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Abstract

Objectives: This study was to explore the effect of protein phosphatase, Mg>"/Mn*" dependent | D knockdown on proliferation
and apoptosis as well as p38 MAPK/p53 signaling pathway in acute myeloid leukemia. Methods: The expression of protein
phosphatase, Mg?"/Mn?" dependent | D was detected in acute myeloid leukemia cell lines including SKM-1, KG-1, AML-193, and
THP-1 cells, and normal bone marrow mononuclear cells isolated from healthy donors. The knockdown of protein phosphatase,
Mg?"/Mn?" dependent |D was conducted by transfecting small interfering RNA into AML-193 cells and KG-| cells. Results: The
relative messenger RNA/protein expressions of protein phosphatase, Mg*"/Mn®" dependent 1D were higher in SKM-I, KG-1,
AML-193, and THP-1 cells compared with control cells (normal bone marrow mononuclear cells). After transfecting protein
phosphatase, Mg?"/Mn*" dependent 1D small interfering RNA into AML-193 cells and KG-1 cells, both messenger RNA and
protein expressions of protein phosphatase, Mg*"/Mn®" dependent ID were significantly reduced, indicating the successful
transfection. Most importantly, knockdown of protein phosphatase, Mg”"/Mn*" dependent |D suppressed cell proliferation and
promoted cell apoptosis in AML-193 cells and KG-1 cells. In addition, knockdown of protein phosphatase, Mg>*/Mn*" dependent
ID enhanced the expressions of p-p38 and p53 in AML-193 cells and KG-1 cells. The above observation suggested that protein
phosphatase, Mg”/Mn2+ dependent ID knockdown suppressed cell proliferation, promoted cell apoptosis, and activated p38
MAPK/p53 signaling pathway in acute myeloid leukemia cells. Conclusion: Protein phosphatase, Mg?"/Mn*" dependent ID is
implicated in acute myeloid leukemia carcinogenesis, which illuminates its potential role as a treatment target for acute
myeloid leukemia.
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population less than 65 years to 12.2/100 000 in those elder
than 65 years.” The currently standard treatments (cytarabine
plus anthracycline) or the novel packaging of conventional
chemotherapies have achieved certain improvements in treat-
ment response and prognosis, while the treatment outcome is
still generally poor.>™ Recently, the molecular ontogeny of
AML has led to the discoveries of genes and pathways that
underly the pathogenesis of AML, which stimulates the devel-
opment of targeted drugs.” However, the treatment options for
AML are currently limited and more molecular studies are still
needed for better understanding of the disease and the discov-
ery novel treatment targets.

Protein phosphatase, Mg”"/Mn?" dependent 1D (PPM1D),
also called wild type p53 inducible protein 1 (Wipl) phospha-
tase, is one of the protein phosphatase 2C family of Ser/Thr
protein phosphatases.® Upregulation or mutation of PPM1D in
primary tumors is observed by existing literatures, which indi-
cates the carcinogenic role of PPM1D. For instance, PPM1D
protein-truncating variants mutations that possess a gain-of-
function effect are associated with increased breast cancer and
ovarian cancer risk, and PPM1D facilitates the malignant pro-
gression of breast cancer by inactivating wild type p38 MAPK,
p53, and p16.”* Molecular studies indicate that PPM1D inac-
tivates p38 MAPK and p53 by phosphorylation, and thereby
suppressing the UV-induced cell apoptosis in pancreatic cancer
and several lung cancer cell lines.”'® As for hematological
malignancies, suppression of PPM1D induces neutrophil
differentiation and G1 arrest in human promyelocytic leu-
kemia cells, and inhibition of PPM1D enhances the arsenic
trioxide-induced activation of Chk2/p53 and p38 MAPK/
p53 signaling pathway.'""'? In addition, mouse model of
adult T-cell leukemia/lymphoma discloses that Tax -+
PPMID '~ mice present with less tumorigenesis compared
with Tax + PPMID ™" mice."

