases) were dephosphorylated by
WIP1. While a positive WIP1 in vitro phosphatase
assay result is not a guarantee thatWIP1 dephosphor-
ylates the parental protein target site in vivo, we have
historically found a very high correlation between
positive in vitro phosphopeptide assay results and
in vivo functionality as a WIP1 target site [13]. Thus,
we postulate that WIP1 may reverse the effects of
PIKK phosphorylation at S/TQ sites in a near univer-
sal manner.

We had previously shown that p53 is inhibited
by WIP1 dephosphorylation of p53 at Serine 15,
an ATM target site [14]. Here, we have subse-
quently investigated whether p27Kip1, a direct
ATM target, is also dephosphorylated by WIP1 at
Serine 140. Indeed, WIP1 efficiently dephosphory-
lated 27Kip1 at Serine 140 both in vitro and in
cellular contexts. We also showed in in vitro phos-
phatase assays that the other three pS/pTQ sites at
Ser56, Ser106 and Thr162 are dephosphorylated,
along with one non-pS/pTQ site at Ser83 (Figure
S2A). While it is not clear that the other three pS/
pTQ sites are phosphorylated by ATM in vivo, all
four pS/pTQ sites are evolutionarily conserved,
suggesting that these may be damage-targeted
phosphorylation sites (Figure S2B).

We confirmed the data of Cassimere et al. [21] that
ATM phosphorylates p27Kip1 at Serine 140 following
radiation-induced DNA damage and that overex-
pressed WIP1 inhibited this phosphorylation event
(Figure 3(a)). Moreover, specific inhibitors of WIP1
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enhanced p27Kip1 Ser140 phosphorylation following
DNA damage (Figure 3(b)). While Cassimere et al.
[21] detected enhanced stability of p27Kip1 protein
following ATM phosphorylation, we were able to
detect reduced stability of p27Kip1 following overex-
pression of wildtypeWIP1, but not phosphatase-dead
WIP1 in the presence and absence of DNA damage
(Figure 3(c,d)). Thus, Serine 140 phosphorylation
serves as a key control point for regulation of p27Kip1

protein stability and function.The functional conse-
quences of p27Kip1 phosphorylation at Ser140 by ATM
were shown to facilitate initiation of G1 arrest, allowing
time for the prolonged maintenance of G1 arrest by
activated p53-induced p21Cip1. Our own functional
results are consistent with WIP1 dephosphorylation
of p27Kip1 Ser140 significantly enhancing cell prolifera-
tion (Figure 4(a,b)) and colony forming capabilities
(Figure 4(c,d)). When we performed short term cell
cycle progression experiments comparing wildtype
and mutant forms of overexpressed p27Kip1, we were
able to detect modestly increased cell cycle inhibition
by themore inhibitoryWT andmutant S140D p27Kip1

forms relative to their mutant S140A form (Figure S3).
However, the differences were not statistically signifi-
cant, perhaps due in part to the shorter frame of the
experiment and insufficient sensitivity in detecting
large functional changes resulting from modification
of a single phosphorylation site. Since we also had
preliminary evidence that other potential pS/pTQ
sites on p27Kip1 were targeted by WIP1 (Figure S2A),
it is possible that ATM/ATR may phosphorylate
p27Kip1 on multiple sites to regulate the activities of
this CDK inhibitor. Modification of all pST/Q sites
potentially targeted by ATM/ATR (and dephosphory-
lated by WIP1) may be necessary to observe more
robust short term effects on p27Kip1 stability and func-
tion. In sum, these experiments confirm and further
elucidate the importance of the oncogenic phosphatase
WIP1 in homeostatic regulation of proteins that not
only initiate and maintain the DNA damage response
but also regulate key cell cycle checkpoints.

Materials and methods

Plasmids and mutagenesis

The human WIP1-FLAG-CMV-Neo-Bam plasmid
and WIP1-FLAG-CMV-Neo-Bam-D314A were
a gift of Dr. Ettore Appella and have been

previously characterized [12]. The construct for
bacterial expression of recombinant human WIP1
(WIP1- ΔExon6-His-pET-23a+) was previously
obtained from Dr. H. Yamaguchi [29], and the
point mutant WIP1-D314A was generated using
site directed mutagenesis [36].

