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Abstract
Objective: The present study aimed to investigate the correlation of protein phos-
phatase Mg2+/Mn2+ dependent 1D (PPM1D) with the risk stratification, treatment 
response, and survival profile in acute myeloid leukemia (AML) patients.
Methods: Totally 221 de novo AML patients and 50 healthy donors were enrolled. 
The bone marrow samples were collected before treatment from AML patients and 
acquired after enrollment from healthy donors. And bone marrow mononuclear cells 
were separated for detecting the mRNA/protein expressions of PPM1D by reverse 
transcription-quantitative polymerase chain reaction and Western blot. Complete 
remission (CR) was assessed after induction treatment, and event-free survival (EFS) 
and overall survival (OS) were calculated in AML patients.
Results: PPM1D mRNA (P <  .001)/protein (P <  .001) relative expressions were in-
creased in AML patients compared with healthy donors, and receiver operating char-
acteristic curve presented that PPM1D mRNA (AUC: 0.728, 95% CI: 0.651-0.806)/
protein (AUC: 0.782, 95% CI: 0.707-0.857) relative expressions could differentiate 
AML patients from healthy donors. In AML patients, PPM1D mRNA (P < .001)/pro-
tein (P < .001) high relative expressions were correlated with poor-risk stratification. 
As for its association with prognosis, PPM1D mRNA (P  <  .001)/protein (P  =  .010) 
relative expressions were elevated in CR patients compared with non-CR patients. 
Patients with PPM1D mRNA (P < .001 for EFS; P = .004 for OS)/protein (P < .001 for 
EFS; P = .006 for OS) high relative expressions exhibited reduced EFS and OS com-
pared with those with low expressions.
Conclusion: PPM1D high expression correlates with poor-risk stratification and 
might serve as a potential biomarker for worse prognosis in AML patients, suggesting 
its potential to guide AML management.
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1  | INTRODUCTION

Acute myeloid leukemia (AML) is the most prevalent adult acute leu-
kemia, which is characterized by abnormal proliferation and the ac-
cumulation of immature myeloid precursor cells in the bone marrow, 
peripheral blood, and even some tissues, contributing to the destruc-
tion of the hematopoietic system.1 Nowadays, the management of 
AML has experienced great improvements, consisting of chemother-
apy, hematopoietic stem cell transplantation, molecularly targeted 
therapy, transfusion support, etc2,3 However, the event-free survival 
(EFS) and overall survival (OS) are still unsatisfied.4,5 Therefore, it is es-
sential to discover potential biomarkers which could predict prognosis 
and guide AML management effectively in AML patients.

Protein phosphatase Mg2+/Mn2+ dependent 1D (PPM1D) is a 
major serine/threonine phosphatase of the protein phosphatase 
2C (PP2C) family, and PP2C family members serve important roles 
in regulating cell stress response pathways.6 PPM1D is identified 
to regulate p38 MARK/p53 pathway and functions as oncogene 
in various types of human solid malignancies.7,8 Regarding hema-
tologic malignancies, there is evidence that PPM1D expression is 
inhibited by a potent cancer chemotherapeutic agent for acute 
promyelocytic leukemia (APL), which activates p38 MARK/p53 
signaling and promotes APL cell apoptosis.9 Additionally, PPM1D 
is reported to contribute to tumorigenesis through inducing the 
transformation of leukemic cells in adult T-cell leukemia/lym-
phoma (ATLL), and the inhibition of PPM1D is revealed to medi-
ate neutrophil differentiation in human APL, implying that PPM1D 
is also involved in the initiation and development of hematologic 
malignancies.10,11 As for in AML, PPM1D mutant strongly outcom-
petes the wild-type PPM1D and correlates with increased drug re-
sistance in the treatment.12 According to the previous studies, we 
hypothesized that PPM1D might be of value in predicting AML risk 
as well as prognosis in AML patients. Therefore, we conducted this 
study to investigate PPM1D expression in AML patients compared 
to healthy donors and explore the correlation of PPM1D with the 
risk stratification, treatment response, and survival profile in AML 
patients.

