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Abstract: The cell cycle, an essential process leading to the cell division, is stringently controlled by the key cell
cycle regulators, cyclin-CDK complexes, whose activity is further regulated by a variety of mechanisms. p27¢r? is
a cyclin-CDK inhibitor that arrests the cell cycle at the G1 phase by blocking the activation of cyclin E-CDK2 com-
plex, preventing the improper entry to the cell cycle. Dysfunction of p27 has been frequently observed in many
types of human cancers, resulting from p27 protein degradation and cytoplasmic mislocalization, which are highly
regulated by the phosphorylation status of p27. Although the kinases that phosphorylate p27 have been exten-
sively studied, phosphatases that dephosphorylate p27 remain to be elucidated. By using genomic phosphatase
screening, we identified a PPM family phosphatase, PPM1G, which could reduce p27 phosphorylation at T198. We
further confirmed that PPM1G is a novel p27 phosphatase by demonstrating that PPM1G can interact with and
dephosphorylate p27 in cells and in vitro. Functionally, ectopic expression of PPM1G enhanced p27 protein stabil-
ity and delayed cell cycle progression from G1 to S phase. In accordance, knockdown of PPM1G accelerated p27
degradation during G1 phase and rendered cells resistant to the cell cycle arrest induced by serum deprivation.
Mechanistically, PPM1G inhibited the interaction of p27 to 14-3-36, a chaperone protein that facilitates p27 nuclear
export. Knockdown of PPM1G promoted the cytoplasmic localization of p27. Taken together, our studies identified
PPM1G as a novel regulator of p27 that dephosphorylates p27 at T198 site and, together with p27 kinases, PPM1G
controls cell cycle progression by maintaining the proper level of p27 protein.
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Introduction cyclin E-CDK2 [2, 3]. As an important CDK inhib-
itor, p27 binds to and prevents cyclin E-CDK2
activation [4, 5], and cooperates with other
mechanisms to prevent the improper progres-
sion of the cell cycle from the quiescent

state [3, 6, 7]. Deregulation of p27 is frequently

The cell cycle, which comprises G1, S, G2, and
M phases, is a series of ordered events that
lead to the division of one cell into two daughter
cells [1]. The transition between different

phases of the cell cycle is tightly regulated by
a variety of mechanisms to avoid any error
that might result in the cell death or cancer,
and the most important players are cyclin-CDK
(cyclin-dependent kinase) complexes.

In mammalian cells, the initiation of the cell
cycle is driven by the transcriptional activation
of D-type cyclins, including cyclin D1, D2 and
D3, and the activation of cyclin D-CDK4 and

observed in human cancers, including lung,
breast, prostate, and colorectal cancers [4].
Understanding the regulation of p27 during
the cell cycle will help to elucidate how cancer
cells escape from cell cycle arrest.

In response to growth inhibitory signals that
maintain normal cells in a quiescent state, p27
binds to and inactivates cyclin E-CDK2 in the
nucleus, which prevents the subsequent tran-
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scription of genes required for G1-S transition
[4, 5, 8]. Upon mitogen stimulation, p27 is
either exported into the cytoplasm for protea-
some-mediated degradation [9-12], or seques-
tered by increased amounts of cyclin D-CDK4
[2, 7]. These events release p27 inhibition on
cyclin E-CDK2. Active cyclin E-=CDK2 phosphory-
lates p27 and induces its degradation in the
nucleus [13-15]. The rapid decrease of p27
level leads to the accumulation of active cyclin
E-CDK2, which drives the cell cycle into S
phase. During this period, p27 shuttles between
the nucleus and cytoplasm [9, 10, 16-21].
Nuclear p27 inhibits cell cycle progression by
binding to cyclin E-CDK2, whereas cytoplasmic
p27 promotes cell cycle progression by facilitat-
ing the assembly and nuclear import of cyclin
D-CDK4 [22]. In addition, cytoplasmic p27
binds to RhoA to increase cell motility [23-25].
Therefore, decreased nuclear or increased
cytoplasmic p27 level often suggests poor out-
come to radiotherapy in cancer patients [26].

