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invasion through the p38 MAPK and p53 signaling
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Abstract. Endeavors towards identifying key molecular
markers for early diagnosis and treatment are driving the clinical study of papillary thyroid carcinoma (PTC). Recent studies
have indicated that protein phosphatase, Mg2+/Mn2+ dependent,
1D (PPM1D) exerts an oncogenic function by increasing cell
proliferation, migration and invasion in various cancer types.
In addition, PPM1D has a high frequency of genetic alterations
and has been proposed as a tumor driver in thyroid cancer,
making PPM1D an attractive potential oncotarget for cancer
treatment. The aims of the present study were to investigate
the downstream targets of PPM1D and the potential molecular
mechanisms of its oncogenic activities, as well as its clinical
significance in PTC. As anticipated, PPM1D overexpression
was confirmed in PTC clinical specimens. Furthermore,
knockdown of PPM1D in thyroid cancer cell lines significantly suppressed the proliferation, migration and invasion but
facilitated cell apoptosis. The protein levels of phosphorylated
p38 mitogen‑activated protein kinase (MAPK), p53 and Bax
were increased in PPM1D‑knockdown cells, while inhibition
of p38 phosphorylation restored cell migration, proliferation
and cell apoptosis. In addition, silencing of PPM1D expression
induced nuclear translocation of p53 in K‑1 and TPC‑1 cells.
The present results demonstrated that PPM1D regulated
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p38 MAPK and p53 signaling pathways to promote thyroid
cancer progression. Collectively with the clinical results, these
data qualified PPM1D as a potential diagnostic biomarker and
therapeutic target in human thyroid cancer.
Introduction
The incidence of thyroid cancer has increased worldwide
due to the increased use of diagnostic imaging and surveillance (1), and creates a great burden on the health care system.
Papillary thyroid cancer (PTC) is the most common endocrine
malignancy and accounts for 80% of cases of differentiated
thyroid cancer worldwide (2). Consistent with the majority of
malignancies, thyroid carcinomas are usually associated with
oncogenes that lead to aberrant cell proliferation, migration
and invasion (3). However, a more detailed account of how
oncogenes overcome the natural balance of tumor surveillance
during the formation of PTC and contribute to tumor progression is required, and revealing these oncogenes and their
mechanisms may provide approaches for cancer treatment and
further improvement of clinical care.
Protein phosphatase, Mg2+/Mn2+ dependent, 1D (PPM1D),
also referred to as wild‑type p53 inducible protein 1
serine/threonine phosphatase, is a member of the protein
phosphatase 2C family, and is recognized as an oncogene
due to its roles in promoting tumorigenesis (4) and negative
regulation of the DNA damage response system (5‑7). A
number of studies have demonstrated that PPM1D is involved
in the development of a majority of human cancer types,
including hepatocellular carcinoma, breast cancer, ovarian
clear‑cell carcinoma, bladder cancer and glioblastomas (8‑10).
Furthermore, PPM1D gene amplification and/or protein overexpression have been identified to contribute to tumorigenesis
in in vivo (11) and in vitro studies (12‑14). PPM1D protein
overexpression was also identified to be significantly associated with poor clinical outcome in neuroblastoma and ovarian
clear‑cell carcinoma (15). Consecutive investigations have
revealed that the oncogenic properties of PPM1D are mediated
by inhibition of several tumor suppressor pathways, including
p53, p38 mitogen‑activated protein kinase (p38 MAPK), ataxia
telangiectasia mutated and checkpoint kinase 1, therefore
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contributing to tumorigenesis, progression, invasion, distant
metastasis and evasion of apoptosis (10,16).
Cellular homeostasis highly relies on fine‑tuning signaling
pathways that control the pace of cell proliferation and apoptosis, thereby preventing oncogenic cellular transformation
through aberrant stress (17,18). The tumor suppressor p53 has
a vital role in these pathways by transcriptionally upregulating
target proteins, including WAF1, Bax and MDM2, which act
to initiate cell cycle arrest or cell death under stresses. PPM1D
was first identified as a target gene of p53 (19), but subsequent studies revealed that p53 may also be inactivated by
PPM1D‑induced dephosphorylation while cells switch from
stress status to normal homeostasis (10,20). Previous studies
indicated that the enhanced p53 pathway in PPM1D‑knockout
mice significantly impaired tumorigenesis in several tumor
models (20,21), which draws attention to PPM1D as a potential
anticancer target.
Furthermore, PPM1D also indirectly inactivates p53
through p38 MAPK (16). p38 MAPK is a component of the
MAPK pathway, which is another protective signaling pathway
in response to cellular stress (22). It was reported that PPM1D
directly binds and inactivates p38 MAPK via dephosphorylation at Thr180 (23). In line with the aforementioned, p38
inactivation paralleled with p53 deactivation in vivo was also
identified in a number of studies (24‑26). However, the current
knowledge on PPM1D is mostly based on studies on breast
cancer or the subtypes of breast cancer, and whether PPM1D
has any oncogenic properties via deactivation of p38 and p53
signaling pathways in PTC has so far remained elusive.
In the present study, PPM1D expression was examined in
human PTC tissues as well as in paired adjacent non‑cancerous
tissues and a significant association between PPM1D overexpression and metastasis was revealed. The potential oncogenic
properties of PPM1D were also confirmed in thyroid cell lines.
A further mechanistic study indicated that the oncogenic
activities of PPM1D in thyroid cancer cells are mediated
by negative regulation of the p38 MAPK and p53 signaling
pathways. These results contribute to the understanding of
the effect of PPM1D overexpression in promoting PTC tumor
progression, indicating that it may serve as a potential target
for clinical treatment.
Materials and methods
Tissue specimens. A total of 89 thyroid cancer samples were
obtained from patients who underwent surgery for thyroid
cancer between August 2012 and February 2015 at Shanghai
Cancer Center of Fudan University (Shanghai, China). Tissue
specimens were frozen in liquid nitrogen immediately after
surgical resection and stored at ‑80˚C. All tissues were pathologically confirmed as PTC and final histological classification
was obtained from paraffin‑embedded sections. The study was
performed in accordance with the Declaration of Helsinki and
approved by the Institutional Research Ethics Committee of
Shanghai Cancer Center, Fudan University (Shanghai, China).
Written informed consent was obtained from all participants
after reviewing the content and purpose of the study.
Cell culture and treatments. The human PTC original cell
lines TPC‑1 and K‑1 were obtained from Dr Schweppe from