2  | MATERIALS AND METHODS

2.1 | Participants

Between January 2016 and June 2019, 221 de novo AML patients 
and 50 healthy donors were consecutively recruited. The inclu-
sion criteria of AML patients were as follows: (a) newly diagnosed 
as primary AML based on morphology, cytochemistry, immunophe-
notyping, cytogenetics and molecular genetics, according to the cri-
teria of 2008 WHO classification13; (b) age above 18 years; (c) no 
history of systematic treatments (eg, chemotherapy, radiotherapy, 
or stem cell transplantation); and (d) could be followed up regularly. 
The exclusion reasons of AML patients were as follows: (a) M3 in 
French-American-Britain (FAB) classification (acute promyelocytic 

leukemia); (b) complicated with other malignant myeloid diseases 
(eg, polycythemia vera or primary thrombocytosis) or malignancies; 
(c) human immunodeficiency virus (HIV) positive; and (d) pregnant or 
lactating woman. For the healthy bone marrow donors, their health 
conditions were confirmed before donation. This study was ap-
proved by the Ethics Committee of our hospital, and all participants 
signed informed consents.

2.2 | Data collection

For the AML patients, the demographic characteristics including 
age and gender were collected on the enrollment, while the clini-
cal characteristics were acquired from blood and bone marrow 
examinations, including French-American-Britain (FAB) classifica-
tion, cytogenetics abnormalities (such as normal karyotype (NK), 
complex karyotype (CK), inv(16) or t(16;16), t(8;21), +8, −7 or 7q-, 
t(9;11), 11q23, t(9;22), inv(3) or t(3;3), −5 or 5q-, t(6;9), and so on), 
monosomal karyotype (MK), molecular genetics mutation (such 
as internal tandem duplications in the FMS-like tyrosine kinase 
3 (FLT3-ITD) mutation, isolated biallelic CCAAT/enhancer-binding 
protein α (CEBPA) mutation, and nucleophosmin 1 (NPMI) muta-
tion), and white blood cell (WBC) level.

2.3 | Risk assessment

The risk stratification was assessed based on cytogenetics and mo-
lecular abnormalities, and AML patients were classified as favora-
ble-risk stratification (cytogenetics: inv(16) or t(16;16), or t(8;21), 
t(15;17); molecular abnormalities: normal cytogenetics, NPM1 
mutation in the absence of FLT3-ITD, or isolated biallelic CEBPA 
mutation); intermediate-risk stratification (cytogenetics: normal 
cytogenetics, +8 alone, t(9;11), other non-defined; molecular abnor-
malities: t(8;21), inv(16), t(16;16): with c-KIT mutation), and poor-risk 
stratification (cytogenetics: ≥3 clonal chromosomal abnormalities, 
MK, −5, 5q-, −7, 7q-, 11q23-non t(9;11) inv(3), t(3;3), t(6;9), t(9;22); 
molecular abnormalities: normal cytogenetics, with FLT3-ITD muta-
tion), according to NCCN guideline of AML.14

2.4 | Sample collection

Bone marrow samples of AML patients were collected before ini-
tiation of treatment, and bone marrow samples of healthy donors 
were acquired when examining their eligibility for bone marrow 
transplantation. After bone marrow samples collection, the bone 
marrow mononuclear cells (BMMCs) were separated by density 
gradient centrifugation. Then, the expression of PPM1D mRNA in 
mononuclear cells was detected by reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR), and the expression 
of PPM1D protein in mononuclear cells was measured by Western 
blot.
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2.5 | RT-qPCR

Total RNA was extracted from mononuclear cells using TRIzol rea-
gent (Invitrogen) and then reversely transcribed to cDNA using 
ReverTra Ace qPCR RT Kit (Toyobo). After that, qPCR was per-
formed using KOD SYBR qPCR Mix (Toyobo) to quantify PPM1D 
expression. The procedures of amplification were carried out as fol-
lows: first, 3 minutes at 95 degrees centigrade, 40 cycles of PCR 
then followed by standard conditions with 15 seconds denaturation 
at 95 degrees centigrade, next elongation for 1 minute at 61 de-
grees centigrade. And the result was calculated using 2−ΔΔCt method 
with GAPDH as an internal reference. The primers were listed as 
follows: PPM1D forward primer: CAATTGGCCTTGTGCCTACT, 
reverse primer: TCTTTCGCTGTGAGGTTGTG; GAPDH, for-
ward primer: GAGTCCACTGGCGTCTTCAC, reverse primer: 
ATCTTGAGGCTGTTGTCATACTTCT.