The Myc-tagged p27Kip1 vector was graciously
donated by Dr. Tsz-Kwong Man at Texas Children’s
Hospital (Houston, TX). pCMV-Myc-p27S140A and
pCMV-Myc-p27S140D mutants were created using
theAgilent Quik Change II Site-DirectedMutagenesis
Kit (Santa Clara, CA) according to the manufacturer’s
protocol. Primer sequences utilized for the site-
directed mutagenesis are as follows: S140A forward
5ʹ-ctgatccgtcggacgcccagacggggttag-3ʹ, S140A reverse
5ʹ-ctaaccccgtctgggcgtccgacggatcag-3ʹ, S140D forward
5ʹ-actgatccgtcggacgaccagacggggttagc-3ʹ, and S140D
reverse 5ʹ-gctaaccccgtctggtcgtccgacggatcagt-3ʹ.

In vitro phosphatase assay/screen

Phosphopeptides for individual phosphorylation
sites were generated from either New England
Peptides (Gardner, MA) or China Peptides
(Shanghai, China). A complete list of all phospho-
peptides used and their sequences can be found in
Table S1.

Recombinant human WIP1-ΔEx6 and phospha-
tase-dead WIP1-D314A-ΔEx6 were purified from
bacteria as previously described [36,37]. 50 ng of
purifiedWIP1 was incubated with 100 µM phospho-
peptide in PP2C buffer (50 mM Tris-HCl pH 7.5,
0.1 mM EGTA, and 0.02% 2-mercaptoethanol),
1 mg/mL Bovine Serum Albumin (BSA) (Sigma-
Aldrich), and 30 mM MgCl2 for 1 hour at 25°C.
Reactions were stopped by the addition of
BIOMOLGreen (Enzo Life Sciences) to the reaction.
Samples were subsequently incubated at room tem-
perature for 30 minutes and released phosphates
were measured at an absorbance of 630 nm in
a Victor2 1400 Multilabel 96-well Plate Reader
(Perkin Elmer). The WIP1 inhibitor GSK2830371
was kindly provided by GlaxoSmithKline and has
been previously described [31,38]. WIP1 activity
toward full-length immunoprecipitated proteins
were performed using 100 ng of recombinant
human WIP1 along with 1mg/mL BSA, 50mM
MgCl2, and 2µM GSK2830371 when necessary.
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Cell lines and transfections

HEK 293, 293T, and MCF-7 cell lines were pre-
viously obtained from the American Type Culture
Collection (ATCC, Manassas, VA). All cell lines
were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco) with 10% fetal bovine
serum (FBS) (Gibco), 1% Penicillin/Streptomycin
(Gibco), and grown in a 37°C humidified incubator
with 5% CO2. All transient transfections were per-
formed with Lipofectamine 2000 (ThermoFisher)
according to manufacturer instructions.

Lentivirus and stable cell generation

Lentiviral constructs inducible forWT p27Kip1, S140A
p27Kip1 and S140D p27Kip1 were generated using PCR
amplified p27Kip1 from the previously described
pCMV-myc-p27 vectors. The forward primer used
was 5ʹ-ggggacaagtttgtacaaaaaagcaggcttcaccatgtcaaacg
tgcgagtgtctaa-3ʹ and the reverse primer sequence was
5ʹ-ggggaccactttgtacaagaaagctgggttttacgtttgacgtcttctga
-3ʹ. The addition of the attB1 and attB2 sequences to
the forward and reverse primers respectively allowed
for the integration of the PCR products into the dox-
ycycline-inducible destination vector, pHAGE_
Ubc_Inducible_Dest_HA (gifted by Dr. Zhou
Songyang) using Gateway BP and LR Clonase II
(Life Technologies) according to the manufacturer’s
instructions. Lentiviral particles were produced by
transient transfection of 1 µg p27-WT, p27-S140A or
p27-S140D lentiviral vectors along with packaging
vectors pMD2.G (750 ng) and psPAX2 (250 ng) in
60% confluent HEK293T cells. The lentiviral super-
natants were collected at 24 h and 48 h and pooled.
Filtered supernatant was added to HEK293 cells for
24 hours and then removed. Cells stably expressing
p27Kip1 were subsequently selected for with 500 µg/ml
Geneticin (Gibco) for 2 weeks. Selected cells were
maintained in growth media containing 100 µg/ml
of Geneticin for further study.

Western blot analysis

Cells were lysed in lysis buffer (40 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.6% CHAPS, 0.5 mM EDTA,
0.2% NP-40, 1% Glycerol) and the supernatant col-
lected. Proteins were resolved on a 10% Bis-Tris or
a 4-12% Bis-Tris gradient gel (Invitrogen) and

transferred onto PVDF or nitrocellulose membrane.
Membranes were probed with the indicated antibo-
dies and visualized with chemiluminescent detection
reagent (Perkin Elmer).