the University of Colorado Cancer Center. STR profiling was
performed to confirm cell authentication. All cells were grown
in RPMI‑1640 media (Sigma‑Aldrich; Merck KGaA) supplemented with 10% heat‑inactivated fetal bovine serum (FBS;
Invitrogen; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin and 10 µg/ml streptomycin. Cell culture was performed
at 37˚C in a 90% humidified atmosphere with 5% CO2. A
MAPK inhibitor (SB203580; Sigma‑Aldrich; Merck KGaA)
was dissolved in dimethyl sulfoxide (DMSO), then added into
cell culture medium at a concentration of 100 nM for 24 h in
order to inhibit p38 MAPK activity.
Small interfering (si)RNA and transfection. The specific
siRNA targeting PPM1D and the scrambled siRNA used
as a negative control were designed and purchased from
GenePharma Co., Ltd. The sequences of the siRNA targeting
PPM1D (siPPM1D) and scrambled siRNA were as follows:
siPPM1D‑1: 5'‑CCGC ACT CGT GCT TGC TTG AA‑3';
siPPM1D‑2: 5'‑GTCACGTAACATGTCACAT‑3'; negative
control (NC): 5'‑CCAC CUC UGAUCGAUU UAUdTdT‑3'.
Cells were collected for further analysis of protein depletion
after 48 h of transfection. All siRNAs were transfected into
thyroid cancer cells using Lipofectamine™ 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) following the manufacturer's
protocol.
Western blot analysis. Cell lysates were obtained from 1x106
cultured cells with a mixture of ProteoJET Mammalian Cell
Lysis Reagent (Fermentas; Thermo Fisher Scientific, Inc.),
phenylmethanesulfonyl fluoride and PhosSTOP (both from
Roche Applied Science). Protein estimation was performed
according to the Bradford method (Bio‑Rad Laboratories,
Inc.) with bovine serum albumin (BSA; Sigma‑Aldrich;
Merck KGaA) as a standard. Total protein (10 µg per lane) was
resolved on 10‑15% gradient pre‑cast gels (Sigma‑Aldrich;
Merck KGaA) and transferred to a polyvinylidene difluoride
membrane (EMD Millipore). After blocking in 5% non‑fat
milk for 2 h at room temperature, the membrane was probed
with antibodies against human PPM1D (1:1,000 dilution;
product code ab31270; Abcam), p38 (1:1,000 dilution;
product no. 9212), phosphorylated p‑p38 (1:1,000 dilution;
product no. 4511), p53 (1:1,000 dilution; product no. 2527), Bax
(1:1,000 dilution; product no. 5023), Histone H3 (1:1,000 dilution; product no. 4499; all from Cell Signaling Technology,
Inc.) or GAPDH (1:5,000 dilution; product code ab9485;
Abcam) overnight at 4˚C. Subsequently, the membrane
was incubated with HRP‑conjugated goat anti‑rabbit or
HRP‑conjugated goat anti‑mouse IgG (1:10,000 dilution
for both; product code ab205718 and product code ab19195,
respectively; Abcam) for 2 h at room temperature. The indicated antibodies were detected with the SuperSignal West
Pico ECL Chemiluminescent kit (Thermo Fisher Scientific,
Inc.) and protein bands were quantified using ImageJ software
(version 1.47v; National Institutes of Health, Bethesda).
Isolation of nuclei. Approximately 1x107 cells were collected and
resuspended in hypotonic buffer (10 mM Tris, pH 7.9, 10 mM
KCl, 1.5 mM MgCl2 and 0.05 mM DTT). Cell suspensions were
homogenized with a pre‑chilled Dounce homogenizer with
20 strokes and centrifuged at 100 x g for 15 min to retain the
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supernatant. 10X S100 buffer (0.3 M Tris, pH 7.9, 1.4 M KCl
and 0.03 M MgCl2) was added to the supernatant, followed by
centrifugation at 100,000 x g for 1 h and the supernatant was
obtained for analysis of cytoplasmic proteins. The nuclear pellet
was continuously lysed using high‑salt extraction buffer (20 mM
Tris, pH 7.9, 25% glycerol, 1.2 M KCl, 1.5 mM MgCl2 and
0.2 mM EDTA, pH 8.0) with two gentle stokes in the Dounce
homogenizer. After centrifugation at 10,000 x g for 30 min,
the supernatants containing nuclear extract were collected for
analysis. All procedures were performed at 4˚C.
Cell proliferation assay. Cell growth was determined using
a Cell Counting Kit‑8 (CCK‑8) assay (Sigma‑Aldrich; Merck
KGaA) according to the manufacturer's protocol. In brief,
cells were seeded in black wall/clear‑bottom 96‑well plates at
6x103 cells in 100 µl/well and allowed to attach overnight. At
the indicated time‑points, an aliquot of 10 µl CCK‑8 solution
was added to each well and the plate was incubated for 4 h at
37˚C. The absorbance reading was performed at 450 nm using
a spectrophotometer (Thermo Scientific™ NanoDrop™ 8000;
Thermo Fisher Scientific, Inc.). Five replicates were used for
each experimental condition. Cell‑free medium was used as
the blank group and cells treated with the solvent were used
as a vehicle control. The viability of the cells was calculated as follows: Cell viability (%) = (each condition‑blank
group)/(vehicle control‑blank group) x100%.
Plate colony formation assay. Cells were trypsinized using
0.05% trypsin/EDTA (Thermo Fisher Scientific, Inc.) and
2x103 cells were seeded into 6‑well plates and incubated at