2.6 | Western blot

Total protein was extracted with RIPA buffer (Sigma-Aldrich). The 
protein concentration in each sample was then measured using the 
Bicinchoninic Acid Kit (Sigma-Aldrich). 20 μg protein was loaded to 
NUPAGETM Bis-Tris 4%-8% protein gels (Thermo Scientific) and 
presented with electrophoresis, followed by transferring onto poly-
vinylidene fluoride membrane (Millipore, USA). After blocking with 
BSA (Sigma-Aldrich, Louis, MO, USA), the membranes were incu-
bated with the primary antibodies overnight at 4°C. Then, the mem-
branes were incubated with the secondary antibody for 90 minutes 
at 37°C. PierceTM Fast Western Blot Kit, ECL Substrate (Thermo 
Scientific) was used to illuminized the bands, and Gel Imager (Thermo 
Scientific) was used to visualize the result. The antibodies used in 
this study were as follows:

Primary antibodies: Mouse Anti-PPM1D/WIP1 antibody (di-
lution, 1:1000, Abcam), Mouse Anti-GAPDH antibody (dilution, 
1:5000, Abcam); secondary antibody: Goat Anti-Mouse IgG H&L 
(HRP) (dilution, 1:10 000, Abcam).

2.7 | Treatment and follow-up

After induction therapy, the remission status was assessed for all pa-
tients, and based on the remission status, patients were classified as 
complete remission (CR) group and non-CR group. Besides, intensive 
follow-up was conducted for all patients, and the last follow-up date 
was June 31, 2019. During follow-up, induction therapy failure, re-
lapse from CR, or death were recorded. Event-free survival (EFS) was 
defined as the duration from the date of initiation of treatment to the 
date of induction therapy failure, or relapse from CR or death, and 
patients not known to have any of these events were censored on 
the date they were last examined.2 Overall survival (OS) was defined 
as the duration from the date of initiation of treatment to the date 

of death, and patients not known to have died at last follow-up were 
censored on the date they were last known to be alive.2

TABLE  1 Clinical characteristics of AML patients

Items
AML patients 
(N = 221)

Age (years), mean ± SD 52.1 ± 14.9

Gender, No. (%)

Female 85 (38.5)

Male 136 (61.5)

FAB classification, No. (%)

M2 79 (35.7)

M4 65 (29.4)

M5 66 (29.9)

M6 11 (5.0)

Cytogenetics, No. (%)

NK 113 (51.1)

CK 25 (11.3)

inv(16) or t(16;16) 17 (7.7)

t(8;21) 10 (4.5)

+8 7 (3.2)

−7 or 7q- 7 (3.2)

t(9;11) 7 (3.2)

11q23 6 (2.7)

t(9;22) 4 (1.8)

inv(3) or t(3;3) 2 (0.9)

−5 or 5q- 1 (0.5)

t(6;9) 1 (0.5)

Others (non-defined) 21 (9.5)

MK, No. (%) 19 (8.6)

Molecular genetics mutation, No. (%)

FLT3-ITD mutation 48 (21.7)

Isolated biallelic CEBPA mutation 22 (10.0)

NPMI mutation 78 (35.3)

Risk stratification, No. (%)

Favorable-risk 58 (26.3)

Intermediate-risk 88 (39.8)

Poor-risk 75 (33.9)

WBC (×109/L), median (IQR) 17.0 (8.5-29.2)

Induction therapy regimens, No. (%)

Daunorubicin + cytarabine 96 (43.4)

Idarubicin + cytarabine 85 (38.5)

Anthracenedione mitoxantrone + cytarabine 40 (18.1)