Subcellular distribution and protein stability of
p27 during the cell cycle are mainly regulated
by phosphorylation [27]. In quiescent cells, S10
and T198 phosphorylation interferes with the
interaction between p27 and cyclin E-CDK2
and prevents p27 degradation, contributing to
the nuclear accumulation of p27 [17, 27-29]. At
the G1 phase, Kinase Interacting with Stathmin
(KIS) induces p27 phosphorylation at S10,
which is required for p27 nuclear export and for
Kipl ubiquitination-promoting complex (KPC)
E3 ligase-mediated p27 ubiquitination and
degradation in the cytoplasm [10, 12, 30].
Similarly, T198 phosphorylation by AGC family
kinases (e.g., Akt, RSK1/2) is required for
14-3-36-mediated p27 nuclear export and for
p27-RhoA interaction [18, 19, 24]. Meanwhile,
T198 phosphorylation of cytoplasmic p27 is
also crucial for the assembly of cyclin D-CDK4/6
to promote cell cycle progression [22]. Many
cancers, particularly breast cancer where
PIBK/Akt signaling is frequently activated,
often exhibit increased T157 and T198 phos-
phorylation of p27, and therefore increased
cytoplasmic p27 [14, 18]. These events are
associated with poor prognosis [24, 31-36].
Tyrosine phosphorylation by Src family kinases
(e.g., Src, Abl) converts p27 from the inhibitor to
the substrate of cyclin E-CDK2 [19, 20], which
further phosphorylates p27 at T187, and induc-
es p27 polyubiqutination and degradation
mediated by SCFS**2 E3 ligase [13-15, 37]. This
mechanism also contributes to the dysfunction
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of p27 in cancer. Low p27 level is frequently
observed in cancers with hyperactive Src or
overexpression of Skp2, which results in resis-
tance to cancer therapies [38, 39].

Despite the critical role of phosphorylation in
regulating p27 functions, we still do not under-
stand how the dynamic p27 phosphorylation is
achieved. Kinases that phosphorylate p27
have been identified [27]; however, whether
protein phosphatases participate in regulating
p27 phosphorylation is largely unknown.
Although some evidence suggests that degra-
dation of p27 helps control the level of phos-
phorylated p27, emerging evidence points to
protein phosphatases in this process [40, 41].
A member of PPM family phosphatases,
PPM1H, has been recently reported to dephos-
phorylate p27 at T187 in breast cancer cells.
Loss of PPM1H increases T187 phosphoryla-
tion of p27, decreases p27 protein level, and
confers trastuzumab resistance in breast can-
cer patients [42].

p27 is phosphorylated at several sites and
these phosphorylation, in turn, controls the
stability and functions of p27. To identify addi-
tional p27 phosphatases other than PPM1H,
we first analyzed the dynamic phosphorylation
pattern of p27 during cell cycle progression,
and found that one of the phosphorylation
sites, T198, was potentially regulated by
dephosphorylation. By using functional screen-
ing of known genomic Ser/Thr phosphatases,
we identified another member of PPM family
phosphatases, PPM1G, as a novel p27 phos-
phatase that specifically regulates T198
dephosphorylation. We also demonstrated that
T198 dephosphorylation by PPM1G affects the
subcellular localization and stability of p27 and
the subsequent cell cycle progression. Our
study not only identifies PPM1G as a novel p27
phosphatase, but also provides the rationale
for the potential use of p27 phosphatase in
cancer prognosis and treatment.

Materials and methods

Plasmids, mutants, and small hairpin RNA ex-
pression constructs

The p27, PPAMG, and 14-3-36 cDNAs were
obtained by PCR from human HaCaT genomic
cDNA library and cloned into mammalian
expression vectors. Point mutants (p27-
T198A/V and PPM1G-D496N) and deletion
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mutants of p27 or PPM1G were also obtained
by PCR. The pcDNA3.0-HA-AktDD was a kind
gift from Dr. Gordon Mills. The shRNA against
mouse p27 (target sequence 5-GCCAACAG-
AACAGAAGAAA) was generated in pRight vector
[43]. Lentiviral shRNAs against human PPM1G
were kindly provided by Dr. Tianyan Gao from
the University of Kentucky, KY, USA.

Antibodies

Antibodies against p27, p27pS10, cyclin A,
cyclin D1 and Myc tag (9E10) were purchased
from Santa Cruz Biotechnology (Dallas, TX,
USA); p27pT157 and p27pT198 from R&D
(Minneapolis, MN, USA); PPM1G from Bethyl
Laboratories (Montgomery, TX, USA); Flag tag
(M2) from Sigma (Santa Fe, NM, USA); HA tag
from Babco (Richmond, California, USA), and
GFP from Invitrogen (Grand Island, NY, USA).

Cell culture, cell transfection, immunoprecipi-
tation and Western blot

Cell culture, transfection, immunoprecipitation,
and Western blot were performed essentially
as previously described [43, 44]. HelLa, 293T
and NIH3T3 cells were obtained from American
Type Culture Collection (Manassas, VA). HelLa
and 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Corning, NY,
USA) with 10% fetal bovine serum (FBS, Thermo
Scientific Hyclone, Logan, UT, USA). NIH3T3
cells were cultured in DMEM with 10% calf
serum (CS, Thermo Scientific Hyclone). To
arrest cells at GO phase, HelLa cells were
cultured in serum-free media for 48 to 72 h,
while NIH3T3 cells were cultured in DMEM
containing 0.2% CS. Normal cell culture media
were used to release cells into the cell cycle.
Cells were harvested at indicated time points
for subcellular fractionation, immunoprecipita-
tion, and Western blot.