37˚C for 10 days. Colonized cells were washed with PBS
followed by fixation with 10% methanol at room temperate
(RT) for 5 min and staining with 5% Giemsa (Sigma‑Aldrich;
Merck KGaA) at RT for 10 min. The number of colonies
>10 cells was counted under Leica DM4000B microscope
(Leica Microsystems) using magnification of x1.25, images
were captured and scoring was performed.
Wound healing assay. Wound healing assays were performed
to evaluate the migration of the transfected TPC‑1 and
K‑1 cells. Cells (2x103) were seeded into 6‑well plates. When
cultured cells reached 90% confluence in the 6‑well plate, one
scratch was generated with a 200‑µl pipette tip in each well to
create a wound, followed by two washes with PBS. Migration
of cells into the scraped area was recorded at 0 and 48 h after
the scratches were made under a Leica DM4000B microscope
(Leica Microsystems) using magnification of x10.
Transwell invasion assays. Cell invasion was assessed using
a modified Transwell chamber system (BD Biosciences)
according to the manufacturer's protocols. In brief, cells were
seeded onto Matrigel®‑coated membrane inserts with a pore
size of 8 µm. Medium containing 10% FBS, which served
as the chemoattractant, was placed in the lower chamber.
After 48 h of incubation, the cells were fixed with 75%
methanol for 10 min at RT and stained with 0.1% crystal violet
(Sigma‑Aldrich; Merck KGaA) at RT for 10 min. The invaded
cells on the lower surface of the filter that had penetrated
through the Matrigel®‑coated membrane were counted under
an inverted microscope using magnification of x10.
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Apoptosis assay. Apoptotic cells were quantified by flow
cytometry using an Annexin V‑FITC/propidium iodide (PI)
double‑staining assay kit (BioVision, Inc.) according to the
manufacturer's protocol. In brief, the cells were transfected
with indicated siRNAs for 24 h, and were then harvested
and washed 2 times with ice‑cold PBS, re‑suspended in
100 µl binding buffer and stained in the dark with 50 µl
Annexin V‑FITC and 50 µl propidium iodide at room
temperature for 15 min. At least 10,000 events were recorded
for each sample and the percentages of cells (viable, apoptotic
and necrotic) were quantified by flow cytometry (Cytomics™
FC500 cytometer; Beckman Coulter, Inc.).
Immunofluorescence. Cells were washed twice with ice‑cold
PBS and fixed in 4% paraformaldehyde in PBS for 20 min at
4˚C. After washing 3 times with PBS, cells were permeabilized
with 0.1% Triton X‑100 for 5 min at 4˚C and incubated with 1%
BSA in PBS for 30 min, followed by incubation with primary
antibody to p53 (1:1,000 dilution; product no. 2527, Cell
Signaling Technology, Inc.) at 4˚C overnight. The cells were
then washed in PBS three times, followed by incubation with
the secondary antibodies, FITC‑conjugated goat anti‑rabbit
antibody (1:500 dilution; cat. no. 65‑6111 Invitrogen; Thermo
Fisher Scientific, Inc.) for 1 h at room temperature in the
dark. Cells were washed with PBS and nuclei were stained
with 0.5 µg/ml DAPI in PBS containing Tween‑20 for 5 min.
Samples were mounted with immunofluorescence mounting
medium (Dako Cytomation; Agilent Technologies, Inc.) and
images were captured under a fluorescence microscope using
magnification of x20.
Immunohistochemical staining. Formalin‑fixed and
paraffin‑embedded tissue sections were deparaffinized in
xylene and hydrated through descending concentrations of
ethanol prior to being placed in 3% hydrogen peroxide for
10 min at room temperature to inhibit endogenous peroxidase
activity. The slides were incubated with blocking solution
(10% BSA in 1X phosphate‑buffered saline) for 1 h at room
temperature, followed by incubation with primary antibody
to PPM1D (5 µg/ml; cat. no. PA5‑72839, Invitrogen; Thermo
Fisher Scientific, Inc.) at 4˚C overnight. A horseradish peroxidase‑conjugated mouse secondary antibody (1:2,000 dilution;
cat no. 65‑6120, Invitrogen; Thermo Fisher Scientific, Inc.) was
added, followed by incubation for 60 min at room temperature,
followed by development with 3,3'‑diaminobenzidine (DAB
Substrate Chromogen System; Dako; Agilent Technologies,
Inc.). Slides were fixed and images were captured by using
the Olympus IX71 inverted microscope using the DP2‑BSW
Olympus image acquisition software system (Olympus,
Corp.). The staining results were determined on the basis
of the percentage of positive staining of tumor cell nuclei
as follows: 0% (no staining); 1 (≤10%); 2 (10‑50%) and 3
(>50%). The staining intensity was scored as follows: ‑ (negative); + (moderately positive); and ++ (strongly positive), as
previously reported (27). Two experienced pathologists who
were blinded to the clinicopathological data of the patients
confirmed the results.
Statistical analysis. Values are expressed as the mean ± standard error of the mean (SEM). Pearson's χ2 test was performed