Known that p38 MAPK/p53 signaling pathway is essential
for apoptosis regulation in human leukemia including AML,
and PPMID is closely associated with p38 MAPK/p53
signaling,'*!> we hypothesized that PPM1D might mediate
carcinogenesis in AML, and regulated p38 MAPK/p53 signal-
ing pathway and serve as a potential treatment target for AML.
Therefore, this study aimed to explore the effect of PPM1D
knockdown on proliferation and apoptosis as well as p38
MAPK/p53 signaling pathway in AML cells.

Methods

Cell Culture

Human AML cell lines SKM-1, KG-1, AML-193, and THP-1
were all purchased from Deutsche Sammlung von Mikroorga-
nismen und Zellkulturen. SKM-1, KG-1, and THP-1 cells
were cultured in a medium containing 90% RPMI-1640
medium (Sigma) supplemented with 10% fetal bovine serum
(FBS; Sigma). AML-193 cells were cultured in a medium con-
taining 90% Iscove’s Modified Dulbecco’s Medium (Sigma)

supplemented with 10% FBS (Sigma). All cells were cultured
in a humid incubator at 37°C with 5% CO..

Expression of PPMID in Cell Lines

Reverse transcription polymerase chain reaction (RT-qPCR) and
Western blot were performed to assess the messenger RNA
(mRNA) and protein expressions of PPMI1D in SKM-1, KG-1,
AML-193, and THP-1 cells. The mRNA and protein expressions
of PPM 1D in normal bone marrow mononuclear cells (BMMCs),
which were isolated from bone marrow sample of a healthy donor
after the Ethics Approval of our Hospital and the written informed
consent, were also determined and were served as control.

Transfection

Protein phosphatase, Mg>"/Mn®" dependent 1D was knocked
down by using small interfering RNA (siRNA). Protein phos-
phatase, Mg>"/Mn*" dependent 1D siRNA (PPMID siRNA
5'-UAUCCUUAAAGUCAGGGCUUUAGCG-3') and control
siRNA (control siRNA 5-GAGUGGGUCUGGGUCUUCCC
GUAGA-3") were designed and synthesized by Invitrogen
Biotechnology Co, Ltd. Protein phosphatase, Mg®™/Mn?"
dependent 1D siRNA and control siRNA were transfected into
AML-193 cells and KG-1 cells using HilyMax (Dojindo)
according to the manufacturer’s instruction. Cells transfected
with PPM1D siRNA and control siRNA were termed as
si-PPM1D cells and control cells accordingly. At 24 hours after
transfection, RT-qPCR and Western blot were performed to
assess the mRNA and protein expressions of PPM1D; Annexin
V/Propidium lodide assay was carried out to determine cell
apoptosis rate by Annexin V-FITC Apoptosis Detection Kit
(R&D) according to the manufacturer’s instruction; Cell
Counting Kit-8 assay (Dojindo) was carried out to detect the
cell proliferation at 0, 24, 48, 72 hours according to the man-
ufacturer’s instruction; cell cycle was detected using Cell Cycle
Kit (BD) according to the manufacturer’s instruction. In addi-
tion, PPM1D complementary DNA (cDNA) was added back
into the PPM1D-knockout to validate the effect of PPM1D
silencing. Furthermore, the protein expression of p38, phos-
phorylation of p38 (p-p38) and p53 were determined by West-
ern blot at 24 hours, and the proteins expression of p38 target
gene (p-ATF2) and p53 target gene (Bax) were detected to
further validate the effect of PPM1D on p38 MAPK/p53 sig-
naling pathway.

Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted using TRIzol (Invitrogen), and
cDNA was reversely transcribed using QuantiNova Reverse
Transcription Kit (Qiagen). Polymerase chain reaction was
performed using QuantiNova SYBR Green PCR Kit (Qiagen)
according to the manufacturer’s instruction and RNA
expression was calculated by 27AAC method with GAPDH
as internal reference. Primers sequence: PPMI1D, forward:
5'-CTCAATGTGCCAGGACCAAGA-3/, reverse: 5'-GTC
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AGTCAGGTTCAGGTATAACTCA-3’; GAPDH, forward: 5'-
GACCACAGTCCATGCCATCAC-3’, reverse: 5-ACG
CCTGCTTCACCACCTT-3'.