In vitro protein binding assay

Recombinant glutathione S-transferase (GST)
fusion proteins were purified from E. coli as
per manufacturer’s instruction (Amersham Bio-
sciences, Piscataway, NJ, USA). In vitro trans-
lated proteins (TNT kit, Promega, Madison, WI,
USA) were pre-cleared with GST protein for 1 h
and then incubated with the indicated GST
fusion protein for 2 h in the in vitro binding buf-
fer (50 mM Tris pH 7.5, 120 mM NaCl, 2 mM
EDTA, 0.1% NP40). After extensive washing

2209

with the in vitro binding buffer, proteins bound
to GST fusion proteins were retrieved by incuba-
tion with glutathione sepharose beads and
identified by Western blot with indicated
antibodies.

In vitro phosphatase assay

In vitro phosphatase assay was performed as
previously described [43, 45]. Phospho-p27
was immunoprecipitated from 293T cells trans-
fected with Flag-p27. PPM1G, WT, or DN
mutant, was purified from E. coli BL21 strain as
GST fusion protein. PPM1G was incubated with
phospho-p27 in the in vitro phosphatase buffer
for 1 h at 37°C. Dephosphorylation of p27 was
analyzed by Western blot using p27pT198
antibody.

BrdU incorporation and immunofluorescence
staining

Cells were grown on coverslips for 24 h, and
then BrdU was added to the culture media for 4
h. Cells were then fixed with 4% paraformalde-
hyde at 4°C, treated with 2N HCI to denature
DNA, and incubated with fluorescence-conju-
gated anti-BrdU antibody (Invitrogen) in 5% fat-
free milk at room temperature for 4 h. Cells
were examined under a Zeiss Axioplan Il micro-
scope (Thornwood, NY, USA).

Subcellular fractionation

Subcellular fractionation was carried out as
previously described [11]. Cells were collected
in isotonic buffer (20 mM HEPES, pH 7.9, 110
mM KAc, 5 mM NaAc, 2 mM MgAc, 1 mM EGTA,
2 mM DTT and 50 pg/ml Digitonin) containing
protease and phosphatase inhibitors (Roche,
Basel, Switzerland). The cell lysate was centri-
fuged at 3,000 rpm for 10 min, and the super-
natant collected as the cytoplasmic fraction.
The pellet was washed once with isotonic buf-
fer, dissolved in 2x SDS Laemmli buffer, and
saved as the nuclear fraction. Both fractions
were analyzed using Western blot with indicat-
ed antibodies.

Results

PPM1G regulates endogenous p27 phosphory-
lation at T198 during early G1 phase

To investigate the regulatory roles of p27 phos-
phorylation during cell cycle progression, we
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Figure 1. PPM1G regulates endogenous p27 phosphorylation at T198 dur-
ing early G1 phase. A. Dynamic phosphorylation of p27 during G1 phase.
Hela cells were arrested at GO phase and then released into the cell cycle.
Cell lysates were collected at the indicated time points. Phosphorylation of
p27 was analyzed by Western blot using specific antibodies. B. Phospha-
tase screening. 293T cells were transfected with YFP-p27 and Flag tagged
phosphatase. Phosphorylation of p27 at T198 (p27pT198) was determined
by Western blot. C. PPM1G knockdown increases p27pT198 levels at
early G1 phase. Control and PPM1G-depleted HelLa cells stably express-
ing shRNA against human PPM1G or harboring empty vector were genera-
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ted. Cells were treated as de-
scribed in A, and collected at
the indicated time points. Levels
of PPM1G, p27, and p27pT198
were determined by Western blot.

first examined the profile of
p27 phosphorylation during
the G1-S transition in the cell
cycle. HelLa cells were syn-
chronized at GO phase by
serum starvation and relea-
sed into the cell cycle by re-
storing the normal culture
media, and the phosphoryla-
tion of p27 was determined
by Western blot with phos-
pho-specific antibodies. As
shown in Figure 1A, phos-
phorylation of p27 at T198
site (p27pT198) was absent
at O h, peaked 30 min after
serum stimulation, and then
declined rapidly to almost
undetectable at 2 hours.
However, the total p27 level
did not change within the first
4-6 hours culture in serum-
containing medium, suggest-
ing that phosphatase activi-
ty was involved in regulat-
ing T198 phosphorylation. In
contrast, the regulation in
the levels of p27pT157 and
p27pS10 exhibited a different
patternthanthatof p27pT198.
p27pT157 and p27pS10 lev-
els did not show a significant
change during the first 2 hours
of serum stimulation.