786

Lu et al: KNOCKDOWN OF PPM1D INHIBITS TUMORIGENESIS THROUGH THE p38/p53 SIGNALING PATHWAYS

to compare differences in clinicopathological parameters across groups stratified by PPM1D protein expression.
Univariate and multivariate logistic regression analyses (Cox
proportional hazards model) were applied to assess the risk of
lymph node metastasis and tumor size of ≥1 cm, and the odds
ratio (OR) and 95% CI were reported. A dot plot displaying
the distributions of the intensity of nuclear p53 across experimental groups was generated. Means between two groups
were compared using Student's t‑test. For a comparison of
more than two group means, one‑way analysis of variance
(ANOVA) was applied followed by Tukey's post hoc test.
Statistical analysis was performed using GraphPad Prism 5.1
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference.
Results
Correlation of clinicopathological characteristics and expres‑
sion of PPM1D in PTC tissue specimens. To understand the
clinicopathologic significance of PPM1D expression in PTC,
tissues from a total of 89 patients with PTC who had undergone tumor resection were analyzed by immunohistochemical
staining. It was revealed that PPM1D expression was located
within the cytoplasm of the PTC cells, whereas only a small
number of scattered cells with positive staining were observed
in adjacent non‑tumor tissues (Fig. 1A). In addition, the intensity of PPM1D staining in cancer cells was significantly higher
than that in non‑tumor cells (Fig. 1B). The patients with PTC
were classified into three groups including negative (‑), moderately positive (+), and strongly positive (++) PPM1D expression;
the associations between PPM1D expression and clinicopathological characteristics were assessed (Table I). Pearson's χ2‑test
indicated that PPM1D expression was significantly associated with tumor size (P=0.016) and lymph node metastasis
(P= 0.039), whereas no significant influence of PPM1D expression on other clinicopathological features, including age, sex
and TNM stage, was observed (Table I). Next, in the univariate
analysis, clinical features including tumor size >1 cm, TNM
stage III‑IV and PPM1D protein expression (+) were identified as risk factors of lymph node metastasis in PTC after
adjustment for age, sex and multifocal lesions (Table IIA). A
subsequent multivariate analysis revealed that a high level of
PPM1D protein expression (++) was a significant risk factor
for large tumor size (Table IIB). Based on the aberrantly high
expression of PPM1D in PTC cells and its positive correlation
with tumor size and lymph node metastasis, further exploration of the role of PPM1D in tumor formation, migration and
invasion was performed.
PPM1D regulates thyroid cancer cell growth. To investigate
whether PPM1D is required for thyroid cancer cell growth, two
siRNAs targeting PPM1D, siPPM1D‑1 and siPPM1D‑2, were
used to knockdown PPM1D in TPC‑1 and K‑1 cells and one
scrambled siRNA was used for the NC groups. Western blot
analysis confirmed the efficient knockdown of PPM1D using
the siPPM1Ds (Fig. 1C). The cell viability was then compared
between the paired experimental groups. A CCK‑8 assay
revealed that PPM1D depletion led to a significant decrease in
cell viability compared with that in the NC groups at 72 h for
each of the two cell lines (Fig. 2A and B). Colony formation

Table I. Clinicopathological parameters by PPM1D protein
expression in patients with PTC.
PPM1D protein
expression
Clinicopathological	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
parameters	‑	 +
++