Immunoprecipitation

HEK293 cells were transfected with pCMV-Myc-
p27 and incubated for 24 hours at 37°C. Cells were
treated with 10 Gy IR and recovered for 30 minutes
prior to lysis in lysis buffer. The resulting super-
natant was incubated with an anti-Myc antibody
(BioLegend) overnight at 4°C. Protein A/G agarose
beads (Santa Cruz) were subsequently added and
samples were incubated an additional 2 h at 4°C
followed by 2 washes in lysis buffer without phos-
phatase inhibitors and 2 washes in PP2C buffer.
Washed beads were resuspended in PP2C buffer
for use in downstream in vitro phosphatase assays.

In vitro kinase assay

pcDNA3.1(+)Flag-His-ATM wt was a gift from
Michael Kastan (Addgene plasmid # 31985) [7].
HEK293 cells that were transfected with this ATM
vector and irradiated with 15 Gy IR 48 hours post
transfection. Cells were lysed with lysis buffer
(50 mM Trish pH7.5, 50 mM glycerophosphate,
150 mM NaCl, 10% glycerol, 1% Tween-20, 1 mM
NaF, 1 mM NaVO4, 1 mM PMSF, 1 mM DTT and
protease inhibitor cocktail) 30 minutes post-IR and
incubated with FLAG-conjugated M2 protein beads
(Sigma Aldrich, #M8823-5mL) for 2 hours at 4°C.
Beads were washed twice in lysis buffer and twice in
kinase buffer (10 mM HEPES pH 7.5, 50 mM glycer-
ophosphate, 50 mM NaCl, 10 mM MgCl2, 10 mM
MnCl2, 5 µM ATP and 1 mM DTT). 100 ng of
recombinant p27 (Abcam) or recombinant p53
(Enzo Life Sciences) was incubated with 15 ul of
ATM-IP, 2.5 µCi γ-32P-ATP (Perkin Elmer) in the
presence or absence of 2.5 µM KU55933 ATM inhi-
bitor (Sigma Aldrich) for 1h at room temperature.
Reactions were subsequently run on a 4-12% Bis-Tris
gel (Invitrogen) and analyzed by autoradiography.

Cell proliferation assay

HEK293 cells were plated in 6 cm dishes and trans-
fected with p27-WT, p27-S140D and p27-S140A
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expression vectors. The next day, cells were irra-
diated with 5 Gy ionizing radiation. Irradiated cells
were trypsinized and plated into 96 well cell culture
plates at 3,000 cells/well. Cells were assayed daily for
viability. Briefly, CCK-8 reagent was added to the
appropriate wells for 2 hours, and absorbance at
450 nm was measured.

Clonogenic assay

HEK293 cells stably expressing inducible p27 WT,
p27S140A and p27S140D were seeded at a density
of 1,000 cells/well in 6 well plates in 3 ml of
medium in the presence or absence of 1 µg/ml of
doxycycline. Plates were incubated for 1–2 weeks
and the resulting colonies were stained with 0.5%
crystal violet. Wells were extensively washed with
water to remove background staining. Resulting
stained colonies were washed in 10% acetic acid
to redissolve the crystal violet and absorbance was
read at 630 nM for quantification.

Flow cytometry and aphidicolin block

HEK 293 cells with stably-expressing doxycycline
inducible p27WT, p27S140A, and p27S140D con-
structs were seeded in 60mm tissue culture dishes at
5 × 105 cells/plate in 4mL of growth medium.
The day after seeding, p27 expression was induced
via 1ug/mL doxycycline treatment in addition to 2µl
of 1mg/mL Aphidicolin (Calbiochem, catalog#
178273-1MG) solubilized in DMSO for cell-cycle
synchronization. After 24 hours, treatment media
was removed, cells were washed carefully with PBS
and placed back in normal growth media. Cells were
then harvested at 0 hr, 2 hr, 4 hr, 6 hr, and 8 hr
timepoints, washed carefully with PBS, and fixed in
cold 70% ethanol at −20°C overnight.

To stain the cells for flow cytometry, fixed cells
were centrifuged at 300 RCFs for 5 minutes and
washed with PBS. The washed pellet was then resus-
pended in 50 µg/mL Propidium Iodide (PI) (Sigma,
catalog #P4864-10ML) and 0.1 mg/mL RNAse
A solution. Cells were stained for 30 minutes, and
then analyzed for PI content on a BD FACSCanto II
system for a total of 10,000 cells per sample. All flow
experiments were conducted at the Baylor College
of Medicine Flow Cytometry Core.
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