To identify phosphatase(s)
that targeted p27pT198 for
dephosphorylation, we scree-
ned 40 protein serine/threo-
nine phosphatases including
18 PPMs, 13 PPPs, 5 FCPF/
SCPs and 4 DUSPs [26].
Representative screening da-
ta (Figure 1B) showed that
co-transfection of the phos-
phatase PPM1G or the cata-
lytic subunit of PP1a reduced
the level of p27pT198. To fur-
ther validate this PPM1G or
PPla effect on T198 phos-
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phorylation, we measured the level of p27pT198
at G1 phase in Hela cells treated with calyculin
A, a PP1/PP2A inhibitor [46, 47]. We found
calyculin A treatment failed to rescue the reduc-
tion of p27pT198 level at G1 phase
(Supplemental Figure 1), suggesting that PP1x
was not involved in this process. Because no
inhibitor for PPM1G has been reported, we
determined the level of endogenous p27pT198
at G1 phase in HelLa cells with PPM1G knock-
down. PPM1G knockdown was achieved by sta-
bly expressing a specific shRNA against hu-
man PPM1G, which was verified by Western
blot with anti-PPM1G antibody (Figure 1C,
PPM1G blot). We found that, during G1 phase,
the p27pT198 level in PPM1G knockdown cells
(shPPM1G) was dramatically higher than that in
control cells (shCtrl) (Figure 1C). A higher level
of p27pT198 was also observed in MCF7 cells
with PPM1G knockdown (Supplemental Figure
2). Together, these results suggested that
PPM1G participated in the regulation of
p27pT198 during the G1-S transition of the cell
cycle.

PPM1G dephosphorylates p27 at T198

To further demonstrate that PPM1G controls
p27 phosphorylation at T198 site, we first
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Cells were treated with MG132 (10 uM) for 8 h. C.
PPM1G dephosphorylates p27 in vitro. Phosphory-
lated p27 was immunoprecipitated from 293T
cells, and mixed with PPM1G purified from E. coli
as GST fusion protein in the phosphatase reaction
buffer. Levels of p27pT198, p27pS10, p27 and
PPM1G were determined by Western blot.

determined whether the phosphatase activity
of PPM1G was required to decrease p27pT198
phosphorylation. For this purpose, we generat-
ed a catalytically inactive PPM1G mutant
(PPM1G-DN), in which amino acid Asp 496 at
the catalytic loop was mutated into Asn. Then,
we tested the effect of PPM1G-DN on p27
phosphorylation in 293T cells. Whereas
PPM1G-WT caused a dose-dependent reduc-
tion in the p27pT198 level, PPM1G-DN did
not reduce the p27pT198 level at any dosage
(Figure 2A), indicating that the phosphatase
activity of PPM1G was essential for its effect
on p27pT198.

There are at least two possible mechanisms
that may explain how PPM1G reduces the
p27pT198 level: PPM1G-mediated pT198 de-
phosphorylation or PPM1G-enhanced p27-
pT198 protein degradation. To distinguish
these two possibilities, we treated cells with
MG132, a potent inhibitor of proteasome-
mediated protein degradation pathway, and
determined the p27pT198 level in cells ex-
pressing ectopic PPM1G. We found that
MG132 did not rescue the PPM1G-induced
reduction of p27pT198 in 293T cells (Figure
2B), suggesting that PPM1G regulated the
dephosphorylation of p27pT198.

Am J Cancer Res 2016;6(10):2207-2220
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Figure 3. PPM1G physically interacts with p27 in cells and in vitro. A. PPM1G interacts with p27 in 293T cells.
GFP-p27 and Flag-PPM1G (WT or DN) were co-transfected into 293T cells. PPM1G was immunoprecipitated (IP)
with anti-Flag antibody and the presence of p27 in the IP complex was determined by Western blot. B. PPM1G
interacts with p27 in vitro. In vitro translated Flag-p27 was incubated with GFP or PPM1G purified from E. coli as
GST fusion protein in an in vitro binding buffer. GST pull-down product was then analyzed by Western blot using p27

antibody.

To directly prove that PPM1G is a bona fide
phosphatase of p27, we performed an in vitro
phosphatase assay of PPM1G toward p27.
Recombinant GST-PPM1G purified from E. coli
was used as the phosphatase, and T198-
phosphorylated p27 was immunoprecipitated
from cells and used as the substrate. Figure 2C
shows that the p27pT198 level was dramati-
cally reduced after the addition of increasing
amounts of PPM1G-WT, but not the DN mu-
tant, indicating that PPM1G directly dephos-
phorylated p27 at T198. We also examined
the effect of PPM1G on p27pS10, which was
affected neither by PPM1G-WT nor the DN
mutant, indicating that PPM1G specifically tar-
geted p27 at T198 site.