P‑value

Age (years)				
0.256
<45
20
21
5
≥45
13
27
3
Sex				 0.921
Male
7
12
2
Female
26
36
6
Lymph node metastasis				
0.039a
Yes
14
33
6
No
19
15
2
Tumor size (cm)				
0.016a
≤1
14
30
1
>1
19
18
7
Multifocal lesions				
0.738
Yes
5
10
1
No
28
38
7
Bilateral				
0.635
Yes
12
22
4
No
21
26
4
Extrathyroidal extension				
0.131
Yes
1
6
2
No
32
42
6
TNM stage				
0.310
I/II
18
25
2
III/IV
15
23
6
‑, Negative; +, moderate positive; ++, strong positive. The P‑values
were calculated using Pearson χ2‑test. aP<0.05. PPM1D, protein
phosphatase, Mg2+/Mn2+ dependent, 1D; PTC, papillary thyroid
carcinoma.

assays also indicated that PPM1D depletion reduced the
colony number by 66.9 and 72.9% in TPC‑1 cells and 56.6 and
52.8% in K‑1 cells when using siPPM1D‑1 and siPPM1D‑2,
respectively (Fig. 2C and D). In addition, statistical analysis
revealed a significant decrease in the colony formation ability
of siPPM1D‑treated cells compared with that of NC cells
(Fig. 2C and D). These results indicated that PPM1D promoted
cell proliferation in TPC‑1 and K‑1 cell lines.
Silencing of PPM1D inhibits the invasive ability of thyroid
cancer cells. To investigate whether PPM1D is required
for migration and invasion of TPC‑1 and K‑1 cells, a
wound‑healing assay and a Transwell invasion assay were
performed. In the wound‑healing assay, cells were cultured
in serum‑free medium and then allowed to migrate into a
physical scratch. As presented in Fig. 3A, in the NC group, the
cleared zone was almost filled with the cells at 48 h after the
scratch wound was made. However, the siPPM1D‑treated cells
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Figure 1. PPM1D protein expression is increased in thyroid cells. (A) The protein expression of PPM1D in PTC (tumor) and adjacent non‑tumor tissues
(para‑tumor) tissues was examined by immunohistochemistry. Yellow‑brown represents positive staining for PPM1D, localized in the cytosol (scale bars,
50 µm in the upper images and 20 µm in lower images). (B) PPM1D expression was quantified by determining the IOD scores. Values are expressed as the
mean ± SEM from three independent experiments. P‑values were determined using the independent‑samples t‑test, **P<0.01. (C) Cells transfected with the
indicated siRNAs were harvested and subjected to western blot analysis. GAPDH served as a loading control. The relative quantification of protein bands as
the ratio to their loading control were presented at the bottom of the western blotting. PPM1D, protein phosphatase, Mg2+/Mn2+ dependent, 1D; PTC, papillary
thyroid carcinoma; IOD, integrated optical density; siRNA, small interfering RNA.

displayed a reduced ability to migrate and fill the cleared zone
compared with that in the NC group. The statistical analysis
(images on the right) indicated that the wound recovery
rate was significantly reduced in siPPM1D‑transfected cells
compared with that in the NC group. The role of PPM1D
in cell invasion was then evaluated using a Matrigel invasion assay, a modification of the Transwell assay. In brief,
cells were placed onto Transwell with Matrigel pre‑coated
polycarbonate filters. The results indicated that cells in the
control group and siRNA‑treated cells were able to transgress
through the Matrigel‑coated membrane to the lower side of
the filter, exhibiting invasive behavior. However, compared to

the control group, a reduced number of cells transfected with
siPPM1D passed though the Transwell insert (Fig. 3B). The
quantitative data in Fig. 3C indicated a significant inhibition
of cell invasion in PPM1D‑silenced cells. Collectively, these
results indicated that PPM1D is important for the migration
and invasion of thyroid cancer cells in vitro.
PPM1D negatively regulates the p38 and p53 signaling
pathways. Next, it was investigated how PPM1D affects tumor
cell behavior. Since PPM1D was first indicated to interact
with p53 (19) and also reported to be involved in p38 MAPK
activation, changes in the levels of key proteins in the p38 and
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Table II. Clinicopathological and molecular factors in PTC.
A, Clinicopathological and molecular factors associated with lymph node metastasis in PTC
Univariate analysis
Multivariate analysis
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables
OR
95% CI
P‑value
AOR
95% CI
P‑value
Sex, female vs. male
1.469
0.548‑3.937
0.445			
Age, <45 vs. ≥45 years
2.214
0.933‑5.257
0.072			
Multifocal lesions, yes vs. no
1.163
0.382‑3.544
0.791			
Tumor size, >1 vs. ≤1 cm
6.394
2.457‑16.393
<0.001a
6.394
2.208‑18.182
TNM stage, III‑IV vs. I‑II
3.048
1.258‑7.384
0.014a
2.659
0.950‑7.444
PPM1D protein expression						
Reference
Reference
+
2.986
1.188‑7.503
0.020a
2.512
0.852‑7.406
++
4.071
0.713‑23.623
0.114
5.446
0.809‑36.661