Western Blot

Cells were firstly lysed by RIPA Buffer (Sigma) and centri-
fuged. Following that, protein quantification was conducted
using Pierce BCA Protein Assay Kit (Thermo), then underwent
electrophoresis on NuPAGE 4% to 20% Tris-Acetate Midi
Protein Gels (Thermo). Subsequently, proteins were transferred
to polyvinylidene fluoride membrane (Millipore) and blocked
at room temperature with 5% nonfat dried milk in PBST for 1
hour. Then, the membrane was incubated with primary anti-
bodies, followed by secondary antibodies, which are listed in
Table 1. Pierce ECL Plus Western Blotting Substrate (Invitro-
gen) was used to visualize the protein bands and image using
X-ray film (Kodak). The gray value was determined with
Image J software (NIH).

Statistical Analysis

Statistical analysis and graph drawing were performed by the
GraphPad Prism 7.02 software (GraphPad Software Inc). Data
were presented as mean and standard deviation. Comparison

Table 1. Antibodies Applied in Western Blot.

Antibody Company Dilution
Primary antibody
PPM1D mouse mAb (sc-376257) Santa Cruz (USA) 1:500
ATF2 mouse mAb (sc-242) Santa Cruz (USA) 1:500
p-ATF2 mouse mAb (sc-8398) Santa Cruz (USA) 1:1000
p38 mouse mAb (#9228) CST (USA) 1:1000
p-p38 mouse mAD (#9216) CST (USA) 1:1000
p53 mouse mAD (sc-126) Santa Cruz (USA) 1:1000
p-p53 mouse mAb (#9284) CST (USA) 1:1000
GAPDH mouse mADb (SC-47724) Santa Cruz (USA) 1:2000
Secondary antibody
Goat Antimouse IgG-HRP (SC-2005) Santa Cruz (USA) 1:5000

Abbreviations: PPM1D, protein phosphatase, Mg®>"/Mn*" dependent 1D;
GAPDH, glyceralehyde-3-phosphate dehydrogenase.

between 2 independent samples was determined by the
unpaired ¢ test. Comparison among groups was determined
by 1-way analysis of variance followed by Dunnett’s multiple
comparisons test. Significance was defined as P < .05.

Results

Protein Phosphatase, Mg”"/Mn®" Dependent 1D
Expression in AML Cell Lines

The relative mRNA expression of PPM 1D was higher in SKM-
1 (P<.05),KG-1(P<.001), AML-193 (P <.001), and THP-1
cells (P < .01) compared with control cells (normal BMMCs;
Figure 1A). Also, the relative protein expression of PPM1D
was increased in SKM-1 (P < .01), KG-1 (P < .001),
AML-193 (P <.001), and THP-1 (P <.01) cells compared with
control cells (Figure 1B and C). Since the aim of this study was
to assess the effect of PPM1D silencing on cell activities and
signaling pathways in AML cells, we chose the cell lines (KG-1
and AML-193) that overexpressed PPM1D, as the silencing
effect would be better in overexpressing cell lines.

Effect of PPM 1D Knockdown on Cell Proliferation

In AML-193 cells, the mRNA (P < .001; Figure 2A) and pro-
tein (P < .001; Figure 2B and C) expressions of PPM1D were
reduced in si-PPMI1D cells compared with control cells.
Regarding cell proliferation, the OD value was decreased in
si-PPM1D cells compared with control cells at 48 hours (P <
.05), 72 hours (P < .05), and 96 hours (P < .01) after transfec-
tion (Figure 2D). In KG-1 cells, the mRNA (P < .001;
Figure 2E) and protein (P <.001; Figure 2F and G) expressions
of PPM1D were suppressed in si-PPM1D cells compared with
control cells. And the OD value was lower in si-PPM1D cells
compared with control cells at 48 hours (P <.05), 72 hours (P <
.01), and 96 hours (P < .01) after transfection (Figure 2H). In
addition, to further validate the effect of PPM1D, PPM1D
cDNA was added to PPM1D silencing and we observed that
adding back PPM1D promoted cell proliferation in both AML-
193 cells and KG-1 cells (Supplementary Figure 1A-H).
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Figure 1. Comparison of PPM1D expression between AML cell lines and control cells. Comparison of PPM1D mRNA expression (A) and
protein expression (B and C) between AML cell lines and normal BMMCs. AML indicates acute myeloid leukemia; BMMCs, bone marrow
mononuclear cells; mRNA, messenger RNA; PPM1D, protein phosphatase, Mg>™/Mn>" dependent 1D.
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Figure 2. PPM1D silencing suppressed cell proliferation in AML cells