PPM1G physically interacts with p27 in cells
and in vitro

Because an enzyme-substrate complex is
required for enzymatic reaction, and if PPM1G
is a phosphatase of p27, we expect to observe
a physical interaction between PPM1G and
p27. To determine if PPM1G binds to p27, we
first used a co-immunoprecipitation (Co-IP)
assay in 293T cells that were co-transfected
with YFP-p27, and Flag-PPM1G-WT or DN
mutant. We found that both PPM1G-WT and DN

2212

bound to p27, indicating that the phosphatase
activity of PPM1G was not required for their
interaction (Figure 3A).

To exclude the possibility that other cellular pro-
teins mediate the formation of PPM1G-p27
complex, we carried out an in vitro GST pull-
down assay. GST-PPM1G and GST-GFP (used as
negative control) were purified from E. coli, and
Flag-p27 was obtained by in vitro coupled tran-
scription/translation. Figure 3B shows that p27
was detected only in the pull-down product of
GST-PPM1G (lane 4), but not in that of GST-GFP
(lane 3), indicating that PPM1G interacted
directly with p27. Thus, from both dephosphory-
lation and protein interaction assays we have
identified PPM1G as a p27 phosphatase target-
ing T198 site.

PPM1G delays cell cycle progression in
NIH3T3 cells by stabilizing p27

To allow cell cycle progression, the phosphory-
lation of p27 at T198 facilitates p27 cytoplas-
mic translocation at G1 phase where p27 is
targeted for degradation mediated by KPC E3
ligase [17-19, 24]. After identifying PPM1G as a
p27 phosphatase to dephosphorylate pT198,
we investigated the effect of PPM1G on p27

Am J Cancer Res 2016;6(10):2207-2220
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Figure 4. PPM1G delays cell cycle progression in NIH3T3 cells by stabilizing p27. A. PPM1G increases p27 protein
level at G1 phase of the cell cycle. NIH3T3 cells stably expressing PPM1G or control vector were arrested at GO
phase and then released into the cell cycle. Cell lysates were collected and the p27 protein level was determined by
Western blot. The results were quantified according to three independent experiments. The p27 protein levels were
normalized to GAPDH protein. Values represent the mean of three independent experiments; error bars are + stan-
dard deviation of the mean. P values were determined by student’s t-test. B. PPM1G inhibits the degradation of p27
protein. Experiments are carried out as described in A except that one set of cells was treated with MG132 (10 uM).
C. PPM1G delays cell cycle progression in NIH3T3 cells. Cell proliferation was determined using BrdU incorporation
assay. Upper panel: BrdU staining. Lower panel: Quantification of BrdU positive cells (total cell number >1,000). P
values were determined by one-way ANOVA. D. Knocking down p27 rescues PPM1G-induced cell cycle delay. NIH3T3
cells stably expressing PPM1G or control vector were transfected with control or p27 shRNA. Cell proliferation was
determined using BrdU incorporation assay. Left panel: Quantification of BrdU positive cells. Right panel: Western
blot of p27. P values were determined by student’s t-test.
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Figure 5. Knocking down PPM1G renders cells resistant to G1 cell cycle arrest. A. PPM1G knockdown decreases
p27 protein level at G1 phase. The p27 level in HelLa cells stably expressing PPM1G shRNA or carrying control was
examined as described in Figure 4A. B. PPM1G depletion increases cell proliferation. HelLa cells were cultured
under serum derprivation condition. Cell number was determined every 24 h with a hemocytometer. C. PPM1G
depletion promotes DNA synthesis. DNA synthesis in HelLa cells was measured by using BrdU incorporation assay.

protein level and cell cycle progression. NIH3T3
cells stably expressing PPM1G or control vector
were generated for this study. In control cells,
the p27 level was highest at quiescent state,
started to decrease 4 hours after serum stimu-
lation, and reached minimum at 10 hours
(Figure 4A). However, in PPM1G-expressing
cells, the p27 level did not change throughout
the G1 phase, indicating that PPM1G stabilized
p27. qRT-PCR analysis of p27 mRNA levels
in these cells confirmed that PPM1G did not
affect p27 transcription (Supplemental Figure
3). Treating cells with MG132 to block protein
degradation further confirmed that PPM1G
stabilized p27 as p27 in control cells treated
with MG132 was recovered to the same level
as that in PPM1G-expressing cells (Figure 4B).
These data suggested that p27 underwent
a proteasome-mediated protein degradation
process during G1-S transition, and that ecto-
pic expression of PPM1G protected p27 from
degradation.

Because high p27 protein level is important in
maintaining the cell cycle at GO/G1 phase [48,
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49], we hypothesized that overexpressing
PPM1G would arrest or delay cell cycle progres-
sion by upregulating p27. We used BrdU incor-
poration assay to assess DNA synthesis as the
indicator for cell cycle progression into S phase.
Indeed, in NIH3T3 stable cells we found that
PPM1G-expressing cells displayed significantly
fewer BrdU-positive signals than control or
PPM1G-DN-expressing cells (Figure 4C). More-
over, this delay could be completely reversed
by knocking down p27 (Figure 4D). This de-
monstrated that PPM1G could inhibit G1-S
transition by upregulating p27.