0.001a
0.063
0.095
0.081

B, Clinicopathological and molecular factors associated with tumor size >1 cm in PTC
Univariate analysis
Multivariate analysis
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables
OR
95% CI
P‑value
AOR
95% CI
P‑value
Sex, female vs. male
1.100
0.413‑2.929
0.849			
Age, <45 vs. ≥45 years
2.167
0.929‑5.052
0.073			
Multifocal lesions, yes vs. no
1.808
0.596‑5.495
0.296			
Extrathyroidal extension, yes vs. no
2.519
0.607‑10.417
0.203			
Bilateral lesions, yes vs. no
11.765
4.202‑32.258
<0.001a
16.393
3.040‑16.393
PPM1D protein expression						
Reference
Reference
+
0.442
0.179‑1.092
0.077
0.455
0.137‑1.512
++
5.158
0.568‑46.834
0.145
17.218
1.393‑212.831

0.001a
0.199
0.027a

P<0.05. PTC, papillary thyroid carcinoma; OR, odds ratio; AOR, adjusted odds ratio.

a

p53 signaling pathways in thyroid cancer cells transfected with
siPPM1D or scrambled siRNA were analyzed. The western
blot results indicated that the protein levels of p‑p38 MAPK,
p53 and Bax were increased after treatment with siPPM1D
(Fig. 4A and B, upper panel). Compared with the negative
control group, knockdown of PPM1D increased the protein
levels of p‑p38 MAPK by >3‑fold in TPC‑1 cells and >1.8‑fold
in K‑1 cells with concomitant upregulation of p53 by >1.7‑fold
in TPC‑1 cells and >14‑folds in K‑1 cells and Bax by >3‑fold
in TPC‑1 cells and >2‑fold in K‑1 cells (Fig. 4A and B, lower
panel). These data indicated that PPM1D may exert its functions, at least partially, by inhibiting the p38 and p53 pathways.
Inhibition of p38 activity reverses the inhibitory effect of
PPM1D depletion on cell proliferation/invasion. Since overexpression of PPM1D was revealed to inactivate p38 (10),
which may suppress the activity of p53, it was next examined
whether PPM1D exerts its oncogenic role through regulation of
p38 MAPK activity. After transfection with siPPM1D, K‑1 cells
were treated with or without SB203580, a chemical inhibitor of
p38, and cell proliferation and invasion were compared among

different groups at the indicated time‑points. The results
indicated decreased cell growth in response to PPM1D knockdown compared with that in the vehicle treatment DMSO or
control group. However, the growth of siPPM1D‑transfected
cells was enhanced to a level similar to that of the control
group when co‑treated with the inhibitor across all time‑points
(Fig. 5A). Furthermore, the invasive capability was reduced in
PPM1D‑knockdown cells; however, concurrent inhibition of
p38 restored the invasiveness of PPM1D‑silenced K‑1 cells
(Fig. 5B). The number of invaded cells was significantly
increased in the PPM1D‑silencing group with p38 inhibition
as compared with that in the group with PPM1D silencing
only (Fig. 5C). Furthermore, the inhibitory effect of pharmacological inhibition of p38 on PPM1D silencing‑induced
expression of p53 was determined by western blot analysis.
The results indicated that p‑p38 MAPK and p53 were
increased in PPM1D‑depleted cells but remained suppressed
in the presence of p38 inhibitor (Fig. 5D). Considering the
crosstalk between the p53 and p38 signaling pathways during
cell oncogenic transformation, these results indicated that
the oncogenic properties of PPM1D were exerted via the p38
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Figure 2. PPM1D affects cell proliferation in vitro. (A and B) CCK‑8 assay. TPC‑1 and K‑1 cells were treated with or without PPM1D siRNAs and the cell
growth rate was determined at the indicated time‑points by measuring the absorbance at 450 nm following incubation with a CCK‑8 stain. Data for each
condition were pooled from five wells and triplicate assays. (C and D) Plate colony formation assay of TPC‑1 and K‑1 cells with the same groups as described
in (A and B). Representative images are provided on the left and statistical analysis of the cell clone formation rates is displayed on the right. Values are
expressed as the mean ± SEM from three independent experiments. P‑values were determined using ANOVA test followed by Tukey's post hoc test. *P<0.05,
**
P<0.01. PPM1D, protein phosphatase, Mg2+/Mn2+ dependent, 1D; CCK‑8, Cell Counting Kit‑8; siRNA, small interfering RNA.

signaling pathway and that the p53 pathway has a direct and/or
indirect contribution.
Inhibition of p38 activity counteracts PPM1D depletion‑
induced thyroid cancer cell apoptosis. The present study
attempted to assess the effect of PPM1D in deregulating cell
apoptosis and whether this was dependent on the p38 signaling
pathway. PPM1D expression was silenced in K‑1 cells.
Concurrently, p38 activity was inhibited by SB203580. Cell
apoptosis was detected by flow cytometry. As presented in
Fig. 6A, viable cells were Annexin V‑FITC‑ and PI‑negative
(Fig. 6A‑Q4), dead cells were Annexin V‑FITC‑negative
and PI‑positive (Fig. 6A‑Q1), cells in early apoptosis were
Annexin V‑FITC‑positive and PI‑negative (Fig. 6A‑Q3), while
cells in late apoptosis or already dead were Annexin V‑FITC‑
and PI double‑positive (Fig. 6A‑Q2). The basal level of cell
apoptosis was ~5%, as presented in Fig. 6A‑a. Cell apoptosis
was further evaluated in PPM1D‑depleted K‑1 cells with or
without pharmacological inhibition of p38 MAPK activity and
it was revealed that in K‑1 cells, transfection with siPPM1D