Abbreviations: AML, acute myeloid leukemia; CEBPA, CCAAT/enhancer-
binding protein α; CK, complex karyotype; FAB classification, French-
American-Britain classification; FLT3-ITD, internal tandem duplications 
in the FMS-like tyrosine kinase 3; IQR, interquartile range; MK, 
monosomal karyotype; NK, normal karyotype; NPM1, nucleophosmin 
1; SD, standard deviation; WBC, white blood cell.
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2.7.1 | Grouping

According to the median values of PPM1D mRNA relative expres-
sion in AML patients, all AML patients were divided into patients 
with PPM1D mRNA high expression and those with PPM1D mRNA 
low expression. And according to the median values of PPM1D 
protein relative intensity in AML patients, all AML patients were 
further divided into patients with PPM1D protein high intensity 
and those with PPM1D protein low intensity.

2.8 | Statistical analysis

All statistical analyses were performed using SPSS 22.0 (IBM), and all 
figures were plotted using GraphPad Prism 7.00 (GraphPad Software). 
Continuous variables were displayed as mean  ±  standard deviation 
(SD) or median and interquartile range (IQR). Categorical variables 
were summarized as frequency (percentage). Comparisons of PPM1D 
mRNA/protein expression between two groups were determined by 
Wilcoxon rank-sum test, while comparisons of PPM1D mRNA/pro-
tein expression among three groups were analyzed by Kruskal-Wallis 
H test. Receiver operating characteristic (ROC) curves and the areas 
under the curve (AUC) with 95% confidence intervals (CI) were used to 
assess the ability of PPM1D mRNA/protein in discriminating AML and 
healthy donors. Kaplan-Meier curves were used to display EFS and 
OS, and the difference of EFS and OS between PPM1D high expres-
sion group and PPM1D low expression group (classified by the median 
values of PPM1D mRNA/protein relative expression/intensity) was 
determined by log-rank test. P value < .05 was considered significant.

3  | RESULTS

3.1 | Clinical characteristics of AML patients

There were total of 221 AML patients enrolled in our present study, 
and their mean age was 52.1 ± 14.9 years (Table 1). There were 85 
(38.5%) females and 136 (61.5%) males among all patients. As for FAB 
classification, there were 79 (35.7%), 65 (29.4%), 66 (29.9%) and 11 
(5.0%) patients in M2, M4, M5 and M6 respectively. And regarding 
risk stratification, the number of patients with favorable-risk, interme-
diate-risk and poor-risk were 58 (26.3%), 88 (39.8%), and 75 (33.9%) 
respectively. As for the induction therapy regimens, the number of 
patients who received daunorubicin + cytarabine, idarubicin + cytara-
bine, and anthracenedione mitoxantrone + cytarabine was 96 (43.4%), 
85 (38.5%), and 40 (18.1%), respectively. Information of other clinical 
characteristics was listed in Table 1.

3.2 | Correlation of PPM1D with AML risk

Protein phosphatase Mg2+/Mn2+ dependent 1D mRNA relative 
expression was increased in AML patients (1.640 [1.221-2.939]) 

compared with health donors (1.025 [0.649-1.649]) (P  <  .001) 
(Figure 1A). And PPM1D mRNA relative expression was of accept-
able value in differentiating AML patients from health donors (AUC: 
0.728, 95% CI: 0.651-0.806) (Figure 1B). Furthermore, PPM1D 
protein relative intensity was also elevated in AML patients (0.584 
[0.417-0.887]) compared with health donors (0.303 [0.212-0.482]) 
(P < .001) (Figure 1C,D). PPM1D protein relative intensity was also of 
good value in differentiating AML patients from health donors (AUC: 
0.782, 95% CI: 0.707-0.857) (Figure 1E).

3.3 | Correlation of PPM1D with risk stratification 
in AML patients

PPM1D mRNA relative expression was the highest in patients with 
poor-risk (2.219 [1.432-3.386]), followed by patients with intermedi-
ate-risk (1.639 [1.156-2.388]) and then patients with favorable-risk 
(1.391 [0.962-2.194]) (P < .001) (Figure 2A). And PPM1D protein rela-
tive intensity was also the highest in patients with poor-risk (0.713 
[0.488-0.976]), followed by patients with intermediate-risk (0.580 
[0.366-0.864]) and then patients with favorable-risk (0.478 [0.374-
0.648]) (P < .001) (Figure 2B,C).