Knocking down PPM1G renders cells resistant
to G1 cell cycle arrest

The physiological function of PPM1G in regulat-
ing p27 level and G1-S progression was further
determined in PPM1G-depleted Hela cells.
Western blot confirmed the efficient knock-
down of PPM1G by PPM1G-specific ShRNA in
these cells (Figure 5A, PPM1G blot). In PPM1G
knockdown cells, the p27 level decreased 6
hours after serum stimulation and was barely
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detectable at 10 hours, whereas p27 level
remained unchanged in control cells (Figure
5A, p27 blot), indicating that PPM1G is required
to maintain the stability of p27 during G1
phase. Furthermore, we also confirmed that
the reduction of p27 levels in PPM1G-
depleted cells was due to decreased p27
protein stability, but not transcriptional repres-

sion (Supplemental Figure 4).

Since knocking down PPM1G resulted in desta-
bilization of p27, we speculated that PPM1G
knockdown could render cells resistant to G1
phase arrest-inducing conditions, such as
growth factor withdrawal [3, 31-34]. Thus, we
analyzed the effect of PPM1G knockdown on
serum starvation-induced G1 arrest in Hela
cells. Control HelLa cells grew exponentially
until day 4 and stopped at day 5. In contrast,
PPM1G knockdown Hela cells grew at a signifi-
cantly higher rate at all time-points examined
(Figure 5B). Similar results were obtained using
the BrdU incorporation assay. As shown in
Figure 5C, under serum deprivation condition,
PPM1G-depleted HelLa cells exhibited more
BrdU positive signals than control cells.

PPM1G regulates the interaction between p27
and 14-3-36, and subcellular distribution of
p27

It has been reported that upon growth factor
stimulation, nuclear p27 is exported to the
cytoplasm by the chaperon protein 14-3-36 to
release its growth inhibitory effect. This pro-
cess requires p27 phosphorylation at T198
site, as T198-phosphorylated p27 exhibits a
higher binding affinity to 14-3-36. One of the
kinases that phosphorylates p27 at T198 is
Akt. Akt-mediated T198 phosphorylation leads
to p27 binding to 14-3-36 and the subsequent
p27 cytoplasmic translocation at G1 phase [18,
19, 24]. Cytoplasmic p27 is then degraded
through the KPC E3 ligase-mediated polyubig-
uitination/proteasome pathway [12]. Since we
have observed that PPM1G co-expression
enhanced p27 stability, we were wondering if
PPM1G affected the p27 binding to 14-3-36
and the subsequent nuclear export. We first
determined the effect of PPM1G on Akt-induced
p27 T198 phosphorylation. To exclude the
direct effect of PPM1G on Akt or upstream of
Akt, we used a constitutively active form of Akt
(AktDD) in our study. A non-phosphorylatable
mutant of p27, p27-T198A, was used as Akt-
specific phosphorylation control. AktDD strong-
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ly enhanced p27 T198 phosphorylation (com-
pare lane 3 to lane 1, Figure 6A), which was
abolished by the co-expression of PPM1G-WT
(Figure 6A, lane 5) but not PPM1G-DN (Figure
6A, lane 6), suggesting that PPM1G regulated
Akt-induced p27 T198 phosphorylation.

Since T198 phosphorylation is essential for the
interaction between p27 and 14-3-36 [18], we
next determined the effect of PPM1G on p27
binding to 14-3-36. For this purpose, we exam-
ined if p27 and 14-3-36 could be co-immuno-
precipitated from 293T cells in the presence or
absence of PPM1G. Wild-type p27 strongly
interacted with 14-3-36, as indicated by the
presence of 14-3-36 in the p27 immunoprecipi-
tates (Figure 6B; lane 3), whereas the non-
phosphorylatable mutant p27-T198V exhibited
a much weaker interaction with 14-3-36 (lane
4). In supporting our hypothesis, co-expression
of PPM1G greatly inhibited the interaction of
wild-type p27 with 14-3-36, as indicated by the
decreased level of 14-3-36 in the p27 immuno-
precipitated complex (lane 5). PPM1G had no
effect on the binding of p27-T198V to 14-3-36
(lane 6), suggesting that PPM1G inhibited the
interaction between p27 and 14-3-36 by
dephosphorylating p27 at T198.