alone increased the number of apoptotic cells to 20.04%
(Fig. 6A‑b), but concurrent inhibition of p38 MAPK activity
in PPM1D‑depleted cells reduced cell apoptosis to 13.5%
(Fig. 6A‑c). These results indicated that PPM1D suppressed
cell apoptosis by inhibiting the activity of p38 MAPK. All
Annexin V‑FITC‑positive cells were combined to calculate the
proportion of apoptotic cells. The statistical analysis based on
the flow cytometric data indicated that cell apoptosis was significantly enhanced in siPPM1D‑transfected K‑1 cells compared
with the NC group. By contrast, cell apoptosis was decreased
when p38 activity was blocked in PPM1D‑knockdown cells
compared with the group with siPPM1D transfection alone
(Fig. 6B). PPM1D knockdown and the reduced protein levels
of p‑p38 were confirmed by western blot analysis (Fig. 6C).
Collectively, these results indicated that PPM1D was involved
in the downregulation of p38 MAPK‑mediated cell apoptosis.
PPM1D regulates p53 nuclear translocation in thyroid cancer
cells. Since p53 is able to transiently accumulate in the nucleus
and act as a transcription factor of Bax in response to cell
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Figure 3. PPM1D promotes the cell migration and invasiveness of thyroid cancer cells in vitro. (A) Cell migration was quantified by wound healing assay. Cells
were imaged immediately (0 h) and 48 h after scratches were created to assess the percentage of the wound‑healed area. Representative images at different
time‑points are provided on the left (scale bar, 100 µm) and quantitative measurements are displayed on the right. (B and C) Cell invasion was assessed using
a Transwell invasion assay. (B) Representative imagines (scale bar, 100 µm) and (C) Quantitative measurements. Values are expressed as the mean ± SEM of
three independent experiments. P‑values were determined using ANOVA test followed by Tukey's test. ***P<0.001. PPM1D, protein phosphatase, Mg2+/Mn2+
dependent, 1D.

stress (19), it was further investigated whether downregulation
of PPM1D increases p53 in the nucleus. The protein levels
of p53 in the cytosolic and nuclear extract of TPC‑1 and
K‑1 cells after PPM1D siRNA transfection were assessed by
western blot analysis. In line with aforementioned findings,
the two cell lines treated with siPPM1D exhibited increased
p53 protein levels compared with those in the control groups

(Fig. 7A). In addition, the increased accumulation of p53 in
siPPM1D‑transfected cells compared with that in the control
groups was more evident in the nucleus compared with that
in the cytosol, indicating that p53 translocates to the nucleus
in response to PPM1D depletion (Fig. 7A, upper vs. lower
panel). Next, to examine the nuclear distribution of p53, an
indirect immunofluorescence assay was performed. In the
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Figure 4. PPM1D suppresses p38 MAPK and p53 signaling pathways. p‑p38 MAPK, p53 and Bax protein levels were upregulated in siPPM1D‑treated
thyroid cancer cells. (A and B) Western blot analysis of protein levels in TPC‑1 and K‑1 cells transfected with siPPM1Ds or scrambled RNA for 24 h (upper
panel) and relative quantitative analysis of the protein levels in each group (lower panel). Values are expressed as the mean ± SEM of three independent
experiments. P‑values were determined using ANOVA test followed by Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.001. N.S., no significance; PPM1D,
protein phosphatase, Mg2+/Mn2+ dependent, 1D; p‑p38, phosphorylated p38; MAPK mitogen‑activated protein kinase; WT, wild‑type; NC, negative control;
siPPM1D‑1/siPPM1D‑2: siRNAs against PPM1D; siRNA, small interfering RNA.

imagines, p53 and nuclei were indicated by green and blue
color, respectively (Fig. 7B). As indicated in a dot plot, the
intensity of p53‑positive nuclei was significantly increased
after transfection with siPPM1D compared with that in the
control groups (Fig. 7C), indicating more nuclear retention
of p53 in PPM1D‑knockdown cells. Collectively, the negative
regulation of the p53 signaling pathway by PPM1D may lead
to less nuclear accumulation of p53.
Discussion
In the present study, PPM1D was identified as a molecular
marker of metastasis and poor prognosis in patients with PTC
and the oncogenic properties of PPM1D were also confirmed
in vitro. PPM1D was indicated to promote cancer progression in
PTC, as the analysis of 89 PTC patient samples indicated that
high PPM1D protein expression was significantly associated
with tumor size and lymph node metastasis. It was also demonstrated that PPM1D was overexpressed in PTC patient tissues