3.4 | Correlation of PPM1D with mutation in 
AML patients

Protein phosphatase Mg2+/Mn2+ dependent 1D protein relative in-
tensity was positively correlated with FLT3-ITD mutation (P  =  .029) 
(Figure S1A), while there was no association between PPM1D protein 
relative intensity with CEBPA mutation (P = .328) (Figure S1B) or NPMI 
mutation (P = .843) (Figure S1C). Similarly, PPM1D mRNA relative ex-
pression (P = .013) was positively correlated with FLT3-ITD mutation 
(Figure S1C), while there was no association between PPM1D mRNA 
relative expression with CEBPA mutation (P  =  .725) (Figure S1E) or 
NPMI mutation (P = .979) (Figure S1F).

3.5 | Correlation of PPM1D with EFS in 
AML patients

All AML patients were divided into CR group (n = 174) and non-CR 
group (n = 47) based on the induction remission status. As to the clini-
cal characteristics of CR and non-CR patients, we observed that the 
mean age of CR patients was decreased compared with non-CR pa-
tients (P  =  .020) (Table S1). Regarding molecular genetics mutation, 
the number of CR patients with isolated biallelic CEBPA mutation was 
decreased compared with non-CR patients (P = .027), while the num-
ber of CR patients with NPMI mutation was increased compared with 
non-CR patients (P =  .009). As for the risk stratification, CR patients 
trended to have favorable-risk stratification compared with non-CR 
patients, but without statistical significance (P = .083). However, there 
was no difference of gender (P =  .483), FAB classification (P =  .727), 
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cytogenetics (P = .411), MK (P = .137), FLT3-ITD mutation (P = .266), 
WBC (P = .353), or induction therapy regimens (P = .322) between CR 
patients and non-CR patients. More detailed clinical characteristics of 
CR patients and non-CR patients were listed in Table S1.

And we further analyzed the correlation of PPM1D with CR in AML 
patients and found that PPM1D mRNA relative expression was increased 
in non-CR group (2.518 [1.416-3.983]) compared with CR group (1.522 
[1.172-2.449]) (P  <  .001) (Figure 3A). And PPM1D protein relative 

F IGURE  1 PPM1D expression between AML patients and health donors. The comparison of PPM1D mRNA relative expression between 
AML patients and healthy donors (A). The performance of PPM1D mRNA relative expression in distinguishing AML patients from healthy 
donors (B). Representative Western blot images exhibiting the PPM1D protein relative expression in AML patients and healthy donors (C). The 
comparison of PPM1D protein relative intensity between AML patients and healthy donors (D). The performance of PPM1D protein relative 
intensity in distinguishing AML patients from healthy donors (E). Comparisons of PPM1D mRNA/protein expression between two groups were 
determined by Wilcoxon rank-sum test. ROC curves and the AUC with 95% CI were used to assess the ability of PPM1D mRNA/protein in 
discriminating AML and healthy donors. P value < .05 was considered significant. AML, acute myeloid leukemia; mRNA, messenger RNA; AUC, 
area under the curve; CI, confidence interval; PPM1D, protein phosphatase Mg2+/Mn2+ dependent 1D; ROC, receiver operating characteristic

F IGURE  2 PPM1D expression among AML patients with favorable-risk, intermediate-risk, and poor-risk. The comparison of PPM1D 
mRNA relative expression among AML patients with favorable-risk stratification, intermediate-risk stratification, and poor-risk stratification 
(A). Representative Western blot images presenting the PPM1D protein relative expression among AML patients with favorable-risk 
stratification, intermediate-risk stratification, and poor-risk stratification (B). The comparison of PPM1D protein relative intensity among 
AML patients with favorable-risk stratification, intermediate-risk stratification, and poor-risk stratification (C). Comparisons of PPM1D 
mRNA/protein relative expression among three groups were analyzed by Kruskal-Wallis H test. P value < .05 was considered significant. 
AML, acute myeloid leukemia; mRNA, messenger RNA; PPM1D, protein phosphatase Mg2+/Mn2+ dependent 1D
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intensity was also elevated in non-CR group (0.731 [0.454-1.185]) com-
pared with CR group (0.562 [0.411-0.782]) (P = .010) (Figure 3B,C).