Binding to 14-3-36 facilitates p27 translocation
to the cytoplasm at early G1 phase [18, 19].
Thus, we examined the effect of PPM1G on the
subcellular localization of p27 at G1 phase
both in control and in PPM1G-depleted Hela
cells. Specifically, PPM1G- or scramble shRNA-
expressing stable cells were serum-starved for
3 days, refed with serum-containing normal
medium, and cells were collected at indicated
time points. Subcellular fractionation assay
was performed to measure the levels of nucle-
ar and cytoplasmic p27. As shown in Figure 6C,
comparing to the cytoplasmic level of p27 in
control cells, knocking down PPM1G greatly
increased the level of cytoplasmic p27 during
early G1 phase (0-4 hours after serum stimula-
tion). In consistence with this, nuclear p27 was
decreased in PPM1G knockdown cells compar-
ing to that in control cells. These data suggest-
ed that PPM1G knockdown promoted the cyto-
plasmic localization of p27 at G1 phase.

Discussion

p27%*t is one of the key regulators at the early
stages of the cell cycle. High nuclear p27 level
in quiescent cells is essential to prevent the ini-
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Figure 6. PPM1G regulates the interaction between p27 and 14-3-36, and the subcellular distribution of p27. A.
PPM1G dephosphorylates Akt-phosphorylated p27pT198. Flag-p27, HA-AktDD, and Myc-PPM1G were co-transfect-
ed into 293T cells, and p27pT198 levels were determined by Western blot. B. PPM1G inhibits the interaction be-
tween p27 and 14-3-36. Flag-p27, HA-14-3-36, and Myc-PPM1G were co-transfected into 293T cells, and the inter-
action between p27 and 14-3-36 was determined by Co-IP. IP: p27 was immunoprecipitated with anti-Flag antibody.
14-3-36 levels in the IP complex were determined by Western blot using HA antibody. C. Knocking down PPM1G
increases cytoplasmic localization of p27. The subcellular distribution of p27 in control and PPM1G-depleted HelLa
cells was determined using subcellular fractionation assay. B-tubulin and Histone H3 were used as cytoplasmic and
nuclear control. P values were determined by student’s t-test. D. A working model for T198 phosphorylated cytoplas-
mic translocation of p27 at early G1 phase. PPM1G counteracts Akt-induced p27pT198 to reduce interaction of p27
with 14-3-3, p27 nuclear export and subsequent degradation in cytoplasm.
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tiation of the cell cycle, while nuclear export
and degradation of p27 triggers cell cycle initia-
tion [10-12, 17-19]. Protein level and subcellu-
lar localization of p27 are precisely controlled,
mainly by post-translational modifications, par-
ticularly phosphorylation [27].

Although dephosphorylation has been implicat-
ed in regulating p27 activities [40, 50], p27 pro-
tein phosphatases have only been studied
recently. A PPM family phosphatase, PPM1H,
has been shown to dephosphorylate p27 at
T187 site in breast cancer cells, to stabilize
p27, and to inhibit cell cycle progression [42].
However, it was suggested that T187 phos-
phorylation tends to be rapidly removed by deg-
radation, but not by dephosphorylation [14, 15,
38, 51]. In contrast, the decrease of p27 phos-
phorylation at T198 level at early G1 phase was
not concomitant with p27 degradation, sug-
gesting the involvement of phosphatase(s) in
this process. In this study, we identified a PPM
family phosphatase, PPM1G, as a novel p27
phosphatase specifically and directly dephos-
phorylating p27 at T198 site. Through a series
of biochemical and genetic experiments, we
provided evidence that supported the regula-
tion of p27pT198 by PPM1G phosphatase.

How selective is PPM1G-mediated p27 dephos-
phorylation? p27 is phosphorylated at various
sites simultaneously during G1-S transition.
However, knocking down PPM1G only enhanced
T198 phosphorylation; it had no effect on S10
or T157 phosphorylation, which was also
confirmed by the in vitro phosphatase assay
(Figure 2C). Phosphorylation of T157 shows
great structural and functional similarities
with T198 phosphorylation [18, 22, 31-33, 52,
53], but cannot be targeted by PPM1G, sug-
gesting that PPM1G is specific toward T198
dephosphorylation.

Our identification of PPM1G as a p27pT198
phosphatase is consistent with the roles of
T198 phosphorylation in controlling subcellular
distribution, protein stability and likely cyto-
plasmic functions of p27. With regard to the
subcellular distribution, T198 phosphorylation
is important for nuclear export of p27 at G1
phase [17-19]. Our results showed that PPM1G
inhibited the interaction of p27 with 14-3-36
and affected the nuclear and cytoplasmic lev-
els of p27. Thus, our results support the notion
that T198 dephosphorylation protects p27
from degradation. This appears to be contrary
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to a previous report showing that the p27-
T198A mutant is more susceptible to degrada-
tion than wild-type p27 [17]. However, other
studies have demonstrated that the decreased
stability of p27-T198A is due to structural
change but not to loss of phosphorylation [54].
In accordance, we observed that only p27-
T198A mutant, but not p27-T198V mutant, was
rapidly degraded when transfected into 293T
cells (data not shown). Therefore, we believe
that PPM1G-mediated dephosphorylation sus-
tains p27 nuclear retention and increases p27
stability. In addition to regulating p27 subcellu-
lar distribution and stability, T198 phosphoryla-
tion is essential for cyclin D-CDK4 assembly
and p27-RhoA interaction [22-24]. Indeed, we
observed an increased ratio of cytoplasmic
p27/nuclear p27 in PPM1G-depleted Hela
cells, which could potentially affect cell motility.
Further experiments are needed to evaluate
these functions of p27.