compared with that in paired adjacent non‑cancerous tissues.
These results were in line with numerous previous studies
reporting on the oncogenic properties of PPM1D in various
types of cancer (5,28‑30). These previous studies indicated that
these features were largely associated with the ability of PPM1D
to modulate the p38 MAPK and p53 signaling network.
In addition, the present study demonstrated that PPM1D
exerted an essential influence on thyroid cancer cell proliferation and invasion in vitro. The growth rates of TPC‑1
and K‑1 cells transfected with siPPM1D were significantly
decreased compared with those of control cells. Furthermore,
significant decreases in colony formation and migration were
observed in PPM1D‑silenced cells. Of note, the cell proliferation of PPM1D‑silenced K‑1 cells was successfully restored by
inhibiting the activity of p38 MAPK, indicating that PPM1D
promotes cancer cell progression at least partially via regulation of p38 MAPK activity.
To confirm that PPM1D accelerates thyroid cancer cell
progression through inhibition of the p38 MAPK and/or p53
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Figure 5. p38 inhibitor restores cell growth and invasion in PPM1D‑knockdown K‑1 cells. (A) Cell growth was determined using a CCK‑8 assay in cells with
diminished PPM1D expression treated with or without SB203580. Each treatment was assayed in triplicate every 24 h for a total of 3 days. (B and C) The
invasive ability of the cells was assessed using a Transwell cell invasion assay. (B) Representative images and (C) quantitative results. (D) Western blot analysis
of PPM1D‑silenced cells treated with or without p38 inhibitor for 24 h. The drug was used at a concentration of 100 nM. The relative quantification of protein
bands as the ratio to their loading control are presented at the bottom of the western blotting. Values are expressed as the mean ± SEM of three independent
experiments. P‑values were determined using ANOVA test followed by Tukey's post hoc test. **P<0.01, ***P<0.001. N.S., no significance; PPM1D, protein
phosphatase, Mg2+/Mn2+ dependent, 1D; CCK‑8, Cell Counting Kit‑8.

Figure 6. PPM1D silencing‑induced K‑1 cell apoptosis is suppressed by p38 inhibition. (A) K‑1 cells treated with or without SB203580 were collected after
transfection with siRNA specific to PPM1D. Apoptosis of K‑1 cells was detected by flow cytometry. (a‑c) Representative plots presenting Annexin V/PI
staining. (a) NC, (b) PPM1D‑1 siRNA‑transfected, (c) PPM1D‑1 siRNA‑transfected + SB203580. (B) Analysis of apoptotic (early and late) cells from A.
Values are expressed as the mean ± SEM of three independent experiments. P‑values were determined using ANOVA test followed by Tukey's post hoc test.
***
P<0.001. (C) Western blot analysis was performed to confirm the protein knockdown and pharmacological inhibition of p38. Actin was served as a loading
control. The relative quantification of protein bands as the ratio to their loading control were presented at the bottom of the western blotting. PPM1D, protein
phosphatase, Mg2+/Mn2+ dependent, 1D; NC, negative control (scrambled siRNA); siRNA, small interfering RNA; PI, propidium iodide.
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Figure 7. PPM1D knockdown promotes nuclear retention of p53. (A) Protein lysates from cytoplasm and nuclei of TPC‑1 and K‑1 cells were subjected to
western blot analysis. Histone H3 was measured as the control for the nuclear compartment, while GAPDH was used for the cytosol compartment. The
relative quantification of protein bands as the ratio to their loading control are presented at the bottom of the western blotting. (B) Representative images of
the indirect immunofluorescence assay suggesting nuclear translocation of p53 after transfection with siPPM1D in TPC‑1 and K‑1 cells (scale bar, 100 µm).
(C) Quantification of nuclear staining intensity of p53 in B using ImageJ. n=50. P‑values were determined using ANOVA test followed by Tukey's post hoc
test. Values are expressed as the mean ± SEM of three independent experiments; the means of each group are indicated by the short red bar. ***P<0.001.
PPM1D, protein phosphatase, Mg2+/Mn2+ dependent, 1D; siPPM1D, siRNA against PPM1D; siRNA, small interfering RNA.

signaling pathways in thyroid cancer cells, the association
between PPM1D levels and the activities of p38 MAPK and
p53 were delineated. The present study revealed that PPM1D
knockdown in K‑1 and TPC‑1 cells led to increased protein
levels of p53 and Bax, as well as enhanced p38 MAPK phosphorylation. As aforementioned, it is essential to consider the
crosstalk between the p38 MAPK and p53 signaling pathways,
and in this light, it was further demonstrated that knockdown
of PPM1D induced apoptosis, which was partially reversed
by additional inhibition of p38 MAPK activities. The present
results demonstrated that silencing of PPM1D caused a
significant upregulation of the p38 MAPK signaling pathway,
which promoted the apoptosis of thyroid cancer cells. The
mechanism underlying how PPM1D mediates p53 activity
was further investigated, revealing that PPM1D may regulate
nuclear translocation of p53. Since Bax is transcriptionally
regulated by p53, it is possible that PPM1D deregulates Bax
protein expression through the p53 signaling pathway. Since
activation of p38 and expression of p53 are events that are
commonly associated with apoptosis and that are situated
downstream of the actual trigger of apoptosis, the direct target
of PPM1D should be explored in the future.

In conclusion, the present results provide novel insight
into the cancer biology of PTC; PPM1D was indicated to
be a risk factor of metastasis and may serve as a potential
therapeutic target. The downstream targets of PPM1D and the
mechanisms underlying how these targets mediate PPM1D
oncogenic activities remains to be further investigated.
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