3.6 | Correlation of PPM1D with EFS in 
AML patients

All AML patients were classified into patients with PPM1D mRNA/
protein high expression and PPM1D mRNA/protein low expression 
according to the median values of PPM1D mRNA/protein relative ex-
pression at baseline, and EFS was reduced in patients with PPM1D 
mRNA high expression compared with patients with PPM1D mRNA 
low expression (P < .001) (Figure 4A). EFS was also shorter in patients 
with PPM1D protein high expression compared with patients with 
PPM1D protein low expression (P < .001) (Figure 4B).

3.7 | Correlation of PPM1D with OS in AML patients

OS was reduced in patients with PPM1D mRNA high expres-
sion compared with patients with PPM1D mRNA low expression 

(P  =  .004) (Figure 5A). And OS was also reduced in patients with 
PPM1D protein high expression compared with PPM1D protein low 
expression (P = .006) (Figure 5B).

4  | DISCUSSION

In the present study, we found that (a) PPM1D was of acceptable 
value in predicting AML risk and its high expression was associated 
with poor-risk stratification in AML patients. (b) PPM1D high expres-
sion was associated with worse CR, EFS, and OS in AML patients.

Protein phosphatase Mg2+/Mn2+ dependent 1D is reported to 
be a growth-promoting phosphatase via exerting negative control on 
several tumor suppressor pathways and functions as an oncogene in 
various solid tumors.6-8,15,16 For example, clinical experiments indi-
cate that PPM1D is highly expressed in non–small-cell lung cancer 
tissues compared with normal lung tissues, and PPM1D overexpres-
sion is correlated with advanced tumor features (increased tumor 
size and lower histological differentiation) in NSCLC patients.8 
Another study reveals that PPM1D is overexpressed in hepatocellu-
lar carcinoma, and PPM1D overexpression promotes cell viability and 

F IGURE  3 PPM1D expression between CR patients and non-CR patients. The comparison of PPM1D mRNA relative expression between CR 
patients and non-CR donors (A). Representative Western blot images presenting the PPM1D protein relative expression between CR patients 
and non-CR patients (B). The comparison of PPM1D protein relative intensity between CR patients and non-CR patients (C). Comparisons of 
PPM1D mRNA/protein expression between two groups were determined by Wilcoxon rank-sum test. P value < .05 was considered significant. 
AML, acute myeloid leukemia; CR, complete remission; mRNA, messenger RNA; PPM1D, protein phosphatase Mg2+/Mn2+ dependent 1D 

F IGURE  4 Comparison of EFS between AML patients with PPM1D high and low expressions. The comparison of EFS between AML 
patients with PPM1D mRNA high expression and PPM1D mRNA low expression (A). The comparison of EFS between AML patients with 
PPM1D protein high expression and PPM1D protein low expression (B). Kaplan-Meier curves were used to display EFS, and the difference 
of EFS between PPM1D high expression group and PPM1D low expression group was determined by log-rank test. P value < .05 was 
considered significant. AML, acute myeloid leukemia; EFS, event-free survival; mRNA, messenger RNA; PPM1D, protein phosphatase Mg2+/
Mn2+ dependent 1D
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invasion via inhibition of p38MARK/p35/p16 signaling pathway. And 
the latter signaling pathway is known as an inactivation signaling of 
both solid tumors and hematological malignancies, such as APL.7,9,17 
Additionally, existing evidences suggests that PPM1D induces trans-
formation virus-infected T cells into leukemic cells, which contrib-
utes to the development of ATLL.10 And in another type of leukemia, 
APL, PPM1D inhibition is observed to induce neutrophil differentia-
tion in human APL cell line HL-60, suggesting that targeting PPM1D 
inhibits the APL progression.11 Although the previous studies in-
dicate that PPM1D play an important role in some solid tumors as 
well as hematologic malignancies, the role of PPM1D in AML has not 
been explored yet. Therefore, we performed the present study to 
explore the correlation of PPM1D with AML risk, and AML clinical 
features. We found that PPM1D was of acceptable value in predict-
ing AML risk and its high expression was associated with poor-risk 
stratification in AML patients. The possible reasons might include 
that (a) increased expression of PPM1D might enhance its down-
stream oncogenic target genes (such as MMP-9, VEGF-C), inducing 
the transformation of AML cells, which further contributed to the 
initiation of AML in AML patients. Therefore, PPM1D was associated 
with higher risk of AML (b). Additionally, upregulation of PPM1D 
might inactivate the tumor suppressor signaling pathway (Chk2/
p53 signaling), leading to the inhibiting effect on AML apoptosis but 
the promoting effects on cytogenetic abnormality and AML-related 
gene mutations, and thus, AML patients with increased PPM1D ex-
pression had poor-risk stratification. Interestingly, we also observed 
that PPM1D protein relative intensity was positively correlated with 
FLT3-ITD mutation, which could validate our explanation.