PPM1G participates in many essential physio-
logical processes. Originally identified as a cell
cycle inhibitor [55], PPM1G has been mainly
studied in DNA damage processes [56, 57], as
it was first identified as a histone y-H2AX phos-
phatase [58]. Recently, PPM1G has been found
to dephosphorylate and inactivate deubiquitin-
ase USPTS, stabilize Mdm2, and mediate
p53-dependent DNA damage response [57].
PPM1G has also been shown to dephosphory-
late survival motor neuron (SMN) for pre-mRNA
splicing [59] and 4E-BP1 for protein synthesis
inhibition [60]. Our study added p27 as a novel
substrate of PPM1G and demonstrated that
PPM1G-mediated cell cycle inhibition is at least
in part through its effect on p27.

How the activity of PPM1G itself is regulated is
still unknown. In our studies, PPM1G protein
level showed no obvious change during the cell
cycle (data not shown). It has been reported
that PPM1G can be regulated by phosphoryla-
tion, acetylation, and ubiquitination [61-63],
and that it is hyperphosphorylated, potentially
by ATM kinase, after UV treatment [56].
Therefore, it is possible that post-translational
modifications (PTMs) of PPM1G may affect how
PPM1G selects its various substrates. However,
how PTMs regulate the activity of PPM1G still
needs further investigation.

In conclusion, PPM1G is a p27 phosphatase
that specifically targets T198 dephosphoryla-
tion, a process that sustains p27 nuclear local-
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ization and inhibits cell cycle initiation. Since
protein destabilization and cytoplasmic mislo-
calization of p27 are frequently observed in
cancers, our identification of PPM1G as a p27
regulator warrants further studies.
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Supplemental data

Materials and methods
RNA extraction and quantitative RT-PCR (qRT-PCR)

NIH3T3 or HelLa stable cells were seeded into 6-well plates and treated with serum free or normal
culture media. Cells were harvested for total RNA extraction using Trizol® (Invitrogen) and qRT-PCR
was performed with SYBR green reagent (Applied Biosystems, Foster City, CA, USA) following the
manufacturer’s instruction. The following primers were used in the experiments: mouse p27 (forward:
5’-TTGGGTCTCAGGCAAACTCT; reverse: 5'-AGCAGGTCGCTTCCTCATC), human p27 (forward: 5-AACGTG-
CGAGTGTCTAACGG,; reverse: 5'-CCCTCTAGGGGTTTGTGATTCT), 18S (forward: 5~ AAGTCCCTGCCCTTTGT-
ACACA,; reverse: 5-CGATCCGAGGGCCTCACTA).
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Supplemental Figure 1. Calyculin A cannot rescue the reduction of p27pT198 at G1 phase of the cell cycle. HelLa
cells were treated as described in Figure 1A. Calyculin A (10 nM) was added together with normal culture media and

cells were collected at indicated time points. Levels of PPM1G, p27, and p27pT198 were determined by Western
blot.
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Supplemental Figure 2. Knockdown of PPM1G enhances p27pT198 in MCF7 cells at G1 phase. Control and
PPM1G-depleted MCF7 cells stably expressing shRNA against human PPM1G or harboring empty vector were gen-
erated. MCF7 stable cells were starved in serum free DMEM for 48 h and released into the cell cycle by restoring the

normal culture media. Cells were collected at the indicated time points and levels of PPM1G, p27, and p27pT198
were determined by Western blot.
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Supplemental Figure 3. PPM1G doesn’t affect p27 mRNA level under normal and serum starvation conditions.
NIH3T3 stable cells were treated with 10% or 0.2% CS DMEM for 24 h. Cells were then collected and subjected to
gRT-PCR analysis. Left: qRT-PCR results; Right: Western blot indicating the expression of PPM1G-WT/DN. The p27
mRNA was normalized to 18S rRNA. Values and error bars represent the mean and standard deviation of three
independent experiments.
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Supplemental Figure 4. PPM1G knockdown decreases p27 protein stability. A. The p27 mRNA level does not change
in control and PPM1G-depleted Hela cells. Hela stable cells were treated with 10% FBS or serum free DMEM for
48 h and then collected for qRT-PCR analysis. Left: qRT-PCR results. Right: Western blot showing knockdown of
PPM1G protein in Hela cells. B. Knockdown of PPM1G reduces p27 protein stability. Stable HelLa cells were treated
as described in Figure 4A and MG132 (10 uM) was added to block proteasome-mediated degradation.