. The mRNA and protein expression of PPM1D after transfection in

AML-193 cells (A-C). Cell proliferation after transfection in AML-193 cells (D). The mRNA and protein expression of PPM1D after
transfection in KG-1 cells (E-G). Cell proliferation after transfection in KG-1 cells (H). AML indicates acute myeloid leukemia; mRNA,
messenger RNA; PPM1D, protein phosphatase, Mg>™/Mn>" dependent 1D.
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Figure 3. PPM1D silencing caused cell cycle arrest. Cell cycle after transfection in aml-193 cells (A and B) and KG-1 cells (C and D). PPM1D

indicates protein phosphatase, Mg>"/Mn*" dependent 1D.
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Figure 4. PPM1D silencing promoted cell apoptosis in AML cells. The cell apoptosis rate after transfection in AML-193 cells (A and B) and
KG-1 cells (C and D). AML indicates acute myeloid leukemia; PPM1D, protein phosphatase, Mg>™/Mn>* dependent 1D.

Effect of PPM D Knockdown on Cell Cycle

Cell cycle was arrested in both AML-193 (Figure 3A and B)
and KG-1 cells (Figure 3C and D) by PPM1D silencing, which
further supported that PPM1D silencing suppressed cell prolif-
eration in AML. Additionally, adding back PPM1D by cDNA
presented a reduction in cell cycle arrest in both AML-193 cells
and KG-1 cells (Supplementary Figure 2A-D).

Effect of PPM D Knockdown on Cell Apoptosis

In AML-193 cells, cell apoptosis was promoted in si-PPM1D
cells compared with control cells (P <.01; Figure 4A and B). In
KG-1 cells, the cell apoptosis was higher in si-PPM1D cells
compared with control cells as well (P < .001; Figure 4C and
D). Also, a reduction in cell apoptosis was observed after add-
ing back PPM1D by cDNA in both AML-193 cells and KG-1
cells (Supplementary Figure 3A-D).

Effect of PPMID Knockdown on p38 MAPK/p53
Pathway

In AML-193 cells, the relative expressions of p-p38 (P < .01)
and p-p53 (P < .05) were enhanced in si-PPM1D cells com-
pared with control; as well as the target gene of p38 (p-ATF2;
P <.001) and target gene of p53 (Bax; P <.01; Figure SA and

B). As for in KG-1 cells, the relative expressions of p-p38
(P < .01) and p-p53 (P < .001) were enhanced in si-PPM1D
cells compared with control; as well as the target gene of p38
(p-ATF2; P < .001) and target gene of p53 (Bax; P < .01;
Figure 5C and D).

Discussion

In the present study, we observed that (1) PPM1D was over-
expressed in AML cell lines compared with control cells. (2)
Silencing of PPM1D suppressed cell proliferation and pro-
moted cell apoptosis in AML cells. (3) Silencing of PPM1D
activated p38 MAPK/p53 pathway in AML cells.
Serine/threonine protein phosphatases are essential for
homeostasis and cell death, and PPMI1D, as one of them, is
originally discovered to be a p53 target. The aberrant expres-
sion of PPM1D (including overexpression and gain-of-function
mutations) is shown to promote carcinogenesis.'® Protein phos-
phatase, Mg>"/Mn?" dependent 1D is overexpressed in human
pancreatic cancer tissues compared with paired noncancerous
tissues, as well as in pancreatic cancer cell lines (MIA PaCa-2
and PANC-1) compared with the human normal pancreatic
epithelial cell line HPDE6-C7.'® As for hematological malig-
nancies, PPM1D inhibition facilitates cell differentiation as
well as induces G1 arrest in acute promyelocytic leukemia
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Figure 5. PPM1D silencing activated p38 MAPK/p53 pathway in AML cells. The relative expression of p-p38, p-p53, and the target gene of p38
(p-ATF2), as well as target gene of p53 (Bax) in AML-193 cells (A and B) and KG-1 cells (C and D). AML indicates acute myeloid leukemia;