Regarding the correlation of PPM1D with prognosis, some re-
cent studies report the positive association of PPM1D with high 
chemotherapy resistance and undesirable survival profile in sev-
eral solid tumors.9,16,18-22 For example, one study indicates that 
downregulation of PPM1D activates Chk1 and p53, which further 
increases the ovarian cancer cell sensibility to cisplatin treatment.20 
Another study reveals that in breast cancer treatment, decreased 
expression of PPM1D improves the effect of doxorubicin-induced 
apoptosis via activating p53-mediated signaling pathway in MCF-7 
breast cancer cell line.21 In addition, the predictive role of PPM1D 

on prognosis has been reported by several researches in solid tu-
mors.16,22,23 For example, in colorectal cancer, patients with high 
levels of PPM1D show worse five-year OS and recurrence-free 
survival compared with those with low levels of PPM1D.16 Another 
study in esophageal squamous cell carcinoma (ESCC) exemplifies 
that PPM1D expression is elevated in metastatic ESCC patients 
compared with those without metastasis, and PPM1D high expres-
sion is considered to be an independent prognostic factor in ESCC 
patients.22 Based on these previous studies, PPM1D is of potential 
in predicting worse treatment response as well as survival profile 
in patients with solid tumors; however, the correlation of PPM1D 
expression with treatment response and survival profile in AML 
patients remained unknown. In our present study, we found that 
PPM1D high expression was associated with worse CR, EFS, and 
OS in AML patients. The possible reasons might include that: (a) 
According to the previous results, PPM1D high expression was 
associated with poor-risk stratification, which indirectly led to un-
favorable prognosis via affecting cytogenetics and molecular ab-
normalities. (b) PPM1D high expression inactivated its downstream 
anti-tumor signaling pathways (Chk2/p53 signaling and p38/p53 
signaling), contributing to the decreased chemotherapy sensitivity; 
therefore, AML patients with PPM1D high expression reported de-
creased CR, EFS, and OS.

There still existed some limitations in our study: (a) The sample 
size of the healthy donors was relatively small, which might lead to 
relatively low statistical significance. (b) Although previous study 
indicated that PPM1D might affect cell activities via regulating its 
downstream anti-tumor genes in solid tumors, the underlying mech-
anism of PPM1D in AML still needs further cellular experiments 
for exploration. (c) Considering that our study was single-centered, 
which might lead to regional selective bias, therefore patients from 
more centers were needed for validation.

In conclusion, PPM1D high expression correlates with poor-risk 
stratification, worse CR, and unfavorable survival profile in AML pa-
tients, suggesting its potential to guide AML management.
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F IGURE  5 Comparison of OS between AML patients with PPM1D high and low expressions. The comparison of OS between AML patients 
with PPM1D mRNA high expression and PPM1D mRNA low expression (A). The comparison of OS between AML patients with PPM1D protein 
high expression and PPM1D protein low expression (B). Kaplan-Meier curves were used to display OS, and the difference of OS between 
PPM1D high expression group and PPM1D low expression group was determined by log-rank test. P value < .05 was considered significant. 
AML, acute myeloid leukemia; mRNA, messenger RNA; OS, overall survival; PPM1D, protein phosphatase Mg2+/Mn2+ dependent 1D
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