PPMI1D, protein phosphatase, Mg?"/Mn>" dependent 1D.

cells.'! In addition, ectopic expression of PPM1D suppresses
DNA damage induced Chk and p38 MAPK phosphorylation in
acute promyelocytic leukemia.'> Whereas for AML, it still
lacks information about the function of PPMID in disease
development and progression. In this study, we disclosed that
PPM1D was overexpressed in AML cell lines compared with
control cells, which supported our hypothesis that PPM1D
exerted oncogenic effect in AML. The possible explanations
could be that (1) PPM1D might suppress cell differentiation
and attenuate cell cycle in myeloid lineage, which promoted
the accumulation of leukemic blast cells, thereby increased the
risk of AML. (2) PPM1D might suppress cell apoptosis via
inhibiting p38 MAPK/p53 signaling pathway and contributed
to AML susceptibility. And the regulatory effect of PPM1D on
p38 MAPK/p53 signaling pathway was further evaluated in our
study, which supported this explanation.

In several solid tumors, the role of PPM1D is insinuated in
the regulatory effect of PPM1D on cell activities. For instance,

PPMI1D overexpression promotes cell migration and invasion,
but its suppression inhibits migration and invasion of pancrea-
tic cancer cells.!” In breast cancer cells, PPM1D inhibition
poses antiproliferative effect in a p53-dependent manner, and
its overexpression promotes sustained cell growth as well as
cell survival.'® Protein phosphatase, Mg®>"/Mn®" dependent
1D also promotes cell proliferation, suppresses DNA damage
response and cell apoptosis in diffuse intrinsic pontine
glioma.'” Whereas for hematological malignancies, although
a few studies have revealed the role of PPMID, the effect of
PPMID on cell proliferation and apoptosis in AML is still
unclear. In this study, we disclosed that silencing of PPM1D
reduced cell proliferation and promoted cell apoptosis in AML-
193 and KG-1 cells, which indicated that PPM1D knockdown
was antiproliferative in AML cells. This was also supportive to
our hypothesis and might be account for that (1) PPM1D might
promote stem cell marker expression, which maintained plur-
ipotency and self-renewal of leukemic stem cells, thereby
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promoted the cell proliferation in AML cells. (2) Cell apoptosis
was suppressed by PPM1D via inhibition of p38 MAPK/p53
signaling pathway in AML, which needed further validation.

MAPK is the key part of the 4 signaling cascades (including
p38 MAPK, ERKS, extracellular signal-related kinases, and
Jun amino-terminal kinases pathways), and p38 MAPK is asso-
ciated with cell proliferation, apoptosis, differentiation, and
migration in various malignancies.'® As a target of p38 MAPK,
p53 is activated by p38 MAPK via phosphorylation and it in
turn inhibits the activity of PPM1D, forming a negative feed-
back loop.'” P53 is one of the well-known tumor suppressor
genes, whose mutation emerges in over 50% of malignancies,
and its role is to trigger cell apoptosis via activation of proa-
poptotic pathways."® Inclusively, the regulatory function of
p38 MAPK/p53 signaling pathway has been reported in hema-
tological malignancies (including AML, acute promyelocytic
leukemia, and acute lymphocytic leukemia).'>'82%2! There-
fore, in order to further explore the regulatory effect of PPM1D
in AML, we investigated the impact of PPM1D inhibition on
p38 MAPK/p53 signaling pathway in AML cells. Our results
showed that the p-p38 and p-p53 expressions, as well as their
target genes p-ATF2 and Bax, were promoted by PPM1D inhi-
bition in both AML-193 cells and KG-1 cells, which implied
that silencing of PPM1D-activated p38 MAPK/p53 signaling
pathway in AML cells. Therefore, gathering the findings of the
present study, we deduced that PPM1D knockdown inhibited
promoted cell proliferation and promoted cell apoptosis in
AML cells, and activates p38 MAPK/p53 signaling pathway.

In conclusion, PPM1D is overexpressed in AML and its
knockdown suppresses cell proliferation, promotes cell
apoptosis, and activates p38 MAPK/p53 signaling pathway
in AML cells.
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